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Graphical abstract

€aC0; + H,0 + CO, = Ca?* + HCO3

Abstract

A total of 32 groundwater samples collected from two
blocks in the Gariyaband District of Chhattisgarh, India,
were analyzed to investigate the spatial and temporal
variability of fluoride contamination. Precise fluoride
concentration in the groundwater was measured using a
fluoride ion-selective electrode. The Piper trilinear diagram
and Gibbs plot were generated using MODFLOW and
PHREEQC models to study factors controlling groundwater
chemistry. Groundwater samples from both the blocks
revealed a maximum of 4.0 mg/L fluoride in the pre-
monsoon season (PRMS) and 6.2 mg/L fluoride during the
post-monsoon season (POMS), which are beyond the
permissible limits specified by the WHO and BIS (1.5 mg/L)
in drinking water. The statistical analysis revealed that a
high third quartile score (Q3) for ClI-and max. score for Ca?
(Box-Whisker plot) in Devbhog relate to higher F
concentrations in groundwater. Statistical analysis showed
the general dominance of the cations Na*>Ca**>Mg?*>K*
and the anions CI'>HCO3>S04*>F in the groundwater.
Pearson correlation analysis presented a low positive
correlation of F-with Na*(r<0.1); p<0.001 during PRMS, and
a significantly strong correlation with Ca?* and CO3% (r>0.6);
p<0.001 during the POMS. The region is dominated by Ca-
Mg-CI-HCOs type water. Characterization of the rocks using
SEM-EDX confirmed the presence of fluoride-rich minerals,
whose weathering and subsequent dissolution as the
primary factors influencing ionic chemistry in groundwater.

Keywords: Hydro-chemistry, fluoride, box plot, Pearson
correlation, chloroalkaline indices.

1. Introduction

The quality of groundwater is a critical issue when it comes
to its safety for drinking. Several factors influence
groundwater  quality, including dissolution and
precipitation, surface runoff, groundwater movement,
catchment area features, pumping activities, residence
period and soluble content of the minerals (De Giglio et al.
2015; NGWA 1999). Naturally, when water moves slowly
through the rocks and sediments of the Earth's crust, it
reacts with minerals and gases, changing its chemical
composition (Elango & Kannan 2007). Groundwater
extraction results in massive weathering of rocks, leading
to the release and transport of contaminants in the
aqueous phase. India has 18% of the world's population,
but only 4% of its water resources make it among the most
water-stressed regions in the world (Briscoe & Malik 2005).
Aquifers have supplied a significant portion of the country's
rising water demand in recent years, and groundwater has
slowly become the foundation of India's agricultural and
drinking water security (Shankar et al. 2011). Groundwater
used for domestic use, accounts for 9% of the extracted
groundwater (Reddy et al. 2019). From the total available
extractable groundwater resources in Chhattisgarh state,
3.83% are considered critical, while 18.79% are considered
semicritical (CGWB 2023).

When some contaminants exceed the standards set for
drinking water, they are referred to as groundwater
pollutants (Suhag 2016). Fluoride dissolution in
groundwater has been linked to dental and skeletal
fluorosis disease in humans, which is reported in several
countries (Podgorski & Berg 2022). The Pacific volcanic
belt, the East African Rift Valley, the cratonic regions of
central Africa, Asia, and North and South America, the huge
sedimentary basins in South America, China, and the desert
area along the US-Mexico border are all considered critical
zones (Garcia and Borgnino 2015).

In several regions of India, groundwater contaminated with
F exceeded the safe permissible limit of 1.5 mg/L as
specified by the WHO (Kashyap et al 2021).
Hydrogeochemical processes such as ion-exchange
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reactions (Laxmankumar et al. 2019), depletion of Ca?* in
an alkaline medium (high pH) (Brindha & Elango 2011),
CaCO:s precipitation due to common ion effects (Sivasankar
etal. 2016), complexation of Ca?* (Dhiman & Keshari 2006),
and SiO2 weathering (Khichariya & Verma 2021) are
favorable for the dissolution of fluoride into aqueous
media. The weathering of rocks containing fluoride
minerals (Chakraborty et al. 2018) and evapotranspiration
(Reddy et al. 2016) processes also govern fluoride
enrichment in groundwater. The principal minerals hosting
fluoride such as apatite, biotite, muscovite, chlorite,
sericite, hornblende, and kaolinite, present in the gneissic
and granitic rocks of the region are the key geogenic
sources of fluoride in the area due to prolonged rock—water
interactions (Tiwari et al. 2020).

The geologic source of elemental mobilization from
minerals and human activities can significantly contribute
to increased concentrations of elements in groundwater
sourced from hand pump wells (Sen & Peucker-Ehrenbrink
2012). The concentrations of elements are minimal in
water flowing along unaltered pathways such as surface or
groundwater within an aquifer. The interception of water
through pumping wells alters natural flow, which may
influence the quality of water withdrawn from wells
(Ayotte et al. 2011).

