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Abstract

This study presents an assessment of groundwater quality over the two constituent districts (Faridabad and Gurgaon) of the
National Capital Region (NCR), India, using geospatial and statistical approaches. These districts have been subjected to
rapid urbanization and industrialization in recent years. The groundwater quality parameters viz., pH, electrical conductiv-
ity (EC), carbonate (CO32_), bicarbonate (HCO;™), chloride (C17), sulphate (SO42_), nitrate (NO; "), fluoride (F7), calcium
(Ca®"), magnesium (Mg>*), sodium (Na™), potassium (K™), silica (Si0O,), and total hardness (TH) are obtained for the year of
2017 from 28 sites over the study area. The suitability for human drinking purposes is assessed by comparing the concentra-
tion of parameters at each site with respect to their permissible limits recommended by the Bureau of Indian Standards (IS
10500: 2012). The geospatial mapping of the water quality parameters is carried out to visualize their variations, whereas
their risk assessment is accomplished by the statistical approaches viz., water quality index (WQI), correlation, and principal
component analysis (PCA). The number of sites exceeding the permissible limits of pH, EC, CI™, SO42_, NO;~, F, Ca**,
Mg?**, Na*, K*, and TH is obtained to be 7, 15, 5, 6, 8, 3, 5, 7, 18, 3, and 8, respectively. The WQI analysis revealed 10 out
of the 28 sites to be unsuitable for drinking purposes. The parameters mostly exhibited positive correlations except for pH
that showed a negative correlation with other parameters. The results of PCA revealed the first principal component (PC1)
to explain more than 95% of the total variance, thereby significantly reducing the dimensionality. The deteriorated water
quality may be mainly attributed to anthropogenic activities, i.e., reckless industrial growth, population explosion, and rapid
urbanization. This study emphasizes the need for regular water quality monitoring, and the information reported will certainly
help for water resources planning and management, especially over the industrial regions of NCR, India.
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Introduction

Water contamination has caused several diseases and
deaths worldwide, and therefore, is considered a sensi-
tive issue for humankind. Particularly for Indian regions,
D4 Sabyasachi Swain the problem is aggravated due to rapid industrialization,

sabyasachiswain16 @ gmail.com urbanization, and population growth, thereby leading to
more discharge of effluents/pollutants into the environ-
ment (Aravinthasamy et al. 2020; Bahita 2019; Swain

Department of Water Resources Development
and Management, Indian Institute of Technology Roorkee,

Roorkee, India et al. 2021; Wagh et al. 2018, 2019a, 2019b, 2020). The
2 Centre of Excellence in Disaster Mitigation utility of water for a specific purpose needs the physical,
and Management, Indian Institute of Technology Roorkee, chemical, and biological characteristics of the dissolved
Roorkee, India or suspended constituents to be under certain thresholds,
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concern, mostly due to the ever-increasing anthropogenic
interventions, as evident from several prior studies (Adi-
malla 2019, 2020; Bahita et al. 2021a, 2021b; Jasrotia
and Kumar 2014; Jasrotia et al. 2018; Karunanidhi et al.
2021a, 2021b; Li et al. 2014, 2017; Zhang et al. 2019,
2021a, 2021b, 2021c). The water resources in numerous
countries are in critical condition due to changes in their
physicochemical nature. These changes cause damages to
human beings, plants and animals. Upon consumption, the
poor quality of water may cause diseases or toxic health
effects to human beings and livestock. Similarly, the dete-
rioration in water quality may directly hamper the survival
conditions of the aquatic animals. To prevent the crops
from diseases and improve the crop production, the water
quality should be suitable. The persistent application of
contaminated water for irrigation may also deteriorate the
soil condition making it less productive or even unfit for
agriculture (Zhang et al. 2020a, 2020b). Therefore, to pre-
serve and maintain the natural ecosystem, regular assess-
ments of water quality are crucial (Bahita 2019; Xu et al.
2019a, 2019b, 2019c).

