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ABSTRACT

The current study is focused on evaluation of hydrogeochemical
aspects of groundwater for analysis of groundwater chemistry and
quality assessment in the south east Rajasthan (India). A total of
50 groundwater samples were collected and analyzed for the
assessment of major cations and anions, total dissolved solid (TDS),
electrical conductance (EC), total hardness (TH) and total
alkalinity (TA), and the results were compared with the WHO
standards of drinking water. The results have demonstrated that
the groundwater is alkaline in nature and in most of the
groundwater samples the quantity of TH, TDS, EC, TA and NO;’
is exceeded to the WHO standards. Additionally, alkali metal
ions are mainly contributed from the dissolution of halite and
silicate weathering processes, whereas the alkaline earth metal
ions from the carbonate dissolution and silicate weathering
processes. The saturation indices (SI) values show that the
groundwater in the study area is oversaturated in terms of dolomite,
calcite and argonite while undersaturated in gypsum.
Hydrogeochemically the groundwater is Ca.Mg-HCO,, Ca.Mg-
Cland Ca.Mg-SO, types. Moreover, it is mixed type with reference
to cations and anions. The ionic plots, molar ionic ratios, CAIL, SI
and Gibb’s diagram have revealed that the chemical weathering
of rock minerals, reverse ion exchange and anthropogenic activities
are the key processes, regulating the chemical composition of
ground water in the study area.

INTRODUCTION

Water is the basic need of living beings and it is very critical for
the growth of living beings on the earth planet. The availability of
safe and clean drinking water is indispensable for the survival of living
beings (Kagan et al., 1992). Only 3 % water on the earth is available
as fresh water out of which only 0.01% water is accessible for
human use. The groundwater is the largest freshwater resource after
the glaciers and polar ice in the world that plays very important role in
the sustainability of life on the earth. Additionally, it is critical for
supporting the socio-economic development and maintaining the
healthy ecosystem (Mohammed, 2015). Across the world
approximately, 65% of groundwater is used for the drinking purposes,
20% for irrigation and remaining is utilized in industries (Salehi et
al., 2018).

Globally, the rapid growth in population, fast rate of
industrialization and urbanization activities, and climate change has
increased the demand and exploration of groundwater significantly
(Green 2016; Tolera 2020). Further, globally the decline of surface
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water resources and deterioration of surface water quality
has also increased the dependence of population on the groundwater
resources for drinking and domestic purposes (Raju et al., 2011;
Madhav et al., 2018). In the past, as compared to the surface water,
the groundwater was considered safer, but nowadays due to the
overexploitation, uncontrolled use, and improper waste management
have increased pollution load in the groundwater (Igbal and Gupta,
2009). As aresult, the groundwater is adversely affecting and causing
higher withdrawal costs (Duraisamy et al., 2018; Qasemi et al., 2019).
Today, the quality, quantity and availability of water have become the
major sociopolitical and environmental issues across the world
(Rossiter et al., 2010).

Restoring the original quality of already contaminated groundwater
is very difficult (Duraisamy et al., 2018; Qasemi et al., 2019). The use
of contaminated groundwater not only can cause adverse health
issues but, also affects the socioeconomic growth of country
(Milovanovic, 2007). The quality and hydrogeochemical properties
of the groundwater are mainly depend on the local hydrogeology,
topography, geological structures, evaporation, precipitation, rock-
water interactions, weathering, industrial effluents, agricultural and
anthropogenic activities (Adimalla and Venkatayogi, 2018). But, the
increased anthropogenic activities are greatly influencing the ground-
water chemistry.

The anthropogenic activities that greatly manipulate the
groundwater chemistry are dumping of solid waste, domestic and
industrial waste, mining and agricultural activities (Hem, 1991). In
recent years, many research reports have been published in which the
impact of various factors on the hydrogeochemistry of the groundwater
have been studied (Gogoi et al., 2021; Wanda et al., 2021; Tiwari et
al., 2021). By understanding the hydrogeochemical characteristics of
the groundwater in any geographical region, the quality of groundwater
for domestic and agricultural purposes can be evaluated.

Hence, it is imperative to assess the hydrogeochemistry of the
groundwater for the effective management and utilization of the
groundwater resources, assurance of drinking water safety and for the
promotion of environmentally sustainable developments (An and Lu,
2018; Appelo and Postma, 2005; Hem, 1991). Furthermore, the
hydrogeochemical characterization of groundwater can be useful for
revealing the interaction mechanism between groundwater and its
surrounding environment, and it may also provide new insights for
water protection and management (Li et al., 2015; Qian et al., 2012).
The present study area is the part of southeast Rajasthan (India)
and situated in semiarid region. The hydrogeochemical studies
of groundwater in selected region is not carried out at all, and a little



is known about the geochemical processes, chemical composition of
the groundwater and the anthropogenic influences on the ground-
water.

Therefore, the current study was taken up to know the hydro-
geochemical processes controlling the groundwater chemistry and
quality assessment for drinking purpose.

