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ARTICLE INFO ABSTRACT

Keywords: This paper draws world attention toward a tribal stretch in central India exposed to chronic kidney disease of
Aquifers ) unknown etiology (CKDu). To date, about 100 people have died and more than 300 hospitalized from a single
Hydrochemistry village, Supebeda, of 1200 inhabitants. The occurrence of CKDu in this part of the world is a recent discovery and

Rock-water interactions its potential pollutants are still eluding human understanding. Since groundwater is being accused as the culprit,

Fluoride . . . . . . . . .
CKDu this contribution attempts to characterize the area geochemically, study major rock-water interactions, identify
Supebeda potential pollutants, and apportion their sources. Analytical results of 27 groundwater samples reveal that the

area suffers from NO3 (0-128.3 mg/L) and F~ (0-1.9 mg/L) contamination with total hardness, Ca2+, Mg2+, and
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Cl™ as other violator parameters. Comprehensive Water Quality Index classifies ~52% of the samples as potable;
~37% could be suitable for drinking pending certain treatment. While elevated F~ concentrations are due to the
weathering of fluoride-bearing minerals (fluorite, amphiboles, biotite, hornblende, granite gneiss, etc.), the
excess Ca?" and Mg?" ions are attributed to 63% of the samples exhibiting cation exchange processes (Ca®",
Mg, CI” < Na' 4 K*) resulting from the weathering of carbonate (calcite, dolomite), anhydrite, gypsum, calc-
silicate (anorthite, plagioclase, amphiboles) and ferromagnesian (hornblende, biotite) minerals in the meta-
morphic rocks. About 22% of the samples depict reverse ion exchange processes (Ca%*, Mg?*, CI~ > Na™ + K1)
due to silicate weathering including dissolution of Cl~ salts (albite and halite minerals) and anthropogenic inputs
that also contribute to elevated concentrations of NO3.

1. Introduction

Chronic kidney disease (CKD) has emerged as the third fastest-
growing health malady infecting about 850 million people worldwide
(Nature, 2024). From a fatality rank of 16 in 2016, it rose to the rank of
12in 2017 in just a year’s span with a global mortality rate of 1.2 million
deaths per annum (GBD-CKDC, 2020). By the year 2040, it is predicted
to become the fifth highest cause of years of life lost with an annual
mortality rate of 2.2-4 million people globally (Foreman et al., 2018).
The disease CKDu (Chronic Kidney Disease of Unknown Etiology) is the
most enigmatic in the extensive list of CKD variants, with no common
consensus on its origin. With no precise clinical features encompassing
all attributes of the disease or globally standardized diagnostics criteria,
even the world body of Kidney Disease Improving Global Outcomes
(https://kdigo.org/), which develops and implements evidence-based
clinical practice guidelines for the prevention and treatment of kidney
diseases, remains silent on its etiology. What is common worldwide,
however, is the type of human community it predominantly infects, i.e.,
the low-income agricultural workers in the vulnerable segments of so-
ciety, particularly in the low-and lower-middle-income countries in
Africa, Asia, and South America (Bradley et al., 2024; Fiseha et al.,
2024). Since chronic kidney diseases impose the highest economic
burden of any disease group in the world (Essue et al., 2018; Levin et al.,
2023), the economic turmoil in the CKDu affected families in these
countries can very well be imagined.

Many workers attribute CKDu to several causative factors, such as
water, overuse of pesticides, heat stress, strenuous labor, dehydration,
overuse of non-steroidal anti-inflammatory drugs, mycotoxins, hyper-
tension, infections, diabetes mellitus, herbal medication, family history,
tobacco use, etc. (Anupama et al., 2020; Stalin et al., 2020; Hettithanthri
etal., 2021; Jolly and Thomas, 2022; Priyadarshani et al., 2023). Of late,
groundwater is being singled out by several workers as the primary
factor for CKDu’s origin, such as in Sri Lanka (Imbulana and Oguma,
2021; Zeng et al., 2022; Shi et al., 2023; Chandrajith et al., 2024), India
(Khandare et al., 2015; Mascarenhas et al., 2017; Tatapudi et al., 2019;
Lal et al., 2020) and central America (Campese, 2017). Recently, Nayak
et al. (2023) from the Indian Council of Medical Research attribute
CKDu to water and agricultural farming based on 25 case studies con-
ducted around the world. The present contribution too investigates a
case where groundwater is accused of CKDu’s progression.

The study pertains to the village Supebeda in a tribal stretch in the
Gariabandh district of Chhattisgarh State, central India where more than
100 people have already died and over 300 compulsively hospitalized
due to CKDu (Chowdhary et al., 2020). Numerous media reports and a
public outcry erupted abruptly in the region calling for the Govern-
ment’s attention in 2018. Since the entire population in the village de-
pends on groundwater for all their water needs, people complained of its
contamination. The present team investigated the area from a hydro-
geological perspective in 2020 to allay their apprehension (Dewangan
and Verma, 2022). Although the preliminary examination did not
divulge any serious quality deterioration, further analyses by Herojeet
et al. (2023) did reveal nitrate (NO3) and fluoride (F-) contamination.
These results were supported by a joint study conducted by various
regional hospitals, including the premier All India Institute of Medical

Sciences (AIIMS) on CKDu (John et al., 2021). Medical reports showed
elevated concentrations of urinary fluoride in CDKu patients; some even
exhibited radiological features of skeletal fluorosis (Chowdhary et al.,
2020), accusing F~ as one of the primary etiological factors. Attempt was
made, therefore, to find the sources of F~ besides a few other violator
parameters, such as total hardness (TH), Ca2+, Mg2+ and CI". This
necessitated detailed geochemical investigations involving groundwater
and the aquifers through which water emerges for public usage as
drinking water.

Groundwater contains a wide variety of inorganic constituents in
dissolved state because of chemical interactions with host rocks and
contributions from the atmosphere. Therefore, the study of geochem-
istry is of prime importance in deciding about the quality of water and
evaluating the hydrogeochemical processes responsible for temporal
and spatial changes in the chemistry of groundwater (Mukherjee and
Singh, 2022). In fact, hydrochemical results provide a basis for charac-
terizing groundwater within the aquifers and from this information, it is
possible to draw inferences concerning the processes that may be
occurring within the host rocks (Sen, 2015). In this context, although
groundwater has been blamed for CKDu’s propagation in the Supebeda
region, its chemistry in terms of rock-water interactions giving rise to
potential pollutants is poorly examined. The AIIMS and a few other
medical institutions did carry out some research in the area, but their
studies are mostly from epidemiological and community health per-
spectives (Chowdhary et al., 2020; John et al., 2021; Rathore et al.,
2022; Galhotra et al., 2023). The present contribution, quite different
from these studies, aims at the geochemical characterization of
groundwater including analysis of major rock-water interactions, iden-
tification of potential pollutants and their source apportionment
through various statistical techniques in the Supebeda region.

The work has been divided into several sections. This Introduction
section presents the context of this study, while the section on ‘Materials
and Methods’ describes the study area, local geology and hydro-
geological features as well as the water sampling and analytical pro-
cedures. The section on ‘Results and Discussion’ makes a geochemical
evaluation of groundwater resources from a potability perspective and
classifies the groundwater samples based on specific ion concentrations
and base exchange indices. Further, it does source apportionment of the
potential pollutants based on several geochemical signatures arising out
of rock-water interactions through direct and indirect processes,
weathering and dissolution, and mixed factors, such as geogenic and
anthropogenic sources. Finally, the paper briefly discusses the link be-
tween hydrogeochemistry and CKDu in the study area. These primary
studies on the geochemical characterization of groundwater in affected
area including source apportionment of the potential pollutants are
essential to understand in depth the etiological features of CKDu for
greater good of humanity.

