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Abstract

Groundwater contamination by fluoride is a typical problem associated with most of the regions in India. Mining of miner-
als can accelerate the dissolution of fluoride resulting in the further contamination of groundwater resources. The present
study was undertaken to determine the concentration of fluoride in groundwater around the Bakhrija sandstone mine located
in Haryana state, India. It was observed that the groundwater in immediate vicinity of the mine had relatively higher level
of dissolved fluoride. The risk associated with consumption of fluoride contaminated groundwater was also observed to be
higher in villages adjacent to the mines. The geochemical investigation suggested that dissolution of carbonate minerals
may have resulted in solubilisation of fluoride in groundwater through the process of ion-exchange. The study concluded
that fluoride level may rise in the other nearby regions if the intensity of mining increases. It may result in further spread
of fluoride to other aquifers located around Bakhrija mine, if suitable environmental management plan is not developed.

Keywords Fluoride - Risk analysis - Groundwater - Sandstone - Mining

1 Introduction

Fluoride in groundwater is one among the major pollutants
that can affect human health adversely. Since fluorine is an
abundantly present element in earth’s crust, it is prevalent as
dissolved fluoride in groundwater around the globe. Whereas
0.7-1.0 mg/1 of fluoride in drinking water is essential to pre-
vent dental cavities and tooth decay, excess of fluoride (> 1.5
mg/l) may result in dental and skeletal fluorosis. Although
the target organ of fluoride is bones, it is also known to
interfere with brain development in children, reduced 1Q
(Xu et al. 2020), hypothyroidism, hyperglycaemia, infertility
(Dey and Giri 2016), and osteosarcoma (Cohn 1992). The
accumulation of fluoride in human body may result due to
exposure through drinking water, fluoride-rich milk (Ullah
et al. 2017), meat, tobacco (Yadav et al. 2007), dentifrice
(Kanduti et al. 2016), and other food materials (Fein and
Cerklewski 2001). There are a number of reports on fluo-
ride exposure and risk analysis through food or drinking
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water, but most of the reports investigate the adverse effects
related to fluoride-rich drinking water. Fluorite (CaF,) and/
or fluorapatite (Cas(PO,);F) present as natural minerals in
soil react with ground water, thereby resulting in contamina-
tion of drinking water, particularly in rural and remote areas
(Haritash et al. 2018).

Most of the sources of groundwater in India have rela-
tively higher concentration of fluoride since geographical
distribution of fluoride-rich mineral is higher in Indian
soil. The states like Andhra Pradesh (Adimalla et al. 2019),
Rajasthan (Arif et al. 2013), Gujarat (Gupta et al. 2005),
and Madhya Pradesh (Avtar et al. 2013) represent exceed-
ance of fluoride level (> 1.0 mg/l), but the other states like
Jharkhand (Pandey et al. 2012), Bihar (Kumar et al. 2018),
Uttar Pradesh (Ali et al. 2017), and Haryana (Haritash et.
al 2008) also represent dispersed pockets of fluoride-rich
groundwater. Studies have revealed that almost 80 percent
of total fluoride accumulated in human body (mg/kg/day)
is through drinking water. Therefore, assessment of health
risk associated with fluoride-rich ground water is pertinent.
Out of the total fluoride ingested, about 60% is absorbed;
while the absorption on empty stomach is about 100%
(WHO 2004). The rate of dissolution of fluoride from soil
increases if the conditions are acidic or time of soil-water
interaction is more. Such conditions are found due to the
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release of acid-mine drainage and are seldom observed in
mining areas. Sometimes, the collection of surface runoff
in mine pits results in enhanced soil water interaction and
higher percolation as well. Different mining operations
(drilling and blasting) may result in formation of vertical
cracks in subsurface impervious rock stratum resulting in
an easy introduction of contaminants into the ground water
(Armiento et al. 2016). Sandstone mining involves the use of
heavy mechanical drills and explosives to fracture/fragment
the rocks. Since fluoride is associated with such geological
material, its interaction with outside environment increases
upon excavation. It has been reported that the groundwater
around sand stone mining remains contaminated by nitrate
(NO;™), fluoride (F7), or pathogens (Kumar et al. 2017).
Therefore, the present study was undertaken to determine
fluoride level in groundwater around sandstone quarries
located in Mahendragarh district of Haryana state, India.
Further, the exposure assessment and risk were calculated as
per the methodology suggested by USEPA (1993).