STUDY AREA
Location, climate and Drainage

The study area is a part of Ajmer division in southeast Rajasthan
(India). It is located between 25°21'6" N to 25°46'23" N latitude and
75°2'50" E to 75°27'42" E longitude (Fig.1). It experiences a semi-
arid climate. The minimum and maximum temperatures are 7.3°C and
46°C, respectively. Atmosphere is generally dry except during the
monsoon months (July to September) and the annual rainfall is about
771 mm. 95% of the total annual rainfall is received during the
southwest monsoon. Major part of the study area drains into Banas
river basin and the south east part contribute to the Chambal river
basin (CGWB, 2013).

Topography and Geology

The topography of the study area consists of fairly open plains in
the north and southeast with a few hillocks and undulating plains, and
hills in the south and northeastern part. The aquifers are formed within
the weathered, fractured and jointed hard rock areas. Major water
bearing formations are schist and phyllite, schist is the most
predominant aquifer type and the aquifers are overexploited (CGWB,
2013). The rocks of this belt are of early Proterozoic and geologically,
major part of the study area is occupied by dolomite, phyllite, and
quartzite rocks and these rocks consists of quartz, soda feldspar,

biotite, potash feldspar, hornblende, actinoite along with zircon and
apatite.

MATERIALS AND METHODS
Sampling procedure

In the present study, to evaluate the hydrogeochemistry of
groundwater of the south east Rajasthan (India), 50 representative
groundwater samples were collected from dug wells, hand pumps and
bore wells which were active, functional and water was in regular use
for drinking and other domestic purposes. Samples were collected in
1L polyethylene bottles in pre-monsoon season (May, 2019) and
before collection of samples, bottles were cleansed with distilled
water and subsequently with sampled groundwater. All the samples
were preserved at 25°C and transported to the laboratory for further
analysis. Sampling, preservation and analysis of water samples were
carried out following the method recommended by APHA (1995).

Methodology

Electrical conductivity (EC) and pH of the collected groundwater
samples were measured using digital meters immediately after sampling
at sites. The groundwater samples collected were analyzed for total
dissolved solids (TDS), total alkalinity (TA), total hardness (TH), major
cations such as sodium (Na*), potassium (K*), calcium (Ca’"),
magnesium (Mg?*) and major anions chloride (CI'), bicarbonate
(HCO,), carbonate (CO, ), sulphate (SO, ), fluoride (F") and nitrate
(NOy) in the laboratory using the standard methods recommended by
APHA (1995). Calcium (Ca®*) and magnesium (Mg>*) were determined
EDTA titration method, chloride (CI") was determined by standard
AgNO, titration, carbonate (CO3’2) and bicarbonate (HCO,) were
determined by titration with HCI. Sodium (Na* ) and potassium (K*)
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Fig.1. Sampling location map of study area.
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were measured by flame photometry. Sulphate (SO4’2) and nitrate
(NOy’) were determined by using UV-visible spectro-photometer and
an ion-selective electrode was used to determine fluoride (F7). TDS
was calculated from ionic data. Total hardness was calculated by
Ca®* and Mg** data and TA was calculated from Ca*" data. All the
analyses were carried out in duplicate and the results were found
reproducible within +5% error limit.

Hydrogeochemical Study of Groundwater

The hydrogeochemical characterization of groundwater in the study
area was carried out using diverse molar ionic ratios of ions, ionic
relation plots, saturation indices (SI), chloro alkaline indices (CAI)
and graphical tools. Water types were identified from analysis of
Piper, Chadha, Durov and Scholler diagrams, and the geochemical
delineation and controlling factor studies of groundwater were carried
out consulting the various molar ionic ratios, ionic relation plots, Gibbs
diagrams, CAI and SI values. To draw various plots, diagrams and
calculate indices AQAQ Rockware 1.5 demo free software was used.
The saturation indices represent the saturation states of minerals in
groundwater. Saturation indices (SI) for calcite, dolomite and gypsum
minerals were calculated using PHREEQC software. The saturation
index (SI) of a given mineral can be defined as SI > 0 signifies
oversaturation, SI < 0 signifies undersaturation and SI = O signifies
equilibrium conditions of the minerals in solution (Langmuir 1997).
The chloro-alkaline indices (CAI) values for water samples reflect
about the ion exchange reactions between the groundwater and its
host environment during residence or travel time. The exchange of
Na*and K* ions from water with Mg>* or Ca* ions from the sediments
increases Mg®* or Ca**ions concentration in groundwater and the CAI
values will be positive, indicateing base exchange reaction, whereas
negative values of CAl reflects chloro-alkaline disequilibrium which
is also called as cation-anion exchange reaction (Adrian et al., 2007).

RESULTS AND DISCUSSIONS
Groundwater Chemistry and Suitability for Drinking

In order to assess the quality of groundwater for drinking purpose,
the determined values of the physicochemical parameters were
compared with the prescribed limits of the World Health Organization
(WHO, 2011) as depicted in Table 1.

From the results of groundwater analysis it is inferred that the
groundwater of the study area is not apposite for direct use for drinking
purpose and it need to be treated before the utilization. The major
objectionable constituents of the groundwater are TDS, TH, SO 7,
F, Ca** and Mg**. The pH values of the groundwater samples range
from 7.57 to 8.63 with mean value of 8.09, which indicates that the
groundwater is slightly alkaline in nature. The alkaline pH values may
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Fig.2. Classification of groundwater based on TDS and TH

be due to the leaching of dissolved constituents into groundwater.
The Electrical conductivity (EC) values varied from 392.03 to
5169.74uS/cm with an average of 1536.18uS/cm. In 54% of
groundwater samples, EC value is exceeded to the acceptable limit
of 1000 uS/cm. High values of EC indicate the presence of high
concentration of soluble salts in the groundwater sources and reflect
the contribution from mostly geogenic activities.