Elsewhere in India, CKDu has been reported in the states of Odisha
(Mohanty et al., 2020), Andhra Pradesh (Ramesh et al., 2011; Ganguli,
2016; Lal et al.,, 2020), Maharashtra (Mogal, 2020), Tamil Nadu
(Parameswaran et al., 2020), Goa (Mascarenhas et al., 2017), and Delhi
(Ghosh et al., 2017). Most of the studies conducted in these states are
from medical and water quality perspectives with limited geochemical
emphasis. The present contribution is a full-scale hydrogeochemical
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work with a focus on rock-water interactions carried out for the first
time in the country. In no other CKDu area in the world, hydro-
geochemistry based on rock-water interactions has ever been studied to
such a greater magnitude, which makes this work unique globally.

2. Materials and methods

2.1. Study area

The village Supebeda lies in a tribal stretch in the Gariabandh Dis-
trict of Chhattisgarh State, India (Fig. 1). With a population of 1200
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people, the village has a geographical area of 3 km? adjoining the river
Tel that demarcates its border with the eastern State of Odisha. It has a
nearly equal male-female sex ratio and a literacy rate of 50.51%. Agri-
culture is the primary occupation of people. Many are farm laborers
working on a daily wage basis; some do cattle grazing. Rathore et al.
(2022) give a detailed account of the food habits of the people living in
the village. The region is characterized by the subtropical monsoon type
of climate with an annual rainfall of 1200 mm. Winter temperature
varies between 5 °C and 25 °C and that of summer between 29 °C and
46 °C.
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2.2. Local geology

Geologically, the area consists of three lithological units: (i) mig-
matiticquartzo feldspathic gneiss, (ii) banded augen gneiss, and (iii)
hornblende granite (Gupta et al., 2000; Neogi and Das, 2000) (Fig. 1).
The grey-colored, medium-grained migmatiticquartzo feldspathic
gneisses comprises of finely laminated alternations of felsic (quartz +
plagioclase + K-feldspar: Qtz + Pl + Kfs) and mafic (Biotite + Horn-
blende: Bt + Hbl-rich) bands. Leucocratic segregations are conspicuous
and are stromatically folded into or parallel to the layerings. Ortho-
pyroxenes as greasy, green patches with diffuse margins ("patchy char-
nockite’) occur occasionally. Band of migmatized mafic granulites,
metapelitic rocks (infrequently sapphirine-bearing), and rare calcsili-
cate granulites occur concurrently besides isolated appearances of
blastoporphyritic charnockite.

The medium-to coarse-grained banded augen gneisses are pink-
colored with bandings within them defined by the mafic and felsic
layers of K-feldspar (Kfs) augen and quartz lenticels. Closer to the mig-
matitic quartzofeldspathic gneiss unit, leucosomes occur occasionally in
narrow zones with a sharp abetment toward the west. The gneissic fabric
generally precedes the leucosomes. Hornblende (Hbl-rich) and plagio-
clase + clinopyroxene (Pl + Cpx-rich) layers occur thinly within the
banded gneisses. With these thin layers, amphibolites (Hornblende +
plagioclase =+ granite + clinopyroxene: Hbl + P1 + Grt + Cpx) and calc-
silicate gneisses are mesoscopic to the regional scale bands.

Pink-colored, coarse-grained hornblende granite consisting of
microcline, quartz, hornblende, and biotite intrude into the banded
gneiss. This unit is characterized by intense shearing and mylonitization
along its eastern fringe and has a poor westward occurrence.

2.3. Hydrogeology

Hydrogeology of the study area is mainly controlled by geological
setup and surface slope conditions. The composition and structure of
geological formations influence the inherent properties such as porosity
and permeability and hence the water holding and water yielding ca-
pacity of the aquifers. Groundwater occurs under unconfined conditions
at shallower levels in the weathered portions of the rocks up to about 20
m depth, while semi-confined to confined conditions occur in deeper
aquifers beyond a depth of 30 m (Fig. 1). Rainfall is the primary source
of recharge in the shallow unconfined aquifers; other recharge sources
include the water bodies, such as tanks, canals, and streams. Ground-
water discharge sources from these aquifers include groundwater
abstraction by humans, evapotranspiration and baseflow. Groundwater
movement at shallower levels follows the surface topography and is
generally directed toward the topographic lows and valleys. The
groundwater elevation contours (240-260 m) depict the regional
groundwater movement toward the E-W flowing Tel River from both
North and South (Fig. 1); the perennial nature of the river proves this.
Dugwells are prevalent in shallow aquifers with a depth range of 7-16 m
and a yield range of 25-40 m®/day (Dewangan and Verma, 2022).

Semi-confined to confined conditions prevail in the fractured zones
at depth, especially in the charnockite and khondalite (CGWB, 2001).
The water receiving or yielding capacity in these formations largely
depends on the extent of fracturing, openness and size of fractures and
their interconnection with the near surface weathered zones. These
deeper aquifers are tapped by borewells of 50-80 m depth with a yield
capacity of about 85-430 m3/day (Dewangan and Verma, 2022). Frac-
ture zones through which most groundwater movement takes place are
encountered at 40-45, 60-65, and 75-80 m depth (CGWB, 2022).
Transmissivity ranges between 15 and 45 m?/day in charnockite and
khondalite and occasionally goes up to 100 m?/day (CGWB, 2023). The
primary source of discharge from these aquifers is groundwater
abstraction.
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2.4. Water sampling and analysis

One pair of groundwater samples in 1000 ml HDPE plastic bottles
were collected from 27 scattered locations from the wells during the pre-
monsoon season (May 2020) (Fig. 1). The bottles were prewashed with
HNOj3 (10%) and rinsed with double-deionized water. Before sampling,
stored groundwater at each location was pumped out for 10-15 min to
get fresh solutions, and sampling bottles were thoroughly rinsed 2-3
times with fresh groundwater. Chemical parameters, such as pH and EC
were measured onsite using Digital pH and Conductivity meters (make
WTW, Model inoLab® pH 7110) with an accuracy of +0.1. The
parameter TDS was calculated by multiplying the factor 0.64 with EC
value (uS/cm) of the respective groundwater samples. The samples were
then filtered using the Whatman filter paper (0.45 pm) to remove sus-
pended particulate matter. The samples were acidified with HNO3 (pH
~2) and kept at 4 °C to retain their natural character.

Standard protocols (APHA, 2005), approved by the National
Accreditation Board for Testing and Calibration Laboratories (NABL),
the Constituent Board of Quality Council of India, were adopted in the
laboratory for analysis of major cations (Ca%t, Mg?*, Na™, and K*) and
anions (HCO3, Cl ™, SO?{, F~, and NOg3). Total Hardness (TH) and Ca%*
were determined by complexometric EDTA Titration method. Magne-
sium was calculated by the difference of the total hardness (TH) and
calcium (TH — Ca®") concentrations. The chemical parameters, Nat and
K', were determined using Flame Photometer (Make Systronic, model
128). The bicarbonate (HCO3) was measured by an acid base titration
method. Chloride (Cl7) concentration was analyzed by volumetric
titration with silver nitrate. The parameters, SO~ and NO3, were
determined by Spectrophotometer (UV-Vis Motras Scientific) and F~
was analyzed by Ion Selective Electrode (make Thermo Fisher, Model
Orion 4 star) by using TISAB-3 solution.

