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Abstract

This research was conducted in the urban area of Patna region, the capital and largest city of Bihar, which is part of the Indo-
Gangetic alluvium plain. This study aims to identify the sources and processes controlling groundwater’s hydrochemical evo-
lution in the Patna region’s urban area. In this research, we evaluated the interplay between several measures of groundwater
quality, the various possible causes of groundwater pollution, and the resulting health risks. Twenty groundwater samples
were taken from various locations and examined to determine the water quality. The average EC of the groundwater in the
investigated area was 728 +331.84 uS/cm, with a range of around 300-1700 uS/cm. Positive loadings were seen for total
dissolved solids (TDS), electrical conductivity (EC), calcium (Cat), magnesium (Mg2+), sodium (Na™), chloride (C17), and
sulphate (SO,>7) in principal component analysis (PCA), demonstrating that these variables accounted for 61.78% of the total
variance. In the groundwater samples, the following main cations are the most prevalent such as Na* > Ca’* >Mg?* > K™,
while the dominant anions are HCO;~ >CI~ >S0,>". The elevated HCO,~ and Na* ions indicate that carbonate mineral
dissolution might affect the study area. The result demonstrated that 90% of samples fall into the Ca-Na-HCO; type, remain-
ing in the mixing zone. The presence of the NaHCOj; kind of water is suggestive of shallow meteoric water, which may have
originated from the river Ganga that is located nearby. The results show that a multivariate statistical analysis and graphical
plots successfully identify the parameters controlling groundwater quality. In accordance with guidelines for safe drinking
water, the electrical conductivity and potassium ion concentrations in the groundwater samples are 5% higher than accept-
able levels. People who take large amounts of salt replacements report feeling tight in the chest, vomiting, having diarrhoea,
developing hyperkalaemia, having trouble breathing, and even experiencing heart failure.

Keywords Health risk assessment - Groundwater quality - Hydrogeochemistry - Indo-Gangetic alluvium plain -
Multivariate statistical analysis

Introduction

Groundwater is believed to have a higher level of purity
when compared to other sources of water; as a result, it can
satisfy the increasing demand for use in drinking,
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agricultural, and industrial settings caused by growing popu-
lations (Mahammad et al. 2022; Mahammad and Islam
2021). Although our planet is referred to as the “blue planet”
because more than 70% of its surface is covered by water,
most of the water on the planet is salty and cannot be used
for the myriad of purposes that are important to both human
society and continental ecosystems (Avci et al. 2018; Zhang
et al. 2020). There are several potential applications for
groundwater, including its usage as safe and secure drinking
and household water source. Groundwater is essential to
many natural and human ecosystems (Satyanarayana et al.
2017). Since groundwater is less prone than surface water to
be contaminated by microorganisms, more wells have been
dug globally to meet the rising need for freshwater (Bhatt
et al. 2022). Under the expanding urbanization,
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industrialization, and population explosion, increased fresh-
water resources are needed worldwide (Li et al. 2017). Con-
cerns regarding public health have persisted for some time,
especially in Southeast Asia, due to the region’s rapid popu-
lation expansion and the pervasive presence of inorganic
pollutants. This is because many shallow aquifers in the area
contain unhealthy levels of inorganic pollutants like arsenic,
fluoride, nitrate, and other heavy metals and metalloids
(Bhatt et al. 2022; Van Geen et al. 2019; Kumar et al. 2020).
As a matter of concern to India, over the past decades, devel-
opment in population and economic expansion, the ground-
water-based agriculture sector has contributed approxi-
mately 46% of the gross national product and played an
essential part in the country’s financial progress (CGWB
2015). Over the past few years, people in India have been
increasingly affected by groundwater pollution issues and its
revitalization. In general, natural and biological variables,
including water-rock interactions, groundwater residence
duration, and ion exchange processes, impact the chemical
concentration in groundwater. The major sources of con-
tamination in the groundwater are caused by anthropogenic
influences such as industrial waste processes, mining opera-
tions, and chemical and fertilizer use in agriculture (Adi-
malla et al. 2020; Gaikwad et al. 2020). Some contaminants,
such as fluoride, boron, and nitrate, have had far-reaching
effects on groundwater in recent years, resulting in carcino-
genic effects on human health (Subba Rao et al. 2017; Adi-
malla 2019; Kadam et al. 2019; Wagh et al. 2020). Thus, it
is a significant and tough challenge for researchers to deter-
mine the origin and prevalence of contaminants and their
possible health implications for efficient groundwater
resource management. As a result, numerous theoretical and
applied studies have been carried out in various regions to
assess groundwater quality in the drinking, industry, and
agriculture sector. Consequently, several new studies have
been introduced to interpret the cations, anions, and heavy/
trace metals in the groundwater to distinguish the natural and
anthropogenic origins that alter groundwater quality
(Brindha et al. 2017; Wagh et al. 2018) and their conse-
quences on human health (Ali et al. 2019; Yasmin et al.
2019; Sarafraz et al. 2020; Chegbeleh et al. 2020; Patel et al.
2020; Jain et al. 2021). The World Health Organization’s
recommended threshold (> 10 pg/l) has been linked to skin
pigmentation due to elevated concentrations of inorganic
contaminants. At the same time, chronic exposure can lead
to heart disease and many types of cancer, including the
skin, liver, lungs, and bladder (Parvez et al. 2011; Rahman
et al. 2017; Zhang et al. 2019). Drinking water with high
concentrations of nitric oxide (NO;) (> 45 mg/l) has been
directly linked to an enhanced risk of methemoglobinemia,
stomach cancer, goitre, congenital abnormalities, high blood
pressure, and even hypotension (Crandall et al. 2013; Drozd
et al. 2016). Furthermore, the concentration of the most

