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Abstract
The occurrence of dental/skeletal fluorosis among the people in the study area provided the motivation to assess the distri-
bution, severity and impact of fluoride contamination in groundwater of Bankura district at Simlapal block, West Bengal, 
India. To meet the desired objective, groundwater samples were collected from different locations of Laxmisagar, Machatora 
and Kusumkanali regions of Simlapal block at different depths of tube wells in both pre- and post-monsoon seasons. Geo-
chemical results reveal that the groundwaters are mostly moderate- to hard-water type. Of total groundwater samples, 37% 
are situated mainly in relatively higher elevated region containing fluoride above 1.5 mg/L, indicating that host aquifers are 
severely affected by fluoride contamination. Machatora region is highly affected by fluoride contamination with maximum 
elevated concentration of 12.2 mg/L. Several symptoms of fluorosis among the different age-groups of people in Laxmisagar 
and Machatora areas are indicating consumption of fluoridated water for prolonged period. The groundwater samples were 
mainly Na–Ca–HCO3 type and rock dominance indicating the dissolution of minerals taking place. Ion exchange between 
 OH− ion and  F− ion present in fluoride-bearing mineral is the most dominant mechanism of fluoride leaching. High con-
centration of  Na+ and  HCO3

− increases the alkalinity of the water, providing a favorable condition for fluoride to leach into 
groundwater from its host rocks and minerals.
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Introduction

Fluoride contamination in groundwater is a worldwide prob-
lem. Around 200 million people, from 25 nations, are at risk 
due to fluoride enrichment in groundwater (Kut et al. 2016; 
Hallett et al. 2015; Ayoob and Gupta 2006). Groundwater 
is the major source of drinking water in the rural areas of 
developing countries like India (Selvakumar et al. 2017; 

Bhattacharya et al. 1997). Since last few decades, fluoride 
contamination in groundwater has become a serious threat 
(Kim et al. 2012; Yadav and Khan 2010; Yadav and Kumar 
2010; Sabal and Khan 2008; Wang et al. 1999). Chronic 
injection of high fluoride contaminated water may cause 
dental fluorosis and in extreme cases, skeletal fluorosis 
(Raju 2016). Totally, twenty states of India including 43 
blocks of seven districts of West Bengal are suffering due to 
elevated fluoride concentration in groundwater (Kumar et al. 
2016; Datta et al. 2014; Majumdar 2011; Dutta et al. 2006). 
According to joint action plan of Public Health Engineering 
Department (PHED) with The United Nations Children’s 
Fund (UNICEF) 2006, it was identified that seven districts of 
West Bengal, i.e., Bankura, Purulia, Birbhum, Maldah, Uttar 
Dinajpur, Dakshin Dinajpur and South 24 Parganas, were 
having elevated fluoride concentration above the permissible 
limit 1.5 mg/L as recommended by World Health Organiza-
tion (WHO) and Bureau of Indian Standard (BIS) (Gupta 
and Misra 2016; Mondal et al. 2014; Majumdar 2011; Adler 
and World Health Organization 1970; Amini et al. 2008). 
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Simlapal block is one of the fluoride-affected areas of 
Bankura district (Samal et al. 2015). The aquifers are gen-
erally contaminated with fluoride from the fluoride-bearing 
rocks and minerals present in the subsurface layers (Alarcón-
Herrera et al. 2013). Due to unavailability of appropriate 
data of the subsurface layers and aquifers, the contaminant 
transport mechanism remains obscure. Several researches 
have been carried out since last few decades to understand 
the principal factors responsible for occurrence and mobility 
of fluoride in aquifer (Ayenew 2008). The geographical areas 
associated with high fluoride contamination are mainly char-
acterized by arid and semiarid climatic conditions (Edmunds 
and Smedley 2013). The factors controlling the dissolution 
and leaching of fluoride-bearing minerals are pH, tempera-
ture, the degree of water–rock interaction, long groundwater 
residence time, presence of complex ions and solubility of 
fluoride-bearing minerals (Apambire et al. 1997; Raj and 
Shaji 2017). In India, fluorite, fluorapatite, mica (biotite, 
muscovite), amphiboles, hornblende, topaz, rock phosphate, 
cryolite and hydroxylapatite are mainly responsible for fluo-
ride enrichment in groundwater (Patel et al. 2014; Chakra-
barti and Ray 2013; Agrawal et al. 1997). The presence of 

