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ABSTRACT

The key observations on the study concerning the geostatistical appraisal, hydrogeochemical
environment of major ions (cations and anions) as well as groundwater suitability from the part
of Balaghat District (MP) latitude 21°31'42": 21°43'11" N and longitude 79°50'30":80°11'30"
E., Central India are presented here. The pH (7.3 to 8.6) of the groundwater samples and
range of EC values (50-5080 uS.cm™) typically clarify the alkaline nature and the involvement
of diverse processes (geogenic as well as anthropogenic) deciding the hydrogeochemical
environment of groundwater. This prominent behavior is the result of the conductivity
in groundwater, which is the consequence of ion exchange along with the solubilization
processes during the rock-water interaction and also represents anthropogenic activity. The
abundance succession of cations is Ca* > Na* > Mg?* > K*, while the profusion sequence of
anions is HCO, > CI'> NO; > SO, > F". The positive correlation among the pair of Ca2* with
Mg?* (r=0.657), Na*(r = 0.691), and HCO; (r = 0.842) as well as the high positive association
between K* and SO, (r = 0.856), plus K" and NO, (r = 0.779) unravels the derivation of
ions from the geogenic origin and the agro-chemical derivation of ions respectively. The three
factors (1:6.350, 2:2.732, and 3:2.697), having a total variance of 87.923%, correspond with
the geogenic factor, anthropogenic factor, and alkalinity factor, respectively. The groundwater
from the study area is suitable for drinking and irrigation purposes with a slight threat of
exchangeable sodium.

INTRODUCTION

The rock-water interface is the common intersection where the physical and
chemical properties of both rocks, as well as groundwater, interact for the numerous
crucial and decisive hydrogeochemical processes that directly govern the long-
lasting chemistry of groundwater and hence also express the typical geogenic
changes in the groundwater system (Sreedevi 2004, Nagaraju et al. 2006, Wen et
al. 2008, Si et al. 2009, Deshpande & Murkute 2023). At this interface, distinct
ions from the mineral suites get released from the aquifer rocks and also combine
concurrently to give specific characteristics to the groundwater regime (Jalali
2006, Gupta et al. 2008, Murkute 2014a, Nayak & Hota 2023). Similarly, human
interventions, which are also referred to as anthropogenic activities, add non-
natural contents, which again deteriorate the groundwater quality (Si et al. 2009,
Li et al. 2011, Ravikumar & Somashekhar, 2011, Agoubi et al. 2011, Rajesh et
al. 2012, Omran et al. 2012, Bauder et al. 2014, Amiri et al. 2015, Xu et al. 2018,
Ahada & Suthar 2018, Wagh et al. 2018, Zhang et al. 2019, Eyankware et al. 2020,
Murkute 2014b).

Groundwater contamination poses an immense threat to human health, and
hence the unfailing examinations have been expanding the apprehension of the
hydrogeochemical environment through statistical investigations and other related
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issues (Lietal. 2012, Brindha & Elango 2013, Wu et al. 2015,
Hirojeet et al. 2015, Thilagavathi et al. 2015, Duraisamy et
al. 2018, Sreedevi et al. 2018, Li et al. 2018, Xu et al. 2018,
Adimalla & Qian 2019, Wang et al. 2019, Singh et al. 2019,
Eyankware et al. 2020, Gogulothu et al. 2022). Nowadays,
the interrelated studies give a hand in devising policies for
planning, remedial measures, and regulations to cope with
groundwater contamination.

The study area represents the western-south part of
Balaghat district, latitude 21°31'42": 2143'11"” N and
longitude 79°50'30": 80°11'30" E, Madhya Pradesh, Central
India. The study area also corresponds to five watersheds,
wherein all these watersheds cover the rural part of the
district, in which groundwater is the sole source of water
for drinking and irrigation purposes. Seldom public water
supply scheme provides tap water, but again the source
of water is groundwater from shallow as well as deep
aquifers. There is very little information available on the
quality, statistical as well as geochemical characteristics of
groundwater from this area. It is. Therefore, an endeavor has
been made to investigate the hydrogeochemical behavior of
groundwater by emphasizing the statistical methods, which
would provide significant on groundwater quality. Hence,
the statistical tools, namely factor, principal component, and
cluster analyses, have been commenced to understand the
various leading processes of groundwater chemistry (Hegeu
& Kshetrimayum 2019, Ravish et al. 2020, Naidu et al. 2021,
Natesan et al. 2022, Nayak & Hota 2023).