Bakhrija Mine

Legend
. ® Sampling location

2 Materials and methods

The present study was undertaken in Mahendragarh district,
Haryana, India. The district has area of 1939 Km? with total
population of 922,088 (Census of India 2011). Climate of
Mahendragarh district is hot in summers and cold in win-
ters with unevenly distributed rainfall of 500 mm during
monsoon. Mahendragarh district has nine major mining
sites and Bakhrija stone mine is the largest with an area of
about 66 km”. The location of Bakhrija mines is between
27°55'1" and 27°54'6" North latitude and 76°03'28.34" to
76°03"27.56" East longitude and it is famous for quarrying
of calcite, limestone, and mica as chief minerals. Bakhrija
stone mines are surrounded by Bakhrija, Dholera, Meghot
Binja, Nujota, Meghot Halla and Khojpur Naglia villages
(Fig. 1). In the present study, a total number of fifteen (15)
groundwater samples were collected from bore wells located
around the mining area. Samples were collected in pre-
rinsed fresh Polypropylene bottles of 1.0 L capacity each.
The samples were stored at low temperature in an ice box,
and transported to the laboratory within 6 h for their chemi-
cal analysis. The samples were characterized for different
parameters, in triplicates, following the standard methods
as prescribed by APHA (2012). The fluoride concentration

76.09

Fig. 1 Location of Bakhrija Sandstone mine and borewells for collection of groundwater samples
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was determined using an ion-specific electrode (ISE—Orion
Scientific, USA). Later, the exposure assessment and risk
analysis were performed using the methodology as given
by USEPA (Eq. 1). The suitability of sampled ground water
sources was also evaluated comparing the observed val-
ues against standard prescribed values of Bureau of Indian
Standards (BIS 2012) and WHO (2004).

2.1 Fluoride and human health

To estimate the risk and content of adverse effects of fluoride
on human health, the procedure is divided into four phases
(Selinus et al. 2016). These four phases are (i) Identifica-
tion of hazard, (ii) Value selection on toxicity reference,
(iii) Assessment of exposure and (iv) Characterisation of
risk. Although there are alternate ways of exposure to fluo-
ride i.e. drinking water, intake of other beverages and food,
toothpaste, tea, pan masala and tobacco, etc. (Yadav et al.
2007), but drinking water is the prominent source of fluo-
ride. For the study area, the health risk associated with the
daily intake of fluoride-rich water was estimated using the
following formula

Chronic daily intake (CDI) = [Cw * IR * EF x ED]/BW * AT
ey
where CDI is chronic daily intake of fluoride through
drinking water (mg/Kg/day), C,, is the fluoride concentra-
tion in drinking water (mg/1), IR is ingestion rate of drinking
water (3 L/day), EF is frequency exposure (365 day/year)
and ED is exposure period (70 years), BW is average weight
of the body (60 kg) and AT is average time of exposure
(365 x 70 Days).
The non-carcinogenic risk to human health from fluoride
toxicity is determined with the use of formula for hazard
quotient (HQ).

HQ Fluoride = CDI/RfD 2)

RfD indicates the reference fluoride dosage in the formula
above in mg/kg/day. RfD is used to determine fluoride’s risk
to health during a defined pathway of exposure. According
to USEPA’s Integrated Risk Information System (IRIS), RfD
for drinking water is 0.05 mg/kg/day. The HQ value less than
one is considered safe, while the HQ more than unitary value
has potential possibility of non-carcinogenic health effects
that can arise due to the consumption of water contaminated
with fluoride.