Strict measures were taken to avoid contamination of the water
samples. Merck-GR grade chemicals and reagents were used to prepare
chemical solutions using double-deionized water. All glassware and
apparatus were soaked with 10% hydrochloric acid (HCl) for one day
and cleaned with double-deionized water. Blank samples were prepared
from the stock solutions of each parameter for instrumental calibration.
The reference standards certified by the National Institute of Standards
and Technology (NIST) of the United States Department of Commerce
were used for calibration of the instruments. The samples were analyzed
three times based on the procedures defined by the APHA (2005) and
approved by the NABL, India. Instrumental calibration was done with
standard and blank samples for every 10 samples to ensure efficiency
and maintain accuracy of all experimental data. Finally, the analytical
accuracy was examined using the charge balance error (CBE) equation
with an acceptable limit of 5% (Hounslow, 2018) (Eq. (1), Table S1).

>~ (Cations)meq/L — " (Anions)meq/L o

BE% =
CBE% >~ (Cations)meq/L + >~ (Anions)meq/L

100 (@)

3. Results and discussions
3.1. Hydrochemistry

Appraisal for the suitability of Supebeda’s groundwater for drinking
purposes has been made with the help of standards defined by the Bu-
reau of Indian Standards (BIS) (2020) and World Health Organization
(WHO) (2022). All analytical data of the physicochemical parameters
are listed in Table S1 and their descriptive statistics in Table 1, which
also lists the percentage and number of samples exceeding the BIS and
WHO limits, shown also in Figs. S1 (a - m). All these tables and figures
are self-explanatory.

Groundwater in the Supebeda area is slightly alkaline in nature (pH
7.9 £+ 0.3). While 11% of the samples exceed the WHO guideline EC
value of 1500 pS/cm, in the case of Total Dissolved Solids (TDS), 25.93%
of the samples exceed the BIS acceptable limit of 500 mg/L excluding
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Table 1
Descriptive statistics of the physicochemical parameters of the groundwater samples from the village Supebeda, Gariabandh District, Chhattisgarh State, India.
Parameter  Premonsoon Season (May 2020) BIS (2020) % of sample above Undesirable Effects References
Standards the BIS (2020) and
WHO (2022)
Standards
Minimum  Maximum  Mean + SD AL PL AL<PL PL>AL
Physical parameters
pH 7.2 8.3 7.9+ 0.3 6.5-8.5 NIL Low pH: bitter metallic taste, corrosion BIS (2020); USEPA (2024)
high pH: slippery feel, soda taste, deposits,
affects mucous membrane
EC 313.0 3446.0 941 + 795 1500° 11.11% (3) Laxative effect BIS (2020)
TDS 200.32 2205.44 602.2 + 509.0 500 2000 25.93% 7.41% Gastrointestinal irritation, hardness; BIS (2020); USEPA (2024)
7 2) deposits, colored water, staining, salty taste
TH 65.0 755.0 257 + 178 200 600 33.33% 11.11% Calcification of arteries, urolithiasis, Sidhu et al. (2013); Singh
9 3 anencephaly, and gastrointestinal tract et al. (2020a,b)
irritation
Major cations
Ca%* 20.0 214.0 67 + 53 75 200 29.63% 3.70% Kidney ailments, bladder problems, BIS (2020); Singh et al.
(8) 1) urination disorder, and scale formation (2020a,b)
Mngr 3.6 52.8 21 £13.2 30 100 18.52% NIL Laxative effect BIS (2020); Singh et al.
(5) (2020a,b)
Na' 16.4 185.5 65 + 43.9 200" NIL High blood pressure BIS (2020)
K" 0.6 11.4 22+21 12° NIL Bitter taste, laxative effects on human BIS (2020); Singh et al.
digestive and nervous systems (2020a,b)
Major anions
HCO3 85.0 519.0 297 + 109 500" 3.7% (1) - -
Cl™ 7.1 408.3 73.8 £109.2 250 1000 11.11% NIL Affects kidney function, heart problem, and BIS (2020); CAWST
3) salty taste (2009); USEPA (2024)
S07 4.8 105.5 29 + 30.6 200 400 NIL NIL Excess sulphates of magnesium or sodium Singh et al. (2020a,b);
may cause a laxative effect, gastrointestinal CDC (2020)
irritation, cathartic effect. May cause salty
taste in water
NO3 0 128.3 39 + 40 45 37.04% (10) Methemoglobinemia or blue baby syndrome BIS (2020); WHO (2022);
CAWST (2009); USEPA
(2024)
F- 0 1.9 0.9 £ 0.6 1 1.5 14.81% 25.93% Staining and pitting in teeth and problemsin  BIS (2020); WHO (2022);
(&) 7 joints and bones; Discoloration of teeth; CDC (2020); USEPA

(2024); Quadri et al.
(2018); Zuo et al. (2018)

kidney dysfunction

Abbreviations: AL = acceptable limit. PL. = permissible limit in the absence of an alternative source of water.
# Guideline value as per WHO (2022) since BIS (2020) does not provide any limit for this parameter.

7.41% the permissible limit of 2000 mg/L. With regard to total hardness
(TH), about 44.44% of the samples exceed the BIS-acceptable limit of
200 mg/L including 11.11% the permissible limit of 600 mg/L. Higher
hardness could be due to the presence of significant amount of alkaline
earths (Ca®*t and Mg2+) and weak acid (HCO3) in groundwater
(Herojeet et al., 2016; Sunkari et al., 2020; Rajkumar et al., 2025a). Ca®t
is the most dominant cation with 33.33% of the samples showing con-
centrations above the BIS acceptable limit of 75 mg/L, while in the case
of Mg?*, about 18.52% of the samples exceed their acceptable limit of
30 mg/L. The alkali metals (Na' and K") are within their respective
prescribed acceptable limits.

Among the anions, bicarbonate (HCO3) is the most dominant and in
the case of C1™, 11.11% of the samples exceed its BIS acceptable limit of
250 mg/L. While SOF~ is within the prescribed limit of 200 mg/L,
elevated concentrations of HCO3 and Cl™ along with excess alkaline
earths (Ca2+ and Mg2+) tend to increase the hardness in groundwater.
Weathering and dissolution of silicate, carbonate (calcite, dolomite),
gypsum and sandstone minerals as well as leaching from agrochemicals
from the agricultural fields could be the possible reasons (Singh et al.,
2020a; Zhou et al.,, 2020 Liu et al.,, 2021; Herojeet et al., 2023).
Numerous anthropogenic activities, such as domestic wastewater, live-
stock waste, agriculture runoff, septic tank seepages, and application of
Cl™ fertilizers (viz., ammonium chloride and potash) too may be
contributing to the higher amount of Cl™ in groundwater (Zhou et al.,
2014; Karunanidhi et al., 2021; Rao et al., 2022).

Supebeda suffers from both NO3 and F~ contamination. The NO3
concentration varies between 0 and 128.3 mg/L with a mean + SD of 39
+ 40 mg/L, and 37% of the samples exceed the BIS permissible limit of

45 mg/L. While excess NO3 has many health effects, its primary sources
could be numerous anthropogenic activities, such as excreta from live-
stock farms, runoff from agricultural land, leaching from waste dumping
sites, and discharge of untreated domestic sewerage lines in a typical
village environment (Rao et al., 2022; Das et al., 2023; Awaleh et al.,
2024; Rajkumar et al., 2025b). The F~ concentration varies between
0 and 1.9 mg/L with a mean =+ SD of 0.9 £ 0.6 mg/L. About 41% of the
samples exceed their acceptable limit of 1.0 mg/L including 26% of the
samples their permissible limit of 1.5 mg/L. Weathering of
fluoride-bearing minerals, such as fluorite, amphiboles, biotite, horn-
blende granite gneiss, etc., in rocks, sediments, and soils, evapotrans-
piration and atmospheric depositions could be the reason for the
elevated concentrations of F~ (Awaleh et al., 2024; Shaji et al., 2024;
Tiwari et al., 2020).

