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ABSTRACT

In the present paper, the groundwater quality of the selected places of Hazaribag City in Jharkhand, India, has
been reported. In this connection results of the analyses of different physicochemical variables, including pH,
electrical conductivity (EC), total dissolved solids (TDS), temperature, cations (Ca*, Mg*, Na*, K*), anions
(CO,», HCO,, CI', F-, SO,*, NO,’) and trace metals (Mn, Fe, Pb, Cr, Zn, Al, As) have been described. According
to the Schoeller’s diagram, the major cations, anions, and Heavy metals in the samples are in the order of Ca*" >
Na">Mg* >K*,HCO, > CI'>80,*,>NO, and Zn > Fe > Mn > Al > Cr > As > Pb, respectively. The Gibbs Plot
indicates that the rock-water interaction mechanism is dominant, although the Piper plot demonstrates that
groundwater samples are the mixed regions of Ca’*- Mg**- CI'- SO, and Ca** - Mg*" - HCO; type reflecting the
prevalence of anthropogenic influence. According to the Durov plot, 9.37% of groundwater samples exhibit
association with dolomite or ion-exchange clay, 53.13% shows normal dissolution or mixing, and the rest 37.5%
reverse ion-exchange of sodium and chloride type water. Groundwater in Hazaribag City is supersaturated with
calcite, dolomite, and gypsum, while most of the samples are nearly at equilibrium with anhydrite. Conversely,
all 32 groundwater samples are undersaturated with halite. The water quality index (WQI) shows that 9% of the
samples of groundwater are good, 6% poor, 13% very poor, and the rest 72% are unfit for drinking. Positive
correlations were observed among all water quality indices and heavy metals. The presence of heavy metals
significantly contributed to non-carcinogenic health risks for both adults and children, following the order of Cr
>As>Fe>Pb>Mn>Zn>Al

Key words: Gibbs diagram, Piper plot, Physico-chemical variables, Saturation Index, Spatial distribution, Water

quality
INTRODUCTION

Water is a fundamental need for life and its quality
decides whether it is fit for drinking, bathing,
irrigation and specific industry. Excessive use of
groundwater and urban development has impacted
the quality of groundwater. The quality of water is
directly linked to human Health (Kumar et al. 2018).
Many scientists conducted thorough investigations
for hydrogeochemical analysis, water resources
engineering, and water quality assessment (Todd
1980, Prince 1985, Karanth 1987). Information about
the variations in the chemical composition of
groundwater is provided through hydrogeochemical
analysis. The quality of groundwater is solely
determined by the interactions that occur between
water and the different types of rocks and soil found
along the pathway of groundwater saturation
(Olayinka et al. 1999). Groundwater flows from
recharge to discharge by a number of processes,
including precipitation, ion exchange, mixing, redox

reaction, dissolution, and leaching. The presence of
chemical components in groundwater is primarily
due to interactions between the water and the
surrounding rock or soil (Foster et al. 2000,
Chidambaram et al. 2008). The sources of
contaminated water might be either natural or man-
made. This motivated the authors to assess the
groundwater quality, hydrogeochemistry and its
theoretical effects on human health in Hazaribag city,
Jharkhand.

STUDY AREA

Locations

The Hazaribag city is located at latitude 23°59°0" N
and longitude 85°21°0" E and is headquarters of
North Chotanagpur division of Jharkhand state in
India (Fig. 1). According to 2011 census report,
Hazaribagh municipal area has a population of
142,489.
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Figure 1. Map of the study area and sample locations
Geology METHODOLOGY

The geology of the study area is characterized by
Chotanagpur granite gneiss, phyllite-mica-schist
formations. Overlying these formations are lower
Gondwana formations consisting of Sandstone,
Shales, and Coal seams. Groundwater is
predominantly found in weathered residuum under
the water table and in deeper fractures under semi-
confined conditions. Granite rocks exhibit a thick
weathered mantle in areas with favorable topography
and drainage.

Climate

The well-defined monsoon season in the Hazaribag
typically lasts from the middle of June to the
beginning of October. In summer, the temperature
reaches a maximum of 46°C, while in winter it drops
to a minimum of 4°C. The average annual rainfall is
1347 mm.

