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Abstract In order to assess the geochemical mech-

anism liable for fluoride contamination in groundwa-

ter and its health effects on the people of the

Shanmuganadhi River basin, Tamil Nadu, India, 61

groundwater samples were collected during post- and

pre-monsoon seasons from the wells used for drinking

purposes. Collected samples were analysed for various

physico-chemical parameters. The parameters esti-

mated in the present study are hydrogen ion concen-

tration (pH), total dissolved solids, electrical

conductivity, calcium (Ca2?), magnesium (Mg2?),

sodium (Na?), potassium (K?), bicarbonate (HCO3
-),

chloride (Cl-), sulphate (SO4
2-), nitrate (NO3

-),

phosphate (PO4
3-) and fluoride (F-). The fluoride

ion concentration in the groundwater samples of this

region varied from 0.01 to 2.50 mg/l and 0.01 to

3.30 mg/l during post- and pre-monsoon seasons,

respectively. Out of 61 groundwater samples, 14

samples of post-monsoon season and 16 samples of

pre-monsoon season represented high, very high and

extremely high classes of fluoride, which cause dental

fluorosis in this region. The fluoride-bearing minerals

in the granitic and gneissic rocks such as apatite,

hornblende, muscovite, biotite and amphiboles are the

major sources for fluoride contamination in this area.

In addition to the geogenic sources, applications of

synthetic fertilizers in the agricultural fields also

contribute significant amount of fluoride ions to

groundwater. The spatial distribution of fluoride in

different geological formations clearly indicate that

the wells located in charnockite terrain were possess-

ing very low fluoride concentration when compare

with the wells located in the hornblende–biotite gneiss

formation. Therefore, dental fluorosis risks are mostly

associated with rock types in this region. People living

over the basement rock comprising of hornblende–

biotite gneiss are prone for fluorosis. Fluoride exhib-

ited good positive correlation with bicarbonate in

groundwater. As fluoridated endemic regions nor-

mally acquire lot of bicarbonate in groundwater

samples, Shanmuganadhi basin falls under fluoride

endemic category. The present study identified 26

villages in Shanmuganadhi basin as probable fluorosis

risk areas where attention should be given to treat the

fluoride-rich groundwater before drinking water sup-

ply. The groundwater level fluctuation study also

designates that rise in water level reduces the concen-

tration of fluoride due to dilution mechanism. There-

fore, recharge of groundwater by artificial methods

will definitely improve the present scenario.
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Introduction

Water is the most valuable resource in the world.

Human health completely depends on this source.

Hence, we have to both ensure and upgrade water for

well-being. Groundwater quality is mainly evaluated

by chemical and physical parameters, and it depends

on dissolved inorganic contaminants, sediments, toxic

materials, natural organic compounds and bacteria

accumulated over a period of time (Bhargava and

Killender 1988; Prasad 1984). Fluoride is a vital

component for healthy bones and teeth (Choi et al.

2012). High concentration of fluoride causes negative

impacts on human system including the brain (Choi

et al. 2012). The preliminary level of dental fluorosis

creates the causes of white horizontal striations and

opaque patches (Ahada and Suthar 2017; Susheela

2003; Rao 2003). In 1930s, fluorosis study was carried

out by the USA (Dean and Elvove 1937). After that

many studies on fluoride contamination in groundwa-

ter were carried out in different parts of the world

(Ghosh et al. 2013; Gao et al. 2012). The World

Health Organization has also reported that many

countries such as South America, China, Central

Africa and India have more fluoride concentration in

groundwater (WHO 2011). Nowadays, researchers

concentrate more on fluoride impact on human health

(Vikas et al. 2013; Keshavarzi et al. 2010; Li et al.

2009; Kim and Jeong 2005; Karthikeyan and Shan-

mugasundarraj 2000; Rao 1997). In India also few

studies on human health risk evaluation based on

fluoride contamination in groundwater were carried

out (Karunanidhi et al. 2019; Adimalla et al. 2018;

Narsimha and Rajitha 2018; Raju 2016; Sudhakar and

Narsimha 2013).

Fluoride contamination in groundwater is serious

threat, while it exceeds the permissible limit of WHO

standards ([ 1.5 mg/l). The countries for example

Yemen (Aqeel et al. 2017), Kenya (Francisca et al.

2017), India (Raj and Shaji 2017; Salve et al. 2008;

Shaji et al. 2007), Iran (Aghapour et al. 2018;

KheradPisheh et al. 2016), Thailand (Chuah et al.

2016), Tanzania (Bhattacharya et al. 2016), South

Africa (Kut et al. 2016), Pakistan (Rasool et al. 2015),

China (Li et al. 2018; Gao et al. 2013), Libya (Tejaswi

et al. 2013), Saudi Arabia (Zabin et al. 2008) and

Turkey (Oruc 2008) have excess fluoride in ground-

water. In India, Tamil Nadu, Telangana, Rajasthan,

Jharkhand, West Bengal, Gujarat, Andhra Pradesh and

Uttar Pradesh are the states which possess high

fluoride in groundwater leading dental fluorosis

(Batabyal 2018; Sahu et al. 2018; Sakram et al.

2018; Prajapati et al. 2017; Patolia and Sinha 2017;

Mondal et al. 2016; Ali et al. 2016; Thivya et al. 2015;

Subba Rao 2011). Many researchers have carried out

geochemical evaluation of fluoride contamination in

groundwater in different districts of Tamil Nadu state

such as Sajil Kumar (2017) in Vellore, Gowrisankar

et al. (2017) in Krishnagiri, Panneer et al. (2017) and

Satheeshkumar et al. (2017) in Dharmapuri, Chi-

dambaram et al. (2013) in Dindigul, Manikandan et al.

(2012) in Krishnagiri, Gopalakrishnan et al. (2012) in

Tirunelveli, Srinivasamoorthy et al. (2012) and

Karunanidhi et al. (2013) in Salem, Dar et al. (2011)

in Kancheepuram, Anandakumar et al. (2009) and

Karthikeyan et al. (2010) in Erode, Vennila et al.

(2008) in Coimbatore, Jayaprakash et al. (2008) in

Neyveli, Giridharan et al. (2008) in Chennai and

Periakali et al. (2001) in Namakkal.

Fluoride ion originates in all sets of water of low

absorptions to high absorptions, and it happens into the

rocks, air, soil, water, floras and faunas. The ground-

water, maximum which is formed from precipitation

or shallow water bodies, gains minerals through its

passage through the earth’s crust (Patel et al. 2016;

Singh et al. 2015). Usually, the igneous rocks, the

formation of sedimentary rocks and mineralized

strains are linked with fluoride accessory minerals

(Edmunds and Smedley 2001). Its occurrence in light

coloured rocks is higher than dark coloured and meta-

sedimentary rocks (Ali et al. 2016; Young et al. 2011).

Weathering of fluoride-bearing minerals is the most

important natural cause of fluoride content in

water. The important sources of fluoride comprise

fluoride-bearing minerals for example apatite

[Ca5(Cl,F,OH)(PO4)3], cryolite (Na3AlF6), micas

[AB2–3(X, Si)4O10(O, F, OH)2], amphiboles

[A0–1B2C5T8O22(OH,F,Cl)], sellaite (MgF2) and flu-

orite (CaF2) (Jadhav et al. 2015; Datta et al. 1996; Hem

1985). The F- concentration in groundwater is

elevated for the reason that it is impacted in rocks

and minerals (Wasana et al. 2017; Chuah et al. 2016;
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Irigoyen-Camacho et al. 2016). The high concentra-

tion of bicarbonate, sodium and pH available in

groundwater falls under the domination of the above

rock–water interactions.

The present investigation is an attempt to evaluate

the physico-chemical parameters so as to comprehend

the physico-chemical process on the chemistry of the

groundwater and to classify the fluoride influencing

factors in groundwater such as anthropogenic and

geochemical processes. The study also aims to identify

the fluorosis risk zones in Shanmuganadhi River basin,

Tamil Nadu, India, due to daily consumption of

fluoride-rich groundwater.

Study location and geology

The present study was conducted in hard rock

terrain situated between 10�250–10�640N latitudes

and 77�390–78�560E longitudes. The total area covered

under the study is 807.56 km2, where the plain area

occupies about 634.66 km2 and the reserved forest

covers 172.90 km2. Geologically, the river basin lies

over the Archaean crystalline formation chiefly con-

sists of hornblende–biotite gneiss, charnockite and

granite (Fig. 1). Groundwater in this basin exists under

phreatic condition in the weathered formation and in

semi-confined nature in the fractured zones. Shanmu-

ganadhi is one of the major streams of Amaravathi

River, which originates from Kodaikanal hills in the

Western Ghats and runs from south to north in the

basin. It is a non-perennial river, which mainly carries

water during monsoon seasons. The basin area falls

under subtropical climate with moderate humidity.