3.2. Groundwater quality based on Comprehensive Water Quality Index
(cwaQn

The newly developed water quality index (CWQI) (Rajkumar et al.,
2022) was applied to validate the suitability appraisal of groundwater
for various uses based on the prescribed limits defined by the BIS (2020)
and WHO (2022). Table S2 shows that the positive CWQI score, i.e.,
Pcwaqi, ranges between 0.14 and 0.61 and that of negative CWQI (Newqr)
between (—0.78) — 0.00. Out of the six different classes CWQI defines,
22% of the samples fall into ‘excellent’ water class, 56% into ‘good’, 11%
into ‘marginal’ and another 11% into ‘very poor’ (Table S3, Fig. S2).
While water samples constituting the ‘excellent’ water class can be
consumed directly for drinking, the samples under ‘good’ category can



H. Rajkumar et al.

be conditionally used for the same purpose. They are safe, however, for
other domestic uses. Few of these samples (G1, G4, G8, G14, G15, G20,
G21) have a single violator parameter with F~ level exceeding the
maximum permissible limit of 1.5 mg/L. Groundwater at these locations
could be used for drinking only after proper onsite treatment. The
commonly available defluoridation methods are reverse osmosis,
nanofiltration, electrodialysis, and membrane distillation, and ion ex-
change processes. Nutritious food with optimum amounts of calcium
and vitamin C help prevent F~ related problems (Maitra et al., 2021).
The 11% of the samples (G19, G22, and G26) under the marginal water
class too could be used for drinking after adequate treatment. These
samples could be used, however, for other domestic needs. The rest 11%
of the samples (G17, G18, and G25) under ‘very poor’ category are
neither good for drinking nor for domestic uses, but could be utilized for
agricultural purposes, especially for salt-tolerant crops.

The method CWQI is very robust that uses regulatory limits of both
relaxable and non-relaxable chemical parameters. The groundwater
samples in this method are classified based on the quality rating and unit
weight of each physicochemical parameter. Therefore, water classifi-
cation coming out of CWQI is highly reliable (Herojeet et al., 2023).

3.3. Groundwater characterization

3.3.1. Hydrochemical facies

The Piper diagram (Fig. S3) depicts that the groundwater of the area
is mainly dominated by alkaline earths over alkalis and weak acids over
strong acids (Piper, 1944). Three dominant hydrochemical facies are
predominant, viz., Ca®*-Mg?t-HCO3™ (55.56%), Ca?t-Mg?*-Cl-SO%
(29.63%), and Na-K*-HCO3 (14.81%). The groundwater samples could
be further categorized into four distinct water classes, such as
Ca?*-HCO3 (55.56%), Ca2t-Cl" (7.40%), Ca®"-Mg?t-CI" (22.22%), and
Ca%*-Na'- HCO3 (14.81%). The cation triangle shows that the majority
(70.37%) of the samples do not belong to any dominant chemical zone,
and the remaining 11.11%, 14.82%, and 3.70% of them fall under Ca2+,
Na™, and Mg?" water types, respectively. In the anion triangle, around
70.37% of the samples fall under HCO3 water type, while 22.22% of
them under Cl™ water type.

3.3.2. Classification based on specific ion concentration

Soltan (1998) classified the concentrations of CI ™, SO‘Z;’, and HCO3
ions in groundwater as (i) normal C1~ (<15 meq/1), (ii) normal SO?( (<6
meq/1), and (iii) normal HCO3 (2-7 meq/1). As such, while all ground-
water samples show normal Cl~ and normal SO3~ concentrations
(Table 2), in the case of HCO3, 7.4% of the samples are below their
normal concentration levels.

Base exchange indices (r1): Base exchange indices (r;) are used to
study the dominant chemical constituent that determines the water
facies, as shown in Eq. (2) (Soltan, 1998).

Na™ - Cl-

0% @

rn=

where, Na*, Cl~ and SO~ concentrations are expressed in megq/1.

A value of r; < 1 indicates Na * - SOZ~ water type, and r; > 1, Na*-
HCO3 water type. Based on this equation, most samples (59.26%) are
Na'- HCO3 water type, indicating ion exchange and silicate mineral
dissolution as the key processes in the aquifers. The remaining 40.74%
of the samples show Na*- SO~ type depicting reverse ion exchange
processes (Table 2).

Meteoric genesis index (r2): Soltan (1998) also used another index,
called meteoric genesis index (r2), to classify the water sources into two
types, as follows (Eq. (3)).

(Na* +K*) — CI-

S0~ 3)

ro =

where, Na®, K, CI” and SO are the concentrations of the water
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samples in meq/1.

Meteoric water, in the context of this paper, refers to water that
originates from precipitation, such as rain, which then contributes to the
groundwater system. The water that recharges the groundwater affects
the redox conditions in the aquifers. The value of rz < 1 indicates deep
meteoric water percolation type, whereas that of r2 > 1, shallow mete-
oric water percolation type. Under this classification, most samples
(62.96%) in the study area are characterized as shallow meteoric water
percolating type. The remaining 37.04% of the samples are classified as
deep meteoric percolation water type (Table 2). Under natural condi-
tions, chemical composition of groundwater changes from HCO3 type at
shallower depth to Cl™ type as the depth increases due to small evapo-
transpiration losses (Brown et al., 1977). Therefore, many samples (G5,
G16, G17,G18, G19, G22, G23, G24, G25, and G26) characterized by the
deep meteoric water percolation type exhibit higher concentrations of
Cl™ ions over strong acids (Na' and K") in the study area.

3.4. Index of Base Exchange (IBE)

Scholler (1965) developed two Chloroalkaline indices, CAI-I and
CAI-II, to determine the magnitude of base exchange (IBE) processes
occurring between the groundwater and the host aquifers (Egs. 4 and 5,
with concentrations of ions expressed in meq/1.).

Cl — (Na* +K*)

CAI-1=
Cl-

)
Cl- — (Na* +K")

CAI-1I= — = > -
(HCO; + COj; + SO + NO3)

5)

These indices (CAI-I and CAI-II) assist in the assessment of the nature
of ion exchange processes (cation exchange or reverse ion exchange)
that occur between the recharging water and the aquifer material during
the residence time of water in its flow path (Singh et al., 2020b). The
negative and positive values of both CAI-I and CAI-II signal cation ex-
change and reverse ion exchange processes, respectively, in the aquifer
system. In the standard ion/cation exchange process, when water passes
through the aquifer in its flow path, ions in the water are attracted to the
ions in the aquifer by displacing them. In the reverse ion exchange
process, these ions are exchanged back from the aquifer into the solu-
tion, essentially reversing the standard ion exchange process. This pro-
cess selectively removes chemicals from the water by swapping out ions
at favorable exchangeable sites from the aquifer matrix. Therefore, the
residence time of groundwater in the aquifer system is highly important
(Balaji et al., 2017; Singh et al., 2020b).

