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Abstract

Samples of groundwater were collected during a post-monsoon period (January) and a pre-monsoon period (May) in 2020 

from 30 locations in the rapidly developing industrial and residential area of the Coimbatore region in southern India. These 

sampling periods coincided with times before and during the lockdown in industrial activity and reduced agricultural activ-

ity that occurred in the region due to the COVID-19 pandemic. This provided a unique opportunity to evaluate the effects of 

reduced anthropogenic activity on groundwater quality. Approximately 17% of the wells affected by high fluoride concentra-

tions in the post-monsoon period returned to levels suitable for human consumption in samples collected in the pre-monsoon 

period. This was probably due to ion exchange processes, infiltration of rainwater during the seasonal monsoon that diluted 

concentrations of ions including geogenic fluoride, as well as a reduction in anthropogenic inputs during the lockdown. The 

total hazard index for fluoride in the post-monsoon samples calculated for children, adult women, and adult men indicated 

that 73%, 60%, and 50% of the groundwater samples, respectively, had fluoride levels higher than the permissible limit. In 

this study, nitrate pollution declined by 33.4% by the pre-monsoon period relative to the post-monsoon period. The chemi-

cal facies of groundwater reverted from the Na-HCO3-Cl and Na–Cl to the Ca-HCO3 type in pre-monsoon samples. Various 

geogenic indicators like molar ratios, inter-ionic relations along with graphical tools demonstrated that plagioclase mineral 

weathering, carbonate dissolution, reverse ion exchange, and anthropogenic inputs are influencing the groundwater chemistry 

of this region. These findings were further supported by the saturation index assessed for the post- and pre-monsoon samples. 

COVID-19 lockdown considerably reduced groundwater pollution by  Na+,  K+,  Cl–,  NO3¯, and  F– ions due to shutdown of 

industries and reduced agricultural activities. Further groundwater quality improvement during lockdown period there is 

evidence that the COVID-19 lockdown by increased  HCO3¯ ion concentration. Overall results illustrate the positive benefits 

to groundwater quality that could occur as a result of measures to control anthropogenic inputs of pollutants.

Groundwater is an indispensable global resource for irriga-

tion and domestic use, as well as industrial activities, par-

ticularly for arid and semi-arid areas (Su et al. 2020; Wang 

et al. 2020). Groundwater quality is a significant environ-

mental concern globally and requires monitoring of a large 

number of physicochemical parameters, including cations 

and anions (Tiwari et al. 2018). Many countries that depend 

on groundwater as a renewable resource are concerned with 

declining water quality and quantity in the aquifer (Qasemi 

et al. 2019; Mohammadi et al. 2018). Because of the eco-

nomic and technological constraints within countries with 

emerging economies, groundwater often is used with little 

or no treatment. This kind of practice is a human health risk 

associated with exposures to fluoride, nitrates, and many 

other pollutants present in groundwater (Aravinthasamy 

et al. 2020b; Amaral et al. 2018; Ghaderpoori et al. 2018).

The presence of fluoride at high concentrations in 

drinking water has created serious health risks to human 

populations in many parts of the globe (Shen and Schafer 
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2015). Many developed nations practice water fluoridation 

at low concentrations to protect dental health (Fallahzadeh 

et al. 2018; Guissouma et al. 2017). Long-term fluoride 

exposure can lead to acute fluorosis and this condition 

affects approximately 200 million people in 28 countries 

(WHO 2006). Susheela (2002) estimated that approxi-

mately 66 million people in 250 districts in India are at 

risk from endemic fluorosis. We previously conducted 

studies in southern India that indicated that children are 

particularly sensitive to the health risks from high intake 

of fluoride-rich drinking water (Karunanidhi et al. 2019, 

2020a, b, c, d). Similar studies have been conducted in 

other countries around the world, such as the United Arab 

Emirates (Walia et al. 2017); Iran (Yousefi et al. 2018; 

Dehbandi et al. 2018), China (Zhang et al. 2017), and 

Tunisia (Guissouma et al. 2017).

Fluoride levels and speciation in groundwater originating 

from geogenic sources is typically impacted by the vegeta-

tion, salinity, complexing ions, anion exchange, temperature, 

pH, evapotranspiration, the solubility of various fluoride-

bearing minerals, and the occurrence of precipitation events 

(Dehbandi et al. 2018). This investigation focused on evalu-

ating risks from exposure to fluoride from intake and dermal 

exposure in an industrialized region of India using samples 

of groundwater collected both before and after a monsoon 

cycle. Within the highly populated Coimbatore region of 

southern India, there are many small and large industries and 

also agricultural activities requiring irrigation. The majority 

of rainfall occurs during the monsoon season, which typi-

cally lasts from early June to late September (Anand and 

Karunanidhi 2020). Infiltration of this rainwater contributes 

to recharge of the shallow aquifers in the region. Groundwa-

ter levels decline during the post-monsoon period. Samples 

collected in this study in January 2020 during the post-mon-

soon period and in May 2020 during the pre-monsoon period 

coincided with before and during the COVID-19 lockdown 

period in India, when most industries were not operating. 

