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Abstract The systematic and comprehensive geochemical
analysis of dissolved fluoride (F™) in thirty-nine groundwater
samples were carried out to understand the spatial and temporal
variability, areas of potential risk, and mechanism of fluoride
precipitation/solubility in Central India. The dissolved ions
showed weathering of carbonate minerals in the study area.
Fluoride concentrations were beyond the permissible limit
(>1.5 mg/l) in the pre-monsoon and monsoon seasons. The
fluoride concentrations showed following spatial variations:
urban area > village in agricultural area > village in forest area.
The human population living in village, urban, and forest areas
reported skin, mouth, and stomach problems due to high fluoride
in the groundwater. Rainfall shifted the unsaturated to saturated
values of Sl and Sl in the monsoon season. Strong indicators of
alkaline condition were effective-CO, pressure (logPco,) and
HCO; /Ca™ ratio. The dissolved fluoride showed positive
relationship with pH, TDS, and HCO; /Ca™ explaining the
global variability observed in ground water fluoride.

Keywords Fluorosis - logPco, - Archean - Saturation
index - Seasonal variation

Introduction

Fluoride is a common natural contaminant in groundwater
supplies in both industrialized and developing countries.
Globally, researchers have reported fluorosis due to intake of
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fluoride-rich water (Kim and Jeong 2005; Chae et al. 2007,
Naseem et al. 2010). The problem of excessive fluoride in
ground water in India was first reported in 1937 in the state of
Andhra Pradesh (Short et al. 1937). At present, fluorosis is
endemic in at least 20 states, affecting more than 65 million
people, including 6 million children in Indian subcontinent
(Godfrey et al. 2006; Ayoob and Gupta 2006; Khaiwal and
Garg 2007). The Bureau of Indian Standards (BIS) and
Indian Council of Medical Research (ICMR) prescribed
fluoride concentration of 1.0 mg/1 as the desirable limit, and
1.5 mg/1 as the maximum permissible limit (WHO 2004) in
drinking water, if there is no alternate source (Susheela
1999). According to census 2001, 48 % of the households in
the state of Madhya Pradesh, Central India have hand pumps
in which fluoride concentrations exceed 1.5 mg/l (CGWB
2010) and villagers who consumed such non-potable
groundwaters suffered from yellow, cracked teeth, joint
pains, crippled limbs and also aged rapidly.

Globally, many studies reported that the geological forma-
tions determine the water—rock interaction, responsible for the
spatial variation in the groundwater fluoride (Handa 1975;
Nordstrom and Jenne 1977; Edmunds et al. 1984; Robertson
1986; Hitchon 1995) and are commonly associated with rural
areas, arid and semi-arid climate, granites, and gneisses, and
advanced stage of groundwater development in the Indian
subcontinent (Rao 2009). Chae et al. (2007) found following
order of median fluoride concentration with respect to geology:
metamorphic rocks > granitoides > complex rocks > vol-
canic rocks > sedimentary rocks. According to Pertti and
Backman (1995) granite contains 0.05-0.14 % of fluorine,
which is much higher than other types of rock (0.01-0.05 %).
Igneous rocks (such as granites, gneisses, and basalts) and
sedimentary rocks (such as shales, limestone, and sandstone)
contain fluoride in the range of 300-1200 and 50-800 ppm,
respectively (Kabata-Pendias and Pendias 2001). The major
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source of fluoride entering the hydrological system can be
traced to volcanic activity associated with rift formation and
chemical weathering of volcanic rocks (Gaciri and Davies
1993).

The groundwater percolation through the weathered rocks
under arid to semi-arid conditions with relatively high
alkalinity in the aquifer dissolves fluoride-bearing minerals
(e.g., fluorspar, flourapatite, cryolite, and hydroxyl apatite)
and releases fluoride into solution (Falvey 1999; Carrillo-
Rivera et al. 2002; Farooqi et al. 2007). With respect to
ground water chemistry, many studies reported high fluoride
concentrations in Na—-HCOs-type groundwater and lowest in
Ca—HCOs-type ground water (Lee et al. 1997; Abu Rukah
and Alsokhny 2004; Chae et al. 2007; Chidambaram et al.
2013). However, these studies lack information about the
mechanism of seasonal variation in groundwater fluoride
(Patel et al. 2014). In this scenario, the present work was
carried out to understand the spatial and temporal variability,
areas of potential risk, and mechanism of fluoride precipi-
tation/solubility around Sidhi District, Central India.