When these two indices (CAI-I and CAI-II) give negative values, the
sodium and potassium in the host rock replace the calcium and mag-
nesium in the groundwater. This condition is known as cation exchange
process (chloro-alkaline disequilibrium). On the contrary, when the two
indices give positive values, sodium and potassium in groundwater ex-
change with the calcium and magnesium of the host rock/aquifer (base
exchange or reverse ion exchange) to maintain chloro-alkaline equilib-
rium. Approximately 70.37% of the groundwater samples show negative
CAI-I and CAI-II indices, indicating the cation exchange process (Cl~ <
Na'+K™), where host rocks are the primary sources of dissolved solids in
water (Table 2). The remaining 29.63% of the samples exhibit positive
values reflecting base exchange reaction or reverse ion exchange process
(ClI” > Nat"+K™") (Table 2). The general reactions of chloro-alkaline
disequilibrium and base exchange reactions in the aquifer system are
given below.

Na*(K") — Clay + Ca*" (Mg*")ag=2Na* (K" )aq + Ca®" (Mg**) — Clay
—CX
(6)



Table 2
Groundwater characterization and ionic ratios of the analyzed parameters of the groundwater samples from the village Supebeda, Chhattisgarh State, India.
Sample  Ca*’/ G~ SOF HCO3 1l Water 12 Water  IBE Ca%t/ (Ca* +Mg®")/  Ca*'/ (Nat4K  Na'/ Na'/ (Ca®*+Mg?")/  (Na™+K")/
nos. Mg>" type type T (Ca*+Mg?h)  TZT (Ca*"4+8037) T -Cly/ cl- (Nat4+Cl")  (Na™+K") TZ*
CAI-1 CAI-II +
(Na"+K
-+
Ca”)
meq/L
Gl 0.94 0.50 0.11 7.81 37.71 Na*- 37.84 SM —8.47 —0.54 0.49 0.38 0.93 0.75 9.44 0.90 12.44 0.62
HCO3
G2 0.56 0.40 0.21 7.10 14.03 Na*- 14.33 SM —7.67 —0.42 0.36 0.55 0.87 0.67 8.51 0.89 6.99 0.45
HCO3
G3 0.65 0.60 0.20 6.20 14.34 Na*- 14.92 SM —5.01 —0.46 0.40 0.43 0.84 0.73 5.82 0.85 5.44 0.57
HCO3
G4 1.89 0.20 0.10 5.51 32.15 Na*- 32.31 SM -16.11 -0.57 0.65 0.40 0.94 0.68 17.03 0.94 14.99 0.60
HCO3
G5 1.52 0.90 0.12 3.71 -1.59 Na'- -1.30 DM 0.17 0.04 0.60 0.86 0.96 —0.06 0.80 0.44 23.13 0.14
S0%
G6 0.63 0.60 0.19 3.51 0.60 Na'- 1.11 SM —0.35 —0.05 0.39 0.83 0.89 0.12 1.19 0.54 8.00 0.17
SOF
G7 1.64 0.50 0.20 2.20 1.57 Na'- 1.79 SM -0.70 -0.13 0.62 0.71 0.87 0.21 1.61 0.62 6.64 0.29
HCO3
G8 4.29 0.30 0.13 4.40 20.50 Na*- 20.64 SM —8.82 —0.58 0.81 0.41 0.93 0.61 9.76 0.91 13.16 0.59
HCO3
G9 3.46 0.30 0.17 5.10 11.15 Na*- 11.35 SM —6.49 -0.37 0.78 0.58 0.93 0.45 7.38 0.88 13.87 0.42
HCO3
G10 1.94 0.50 0.15 4.10 3.54 Na'- 3.69 SM -1.12 -0.13 0.66 0.77 0.94 0.20 2.07 0.67 15.12 0.23
HCO3
Gl11 1.48 0.30 0.14 3.39 6.61 Na'- 6.82 SM -3.10 —0.21 0.60 0.72 0.93 0.33 4.01 0.80 13.81 0.28
HCO3
G12 1.84 0.50 0.26 4.40 546 Na'- 5.54 SM —2.85 —0.31 0.65 0.61 0.89 0.42 3.80 0.79 7.74 0.39
HCO3
G13 2.22 0.70 0.29 4.10 2.80 Na'- 2.90 SM -1.20 -0.19 0.69 0.67 0.88 0.28 2.16 0.68 7.54 0.33
HCO3
Gl4 1.33 0.70 1.54 3.49 1.17 Na'- 1.19 SM —2.60 —0.33 0.57 0.59 0.58 0.47 3.56 0.78 1.36 0.41
HCO3
G15 1.95 1.70 0.12 7.81 29.55 Na'- 32.01 SM —-2.23 —0.44 0.66 0.43 0.96 0.58 3.06 0.75 22.73 0.57
HCO3
Gl6 1.32 0.70 1.86 1.71 0.29 Na'- 0.31 DM —0.82 —0.15 0.57 0.70 0.48 0.25 1.77 0.64 0.91 0.30
Koy
G17 2.83 11.51 2.19 6.81 -1.57 Na'- —1.53 DM 0.29 0.31 0.74 0.62 0.82 —0.52 0.70 0.41 4.46 0.38
S0%
G18 1.93 10.71 0.12 8.51 —23.39 Na'- —22.97 DM 0.26 0.28 0.66 0.62 0.99 —-0.49 0.74 0.42 69.49 0.38
Koy
G19 2.15 2.70 0.19 4.20 —5.65 Na*- —-5.25 DM 0.37 0.17 0.68 0.81 0.96 —0.24 0.60 0.38 26.89 0.19
Nory
G20 3.37 0.40 1.03 4.10 3.45 Na'- 3.48 SM —-8.92 —0.68 0.77 0.25 0.49 0.78 9.84 0.91 0.97 0.75
HCO3
G21 2.47 0.30 0.64 4.90 3.55 Na*- 3.59 SM —7.68 —0.40 0.71 0.54 0.77 0.51 8.58 0.90 3.41 0.46
HCO3
G22 1.52 2.70 0.61 4.51 -0.23 Na'- —-0.15 DM 0.03 0.01 0.60 0.74 0.88 —0.02 0.95 0.49 7.37 0.26
Kory
G23 2.07 2.20 1.77 1.39 -0.68 Na'- —0.66 DM 0.53 0.27 0.67 0.85 0.70 —0.40 0.46 0.31 2.31 0.15
Kory
G24 4.55 1.80 0.99 6.20 0.67 Na*- 0.75 DM —0.41 -0.10 0.82 0.72 0.85 0.12 1.37 0.58 5.47 0.28
Nory

(continued on next page)
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Table 2 (continued)

(Na*+K")/

TZ'

(Ca*"+Mg>*)/
(Na™+K")

Na‘t/

Na'/
Cl

(Na*4+K
f-any/

(Na™+K
a4+
Caz + )

Ca%t/

(Ca®*+Mg>")/

TZ'

Ca%t/

IBE

Water
type

r2

Water
type

HCO; 11

so%

Cl™

Ca®t/
Mg

Sample
nos.

(Na™+Cl™)

(Ca%*+803%7)

(Ca%*+Mg>h)

CAI-II

CAI-I

0.23 7.97 0.14

0.31

-1.01

0.89

0.86

0.61 0.71

0.69

DM

—4.00

1.34 5.40 —4.05 Na'-

7.81

2.46

G25

s0%

0.43 10.35 0.32

0.76

—0.23

0.91

0.68

0.68

0.22 0.13

DM

-1.96

4.51 0.50 5.51 -2.12  Na'-

2.10

G26

S0%

0.61 4.35 0.36

1.53

0.20

0.81

0.64

0.83

—-0.57 —-0.15

SM

1.06

2.10 1.12 5.51 1.00 Na'-

4.95

G27

3

HCO

0.37
0.14
0.75

11.74

0.66
0.23
0.94

3.99
0.31
17.03

0.20
-1.01

0.85
0.48
0.99

0.63
0.25
0.86

0.64
0.36
0.83

—0.16
—0.68

—3.06
-16.11

5.84
—22.97

5.59
—23.39

4.87
1.