Because discharges and wastes generated by industry play 

an important role in groundwater contamination, we hypoth-

esized that groundwater contamination in the industrialized 

Coimbatore region would rapidly decline due to reduced 

anthropogenic inputs during the lockdown.

The main objectives of the present study were to (1) clas-

sify the major anthropogenic sources and geochemical pro-

cesses governing fluoride contamination during post- and 

pre-monsoon periods (2) demarcate the fluoride suscepti-

ble zones in the region using spatial maps, and (3) evaluate 

the health risks from exposure to fluoride rich groundwater 

through ingestion of drinking water and dermal pathways. 

In the future, we anticipate that these data will contribute to 

water management decisions and plans for remediation and 

treatment of polluted groundwater in this region in southern 

India.

Materials and Methods

Study Area

The major urban centers in Tamil Nadu state in south-

ern India are Coimbatore, Chennai, Erode, and Tuticorin. 

Coimbatore is one of the major industrial centers in this 

region. The Coimbatore district is comprised of 11 town-

ships, or “taluks.” Among these, Sulur taluk, which pre-

viously was an agriculture area, experienced rapid indus-

trial development during the past two decades. The major 

industries functioning within the study area are textiles, 

spinning mills, and engineering industries. The study area 

is situated on the eastern side of the Coimbatore district 

between latitudes 10.86˚ N to 11.21˚ N and longitudes 

77.06˚ E to 77.22˚ E, covering around 583  km2 area 

(Fig. 1). The area contains different soil categories, includ-

ing brown loamy soil, black soil, colluvium, and alluvium. 

The annual precipitation of the study region is 618 mm in 

which major rainfall occurs during the monsoon season 

(June to December). The mean monthly temperatures vary 

between 20.6 and 38.4 °C.

The study area overlies a complex geological system, 

mainly composed of granite, charnockite, fissile horn-

blende biotite gneiss, and hornblende biotite gneiss (GSI 

1995). The weathered crystalline rocks and their fracture 

zones mark the area as a potential aquifer system (Sub-

ramani et al. 2012). The usability of surface water in this 

region for domestic, industrial, and agricultural purposes 

is restricted due to high levels of pollution in the Noyyal 

River and surface waters in the surrounding watershed 

(Priya et al. 2011). The available groundwater resources 

occur within semiconfined aquifers. The depth of water 

level in the shallow aquifers of the study region varies 

from 1.5 to 12 m during the post-monsoon period (i.e., 

January 2020) to 4.2 to 15 m during the pre-monsoon 

period (i.e., May 2020). The specific yield of open wells 

varies from 50 to 300 L per minute (lpm) for a drawdown 

of 0.5 to 3.5 m. Transmissivity varies from 1 to 1146 m2/

day, and the storability varies from 9.1 × 10−5 to 4.7 × 10−3.

Sampling Collection

Samples of groundwater were obtained from 30 shallow 

wells with depths between 10 and 15 meters located in 

the industrial and agricultural regions of Sulur taluk dur-

ing the post-monsoon season (i.e., January) and the pre-

monsoon season (i.e., May) of 2020. All wells are regu-

larly used for domestic, irrigation and industrial purposes. 

These sampling events coincided with the pre-lock down 

and lockdown periods, respectively. Industrial activities 
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stopped after the COVID-19 pandemic began to take effect 

in India, beginning in March 2020. The location details (X, 

Y, and Z coordinates) of the sampling wells were docu-

mented using a portable global positioning system (GPS).

Pre-washed and pre-labeled one liter polyethylene bottles 

were used for sample collection. Groundwater was analyzed 

in the field using a ESICO Model 1160E microprocessor 

water and soil analysis kit (Esico International, Himachal 

Fig. 1  Groundwater samples collected from different locations and comprising various geological formations in the study region
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Pradesh, India) for total dissolved solids (TDS) and pH. 

Samples were then immediately transported to the labora-

tory for subsequent analysis.