Groundwater plays a vital role in fulfilling the water
demands for India's municipal, agricultural, and indus-
trial sectors. It is also a fact that India is the largest user of
groundwater in the world, with an annual usage of 251 km®
(Sahoo et al. 2021; Swain et al. 2022). As groundwater is
generally believed to be free from contaminants as their
exposure is relatively lesser than surface water bodies, they
are directly used for drinking purposes at several places,
especially in developing countries (Dhal and Swain 2022).
However, due to numerous natural or anthropogenic factors,
the groundwater quality has been under threat of deterio-
ration in terms of quality and quantity. The contamination
of groundwater has been reported in several recent stud-
ies (Adimalla and Venkatayogi 2018; Adimalla et al. 2020;
Kadam et al. 2021a, 2021b, 2021c; Li et al. 2016, 2021; Wu
et al. 2015). Particularly in the urban areas of developing
countries, the water quality has deteriorated significantly due
to an exponential increase in industrialization. The effluents
discharged from these industries have very harmful impacts
on the surface and groundwater. Further, rapid popula-
tion growth and urbanization in such regions have led to a
remarkable increase in water demands. Under such circum-
stances, the degradation in water quality becomes a grave
issue. Therefore, in the view of environmental management,
it is necessary to evaluate and monitor groundwater quality
regularly. Further, out of the 17 Sustainable Development
Goals (SDG) established by United Nations in 2015, the
SDG 6 of “Clean water and sanitation” aims to achieve uni-
versal and equitable access to safe and affordable drinking
water for all. It also emphasizes improving the water quality
by minimizing pollution and efficiently managing the con-
taminants (UNDESA 2016).
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The geographic information system (GIS) is used to
create, manage, analyse, and map various types of data. In
the domain of groundwater and water quality assessments,
GIS has been utilized to visualize the spatial variations in
water quality parameters that helps in identifying the criti-
cal regions, which may be helpful to recognize the primary
sources of contamination (Jasrotia et al. 2013, 2016, 2018;
Karunanidhi et al. 2013, 2019a, 2019b; Khan et al. 2020;
Thilagavathi et al. 2015; Venkatesan et al. 2021). How-
ever, evaluating many parameters to discern the overall
water quality becomes a difficult task. This problem can be
resolved by the water quality index (WQI), which integrates
multiple parameters along with their relative importance to
form a single unit. In addition, the statistical approaches viz.,
correlations and principal component analysis (PCA) are
extensively used to carry out understand the inter-depend-
ence and dominance of the water quality parameters (Li et al.
2019; Taloor et al. 2020; Wu et al. 2014). Both the geospa-
tial and statistical approaches can certainly be helpful to
the water resources managers for decision-making purposes.

The Gurgaon and Faridabad districts of Haryana, located
in the periphery of New Delhi, have witnessed rapid urbani-
zation and industrialization in last few years (Guptha et al.
2021, 2022; Rai and Saha 2015). This might have affected
the groundwater quality of these two districts. Groundwater
is the main source of for fulfilling the drinking, agricultural,
domestic, and industrial water demands; yet there is hardly
any study on the assessment of groundwater quality in recent
period. As groundwater of the rapidly urbanizing centres is
usually more vulnerable to pollution, their regular monitor-
ing is necessary to minimize the associated human health
risks. In this regard, this study aims to comprehensively
evaluate groundwater quality using geospatial and statisti-
cal approaches. The specific objectives are, (a) to analyse the
groundwater quality parameters and prepare geospatial maps
depicting their distribution across Gurgaon and Faridabad
districts, (b) to ascertain the groundwater suitability using
WQI and maps to visualize their spatial variations, and (c¢) to
apply the statistical approaches, viz., correlation and PCA to
understand the inter-dependence and dominance among dif-
ferent parameters. In the subsequent sections of this paper,
study area and data, methodology, results and discussion,
and the key conclusions drawn from the study are described
in detail.