The average yearly rainfall of this area varies between

760 and 910 mm. Palani hills located in the southern

part of the basin is the pilgrimage tourist spot. Paddy,

coconut and sugarcane are the major wet crops in this

region.

Materials and methods

The Survey of India (SOI) topographic maps available

on 1:50,000 scale (58F/06, 58F/07, 58F/08, 58F/10,

58F/11 and 58F/12) were digitized to prepare the base

map including the important features such as major

streams, roads and settlements. The sampling loca-

tions were also included along with geological

formations in the study area map using ArcGIS

software (Fig. 1). Sampling wells were randomly

identified in every 3 km using Global Positioning

System (GPS). Totally 61 observation wells spread

over the basin were chosen for sampling. Groundwater

samples were collected from these wells during post-

monsoon (January 2018) and pre-monsoon (May

2018) seasons. Depth of water level with respect to

below ground level (bgl) was measured in all the

wells. In addition to the location of wells (latitude and

longitude), height with respect to mean sea level

(MSL) was also noted using GPS. Collected ground-

water samples were poured in 250-ml pre-cleaned

Teflon bottles without any air bubbles. Before filling

the bottles, they were rinsed with respective ground-

water samples. The sample bottles were properly

sealed to prevent interaction with atmosphere and

transported to the laboratory for storing at 4 �C in the

refrigerator. Using the portable water quality field kit,

physical parameters like electrical conductivity (EC),

total dissolved solids (TDS) and hydrogen ion con-

centration (pH) were measured immediately after

sampling. Flame photometer was used to estimate

sodium (Na?) and potassium (K?) in the laboratory.

Bicarbonate (HCO3
-), chloride (Cl-), calcium (Ca2?)

and magnesium (Mg2?) were measured by using

titration method based on the standard procedures

stated in the American Public Health Association

(APHA 2005). Spectrophotometric method was used

to determine the concentrations of fluoride (F-),

sulphate (SO4
2-), nitrate (NO3

-) and phosphate

(PO4
3-).

Groundwater samples were grouped into six cate-

gories based on the fluoride concentration to assess the

level of contamination and its implication on human

health (Narsimha and Sudarshan 2016). World Health

Organization (WHO) has prescribed 1.5 mg/l as upper

permissible limit for fluoride in drinking water.

Regular consumption of fluoride-rich groundwater

can create dental and skeletal fluorosis (WHO 2011).

Geographical Information System (GIS) is capable of

creating information on spatial and temporal domain,

which is extremely vital for fruitful investigation,

prediction and validation of geochemical data (Kumar

et al. 2008; Saraf and Choudhury 1998; Duraisamy

et al. 2018). Therefore, Inverse Distance Weighted

(IDW) interpolation method was used to create

various thematic layers and isopleth maps (Hema

et al. 2010). The fluoride concentration values were
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weighted based on the average of the surrounding

sample points by interpolation technique and spatial

variation maps were generated. The correlation coef-

ficient is used to express the elevated levels of negative

and positive relationship between various elements.

The relationship between two variables of geochem-

ical parameters plotted as X, Y scatter diagram can be

designated as positive and negative. Gibbs diagram

was prepared to identify the major processes control-

ling groundwater chemistry such as precipitation

dominance, rock dominance and evaporation domi-

nance. Finally, human health survey was also carried

out in each sampling site to assess the implication of

fluoride-rich groundwater on human system. Method-

ology adopted in the present study is shown in Fig. 2.

bFig. 1 Geology map of Shanmuganadhi River basin showing

the locations of monitoring wells

Impact on human health 

Primary datasets Secondary datasets 

Well inventory 
survey using GPS 

SOI toposheets 

Base map 

Collection of groundwater samples 

Hydrogeochemistry 

Spatial analysis 

Rock-water 
interaction 

Distribution of 
fluoride in various 

geological formations 

Conclusions 

Recommendations 

Geology map 

Pre-monsoon

Grouping based on 
fluoride contamination 

Correlation analysis 

Identification of fluoride 
vulnerable zones 

Correlating 
fluoride with other 

elements

Post-monsoon

Fig. 2 Methodology flowchart of the present study
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Results and discussion

Based on the concentration of fluoride, groundwater

samples of the basin were grouped into six categories.

They were Class I (Very Low): concentration of

fluoride in groundwater was less than 0.49 mg/l, Class

II (Low): concentration of fluoride varied from 0.50 to

0.99 mg/l, Class III (Moderate): concentration of

fluoride varied from 1.00 to 1.49 mg/l, Class IV

(High): concentration of fluoride varied from 1.50 to

1.99 mg/l, Class V (Very High): concentration of

fluoride varied from 2.00 to 2.49 mg/l and Class VI

(Extremely High): concentration of fluoride in ground-

water was more than 2.49 mg/l (Table 1). Accord-

ingly, all other geochemical parameters were also

grouped into six categories to understand the relation-

ship among fluoride and other geochemical parame-

ters during post- and pre-monsoon seasons (Tables 2

and 3). The minimum, maximum, mean, median and

standard deviation of statistical parameters were

calculated for all the six sample groups, which are

presented in Tables 4 and 5, respectively, for post- and

pre-monsoon seasons. In the present study, attempt

was also made to understand the association of

fluoride classes with different geological formations.

Hydrogeochemistry

Acidity and alkalinity

The groundwater samples were grouped into six

classes based on fluoride ion concentrations during

post- and pre-monsoon seasons. Hydrogen ion con-

centration (pH) is an important parameter in ground-

water because it identifies whether the fluid is acid or

alkaline in nature. The pH variations in all six groups

of samples during post-monsoon season were, respec-

tively, 6.34–8.28, 5.90–8.05, 7.23–7.86, 7.03–7.9,

6.83–8.24 and 7.29–7.29. During pre-monsoon sea-

son, its variations were 7.12–7.91, 7.14–7.94,

7.22–7.91, 7.18–7.61, 7.16–7.79 and 7.11–7.95 in

the sample groups I–VI, respectively. According to the

WHO (2011) standards, the pH values are to be in the

range from 6.5 to 8.5 for the portable condition. It is

observed that the pH values ranged from 6.5 to 8.5

during pre- and post-monsoon seasons. This shows

moderately acidic to alkaline nature of groundwater

exists in the study area.

Salinity

The electrical conductivity is a good indicator of TDS,

which decides the taste of drinking water (Hanipha

and Hussain 2013; Jain 1998; Subramani et al. 2005).

However, post-monsoon season, the electrical con-

ductivity of groundwater samples were in the

range of 635.00–3175.00, 1008.57–3170.00,

1142.86–3540.00, 985.71–3270.00, 1100.00–3900.00

and 3757.14–3757.14 lS/cm in the groups I–VI,

respectively. During the pre-monsoon season, its

variations were 260.00–1312.00, 364.00–2560.00,

996.00–3430.00, 405.00–2084.00, 1079.00–1942.00

and 1200.00–1807.00 lS/cm in the sample groups I–

VI, respectively.

The TDS concentration was in the range of

310.00–2784.00, 615.00–2630.00, 715.00–3170.00,

690.00–2410.00, 760.00–3170.00 and

2630.00–2630.00 mg/l in the sample groups I–VI

correspondingly during post-monsoon season. Its

variations during pre-monsoon were 182.00–918.40,

254.80–1792.00, 697.20–2401.00, 283.50–1458.80,

755.30–1359.40 and 840–1264.90 mg/l in the sample

groups I–VI, respectively. The most desirable limit of

TDS for drinking purpose is 500 mg/l, and the

maximum allowable limit is 1500 mg/l (WHO

2011). The higher concentration of total dissolved

solids is the major cause for gastro-intestinal irritation

to the people, and the prolonged consumption of water

with higher TDS causes kidney stones and heart

complaints (Ali and Ali 2018; Garg et al. 2009).