Analytical Techniques

The major cationic and anionic parameters like magnesium 

 (Mg2+), potassium  (K+), calcium  (Ca2+), sodium  (Na+), 

chloride  (Cl−), nitrate  (NO3
−), sulfate  (SO4

2−), bicarbo-

nate  (HCO3
−), and fluoride  (F−) were analyzed using the 

standard analytical procedure described by the American 

Public Health Association (APHA, 2005). The major cati-

ons, magnesium  (Mg2+) and calcium  (Ca2+), and the major 

anions, chloride  (Cl−), and bicarbonate  (HCO3
−), were ana-

lyzed by using a titration technique. A Model 130 digital 

flame photometer was used for quantitative determination 

of sodium  (Na+) and potassium  (K+). Sulphate  (SO4
2−) and 

nitrate  (NO3
−) were analyzed using a UV 1200 Series spec-

trophotometer. Fluoride ion  (F−) was analyzed using an ion-

selective electrode.

Quality Assurance

For quality assurance of analytical procedures, all reagents 

of analytical grade were used. For making reagents and 

standards, Millipore ultrapure water was used. Further, the 

accuracy of analytical results was tested by calculating the 

ionic balance error according to following equation:

All cations and anions were quantified in meq/l. Most 

of the data were found to be within the acceptable limit 

of ± 5%.

(1)

IBE =
[

(cations − anions) ∕ (cations + anions)
]

× 100

Spatial Analysis

Arc-GIS software v.10.2.1 was used to demarcate the study 

area according to the distribution of fluoride and nitrate in 

the study area. The various thematic layers were arranged 

using the IDW (Inverse Distance Weighted) tool. IDW is an 

important technique which interpolates based on the values 

of surrounding locations and calculates weights only dis-

tance up to the interpolation location as described by Karu-

nanidhi et al. (2020a, b, c, d).

Statistical Analysis and Geochemical Modeling

Groundwater quality data of the post- and pre-monsoon peri-

ods were analyzed using the Spearman correlation method. 

This statistical analysis was made by using SPSS 16.0 soft-

ware. To identify the geochemical characteristics of ground-

water, a geochemical modeling approach was used. The satu-

ration index (SI) among the water and mineral phases was 

computed by using the PHREEQC (PH [pH], RE [redox], 

EQ [equilibrium], C [program in C]) code developed by the 

US Geological Survey (version 3.2.0). The values of SIs 

specify the dissolution or precipitation of mineral phases in 

the aquifer system.

Health Risk Assessment

The health hazards from exposure to fluoride rich ground-

water to the human population in the region were calculated 

for both fluoride intake and dermal exposures to determine 

tolerable thresholds. This computation was made according 

to the methods of the USEPA (1989, 2009) to evaluate the 

health threat through the intake and dermal pathways for 

children, adult females and adult males. Using the values 

listed in Table 1, the exposure through intake and dermal 

pathways were calculated using Eqs. 2 and  3, respectively.

Table 1  Parameter values used 

for risk assessment in HQ 

models

Parameters Unit Children Women Men

Water intake rate (IR) ml/day−1 0.73 2.12 2.5

Average time (AT) Days 2190 10,950 27,010

Exposure frequency (EF) oral Day/year−1 365 365 365

Exposure duration (ED) Year 6 30 74

Body weight (BW) Kg 16.68 54.5 68.5

Fraction of skin in contact with water (F) - 0.4 0.4 0.4

Skin surface area (SA) cm2 4500 10,500 15,700

Exposure time (ETs) dermal h/event 0.4 0.4 0.4

Exposure frequency (EF) Dermal Day/year−1 365 365 365

Conversion factor (CF) l/cm2 0.001 0.001 0.001

Skin adherence factor (kp) cm/h 0.001 0.001 0.001

Oral reference dose  (RfD0) mg/kg−1/day−1 0.06 0.06 0.06

Concentration of element  (Cw) mg/l Present study



263Archives of Environmental Contamination and Toxicology (2021) 80:259–276 

1 3

where:  EDIingestion and  EDIdermal are the daily intake of fluo-

ride (mg/kg/day) via ingestion of contaminated drinking 

water and dermal exposure (i.e. skin absorption), respec-

tively. IR is the drinking water ingestion rate, ED is the 

exposure duration in years, the  Cw parameter in Eqs. 1 and 

2 is the fluoride concentration in groundwater in mg/L. AT is 

the average time of exposure in days, BW is the body weight 

in kg, SA is the skin surface area in  cm2, F indicates the frac-

tion of the skin surface in contact with contaminated water 

during bathing, ET is the exposure time through bathing in 

hours per day, EF is the exposure frequency in days per year, 

and Kp is the permeation coefficient in cm per hour.

Using these data on exposures, the human health hazards 

through ingestion of drinking water and dermal pathways 

was determined by calculating EDI and RfD factors. From 

these parameters, the hazard quotient (HQ) from ingestion 

and dermal pathways  (HQingestion and  HQdermal) were calcu-

lated using Eqs. (4) and (5), respectively.

where: the reference dose values for  HQIingestion and  HQdermal 

are 0.04 mg/kg/day. The total hazard index (THI) was cal-

culated using Eq. 6:

Based on US EPA’s guidelines prescribed for the HQ 

value, an allowable limit of THI is less than 1. If THI 

exceeds 1, this indicates a hazard greater than the tolerable 

limit for a noncarcinogenic risk factor.

