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a b s t r a c t 

This reconnaissance study was carried out in urgency as residents complained of ground- 

water contamination in a tribal stretch infected with chronic kidney disease of unknown eti- 

ology in central India where at least 100 people have already died and more than 300 hospi- 

talized. Multi-indexing techniques were used to evaluate groundwater quality for drinking, 

irrigation, and industrial purposes. The comprehensive water quality index (CWQI) classi- 

fies ∼52 % of the 27 collected samples suitable for drinking, and ∼37 % partially suitable 

pending certain treatment. While the relative abundance of chemical parameters stands at 

Ca2 + > Na+ > Mg2 + > K+ for cations and HCO3 
− > Cl− > NO3 

− > SO4 
2− > F− for anions, the 

groundwater in the area suffers from general hardness, nitrate, and fluoride contamination. 

It is hypothesized that fluoride ions possibly couple with excess alkaline earth elements and 

anions to form metal-complexes inviting Hofmeister phenomena to act in the human kid- 

neys through ingested groundwater. For agricultural water quality assessment, historically 

developed 10 irrigation indices have been used that classify most groundwater samples suit- 

able for agriculture. Corrosivity indices reveal that the groundwater has moderate to high 

corrosive affinity. Although the results of the irrigation and corrosivity indices are coherent 

with CWQI water classes, the use of so many indices based on certain chemical parameters 

to evaluate water samples for agricultural purposes delivers mixed results and confuses 

workers about the actual water quality in the field. This calls for the development of a new, 

robust, and comprehensive standard for appraisal of irrigation water quality that could be 

used uniformly worldwide. 
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Introduction 

Chronic kidney disease of unknown etiology (CKDu) is a re-
cent discovery in this part of the world in central India in a
tribal stretch. About 100 people have already died and more
than 300 compulsively hospitalized from a single village, Su-
pebeda, that consists of only 1200 people in the state of Chhat-
tisgarh. Media reports since 2018 and public outcry nation-
ally compelled many Government agencies to visit the area
and investigate the malady to find a solution. Although med-
ical teams ascribed the menace to CKDu ( Chowdhary et al.,
2020 ), common people still believe that groundwater is the
real culprit ( Rathore et al., 2022 ). The entire village histori-
cally relies on this precious resource for all their water use.
Two of the present authors visited the area in 2020 and made
a quick appraisal of its groundwater quality ( Dewangan and
Verma, 2022 ). Since no serious quality deterioration could be
detected, Herojeet et al. (2023) made an in-depth analysis of
the collected data and found that the area indeed suffers
from nitrate (NO3 

−) and fluoride (F−) contamination. They did
make a deterministic and probabilistic modeling of the hu-
man health risk assessment due to these contaminants, but
a wholesome picture of the groundwater quality from usage
perspective could not be brought out. Hence the present in-
vestigation. 

Literatures on CKDu reveal that agricultural workers are
mostly the victims of this enigmatic disease throughout
the world ( Bradley et al., 2024 ; Fiseha et al., 2024 ). While
Hettithanthri et al. (2021) define the characteristics of the af-
fected population as low-income agricultural workers aged
30–60 years, Nayak et al. (2023a) directly link farming and wa-
ter sources to the origin of CKDu based on 25 case studies from
around the globe. This study was, therefore, extended from
drinking water appraisal to deciphering groundwater quality
for agricultural purposes so that some important evidences
on the genesis of CKDu could be discerned. Besides, since the
economy of this region depends on agriculture, it is impera-
tive that the quality of groundwater is examined from its ir-
rigational suitability perspective. Till date, researchers have
mainly focused on studies related to several multifactorial
features, such as hydrogeochemical investigations, source ap-
portionment of chemicals, heat stress, agrochemicals, genetic
predisposition, nonsteroidal anti-inflammatory drugs, infec-
tious diseases (leptospirosis), and other nephrotoxic medica-
tions while working on CKDu ( Gifford et al., 2017 ; Jolly and
Thomas, 2022 ; Hettithanthri et al., 2021 ; Redmon et al., 2021 ).
Very limited work has so far been done on the suitability of
groundwater resources for various water uses, such as for
drinking, agriculture, and industry, in a CKDu area. This work
fulfils this gap in knowledge in the quest for finding a solution
to the infection by CKDu. 

Chhattisgarh State is rapidly implementing the Govern-
ment of India’s ambitious “National Jal Jeevan Mission” in
which “Har Ghar Jal (water in every home)” is the popular slo-
gan ( Press Information Bureau, 2024 ). This scheme aims to
provide every household in the country with access to piped
water connections to ensure a clean drinking water supply,
thus improving public health and sanitation (Sustainable De-
velopment Goal 6). To alleviate apprehension of CKDu infec-
tion due to water usage in Supebeda, the State Government is
in the process of prioritizing implementation of this scheme in
this region. But then since the modus operandi of the scheme
shall involve pipelines and many other fixtures made up of
metals for storing and transporting groundwater from high-
yielding borewells, it is essential that the corrosiveness of
the water is examined to ensure safety and efficient perfor-
mance of these materials. Moreover, because this study area
lies in a ‘naxal-prone’ zone affected by the Left Wing Extrem-
ism ( Press Information Bureau, 2019 ), the Indian Government
has a long-term plan to industrialize the region to enhance
employability of the people and engage them in the right-
ful way. Since industrialization shall involve heavy machinery
and use of various kinds of materials, it is vitally important
that groundwater is evaluated adequately for its corrosiveness
and affinity to scaling. 

Supebeda has been constantly drawing the Government’s
attention recently because of the public sufferings due to
CKDu, and it is likely that this area shall be prioritized for
early implementation of all Government’s schemes. There-
fore, the primary objective of this study is to characterize the
groundwater resources of this village from various usage per-
spectives, such as for drinking, agricultural and industrial pur-
poses, using multi-indexing techniques and statistical analy-
ses, keeping an eye on any possible breakthrough on the gen-
esis of CKDu for the greater good of humanity. The study an-
swers the following five essential hypothetical questions: (1)
Whether groundwater is potable? (2) Whether there is a link
between drinking water and CKDu? (3) Whether groundwater
is suitable for agricultural purposes? (4) Whether groundwa-
ter quality will hinder the Government’s endeavors for piped
water supply to the villages? (5) How good groundwater is for
industrial usage? 

Chronic kidney disease (CKD) is the third fastest grow-
ing malady infecting about 850 million people globally
( Nature, 2024 ). It’s predicted to become the fifth highest
cause of years of life lost by 2040 from a rank of six-
teenth in 2016 ( Foreman et al., 2018 ) and twelfth in 2017
( Global Burden of Disease – Chronic Kidney Disease Col-
laboration, 2020 ). It causes the highest economic burden
of any disease group in the low-and lower-middle-income
countries ( Essue et al., 2017 ; Levin et al., 2023 ), such as Sri
Lanka ( Abeysekera et al., 1996 ), Central American nations
( Trabanino et al., 2002 ), Tunisia ( Abid et al., 2003 ), Egypt
( Minshawy, 2011 ), and India ( Rajapurkar et al., 2012 ). What is
intriguing is its unknown etiology (CKDu) primarily affecting
the economically weaker sections of society, such as farm-
ing communities ( Hettithanthri et al., 2021 ; Bradley et al.,
2024 ; Fiseha et al., 2024 ). While groundwater is considered the
root cause of CKDu in Sri Lanka ( Imbulana and Oguma, 2021 ;
Zeng et al., 2022 ; Shi et al., 2023 ; Chandrajith et al., 2024 ),
this hypothesis is supported by many other workers world-
wide, such as by Khandare et al. (2015) , Lal et al. (2020) ,
Tatapudi et al. (2019) , and Mascarenhas et al. (2017) in
India, Campese (2017) in central America and most re-
cently by Nayak et al. (2023a) globally. In India, it is re-
ported in the States of Andhra Pradesh ( Ramesh et al.,
2011 ; Ganguli, 2016 ), Goa ( Mascarenhas et al., 2017 ), Delhi
( Ghosh et al., 2017 ), Tamil Nadu ( Parameswaran et al., 2020 ),
Odisha ( Mohanty et al., 2020 ), Maharashtra ( Mogal, 2020 ), and
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hhattisgarh ( Chowdhary et al., 2020 ), a part of which forms 
he present study area of Supebeda. The fact that about one- 
ourth of the Supebeda’s population suffers from CKDu, the 
conomic turmoil on the families of this village can very well 
e visualized. 

The village Supebeda is important because it is for the 
rst time that CKDu infection of such a greater magnitude 

100 + deaths and 300 + hospitalizations) has occurred in In- 
ia. And it is the second time in the history of CKDu inves- 
igations that groundwater is being studied in detail from a 
tilization perspective. The first such study was carried by 
u et al. (2024) in Sri Lanka for drinking and industrial pur- 
oses, but their appraisal in terms of groundwater potability is 
f limited scope due to adoption of three indices that give con- 
rasting results. Moreover, they do not identify any violating 
arameter(s) that could possibly be playing a role in the etiol- 
gy of CKDu. The present analysis is unique in the sense that 
t evaluates the groundwater resources of a CKDu region not 
nly for drinking but also for agricultural and industrial pur- 
oses by using all conventional techniques prevalent in liter- 
ture. It answers many pertinent questions the public in such 

reas have been asking the medical professionals and author- 
ties for quite some time. Besides, it identifies many violating 
arameters that are members of the Hofmeinster ion series,
trongly hypothesized as a dominant factor for the onset of 
KDu ( Rajkumar et al., 2025a ). The outcome of this study will,

herefore, not only help the people of Supebeda but also the 
illions of people suffering from CKDu around the globe. 