Among 27 districts in Chhattisgarh, nearly 17 have been
reported to contain fluoride in drinking water above the
permissible limit (1.5 mg/L). Two-hand pumps in the tribal
blocks of the Gariyaband district contaminated with
fluoride have been closed for drinking purposes since 2015
(The Economic Times 2015). Groundwater's dynamic
qualities make it an effective conduit for contaminants,
allowing them to travel significant distances over extended
periods under different climatic conditions. Due to the
unavailability of sufficient data on fluoride concentration in
the groundwater of Gariyaband district after 2015, this
work investigates and evaluates the extent of temporal and
spatial variations in the fluoride concentration of
groundwater samples from two blocks of the Gariyaband
district. The hydrogeochemical and mineralogical study of
the water and rock samples will elucidate the genesis and
mechanism  behind fluoride enrichment, helping
authorities take mitigative steps for water quality
vulnerability in the region.

2. Materials and method
2.1. Study area

The Gariyaband district is geographically located at latitude
20.6348°N and longitude 82.0615°E in the eastern part of
Chhattisgarh state of India. Out of five blocks of this district,
Mainpur is located at the latitude 20.1332°N, longitude
82.3016°E, covering an area of 6.7 Km? and Devbhog is
located at the latitude 19.9137°N and longitude 82.6432°E
(3.01 Km?) southwards of Gariyaband district. Mainpur and
Devbhog lie in the subbasin of the Telnadi River, which
flows from south to north, forming the Orissa state border
(Tel 2008). The topographic features of the district indicate
that the district is moderately inclined northward (PMKSY
scheme 2016), i.e., from Devbhog toward Mainpur. The
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study area experiences tropical climatic conditions with a
minimum temperature of 10.2°C in winter and a maximum
temperature of 44°C in summer. The average rainfall
distribution in the district is 1037.47 mm from
southwestern monsoon winds (June—September) (Manjhi
2019). Rocks from the Eastern ghat and Bengpal group
constituting metamorphic and igneous type dominate the
southern part of the district (Updated district survey report
of Gariyaband 2020).

. ||
Sampiing Locations

Figure 1. Groundwater sampling locations in Gariyaband District

2.2. Data Collection

Groundwater samples were collected during the post-
monsoon season (October 2020) and pre-monsoon season
(May 2021) from 32 sampling locations (handpumps) in
two blocks (Mainpur and Devbhog) of the Gariyaband
district of Chhattisgarh state, covering an area of 10 Km?.
The depth of hand pumps from the sampling stations was
collected from the Public Health Engineering (PHE) office,
in Gariyaband, Chhattisgarh. A geographic information
system (ESRI ArcGIS desktop 10.5 version) was used to
create location points of handpumps in the map (Figure 1).
Sampling locations were chosen along the direction of
groundwater flow away from the fluoride-contaminated
region in the Devbhog block (6.2 mg/L).

2.3. Quality control and Quality assurance

Duplicate drinking groundwater samples were collected
from handpumps after purging 4-5 times in cleaned 1000
mL polyethylene bottles prewashed with deionized water.
Properly labeled bottles (location) were kept in a cool box
and refrigerated at 4°C in the lab for chemical analysis.
Water samples were collected in an acidified bottle (0.05
M HNO3) for metal analysis.

2.4. Data analysis
2.4.1. Groundwater samples

A cluster sampling technique was used to collect
groundwater samples from both blocks to analyze physio-
chemical parameters. The groundwater sampling network
was based on the distance from the maximum fluoride
contaminant location (Devbhog block) toward the slope of
the district to study the extent of plume behavior in
groundwater. Physical parameters including temperature,
pH, electrical conductivity (EC) oxidation-reduction
potential (ORP), dissolved oxygen (D.0.) and total dissolved
solids (T.D.S.) were measured in situ by a portable digital
electronic water analyzer kit (MAC-551). To ensure the
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accuracy and reliability of results standard reference 0.1M
NaF (Orion), was used to prepare different concentrations
of fluoride. Fluoride levels in the water samples were
measured in situ using a benchtop ion-selective meter with
an electrode (Thermo Scientific Orion Star A214), operating
at a range of 0.0001 to 19900 mg/L and interferences of
ions were eliminated using TISAB Ill. Chemical analysis of
the groundwater was performed according to the Standard
Methods for Examination of Water and Wastewater (APHA
2017). The acid titration determined the hydroxide (OH),
carbonate (COs%) and bicarbonate (HCOs3') alkalinity and
argentometric titration determined chloride (CI), sulfate
(SO4%) was measured by the turbidimetric method (Digital
Nephlo-turbidity meter, Systronics-132); UV-Vis
spectrophotometer  (Systronics-117) was used to
determine nitrate (NOs’) (Bruccine method) & iron (Fe?*) by
1-10 phenanthroline method. Microprocessor-based flame
photometer (EI-1381) was used to analyze sodium (Na*),
potassium (K*), calcium (Ca%), magnesium (Mg?") and
lithium (Li*). Demineralized water was used to prepare the
standard and working solutions.

The USGS modular hydrologic model MODFLOW, version 4,
was used to simulate the groundwater flow and classify
water types by creating a Piper diagram. A Gibbs diagram
was generated to analyze the water quality and understand
geochemical processes using a geochemical modeling
program, PHREEQC, developed by the USGS and provided

by the Aqua-Chem trial version of Waterloo

Hydrogeologic.
2.4.2. Rock samples

Rock samples from both blocks of the district were
collected by the grab sampling method. The elemental
compositions of the rock samples were analyzed via SEM
via Oxford energy dispersive X-ray spectroscopy (EDXS,
INCA 250 EDS with an X-MAX 20 mm Detector).