Major cations

High concentration of calcium in groundwater may

cause stomach ache, and it is unpleasant for drinking

uses. Variation of calcium concentration in the post-

monsoon sample groups of I–VI were, respectively,

8.00–132.00, 8.00–304.00, 69.97–256.00, 63.94–

232.0, 27.74–312.00 and 83.39–83.39 mg/l. During

pre-monsoon season, its variations were 16.00–67.20,

22.40–147.20, 67.20–193.60, 30.40–124.80, 65.60–

92.80 and 46.40–116.80 mg/l in the sample groups of

I–VI, respectively. The upper limit of calcium in the

drinking water should be 200 mg/l as per the World

Health Organization (WHO 2011) standards. Varia-

tion of magnesium ion concentration in the six sample

groups was, respectively, 2.40–49.70, 0.00–76.64,

14.08–127.20, 12.92–72.00, 10.60–74.40 and
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Table 2 Analytical results of post-monsoon hydrogeochemical parameters in six fluoride classes

S. No Source pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

Class I (very low fluoride)

1 Open well 7.55 1427.14 929.00 12.00 2.40 2.50 1.25 61.20 31.66 0.90 0.20 0.02 0.02

2 Open well 6.84 967.14 627.00 8.00 2.40 1.30 0.15 31.27 23.44 0.78 0.10 0.09 0.02

3 Open well 7.25 1210.00 845.00 84.00 21.60 13.00 1.15 285.70 92.52 2.07 0.20 0.04 0.05

4 Hand pump 8.28 2050.00 1840.00 53.96 16.64 11.70 15.60 146.83 106.35 2.39 0.20 0.68 0.01

5 Open well 7.75 1547.00 925.00 49.78 28.40 35.00 3.20 281.43 88.63 1.94 7.50 0.33 0.20

6 Open well 7.59 1442.00 987.00 84.00 26.40 19.00 0.45 340.15 76.21 1.39 5.02 0.45 0.10

7 Open well 7.62 2171.43 1520.00 28.00 2.40 2.30 0.20 61.76 28.69 1.55 32.00 0.02 0.03

8 Open well 7.20 2471.43 1730.00 12.00 2.40 1.70 0.50 55.61 31.18 0.84 7.80 0.05 0.01

9 Open well 8.06 780.00 1200.00 63.96 49.70 0.90 0.65 367.08 70.90 1.14 0.20 0.02 0.20

10 Open well 7.60 1878.00 1325.00 100.00 40.80 35.00 20.40 624.76 35.45 1.38 1.90 0.43 0.05

11 Open well 6.57 1843.86 1290.00 16.00 4.80 2.60 1.00 20.79 35.79 1.82 47.80 0.04 0.01

12 Hand pump 7.04 1714.29 1200.00 18.16 8.36 6.10 2.05 61.18 35.45 0.72 52.00 0.01 0.03

13 Open well 6.34 2700.00 1890.00 36.00 12.00 7.00 3.00 56.28 82.94 0.70 48.00 0.08 0.35

14 Open well 6.95 1301.43 911.00 28.00 9.60 5.40 1.40 85.65 56.55 0.56 20.10 0.03 0.36

15 Hand pump 7.06 1160.00 380.00 132.00 21.60 17.00 1.70 274.40 172.98 3.46 124.00 3.12 0.32

16 Open well 7.61 3175.00 2784.00 92.00 28.80 23.00 15.20 269.19 156.13 3.67 15.00 0.33 0.44

17 Open well 7.31 635.00 310.00 61.10 42.00 73.00 12.40 367.08 106.35 13.01 78.50 0.76 0.42

Class II (low fluoride)

1 Open well 5.90 1431.00 802.00 16.00 7.20 2.80 2.50 72.79 46.07 0.89 0.30 0.02 0.54

2 Open well 6.78 1009.00 706.00 8.00 0.00 1.10 0.50 47.64 20.55 0.71 62.00 0.01 0.65

3 Open well 6.93 2874.00 2214.00 83.10 39.16 61.40 3.20 391.55 159.53 2.02 0.20 0.42 0.98

4 Open well 7.35 1741.00 1400.00 64.00 16.80 8.80 0.80 110.12 141.79 2.71 0.20 0.15 0.54

5 Open well 6.07 2700.00 1890.00 36.00 9.60 4.00 0.55 61.18 88.42 0.76 0.20 0.02 0.95

6 Open well 6.78 3170.00 2610.00 76.00 19.20 11.00 0.40 266.76 53.17 2.42 125.00 0.06 0.55

7 Hand pump 7.25 1020.00 615.00 136.00 28.80 23.00 8.80 293.64 177.25 7.81 148.00 0.50 0.68

8 Open well 7.52 1070.00 685.00 132.00 24.00 18.00 0.65 252.05 182.38 13.43 12.30 1.15 0.72

9 Open well 7.55 3070.00 2270.00 120.00 40.80 40.00 1.10 318.14 248.08 8.57 0.10 0.11 0.70

10 Open well 8.05 2215.00 1410.00 160.00 50.40 70.00 9.00 342.60 318.80 10.08 105.40 0.71 0.58

11 Bore well 7.66 1875.00 1140.00 135.76 47.60 86.00 114.00 232.48 389.95 47.05 8.30 0.25 0.63

12 Bore well 7.37 1450.00 987.00 124.00 47.28 67.00 1.05 428.26 141.80 30.58 80.00 1.58 0.78

13 Bore well 7.10 1400.00 850.00 263.88 76.64 120.00 1.25 256.96 691.28 8.83 124.70 0.43 0.95

14 Open well 7.32 1880.00 1250.00 63.57 42.40 72.00 4.40 379.32 106.35 10.61 78.50 0.48 0.82

15 Open well 7.80 1100.00 750.00 123.68 74.00 141.10 4.40 391.55 354.50 36.18 26.00 0.42 0.72

16 Bore well 7.80 1260.00 860.00 43.52 27.80 72.00 4.80 281.43 70.90 20.79 42.00 0.64 0.88

17 Bore well 7.48 1010.00 680.00 304.00 52.80 86.00 6.40 232.48 694.78 2.35 88.50 0.68 0.84

18 Bore well 7.84 1550.00 987.00 132.00 43.20 45.00 4.20 250.84 290.67 7.62 18.20 0.49 0.61

Class III (moderate fluoride)

1 Open well 7.71 3245.00 2870.00 136.00 50.40 70.00 1.45 437.40 257.96 2.67 1.85 0.24 1.13

2 Hand pump 7.74 1160.00 715.00 80.00 28.80 25.00 2.50 250.04 141.80 3.39 10.00 0.49 1.40

3 Open well 7.58 3320.00 2840.00 85.98 22.68 18.00 11.00 318.14 70.90 2.32 160.00 0.08 1.10

4 Open well 7.74 2610.00 2150.00 69.97 14.08 17.00 0.60 48.94 177.25 3.50 7.80 0.31 1.32

5 Open well 7.40 1420.00 920.00 124.00 48.00 68.00 0.45 379.32 709.00 10.05 32.50 0.49 1.14

6 Hand pump 7.23 1640.00 1150.00 144.00 45.60 54.00 5.00 432.71 207.26 10.48 48.00 0.53 1.15

7 Open well 7.38 1970.00 1180.00 256.00 52.80 76.00 7.80 354.84 467.84 25.58 45.00 0.63 1.06

8 Open well 7.86 2200.00 1540.00 95.80 40.40 51.00 12.40 318.14 177.25 11.46 148.00 0.68 1.21

9 Open well 7.51 1143.00 800.00 136.00 19.20 11.00 0.80 85.65 265.88 2.83 104.00 0.50 1.25

10 Bore well 7.80 1386.00 970.00 248.08 52.80 81.90 2.25 293.66 531.75 10.89 98.50 0.56 1.04
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55.20–55.20 mg/l during post-monsoon season. In the

pre-monsoon sample groups of I–VI, its variations

were 4.80–34.56, 5.76–75.84, 23.04–96.00,

11.52–55.68, 20.16–40.32 and 20.16–50.88 mg/l,

respectively. High magnesium content in the drinking

groundwater can cause cathartic and diuretic prob-

lems, whereas it can cause laxative effect if its

concentration is huge (Marghade et al. 2011). The

major source for magnesium ions in groundwater is

rocks and minerals. Weathering of common rock

forming minerals like mica, feldspar, calcite, dolomite

and hornblende can contribute magnesium as well as

calcium ions into groundwater (Nag and Suchetana

2016; Subramani et al. 2010). The higher concentra-

tion of sodium ions in drinking groundwater may

cause nervous sickness and high blood pressure in

human beings (Aref and Roosta 2016). Its variation in

the six sample groups (I–VI) of post-monsoon season

samples was 0.90–73.00, 1.10–141.10, 11.00–283.00,

12.00–104.00, 6.9.0–110.00 and 99.90–99.90 mg/l,

respectively. In the pre-monsoon sample groups of I–

VI, sodium ion variations were, respectively,

22.00–148.00, 40.00–300.00, 100.00–350.00,

22.00–250.00, 112.00–240.00 and

140.00–250.00 mg/l. Potassium concentration will

be generally low in the groundwater samples when

compare with the other cations. However, its higher

concentration may lead to muscle weakness and

increase blood pressure (Nag and Suchetana 2016).

