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Abstract

The present study aims to know the groundwater hydrochemistry and its drinking suitability in Kadava river basin through
Water Quality Index (WQI) modelling approach. Eighty (80) dug/bore well samples were collected and analysed for the
span of dry (pre) and wet (post) monsoon seasons of 2012 by following standard procedures of APHA. According to BIS
standard, the parameters, viz., pH, Ca, Mg, Na, Cl, NO3;, TH and TDS, surpass the threshold limits in both the seasons. It is
observed that TDS content in pre- (75%) and post (97.5%)-monsoon seasons is exceeding the desirable limit (500 mg/I).
Also, 67.5% (pre-monsoon) and 75% (post-monsoon) of the groundwater samples are beyond the nitrate permissible
limit (45 mg/l) of the BIS. The magnesium content in 15 and 37.5% samples is surpassing the permissible limit (100 mg/l)
in pre- and post-monsoon seasons. TH content in 15 and 25% samples surpassed the permissible limit (600 mg/l) in
pre- and post-monsoon seasons. WQI results demonstrated that 50.0 and 22.5% samples come under good quality of
water; 47.5 and 72.5% samples fall in poor water category, while 2.5 and 5.0% samples exhibit very poor category in pre-/
post-monsoon seasons. Hydrochemical characterization based on Durov plot, Chaddha diagram, Gibbs plot and various
scatter plots was used to ascertain the types of weathering, influence of rock, precipitation and evaporation, types of
reactions, etc., influenced on groundwater composition of the region. The groundwater chemistry is mostly deteriorated
due to the influence of agricultural and anthropogenic activities. Spatial variation map of WQI exhibits that groundwater
quality is affected mainly in south and few patches in north regions of the study area.
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1 Introduction the public health and related health issues [4]. Usually,
groundwater quality is control by natural processes pre-

Groundwater is one of the reliable and vital sources of  cipitation, rock-water interaction, residence time of water,

drinking water because of its widespread availability,
occurring in natural condition and less susceptible to
water contamination as compared to fresh water [1-3].
Many studies proved that in developing countries, scarcity
of clean and safe drinking water is inauspiciously affecting

dissolution of salts and its mineralization, rock weather-
ing like silicate and carbonate, water percolation, leach-
ing of salts and anthropogenic inputs are alter the water
quality [5-7]. In India, groundwater quality is deteriorated
due to overexploitation without balanced recharge; use
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of surplus amount of agrochemicals and fertilizers perco-
lates into the aquifer systems [8-11]. Thus, it is imperative
to know that the hydrochemical behaviour, contaminant
sources and continuous monitoring of groundwater qual-
ity become need of hour in arid and semi-arid regions for
maintaining the water quality in natural state.

The assessment of large number of monitored param-
eters turns out to be difficult to evaluate the exact nature
of groundwater quality and to represent it as single unit
[12-14]. The aptness of groundwater quality depends
upon amount of cleanliness and load of pollution [15, 16].
Horton has developed the Water Quality Index by con-
sidering, ranking and integrating the significant physico-
chemical parameters [17]. Afterwards, Brown et al. [18]
have developed the improved version of Horton WQI
known as NSF WQI model.

In the Kadava river basin, groundwater is mainly used
to fulfil the needs of drinking, domestic and agriculture;
therefore, groundwater quality is intimately linked with
human health. Yet, very limited research was carried out
on the groundwater quality and its suitability; nonethe-
less, studies carried out by CGWB and individual reported
high amount of nitrate and heavy metals in groundwater
[19-24]. Consequently, continuous monitoring and evalua-
tion of water quality are essential to avoid further ground-
water contamination problems which affect human health.
The objective of the present study was (1) to ascertain the
hydrochemistry and groundwater suitability in Kadava
river basin through WQI model, (2) to find out the control-
ling processes which influence the hydrochemistry of the
region and (3) to prepare the spatial distribution maps to
know the spatial extent of water quality deterioration in
the study area.