0.60
0.10
2.19

2.08
0.20

2.15

Mean
Min.

0.91
69.49

39

0.56
4.97

0.78

0.32

0.69

37.84

37.71

8.51

11.51

Max.

Chloroalkaline Index (CAI-I and CAI-II: Bold CAI-I and CAI-II values indicate reverse ion exchange processes.

Meteoric Genesis Index. IBE = Index of Base Exchange. CAI =

Italics CAI-I and CAI-II values indicate cation exchange conditions). SM = Shallow Meteoric. DM

Abbreviations: r1 = Base Exchange Index. r2

Deep Meteoric.
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Na*(K")aq + Ca** (Mg*") — Clay=2Na*(K") — Clay + Ca*" (Mg*")aq
—RX
%]

Permutolites are clay minerals which absorb and exchange their
cations with the cations present in water. Clay minerals like kaolinite,
illite, chlorite, and halloysite have poor ionic exchange capacity because
the exchangeable ions are held at their edges (Thilagavathi et al., 2012).
On the other hand, montmorillonite, and vermiculite minerals have a
greater number of exchangeable ions that are held on the surface
resulting in a higher ionic exchange capacity when in contact with water
(Thilagavathi et al., 2012).

3.5. Source apportionment of chemical signatures

Numerous indirect and direct processes occur between the host rocks
and groundwater. The interionic ratios of different chemical parameters
can be graphically represented in order to identify various geochemical
signatures for source apportionment, such as for identifying the roles of
geogenic/anthropogenic inputs, salinization, ion exchange processes,
etc.

3.5.1. Direct and indirect processes

The bivariate plot between [(Ca%™+Mg?") - (HCO3 + SO37)] vs.
[(Na™+K")-CI] is prepared to verify the cation exchange process
occurring in groundwater (Fig. 2a). McLean et al. (2000) conclude that
when the entire data plot clusters around the origin, cation exchange is
not prominent in the groundwater system. On the other hand, when the
bivariate plot follows a linear slope of —1, cation exchange is the key
geochemical process controlling the hydrochemistry of groundwater. In
the study area, the groundwater samples plot along the slope of —1 (y =
—1.316x + 0.684; R% = 0.97), exhibiting ion exchange between Ca2+,
Mg?", and Na*, K" in the aquifer system (Fig. 2a). Further, 62.93% of
the samples fall in quadrant B indicating the cation exchange process
(Ca%t, Mg*" < Na') and 22.22% of the samples lie in quadrant A
showing a reverse ion exchange process (Ca®", Mg?t > Na'). The
remaining 11.11% of the samples cluster around the origin of the
bivariate plot depicting dissolution of minerals, and only 3.70% of the
samples scatter away from the slope line due to other factors (Bahir
et al., 2018; Marghade, 2020).

The plot (Na*+K™) vs. (Ca>t+Mg?") enables the prediction of
chemical processes between the alkaline and alkali cations in ground-
water. A weak R? value (i.e., R? = 0.23) reveals multisource of
geochemical processes generating these ions (Fig. 2b). Most of the
samples (77.78%) fall below the equiline 1:1 displaying cation exchange
activity, and the remaining 22.22% of the samples plot above the
equiline showing reverse ion exchange process. The presence of clay
material reduces the permeability potential in the region, enabling the
reverse ion exchange process by releasing Ca>* and Mg?* in percolating
water and absorbing Na™ and K™ in the clay matrix (Howard and Lloyd,
1983).

3.5.2. Minerals inducing ion exchange

The scatter plot of Ca?t + Mg?t vs. HCO3 + SO3~ is an important
geochemical signature to identify the exchange process in the aquifer
system (Singh et al., 2020b; Rajkumar et al., 2023). Fig. 2c shows that
66.66% of the samples plot below the 1:1 equiline, depicting silicate
weathering as the primary process of ion exchange. Thus, increased
concentrations of HCO3 have been balanced by alkalis (Na* + K*) in
groundwater. Around 29.63% of the groundwater samples cluster above
the 1:1 line, exhibiting carbonate weathering as the leading cause of the
reverse ion exchange process (Okiongbo and Douglas, 2015). Nearly
3.70% of the samples fall on the equiline (1:1), reflecting the influence of
calcite, gypsum, and dolomite dissolution in groundwater (Singh et al.,
2017). Similarly, the interionic plot between Na * vs. Ca2* further
supports the role of ion exchange and dissolution of silicate and
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Fig. 2. Interionic relationship between major ions in groundwater in the village Supebeda, Gariabandh District, Chhattisgarh State, India. (a) [(Ca?"+Mg?")-(HCO3
+ 80371 vs [(Na*+K")-CI'], (b) (Na™+K™) vs (Ca®t+Mg?™), (c) Ca®>* + Mg>* vs HCO3 + SO3, (d) Na * vs Ca®*, (e) Ca®*/Mg?", (f) Ca®* vs SO3 7, (g) Ca®t + Mg®*
vs Total Cations (TZ™), (h) Na* vs CI~, (i) Na*/Cl~ vs EC, (j) Na*+K* vs SO3~ + Cl~, and (k) Na™+K" vs TZ*.

carbonate minerals in the study area (Fig. 2d).

3.5.3. Weathering and dissolution

The Ca®"/Mg?" ratio is plotted to ascertain the probable contrib-
uting mineral sources of Ca?* and Mg?" ions in groundwater. Around
14.81% and 44.44% of the samples have Ca®"/Mg?" ratios of <1 and
>2, respectively, indicating an undersaturated state of dolomite disso-
lution and silicate weathering (Singh et al., 2020a; Zhou et al., 2020)

(Fig. 2e). The remaining 40.74% of the samples fall within 1 and 2
revealing the undersaturated state of calcite dissolution in groundwater.
The general chemical reactions of dolomite and calcite in the ground-
water are expressed in Egs. 8 and 9 (Zhang et al., 2020; Rajkumar et al.,
2023).

CaMg(COs),

(Dolomite) ®

+2CO0, + 2H,0 - Ca*" + Mg** + 4HCO;
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Fig. 2. (continued).

CaCOs

2+ -
(Calcite) +H,0+CO, — Ca*" 4+ 2HCO;,

©)]
The values of [Ca?*/(Ca%"+Mg?")] ratio vary from 0.36 to 0.83
(Table 2). About 14.81% of the samples have [Ca®"/(Ca®"+Mg?")] ratio
of <0.5 confirming the precipitation of calcite and dissolution of dolo-
mite, thus reflecting a higher Mg?" concentration than Ca®* (Herojeet
et al., 2016). The remaining samples (85.19%) are solely influenced by
the weathering of calcsilicate minerals in the aquifer system as the ratio
of [Ca®/(Ca®"+Mg?")] is > 0.5. The metamorphic rocks at Supebeda
are rich in anorthite (CaAl,Si,Og), amphibole [CagMgSSiBOZZ(OH)Z],
hornblende  [(Ca, Na),(Mg, FeAl)5(AL Si);022(OH),], and biotite
[K(Mg, Fe),AlSi;O5(F, OH),] minerals. Therefore, carbonate, calcsilicate,
and silicate minerals in host rocks influence Ca?" and Mg?* concen-
trations in groundwater due to rock-water interactions (Egs. 8-12).