Materials and Methods
Study Area

The Sidhi District is situated on the North-eastern boundary of
the Madhya Pradesh State, India which lies over a transitional
area between the Indo-Gangetic plain in the north and the
Deccan plateau in the south. It is situated between 22°47.5'
and 24°42.10' North latitude and 81°18.40" and 82°48.30/ East
latitude (Fig. 1). The land is largely undulating terrain, which

81 °39'0"E 81°4I5‘0“E 82°1I5'D"E

often has steep gradients not ideal for cultivation; the valleys
along the major rivers like the Son and the Gopad have fertile
soils.

The total population of the area is 11, 26,515 spread with
a density of 110/km? (Census 2011). The total land covered
in the Sidhi district is 10,536 km? in which the forest area
covers 40 %. The portion of the land used for agricultural
purpose is 47 % but only 17 % of the land used for agri-
cultural purpose has assured supply of irrigation and the rest
of the agricultural land is dependent on rain fed irrigation
and produces only one crop a year. The climate of the area is
tropical monsoon type and the average annual rainfall varies
from 1000 to 1200 mm, peaks in the months of July and
August. The crops grown are rice, maize, barley, pigeon pea,
and jute in Kharif season (monsoon). The natural vegetation
comprises tropical dry deciduous forests.

Geology

The physiography is characterized by low hill, extensive
plateaus, and river valleys such as Son river valley which is
a depository of the Gondwana rocks. Topographically the
district can be divided into three zones, Vindhyan hills or
Kaimour range, Gondwana zone and Archean zone. Clay
minerals like kaolinite, halloysite, diaspore, gibbsite, nacrite,
dicktite, etc., were derived by the localized weathering of
arkosic metasediments (Mehrotra et al. 1979). Sidhi area
exposes the oldest rock units of tonalite trondjhemite series
formed during proto-continental stage (3.7-2.9 Ga) repre-
senting the ancient crust (Roy and Bandyopadhyay 1990).
The sand gravel, bauxite, china clay, fireclay, limestone,
gold, and graphite are important minor minerals extracted in
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Fig. 1 Landuse map showing sampling locations in Sidhi district
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the district. Sporadic and some concentrated occurrence of
granite veins were reported from the district. Similarly some
low-grade copper and coal deposits were also recorded in
various parts of Sidhi district.

Son catchment has a large amount of river-deposited
sediments. The Son catchment slopes from North south and
is interrupted locally by sandy regions and basins. A signif-
icant aspect of the catchment reflects various depositional
surfaces having a succession of overlaying sediments. Highly
productive and extensive, unconfined and semi-confined
aquifers have formed due to presence of favorable factors
such as highly fertile Neoarchaean to Palaeoproterozoic
basement-cum-provenance, episodic mafic and acid mag-
matism and basement reactivation generated channels-ways
for hydrothermal activity at suitable locales viz fracture/shear
zones in the Sidhi district (Banerjee et al. 2010). Water level
fluctuates with seasonal recharge and discharge and varied
from 12.2 to 48.8 m below ground level, showed varying
degree of hydraulic conductivity.

Field Sampling and Laboratory Analysis

To understand the spatial and temporal variation in fluoride
enrichment, 39 groundwater samples were collected from
hand pumps in such a way that they represent entire geological
formations and land use patterns at varying topography of the
Sidhi District in the pre-monsoon season (June, 2013) and
monsoon season (August, 2013). Among 39 groundwater
samples, 18 locations lie in the Vindhyan region, seven in the
Dharwar region, seven in Archean range, four in Permean, and
three in Jurassic. The information about the age of hand pumps
were collected from local people and the range varied from
less than 1-20 years, with an average of 7 years. Similarly, the
depth information was collected from users (local people) and
it varied from 12.2 to 48.8 m with an average of 25.9 m in the
pre-monsoon season.