2 Study area

The Kadava river basin lies in Nashik District, Maharashtra,
(latitude 19°55" and 20°25'N; longitude 73°55 and 74°15E)
with an area of 1053 km? (Fig. 1). The river has its origin in
Sahyadri hills near to Dindori in Nashik district. The Kadava
River flows into northwest to southeast direction and con-
fluence to the Godavari river in Niphad Tehsil. The average
rainfall of the study area is around 700 mm spanning over
June-September mainly from SW monsoonal winds with
semi-arid climate, and temperature varies 5-40 °Cin win-
ter and summer seasons [19]. The area distinguished part
of Deccan Plateau, and basalt is the dominant rock from
upper Cretaceous to lower Eocene age and comprising
‘Pahoehoe’and‘Aa’ lava flows [25]. The agricultural land in
the downstream part of the Kadava basin is mainly drained
through Kadava river, Palkhed canal and groundwater, and
dominant crops like sugarcane, grapes, onion and other
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crops such as vegetables, flowers and fruits as subsidiary
are cultivated throughout the year. Apart from the irriga-
tion use, groundwater is also used as major source to cater
the drinking water demand because of the scarcity of cen-
tral water supply systems in this area.

3 Materials and methods

To know the hydrochemical behaviour of groundwater,
eighty (80) water samples were collected from dug/bore
wells during pre- and post-monsoon seasons of 2012.The
samples were collected in pre-treated (1 I) plastic cans;
prior to the sample collection each sampled well discharge
water for 2-3 min to reduce the influence of stored pipe
water and transported to laboratory for physico-chemical
analysis. pH and EC were measured in situ by handheld
multi-parameter tester. Major cations, viz., Ca, Mg, Na and
K, and anions CO;, HCO;, SO,, NO; and Cl were analysed
by following the standard procedures of American Public
Health Association [26]. The ion balance errors are within
(+5%) which confirm the analytical accuracy (Table 1).

3.1 Conceptualization of Water Quality Index (WQI)

WAQl is used to measure the combined influence of indi-
vidual physico-chemical parameters on the whole quality
of water for drinking [17, 27]. The WQI provides a single
numerical value to assess the quality of water based on
the results of pH, EC, Cl, NO;, Na, K, CO5, HCO;, TDS, TH,
Ca, Mg and SO,. The Bureau of Indian Standards (BIS) for
drinking was considered for calculation of WQI index
[28]. The weightage was assigned to each individual
parameters based on the perceived threat to water qual-
ity. The weights were assigned on scale of 1-5 based on
their importance in drinking and threatening potential
to human health [29-32]. The maximum weight 5 was
assigned to TDS, Cl and NO; due to their major impor-
tance in drinking suitability. The minimum weightage of
2 was assigned to Mg, K, CO;, Ca and HCO;, while rest of
the parameters (pH, Na, SO, TH and EC) were assigned
with weight 3. The relative weight (RWi) of each param-
eter calculated with following equation is represented in
Table 2. Based on these mentioned techniques, WQI for the
groundwater of Kadava river basin has been studied and
values are represented in Table 4. WQl is classified into five
categories, i.e. excellent type: 0-50; good: 50-100; poor:
100-200; very poor: 200-300; and unfit for drinking: > 300.

RWi = Awi/ ) Awi )

where Rwi is relative weight and Awi are assigned weight
of ith parameters.
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Table 1 Materials and methods adopted for present research work