. Materials and methods 

.1. Study area 

illage Supebeda, with a population of 1200 people, occupies 
 geographical area of 3 km2 in the administrative district of 
ariabandh, Chhattisgarh State, India ( Fig. 1 ). It is situated be- 
ide the river Tel that demarcates its border with the Indian 

tate of Odisha in the east. Agriculture is the primary occupa- 
ion of the villagers, and rice is their staple food. Farm work- 
rs mostly spend their time in the field with limited access 
o clean drinking water. The village has nearly equal male- 
emale ratio and a literacy rate of 50.51 %. Climatologically,
he area is characterized by subtropical monsoon conditions.
he area receives moderate annual rainfall (1200 mm) with a 
inter temperature of 5 °C–25 °C and summer of 29 °C–46 °C. 

.2. Local hydrogeology 

hree distinct lithological units, (i) migmatiticquartzo felds- 
athic gneiss, (ii) banded augen gneiss and (iii) hornblende 
ranite, characterize the area ( Gupta et al., 2000 ; Neogi and 

as, 2000 ). Herojeet et al. (2023) give a detailed account of 
he mineralogical composition of these geological formations 
 Fig. 1 ). Groundwater occurs in both unconfined and con- 
ned conditions in the aquifers. The weathered portion at 
hallower level ( < 20 m) define the unconfined conditions 
ith the occurrence of semi-confined to confined conditions 

t depth in the charnockite and khondalite. The surface to- 
ography controls the movement of groundwater toward the 
ow-lying areas, and regionally toward the Tel River, in un- 
onfined aquifers, as depicted by the water table elevation 

ontours (240–260 m). Large-diameter wells (dugwells) with 

 depth range of 7–16 m and a yield range of 25–40 m3 /day
ap the shallower unconfined aquifers, while 50–80 m deep 

orewells withdraw groundwater from depth with a yield of 
5–430 m3 /day. Borehole records identify major fracture zones 
t three distinct depth zones: 40–45, 60–65, 75–80 m. Transmis- 
ivity of the aquifers varies between 15 and 45 m2 /day that 
ccasionally goes up to 100 m2 /day depending on site condi- 
ions. 

.3. Groundwater sampling and analysis 

roundwater samples were strategically collected from 27 ac- 
ive wells (26 borewells of about 60 m depth and one dugwell 
G9) of about 10 m depth) around the village Supebeda in the 
remonsoon season of May 2020. Attempt was made to collect 
 sample from each borewell location inside the village or at 
east from one borewell if the two borewells are in closer prox- 
mity. One pair of groundwater samples was collected from 

ach location with 1000 mL size High-Density Polyethylene 
HDPE) plastic bottles that were prewashed with HNO3 (10 %) 
nd rinsed with double-deionized water. During field opera- 
ion, borewells were pumped out for 10–15 min to get fresh 

roundwater and the sampling bottles were thoroughly rinsed 

–3 times with this water before sampling to retain its natural- 
ty. Essential field parameters (pH, electrical conductivity (EC),
nd total dissolved solids (TDS)) were measured onsite with 

he help of portable instruments, such as pH/EC/TDS meters 
Hanna HI 9811–5). Whatman filter paper (0.45 μm) was used to 
lter the groundwater samples to remove the suspended par- 
iculate matters. The samples were acidified with HNO3 (pH 

2) and kept at 4 °C to preserve their original character. The 
nternationally accepted American Public Health Association 

 2005 ) protocols were adopted for analyzing the major cations 
Ca2 + , Mg2 + , Na+ , and K+ ) and anions (HCO3 

−, Cl−, SO4 
2−,

−, and NO3 
−). Using double-deionized water, Merck-GR grade 

hemicals and reagents were used to prepare the chemical so- 
utions. All glassware and apparatus were rinsed with 10 % 

ydrochloric acid for one full day and re-cleaned with double- 
eionized water. For instrumental calibration, blank samples 
ere prepared from the stock solutions of each chemical pa- 

ameter. Charge balance error (CBE) equation was used to ex- 
mine the analytical accuracy with an acceptable limit of ±
 % ( Hounslow, 2018 ) ( Eq. (1) ). 

BE % =
∑ 

( Cations ) meq / L − ∑ 

( Anions ) meq / L ∑ 

( Cations ) meq / L + ∑ 

( Anions ) meq / L 
× 100 (1) 

.4. Drinking water quality parameters 

.4.1. Comprehensive water quality index (CWQI) 
esides the drinking water quality standards defined by the 
ureau of Indian Standards (BIS, 2012 ) and the World Health 

rganization ( WHO, 2022 ), an indexing technique called ‘com- 
rehensive water quality index (CWQI) ( Rajkumar et al., 2022 ) 
ased on the relaxable and non-relaxable physicochemical 
arameters has been used to appraise the suitability of Su- 
ebeda’s groundwater for drinking purposes. Relaxable pa- 
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Fig. 1 – Sampling locations and hydrogeology in village Supebeda, district Gariabandh, Chhattisgarh state, India. 
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ameters are those that have acceptable and permissible lim- 
ts (in the absence of an alternative source of water) as per 
he BIS (2012) , and non-relaxable parameters are those that 
ave only one permissible limit (BIS, 2012 ) or guideline value 
 WHO, 2022 ). In the present study, pH, TDS, TH, Ca2 + , Mg2 + , Cl−,
nd F− are relaxable parameters, while EC, Na+ , K+ , HCO3 

−,
nd NO3 

− are non-relaxable parameters. 
The quality rating ( qi ) of a parameter in a water sample( x ) is

omputed by the numerical difference between its acceptable 
imit (AL) and measured value in the sample divided by its AL,
s shown in Eq. (2) . 

i =
ALi − Vi 

ALi 
(2) 

here, Vi = the actual concentration of the measured param- 
ter (ith ) and AL = acceptable limit of this (ith ) parameter as 
er the BIS (2012) . 

In this calculation, if the AL of a parameter is not given 

y the BIS (2012) , its WHO (2022) guideline value is consid- 
red for evaluation, viz., for EC, Na+ , K+ 

, and HCO3 . If the 
ater sample( x ) consists of m number of parameters (i.e.,

a , mb , mc , , mz ) , two segments of quality rating ( qi ) calcula- 
ion, as given below, is possible depending on the concentra- 
ion of each parameter and their qi values. 

(i) When the concentration of a parameter (for example , ima 
th 

parameter ) is less than or equal to its acceptable limit 
( Vima 

≤ ALima 
) or guideline value ( Vima 

≤ GVima 
) : In this 

case, the impact of ima 
th parameter shall have negligible 

or no health implication and its quality rating value ( qima 
) 

will bear a positive value. 

qima 
=

ALima 
− Vima 

ALima 

or qima 
=

GVima 
− Vima 

GVima 

(3) 

here, Vima 
= the actual concentration of the measured param- 

ter (ima 
th ) in the water sample( x ), ALima 

= acceptable limit of 

he ima 
th parameter, and GVima 

= guideline value of the ima 
th 

arameter. 

ii) When the measured concentration of a parameter (for ex- 
ample, imb 

th parameter) exceeds its acceptable limit ( Vimb 
> 

ALimb 
) or guideline value ( Vimb 

> GVimb 
) : In this case, the 

imb 
th parameter of the water sample( x ) may have an im- 

mediate or long-term health effect and its quality rating 
value ( qimb 

) will be a negative value.

qimb 
=

ALimb 
− Vimb 

ALimb 

or qimb 
=

GVimb 
− Vimb 

GVimb 

(4) 

here, Vimb 
= the actual concentration of the measured param- 

ter (imb 
th ) in the sample( x ), ALimb 

= acceptable limit of the 

mb 
th parameter as per the BIS (2012) , and GVimb 

= guideline 

alue of the imb 
th parameter. 

Further, the quality rating ( qi ) of a chemical parameter in 

he water sample( x ) is multiplied by its corresponding relative 
eight ( Wi ) to generate a sub-index ( SIi ) value: 

Ii = qi × Wi (5) 
here, Wi is the relative weight of the ith parameter, which 

s, in fact, the normalized unit weight of this parameter. The 
I value of a parameter can have a positive ( SIpi ) or negative 
SIni ) value depending on its quality rating ( qi ) calculated as 
er Eqs. (3) and (4) above. Rajkumar et al. (2022) generated the 
ormalized unit weight ( Wi ) of selected parameters based on 

he analytical hierarchy process (AHP) (Appendix A Table S1). 
Based on SI values, the CWQI in a water sample may be 

efined as follows: 

WQI =
m ∑ 

i =1 

SIi (6) 

But, since in a water sample, two segments (positive or neg- 
tive) of qi , and therefore SI, values are possible, CWQI too 
hall have two components, i.e., positive CWQI ( PCWQI ) and 

egative CWQI (NCWQI ) , as follows: 

CWQI =
m1 ∑ 

i =1 

SIpi (7) 

CWQI =
m2 ∑ 

i =1 

SIni (8) 

here, with the total number of chemical parameters in the 
ater sample being m (i.e., m = m1 + m2 ), m1 = number of pa-

ameters that have positive SI values ( SIpi ) in the water sample 
nd m2 = number of parameters that have negative SI values 
 SIni ) in the same water sample. 