Sampling and physico-chemical analysis
Thirty-two samples of groundwater were taken from
the research region (Fig. 1) using hand pumps and
tube wells (depth 120 to 180 feet). Standard
procedures were used for sampling and analysis
(Anonymous 2006). A portable water and soil
analysis kit (Electronics India, model no. 162) was
used to assess the temperature, electrical conductivity
(EC), total dissolved solids (TDS), and pH at the
designated sampling location. Other parameters such
as cations (Na*, K*, Ca*", Mg*"), and anions (CI, F,
CO.», HCO,, SO,”, NO,) were analyzed at the
Chemistry Laboratory of Vinoba Bhave University,
Hazaribag by standards method (Ramesh and Anbu
1996). Trace metals (Mn, Fe, Pb, Zn, Cr, As and Al)
were analyzed using an Inductively Coupled Atomic
Absorption Spectrophotometer. The analytical
findings were cross-referenced with the suggested
benchmarks provided by WHO (Anonymous 2017)
and BIS (Anonymous 2012).
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Assessment of the water quality

In order to determine the quality of water in the study
region, the following indices were used:

Water quality index (WQI)

The WQI was computed in MS Excel using the
standard formula and results were compared with
standard WQI range (Brown et al. 1972).

wQl = > Wa; (i)

2
Where, W, represents relative weight and g, is the
quality rating scale which can be calculated by using
formula:

W, = —
' ., W, (i1)
C;
Q=X 100 e, (1i1)

Where, w, is weight assigned, C, represents the
individual parameter concentration, calculated by
subtracting the observed concentration from the ideal
value in pure water (7 for pH and 0 for all
parameters). S, denotes the BIS standard limit value
for each parameter.

Heavy metal pollution index (HMPI)

The calculation of the HMPI is one of the best
methods by which to represent the whole water
qualities of water contamination of heavy metals
(Mohan et al. 1996, Tamasi and Cini 2004). There
are typically two processes involved in determining
HPI, (i) assigning unit weights (Wi) to each water
quality measure, and (ii) the sub-index value (Q1i),
and then computing HMPI using the following
equation:

K
W = S, (iv)
_ M; = I
Wi = 51 SO0 (V)
i=1

1

1 W,
HFI = % ................................. (vi)

Where, K is constant and is equal to one, S, is the
standard permissible limit value, I is the ideal value

and M. is the monitored value of i" parameters.
Heavy metal evaluation index (HMEI)

HMPI and HMEI provide comprehensive data on
water quality with regards to heavy metals. The
calculation of the HMEI value is based on the
following equation:

n

HM
HMEI = cone.
: : HMpypc
i=1

The parameter HM_ denotes the monitored
concentration of a specific heavy metal, while HM, .
represents the maximum allowable concentration for
that particular heavy metal. In order to assess the
contamination of groundwater by heavy metals, a
threshold of 1.0 was established. If the HMEI value
is less than 1.0, it is categorized as “Fit” for domestic
use. Conversely, if the value exceeds 1.0, it is
classified as “Unfit” (Singh et al. 2017).

Health risk assessment (HRA)

HRA of water samples were done theoretically by
standard methods using equation (viii), (ix) and (x).
Both adults and children were considered in this
study. The standard parameters, authoritative values
and input assumptions along with the reference doses
(RfD) are used to assess the exposure to heavy metals
through drinking groundwater (Anonymous 2010,
2012).

The calculation of Chronic Daily Intake (CDI) for
heavy metals through the ingestion of groundwater
was performed by applying the equation (viii)
provided by the US Environmental Protection
Agency (Means 1989, Wu et al. 2009).

Cpw % DI % ABS % EF % ED
BW x AT

The HQ (Hazard Quotient) is determined by
dividing the average chronic daily intakes (CDI) of
heavy metals consumed through groundwater by
their respective oral reference doses (RfD). The RfD
for each heavy metal can be obtained from the
relevant sources (Mohammadi et al. 2019). The
calculation of the HQ is as follows:

CIM =

CDI
R¢D

HQ =

The Health Index (HI) was computed to evaluate
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the overall potential risk to human health resulting
from the consumption of various trace metals found
in groundwater. The computation procedure is carried
out as follows:

HI = ZHQ =HQu + Hge + Hlpp + HQgp + HO e + HOy + Wi (X)

i=1

Hydrogeochemical analysis

The hydrogeochemical analysis was done by Aqua
Chem 4.0 software using the direction of the use of
the software. It was used to draw Piper trilinear plot,
Durov plot, stabler diagram, and Schoeller diagram
in order to evaluate the geochemical facies. The
dominant hydrogeochemical facies and quality
control mechanism is evaluated by Gibbs diagram
using following equations (Gibbs 1970):

Cl™

Gibbs Ratio (for anion) = G- + Hcos .(x1)

Mat + K+ (Xll)
Nat + K* + CaZ?

The saturation index (SI) helps us to know the
nature of water in contact with different kinds of
rocks. When the SI is equal to zero, the minerals are
in equilibrium with the water. A negative Sl indicates
that the minerals are unsaturated and likely to
dissolve; while a positive SI indicates that the
minerals are supersaturated, leading to deposition.
The SI is defined as:

q IAP
5] = lﬂg?

