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Abstract The availability of potable drinking water
is a tough challenge particularly in arid and semi-
arid regions as it is closely linked to human health.
Fluoride and nitrate are widely reported concern in
different districts of Rajasthan. Therefore, this study
was engaged in the Churu District of Rajasthan to
appraise the water quality especially in reference to
fluoride and nitrate and health risk associated with
its consumption. The overall potability of water was
evaluated using water quality index and PCA indi-
cated major sources responsible for water contami-
nation. A total of 515 groundwater samples were
collected from different locations of Churu District
and16 water quality parameters were analyzed as per
the standard protocol of APHA. The results showed
that the values for all analyzed water quality param-
eters were greater than the prescribed limit of WHO
and BIS. F~ levels in 191 samples and nitrate levels in
147 samples were found to be over than BIS-accept-
able limit. The results of the fluoride and nitrate risk
assessment revealed that the Hazard Index value was
greater than one of 393 groundwater samples for
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males, 403 groundwater samples for females, and
397 groundwater samples for children, indicating that
drinking groundwater poses a significant health risk
in the study area. Only 46.02 percent of groundwa-
ter samples may be utilized for drinking, according to
the water quality index (WQI), while the remaining
are unfit for drinking purpose without treatment. The
huge number of variables impacting the overall qual-
ity and chemistry of groundwater were reduced using
principal component analysis (PCA), which identified
four key components that account for 69.11 percent
of variance in the dataset. The PCA indicated that
both geogenic and anthropogenic factors significantly
influenced the water quality of the study region.

Keywords Fluoride and nitrate - Groundwater -
Health risk - PCA - WQI

Introduction

In both urban and rural India, groundwater pollu-
tion is a major problem (Jandu et al., 2021; Reddy
et al., 2016). Pure drinking water is the elixir of
life and the most basic necessity of human civiliza-
tion, but its quality is diminishing on a daily basis,
threatening the supply of pure drinking water
and posing other environmental concerns (Duvva
et al.,, 2022). Anthropogenic issues such as over
usage of fertilizer and pesticides, agricultural run-
off, sewage mismanagement, city drain leakage,
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poultry and dairy animal waste, and personal waste
have dramatically degraded groundwater supplies
in recent decades (Rahman et al., 2021; Tanwer
et al., 2022a). Groundwater and surface water are
the two most important water resources for drink-
ing, agricultural, and industrial needs. Because of
its high quality, groundwater is ideally regarded
to be a substantial asset used by a large portion of
the population for drinking purposes (Kaur et al.,
2019). Its use becomes more prevalent in arid and
semiarid regions, where surface water resources
are limited and of poor quality (Li & Qian, 2018).
According to reports, groundwater provides 65 per-
cent of the world’s water need and nearly 80% of
the drinking need of India’s rural and urban popula-
tions. Groundwater use is far higher than the pace at
which it can be replenished, particularly in Delhi,
Rajasthan, Haryana, and Punjab (CWC, 2019; Jandu
et al., 2021; Tanwer et al., 2022b). As a result, the
ionic composition of water is altered. Further, the
origin of F~ in groundwater is from both environ-
mental and geogenic sources, with geogenic sources
accounting for the majority of inputs (Adimalla
et al., 2020). F~ levels in soil increased due to the
addition of phosphatic fertilizers in the range of
217-454 mg/kg (Kashyap et al., 2020).

According to various reports, 200 million people
rely on water supplies that contain excessive amounts
of fluoride, which is having negative health effects
on the consumers in more than 25 nations around
the world (Ayoob & Gupta, 2006; Kimambo et al.,
2019). Twenty percent of the fluoride-affected com-
munities worldwide are in India (Gugulothu et al.,
2022; Rao et al., 2021a; Subba Rao, 2011, 2018,
2021; Subba Rao et al., 2013, 2016, 2017, 2020, Tan-
wer et al., 2023). F~ pollution (more than 1.5 mg/l,
BIS permitted limit) has been found in the ground-
water of 23 Indian states and in 85 percent districts
of the state of Rajasthan (CGWB, 2018). The state
of Rajasthan is particularly vulnerable and is host to
almost ten percent of the world’s fluoride-affected
habitations (Singh et al., 2011). The fluoride concen-
trations in Jalore, Jaipur, Ajmer, Nagur, Pali, Jodh-
pur, and Sirohi Districts with average 2 mg/L, are the
highly affected (Hussain et al., 2012; Munoth et al.,
2015; Singh et al., 2011). On both sides of the Ara-
valli mountain range, in the Tonk-Alwar-Bhilwara
region in eastern Rajasthan, there is a high fluoride
concentration that makes the water unfit for human
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consumption. The district of Bharatpur was reported
to have the highest fluoride level of 8.70 mg/L in
groundwater (Munoth et al., 2015).

