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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The study measured hazardous heavy 
metal in water during the COVID-19 
lockdown. 

• Order of heavy metal enrichments (Zn 
> Fe > Cu > As > Cr > Pb > Cd) in both 
phases. 

• TCR values also demonstrated “higher 
risk of cancer” in children and adults. 

• The study suggested that the Thamir-
abarani River system remained hostile 
to human health.  
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A B S T R A C T   

Variation in levels of toxic heavy metals in river system during the COVID-19 pandemic lockdown might 
potentially assist in development of a public health risk mitigation system associated with the water consump-
tion. The water quality of Punnakayal estuary in the Thamirabarani River system from the south India, a vital 
source of water for drinking and domestic purposes, industrial usage, and irrigation was assessed here. A 
comparitive assessment of physico-chemical variables (pH, EC, TDS, DO, BOD, turbidity and NO3), microbio-
logical parameters (total coliform bacteria, fecal coliform bacteria, fecal streptococci and escherichia coli) and 
toxic metals (As, Cr, Fe, Cu, Zn, Cd, and Pb) suggested a decrease of 20% in the contaminant ratio during the 
lockdown period in comparison to the pre-lockdown period. The Health risk assessment models (HQ, HI, and 
TCR) highlighted carcinogenic and non-carcinogenic hazards for both children and adults through the ingestion 
and dermal adsorption exposures. The HI values for both As and Cr exceeded the acceptable limit (>1) during the 
lockdown period, but the potential risk for children and adults remained low in compaisio with the pre-lockdown 
period. Our results suggested that the Thamirabarani River system remained hostile to human health even during 
the lockdown period, and it requires regular monitoring through a volunteer water quality committee with 
private and government participations.  
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1. Introduction 

The outbreak of corona virus or COVID-19 has led to a complete 
lockdown in 213 countries (World Health Organization, 2020; Bherwani 
et al., 2020; Gautam and Trivedi, 2020; Sivakumar, 2020). The first case 
of COVID-19 was reported in China (Travaglio et al., 2021; Kachroo, 
2020; Selvam et al., 2020a; Sinha, 2020) and subsequently, it caused an 
epidemic of acute respiratory syndrome (SARS-CoV-2) all over the globe 
(Gautam and Hens, 2020). Till now, India has a total number of cases of 
1,32,05,926 with a mortality rate of 1.28% i.e., 1,68,436 deaths. The 
Tamil Nadu state in south India has 33,659 active cases with a mortality 
rate of 1.40% i.e., 12,863 deaths (Source: https://www.mygov.in/ 
covid-19/). This epidemic has also caused irreversible changes to the 
socio-economic and environmental conditions as the prolonged closure 
of various industrial edifices had detrimental effects on the economic 
prosperity. However, the progressive effects on different ecosystems and 
environment were applauded. For example, Selvam et al. (2020a, India), 
Lian et al. (2020, China), Nakada and Urban (2020, Brazil), Ropkins and 
Tate (2021, UK) and Stratoulias and Nuthammachot (2020, Thailand) 
documented better air quality. Similarly, the upgrades in surface water 
qualities was noticed by Selvam et al. (2020b, India, Qiu et al. (2020, 
China), and Kassem and Jaafar (2020, Lebanon). Dutta et al. (2020) and 
Patel et al. (2020) documented water quality improvements in the 
Ganges and Yamuna rivers as a result of the lockdown in India. 

The water pollution has been evaluated through estimation of heavy 
metals (Selvam et al., 2020a). It has two vital sources, i.e. (i) natural (ii) 
anthropogenic. The natural resources include metals released from rock 
weathering and their eventual discharge to the water bodies (Ravindran 
and Selvam, 2014). The anthropological sources include the emission of 
heavy metals by emancipation of industrial effluents, fossil fuels/in-
dustrial burning, and discharge of sewage into the surface water bodies 
(Selvam and Sivasubramanian, 2012; Singaraja et al., 2015; Pan-
neerselvam et al., 2021). 

Recent studies have reported that human health risk assessment 
using Heavy Metal Pollution Index (HMPI), and Heavy Metal Toxicity 
Load (HMTL) approaches, carcinogenic and non-carcinogenic health 
risk approach and human health risk index analysis. The chronic expo-
sure to low concentrations of metals like Pb, Cd, Cr might cause brain 
and kidney damage, and other chronic kidney disease (CKD). Heavy 
metals like Cd, Pb, Cu, Ni, U, As, and Fe, are the main nephrotoxic heavy 
metals that can cause tubular damage and glomerulopathies (Binesh-
pour et al., 2020; Karaouzas et al., 2020; Mukherjee et al., 2020; Proshad 
et al., 2020; Tokatli and Ustaoğlu, 2020). 

Thamirabarani River system is one of the vital water sources in the 
state of Tamil Nadu (south India) for drinking, irrigation and middle 
scale industrial usages (Source: https://en.wikipedia.org/wiki/Thamira 
barani_River). Past researches in this region have reported heavy metal 
contamination in this river and related estuaries through the industrial 
(tannery) effluent, municipal sewage effluent, and urban development 
(Selvam et al., 2015; Singaraja et al., 2015; Muthukumaravel et al., 
2021). Therefore, the general assumption was that the reduced activities 
of above sources during the lockdown would have improved the surface 
water quality of the Thamirabarani channel. However, there has been no 
study to assess the effects of COVID-19 lockdown. Thus, the purpose of 
this study was to (i) estimate hydro-chemical variances between the 
lockdown and pre-lockdown periods, (ii) assess the pollution vulnera-
bility of industrial and anthropological demeanor on surface water 
quality, (iii) measure possible health hazards to children and adults from 
domestic, irrigational and livestock usages of surface water during the 
lockdown and their differences with the pre-lockdown period, (iv) 
identify the pollution sources and estimate the reduction percentage of 
toxic heavy metals, and (v) provide the community with suggestions and 
solutions to protect the water system through eco-friendly environ-
mental activities. 

Fig. 1. Location map of the study area along with sampling points.  
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2. Study area 

The Thamirabarani River basin is located in the coastal district of 
Thoothukudi, Southern Tamil Nadu, India. This district was detached 
from the adjacent Tirunelveli district in 1986 on the basis of primary 
augmentation of industrial efficiencies and relevant coastal economic 
evolutions (Selvam et al., 2013). Geographically, it extends between N 
8.5838889–8.6194444 latitude and E 77.9225–78.1297222 longitude 
and includes 223.32 sq.km of the total delta basin (Fig. 1). The Tha-
mirabarani River originates from the Pothigai hills of the Western Ghats 
and flows through the districts of Thoothukudi and Tirunelveli before 
joining the Bay of Bengal. It provides water for irrigation and electricity 
production (Arisekar et al., 2020). The primary crops include paddy, 
banana, ground nut, brinjal, ragi, sorghum, coconut, pulses, ginger, tea 
and rubber in upper reaches of the river course (Arisekar et al., 2018). 

The delta region is underlined by the Archaean gneisses followed by 
granites and charnockites (Jesuraja et al., 2021). Alluvium (Quater-
nary), Dune Terri sands and Tertiary sediments outcrop in the delta 
region and the marine and fluvial-marine deposits are present along the 
coast (Narayanaswamy and Lakshmi, 1967; Magesh et al., 2016; 
Satheeskumar et al., 2020). The primary land use encompasses agri-
cultural lands, barren lands and salt pans other than emigrations and 
aquifers (Satheeskumar et al., 2020). Both the groundwater and surface 
water are vulnerable to anthropogenic activities related to fishing and 
tourism (Selvam et al., 2021), both of which generated annual revenue 
of 8.9 crores in 2017–2018 (source: http://www.townpanchayat.in/ti 
ruchendur). All chemical plants are pertinent to salt industry, petro-
chemicals and plastics industry (Jesuraja et al., 2021). Small scale in-
dustries belong to paper, soft drink manufacturing, textile, PVC pipe 
manufacturing, and soap manufacturing. 

3. Sampling and analysis 

A total of 20 water samples were collected uniformly from the 
Punnakayal estuary of Thamirabarani River basin, and subsequently 
located in Fig. 1 using GPS (HANNA 2130). These samples were 
collected in the pre lockdown period (28–29 January 2020), and during 
the COVID-19 lockdown (6–7 May 2020). The water samples were 
collected from 10 cm below the water surface and stored in 2 L poly-
ethylene containers. As per the guidelines of American Public Health 
Association (APHA), we used ultrapure HNO3 for on-site acidification 
(pH < 2) to avoid microbial activity and adsorption/precipitation on the 
bottle walls (APHA, 1995). Different physical parameters such as pH, 
total dissolved solids (TDS), electrical conductivity (EC), turbidity, and 
dissolved oxygen (DO) were measured using deluxe water and soil 
analysis kit (model no: 191). 

In laboratory, the UV–visible spectrophotometer (Systronic), quan-
tified NO3 and the AAS (Atomic Absorption Spectroscopy Perkin Elmer, 
Elan Drce) measured the absorptions of metals (Cr, Cu, Fe, Cd, Pb and 
Zn) and metalloids (As) by using The NIST (National Institute of Stan-
dards and Technology) standard (1640a) for the QA/QC (Quality 
Assurance and Quality Control) resolution.“Cetripur” was used for the 
multi-element (Merck) calibration. The MPN (Most Probable Number) 
method (ISO, 2000) and estimation of total coliform, fecal coliform, 
Escherichia coli, and fecal streptococci determined the microbial qual-
ity. The MPN method also estimated the number of coliforms of lactose 
enzymes that produce gas per 100 ml of water sample. 

4. Computations of metal pollution codes 

4.1. Heavy metal pollution index (HMPI) 

HMPI comprehensively assessed the influence of each dissolved 
heavy metal on overall surface water quality (Mohan et al., 1996; 
Vetrimurugan et al., 2016; Jorfi et al., 2017; Wagh et al., 2018; Rezaei 
et al., 2019; Karaouzas et al., 2020). It was computed using the formula: 

HMPI=
∑n

i=1WiQi
∑n

i=1Wi
(1)  

Where n and Wi refer to number of heavy metals and unit weight of the 
ith heavy metal, respectively. 

In step 1, the sub-index (Qi) of ith heavy metal was computed using 
equation (2): 

Qi =
∑n

i=1

|Mcon( − ) Ii|

Si − Ii
× 100 (2)  

Where Mcon (μg/L) refers the computed value of ith heavy metal. Si is the 
standard permissible of ith metal for drinking purpose (World Health 
Organization, 2017) for the heavy metals (μg/L) and Ii refers to the ideal 
limits of ith heavy metal. 

In step 2, the unit weight (Wi) of each metal was assessed using the 
equation (3): 

Wi =
k
Si

(3)  

Where k refers to proportionality constant and it is considered as 1 for all 
the metals (Wanda et al., 2012; Qu et al., 2018). 

Finally, HMPI was computed using the Eq. (1) and it classified the 
heavy metal pollution in surface water bodies into three categories such 
as low contamination (HMPI<15), medium contamination (HMPI: 
15–30) and high contamination (HMPI>30, Edet and Offiong, 2002; 
Wanda et al., 2012; Qu et al., 2018; Zakir et al., 2020). 

4.2. Human health risk index analysis 

Consumption of drinking water contaminated with toxic metals in-
creases the risk of non-carcinogenic and carcinogenic diseases in 
humans (Bineshpour et al., 2020: Qu et al., 2018). We utilized the 
methods specified by U.S. Environmental Production Agency (USEPA) to 
appraise the non-carcinogenic (As, Cr, Fe, Cu, Zn, Cd, and Pb) and 
carcinogenic risks from the dissolved metals (As, Cr, Cd, and Pb) by 

Table 1 
Values of parameters used for calculating health risk assessment through oral 
and dermal exposures.  