Results and Discussion

Physicochemical Parameters

Table 2 lists the results of the measurement of physiochemi-

cal parameters and microbial analysis in the 30 groundwater 

samples taken from the Sulur region during the post- and 

pre-monsoon periods. The pH of groundwater samples 

(2)EDIingestion =

Cw × IR × EF × ED

BW × AT

(3)EDIdermal =

Cw × SA × Kp × F × ETs × EF × ED × CF

BW × AT

(4)HQingestion =

EDIingestion

RfDingestion

(5)HQdermal =
EDIdermal

RfDdermal

(6)THI =
HQingestion

HQdermal

Ta
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collected during post- and pre-monsoon ranged from 7.11 

to 8.20 and 6.90 to 7.90, respectively (Table 2), illustrating 

the slightly alkaline nature of the groundwater. The values of 

pH in all groundwater samples fell within the desirable range 

6.5–8.5 of pH for drinking water set by the WHO (2017).

The total dissolved solids (TDS) levels ranged from 

482 to 3022 mg/l and 338 to 2237 mg/l for post- and pre-

monsoon seasons, respectively (Table 1). The elevated TDS 

values observed in samples collected in the post-monsoon 

season (n = 8,17) declined in samples collected in the pre-

monsoon season at the same locations, which may have been 

due to the reduced anthropogenic inputs resulted by COVID-

19 lockdown.

The order of the levels of major ions in the post- and pre-

monsoon samples were  Na+ > Ca2+ > K+ > Mg2+ for cations 

and  HCO3
− > Cl- > SO4

2- > NO3
-N > F- for anions (Table 2). 

The minimum and maximum values of calcium and mag-

nesium are depicted in Table 2. The average  Na+ concentra-

tion varied slightly among post- and pre-monsoon samples 

(Table 2), which is probably because  Na+ mainly comes from 

geogenic sources. The consumption of high levels of  Na+ can 

cause high blood pressure, hyperosmolarity, arteriosclerosis, 

and oedema (Aravinthasamy et al. 2020a; Karunanidhi et al. 

2020a, b, c; Sarath Prasanth et al. 2012). We speculate that 

percolation of potassium applied in agricultural fertilizers 

through the soil was responsible for the increase in the con-

centration of  K+ in the post-monsoon period.

The recommended limit for HCO3
- concentrations 

is < 600 mg/l (WHO 2017). Higher amounts of HCO3
- were 

found pre-monsoon samples when compare with post-mon-

soon samples, which are probably due to ion-exchange and 

dilution by rainfall infiltration (Karunanidhi et al. 2020c). 

The foremost source of  Cl- in groundwater is through percola-

tion from municipal, domestic, and industrial wastes (Subba 

Rao et al. 2017; 2019). The  Cl- concentration exceeded the 

prescribed limit at one location (sample no. 14) in pre-mon-

soon. This may be due to contamination with domestic waste, 

coupled with a decline in groundwater levels that increased 

the concentration of this solute in groundwater.

The application of nitrogen fertilizers and gypsum 

may be important sources of oxyanions in the region. The 

probable sources for SO4
2- in the study area are fertiliz-

ers, bur also may include textile effluents and domestic 

wastes (Marghade et al. 2019a, 2019b; 2020). However, 

sulphate ions were within the permissible limits in both 

the seasons. The NO3
- levels in groundwater in the study 

area ranged from 23 to 180 mg/l and 10 to 117 mg/l in 

samples from the post- and pre-monsoon periods, respec-

tively (Table 2). High concentrations of NO3
- in drinking 

water can cause methemoglobinemia in infants (Arya et al. 

2020; Karunanidhi et al. 2020e; Marghade et al. 2019a, 

b, 2011). The concentrations of NO3
- in groundwater that 

were greater than the ingestion threshold of 45 mg/l set by 

the WHO (2011) occurred in 76.7% (23) and 43.33% (13) 

of the samples collected from the post- and pre-monsoon 

periods, respectively. The spatial variation maps for NO3
-

in samples collected in the post- and pre-monsoon peri-

ods are shown in Figs. 2a and 2b, respectively. Figure 2a 

indicates that a 24.84 km2 area in the study region had 

groundwater that was safe for drinking and a 558.16 km2 

area had groundwater at risk for drinking purposes in the 

samples collected in the post-monsoon period. However, 

spatial analysis from the pre-monsoon samples indi-

cated an improvement, as the NO3
- safe zone increased 

to 302.74 km2 and the risk zone declined to 280.26 km2, 

respectively. Infiltration of contaminated water during the 

monsoon period probably contributed to high NO3
- lev-

els in the January 2020 samples. The drastic decrease in 

nitrate levels in the pre-monsoon samples relative to the 

post-monsoon samples is likely due to the cessation of 

industrial discharges during the COVID-19 lockdown, par-

ticularly due to the shutdown of textile industries where 

NO3
--bearing dyes are used. Reduced nitrate also could be 

due to a reduction in agriculture activities in the region.