The total dissolved solid (TDS) values ranged from 274.37 to 3618
mg/L with an average of 1075.11 mg/L, in 74% of the water samples
TDS is exceeded to the acceptable limit of 500 mg/L (WHO, 2011).
As depicted in Fig. 2, 62% of groundwater samples are categorized as
fresh water with TDS <1000 mg /L, and rest of the 38% comprised of
brackish water with TDS 1000-10,000 mg/L (Freeze and Cherry,
1979). The salinity load of groundwater in the study area is controlled
by CI', TH, Ca**, Mg** and NO, that is confirmed from the correlation
analysis studies (Table 2).

The total hardness of the groundwater samples ranged from
155.7 mg/L to 1461.55 mg/L with mean value of 374.84mg/L in the
study area. 93.6% of the groundwater samples belong to the very
hard type of waters, in which TH level is recorded > 180 mg/L (Dufor
and Becker, 1964).

Among the anions HCO; is dominated followed by CI" and
SO 42’. The HCO, concentration is estimated from 49.93 mg/Lto 1162.6
mg/L with 233.77 mg/L of average concentration in the groundwater
samples. The occurrence order of anions is found to be HCO; > CI' >
SO 42’ >NO, > F". The HCO, in the groundwater is mostly derived
from the weathering of carbonate and silicate minerals.

Chloride (CI") concentration is from 49.93 mg/L to 1162.6 mg/L.

Table 1. Summary of analytical data’s for groundwater samples

Parameters ~ Min. Max. Mean Median SD Skew WHO, 2011
pH 7.57 8.63 8.09 8.05 0.24 0.49 6.5-8.5

TDS 274.37 3618 1075.11 728.13 840.7 1.73 1000 mg/L
TH 155.7 1461.55 374.84 301.4 243.11 2.85 200-600 mg/L
EC 392.03 5169.74  1536.18 1040 1201.27 1.73 1500 iS/cm
TA 170.68 1015.04  426.56 357.9 221.92 1.2 200-600 mg/L
Na* 23.62 95.48 49.04 44.88 17.44 1.35 200-400 mg/L
K* 0.06 1.31 0.49 0.46 0.35 0.73 12 mg/L

Ca* 28.71 412.64 89.52 69.925 69.64 3.33 75-100 mg/L
Mg 16.37 92.47 34.05 29.02 16.18 1.83 30-150 mg/L
F 0.05 5.3 0.98 0.34 1.27 1.99 1.5 mg/L
NO, 1.73 278.11 65.24 38.83 63.54 1.4 10-45 mg/L
Crr 49.93 1162.6 233.77 132.2 255.49 2.22 200-600 mg/L
HCO, 15.06 845.37 245.2 244.48 162.6 1.2 -

SO, 71.25 124.43 88.21 86.8 8.26 1.49 200-400 mg/L
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with 233.77 mg/L of average concentration in the groundwater samples.
The CI” in the groundwater is mainly originated from the dissolution
of halite salt (NaCl) or from atmospheric rain, weathering and leaching
of sedimentary rocks, soil and domestic effluents (Prasanth, 2012).
Fluoride (F) concentration is ranged from 0.05 to 5.3 mg/L with
average of 0.98 mg/L in the 24% of groundwater samples of study
area, F concentration exceeds the acceptable limits of (1.5mg/L).
Fluorine mostly accumulates in an alkaline environment (Wu et al.,
2015; Chen et al., 2017), higher pH enhances the dissolution of F-
bearing minerals due to which excess of F is contributed to the
groundwater.

Sulphate (SO4’2) is mainly contributed to the groundwater from
the dissolution of gypsum, leaching from fertilizers and municipal
wastes (Singh 1994). SO4’2 concentration ranges from 71.25 to
124.43 mg/L with an average of 88.21 mg/L.

In the recent decades, nitrate (NO;") concentration in the ground-
water of agricultural regions has increased at higher level due to the
intensive use of chemical fertilizer (Wu and Sun, 2016). The NO,"ions
are mainly contributed from the agricultural fertilizers, animal excreta
and nitrification of ammonium to the groundwater. NO,” concentration
in the study area varies from 1.73 to 278.11 mg/L with mean value of
65.24 mg/L. and in the majority of groundwater samples (84%) is
determined beyond the acceptable limit (10 mg/L) (WHO, 2011). The
higher nitrate concentration in the study area is reported in the
groundwater samples collected from the open wells and the open wells
confined within farming land, and located along the drainage courses.

Na* and Ca®* are the major cations determined in the groundwater
of the study area. The abundance order of the cations is Na*> Ca** >
Mg** > K*. The concentration of Na* is ranged from 23.62 to 95.48
mg/L with mean value of 49.04 mg/L. The K*ion is the least abundant
ion in the major cations and its concentration ranged from 0.06 to
1.31mg/L with average value of 0.49 mg/L. Na* contributed to 48.86%
of the total cationic charge equivalence (TZ"), whereas K*is less than
1%. In all water samples Na"and K* concentrations were determined
within the acceptable limit set by WHO (WHO, 2011). Na* and K* in
the groundwater are mainly derived from weathering of silicate minerals
like albite, orthoclase, microcline and muscovite and additionally from
the agricultural sources (Li et al., 2013). However, cation exchange
with Ca?* and Mg** also influences Na* and K* concentrations in the
groundwater (Li et al., 2010).