Parameters Units Children Adult Reference 

Ingestion Rate (IR) L/day 0.64 2 Xiao et al., 2019 
Exposure Frequency 

(EF) 
days/ 
year 

365 Subba Rao et al., 
2019 

Exposure Duration 
(ED) 

years 6 70 USEPA, 2011 

Body Weight (BW) kg 20 70 Tokatli and 
Ustaoğlu, 2020 

Averaging Time (AT) days 2190 25550 Jehan et al., 2020 
Skin Area (SA) cm2 6600 18000 Tokatli and 

Ustaoğlu, 2020 
Permeability 

Coefficient (Kp) 
cm/h 0.002 for Cr and 

0.001 for other 
metals 

Qu et al., 2018 

Exposure Time (ET) h/day 1 0.58 Naz et al., 2016 
Conversion Factor (CF) L/cm3 0.001 Tokatli and 

Ustaoğlu, 2020 
Reference dose (RfD) (μg/kg/ 

day) 
Ingestion: 0.3 for 
As, 1.4 for Pb, 0.5 
for Cd, 40 for Cu, 
300 for Zn, 300 for 
Fe, 3 for Cr 

Wu et al., 2009 

Dermal 
absorption: 0.123 
for As, 0.42 for Pb, 
0.005 for Cd, 12 
for Cu, 60 for Zn, 
45 for Fe, 0.015 for 
Cr  
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following USEPA (2013). 

4.2.1. Non-carcinogenic health risk approach 
USEPA (2004) initiated a health risk technique for measuring the 

non-cancerous human health risks from the heavy metal elements in 
groundwater and surface water through ingestion, inhalation and 
exposure to skin. Primarily, the risk was caused by direct water intake 
and absorption or skin contact (Saha et al., 2017; Qu et al., 2018; 
Mukherjee et al., 2020; Saleem et al., 2019; USEPA, 2020). It computes 
the pollutant dose consumed in human using chronic daily intake (CDI), 
which reflects the dose of pollutants in kilogram per day captivated 
through the digestion pathway (CDIingestion)and dermal absorption 
(CDIdermal) using Eqs. (4) and (5), respectively (USEPA, 2011; Zhang 
et al., 2017; Jehan et al., 2020; Tokatli and Ustaoğlu, 2020). 

CDIingestion =Conwater ×
(IR × EF × ED)

(BW × AT)
(4)  

CDIdermal =Conwater ×
(SA × Kp × ET × EF × ED × CF)

(BW × AT)
(5)  

where, Conwater refers to trace metal concentration in surface water (μg/ 
L). Table 1 reveals the non-carcinogenic health impact parameters and 
their input assumptions used for estimating the exposure to heavy 
metals through intake and skin absorption. 

In second step, we calculated the Hazard quotient (HQ) from CDI 
(CDIingestion and CDIdermal) and RfD (RfD ingestion and RfD dermal) using Eq. 
(6) (Saha and Paul, 2019; Imran et al., 2019); 

HQingestion

/

HQdermal =
CDIingestion

/
CDIdermal

RfDingestion
/

RfDdermal
(6) 

At the final step, the total potential non-carcinogenic risks were 
appraised by estimating the hazard index (HI) by using Eq. (7) (Rupa-
kheti et al., 2017; Jehan et al., 2020; Karthikeyan et al., 2021); 

HI = HQingestion + HQdermal =
CDI
Rfd

(7) 

The toxic metals with HI and HQ of >1 can have adverse effects and 
with <1 have no adverse effects on human health (USEPA, 1989; 
Vetrimurugan et al., 2016, 2017; Yang et al., 2017; Mohammadi et al., 
2019). 

4.2.2. Carcinogenic health risk approach 
We considered the heavy metals as carcinogenic to humans (As) and 

likely to be carcinogenic to humans (Cd) in order to assess the carci-
nogenic and non-carcinogenic risks according to the IARC report (IARC, 
2013). Both Pb and Cr were included in the non-carcinogenic risk 
assessment. Even though, Cu, Fe and Zn are not classified in the IARC 
report, they were involved in the non-carcinogenic risk assessment (e.g. 
Chan et al., 1998). 

The carcinogenic risks (CR) were evaluated using the following 
equations (Eqs. (8) and (9)) (Benhaddya, 2020): 

CR= CDI × CSF (8)  

TCR=CRingestion + CRdermal (9) 

The standard assumption values of cancer slope factor (CSF) to 
measure the risks are 0.0005, 0.0015, 0.0061 and 0.0000085 ppb/day 
for Cr, As, Cd and Pb, respectively (Gao et al., 2019; Tokatli and 
Ustaoğlu, 2020). The acceptable or tolerable carcinogenic risk range is 
0.000001–0.0001. If CR or TCR of an element exceeds 0.0001, the effect 
might be detrimental on human health (Qu et al., 2018; Mohammadi 
et al., 2019; Gao et al., 2019; Tabassum et al., 2019). 
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4.3. Heavy metal toxicity load approach 

HMPI or HI (HMPI>100 or HI > 1) indicate the suitability of water as 
it reveals the accurate ratio of surplus metal (Saha and Paul, 2019; 
Proshad et al., 2020). It concedes many ideas for predicting and miti-
gating the pollution of water bodies. This estimation technique predicts 
the concentration of excess metal in water and the amount that must be 
removed to make it harmless for human use. HMTL (Heavy metal toxic 
load) estimates toxic heavy metal in a water source that seduces human 
health, and it was computed using the following equation (8) (Saha and 
Paul, 2019): 

HMTL=
∑n

i=1
c.HIS  

where c, n and HIS denote the concentration of heavy metal, number of 
heavy metals and risk severity score, respectively. HIS scores for As 
(1676), Cr (1149), Cu (805), Zn (913), Cd (1318), and Pb (1531) were 
considered from ATSDR (2018). They are based on the frequency of 
hazardous material occurrence on National Priority List (NPL), prepared 
by ATSDR. The permissible limit of HMTL was below 5888.527 mg/l 
(Saha and Paul, 2019; Proshad et al., 2020). The HIS score was multi-
plied by acceptable limit of specific concentration, which is considered 
the permissible limit for toxicity load and the permissible toxicity load is 
given in Table 9. HTML Result identifies that the surplus percentage of 
removal of heavy metals from surface aquifers beyond the permissible 
toxicity load is essential for human health. 

Fig. 2. Spatial map for TDS distribution during Pre-lockdown and lockdown.  
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5. Results and discussion 

We assessed water quality of the Punnakayal estuary during the 
lockdown and pre-lockdown periods using the physic-chemical vari-
ables, dissolved metals and microbiological parameters. 

5.1. Physicochemical parameters 

Mean pH of the pre-lockdown (7.78), and lockdown (7.63) periods 
did not show significant difference (Table 2). Higher pH of TSW - 11, 12, 
20 during the lockdown period was due to warmer water temperatures. 
Both the mean EC and TDS of the lockdown period were 22.04% and 
29.96% lower than the pre-lockdown. TDS of 75% of surface water 
samples in the pre-lockdown and 50% of samples of lockdown interval 
exceeded the permissible limit of WHO (2017; 1000 mg/l) (Fig. 2). 

These changes are due to absence of agricultural activities during the 
first phase of lockdown as well as the dilution effect from rainfall. It also 
revealed the reduction in water consumption for the industrial purposes. 
Compared to the Central Pollution Control Board (CPCB) (1979) and BIS 
(1982) water quality standards, about 45% of both the pre-lockdown 
(1.26–9.26 mg/l) and lockdown (1.11–6.89 mg/l) samples had DO in 
class C, revealing unsuitability for drinking. The mean BOD in both 
periods (5.4 mg/l in pre-lockdown and 4.8 mg/l in lockdown) showed 
no significance difference and it grouped only few samples in class A, 
representing the suitability for drinking without conventional treatment 
but after disinfection (Source: Central Pollution Control Board (CPCB), 
1979 and BIS, 1982). Turbidity limits before and during the lockdown 
are 1.56–9.65 (NTU) and 1.21–6.62 (NTU), respectively. Most samples 
from both periods exceeded the acceptable limit of BIS (2012). Higher 
turbidity loads also revealed natural causes such as erosion of more silt 

Fig. 3. Interpretation of Nitrate risk during Pre-lockdown and lockdown.  
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Fig. 4. Heavy metal occurrence difference on bar chart during Pre-lockdown and lockdown.  

Fig. 5. Spatial variation map for chromium distribution during Pre-lockdown and lockdown period.  
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and mud and anthropogenic causes such as agriculture, sand mining, 
construction, and algae from domestic wastes. NO3

− is a prime 
contaminant in agro-terrains (Adimalla et al., 2018; Zhang et al., 2018; 
Chandrasekar er al., 2021). It was quantified as 35–72 mg/l during the 
pre-lockdown and 12–56 mg/l during the lockdown. Comparison with 
World Health Organization (2017) suggests 50% of pre-lockdown and 
only 15% of lockdown samples were under high risk. We detected 27% 
discrepancy between the two periods and plenty of samples of the 
pre-lockdown period showed high health risk (e.g.Adimalla and Qian, 
2019, Fig. 3). 

5.2. Metal concentrations 

Concentrations of chromium (Cr), copper (Cu) and zinc (Zn) showed 
<20% difference between the lockdown and pre-lockdown periods 

(Table 2 and Fig. 4). However, the concentrations of arsenic (As), iron 
(Fe), lead (Pb) and cadmium (Cd) decreased >20% during the lockdown 
in comparison to the pre-lockdown period. 

Arsenic: It is one of the most dangerous toxic components, and can 
lead to immune disorders, reproductive dysfunction and skin cancer 
(Kabata-Pendias and Szteke, 2015; Kacmaz, 2020; Tokatli and Ustaoğlu, 
2020). Concentration of 0.012–0.099 mg/l in pre-lockdown and 
0.001–0.098 mg/l during the lockdown suggested that all of them 
exceeded the permissible limit (World Health Organization, 2017) for 
drinking (0.01 mg/l). Despite the COVID-19 lockdown, the anthropo-
logical activities related to poultry waste, fertilizer plants, brick making 
plants, pot design making plants and agricultural practices continued in 
this region (Selvam et al., 2014a, 2017) 

Chromium: The maximum Cr concentration was 0.08 mg/l in pre- 
lockdown samples and reduced to 0.07 mg/l in the lockdown samples. 

Fig. 6. Spatial variation map of iron distribution during Pre-lockdown and lockdown period.  
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About 45% of the pre-lockdown samples exceeded the permissible limit 
(0.05 mg/l) and only 15% of the lockdown samples exceeded the 
permissible limit (Fig. 5). In both the phases, all samples near the coast 
exceeded the allowable limit of 0.05 mg/l (World Health Organization, 
2017). Reduction in chromium concentration during the lockdown 
indicated decline in the activities related to the chemical industries (e.g. 
DCW Industry) (Selvam et al., 2017). Similarly, there was less utilization 
of petroleum product in heavy vehicle workshops of this region (e.g. Hua 
et al., 2016; Sakthivel et al., 2016). 

Iron: For local aquifers the main contributors of iron (Fe) are in-
dustrial effluent, acid-mine drainage, and sewage. In this research the 
iron (Fe) concentration is varied from 0.123 to 0.458 mg/l pre lockdown 
and 0.102–0.321 mg/l during the lockdown (Fig. 6). This result shows 
that 55% of pre-lockdown samples have an acceptable limit of 0.3 mg/l 
(World Health Organization, 2017), while 5% of samples exceed the 

allowable limit during the lockdown period. The maximum occurred 
value of Fe on COVID-19 phases is very close to permissible limit (0.3 
mg/l) and shows that this may be due to the shutting of metallurgical 
industries during the COVID-19 lockdown period, from which wastes are 
discharged into water bodies and from landfills (Milivojević et al., 
2016). 