Parameters Materials and methods

Base map preparation SOl Toposheets: numbers 46 L/3, L/4,

H/15 and H/16 on 1:50,000 scale

Location coordinates GPS (Explorist 500)

pH and EC Multi-parameter tester (PCS tester 35)
Cations
Ca Titrimetric method [26]
Mg
Na and K Flame photometer (ELICO CL 361)
Anions
NO; Spectrophotometer (Shimadzu
50, UV-1800)
c Titrimetric method [26]
CO,
HCO,
TDS
Spatial distribution maps Arc GIS 9.3v (IDW technique)
WQlI analysis MS-Excel

lon Balance Error (IBE) > cations + Xanions

Table2 Weightage assigned to each parameter and their relative
weights

Parameters Assigned weight (Aw) Relative
weight
(Rw)
pH 3 0.075
EC 3 0.075
TH 3 0.075
Ca 2 0.05
Na 3 0.075
Mg 2 0.05
o, 2 0.05
K 2 0.05
HCO, 2 0.05
a 5 0.125
NO; 5 0.125
S0, 3 0.075
TDS 5 0.125
SUM 40 1

The quality rating scale for water quality variables is
expressed by the following equation

qi = (ci/si) % 100 2)
where gi is quality rating for ith parameter, ci is content
of ith chemical parameter of water sample (mg/l), and si
is permissible standard for ith parameter set by the BIS.
Sub-index (Sli) for each parameter is calculated by Eq. 3

Sli = Rwi * qi 3)
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where Sli is sub-index of ith parameter and gi is rating
based on concentration of ith parameter.
Finally, WQl is computed by Eq. 4

wQl = Zsu. 4)

4 Results and discussion

The hydrochemical results are assembled into three
groups, namely Group I: pH, EC and TDS; Group II: cations;
Group llI: anions and their statistical summary are pre-
sented in Table 3. Also, the results of WQI and their spa-
tial variability are interpreted. The governing processes
controlling groundwater chemistry based on Durov plot,
Chaddha diagram, Gibbs plot and various scatter plots
used to ascertain the types of weathering, influence of
rock, precipitation and evaporation, types of reactions,
etc., are discussed.

4.1 Group l: pH, ECand TDS

The pH has no direct effect on human heath, but it can
alter the taste of water and exhibit associations with some
other water quality variables [33]. The pH value varied
from 7.80 to 9.00 and 7.70 to 8.50 with an average 8.50
and 8.10 in pre- and post-monsoon seasons (Table 1)
showing alkaline nature; the increased values of pH are
attributed to the weathered basalt. The spatial varia-
tion maps of pH demonstrated that the samples, i.e. 9,
10, 11, 12 and 13, are located at north direction, where
pH value is increased. Also, in pre-monsoon season the
south, east, west and central parts have high pH value. It
is confirmed that the sample locations 21, 24, 29, 34 and
36 are observed as hot spots in the study area (Fig. 2a,
b). The conductivity of water is very significant because
it increases in temperature and total dissolved salts [34].
EC shows a wide range, i.e. from 810 to 6180 uS/cm (avg.
2174 uS/cm) and 824 to 8120 uS/cm (avg. 2741 uS/cm) in
pre-/post-monsoon seasons. The spatial variation maps of
EC explore that sample numbers 20, 33, 37 and 38 of south
and 7,8, 10 and 11 locations of north regions show same
spatial pattern in both the seasons (Fig. 2¢, d). The TDS is
an essential parameter used to confirm the suitability of
drinking and irrigation water. TDS values varied from 357
to 2273 mg/l and 494 to 2102 mg/I with average values
of (740 and 861 mg/l) in pre- and post-monsoon seasons,
respectively (Table 1). It is demonstrated that 75 in pre-
and 97.5% in post-monsoon seasons exceeded the desira-
ble limit (Table 1), while sample number 38 surpassed per-
missible limit (2000 mg/l). Such high TDS in groundwater
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Table 3 Descriptive statistics of

i Parameters  (DL-PL) Average Range % of samples % of sam-
groundwater samples in pre- above DL ples above
and post-monsoon seasons of PL
2012 (n=80)