The Ca’* ion concentration ranged from 28.71 to 412.64 mg/L
with mean of 89.52 mg/L. The Ca®* accounted 30.62% to the total
cationic charge equivalence (TZ"). The major sources of calcium in
the groundwater are weathering of carbonate, sulphate and silicate
minerals. Concentration of Mg** in the groundwater samples is varied
from 16.37 to 92.47 mg/L with mean of 34.05 mg/L and accounted for
20.26% of the TZ* charge balance.

Ca’" and Mg*? concentrations are exceeded in the 42% and 44%
of the groundwater samples to the acceptable limit of 75 mg/L and
30 mg/L, respectively. Ca*> and Mg*? are usually contributed from
the dissolution of carbonate minerals and silicates present in rocks
(Berner and Berner, 1987). Though, extensive agricultural activities
may also influence the Ca* and Mg*? concentrations in groundwater
(Bohlke, 2002).

In most of the groundwater samples HCO,’, SO 42’, CI contents is
determined within the acceptable limits. CI” is derived from the
weathering, leaching of sedimentary rock and soil, and domestic
effluents (Prasanth, 2012), whereas Sulphate is mainly contributed to
groundwater from the dissolution of gypsum, leaching from fertilizers
and municipal wastes (Singh, 1994).

TA values in 96% groundwater samples is observed above the
maximum acceptable limit (200 mg/L), higher values of TA may be
due to the dissolution of HCO, in groundwater, silicates and rocks
weathering processes. Atmospheric CO, and CO, released from organic
decompositions in the soil may also contribute to the increase of HCO,
concentration in the groundwater (Subba Rao, 2002). Except the
weathering and dissolution of minerals, the cations and anions are
also contributed from the anthropogenic sources (Hem, 1991;
Marghade et al., 2015; Subba Rao et al., 2017).

STATISTICAL ANALYSIS

The correlation between studied physicochemical parameters is
evaluated using Pearson’s correlation coefficient method and
represented in Table 2. The EC and TDS has shown high correlation
coefficient with CI" (r = 0.96), SO,* (r = 0.59), Ca** (r = 0.75) and
Mg>*(r = 0.78) (Table 2) which explicates large participation of
these elements towards hydrochemical characteristics of groundwater
in the study area (Marghade et al., 2019). Moreover, the positive
correlation of TDS with Ca**, Mg**, Na*, K*, CI', F-and NO,” indicate
the involvement anthropogenic input.

A strong positive correlation of TH with Ca** (r=0.99), Mg** (r =
0.93) and CI' (r = 0.80) and the strong positive correlation of Ca>* and
Mg>* with chloride, Ca**-CI' (r = 0.76), Mg**-CI" (r = 0.80) and
negative correlation of Ca®* and Mg*" with bicarbonate, Ca**-HCO,’
(r =-0. 24), Mg2+-HCO3’ (r = -0. 25) suggest that the hardness is
mainly due to the chlorides of Ca®* and Mg?*. Additionally, in the
78.7% of the groundwater samples TH is determined higher than that
of the TA, which suggests that the hardness is noncarbonated hardness
type, which cannot be removed easily from the waters (Chow, 1964).
The positive correlation of Ca? with CI' (r=0.75) and NO3’ (r=0.41)
indicates about the increased level of pollution in the groundwater
(Table 2). This is further evidenced by positive correlation of NO;
with CI" (r = 0.54).

The negative correlation between SO 42’ and HCO;™ (r = -0.19)

Table 2. Correlation analysis data’s for groundwater samples

Parameters ~ TDS F pH TH EC NO; CI HCO, TA Na* K* Ca™* Mg* SO,?
TDS 1.00

F 0.36 1.00

pH -0.01 0.70 1.00

TH 0.78 -0.06 -0.43 1.00

EC 0.99 0.36  -0.01 0.78 1.00

NO; 0.59 0.24  -0.07 0.46 0.59 1.00

Cr 0.96 0.18 -0.13 0.80 0.96 0.54 1.00

HCO, 0.05 0.64 0.56 -0.25 0.05 -0.11  -0.10 1.00

TA 0.38 0.83 0.73  -0.10 0.38 0.23 0.19 0.56 1.00

Na* 0.14 -0.18 -0.10 0.18 0.14 0.21 0.16 -0.18 -0.03 1.00

K* 0.25 0.43 0.32  -0.02 0.25 0.22 0.14 0.31 0.50 0.01 1.00

Ca* 0.75 -0.06 -0.44 0.99 0.75 0.41 0.76 -024 -0.12 0.12  -0.01 1.00

Mg** 0.78 -0.06 -0.38 0.93 0.78 0.58 0.82 -025 -0.04 0.33  -0.03 0.88 1.00

SO,” -0.19  -026 -0.15 -0.03 -0.19 -0.17 -0.15 -0.28 -0.21 -0.21 -0.01 0.02  -0.16 1.00
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advises that the SO42’ and HCOy; ions have different sources. The
positive correlation of F* with pH (r = 0.70), HCO; (r = 0.64) and
TA(r = 0.83) indicates that the alkaline environmental condition has
favored to the leaching of F~ bearing rocks due to which F content in
groundwater is surpassed (Subba Rao, 2011).