Copper: This trace element is an important nutrient for the human 
body (Muhammad et al., 2014; Samantara et al., 2017). We detected 
almost no change between the two COVID-19 stages with mean values of 
0.218 mg/l during pre-lockdown and 0.201 mg/l during the lockdown. 
None of them exceeded the drinking limits (2 mg/l) of the World Health 
Organization (2017) standard. 

Zinc: Absence of Zn affects the metabolism and the immune system, 
resulting in infections in humans, anemia and birth defects in pregnant 
women and delayed sexual maturity in men (ATSDR, 2005; Samantara 

Fig. 7. Spatial variation map of lead distribution during Pre-lockdown and lockdown period.  
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et al., 2017; Karunanidhi et al., 2021). Concentration of Zn in 
pre-lockdown samples (0.568–0.999 mg/l) and lockdown period 
(0.523–0.999 mg/l) remained similar. All of them remained suitable for 
drinking (<5 mg/l). It showed the absence of potential sources of Zn 
such as industries related to rubber, paint, bronze, die-casting metals, 
brass and other alloys in this region. 

Cadmium: It ranged from 0 to 0.002 mg/l in pre-lockdown samples 
and 0–0.001 mg/l in the lockdown samples. Both remained within the 
permissible limits (World Health Organization, 2017; <0.003 mg/l). 
The two periods (pre-lockdown and lockdown) showed a significant 
difference of up to 42%. Cadmium can flow from phosphate fertilizers 
into the soil and surface water, and it is also sourced from 
cadmium-based batteries and cadmium coated materials (ATSDR, 2008; 
Tokatli and Ustaoğlu, 2020). Since there is no homeostatic mechanism 
to control, the exposure to very low levels of Cd can cause adverse 
overall effects on humans (Carter and Fernando, 1979). 

Lead: It varied from 0.006 to 0.019 mg/l with an average of 0.012 
mg/l in the pre-lockdown and between 0.004 and 0.009 mg/l with an 
average of 0.007 mg/l during the lockdown. About 65% of the surface 

water samples of the pre-lockdown interval exceeded the recommended 
limit (0.01 mg/l), but all the lockdown samples were within the 
allowable range for drinking (Fig. 7). Industrial discharges from 
foundries, battery production amenities, contaminated land runoffs and 
sewage are the main bases of Pb in the Thoothukudi coastal region. 
(Selvam et al., 2017). Deficiency or minimal disposal of effluents from 
these industries and manufacturing unit and reduction in petroleum 
related transportation during the lockdown interval might have led to 
lower Pb concentration. 

5.3. Microbiological parameters 

The expressive statistics of microbiological concentration are pre-
sented in Table 2. Total coliform bacteria population varied between 6.2 
and 189 MPN ml/l and 1.2–95 MPN ml/l in the lockdown and pre- 
lockdown samples, respectively. The maximum population of fecal 
coliform bacteria was 42.92 MPN ml/l in the lockdown and 97.09 MPN 
ml/l in the pre-lockdown period. Escherichia coli bacterial population 
ranged from 0 to 62 MPN ml/l in the lockdown samples and 0 to 77 MPN 
ml/l in the pre lockdown samples. The reduction in bacteria during the 
lockdown period was due to closure of fishing companies and tourism 
contamination (Fig. 8). However, all fecal streptococci population was 
low (Est <10) both in the pre-lockdown and lockdown samples. 
Escherichia coli Total coliforms, and faecal coliforms are contributed to 
the water system by humans and other warm-blooded animals. They 
survive the sewage treatment plants in large numbers and protect their 
pathogens for a longer period (Selvam et al., 2017). Selvam et al. 
(2020a) have observed that the closure of industries and other com-
mercial activities in the study area provide favorable condition for the 
growth of large bacterial population. 

5.4. Pollution Indices 

Based on the method used by Edet and Offiong (2002), we evaluated 
the HMPI (heavy metal pollution index) for the pre-lockdown and 
lockdown phases for As, Cr, Fe, Cu, Zn, Cd, and Pb (Table 3). The 
computed HPI values varied between 15.18 to 81.25, and 10.67 to 46.92 
with an average values of 51.81 and 31.61 in the pre-lockdown samples 
and lockdown samples, respectively. As per the classifications, about 

Fig. 8. Statistical significance of biological parameters (MPN ml/l) in 
groundwater samples before and during the lockdown period related to 
COVID-19. 

Table 3 
Heavy metal pollution index (HMPI) and decreased percentage of studied metal in Thamirabarani River for Pre-lockdown and Lockdown phase.  

Sampling 
Point 

Pre-lockdown phase Lockdown phase Decreased % (Pre lockdown – 
Lockdown) 

Pre 
lockdown 

Degree of pollution as per HMPI 
scale 

Lockdown Degree of pollution as per HMPI 
scale 

TSW 1 48.23 High Pollution 35.97 High Pollution 25.41 
TSW 2 76.41 High Pollution 39.72 High Pollution 48.02 
TSW 3 25.60 Medium Pollution 19.62 Medium Pollution 23.36 
TSW 4 34.97 High Pollution 30.03 Medium Pollution 14.14 
TSW 5 81.25 High Pollution 39.62 High Pollution 51.23 
TSW 6 38.65 High Pollution 30.08 Medium Pollution 22.17 
TSW 7 15.18 Medium Pollution 10.67 Low Pollution 29.68 
TSW 8 46.75 High Pollution 11.47 Low Pollution 75.46 
TSW 9 48.04 High Pollution 12.25 Low Pollution 74.49 
TSW 10 46.36 High Pollution 14.73 Low Pollution 68.23 
TSW 11 78.95 High Pollution 37.42 High Pollution 52.60 
TSW 12 81.25 High Pollution 39.62 High Pollution 51.23 
TSW 13 69.68 High Pollution 43.38 High Pollution 37.74 
TSW 14 43.56 High Pollution 39.49 High Pollution 9.35 
TSW 15 29.79 Medium Pollution 22.12 Medium Pollution 25.77 
TSW 16 59.43 High Pollution 34.55 High Pollution 41.86 
TSW 17 50.72 High Pollution 44.07 High Pollution 13.10 
TSW 18 51.87 High Pollution 46.92 High Pollution 9.55 
TSW 19 66.81 High Pollution 42.67 High Pollution 36.14 
TSW 20 51.86 High Pollution 43.40 High Pollution 16.32 
Min 15.18 Low Pollution (0%) 10.67 Low Pollution (20%) 9.35 
Max 81.25 Medium Pollution (15%) 46.92 Medium Pollution (20%) 75.46 
Mean 51.81 High Pollution (85%) 31.61 High Pollution (60%) 36.85  

S. Selvam et al.                                                                                                                                                                                                                                  



Chemosphere 298 (2022) 134027

11

15% and 85% of the pre-lockdown samples were categorized as medium 
and high pollution, respectively. Similarly, about 20%, 20% and 60% of 
the lockdown samples were grouped in low pollution, medium pollution 
and high pollution groups, respectively. Among all the heavy metals, Cd 
and Pb played important roles in adjusting the HMPI. Results showed no 
significant depravity between the two COVID-19 phases except for the 
sampling stations at the central part of the study region (TSW 7 - 
(15.18–10.67), TSW 8 - (46.75–11.47), TSW 9 - (48.04–12.25), and TSW 
10 - (46.36–14.73). The HMPI values of the central part were transferred 
from the high pollution to low pollution class and there was no change in 
the rest as they were continued to receive sewage and municipal efflu-
ents as well as pollutant from agricultural activities (i.e. Phosphate 
fertilizers) (Fig. 9). 

5.5. Health risk assessment 

The hazard indices (HI) of non-carcinogenic risk and carcinogenic 
risk were based on hazard quotients (HQ) of the ingestion and dermal 
adsorption pathways. They showed the total potential human health 
risks on children and adults from various heavy metals. 

5.5.1. Non-carcinogenic health risk 
The non-carcinogenic risk for children and adults was evaluated for 

the toxic As, Cr, Fe, Cu, Zn, Cd and Pb (Tables 4 and 5). In the pre- 
lockdown period for children, the HQ ingestion ranged from 
1.280–10.560, 0.107–0.853, 0.013–0.049, 0.098–0.239, 0.061–0.107, 
0–0.128 and 0.137–0.434 for As, Cr, Fe, Cu, Zn, Cd and Pb, respectively. 
Similarly, the dermal pathway HQ ranged from 0.032–0.266, 
0.440–3.520, 0.001–0.003, 0.003–0.008, 0.003–0.005, 0.000–1.320 

Fig. 9. Result of HMPI values display on spatial map for Pre-lockdown and lockdown period.  
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Table 4 
Non-carcinogenic risk (HQ) (mg/kg/day) among children in the Thamirabarani River water before and during COVID-19 lockdown.  

