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Abstract Groundwater quality monitoring and geochemi-
cal characterization in the phreatic aquifer are critical for
ensuring universal and equitable access to clean, reliable,
and inexpensive drinking water for all. This research was
intended to investigate the hydrogeochemical attributes and
mechanisms regulating the chemistry of groundwater as
well as to assess spatial variation in groundwater quality in
Satna district, India. To accomplish this, the groundwater
data comprising 13 physio-chemical parameters from
thirty-eight phreatic aquifer locations were analysed for
May 2020 by combining entropy-weighted water quality
index (EWQI), multivariate statistics, geochemical mod-
elling, and geographical information system. The findings
revealed that the groundwater is fresh and slightly alkaline.
Hardness was a significant concern as 57.89% of samples
were beyond the permissible limit of the World Health
Organisation. The dominance of ions were in the order of
Ca2? [ Na? [ Mg2? [ K? and HCO3

- [ SO4
2--

[ Cl- [ NO3
- [ F-. Higher concentration of these ions

is mainly concentrated in the northeast and eastern regions.

Pearson correlation analysis and principal component
analysis (PCA) demonstrated that both natural and human
factors regulate groundwater chemistry in the region. The
analysis of Q-mode agglomerative hierarchical clustering
highlighted three significant water clusters. Ca–HCO3 was
the most prevalent hydro-chemical facies in all three
clusters. Geochemical modelling through various conven-
tional plots indicated that groundwater chemistry in the
research region is influenced by the dissolution of cal-
cite/dolomite, reverse ion exchange, and by silicate and
halite weathering. EWQI data of the study area disclosed
that 73.69% of the samples were appropriate for drinking.
Due to high salinity, Magnesium (Mg2?), Nitrate (NO3

-),
and Bicarbonate (HCO3

-) concentrations, the north-central
and north-eastern regions are particularly susceptible. The
findings of the study may be accomplished by policy-
makers and groundwater managers to achieve sustainable
groundwater development at the regional scale.
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1 Introduction

Water is crucial for sustaining life, livelihood, and pro-
ductivity functions of any ecosystem, but the availability
and distribution of water is not uniform throughout the
planet. Groundwater is the foremost source of fresh water,
which provides a dependable supply for drinking along
with agricultural, industrial, and household usage (Gautam
et al. 2021; Sinha and Rai 2021; Mondal et al. 2022). Its
ubiquity, reliability, and affordability throughout the year
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have made it the primary safeguard against famine, playing
a critical role in food security. The importance of
groundwater as a precious natural resource increases
exponentially in arid and semi-arid regions with irregular
rainfall, low seasonal river flow, and drought-stricken
landscapes. Various studies indicate seasonal water scar-
city and conservation methods implemented in many
regions of the world (Mishra et al. 2019, 2020, 2021).
Depletion of surface water resources has led to the reliance
on groundwater as a sustainable supply of water. It has
resulted in its widespread and indiscriminate contamination
and depletion across the globe due to both natural and
human-related activities, without concern for the replen-
ishment of aquifers and other environmental issues (Ram
et al. 2021).

Hydrological, atmospheric, climatic, topographical, and
lithological factors are all natural influences on ground-
water quality (Panaskar et al. 2016; Islam et al. 2017a;
Uddin et al. 2021). The escalating groundwater contami-
nation and scarcity crisis is a global issue (McArthur et al.
2001; Macdonald et al. 2016). This scenario necessitates
the judicious management of groundwater resources to
guarantee their viability. Various studies are conducted all
over the world to assess the quality of groundwater using
various techniques (Guo and Wang 2004; Bhattacharya
et al. 2006; Islam et al. 2017b). These techniques include
the entropy method and the spatial autocorrelation index
(Gorgij et al. 2017; Alizadeh et al. 2018), multivariate
statistical techniques and geochemical modelling (Mar-
ghade et al. 2019; Liu et al. 2020), water quality index
(WQI) under GIS framework (Ram et al. 2021), Principal
component analysis and correlation for assessing ground-
water contamination (Kumari et al. 2019). While most
research has concentrated on developing better methods for
evaluating groundwater quality, some have also examined
the effects of geochemical processes on groundwater
chemistry and the health hazards it poses (Marghade et al.
2019; Shukla and Saxena. 2020; Karunanidhi et al. 2020).

Due to the groundwater’s unique biological and physio-
chemical characteristics, it is worth noting that protecting
groundwater resources and mitigating detrimental risks are
more practicable and cost-effective than remediating con-
taminated groundwater resources. At the same time, it is
also widely acknowledged that hydrogeochemical charac-
terisations of groundwater and their influencing factors are
the fundamental evidence for comprehending groundwater
quality and its evolution; as a result, these studies have
fascinated extensive popularity and acceptance among the
general public, academician and government organisations
(Stopelli et al. 2020; Liu et al. 2020). Therefore, to ensure
the long-term viability of valuable but diminishing
groundwater resources, evaluations of the groundwater
quality are essential. Numerous studies on the viability of

groundwater in India have been undertaken using the
conventional and novel geostatistical approach (Subrama-
nian et al. 1985; Batabyal and Chakraborty 2015; Singh
et al. 2017; Subba Rao et al. 2020).

Development ofi ndustry and population in mining re-
gions pollutes groundwater, resulting in a sharp de-
cline in its quality. In the Indian state of Madhya Pradesh,
the Satna district has serious water contamination issues.
Many industrial facilities, including cement, thermal
power, and fertiliser factories dump untreated or inade-
quately treated effluents into surrounding rivers and
streams. Other contaminants, including heavy metals,
nitrates, and fluorides, also impact the groundwater quality
in the Satna district. Several studies suggest that the
excessive use of fertilisers and pesticides in agriculture, in
conjunction with the discharge of untreated industrial
effluents, has contributed to the pollution of groundwater.
Singh et al. (2016) discovered that the groundwater in
Satna district is polluted with levels of fluoride that exceed
the World Health Organization’s acceptable threshold
(WHO). Jadhav and Singh (2016) reported in another study
that the groundwater in the Satna district is highly polluted
with heavy metals such as arsenic, iron, and manganese.
According to Verma et al. (2018), the groundwater in the
Satna district is polluted with nitrate levels that exceed the
permitted limit established by the Indian government.

Nestled between the fertile soils of the Son River basin
and the limestone belt of India, in the district of Satna, both
the mining industry and the agricultural sector are seeing
rapid expansion. In this socio-economic setting where
industry and agriculture both are well-represented, the
majority of the studies in the reason are focused on smaller
areas and have used single techniques to assess the impact
of industries or agriculture activities on groundwater, no
studies have been conducted on the groundwater quality
and appropriateness for human consumption at the district
level. Thus, there is a need for a comprehensive study to
assess the status of groundwater at the district level using
an integrated approach. The present study conducted a
comprehensive investigation of groundwater (GW) quality
evolution for drinking suitability along with comprehend-
ing the hydro-chemical characterisation of factors and
processes responsible for the geochemistry of shallow
groundwater in the foothill region of Northern Vindhyan
range (Satna district, Madhya Pradesh, India).

2 Study area

The study area is in the north-eastern part of Madhya
Pradesh, India, between latitudes 23�05’N and 25�12’N
and longitudes 80�21’E and 81�23’E, and encompasses an
area of 7502 km2 (Fig. 1). The region has a general
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