Materials and methods
Study area and data
In the present study, a growing industrial area in the Gurgaon

and Faridabad districts of Haryana, India, is considered to
investigate groundwater quality. The study area lies between
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76.6° E to 77.5° E longitudes and 28.2° N to 28.5° N lati-
tudes. Gurgaon and Faridabad lie in the periphery of Delhi
and are also the prominent constituents of India’s National
Capital Region (NCR). The location of the study area is
presented in Fig. 1. Due to the rapid growth of urbanization,
industrialization, and population, the groundwater of these
districts is under a severe threat of deterioration in terms of
quality and quantity.

The study area is occupied by Quaternary alluvium and
Pre-Cambrian meta- sediments of Delhi Super Group (Kaur
et al. 2019; Singh and Bhatia 2013). Regarding aquifer sys-
tem, the major part is underlain by Quaternary alluvium
consisting of sand, clay, and silt, which forms the principal
ground water bearing horizon. Thus, groundwater exists/
occurs in alluvium and the underlying weathered or frac-
tured quartzites. The semi-consolidated sand beds resulting
from weathering and fracturing processes form potential
aquifer zones (Kaur et al. 2019; Singh and Bhatia 2013). The
average annual rainfall over the Gurgaon and the Faridabad
districts is 596 mm and 542 mm, respectively, which is much
lower compared to the average annual rainfall over the entire
country (i.e., 1194 mm). Therefore, groundwater is a vital
source to cater the water demands for irrigation, drinking,
domestic and industrial purposes.

The data for the present study are procured from the Cen-
tral Ground Water Board (CGWB), Government of India.
The information on the water quality parameters viz., pH,
electrical conductivity (EC), carbonate (CO32_), bicarbonate
(HCO;™), chloride (CI7), sulphate (SO42'), nitrate (NO;"),
fluoride (F7), calcium (Ca?*), magnesium (Mg>*), sodium
(Na™), potassium (K™), silica (Si0,), and total hardness as
calcium carbonate equivalent (TH) are obtained for the year
of 2017 (pre-monsoon season) from 28 sites over the study
area. Out of these, 7 sites were located in Faridabad dis-
trict, whereas 21 sites were located in Gurgaon district. The
details (i.e., district, block, location, longitude and latitude)
of all the 28 sites are summarized in Table 1. The procedure
adopted by CGWB for sampling and measuring concentra-
tions of different parameters are provided in the supplemen-
tary information.

Methodology

In the present study, the data collected for different sites
over the study area are assessed for the concentration of
geochemical parameters and whether they are suitable for
human drinking. In addition, prevalent statistical techniques
are also used for the risk assessments of groundwater qual-
ity. These statistical techniques include water quality index
(WQI), correlation and significance testing, and principal

component analysis (PCA), which are briefly described as
follows. The data are presented in the Table S1 of the Sup-
plementary Information.

Comparison with a reliable standard and geospatial
mapping

The assessment of groundwater quality regarding its suit-
ability for drinking purposes needs a comparison with
respect to the permissible limits recommended by the
Bureau of Indian Standards (IS 10500: 2012) as men-
tioned in previous studies (Bahita et al. 2021a; Prasanth
et al. 2012). Therefore, the concentration of individual
water quality parameters from each site is compared
against the corresponding limit prescribed by BIS (2012)
to detect the sites affected by pollution. Further, some of
the quality parameters are geospatially mapped through
GIS to understand the spatial variation of the groundwater
contamination.

Water quality index (WQI)

WQI method is very commonly used to assess the overall
quality of water considering the concentrations of several
parameters, which makes it easier for the water resource
managers, especially for decision-making on water supply
for specified purposes (Adimalla and Qian 2019; Adimalla
and Taloor 2020; Bahita et al. 2021a, 2021b; Gaikwad
et al. 2020). The procedure to compute WQI is presented
below.
The quality rating of i parameter (q;) is obtained as,

(Vi B Vid) }

S = Vi) M

q;, = 100[
where, V; is the actual (i.e., measured) value and S; is the
permissible value of the ith parameter recommended by BIS
(2012) at a given sampling site, V,4 is the corresponding
ideal value of that parameter (i.e., in pure water). All V;,
values are equal to zero for drinking water parameters bar-
ring pH, whose ideal value is 7 (Bahita et al. 2021a, b). Note
that for a water sample with pH value above (below) 7, the
value of S; is taken as 8.5 (6.5).