Children 

Sampling Point Pre-lockdown Lockdown 

HQ ingestion HQ dermal HQ ingestion HQ dermal 

As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb 

TSW 1 4.800 0.213 0.027 0.151 0.095 0.064 0.320 0.121 0.880 0.002 0.005 0.005 0.660 0.003 2.667 0.213 0.020 0.145 0.085 0.064 0.183 0.067 0.880 0.001 0.005 0.004 0.660 0.002 
TSW 2 8.320 0.320 0.049 0.125 0.081 0.128 0.389 0.209 1.320 0.003 0.004 0.004 1.320 0.004 4.160 0.320 0.027 0.115 0.071 0.064 0.206 0.105 1.320 0.002 0.004 0.004 0.660 0.002 
TSW 3 5.973 0.853 0.028 0.158 0.070 0.000 0.206 0.150 3.520 0.002 0.005 0.004 0.000 0.002 5.973 0.747 0.022 0.153 0.065 0.000 0.137 0.150 3.080 0.002 0.005 0.003 0.000 0.001 
TSW 4 4.800 0.320 0.023 0.127 0.063 0.064 0.137 0.121 1.320 0.002 0.004 0.003 0.660 0.001 3.627 0.320 0.021 0.122 0.060 0.064 0.091 0.091 1.320 0.001 0.004 0.003 0.660 0.001 
TSW 5 8.853 0.747 0.042 0.205 0.101 0.128 0.411 0.223 3.080 0.003 0.007 0.005 1.320 0.004 4.480 0.533 0.026 0.200 0.100 0.064 0.183 0.113 2.200 0.002 0.007 0.005 0.660 0.002 
TSW 6 5.867 0.213 0.025 0.126 0.061 0.064 0.183 0.148 0.880 0.002 0.004 0.003 0.660 0.002 4.053 0.213 0.015 0.122 0.056 0.064 0.091 0.102 0.880 0.001 0.004 0.003 0.660 0.001 
TSW 7 3.733 0.213 0.013 0.098 0.070 0.000 0.137 0.094 0.880 0.001 0.003 0.004 0.000 0.001 3.733 0.213 0.011 0.089 0.065 0.000 0.091 0.094 0.880 0.001 0.003 0.003 0.000 0.001 
TSW 8 1.920 0.107 0.017 0.121 0.070 0.064 0.343 0.048 0.440 0.001 0.004 0.004 0.660 0.004 1.280 0.107 0.012 0.106 0.061 0.000 0.137 0.032 0.440 0.001 0.004 0.003 0.000 0.001 
TSW 9 1.280 0.107 0.021 0.132 0.073 0.064 0.366 0.032 0.440 0.001 0.005 0.004 0.660 0.004 0.107 0.107 0.012 0.127 0.064 0.000 0.160 0.003 0.440 0.001 0.004 0.003 0.000 0.002 
TSW 10 5.973 0.320 0.025 0.138 0.084 0.064 0.274 0.150 1.320 0.002 0.005 0.004 0.660 0.003 3.520 0.320 0.015 0.132 0.070 0.000 0.137 0.089 1.320 0.001 0.005 0.004 0.000 0.001 
TSW 11 6.613 0.427 0.034 0.239 0.095 0.128 0.434 0.166 1.760 0.002 0.008 0.005 1.320 0.004 3.520 0.320 0.024 0.230 0.083 0.064 0.183 0.089 1.320 0.002 0.008 0.004 0.660 0.002 
TSW 12 8.853 0.747 0.042 0.205 0.101 0.128 0.411 0.223 3.080 0.003 0.007 0.005 1.320 0.004 4.480 0.533 0.026 0.200 0.100 0.064 0.183 0.113 2.200 0.002 0.007 0.005 0.660 0.002 
TSW 13 10.133 0.427 0.035 0.170 0.084 0.128 0.274 0.255 1.760 0.002 0.006 0.004 1.320 0.003 9.493 0.213 0.028 0.101 0.070 0.064 0.206 0.239 0.880 0.002 0.003 0.004 0.660 0.002 
TSW 14 7.040 0.533 0.033 0.212 0.107 0.064 0.206 0.177 2.200 0.002 0.007 0.005 0.660 0.002 5.973 0.320 0.028 0.189 0.102 0.064 0.183 0.150 1.320 0.002 0.006 0.005 0.660 0.002 
TSW 15 6.720 0.853 0.034 0.231 0.099 0.000 0.229 0.169 3.520 0.002 0.008 0.005 0.000 0.002 6.293 0.533 0.031 0.212 0.091 0.000 0.183 0.158 2.200 0.002 0.007 0.005 0.000 0.002 
TSW 16 2.347 0.640 0.028 0.205 0.098 0.128 0.206 0.059 2.640 0.002 0.007 0.005 1.320 0.002 1.707 0.640 0.023 0.236 0.088 0.064 0.137 0.043 2.640 0.002 0.008 0.005 0.660 0.001 
TSW 17 9.493 0.533 0.031 0.231 0.095 0.064 0.274 0.239 2.200 0.002 0.008 0.005 0.660 0.003 9.493 0.320 0.028 0.196 0.087 0.064 0.206 0.239 1.320 0.002 0.007 0.004 0.660 0.002 
TSW 18 10.560 0.853 0.027 0.205 0.105 0.064 0.251 0.266 3.520 0.002 0.007 0.005 0.660 0.003 10.453 0.640 0.027 0.189 0.102 0.064 0.206 0.263 2.640 0.002 0.006 0.005 0.660 0.002 
TSW 19 7.040 0.640 0.034 0.186 0.104 0.128 0.251 0.177 2.640 0.002 0.006 0.005 1.320 0.003 5.973 0.533 0.032 0.170 0.102 0.064 0.206 0.150 2.200 0.002 0.006 0.005 0.660 0.002 
TSW 20 9.813 0.640 0.043 0.227 0.105 0.064 0.274 0.247 2.640 0.003 0.008 0.005 0.660 0.003 8.960 0.533 0.034 0.186 0.107 0.064 0.183 0.225 2.200 0.002 0.006 0.005 0.660 0.002 
Min 1.280 0.107 0.013 0.098 0.061 0.000 0.137 0.032 0.440 0.001 0.003 0.003 0.000 0.001 0.107 0.107 0.011 0.089 0.056 0.000 0.091 0.003 0.440 0.001 0.003 0.003 0.000 0.001 
Max 10.560 0.853 0.049 0.239 0.107 0.128 0.434 0.266 3.520 0.003 0.008 0.005 1.320 0.004 10.453 0.747 0.034 0.236 0.107 0.064 0.206 0.263 3.080 0.002 0.008 0.005 0.660 0.002 
Mean 6.453 0.485 0.031 0.174 0.088 0.076 0.279 0.162 2.000 0.002 0.006 0.005 0.780 0.003 5.023 0.388 0.023 0.161 0.081 0.044 0.163 0.126 1.600 0.002 0.006 0.004 0.450 0.002 
% of samples 

exceed the 
limit 

100 Nil Nil Nil Nil Nil Nil Nil 75 Nil Nil Nil 35 Nil 100 Nil Nil Nil Nil Nil Nil Nil 60 Nil Nil Nil Nil Nil  
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Table 5 
Non-carcinogenic risk (HQ) (mg/kg/day) among adults in the Thamirabarani River water before and during COVID-19 lockdown.  

Adults 

Sampling Point Pre-lockdown Lockdown 

HQ ingestion HQ dermal HQ ingestion HQ dermal 

As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb 

TSW 1 4.286 0.190 0.024 0.135 0.085 0.057 0.286 0.056 0.411 0.001 0.002 0.002 0.309 0.005 2.381 0.190 0.018 0.129 0.076 0.057 0.163 0.031 0.411 0.001 0.002 0.002 0.309 0.003 
TSW 2 7.429 0.286 0.044 0.111 0.072 0.114 0.347 0.098 0.617 0.002 0.002 0.002 0.617 0.006 3.714 0.286 0.024 0.103 0.063 0.057 0.184 0.049 0.617 0.001 0.002 0.002 0.309 0.003 
TSW 3 5.333 0.762 0.025 0.141 0.062 0.000 0.184 0.070 1.646 0.001 0.003 0.002 0.000 0.003 5.333 0.667 0.020 0.136 0.058 0.000 0.122 0.070 1.440 0.001 0.002 0.002 0.000 0.002 
TSW 4 4.286 0.286 0.020 0.114 0.056 0.057 0.122 0.056 0.617 0.001 0.002 0.002 0.309 0.002 3.238 0.286 0.019 0.109 0.054 0.057 0.082 0.043 0.617 0.001 0.002 0.001 0.309 0.001 
TSW 5 7.905 0.667 0.038 0.183 0.090 0.114 0.367 0.104 1.440 0.001 0.003 0.002 0.617 0.007 4.000 0.476 0.023 0.179 0.089 0.057 0.163 0.053 1.029 0.001 0.003 0.002 0.309 0.003 
TSW 6 5.238 0.190 0.022 0.112 0.054 0.057 0.163 0.069 0.411 0.001 0.002 0.001 0.309 0.003 3.619 0.190 0.014 0.109 0.050 0.057 0.082 0.048 0.411 0.000 0.002 0.001 0.309 0.001 
TSW 7 3.333 0.190 0.012 0.088 0.062 0.000 0.122 0.044 0.411 0.000 0.002 0.002 0.000 0.002 3.333 0.190 0.010 0.079 0.058 0.000 0.082 0.044 0.411 0.000 0.001 0.002 0.000 0.001 
TSW 8 1.714 0.095 0.015 0.108 0.062 0.057 0.306 0.023 0.206 0.001 0.002 0.002 0.309 0.006 1.143 0.095 0.011 0.094 0.054 0.000 0.122 0.015 0.206 0.000 0.002 0.001 0.000 0.002 
TSW 9 1.143 0.095 0.019 0.118 0.066 0.057 0.327 0.015 0.206 0.001 0.002 0.002 0.309 0.006 0.095 0.095 0.011 0.114 0.057 0.000 0.143 0.001 0.206 0.000 0.002 0.002 0.000 0.003 
TSW 10 5.333 0.286 0.022 0.123 0.075 0.057 0.245 0.070 0.617 0.001 0.002 0.002 0.309 0.004 3.143 0.286 0.013 0.118 0.063 0.000 0.122 0.041 0.617 0.000 0.002 0.002 0.000 0.002 
TSW 11 5.905 0.381 0.031 0.214 0.085 0.114 0.388 0.078 0.823 0.001 0.004 0.002 0.617 0.007 3.143 0.286 0.021 0.206 0.074 0.057 0.163 0.041 0.617 0.001 0.004 0.002 0.309 0.003 
TSW 12 7.905 0.667 0.038 0.183 0.090 0.114 0.367 0.104 1.440 0.001 0.003 0.002 0.617 0.007 4.000 0.476 0.023 0.179 0.089 0.057 0.163 0.053 1.029 0.001 0.003 0.002 0.309 0.003 
TSW 13 9.048 0.381 0.031 0.151 0.075 0.114 0.245 0.119 0.823 0.001 0.003 0.002 0.617 0.004 8.476 0.190 0.025 0.090 0.062 0.057 0.184 0.112 0.411 0.001 0.002 0.002 0.309 0.003 
TSW 14 6.286 0.476 0.030 0.189 0.095 0.057 0.184 0.083 1.029 0.001 0.003 0.003 0.309 0.003 5.333 0.286 0.025 0.169 0.091 0.057 0.163 0.070 0.617 0.001 0.003 0.002 0.309 0.003 
TSW 15 6.000 0.762 0.031 0.206 0.088 0.000 0.204 0.079 1.646 0.001 0.004 0.002 0.000 0.004 5.619 0.476 0.028 0.189 0.082 0.000 0.163 0.074 1.029 0.001 0.003 0.002 0.000 0.003 
TSW 16 2.095 0.571 0.025 0.183 0.088 0.114 0.184 0.028 1.234 0.001 0.003 0.002 0.617 0.003 1.524 0.571 0.020 0.211 0.078 0.057 0.122 0.020 1.234 0.001 0.004 0.002 0.309 0.002 
TSW 17 8.476 0.476 0.028 0.206 0.085 0.057 0.245 0.112 1.029 0.001 0.004 0.002 0.309 0.004 8.476 0.286 0.025 0.175 0.078 0.057 0.184 0.112 0.617 0.001 0.003 0.002 0.309 0.003 
TSW 18 9.429 0.762 0.024 0.183 0.094 0.057 0.224 0.124 1.646 0.001 0.003 0.003 0.309 0.004 9.333 0.571 0.024 0.169 0.091 0.057 0.184 0.123 1.234 0.001 0.003 0.002 0.309 0.003 
TSW 19 6.286 0.571 0.031 0.166 0.093 0.114 0.224 0.083 1.234 0.001 0.003 0.003 0.617 0.004 5.333 0.476 0.028 0.151 0.091 0.057 0.184 0.070 1.029 0.001 0.003 0.002 0.309 0.003 
TSW 20 8.762 0.571 0.038 0.203 0.094 0.057 0.245 0.115 1.234 0.001 0.004 0.003 0.309 0.004 8.000 0.476 0.031 0.166 0.095 0.057 0.163 0.105 1.029 0.001 0.003 0.003 0.309 0.003 
Min 1.143 0.095 0.012 0.088 0.054 0.000 0.122 0.015 0.206 0.000 0.002 0.001 0.000 0.002 0.095 0.095 0.010 0.079 0.050 0.000 0.082 0.001 0.206 0.000 0.001 0.001 0.000 0.001 
Max 9.429 0.762 0.044 0.214 0.095 0.114 0.388 0.124 1.646 0.002 0.004 0.003 0.617 0.007 9.333 0.667 0.031 0.211 0.095 0.057 0.184 0.123 1.440 0.001 0.004 0.003 0.309 0.003 
Mean 5.762 0.433 0.027 0.155 0.078 0.068 0.250 0.076 0.935 0.001 0.003 0.002 0.365 0.004 4.485 0.346 0.021 0.144 0.073 0.039 0.146 0.059 0.748 0.001 0.003 0.002 0.210 0.003 
% of samples 

exceed the limit 
100 Nil Nil Nil Nil Nil Nil Nil 50 Nil Nil Nil Nil Nil 95 Nil Nil Nil Nil Nil Nil Nil 40 Nil Nil Nil Nil Nil  
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Table 6 
The hazard index (HI) of Non-carcinogenic risk (HQ) (mg/kg/day) among children and Adults in the Thamirabarani River water before and during COVID-19 lockdown.  