A NCWQI score shall always be represented by a negative 
-) symbol since this score is based on the cumulative value 
f the negative quality ratings ( qi ) of a set of parameters that
hall have negative sub-index ( SIni ) values (since they exceed 

heir acceptable/guideline limits). The overall classification of 
 water sample is based on its cumulative NCWQI value, as ex- 
lained in Table 1 . 

Unlike other water quality indices, CWQI does not average 
ut the quality rating ( qi ) values of the chemical parameters in 

 water sample to obtain a cumulative figure to characterize 
he water sample, but considers the cumulative scores of both 

ositive CWQI ( PCWQI ) and negative CWQI (NCWQI ) values sep- 
rately to classify the water sample for a specific usage. There- 
ore, the water classification based on CWQI is more reliable 
han those of the conventional water quality indices available 
n the literature. 

.5. Irrigation water quality indices 

esides using the irrigation quality criteria prescribed by 
he Food and Agriculture Organization ( FAO, 1994 ), vari- 
us historically developed irrigation water quality indices 
ave been used, such as Kelly ratio (KR) ( Kelly, 1940 ), resid-
al sodium carbonate (RSC) ( Eaton, 1950 ), sodium adsorp- 
ion ratio (SAR) ( Richards, 1954 ), percent sodium (%Na) 
 Wilcox, 1955 ), permeability index (PI) ( Doneen, 1961 ), po- 
ential salinity (PS) ( Doneen, 1961 ), magnesium hazard (MH) 
 Szabolcs and Darab, 1964 ), and synthetic harmful coefficient 
K) ( Zhou et al., 2009 ). The following equations define these 
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Table 1 – Classification of groundwater samples based on Comprehensive Water Quality Index (CWQI) in village Supebeda, 
district Gariabandh, Chhattisgarh state, India. 

CQWI ranges Classes No. of samples 

PCWQI score NCWQI score NCWQI numerical score Premonsoon 

0 ≤ PCWQI ≤ 1.0 NCWQI = 0 NCWQI = 0 Excellent 6 

0 ≤ PCWQI ≤ 1.0 0 > NCWQI ≥ ML 
4 0 > NCWQI ≥ −0.21 Good 15 

0 < PCWQI ≤ 1.0 ML 
4 > NCWQI ≥ 2ML 

4 −0.21 > NCWQI ≥ −0.42 Marginal 3 

0 < PCWQI ≤ 1.0 2ML 
4 > NCWQI ≥ 3ML 

4 −0.42 > NCWQI ≥ −0.63 Poor NIL 

0 < PCWQI ≤ 1.0 3ML 
4 > NCWQI ≥ ML −0.63 > NCWQI ≥ −0.84 Very poor 3 

0 < PCWQI ≤ 1.0 NCWQI < ML NCWQI < −0.84 Unacceptable NIL 

PCWQI : positive comprehensive water quality index; NCWQI : negative comprehensive water quality index; ML: maximum limit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

indices numerically. 

KR = Na+ 

( Ca2+ + M g2+ ) 
× 100 (Kelly, 1940) (9)

RSC = (
HCO 

−
3 

) −
(
Ca2+ + Mg2+ 

)
(Eaton, 1950) (10)

SAR = Na+ 
√ 

Ca2+ +Mg2+ 
2 

(Richards, 1954) (11)

%Na = ( Na+ + K+ ) 
( Ca2+ + Mg2+ + Na+ + K+ ) 

× 100 (Wilcox, 1955) (12)

PI =
(
Na+ +

√ 

HCO 

−
3 

)

( Ca2+ + Mg2+ + Na+ + K+ ) 
× 100 (Doneen, 1961) (13)

PS = Cl− +
√ 

SO 

2 −
4 (Doneen, 1961) (14)

MH = Mg2+ 

( Ca2+ + Mg2+ ) 
× 100 (Szabolcs and Darab, 1964) (15)

K = 12 . 4 mol / L + SAR (Zhou et al., 2009) (16)

where, all ion concentrations are expressed in the meq/L and
mol/L in Eq. (16) indicates the total dissolved ions in g/L. 

1.6. Industrial water quality indices 

The corrosion and scaling processes affect the efficiency of
industrial equipment, machinery, pipelines, and even their
byproducts in water, and therefore, are obvious health con-
cerns ( Hoseinzadeh et al., 2013 ). The industrial water must be
corrosion and scaling free ( Singh et al., 2012 ; Mokif et al., 2018 ).
A systematic evaluation of water quality by multiple corrosive
indices is, therefore, more advantageous than any single index
approach in the decision-making process ( Mirzabeygi et al.,
2016 ; Davil et al., 2009 ). Accordingly, in this study, five dif-
ferent indices developed historically, such as Langelier sat-
uration index (LSI) ( Langelier, 1936 ), Ryznar stability index
(RSI) ( Ryznar, 1944 ), Larson-Skold index (L-SI) ( Larson and
Skold, 1958 ), Aggressive index (AI) ( AWWA, 1975 ), and Pucko-
rius scaling index (PSI) ( Puckorius and Brooke, 1991 ), have been
used. These indices ( Eqs. (17) - (22) ) predict that the water will
dissolve, precipitate, or be in equilibrium with the calcium car-
bonate. 

LSI = p Hw 

−p Hs (Langelier, 1936) (17)

RSI = 2p Hs −pH (Ryznar, 1944) (18)

where pHw 

is the measured pH in water and pHs is the wa-
ter saturation pH with respect to CaCO3 calculated as follows
( Eq. (19) ). 

pHs = ( 9 . 3 + A + B) − ( C + D) (19)

where, constant A = 

(log 10 [TDS] − 1) 
10 , B = −13 . 12lo g10

(Temperature in 

◦C + 273 ) + 34 . 55 , and C = lo g10 (Ca
as CaC O3 mg / L )−0 . 4 , and D = lo g10 (alkalinity as CaC O3 mg / L) .

L − SI =
(
SO 

2 −
4 + C l−

)
(
HCO 

−
3 + CO 

2 −
3 

) (Larson and Skold, 1958) (20)

where, the parameter concentration unit is meq/L. 

AI = pH + lo g10 

(
Alk × Ca2+ 

)
(AWWA, 1975) (21)

where, pH is the measured pH, Ca2 + is the calcium hardness
of CaCO3 (mg/L), and Alk is the total alkalinity (mg/L). 

PSI = 2p Hs −p Heq (Puckorius and Brooke, 1991) (22)

where, pHeq = 1 . 465 × lo g10 [total alkalinity] + 4 . 54 and pHs is
the water saturation pH with respect to CaCO3 ( Eq. (19) ). 

2. Results and discussion 

2.1. Groundwater suitability for drinking purposes 

2.1.1. Based on BIS (2012) and WHO (2022) 
Suitability appraisal of Supebeda’s groundwater for drinking
purposes has been carried out based on the criteria defined
by the BIS (2012) and WHO (2022) . The Indian standards give
both acceptable and permissible limits of most chemical pa-
rameters, while WHO give only the guideline values. In this
study, BIS (2012) standards have been followed, and in case
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Table 2 – Drinking water standards of selected countries and descriptive statistics of analysed chemical parameters in groundwater samples collected in village Supebeda, 
district Gariabandh, Chhattisgarh state, India during premonsoon season ( 2020 ). 

Drinking water quality standards Agricultural 
water quality 
standards 

Range Mean ± SD 
(standard 
deviation) 

Mean ± SE 
(standard 
error) 

Relative 
percentage 
of SE 

% of sample above BIS (2012) and 
WHO (2022) standards 

% of sample 
above 
FAO (1994) 

India (BIS, 2012 ) WHO (2022) European Union 
(2023) 

Australian 
( NHMRC, 2017 ) 

USEPA ( 2024a , 
2024b ) 

FAO (1994) 

AL PL GV Parametric 
value 

GV MCL > AL > AL < PL ≥ PL 

Physical parameters 
pH 6.5–8.5 6.5–8.5 —- 6.5–8.5 6.5- 8.5c 6.5–8.4 7.2–8.3 7.9 ± 0.3 7.9 ± 0.1 0.7 % NIL NIL 
EC —- 1500 a 2500 —- —- 0–3000 313.0–3446.0 941 ± 795 941 ± 153 16.3 % 11.11 % (3) 7.4 % (2) 
TDS 500 2000 600 —- 600 500c 0–2000 200.32–2205.44 602.2 ± 509.0 602.2 ± 97.9 16.3 % 37.04 % (10) 29.63 % (8) 7.41 % (2) 7.4 % (2) 
TH 200 600 500 —- 200 —- —- 65.0–755.0 257 ± 178 257 ± 34.3 13.4 % 44.44 % (12) 33.33 % (9) 11.11 % (3) —–
Major cations 
Ca2 + 75 200 300 —- —- —- 0–400 20.0–214.0 67 ± 53 67 ± 10.2 15.0 % 33.33 % (9) 29.6 % (8) 3.7 % (1) NIL 
Mg2 + 30 100 100 —- —- —- 0–60 3.6–52.8 21 ± 13.2 21 ± 2.5 12.1 % 14.81 % (4) 14.81 % (4) NIL NIL 
Na+ —- 200 a 200 180 —- 0–920 16.4–185.5 65 ± 43.9 65 ± 8.5 13.0 % NIL NIL 
K+ —- 12 a —- —- —- —- 0.6–11.4 2.2 ± 2.1 2.2 ± 0.4 18.0 % NIL —–
Major anions 
HCO3 