The groundwater samples were collected in clean
polypropylene bottles without any air bubbles. Samples from
each location were collected for anion and cation analysis.
Groundwater samples were filtered by 0.45 m Millipore filter
paper and acidified with 2 N HNO; (Ultra pure Merck) for
cation analysis and HBO; acid was used as a preservative for
nitrate analysis. In situ measurements for temperature, pH,
EC, TDS, Salinity, and ORP were carried out in the field
using multi-parameter analysis kit PCSTestr35. The bottles
were properly labeled and brought to laboratory for deter-
mining the physico-chemical analysis.

Major cation analysis (Na™, K*, Ca™, and Mg"?) was
carried out by EEL Flame Photometer (APHA 1995). The
concentration of HCO;~ was measured by acid titration, C1™~
by AgNO; titration, SO; 2 by Ba(ClO,), titration, NO; ™~ by
the UV spectrophotometer screening method; the dissolved
silica was determined by the molybdosilicate method, PO;>

by the ascorbic acid method, and fluoride (F~) by SPANDS
method (APHA 1995). To maintain the purity and quality of
the procedure, a known standard was used after every five
samples. High purity reagents (Merck) and milli-Q water
(Model Milli-Q, Biocel) were used for all the analyses.
Analyses were carried out in duplicates to quantify the error.
An overall precision was obtained below 5 % for the entire
samples. Analytical precision for the measurement of ions was
determined by calculating the Normalized Inorganic Charge
Balance (NICB), which is defined as [Tz+—Tz—/Tz++Tz—]
and represents the fractional difference between the total
cations and total anions ((Edmond et al. 1995; Huh et al.
1998). The saturation index of calcite and fluorite was derived
using PHREEQC version 2. The partial pressure of the CO, at
25 °C was calculated from pH and HCO;™ content of the
groundwater using equation logPco, = 7.9 4 log aH,.
CO; — pH (Panigrahy and Raymahashay 2005). Saturation
of calcite and fluorite was computed with the help of the
standard formulas (Hem 1970; Parkhurst and Appelo 1999):

CaCos) + HT = Ca*™™ + HCO; CaFy = Ca™" +2F

Kea. = acy++ % Ccho;/aH+ =0.97 x 10?

Kﬂuor. = dcy+ X 2(aF7)2: 10710460

[Pt}

where the prefix “a
moles/l.

To evaluate the potential relationship between the var-
ious physicochemical parameters, the factor analysis for
groundwater samples was carried out by using “Statistical

represents the activity of the ion in

Table 1 Summary of physico-chemical parameters of groundwater
in Sidhi district

Parameters Pre-monsoon Monsoon
Range Average  Range Average

pH 6.2-7.8 7.1 7.1-8.5 7.9
EC (uS/cm) 52-1244  517.8 60.8-1351.5 5783
ORP (mV) 67-182 147.5 105-184 138.3
TDS (mg/l) 175408 296.8 229-796 545.2
Ca** (mg/1) 9.8-87.8 42.5 16.8-470 171.2
Mg>" (mg/l) 4.9-67.1 27.1 6.8-99 435
Na™ (mg/l) 7.7-27.6 16.8 8.5-71 18.8
K* (mg/l) 1.2-8.8 4.0 0.1-22 3.1
HCO;™ (mg/l) 38-396 253.6 96-2000 687.4
CI™ (mg/l) 1.3-90 19.1 8.3-81.8 25.2
S0,%~ (mg/1) 10.6-55.6 18.7 10-55.8 18.5
NO;3;™ (mg/l) 0-7.8 14 0-16.2 33
F~ (mg/) 14-2.8 2.1 2.1-3.5 2.8
SiO, (mg/l) 13.8-62.1 40.2 9.9-75.1 40.4
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monsoon (f)

Package for Social Sciences (SPSS), version-16.0.” The  The map of spatial distribution pattern of dissolved fluoride
“Principal component analysis” and “Varimax Rotation” was produced by using the Arcview (9.3) software for
were used for extracting and deriving factors, respectively. ordinary kriging interpolation.
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Table 2 Fluoride

Remarks Geology

F~ (mg/l, pre-monsoon)