STUDY AREA

The Balaghat district is located in the southeastern part of
Madhya Pradesh, Central India, and is bounded by Mandla,

Rajnandgaon, and Seoni districts in the north, east, and west,
respectively. The study area covers the western-south part
of Balaghat district. It falls in degree sheet numbers 64B,
64C, 550, and 55N between latitude 21°15” and 22°30° N
and longitude 79°30° and 81°00° E (Fig.1). It represents
the undulating area, where the semi-arid climatic condition
prevails. In summer seasons, the utmost temperature blazes
up to 45°C and drops down in winter to 8°C. The average
annual rainfall is 1167 mm in the monsoon season, and hu-
midity varies from 11 to 78%. The small streams of various
orders delineate the dendritic-drainage pattern and drain out
towards the northern part of the study area.

GEOLOGY AND HYDROGEOLOGY

The Archaean gneisses form the base of the geological set-
up. These gneisses are coarse- to medium-grained and are
composed mainly of plagioclase, quartz, and microcline with
seldom biotite and hornblende mineral suites. The borewells
located in this lithological unit have normal depth and
diameters up to 60 meters below ground level (mbgl.) and
from 4 to 8 inches, respectively. The groundwater discharge
is measured at 90 to 150 m3.day’1.

MATERIALS AND METHODS

In total, 77 groundwater samples were collected from preferred
borewells, and the procedures precisely suggested by APHA
(2012) were used for analytical measures. Respective field
meters were utilized to measure the temperature, pH, and
electrical conductivity (EC) at the borewell locations. The
Ca®*, Mg*, CI', and HCO; were counted by the titration
method and the Na* K* concentrations were noted from the
flame photometer. SO42', F~ and NO; were determined by
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Fig. 1: Location map and geological map of the study area.
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the UV-visible spectrophotometer. Total dissolved solids
(TDS), as well as total hardness (TH), were worked out from
mathematical expressions, and the concentrations of various
ions have been presented in Table 1. The chloro-alkaline
indices (CAI-1 and CAI-2) were determined after Schoeller
(1977). The Principal Component Analysis (PCA) through
Kaiser Normalization has been carried out after the standard
procedure laid down by Hussain et al. (2016). Cluster
analysis ramifies the variables into sets of comparatively
homogeneous and distinct groups. Cluster analysis is carried
out from correlation coefficient and Euclidean distances. The
correlation coefficient method has been followed to group
the groundwater parameters of the study area.

RESULTS AND DISCUSSION
Hydrogeochemistry of Ions

The pH and EC values were found to vary from 7.3 to 8.6
and 50 to 5080 pS.cm'1 (Table 1), unraveling the alkaline
nature and partaking of a multifarious series of processes
in groundwater characterization (Subba Rao 2017). This
highly elevated conductivity in groundwater is due to the
ion exchange along with the solubilization processes during
the rock-water interaction and may represent anthropogenic
activity also (Sanchez-Perez & Tremolieres 2003, Choi et
al. 2005). The high TDS (up to 3098 mg.L'l, average value
- 847.5 mg.L'l) certainly represents the Geogenic as well
as non-geogenic sources that contribute to salinity in the
groundwater (Subba Rao et al. 2012).

In the groundwater samples of the study area, Ca*
is found as the dominant constituent of the abundance
succession of cations (Ca®* > Na* > Mg** > K*"). The
concentration of Ca”* varies from 8.0-493.0 mg.L"!, while
the Na® content ranges from 4.2-540.0 mg.L' (Table 1).
The calcic plagioclases present in host rocks are the chief
sources of Ca®™ and the dissolution of calcium-affluent
mineral suites is the significant geogenic process responsible
for the derivation of Ca’* content in groundwater (Subba
Rao & Chaudhary 2019, Murkute 2014b). Moreover, the
loss of carbon dioxide as a result of changes in temperature
and pressure conditions, reverse ion exchange as well and
changes in precipitation cause the behavioral alteration in
Ca”* content in groundwater (Ahada & Suthar 2018, Nayak &
Hota 2023). The preponderance of Na* cation in groundwater
points to the exhaustible weathering and dissolution of the
host rocks as well as anthropogenic inputs. Also, the intake
of such excessive concentration of Na* than the permissible
limit always poses a threat to the human body, causing the
in-taker to be prone to cardiac, renal, and circulatory diseases
(Mor et al. 2006). The concentration of Mg2+ varies from