contributing ions, such as Ca**, Mg?*, Na*, K*, HCO;",
SO,%", and CI~ in surface water, can predict weathering,
precipitation, sedimentation, and anthropogenic activities.
These parameters are also helpful in determining whether
water is appropriate for drinking and irrigation purposes. As
a result, a firm and vigilant approach is required to ensure
the excellent health of surface water, which could otherwise
lead to waterborne diseases, which are among the leading
causes of death worldwide (Uddin et al. 2021; Noori et al.
2019). However, an indexing technique has recently been
widely used to evaluate the exposed population’s risk due to
polluted groundwater. The risk to dermal health and inges-
tion has been assessed under the exposure routes utilizing
the US EPA guidelines for hazardous quotient (HQ), hazard-
ous index (HI), and chronic daily intake (CDI) (Magesh et al.
2018; Adimalla 2019; Kumar and Singh 2020). Management
solutions have frequently been provided to accurately depict
water quality and health hazards to minimize exposure to
contaminated drinking water. Hydro-geochemical studies are
required to recognize the mechanism of natural and anthro-
pogenic processes concerned with the alteration of ground-
water quality. Therefore, hydrochemical, hydrogeochemical,
and health risk assessment techniques are widely used to
investigate groundwater contamination’s origin. These tech-
niques proved useful for more scientifically identifying
groundwater composition and quality (Subba Rao et al.
2020; Haji et al. 2021; Bhatt et al. 2022). Because of this,
maintaining sustainable use of groundwater resources and
protecting them is crucial for India’s economy and public
health, particularly in this region of the Bihar state. The state
of Bihar is experiencing fast economic development, influ-
encing the way of life, the state’s natural resources, and the
environment. However, continued shortcomings in economic
growth remain a problematic area in agriculture, which is
crucial in alleviating poverty in Bihar since most of the
population lives in rural areas, about 90%. Even though the
state is endowed with water and land, there is a significant
need to raise both the farming and irrigation intensity (Suku-
maran et al. 2015). Assured water availability for drinking,
agriculture, and industries are the key factors in determining
the future economic scenario. In recent decades, the remark-
able feature in irrigation development is the conspicuous
growth in groundwater use. However, in Bihar, the ground-
water meets the irrigation to only about 65% of the gross
irrigated area. The major credit for the increase in ground-
water use goes to a large extent to the farmer’s investment
and spread of the groundwater market. The state has about
0.9 million shallow and 1700-deep tube wells (Sukumaran
et al. 2015). As groundwater irrigation is under the direct
control of the farmers and is receptive to precision agricul-
ture and improved irrigation efficiency, it is safe to develop
groundwater to at least 60-70% level to increase the irriga-
tion potential (Vijay Shankar et al. 2011). Therefore, this
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study delivers a new perspective on groundwater vulnerabil-
ity in the Patna region of the Indo-Gangetic River basin.
Existing groundwater quality research is vital for improving
the management of groundwater and its protection. The
water quality for irrigation, drinking, and industrial purposes
can be determined using hydrochemistry data. The objec-
tives focus on assessing groundwater quality concerning
being utilizable for drinking and agricultural purposes. In
addition, the physicochemical parameters were assessed to
evaluate the possible risk to human health. Because ground-
water is the second water source utilized for drinking, house-
hold, industrial, and agricultural purposes, it is crucial in the
area under investigation. Therefore, frequent monitoring and
suitability appraisal of groundwater quality are essential to
avoid further human health deterioration in the study area
with elevated pollution levels.

In this study, we attempted to assess the different mecha-
nisms controlling the hydrochemical evolution of groundwater
and to identify the potential sources in the urban area of the
Patna region. An integrated approach using conventional graph-
ical plots such as Piper plot, Sulin diagram, cluster analysis, and

multivariate statistical methods has been used to address the
objectives. Because of the lack of historical data in this area,
this study plays a vital role in contributing to the groundwater
quality database and in the sustainable use and management of
aregional aquifer in the urban area of the Patna region. There-
fore, the study was carried out with the main objectives (1) to
assess whether groundwater is suitable for use in agriculture
and as drinking water, (2) to detect the source of physicochemi-
cal parameters that provide insight into the quality of ground-
water, and (3) to examine the potential risk due to exposure
of selected physicochemical parameters to human health. In
short, the study’s results will recommend scientific knowledge
about the origin and evolution of groundwater contaminants
in the area under investigation. The research’s secondary goal
is to assist government agencies, water planners, and resource
managers in improving groundwater management.

Study area

The study focuses on Patna’s urban area, the largest city and
the capital of Bihar (Fig. 1). Patna is situated on the south
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Fig. 1 Location map of the Patna urban area and its groundwater sampling sites
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bank of the Ganga, 47 m above mean sea level, between lati-
tudes 25°13'N and 25°45'N, as well as longitudes 84°43'E and
86°44'E, and it has a land area of 3172 km?. It is a part of the
Indo-Gangetic alluvium plain. The climate is subtropical, with
hot summers having an average temperature of 32.40 °C and
relatively cold winters with an average temperature of ~17.2 °C.
The location has extreme summer and winter temperatures
(CGWB: Ground Water Data Book 2013). The yearly average
rainfall is 1076 mm, with July and August receiving highly
significant precipitation. The rainy season typically lasts from
around the middle of June to the middle of September. The
residential sector occupies about 47.5% of the land, while agri-
culture occupies 17.66%. The other distributions are public and
semi-public 10.18%, followed by transportation (5.90%) and
commercial use (4.46%) of the total area (Zafar et al. 2022).
The study area is a part of the Ganga basin and has a relatively
flat topography. The natural solid levee structure or upland that
runs all along the southern bank of the Ganga acts as a natural
barrier, directing many of the streams that flow from the south
along a parallel path until they eventually join the Ganga further
east of the district line. Hence, the pollution by these channels
is not affecting the water quality in the Patna region. The area
comprises alluvial sediments deposited unconformably over the
Archaean basement during the Precambrian period (Sandhu
et al. 2011; USGS 2022). A Quaternary alluvial formation
composed of clay, silt, and sand, and occasionally gravel forms
the area’s subsoil. The groundwater potential across the entire
district is good to exceptional. The upper clay zone is semi-
pervious because small boulders (nodules of CaCO;) and fine
sand are present in some areas, and groundwater exists under
phreatic conditions. More coarse-grained sand and gravel can
be found in the aquifers located farther underground (CGWB:
Ground Water Information Booklet 2013).

Materials and methods
Water sample collection

The water sampling from 20 locations in Patna urban
area was collected, and chemical analysis was con-
ducted per the American Public Health Association
(APHA) guidelines. We used systematic random sam-
pling to gather groundwater samples at a consistent
distance of fewer than 3 km between each sampling
site. Groundwater samples were taken during the study
period of 2019-2020 in the urban area of Patna from
the boreholes, domestic or pumping well. In the study
region, the boreholes used to collect the samples ranged
in depth from 250 to 300 feet, and they were positioned
at a total of 20 separate locations. A global position-
ing system (GPS) was used to map the study area’s
groundwater sampling locations. Before water samples

were collected, each sampling bottle was meticulously
cleaned and dried, and then bottles were rinsed using
a water sample taken at the time of collection. Water
samples were taken in 1-1 acid-washed, high-density
polyethylene (HDPE) bottles with an internal stopper
after 15 to 20 min of pumping. These bottles were then
filtered through 0.45-pm Millipore membrane filter
paper. After collecting the samples, the sampling loca-
tion underwent the necessary labelling procedures. A
global positioning system (GPS) was utilized to pre-
cisely locate each sampling site’s latitude, longitude,
and altitude, and the source as samples were taken
(Model: Garmin GPS).