Sampling Point Pre-lockdown Lockdown 

HI Children HI Adults HI Children HI Adults 

As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb As Cr Fe Cu Zn Cd Pb 

TSW 1 4.921 1.093 0.029 0.156 0.100 0.724 0.323 4.342 0.602 0.025 0.137 0.088 0.366 0.291 2.734 1.093 0.022 0.150 0.089 0.724 0.185 2.412 0.602 0.022 0.134 0.078 0.366 0.166 
TSW 2 8.529 1.640 0.052 0.129 0.085 1.448 0.393 7.526 0.903 0.045 0.113 0.074 0.731 0.353 4.265 1.640 0.029 0.119 0.075 0.724 0.208 3.763 0.903 0.029 0.107 0.065 0.366 0.187 
TSW 3 6.124 4.373 0.029 0.164 0.073 0.000 0.208 5.404 2.408 0.025 0.144 0.064 0.000 0.187 6.124 3.827 0.024 0.158 0.069 0.000 0.139 5.404 2.107 0.024 0.142 0.060 0.000 0.125 
TSW 4 4.921 1.640 0.024 0.132 0.066 0.724 0.139 4.342 0.903 0.021 0.116 0.058 0.366 0.125 3.718 1.640 0.023 0.126 0.063 0.724 0.092 3.281 0.903 0.023 0.113 0.055 0.366 0.083 
TSW 5 9.076 3.827 0.045 0.212 0.107 1.448 0.416 8.009 2.107 0.039 0.186 0.093 0.731 0.374 4.593 2.733 0.027 0.207 0.105 0.724 0.185 4.053 1.505 0.027 0.185 0.091 0.366 0.166 
TSW 6 6.014 1.093 0.027 0.130 0.064 0.724 0.185 5.307 0.602 0.023 0.114 0.056 0.366 0.166 4.155 1.093 0.016 0.126 0.059 0.724 0.092 3.667 0.602 0.016 0.113 0.051 0.366 0.083 
TSW 7 3.827 1.093 0.014 0.102 0.073 0.000 0.139 3.377 0.602 0.012 0.089 0.064 0.000 0.125 3.827 1.093 0.012 0.092 0.069 0.000 0.092 3.377 0.602 0.012 0.082 0.060 0.000 0.083 
TSW 8 1.968 0.547 0.018 0.125 0.073 0.724 0.346 1.737 0.301 0.016 0.110 0.064 0.366 0.312 1.312 0.547 0.013 0.109 0.064 0.000 0.139 1.158 0.301 0.013 0.098 0.056 0.000 0.125 
TSW 9 1.312 0.547 0.023 0.137 0.077 0.724 0.369 1.158 0.301 0.020 0.120 0.067 0.366 0.332 0.109 0.547 0.013 0.132 0.067 0.000 0.162 0.096 0.301 0.013 0.118 0.059 0.000 0.145 
TSW 10 6.124 1.640 0.026 0.142 0.088 0.724 0.277 5.404 0.903 0.023 0.125 0.077 0.366 0.249 3.609 1.640 0.016 0.137 0.074 0.000 0.139 3.184 0.903 0.016 0.122 0.064 0.000 0.125 
TSW 11 6.780 2.187 0.037 0.247 0.100 1.448 0.439 5.983 1.204 0.032 0.217 0.087 0.731 0.395 3.609 1.640 0.025 0.238 0.087 0.724 0.185 3.184 0.903 0.025 0.214 0.076 0.366 0.166 
TSW 12 9.076 3.827 0.045 0.212 0.107 1.448 0.416 8.009 2.107 0.039 0.186 0.093 0.731 0.374 4.593 2.733 0.027 0.207 0.105 0.724 0.185 4.053 1.505 0.027 0.185 0.091 0.366 0.166 
TSW 13 10.388 2.187 0.037 0.175 0.088 1.448 0.277 9.167 1.204 0.032 0.154 0.077 0.731 0.249 9.732 1.093 0.030 0.104 0.073 0.724 0.208 8.588 0.602 0.030 0.093 0.064 0.366 0.187 
TSW 14 7.217 2.733 0.036 0.219 0.112 0.724 0.208 6.369 1.505 0.031 0.193 0.098 0.366 0.187 6.124 1.640 0.030 0.195 0.107 0.724 0.185 5.404 0.903 0.030 0.175 0.094 0.366 0.166 
TSW 15 6.889 4.373 0.037 0.239 0.104 0.000 0.231 6.079 2.408 0.032 0.210 0.091 0.000 0.208 6.452 2.733 0.034 0.219 0.096 0.000 0.185 5.693 1.505 0.034 0.197 0.084 0.000 0.166 
TSW 16 2.406 3.280 0.030 0.212 0.104 1.448 0.208 2.123 1.806 0.026 0.186 0.090 0.731 0.187 1.750 3.280 0.025 0.244 0.092 0.724 0.139 1.544 1.806 0.025 0.219 0.080 0.366 0.125 
TSW 17 9.732 2.733 0.033 0.239 0.100 0.724 0.277 8.588 1.505 0.029 0.210 0.088 0.366 0.249 9.732 1.640 0.030 0.203 0.091 0.724 0.208 8.588 0.903 0.030 0.182 0.080 0.366 0.187 
TSW 18 10.826 4.373 0.029 0.212 0.111 0.724 0.254 9.553 2.408 0.025 0.186 0.096 0.366 0.229 10.716 3.280 0.028 0.195 0.107 0.724 0.208 9.456 1.806 0.028 0.175 0.094 0.366 0.187 
TSW 19 7.217 3.280 0.037 0.192 0.110 1.448 0.254 6.369 1.806 0.032 0.169 0.096 0.731 0.229 6.124 2.733 0.034 0.175 0.107 0.724 0.208 5.404 1.505 0.034 0.157 0.094 0.366 0.187 
TSW 20 10.060 3.280 0.045 0.235 0.111 0.724 0.277 8.877 1.806 0.039 0.207 0.096 0.366 0.249 9.185 2.733 0.037 0.193 0.112 0.724 0.185 8.105 1.505 0.037 0.173 0.098 0.366 0.166 
Min 1.312 0.547 0.014 0.102 0.064 0.000 0.139 1.158 0.301 0.012 0.089 0.056 0.000 0.125 0.109 0.547 0.012 0.092 0.059 0.000 0.092 0.096 0.301 0.012 0.082 0.051 0.000 0.083 
Max 10.826 4.373 0.052 0.247 0.112 1.448 0.439 9.553 2.408 0.045 0.217 0.098 0.731 0.395 10.716 3.827 0.037 0.244 0.112 0.724 0.208 9.456 2.107 0.037 0.219 0.098 0.366 0.187 
Mean 6.616 2.485 0.033 0.180 0.092 0.856 0.282 5.838 1.368 0.028 0.158 0.080 0.432 0.254 5.149 1.988 0.025 0.167 0.086 0.494 0.165 4.544 1.094 0.025 0.149 0.075 0.249 0.148 
% of samples 

exceed the 
limit 

100 90 Nil Nil Nil Nil Nil 100 60 Nil Nil Nil Nil Nil 95 90 Nil Nil Nil Nil Nil 95 40 Nil Nil Nil Nil Nil  
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Table 7 
The total carcinogenic risk (TCR) among children and Adults in the Thamirabarani River water before and during COVID-19 lockdown.  

Sampling Point Pre-lockdown Lockdown 

TCR in Children TCR in Adults TCR in Children TCR in Adults 

As Cr Cd Pb As Cr Cd Pb As Cr Cd Pb As Cr Cd Pb 

TSW 1 0.0021823 0.0003266 0.0001972 0.0000039 0.001939 0.0002923 0.0001763 0.0000034 0.0012124 0.0032066 0.0001972 0.0000022 0.0010772 0.0002888 0.0001752 0.0000020 
TSW 2 0.0037826 0.0004899 0.0003944 0.0000047 0.0033609 0.0004385 0.0003526 0.0000042 0.0018913 0.0048099 0.0001972 0.0000025 0.0016805 0.0004332 0.0001752 0.0000022 
TSW 3 0.0027157 0.0013064 0 0.0000025 0.002413 0.0011693 0 0.0000022 0.0027157 0.0112231 0 0.0000017 0.002413 0.0010108 0 0.0000015 
TSW 4 0.0021823 0.0004899 0.0001972 0.0000017 0.001939 0.0004385 0.0001763 0.0000015 0.0016488 0.0048099 0.0001972 0.0000011 0.001465 0.0004332 0.0001752 0.0000098 
TSW 5 0.0040251 0.0011431 0.0003944 0.0000049 0.0035764 0.0010231 0.0003526 0.0000044 0.0020368 0.0080165 0.0001972 0.0000022 0.0018097 0.000722 0.0001752 0.0000020 
TSW 6 0.0026672 0.0003266 0.0001972 0.0000022 0.0023699 0.0002923 0.0001763 0.0000020 0.0018428 0.0032066 0.0001972 0.0000011 0.0016374 0.0002888 0.0001752 0.0000010 
TSW 7 0.0016973 0.0003266 0 0.0000017 0.0015081 0.0002923 0 0.0000015 0.0016973 0.0032066 0 0.0000011 0.0015081 0.0002888 0 0.0000010 
TSW 8 0.0008729 0.0001633 0.0001972 0.0000041 0.0007756 0.0001462 0.0001763 0.0000037 0.0005819 0.0016033 0 0.0000017 0.0005171 0.0001444 0 0.0000015 
TSW 9 0.0005819 0.0001633 0.0001972 0.0000044 0.0005171 0.0001462 0.0001763 0.0000040 4.85E-05 0.0016033 0 0.0000019 0.0000431 0.0001444 0 0.0000017 
TSW 10 0.0027157 0.0004899 0.0001972 0.0000033 0.002413 0.0004385 0.0001763 0.0000030 0.0016003 0.0048099 0 0.0000017 0.0014219 0.0004332 0 0.0000015 
TSW 11 0.0030067 0.0006532 0.0003944 0.0000052 0.0026715 0.0005846 0.0003526 0.0000047 0.0016003 0.0048099 0.0001972 0.0000022 0.0014219 0.0004332 0.0001752 0.0000020 
TSW 12 0.0040251 0.0011431 0.0003944 0.0000050 0.0035764 0.0010231 0.0003526 0.0000044 0.0020368 0.0080165 0.0001972 0.0000022 0.0018097 0.000722 0.0001752 0.0000020 
TSW 13 0.004607 0.0006532 0.0003944 0.0000033 0.0040934 0.0005846 0.0003526 0.0000030 0.0043161 0.0032066 0.0001972 0.0000025 0.0038349 0.0002888 0.0001752 0.0000022 
TSW 14 0.0032007 0.0008165 0.0001972 0.0000025 0.0028438 0.0007308 0.0001763 0.0000022 0.0027157 0.0048099 0.0001972 0.0000022 0.002413 0.0004332 0.0001752 0.0000020 
TSW 15 0.0030552 0.0013064 0 0.0000028 0.0027146 0.0011693 0 0.0000025 0.0028612 0.0080165 0 0.0000022 0.0025422 0.000722 0 0.0000020 
TSW 16 0.0010669 0.0009798 0.0003944 0.0000025 0.0009479 0.0008769 0.0003526 0.0000022 0.0007759 0.0096198 0.0001972 0.0000017 0.0006894 0.0008664 0.0001752 0.0000015 
TSW 17 0.0043161 0.0008165 0.0001972 3.298E-06 0.0038349 0.0007308 0.0001763 0.0000030 0.0043161 0.0048099 0.0001972 0.0000025 0.0038349 0.0004332 0.0001752 0.0000022 
TSW 18 0.004801 0.0013064 0.0001972 0.0000030 0.0042658 0.0011693 0.0001763 0.0000027 0.0047525 0.0096198 0.0001972 0.0000025 0.0042227 0.0008664 0.0001752 0.0000022 
TSW 19 0.0032007 0.0009798 0.0003944 0.0000030 0.0028438 0.0008769 0.0003526 0.0000027 0.0027157 0.0080165 0.0001972 0.0000025 0.002413 0.000722 0.0001752 0.0000022 
TSW 20 0.0044615 0.0009798 0.0001972 0.0000033 0.0039641 0.0008769 0.0001763 0.0000030 0.0040736 0.0080165 0.0001972 0.0000022 0.0036194 0.000722 0.0001752 0.0000020 
Min 0.0005819 0.0001633 0 0.0000017 0.0005171 0.0001462 0 0.0000015 0.0000485 0.0016033 0 0.0000011 0.0000431 0.0001444 0 0.0000010 
Max 0.004801 0.0013064 0.0003944 0.0000052 0.0042658 0.0011693 0.0003526 0.0000047 0.0047525 0.0112231 0.0001972 0.0000025 0.0042227 0.0010108 0.0001752 0.0000022 
Mean 0.0029339 0.0007423 0.0002331 0.0000034 0.0026069 0.0006644 0.0002084 0.0000030 0.0022837 0.0058302 0.0001345 0.0000020 0.0020291 0.0005251 0.0001195 0.0000017 
% of sample exceeding 100 100 100 Nil 100 100 100 Nil 95 100 100 Nil 95 100 100 Nil  
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and 0.001–0.004 for As, Cr, Fe, Cu, Zn, Cd and Pb, respectively (Table 4). 
For children, the HQ ingestion of As exceeded the limit (>1) in all 
samples and HQ dermal result showed values beyond the hazard quo-
tient limit in 75% samples for Cr and 35% samples for Cd. During 
lockdown period and for children, the HQ ingestion values ranged from 
0.107–10.453, 0.107–0.747, 0.011–0.034, 0.089–0.236, 0.056–0.107, 
0.000–0.064 and 0.091–0.206 for As, Cr, Fe, Cu, Zn, Cd and Pb, 
respectively. The dermal pathway HQ ranged from 0.003–0.263, 
0.440–3.080, 0.001–0.002, 0.003–0.008, 0.003–0.005, 0.000–0.660 
and 0.001–0.002 for As, Cr, Fe, Cu, Zn, Cd and Pb, respectively. In the 
lockdown period, the HQ ingestion pathway of As also exceeded the 
limit (>1) in 100% of the samples and HQ dermal results of Cr remained 
above the hazard quotient limit in 60% of the surface water samples. 