4.9-332.9 mg.L"!, while the K* content ranges from 0.3-
5.8 mg.L"'. The Mg*" is released from the mineral suites like
mica, pyroxenes, amphiboles, magnesium calcite, traces of
dolomite, and the gypsum resulting through the ion exchange
processes (Thivya et al. 2018, Gogulothu et al. 2022). The
at-par dominance of Mg?* content conceivably points out
the intense weathering of Mg-rich minerals from the host,
suggesting the geogenic origin, contrary to the surplus
use of fertilizers, pesticides, domestic wastes, septic tank
spillages contribute to the anthropogenic inputs of Mg** in
groundwater regime (Roy et al. 2018, Mgbenu & Egbueri
2019, Subba Rao 2021). The sodic plagioclases and potash
feldspars (orthoclase and microcline) are the geogenic, while
the potassium-based fertilizers, household wastes as well and
irrigation-return-flows are the anthropogenic sources of K*
(Subba Rao et al. 2020).

HCOj’ is the dominant anion with concentration varying
from 20.0-516.0 mg.L™', and HCO; > CI'> NO; > SO,* >
F"is the order of abundance of the anions. HCO;" is formed
by the release of CO, into the soil zone by the weathering of
minerals, the influence of atmospheric CO, and the decay
of organic matter. Nevertheless, a higher concentration of
HCOj" suggests the prevalence of mineral dissolution in
the groundwater system (Subba Rao et al. 2021, Subba Rao
2018). The anthropogenic sources like domestic wastes,
septic tank leakage, and irrigation-return-flow are the usual
sources of CI” (8-1250.0 mg.L™") in the groundwater of the
study area (Laxman et al. 2019).

The NO; contents (0.8 — 541.9 rng.L'l) have probably
been released from the sewage waste, septic pool
leakages, agricultural left-overs and decay of animal
bodies (Subrahmanyam & Yadaiah 2000, Schilling &
Wolter 2007, Raju et al. 2009, He et al. 2019). The SO42'
contents in groundwater of the present study area (0.6 —
184.0 mg.L") possibly have been released through soil
conditioners used in agricultural practices and from
oxidation of sulfide minerals supplementary in fertilizers
(Min et al. 2003, Chae et al. 2004, Subba Rao et al. 2012,
Murkute 2014a). The F content varies from 0.5 - 1.5 mg.L"
! with an average value of 1.0 mg.L"\. The weathering of
fluoride minerals like apatite, fluorite, biotite, hornblende,
and phosphatic fertilizers are the chief sources of F in
groundwater (Murkute 2014a, 2014b, Nayak & Hota 2023).

Geogenic and Non-Geogenic Source Genesis

The natural as well as human-induced processes are
accountable for the generation of solute changes in the
concentration of cations and anions, and the responsible
processes may be categorized as rock weathering, evaporation
as well and precipitation (Gibbs, 1970). Such Gibbs plots
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Fig. 2: Gibbs diagrams. a) TDS with [(Na+K) / (Na+K+Ca)], b) TDS with [(CI/CI+HCO3)].

have been considered to discover the aforementioned
responsible processes of the groundwater character from
the study area (Fig. 2A, 2B). The Gibbs plots have been
generated by plotting TDS with [(Na*+K*")/(Na*+K*+Ca’")]
(Fig.2A) and TDS with [(CI/CI'+HCOy5)] (Fig.2B) to assess
the controlling sources of dissolved hydrogeochemical
organization. The data points from these diagrams enumerate
that the chemical weathering of rock-forming mineral suites
is the key contributing feature in the evolution of the chemical
composition of groundwater, which is secondarily influenced
by anthropogenic activities (Gibbs 1970, Ravikumar et al.
2010).

The silicate weathering, revealed through reverse ion
exchange or cation exchange, is the predominant process,
which is governing the groundwater chemistry as revealed
through the CI” vs. Na* plot (Fig. 3), wherein Na* < CI
indicates reverse ion exchange, while Na* > CI” suggests
cation exchange (Subba Rao et al. 2019). This suggests

a0

350

10 v=1.0847x-0.414

- R* = 0.8398

. 25E
=
g
g 2
LPTY

100

1000 g 1500 2000 2500 3000 3500

Fig. 3: Interrelation of CI" vs. Na* plot.

that the silicate weathering resulting in cation exchange is
the principal factor, while the reverse ion exchange is also
an additional contributing factor to solute generation in the
groundwater of the study area. For judging the sources of
ions in groundwater, the chloro-alkaline indices (CAI-1) and
(CAI-2) have been calculated, wherein the values of index
CAlI-1vary from -0.6 to 0.6, while the values of index CAI-
2 range from -0.1 to 0.4 (Table 1). The inter-correlation of
CAI-1 vs CAI-2 (Fig. 4) signifies the prevalence of cation
exchange over reverse ion exchange.