3. Results and Discussion

3.1. Major ion chemistry

Analyzing the major ions (Na*, K*, Ca?*, Mg?, CI, COs?,
HCOs, SO4% and NOs) is essential for understanding the
hydrochemical characteristics of groundwater (Gao et al.
2019). A statistical analysis of 32 groundwater samples
collected during both seasons revealed fluoride
concentrations varying between 0.28 and 4.0 mg/L during
the PRMS, with a mean value of 0.95 mg/L (+0.71 SD). The
fluoride concentrations in the POMS varied between 0.34
and 6.2 mg/L, with a mean of 1.37 (+1.26 SD) (Table 1). The
concentration of fluoride in drinking water in some places
exceeded the WHO permissible limit of 1.5 mg/L (WHO
2011). In both seasons, in the Mainpur block, 11% of the
water samples had fluoride levels exceeding the
permissible level, while, in the Devbhog block 5% of the
water samples had fluoride levels above the permissible
level during the PRMS, and 22% of the samples had fluoride
levels above the permissible level in the POMS.

Table 1. Statistical analysis of water samples collected during the PRMS and POMS

pH (:‘cs) F CF so# TH Ca Mg Fe* HCO3 (?n R\';) (:‘3) DS Na* K Lt (;;'t)
oy L4071 40 106 151 244 832 595 019 95 98 56 317 987 21 02 400
72° 064 62 213 152 270 704 659 017 75 596 7.3 501 100 3.2 02 500
o 617 02 028 38 35 108 376 263 005 15 109 11 105 167 01 0 100
59 033 034 672 35 101 332 224 001 25 13 14 160 106 01 0 100
eay 56 048 095 724 66 144 509 355 009 50 46 2.0 246 745 0.83 007 200
61° 045 137 131 61 134 463 324 007 48 296 42 294 485 15 005 300
o 035 013 071 157 220 27 915 69 004 169 199 09 666 175 055 006 90
063 008 126 417 216 31 90 77 004 134 006 14 146 001 085 007 90
o 53 27 747 216 333 187 179 194 444 338 432 48 27 234 662 857 45
103 177 919 318 354 231 194 237 571 279 002 333 049 002 566 140 30
MDL 65 - 1.0 200 200 200 75 50 03 - 200 500 - - o070
600 2000
MPL 85 - 15 600 400 600 200 150 - 800 5 1500 200 12 070 -
% 12.5° 843 9.37 312
SMPL ’ 940 ’ " 100 - ’ ’ " 406 ) ) ) )

SD: Standard deviation; CV: Coefficient of variation; MDL: maximum desirable limit; MPL: maximum permissible limit; %SMPL:
percentage of samples exceeding maximum permissible limit; a-pre-monsoon season; b- post-monsoon season. (Ca and Mg are

reported as CaCOs3) All the units are in mg/L or otherwise mentioned.

Na*is the dominant cation in the study region, with a mean
of 74.5 mg/L in PRMS and 48.5 mg/L in POMS. The
dissolution of halite and silicate may increase the
concentration of Na* in aqueous solution (Li et al. 2016).
The concentration of Ca?* initially decreased from the
Devbhog block toward the midstream region, the Telnadi
River, with an increasing value toward the slope, i.e.,
Mainpur block (Beg, et al. 2023) with a mean value of 50.9

mg/L during PRMS and 46.3 mg/L in POMS. Exceedingly
high concentrations of fluoride in the underground waters
of the Devbhog block in both the seasons i.e. pre-monsoon
(4.0 mg/L) and post-monsoon (6.2 mg/L) might be due to
the cation exchange mechanism between Na*in aqueous
solution with fluorite (CaF:) in sediments (Zaidi et al. 2015).
During the PRMS dissolved oxygen (D.0.) concentration
was less (1.1-5.6 mg/L) which induced the formation of



bicarbonate ions in the deep aquifer through the
condensation of geothermal steam (Hanor & Wendeborn
2023). High concentrations of HCOs ions in the PRMS (15-
95 mg/L) caused precipitation of Ca%*in the form of calcium
carbonate (Juarez et al. 2023), which led to the dissolution
of fluoride from fluorite minerals in the groundwater (Hu
et al. 2021). The reaction of sodium bicarbonate with
fluorite mineral promotes increased F levels in
groundwater (equation 1) (Capuano & Jones 2020).

CaF +2NaHCO; = CaCOy \ +2NaF +2H"* +CO}~ (1)

A high fluoride concentration in the Devbhog block during
the pre-monsoon season can be justified by understanding
the equilibrium reaction (equation 2) of F under neutral pH
conditions.

Ca** +2HCO; =CaCO; | +H,CO; (2)

The weathering of calcite and dolomite in the metamorphic
rocks of the region under high tropical climatic conditions
also contributed to increased levels of bicarbonate ions in
the groundwater (Sharma & Sharma 2021). When calcite
and fluorite reach their equilibrium solubility, they create a
stable interaction that highlights the importance of
understanding mineral solubility in our environment
(Nordstrom 2022), as shown in equation 3.