66 million Indians are suffering from skeletal and
dental fluorosis due to F~ intrusion in groundwater
(Kashyap et al., 2020). According to the USEPA, it
is a frequent and harmful substance found in ground-
water (Sohrabi et al., 2021). Its presence in drinking
water can result in dental caries (at levels of less than
0.50 mg/L), fluorosis (at levels of 1.50-5 mg/L), and
bone fluorosis (at levels of 540 mg/L) (Kimambo
et al., 2019). Neurological impairments, cancer,
arthritis, thyroid, infertility, and hypertension are all
potential risks of F~ contaminated water (Kimambo
et al., 2019).

NO;™ is another well-known contaminant that may
be found in groundwater as a result of both natural
and anthropogenic causes. Nitrogenous fertilizer use,
poor waste disposal, sewage mismanagement, ferti-
lizer runoff, and dumpsite leachates are all major con-
tributor to NO;™ pollution of groundwater resources.
Long-term exposure to NO;~ in drinking water can
result in methemoglobinemia (also known as “blue
baby syndrome”) in infants and stomach cancer in
adults (WHO, 2017). Newborns, children and preg-
nant women are prone to have higher negative effects
due to the high quantity of NO;~ in groundwater
(Eggers et al., 2018). Thyroid abnormalities, tera-
togenesis, abortions, cancer-causing, mutagenesis,
and other ailments are linked to chronic intake of
NO;™~ contaminated water (Wu et al., 2018).

NO;™ pollution in the groundwater is a severe con-
cern and all the states have contamination greater than
45 mg/l, (BIS permissible limit) (CGWB, 2018). The
groundwater of Rajasthan state has a high nitrate con-
centration with levels ranging from 40 to 1000 mg/L
(Ayyasamy et al., 2009). Various studies have been
conducted in different districts of Rajasthan state to
evaluate the groundwater quality, especially in refer-
ence to fluoride and nitrate. (Ahada & Suthar, 2017,
Chaudhary & Satheeshkumar, 2018; Jandu et al.,
2021; Joshi & Seth, 2011; Suthar et al., 2008, 2009).
The majority of the region around Bhilwara, Rajsa-
mand, Udaipur, and Dungarpur is classified as having
a high nitrate content. Additionally, pockets of high
nitrate concentration can be found all around in dif-
ferent regions (Munoth et al., 2015). The Jhalawar-
Bundi-Baran belt, the area around Bikaner, south
of Jaisalmer, and a few other spots throughout the
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rest of eastern Rajasthan have low to moderate con-
centrations of nitrate. The district of Chittaurgarh
in Rajasthan recorded the highest level of nitrate at
1392 mg/L (Munoth et al., 2015).

In context to the scenario of groundwater contami-
nation in Rajasthan, the present study was undertaken
to investigate the potability and the significant risk
associated with long—term consumption of F~ and
NO;~ contaminated groundwater in the Churu Dis-
trict of Rajasthan. The study aims to appraise the
water quality by comparing recommended limits by
BIS and WHO and estimation health risk due inges-
tion of F~ and NO,~ through groundwater and take
appropriate measure for safe and pure drinking water.
The water quality index was used to assess the over-
all suitability of the water for drinking purposes. The
correlation analysis calculated how anions and cati-
ons would affect the solubility and behavior of these
contaminants in groundwater. Principle component
analysis is a multivariate statistical approach for con-
densing a large number of variables into a few key
components and used to reveal its source generation
that impact groundwater quality.

Study region

Churu District lies in north-eastern part of Rajasthan
stretching between north latitudes 27°24 and 29°00
and east longitudes 73°40 and 75°38. It is stretched
in an area of 16,830 km? constituting approximately
4.92 percent of the total area of the state. Hanuman-
garh District borders it on the north, Bikaner District
on the west, Nagaur District on the south, and Sikar
and Jhunjhunu District and Hisar District on the
southwest. The district’s average annual rainfall is
269.60 mm (2006-2016). The southwest monsoon,
which arrives in the district in the final week of June
and leaves in the middle of September, accounts for
over 95 percent of the total annual rainfall. Except for
the monsoon season, the climate is mainly dry.