Pre Post  Pre Post Pre Post Pre Post
pH 6.5-8.5 847  8.09 7.80-9.00 7.71-8.53 100 100 40.0 2.50
EC 0 2174 2741 810-6180  824-8120 0.00 0.00 0.00 0.00
TH 300-600 392 509 132-1029 197-1150 6250 9250 150 25.0
Ca 75-200 398 509 13.6-98.1 21.0-118 7.50 22.50 0.00 0.00
TDS 500-2000 740 861 357-2273  494-2102 75.0 97.5 250 250
Mg 30-100 715 931 20.9-231 17.4-256  87.5 97.5 150 375
Na 200 111 114 36.2-501 31.0-449 0.00 0.00 150 125
K 12 249 252  0.300-830 0.500-144 0.00 0.00 0.00 2.50
CO, 0 440 353  0.000-140 0.000-70.0 0.00 10.0 0.00 0.00
HCO, 0 99.0 121 20.0-250 30.0-300 0.00 0.00 0.00 0.00
cl 250-1000 210 230 31.2-1086  63.3-830 27.5 325 250 0.00
SO, 200-400 112 175 31.5-261 49.7-360  10.0 30.0 0.00 0.00
NO; 45 49.1 52.6 12.9-69.7 31.6-65.2 0.00 0.00 67.5 750

DL desirable limit, PL permissible limit

All above values are in mg/L; pH on scale; EC—pS/cm

is contributed from soil salts, rock weathering, prolonged
residence time and local anthropogenic inputs [35].

4.2 Group ll: cations

In the study area, calcium content varies from 13.6 to
98.1 mg/I (avg. 39.8 mg/l) and 21.0 to 118 mg/I (avg.
50.9 mg/l) during pre- and post-monsoon seasons, respec-
tively (Table 1). As compared the analytical results with BIS,
all the samples are within threshold limit, thus suitable for
drinking. The calcium content in the pre-monsoon season
gets enriched due to more interaction with host rock as
hydraulic gradient is low [36]. The magnesium ranges from
20.9 to 231 mg/l and 17.4 to 256 mg/l, and 15 and 37.5%
samples are beyond the permissible limit of BIS. The high
magnesium is exhibited from Thakurwadi formation; with
high MgO content, contains picrite basalt and picrite with
phenocrysts of olivine and clinopyroxene [37]. The high
magnesium in post-monsoon is contributed by picritic
flows of Thakurwadi formation which gets reduced in sum-
mer with ceased rainfall [36]. The spatio-temporal maps of
magnesium illustrated that the south and north regions of
the study area contain high concentration of magnesium.
The magnesium hot spots are identified in intense agri-
cultural zone in pre- and post-monsoon seasons. The high
content of magnesium is observed in sample location 8,
10,11, 27, 37,38 and 39 (Fig. 2e, f). The total hardness val-
ues deviate from 132 to 1029 mg/l and 197 to 1150 mg/I,
whereas average is 392 and 509 mg/l in pre- and post-
seasons. Analytical results corroborate that 62.5% and
92.5% samples exceeded the desirable limit (300 mg/I)

and 15 and 25% samples surpassed the permissible limit
(600 mg/l) in pre-/post-monsoon season (Table 1). Water
hardness mainly influenced by multivalent ions dissolved
from minerals [38]. Drinking water with high TH content
may lead to urolithiasis and cardiovascular disorders [39].
The sodium content varies from 36.2 to 501 mg/I (avg.
111 mg/l) and 31.0 to 449 mg/l (avg. 114 mg/l). The sam-
ple numbers 20, 37, 38 and 39 depict that sodium con-
centration might have been increased due to the hydro-
morphological conditions and groundwater flow path
which exceeds the permissible limit in both the seasons.
The sodium shows high solubility nature and source in
groundwater from rock weathering and evaporation domi-
nance [40]. The consumption of sodium content drinking
water may lead to cardiac, renal and circulatory disorders
[41]. The spatial distribution maps of sodium confirm that
the south portion contains high sodium content in both
the seasons due to rock weathering or dissolution of soil
salts in groundwater (Fig. 2g, h). The potassium content
ranges from 0.300 to 8.30 mg/I (avg. 2.49 mg/l) and 0.500
to 14.4 mg/l with average value of 2.52 mg/I (Table 1). It
is depicted that all the samples are within threshold limit
(12.0 mg/I) except sample number 9, located in agricul-
tural area; consequently, the source may be potassium-rich
fertilizers.