− —- 500 a —- —- —- 0–610 85.0–519.0 297 ± 109 297 ± 21 7.1 % 3.7 % (1) 3.7 % (1) NIL NIL 
Cl− 250 1000 250 250c 250 250c 0–1063 7.1–408.3 73.8 ± 109.2 73.8 ± 21 28.5 % 11.11 % (3) 11.11 % (3) NIL NIL 
SO4 

2− 200 400 250 250c 500 250c 0–960 4.8–105.5 29 ± 30.6 29 ± 5.9 20.3 % NIL NIL NIL NIL 
NO3 

− 45 50 50 50 10 b 0–45 0–128.3 39 ± 40 39 ± 7.7 19.7 % 37.04 % (10) 37.0 % (10) 
F− 1 1.5 1.5 1.5 1.5 2c 4 b 0–20 0–1.9 0.9 ± 0.6 0.9 ± 0.1 12.1 % 37.04 % (10) 11.11 % (3) 25.93 % (7) NIL 

AL: acceptable limit; PL: permissible limit in the absence of alternative source of water by BIS (2012) ; GV: guideline value; MCL: maximum contaminant levels. 
a indicates guideline value of the parameter as per WHO (2022) (adopted when BIS Bureau of Indian Standards 2012 does not provide any standard limit for a parameter). 
b stands for the National Primary Drinking Water Regulations, and c refers to the Secondary Drinking Water Standards.Note: All the chemical parameters are expressed in mg/L, except for EC 

(μS/cm) and pH (unitless). 
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it does not give any upper limit for a specific parameter,
the WHO guideline value has been adopted. Table 2 lists the
BIS (2012) and WHO (2022) drinking water quality standards
besides that of few other countries (Australia, the European
Union, and the USA), for comparison purposes. As one can see,
the Indian standards are as stricter as that of other developed
countries. 

Table 2 also summarizes the analyzed physicochemical
parameters of all groundwater samples collected from Su-
pebeda, and the detailed analytical results per each sampling
location are given in Appendix A Table S2. These tables show
that the pH value in the study area varies from 7.2 to 8.3 with
a mean ± SD of 7.9 ± 0.3. This depicts the near neutral to
slightly alkaline nature of water. There is a wide variation of
EC from 313.0 to 3446.0 μS/cm (mean ± SD = 941 ± 795); 11.11 %
of the samples exceed the EC guideline value of 1500 μS/cm
( WHO, 2022 ). Few locations are prone to groundwater salin-
ity due to excessive mineralization from the leaching of agro-
chemicals ( Ako et al., 2011 ; Rajkumar et al., 2020 ). In 37.04 %
and 7.41 % of the samples, TDS values are above the accept-
able limit of 500 mg/L and permissible limit of 2000 mg/L of
BIS (2012) , respectively. 

The total hardness (TH) concentrations range from 65.0–
755.0 mg/L, with 44.44 % and 11.11 % of the samples above the
acceptable and permissible limits of 200 and 600 mg/L, respec-
tively ( BIS, 2012 ). The excess TH is attributed to the elevated
concentrations of alkaline earths (Ca2 + and Mg2 + ) and weak
acid (HCO3 

−) in groundwater ( Herojeet et al., 2016 ; Singh et al.,
2020a ; Rajkumar et al., 2025a ). Direct ingestion of untreated
hardwater for a prolonged duration poses a threat to human
health, namely calcification of arteries, gastrointestinal ul-
ceration, urolithiasis, and pulmonary disorder ( WHO, 2011 ;
Sidhu et al., 2013 ; Rajkumar et al., 2025b ). 

Further, the box-whisker plot (Appendix A Fig. S1) identi-
fies the relative dominance of cations and anions in ground-
water as Ca2 + > Na+ > Mg2 + > K+ and HCO3 

− > Cl− > NO3 
−

> SO4 
2− > F−. The concentration of Ca2 + varies from 20.0 to

214.0 mg/L (mean ± SD = 67 ± 53) with about 33.33 % of the
samples exceeding the acceptable limit of 75 mg/L and about
3.7 % the permissible limit of 200 mg/L ( BIS, 2012 ). Magnesium
(Mg2 + ) concentration varies from 3.6 to 52.8 mg/L, with 14.81 %
of the samples above the BIS (2012) acceptable limit of 30 mg/L.
The high content of alkaline earths (Ca2 + , Mg2 + ) may be due to
the weathering of silicate, carbonate, dolomite, and sandstone
minerals, as well as ion exchange processes and the leaching
of agrochemicals ( Liu et al., 2021 ; Zhou et al., 2020 ; Singh et al.,
2020b ; Rajkumar et al., 2023 ). The concentrations of alkali met-
als (Na+ , K+ ) are within their respective guideline values of
200 mg/L and 12 mg/L, respectively ( WHO, 2022 ). 

The minimum and maximum values of bicarbonate
(HCO3 

−) ions are 85 mg/L and 519 mg/L with a mean ± SD of
297 ± 109; only a meagre 3.7 % of the samples show above
the guideline value of 500 mg/L ( WHO, 2022 ). These ions are
possibly derived from geogenic sources, such as the dissolu-
tion of silicate, calcite, gypsum, and dolomite ( Marghade et al.,
2020 ; Nematollahi et al., 2018 ). The Cl− content varies between
7.1–408.3 mg/L, with 11.11 % of the samples above the ac-
ceptable limit of 250 mg/L (BIS, 2012 ). High concentration of
Cl− ions in groundwater may be due to anthropogenic factors,
such as seepage of domestic and sewage wastewater, and ap-
plication of Cl− fertilizers, such as ammonium chloride and
potash ( Zhou et al., 2014 ). Singh et al. (2020b) report that the
elevated concentrations of ions like Ca2 + , Mg2 + , HCO3 

− and
Cl− in groundwater are indicative of total hardness. The con-
centration of SO4 

2− ion ranges from 4.8 to 105.5 mg/L and is
within the BIS (2012) acceptable limit of 200 mg/L. 

Direct consumption of drinking water containing excess
concentrations of nitrate and fluoride ions are known to have
numerous health effects ( Rajkumar et al., 2023 ; Adimalla and
Qian, 2019 ). The range of nitrate content in groundwater in the
study area is 0–128.3 mg/L with a mean ± SD of 39 ± 40, and
37.04 % of the samples exceed their guideline value of 45 mg/L
( BIS, 2012 ). Anthropogenic activities, such as excreta from
livestock farms, runoff from agricultural land, leaching from
waste dumping sites, and discharge of untreated sewerage,
possibly enrich the nitrate contamination in groundwater. The
prolonged exposure to high nitrate content through direct in-
gestion shows numerous clinical symptoms, namely methe-
moglobinemia (body dehydration and gastrointestinal infec-
tions), blue-baby syndrome (cyanosis), multiple sclerosis, and
non-Hodgkin lymphoma ( Fabro et al., 2015 ; Chang et al., 2009 ;
Gao et al., 2012 ; Elisante and Muzuka, 2017 ; Herojeet et al.,
2023 ). 

The fluoride content varies from 0 mg/L to 1.9 mg/L with
a mean ± SD of 0.9 ± 0.6, and 37.04 %, and 25.93 % of the
samples show above the acceptable limit of 1.0 mg/L and
permissible limit of 1.5 mg/L, respectively ( BIS, 2012 ). High
amount of fluoride ions in groundwater may be due to weath-
ering of fluoride-bearing minerals, such as fluorite, amphi-
boles, biotite, and hornblende granite gneiss, etc., in rocks,
sediments, and soils, evapotranspiration and atmospheric de-
position ( Li et al., 2014 ; Maitra et al., 2021 ; Herojeet et al., 2023 ;
Rajkumar et al., 2025a ,b ). 

2.1.2. Based on comprehensive water quality index (CWQI) 
The scores of PCWQI range from 0.14 to 0.61 and that of
NCWQI from (−0.78)−0.00 in the chemical parameters of the 27
groundwater samples ( Table 3 ). As per the CWQI water clas-
sification, 6 (22.2 %) samples fall in the “excellent” class, 15
(55.56 %) samples in “good”, and 3 (11.11 %) samples each in
“marginal” and “very poor” classes ( Table 1 and Fig. 2 ). The
groundwater samples (G3, G6, G7, G10, G13, and G16) falling
under the excellent water class are suitable for direct usage
for drinking, domestic, and irrigation purposes. The samples
(G2, G5, G9, G11, G12, G23, G24, and G27) belonging to the good
water class may be conditionally used for drinking. They are,
however, suitable for direct domestic uses. Thus, 14 samples
(6 + 8 samples under excellent and good water classes, respec-
tively) (i.e., 52 %) are suitable for potable use. 

Some of the groundwater samples (G1, G4, G8, G14, G15,
G20, and G21) falling under good category have fluoride as the
single violator parameter ( > 1.5 mg/L) ( BIS, 2012 ). Groundwater
from these locations is recommended for drinking purposes
only after proper treatment, such as by the membrane defluo-
rination method and ion exchange processes. Three samples
(G19, G22, and G26) belonging to the marginal class may be
considered for drinking only after treatment, but the water is
still fit for direct use for domestic purposes. Finally, the sam-
ples (G17, G18, and G25) belonging to the very poor water class
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Table 3 – Results of CWQI in the groundwater samples collected from village Supebeda, district Gariabandh, Chhattisgarh 

state, India. 