The positive correlation of F* with pH (r = 70) and HCO, (r =
0.64) suggest the feldspar or fluorapatite may be the source of fluoride.
Negative correlation of F with Ca*? (r = -0.06) and Mg*? (r = -0.06) is
favoring the precipitation of Ca** and Mg*? from groundwater as a
CaF, and MgF, due to excess of Ca®*and Mg*? in groundwater (Li et
al., 2018).

The strong positive correlations of CI"with EC (r = 0.96), TDS (r
= 0.96) and TH (r = 0.78) indicate anthropogenic inputs for CI”
enhancement in the groundwater. The minor positive correlation
between NO,” with Ca® (r = 0.41), NO,” with Mg** (r = 0.58), NO,~
with Na*™ (r=0.21) and NO," with K* (r = 0.22) supporting that nitrate
is contributed from some nitrate bearing minerals also.

The strong positive correlation between EC and TDS (r = 0.99)
indicate the dissolution of more dissolved inorganic ions increases
the electrical conductance of the groundwater samples (Alam et al.,
2020) and the correlation of TDS and EC with CI' (r = 0.96), Ca** (r =
0.75), Mg** (r = 0.78) and TH (r = 0.78), and significant positive
correlation with NO,™ (r = 0.59) reflects the anthropogenic influences
(Han and Liu, 2004). The strong correlations of TDS and EC with
cations Ca®* (r = 0.75), Mg>* (r = 0.78) and anion CI (r = 0.96), and
minor positive correlations with Na*, K¥, NO, and F" confirm the role
of anthropogenic activities in addition to geogenic origin of these ions.
Furthermore, the significant positive correlation between F-NO,
(r=0.24), F -K* (r = 0.43), and Na—-NO, (r = 0.21) is indicated that
the human influence is enriching these ions in the groundwater.
Moreover, the CI'-NO;" (r = 0.54) correlation is supportive of
anthropogenic sources of NO;" and CI ions from the leachate of
dumping site and punctured sewer pipelines (Zakhem and Hafez, 2015).

Hydrogeochemical Evolution of Groundwater

The halite dissolution liberates equal number of Na* and CI ions
into the solution (Anantha and Chandrakanta, 2014). Thus, Na*/Cl
ratio should be unit and a linear relationship is anticipated between
Na* and CI ions. In the groundwater of the study area Na*/Cl" molar
ionic ratios for the majority of groundwater samples is determined
more than 1(avg.=1.82), and large number of the groundwater sampling
points are plotted above the (1:1) equiline in Na* versus CI relation
plot (Fig. 3a), suggesting that silicate weathering and ion exchange
process are the major sources of Na* and CI in groundwater.
Additionally, the poor correlation of Na* with CI" (r = 0.16) (Table 2),
and low Na*+K* /total cations (TZ") ratio (avg. 0.5) (Fig. 3b) confirms
that the silicate weathering and ion exchange process are the
dominant natural processes, which are contributing Na*ions to the
groundwater.

Also, the contribution of Na* and K* from the silicate weathering
can be anticipated by the ratios of (Na*™+K*)/TZ* (Total cations)
(Stallard and Edmond, 1983). The water samples fall below the 0.5
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TZ" equiline indicative of low silicate weathering while the samples
be inclined towards the (Na*+K*) = TZ* line signifies the domination
of silicate weathering. It is evident from the bivariate plot of (Na*+K")
versus TZ" (Fig. 3b) that few samples lie below the 0.5 TZ" equiline
have lower influence of silicate weathering while the majority of
samples fall above or along the 0.5 TZ" line signifying the dominance
of silicate weathering.

The negative correlation of HCO,” with Ca** (r = -0.24) and Mg**
(r = -0.25), and higher (Ca* +Mg**)/HCO, ratio (avg. 5.06) of
groundwater samples reflecting that the dissolution of carbonates is
not a sole source of Ca** and Mg**. An excess of (Ca’* + Mg>") over
HCO; signifying that Ca* and Mg*" are also contributed from the
non-carbonate sources such as weathering of Ca—Mg-rich silicates,
dissolution of gypsum, reverse ion exchange and anthropogenic
inputs.

The scatter plot of (Ca**+Mg*") and (HCO, + SO,”) (Fig. 4a)
illustrates the occurrence of calcite, dolomite and gypsum dissolution
in the groundwater system. The samples plot along the equiline (1:1)
represents the dominance of calcite and gypsum weathering processes.
For the current study, 60% of the data points of the groundwater
samples fall above the equiline (1:1) of the plot indicates an excess of
Ca’* and Mg** over HCO, and SO,” with the dominance of carbonate
dissolution, while 40% of the data points fall below the equiline (1:1)
of the plot shows an excess of HCO, and SO,” over Ca** and Mg**
(Fig. 4a) in which silicate weathering and ion exchange processe are
dominated. The excess of HCO, and SO42’ may be balanced by the
Na* and K*, suggested a contribution of Ca’** and Mg>* from non-
carbonate source.