Chemical analysis procedure

An icebox was used to transfer the samples from the field to
the laboratory. During the chemical analysis of water sam-
ples, the procedures outlined by APHA (2017) were uti-
lized, and the results obtained were compared to the quality
standards outlined by BIS and WHO. A portable field kit
was utilized at each sampling location to take pH, electri-
cal conductivity (EC) readings, and total alkalinity (TA).
When measuring the cations and anions, a detection limit
of 0.05 ppm was used for the cations, and 0.1 ppm was used
for the anions to determine the ions present in the water
samples; a UV-Vis spectrophotometer was used. The acid
titration method was utilized to analyse the bicarbonate. Ion
chromatography was used to perform analyses on chloride
and sulphate. Analyses of sodium, potassium, calcium, and
magnesium followed the standard procedures outlined in
1S-1500:2012 (Cotruvo 2017). The following equation was
utilized to determine the groundwater samples normalized
charged balance index (NCBI) water quality.

(X1 -3TZY)

NCBI= O TZ + Y17

In this equation, TZ" represents the total amount of cati-
ons, while TZ™ represents the whole sum of anions.

Several indicators were used in the process to assess
groundwater quality. The collected data and the suggested
range by WHO and BIS were compared. The formulae in
Table 6 were used to calculate the irrigation quality met-
rics electrical conductivity (EC), magnesium hazard (MH),
potential salinity (PS), soluble sodium percentage (Na%),
and Kelley’s ratio (KR). The graphical representations of
Piper (1944), Sulin (1946), Doneen (1964), and the US
salinity diagram (USSL 1954) were used to analyse the
correlation of the analytical data to identify the qualities
of groundwater and its suitability for different uses. The
principal component analysis (PCA), cluster analysis (CA),
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and Pearson correlation analysis were performed using the
statistical application XLSTAT.

Health risk assessment

The geochemical parameters (pH, EC, and TDS) have been
shown to have no direct impact on consumers’ health by
research carried out by WHO publications and literature sur-
veys (Snousy et al. 2021). The rate of increasing parameters
may result from decreased aesthetic values of the water and
chalky or mineral-like taste, depending on the environment
the water has travelled through, which causes the dissolved
minerals to affect the flavour of the water. Therefore, in this
paper, the identified ions (Ca**, Mg?*, Na*, K*, HCO™,
SO,", and CI7) were discussed regarding health conse-
quences. However, the primary factor in the elevation of
the geochemical parameter is also responsible for the dete-
rioration of water and has a significant and direct impact
on human health (Ravindra et al. 2019; Prasad et al. 2021).

Results and discussion
General hydrochemistry of groundwater

This research was carried out in the Patna area. The
descriptive data of the physicochemical parameters, the
maximum, minimum, mean, and standard deviation for
the groundwater samples, are outlined in Table 1. The pH
of groundwater samples varies from acidic to alkaline,
with pH values of 7.13 to 8.10 and an average value of
7.39+0.23. The higher pH of groundwater is not suit-
able for drinking. This may be due to the dissolution of
alkaline cations, bicarbonates from the minerals, or dis-
solved hydroxide (Zaghlool 2020). Also, the tendency of an
alkaline chemical reaction within the groundwater system

Table 1 Description of the groundwater dataset, including physico-
chemical parameters expressed in (mg/l) and electrical conductivity
expressed in (uS/cm)

Variable Minimum Maximum Mean Std. deviation
PH 7.13 8.10 7.39 0.23
EC 300.00 1700.00 728.83 331.84
TDS 279.66 1126.00 462.70 229.44
Ca’* 44.11 121.14 66.58 20.39
Mg** 16.45 64.01 29.15 12.10
Na* 46.13 134.53 69.99 21.28
K* 4.80 46.83 9.42 8.98
ClI- 8.66 165.66 50.53 45.20
Neka 5.53 88.66 35.23 28.87
HCO;~ 254.66 410.33 307.15 41.43

@ Springer

can be deduced from the pH levels of all the groundwater
samples collected in the research region. It falls within
the recommended drinking range of 6.5 to 8.5. Thus, it is
safe to consume (Shakeri et al. 2022). According to one
study (Sukumaran et al. 2015), the pH value of groundwa-
ter in the Patna region was observed to range from 6.59 to
7.69; however, another study (Zafar et al. 2022) reported
that the range of pH varied between 6.5 and 8.5. Electrical
conductivity varies widely, ranging from 300 to 1700 uS/
cm and an average of 728 +331.84 uS/cm. A high elec-
trical conductivity in groundwater indicates a high ionic
strength, which might have been imparted by the soil and
agricultural activities in the region under study (Kumar
et al. 2015). TDS varies from 279.66 to 1126 mg/l, with a
mean value of 462.70 +229.44 mg/1. According to the stud-
ies, groundwater that falls into the freshwater class and has
TDS values below 1000 mg/l can be consumed and used
for irrigation (Davis and De Weist 1966). The high value of
EC and TDS at some sampling locations is due to increased
dissolved salts and defective drainage systems (Zafar et al.
2022). The cationic concentration such as Ca>*, Mg>*,
Na*, and K* range from 44.11 to 121.14 mg/l, 16.45 to
64.01 mg/l, 46.13 to 134.53 mg/l, and 4.8 to 46.83 mg/l,
respectively, while the mean concentrations of HCO;™,
CI™, and SO, were noted to be 307.15 +41.43 mg/l,
50.53 +45.20 mg/1, and 35.23 +28.87 mg/l, respectively.
It may be deduced from the fact that the standard devia-
tion of SO,*~ and K* is nearly equal to its mean value
that the concentrations of these ions randomly fluctuate
in the groundwater throughout the Patna region. In the
groundwater samples, the following main cations are the
most prevalent such as Nat > Ca** >Mg?* > K*, while
the dominant anions are HCO,~ >CI~ >S0O,*". The ele-
vated HCO;~ and Na* ions indicate that silicate mineral
dissolution might affect the study area (Ali et al. 2018).
The percentage contribution of the cations in the Patna
region was 39.96% of Na*, 38.02% of Ca>*, 16.64% of
Mg?*, and 5.38% of K*, respectively. Anions contribute
78.17% of HCO;™, 12.86% of C1~, and 8.97% of SO,* in
the total anionic budget. Results indicate that the contri-
bution of Na* is about 39.96% of the total cationic budget
and 78.17% of HCO;™ in the Patna region’s total anionic
groundwater budget produced by the dissolution of sili-
cate and cal-silicate minerals (Holland 1978). The high
Na* concentration suggests that it has received a greater
contribution from sodium-bearing sources. Still, the higher
Mg?* content compared to Ca** could result from ferro-
magnesium minerals, an ion exchange between Na* and
Ca’*, or the precipitation of CaCOj; (Subba Rao 2018). In
addition, the potassium feldspar minerals are more resistant
to chemical weathering and the fixing of potassium ions on
clay products, which results in the K concentration having
the lowest content among the concentrations of cations. A
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combination of Ca**, Mg?*, and HCOj, causes the hard-
ness of the groundwater, and their high concentrations are
responsible for hardness in the Patna region. The pres-
ence of carbonate-containing minerals in the area under
study is indicated by high HCO;™ values. The presence of
degraded organic matter, which can potentially contribute
to the existence of HCO;™ in groundwater, is also indi-
cated by high HCO;™ values (Rina et al. 2012). The high
evaporation rate may be attributable to a high concentra-
tion of Cl in the groundwater. The presence of SO,*~ in
the groundwater may be due to the dissolution of gypsum
or anhydrite minerals. According to Snousy et al. (2021)
and Ledesma-Ruiz et al. (2015), a higher concentration of
S0,?" indicates that its concentration levels in groundwater
randomly vary. The result demonstrates that the geochem-
istry of the researched area is not consistent over the entire
region. Additionally, NO;™ in the groundwater may be con-
tributed by fertilizers, agricultural or municipal waste, or
sewage leaching.