The NO;™ + CI'/HCOj;™ vs. TDS scatter diagram
(Fig. 5) demonstrates a linear trend with a positive
correlation, supporting the impact of non-geogenic sources

0.4

Reverse lon Exchange

0.0 o

CAI-2

Cation Exchange

-04

-04 0.0 0.4

CAI -1

Fig. 4: Plot of CAI-1 vs. CAI-2 values calculated for groundwater sam-
ples from study area.
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Fig. 5: plot of TDS vs. NO;+CI/HCOj’ for groundwater samples from the study area.

Table 2: Pearson’s bivariate correlation coefficients (r) between pairs of groundwater parameters.

pH TDS TA TH Ca”* Mg** Na* K* HCO,  CI Nols NO; F
pH 1.000  0.107  0.872%% 0048  0.198 -0.059  0.223 <0011 0.127 0.192 20102 -0.183  0.878%*
TDS 1.000  0.091  0.888%* 0.856**  0.782%% 0.877%%  0.376* 0.876%* 0.856%%  0.481%% 0466 0.174
TA 1000 0.29  0.192 0.065 0.144 0.167 0221 0.117 20.191  -0252  0.808%*
TH 1000 0.879%F  0.927%% 0.679%% 0214 0.853%F  0.689%% 0376* 0345  0.171
Ca®* 1.000 0.657+*  0.691**  0.189  0.842%*  0.711*%  0.265 0.166 -0.323%
Mg** 1000 0.563%F  0.184  0.709%F  0.548%%  0.446%% 0383%  0.071
Na* 1.000 0213 0.726%%  0.945%  0.264 0.347%  0.314%
K* 1000  -0.063 0214 0.856%*  0.779%*  -0.018
HCOy 1.000 0.672%%  0.013 0.019 0.231
cr 1.000 0.285 0.264 0.294
S0, 1.000 0.799%*  -0.061
NO; 1.000 -0.167
F 1.000

on the groundwater chemistry of the study area (Li et al.
2019, Subba Rao et al. 2021). The important non-geogenic
sources are unplanned irrigation-return-flow and the animal
wastes sprawled throughout the study area, as well as the
use of chemical fertilizers, soil conditioners, and manures
in patchy agricultural fields.

Statistical Appraisal

The positive correlation of pH with TA (r = 0.872) and also
with F* (r=0.878) discern strong involvement of the alkaline
character of groundwater from the study area and the fluoride
ion concentration (Table 2).

Such a positive phenomenon of TDS interrelationship
with other ions suggests these ions are definitely the derived
products of weathering and dissolution of mineral suites from
the lithology and also the impact of anthropogenic activities
(Subba Rao et al. 2020, 2021). The positive correlation

among the Ca®* with Mg?* (r = 0.657), Na*(r = 0.691), and
HCO; (r=0.842) conveys the derivation of these ions from
the similar lithological (geogenic) origin while the high
positive correlations between K* and SO42’ (r = 0.856), as
well as K™ and NOjy™ (r = 0.779), puts on the derivation of
these ions from the agro-chemical background (Nayak &
Hota 2023).

In the factor analysis through Kaiser Criterion (Kaiser
1958), the 03 statistically significant factors out of all
the variables have been found (Table 3), wherein three
factors have eigenvalues of 6.350, 2.732, and 2.697, which
account for 47.339%, 20.393% and 20.131% of variances
respectively, with the total variance 87.923%. The factor-1,
which is regarded as the geogenic factor, has very strong
positive loadings on TDS (0.937), TH (0.923), Ca** (0.9406),
Mg2+ (0.906), Na* (0.838), HCO; (0.947) and CI" (0.853),
also corroborating the involvement of TDS, TH with
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Table 3: Factor analysis data of groundwater parameters from the study area.