Potassium values were 0.15–20.40, 0.40–11.40,

0.45–16.20, 0.62–30.0, 2.00–9.00 and

18.80–18.80 mg/l, respectively, in the six groups of

samples collected during post-monsoon season. Its

variation in the pre-monsoon sample groups of I–VI

were 5.00–30.00, 8.00–60.00, 12.00–50.00,

5.00–50.00, 34.00–60.00 and 20.00–60.00 mg/l,

respectively.

Major anions

Bicarbonate levels were 20.79–624.76, 47.64–428.26,

48.94–587.33, 183.54–452.73, 48.94–489.44 and

489.44–489.44 mg/l, respectively, in the groups I–VI

during post-monsoon season. In pre-monsoon sample

groups, its variations were 24.00–400.00,

84.00–484.00, 196.00–412.00, 40.00–400.00,

292.00–53.6.00 and 208.00–504.00 mg/l, respec-

tively. The maximum allowable limit of bicarbonate

Table 2 continued

S. No Source pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

11 Bore well 7.54 3057.00 2840.00 147.60 60.80 187.00 14.00 587.33 301.32 39.19 120.50 0.71 1.31

12 Bore well 7.55 3540.00 3170.00 183.20 127.20 283.00 16.20 342.61 847.26 41.84 148.50 0.57 1.03

Class IV (high fluoride)

1 Open well 7.90 2142.86 1500.00 232.00 38.40 30.00 2.10 183.54 371.94 33.16 120.50 0.03 1.51

2 Bore well 7.03 2500.00 1750.00 220.00 45.60 50.00 30.00 305.90 366.48 34.73 157.00 0.65 1.97

3 Open well 7.41 3270.00 2410.00 63.94 12.92 12.00 0.62 232.48 53.18 2.49 0.30 0.08 1.78

4 Open well 7.55 985.71 690.00 152.00 40.80 36.00 2.40 310.92 265.68 3.01 87.00 0.61 1.54

5 Bore well 7.54 1900.00 1330.00 212.00 72.00 104.00 2.50 342.60 519.56 11.89 87.50 1.45 1.69

6 Bore well 7.30 2540.00 1980.00 95.88 50.95 86.00 4.20 452.73 53.17 51.84 38.00 0.33 1.56

Class V (very high fluoride)

1 Open well 7.55 1100.00 760.00 85.78 36.44 47.00 2.90 379.32 106.35 3.95 80.00 0.63 2.14

2 Open well 7.66 3010.00 2780.00 27.74 10.60 9.00 3.80 48.94 88.63 1.83 7.90 0.04 2.35

3 Bore well 8.24 2890.00 1940.00 100.00 36.00 29.00 2.00 342.61 124.06 9.98 28.90 0.46 2.15

4 Bore well 7.19 1257.14 880.00 112.95 48.00 69.00 9.00 416.02 212.70 13.09 14.90 0.01 2.33

5 Bore well 6.83 3900.00 3210.00 144.00 43.20 44.00 6.20 318.14 141.62 53.70 136.00 0.28 2.41

6 Bore well 8.03 1742.86 1220.00 72.00 12.00 6.90 2.10 55.05 102.76 35.98 0.20 0.27 2.48

7 Bore well 7.19 2285.71 1600.00 312.00 74.40 110.00 3.00 354.82 673.27 23.77 100.50 0.08 2.29

Class VI (extremely high)

1 Bore well 7.29 3757.14 2630.00 83.39 55.20 99.90 18.80 489.44 106.35 34.53 35.00 0.10 2.50
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Table 3 Analytical results of pre-monsoon hydrogeochemical parameters in six fluoride classes

S. No Source pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

Class I (very low fluoride)

1 Open well 7.23 422.00 295.40 30.40 9.60 36.00 7.00 96.00 36.00 53.00 10.00 0.00 0.01

2 Open well 7.91 264.00 184.80 16.00 4.80 27.00 5.00 52.00 40.00 16.00 6.00 0.00 0.02

3 Open well 7.25 293.00 205.10 24.00 9.60 22.00 6.00 44.00 28.00 45.00 8.00 0.00 0.01

4 Hand pump 7.51 362.00 253.40 27.20 7.68 32.00 8.00 88.00 20.00 46.00 9.00 0.00 0.10

5 Open well 7.12 310.00 217.00 25.60 8.64 28.00 7.00 36.00 40.00 49.00 8.00 0.00 0.01

6 Open well 7.18 532.00 372.40 40.00 15.36 45.00 12.00 124.00 24.00 82.00 14.00 0.00 0.01

7 Open well 7.27 264.00 184.80 22.40 5.76 23.00 6.00 44.00 28.00 42.00 7.00 0.20 0.01

8 Open well 7.33 284.00 198.80 17.60 6.72 26.00 6.00 56.00 32.00 45.00 8.00 0.00 0.01

9 Open well 7.52 292.00 204.40 20.80 10.56 24.00 8.00 24.00 48.00 47.00 9.00 0.00 0.01

10 Open well 7.86 370.00 259.00 24.00 9.60 32.00 10.00 92.00 24.00 62.00 10.00 0.00 0.01

11 Open well 7.74 380.00 266.00 19.20 7.68 45.00 12.00 96.00 40.00 45.00 11.00 0.00 0.40

12 Hand pump 7.15 260.00 182.00 17.60 5.76 23.00 8.00 40.00 44.00 25.00 7.00 0.00 0.20

13 Open well 7.28 820.00 574.00 51.20 17.28 90.00 18.00 184.00 92.00 115.00 14.00 0.00 0.40

14 Open well 7.14 1312.00 918.40 67.20 34.56 148.00 30.00 400.00 52.00 205.00 22.00 0.00 0.20

15 Open well 7.61 1165.00 815.50 65.60 28.80 140.00 18.00 268.00 112.00 185.00 20.00 0.00 0.40

Class II (low fluoride)

1 Open well 7.53 1164.00 81.80 73.60 27.84 124.00 36.00 304.00 72.00 194.00 25.00 0.00 0.60

2 Open well 7.32 1173.00 821.10 62.40 21.12 132.00 34.00 388.00 52.00 137.00 23.00 0.00 0.80

3 Open well 7.20 1524.00 1066.80 83.20 34.56 156.00 48.00 484.00 48.00 235.00 32.00 0.00 0.80

4 Open well 7.94 1974.00 1381.80 113.60 47.04 210.00 60.00 424.00 248.00 169.00 36.00 0.00 0.60

5 Open well 7.47 364.00 254.80 22.40 5.76 40.00 8.00 84.00 48.00 30.00 6.00 0.00 0.80

6 Hand pump 7.89 1416.00 991.20 89.60 40.32 164.00 26.00 292.00 140.00 230.00 24.00 0.00 0.60

7 Hand pump 7.23 962.00 673.40 62.40 27.84 102.00 18.00 248.00 40.00 155.00 16.00 0.25 0.80

8 Open well 7.49 2197.00 1537.90 147.20 71.04 200.00 40.00 236.00 376.00 352.00 37.00 0.00 0.60

9 Open well 7.31 684.00 478.80 44.80 21.12 72.00 12.00 156.00 40.00 110.00 12.00 0.00 0.80

10 Open well 7.22 1780.00 1246.00 115.20 48.96 192.00 34.00 228.00 260.00 287.00 30.00 0.00 0.80

11 Hand pump 7.16 1200.00 840.00 57.60 30.72 146.00 22.00 248.00 124.00 194.00 22.00 0.00 0.80

12 Bore well 7.29 2560.00 1792.00 147.20 75.84 300.00 50.00 276.00 536.00 410.00 37.00 0.20 0.60

13 Bore well 7.18 1824.00 1276.80 100.80 52.80 210.00 30.00 248.00 248.00 260.00 34.00 0.00 0.80

14 Bore well 7.14 1984.00 1388.80 120.00 43.20 210.00 24.00 244.00 328.00 320.00 30.00 0.00 0.80

15 Bore well 7.29 1289.00 902.30 83.20 34.56 140.00 18.00 296.00 100.00 210.00 20.00 0.00 0.60

16 Bore well 7.38 1642.00 1149.40 113.60 57.60 154.00 22.00 272.00 160.00 264.00 25.00 0.00 0.80

17 Bore well 7.24 976.00 683.20 44.80 15.36 120.00 14.00 148.00 164.00 125.00 14.00 0.00 0.80

18 Bore well 7.35 1189.00 832.30 83.20 42.24 112.00 20.00 200.00 104.00 187.00 17.00 0.00 0.60

19 Bore well 7.46 976.00 683.20 68.80 19.20 94.00 16.00 276.00 44.00 150.00 14.00 0.00 0.80

20 Bore well 7.27 879.00 615.30 62.40 23.04 85.00 20.00 228.00 32.00 135.00 12.00 0.00 0.60

Class III (moderate fluoride)