4.3 Group lll: anions

The chloride value varies from 31.2 to 1086 mg/l (avg.
210 mg/l) and 63.3 to 830 mg/I (avg. 230 mg/l) (Table 1). It
is observed that the average content of chloride is elevated
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in post-monsoon season owing to influence of percolation,
leaching, infiltration and dissolution processes. The weath-
ering of halite mineral, domestic waste, fertilizers, septic
tanks, landfills sites are main cause of chloride content in
groundwater [42, 43]. According to BIS standards, 27.5 and
32.5% samples exceeded the DL (250 mg/l) in pre- and
post-monsoon samples, respectively. However, sample
no. 38 surpassed the PL (1000 mg/l) in pre-monsoon sea-
son due to inputs from agricultural and domestic waste
(Table 1). The excess content of chloride in drinking water
can change the taste, corrosion and palatability of water
[44]. The sulphate content varies from 31.5 to 261 mg/I,
49.7 to 360 mg/l with an average 112 and 175 mg/l in pre-
and post-monsoon seasons, respectively; also, and all the
samples are within permissible limit of the BIS (Table 1).
The average content of sulphate is increased in post-
monsoon season due to the percolation of sulphate-rich

74°60°E 74°120°E

water from agricultural runoff. According to BIS standards,
67.5 and 75% groundwater samples exceeded the BIS PL
(45.0 mg/l) (Table 1), which confirmed the incongruity for
drinking. The nitrates mainly attributed from domestic
waste, animal wastages, nitrogen-rich fertilizers, etc., [45,
46]. The consumption of nitrate-rich water leads to meth-
aemoglobinaemia and affects the oxygen circulation in
blood. Also, it causes the blue-baby syndrome in infants,
hypertension and stomach cancer [47]. The spatial vari-
ation maps of nitrate reveal that high content of nitrate
was observed in the north, central and west parts where
intense agriculture prevails in both the seasons; also aver-
age content was found in post-monsoon season (Fig. 2i, j).
The carbonates and bicarbonates in the groundwater are
due to influence of silicate rock weathering, dissolution
of carbonate precipitates and atmospheric and soil CO,
gas [48]. The bicarbonate concentration ranges from 20.0
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to 250 mg/I (avg. 99.0 mg/l) and 30.0 to 300 mg/I (avg.
121 mg/l) in pre-/post-monsoon season (Table 1). The
increased bicarbonate concentration in post-monsoon
signifies the supply of CO, from precipitation recharge
and rock-water interaction [49, 50].

4.4 Water Quality Index (WQI)

The Water Quality Index is classified into five catego-
ries, viz.,, 0-50 is excellent type; 50-100: good; 100-200:
poor; 200-300: very poor; and >300 as unfit for drinking
(Table 4). The WQI value varies from 63.3 to 278 and 77.6
to 289 in pre-/post-monsoon season. The average value
indicates that overall water quality of basin is poor in
both the seasons (pre-monsoon 113 and post-monsoon
127). Table 4 depicts that 50 and 22.5% samples have
good quality of water, while 47.5 and 72.5% samples fall
in poor water category in pre- and post-monsoon season,
respectively. The study area is free from industrializa-
tion and dense urbanization, but still it is observed that
2.50% samples in pre-monsoon and 5.00% samples in
post-monsoon represent very poor water quality which
may be due to the prolonged intensive agriculture and
consumption of poor quality water may affect human
health. The groundwater quality in post-monsoon season
is negatively affected from recharging water as it soak up
the salts from agricultural and domestic waste. The overall

groundwater quality is affected due to low hydraulic gra-
dient and rock-water interaction. Figure 3 illustrates that
many groundwater samples fall in good type of water; few
samples from poor type and two samples (number 37 and
38) come under very poor type. The sample numbers (32
and 39) show progressive affinity of groundwater towards
very poor category.