Also, in the bivariate plot of (Ca**+Mg*") versus HCO," (Fig. 4b),
60% of groundwater sampling points fall above the 1:1 equiline,
represents the excess of (Ca>*+Mg>*) over HCO,’, which is suggestive
of non-carbonate sources of Ca’* and Mg>* in groundwater and
demanding other anions i.e. SO42’ and CI” to balance the excess of
alkaline earth metal ions in water samples. But, in 40% of water samples
which fall below equiline show the excess of HCO; over (Ca”*+Mg*)
indicates the dominance of silicate weathering. Moreover, (Ca**+Mg**)
/HCOjy ratios for majority of the samples greater than one (avg. 5.04)
indicate that carbonate weathering is dominated.

The Ca** and SO42’ ions concentration in groundwater may be
increased by gypsum. In the bivariate plot of Ca** versus SO42’
(Fig. 4c), majority of data points fall below the equiline (1:1), Ca**/
SO 42’ ratios for all the samples is more than one with mean of 2.73,
suggesting that the gypsum dissolution also contributing Ca®>* and
SO 42’ ions to the groundwater.

In this way, the similar ratios of (Na*+K*)/TZ* (0.5) and
(Ca®*+Mg™)/ TZ* (0.5), and lower ratios of HCO, /(CI' +S0,%) (0.69)
and HCO,/(HCO,+SO 42’), suggested that the silicate weathering and
carbonate dissolution are the providers of dissolved ions in the
groundwater of study area.

The Ca** versus HCO," bivariate plot demonstrates the effect of
cation exchange, chemical weathering, and evaporation in the
groundwater. In the groundwater calcite is only source of Ca** and
HCOy,", the equivalent ratio of dissolved Ca®* and HCO, is 1:2, if
dolomite is sole source than the equivalent ratio is 1:4 (Sonkamble et
al., 2012). The bivariate plot of Ca** versus HCO," (Fig. 4d) illustrates
that the majority of the data points of groundwater are lay above the
1:2 line indicating the calcite dissolution is main contributor of
Ca®* and HCO,", only one sampling point is located near (1:4) line
suggesting the dominance of dolomite dissolution.

Additionally, in the Ca** versus HCO,™ half of the sampling points
fall above the 1:1 equiline, signifying the excess of Ca®* over HCO,
which are suggestive of non-carbonate sources of Ca’* and Mg”* in
groundwater and demanding other anions i.e. SO 42’ and CI” to balance
the excess of alkaline earth metal ions in water samples. Relatively
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higher ratios in these samples indicate other sources of Ca®* and
Mg?”* ions, such as reverse cation exchange and/or gypsum dissolution
(Zhou et al., 2020). Half of the samples plot below the equiline 1:1
that reveals the excess of HCO, over (Ca**+Mg™") or Ca’* suggest the
existence of silicate weathering. The depletion of Ca** and Mg** in
the aquifers may be caused by the cation exchange processes. Ca**/
Mg? ratios for 92% of groundwater samples is more than one, for one
sample Ca®*/Mg? <1 and for three samples Ca>*/Mg?”>2, indicates the
dominance of calcite dissolution.

The role of silicate weathering towards the contribution of alkaline
earth metal ions can be estimated from the bivariate plot of (Ca®*+Mg?*)
versus TZ*. When groundwater sampling points fall along the
(Ca**+Mg*") = TZ") line of (Ca*+Mg?*) versus TZ" bivariate plot
(Fig. 4e) show the weathering of calcium and magnesium-rich minerals
and data points lie below the (Ca®>*+Mg**) = 0.5 TZ" line reveal the
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lower influence of silicate weathering. The samples from the study
area fall below and above the (Ca?*+Mg**) = 0.5 TZ" line of
(Ca**+Mg?*) versus TZ* plot indicating the influence of silicate
weathering (Fig.4e).

The excess of Ca®*+Mg”* over HCO; +SO,> in groundwater
samples is due to reverse ion exchange process, while the excess of
HCO,™ and SO42’ may be resulted by ion exchange process and
influenced by silicate weathering (Tay et al., 2015).

The major lithological processes that generally undergo chemical
weathering are carbonates, silicates, and evaporites. The dominance
of these process can be fixed appropriately considering the ratios of
Ca®*/Na*, Mg**/Na*, and HCO,/Na*. As shown in the bivariate
plots of Ca*/Na* versus HCO,/Na* (Fig. 5a) and Ca*"/Na* versus
Mg>*/Na* (Fig. 5b), the majority of the groundwater samples are
plotted in the transitional area between the carbonate end-member
and silicate weathering that reveals the influence of both the silicate
weathering and carbonate dissolution.