F~ (mg/l, monsoon)

concentrations in groundwater S. no. Location
location:q around urban area 1 Dainiha
(UA), village area (VA) and .
forest area (FA) in Sidhi district 2 Jogipur
3 Dewdaha
4 Kuchwahi
5 Belha
6 Kunwari
7 Unmukt
8 Bahari
9 Dewgaon
10 Kukuraon
11 Chamrauha
12 Amiliya
13 Dihuli
14 Bahera gaon
15 Kiraunha
16 Badiganwa
17 Ticketkala
18 Sudamakuti
19 Bhitri
20 Kandhwar
21 Tehsil office
22 Chobhara
23 Posta
24 Tendua
25 Patehra khurd
26 Barambaba
27 Lohjhar
28 Tikri
29 Bhadaura
30 Tamsar
31 Dhupkhad
32 Amgaon
33 Dudhmania
34 Bastua
35 Matkhania
36 Thonga
37 Majhauli
38 Budhiya
39 Bhainsraha
Range

UA
VA
VA
UA
VA
VA
FA
UA
VA
FA
UA
UA
VA
VA
VA
VA
VA
UA
UA
FA
FA
FA
FA
FA
FA
VA
FA
FA
VA
UA
VA
FA
FA
FA
FA
FA
UA
VA
UA
UA
VA
FA

Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Vindhyan
Dharwar
Dharwar
Dharwar
Dharwar
Dharwar
Dharwar
Archean
Archean
Archean
Archean
Permean
Permean
Permean
Permean
Jurassic
Jurassic
Jurassic
Archean
Archean
Archean

Dharwar

2.3
1.8
2.1
22
1.7
2.1
22
1.6
1.8
2.0
2.5
2.1
2.4
1.6
22
2.4
1.4
22
2.8
2.1
2.3
22
22
2.4
2.1
24
22
2.1
1.9
1.5
22
2.0
2.5
2.3
1.5
2.4
2.5
2.1
22
1.5-2.8
1.7-2.4
1.5-2.5

2.5
2.4
2.5
29
2.5
2.8
2.6
2.7
3.1
2.7
2.8
2.6
2.8
3.1
2.7
2.4
2.1
2.8
2.6
2.7
29
2.8
2.7
3.1
3.0
35
33
3.1
2.7
2.7
3.1
3.0
2.4
2.5
2.6
29
3.5
32
33
24-35
2.1-35
2.6-33

UA urban area, VA village area, FA forest area

Results

The values of physico-chemical parameters of pre-mon-
soon and monsoon season are given in Table 1. The pH of
groundwater was alkaline in the monsoon season (7.1-8.5)

while acidic to alkaline variation in pH (6.2-7.8) of
groundwater in the pre-monsoon season. Electrical con-
ductivity ranged from 52 to 1244 and 60.8 to 1352 pS/cm
in the pre-monsoon and monsoon season, respectively. The
fluoride concentrations are higher than the maximum
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Fig. 3 Spatial variability in fluoride concentrations in the pre-monsoon (a) and monsoon (b)

tolerance limit (1.5 mg/l) recommended by World Health
Organization (WHO 2004). It varied from 1.4 to 2.8 and
2.1 to 3.5 mg/l in the pre-monsoon and monsoon, respec-
tively. The ionic balances were generally within + 5 %.
Dominating cations were of the order: Ca™ > Mg"? >
Na® > K" in both the seasons. The dominating anions
were of the order: HCO;™ > SOZ2 >ClI” >F > NO;~
and HCO;~ > SOf?>Cl~ >NO;~ >F in the pre-
monsoon and monsoon seasons, respectively. The K™
showed high concentrations in the pre-monsoon season
(1.8-8.8 mg/l). The NOj3 concentrations varied from 0 to
16.2 mg/l in the monsoon season. The SiO, showed sig-
nificant spatial and seasonal variations and varied from
13.8 to 62.1 mg/l in the pre-monsoon season and
13.1-71.6 mg/l in the monsoon season.

Discussion
Seasonal and Spatial Variation in Geochemistry

The groundwater samples showed an increment in all the
ion concentrations in the monsoon season indicating rain-
water infiltration through soil profile and bed-rock leading
to desorption of ions. The positive linear relationship for
(Ca*t? 4+ Mg™) versus Tz" in both the seasons showed
weathering of carbonate minerals as the major sources of
Ca™ + Mg+2 (70-80 %) in the total cationic concentra-
tions (Fig. 2a, b). The linear relationship for HCO3™ versus
Ca™ 4+ Mg™ (Fig. 2c, d), revealed that the dissolution of
carbonate minerals involve concomitant production of
bicarbonate ions from dissolved carbon dioxide and release
of cations from rock minerals (Raiswell and Thomos
1984). These relationships involve following reactions:

@ Springer

CaCOj; + CO, + H,0 = Ca'™ 4+ 2HCO; Calcite

CaMg(CO3),+2H,CO;5 = Ca™ + Mg** + 4HCO;
Dolomite

The above weathering reactions are supported by the
Piper diagram (Fig. 2e, f); a trilinear representation of the
ions found in the water and is used to classify water types
or chemical facies. These water types show hydrochemical
diversity among the ground water samples. The dominant
facies are Ca-Mg—-HCO;3; and Ca—HCOj; indicating occur-
rence of temporary hardness as well as signifying the
weathering of carbonate minerals in the groundwater strata.

Mechanism of Fluoride Enrichment

Qualitative assessment of groundwaters in Sidhi district
reveals that the urban and village areas are experiencing
greater seasonal fluctuations in groundwater levels com-
pared to forest areas (Table 2). The fluoride concentrations
showed following spatial variations: urban area > village
in agricultural area > Village in forest area. In urban areas,
dissolved fluoride varied from 1.5 to 2.8 and 2.4 to 3.5 mg/
1 in the pre-monsoon and monsoon, respectively; in village
areas, the range of dissolved fluoride varied from 1.7 to 2.4
and 2.1 to 3.5 mg/l in the pre-monsoon and monsoon,
respectively. However, in forest areas, the dissolved fluo-
ride showed variation from 1.5 to 2.5 and 2.6 to 3.3 mg/l in
the pre-monsoon and monsoon, respectively.

In monsoon, the dissolved fluoride significantly
increased (>3.0 mg/l) in the groundwater locations around
Dharwar and Archean regions, and few locations in
Vindhyan and Permean regions (Fig. 3a, b). Geologically,
the groundwater fluoride in the Archean and Dharwar
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Fig. 4 Linear relationship between pH and F~ (a, b) as well as TDS and F~ (¢, d) in the pre-monsoon and monsoon

regions are greater than Vindhyan region. Karunakaran
(1974) reported sporadic and some concentrated occur-
rence of granite veins in the study area. Banerjee et al.
2010 studied the Sidhi crystalline comprise gneisses and
ferruginous breccias and mylonitized hybrid rocks, pro-
fusely traversed by younger intrusives such as granites
and quartzofeldspathic veins in north Sidhi (Vindhyan);
syenites, granites, and quartz veins around eastern and
central Sidhi (Dharwar and Archean) and basic dykes in
south Sidhi (Permian). These geological signatures are
signifying multiple reactivation episodes in terms of
sedimentation, tectonic, and magmatic activities. These
factors provided thermal gradient and facilitated
hydrothermal solution movements for the remobilization
of fluoride from the mineralized zones that leach into the
groundwaters and contribute to perennial high fluoride
concentrations.

The significant statistical relationship between pH and
fluoride reveals that the alkaline conditions favor dissolution
of F" bearing minerals (Fig. 4a, b). A strong correlation was
observed between TDS and F~ in the pre-monsoon and
monsoon seasons (Fig. 4c, d), which explains that both were
derived from the weathering. Rao and Devadas (2003)
reported a high rate of evapotranspiration during the pre-
monsoon temporarily precipitates the salts, including F~-
rich salts in the top layers of the soil. The infiltrating water
can leach these soils in the subsequent monsoon resulting in
greater TDS, F~, and pH (Rao et al. 1993).

The effective-CO, pressure (logPco,) is greater than
atmospheric value of —3.5 (Table 3). This is a global trend
indicating that naturally, water bodies are commonly out of
equilibrium with the atmosphere. This is due to long
standing water bodies having a fraction of CO, ground-
water and the rate of re-equilibration with the atmosphere
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Table 3 Summary of saturation index, dissociation constant, and effective CO, pressure