4.5 Spatial variation of WQI

The spatial variation map of WQI (Fig. 4) demonstrated the
water quality for each location and confirmed its suitability
for drinking. It is observed that the groundwater quality is
found to be good category in the north and central part,
while it turns dramatically to poor type in post-monsoon
season. It is observed that sample numbers 8, 10 and 11
are located in highland and due to rainwater recharge the
rock-water interaction increased which alters the ground-
water quality in post-monsoon season. The sample num-
ber 27 which has poor quality in pre-monsoon turns to
good in post-monsoon; it may be due the dilution from
recharge water. The samples located along flow direction
in south region (sample numbers 20, 32, 33, 37, 38 and
39) are identified as hot spots due the deteriorated water
quality in both the seasons. This area is under continuous
irrigation with predominant crops, viz., sugarcane, grapes,
onion, which requires fertilizers regularly leading to the

Table 4 Water quality

e Range Category Pre-monsoon 2012 Post-monsoon 2012
categorization based on WQI
range Number of % of samples Number of % of samples
samples samples
0-50 Excellent 0 0.00 0 0.00
50-100 Good 20 50.0 9 225
100-200 Poor 19 47.5 29 725
200-300 Very poor 1 2.50 5.00
>300 Unfit for drinking 0 0.00 0.00
Fig.3 Graphical - i
19.3 Graphical representa BWQIPre2012 mWQI Post 2012 Unfit for
tion of WQI values Drinking
> P——————————— — — — ——— ——— —
250 Very Poor
z
2200 b ——— e ————— —_ — =4}
-
e
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| 1] ] m
100 1 | a 1
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enrichment of nitrates and chlorides in surface water and
groundwater. It is exhibited that many of the groundwater
locations are found vulnerable and should be restricted for
drinking use except central and north parts. The hetero-
geneity in groundwater quality in the entire basin is due
to changing cropping pattern, monotonous crops, rainfall
influence, weathering of rock and evaporation dominance
etc.

5 Processes governing groundwater
chemistry

To know the processes governing the hydrochemical
behaviour of groundwater in the study area, it is essen-
tial to study the geological composition of rocks, natural
and anthropogenic inputs, dissolution of rocks and min-
erals, precipitation and climate condition that influence
the hydrochemistry in the study area. In general, during
groundwater recharge, it reacts with soil, rock-water
interactions; various types of weathering and significant
anthropogenic inputs may amend groundwater chemistry
[5]. In this study, hydrochemical characterization based on
Durov plot, Chaddha Plot, Gibbs plot and various scatter

74°0'0"E 74°6'0"E 74°12'0"E
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plots was used to ascertain the types of weathering, influ-
ence of rock, precipitation and evaporation, types of reac-
tions, etc., influenced on groundwater composition of the
region.

5.1 Durov plot

Durov introduced this diagram which helps to identify the
hydrochemical facies, water types and geochemical pro-
cesses to evaluate the groundwater quality in the region
[51]. It is composed of diagrams of two ternary diagrams
of cations and anions plotted against each other in Aqua-
Chem software. Durov plot (Fig. 5a, b) for groundwater
samples of Kadava river basin indicates that most of the
samples are in the phase of mixing, dissolution with few
in reverse ion exchange.

5.2 Chadha plot

Chadha diagram is a modified version of the Piper plot
and the expanded Durov diagram [52]. It represents
square or rectangular field which describes the over-
all ion distribution and groundwater characteristics for
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(a) Ca