Gibbs Ratio (for cation} =

The TAP (ion activity product) is a measure used
to describe the dissolution of minerals in a chemical
reaction. It is determined by the product of the ion
activity coefficient (Y,) and the ion concentration
(M)). The equilibrium constant (K) indicates the
extent of mineral dissolution at a given temperature.
In this context, the SI of significant minerals,
including anhydrite, calcite, dolomite, fluorite,
gypsum, and halite, was determined using the
geochemical program PHREEQC (Parkhurst and
Appelo 1999).

The spatial variation maps of important parameters
(pH, EC, TDS, and TH), WQI, HMPI, HMEI, and
EWQI were made using Inverse distance weighted
(IDW) interpolation in ArcMap (version 10.8.2). The

degree of relation between various physicochemical
parameters was interpreted through correlation
analysis using the bivariate method and Pearson’s
correlation coefficient (Wu et al. 2014).

RESULT AND DISCUSSION

Physico-chemical analysis

Table 1 displays the analytical data of various
physical and chemical parameters, as well as the
concentrations of heavy metals found in the water
samples. In order to assess the water quality, the
standards established by the World Health
Organization (Anonymous 2017) and the Bureau of
Indian Standards (Anonymous 2012) were used as
benchmarks. The subsequent discussion presents a
summary of the obtained outcomes.

Physical parameters

The pH level of water is significantly influenced by
the presence of calcium, magnesium, and sodium
(Rao et al. 1982). The groundwater samples marked
as standards except GW sample no. 5, 9, 12, 13, 19
and 20. The pH level influences the weathering
pattern in the study area, regulating the presence of
major ions in the water (Meybeck 1987). Figure 2a
displays the spatial distribution map illustrating the
pH levels of selected groundwater.

The EC of water is directly correlated with the
concentration of ionized materials it contains and
may also be associated with issues with increased
hardness and some other mineral contaminants. 1000
pS/cm is the recommended limit for EC for drinking
water (Anonymous 2017). The electrical
conductivity varies from 671.2 to 1482.4 uS/cm with
an average of 955 uS/cm. Figure 2b displays the
spatial distribution map of groundwater EC.

Total dissolved solid (TDS) data is used to
quantify the concentration of minerals dissolved in
water. The main contributors to TDS in water include
silica, sodium, potassium, calcium, magnesium,
chlorides, bicarbonates, carbonates, sulfate,
phosphate etc. TDS mostly affects the water supply
system because of scale formation, a large amount
of soap used, artery calcification, the formation for
urinary concretions, renal or bladder disorders, and
stomach problems (Gupta and Gupta 1987).
According to WHO (Anonymous 2017), the
desirable level of TDS is up to 600 mg/L, while the
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Table 1. Physicochemical variables of groundwater of the study area and comparison with drinking water
quality standards of WHO (Anonymous 2017) and BIS (Anonymous 2012).

Parameter Unit Minimum Maximum Mean SD WHO (2017) BIS (2012)
Temp °C 20.00 21.30 20.50 0.36 - -

pH 7.18 8.92 8.02 0.45 6.5-8.5 6.5-8.5
EC puS/em  671.20 1482.40 955.00 214.10 1000 -

TDS mg/L 441.20 951.10 624.20 136.90 600-1000 500

TH mg/L 227.68 523.05 346.50 84.10 100-300 200
Ca** mg/L 60.80 146.20 9540  26.94 75 75
Mg* mg/L 13.96 39.94 26.30 6.00 50 30

Na* mg/L 55.60 108.10 86.60 14.78 200 200

K* mg/L 2.89 26.30 10.53 4.77 12 <20

Ccr mg/L 65.40 161.50 109.90 22.80 200-300 250
HCO, mg/L 198.00 457.00 298.50  73.80 250 -

SO,” mg/L 42.80 131.20 82.40  23.47 250 200

F mg/L 0.30 1.21 0.49 0.18 1 1.5
NO/’ mg/L 23.50 46.50 35.65 6.12 50 45

Al mg/L 0.11 0.68 0.30 0.13 0.1 0.03-0.2
As mg/L 0.01 0.02 0.01 0.00 0.01 0.01-0.05
Cr mg/L 0.01 0.24 0.05 0.04 0.05 0.05

Fe mg/L 0.33 1.93 0.85 0.37 0.3 0.3

Mn mg/L 0.16 0.91 0.41 0.20 0.3 0.1-0.3
Pb mg/L 0.00 0.09 0.02 0.03 0.01 0.01

Zn mg/L 1.06 16.27 5.99 4.09 5 5-15

maximum acceptable limit is up to 1000 mg/L. Total
dissolved solids (TDS) in the groundwater samples
of the study area were found within acceptable limits.
The spatial distribution map of TDS of groundwater
is shown in Figure 2c.