The aquifer system of Churu District may be
separated into distinct hydrogeological units based
on the nature of rock type and porosity. Unconsoli-
dated alluvium, semi-consolidated sandstones, and
consolidated schistose rocks are among the water-
bearing formations in the Churu District. Aeolian

sand and Quaternary alluvium forms an unconsoli-
dated aquifer. Older and younger alluvium make up
the aquifers, which cover 71% of the district’s sur-
face and are mostly made of sand from windblown
and river sources. The alluvium is made up of fine to
coarse-grained sand, gravel, and pebbles, as well as
silt and clay with Kankar. Groundwater is present in
an unconfined condition, and its saturation thickness
ranges from a few meters to 60 m. Wells with spe-
cific capacities ranging from 1.85 to 19 lpm/m and
medium to good transmittivity are available (CGWB,
2017). Sandstones (17.5%), schist (6.8%), and lime-
stone (4.7%) aquifers are the district’s next most
notable aquifers. The saturation thickness, transmit-
tivity levels of the aquifer ranges from 12 to 121 m;
8 to 1024 m*day, respectively (CGWB, 2017). The
southern and western portions of the district include
significant amounts of hardrock aquifers. The ground-
water in the faulted zone of limestone is fresh, and
the aquifer produces a plentiful discharge. The major-
ity of the district is covered with aeolian sand and
quaternary alluvium, which is the region’s primary
source of groundwater (CGWB, 2017). The detailed
stratigraphic data showing super-groups, groups, for-
mation and lithology of Churu District taken from
Geological Survey of India is given in Table 1.

Materials and Methods

Sampling

The district was completely covered using systematic
grid sampling (6x6 km?) as indicated in Fig. 1. A
total of 515

water samples were collected in December, 2020
to February, 2021. Groundwater samples were col-
lected using pre-treated polyethylene bottles (washed
overnight in 10% nitric acid and rinsed many times
with distilled water to eliminate contaminants stick-
ing to the inside wall of the container). The samples
were collected from different source including munic-
ipal supply, submersible, hand-pump, and tube-well
which were operated for 2-3 min to evacuate any
standing water in the pipe and obtain a consistent
and fresh sample. To limit the possibility of errors,
sample bottles were washed with source water before
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Table 1 Stratigraphic data of Churu District
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Lithology

Group name

Super-group

Age

Quartz, mica, schist

Punagarh

Delhi

Paleoproterozoic —Mesoproterozoic

Sandstone, limestone, quartzite

Jodhpur

Marwar

Neoproterozoic —Early Cambrian

Sequences of silt, clay with Kankar & mica

Older alluvium

Pleistocene

sand

Yellowish brown loose sand with or without

Newer alluvium

Holocene

Kankar
Fine aeolian sand and silt with occasional

Holocene

Kankar
Fine aeolian sand and silt with occasional

Holocene

Kankar

being collected to eliminate any residues of acid or
distilled water.

Physiochemical analysis of water quality
parameters

To assess the quality and potability of groundwa-
ter, a total of 16 water quality parameters were esti-
mated as per APHA (2017). 7 in situ water qual-
ity parameters comprising pH, conductivity, TDS,
salinity, DO, ORP, and temperature were measured
in the field using a multi-parameter analyzer (Water
Analyser, 371, Systronic). Total Hardness (TH) was
tested by titrating with standard solutions of EDTA,
Ca®" hardness by titrating against standard EDTA
and magnesium hardness by deducting Ca** hardness
from TH. Total Alkalinity (TA) was calculated by
titration with standard H,SO, and relationships were
used to calculate carbonate and bicarbonates in the
water sample. The argentometric titration was used
to determine the Cl~, photo-spectrometry (UV—Vis-
ible spectrophotometer, Labman) used to estimate F~,
S0,>~, phosphate, and NO;~ using the SPADNS dye,
turbidity, stannous chloride, and UV-spectrometric
method, respectively.