1 Open well 7.58 1073.00 751.10 70.40 30.72 110.00 34.00 296.00 20.00 178.00 22.00 0.15 1.00

2 Open well 7.60 2189.00 1532.30 129.60 55.68 250.00 50.00 228.00 492.00 224.00 42.00 0.00 1.20

3 Open well 7.29 1010.00 707.00 72.00 23.04 116.00 18.00 196.00 112.00 162.00 18.00 0.00 1.30

4 Open well 7.25 1920.00 1344.00 147.20 69.12 152.00 34.00 216.00 240.00 310.00 34.00 0.00 1.00

5 Open well 7.91 1550.00 1085.00 92.80 40.32 172.00 28.00 312.00 140.00 250.00 27.00 0.00 1.40

6 Open well 7.26 3430.00 2401.00 193.60 96.00 350.00 50.00 352.00 664.00 452.00 42.00 0.00 1.00

7 Open well 7.31 1367.00 956.90 78.40 37.44 140.00 18.00 272.00 148.00 197.00 20.00 0.00 1.00

8 Bore well 7.84 996.00 697.20 67.20 33.60 100.00 12.00 200.00 72.00 160.00 15.00 0.00 1.20

9 Bore well 7.22 1836.00 1285.20 99.20 49.92 176.00 28.00 412.00 200.00 212.00 25.00 0.15 1.00

10 Bore well 7.24 2284.00 1598.80 152.00 69.12 210.00 50.00 196.00 364.00 312.00 32.00 0.00 1.00
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in consumption of water is 600 mg/l as per the World

Health Organization (WHO 2011) guidelines. During

post-monsoon season, variations in the chloride ion

concentration were 23.44–172.98, 20.55–694.78,

70.90–847.26, 53.17–519.56, 88.63–673.27 and

106.35–106.35 mg/l, respectively, in sample groups

of I–VI. Its variation in the pre-monsoon sample

groups of I–VI was 20.00–112.00, 32.00–536.00,

20.00–664.00, 24.00–312.00, 84.00–192.00 and

44.00–324.00 mg/l, respectively. In this region,

nitrate concentration exceeded the permissible limit

of 45 mg/l making the groundwater not suitable for

drinking purposes in many locations. The possible

sources of nitrates are agricultural activities, animal

wastes from poultry farms and septic tank leakages.

The occurrence of excessive nitrate in the drinking

groundwater may increase the prevalence of stomach

cancer and capability risks to babies and conceived

women (Narsimha and Sudarshan 2016; Rao 2006).

During post-monsoon season, variations in the nitrate

concentration were 0.10–124.00, 0.10–148.00,

1.85–160. 30–157.00, 0.20–136.00 and

35.00–35.00 mg/l, respectively, in I–VI groups of

samples. In the pre-monsoon sample groups, the

observed variations of nitrate were 6.00–22.00,

6.00–37.00, 15.00–42.00, 6.00–35.00, 24.00–37.00

and 20.00–28.00 mg/l. Sulphate ion variations in the

six groups of groundwater samples of post-monsoon

season were 0.56–13.01, 0.71–47.05, 2.32–41.84,

2.49–51.84, 1.84–53.70 and 34.53–34.53 mg/l,

respectively. Concentrations of sulphate ions in the

pre-monsoon sample groups were 16.00–205.00,

30.00–410.00, 160.00–452.00, 78.00–275.00,

154.00–215.00 and 132.00-280.00 mg/l. Variations

in the phosphate ion concentration during post-mon-

soon were 0.01–3.12, 0.01–1.58, 0.08–0.71,

0.03–1.45, 0.01–0.63 and 0.10–0.10 mg/l, respec-

tively, in I–VI sample groups. In the pre-monsoon

season, the observed variations of phosphate in the

sample groups I–III were, respectively, 0.00–0.20,

0.00–0.25, 0.00–0.15 mg/l. In the remaining sample

groups, the concentration of phosphate was zero. The

important sources of sulphate and phosphate ions are

the fertilizers used in the agricultural fields.

Sources of fluoride

Literature studies indicate that the average value of

fluoride in the earth crust is 625 mg/kg in various

Table 3 continued

S. No Source pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

Group IV (high fluoride)

1 Open well 7.40 758.00 530.60 46.40 20.16 87.00 14.00 212.00 24.00 114.00 13.00 0.00 1.60

2 Open well 7.27 892.00 624.40 59.20 21.12 104.00 16.00 240.00 44.00 145.00 15.00 0.00 1.67

3 Hand pump 7.61 1452.00 1016.40 67.20 19.20 184.00 26.00 192.00 296.00 157.00 26.00 0.00 1.50

4 Bore well 7.31 2060.00 1442.00 94.40 52.80 250.00 50.00 400.00 240.00 275.00 35.00 0.00 1.70

5 Bore well 7.58 1589.00 1112.30 84.80 41.28 174.00 42.00 264.00 256.00 212.00 25.00 0.00 1.70

6 Open well 7.45 2084.00 1458.80 124.80 55.68 200.00 50.00 280.00 312.00 236.00 33.00 0.00 1.80

7 Bore well 7.18 405.00 283.50 46.40 11.52 22.00 5.00 40.00 32.00 95.00 6.00 0.00 1.90

8 Bore well 7.22 492.00 344.40 30.40 12.48 57.00 6.00 124.00 34.00 78.00 7.00 0.00 1.60

Group V (very high fluoride)

1 Open well 7.79 1079.00 755.30 65.60 20.16 112.00 34.00 292.00 84.00 154.00 24.00 0.00 2.00

2 Open well 7.16 1942.00 1359.40 92.80 40.32 240.00 60.00 536.00 192.00 215.00 37.00 0.00 2.00

Group VI (extremely high fluoride)

1 Open well 7.16 1560.00 1092.00 56.00 27.84 196.00 28.00 504.00 92.00 184.00 27.00 0 3.10

2 Open well 7.16 1230.00 861.00 78.40 33.60 140.00 22.00 224.00 152.00 198.00 22.00 0 2.90

3 Open well 7.95 1200.00 840.00 46.40 20.16 152.00 20.00 400.00 44.00 132.00 22.00 0 3.30

4 Bore Well 7.11 1807.00 1264.90 78.40 37.44 250.00 50.00 448.00 172.00 232.00 28.00 0 2.84

5 Bore Well 7.87 1786.00 1250.20 116.80 50.88 150.00 50.00 208.00 324.00 280.00 25.00 0 2.60

6 Open well 7.45 1492.00 1044.40 97.60 37.44 142.00 24.00 264.00 148.00 234.00 20.00 0 3.20
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types of rocks (Mukherjee and Singh 2018; Tavener

and Clark 2006; Edmunds and Smedley 2005). It is

reported by various researchers that the important

source of inorganic fluoride in groundwater is the

fluoride-bearing minerals in rocks (Mukherjee and

Singh 2018; Dey et al. 2012; Kalisinska and Pal-

czewska-Komsa 2011; Camargo 2003). Fluoride ions

reach the groundwater through weathering process.

The granitic and gneissic rocks comprising of fluoride

minerals such as apatite, hornblende, muscovite,

biotite and amphiboles are the main resources for

forming fluoride in the groundwater (Vithanage and

Bhattacharya 2015). In the study area, hornblende–

biotite gneiss is the important rock type, which

possesses lot of fluoride-forming minerals as reported

by (Vithanage and Bhattacharya 2015). In addition to

the above geogenic source, applications of synthetic

fertilizers in the agricultural fields may also contribute

significant amount of fluoride ions to groundwater

(Vithanage and Bhattacharya 2015). The schematic

diagram indicating the sources of fluoride in the study

area is shown in Fig. 3.