excessive concentrations of fluoride in groundwater may 
persist for years, decades or even centuries and can reach 
the food system (Dey and Giri 2016; Peckham and Awofeso 
2014; Manarelli et al. 2014). The villagers residing in the 
affected areas are consuming fluoridated water due to the 
unavailability of other drinking water sources. The main aim 
of the present research is to delineate the safe and unsafe 
aquifers and to prepare spatiotemporal variation map of fluo-
ride contamination of the ‘study area,’ i.e., Simlapal block, 
to facilitate the groundwater management. Another objective 
of this work is to understand the leaching and mobilization 
process of fluoride in groundwater system using statistical 
analysis of the physicochemical parameters.

Study area

Bankura district is geomorphologically divided into three 
zones. The western part is dominated by hilly hard rock. 
The eastern part contains sedimentary alluvial plains. The 
central part consists of both rocky and alluvial formation 
(Chakrabarti and Bhattacharya 2013). Simlapal block is 

Fig. 1  Groundwater sampling 
locations with its elevation pro-
file of the study area, Simlapal 
block, Bankura district, West 
Bengal, India
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located in eastern part of the district where the study was 
conducted. In the present study, groundwater sampling was 
carried out from Laxmisagar, Kusumkanali and Machatora 
regions to check the severity of fluoride contamination in 
groundwater of Simlapal block. It is situated in Khatra sub-
division of Bankura district and geographically extended 
from 22°59′38.84″N to 22°50′34.42″N latitude and from 
86°55′20.15″E to 87°13′06.10″E longitude. It is surrounded 
by Taldangra block in the north, Khatra block in the west, 
Raipur block in the southwest and West Midnapore district 
in the east. The annual average rainfall in the study area is 
about 1400 mm/year, and average temperature during sum-
mer and winter is 40 and 10 °C, respectively. The study area 
is a drought-prone zone with undulated land profile. The 
sampling locations of the study area are shown in Fig. 1.

The spatial distribution of fluoride illustrates that west-
ern part, which is situated at higher elevated area (Fig. 1), 
is mainly affected by fluoride contamination as shown in 
Fig. 2. This area is more likely to contain fluoride-bearing 
minerals from where the fluoride is getting leached into 
the groundwater and spread over the lower elevated zone 

(eastern part of study area). In the southwestern part of the 
study area, fluoride concentration is within the permissible 
limit.

From the preliminary investigation, several symptoms 
of fluorosis were observed among the different age-group 
of people in Laxmisagar and Machatora areas (shown in 
Fig. 3), which is the indication of consumption of fluoride-
contaminated aquifer water for prolonged period. The results 
suggest that fluoride contamination level is predominant 
in higher elevated zone, i.e., Laxmisagar and Machatora 
regions (Fig. 1), which leads to mobilization of fluoride from 
higher to lower elevation zone. 

Materials and methods

To understand the distribution of fluoride contamination 
level in the study area, the water sampling was carried 
out from 43 numbers of different locations during both 
pre-monsoon and post-monsoon seasons. The groundwa-
ter samples were collected randomly from the different 
locations of the study area from the tube wells generally 

Fig. 2  Spatial distribution of 
fluoride in the study area
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installed by PHEDWB (Public Health Engineering Depart-
ment, West Bengal). The groundwater samples were col-
lected and analyzed in the field after few minutes of purging 
to get fresh aquifer water. In the field, pH, TDS, EC and 
temperature were measured using Multi-Parameter PCSTestr 
35 (Eutech), and ORP was measured using ORPTestr 10 
(Eutech). For analysis of other physicochemical parameters, 
the groundwater samples were collected and stored in two 
separate 500-ml airtight polyethylene bottles to facilitate the 
cations and anions analysis. Samples were acidified using 
50%  HNO3 for lowering the pH below 2 to preserve the 
cations. No acidification was required for anions and fluo-
ride estimations. The coordinates of sampling locations were 
identified using GPS Trimble Juno SA. The cations  (Ca2+, 
 Mg2+,  Na+,  K+) were analyzed using AAS (Atomic Absorp-
tion Spectrophotometer), PerkinElmer 900T, and anions 
(SO4