Fig. 5 Durov plot (a, b) pre- and post-monsoon seasons 2012

indicating of geochemical classification and hydrochem-
ical processes of groundwater. The difference in mill
equivalent percentage between alkaline earths (Ca + Mg)
and alkali metals (Na+K), expressed as percentage react-
ing values, is plotted on the X axis, and the difference in
mill equivalent percentage between weak acidic anions
(CO;+HCO;) and strong acidic anions (Cl+S0,) is plot-
ted on the Y axis. The mill equivalent percentage differ-
ences between alkaline earths and alkali metals, and
between weak acidic anions and strong acidic anions,
would plot in one of the four possible sub-fields of the
proposed diagram. This diagram is classified into eight
groups which represent different water types. The results
of Chadha diagram (Fig. 6a, b) represent that majority
of the samples exceeds alkaline earths (field 1), while 2
and 3 samples exceed alkali metals over alkaline earths
in both the seasons. It also represents the dominance of
strong acids in excess of the weak acids except few sam-
ples in both the seasons. These results are supported by
the Piper plot, indicating the alkaline earths and strong
acid dominance in both the years due to the interac-
tion between the alkaline earths and alkali metals that
originate from soil or rock interactions with strong acidic
anions and weak acidic anions in groundwater. So the
combination of these two diagrams would be appropri-
ate to demonstrate the hydrochemical facies present in
groundwater of Kadava river basin.
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5.3 Gibbs plot

Gibbs plot (Fig. 7a, b) is used to know the association
of groundwater composition with the aquifer lithology
and represent the source of chemical constituents in
groundwater such as precipitation, rock and evapora-
tion dominance [53]. The ratios for cations and anions,
i.e. Na/(Na+ Ca) and Cl-/(Cl + HCO3) and of the ground-
water samples when plotted against relative values of
TDS showed the evaporation dominance process in most
of the samples from pre- and post-monsoon seasons of
2012.This behavioural pattern confirms that many of the
groundwater samples from vicinity of agricultural area
and evaporation make salinity increase by increase in Na
and Cl contents with relation to the increase in TDS. In
addition, anthropogenic inputs like agricultural fertiliz-
ers, mixed canal/river water and irrigation return flows
also influence the evaporation by the increase in Na*
and CI7, and thus, TDS is increased. This clearly demon-
strates that apart from the natural source, artificial factor,
namely anthropogenic activity, decides and dominates
the change in chemical composition of groundwater
[54]. The area under investigation is characterized as
semi-arid region, where rainfall was less than average
of 700 mm in 2011 and 2012; thus, evaporation process
becomes dominant in controlling the groundwater
chemistry.
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Fig. 6 Chadha plots (a, b) pre-
and post-monsoon seasons
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5.4 Scatter plots

The Na/Cl ratio (Fig. 8a) is used to know the salinity mech-
anism in arid and semi-arid environment [55]. The halite
maintains the ratio to 1 by releasing Na and Cl ions [56].
The ratio indicates good correlation in both the seasons
and suggests that the possible source of Na is silicate
weathering and whether ratio less than 1 indicates the
possibility of ion exchanges of Na with ca and Mg in clay
particles [57]. Scatter plot of Ca+ Mg versus Cl (Fig. 8b)
indicates moderate to good correlation in pre- and post-
monsoon seasons. The plot signifies that the increase in
salinity is caused by chloride and is associated with the
increase in the contents of Ca+ Mg possibly pointing to
the process of ion exchange reaction [58]. The plot of HCO,
versus Na+K (Fig. 8¢c) shows weak correlation in both the
seasons due to less contribution of ions from felsic lith-
ologies, and it confirms orthoclase being least weathered
mineral in the study area. The plot of HCO; + Cl versus Cl
(Fig. 8d) shows the positive correlation (*=0.97, 0.95) in