In the pre-lockdown period for adults, the HQ ingestion ranged be-
tween 1.143–9.429, 0.095–0.762, 0.012–0.044, 0.088–0.214, 
0.054–0.095, 0.000–0.114 and 0.122–0.388 for As, Cr, Fe, Cu, Zn, Cd 
and Pb, respectively. The HQ through dermal pathway varied between 
0.015–0.124, 0.206–1.646, 0.000–0.002, 0.002–0.004, 0.001–0.003, 
0.000–0.617 and 0.002–0.007 for As, Cr, Fe, Cu, Zn, Cd and Pb, 
respectively (Table 5). For the adult, the HQ ingestion of As exceeded 
the limit (>1) in 100% samples and HQ dermal of chromium remained 
above the hazard quotient limit in 50% of the samples. During the 
lockdown period, for adults, the HQ values via intake pathway were 
0.095–9.333, 0.095–0.667, 0.010–0.031, 0.079–0.211, 0.050–0.095, 
0.000–0.057 and 0.082–0.184 for As, Cr, Fe, Cu, Zn, Cd and Pb, 
respectively. The HQ dermal pathway were 0.001–0.123, 0.206–1.440, 
0.000–0.001, 0.001–0.004, 0.001–0.003, 0.000–0.309 and 0.001–0.003 
for As, Cr, Fe, Cu, Zn, Cd and Pb, respectively. During the lockdown, As 
in about 95% samples and Cr in 40% samples exceeded the hazard 
quotient limits (>1) of ingestion and dermal contact pathways. 

The pre-lockdown and lockdown HI indices (HI; sum of all HQ values 
by intake or skin absorption pathway) for children and adults were 
higher for the water intake pathway compared to the skin contact 
pathway (Table 6). Two-term HI values for ingestion and skin absorption 
exposure to As and Cr were higher than the acceptable range of non- 
carcinogenic metals. However, the pollution impact or pollution rate 
of lockdown period was relatively lower than the pre-lockdown. For 
example, the average HI intake for children was 6.616 for As and 2.485 
for Cr during the pre-lockdown. They decreased to 5.149 (As) and 1.988 
(Cr) during the lockdown. The closure of several industries in this re-
gion, limited use of petrochemicals in agriculture and reduction of other 

anthropological contributions such as discharge of domestic waste-
water, municipal waste, and chemical waste from industries during the 
lockdown might have led to less heavy metal contribution and recued 
health risks. 

5.5.2. Carcinogenic health risk 
The carcinogenic risk (CR) was computed for As, Cr, Cd and Pb and 

Table 7 presents the total carcinogenic risk (TCR; sum of CR from 
ingestion and dermal contact exposure) for children and adults. In the 
pre-lockdown samples and for children, the TCR varied between 
0.0005819–0.0048010, 0.0001633–0.0013064, 0–0.0003944 and 
0.0000017–0.0000052 for As, Cr, Cd and Pb, respectively. Similarly for 
adults, the TCR values in the pre-lockdown samples varied between 
0.0005171–0.0042658, 0.0001462–0.0011693, 0–0.0003526 and 
0.00000155–0.0000047 for As, Cr, Cd and Pb, respectively. In carci-
nogenic elements the following elements are As, Cr and Cd (>95% 
samples) beyond the permissible carcinogenic limit. Only Pb (100%) 
remained within the acceptable or tolerable carcinogenic limit 
(0.000001–0.0001) for children and adults. 

In the lockdown samples, the TCR for children varied between 
0.0000485–0.0047525, 0.0016033–0.0112231, 0–0.0001972 and 
0.0000011–0.0000025 for As, Cr, Cd and Pb, respectively. The TCR 
values for adults varied between 0.0000431–0.0042227, 
0.0001444–0.0010108, 0–0.0001752 and 0.0000009–0.0000022 for 
As, Cr, Cd and Pb, respectively. Again all the toxic metals (As, Cr and 
Cd), except for Pb exceeded the carcinogenic range (0.000001–0.0001) 
causing risk to children and adults. In this study did not show any sig-
nificant improvements in surface water pollution but compare to pre- 
lockdown period, during lockdown period the pollution level is much 
reduced. 

5.5.3. Heavy metal toxicity load 
We computed HMTL to evaluate the concentration of pollutants that 

might cause non-carcinogenic health risk and furnished the data about 
the percentage of metals that needs removal from the specific samples 
(Table 8). The ranges of As, Cr, Cu, Zn, Cd, and Pb that are the most 
threatening to human health were selected from the ATSDR material 
priority list to calculate HTML (ATSDR, 2017). It varied between 773.70 
and 1382.30 mg/l with an average of 1101.78 mg/l for the 
pre-lockdown samples and between 665.63 and 1311.45 mg/l with a 
mean of 990.04 mg/l for the lockdown samples. DCW industrial waste 

Table 8 
Heavy metal toxicity load of the river surface water before and during COVID-19 lockdown.  

Sampling Point Pre-lockdown Lockdown 

Toxicity of heavy metals (mg/l) HMTL Toxicity of heavy metals (mg/l) HMTL 

As Cr Cu Zn Cd Pb As Cr Cu Zn Cd Pb 

TSW 1 75.42 22.98 152.15 817.14 1.32 21.43 1090.43 41.90 22.98 145.71 725.84 1.32 12.25 949.99 
TSW 2 130.73 34.47 125.58 690.23 2.64 26.03 1009.67 65.36 34.47 115.92 608.06 1.32 13.78 838.91 
TSW 3 93.86 91.92 159.39 595.28 0.00 13.78 954.22 93.86 80.43 153.76 557.84 0.00 9.19 895.07 
TSW 4 75.42 34.47 128.00 537.76 1.32 9.19 786.15 56.98 34.47 122.36 516.76 1.32 6.12 738.01 
TSW 5 139.11 80.43 206.08 867.35 2.64 27.56 1323.16 70.39 57.45 201.25 852.74 1.32 12.25 1195.40 
TSW 6 92.18 22.98 126.39 518.58 1.32 12.25 773.70 63.69 22.98 122.36 477.50 1.32 6.12 693.97 
TSW 7 58.66 22.98 99.02 595.28 0.00 9.19 785.12 58.66 22.98 89.36 558.76 0.00 6.12 735.88 
TSW 8 30.17 11.49 121.56 597.10 1.32 22.97 784.60 20.11 11.49 106.26 518.58 0.00 9.19 665.63 
TSW 9 20.11 11.49 132.83 629.06 1.32 24.50 819.30 1.68 11.49 128.00 546.89 0.00 10.72 698.77 
TSW 10 93.86 34.47 138.46 716.71 1.32 18.37 1003.18 55.31 34.47 132.83 600.75 0.00 9.19 832.54 
TSW 11 103.91 45.96 240.70 812.57 2.64 29.09 1234.86 55.31 34.47 231.84 709.40 1.32 12.25 1044.59 
TSW 12 139.11 80.43 206.08 867.35 2.64 27.56 1323.16 70.39 57.45 201.25 852.74 1.32 12.25 1195.40 
TSW 13 159.22 45.96 170.66 719.44 2.64 18.37 1116.29 149.16 22.98 101.43 595.28 1.32 13.78 883.95 
TSW 14 110.62 57.45 213.33 912.09 1.32 13.78 1308.58 93.86 34.47 189.98 872.83 1.32 12.25 1204.70 
TSW 15 105.59 91.92 232.65 845.44 0.00 15.31 1290.90 98.88 57.45 213.33 781.53 0.00 12.25 1163.44 
TSW 16 36.87 68.94 206.08 842.70 2.64 13.78 1171.01 26.82 68.94 237.48 751.40 1.32 9.19 1095.13 
TSW 17 149.16 57.45 232.65 817.14 1.32 18.37 1276.08 149.16 34.47 197.23 744.10 1.32 13.78 1140.05 
TSW 18 165.92 91.92 206.08 900.22 1.32 16.84 1382.30 164.25 68.94 189.98 872.83 1.32 13.78 1311.09 
TSW 19 110.62 68.94 186.76 892.91 2.64 16.84 1278.71 93.86 57.45 170.66 872.83 1.32 13.78 1209.89 
TSW 20 154.19 68.94 228.62 900.22 1.32 18.37 1371.66 140.78 57.45 187.57 912.09 1.32 12.25 1311.45  
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leaks and increased usages of agro-based petrochemicals in the study 
area may lead to increased HTML results. It is necessary to remove 90%, 
38%, 47% of As, Cr, and Pb in the pre-lockdown samples. Similarly, 
almost similar amount of As (90%) and slightly less Cr (29%) must be 
removed from the lockdown samples to make it suitable for human 
health. However, Pb remained below the permissible toxicity load in all 
the lockdown samples. In both the pre-lockdown and lockdown periods, 
the concentrations of Cu, Zn and Cd were suitable for human activities 
(Table 9). 

6. Remediation for human welfare 

Our results suggested that the surface water of Punnakayal estuary in 
the Thamirabarani River system poses severe non-carcinogenic and 
carcinogenic hazards to human health. The pollution sources such as 
industrial effluents, domestic wastewater, sand mining and agro- 
ventures can be minimized by proper management of the surrounding 
petrochemical, and beverages manufacture units as well as improving 
the wastewater drainage system. The lockdown period bestowed a good 
opportunity to understand the paramount importance of nature in our 
daily lives. Furthermore, it also provided an insight to realize that the 
conservation and sustainability of natural water systems can be inhibi-
ted by effectively managing the pollution sources. According to HTML 
results, As, Cr and Pb required greater attention in the pre-lockdown 
samples, whereas only As and Cr were peril to human in the lockdown 
samples. Therefore, the implementation of pertinent strategy technique 
of water quality management might help to minimize the pollution of 
water bodies. In environmental studies various researchers were pro-
posed various innovative solutions for arsenic and chromium remedia-
tion, especially Marinho et al. (2019) was discussed various aqueous 
solutions and the analytical methods used for their detection and 
quantification of arsenic and chromium elements. This study advocates 
to form a special panel to routinely monitor the surface water quality 
and mitigate the risk from exposure to potential heavy metals, especially 
from As and Cr in the Thamirabarani River ecosystem. 