Then the relative weight (W;) for the ith parameter is com-
puted from the following equation:

Wi

W. =
TYLw, 2
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Fig. 1 Location of the study area (Gurgaon and Faridabad districts, Haryana, India)
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Table 1 Location details of the sites for groundwater quality investi-
gation

S.No District Block Location Longitude Latitude
1 Faridabad Faridabad Pali 77.2411  28.3809
2 Faridabad Faridabad Faridabad 77.3006  28.4051
3 Faridabad Faridabad Bhopani 77.3792  28.4298
4 Faridabad Ballabgarh  Sikri 77.2882  28.2758
5 Faridabad Ballabgarh ~ Kabulpur 77.3955 28.4081
6 Faridabad Ballabgarh  Ferozpur 77.2375 28.3028
7 Faridabad Ballabgarh  Tigaon 773896  28.3662
8 Gurgaon  Sohana Sohna 77.0684 28.2429
9 Gurgaon  Pataudi Kasan 76.9034  28.3600
10 Gurgaon  Pataudi Mouzabad  76.6903  28.2966
11 Gurgaon  Farukhnagar Mubarakpur 76.8416 28.4728
12 Gurgaon  Farukhnagar Chandu 76.9164  28.4708
13 Gurgaon  Sohana Kherla 77.1153  28.3139
14 Gurgaon  Pataudi Meoka 76.9192  28.4089
15 Gurgaon  Gurgaon Machana 76.7500  28.4083
16 Gurgaon  Pataudi Kadipur 77.0042  28.4500
17 Gurgaon  Farukhnagar Jhanirola 76.8628  28.4857
18 Gurgaon  Farukhnagar Jamalpur 76.8450  28.3723
19 Gurgaon  Farukhnagar Wazirpur 769179  28.4220
20 Gurgaon  Farukhnagar Jaraon 76.8708  28.2278
21 Gurgaon  Pataudi Pataudi 76.7829  28.3241
22 Gurgaon  Pataudi Manesar 76.9247  28.3587
23 Gurgaon  Farukhnagar Fazilpur 76.8250  28.4093
Badli
24 Gurgaon  Pataudi Nurgard 76.6766  28.3566
25 Gurgaon  Farukhnagar Kheda 76.7890  28.4437
Khuram
26 Gurgaon  Farukhnagar Siwari 76.7277  28.4632
27 Gurgaon  Pataudi Lokara 76.7780  28.2736
28 Gurgaon  Farukhnagar Basaunda 76.7757  28.4014

where, w; is the weight of each parameter and n is the total
number of parameters. The w; values are referred from
the previous studies (Batabyal and Chakraborty 2015;

Table 3 WQI-based rating of water quality

WwQI Water quality rating

> 100 Unsuitable for drinking
51-100 Acceptable

26-50 Good

<25 Excellent

Ramakrishnaiah et al. 2009). In this study, based on the
availability of permissible limits, eleven parameters are con-
sidered for computing WQI. These parameters along with
their corresponding S;, w; and W; are provided in Table 2.
Finally, the overall WQI was computed as follows,

WQl = Y g,W, 3)
i=1

An example of the WQI calculation for site 1 (Pali) is
provided in Table S2 of the Supplementary Information.
The overall water quality rating based on WQI is presented
in Table 3, which is referred from previous studies (Bahita
et al. 2021a, b; Rao et al. 2020; Taloor et al. 2020).