Table 4 Statistical parameters of post-monsoon groundwater quality parameters in six fluoride classes

pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

Minimum 6.34(I) 635.00 310.00 8.00 2.40 0.90 0.15 20.79 23.44 0.56 0.10 0.01 0.01

5.90(II) 1008.57 615.00 8.00 0.00 1.10 0.40 47.64 20.55 0.71 0.10 0.01 0.54

7.23(III) 1142.86 715.00 69.97 14.08 11.00 0.45 48.94 70.90 2.32 1.85 0.08 1.03

7.03(IV) 985.71 690.00 63.94 12.92 12.00 0.62 183.54 53.17 2.49 0.30 0.03 1.51

6.83(V) 1100.00 760.00 27.74 10.60 6.90 2.00 48.94 88.63 1.83 0.20 0.01 2.14

7.29(VI) 3757.14 2630.00 83.39 55.20 99.90 18.80 489.44 106.35 34.53 35.00 0.10 2.50

Maximum 8.28(I) 3175.00 2784.00 132.00 49.70 73.00 20.40 624.76 172.98 13.01 124.00 3.12 0.44

8.05(II) 3170.00 2610.00 304.00 76.64 141.10 11.40 428.26 694.78 47.05 148.00 1.58 0.98

7.86(III) 3540.00 3170.00 256.00 127.20 283.00 16.20 587.33 847.26 41.84 160.00 0.71 1.40

7.90(IV) 3270.00 2410.00 232.00 72.00 104.00 30.00 452.73 519.56 51.84 157.00 1.45 1.97

8.24(V) 3900.00 3210.00 312.00 74.40 110.00 9.00 416.02 673.27 53.70 136.00 0.63 2.48

7.29(VI) 3757.14 2630.00 83.39 55.20 99.90 18.80 489.44 106.35 34.53 35.00 0.10 2.50

Mean 7.33(I) 1674.87 1217.24 51.70 18.84 15.09 4.72 199.43 72.43 2.25 25.91 0.38 0.15

7.25(II) 1768.03 1228.11 112.31 35.98 51.62 9.33 256.10 232.01 11.86 51.11 0.45 0.73

7.59(III) 2224.21 1762.08 142.22 46.90 78.49 6.20 320.73 346.29 13.68 77.05 0.48 1.18

7.46(IV) 2223.10 1610.00 162.64 43.44 53.00 6.97 304.70 271.67 22.85 81.72 0.53 1.68

7.53(V) 2312.24 1770.00 122.07 37.23 44.99 4.14 273.56 207.05 20.33 52.63 0.25 2.31

7.29(VI) 3757.14 2630.00 83.39 55.20 99.90 18.80 489.44 106.35 34.53 35.00 0.10 2.50

Median 7.31(I) 1547.00 1200.00 49.78 16.64 7.00 1.40 146.83 70.90 1.39 7.80 0.08 0.05

7.36(II) 1500.00 987.00 121.84 39.98 53.20 2.85 261.86 168.39 8.19 34.00 0.43 0.71

7.57(III) 2085.00 1360.00 136.00 46.80 61.00 3.75 330.37 261.92 10.27 73.25 0.52 1.15

7.48(IV) 2321.43 1625.00 182.00 43.20 43.00 2.45 308.41 316.08 22.53 87.25 0.47 1.63

7.55(V) 2285.71 1600.00 100.00 36.44 44.00 3.00 342.61 124.06 13.09 28.90 0.27 2.33

7.29(VI) 3757.14 2630.00 83.39 55.20 99.90 18.80 489.44 106.35 34.53 35.00 0.10 2.50

SD 0.51(I) 686.01 612.04 36.72 15.33 18.60 6.61 168.79 44.87 2.92 34.65 0.75 0.16

0.58(II) 738.72 619.53 77.38 21.30 41.56 26.27 116.95 199.54 13.39 51.11 0.41 0.15

0.19(III) 898.21 944.13 60.81 29.43 79.78 5.81 146.84 241.61 14.14 59.46 0.19 0.12

0.29(IV) 763.55 588.80 70.50 19.19 35.21 11.34 93.04 187.62 20.08 56.17 0.52 0.18

0.50(V) 1020.56 936.86 91.15 21.91 36.08 2.57 154.40 209.60 18.89 52.80 0.23 0.13

0.00(VI) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Rock–water Interaction

In hard rock terrain, groundwater chemistry is chiefly

controlled by the groundwater interaction include

aquifer minerals when its flows (Subramani et al.

2010). Groundwater has unique composition due to

various subsurface hydrogeochemical processes such

as water–rock interaction during rainfall infiltration

and prolonged storage in the aquifer matrix, dissolu-

tion of mineral species and groundwater flow, etc.

(Hem 1985). Therefore, hydrogeochemical processes

that are responsible for changing the groundwater

chemistry vary with respect to time and space. In the

study area, groundwater level fluctuation was also

high due to the usage of groundwater resources for

drinking and irrigation purposes (Figs. 4 and 5). Gibbs

plot was extensively used to find out the groundwater

composition and to establish the lithological character

of aquifers. It depicted three different fields like rock–

water interaction, evaporation dominance and precip-

itation dominance (Gibbs, 1970). Major role of Gibbs

plot is to understand the geochemical interactions and

the mechanism of control in the chemistry of the

groundwater (Adimalla et al. 2018; Adimalla and

Table 5 Statistical parameters of pre-monsoon groundwater quality parameters in six fluoride classes

pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

Minimum 7.12(I) 260.00 182.00 16.00 4.80 22.00 5.00 24.00 20.00 16.00 6.00 0.00 0.01

7.14(II) 364.00 254.80 22.40 5.76 40.00 8.00 84.00 32.00 30.00 6.00 0.00 0.60

7.22(III) 996.00 697.20 67.20 23.04 100.00 12.00 196.00 20.00 160.00 15.00 0.00 1.00

7.18(IV) 405.00 283.50 30.40 11.52 22.00 5.00 40.00 24.00 78.00 6.00 0.00 1.50

7.16(V) 1079.00 755.30 65.60 20.16 112.00 34.00 292.00 84.00 154.00 24.00 0.00 2.00

7.11(VI) 1200.00 840.00 46.40 20.16 140.00 20.00 208.00 44.00 132.00 20.00 0.00 2.60

Maximum 7.91(I) 1312.00 918.40 67.20 34.56 148.00 30.00 400.00 112.00 205.00 22.00 0.20 0.40

7.94(II) 2560.00 1792.00 147.20 75.84 300.00 60.00 484.00 536.00 410.00 37.00 0.25 0.80

7.91(III) 3430.00 2401.00 193.60 96.00 350.00 50.00 412.00 664.00 452.00 42.00 0.15 1.40

7.61(IV) 2084.00 1458.80 124.80 55.68 250.00 50.00 400.00 312.00 275.00 35.00 0.00 1.90

7.79(V) 1942.00 1359.40 92.80 40.32 240.00 60.00 536.00 192.00 215.00 37.00 0.00 2.00

7.95(VI) 1807.00 1264.90 116.80 50.88 250.00 50.00 504.00 324.00 280.00 28.00 0.00 3.30

Mean 7.41(I) 488.67 342.07 31.25 12.16 49.40 10.73 109.60 44.00 70.80 10.87 0.01 0.11

7.37(II) 1387.85 971.50 84.80 37.01 148.15 27.60 264.00 158.20 207.70 23.30 0.02 0.72

7.45(III) 1765.50 1235.85 110.24 50.50 177.60 32.20 268.00 245.20 245.70 27.70 0.03 1.11

7.38(IV) 1216.50 851.55 69.20 29.28 134.75 26.13 219.00 154.75 164.00 20.00 0.00 1.68

7.48(V) 1510.50 1057.35 79.20 30.24 176.00 47.00 414.00 138.00 184.50 30.50 0.00 2.00

7.45(VI) 1512.50 1058.75 78.93 34.56 171.67 32.33 341.33 155.33 210.00 24.00 0.00 2.99

Median 7.28(I) 362.00 253.40 24.00 9.60 32.00 8.00 88.00 40.00 47.00 9.00 0.00 0.01

7.30(II) 1244.50 871.15 83.20 34.56 143.00 23.00 248.00 114.00 194.00 23.50 0.00 0.80

7.30(III) 1693.00 1185.10 96.00 45.12 162.00 31.00 250.00 174.00 218.00 26.00 0.00 1.00

7.36(IV) 1172.00 820.40 63.20 20.64 139.00 21.00 226.00 142.00 151.00 20.00 0.00 1.69

7.48(V) 1510.50 1057.35 79.20 30.24 176.00 47.00 414.00 138.00 184.50 30.50 0.00 2.00

7.31(VI) 1526.00 1068.20 78.40 35.52 151.00 26.00 332.00 150.00 215.00 23.50 0.00 3.00

SD 0.27(I) 337.78 236.45 16.99 8.68 42.00 6.71 103.06 25.57 55.49 4.73 0.05 0.16

0.22(II) 545.78 382.05 33.73 18.27 60.29 13.77 91.56 136.36 90.16 9.34 0.07 0.10

0.26(III) 752.43 526.70 43.17 22.35 76.38 14.16 74.40 203.16 90.69 9.56 0.06 0.15

0.16(IV) 671.59 470.11 30.75 17.90 78.82 18.87 107.43 131.59 70.59 11.30 0.00 0.12

0.45(V) 610.23 427.16 19.23 14.26 90.51 18.38 172.53 76.37 43.13 9.19 0.00 0.00

0.38(VI) 261.41 182.99 25.95 10.36 43.51 13.94 125.54 95.08 50.72 3.16 0.00 0.26
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Venkatayogi 2018; Dişli 2017; Kouakou et al. 2017;

Narsimha and Sudarshan 2017; Li et al. 2016). The

Gibbs plot indicated that majority of the groundwater

samples of the study area (about 90%) fall in the rock–

water interaction field and few samples (about 10%)

fall in the evaporation field during post- and pre-

monsoon seasons (Fig. 6). It conveys that leaching of

ions from the rocks control the major ion groundwater

chemistry of this region (Subramani et al. 2010).