Estimation of health risks due to F~ and NO;~

Groundwater pollution of F~ and NO;~ is often
greater than that of surface water (Shirke et al., 2020).
Ingestion and epidermal contact are two possible ways
that people might be exposed to contaminated water.
This approach was first utilized by the US Environ-
mental Protection Agency (USEPA) to quantify the
risk of exposure to harmful contaminants from pol-
luted water (USEPA, 2006). In comparison to the oral
route of exposure, the epidermal route of exposure is
considered insignificant (Jandu et al., 2021). For both
F~ and NOj;™, the general health risk was evaluated
for three segments of the population: males, females,
and children. F~ and NO;™ are taken to be non-car-
cinogenic in living beings. This non-carcinogenic
human health risk assessment approach is extensively
used to estimate the hazard of drinking contaminated
water (Adimalla, 2019; Ali et al., 2019; Rao et al.,
2020; Satyanarayana et al., 2017). The Chronic Daily
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Intake Dose (CDID) was determined using formula shows the specifics values of the various parameters
(D). considered for the human health risk assessment.
Chronic Daily Intake Dose (mg/kg/day)
_ Concentration of Fluoride or Nitrate (Cf) or(Cn) X Daily water Intake (DWI) x Average Lifetime (AL) X Exposure Frequency (EF) (1)
- Mean Body Weight (MBW) X Mean Age Exposure Duration (MAED)
The values in the following equation are based on Hazard quotient

the most recent USEPA (2017) guideline, with some
being changed and applied based on regional statisti- The hazard quotient was calculated as the ratio of
cal data for residents of the researched area. Table 2 Chronic Daily Intake Dose and reference dose (RD)
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of chronic oral exposure. The reference doses for
F~ and NO;™ are 0.04 mg/kg/day and 1.6 mg/kg/day
(USEPA, 2020). It was calculated by Eq. 2

Chronic Daily Intake Dose (mg/kg/day)

H d tient =
azar@ quotien Reference dose (mg/kg/day)

@

Hazard Index

The hazard index was estimated by adding the hazard
quotient due to the non-carcinogenic risk associated
with the consumption of F~ and NO;™ in drinking
water. It was computed using Eq. (3) as

HI = HQ; + HQ, 3)

HQ; is the hazard quotient due to F~ and HQ, is
due to NO;™ present in water. The value of the haz-
ard index is greater than one indicating significant
non-carcinogenic health hazard due to consumption
of contaminated water. Its value below one indicates
that no significant health hazard is associated with the
consumption of water (USEPA, 2014).

Water quality index (WQI)

The water quality index is the way to evaluate the
overall quality of water by considering the effect
of individual parameters. The quality of water was
decided on the basic calculated WQI shown in
Table 3. It was calculated by the weighted arithmetic
index method using the following Eq. 4 (Brown et al.,
1970)

“

where W; is the unit weight of n'M parameter con-

sidered in calculating the water quality index which
is inversely proportional to the values of the recom-
mended standards (Table 4), O, is the quality rating
of n'™ parameter taken to calculate the WQI. Unit
weight (W)) is calculated by Eq. 5:

W, =
S

k
5 &)

Table 4 Water quality parameter, relative weight index, and permissible limits (Brown et al., 1970)

Permissible limits (WHO, 2017)

178,

Parameters W;=K/S,

S. No

1000
1500

8.5
1.5
250
50
250
500
500

0.118
0.001
0.001
0.667
0.004
0.020
0.004
0.002
0.002

0.142
0.001
0.001
0.802
0.005
0.024
0.005
0.002
0.002

TDS (mg L")
EC (uS cm™)
F~ (mgL™")
Cl~ (mg L™
NO, (mg L™
SO, (mgL™h
TH (mg L)
TA (mg L7

pH

—_ AN N < VO >~ 0

0.003 300
0.010 100

0.004
0.012

Ca®* (mgL™")
Mg** (mg L™

O -
—
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where k is the constant proportionality and calculated
as per Eq. 6, S, is the permissible limit for a particular
water quality parameter given by the standard agency

o
k= S/ 6)

Quality rating (Q,) was calculated using Eq. 7:

(Pn_ci) 100
=" " x
“=5-c) ?

where P, is the actual value of the water parameter,
C; is the ideal concentration of parameter and is con-
sidered as O (Zero) except for pH and DO which are
taken as 7 (Neutral) and 14.6 mg/L, respectively.