Correlation

The correlation, which is a measure of the association
between two variables, can be evaluated in terms of the
coefficient of correlation (r). The range of r is from — 1
to+ 1. The correlation between the water quality parameters
is generally obtained to assess their inter-dependence, which
helps in understanding the dominant parameters (Mohamed
et al. 2019; Popugaeva et al. 2020). This ultimately helps
in decision-making to monitor the water quality. Although
a highly positive or negative (i.e., close to+ 1 or — 1) value
of r typically indicates a strong correlation, it is essential to
assess the statistical significance or confidence of the cor-
relation (Helena et al. 2000; Rocha et al. 2019). This can

Table 2 The parameters and
their permissible limits, weights

Parameters pH EC

CI- SO/ NO;~ F~  Ca*t Mg* Nat K+ TH

and relative weights taken for

WQI calculation Weight (w,) 4 4

Relative Weight (W;) 0.118

Permissible limit (S;) 6.5-8.5 2000

0.118 0.088 0.118

1000 400 45 1.5 200 100 200 10 600
3 4 5 4 2 2 2 2 2
0.147 0.118 0.059 0.059 0.059 0.059 0.059

Table 4 Statistical properties of the observed geochemical parameters

pH EC  CO> HCO,~ CI° SO~ NO;~ F- Ca®* Mg* Nat K* Si0, TH (as CaCO5)
Max 8.88 7215 480  659.0 20140 12150 96.0 235 3690 311.0 9500 188.0 360 1962.0
Min 733 240 00 85.0 21.0 50 00 023 120 100 170 09 50  100.0
Average 8.12 2700 7.7 3944 5235 2768 346 076 970 823 3802 118 21.6 5646
SD 042 1858 132 1335 5476 3011 290 056 979 772 2776 354 66 5106
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Table 5 Percentage of samples beyond the permissible limits for
drinking water recommended by BIS (2012)

be achieved by the p value test. The lower the p value, the
more significant is the correlation and vice-versa (Helena

Parameter Number of samples Percentage of samples et al. 2000; Popugaeva et al. 2020; Rocha et al. 2019). In
beyond permissible limits b.ey.ond permissible this study, the significance of the correlation is tested at a
limits confidence level of 90% (i.e., p value <0.1).
pH 7 25.0
EC 15 53.6 Principal component analysis (PCA)
ClI~ 5 17.9
S0, 6 214 PCA is a multivariate statistical technique commonly used
NO;- 3 28.6 as a dimensionality reduction approach (Dutta et al. 2018;
E- 3 107 Xu et al. 2021). PCA extracts eigenvalues and eigenvectors
CaZt 5 17.9 from the covariance matrix of the originally correlated vari-
Mg+ 7 250 ables (Singh et al. 2004). The eigenvector consists of a list of
Na* 18 64.3 coefficients, which are also regarded as loadings. The prin-
K+ 3 107 cipal component is obtained by multiplying the loadings to
TH 8 28.6 the original set of variables (Andrade et al. 2020; Helena
et al. 2000; Xu et al. 2019b, 2019c¢). Therefore, PCA results
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Fig.2 Piper plot showing the concentration of geochemical parameters of groundwater over the study area (the orange-colored quadrilateral-
shaped and blue-colored star-shaped marks represent the sites from Faridabad and Gurgaon districts, respectively)
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in forming a new set of orthogonal uncorrelated variables
through linear combinations of originally correlated vari-
ables. This method was developed by Hotelling (1933) and
is widely applied in studies pertinent to water quality assess-
ments (Andrade et al. 2020).

Results and discussions

The measured values of the physicochemical water qual-
ity parameters are listed in Table S1 of the Supplementary
Information. The statistics viz., maximum, minimum, aver-
age and standard deviation (SD), for all the water quality