The  F- concentrations in groundwater is 60% and 43.3% 

of samples collected in the post- and pre-monsoon peri-

ods, respectively, exceeded the safe level of 1.5 mg/l set 

by the WHO (2011). The key source of  F- in groundwa-

ter is weathering of fluoride containing minerals (Mar-

ghade et al. 2019a, 2019b; Karunanidhi et al. 2019). As 

the study area is an industrial region, possible anthropo-

genic sources include alloy, steel cast, and semiconductor 

industries. Based on the  F- level, five different contamina-

tion categories were identified as low (< 1 mg/l), moder-

ate (1 to 1.5 mg/l), high (1.5 to 2 mg/l), very high (2 to 

2.5 mg/l), and extremely high (> 2.5 mg/l), as defined by 

Aravinthasamy et al. (2019). As shown in Table 3,  F- con-

tamination was low at five locations in the post-monsoon 

period and at three locations in the pre-monsoon period. 

Similarly,  F- concentrations in the moderate risk category 

were observed at 7 wells during post-monsoon and at 14 

locations during pre-monsoon. High risk concentrations of 

 F− were observed in ten samples and three samples col-

lected during the post- and pre-monsoon periods, respec-

tively. Eight samples of both seasons and two samples of 

pre-monsoon season represented very high and extremely 

high-risk categories, respectively (Table 3). None of the 

samples were within the extremely high category during 

the post-monsoon period. The spatial distribution maps 

for fluoride in both monsoon periods are shown in Figs. 3a 

and 3b, respectively. For data from the post-monsoon sam-

ples, the risk zone covered an area of 310.74 km2 and 

the safe zone area was 272.26 km2. Similarly, data from 

the pre-monsoon samples indicated considerable change, 

with an area of 341.07 km2 in the risk zone and an area of 

241.93 km2 in the safe zone.
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Groundwater Types

The water categorization hinges on the ionic composition 

of groundwater. Examination of a trilinear Piper diagram 

(Piper, 1944) in Fig. 4 shows that the groundwater in 87.6% 

and 60% of samples have  Na+ + K+ as dominant cations in 

the post- and pre-monsoon periods, respectively. Approxi-

mately 66.7% of the samples collected in both periods had 

bicarbonate as the dominant anion. The minimization of 

anthropogenic inputs due to a lockdown period and reverse 

ion-exchange probably resulted in a drop in the dominancy 

of  Na+ + K+ in 27.6% of the samples collected in the pre-

monsoon period. Reverse ion-exchange is evidenced by 

increased concentration in the pre-monsoon samples.

In the post-monsoon samples, 57% of the samples 

belonged to the Na-  HCO3-Cl water types, whereas 20% 

belonged to the Na–Cl water type and the remaining sam-

ples belonged to the Ca–Mg-HCO3 type, except for only 

one sample of the Ca–Mg-Cl type. The water types iden-

tified for the pre-lockdown (i.e. post-monsoon) period that 

are rich in sodium and chloride highlighted the impact of 

anthropogenic inputs on water quality. The anthropogenic 

inputs such as sequestering agents and water softening pro-

cesses used within the textile industries, as well as leaching 

from solid wastes were the important sources in the study 

area. In addition, the probable reasons for  Na+ enhancement 

in groundwater in the study area particularly during post-

monsoon season may be due to geogenic processes (e.g., 

ion exchange processes and silicate weathering). In the pre-

monsoon samples, 43.3% of the samples were found to be 

of the Ca–Mg-HCO3 type, 30% were of the Ca–Mg-Cl type 

of water, and the remaining samples were of the Na-HCO3-

Cl type of water (Fig. 4). The reversion back of Na–Cl and 

Na-HCO3-Cl water types in samples from the post-monsoon 

period into Ca-HCO3 type in samples from the pre-monsoon 

period illustrates that there was a drastic decrease in ground-

water pollution. This improvement in groundwater quality is 

consistent with extensive reductions in anthropogenic inputs, 

such as complete shutdown of industries and slightly reduced 

agricultural activities throughout the lockdown period.