Physically, hardness can be defined as the water
resistance to soap lather. Total hardness (TH) is the
combined concentration of Ca’" and Mg?*, expressed
as mg/L equivalents of CaCO,, from a chemical
perspective (Kaushik et al. 2002). Hardwater can
cause scales in water heaters, and distribution pipes,
and require extra soap when washing clothes. White
encrustations on boilers and kitchen appliances are
also a result of it (Karanth 1987). Hard water
consumption can result in cardiovascular issues,
urolithiasis, and various cancer diseases (Durvey et
al. 1991, Agrawal and Jagetia 1997). The level of
total hardness (TH) in the investigated region varies
between 227.68 and 523.05 mg/1, averaging at 346.5
mg/l. According to the BIS (Anonymous 2012)
recommendations, none of the groundwater samples
obtained is considered safe for human consumption.

The spatial distribution of total hardness in
groundwater is depicted in Figure 2d.

Major ions (Ca**, Na*, Mg**, K*, HCO,", CI- SO 7,
NO,)

The graphical distribution of the major chemical ions
has been plotted in the stabler diagram (Guettaf et al.
2014) (Fig. 3). The predominance of calcium and
bicarbonate ions characterized the hydrogeochemistry
of the water resources in the study region. The Schoeller
diagram (Fig. 4a) predicts the order of major cations
and anions as, Ca>*>Na">Mg* >K"and HCO, >
CI'> S0O,”, > NO,, respectively. The origin of
calcium ions is typically attributed to the dissolution
of limestone, dolomites, gypsum, and anhydrite
(Garrels 1976). In the present study area, where
carbonate lithology is absent, the influence of
carbonate weathering on water chemistry can be
ruled out. Calcium is commonly derived from
minerals like albite, hornblende, and plagioclase
through the process of weathering. Furthermore,
calcium ions can also be acquired through cation
exchange mechanisms. The occurrence of
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Figure 2. Spatial distribution map of (a) pH (b) EC (¢) TDS (d) TH of groundwater of study region
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Figure 4. Schoeller diagram displaying the variation of (a) major ions and (b) Heavy metals (Scholler

1965)

magnesium ions in water can be attributed to either
ion exchange processes or the weathering of minerals
such as amphiboles, pyroxenes, and clay minerals.
The prevalence of Na*ions is most likely a result of
the dissolution of alkali feldspar minerals within the
aquifer. The weathering of K-feldspar releases
potassium compounds into the water. All of the

groundwater samples of the study region are quite
safe and ideal for drinking based on the potassium
(except GW sample no. 13) and Magnesium limit
set by Anonymous (2012, 2017).

The comparatively low concentration of Na“ and
CI indicates that there are no evaporite deposits or a
saltwater intrusion process in the region (Hubbard
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and Sheridan 1989). The concentration of HCO,
exceeded SO,*, demonstrating that carbonic acid
weathering predominates in the studied region and
the bicarbonates may be derived from weathering of
silicate rocks and minerals (silicate weathering).
Sulfate ions originate from evaporate minerals like
anhydrite and gypsum, as well as from the leaching
of agricultural fertilizers.

The concentration of chloride may be due to
residential waste, unsanitary circumstances, soil
leaching, or inherent geochemical processes. It was
found that the nitrate percentage was substantially
below the standard limit for drinking water. So, there
is no nitrate pollution in the samples.

Fluoride ion

The samples were also analyzed for F-ion. The
concentration varied from 0.3 to 1.21 mg/l, the
average being 0.487 mg/l. Only GW 9 sample have
higher value than acceptable limit. The higher
concentration of F-ion may be due to medical activity.
Heavy metals

The Schoeller diagram (Fig. 4b) was plotted for
heavy metals and the order of dominance was found
to be Zn>Fe>Mn>Al>Cr>As>Pb. In most of the
groundwater samples Zn, Fe, Mn and Cr were found
to above permissible limits. That may be due to the
rusting of pipes of the tube well and borewell. Most
of the samples higher value of Al than acceptable
limit. This is due to the leaching of aluminum silicate.
The presence of lead in the samples may be due to
the anthropogenic activity.