CaF, + HCOy = CaCOy +2F ™ + H* (3)

The saturation of calcite and
imperative for an increased fluoride concentration.
Additional sources of bicarbonate alkalinity actively
promote calcite precipitation at a specific pH. Statistical
analysis of the water samples revealed the general
dominance of cations Na*>Ca?*>Mg?*>K* in groundwater
during the pre- and post-monsoon periods. Among anions,
the concentration of chloride (Cl") was the most uneven
among all anions, ranging between 38 and 107 mg/L in the
PRMS and 67.1 and 213 mg/L in the POMS, followed by
HCO3>504*>F (Table 1). The concentrations of NOs™ and
PO:* did not exceed 0.02 mg/L and 0.035 mg/L,
respectively. This indicated the ions were not generated by
agricultural activities predominating in the area.

3.2. Box and Whisker plot

its precipitation are

A Box and Whisker plot of ions are illustration used to
display multiple comparisons in a graph. In Devbhog, the
Q1 value (25% of samples below this point) for Cl ion is 80
mg/L, which is higher than in Mainpur (70 mg/L). Likewise,
Q3 value (75% of samples below this point) is also higher
158.5 mg/L, than in the Mainpur block (106.5 mg/L) as
shown in Figure 2. The higher Inter Quartile Range (IQR) of
Cl ion (78.8 mg/L) in Devbhog indicates its major
distribution in the groundwater compared to Mainpur (35
mg/L). The concentration of HCOs™ is higher (95 mg/L) in
Mainpur, indicated by the length of the whisker extending
farther away from the median. The maximum value of Ca?*
ions (105 mg/L) in Devbhog block is again higher than in
Mainpur (67.2 mg/L) as evidenced by the whisker’s length.
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The Q1 value for Na* ion in Mainpur block is 58.7 mg/L and
a median of 76 mg/Il, which is higher compared to Q1 (16
mg/L) and median values (56 mg/L) in Devbhog. This
indicates that more than 25% of the samples in Mainpur
have a greater concentration of Na* ions dissolved in the
groundwater.

3.3. Pearson Correlation

To estimate the linear relationship between the bivariate
parameters (F and other ions), Pearson correlation analysis
was performed, and Table 2 shows that during the PRMS,
fluoride ion showed significantly low positive correlation
with (HCOs* & Na*) showed by strength of bivariate
relationship, the correlation coefficient (r<0.1); p<0.001. It
showed weakly negative correlation with (Fe**&TDS) (r<-
0.2) and poorly negative correlated with (CI, S04, Ca%,
Mg?*, COs* & ORP) (r<-0.1). In the dry season, the
evaporative concentration of salts increases, as supported
by a low but significant positive correlation between F and
EC (r=0.05). Higher concentrations of Na* in PRMS tend to
have greater concentrations of soluble fluoride (NaF) in
groundwater but under neutral pH conditions F is
exchanged with Ca?* ions of fluorapatite minerals in rocks
(Egor & Birungi 2020) thus a reducing level of fluoride in the
water sample was observed.

During the POMS, fluoride concentrations showed
significantly strong correlation with Ca%*, OH, and Li*
(r>0.6); p< 0.001, was weakly correlated with Mg?*, CI- and
Fe?*(r= 0.3-0.4); poorly correlated with Na* and HCOs" (r<
0.3); and negatively correlated with only K* (r=-0.25) (Table
3). This result is also supported by high fluoride levels in the
Devbhog district, which has low concentrations of sodium
in groundwater (Bhattacharyya et al. 2022). A significant
positive correlation of fluoride with Ca* and COs* was
observed. This indicates rainwater carrying dissolved CO:
percolates inside the earth's surface during POMS. This
water reacts with calcite to form bicarbonate and calcium
ions (equation 4).

CaCOy + HyO+ CO, = Ca®" + HCO; (4)

The increased alkalinity (OH7, COs%*, HCOs) of the
groundwater during POMS is also responsible for the
decreased sodium concentration in the aqueous solution,
as shown in equation 5 (Sar et al. 2020). Sodium is present

in aqueous solution as partially soluble sodium
bicarbonate.
NCZOH+H20+H2CO3 = NaHC03 (5)