Pre-monsoon Monsoon

S.no. Slc SIg Kea (109 Kguor LogPco, Slc SIp Kea (102 Kpuor LogPco,
1 0.36 —0.19 0.20 1071044 —1.90 1.12 —0.16 1.00 1071031 —2.05
2 —0.73 —0.57 0.15 1071082 —1.40 1.13 —0.17 0.54 1071031 -1.96
3 0.07 —0.36 0.84 107105 —1.63 1.49 —0.10 1.47 1071017 —1.83
4 0.07 —0.31 0.95 1071056 —1.94 1.67 0.30 3.30 107988 —2.06
5 —0.55 —0.58 0.21 1071080 —1.48 1.33 0.15 2.13 1071002 —1.64
6 —0.37 —0.70 0.25 1071088 —1.51 1.10 —0.18 1.16 1071032 -2.10
7 —0.67 —1.03 0.26 1o~ —1.50 1.30 —0.13 1.01 1071021 -1.73
8 —0.81 —0.82 0.10 10~ 1ot —1.31 1.29 —0.22 0.91 107102 —2.05
9 —0.76 —0.95 0.12 1071015 —1.50 0.75 —0.50 0.23 1071065 —2.72
10 —0.34 —0.76 0.26 1071097 —1.79 1.80 0.33 0.99 107980 —1.57
11 0.50 —0.41 0.21 1071062 —2.38 1.57 0.05 1.56 1071008 —2.11
12 0.06 —0.51 0.92 1071070 —1.67 1.50 —0.15 1.55 1071021 —1.94
13 0.01 —0.49 0.83 1071068 —1.80 1.97 0.36 0.78 107978 —1.83
14 —0.78 —0.69 0.13 107101 —1.17 1.59 —0.01 1.79 1071000 —2.23
15 0.28 —0.23 1.41 1071047 —1.89 1.33 —0.11 0.93 1071022 —2.10
16 —0.91 —1.04 0.15 107127 —2.31 —0.43 —0.89 0.02 1071107 —2.03
17 —1.42 —0.91 0.05 107113 —1.19 0.16 —0.56 0.06 1071060 —1.70
18 —0.22 —0.48 0.51 1071060 —1.70 1.42 —0.21 1.21 107102 —2.30
19 0.37 —-0.30 0.21 107102 —2.39 1.00 —0.09 0.49 107103 —1.98
20 —0.35 —0.61 0.33 1071082 —1.62 1.51 0.25 2.38 107990 ~1.67
21 —0.12 —0.57 0.45 1071077 —1.82 1.75 0.11 2.67 1071000 —2.21
22 —0.04 —0.42 0.55 1071064 —1.71 1.40 0.14 1.16 1071002 —1.99
23 —0.12 —0.63 0.53 1071083 —1.91 1.51 0.08 1.71 1071006 —2.00
24 0.05 —0.41 0.86 1071063 —1.84 2.19 0.36 1.21 107°73 —2.17
25 —0.18 —0.72 0.55 1071078 —1.63 1.99 0.16 0.58 107992 —2.16
26 —0.31 —0.51 0.40 1071074 —2.05 2.11 0.47 1.31 10570 —2.48
27 —0.50 —0.66 0.24 1071086 —1.67 2.13 0.42 141 107273 —2.47
28 —0.15 —0.55 0.48 1071076 —1.87 2.06 0.44 1.20 10773 —2.20
29 —0.92 —0.66 0.10 107100 —1.79 1.43 0.30 0.31 10721 -1.91
30 —1.12 —0.81 0.06 1071105 —1.69 1.07 —1.00 0.59 107107 —2.26
31 —0.27 —0.78 0.40 1071098 —2.08 1.74 0.02 2.36 1071007 —2.52
32 —0.36 —0.52 0.32 1071074 —1.58 1.39 —0.18 1.15 107103 —2.30
33 —1.09 —0.91 0.04 1011 —2.94 —0.48 —0.49 0.02 1071077 —2.36
34 —1.35 —0.88 0.16 107116 —243 0.93 —0.05 0.55 1071026 —2.14
35 —1.47 -1.77 0.01 1071153 —2.03 0.25 —0.19 0.13 1071043 —2.32
36 —0.74 —1.02 0.24 1071097 —2.61 0.85 —0.16 0.29 10710-38 -2.75
37 —0.49 —1.24 0.78 1071070 —2.06 2.09 0.05 0.72 10799¢ —2.66
38 —0.72 —1.22 0.18 1071097 —1.90 2.03 0.13 0.58 107993 —2.47
39 —0.16 —0.71 0.39 1071095 —2.12 1.90 0.15 0.44 107993 —2.52

by releasing excess CO, is relatively slow (Stumn and
Morgan 1970).