Sample 
nos. 

Village PCWQI NCWQI Sample 
nos. 

Village PCWQI NCWQI Sample 
nos. 

Village PCWQI NCWQI 

G1 Sum Sagarpara 0.501 −0.13 G10 Sanjhakar para 0.581 0.00 G19 Fulimunda 0.388 −0.22 
G2 Kumdi 0.515 −0.01 G11 Sanjhakar para 0.565 −0.05 G20 Chotibudi 0.576 −0.13 
G3 Kumhadai 0.506 0.00 G12 Badh para 0.578 −0.04 G21 Dahigaon 0.521 −0.07 
G4 Fulimunda 0.582 −0.08 G13 Satnami para 0.602 0.00 G22 Model para-I 0.275 −0.23 
G5 Nishiguda 0.514 −0.01 G14 Almunyia 0.416 −0.10 G23 Model para-II 0.422 −0.11 
G6 Supebeda 0.433 0.00 G15 Jai Thankur di ke 0.238 −0.15 G24 Dabnai 0.463 −0.07 
G7 Sendmuda 0.613 0.00 G16 Nishiguda 0.537 0.00 G25 Navaguda 0.302 −0.69 
G8 Sanjhakar para 0.599 −0.10 G17 Nishiguda 0.166 −0.78 G26 Kundai Kala 0.264 −0.28 
G9 Sanjhakar para 0.557 −0.06 G18 Nishiguda 0.144 −0.75 G27 Bastipara 0.429 −0.19 

Mean 
Maximum 

Minimum 

PCWQI NCWQI 

0.46 −0.16 
0.14 −0.78 
0.61 0.00 
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re unfit for drinking and domestic uses. They could, however,
e used for irrigation of salt-tolerant crops. 

The advantages of CWQI are that it generates six distinct 
ater classes for various uses, i.e., for drinking, domestic, irri- 

ation, and industrial consumption ( Table 1 ), and none of the 
ater sources is rejected from usage perspective. The water 

lassification is entirely based on the quality ratings and unit 
eights of the physicochemical parameters. 

.2. Groundwater suitability for irrigation purposes 

.2.1. Based on FAO (1994) 
roundwater has always been the preferred source of irriga- 

ion in this region. With respect to EC and TDS, their measured 

oncentrations indicate exceedance of their permissible lim- 
ts (3000 mg/L for EC and 2000 mg/L for TDS) in 7.4 % of the
amples ( Table 2 ). Most parameters, such as pH, TH, major 
ations (Ca2 + , Mg2 + , Na+ , K+ ) and anions (HCO3 

−, Cl−, SO4 
2−,

−), are within their usual standard ranges for irrigational use 
 FAO, 1994 ). Among anions, 37 % of the samples show excess 
oncentrations of nitrate ( > 45 mg/L) ( Table 2 ). 

Further, FAO (1994) suggests that when the ratio of 
a2 + /Mg2 + is less than 1, the potential effect of exchange- 
ble sodium and magnesium increases in the soil. In the 
tudy area, the Ca2 + /Mg2 + ratio values range from 0.93 to 8.17 
mean = 3.55), and a meagre 3.70 % of the samples may have 

agnesium effect. Presently, there is no such report of magne- 
ium hazard affecting soil salinity in the study area (Appendix 
 Table S3). 

.2.2. Based on irrigation water quality indices 
s many as 10 irrigation indices have been used to evaluate 

he groundwater quality (Appendix A Table S3). 

1) Total dissolved solids (TDS) 

As the primary indicator of the total mineral content in 

roundwater, it appraises the chemical equilibrium between 

ater and the solute (salts) in the aquifer system. Irrigation 

ater containing a higher amount of TDS accumulates excess 
mount of dissolved ions as salts around the root zone of the 
lants, thereby affecting normal plant growth, development,
nd crop production ( Singh et al., 2020a ). The classification of 
DS values by Ayers and Westcot (1994) and University of Cal- 

fornia Committee of Consultants ( UCCC, 1974 ) in groundwa- 
er depicts that the majority of the samples in Supebeda area 
all under “suitable” (55.56 %) and “moderate” (37.04 %) water 
lasses. Only a small number of the samples (7.41 %) is not 
ully fit for the irrigational use ( Table 4 and Appendix A Fig.
2). 

2) Salinity hazard (EC) 

Electrical conductivity determines the degree of salinity in 

 water sample due to the presence of excessive amount of 
onic species in it. The semi-arid climatic conditions in the 
egion cause a high evaporation rate of soil moisture result- 
ng in the increased salt deposition in the upper soil horizon 

 Chacha et al., 2018 ; Wagh et al., 2018 ; Rajkumar et al., 2025a ).
urther, high EC in irrigation water accelerates soil salinity 
nd reduces drainage capacity, affecting the capillary water 
ontent in soil ( Li et al., 2016a ; Amiri et al., 2015 ). The salinity
azard classification of groundwater as per Richards (1954) is 
rovided in Table 4 and Appendix A Fig. S3. Most of the sam-
les (62.96 %) in Supebeda are good enough for irrigational 
urposes. The remaining samples fall under doubtful (29.63 %) 
nd unsuitable (7.41 %) categories. None of the samples fall 
nder ‘excellent’ water class for irrigation, however. 

3) Kelley’s Ratio (KR) 

Kelley’s ratio (KR), developed by Kelly (1940) , is defined by 
he ratio of Na+ ion concentration and the alkaline earths 
Ca2 + and Mg2 + ) content in water. The value of KR varies from 

.16 to 3.05 meq/L in the study area (Appendix A Table S3). Ac-
ording to the classification of the KR water classes ( Table 4 
nd Appendix A Fig. S4), about 77.78 % of the samples having 
R values of < 1 meq/L are fit for irrigational uses. The remain-

ng samples (22.22 %) have values greater than unity depicting 
hat the enrichment of Na+ ions over the combined concen- 
rations of Ca2 + and Mg2 + ions may have sodium toxicity in 

he soil, a condition not favourable for irrigation. 



journal of environmental sciences 157 (2025) 232–251 241 

Fig. 2 – Classification of groundwater samples based on comprehensive water quality index (CWQI) in village Supebeda, 
district Gariabandh, Chhattisgarh state, India. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4) Residual Sodium Carbonate (RSC) 

Eaton (1950) developed the residual sodium carbonate
(RSC) concept to determine the hazardous effects of CO3 

−

and HCO3 
− with respect to the alkaline earth metals (Ca2 +

and Mg2 + ) in irrigation water. The relative abundance of
CO3 

− and HCO3 
− over the alkaline earth metals in wa-

ter precipitates the Ca2 + and Mg2 + ions, thereby increas-
ing the deposition of sodium carbonate in the soil matrix
( Purushothaman et al., 2014 ; Ahamed et al., 2015 ). HCO3 
−

ions are the predominant anions in Supebeda, leading to high
pH and alkalinity in groundwater. Marghade et al. (2020) and
Agoubi et al. (2011) divulge that high RSC values increase
sodium toxicity and make it infertile; thus, RSC values less
than 1.25 meq/L are desirable for irrigation. 

The RSC values in the study area range from −9.63 to 4.93,
with −0.23 as the mean value, which indicates that the low
concentration of Na+ ions and a significantly higher concen-
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Table 4 – Classification of groundwater samples based on irrigation indices in village Supebeda, district Gariabandh, Chhat- 
tisgarh state, India. 

Parameters Range Water class No. of samples % of samples 

TDS 
(Ayers and Westcot, 1994; UCCC, 1974) 

< 450 Suitable 15 55.56 % 

450–2000 Moderate 10 37.04 % 

> 2000 Unsuitable 2 7.41 % 

Salinity hazard (EC values in μS/cm) 
( Richards, 1954 ) 

< 250 Excellent (C1) NIL NIL 
250–750 Good (C2) 17 62.96 % 

750–2250 Doubtful (C3) 8 29.63 % 

> 2250 Unsuitable (C4) 2 7.41 % 

Kelly’s ratio (KR) ( Kelly, 1940 ) < 1 Suitable 21 77.78 % 

> 1 Unsuitable 6 22.22 % 

Residual sodium carbonate (RSC) 
( Eaton, 1950 ) 

< 1.25 Good 17 62.96 % 

1.25–2.5 Doubtful 4 14.81 % 

> 2.5 Unsuitable 6 22.22 % 

Sodium adsorption ratio (SAR) 
( Richards, 1954 ) 

< 10 Excellent (S1) 27 100 % 

10–18 Good (S2) NIL NIL 
18 – 26 Doubtful (S3) NIL NIL 
> 26 Unsuitable (S4) NIL NIL 

%Na 
( Wilcox, 1955 ) 

< 20 Excellent 5 18.52 % 

20–40 Good 12 44.44 % 

40–60 Permissible 8 29.63 % 

60–80 Doubtful 2 7.41 % 

> 80 Unsuitable NIL NIL 
Permeability index (PI) 
( Doneen, 1961 ) 

Class I Max. permeability 6 22.22 % 

Class II 75 % of Max. permeability 14 51.85 % 

Class III 25 % of Max. permeability 7 25.93 % 

Potential salinity (PS) 
( Doneen, 1961 ) 