Under alkaline conditions the primary mineral sources like
fluorite, biotite and amphibolite releases fluoride in water
(Jia et al. 2019).
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Figure 2. Box and Whisker plots of major ionic concentrations.
Table 2. Pearson Correlation matrix of fluoride with various ions in PRMS
pH EC F- Cl- S04 Ca2+ Mg2+ TH Fe2+ HCO03- NO3- P04 Na+ K+ Li+ ORP DO TDS Sal
PH 1.000
EC -0.21 1.00
F- 0.32 0.05 1.00
Cl- 0.19 -0.26 -0.12 1.00
SO4 -0.12 0.40 -0.07 -0.14 1.00
Ca2+ 0.12 0.15 0.01 0.24 0.27 1.00
Mg2+ 0.08 0.24 -0.03 0.18 0.37 0.95 1.00
TH 0.04 0.17 -0.02 0.25 0.32 0.95 0.97 1.00
Fe2+ 0.04 0.18 -0.11 0.22 0.50 0.21 0.24 0.21 1.00
HCO03- 0.25 -0.18 -0.05 0.52 -0.16 -0.15 -0.14 -0.08 0.16 1.00
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NO3- 0.12 0.23 0.06 0.24 0.04 0.48 0.49 0.50 -0.12 -0.03 1.00
PO4 0.07 0.28 0.03 0.13 0.11 0.30 0.35 0.33 -0.02 0.12 0.73 1.00
Na+ 0.02 -0.07 0.01 0.05 0.27 -0.27 -0.23 -0.22 0.40 0.28 -0.43 -0.41 1.00
K+ -0.09 0.35 0.11 -0.08 0.17 -0.30 -0.14 -0.7 0.12 0.21 0.14 0.24 0.30 1.00
Li+ -0.02 0.46 0.07 -0.41 0.35 0.07 0.20 0.09 0.04 -0.34 0.17 0.47 -0.05 0.27 1.00
OPR -0.09 0.30 -0.21 -0.09 0.40 0.58 0.60 0.61 0.10 -0.20 0.34 0.36 -0.28 -0.26 0.31 1.00
DO 0.01 -0.23 -0.10 0.54 -0.26 -0.21 -0.20 -0.6 0.07 0.72 -0.10 0.15 0.13 0.25 -0.35 -0.41 1.00
TDS -0.17 0.30 -0.05 -0.25 0.10 0.20 0.16 0.15 0.11 -0.46 0.10 0.03 -0.29 -0.30 0.07 0.55 -0.56 1.00
Sal -0.07 -0.02 -0.22 -0.03 0.19 0.42 0.42 0.46 0.08 -0.06 0.38 0.30 -0.28 0.06 -0.01 0.53 0.01 0.13 1.00
Table 3. Pearson Correlation matrix of fluoride with various ions in POMS
pH EC F- Cl- S04 Ca2+ Mg2+ TH Fe2+ OH- Cco3 HCO03- NO3- P04 Na+ K+ Li+ ORP DO TDS Sal
pH 1.00
EC -0.16 1.00
F- 0.39 0.24 1.00
Cl- 0.30 0.36 0.32 1.00
SO4 -0.12 0.42 0.32 0.53 1.00
Ca2+ 0.1S 0.38 0.54 0.07 0.22 1.00
Mg2+ 0.1S 0.29 0.43 0.05 0.16 0.87 1.00
TH 0.18 0.22 0.42 0.03 0.14 0.87 0.97 1.00
Fe2+ 0.46 0.11 0.30 0.32 0.08 0.08 0.01 -0.03 1.00
OH- 0.33 0.25 0.70 0.20 0.13 0.49 0.27 0.27 0.45 1.00
COo3 0.33 0.12 0.63 0.07 0.04 0.68 0.76 0.77 0.25 0.70 1.00
HCO3- 0.43 0.19 0.26 0.10 -0.19 0.11 0.01 0.04 0.06 0.02 -0.02 1.00
NO3- 0.07 0.02 0.21 -0.03 0.1S 0.00 -0.04 0.03 -014 -001 -0.01 -0.01 1.00
PO4 -0.18 0.59 0.17 0.29 0.01 0.24 0.16 0.11 0.24 0.22 0.15 0.11 0.04 1.00
Na+ -0.40 0.20 0.14 -0.28 0.16 -0.06 -0.10 -0.13 -0.47 -0.18 -0.26 0.02 0.43 -0.02 1.00
K+ 0.07 0.09 -0.25 0.21 0.08 -0.50 -0.39 -0.43 0.09 -0.30 -0.43 -0.1S 0.21 0.01 0.14 1.00
Li+ 0.46 0.09 0.67 0.16 0.01 0.51 0.56 0.54 0.24 0.43 0.62 0.44 0.00 0.24 -0.10 -0.47 1.00
ORP 0.48 0.01 0.11 0.26 -0.20 -0.1S -0.05 -0.04 0.25 0.06 0.11 0.38 -0.27 -0.08 -0.27 0.37 0.04 1.00
DO 0.65 -0.18 0.28 0.18 -0.19 -0.19 -0.16 -0.17 0.23 0.00 -0.06 0.39 0.14 -0.15 0.04 0.43 0.18 0.68 1.00
TDs 0.42 0.03 0.10 0.38 0.08 -0.22 -0.19 -0.19 0.03 -0.02 -0.17 0.14 0.17 -0.29 0.09 0.48 -0.06 0.49 0.60 1.00
Salinity 0.36  -0.01 0.22 0.35 0.08 0.04 0.12 0.1S 0.12 0.11 0.16 -0.01 0.24 -0.16  -0.04 0.29 0.18 0.35 0.46 0.48 1.00
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3.4. Depth of handpumps and lonic concentrations

The direction of groundwater flow in the Gariyaband
district is toward the slope of the district, i.e., from the
Devbhog block (south) toward the Mainpur block (north),
which is indicated by the physiography of the district
(Manjhi 2019). Table 4 indicates the depth of hand pumps
in the sampling area. All the hand pumps in the Devbhog
block were much deeper (93.6-127.2 m) then the Mainpur
block (72.9-96.3 m). The concentrations of all the cations
Table 4. Depth of hand pumps at sampling locations in two blocks

and anions including F ion in the groundwater were
reportedly high in the Devbhog block as evidenced from
the box-plot study. This is because underground water at
greater depths has a longer contact time with subsurface
rocks. This causes a greater chance of the dissolution of
minerals from the parent rock into the aqueous solution
(Winter et al. 1998).