3 Results and discussion

Based on the physico-chemical characterisation, it is noticed
that the groundwater contains most of the cations and ani-
ons at or above measurable concentration (Table 1). All the
samples of groundwater were observed to be slightly alka-
line with respect to pH. Since natural minerals with basic
nature (calcium, magnesium, carbonate and bicarbonate)
dominantly get dissolved, the pH of ground water is gener-
ally alkaline. Based on TDS, most of the samples (93%)
were found to be exceeding the prescribed limit of 500 mg/1;
while based on total hardness, all the collected samples were
classified as hard. Similar to this, all the collected samples
exceeded the prescribed limit for calcium and magnesium,
thus, confirming the hard nature of the groundwater. Unlike
calcium and magnesium, chloride and sulphate exceeded the
specified limit in 33% of samples collected, indicating that
the hardness was dominantly contributed by carbonate and
bicarbonate salts of the cations. Nitrate was within the per-
missible limit (<45 mg/l) in all the ground water samples
indicating that anthropogenic addition through fertilizer or
waste water disposal is not resulting in ground water con-
tamination in the study area. Fluoride is another important

Table 1 Physico-Chemical characteristics, suitability for drinking, and potential effects of fluoride in groundwater in the study area

Parameters Minimum Maximum Mean+SD Desirable limit Exceedance (%) Potential effect

pH 7.1 8.6 7.6+0.36 6.5-8.5 - Taste, corrosion

TDS (mg/l)* 366 2610 1083 +541 500 93%* Gastrointestinal irritation
TH (mg/l) 300 3020 886+ 688 300 100 Kidney stones

NO;™ (mg/l) 6 18 11+5 45 0 Methaemoglobin-aemia
SO42’ (mg/l) 33 597 129+ 140 150 33 Laxative effect

CI™ (mg/l) 39 900 231+229 250 33 Anaesthetic effect, Salty taste
K* (mg/)* 3 22 8+5 - - Bitter taste

F~ (mg/l) 0.5 11 2.5+2.7 1.0 66 Dental and Skeletal fluorosis
Ca?* (mg/l) 80 344 11755 75 100 Scale formation

Mg>* (mg/l) 196 2676 769 +648 30 100 Nausea and vomiting

Na* (mg/1)* 159 681 326+ 150 30-60 100* Hypertensive effects

*As per WHO (2004); TH Total hardness as CaCOs; TDS Total dissolved solids
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anion which may induce potential health effects over the
exposed population. It was observed to be exceeding the
level of 1.0 mg/l in 66% of the collected samples of ground
water. Relatively higher values of fluoride at some locations
are a cause of concern considering its toxicity and its health
effect.

3.1 Fluoride exposure and health implication

Health risk assessment is important for determining the
extent and possibility of health consequences over the
people living in the region since they are is vulnerable to
life-threatening contaminants in drinking water. The oral
ingestion of excess fluoride through drinking water plays a
crucial role and can pose a non-carcinogenic health risk to

the population. Accordingly, the non-carcinogenic risk of
fluoride to human health is estimated in terms of daily intake
or hazard quotient (Table 2). Hazard quotient of the fluoride
for the collected samples lies between 0.4 and 8.8 and the
mean F~ concentration of the all collected samples is 2 mg/1
which is higher than the permissible limit of BIS (2012).
Fluoride concentration more than 1.5 mg/l has been found
in groundwater of Bakhrija village (Fig. 2) with maximum
concentration of 11 mg/l and significantly high value of HQ.
Bakhrija is the nearest village from the mining area. Other
villages viz. Dholera, Meghot Binja, and Meghot Halla
represented groundwater fluoride concentration between
2.5 and 4.0 mg/l; and maximum concentration of 5.0 mg/1
(Meghot Binja). Hazard quotient was in between 0.8 and 4.0
for these villages. Nujota and Khojpur Nagalia represented

Table 2 Prevalence of fluoride and associated health risk in groundwater of different villages around Bhakrija mine, Mahendragarh