Suitability of groundwater for drinking proposes
Water quality index (WQI)

The different classes of WQI for the consumption of
groundwater are shown in Table 2. On comparison
with standard water quality index, it has been found
that 28% of the groundwater samples fall to good
quality, 53% poor quality and 19% are unfit for
consumption category. The primary factors
contributing to the poor water quality may comprise
issues related to sewerage and significant rock-water
interaction (Krishna Kumar et al. 2013). The Spatial
variation map of the WQI has been shown in Figure
5a. Itis obvious from the map that water from a larger
portion of the research area is unsafe for drinking.
Heavy Metal Pollution Index (HMPI)

The HMPI was utilized to evaluate the heavy metal
levels in groundwater, offering valuable observations
regarding the patterns and variations in groundwater
quality (Singh et al. 2017). Table 2 summarizes the
calculated HMPI values and their descriptions. The
HMPI values ranged from 15.56 to 645.98, with a
mean of 188.92. HMPI values exceeding 100 are
considered critical pollution indices (Mohan et al.
1996). Classification of the samples revealed that
69% of the study region’s sample locations had
HMPI values above the critical pollution index. i.e.,
100, and hence contaminated with heavy metals and
are unsafe for drinking and the rest 31% of samples
location have HMPI below 100 and are safe for
human consumption. Spatial variation in HMPI
indicates that a larger area of the study region is

Table 2. Classitication of the groundwater quality of the study area based on calculated water quality index
(WQI), heavy metal pollution index (HMPI), and heavy metal evaluation index (HMEI)

Index method Category Water quality status (WQS) % Sample
WQI <50 Excellent -
50-100 Good 28
100-200 Poor 53
200-300 Very Poor -
>300 Unfit for Consumption 19
HMPI <100 Safe for Drinking 31
>100 Contaminated with heavy metal 69
HMEI <1.0 Fit 97
>1.0 Unfit 3
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Table 3. Correlation coefcient matrix for water quality indices values and metal concentration

HMEI WQI HMPI Al As Cr Fe Mn Pb Zn
HMEI 1
WQI  0.52%* 1
HMPI 0.49*% 1.00** 1
Al 0.47*  0.13 0.12 1
As 0.32 0.20 0.12 0.15 1
Cr 0.26 0.28 0.28 0.07 0.09 1
Fe 0.70** 0.45* 0.44* 0.47 0.14 0.14 1
Mn 0.45*  0.17 0.17 0.34 0.04 0.13 0.69 1
Pb 0.47*  0.99** 1.00** 0.09 0.11 0.22 0.42 0.14 1
Zn 0.99** 0.51**% 0.48* 0.42 0.44 0.26 0.63 0.37 0.46 1

** means correlation is signilicant

contaminated with heavy metals (Fig. 5b). The HMPI
values demonstrated significant positive correlations
with the WQI and Pb, while displaying moderate
correlations with Fe and Zn (Table 3).

Heavy metal evaluation index (HMEI)

The HMEI was calculated to assess groundwater
quality regarding heavy metal contents, aiding in the
identification and quantification of trends (Singh et
al. 2017). Table 2 presents a summary of the
computed HMEI values and their corresponding
descriptions. The HMEI values varied between 0.107
and 1.236, with an average value of 0.479. With the
exception of GW 5, all 32 groundwater samples
obtained from Hazaribag City were classified as ‘Fit’.

Figure Sc illustrates the spatial distribution of HMEI.
Correlations between HMEI values and other
parameters were observed. Notably, HMEI showed
significant positive correlations with WQI, Fe, and
Zn, but only moderate correlations with HMPI, Al,
Mn, and Pb (Table 3). Hence, the occurrence of
significant quantities of heavy metals, particularly
iron (Fe) and zinc (Zn), in the groundwater samples
obtained from specific regions of the city, has led to
their unsuitability for consumption as potable water.
Human health risk assessment

Human health risk assessment is a process that entails
the examination of the adverse health effects
experienced by individuals due to their exposure to
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Table 4. Summary of the chronic health risk for adults and children of heavy metals in groundwater through

oral ingestion

Health risks index Heavy Adults Children
metal Min. Max. Mean Min. Max. Mean

Hazard quotient (HQ) Mn 1.66x 10° 3.74x10° 236x10° 1.04x10% 2.50x10% 1.53x 107
Fe 427x10%  1.31x10% 7.15x10% 2.74x10% 8.95x10% 4.75x 107
Pb 4.88x10% 588x10° 5.13x10% 293x10% 3.63x102 3.11x 107
Zn 1.90x 10* 2.16x10° 833x10* 1.31x10° 1.51x10% 5.77x10°
Cr 581x 102  880x 102 6.29x102 3.50x 10" 559x 10" 3.84x 10!
Al 2.14x10° 435x10° 285x10° 1.33x10* 2.88x10* 1.83x10*
As 574x 102 587x 102 578x 102 3.45x 10" 3.54x 10" 3.48x 10!