7. Conclusions 

The present study evaluated the influence of COVID-19 pandemic 
lockdown on surface water quality of the Punnakayal estuary in the 

Thamirabarani River system of south India by estimating reduced ab-
sorptions of As, Cr, Cu, Cd, Fe, Pb and Zn. Toxic heavy element 
contamination risk assessment codes, health risk assessment methods 
and some pollution load approach described the water quality prior to 
lockdown and the lockdown periods. We did not observe any changes in 
the order of heavy metal enrichments (Zn > Fe > Cu > As > Cr > Pb >
Cd) in both phases as the industrial ejects, domestic sewage and agri-
cultural applications continued during the lockdown period. However, 
the quantity or impurity ratio was reduced compared to the pre- 
lockdown period. In the pre-lockdown surface water, the concentra-
tions of Cu, Zn and Cd remained within permissible limits of World 
Health Organization (2017) in all samples and hazardous As, Cr, Fe and 
Pb exceeded the permissible limits in 100%, 40%, 45% and 65% sam-
ples, respectively. During the lockdown period, As remained similar 
with 100% samples exceeding the permissible limit, but relatively less 
samples had Cr (15%) and Fe (5%) above the permissible limits. HQ 
non-carcinogenic risk on children and adults from the ingestion and skin 
absorption of hazardous Fe, Cu, Zn, Cd and Pb were within the reliable 
range for both the periods. HI results, however, indicated more delicate 
to non-cancer risks in children compared to adults from both As and Cr. 
TCR values also demonstrated “higher risk of cancer” in children and 
adults from As, Cr, and Cd, even during the lockdown and “no carci-
nogenic dilemma” from Pb. 
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Table 9 
Percentage of removal of heavy metal to reduce pollution load in the Thamirabarani River surface water with respect to pre-lockdown and lockdown period.  

Sampling Point Pre-lockdown Lockdown 

% of heavy metal removal required % of heavy metal removal required 

As Cr Cu Zn Cd Pb As Cr Cu Zn Cd Pb 

TSW 1 77 a a a a 29 59 a a a a a 

TSW 2 87 a a a a 41 74 a a a a a 

TSW 3 82 38 a a a a 82 29 a a a a 

TSW 4 77 a a a a a 70 a a a a a 

TSW 5 88 29 a a a 44 76 1 a a a a 

TSW 6 82 a a a a a 73 a a a a a 

TSW 7 71 a a a a a 71 a a a a a 

TSW 8 44 a a a a 33 15 a a a a a 

TSW 9 15 a a a a 38 a a a a a a 

TSW 10 82 a a a a 17 69 a a a a a 

TSW 11 84 a a a a 47 69 a a a a a 

TSW 12 88 29 a a a 44 76 1 a a a a 

TSW 13 89 a a a a 17 89 a a a a a 

TSW 14 85 1 a a a a 82 a a a a a 

TSW 15 84 38 a a a a 83 1 a a a a 

TSW 16 54 17 a a a a 37 17 a a a a 

TSW 17 89 1 a a a 17 89 a a a a a 

TSW 18 90 38 a a a 9 90 17 a a a a 

TSW 19 85 17 a a a 9 82 1 a a a a 

TSW 20 89 17 a a a 17 88 1 a a a a 

Permissible toxicity load (mg/l) 16.76 57.45 1610 2739 3.95 15.31 16.76 57.45 1610 2739 3.95 15.31  

a Denotes that those samples are within permissible toxicity load. 
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Acknowledgements 

The first author (S. Selvam) acknowledges the financial support of 
Department of Science and Technology – SERB- ECR, New Delhi (Ref. 
No. F.ECR/2018/001749). The authors are also grateful to Shri A.P.C.V. 
Chockalingam (Secretary), Dr. C.Veerabahu (Principal), of the V.O.C 
College, Tuticorin, for their supports during this study. 

References 

Adimalla, N., Li, P., Venkatayogi, S., 2018. Hydrogeochemical evaluation of groundwater 
quality for drinking and irrigation purposes and integrated interpretation with water 
quality index studies. Environ. Process 5 (2), 363–383. https://doi.org/10.1007/ 
s40710-018-0297-4. 

Adimalla, N., Qian, H., 2019. Groundwater quality evaluation using water quality index 
(WQI) for drinking purposes and human health risk (HHR) assessment in an 
agricultural region of Nanganur, south India. Ecotoxicol. Environ. Saf. 176, 
153–161. https://doi.org/10.1016/j.ecoenv.2019.03.066. 

APHA (American Public Health Association), 1995. American Water Works Association 
(AWWA), Water Pollution Control Federation, 16thedn. In: Standard Methods for the 
Examination of Water and Waste Water, p. 1268 (Washington, DC).  

Arisekar, U., Shakila, R.J., Jeyasekaran, G., Shalini, R., Kumar, P., Malani, A.H., Rani, V., 
2018. Accumulation of organochlorine and pyrethroid pesticide residues in fish, 
water, and sediments in the Thamirabarani river system of southern peninsular 
India. Environ. Nanotechnol. Monit. Manag. 11, 100194. https://doi.org/10.1016/j. 
enmm.2018.11.003. 

Arisekar, U., Shakila, R.J., Shalini, R., Jeyasekaran, G., 2020. Human health risk 
assessment of heavy metals in aquatic sediments and freshwater fish caught from 
Thamirabarani River, the Western Ghats of South Tamil Nadu. Mar. Pollut. Bull. 159, 
111496. https://doi.org/10.1016/j.marpolbul.2020.111496. 

ATSDR (Agency for Toxic Substances and Disease Registry), 2005. Toxicological Profile 
for Zinc. US Department of Health and Human Services, Washington.  

ATSDR (Agency for Toxic Substances and Disease Registry), 2008. Toxicological Profile 
for Cadmium. Department of Health and Human Services, Atlanta, GA, USA.  

ATSDR (Agency for Toxic Substances and Disease Registry), 2017. Agency for Toxic 
Substances and Disease Registry, Substance Priority List. https://www.atsdr.cdc. 
gov/spl/. 

ATSDR, 2018. Toxic Substance Portal: Toxicological Profiles. https://www.atsdr.cdc.go 
v/toxprofiles/index.asp. 

Benhaddya, M.L., 2020. Human health risk assessment of heavy metals from surface 
water of Chott Merouane, Algeria. Int. J. Environ. Anal. Chem. 1–18. https://doi. 
org/10.1080/03067319.2020.1751145. 

Bineshpour, M., Payandeh, K., Nazarpour, A., Sabzalipour, S., 2020. Status, source, 
human health risk assessment of potential toxic elements (PTEs), and Pb isotope 
characteristics in urban surface soil, case study: arak city, Iran. Environ. Geochem. 
Health 1–20. https://doi.org/10.1007/s10653-020-00778-x. 

BIS, 1982. Indian Standard Tolerance Limits for Inland Surface Water Subject to 
Pollution, IS 2296:1982. Bureau of Indian Standards, New Delhi.  

BIS, 2012. Bureau of Indian Standards Specification for Drinking Water IS:10500:91. 
Revised 2012. Bureau of Indian Standards, New Delhi.  

Bherwani, H., Gupta, A., Anjum, S., Anshul, A., Kumar, R., 2020. Exploring dependence 
of COVID-19 on environmental factors and spread prediction in India. npj Climate 
and Atmospheric Science 3 (1), 1–13. 

Carter, D.E., Fernando, Q., 1979. Chemical toxicology. Part II. Metal toxicity. J. Chem. 
Educ. 56 (8), 490. 

Central Pollution Control Board (CPCB), 1979. Water Quality Criteria Forfreshwater 
Classification. CPCB. 

Chan, S., Gerson, B., Subramaniam, S., 1998. The role of copper, molybdenum, selenium, 
and zinc in nutrition and health. Clin. Lab. Med. 18 (4), 673–685. 

Chandrasekar, T., Keesari, T., Gopalakrishnan, G., Karuppannan, S., Senapathi, V., 
Sabarinathan, C., Viswanathan, P.M., 2021. Occurrence of heavy metals in 
groundwater along the lithological interface of K/T boundary, peninsular India: a 
special focus on source, geochemical mobility and health risk. Arch. Environ. 
Contam. Toxicol. 80, 183–207. https://doi.org/10.1007/s00244-020-00803-1. 

Dutta, V., Dubey, D., Kumar, S., 2020. Cleaning the River Ganga: impact of lockdown on 
water quality and future implications on river rejuvenation strategies. Sci. Total 
Environ. 743, 140756. https://doi.org/10.1016/j.scitotenv.2020.140756. 

Edet, A.E., Offiong, O.E., 2002. Evaluation of water quality pollution indices for heavy 
metal contamination monitoring. A study case from Akpabuyo-Odukpani area, 
Lower Cross River Basin (southeastern Nigeria). Geo J. 57, 295–304. 

Gao, B., Gao, L., Gao, J., Xu, D., Wang, Q., Sun, K., 2019. Simultaneous evaluations of 
occurrence and probabilistic human health risk associated with trace elements in 
typical drinking water sources from major river basins in China. Sci. Total Environ. 
666, 139–146. https://doi.org/10.1016/j.scitotenv.2019.02.148. 

Gautam, S., Hens, L., 2020. COVID-19: impact by and on the environment, health and 
economy. Environ. Dev. Sustain. 22, 4953–4954. https://doi.org/10.1007/s10668- 
020-00818-7. 

Gautam, S., Trivedi, U., 2020. Global implications of bio-aerosol in pandemic. Environ. 
Dev. Sustain. 22, 3861–3865. https://doi.org/10.1007/s10668-020-00704-2. 

Hua, Z., Yinghui, J., Tao, Y., Min, W., Guangxun, S., Mingjun, D., 2016. Heavy metal 
concentrations and risk assessment of sediments and surface water of the Gan river, 
China. Pol. J. Environ. Stud. 25 (4) https://doi.org/10.15244/pjoes/62100. 

IARC, 2013. Agents Classified by the IARC Monographs, 1e120. http://monographs.iarc. 
fr/ENG/Classification/index.php/. (Accessed  January 2018). 

Imran, U., Ullah, A., Shaikh, K., Mehmood, R., Saeed, M., 2019. Health risk assessment of 
the exposure of heavy metal contamination in surface water of lower Sindh, 
Pakistan. SN Appl. Sci. 1 (6), 1–10. https://doi.org/10.1007/s42452-019-0594-1. 

ISO, 2000. ISO 9308-1. Water Quality—Detection and Enumeration of Escherichia coli 
and Coliform Bacteria. Part 1. Membrane filtration methodISO, Geneva, Switzerland.  

Jehan, S., Ullah, I., Khan, S., Muhammad, S., Khattak, S.A., Khan, T., 2020. Evaluation of 
the Swat River, Northern Pakistan, water quality using multivariate statistical 
techniques and water quality index (WQI) model. Environ. Sci. Pollut. Control Ser. 
27 (31), 38545–38558. https://doi.org/10.1007/s11356-020-09688-y. 

Jesuraja, K., Selvam, S., Roy, P.D., Venkatramanan, S., Chung, S.Y., Muthukumar, P., 
Nath Akhila, V., 2021. Groundwater pollution index (GPI) and GIS-based appraisal 
of groundwater quality for drinking and irrigation in coastal aquifers of Tiruchendur, 
South India. Environ. Sci. Pollut. Res. 28 (23), 29056–29074. 

Jorfi, S., Maleki, R., Jaafarzadeh, N., Ahmadi, M., 2017. Pollution load index for heavy 
metals in Mian-Ab plain soil, Khuzestan, Iran. Data Brief 15, 584–590. https://doi. 
org/10.1016/j.dib.2017.10.017. 