S. No Village pH TDS Risk assessment
F (mg/L) CDI (Water) HQ Inference
1 Bakhrija 8.6 340 11 0.44 8.8 Severe dental and skeletal fluorosis
2 7.4 440 3 0.12 24
3 Dholera 7.7 720 2 0.08 1.6 Dental and skeletal Fluorosis on prolonged exposure
4 7.9 300 5 0.2 4
5 7.8 760 2 0.08 1.6
6 7.6 840 2 0.08 1.6
7 Meghot Binja 7.6 920 2 0.08 1.6 Dental and skeletal fluorosis on prolonged exposure
8 7.3 1020 2 0.08 1.6
9 8.0 320 5 0.2 4
10 Nujota 74 660 0.5 0.02 0.4 No Effect
11 7.5 1280 0.5 0.02 0.4
12 7.0 1740 0.5 0.02 0.4
13 Meghot Halla 7.1 640 1 0.04 0.8 No Effect
14 7.6 880 3 0.12 2.4 Dental and skeletal fluorosis
15 Khojpur Naglia 7.6 3020 0.5 0.02 0.4 No Effect

CDI Chronic daily intake; HQ Hazard quotient

Fig.2 Spatial variation of 12 -
fluoride in groundwater around 11 A -
Bakhrija mine, Mahendragarh 10 -

———————— Permissible standard
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groundwater fluoride concentration within the permissible
range. Human population living in the villages where the
concentration of fluoride is recorded above the permissible
limit is more likely to be exposed to potential health risks.

Fluorosis is a chronic disease involving the human popu-
lation and is exacerbated through the intake of a higher con-
centration of fluoride through food and drink (Nuccio 2016).
Children are more susceptible to higher fluoride as compared
to adults. Lower body weight than adults could be the cause
of higher risk from the exposure of fluoride (Kumar et al.
2016). Intake of fluoride (0.5-1.0 mg/l) is very important
in early phase of life as it can stop dental caries, but higher
level (> 1.5 mg/l) can lead to dental and skeletal fluorosis.
Fluoride consumption for the first three years of life is the
most important in fluorosis aetiology (Levy et al. 2002).

The groundwater of the study area was classified into
three classes viz. 0—1 mg/l as safe; 1-4 mg/I causing dental
fluorosis; and more than 5 mg/l causing skeletal fluorosis.
About 33% samples fall in Class-I and can be considered
safe for drinking; while 46% and 20% of groundwater sam-
ples come under Class II and Class III, respectively, and can
cause dental and skeletal fluorosis (Fig. 3).

Chronic intake of excessive F~ (i.e. 1.5-4.0 mg/l) can lead
to fluorosis of the enamel and bone, and in severe cases (i.e.
4-10 mg/l), skeletal fluorosis associated with joint weakness,
ligament calcification, and some osteosclerosis of the pelvis
and vertebrae may be observed (Liang et al. 2017; Narsimha
and Sudarshan 2016; Podgamy and McLaren 2015). This
occurs mostly because F~ is highly electronegative and has
a comparable ionic radius (133 pm) to that of hydroxyl ion
(140 pm), which contributes to hydrogen fluoride formation
(Kumar et al. 2016). Fluoride in the human body, in fact,
easily diffuses through the intestines, dissolves in the blood
and accumulates in calcified tissues (Dey and Giri 2016).
Health-related problems in and around the areas are primar-
ily non-carcinogenic in nature, especially in the areas exam-
ined, where fluoride in drinking water does not reach 10
mg/l. However, higher doses (> 10 mg/l) can be correlated

Fig.3 Classification of ground- 100 -
water sample with respect
to risk of fluorosis in village o
around Bakhrija mine, Mahen- Q 75 4
dragarh %
(%]
—
Y 50 4
©
2
G
o] 25 -
X
O .

<1 mg/l

with debilitating fluorosis and carcinogenic risk (Ali et al.
2019). Confined studies on this aspect indicate that fluoride
may allow cells to develop faster enough that will become
cancerous over time, but it is controversial since there is no
reliable correlation between fluoride and the influence of
carcinogenicity (Bajpai 2013).