The mechanism controlling the geochemistry
of the groundwater

The weathering of rocks, precipitation, natural and anthro-
pogenic activities, and climatic conditions are the primary
contributors of dissolved ions to groundwater. In most
cases, the chemical weathering that occurs because of the
interaction of water and bedrock determines the makeup of
groundwater’s constituent elements. A scatter plot is used
to illustrate the interaction that exists between the physical
parameters and the chemical parameters. The residence time
of water with many subsurface environments determines the

Fig.2 a Scatter plots of HCO;™/ 1
Na™* against Ca>*Na*, b
Mg?*/Na* against Ca®*'Na*,

¢ Ca?* +Mg?* against
HCO,™+S0,>", d Ca** +Mg**
against C1~

influence of various rock—water interaction processes on
groundwater’s geochemistry. A scatter plot of Ca**/Na* ver-
sus HCO,/Na* and Ca?*/Na™ versus Mg**/Na* was utilized
to differentiate between these processes. This suggests that
carbonate dissolution and silicate weathering significantly
influence groundwater’s chemical composition formation
(Fig. 2a and b). It can also be explained by the weathering
of silicate minerals, which causes these minerals to react
with carbonic acid and release bicarbonates (Rajmohan and
Elango 2004). The aquifer contains silicate minerals such
as quartz, quartzite, muscovite, biotite, and feldspar (GSI
2011). As a result, silicate weathering possibly contributes
to the primary cations in groundwater, such as sodium,
potassium, calcium, and magnesium. The ratio of Ca** to
Mg** was investigated to understand better the impact of
calcite and dolomite dissolution in groundwater. The Ca**/
Mg?* ratio being more prominent than one indicates that the
predominant source of these ions in the study was calcite
dissolution (Singh et al. 2017; Rina et al. 2012).

In addition, Ca®* +Mg?* was plotted against
HCO3_+SO42_ (Fig. 2c) to identify the parental rock
responsible for the ion exchange process in the groundwa-
ter (Maurya et al. 2020). The points will move away from
the equiline or to the right if there is an ion exchange. Con-
versely, the points will move to the left if there is a reverse
ion exchange. The scatter plot for most samples falls near
the equiline, suggesting the involvement of silicate and car-
bonate weathering as the primary geochemical process in
groundwater (Su et al. 2019). However, plots shifting towards
the left indicate the presence of a reverse ion exchange pro-
cess in contributing Ca?* and Mg?* to the cationic budget
(Subba Rao and Chaudhary 2019). The possible source of
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Fig.3 a Scatter plots of Na* 160 - 200 -
versus C1™. b Scatter plots of 140 180 -
Na* +K* versus Cl~ 120 | 160 -
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sodium concentration in groundwater is due to the dissolu-
tion of rock salts and weathering of sodium-bearing miner-
als in the groundwater (Kumar et al. 2009). Also, most of
the dots in the scatter plot of Ca** +Mg?* vs C1~ (Fig. 2d)
were situated to the left of the equiline, suggesting that the
research area may have a mechanism for reverse ion exchange
and carbonate weathering. The Nat against C1~ plots were
used to assess groundwater’s predominant silicate weather-
ing and ion-exchange processes (Fig. 3a). The influence of
ion exchange can be seen above the equiline. Most samples
discovered to be above 1:1 line were found to have been
influenced by silicate weathering, whereas samples found to
be below the equiline were found to have been affected by
evaporation. The Na*/CI™ ratio of about 1 shows that hal-
ite dissolution is the primary process controlling the release
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of Na® in groundwater (Meybeck 1987), whereas the Na*/
CI™ value greater than one suggests that silicate weathering
is the leading process for controlling the release of Na* in
groundwater. The range of the Na*/Cl~ value in the study
area is between 0.44 and 2.44, suggesting evaporation’s
effect on the groundwater quality. Most of the samples lie
above the 1:1 equiline in the scatter plot of Na* +K* against
CI” (Fig. 3b), showing an abundance of cations, which may
be associated with high alkalinity and the formation of alkali
carbonates and sulphates in the study region.

Hydrogeochemical facies

A functional Piper diagram for separating pertinent analyti-
cal data for understanding the water’s sources of dissolved
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Fig. 4 Piper plot for the hydrochemical properties of the groundwater samples
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elements has been analysed (Piper 1944). The hydrochemi-
cal properties of the groundwater samples were examined
and shown using a Piper diagram (Fig. 4). The hydrochemi-
cal facies are determined by solution kinetics, rock-water
interactions, the geology of that region, sources of contami-
nation, and the flow pattern of the aquifers (Liu et al. 2019,
2021). It gives us the ability to characterize the quality of the
water, which can vary depending on its chemical composi-
tion (Srinivasamoorthy et al. 2014). The assumption that
most natural water contains cations and anions in a con-
dition of chemical equilibrium led to the development of
this approach. It is generally believed that Ca, Mg, and Na
make up most of the earth’s abundant cations. The three
most frequent types of anions are bicarbonate (HCO;™),
sulphate (SO, "), and chloride (Cl7). Bicarbonate is consid-
ered a “weak acid”, while sulphate and chloride are “strong
acids”. Piper (1944) recommended sketching a diamond that
summarizes two triangles that correlate with cations and
anions. The cations are denoted by the triangle on the left,
while the triangle on the right indicates the anions. The axis
for calcium is found at the base of the cation triangle, mag-
nesium is located on the left side, and sodium and potassium
can be found on the right. In anion, the base represents chlo-
ride, the left represents carbonate plus bicarbonate, and the
right represents sulphate. According to the Piper diagram,
most groundwater samples have no dominant cation type;
most water samples in the anion plot field have bicarbonate

100

80 -

and few in the no prevalent anion types of water. Water
samples from the Sultanganj, Bakarganj, Lodipur, Kurji,
Digha, Nishad tola, Danapur Cantt, Saguna More, Khagaul,
Fulwari, Anisabad, Mithapur, Kankarbagh, Pulse Hospital,
and Earth hospital comes in the no dominant cation types
of water. The plot revealed that Ca**-Mg**-HCO," type
water had dominated the study area’s groundwater samples,
indicating temporary hardness contributed due to sufficient
freshwater recharge (Handa 1969; Herojeet et al. 2016).
The mechanism responsible for the geochemical evolution
of groundwater is depicted as six distinct types of water:
The result demonstrated that 90% of samples fall into the
type IV (Ca-Na-HCO;) and the rest falling in the mixing
zone. The result shows that groundwater is of a Ca-Na-HCO;
type at sites where groundwater is saline in North Patna
Sahib, Lodipur, Digha, Nishad tola, Saguna More, Mithapur,
Kankarbagh, Pulse hospital, and Earth hospital.