Hazard Index (HI) - 1.26x 10" 1.59x 10" 136x10" 7.67x10" 991x 10" 832x10"!

hazardous substances, aiming to determine the
potential risks involved. This study aimed to evaluate
the potential non-carcinogenic health risks associated
with drinking water, utilizing the guidelines
recommended by the United States Environmental
Protection Agency (Anonymous 2010). The average
CDI values for Mn, Fe, Pb, Zn, Cr, Al, and As were
3.31x107%,5.00x 10°,1.79 x 107, 2.50 x 107, 1.88 x
10°,2.85x 10 and 1.73 x 10° mg kg'day' for an adult
and2.14x 10%,3.31x 104, 1.08 x 104, 1.73x 104, 1.15
x 10#, 1.82 x 10 and 1.04 x 10 mg kg'day' for the
child, respectively.

Table 4 displays the statistical summary of HQ
and HI values for adults and children. The average
HQ values illustrate the extent of heavy metal impact
on non-carcinogenic health risk for both
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demographics. The order of heavy metals based on
their contribution is as follows: Cr > As > Fe > Pb >
Mn > Zn > Al. The HQ values for metals in both
adults and children were found to be below 1.0,
suggesting that these metals are present within
acceptable level of non-carcinogenic health risk at
all locations. Furthermore, we conducted an
evaluation of the hazard index (HI) for each sample
to gauge the overall potential non-carcinogenic
effects of the examined heavy metals on human
health. The HI values were calculated within the
range of 1.26 x 10" to 1.59 x 10", with an average of
1.36 x 10! for adults. For children, the HI values
were 7.67 x 107! to 9.91 x 10!, with an average of
8.32 x 10°". Figure 6 displays the spatial distribution
of the computed HI values, representing both adults

Figure 6. Spatial distribution map of (a) HI (Adults) and (b) HI (Children) of groundwater of study

region
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and children, across various locations.

Hydro-geochemical analysis

Important details regarding the nature of groundwater
are revealed by hydrogeochemical a analysis, which
depicts the chemical reaction that takes place when
water permeates soil pores and rock cracks. The
nature of the minerals that are in contact with water
is revealed by several indices and plots.

The Piper diagram (Piper 1944), which classifies
similar properties into categories, was used to
identify commonalities in groundwater (Todd 1980).
Accordingly, almost all groundwater samples show
mixing types of cations except samples GW18 and
GW22 which show Calcium-dominated water while
53% of groundwater is found to be Bicarbonate rich,
and 47% of samples are of mixed type (Fig. 7). All
the samples of groundwater belong to mixed regions
of Ca*’-Mg*'-CI-SO,* and Ca*-Mg*-HCO;  type
reflecting the prevalence of anthropogenic influence.

Tri-linear Durov Plot (Fig. 8) has been created
using the recommended approach (Ravikumar et al.
2015, Young and Aston 1985), where the principal
ion percentages are expressed in meq/L. According
to the Durov plot, it is clear that 9.37% of
groundwater samples exhibit association with
dolomite or ion-exchange clay, 53.13% exhibit
simple dissolution or mixing, and the rest 37.5 %
reverse ion-exchange of Na-Cl type water.

The Gibbs diagram (Gibbs 1970) explains the
relationship between the chemical elements present
in water and indicates whether water samples fall
under the dominance of precipitation, evaporation,
or interaction of rock water. From the Gibbs diagram

(Fig. 9), it is obvious that all groundwater samples
exhibit rock-water dominance.

Geochemical processes

The process that controls the chemistry of the
groundwater in the study area is determined by the
following geochemical processes that cause changes
in groundwater quality and develop a strategy for
groundwater protection.

Weathering and dissolution

When studying the solute contents in groundwater,
the interactions between rocks and water, as well as
evaporation, are important geochemical processes.
These processes can be categorized into three main
types: silicate weathering, carbonate dissolution, and
evaporite dissolution (Tiwari and Singh 2014).

The bivariate plots depicted in Figure 10a,b
illustrate the relationship between Ca?'/Na* and
HCO,"/Na" as well as Ca*'/Na" and Mg*/Na". These
plots provide evidence that silicate weathering is the
predominant factor influencing these variables. The
high content of HCO," and a pH of less than 8.5
indicate occurrence of strong chemical weathering
processes in the study area.

The interaction between Ca®* + Mg* and HCO
in the study area is used to explain the mechanism
of silicate weathering (Fig. 10c). The excess Ca*" +
Mg?" in all data points of surface water and
groundwater above the 1:1 equiline suggests the
necessity of alkalis to balance some of the carbonate
alkalinity. Additionally, plot of (Na*+ K*) versus total
cations (Fig. 10d) further confirm the contribution
of cations from silicate weathering (Elango et al.
2003, Rajmohan and Elango 2004). The higher ratio
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of (Na" + K") / total cation indicate that silicate
weathering is the primary source of cation
contribution. The study concludes that the weathering
of silicates, including feldspars, calcic plagioclase,
amphiboles, and pyroxenes, is the primary source of
cations and HCO;,  in the study area (Tiwari and Singh
2014).