2−,  NO3
−,  F−,  CO3

2−,HCO3
− and  Cl−) were estimated 

as per standard method (APHA 2005). Alkalinity values of 
the unacidified samples were determined by the titrimetric 
method as per specified in standard method (APHA 2005). 

In titration method, the maximum deviation can be observed 
of 1 mg  CaCO3/L in the groundwater samples (APHA 2005). 
The chloride concentrations of the samples were estimated 
using argentometric method with a relative standard devia-
tion of 4.2% and a relative error of 1.7% (APHA 2005). 
Sulfate and nitrate were estimated by spectrophotometric 
method using UV–visible spectrophotometer (Model No: 
UV2300) with the photometric accuracy of ± 0.002 Å. Fluo-
ride was estimated using ion-selective electrode (Orion 4 
Star, Thermo Scientific) by following standard method. To 
restrict the interference of other ions, buffer solution (TISAB 
III, Orion) was added at 1:10 ratio to the samples and stand-
ards as specified by standard method. After addition of 
TISAB III, the fluoride concentrations of the samples were 
immediately measured. The detection limit of the ion-selec-
tive electrode is 0.02 ppm for fluoride measurement. Sodium 
fluoride (AR Grade, Merck) was used to prepare standard 
and stock solutions. Analytical-grade chemicals were used 
for the standard preparation and also to conduct all desired 
experiments. The plasticwares were used to store the stock 

Fig. 3  Symptoms of fluorosis on different age-group people from Simlapal block of Bankura district, West Bengal
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solutions and also to conduct the laboratory experiments. 
Deionized water was used for the experiments.

For mineralogical analysis, the soil sample was borrowed 
from an under-constructed open pit at approx. 1 m depth 
from the Sarabaska region. The sample was collected in 
two different sealed plastic bags to prevent the oxidation 
and reduction and stored immediately at 4 °C temperature. 
Initially, the sample was dried in hot air oven at 110 °C tem-
perature for 24 h; thereafter, soil sample was ground using 
mortar and pestle and finally sieved through 75-µm sieve. 
This powdered sample (less than 75 µm) was used for the 
analysis in XRD (X-ray diffractometry).

To understand the source and distribution of fluoride 
contamination in the study area, the measured data were 
interpreted and plotted using kriging method in Surfer 9 and 
TNT MIPS 2013 as shown in Fig. 2.

Results and discussion

Part 1: Physicochemical analysis of water sample

Based on the analysis, 37% of total groundwater samples 
collected during pre-monsoon season contain fluoride above 
1.5 ppm (permissible limit set by WHO and BIS), whereas 
during post-monsoon season the contamination level is 
reduced to 30% of the total groundwater sample. It may be 
possible that infiltration of rainwater reduced the magni-
tude of the fluoride contamination level in relatively lower 
elevation zone (Raju 2016). The maximum concentration of 
fluoride (12.2 mg/L) was observed during post-monsoon at 
Sarabaska village in Machatora region, which is situated at 
apparently higher elevated area. During post-monsoon sea-
son, the fluoride concentration increased due to infiltration 
of rainwater through fluoride enriched rocks and minerals 
strata which are present apparently just below the ground 
surface, enhanced the dissolution mechanism in reducing 
condition (He et al. 2013). Along with fluoride, other geo-
chemical parameters were estimated and correlated to under-
stand the leaching mechanism and mobilization technique 
in the aquifer. The variation in wider range of descriptive 
statistics of analytical data as listed in Table 1 suggests that 
the aquifers are heterogeneous in nature. 