Quality control and assurance

All the chemicals were used of analytical grade and
double distilled water was used throughout all ana-
lytical measurements. The analysis of water quality
was ensured through procedural blank measurements,
careful standardization, and spiked and triplicate
measurements. The ion balance error percentage was
estimated to ensure the accuracy of ions analysis. The
ion balance error percent was estimated using the fol-
lowing Eq. 8:

Percentage of ion balance error

acations (meq/L) - danions (meq/L) 100 (8)
= X
acations (meq/L) + danions (meq/L)

The concentration of ions was converted from
mg/L to meq/L by the following Eq. 9:
mg

Ion concentration (T) * Valency

Cations or anions (meq/L)= Tecul Toht
molecular weig

®

The percentage of ions balance error estimated for

each sample was below 10% percent, which reflects

the accuracy and reliability of analytical data (Rao

et al., 2020). The reproducibility of analytical data
was below 5%.

@ Springer

Statistical analysis

Descriptive statistical analysis of water quality data
was performed using Microsoft excel professional
plus 2019. The correlational analysis aids to deter-
mine the dependence and independence of water
quality parameters. The significance of the Pear-
son correlation coefficient between the two param-
eters was determined with a 0.05 and 0.01 alpha
level and a 95% and 99% confidence interval, respec-
tively, and it was estimated using Origin 2019. Prin-
cipal component analysis is a data reduction tool
and which helps to infer major factors influencing the
water quality. It is the common method for reducing
data complexity. In this study, the sources of pollut-
ants were revealed using principal component analy-
sis (PCA). As a result, the different combinations of
the ions in form of PCs can reveal details about the
origins and sources of the geochemical processes as
well as the poor quality of the groundwater. The Prin-
cipal component analysis was performed using Origin
2019 software.

Results and discussion

Groundwater quality analysis

To evaluate the quality of the groundwater in
Rajasthan’s Churu District, systematic comprehen-
sive sampling was implemented and 515 ground-
water samples were taken. The samples were clear,
odorless, and taken from potable water sources.
Due to the region’s dry and semiarid climate, there
aren’t many surface water resources in the area,
and locals mostly rely on groundwater for drinking
needs. A summary of all the water quality parame-
ters is shown in Table 5. The pH ranged varied from
slightly acidic to alkaline range (6.96-9.50) with a
mean and median value of 7.87 and 7.85, respec-
tively. 92.43% of the samples fell within the BIS and
WHO-recommended limit. According to BIS and
WHO, the pH range for drinking water should be
between 6.5 and 8.5. (BIS, 2012, WHO, 2017). The
pH of 39 (7.57%) samples was found to be in the
alkaline range, exceeding the BIS and WHO-rec-
ommended limit. TDS was found to range between
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100.48 mg/L and 19,622.40 mg/L. TDS value
was above the desired limit of 500 mg/L according
to BIS in 427 (82.91%) of the samples. Furthermore,
it was found that TDS surpassed the permitted limit
of 2000 mg/L set by BIS in 180 (34.95%) of the
samples. TDS exceeded the WHO-recommended
limit in 336 (65.24%) of the samples. According to
Freeze and Cherry, (1979) classification (Table 6),
179 samples (34.76%) fell into the fresh water
group, whereas 325 samples (63.11%) belonged
to the brackish type. Even more than 10,000 mg/L
of TDS was present in 11 (2.14%) samples. These
groundwater samples were placed into the saline
category. With an average value of 3274.21 uS/
cm, the conductivity of groundwater samples was
found to vary from 157.00 uS/cm to 30,660.00 uS/
cm. In 339 (65.83%) of the samples, the EC value
was higher than the BIS-recommended limit of
1500 uS/cm, whereas the remaining samples were

Table 6 Water type is based on TDS (Freeze & Cherry, 1979)