In addition to the Piper plot, Sulin diagram was utilized
to identify the groundwater source, which may be either
marine or meteoric. The Sulin diagram (Fig. 5) is made up
of two squares that are identical in size. The square in the
upper right corner depicts the origin of marine water and
includes components such as MgCl, for older marine water
and CaCl, for recent marine water. The square in the lower
left corner depicts the origin of meteoric water, which
is indicated to be NaHCO; for shallow meteoric water
and Na,SO, for deep meteoric water. After projecting
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Fig.5 Sulin diagram for the hydrochemical properties of the groundwater samples
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the groundwater samples on the Sulin diagram, the two
squares are dissected into two triangles to complete the
analysis. Three distinct water forms can be identified:
Na,SO,, MgCl,, and NaHCOj;. Mostly, the water samples
(85%) were of a shallow meteoric origin (NaHCO;); two
of the water samples (10%) were of a recent marine origin
(MgCl,), and one of the water samples was discovered to
be of a deep meteoric origin (Na,SO,). The NaHCO; kind
of water is indicative of shallow meteoric water, which
may originate from the neighbouring river Ganga and
irrigation water that makes its way into the groundwater
of the Patna region. The Na,SO, water type is associated
with deep meteoric water percolation. The bicarbonate
ions gradually decline with depth because of carbonate
precipitation, sulphate solubility with water temperature
enrichment, and intensive fertilizer application (Snousy
et al. 2021). MgCl, water type reflects the evaporation and
dissolving of salts from marine deposits inside Quaternary
aquifer materials, possibly by mixing deeper aquifers with
groundwater.

Multivariate statistical analysis
Normalization and standardization of dataset

In addition, the normalization and standardization of the
dataset have been done to explore the multivariate statistical
analysis. In normalization, data has been scaled at standard
scale without distorting the differences in the values of the
dataset, whereas standardization assumes that the dataset is
in Gaussian distribution and measures the variable at dif-
ferent scales, making all the variables equally contribute to
the analysis. The mean is 0, and SD is 1 for all values after
rescaling the normalized data. Z-score is the best way for
standardization. The results of the normality test (Table 2)

Table2 The results of the normality test performed on the data for
the various water quality parameters

Normality test

Shapiro-Wilk

Parameters DF Statistics Significance value
PH 20 0.85464 0.006
EC 20 0.83475 0.003
TDS 20 0.77022 0.000
Ca** 20 0.83376 0.003
Mgt 20 0.81615 0.002
Na*t 20 0.81423 0.001
K* 20 0.4019 0.000
CI 20 0.82105 0.002
Noln 20 0.86988 0.012
HCO;~ 20 0.8525 0.006
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show all water quality parameters (pH, EC, TDS, Ca?t,
Mg?*, Nat, K*, HCO,™, SO,™, and CI7) with significance
values (p values). This indicates that most of the data do
not follow a normal distribution; hence, Spearman’s cor-
relation analysis may be utilized to ascertain the degree to
which the data are correlated with one another (Ghasemi and
Zahediasl 2012; Gevera et al. 2020). After that, the data on
the water were analysed with principal component analysis
(PCA) and Spearman’s ranked order correlation to find the
most important factors in groundwater as well as the strength
of the relationships between them.

Principal components analysis

For the suitability of the dataset to be used for PCA, Bartlett’s
sphericity test was considered, which locates the correlation
matrix. In addition, Kaiser—-Meyer—Olkin (KMO) was con-
ducted, determining whether adequate sampling exists. Liu
et al. (2003) reported that for PCA to be performed, the KMO
sampling adequacy for the set of variables must be larger
than 0.5, and for a component to be considered significant,
its loading value must be greater than 0.5. In our dataset, the
total sampling adequacy of the KMO was found to be 0.70,
indicative of the suitability for PCA. The Bartlett spheric-
ity test showed that the observed value was more significant
than the critical value. As a result of statistical analysis, the
dataset is of good quality, and PCA could be used (Aguirre
et al. 2019; Ustaoglu and Tepe 2019; Long and Luo 2020;
Kumar et al. 2018, 2019; Kumar et al. 2022a, b).
According to the findings in Table 3, there are only two
significant main components (eigenvalues greater than 1)
that are relevant to groundwater datasets. These two compo-
nents account for 67.95% of the total variance, as shown in
Fig. 6. According to Table 3, the PC1 in the datasets is the
essential variable since it accounts for 61.78% of the total
variance and positive loading with EC, TDS, Ca**, Mg*™,
Na*, CI7, and SO,™. The interactions between water and
rock could have formed these groupings inside the aquifer
matrix. Some studies indicate that CI~ and SO,>~ ions are
frequently associated with sedimentary rocks (Battistel
et al. 2016). Some studies expressed that high amounts of
chloride and sulphate in groundwater are common signs
of contamination (Srivastava and Ramanathan 2008). In
general, the cations sodium (Na%t), magnesium (Mg2+),
and calcium (Ca®*) found in the groundwater are natural
mechanisms derived from the leaching of rocks and present
in leachate from landfills (Selvam et al. 2017; Mthembu
et al. 2020). Therefore, the primary factors responsible for
the most significant variance in electrical conductance and
dissolved solids are the aquifer erosion matrix and the input
from ions. PC2 accounts for 13.24% of the total variation
and exhibits positive loading with EC, TDS, Ca**, Mg**,
and C1~ while displaying negative loading with pH, Na™,
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Table 3 The factor analysis is F1

associated with two principal F2 Initial com- Fin.al commu-  Specific variance
components extracted from munality nality
groundwater samples PH —0.502 —0.095 0.440 0.261 0.739
EC 0.971 0.199 0.975 0.982 0.018
TDS 0.961 0.218 0.977 0.971 0.029
Ca?* 0.850 0.038 0.938 0.724 0.276
Mg+ 0.584 0.440 0.881 0.534 0.466
Na*t 0.837 —0.408 0.941 0.867 0.133
K* 0.618 —0.691 0.886 0.859 0.141
CI~ 0.897 0.205 0.931 0.846 0.154
5042’ 0.818 —0.032 0.848 0.671 0.329
HCO;~ 0.477 —-0.272 0.640 0.301 0.699
Eigenvalue 6.17 1.32
Variance (%) 61.78 13.24
Cumulative (%) 61.78 75.03
hierarchical cluster analysis (HCA). This method has
Scree plot been effectively employed in several investigations of the
100
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Fig.6 Scree plot graph between eigenvalue and factors

K*, SO,*", and HCO;". This component signifies the cru-
cial impact that pH plays in the dissolution of minerals
because of the weathering of the aquifer matrix. In addi-
tion, the ions Ca®*, Na*, and SO,*~ may originate from
fertilizers. The pH shows a negative loading in PC1 and
PC2, representing chemical components due to the water
environment under geologic features, which satisfies the
previously published scientific results (Bu et al. 2010). K*
loading, on the other hand, may suggest the presence of
agricultural water and waste effluent infiltration.