< 5 Excellent to Good 23 85.19 % 

5–10 Good to Injurious 2 7.41 % 

> 10 Injurious to Unsatisfactory 2 7.41 % 

Magnesium ratio (MR) 
( Szabolcs and Darab, 1964 ) 

< 50 Suitable 23 85.19 % 

> 50 Unsuitable 4 14.81 % 

Synthetic harmful coefficient (K) ( Zhou et al., 2009 ) < 25 Excellent 25 92.59 % 
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ration of HCO3 
− ions in some of the groundwater samples 

ay be due to the dissolution of silicate and carbonate miner- 
ls (Appendix A Table S3). Eaton (1950) classified the RSC val- 
es into three water classes for irrigation purposes ( Table 4 
nd Appendix A Fig. S5). Majority of the groundwater sam- 
les (62.96 %) fall under the “good” water class for irrigation.
ithin the good water class, 13 samples show negative RSC 

alues signalling elevated concentrations of Ca2 + and Mg2 + 

ons favouring carbonate precipitation and low Na+ content 
n groundwater (Appendix A Table S3). The remaining sam- 
les, 14.81 % and 22.22 %, respectively, belong to the “doubtful”
nd “unsuitable” water classes that have RSC values above the 
afe limit of 1.25 meq/L for irrigation ( Table 4 ). These samples 
ay accelerate the Na-induced Ca2 + and Mg2 + deficiency af- 

ecting soil salinity and stunt plant growth ( Zhang et al., 2019 ; 
dimalla and Wu, 2019 ). The Na+ ions present in the irrigation 

ater binds to clay minerals releasing Ca2 + and Mg2 + ions in 

he percolating water ( Rajkumar et al., 2025a ), causing high 

a+ content in the plant root zone in soil, especially in the 
pper layer of soil, and creating salt burn effects in the soft 
issues of the plant roots. 

5) Sodium adsorption ratio (SAR) 

The potential alkali or sodicity hazard is quantitatively de- 
ermined by SAR ( Eq. (11) ) ( Richards, 1954 ). Sodicity hazard is

ore detrimental in alkaline soil because the exchangeable 
a2 + and Mg2 + ions are readily replaced by Na+ ions, causing 
oil compaction, deflocculation, and decreased permeability 
 Ahamed et al., 2015 ). In the study area, the SAR values vary
rom 0.52 to 4.20 with a mean of 1.85 (Appendix A Table S3).
ince all groundwater samples have SAR values of < 10, they 
re excellent for irrigational use in different soil types and for 
 variety of crops ( Table 4 and Appendix A Fig. S6). 

The US Salinity Laboratory diagram ( USSL, 1954 ) ( Fig. 3 a)
hat plots SAR vs. EC values depicts that 62.96 % of the ana-
yzed water samples have medium salinity with low sodium 

azard (C2-S1), indicating that the groundwater could be used 

or agricultural purposes in all types of soil ( Rao, 2017a ). The
emaining samples show high salinity with low sodium haz- 
rd (C3-S1) (29.63 %) and very high salinity with low sodium 

azard (C4-S1) (7.41 %). Notably, 37.04 % of the samples may 
e considered for irrigation in soils with high drainage po- 
ential to minimize the salinity effect ( Bauder et al., 2011 ; 
arghade et al., 2020 ). Singh et al. (2020a) report that high 

alinity in irrigating groundwater may damage the soil tex- 
ure and nutrient imbalance, affecting the metabolic activities 
n crops. 

6) Percent Sodium (%Na) 

Wilcox (1955) developed a concept of sodium (%Na) to in- 
icate sodium hazard in soil. Sodium occurs in substantial 
roportion with carbonate in alkali soil or sulphate and chlo- 
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Fig. 3 – (a) United States Salinity Laboratory (USSL), and (b) Wilcox diagrams for groundwater samples from village 
Supebeda, district Gariabandh, Chhattisgarh State, India. EC: electrical conductivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ride in saline soil. Therefore, the irrigation water enriched
with soluble sodium accelerates the reaction in the soil ma-
trix to diffuse the exchangeable cations that affect the soil
structure and reduce permeability ( Khan and Abbassi, 2013 ;
Chacha et al., 2018 ; Wagh et al., 2018 ). Bashir et al. (2017) re-
port that the %Na value above 60 % in irrigation water deteri-
orates the internal soil pore spaces, reducing the aeration and
drainage capacity. These effects are aggravated in water with
high EC and elevated concentration of Na+ in soil, inhibiting
plant growth ( Islam et al., 2017 ). 

The %Na value varies from 14.04 % to 75.42 %, with a
mean of 37.15 % in the study area (Appendix A Table S3).
Wilcox (1955) devised five water classes based on the %Na
for irrigation suitability. According to this classification, the
groundwater samples falling under excellent, good, permissi-
ble, and doubtful categories are 18.52 %, 44.44 %, 29.63 %, and
7.41 %, respectively, in Supebeda ( Table 4 and Appendix A Fig.
S7); none are unsuitable for irrigational use. 

Further, the Wilcox diagram is essentially based on EC
concentrations and %Na values of the groundwater samples.
Fig. 3 b shows that 62.96 % of the samples in Supebeda fall
under “excellent to good" category, 25.93 % of the samples
in “good to permissible”, 3.70 % of the samples in “doubtful
to unsuitable”, and 7.41 % of the samples in “unsuitable” wa-
ter classes for irrigation purposes. Li et al. (2016b) report that
groundwater samples with a %Na value of less than 60 % are
ideal for irrigation. Accordingly, out of the 27 samples col-
lected, two samples, such as (G1 and G20) falling under “ex-
cellent to good” category, are not fully fit for irrigational use
for having > 60 % of %Na value, even if their EC values are less
than 750 μS/cm. Similarly, one sample (G25) under “doubtful
to unsuitable” category and two of the samples (G17 and G18)
under “unsuitable” water class have %Na values of less than
60 %, but their EC values are more than 2000 μS/cm, and there-
fore, are not suitable for irrigating crops as they may cause
sodicity or salinity hazard in the soil. Therefore, it is ideal to
consider both EC and %Na values in combination in character-
izing a water sample rather than treating them independently
for appraisal of irrigation water quality. 

7) Permeability Index (PI) 

Doneen (1961) developed the permeability index (PI) as
an indicator to determine if the water quality is suitable for
irrigational uses. Water permeability is chiefly affected by
the enriched content of Na+ ions, but the problem is fur-
ther aggravated by the elevated concentrations of HCO3 

−,
Ca2 + , and Mg2 + ions that precipitate in the soil ( Brindha and
Kavitha, 2015 ). Thus, prolonged irrigation in agricultural land
often leads to accumulation of these residual chemicals in-
hibiting the movement of water in the upper horizon of soil
and limiting the gravitational and capillary water formation
and normal seed germination. 

The permeability index is calculated using Eq. (13) and the
water classes it forms are shown in Table 4 . The PI values
diverge from 26.93 to 113.29 meq/L in the study area (Ap-
pendix A Table S3). Appendix A Fig. S8a and b depict that
about 22.22 % and 51.85 % of the samples fall under “Class I
(maximum permeability)” and “Class II (above or 75 % of max-
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mum permeability)” water types, respectively, and, therefore,
re suitable for irrigation. At the same time, the remaining 
5.93 % of the samples belonging to “Class III (below or 25 % 

f maximum permeability)” water type, are unfit for agricul- 
ural purposes. The groundwater samples with high PI values 
mply that the elevated concentrations of Na+ and HCO3 

−ions 
ay be attributed to cation exchange processes and the dis- 

olution of silicate and carbonate minerals ( Xu et al., 2019 ; 
ajkumar et al., 2025b ). 

8) Potential Salinity (PS) 

Potential salinity (PS), proposed by Doneen (1961) , is de- 
ned as the summation of the Cl− ions with half the SO4 

2- 

oncentrations in water. It is one of the important irrigation 

ater indicators computed using Eq. (14) . Generally, the ex- 
ess concentration of Cl− ions in groundwater is linked to an- 
hropogenic factors ( Singh et al., 2020a ; Herojeet et al., 2016 ; 
ajkumar et al., 2025b ). On the other hand, numerous geogenic 
nd anthropogenic inputs influence the SO4 

2− content in the 
quifers ( Rao et al., 2017b ; Rajkumar et al., 2023 ). 

The PS values diverge from 0.25 to 13.00 meq/L with a mean 

f 2.76 meq/L in the study area (Appendix A Table S3). Accord- 
ng to PS water categorization ( Table 4 ), 85.19 % and 7.41 %
f the samples belong to “excellent to good ( < 5 meq/L)” and 

good to injurious (5–10 meq/L)” water classes, respectively.
onversely, the rest of the samples (7.41 %) fall under “inju- 
ious to unsatisfactory ( > 10 meq/L)” category, indicating their 
nsuitability for irrigation. Appendix A Fig. S9 shows the spa- 
ial distribution of PS water classes in the Supebeda area. 