76"45'E T7°E T7T°15°€ 77°30€
1 1 1 1

parameters are presented in Table 4. The acceptable pH
range for drinking water is 6.5-8.5, based on the standards
set by BIS (2012) and World Health Organization (WHO
2011). The minimum and maximum values of pH over 28
sites are 7.33 and 8.88, respectively. This shows the alka-
line nature of water over the study area. There are seven
sites with pH values exceeding the permissible limit of
8.5 (Table S1). Similarly, for EC, the minimum and maxi-
mum values are 240 and 7215 pS/cm, respectively. There
are 15 sites with EC values exceeding the permissible limit
of 2000 uS/cm. The concentration of carbonate is nil in 19
sites, whereas the maximum goes up to 48 mg/I at Jhanirola
(Table S1). The concentration of bicarbonate ranges from 85
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Fig.3 Geospatial mapping of the water quality parameters over the study area
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to 659 mg/l with an average and SD of 394.4 and 133.5 mg/l,
respectively. The minimum and maximum values of chloride
are respectively 21 and 2014 mg/l1. There are five sites with
chloride values exceeding the permissible limit of 1000 mg/1.
The concentration of sulphate ranges from 5 to 1215 mg/1
with an average of 276.8 mg/l and a SD of 301.1 mg/l. There
are six sites with sulphate values exceeding the permissible
limit of 400 mg/l. The concentration of nitrate ranges from
0 to 96 mg/l with an average and SD of 34.6 and 29 mg/l,
respectively. There are eight sites with nitrate values exceed-
ing the permissible limit of 45 mg/1. Similarly, the minimum
and maximum values of fluoride over 28 sites are respec-
tively 0.23 and 2.35 mg/l, with three sites exceeding the
permissible limit of 1.5 mg/l. The parameters viz., nitrates
and fluorides, can be very harmful above the permissible
limit, as evident from several prior studies (Adimalla and Li
2019; Adimalla et al. 2018a, 2018b; Adimalla and Li 2019;
Narsimha and Sudarshan 2017; Wu et al. 2015). However,
high concentrations of nitrates and fluorides are reported in
recent studies over the Indian region, which can be attributed
to both natural and anthropogenic causes (Adimalla and Li
2019; Karunanidhi et al. 2019a, 2019b; Narsimha and Raji-
tha 2018; Narsimha and Sudarshan 2017). The cations viz.,
calcium, magnesium, sodium and potassium have exceeded
their corresponding permissible limits at 5, 7, 18 and 3 sites,
respectively. The concentration of silica ranges from 5 to
36 mg/l with an average of 21.6 mg/l and a SD of 6.6 mg/1.
Similarly, the total hardness ranges from 100 to 1962 mg/1
with an average and SD of 564.6 and 510.6 mg/l, respec-
tively. There are eight sites with TH values exceeding the
permissible limit of 600 mg/1. There is a significant variation
in TH values, as evident from its high SD value.

Overall, the concentrations of the water quality param-
eters at some sites exceeded the permissible limits for

drinking purposes recommended by BIS (2012). This may
be due to different natural factors, e.g., soil salinization,
dissolution of minerals, the residence time of water—rock
interactions, etc. However, anthropogenic activities play a
major role in the deterioration of groundwater quality, espe-
cially in the urban and peri-urban regions. The percentage
of samples beyond the permissible limits for each parameter
is listed in Table 5.

The physicochemical parameters are also represented by
the Piper diagram, as shown in Fig. 2. Piper diagram (Piper
1944) is an effective way to represent the ion concentra-
tions, which helps to recognize the hydrochemical types
of groundwater. From the left-side triangle in Fig. 2, it is
evident that the groundwater over the study area is mostly
sodium type. Similarly, from the diamond-shaped plot of
the Piper diagram, it can be observed that the groundwater
of the study area is mostly SO,-CI-Na type, followed by
HCOs-Na type. The right-side triangle reveals the samples
to be mostly bicarbonate type or chloride type; however,
water from some sites of Gurgaon district also belong to the
‘no dominant’ type.

The geospatial mapping of various water quality param-
eters is carried out to visualize their variations, which also
helps to identify the contaminated regions. The spatial vari-
ations of pH, EC, TH, fluoride, nitrate and sulphate over the
study area are presented in Fig. 3. It can be observed that the
groundwater in the western portions of the Gurgaon district
is highly alkaline in nature. The EC values are beyond the
permissible limit of 2000 uS/cm over a majority of the study
area. Groundwater over a significant portion of the study
area is affected by very high EC, i.e., more than 3500 pS/
cm, which goes up to as high as 7215 uS/cm. The groundwa-
ter in these regions also possesses total harness beyond the
permissible limits for human drinking purposes. Although

Fig.4 Gibbs diagram repre-
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Table6 WQI values of the 28 sites (WQI> 100 are unsuitable for
drinking and are marked in bold)