Cluster analysis

Another multivariate statistical methodology that can
be used for assessing hydrochemical data is called

hydrogeochemistry of groundwater (Singh and Kumar
2017; Atanackovié et al. 2013). According to Lang et al.
(2006), HCA categorizes and quantifies the degree to
which different water samples are alike by considering
a wide range of chemical indicators in the water. This
method distinguishes three primary groups of groundwater
quality characteristics and generates a dendrogram (also
known as a tree diagram), which may be seen in Fig. 7.
Cluster 1 consists of the elements electrical conductiv-
ity (EC), TDS, and HCO—all of which can be caused by
the contact of water and rock and leads to the dissolution
of aquifer matrix, particularly the weathering of carbon-
ates when alkaline conditions are present. It is possible
that the weathering of carbonates is the source of the low
acidity and high alkalinity found in maximum locations.
The primary contributors to a high HCO;™ concentration
in groundwater are the dissolution of CaCOj; and redox
reactions, and as HCO;™ is produced in the groundwater,
the pH level rises. Ions Ca>*, Na*, C1-, SO,*~, and Mg>*
make up cluster 2, suggesting the possibility that these
ions in groundwater originated naturally due to interac-
tions between water and rock. However, they may also
reflect the influence of residential sewage and agricultural
runoff contamination. Calcium and sulphate ions could
be produced using calcium sulphate (CaSO,) fertilizers.
Cluster 3 has a high concentration of potassium (K*) and
pH, which leads one to believe that the leaching of potas-
sium from feldspar rocks in the aquifer medium may have
been caused by the decomposition of biogenic vegetation
as well as the leaching of fertilizers from the soil horizon
(Mbissik et al. 2021).
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Fig. 7 Dendrogram showing the
clustering of the groundwater
quality parameters
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Correlation matrix analysis

The correlation matrix and the correlation coefficient could
identify the interrelationships between the various indicators
used to assess water quality. Using a linear correlation, we
found that every pair of elements in the groundwater dataset
was significantly correlated (p <0.01) and significant level
(»<0.05) and determined by comparing the data to a stand-
ard correlation formula. Table 4 illustrates the correlation
coefficients matrix calculated for the various groundwater
quality measures examined. The correlation matrix revealed
inter-parameter correlations that agreed with the findings of
the PCA and HCA. The result shows that the EC was posi-
tively correlated with Na® (r=0.77) and an almost linear
correlation with TDS (r=0.96), representing a confidence

level of 99%. There is a strong relationship between TDS
and Na* (r=0.73), suggesting that increased concentrations
of TDS and Na* ions in the groundwater emerged because
of weathering of rocks, causing an increased salinity and
ionic strength. In addition, Ca** has a positive association
with Mg?* (r=0.34), a moderately positive correlation with
CI” (r=0.77), and a significant positive correlation with
S0,%™ (r=0.84). Also, the relationship between Mg>* and
CI™ is positive (r=0.70), whereas the correlation between
Mg?* and SO,>~ is relatively weak (r=0.36). These con-
nections reflect the lithologic influence of the dissolution
of aquifer materials and the interactions between water
and rock. In addition, the ionic alterations and secondary
salts found in groundwater may have been caused by the

Table 4 Correlation matrix including physicochemical parameters in the analysed groundwater samples

Variables  PH EC TDS Ca®®  Mg¥  Na' K" Cr SO/~ HCOy
PH 1

EC -0.503 1

TDS -0.488  0.964 1

Ca® 0430  0.849  0.889 1

Mg* -0.418  0.684  0.649  0.346 1

Na* 0333 0.772 0732 0.636  0.365 1

K* -0.258 0459 0430 0489  0.014  0.789 1

Cr <0451  0.868 0.888 0.775 0.705  0.630  0.488 1

SO,* 0343 0.804 0.770  0.845 0363  0.663 0.510  0.749 1
HCO; -0.365 0359 0376 0288 0281  0.621 0478  0.328  0.352 1
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penetration of wastewater, such as sewage from homes and
water from farms (Ledesma-Ruiz et al. 2015).

Water quality assessment
Impact of water quality on human health

The results from the physicochemical analysis of the ground-
water are described in Table 5. The standards of water qual-
ity of WHO (2011) and BIS (2012) drinking water were
compared with the groundwater of the study area. The pH
value of groundwater varies from 7.13 to 8.10. Based on
the World Health Organization and the Bureau of Indian
Standards, all the sampling locations lie under the accept-
able limit. The pH of drinking water rarely impacts human
health, and there is no suggested guideline value for pH
based on health considerations. Discomfort in the digestive
tract and prolonged contact with high pH values (higher
than 11) can trigger irritation to the respiratory tract, skin,
and eyes and cause the hair fibres to swell with a pH of
10-12.5. In addition, redness and irritation of the eyes can
develop when the pH is below 4, and irreversible and sig-
nificant damage to the epithelium can occur when the pH is
below 2.5 (WHO 2011). During the investigation, the pH
of the groundwater was found to be the highest at the sam-
pling location of Saguna More, and it was found to be the
lowest in South Patna Sahib. Except for Saguna More and
South Patna Sahib, the pH of all the sampling locations was
roughly equivalent to one another. Therefore, the pH values
in the areas under study did not exceed the permissible limit;
yet these values fell within the range of basic or alkaline
conditions. TDS refers to various ranges of minerals or salt
sand correlated with EC that signify wide dissolved ionic
components and directly impact human health (Rao et al.