Water Type TDS range No. of Percentage
(mg/L) samples

Fresh Less than 179 34.76
1000

Brackish 1000-10,000 325 63.11

Saline 10,000- 11 2.14
100,000

Brine Higher than - -
100,000

@ Springer

within the permissible range. EC value less than
1500 uS/cm indicates low enrichment of salts, clas-
sified as type I; between 1500 uS/cm and 3000 pS/
cm indicates the moderate enrichment of salts, clas-
sified as type II and greater than 3000 puS/cm indi-
cates the high enrichment of salts, classified as type
IIT (Rao et al., 2012). EC value in 66% of samples
was higher than the recommended limit of 1500 pS/
cm as per BIS while others were within the stand-
ard limit. 29% of samples had moderate enrichment
of salts while 37% of samples had high enrichment
of salts from source rocks. This is because moder-
ate and high salts enriched water samples belong to
topographic lows (northern region), and follow the
underground stream flow (Rao et al., 2012). The EC
is also determined by the dissolved salts and results
from the leaching and dissolution of host rocks
aquifer material (Hem, 1991). An important meas-
ure to understand the nature and quality of water
is ORP (oxidation-reduction potential) that ranged
between 5 and 356 mV. It shows that water is pri-
marily oxic (oxidizing), which is considered to be
beneficial. The observed salinity value ranged from
73.79 mg/L to 14,410.20 mg/L, with an average
value of 1534.18 mg/L. In 324 (62.91%) of the sam-
ples, the F~ level was below the BIS-desirable limit.
The F~ concentration in 76 samples above the BIS
and WHO permissible level. According to BIS and
WHO, the permissible limit of F~ in groundwater
is 1.5 mg/L whereas the desired limit is 1.0 mg/L
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Fig. 3 Spatial interpolation 74°0'0"E
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Table 7 Groundwater type on the basis of hardness
Hardness range Water type Samples Percentage
0-60 Soft 41 7.96
61-120 Moderately 40 7.77
121-180 Hard 27 5.24
> 180 Very hard 407 79.03

as per BIS. (BIS, 2012; WHO, 2017). Water con-
taining 1 mg/L F~ is needed for microbiological
protection and to prevent tooth decay, while water
containing more than 1.5 mg/L F~ can lead to skel-
etal and dental fluorosis. As a result, dental fluo-
rosis and skeletal fluorosis are likely to be caused
by 14.76% of samples. The high concentration of
F~ in groundwater increases the incidence of issues
including dental fluorosis, yellowing of tooth, ach-
ing in the shoulders and legs, twisting of the bones,
and deformities (Kothari et al., 2021). F~ pollution
in groundwater had a significant impact on the north
and north-eastern, as well as some central portions
of the Churu District, as illustrated in Fig. 2.

The dissolution of F~in groundwater is influenced
by the geological composition. In the area, there are
granite gneisses, schist, quaternary alluvium, and aeo-
lian sand rocks that are primarily responsible for sig-
nificant F~ contents in the groundwater (Selvakumar

et al., 2017). Both natural (geogenic) and anthropo-
genic sources contribute to fluoride in groundwater.
The minerals such apatite, biotite, hornblende, and
clay are the natural contributor while agricultural fer-
tilizers especially phosphatic are the anthropogenic
contributor of fluoride in groundwater having pH in
alkaline range (Subba Rao, 2018). Previous investiga-
tion in northern Rajasthan conducted by Suthar et al.
(2008) overserved that 90% of the samples were hav-
ing the fluoride content higher than recommended
limit of BIS.

The CI™ content in 237(46.02%) samples was
exceeding the desirable limit of BIS. However, 39
(7.57%) of samples, the C1~ was greater than the per-
missible limit of 1000 mg/L as per BIS. The recom-
mended limit of CI~ for drinking water is 200 mg/L
as per the guidelines of WHO (WHO, 2017). 55.73%
samples were observed have CI~ content higher
than the recommended limit of WHO. Along with

@ Springer
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Fig. 4 HI presentation for
males, females, and children
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geological composition, C1™ concentration in ground-
water is influenced by anthropogenic activities con-
sisting of improper management of septic tanks,
sewage disposal, and animal waste, which causes the
mixing of sewage in the groundwater table. However,
it also depends upon soil porosity and rock perme-
ability of the area (Kothari et al., 2021). The C1™ level
of 72% of the samples was below the WHO limit.
Groundwater samples from the Churu District were
found to contain NO;~ in concentrations ranging
from 0.80 mg/L to 498.70 mg/L, with a mean value
of 44.57 mg/L.; 45 mg/L is the desired/acceptable
limit of NO;™ in drinking water (BIS, 2012); 50 mg/L
as per WHO (WHO, 2017) 147 (28.54%) had
NOj;™ level above the BIS permissible limits. How-
ever, 128 (24.85%) of the samples even went beyond
the WHO-recommended limit. Nitrate has non-
lithological source and under natural circumstances
it doesn’t exceed above 10 mg/L. (Hem, 1991; Rao
et al., 2021b). Therefore, the increasing NO;~ con-
tent above this threshold is a sign of human-caused
pollution (Wu & Sun, 2016). The possible source of
nitrate contamination includes sewage waste, septic
tank leaks, agricultural fertilizer, and animal waste on
the aquifer system resulting in NO;~ contamination of
groundwater (Ullah et al., 2022). The NO;~ contami-
nation of groundwater largely affects the north, south,
and south eastern regions as shown in Fig. 3.