Ion Exchange Process
Ion exchange is the process by which exchange of ion occurs
between groundwater and the aquifer environment during residence
and movement time. It can be explained through the study of alkaline
chlorine indices (Raju et al., 2011). During the ion exchange process
exchange of alkali metal cations in the rock take place with alkaline
earth metal (Mg>* and Ca*) cations in the water and vice versa. Positive
CAI indicates the exchange of Na* and K* in water with Mg>* and
Ca”" of the rocks, while the negative indicates that there is an exchange
of Mg?* and Ca** in the water with Na* and K* of the rocks (Mahmoudi
etal., 2017). Equations (1) and (2) express the CAI The concentrations
are in meq/L:
- + +
CAI-I = M (D)
ClI-

ClI'— (Na* + K*)

CALII =
SOZ™ + HCO; + NOj + COZ-

2

CALI values for the majority of groundwater samples (82%)
of the study area are negative, which suggested that the Mg>* and
Ca’* present in the groundwater are exchanged with the Na* and K*
ions present in the rocks at the surface of rocks. It represents cation—
anion exchange reaction or chloro-alkaline disequilibrium with
dominance of ion exchange. Whereas for remaining samples, CAI
values are determined positive, that indicated the exchange of Na*
and K* ions present in water with Ca** and Mg** ions at the surface
of aquifer material. This results an excess of Ca®** and Mg?*
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Fig.5. The bivariate plot of (a) HCO, / Na* versus Ca**/Na*. (b) Mg** / Na* versus Ca”"/Na*
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concentration in water. It represents direct base-exchange reaction or
chloro-alkaline equilibrium with the dominance of reverse ion
exchange process.

As shown in Fig. 6, most of the groundwater sampling points in
the relation plot drawn between CAI-I and CAI-II, are located in
reverse ion exchange region confirm the dominance reverse ion
exchange process in groundwater of study area (Hao et al., 2020). The
ratios of (SO,* + HCO;)/(Ca®*+Mg™") less than one advocates the
dominance of carbonate weathering and reverse ion exchange process
with the excess of (Ca**+Mg™) over (SO,*+HCO;) as shown in
Fig. 4a (Gogoi et al., 2021; Fisher and Mulican, 1997). Additionally,
the bivariate plot of (Na*+K*) — CI" versus (Ca**+Mg”) — (SO,” +
HCO,) (Fig. 7), also confirm the dominance of reverse ion
exchange over the ion exchange process in majority of the groundwater
samples.

Saturation State of Groundwater - Saturation Indices (SI)
In order to take place any geochemical reaction, there must be
disequilibrium between water and mineral phases. The equilibrium
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Fig.7. The bivariate plot of (Na*+K*) — CI" versus (Ca®*+Mg*")—(SO,*
+HCO,)
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state can be measured by estimating the saturation indices. Saturation
indices (SI) with respect to calcite, dolomite, aragonite and gypsum
minerals were calculated using the following equation (3).
SI=log,, (K,,,/ Ksp) 3)
where, Sl is the saturation index, K|, , is the ionic activity product
of the ions, K is the solubility product of the mineral. The positive
value of SI depicts the over saturation state of water, while negative
value indicates under saturation state. At over saturation condition,
the mineral phase precipitates whereas at under saturation it dissolves
at equilibrium (Tiwari et al., 2021).

The super saturation leads to precipitation of calcite and dolomite.
The plot of Sl(calcite) versus SI(dolomite) (Fig. 8a) discloses that
90% of the groundwater samples are over saturated with reference to
dolomite and calcite and the SI(dolomite) values are higher than that
of the SI(calcite) values. However, five samples of the study area have
negative SI indices which reveal that the groundwater is under
saturation state with reference to dolomite and calcite. The under
saturation could lead to the dissolution of dolomite and calcite in water
during interaction with mineral rocks. Moreover, all the samples with
reference to gypsum are undersaturated that lead to dissolution of
gypsum in the groundwater until the equilibrium conditions altered
and 90 % of samples are oversaturated concerning to aragonite that
favour precipitation (Fig 8b).
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Water Types

The hydrogeochemically the groundwater can be categorized into
different types upon the basis of various diagrams such as Piper (1944),
Chadha (1999), Durov (1948) and Schoeller (1964) diagrams. As
shown in Piper diagram (Fig. 9), the groundwater samples are
predominantly of the Ca.Mg-HCO, type followed by Ca.Mg-Cl and
Ca.Mg-SO, type. The dominance of Ca.Mg-HCO, type is clearly
indicating that the sufficient recharge from fresh water with temporary
hardness, while the existence of Ca.Mg-Cl and Ca.Mg-SO, type of
water reflecting the presence of permanent hardness (Handa, 1979).

Itis evident from the modified Piper diagram proposed by Chadha
(1999) as shown in Fig.10, 52 % of the groundwater samples are located
in the field with exceeding of strong acidic anions compare to weak
acidic anions. Moreover, in the majority of the groundwater samples
alkaline earth metal ions are exceeding to the alkali metal ions that
also confirm the existence of Ca.Mg-HCO,, Ca.Mg-Cl and Ca.Mg-
SO, type of waters. Additionally, the existence of Ca.Mg-HCO,type
of water indicating the recharge of the groundwater from the surface
water with dissolved carbonates in the form of HCO, and geologically
mobile Ca®* and Mg**, Ca.Mg-Cl type water shows that the effect of
evaporation and human activities on the groundwater chemistry and
also reflect occurrence of the reverse ion exchange which results into
excess of (Ca® + Mg”) over (Na* + K¥).

In the Durov diagram (Fig. 11), 86% of groundwater sampling
points in reference to cations are plotted in no dominance zone of left
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Fig.9. Piper diagram for groundwater samples.

triangle, and remaining in Ca-zone, suggesting that the groundwater
is mixed and Ca-type.