Strong indicators of alkaline condition in groundwater
depend on the effective-CO, pressure (logPco,) and HCO3™/
Ca®" ratio. This is evident from an inverse relationship
between pH and logPco, (Fig. 5a), and dissolved F~ and

@ Springer

logPco, (Fig. 5b), while the dissolved Ca®* and HCO;~
concentrations decrease with logPco, (Fig. 5c, d). These
relationships are responsible for an increase in the HCO3;™/
Ca®'ratio and dissolved F~ in alkaline conditions. The
HCO3_/C21+2 ratios (based on epm values) are >1 in both
seasons (Fig. 6a, b) demonstrating favorable chemical
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Fig. 5 Linear relationship between a logPco, and pH, b logPco, and F~, ¢ logPco, and HCO;™ and d logPco, and Ca*?in the pre-monsoon and

monsoon

conditions during the fluoride dissolution process (Saxena and
Ahmed 2003). The number of peaks and troughs indicates
spatial variation in the weathering of carbonate minerals,
which is complementing the precipitation/dissolution of flu-
oride. The high HCO;/Ca ™™ ratios in the pre-monsoon sea-
son might be due to precipitation of carbonate minerals. The
lesser HCO;~/Ca ™™ ratios may be due to the leaching of salts
from the soils in the subsequent monsoon season.

In pre-monsoon, the Sl of 59 % groundwater locations
are in equilibrium and remaining 41 % are undersaturated
with respect to calcite while the 90 % groundwater loca-
tions are oversaturated and remaining 10 % are in equi-
librium with calcite in the monsoon (Table 3). The SIg
values show that the 75 % groundwater locations are
undersaturated and remaining 25 % show equilibrium in
pre-monsoon, and the 90 % groundwater locations are
oversaturated in monsoon. When groundwater equilibrated
with respect to fluorite, the activities of Ca™? and F~ shift
toward fluorite saturation, consequently, high fluoride
concentrations are dependent upon mechanisms that

decrease Ca™ in the pre-monsoon and monsoon. In nut-
shell, the rainfall triggers a shift in the unsaturated to sat-
urated values of SIc (n = 38) and SIg (n = 19) in the
monsoon.

The equilibrium constant of calcite (K., ) varied from
0.01 x 10 to 1.41 x 10% in the pre-monsoon, 0.02 x 10?
to 3.30 x 10% in the monsoon (Table 3). In the pre-mon-
soon, the K.,; values are less than 0.97 x 10? (Hem 1970)
indicating significant calcite weathering due to sufficient
hydrogen ion concentration (a strong weathering agent). The
equilibrium constant of fluorite (Kguo.) is greater than
107'%6 except five locations in the monsoon (Parkhurst and
Appelo 1999) indicating that the dissociation of fluorite is
very slow in groundwater system. These spatial and seasonal
variations in the solubility of calcite and fluorite might be
due to (a) differences in local geological settings (b) effec-
tive CO, pressure (logPco,), and (c) experiencing seasonal
fluctuations in groundwater level in the groundwater system.

The Factor analysis of dissolved F~ along with physico-
chemical parameters indicates five factors (Table 4). The
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Fig. 6 Spatial relationship between F~ and HCO{/CaJr2 ratio in the pre-monsoon (a) and monsoon (b)

total variability accounted for five factors was 75.09 and
82.90 % in the pre-monsoon and monsoon seasons,
respectively. The first factor (F1) contributes 21.88 % of the
total variance in the pre-monsoon season and was strongly
loaded on EC, Ca™, Mg"?, Na™, HCO;™, and Cl™ indi-
cating dominance of carbonate weathering and leaching of
salts in the groundwater system. Similar loading is observed
in the monsoon season, especially NO3~ enrichment, an
indication of anthropogenic activities in the village and
urban areas. The F2 (accounts for 16.44 and 20.72 % of the
total variance in the pre-monsoon and monsoon) is mainly
associated with high loadings of pH, TDS, and F~ indi-
cating geogenic origin of the fluoride in the study area. This