Cation-exchange process

Cation exchange reactions play a significant role in
controlling the origin and distribution of ions in
groundwater. The identification of cation exchange
processes can be done by studying the relationship
between sodium and chloride ions. In a typical cation
exchange process, sodium ions are added to water
while calcium ions remain in the aquifer. Conversely,
in the reverse cation exchange process, calcium ions
are added to water while sodium ions remain in the
aquifer (Elango et al. 2003). The calculation of
Chloralkaline indices (CAI) I and II using equations
xiv and xv also provides insights into the type of

cation exchange that dominates the groundwater. The
results from Figure 11a,b suggest that reverse ion
exchange prevails over normal cation exchange.

~ [ ME+Cl™ .
CAIIl = Cl— — TTGH= | eeeeeeeeeeesneesenenen (XIV)
. - NE+Cl™

CAlIL=Cl S0%~+HCO3 +COZ™+NO3 -eevene (xv)

The concentration has been expressed in meq/L.
Negative indices correspond to normal cation
exchange, whereas positive indices indicate reverse
ion exchange. In the research area, CAI I ranged
from -0.189 to 3.485, while CAI Il ranged from 1.298
to 4.006. These findings indicate the significant
influence of cation exchange mechanisms on the
groundwater chemistry in the investigated area.
Anthropogenic activity
The hydrochemistry of the study region is impacted
by anthropogenic activities, including wastewater
leakage from sewage tanks, which contribute to
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contamination (Sharma et. al. 2019). Observations
made during field surveys revealed that the proximity
of toilets, hand pumps, and tube wells in the area
increases the likelihood of bacterial contamination
in groundwater due to the absence of proper sanitary
seals.

Saturation index

The saturation indices of various minerals including
anhydrite, calcite, dolomite, gypsum, and halite were
determined using PHREEQC software (Parkhurst
and Appelo 1999). These saturation indices offer

important insights into the mineral composition of
groundwater and the occurrence of precipitation and
dissolution reactions (Appelo and Postma 2005). In
the Hazaribag City region, groundwater was found
to be oversaturated with calcite, dolomite and
gypsum, indicating the possibility of their
precipitation. The supersaturation of these minerals
suggests that they are forming and may be present
in sufficient quantities to reach equilibrium with the
groundwater. While most of the samples are nearly
equilibrium with anhydrite (Fig. 12), all 32
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groundwater samples are undersaturated with halite,
indicating their unsaturation and shorter residence
time in the groundwater. The groundwater in the
study area undergoes water-rock interactions during
its flow from the runoff area to the discharge area.
These interactions result in the groundwater reaching
a state of equilibrium with minerals, causing an
increase in total dissolved solids (TDS) as minerals
dissolve progressively along the flow path.

Figure 12 depicting the saturation index versus
TDS, offers valuable insights into the evolution of
groundwater along the flow path. The saturation
index values for calcite, dolomite and gypsum ranged
from 2.58 to 4.24, 4.60 to 8.14 and 0.24 to 0.67,
respectively (Table 5), but their correlations with
TDS were not significant.

These findings indicate that the dissolution of
these minerals does not persist along the flow path.
Conversely, a significant portion of the samples
(approximately 13%) exhibited saturation index
values below zero for anhydrite and halite, showing

Table 5. Summary of the mineral saturation index
statistics in the study area

Saturation index Minimum Maximum Mean SD

SI Anhydrite  -0.10  0.32 0.12 0.11
SI Calcite 2.58 4.24 3.42 0.43
SI Dolomite ~ 4.60 8.14 6.42 0.86
SI Gypsum 0.24 0.67 0.45 0.11
SI Halite 423 378 -4.02 0.12

strong positive correlations with TDS (Fig. 12). This
indicates that halite dissolves into groundwater along
the flow path and increases TDS concentrations. The
presence of anhydrite and halite leads to higher levels
of Ca? and Na* in groundwater due to their
dissolution.

Correlation coefficient of major cations and
anions

A correlation matrix was utilized to investigate the
interdependence among physiochemical variables in
groundwater (Wu et al. 2014). The correlation
coefficients were classified as low, good, and high,
denoting values below 0.5, 0.5 and above 0.5,
respectively. In this particular research area, a
comprehensive collection and analysis of
groundwater parameters were conducted, and the
corresponding correlation matrix is provided in Table
6. It is evident from the correlation matrix that there
is a strong association between EC and TDS. This
can be attributed to the fact that higher TDS values
increase the EC of water samples.