2012; Adimalla and Venkatayogi 2017). Drinking water with
high amounts of TDS and EC is often detrimental to people
with kidney and heart disorders. Furthermore, suppose it
includes poisonous salts and ions. In that case, it may induce
laxative or constipation issues, heart disease, arteriosclerotic
heart disease, cardiovascular illness, gallbladder inflamma-
tion, and gallstones; affect those with kidney ailments; cause
cancer; and even lead to death (Sasikaran et al. 2012; Alam
et al. 2021). The EC values in the sampling locations ranged
from 300 to 1700 puS/cm. Following the categorization pro-
vided by Davis and Dewiest (1966), only 3 (15%) sampling
sites out of 20 have an electrical conductivity (EC) of less
than 500 uS/cm, which means that they are comparable to
freshwater. The remaining 17 (85%) samples out of 20 falls
into the marginal water type category, which has an EC of
between 500 and 1500 pS/cm. The remaining 3 sampling
sites have an EC of more than 1000 uS/cm, unfit for drinking
(Davis and Dewiest 1966; WHO 2011). These findings make
it abundantly evident that the water in the study locations
was significantly ionized and possessed a greater ionic con-
centration activity because of an excessive quantity of solu-
ble solids (Azrina et al. 2011; Rahmanian et al. 2015). The
TDS content of the groundwater samples ranged anywhere
from 279.66 to 1126 ppm in the all-sampling site in the
Patna region. Ninety-five percent of the samples had a total
dissolved solids (TDS) concentration of less than 1000 mg/1,
indicating that the water poses no danger when consumed,
while 5% of the groundwater had a TDS concentration of
more than 1000 mg/l, indicating that it should not be con-
sumed. However, an excess intake of Ca®* impacts individu-
als predisposed to hypercalcemia and milk-alkali syndrome.
People with kidney function deficiencies are more likely to
experience diarrhoea and hypermagnesemia if they consume
excessive Mg?™ (WHO 2011). An earlier study found that

Table 5 Drinking water standards of WHO and BIS and compared with the groundwater of the study area (unit: chemical parameters in mg/l,

EC in puS/cm)

Chemical WHO 2011 BIS 2012 Present study % of sample
parameters - . . . . - - . -
Desirable limit Permissible limit Acceptable limit Min Max Mean Desirable limit Permis-

sible
limit

PH 6.5-8.5 6.5-8.5 7.13 8.10 7.39

EC 500 1500 - 300 1700 728.83 15 5

TDS 500 1500 500 279.67 1126 462.7 60 0

Ca** 75 200 75 44.11 121.14 66.59 75 0

Mgt 50 100 30 16.45 64.01 29.15 95 0

Na*t 200 600 - 46.13 134.53 69.99 100 0

K* 10 12 - 4.82 46.83 9.43 85 5

ClI~ 250 500 250 8.67 165.67 50.53 100 0

S0, 200 250 200 5.53 88.67 35.24 100 0

HCO;™ 200 500 - 254.67 410.33 307.15 0 0
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heart disease and acute myocardial infection were more
likely to occur when there was a high concentration of solu-
ble Ca?* and Mg?* and a high total hardness (Meyers 1975).
In addition, being in contact with hard water increases a
risk factor for the aetiology of atopic eczema, a form of
dermatitis (Thomas and Sach 2000). Table 4 demonstrates
that 100% of groundwater samples for the value of Na* and
85% of the groundwater samples for the value of K* are
within the WHO-prescribed standards, indicating that they
are safe for everyday use. It has been determined that the
content of HCO™ in the water is under the limit as prescribed
by the World Health Organization (WHO), making it safe
for human consumption. As a result, HCO™ contributes to
the health problems arising from the increased pH and TDS
discussed before. The ingestion of drinking water with high
concentrations of SO,>~ has a significant adverse effect on
health, such as a decline in the gastrointestinal retention of
food. Also, the laxative effect causes a significant increase in
stool mass, which increases the risk of dehydration brought
on by diarrhoea. A high concentration of SO,>~ can enhance
the presence of a perceptible taste, and the swallowing of
undesired metals due to the deterioration of distribution sys-
tems can occur when there is a significant level of oxidation
in the water (WHO 2004). It is possible that high levels of
CI™ could lead to congestive heart failure. The higher EC

raises the corrosivity of the water, which in turn increases
the uptake of undesirable metals (WHO 2004, 2009). As a
result of the test, it was determined that the concentration of
S0,?~ and CI~ was acceptable for use by water consumers
because it fell below the permissible limit.

Irrigation water quality

Monitoring groundwater quality to improve agricultural
yields and maintain soil fertility is vital. There is a possibil-
ity that the quality of the irrigation water will influence the
growth of the plants and decrease productivity. The low-
quality water has a detrimental effect on the heavily clayed
soil. Still, it is acceptable for irrigation of sandy and porous
soil, both of which allow chemicals to permeate more pro-
foundly into the ground. Sand and porous soil are ideal for
chemical application (Gaury et al. 2018). Electrical con-
ductivity (EC), soluble sodium percentage (Na%), sodium
adsorption ratio (SAR), magnesium hazard (MH), perme-
ability index (PI), Kelley’s ratio (KR), and potential salinity
(PS) are essential factors to be considered in determining the
quality of irrigation water (Snousy et al. 2021). Based on the
standard formulae, our results are analysed and compared
with the prescribed ranges (Table 6).

Table 6 The classification pattern of irrigation water quality parameters of groundwater samples was categorized based on various criteria

Classification pattern Formula Ranges Categories % of samples
Magnesium hazard (MH) (Raghunath 1987) MH = Mg 100 <50 Suitable 100
Ca™*+Mg™* >50 Unsuitable 0
Total hardness (Todd 1980) TH = 2.497Cd** + 4.1 lMg2+ 0-75 Soft 0
75-150 Moderately hard 0
150-300 Hard 70
>300 Very hard 30
Permeability index (PI) (Doneen 1964) Pl = (Na*++/HCOY) 100 <75 Suitable 100
(Ca™ +Mg* +Na*) >75 Unsuitable 0
Kelley’s index (Kelley 1940) KI = % <1 Suitable 85
(Ca™+Mg™) >1 Unsuitable 15
Sodium absorption ratio (SAR) (Richard 1954) SAR = ——DNa* 0-10 Low 60
/Mty 10-18 Medium 40
18-26 High 0
>26 Very high 0
Percent sodium (% Na) (Wilcox 1955) Na% = ’5Na*+f*)*1?0 0-20 Excellent 0
Ca + Mg +Na ™+ K 2040 Good 20
40-60 Permissible 80
60-80 Doubtful 0
>80 Unsuitable 0
Potential salinity (PS) (Doneen 1964) PS = Cl + \/SO4 <5 Good 95
5-10 Injurious 5
>10 Unsatisfactory 0
Electrical conductivity (EC) (Wilcox 1955) NA <250 Excellent 0
250-750 Good 35
750-2250 Permissible 65
2250-5000 Doubtful 0
> 5000 Unsuitable 0
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Based on EC in groundwater, we could classify it into
one of four distinct categories: excellent, good, permissi-
ble, or dubious. An indicator of natural water’s suitability
for agricultural use is the amount of sodium in the water
(Wilcox 1955). Sodium combined with carbonate produces
alkaline soils, whereas combined with chloride, it produces
salty soils. No or very little plant development will be sup-
ported by either type of sodium-enriched soil (Todd 1980).
In the area under investigation, the sodium percentage (Na%)
ranged from 30.74 to 58.03, showing that the groundwater
samples were good for irrigation purposes. Considering this,
20% of the samples fall into the excellent to a good category,
standard formulae, our results are analysed and compared
(Fig. 8). As aresult, all the groundwater samples in the study
area fall into the good or the permitted category. This finding
shows that groundwater use in these areas is appropriate for
agricultural purposes.