On the contrary, with respect to anions, 54% samples are plotted
in no dominant zone in the upper triangle of the Durov diagram which
shows the dominance of the mixed type water, in the 17 and 11 samples,
HCO, and Cl-type of groundwater is observed. In reference to TDS,
66% groundwater samples in the Durov diagram are plotted below
TDS < 1000 mg/L which are characterized as fresh water types. The

100
901 Na. HCO; Ca.Mg-HCO; or Ca-HCOj; or Mg-HCO;3
20
70
0 Base ion exchange water Recharge water
4 A
50 A A
40 A
3 30 a A
g a,a A
g 50 a A
£ 2 A2 a
g 'y A
3 107 A A A
¢ .o PR WA
@
8 o afn
8 -10 A A Y
S 20 A A A
o A
Z 30 A
40 Sea water a
Reverse ion exchange water
] a4
60 A
] IS
-80] @)
90- Na-SO,ClorNa-SO; or Na-Cl Ca.Mg-SO,.Cl or Ca.Mg-SO, or Ca.Mg-Cl
-100 | FE [ ) DRE FER ERNNY LR T | | P S e P [ T )
-100 90 -80 -70 60 -S0 40 -30 -20 -10 0 10 20 30 40 S0 60 70 80 90 100
(Ca+tMg)-(Na+K) (meqL)
(1)= Alkaline earth exceed alka Weak acid anions exceed strong acid anions
(2)= Alkali metals exceed alkaline e: = Strong acid anions exceed weak acid anions

Fig.10. Chadha diagram for groundwater samples
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other samples are belonged to the brackish water group with the sulfate
and mixed water type, indicating the combine influence of evaporation,
water—rock interaction, and/or human activities.

Schoeller (1964) diagram (Fig. 12), suggesting that the HCO,~
and Ca?* are the dominant anion and cation in the groundwater
samples and also indicating that the Ca** and Mg>* are exceeded to
the Na* and K*, and CI” and HCO," exceeded to the SO,” and CO,>
ions. Thus, the groundwater is classified as Ca.Mg-HCO, and Ca.Mg-
Cl types.

Hydrogeochemical Processes Governing Groundwater
Chemistry-Gibb’s Diagram

According to the Gibbs (1970), three major hydrogeochemical
processes which govern the chemistry of natural water (a) evaporation-
crystallization, (b) rock-water interactions and (c) atmospheric
precipitation. The Gibbs diagrams (Gibbs, 1970) represent TDS a
function of ratio of (Na*+K*)/( Na*+K*+Ca*") and CI7/ (CI' + HCO;)
are widely used to evaluate the contribution of each of the three
major processes on water quality (Wanda et al., 2021; Li et al., 2013;
Wu et al., 2015; Subba Rao and Surya Rao, 2009).

The Gibbs plots as shown in (Fig. 13 and Fig. 14), the ground-
water samples of the study area are scattered from the rock water
interaction dominance zone to evaporation dominance zone, which
reveals that the hydrochemistry of the groundwater samples is
influenced by the rock-water interaction processes with the intrusion
of anthropogenic activities. The diffusion of ratios of (Na*+K*)/(
Na*+K*+Ca*") and CI/(CI' + HCO,) with high levels of mineralization
(TDS) towards the zone of evapdration from the rock dominance is
due to increase of Na* and CI ion concentrations by anthropogenic
sources (Subba Rao and Surya Rao, 2009).

CONCLUSIONS
In summary, the groundwater of the study area is slightly alkaline
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Fig.12. Schoeller diagram for groundwater samples

in nature, fresh to fresh brackish (TDS) and hard to very hard (TH),
abundance order of major ions was found to be in the order of Na* >
Ca™>Mg** > K" and HCO, >CI'>S0,>> NO, > F. In most of the
samples quantity of TH, TA, NO,, TDS and EC is exceeded the
prescribed WHO limits, however, the values other parameters in
majority of the samples is observed within the standards limits for
drinking purpose. The correlation analysis suggested that salinity load
in the groundwater of the study area is primarily controlled by CI,
TH, Ca**, Mg and NO,, TH is due to the presence of chlorides of
calcium and magnesium, the anthropogenic and geogenic activities
controlled the origin ions and the dissolution of feldspar or fluorapatite
may be a possible source of fluoride.

JOUR.GEOL.SOC.INDIA, VOL.98, OCT. 2022

Fig.13. Gibb’s diagrams for TDS versus CI/(CI"+ HCO;)

The alkali metal cations in the groundwater are mainly contributed
from the dissolution of halite and silicate weathering processes while
the alkaline earth metal cations are contributed from the carbonate
dissolution in 60% of groundwater samples while in remaining samples
silicate weathering is dominating process. In the carbonate dissolution,
the calcite dissolution is the major process and groundwater is
oversaturated with dolomite, calcite and aragonite and undersaturated
to gypsum, and the groundwater is Ca.Mg-HCO, type followed by
Ca.Mg-.Cl and Ca.Mg-SO, types. Additionally, the alkaline earths
exceed alkalis, and the weak and strong acid anions have approximately
equal representations. The domination of reverse ion exchange process
makes excess of Ca’*and Mg** over Na* and K* in groundwater.
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Gibb’s diagram has suggested that the hydrogeochemistry of the
groundwater is mainly governed by the rock water interaction followed
by evaporation geological process.
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