Additionally, HCO,, SO,*, Ca**, Mg*, Na’, and
K* showed excellent correlations with EC,
suggesting that they are the dominant ions in the area.
The excellent correlation between HCO,  and SO e
as well as between HCO," and Na’, is indicative of
the weathering process. Moreover, positive
correlations were found between HCO, and Na*
(0.78), HCO, and Ca** (0.95), and HCO; and K"
(0.73), demonstrating that silicate materials react
with water and carbon dioxide. The study also

Table 6. Correlation matrix of major cations and anions of the groundwater samples of the study region

Parameters pH Cond TDS Ca Mg Na K Cl HCO, SO, F NO,
pH 1

Cond 0.76** 1

TDS 0.76**  1.00%* 1

Ca 0.67 0.82** 0.83 1

Mg 0.53 0.62** 0.61 0.58 1

Na 0.59 0.78** 0.78 0.71** 0.39 1

K 0.71 0.88** 0.87 0.70 0.64 0.61 1

Cl 0.54 0.69 0.71 0.74 0.57 0.56 0.59 1

HCO, 0.71**  0.85 0.85 0.95** 0.67 0.78%* 0.73** 0.60 1

SO, 0.66 0.83** 0.83 0.80 0.62 0.79 0.74 0.56 0.84** 1

F 0.66 0.50 0.50 0.55 0.44 0.58 0.48 0.48 0.59 0.51 1

NO 0.24 0.17 0.16 0.17 0.01 0.09 0.15 0.15 0.12 0.11 0.13 1

3

** means correlation is signicant
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revealed a strong correlation between Na+ and Ca*
(0.71) and between HCO,  and pH (0.71) in the study
region. The positive correlation of HCO, and pH
(0.71) suggests that pH is controlled by HCO,".

Furthermore, the excellent correlation between
Na"and Ca?* (0.71) indicate that Na* in groundwater
isreplaced by Ca*" in the aquifer during groundwater
flow, resulting in low F- concentration. Therefore,
the cation exchange along groundwater flow and
rock-water interaction contributes to the
hydrogeochemical evolution of groundwater quality
in the study region (Furi et al. 2011, 2012).

CONCLUSIONS

This research embodies hydrogeochemistry and
water quality findings of Hazaribag City in the
Hazaribag district of Jharkhand, India. On the basis
of Schoeller diagram the major cations, anions, and
heavy metals were found in the order Ca** > Na* >
Mg** > K*, HCO, > CI > SO,*, > NO,, and
Zn>Fe>Mn>A1>Cr>As>Pb, respectively. The
hydrogeochemistry was studied with the help of
different plots. The Gibbs Plot showed that rock-
water interaction is the dominant mechanism in the
area. The Piper plot demonstrated that groundwater
samples are mixed regions of Ca*"- Mg*'- CI'- SO >
and Ca* - Mg*" - HCO, type, reflecting the
prevalence of anthropogenic influence. According
to the Durov plot, 9.37% of groundwater samples
exhibit association with dolomite or ion-exchange
clay, 53.13% shows normal dissolution or mixing,
and the rest 37.5 % reverse ion-exchange of sodium
and chloride type water. The supersaturation of
groundwater with respect to calcite, dolomite, and
gypsum and the undersaturation with respect to
halite, indicates that the groundwater is not in
equilibrium and is still in an immature state.

The water quality index (WQI) indicated that only
9% of the groundwater samples were of good quality,
6% were poor, and 13% were very poor for human
consumption. The rest of the samples, 72%, were
unfit for drinking purposes. The high correlation
between all water quality indices and heavy metals
confirmed the contamination of the groundwater in
Hazaribag City. The findings of the study suggest
that the groundwater quality in Hazaribag City is poor
and contaminated with heavy metals, making it

unsuitable drinking without treatment. The
theoretical calculation of non-carcinogenic health
risks assessment revealed that there are no potential
health risks in the ground water.

The study’s results have significant implications
for the residents of Hazaribag City, who depend on
groundwater for their daily needs. The findings
highlight the need for immediate action to control
mainly the TDS and pH of the groundwater to ensure
safe drinking water sources for the community. In
addition, the government and local authorities must
take measures to prevent groundwater sources from
mixing of pollutants due to anthropogenic activities.
The study’s results can also serve as a reference for
similar studies in other regions facing similar
challenges with water quality. Overall, the study
emphasizes the importance of regular monitoring and
assessment of water quality to ensure the provision
of safe and clean water for communities.
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