9) Magnesium Hazard (MH) 

The alkaline earth metals are the elements that show rel- 
tive dominance among the cations. Further, Ca2 + and Mg2 + 

ons maintain the state of equilibrium in the natural fresh- 
ater ecosystem ( Raju et al., 2011 ). Optimum levels of Ca2 + 

nd Mg2 + concentrations are necessary for irrigation water as 
hese ions function as the vital macronutrients in soil solution 

hat support the aggregation of mineral matter and germina- 
ion of plants ( Nayak et al., 2023b ). The effects of excess Mg2 + 

ontent can be catalyzed by the elevated amount of Na+ ions 
hat disturb the soil stoichiometry, thereby reducing drainage 
apacity and crop yield ( Rao et al., 2012 ). 

Szabolcs and Darab (1964) developed the magnesium haz- 
rd index and its water classification for agricultural purposes.
n the study area, MH values in the groundwater samples 
ange from 16.80 to 64.04 meq/L (Appendix A Table S3). Based 

n the MH water classes, most of the samples (85.19 %) have 
ess than 50 meq/L of MH value, and, therefore, are suitable for 
gricultural uses ( Table 4 ). The remaining groundwater sam- 
les (14.81 %) exceed 50 meq/L value, indicating that these 
amples carry potential threat to increase the soil alkalinity 
dversely affecting the crop productivity. Appendix A Fig. S10 
hows the spatial distribution of MH water classes in the Su- 
ebeda area. 

10) Synthetic Harmful Coefficient (K) 

Zhou et al. (2009) developed the synthetic harmful coeffi- 
ient (K) to determine the possible combined effect of salinity 
nd alkali hazards from the irrigation water. It is computed 
ased on the concentrations of the TDS and the SAR values 
 Eq. (16) ) and the resulting classifications are excellent (K < 25),
ermissible (25 < K < 36), doubtful (36 < K < 44), and unsuit-
ble (K > 44) water types. 

In the study area, K value varies from 3.21 to 30.66 with 

 mean of 9.41, and, therefore, none of the samples is classi- 
ed under the “doubtful” and “unsuitable” categories for irri- 
ation purposes ( Table 4 and Appendix A Table S3). Most of 
he groundwater samples, ∼92.59 %, fall under the “excellent" 
ater class, and the rest ∼7.41 % of the samples belong to 

permissible” water class for agricultural purposes (Appendix 
 Fig. S11). 

.3. Groundwater suitability for industrial purposes 

he groundwater samples of the study area are evaluated 

or industrial purposes using various historically developed 

orrosion and scaling indices (Appendix A Table S4). Corro- 
ion is caused when water reacts with or dissolves metal 
lumbing, while scaling occurs when water has high levels of 
inerals like calcium carbonate, which can build-up on sur- 

aces ( Vendrell and Atiles, 2003 ). Corrosion and scaling data 
re essential prior to laying of pipelines and establishment 
f industries that require stringent water quality standards 
 United States Geological Survey, 2019 ; Mankikar, 2021 ). 

.3.1. Langelier saturation index (LSI) 
angelier saturation index (LSI) is developed by 
angelier (1936) to qualitatively measure the tendency of 
ater to dissolve or precipitate calcium carbonate, and is cal- 

ulated using Eq. (17) ( Langelier, 1936 ). This index gives three 
ater classes, as described in Table 5 . In the present study,

ll groundwater samples have negative LSI values (LSI < 0),
ivulging corrosive tendencies. In fact, the LSI values between 

2.71 and −1.64 (Appendix A Table S4) signal excess content 
f free CO2 . Low alkalinity enhances the CaCO3 dissolution 

n water, thus raising its corrosive affinity ( Mirzabeygi et al.,
016 ). 

.3.2. Ryznar stability index (RSI) 
yznar (1944) modified LSI and developed a quantitative in- 
ex, RSI, in search of a superior index for estimating wa- 
er’s vulnerability to scale formation. This index is often used 

n combination with LSI to predict the corrosion or scaling 
endencies of water toward mild steel ( Ravikumar and So- 

ashekar, 2012 ). Eq. (18) shows the calculation for the RSI val- 
es that are always positive. Table 5 gives the resulting wa- 
er classes. In the Supebeda study area, RSI value varies from 

1.48 to 13.01 (Appendix A Table S4), which divulges that all 
he groundwater samples are categorized as having aggressive 
orrosivity potential with RSI of > 8.5. 

.3.3. Larson-Skold index (L-SI) 
he Larson-Skold index is used as an indicator to estimate the 
ater corrosivity towards mild steel ( Larson and Skold, 1958 ).
his index is computed as the ratio of chloride and sulphate 
oncentrations with respect to that of bicarbonate and car- 
onate in a water sample ( Eq. (20) ). The increased concentra- 
ions of chloride and sulphate ions in water enhance the cor- 
osivity effect in water ( Choi et al., 2015 ). The L-SI result varies



journal of environmental sciences 157 (2025) 232–251 245 

Table 5 – Classification of groundwater samples based on corrosion and scaling indices in village Supebeda, district Gari- 
abandh, Chhattisgarh state, India. 

Name of indices Water class Specification No. of 
samples 

% of 
samples 

Langelier saturation 
index (LSI) 

LSI < 0 Water is under-saturated with CaCO3 and shows corrosive 
affinity 

27 100 % 

LSI = 0 Water is saturated with CaCO3 (equilibrium) and neither show 

corrosive nor scaling tendency 
NIL NIL 

LSI > 0 Water is super-saturated with CaCO3 having scaling tendency NIL NIL 
Ryznar stability 
index (RSI) 

RSI < 5.5 High scaling tendency NIL NIL 
5.5 < RSI < 6.2 Moderate scaling tendency NIL NIL 
6.2 < RSI < 6.8 Low corrosive tendency NIL NIL 
6.8 < RSI < 8.5 Moderate corrosive affinity NIL NIL 
RSI > 8.5 Rigorous corrosive behaviour 27 100 % 

Larson-Skold index 
(L-SI) 

L-SI < 0.8 Scaling tendency NIL NIL 
0.8 < L-SI < 1.2 Higher corrosion rates can be obtained 22 81.48 % 

L- SI > 1.2 High rates of localized corrosion can be expected 5 18.52 % 

Aggressive index 
(AI) 

AI < 10 Extremely aggressive (corrosive) conditions NIL NIL 
10 < AI < 12 Moderately aggressive 3 11.11 % 

AI > 12 Nonaggressive (not corrosive) tendency and scaling affinity 24 88.89 % 

Puckorius scaling 
index (PSI) 

PSI < 6 Scaling tendency NIL NIL 
6 < PSI < 7 Little affinity for scaling and corrosion NIL NIL 
PSI > 7 Significant corrosive tendency 27 100 % 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

from 0.05 to 2.85, with a mean of 0.36 (Appendix A Table S4).
Table 5 gives the three L-SI water classes. As per this table,
81.48 % of the groundwater samples fall under 0.8 < L-SI < 1.2
range, indicating a higher corrosion tendency ( Aminiyan and
Aminiyan, 2020 ). The remaining 18.52 % of the samples have
L-SI value of > 1.2, depicting that higher rate of localized corro-
sion can be expected due to excess concentrations of chloride
and sulphate catalysts. 

2.3.4. Aggressive index (AI) 
The aggressive index (AI) was specifically developed by the
AWWA (1975) to monitor the corrosivity of water in asbestos
pipes ( Ahmed et al., 2021 ). It is calculated using the actual con-
centrations of pH, calcium hardness, and total alkalinity from
a water sample, as outlined in Eq. (21) . The AI value varies
from 11.66 to 12.82, with a mean value of 12.34 in Supebeda’s
groundwater (Appendix A Table S4). Table 5 presents the AI
water classes that shows that 11.11 % of the samples fall in 10
< AI < 12 category with a moderate corrosive tendency. The
remaining 24 (88.89 %) samples have AI > 12, which depicts
that such water types have scaling affinity but have nonag-
gressive potential toward corrosion ( Ahmed et al., 2021 ). 

2.3.5. Puckorius scaling index (PSI) 
This index predicts water buffering potential and capacity to
undergo precipitation ( Puckorius and Brooke, 1991 ). Like RSI,
the PSI value is always positive and is computed as the dif-
ference between the saturation pH of water as CaCO3 and
the equilibrium pH (pHeq ) to evaluate the buffering capacity
( Eq. (22) ). The PSI value ranges from 11.23 to 13.56 (Appendix
A Table S4). Table 5 gives the PSI water classes, which state
that all groundwater samples (100 %) belong to a significant
corrosive water class for industrial purposes. 

Similar study on the water stability indices have been con-
ducted in the CKDu-infected North Central Province (NCP) of
Sri Lanka ( Hu et al. 2024 ) from piped water supply perspective,
and it is found that groundwater in that region too is highly
corrosive, but of lesser magnitude than that of Supebeda. 

3. Conclusions 

This reconnaissance study undertaken on public demand sat-
isfactorily characterizes the groundwater resources of the vil-
lage Supebeda from various usage perspectives, such as for
drinking, agricultural and industrial purposes, using multi-
indexing techniques and statistical analyses. The answers to
the five questions raised prior to starting the work are as fol-
lows. 

Whether groundwater is potable? 
Although the drinking water specifications by the

BIS (2012) and WHO (2022) do not give a clear picture of
the drinking water quality, many hotspots have been identi-
fied where one or more of the physicochemical parameters
exceed their acceptable limits, and in many cases their
permissible limits. However, CWQI has been successful in
classifying ∼52 % of the samples potable and ∼37 % par-
tially potable that need adequate treatment prior to use
for drinking. High concentrations of alkaline earths (Ca2 +

and Mg2 + ) and weak acid (HCO3 
−) at places have led to

groundwater hardness that have many health implications.
Similar is the case with nitrate and fluoride that exceed
their permissible limits in more than a quarter of the water
samples. 