Geogenic Signatures

In general, the hydrochemical characteristics of groundwa-

ter account for the quality of groundwater. Various geogenic 

factors, such as solute aqueous phase interactions and ion 

exchange processes, that occur in groundwater are largely 

responsible for the quality of groundwater (Arya et al. 2019). 

The quality is further altered by climatic factors to some 

extent (e.g., recharge from increased rainfall) and ongoing 

Fig. 2  Comparison of nitrate  (NO3
−) concentration for (a) post-monsoon and (b) pre-monsoon groundwater samples
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anthropogenic factors. The molar ratios and scatter plots 

among the ions are generally utilized as geochemical char-

acteristics to indicate the influence of geogenic and anthro-

pogenic sources and the influence of land use patterns on the 

hydrochemistry of the groundwater (Thilagavathi et al. 2015; 

Marghade et al. 2019a).

The ionic ratios calculated for  Na+/(Na++Cl−) lie in the 

range of 0.42 to 0.80 and 0.12 to 0.80 for samples collected 

in the post- and pre-monsoon seasons, respectively. A value 

of  Na+/(Na++Cl−) greater than 0.5 indicates the contribu-

tions of sources other than the halite minerals, such as plagi-

oclase mineral weathering, ion exchange reactions between 

the aqueous phase and mineral phase, and anthropogenic 

inputs (Naderi et al. 2020; Singh et al. 2018). In 73% of 

samples collected in the post-monsoon, the concentrations of 

 Na+ were greater than  Cl−, highlighting the role of the natu-

ral softening process (Eq. 7), albite (plagioclase) weathering 

(Eq. 8), and possible inputs from textile industries:

(7)Ca2+
+ Na - Clay → Na+ + Ca - Clay

(8)

2Na+
[

AlSi3O8 + 2CO2

]−
+ 11H2O → 2Na++

2HCO−

3
+ Al2Si2O5(OH)4 + Mg2+ + 4H4SiO4Albite

The plot of  Na+ versus  Cl− (Fig. 5a) shows that the 

salinity increased in groundwater samples collected during 

post-monsoon; 83% of the samples fell below the 1:1 line, 

indicating the effect of ion exchange processes and sili-

cate weathering, consistent with predictions from the  Na+/

(Na++Cl−) ratio. This may be due to recharging of aquifers 

through rain water which accelerates the kinetics of albite 

weathering and natural softening through ion exchange 

processes (i.e., Equation 7) (Subramani et al. 2013). Con-

versely, in the pre-monsoon samples, 66% of the samples 

were above the 1:1 line in the  Na+ versus  Cl− plot. This 

anomalous rise in  Cl– concentration during pre-monsoon 

period is probably due to enhanced weathering of amphi-

boles and biotite minerals along with accelerated reverse 

ion exchange (Eq. 9) associated with the dry climate. It 

could also be attributed to evaporation of soil pore water, 

which is associated with an increase in chloride concen-

tration, and displacement of this soil water into ground-

water. This is further supported by the  Na+/Cl− versus 

EC plot (Fig. 5b), in which 73% of the samples had the 

molar ratio greater than one  (Na+/Cl− > 1), consistent with 

a process of albite weathering and natural softening from 

ion exchange processes, along with high anthropogenic 

inputs (Subramani et al. 2009). Conversely, during the 

Fig. 3  Comparison of fluoride  (F−) concentration for (a) post-monsoon and (b) pre-monsoon groundwater samples
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post-lockdown period, 77% of the groundwater samples 

fell below the  Na+/Cl− ratio of 1 (Fig. 5b), consistent with 

biotite weathering and reverse ion exchange processes. 

Approximately 57% of the samples fell under the 1:1 line 

on the  Ca2+ + Mg2+ versus  HCO3
− + SO4

2− plot (Fig. 5c) in 

samples collected during the post-monsoon period, signi-

fying albite (silicate) and carbonate weathering (Marghade 

(9)2Na+ + Ca2+ - Clay → Ca2+
+ Na - Clay

et al. 2019a, 2019b; Hussin et al. 2016). The wide devia-

tion of sampling points from the 1:1 line in the lockdown 

sampling period (i.e., pre-monsoon) indicates that there 

was less dissolution of carbonates and cation ion exchange, 

which facilitate reverse ion exchange process. This finding 

is further supported by the  Ca2+ + Mg2+ versus  HCO3
− plot 

(Fig. 5d) and  Ca2+ versus  Na+ (Fig. 5e). The  Ca2+ and  Na+ 

bivariate plot indicates that ion exchange/silicate weathering 

is an important process nullifies the probability of weather-

ing carbonates in post-monsoon seasons. Conversely, the 

Fig. 4  Piper diagram showing the mechanism of geochemical changes in the post- and pre-monsoon groundwater samples
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Fig. 5  Bivariate plots showing various hydrogeochemical alterations 