The presence of an excessive amount of sodium in water
has the unintended consequence of altering the characteris-
tics of the soil and decreasing its permeability. Therefore,
determining sodium concentration in the water is necessary

before using it for irrigation. The SAR is a metric expressing
the proportion of sodium ions adsorbed during an exchange
reaction with soil. The SAR is utilized to conclude the sodic-
ity of irrigation water. The SAR is the standard method for
describing the sodicity risk posed by water. Figure 9 shows
a plot of the analytical data from the US Salinity Laboratory
(1954), in which the EC is taken as a salinity hazard and the
SAR is taken as an alkalinity hazard. This plot illustrates that
60% of the groundwater samples belong to the category of
C2S1, which implies water with a high level of salinity and a
low level of alkalinity. The result shows that water is suitable
for irrigating most soil types and crops because there is a low
risk of exchange; a medium salinity and a medium sodium
threat are indicated by 40% of the samples, which fall into
the C3S1 class. The SAR value of the water samples was less
than 10, making it relatively low. The diagram demonstrates
that the water samples belong to the classifications C2S1
and C3S1, which respectively imply a low sodium hazard
and a medium to high salinity hazard, as well as the fact
that the water is suitable for use in irrigation. In addition,
the diagram demonstrates that the water is suitable for use

Fig. 8 Diagram showing the 100 +
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Fig.9 Groundwater’s suitability 100
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in industrial processes. In most water bodies, Ca** and Mg**
remain in a state of balance, which is generally considered to
be the case. Mg?* is detrimental to the structure of the soil,
particularly in environments where sodium predominates,
and the water is excessively salty. Ca>* does not function
in the same manner in the soil system. Exchanging Na* in
irrigated soils is typically the cause of high Mg?* content in
the soil. In a state of balance, an increase in the amount of
Mg?* present in the water will negatively impact the quality
of the soil, making it alkaline and leading to decreased crop
yields. It is dangerous to have a magnesium ratio higher
than 50, and it is not appropriate for irrigation systems. As a
result, the crop yield would suffer as a direct consequence of
the increased acidity of the soil. The research area has mag-
nesium hazard levels ranging from 20.36 to 46.31, with an
average value of 30.36 +7.71. As a result, 100% of ground-
water (Table 6) in the sampling locations has magnesium
levels below the hazard level of 50, which is fit for irrigation
purposes in the study area.

In addition, 95% of the groundwater sample’s potential
salinity (PS) value is less than the prescribed limit, indicat-
ing appropriateness for irrigation, while the remaining 5% is
unsuitable. An indicator of salt concentration, Kelley’s ratio
compared to Ca** and Mg** used to assess irrigation water
(Kelley 1940; Paliwal 1967). Based on Kelley’s ratio, 85%
of the water samples are suited for irrigation purposes in the
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study region, whereas 15% are inappropriate for such usage.
The permeability index was also computed to understand the
irrigation potential of groundwater. Based on the permeabil-
ity index (PI), Doneen (1964) and Raghunath (1987) devised
a standard for determining water suitability for irrigation.
The groundwater samples of the study area fall into class
1 (Fig. 10) according to the permeability index and the PI
values, making them suitable for irrigation.

Conclusions

Groundwater is the primary source of drinking water for the
majority of Patna’s metropolitan population, who rely instead
on it. Therefore, the groundwater quality in the rural areas
surrounding Patna has been examined in terms of whether
it is suitable for consumption, and the sources of various
water quality metrics found to be most prevalent have also
been determined. The fact that groundwater is also used for
irrigation means that a high ionic concentration may have
negatively impacted the soil and the crops grown in this area.
This research also highlights the significance of conducting
systematic groundwater quality monitoring, emphasizing
ions as the target of such monitoring. In the groundwater,
the following main cations are the most prevalent such as
Nat >Ca*" >Mg?>" >K™, while the dominant anions are
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Fig. 10 The categorization of irrigation water according to Doneen’s
system, which is based on the permeability index

HCO;~ >CI~ >S0,>". The elevated HCO,™ and Na* ions
in the study area indicate that silicate mineral dissolution
might be the reason. The percentage contribution of the cati-
ons in the Patna region was 39.96% of Na*, 38.02% of Ca’",
16.64% of Mg**, and 5.38% of K*, respectively. Anions
contribute 78.17% of HCO;™, 12.86% of C1~, and 8.97% of
S0, in the total anionic budget. Results indicate that the
contribution of Na+is about 39.96% of the total cationic
budget, and HCO;™ contributes 78.17% of the Patna region’s
total anionic groundwater budget. This is an indication of the
high dissolution of silicate and calcium-silicate minerals. For
evaluating the effects of silicate, carbonate weathering, and
evaporative groundwater dissolution, a scatter plot was used
between Ca**/Na* and HCO,™/Na™. The scatter plot indicates
that the most significant factor affecting groundwater quality
is the silicate weathering at most sampling sites. In contrast,
the weathering of carbonate minerals is only significant at a
few sampling sites. The ratio of Ca** to Mg?" indicates that
the predominant source of these ions in the study was cal-
cite dissolution. The range of the Na*/Cl~ value in the study
area is between 0.44 and 2.44, suggesting evaporation’s effect
on the groundwater quality. Most of the samples lie above
the 1:1 equiline in the scatter plot of Na™ +K™* against CI~,

showing an abundance of cations, which may be associated
with high alkalinity and the formation of alkali carbonates
and sulphates in the study region. According to the Piper
diagram, most groundwater samples have no dominant cation
type, most water samples in the anion plot field have bicarbo-
nate, and few are in the non-prevalent anion types of water.
The result demonstrated that 90% of samples fall into the type
IV (Ca-Na-HCO), the rest falling in the mixed zone. The
Sulin diagram demonstrated that most of the water samples
(85%) had a shallow meteoric origin (NaHCO;, Na,SO,).
The presence of the NaHCO; kind of water is suggestive of
shallow meteoric water, which may have originated from the
nearby river Ganga. In addition, irrigation water from the
Patna region also contributes to the groundwater in that area.
This study also concludes that nearly all groundwater exhibits
rock dominance. This finding suggests that water and rock
frequently interact through percolation, and several samples
lean more toward evaporation. The US Salinity Laboratory
graphic shows that C2S1 predominates in the groundwater
samples, which are helpful for irrigation. Based on the drink-
ing water standards, 5% of electrical conductivity and 5% of
potassium ions in the groundwater samples have a higher
concentration than the desirable drinking water quality. Case
studies of toxicity resulting from high doses of salt substitutes
have described chest tightness, nausea and vomiting, diar-
rhoea, hyperkalaemia, shortness of breath, and heart failure
(WHO 2009). Hence, water treatment action is recommended
to reduce health hazards.
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