Groundwater parameters  Factor -1 Factor-2  Factor - 3
pH 0.062 -0.031 0.957
TDS 0.937 0.315 0.072
TA 0.097 -0.192 0.819
TH 0.923 0.143 0.025
Ca® 0.946 0.077 0.151
Mg* 0.906 0.167 -0.101
Na* 0.838 0.189 0.176
K* 0.041 0.961 0.019
HCO5 0.947 -0.182 0.068
Cr 0.853 0.151 0.134
SO,* 0.168 0.912 -0.082
NO; 0.217 0.859 -0.163
F 0.148 -0.051 0.921
Eigenvalues 6.350 2.732 2.697
Percentage of total 47.399 20.393 20.131
variance

Cumulative percentage 47.399 67.791 87.923
of total variance

three cations and two anions present in mineral suites of
the host rocks. The ions in factor-2 loaded on K* (0.961),
SO42' (0.912), and NO; (0.859) are specifically present
in fertilizers and soil conditioners used to enhance crop
production and hence clearly be regarded as anthropogenic.
The factor-3 strongly loaded with pH (0.957), TA (0.819),
and F* (0.921), is the alkalinity factor. The factor loadings
in three-dimensional rotated space, evaluated for the present
investigation, exemplify the ions-assemblage (Fig. 6)

T

1

0.5~

Factor - 2
T

-0.5

0
Factor -1 03

intimately resemble the findings of the factor analysis.
Groundwater Suitability

The suitability of groundwater for various purposes
(drinking, as well as irrigation) has direct control on human
health, household utility, furthermore agricultural soil,
and crop fitness. The 69 % samples of the study area have
EC values less than the permissible limit of 1500 mg.L™!
(WHO (2017), suggesting suitability for drinking purposes.
Considering TA (except sample 4: TA = 516 mg.L™") and
TH content (31%), all the groundwater samples are suitable
for drinking purposes. 55% of the samples from the study
area have NO; content more than the approved limits (WHO
2017, BIS 2020), hence specifying the need for proper
sanitation measures as well as water purification. Sodium
Adsorption Ratio (SAR), a test of irrigation suitability,
represents the soil permeability, where in cations like Na®,
Ca’*and Mg?* ions are scientifically interconnected (SAR
= Na'/s/ [(Ca**+Mg**)/2]). The SAR values pertaining
to sodium hazard are compared with the salinity hazard
(Fig. 7) in the US Salinity Laboratory’s diagram (US Salinity
Laboratory Staff 1954).

The bunch of plots of the samples in C5-S, type denotes
the water of medium to high salinity with medium sodium
type. The 65% groundwater points corresponding to the C;-
S, and C;- S, type unravel the medium salinity - medium
sodium type. Both the above categories express the suitability
of groundwater for irrigation purposes with a slight threat
of exchangeable sodium. The other two minor clusters (C-
S,-10%, C4-S, -5%) point out groundwater suitability for
salt-tolerant or semi-tolerant crops.

S04

NO03 F-2

Mg

TH

HCO3

-0.5

0

-3
05 Gactof

[

Fig. 6: Factor loadings in three-dimensional rotated space for groundwater samples from the study area.
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Fig. 7: US Salinity diagram for groundwater samples from the study area.

CONCLUSIONS

The key conclusions of the present study involving
geostatistical appraisal, hydrogeochemical environment
of major ions, and groundwater suitability from the part of
Balaghat District (MP), Central India, are as follows:

i)

ii)

The pH and EC values (7.3 to 8.6 and 50 to 5080
uS.cm™!) illuminate the alkaline nature and multifarious
processes in groundwater characterization. The
prominent conductivity in groundwater represents the
ion exchange along with the solubilization processes
during the rock-water interaction and may represent
anthropogenic activity also.

The abundance succession of cations is Ca’* > Na*
> Mg** > K*, while HCO; is dominant anion and
abundance succession is HCO;™ > CI'> NO;5™ > SO42'
> F". The calcic plagioclases present in host rocks
are the chief sources of Ca’". The anthropogenic
sources like domestic wastes, septic tank leakage, and
irrigation-return-flow are the usual sources of Cl™ (8 —
1250.0 mg.L"") in the groundwater of the study area.

iii) The positive correlation among the Ca** with Mg** (r =

0.657), Na*(r=0.691), and HCO; (r = 0.842) unravels

iv)

V)

the derivation of ions from the geogenic origin, whereas
the high positive association between K™ and SO42' (r
= 0.856) as well as K and NO;™ (r = 0.779) suggests
agro-chemical derivation of ions.

The eigenvalues of three factors (6.350, 2.732, and
2.697) have a total variance of 87.923%. The factor-1,
factor-2, and factor-3 correspond with the geogenic
factor, anthropogenic factor, and alkalinity factor,
respectively.

The 69 % samples of the study area having EC
values less than the permissible limit of
1500 mg.L™! suggests suitability for drinking purposes.
The 65% groundwater points corresponding to the
C;-S, and C;-S, types unravel the suitability of
groundwater for irrigation purposes with a slight threat
of exchangeable sodium.
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