Figure 4 illustrates the Piper plots of geochemical param-
eters of groundwater samples collected during pre-monsoon 
and post-monsoon seasons. Piper plot shows most of the 
aquifer water is of Ca–HCO3 type. In the post-monsoon sam-
ples, significant heterogeneity can be seen, which may be 
due to infiltration of rainwater and dissolution of minerals 
from host rocks.

Interactions between groundwater and aquifer matrix 
have a significant role on water chemistry, which is also 
useful to understand the origin of groundwater (Olaka et al. Ta
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2016) as well as the source of  F− in groundwater. As the 
study area experiences semiarid climatic condition, evapora-
tion can play a significant role in hydrogeochemical process. 
Hence, Gibbs ratio is used to understand and differentiate the 
influences of rock–water interaction, evaporation and pre-
cipitation, on water chemistry (Gibbs 1970). Average ratio 
of 0.464 and 0.38 for  Na+/(Na+ +  K+), 0.163 and 0.467 
for  Cl−/(Cl− +  HCO3

−), 362 and 372mg/L for TDS during 
Pre-monsoon and post-monsoon respectively, represent the 
sediment–water interaction, primarily controlling the major 
ion chemistry of groundwater irrespective of season (Chae 
et al. 2007). Gibbs plot (Fig. 5a, b) illustrates that the ori-
gin of the major ions present in the groundwater samples is 
mainly rock dominant, indicating that the subsurface layers 
can be considered as the controlling factor of the leaching 
mechanism (Zabala et al. 2016). 

The groundwater samples collected from the study area 
were analyzed for geochemical parameters, and the results 
reveal that the comparatively greater depth (> 150 ft) of 
tube wells is mainly affected by fluoride contamination. 
The groundwater has longer retention period in case of 
deeper aquifers resulting in more dissolution of miner-
als (Beg et al. 2011). The pH value of the samples varies 
between ranges (5.4–10.5). The maximum pH of 10.5 was 
found in Sarabaska where the highest fluoride contamina-
tion was observed. This sample contains higher amount of 
 Cl− (392 mg/L), EC (1086 µs), TDS (760 mg/L) and  Na+ 
(153 mg/L), most negative ORP (− 120) and very less 
amount of  Ca2+ (2.6 mg/L) and  Mg2+ (BDL), indicating that 
the alkaline nature of groundwater accelerates the leaching 
of fluoride from its host rocks in higher reducing environ-
ment (Li et al. 2015; Beg et al. 2011; Saxena and Ahmed 
2001; Handa 1975). The samples with fluoride concentration 
above permissible limit contain higher TDS (760 mg/L) and 
EC (1070 µs) values indicating the enrichment of ground-
water with higher amount of dissolution of minerals. It is 
the evidence of dissolution of fluoride along with minerals 

from host rocks into groundwater (Ambade and Rao 2012; 
Singh 2002).

 The sodium concentration was observed to be lying 
between 7.07 and 103.65 mg/L during pre-monsoon sea-
son and 5.35–153.15 mg/L during post-monsoon showing 
a wide range of variation. The samples with higher fluoride 
concentration were also having higher sodium concentration. 
The positive correlation of the scatter plot (Fig. 6) between 
fluoride and sodium indicates affinity of fluoride toward  Na+ 
ion which helps in dissolution of fluoride from  CaF2 and 
sustain in the aqueous solution (Chandio et al. 2015; Guo 
et al. 2007; Saxena and Ahmed 2001). Saxena and Ahmed 
(2001) suggested the following reactions as shown in Eqs. 1 
and 2 might be taking place during the weathering of rock-
bearing minerals (Saxena and Ahmed 2001). 

In the above reaction, Na–HCO3-rich water enhances the 
dissolution of  CaF2 to release fluoride into groundwater with 
time.