@ Springer

factor also shows that the geogenic parameters determine
the alkalinity of the groundwater that favors substitution of
fluoride for hydroxyl ion on clay surfaces at high pH. Weak
or negative loading on SiO, and Na™ support lack of silicate
origin of fluoride. In this study, phosphate ion was not
detected in groundwaters. Therefore, phosphate minerals
cannot be a significant source of fluoride in the study area.
Hence, it appears that fluorite (CakF5) is a plausible source of
fluoride ion in groundwater: CaFg) < Ca™ +2 F.
Fluoride solubility is controlled by pH and Ca™> content.
Fluoride is most soluble at high pH and low calcium levels,
because at high levels of calcium the insoluble mineral
CaF, (fluorite) is formed (Handa 1975).
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Table 4 Factor analysis for groundwater sample data

Parameters F1 F2 F3 F4 F5

pH —0.65 (0.22) 0.60 (0.86) 0.17 (0.35) 0.04 (—0.09) —0.02 (—0.14)
EC 0.83 (0.91) 0.39 (—0.17) —0.09 (—0.03) 0.03 (—0.02) 0.06 (—0.11)
ORP —0.07 (-0.29) —0.04 (—0.36) 0.33 (0.50) 0.84 (0.28) 0.12 (0.46)
TDS —0.35 (0.17) 0.62 (—0.73) —0.29 (0.53) —0.14 (—0.06) —0.06 (0.11)
Ca™ 0.51 (0.24) 0.19 (0.60) 0.62 (—0.44) 0.04 (0.49) —0.34 (0.31)
Mg*? 0.50 (0.66) 0.33 (0.07) —0.23 (—0.38) 0.12 (0.03) 0.71 (—0.30)
Na* 0.59 (0.74) 0.45 (—0.15) 0.05 (—0.01) —0.20 (—-0.32) —0.33 (0.15)
K* 0.32 (0.30) —0.10 (—0.30) 0.66 (0.48) —0.33 (0.51) 0.09 (0.38)
HCO;™ 0.54 (0.40) 0.63 (0.58) 0.37 (—0.57) 0.06 (0.39) 0.19 (0.13)
Cl™ 0.63 (0.69) —0.35 (—0.38) —0.01 (0.24) —0.23 (0.15) 0.08 (0.36)
SO,™ 0.50 (0.68) 0.27 (—0.07) —0.49 (0.40) —0.04 (0.18) 0.03 (0.30)
NO;~ 0.46 (0.59) —0.40 (—0.49) —0.05 (0.01) 0.54 (0.05) —0.08 (—0.41)
F —0.61 (0.14) 0.66 (0.86) 0.23 (0.43) 0.12 (—0.10) 0.10 (—0.04)
SiO, 0.31 (0.50) 0.37 (0.02) —0.39 (—0.09) 0.34 (—0.61) —0.51 (0.32)
Eigen value 3.06 (3.29) 2.30 (2.90) 2.01 (2.03) 1.71(1.97) 1.43 (1.41)

% of variation

% cumulative variation

21.88 (23.50)
21.88 (23.50)

16.44 (20.72)
38.32 (44.22)

14.34 (14.50)
52.66 (58.72)

12.23 (14.09)
64.89 (72.81)

10.20 (10.10)
75.09 (82.90)

Pre-monsoon (Monsoon)

Conclusion

The groundwater quality in the Sidhi district was mostly
alkaline. The cation and anion concentrations reflect the
seasonal variability in the weathering pattern of carbonate
minerals and revealed the presence of temporary hardness
in groundwaters. The landuse classification, spatial distri-
bution, and seasonal variation identify urban areas and
some locations in village areas as fluoride affected sub-
surface hotspots in the Sidhi district. The geochemical shift
in the SIc and Sl values shows an inverse relationship
between calcite dissolution and fluorite precipitation. In a
qualitative way, Slc, SIg, and HCO{/Ca+2 ratio depends
on the spatial and seasonal variations in logPco, and
weathering of carbonate minerals in alkaline condition. In
nut shell, the high dissolved fluoride was associated with
alkaline pH, low logPco, and high HCO; /Ca™ ratio.
Because of the prolonged intake of higher concentration of
F~ bearing groundwater, the human population, which
depends on agricultural activities for their livelihood, suf-
fers from the fluorosis and related health disorders. In this
alarming situation, when, the self-buffering mechanism of
geogenic fluoride enrichment is identified in the ground-
water system, supply and management of fluoride affected
subsurface water in arid and semi-arid regions around the
Central India is of utmost importance.
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