S.No Location WQI S.No Location WQI

1 Pali 45.02 15 Machana 85.22
2 Faridabad 112.82 16 Kadipur 69.35
3 Bhopani 3199 17 Jhanirola 93.66
4 Sikri 133.36 18 Jamalpur 49.56
5 Kabulpur 70.75 19 Wazirpur 45.17
6 Ferozpur 149.77 20 Jaraon 128.03
7 Tigaon 105.29 21 Pataudi 47.38
8 Sohna 108.93 22 Manesar 19.43
9 Kasan 3436 23 Fazilpur Badli 41.97
10 Mouzabad 87.10 24 Nurgard 48.58
11 Mubarakpur  126.41 25 Kheda Khuram  192.41
12 Chandu 212.10 26 Siwari 155.06
13 Kherla 43.74 27 Lokara 46.41
14 Meoka 73.85 28 Basaunda 50.84

fluoride concentrations are within the limit over a majority
of the study area, some portions of the Gurgaon district are
affected by fluoride concentrations above 1.5 mg/l. Similar
inferences can also be drawn for nitrate, as evident from
Fig. 3. The concentrations of fluoride and nitrate in ground-
water are crucial as their increasing concentrations may have
very harmful impacts on human health upon consumption.

Therefore, groundwater in these regions should be handled
with the utmost care, especially when considered for drink-
ing purposes. The sulphate concentrations are beyond the
permissible limit over a major portion of the Faridabad
district.

The three principal natural factors controlling the ground-
water hydrochemistry are precipitation, evaporation, and
rock weathering. To understand and visualize the influenc-
ing aspects, Gibbs (1970) created a simple and effective
graphic comparing TDS concentration versus the weight
ratios of Na*/(Na* +Ca®"), or TDS versus the weight ratios
of C1I7/(C1” + HCO37). The Gibbs diagram for the samples
used in this study is presented in Fig. 4. Most of the samples
are found in the rock weathering dominant region, indicat-
ing that water—rock interactions are the dominant natural
mechanism in regulating groundwater chemistry. Evapora-
tion has an impact on the groundwater too, while not a sin-
gle sample showed precipitation dominance. The ratios of
CI/(CI” + HCO3") ranged from 0.041 to 0.892. Similarly,
the ratios of Na*/(Na* + Ca?*) ranged from 0.378 to 0.968
with an average of 0.776, indicating a strong cation exchange
in the groundwater system (Gao et al. 2019).

The water quality index (WQI) was employed to assess
the overall status of groundwater quality in the study area
and its suitability for drinking purposes. The weighted-
sum approach of WQI makes it convenient to communi-
cate the water quality information to diverse audiences as it
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Fig.5 Spatial distribution map of WQI over the study area
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assimilates all the parameters into a single numerical value.
The WQI of individual sites are computed and are presented
in Table 6. The WQI values are geospatially interpolated
through ArcGIS to prepare the spatial distribution map, as
presented in Fig. 5. It can be seen that 10 out of 28 sites
have WQI above 100 and therefore, groundwater at these
sites is unsuitable for drinking purposes. The groundwater
at Chandu possessed the highest WQI (=212.1), which is
indicative of the highest pollution amongst all the sites. On
the other hand, Kasan was the least polluted site with a WQI
of 34.36. The majority of the study area has groundwater of
just acceptable quality. The north-western portions of the
Gurgaon district and southwestern portions of the Faridabad
district are suffering from very high WQI values indicating
very poor quality of groundwater, which must be avoided
for drinking.