S. No. Block Sampling site latitude Longitude Depth of hand pump (meters) Avg. F conc. (mg/L)
1 Tawrenga 20.16379 82.25208 77.4 0.85
2 Taurenga 20.1451 82.27408 72.9 0.62
3 Jugad 20.1368 82.27061 78.3 0.43
4 Mainpur 20.1332 82.28413 81.9 0.34
5 Jangada 20.11988 82.29307 76.8 0.95
6 Udanti 20.10122 82.29593 84.9 1.1
7 Indagaon 20.08777 82.33302 78.6 0.98
8 Mainpur Kandsar 20.01422 82.37677 94.5 1.2
9 Khokhma 19.99956 82.37381 96.3 0.95
10 Ladhwapara 20.00248 82.41994 91.5 0.86
11 Dhurwagudi 19.98235 82.4455 96.6 0.59
12 Dharnidho 19.9966 82.45922 92.4 1.1
13 Nawagaon 19.96866 82.46778 89.1 0.28
14 Madangmuda 19.99537 82.29575 94.2 33
15 Gohrapadar 19.98335 82.48444 86.4 3.2
16 Mahulkot 19.94476 82.57483 94.8 0.82
17 Mudagaon 19.8775 82.65121 1.3
18 Tel River 19.90351 82.62686 98.4 1.7
19 Dohel 19.9137 82.60941 106.2 0.83
20 Deobhog 19.91555 82.55121 102.3 0.67
21 Jharaban 19.90877 82.6142 110.7 0.55

Devbhog -
22 Kurmibasa 19.90703 82.63015 93.6 0.35
23 Dabnai 19.90522 83.64815 98.4 0.94
24 Dahigaon 19.89116 82.62838 93.3 0.68
25 Kumhdaikhurd 19.89443 82.62725 101.7 0.34
26 Kosamkani 19.8878 82.61494 110.1 0.94
27 Kodobeda 19.89205 82.6643 112.2 0.95
28 Madagaon 19.8852 82.65313 115.2 1.03
29 Navaguda 19.88748 82.62529 109.2 1.16
30 Fulimuda 19.87812 82.61237 116.1 1.2
31 Nisthiguda 19.88507 82.6607 120.6 4.85
32 Supebeda 19.87921 82.67608 127.2 1.5

Pre-Monsoon
100 100

80 80

Cations Anions

Post-Monsoon

100 100

Figure 3. Piper diagram of groundwater samples



3.5. Water types (Piper plot)

To determine the water quality of the area by analyzing
dissolved constituents and thereby classifying them into
various facies based on relative abundance, a Piper
diagram was generated from the experimental data (Figure
3). The cations (Na*, K*, Ca?*, and Mg?*) and anions (CI,
HCOs, and SO4%) in the milliequivalent concentration were
plotted in a ternary diagram to determine the relationships
between ions in the water samples. During the PRMS, 80%
of the groundwater samples contained alkaline earth
metals (Ca?*+Mg?*), while only 20% of water samples had
alkali (Na*+K*) concentrations greater than alkaline earth
metals. A similar trend was also observed during POMS,
where 68% of the samples had greater alkaline
composition, while 32% of the samples had higher
concentrations of alkali metals (Table 5). Only 3% of the
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samples indicated the dominance of strong acid (S04*+Cl")
over weak acid (HCOs) in the PRMS, while during the
POMS, the concentration of strong acid exceeded that of
weak acid in all the samples. Overall, during PRMS, a
smaller percentage of the water samples revealed
noncarbonated hardness/alkali facies, while in all the
samples, noncarbonated hardness/alkali facies dominated
during the POMS. Based on these findings, the
groundwater from these two districts was classified as Ca-
Mg- HCOs™ type water in PRMS, while Ca-Mg-Cl-type water
in POMS. A similar hydrogeochemical study from East Jinan
City of China reported weathering and simultaneous
dissolution of rock as the major hydrochemical processes
operating in the region (Zhang et al. 2018).

Table 5. Groundwater samples showing the type of water according to the Piper plot

S.No. Characteristic of water samples according to Piper plot % of groundwater samples showing characteristics
during
PRMS POMS
1 Alkaline earth (Ca+Mg) exceeding Alkali (Na+K) 80 68
2 Alkali (Na+K) exceeding Alkaline earth (Ca+Mg) 20 32
3 Strong acid (SO4+Cl) exceeding Weak acid(HCOs) 3 100
4 Non-carbonate hardness exceeding Carbonate hardness 100
5 Non-carbonate alkali exceeding Carbonate Alkali 100
[ 'y — 1L 44
Pre Precipitatid
Na'fNa*+ Ca I o
(a)
§ k'

(b)

Figure 4. (a) Gibbs diagram showing a plot of TDS versus (Na/Na+Ca) and TDS versus (Cl/CI+HCO3) to study the dominant process
controlling groundwater chemistry in the Mainpur block. (b) Gibbs diagram showing a plot of TDS verses (Na/Na+Ca) and TDS verses
Cl/CI+HCO3) to study the dominant process controlling groundwater chemistry in the Devbhog block.
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3.6. Hydrochemical Processes