Adimalla and Venkatayogi (2017) have also stated

Fig. 3 The schematic diagram showing the sources of fluoride contamination in groundwater (modified after Karunanidhi et al. 2019)

Fig. 4 Groundwater levels in hornblende–biotite gneiss formation at a Andinaicken Valasu and b Puliyampatti
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that rock weathering is the important source for high

fluoride in groundwater of Medak region, Telangana

State, India. Thomas et al. (2016) have conducted

study in Ghana and reported that water–rock interac-

tion including chemical weathering mainly influence

the chemistry of groundwater. Excess of fluoride in

groundwater comprises low ranges of calcium due to

fluoride release from the mass through rock–water

interaction as shown by the equations below

CaF2 $ Ca2þ þ 2F� ð1Þ

KCaF2 $ CaCO3 ¼
HCO�

3

Hþð Þ � ðF�Þ2
ð2Þ

Fig. 5 Highly leached hornblende–biotite gneiss with shallow water table at a Kongur and b Melkaraipatti

Fig. 6 Gibbs diagram illustrating

the mechanism behind geochemical

evaluation of groundwater
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Spatial distribution of fluoride contamination

The presence of high amount of fluoride ion in

groundwater makes its unsuitability for consumption

purposes (Duraisamy et al. 2018). Since it is not

possible to find out other alternative sources of

fluoride-free water, dental fluorosis risks are higher

in the study region. Fluoride concentration in the post-

monsoon groundwater samples varied from 0.01 to

2.50 mg/l, whereas in the pre-monsoon samples it

varied from 0.01 to 3.30 mg/l (Tables 2 and 3). As per

the international standards, fluoride levels above

1.5 mg/l in drinking water are considered as hazardous

(WHO 2011). The high fluoride levels are mostly

related to interaction of water with rocks (Vithanage

and Bhattacharya 2015; Robinson and Kapo 2003;

Moore 2004; Dissanayake 1991; Stormer and Carmi-

chael 1970; Apambire et al. 1997). Spatial distribution

of fluoride concentrations in groundwater during post-

and pre-monsoon seasons was plotted using GIS,

which are presented in Figs. 7 and 8, respectively.

During post-monsoon season, fluoride concentration

was less than 0.49 mg/l at 17 locations (Well Nos. 1, 2,

3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 21, 29, 37 and 48). It

ranged from 0.50 to 0.99 mg/l at 18 locations (Well

Nos. 14, 15, 17, 18, 19, 22, 27, 30, 31, 46, 49, 50, 51,

52, 55, 56, 57 and 60). At 12 locations (Well Nos. 20,

25, 26, 28, 32, 35, 36, 40, 41, 44, 58 and 61) fluoride

concentration varied between 1.00 and 1.49 mg/l. The

concentration exceeded 1.5 mg/l and was below 2 mg/

l at 6 locations (Well Nos. 24, 34, 42, 45, 47 and 53).

Its concentration was between 2.00 and 2.49 mg/l at 7

locations (Well Nos. 16, 23, 33, 38, 39, 43 and 54),

whereas it exceeded 2.49 mg/l at one location (Well

No. 59) during the post-monsoon season. Similarly

during pre-monsoon season, fluoride in groundwater

of the study region was less than 0.49 mg/l at 15

locations (Well Nos. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

22, 23 and 41). Twenty sampling locations (Well Nos.

14, 16, 17, 19, 21, 27, 28, 29, 34, 35, 37, 38, 39, 43, 48,

49, 54, 56, 59 and 61) had the fluoride concentration

ranges between 0.5 and 0.99 mg/l. Fluoride concen-

tration was between 1.00 and 1.49 mg/l at 10 locations

(Well Nos. 15, 20, 30, 32, 33, 47, 50, 51, 58 and 60)

and between 1.50 and 1.99 mg/l at 8 locations (Well

Nos. 24, 26, 36, 42, 45, 46, 52 and 53). At 2 locations

(Well Nos. 13 and 18), its concentration ranged from

2.00 to 2.49 mg/l, whereas at 6 locations (Well Nos.

25, 31, 40, 44, 55 and 57) it exceeded 2.49 mg/l.

The results highlight that the fluoride concentration

in groundwater of Shanmuganadhi River basin was

high during pre-monsoon season when compare with

post-monsoon season. It clearly indicates the dilution

mechanism, which considerably reduces the concen-

tration of fluoride due to monsoon rainfall infiltration

(Subramani et al. 2010). Eventually, water level rise

decreases the concentration of fluoride in many

locations. Therefore, recharge of groundwater through

artificial rainwater harvesting techniques will cer-

tainly improve the groundwater quality of this region.

The spatial distribution maps indicate that 14 samples

of post-monsoon season and 16 samples of pre-

monsoon exceeded the maximum allowable limit of

1.5 mg/l for drinking purposes (WHO 2011). The

maps further indicate that wells located in the

charnockite formation were having very low fluoride

content in groundwater when compare with the wells

located in the hornblende–biotite gneiss formation.

Out of 16 wells located in the charnockite formation,

14 wells were having very low (Class I) fluoride

concentration (\ 0.49 mg/l) during pre-monsoon sea-

son. One well was having low (Class II) concentration

of fluoride (0.50–0.99 mg/l) and only one well

exceeded the permissible limit of 1.5 mg/l. However,

the concentration of fluoride in this well was less than

1.99 mg/l, which represents Class IV (High) category.

Interestingly, this well was also located very close to

the contact between charnockite and hornblende–

biotite gneiss. During the post-monsoon season, out of

16 wells situated in the charnockite terrain, 12 wells

were having very low (Class I) fluoride content

(\ 0.49), 2 wells were having low (Class II) fluoride

content (0.49–0.99 mg/l), one well was having high

(Class IV) fluoride content (1.50–1.99 mg/l) and one

well was having extremely high (Class VI) fluoride

content (2.00–2.49 mg/l). Similar to the pre-monsoon

season, high and extremely high fluoride content wells

were located very close to the contact between

charnockite and gneissic formation.

Correlation between fluoride and other

hydrogeochemical parameters

The correlation coefficient is used for the analysis of

relationship among the physico-chemical variables in

groundwater (Pearson 1896; Wu et al. 2014). Accord-

ing to Batabyal (2014), correlation coefficient is
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normally used to identify the relationship among the

two variables. Nowadays, correlation matrices pre-

pared using software packages are widely used in

hydrogeochemical studies. Subramani et al. (2005)

have prepared correlation matrices to understand the

relationship among various hydrogeochemical param-

eters of post- and pre-monsoon seasons in river basin

of Chithar, Tamil Nadu, India. In the current inves-

tigation, fluoride ion concentration in groundwater of

Shanmuganadhi River basin was correlated with the

major geochemical parameters such as pH, calcium,

sodium and bicarbonate by plotting scatter plots. The

statistical results (Tables 4 and 5) indicated the

significant relationship among the geochemical

parameters in the six different groups of fluoride.

The minimum concentrations of the geochemical

parameters were comparatively more in the higher

classes of fluoride during post- and pre-monsoon

seasons. Similarly, mean and maximum concentra-

tions of most of the geochemical parameters of post-

monsoon season were more in the higher fluoride

classes. However, the mean and maximum concentra-

tions of geochemical parameters of pre-monsoon

season were more in the moderate fluoride class

Fig. 7 Spatial distribution

of fluoride classes during

post-monsoon season
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(Class III). The scatter diagrams prepared for post- and

pre-monsoon seasons are illustrated in Figs. 9 and 10.

In addition to the scatter diagrams, correlation matri-

ces were prepared separately for post- and pre-

monsoon seasons (Tables 6 and 7) to understand the

relationship among the geochemical parameters.

According to Adams et al. (2001) strong, moderate

and weak positive correlations were represented by the

correlation coefficient ranges from 0.70 to 1.00, from

0.30 to 0.70 and from 0.00 to 0.30, respectively.