The inter-dependence amongst the 13 geochemical
parameters over the 28 sites are assessed by determining
their correlations and the results are presented in Fig. 6.
Typically, a higher positive or negative value of r indicates
a strong correlation; however, it is essential to assess the sta-
tistical significance or confidence of the correlation by p test.
The statistically significant correlations (p value <0.1) are

Fig.6 Correlation (r) amongst \2\
the geochemical parameters in Q
groundwater over the study area
(the asterisk represents the cor- EC
relation to be significant at 90%
confidence level) HCO 3
Cl
SOy
NO,4
F
: 00
Mo 0 @
“ @
K
SiO,
00

-1 -08 -06 -04 -02 O
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represented by the asterisk marks (Fig. 6). The exact values
of r and the corresponding p values are presented in Tables
S3 and S4 of the Supplementary Information, respectively.
It can be seen that the parameters mostly exhibited positive
correlations amongst them. Particularly, the parameters viz.,
electrical conductivity, chloride, sulphate, calcium, magne-
sium, sodium, and total hardness showed significantly posi-
tive correlations amongst them. The concentration of these
parameters in groundwater may be from the same source.
The quality parameters from the same source are generally
well correlated and vice-versa. However, these parameters
showed a significantly negative correlation with pH. On the
other hand, bicarbonates, nitrate, fluoride, potassium, and
silica did not show any correlations, indicating their sources
might differ.

The 13 water quality parameters are also assessed for
PCA, whose results are presented in Fig. 7. The individual
and cumulative variances explained by each principal com-
ponent (PC) are shown in Fig. 7a and b, respectively. Their
exact values are also mentioned in Table S5 of the Supple-
mentary Information. It can be observed that 95.72% of the
variance is explained by PC1, whereas the percentage of
variance explained by other PCs is much lower (Table S5).
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Fig. 7 The results of PCA in terms of a individual variance and b cumulative variance, explained by the principal components

Typically, the PCs cumulatively explaining 90% of the
total variance are considered as that would lead to a reduc-
tion of dimensionality with minimum loss of information
(Bahita et al. 2021b). In this case, the PCl1 is able to capture
almost the entire variance of the 13 parameters, thereby indi-
cating a significant reduction in dimensionality. Therefore,
the loadings of the original parameters for only PC1 are
presented in Table 7. It is evident that the parameters viz.,
EC, chlorides, and total hardness have relatively higher load-
ings for PC1. On the other hand, the loadings of pH, bicar-
bonates, nitrate, fluoride, potassium, and silica are very low.

Conclusions

This study assessed the groundwater quality over 28 sites
from Faridabad and Gurgaon districts that have been sub-
jected to rapid urbanization and industrialization in recent
years. The concentrations of the water quality parameters
(pH, EC, CO,*~, HCO;~, CI~, SO,>7, NO;~, F~, Ca**,
Mg?*, Na*, K*, SiO,, and TH) are evaluated for hydro-
chemistry and human drinking suitability considering
the permissible limits recommended by BIS (2012). The
geospatial mapping of various water quality parameters is
carried out to visualize their variations, which also helps
to identify the contaminated regions. The number of sites
exceeding the permissible limits of pH, EC, CI~, SO42_,
NO,~, F~, Ca**, Mg?*, Na*, K*, and TH is obtained to
be 7, 15,5, 6,8, 3,5, 7, 18, 3, and 8, respectively. The
overall water quality of the sites was assessed by WQI,
which revealed 10 out of the 28 sites to be unsuitable for
drinking purposes. The analysis of correlation amongst
the parameters and their significance revealed most of
the parameters to be positively correlated except pH,

Table 7 Loadings of the

. . Original variables  Loadings
originally correlated variables

for PC1 pH —0.0001

EC 0.9244

HCO,~ 0.0033

Cl- 0.2637

SO, 0.1033

NO,~ 0.0044

F~ 0.0000

Ca’* 0.0354

Mgt 0.0335

Nat 0.1183

K* 0.0015

Si0, - 0.0004

TH 0.2209

which showed a negative correlation with other param-
eters. From PCA, the first principal component is found
to explain more than 95% of the total variance. This
study highlights the impacts of anthropogenic activi-
ties, i.e., rapid urbanization and industrialization, on the
water quality of the two districts. In view of these find-
ings of human health risk, this study also recommends
that groundwater use for municipal water supply should
be handled with utmost care. Moreover, this study has
assessed only the physicochemical parameters; however,
groundwater quality may also be deteriorated due to
heavy metals, microbial pollutants, and other emerging
contaminants. Hence, regular water quality monitoring
is necessary to ensure safety of human health.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13201-022-01604-8.
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