occurred in the groundwater environment in post- and pre-monsoon a 

 Na+ vs.  Cl− b Na +/Cl- vs, EC, c  Ca2+ + Mg2+ vs.  HCO3
− + SO4

2− d 

 Ca2+ + Mg2+ vs  HCO3
− e  Ca2+ vs  Na+ f  Ca2+-  Mg2+-  SO4

2− -  HCO3 
– vs.  Na+-Cl−
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scattering of points above the 1:1 line supports the influ-

ence of the process of carbonate weathering along with 

reverse ion exchange. Approximately 70% of sampling 

point on the plot of  Ca2+ -  Mg2+ -  SO4 2− -  HCO3
− ver-

sus  Na+-Cl− (Fig. 5f), in post- monsoon samples fell in the 

range favoring cation exchange processes, whereas 66% of 

the samples from the pre-monsoon samples fell in the range 

favoring reverse ion exchange processes.

Higher f luoride concentrations in groundwater of 

geogenic origin are commonly associated with granitic 

gneisses, syenites, granodiorites, quartz-monzonites, 

and hornblende-biotite-gneisses (Edmunds and Smedley 

2005; Karunanidhi et al. 2020a, b, c, d; Mukherjee et al. 

2019). Fluoride is commonly present in minerals, such as 

fluorapatite  [Ca5(PO4)3 OH,F], topaz  [Al2(SiO4)F2](CaF2), 

cryolite  (Na3AlF6), villiaumite (NaF), amphiboles, and 

micas (Adimalla and Qian 2019; Mukherjee et al. 2019). 

Because the groundwater of the study region is predomi-

nantly alkaline, it favors the dissolution of fluoride bear-

ing minerals in rocks. The Eq. 10 for biotite weathering 

indicates that  OH− radicals in the groundwater with higher 

pH values are exchanged with  F−, resulting in fluoride 

enriched groundwater.

Anthropogenic Indicators

The correlations between different ions and with TDS are 

used as anthropogenic indicators to show the impact of ferti-

lizers, discharges of wastewater effluents, and leaching from 

municipal solid wastes. A correlation coefficient (r) value 

below 0.3 specifies the correlation as “weak,” an r- value 

of 0.3 to 0.7 identifies the correlation as “moderate,” and an 

r- value greater than 0.7 identifies the correlation as “strong” 

(Emenike et al. 2018). In samples collected during the post- 

monsoon period, TDS was positively correlated with  Na+ 

(r = 0.89) and  K+ (r = 0.95), indicating a higher contribution 

of pollution from anthropogenic activities for these cations 

(Fig. 6). Also, correlations between  Cl− and TDS (r = 0.85) 

and EC (r = 0.86) indicate  Cl− enrichment due to anthropo-

genic activities (Ahada and Suther 2018; Marghade et al. 

2011). TDS was positively correlated with  SO4
2− (0.63), and 

 NO3
− (r = 0.34), consistent with anthropogenic inputs due to 

industries, domestic waste, and leaching from irrigation. The 

infiltration of rainwater, coupled with fertilizer usage in agri-

cultural areas, leaching of industrial and municipal wastes 

and discharges of domestic sewage into surface waters are 

important sources of groundwater contamination.

(10)

KMg3

(

AlSi3O10

)

F2 + 2OH−
→ KMg3

(

AlSi3O10

)

(OH)2 + 2F−

In pre-monsoon samples (i.e., during lockdown), the 

strong positive correlation between TDS and  K+ (r = 0.78) 

and  Na+ (r = 0.77) indicates physiochemical reactions, such 

as ion exchange and oxidation – reduction in the aquifer 

system (Udayalaxami et al. 2010) (Fig. 7). The weak positive 

correlation of  NO3
− with  Cl− (r = 0.29) indicates that nitrate 

pollution of groundwater was mostly affected by surface 

activities, such as domestic and industrial wastes dumped 

on the surface (Venkatesan et al. 2020).

Saturation Index

The saturation index (SI) based on mineral solid phases such 

as gypsum  (CaSO4.2H2O), fluorite  (CaF2), calcite  (CaCO3), 

halite (NaCl), anhydrite  (CaSO4), dolomite (CaMg(CO3)2), 

and aragonite  (CaCO3) was computed using the USGS soft-

ware, PHREEQC (version 3.2.0) to evaluate the impact of 

climatic and solubility conditions on the groundwater envi-

ronment (Table 4). The source for the high  SO4
2− and  Ca2+ 

concentrations in the groundwater is mainly anhydrite disso-

lution, as indicated by the negative SI values in samples col-

lected in the post- and pre-monsoon periods (i.e., −2.2239 to 

−1.219 and −2.7214 to −1.1813). The negative values in the 

post- (−1.987 to −0.983) and pre-monsoon samples (−2.484 

to −0.944) indicate the dissolution effect of gypsum in the 

groundwater system (Table 4). The SI value for dolomite 

(CaMg  (CO3)2) and calcite  (CaCO3) in post-monsoon sam-

ples varies from −0.9905 to 2.2836 and −0.3172 to 1.1057. 