The Gibbs diagram is widely used to establish the relation
between aquifer chemical composition and lithological
characteristics of an area and to understand the natural
mechanism (Gibbs 1970). In this method, the TDS
concentration is plotted against the ratio of
(Na*)/(Na*+Ca?*) for positively charged ions and (Cl")/(Cl +
HCOs') for negatively charged ions. The Gibbs diagram
illustrates the mechanisms functioning in nature, such as
rock weathering and evaporation/precipitation processes,
which regulate the groundwater chemistry of an area (Khan
& Jhariya 2018). The value of (Na*)/(Na*+Ca?*) between 0.4
and 0.9, and for (CI')/(CI" + HCO3') between 0.6 and 0.9 in
Figure 4a with TDS varying between105-317 mg/L indicates
that Mainpur block is dominated by silicate minerals in the
rock and Na-Cl type facies in the groundwater (Marandi &
Shand 2018; Rugner et al. 2013). Since most of the samples
fall on the right side of the graph, it indicates that
evaporation and sedimentation factors are responsible for
the governing chemical composition of water. In Devbhog,
the lower value of (Na*)/(Na*+Ca?*) between 0.1 to 0.2 and
a higher value of (CI")/(Cl" + HCO3") between 0.6 to 0.9 as
shown in Figure 4b with TDS varying between 160-501mg/L
indicates Ca-Cl type water with increased salinity in
Devbhog. The Gibbs diagram for the water samples from
Devbhog indicated a predominance of rock, showing rock-
water interaction and mineral dissolution process
controlling the hydrochemistry of the region (Nazzal et al.
2014). In Mainpur block, the chemical characteristics of
groundwater is due to evaporation-condensation
processes dominating the region. A similar result is
reported by Gaikwad et al. (2018) in a hydrogeochemical
study on the upper Bhima Basin of Western India, having
semi-arid climatic conditions.

3.7. Chloro-alkali indices

To understand the ion exchange reactions between
groundwater and clay minerals in aquifers/parent rocks,
hydrochemical data are plotted in equations 6 and 7,
representing groundwater's chloro-alkali indices (CAls) (H.

Schoeller 1967). The two chloro-alkali indices are
expressed as follows:
CAI-1= [CI_ —(Na+ + K+)]/C1_(meq/L) (6)

CAII= [Cl_ —(Na+ + K+ﬂ / (so?( +Hcog)(meq/L) (7)

A positive value for both indices (Table 6) indicates chloro-
alkaline disequilibrium or a reverse cation-anion exchange
process (equation 9). In contrast, a negative value suggests
base exchange reactions (equation 8) regulating the
aqueous matrix (Tarawneh et al. 2019).

1. Base exchange reaction
Na* +HCO;3 +[(Ca2+ ~Mg?** ) —sediment} = (8)

Ca* —Mg?")CO; +H,0+ (Na* - sediment)

2. Chloro-alkaline disequilibrium (reverse base exchange)

Ca®" —Mg**)CO3 +H,0 + (Na+ - sediment) (9)
=Na* +HCO3 + [(Ca2+ —-Mg?* )][—sediment]

During the PRMS, the CAIl-I values ranged from -0.04 to
2.25, with a mean value of 0.41 in the groundwater
samples from both blocks (Table 6); comparatively, the
CAI-Il values ranged between -0.21 and 1.75, with a mean
value of -1.2. Collectively, 69% of the water samples had
positive CAIl-l values, while 81.2% had negative CAI-Il
values. This indicates that during PRMS, base exchange
reactions are dominant increasing the concentration of
Ca%* and Mg?* in water and sodium ions deposited in
sediments. This decreased the fluoride concentration, as it
formed the insoluble ionic compound CaF: in groundwater
(Ropp 2012).

In POMS the CAI-l values ranged from -0.07 to 5.41, with a
mean value of 3.04 in all the groundwater samples from
both blocks, and CAI-Il values ranged from -0.01 to 4.49,
with a mean of 1.31. Notably, 99% of the water samples
had positive CAl-l indices, while 62.5% had positive CAI-I|
values. This elucidated reverse base exchange reactions
predominate in the region; i.e., Ca?* and Mg?* in water
samples were exchanged with the Na*/K* ions in
sediment/rock (Gantait et al. 2022). This increased the
fluoride concentrations (NaF) in water (Krishna Kumar et al.
2014).

3.8. Mineralogical study of the region

The northern part of the study area covering Mainpur is
underlain by rocks of the Bengpal Group (metasedimentary
rocks) mainly consisting of sandstone, schist and shale
(CGWB 2022; Dora et al. 2021). In contrast, Devbhog in the
southeastern part of the district consists of rocks from the
Chandrapur Group, such as gneiss, charnokite-khondalite,
migmatite, and schist rocks (Sahoo 2013). The region's
hydrology reveals that major aquifer systems in the two
blocks are beneath deep fractured hard crystalline rocks
with gneissic forms (Kaur 2023). The groundwater quality
of an area is an amalgamation of geomorphological and
climatic conditions in addition to saturated infiltration from
the soil to the bedrock (Katsura et al. 2008).

The morphological characterization of the igneous rocks
from the Mainpur block was carried out via SEM (Figure
5a). The EDX scan of the rock (Figure 5b) revealed that the
major elements were Si (24.69%) and O (52.69%), others
were Ca (7.7 wt%), K (4%), Cl (3%), P (2.3%), Na (2.19%), Mg
(1.53%), and Al (1.79%). This confirms the presence of
halite (NaCl), alkali feldspar (SiAl)O4, apatite (Caio(POa)sX2),
Al, Ca-rich plagioclase and felsic minerals (Na-rich feldspar)
in the siliclastic rocks of the region (Graham 2018). SEM
images of the metamorphic rocks from the Devbhog block
are shown in (Figure 5c). The EDX scan of the rock (Figure
5d) revealed that the major elements were Si (19.65%), O
(56.35 wt%), Ca (7.5 wt.%), K (2.43 wt%), C (4.82 wt%), Al
(3.08%), Fe (2.41%), and Mg (1.76%). The metamorphic
rocks with low silica contents enriched in iron and
magnesium indicate the presence of gneissic minerals,
fluorite (CaF2), cryolite (NasAlFs), calcite (CaCOs), dolomite
CaMg(COs)z, fluorapatite (Cas(POs4)3 and muscovite
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(KAI2(AlSi3010)(OH)2 in the block ( Le Bas & Streckeisen

1991).