Similarly strong, moderate and weak negative corre-

lations were represented by the correlation coefficient

ranges from- 0.70 to- 1.00, from- 0.30 to- 0.70

and from 0.00 to - 0.30, respectively.

Strong positive correlation was exhibited among

EC versus TDS and Mg2? versus Na? and Cl- during

post-monsoon season. F- exhibited moderate positive

correlation with EC, TDS, Mg2? and SO4
2- during

post-monsoon. During pre-monsoon season, fluoride

exhibited moderate positive correlation with EC, TDS,

K?, Na?, HCO3
-, SO4

2- and NO3
?. TDS exhibited

strong to good positive correlation with all the ions in

pre-monsoon season. It clearly shows that decrease in

the water level raises the concentration of all the ions

Fig. 8 Spatial distribution

of fluoride classes during

pre-monsoon season
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in groundwater. The high fluoride concentrations in

groundwater of this region were found with high Na?,

Mg2?, HCO3
-, SO4

2- and NO3
? contents (Guo et al.

2007; Jacks et al. 1993; Handa 1975). Fluoridated

endemic areas generally acquire a lot of bicarbonate in

drinking water samples; therefore, Shanmuganadhi

basin area is under fluoride endemic nature (Raju

2012; Viswanathan et al., 2009).

Probable fluorosis risk zones

The excess fluoride in drinking groundwater is the

reason for dental fluorosis and crippling fluorosis,

whereas the disorder can case mottling of the teeth and

ligament calcification (Kowalski 1999; Fawell et al.

2006; Mukherjee and Singh 2018; Karthikeyan et al.

1996; Dissanayake 1991). The results show that

excess fluoride ([ 1.5 mg/l) was observed in 23% of

groundwater samples during post-monsoon season

and in 26% of groundwater samples during pre-

monsoon season (Table 1), which causes dental fluo-

rosis in this region (Fig. 11). The health survey carried

out in the study area shows that dental fluorosis was

observed in many villages especially in children. The

computed total hazard index (THI) and hazard quo-

tient (HQ) to evaluate the health risk due to excess

fluoride in groundwater of this basin highlight that the

total non-carcinogenic risk for children and adults

(men) ranged from 0.02 to 7.66 and from 0.10 to 5.67,

respectively (Karunanidhi et al. 2019). Besides, the

total health index exceeded the suggested limit of

HQ[ 1 for children and men in 80% and 69% of the

samples, respectively (Karunanidhi et al. 2019).

Therefore, children are mainly affected due to tooth

decay when compared with adults. The study finally

identified 26 villages in Shanmuganadhi River basin

as fluorosis risk areas, which are Kamarajnagar,

Fig. 9 Scatter diagrams illustrating the relationship between fluoride and other elements during post-monsoon season
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Fig. 10 Scatter diagrams illustrating the relationship between fluoride and other elements during pre-monsoon season

Table 6 Correlation matrix of physico-chemical parameters of post-monsoon groundwater samples

Variables pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

pH 1.00

EC - 0.11 1.00

TDS 0.02 0.92 1.00

Ca2? - 0.03 0.08 - 0.12 1.00

Mg2? 0.28 0.27 0.25 0.24 1.00

Na? 0.18 0.29 0.29 0.20 0.90 1.00

K? 0.12 0.11 0.06 0.03 0.21 0.24 1.00

HCO3
- 0.29 0.20 0.21 0.03 0.70 0.58 0.15 1.00

Cl- 0.17 0.13 0.08 0.36 0.77 0.71 0.17 0.27 1.00

SO4
2- 0.14 0.37 0.32 0.12 0.56 0.60 0.42 0.39 0.34 1.00

NO3
- - 0.06 0.18 0.04 0.44 0.42 0.42 - 0.02 0.27 0.38 0.36 1.00

PO4
3- 0.16 - 0.15 - 0.23 0.06 0.25 0.22 - 0.00 0.31 0.22 0.11 0.34 1.00

F- 0.13 0.52 0.44 0.02 0.34 0.28 0.014 0.27 0.26 0.48 0.26 - 0.01 1.00
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Kiranur, Shanmugavaram, Tirukkavndan Valasu,

Manur, Sandachetti Valasu, Puliyamarathu Settu,

Puliyampatti, Saravanampatti, Undhrapatti, Kongur,

Nachiyappagoundan Valasu, Melkaraipatti, Vadipatti,

Chinnagandhipuram, Velampatti, Kothamangalam,

Kolumaikondan, Perumalpudur Pirivu, Tumbalapatti,

Andinaicken Valasu, Narikkalpatti, Periyamotanootu,

Kondapanaicken Patti, Balasamuthiram and

A.Kalayampatti (Fig. 11).

Conclusions

Geochemical evaluation of fluoride contamination in

groundwater from Shanmuganadhi River basin, South

India, was investigated in the present study. Ground-

water samples and their quality parameters of post-

and pre-monsoon seasons were grouped into six

categories based on the concentrations of fluoride.

First three categories such as ‘Very Low’, ‘Low’ and

‘Moderate’ (Classes I, II and III) are within the

Table 7 Correlation matrix of physico-chemical parameters of pre-monsoon groundwater samples

Variables pH EC TDS Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- NO3
- PO4

3- F-

pH 1.00

EC - 0.04 1.00

TDS - 0.04 1.00 1.00

Ca2? - 0.03 0.95 0.95 1.00

Mg2? - 0.06 0.95 0.95 0.97 1.00

Na? - 0.05 0.97 0.97 0.87 0.87 1.00

K? 0.06 0.86 0.86 0.79 0.77 0.86 1.00

HCO3
- - 0.02 0.68 0.68 0.53 0.56 0.74 0.73 1.00

Cl- - 0.01 0.88 0.88 0.87 0.85 0.85 0.71 0.30 1.00

SO4
2- - 0.10 0.95 0.95 0.95 0.95 0.90 0.76 0.60 0.82 1.00

NO3
- 0.01 0.95 0.90 0.89 0.88 0.94 0.91 0.72 0.80 0.88 1.00

PO4
3- - 0.12 0.04 0.04 0.044 0.01 0.04 0.02 0.03 0.05 0.07 0.00 1.00

F- 0.05 0.37 0.37 0.27 0.24 0.41 0.37 0.50 0.19 0.32 0.34 - 0.12 1.00

Fig. 11 Dental fluorosis observed in children at a Puliyampatti, b Kongur, c Undharapatti, d Kondappanaickenpatti, e Andinaicken
Valasu, f Nachiyapagounden Valasu
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permissible limit for consumption. Out of 61 ground-

water samples, 6 and 8 samples of post- and pre-

monsoon represented ‘High’ fluoride (Class IV)

category. Seven and two samples represented ‘Very

High’ fluoride (Class V) category, respectively, during

post- and pre-monsoon seasons. One groundwater

sample of post-monsoon and six samples of pre-

monsoon represented ‘Extremely High’ fluoride cat-

egory (Class VI). Therefore, fluorosis risk to human

due to continuous intake of 23% of samples in post-

monsoon and 26% of samples in pre-monsoon is

unavoidable. The spatial variation analysis indicated

that fluoride concentration gradually increased from

the southern part of the basin to the northern part

during both monsoon seasons. Therefore, fluorosis

risk is high in the northern part of the basin.

The Gibbs diagram shows that nearly 90% of the

groundwater samples in Shanmuganadhi River basin

signify the rock–water interaction field. Therefore,

leaching of fluoride from the bedrocks contaminates

the groundwater. The study indicates that fluorosis risk

areas in Shanmuganadhi basin are confined to the

hornblende–biotite gneiss formations. Groundwater in

charnockite formation does not cause fluorosis

because of lower concentration of fluoride, and its ex-

istance in hilly region. Fluoride contamination was

comparatively higher during pre-monsoon season in

both the rock types. The recharge of groundwater due

to monsoon rainfall dilutes the fluoride concentration

at many places of the study area. Shanmuganadhi

River basin falls under fluoride endemic category

since the groundwater samples of this region attain

more bicarbonate. The study highlights that 26

villages in this basin are prone for fluorosis.

Recommendations

The study finally recommends the following three

methods to avoid the risks of fluorosis in Shanmu-

ganadhi River basin

• Implementation of large-scale rain water harvest-

ing in the basin to recharge the groundwater will

reduce the fluoride concentration.

• Treatment of fluoride-rich groundwater by the

village administration before providing drinking

water supply will reduce the fluorosis risk.

• Adopting reverse osmosis (RO) system in the

houses will provide safe water for drinking and

cooking.
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