The SI dolomite positive values in 63% of samples indicate 

calcium precipitation (Li et al. 2018). The positive satura-

tion index for calcite signifies precipitation of calcite in 70% 

and 90% of the samples collected during the post- and pre-

monsoon periods, respectively, reflect  Na+ enhancement in 

groundwater. The negative SI values of halite (NaCl) in all 

samples collected during the post- and pre-monsoon periods 

highlight the role of dissolution of halite minerals, leading 

to  Na+ enrichment of groundwater.

Health Risk Assessment for Fluoride

In the Sulur region, fluoride is present in groundwater col-

lected from many locations at concentrations that are greater 

than the allowable limits for drinking water set by the WHO. 

Hence, it is vital to conduct the health risk survey by calculat-

ing hazard quotient (HQ) for fluoride based on these regulatory 

limits. HQ values for noncarcinogenic risks from ingestion 

of contaminated drinking water and exposure through dermal 

pathways and total hazard index (THI) values were calculated 

for children, adult women, and adult men (Table 5). Table 5 

presents minimum, maximum, and average values of HQ and 

THI for the above categories. The values indicate that dermal 
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contact is much lower in terms of hazards from exposure to 

fluoride than the hazards of ingestion of fluoride in drinking 

water.

The THI values for ingestion of fluoride ranged from 0.074 

to 1.696 (mean 1.127) for children, 0.065 to 1.491 (mean 

0.991) for adult women, and 0.061 to 1.399 (mean 0.929) 

for adult men. These THI results indicate that 73%, 60%, and 

50% of the samples were higher than the permissible limits for 

health risks from ingestion of fluoride by children, women, and 

men, respectively. Based on this study, children are more at 

risk than the adult women and men. The elevated noncarcino-

genic risk for children is mainly due to the lesser body weights 

(BW) of children compared with adult women and men (i.e., 

in Eq. 2 and 3, BW is in denominator).

Conclusions

Human health risks from consumption of contaminated 

groundwater in this region of southern India are mainly 

due to high fluoride concentrations, which are primar-

ily from geogenic sources. However, fluoride levels also 

could be influenced by industrial sources. Higher levels 

of fluoride contamination in groundwater observed in the 

post-monsoon samples collected in January 2020 are con-

sistent with the influence of infiltration of rainwater dur-

ing the monsoon on the release of geogenic fluoride. Flu-

oride contamination had declined in the samples collected 

in the pre-monsoon period (i.e., May 2020). The majority 

Fig. 6  Spearman correlation coefficient matrix expresses the relationship among various major physicochemical parameters in the post-monsoon 

groundwater samples
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of groundwater samples contained fluoride concentrations 

at levels higher than the permissible limits, with chil-

dren at the greatest risk of fluorosis. In this investiga-

tion, high EC and TDS values in groundwater indicated 

pollution from anthropogenic sources in the study area. 

A decrease in the nitrate concentration by approximately 

33.4% in samples collected in the pre-monsoon period 

(May 2020) relative to the post-monsoon period (Janu-

ary 2020) was probably due to the shutdown of indus-

tries and reduced agricultural activities that occurred in 

the study region as a result of the COVID-19 lockdown. 

Similarly, the percentage of groundwater samples that 

were unsuitable for human consumption due to high ionic 

loads in the post-monsoon period (i.e., before lockdown) 

was relatively reduced in the pre-monsoon period (i.e., 

during lockdown). Based on the Piper trilinear diagram, 

groundwater had chemically changed from Na-  HCO3-Cl 

and Na–Cl to the Ca-HCO3 type during the pre-monsoon 

period. An increase in bicarbonates signified a consider-

able improvement in groundwater quality during the lock-

down period. Geogenic indicators confirmed the influ-

ence of mineral weathering, carbonate dissolution, and 

reverse ion exchange processes on groundwater quality, 

in addition to the anthropogenic inputs. These findings 

are further supported by the changes in the saturation 

index computed for the post- and pre-monsoon samples. 

Overall, this study showed the positive effects of reduced 

human activities on groundwater quality. It is evident 

from the influence of the lockdown that controlling the 

inputs of pollutants from industries and agriculture can 

have a positive benefit on groundwater quality and the 

environment in general.

Fig. 7  Spearman correlation coefficient matrix expresses the relationship among various major physicochemical parameters in the pre-monsoon 

groundwater samples
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