CaSO, + CaMgCOs + 6H"

24 + 2
(Anhydrite and dolomite)  CaCO; + Ca*" + Mg*" + SO; + H,CO;5

(10)
CaAlzsi203 + . 2+
(Anorthite) +2H" +H,0 —>A1251205 (OH)4 + Ca 1)
CazMgssigozz(OH)z 2+ + -
(Amphibole) +14C0, + 22H,0 - 2Ca*" + 5Mg*" + 14HCO,
+ 8Si(OH),

12)

Further, the dissolution of gypsum mineral contributes to the Ca*
and SO ions in water, as given in Eq. (13). But Fig. 2f shows that most
of the samples (92.6%) plot below the equiline (1:1), indicating the role
of gypsum (CaSO4.2H20) dissolution as insignificant in the study area.
The remaining samples (7.4%) fall along the equiline depicting the
dissolution of anhydrite (CaSO4) mineral in groundwater
(Purushothaman et al., 2014; Kumari et al., 2018). The ionic ratio
[Ca%*/(Ca®"+S037)] varies from 0.48 to 0.99 (Table 2) with 92.6% of
the samples giving a value of >0.5, divulging that carbonate,
calc-silicate, and silicate minerals contribute to the Ca®>" concentration
in groundwater. Hence, the weak positive correlation between Ca®" vs.
S03~ (2 = 0.197) supports diverse sources of Ca>" and SO3~ ions in the

10

study area (Fig. 2f).

CaS04.2H,0

2+ 2
(Gypsum) — C&+S0% +2H,0

13

3.5.4. Mixed factors (geogenic and anthropogenic)

The Ca®" + Mg?" vs. Total Cations (TZ") (ratio = 0.63, Table 2)
bivariate plot (Fig. 2g) shows 77.78% of the samples plotting between
the 1:1 and Ca* +Mg?" = 0.5 TZ" lines. Thus, the total cation con-
centrations in the groundwater samples show a significant contribution
of the alkaline metals. The sources of Ca%t and Mg?" in the groundwater
are derived from the weathering of carbonate (calcite, dolomite),
anhydrite, gypsum, calc-silicate (anorthite, plagioclase, amphiboles),
and ferromagnesian minerals (hornblende, biotite) in the metamorphic
rocks (Herojeet et al., 2023; Neogi et al., 2017). The remaining 22.22%
of the groundwater samples scattered below the Ca®*+Mg?* = 0.5 TZ*
line depict silicate weathering and anthropogenic inputs, namely
chemical fertilizers, seepage of domestic sewerage etc., contributing to
the increasing concentrations of alkalis (Mahagqi et al., 2018; Singh et al.,
2020a).

The groundwater salinity in the arid and semi-arid regions can be
illustrated by a scatter plot between Na™ vs. CI~ (Fig. 2h) (Gaofeng et al.,
2010; Singh et al., 2020b). This figure shows that about 66.66% of the
samples are distributed above the equiline (1:1), confirming silicate
(albite) weathering and cation exchange processes enriching the Na™
concentration in groundwater. Only 7.40% of the samples fall on the
equiline (1:1), indicating that halite dissolution does not significantly
affect the concentrations of Na* and Cl~ in the aquifer system, as shown
in Eq. (14). Further, the remaining samples (22.22%) fall below the y =
x line, suggesting the impact of anthropogenic inputs and dissolution of
Cl™ salts (Rajkumar et al., 2023). It is important to note here that the
Piper diagram indicates that 22.22% of the samples are CI~ dominant
water type, thus confirming the anthropogenic influence on ground-
water (Fig. S3). The moderately positive regression line value (R?2=0.5)
between Na't vs. C1™ in Fig. 2h attributes their origin to the geogenic and
anthropogenic sources.

NaCl

L
(Halite) ~ N+

14

Further, the scatter plot of Na™/Cl~ vs. EC (Fig. 2i) supports that the
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dissolution of silicate (albite) and halite minerals, ion exchange, and
anthropogenic factors increase the Cl~ concentration and its mobility
relative to Na™ in groundwater (He et al., 2019). The inclined trendline
(y = —0.0019x) and weak correlation score (R2 =0.14) of Nat/Cl™ vs.
EC indicate that evaporation is not the dominant factor influencing
groundwater chemistry (Subramani et al., 2010). This observation is
supported by the Gibbs diagram (Fig. S4a), and end member plots
(Fig. S4 (b, ¢)).

Moreover, the ratio of [(Na*+K * -CI)/(Na*+K * -CI” + Ca®")]
ranging between (—1.01) and 0.78 (Table 2), with ~62.9% of the
samples showing an ionic ratio higher than >0.2, further subtends the
possibility of plagioclase weathering (Marghade, 2020) (Egs. 15 and
16). The remaining samples (37.1%) divulge halite dissolution and base
exchange processes in groundwater. The ratios of [Na*/(Na"+Cl7)] and
Na™/Cl™ range from 0.31 to 17.03 and 0.23-0.94, respectively (Table 2).
About 70.37% of the samples have higher values of [Na®/(Na*+Cl )]
>0.5 and Na®/Cl~ >1, indicating that the dissolution of silicate (albite)
is not the only source of Na' concentration; other factors, such as halite
dissolution, ion exchange, and anthropogenic inputs also contribute to
the generation of Na™ ions in groundwater (Marghade, 2020; Rajkumar
et al, 2023). The remaining 29.63% of the samples show
[Na™/(Na™+Cl7)] and Na®™/Cl~ values of <0.5 and < 1, respectively,
reflecting halite dissolution contributing to the Na' and Cl~ ions at
Supebeda.

2NaAISi;Os
(Albite)

+2HCO;

+2CO0, + 11H,0 - Al;Si,Os(OH),, + 4H,;Si0, + 2Na*

(15)

KAISi;0 . . _
K- felgspsar) 4 CO;5 + 3H,0 — Al,Si, 05 (OH) , + K* + 25i0, 4+ HCO,
(16)

Fig. 2j shows that the plot of Na*+K* vs. SO3~ + Cl~ clusters close to
the theoretical line (1:1) with a moderate positive trendline value of R?
= 0.42. This reflects the common sources of these ions from the disso-
lution of soil salts and anthropogenic activities (Panda et al., 2018; Datta
and Tyagi, 1996). The bivariate plot of Na™+K" vs. TZ" (Fig. 2k) depicts
that 22.22% of the samples grouped between the 1:1 and Na"+K*' =
0.5TZ" lines imply the influence of silicate weathering, ion exchange
and the anthropogenic inputs on soil contributing to Na* and K* con-
centrations in groundwater (Stallard and Edmond, 1983). The relatively
high average ratio of (Ca?*+Mg?")/(Na*+K™"), i.e., 2.33, and the low
average ratio of Nat+K"/TZ" (0.37) (Table 2) indicate the dominance
of alkaline earth metals over alkalis. This is supported by 77.78% of the
samples plotting below the Na*+K* = 0.5TZ" trend line (Fig. 2k). The
dissolution of calcite, dolomite, anorthite and amphibole, and ion ex-
change processes have elevated the concentrations of alkaline earth
metals (Ca®* and Mg?") in the groundwater of the Supebeda region.