Kabata-Pendias, A., Szteke, B., 2015. Trace Elements in Abiotic and Biotic Environments. 
CRC Press, Boca Raton, p. 468. 

Kachroo, V., 2020. Novel coronavirus (COVID-19) in India: current scenario. 
International Journal of Research and Review 7 (3), 435–447. 

Karaouzas, I., Kapetanaki, N., Mentzafou, A., Kanellopoulos, T.D., Skoulikidis, N., 2020. 
Heavy metal contamination status in Greek surface waters; a review with application 
and evaluation of pollution indices. Chemosphere 128192. https://doi.org/10.1016/ 
j.chemosphere.2020.128192. 

Karthikeyan, S., Arumugam, S., Muthumanickam, J., Kulandaisamy, P., 
Subramanian, M., Annadurai, R., Sekar, S., 2021. Causes of heavy metal 
contamination in groundwater of Tuticorin industrial block, Tamil Nadu, India. 
Environ. Sci. Pollut. Control Ser. 1–16. https://doi.org/10.1007/s11356-020-11704- 
0. 

Kacmaz, H., 2020. Assessment of heavy metal contamination in natural waters of Dereli, 
Giresun: an area containing mineral deposits in northeastern Turkey. Environ. 
Monit. Assess. 192 (2), 1–12. https://doi.org/10.1007/s10661-019-8057-0. 

Karunanidhi, D., Aravinthasamy, P., Deepali, M., Subramani, T., Shankar, K., 2021. 
Groundwater pollution and human health risks in an industrialized region of 
southern India: impacts of the COVID-19 lockdown and the monsoon seasonal cycles. 
Arch. Environ. Contam. Toxicol. 80, 259–276. https://doi.org/10.1007/s00244-020- 
00797-w. 

Kassem, I.I., Jaafar, H., 2020. The potential impact of water quality on the spread and 
control of COVID-19 in Syrian refugee camps in Lebanon. Water Int. 45 (5), 
423–429. https://doi.org/10.1080/02508060.2020.1780042. 

Lian, X., Huang, J., Huang, R., Liu, C., Wang, L., Zhang, T., 2020. Impact of city 
lockdown on the air quality of COVID-19-hit of Wuhan city. Sci. Total Environ. 742, 
140556. https://doi.org/10.1016/j.scitotenv.2020.140556. 

Magesh, N.S., Chandrasekar, N., Elango, L., 2016. Occurrence and distribution of fluoride 
in the groundwater of the Tamiraparani River basin, South India: a geostatistical 
modeling approach. Environ. Earth Sci. 75 (23), 1–16. https://doi.org/10.1007/ 
s12665-016-6293-y. 
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Bull. Environ. Contam. Toxicol. 97 (5), 737–742. https://doi.org/10.1007/s00128- 
016-1918-0. 

Mohan, S.V., Nithila, P., Reddy, S.J., 1996. Estimation of heavy metals in drinking water 
and development of heavy metal pollution index. Journal of Environmental Science 
& Health Part A 31 (2), 283–289. https://doi.org/10.1080/10934529609376357. 

Muthukumaravel, K., Pradhoshini, K.P., Vasanthi, N., Raja, T., Abdul Jaleel, M., 
Arunachalam, K.D., Musthafa, M.S., Ayyamperumal, R., Karuppannan, S., 
Rajagopal, R., Alfarhan, A., Chandrasekaran, M., Chang, S.W., Ravindran, B., 2021. 
Assessment of seasonal variation in distribution and abundance of plankton and 
ichthyofaunal diversity in relation to environmental indices of Karankadu Mangrove, 
South East Coast of India. Mar. Pollut. Bull. 173, 113142. 

Muhammad, I., Ashiru, S., Ibrahim, I.D., Salawu, K., Muhammad, D.T., Muhammad, N. 
A., 2014. Determination of some heavy metals in wastewater and sediment of 
artisanal gold local mining site of Abare Area in Nigeria. J. Environ. Treat. Tech 1, 
174–182. 

Mohammadi, A.A., Zarei, A., Majidi, S., Ghaderpoury, A., Hashempour, Y., Saghi, M.H., 
Ghaderpoori, M., 2019. Carcinogenic and non-carcinogenic health risk assessment of 
heavy metals in drinking water of Khorramabad, Iran. MethodsX 6, 1642–1651. 
https://doi.org/10.1016/j.mex.2019.07.017. 

Mukherjee, I., Singh, U.K., Singh, R.P., Kumari, D., Jha, P.K., Mehta, P., 2020. 
Characterization of heavy metal pollution in an anthropogenically and geologically 
influenced semi-arid region of east India and assessment of ecological and human 
health risks. Sci. Total Environ. 705, 135801. https://doi.org/10.1016/j. 
scitotenv.2019.135801. 

Nakada, L.Y.K., Urban, R.C., 2020. COVID-19 pandemic: impacts on the air quality 
during the partial lockdown in São Paulo state, Brazil. Sci. Total Environ. 730, 
139087. https://doi.org/10.1016/j.scitotenv.2020.139087. 

S. Selvam et al.                                                                                                                                                                                                                                  

https://doi.org/10.1007/s40710-018-0297-4
https://doi.org/10.1007/s40710-018-0297-4
https://doi.org/10.1016/j.ecoenv.2019.03.066
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref3
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref3
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref3
https://doi.org/10.1016/j.enmm.2018.11.003
https://doi.org/10.1016/j.enmm.2018.11.003
https://doi.org/10.1016/j.marpolbul.2020.111496
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref6
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref6
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref7
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref7
https://www.atsdr.cdc.gov/spl/
https://www.atsdr.cdc.gov/spl/
https://www.atsdr.cdc.gov/toxprofiles/index.asp
https://www.atsdr.cdc.gov/toxprofiles/index.asp
https://doi.org/10.1080/03067319.2020.1751145
https://doi.org/10.1080/03067319.2020.1751145
https://doi.org/10.1007/s10653-020-00778-x
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref12
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref12
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref13
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref13
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref14
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref14
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref14
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref15
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref15
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref16
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref16
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref18
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref18
https://doi.org/10.1007/s00244-020-00803-1
https://doi.org/10.1016/j.scitotenv.2020.140756
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref21
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref21
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref21
https://doi.org/10.1016/j.scitotenv.2019.02.148
https://doi.org/10.1007/s10668-020-00818-7
https://doi.org/10.1007/s10668-020-00818-7
https://doi.org/10.1007/s10668-020-00704-2
https://doi.org/10.15244/pjoes/62100
http://monographs.iarc.fr/ENG/Classification/index.php/
http://monographs.iarc.fr/ENG/Classification/index.php/
https://doi.org/10.1007/s42452-019-0594-1
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref29
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref29
https://doi.org/10.1007/s11356-020-09688-y
http://refhub.elsevier.com/S0045-6535(22)00520-3/optgpWX5iRLU2
http://refhub.elsevier.com/S0045-6535(22)00520-3/optgpWX5iRLU2
http://refhub.elsevier.com/S0045-6535(22)00520-3/optgpWX5iRLU2
http://refhub.elsevier.com/S0045-6535(22)00520-3/optgpWX5iRLU2
https://doi.org/10.1016/j.dib.2017.10.017
https://doi.org/10.1016/j.dib.2017.10.017
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref33
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref33
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref34
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref34
https://doi.org/10.1016/j.chemosphere.2020.128192
https://doi.org/10.1016/j.chemosphere.2020.128192
https://doi.org/10.1007/s11356-020-11704-0
https://doi.org/10.1007/s11356-020-11704-0
https://doi.org/10.1007/s10661-019-8057-0
https://doi.org/10.1007/s00244-020-00797-w
https://doi.org/10.1007/s00244-020-00797-w
https://doi.org/10.1080/02508060.2020.1780042
https://doi.org/10.1016/j.scitotenv.2020.140556
https://doi.org/10.1007/s12665-016-6293-y
https://doi.org/10.1007/s12665-016-6293-y
https://doi.org/10.1007/s11356-018-3595-5
https://doi.org/10.1007/s11356-018-3595-5
https://doi.org/10.1007/s00128-016-1918-0
https://doi.org/10.1007/s00128-016-1918-0
https://doi.org/10.1080/10934529609376357
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref45
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref45
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref45
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref45
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref45
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref45
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref46
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref46
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref46
http://refhub.elsevier.com/S0045-6535(22)00520-3/sref46
https://doi.org/10.1016/j.mex.2019.07.017
https://doi.org/10.1016/j.scitotenv.2019.135801
https://doi.org/10.1016/j.scitotenv.2019.135801
https://doi.org/10.1016/j.scitotenv.2020.139087


Chemosphere 298 (2022) 134027

19

Narayanaswamy, S., Lakshmi, P., 1967. CharnockiticrocksofTirunelvelli district, madras. 
Geological Society of India 8, 38–50. 

Naz, A., Mishra, B.K., Gupta, S.K., 2016. Human health risk assessment of chromium in 
drinking water: a case study of Sukinda chromite mine, Odisha, India. Exposure and 
Health 8 (2), 253–264. https://doi.org/10.1007/s12403-016-0199-5. 

Panneerselvam, B., Muniraj, K., Pande, C., Ravichandran, N., Thomas, M., 
Karuppannan, S., 2021. Geochemical evaluation and human health risk assessment 
of nitrate-contaminated groundwater in an industrial area of South India. Environ. 
Sci. Pollut. Res. 1–18. 

Patel, P.P., Mondal, S., Ghosh, K.G., 2020. Some respite for India’s dirtiest river? 
Examining the Yamuna’s water quality at Delhi during the COVID-19 lockdown 
period. Sci. Total Environ. 744, 140851. https://doi.org/10.1016/j. 
scitotenv.2020.140851. 

Proshad, R., Islam, S., Tusher, T.R., Zhang, D., Khadka, S., Gao, J., Kundu, S., 2020. 
Appraisal of heavy metal toxicity in surface water with human health risk by a novel 
approach: a study on an urban river in vicinity to industrial areas of Bangladesh. 
Toxin Rev. 1–17 https://doi.org/10.1080/15569543.2020.1780615. 

Qiu, Y., Shi, W., Wu, W., 2020. Water Quality Improvement during the COVID-19 
Outbreak in China. https://doi.org/10.2139/ssrn.3664832. SSRN 3664832.  

Qu, L., Huang, H., Xia, F., Liu, Y., Dahlgren, R.A., Zhang, M., Mei, K., 2018. Risk analysis 
of heavy metal concentration in surface waters across the rural-urban interface of the 
Wen-Rui Tang River, China. Environ. Pollut. 237, 639–649. https://doi.org/ 
10.1016/j.envpol.2018.02.020. 

Ravindran, A.A., Selvam, S., 2014. Coastal disaster damage and neotectonic subsidence 
study using 2D ERI technique in Dhanushkodi, Rameshwaram Island, Tamilnadu, 
India. Middle East J. Sci. Res. 19 (8), 1117–1122. 

Rezaei, A., Hassani, H., Hassani, S., Jabbari, N., Mousavi, S.B.F., Rezaei, S., 2019. 
Evaluation of groundwater quality and heavy metal pollution indices in Bazman 
basin, southeastern Iran. Groundwater for Sustainable Development 9, 100245. 
https://doi.org/10.1016/j.gsd.2019.100245. 

Ropkins, K., Tate, J.E., 2021. Early observations on the impact of the COVID-19 
lockdown on air quality trends across the UK. Sci. Total Environ. 754, 142374. 
https://doi.org/10.1016/j.scitotenv.2020.142374. 

Rupakheti, D., Tripathee, L., Kang, S., Sharma, C.M., Paudyal, R., Sillanpää, M., 2017. 
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