Analysis shows that while the groundwater samples (G3,
G6, G7, G10, G13, and G16) falling under the excellent wa-
ter class are suitable for direct usage for drinking, domes-
tic, and irrigation purposes, eight samples (G2, G5, G9, G11,
G12, G23, G24, and G27) belonging to the good water class are
most suitable for direct domestic uses with conditional us-



246 journal of environmental sciences 157 (2025) 232–251 

a  

G  

a
o
n
s  

T
f
f
c
c
a  

I
p
c
t
t
u  

t
d
a

f
s
v
t
i
h
n
p

m
s
l
t
b
f
fl
t
(
m
fl
i
c
b
t
i
i
a
o
s
f
c  

C
t
o
l
e
C

p

F
t
t
p
d
g  

a  

a
b
f
i
c
m  

T
o
w
f
c
c
d  

p
m
a
w
q
s
r  

T
s
t
n
u

m

h
e
e
t
d
a
f
r
p

p
p
n
t

n
(  

i
p
o
t

ge for drinking in emergency. In seven samples (G1, G4, G8,
14, G15, G20, and G21), F− is the single violator parameter,
nd groundwater at these locations may be used for drinking 
nly after adequate treatment, such as by membrane defluori- 
ation methods (reverse osmosis, nanofiltration, electrodialy- 
is, and membrane distillation) and ion exchange processes.
hese methods are good enough for removal of nitrate too 

rom groundwater ( Sewak et al., 2023 ). Other notable methods 
or fluoride removal include adsorption, coagulation, and pre- 
ipitation processes ( Ayala et al., 2018 ). Besides, people may 
onsume nutritious food containing rich amounts of calcium 

nd vitamin C for early mitigation of fluoride contamination.
n fact, the Government has provided two fluoride treatment 
lants that use the electrolysis method, which is by far an ex- 
ellent means for fluoride removal ( Thamarai et al., 2024 ), but 
hese facilities are poorly maintained and need immediate at- 
ention. While the three samples (G19, G22, and G26) classified 

nder marginal category can be used for domestic purposes,
he rest three samples (G17, G18, and G25) are unfit for both 

rinking and domestic uses and may be closed with immedi- 
te effect. 

There is a public demand for treated surface water supply 
rom the nearby Tel River, which may be examined from a fea- 
ibility perspective under the Government’s National Jal Jee- 
an Mission (Har Ghar Jal - water in every home) program. But 
he process may take some time for implementation. What 
s immediately feasible is the supply of piped water from the 
igh-yielding wells locally, and the installation of a greater 
umber of fluoride treatment plants at strategic locations for 
ublic convenience. 

Whether there is a link between drinking water and CKDu? 
Many workers have hypothesized groundwater as the pri- 

ary causative factor for CKDu. In Supebeda, although no 
pecific etiological reasons could be deciphered in this pre- 
iminary study, it gives many important clues that need fur- 
her investigation. Elevated concentrations of fluoride have 
een found in the urine samples of the CKDu patients 
rom Supebeda. Many patients even show signs of skeletal 
uorosis ( Chowdhary et al., 2020 ). Studies elsewhere show 

hat fluoride ions have an intrinsic relationship with CKDu 

 John et al., 2021 ). Therefore, whether the alkaline earth ele- 
ents (Ca2 + , Mg2 + ) controlling the total hardness couple with 

uoride concentrations to play a role in the origin of CKDu 

n this study area is a subject of investigation. But then ex- 
eedance of these elements with respect to their permissi- 
le limits in groundwater, besides excess anions, introduces 
he topic of Hofmeister phenomena ( Hofmeister, 1888 ) act- 
ng inside human kidneys through the ingestion of drink- 
ng water ( Rajkumar et al., 2025a ). Chronic kidney diseases 
re generally linked to ‘salting-in’ and ‘salting-out’ processes 
f proteins that are further interlinked with Hofmeister ion 

eries. Therefore, understanding the role of this series in 

orming metal-complexes from water molecules, particularly 
oupling of fluoride ions with Ca2 + , Na+ , Mg2 + , K+ , HCO3 

−,
l−, NO3 

−, SO4 
2−, will help comprehend the paradox of pro- 

ein denaturation inside the kidney, leading to the onset 
f CKDu. This study, therefore, is not conclusive about the 

ink between drinking water and CKDu, but strongly hypoth- 
sizes the role of Hofmeister phenomena on the onset of 
KDu. 
Whether groundwater is suitable for agricultural pur- 
oses? 

Besides the parameter-wise water quality standard by the 
AO (1994) for irrigation, 10 other indices have been used in 

his study, each with a different chemical parameter/formula 
o examine the suitability of groundwater for agricultural pur- 
oses, but the outputs of the indices are in many ways contra- 
ictory. While some indices, namely KR, %Na, SAR, MH, and K 

ive importance to the cationic parameters (Ca2 + , Mg2 + , Na+ ,
nd K+ ), PS classifies water based on anionic chemicals (Cl−,
nd SO4 

2−), and few others, such as RSC and PI, depend on 

oth cations and anions (Ca2 + , Mg2 + , Na+ , K+ , and HCO3 
−) 

or evaluating groundwater resources. Therefore, the existing 
rrigation indices are parameter centric and are restricted to 
ertain specific cations and anions only without considering 
any other key physicochemical parameters, such as pH, EC,

H, NO3 
−, F−, etc. in the groundwater quality appraisal. These 

mitted parameters may impart different significance level 
hile maintaining the nutrient stoichiometry balance in dif- 

erent types of soil ecology. This calls for a new, robust, and 

omprehensive method of appraisal for water quality for agri- 
ultural purposes. With all these limitations, the present study 
oes not leave any clue as to why the groundwater in the Su-
ebeda area is not fit for agricultural use. Agricultural com- 
unities have somehow been linked to CKDu because they 

re constantly exposed to pesticides and agro-chemicals and 

ork in the field for long hours under the sun without ade- 
uate food and water. Many workers attribute CKDu to heat 
tress, strenuous labor, and dehydration among many other 
easons ( Anupama et al., 2020 ; Stalin et al., 2020 ; Jolly and
homas, 2022 ; Priyadarshani et al., 2023 ). According to this 
tudy, farming activities without adequate precautions or pro- 
ections could contribute to the etiology of CKDu, but this does 
ot apply to groundwater classified as suitable for agricultural 
ses. 

Whether groundwater quality will hinder the Govern- 
ent’s endeavors for piped water supply to the villages? 
The groundwater in Supebeda region is characterized by 

ard water and is highly corrosive prone to scaling. Besides 
ffecting frequent leakages, corrosion can add to toxic lev- 
ls of metals like copper and lead to water causing its bit- 
er taste and staining plumbing fixtures, while scaling can re- 
uce water flow in pipes as well as heat transfer and dam- 
ge the equipment used ( Vendrell and Atiles, 2003 ). There- 
ore, utmost care needs to be taken while selecting the 
ight quality of pipelines while using them for water supply 
urposes. 

How good groundwater is for industrial usage? 
Supebeda’s groundwater is good enough for general usage 

urposes, but while utilizing it for industrial applications and 

iped water supply purposes, the hard, corrosive, and scaling 
ature of water must be considered before its actual use. Wa- 

er softening as and when necessary could be a solution. 
Finally, the disease CKDu is usually diagnosed late, and 

o data are available on factors predicting its progression 

 Pearce et al., 2019 ). Till date, many reasons are attributed to
ts etiology, such as groundwater contamination, overuse of 
esticides, heat stress, strenuous labor, dehydration, overuse 
f non-steroidal anti-inflammatory drugs, mycotoxins, hyper- 
ension, infections, diabetes mellitus, herbal medication, fam- 
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ily history, tobacco use, etc. ( Anupama et al., 2020 ; Stalin et al.,
2020 ; Jolly and Thomas, 2022 ; Priyadarshani et al., 2023 ). While
many of these factors apply to Supebeda area, where most
patients are agricultural workers who are constantly exposed
to pesticides and agro-chemicals and work long hours in the
field under the sun without proper food and water, what is
very clear is the significant lack of awareness among the peo-
ple of the basic sense of self-care in terms of health and hy-
giene. There are many instances of social ostracization and a
lack of employment opportunities for the people infected with
CKDu ( Rathore et al., 2022 ). This is because residents are un-
aware that any form of CKD is a non-communicable disease
( Global Burden of Disease – Chronic Kidney Disease Collab-
oration, 2020 ; Levin et al., 2023 ). The literacy rate in the vil-
lage is 50.51 %, indicating an urgent need for public awareness
through various IEC (information, education, and communi-
cation) schemes not only about the disease but also regarding
the maintenance of a healthier lifestyle and basic sanitation
facilities to ensure a cleaner environment. What is at least ex-
pected of them is to refrain from drinking water from random
sources and to consume groundwater only from designated
wells or certified fluoride treatment plants. The State Govern-
ment of Chhattisgarh has a robust machinery for community
medicine. In addition to the village inhabitants, the local ad-
ministration and health institutions across the State are tak-
ing the disease seriously. It is hoped that the disease will be
controlled soon in this region. 
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