3.2 Genesis of groundwater and contamination

Based on the concentration (in meq/l) of selective dominant
anions (CI™ and SO42_) and a cation (Na™), the prevailing
dominant soil water interactions in the study area were iden-
tified based on the base-exchange indices. The classification
of groundwater was done using the following equation (all
units are in meq/1).

Base Exchange (base exch)

= Na®— CI”/ SO} meq/1 (Matthess 1982) )

As stated above (Eq. 3), the base-exchange values
more than unitary (> 1) suggest that groundwater is
NaHCO;™ type; on the opposite, base exchange less than
unitary (< 1), the groundwater represents Na*-SO,>~ type.
The base exchange index plot shows that most of the sam-
ples (87%) belong to the Na*-SO,>~ type, while only 13%
belongs to the Na*-HCO;~ type in the study area. It is well
known that the Na*-SO,*~ form of water accelerates the
carbonate mineral deposition of calcite, and is linked with
the release of fluoride from minerals in gneissic basement
rocks and granite accumulation due to the dissolution of
silicates and, therefore, a rise in the concentration of fluoride
in groundwater. NaF(s) dissolves to release Na™ (aq), a con-
jugate base of strong acid fluoride that does not react with
water. When the salt, NaF, is dissolved in water, the F-ion is
formed (Chitrakshi and Haritash 2018; Mamatha and Rao
2010). The ion-exchange reactions followed by the mineral

I

2 - 4mg/l >5mg/I

F- Concentration (mg/l)
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reaction are key factors in the study area that are responsible
for a high level of fluoride.

Na,SO, + CaF, — 2NaF + CaSO, 4)

Carbonate-rich rocks, such as limestone and dolomite,
are major starting materials for carbonate weathering. The
carbonates present in these rocks are dissolved in ground-
water during water infiltration. Calcium (Ca®*), magnesium
(Mg*"), their molar ratio (Ca/Mg), and hydrogen carbon-
ate (HCO; —) are the major chemical parameters describ-
ing the groundwater carbonate equilibrium. Generally, the
molar ratio in groundwater between calcium and magnesium
depends on the lithological composition of groundwater

@ Springer

(HCO.+ SO,27) in megq/L.

recharge areas, i.e., if Ca/Mg molar ratio is equal to 1, it
poses presence of dolomite while the higher molar ratio
suggests dissolution of calcite minerals. The bivariant plot
(Fig. 4) of Mg?*/Na* verses Ca’*/Na* clearly shows that
carbonate dissolution is the dominant process which con-
tributes to the chemical quality of the groundwater in the
study area. Once again, the cross plot of verses (Ca** + Mg?
) (HCO; ~ +S0, ) (Fig. 4b) is observed and implies that
most of the samples with more than one fluoride concentra-
tion are found above equiline, which further suggests the
carbonate dissolution, weathering and the movement of ions
in the region are responsible for higher F~ and HCO;™ con-
centrations in the groundwater. It is well known that an
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increase in pH (i.e., alkaline condition), sodium, and bicar-
bonate ion concentrations eventually raises the concentration
of fluoride in groundwater as a result of the above reactions
and mechanisms. In general, the longer interaction of rock
water implies the weathering of fluoride-bearing minerals
under alkaline conditions resulting in higher concentrations
of fluoride in groundwater (Raj and Shaji 2017; Adimalla
and Venkatayogi 2017; Cremisini and Armiento 2016).

4 Conclusion

The study indicates that groundwater adjacent to the min-
ing area in Mahendragarh is rich in fluoride especially in
the villages located in southeast direction. The exposure
assessment study reveals high exposure in these regions
resulting in the high risk of non-carcinogenic effects due to
fluoride. The geochemical analysis reveals presence of sili-
cate weathering in areas with higher fluoride level indicating
that natural processes are resulting in dissolution of fluoride
in groundwater and ion exchange is dominantly responsible.
Further, it is important to mention that contamination of
groundwater by fluoride may increase with time and with
more intense rate of quarrying. It is recommended for regu-
lar monitoring of groundwater in the villages around min-
ing area so that any possibility of fluoride contamination is
timely noticed and checked.
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