3.6. Linking hydrochemistry with CKDu

The order of predominant cations and anions in the groundwater
samples in Supebeda region is as follows: Ca?*> Na™> Mg?t> K*
(cations) and HCO3 > CI™ > NO3 > SO%’ > F~ (anions) (Fig. S5). As
discussed before, 33.33% of the groundwater samples show Ca®* con-
centration above its acceptable limit of 75 mg/L (BIS, 2020), while in
case of Mg?", about 19% of the samples exceed its acceptable limit of 30
mg/L. These elevated concentrations influence the total hardness (TH)
in groundwater chemistry with 44.44% of the samples above the BIS
(2020) acceptable limit of 200 mg/L that include 11.11% of the samples
exceeding its permissible limit of 600 mg/L. The concentrations of alkali
metals (Na® and K*) are within their respective guideline values (WHO,
2022), however. Further, the results of Piper diagram (Fig. S3) reveal
that Ca?t-Mg?"-HCO3 (55.56%, showing temporary hardness) and
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Ca%t-Mg?"-CI-S0% (29.63%, showing permanent hardness) are the
dominant facies followed by that of alkali carbonate Na'-K*-HCO3 in
14.81% of the samples. Among the anions, F~ and NO3, with all their
negative health implications (WHO, 2022; Herojeet et al., 2023), are the
key violator parameters. About 41% of the samples exhibit F~ concen-
trations above the BIS (2020) acceptable limit of 1.0 mg/L including
26% of the samples exceeding the permissible limit of 1.5 mg/L. In case
of NO3, 37% of the samples exceed their guideline value of 45 mg/L
(BIS, 2020; WHO, 2022). Other parameters, namely HCO3, and Cl™
exceed their acceptable limits by 3.7%, and 11.11%, respectively
(Table 1).

Among all chemical elements in the Periodic Table, fluorine (F), in
the form of fluoride (F™) ions, has the strongest tendency to attract
electrons with its electronegativity value varying between 3.78 and 24.8
in various scales (Sproul, 2020). The disease CKDu is found to be asso-
ciated with higher concentrations of F~ ions and total hardness in
groundwater (Liyanage et al., 2022; Chandrajith et al., 2024; Rajkumar
et al., 2025a). There is a reciprocal relationship between the F~ con-
centration in the blood serum and its content in urine discharges (Exner
(2001). This synergy has been exemplified in CKDu patients at Supebeda
as well (Chowdhary et al., 2020). The ionic activity ratios of Na*/Ca®*
and Na*/Mg?" signal hydrochemical conditions affecting water hard-
ness and fluoride enrichment. About 44% and 89% of the samples have
Na'/Ca?" >1 and Na*/Mg?* >1, respectively, demonstrating favorable
water chemistry for dissolution F~ ions in groundwater from
fluoride-bearing minerals, such as fluorite, amphiboles, biotite, horn-
blende granite gneiss, etc., in rocks (Herojeet et al., 2023). The positive
trendline between Na™ vs. F~ (R? = 0.2, Fig. $6) divulges that the pro-
portional increase of F~ concentration with the Na™ ions in groundwater
under alkaline pH condition (mean = 7.9; Table 1) favors dissolution of
fluoride-bearing minerals (Saxena and Ahmed, 2003). The remaining
55% and 11% of the samples have Na*/Ca?" <1 and Na*/Mg?" <1,
respectively, depicting the roles of Ca%* and Mg?" ions in influencing
the water hardness. Further, the bivariate plots of Na*/Ca* vs. F~ and
Na®/Mg?" vs. F~ regress positively with their R? value as 0.4 in both
figures (Figs. S7 and S8). Under these conditions, this discussion infers
that excess F~ content has synergic relationship with higher Ca?* and
Na * ions and to a lesser extent with Mg?" concentration in
groundwater.

Therefore, fluoride being the uppermost electronegative element
easily forms stable metal-fluoride complexes with Ca*", Mg?", and
Na2*, causing tubular dysfunction, protein denature of glomerular
basement membrane, collagen breakdown, and finally chronic renal
failure (Veron et al., 1993; Yiamouyiannis, 1983; Santoyo-Sanchez et al.,
2013; Dharma-Wardana, 2018; Dharmaratne, 2019; Johnston and
Strobel, 2020; Prsa et al., 2020). The formation of such metal-complexes
creates ion-ion effect causing ‘Hofmeister phenomena’ (Hofmeister,
1888), thereby altering the solubility and precipitation of compounds in
the tubular areas of human kidneys. The increased accumulation of
Hofmeister ions in the kidney depletes the water molecules due to
change in the osmotic activity and denaturation of protein (Agalakova
and Gusev, 2012; Kang et al., 2020). Dharma-Wardana et al. (2015) rank
the ions in the ‘Hofmeister series’ as K" > Na* > Mg®" > Ca®" for
cationsand F~ > S0%~ > HCO3 > Cl~ > NOj for anions by their capacity
to denature proteins. Thus, it is hypothesized that the increased ionic
activities due to elevated concentrations of F~, Ca®", and Na* ions in
groundwater through oral ingestion by humans as drinking water
agravate the Hofmeister phenomena disrupting the primary functions of
the kidneys, especially in its tubular areas, inviting a myriad of renal
problems eventually causing its complete failure.

4. Conclusions
The appraisal of analytical results from the 27 groundwater samples

with respect to BIS (2020) and WHO (2022) guidelines around the
village Supebeda helps identify the violator parameters, such as TH,
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ca’t, Mg2+, Cl7,NOg3 and F~, as well as their sources. The water classes
by CWQI signify that ~52% of the samples are potable, and ~37% may
be considered for drinking after adequate treatment. The remaining 11%
of the samples are unfit for drinking and domestic needs but are still fit
for irrigation and industrial purposes. A quarter of the samples have F~
as the single violator parameter where groundwater could be used for
drinking after proper onsite treatment. In terms of geochemistry, several
appraisal parameters, such as hydrochemical interpolations and
inter-ionic relationships, have been applied to enable extraction of the
dominant hidden features of the geochemical signatures and their
sources that influence the chemical constituents of groundwater.
Chemical concentrations of about 88% of the groundwater samples are
attributed to rock-water interactions (weathering and dissolution), and
the rest 12% to evaporation. About 78% of the samples are unaffected by
salinity, while about 22% are slightly affected by salinity. These 22% of
the samples are CI~ water type influenced by the dissolution of Cl ™ salts,
and anthropogenic inputs. The positive correlation between Na™ and C1~
attributes their origin to the geogenic and anthropogenic sources.
Further, the strong correlation between Cl~ and NO3 reflects the effect
of human-induced contamination. While the excess F ions are due to
weathering and dissolution of fluoride-bearing minerals, cation ex-
change is the controlling factor for the concentrations of the alkalis and
alkaline elements. The bivariate plot of [(Ca2++Mg2+) - (HCO3 +
S077)] vs. [(Na*+K")-Cl-], along with (Na*+K™") vs. (Ca2++Mg2+),
reveals that cation exchange is the dominant regulating process between
the alkaline and alkali cations in groundwater. It is envisaged that the
combined effects of Ca* and Mg?" ions controlling the total hardness, a
higher Na*/Ca®" ratio, and increased F~ concentration are possibly the
inducing factors for CKDu in the Supebeda region.

The present work is based on one-time sampling of the 27 ground-
water samples collected from strategic locations in Supebeda area. More
intensive samplings covering lateral, vertical and seasonal variations of
the violator parameters are required for a better understanding of the
etiology of CKDu. Moreover, the hydrochemistry of this CKDu-infected
area should be compared with that of non-CKDu areas with similar
geological and climatological conditions to enhance the value of such
research. Last but not the least, scientists must listen to the people’s
perspectives on CKDu before recommending preventive measures for its
eradication.
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