These

minerals

contribute

to

dissolution,

precipitation and ion-exchange processes, resulting in
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elevated fluoride concentrations in the study area (Kumar,
P. et al. 2019).

Table 6. Gibbs ratio, CAl-I and CAI-Il for assessing groundwater quality

S. No Sampling (NA¥)/ cl/ Cal-l Cal-Il Cal-l Cal-ll
Locations (Na++Ca?*) (CI+HCO3Y) (PRMS) (PRMS) (POMS) (POMS)
1 Tawrenga 0.17 0.61 -0.08 -2.07 1.68 0.02
2 Taurenga 0.14 0.58 0.79 -0.81 1.30 0.27
3 Jugad 0.15 0.73 0.72 -1.19 0.84 -2.06
4 Mainpur 0.17 0.64 0.61 -1.48 1.11 -1.34
5 Jangada 0.24 0.54 0.49 -1.52 -0.07 -1.84
6 Udanti 0.19 0.60 0.69 -1.49 2.01 -0.84
7 Indagaon 0.05 0.70 0.43 -1.23 2.32 0.27
8 Kandsar 0.23 0.64 0.13 -2.68 1.11 -2.71
9 KhnkInna 0.22 0.54 -0.12 -2.13 -0.07 -3.48
10 Ladhwapara 0.20 0.71 -2.38 -4.12 4.45 -0.01
11 Dhurwagudi 0.07 0.67 -1.38 -3.08 4.85 3.86
12 Dhamidho 0.12 0.88 -0.70 -2.16 2.49 -0.18
13 Nawagaon 0.21 0.81 0.04 -2.92 3.29 -0.70
14 Madangmuda 0.22 0.83 -0.11 -2.08 5.37 1.96
15 Gohrapadar 0.26 0.64 1.26 0.57 1.60 -1.12
16 M.alnllknt 0.25 0.89 1.18 0.14 2.35 -1.05
17 Mudagaon 0.29 0.54 -0.08 -1.86 -0.08 -1.86
18 Tel River 0.25 0.74 0.94 -0.52 5.41 3.04
19 Dohel 0.05 0.76 -0.83 -2.93 3.92 3.45
20 Deobhog 0.05 0.78 0.82 -0.75 4.73 4.21
21 Jharaban 0.07 0.90 0.71 1.42 3.56 2.86
22 Kw.wibasa 0.21 0.85 0.78 1.61 4.94 3.83
23 Dabnai 0.05 0.79 0.94 -0.58 3.90 3.24
24 Dahigaon 0.06 0.92 1.64 -2.25 4.57 3.58
25 Kumhdaikhurd 0.15 0.54 0.82 -0.21 3.23 2.73
26 Kosamkani 0.04 0.76 0.67 -0.21 3.94 3.51
27 K.odobeda 0.09 0.69 -1.14 -2.22 4,57 4.27
28 Madagaon 0.07 0.62 1.04 -1.41 3.52 3.19
29 Navaguda 0.07 0.75 -0.04 -1.78 4.48 4.07
30 Fulimuda 0.04 0.73 1.31 -0.59 4.20 3.94
31 Nisthiguda 0.03 0.78 1.72 0.14 4.95 4.49
32 Supebeda 0.09 0.88 2.25 1.75 2.89 2.50

Full Scale 4743 cts Cursor: 0.000

pectrum 1

ke
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Figure 5. (a) and (b) SEM and EDX characterization of rocks from Mainpur block (c) and (d) SEM and EDX characterization of rocks from
Devbhog block.

Conclusion

In the tropical climate of the Gariyaband district,
groundwater samples were analysed during pre- and post-
monsoon seasons from the Mainpur and Devbhog blocks
to assess fluoride contamination in drinking water tapped
from handpumps. Box-Whisker plot revealed that Devbhog
block is dominated by Ca?* and CI" ions while in Mainpur
Na* and CI ions predominate, highlighting the unique
characteristics of this region's groundwater. Notably, a
significant fluoride concentration of 6.2 mg/L was observed
in the groundwater samples collected during the post-
monsoon season from Devbhog. This elevated level of
fluoride may likely be due to the precipitation of calcium as
carbonate (CaCOs), as explained by chloro-alkaline
disequilibrium reactions dominant during POMS, which
facilitates the release of soluble fluoride into the
groundwater. This presents a complex picture of the
hydrological dynamics in the area. During PRMS, under
slightly alkaline groundwater conditions, calcium
precipitated in sediments, releasing fluoride ions from
fluorite minerals to a lesser extent (4.0 mg/L) than POMS.
Rock weathering and mineral dissolution processes are the
primary geochemical processes that control groundwater
chemistry and fluoride enrichment in Devbhog, while
evaporation and sedimentation govern the hydrochemistry
of Mainpur block.
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