The negative correlation (R2 = − 0.85) between fluo-
ride and calcium  (Ca2+) in Laxmisagar region as shown in 
electronic supplementary material (Fig. A1 and Fig. A2) 
might be due to the formation of precipitate called  CaF2 
causing the fluoride to precipitate out from the groundwater 
(Li et al. 2015; Farooqi et al. 2007; Gupta et al. 2006). The 
concentration of magnesium  (Mg2+) was found to be varying 
from below detectable limit (BDL) to 72.0 mg/L. The mag-
nesium also negatively correlates (as shown in electronic 
supplementary material Fig. A3) with fluoride. A signifi-
cant and positive correlation of fluoride was observed with 
bicarbonate concentration in Kusumkanali (R2 = 0.69) and 
Machatora (R2 = 0.81) regions. Chandio et al. (2015) and 
Handa (1975) suggested that alkalinity favors the dissolution 

(1)CaF
2
+ Na

2
CO

3
→ CaCO

3
+ 2F + 2Na

(2)CaF
2
+ 2NaHCO

3
→ CaCO

3
+ 2Na + 2F + CO

2

Fig. 4  Piper plots of geochemi-
cal parameters of groundwater 
samples collected during a pre-
monsoon and b post-monsoon 
seasons, respectively
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of fluoride into groundwater system from fluoride-bearing 
minerals (Chandio et al. 2015; Handa 1975).

Part 2: Mineralogical analysis of soil sample

The data generated from XRD analysis were plotted using 
OriginPro8, and the peaks were identified (shown in Fig. 7). 
According to JCPDS (Joint Committee on Powder Diffrac-
tion Standards) database, the peaks (26.7125, 45.375 and 
24.8525) match with the peaks of muscovite 2M1  K0.86Al1.94 
 (Al0.965Si2.895O10) ((OH)1.744F0.256). It is the evidence of the 
presence of muscovite in the soil sample.

From the XRD analysis of soil sample, muscovite was 
identified in two soil samples. The presence of muscovite 
may be due to recrystallization or hydrolysis of Al-bearing 
minerals, but apart from such secondary processes musco-
vite can also form directly (Deer et al. 1992). The ground-
water sample of Sarabaska was found to contain higher 
amount of  Na+ (153 mg/L) and pH (10.5), which leads to 
excess  OH− concentration in groundwater. In the presence 
of  Na+, higher amount of  OH− ions having same radius and 
charge often replaces the exchangeable fluoride from its cor-
responding minerals (Rafique et al. 2015; Gupta et al. 2012) 
as shown in Eq. 3.

Fig. 5  Gibbs plot of the groundwater samples collected from the study area during a pre-monsoon season and b post-monsoon season
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Results concluded that  OH− ion attributes to the leach-
ing mechanism of fluoride into groundwater system from 
muscovite.

Conclusion

The groundwater of the study area is observed to be 
Ca–HCO3 type from the Piper diagram. The groundwater 
of northwestern part of the study area is highly contami-
nated with fluoride concentration. Fluoride shares positive 
relationship with bicarbonate and sodium concentrations, 
whereas calcium concentration shares negative relation-
ship. Mineralogical analysis of soil sample of the Sarabaska 
region confirms the presence of fluoride-bearing mineral, 
i.e., muscovite 2M1, from which the fluoride is getting 

(3)
KAl

2

[

AlSi
3
O

10

]

F
2
+ OH

−
→ KAl

2

[

AlSi
3
O

10

]

[OH]
2
+ 2F

−

dissolved in groundwater. Ion exchange between  OH− ion 
and  F− ion present in fluoride-bearing mineral (e.g., musco-
vite) is the most dominant mechanism of fluoride leaching. 
Concentration of bicarbonate and sodium in groundwater 
increases the alkalinity of the water providing a favorable 
condition for fluoride to leach into groundwater from its 
mineralogical composition, whereas calcium concentration 
tries to precipitate out the fluorides present in the groundwa-
ter by forming  CaF2. But high  Na+ and  HCO3

− concentration 
prohibits the precipitation of  CaF2 in aqueous medium, and 
fluoride is also leached out from  CaF2. Fluoride above the 
permissible limit is mostly observed from the tube wells 
with deeper depth where the residence time of the ground-
water is longer. Increased residence time of groundwater 
also increases the weathering or dissolution of host rocks. 
From the Gibbs diagram also it became clear that the ions 
present in the groundwater are due to the rocks present 
beneath the earth surface.
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