pre- and post-monsoon seasons which pointed out the
influence of salinization due to agricultural activities. The
plot of TZ+versus Cl (Fig. 8e) represents the positive cor-
relation (r*=0.92 and 0.93) in pre- and post-monsoon sea-
sons. In the study area, chloride content is enriched due
to agricultural inputs such as use of excessive chemical
fertilizers, irrigation water runoff, percolation and leach-
ing of waste, etc. Ca+ Mg versus HCO; + SO, (Fig. 8f) plot
shows that all the samples are plotted below the equi-
line in both the seasons. This indicates that carbonate
weathering and silicate weathering are the dominant
processes controlling groundwater chemistry within area
[59]. Scatter plot Ca+ Mg versus TZ" illustrated positive
association in both the seasons and confirmed that most
of the groundwater samples fall below the equiline and
reflecting high contents of sodium and potassium with
increasing dissolved solids (Fig. 8g). Scatter plot of Na/Cl
versus Cl (Fig. 8h) inferred weak correlation in both the
seasons because chloride associated with increase in the
content of Ca+Mg and decrease in Na/Cl may be from
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ion exchange process which adsorbs sodium taking place
into aquifer in exchange for calcium and magnesium [58].
The logarithmic bivariate plot of HCO3/Na versus Ca/Na
(Fig. 8i) and Mg/Na versus Ca/Na (Fig. 8j) is used to know
the type of weathering influencing the hydrochemistry of
the study area. Generally, the higher solubility of sodium

than calcium increases the sodium concentration; there-
fore, Ca/Na ratio is expected to be low which infers the
silicate weathering as dominant geochemical process [60].
Figure 8i shows silicate weathering prevailing in this area;
however, few samples in both the seasons point towards
carbonate weathering as secondary weathering process.
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The presence of lime kankar supports carbonate weather-
ing in the study area. It is confirmed that silicate weath-
ering is the main hydrogeochemical process followed by
carbonate weathering and ion exchange process which
affect the groundwater quality of the study area.

6 Conclusions

This study incorporates the governing processes of hydro-
chemistry and WQI method to ascertain the groundwater
suitability for drinking. Hydrochemical results indicate that
the parameters, viz., pH, Ca, Mg, Na, Cl, NO5;, TH and TDS,
eventually deteriorating groundwater quality exceeded
the desirable and permissible limits described by the
BIS. Hydrochemical analysis inferred that groundwater is
alkaline and possesses permanent hardness. The increased
EC is ascription from salt dissolution and inorganic pollu-
tion load in the groundwater. The elevated content of Cl,
NO; and TDS is owed from intensive agriculture and local
anthropogenic inputs. It is observed that the groundwater
quality is significantly affected in post-monsoon season
due to persuade of agricultural runoff, excessive applica-
tion of chemical fertilizers, percolation and dissolution of
salts in aquifer. WQI results inferred that 50.0 and 22.5%,
47.5 and 72.5%, 2.50 and 5.00% samples come under
good, poor and very poor categories, respectively. The
groundwater quality is significantly influenced in southern
portion owed by anthropogenic inputs mainly from agri-
culture, while northern area is affected by geogenic and
anthropogenic sources. WQI maps exhibit the category of
water to demonstrate the good, marginal and vulnerable
sites for effective management of water resources. Durov
plot indicates that most of the samples are in the phase
of mixing; dissolution with few in reverse ion exchange
reactions is dominant. Gibbs diagram suggests that
evaporation process becomes dominant in controlling
the groundwater chemistry because area is characterized
as arid and semi-arid region. Chadha plot suggests that
majority of the samples exceeds alkaline earths, while
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few exceed alkali metals over alkaline earths in both the
seasons. Also, it represents the dominance of strong acids
in excess of the weak acids except few samples in both
the seasons. Ca+ Mg versus Cl plot signifies that salinity is
increased because Cl is associated with the increase in the
contents of Ca+Mg possibly pointing to the process of ion
exchange reaction. The plot of HCO; + Cl versus Cl pointed
out the influence of salinity due to agricultural activities.
Ca+ Mg versus HCO; + SO, indicate that carbonate weath-
ering and silicate weathering are the dominant processes
controlling groundwater chemistry within area. The hydro-
chemical interpretation advocates that silicate weathering
is the main hydrogeochemical process followed by car-
bonate weathering and ion exchange process which affect
the groundwater chemistry of the studied area.

The outcomes of the study may help local governing
bodies to identify the suitable and vulnerable sites for
effective management of groundwater resources in the
river basin.
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