@ Springer
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The findings were consistent with those of ear-
lier reports in the nearby district (Jandu et al., 2021).
With a mean and median value of 86.93 mg/L and
67.90 mg/L, the SO42_ was found to vary from
1.00 mg/L to 863.41 mg/L. It exceeded the BIS-desir-
able limit of 200 mg/L in 30 (5.83%) samples and
the BIS permissible limit of 400 mg/L in 12 (2.33%)
samples. The water may taste bad due to the unusu-
ally high sulfate level. In addition to anthropogenic
inputs, the source of SO,*~ is minerals in the aquifer
that come into contact with water and release 5042_,
which gets dissolved in groundwater. The amount
of phosphate in drinking water has no upper limit.
Phosphate levels in groundwater were observed to
be between BDL and 0.27 mg/L. The mean value of
the TH was measured to be 918.08 mg/L, ranging
from 24.31 mg/L to 10,649.50 mg/L. 407 samples of
groundwater, or 79.03 percent, were found to fall into
the very hard category, and 41 samples (7.96%) were
found to fall into the soft category (Table 7).

There are 200 mg/L and 600 mg/L acceptable and
permissible limits for hardness in samples of drinking
water, respectively (BIS, 2012). The hardness value
was higher than the desired limit in 397 (77.09%)
groundwater samples and greater than the permissi-
ble limit in 214 (41.55%) samples. Only 71 samples
(13.79%) had TH values below the allowable level,
while the remaining 444 samples (86.21%) had TH
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values over the WHO guideline limit of 100 mg/L.
Because of the local geology, significant cations
like Ca?* and magnesium dissolve in groundwa-
ter, contributing to its hardness. With an average of
172.80 mg/L, the Ca*" level was found to range from
4.40 mg/L to 2571.40 mg/L. Ca®* has an accept-
able and permissible limit of 75 mg/L and 200 mg/L,
respectively (BIS, 2012). Only 98 samples (19.303%)
had Ca®" levels that were over the permissible limit,
whereas 312 samples (60.58%) exceeded the BIS
and WHO Ca?* desired limit. In 60.58% of the sam-
ples, the magnesium level was higher than the BIS’s
desired limit, but in 27.18% of the samples, it was

74°30'0"E 75°0'0"E 75°30"0"E 76°0'0"E

higher than the permitted limit. The magnesium con-
tent had, however, exceeded the WHO-recommended
limit in 44.85 percent of the groundwater samples.
With the exception of 212 (41.16%) samples, TA in
the remaining samples was below the 600 mg/L per-
mitted level, but in 388 (75.33%) of the samples, it
was above the BIS-acceptable range. With a mean
value of 567.96 mg/L, the bicarbonate value was
observed to range from 75.00 mg/L to 2250.00 mg/L.
As phenolphthalein alkalinity was absent, the total
alkalinity was only due to bicarbonate the high con-
tent of bicarbonate is because of soil atmosphere
having higher partial pressure of CO, which is the

@ Springer
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consequence of decomposing organic materials and
root respiration that can enter the groundwater sys-
tem. The soil CO, then reacts with water to create
HCO;™. Higher HCO;™ in water indicates that min-
eral dissolution is more prevalent (Stumm and Mor-
gan, 1996).

Health risk analysis due to F~ and NO;~

As F~ and NO;™ levels in the study area are greater
than the BIS and WHO permitted limits. As a
result, the health risk assessment had been con-
ducted, and Table provides information on the esti-
mated chronic Daily Intake Dose (CDID) for males,
females, and children (Table 1s, supplementary
information). According to certain specifications
set forth for various gender and age criteria of resi-
dents of the studied area, the CDID calculates the
F~ or NO;~ taken by men, women, and children.
The Hazard Quotients (HQ) are used to calculate
the non-carcinogenic risk of drinking water with
F~ and NO;~. When HQ is larger than 1, it means
that drinking either F~ or NO;~ contaminated
water poses a serious health risk. By combining the
HQ values from F~ and NO;~, the Hazard Index
(HI) was determined. According to the USEPA
(2014), HI values more than one suggest consider-
able risks from consuming F~ and NO;~ contami-
nated water. The estimated HI values for males,
female, and children were 0.06-13.68, 0.07-14.93,
and 0.07-14.07, respectively. ArcGIS 10.3 software
was used to display the HI value for a groundwa-
ter sample taken from a specific location (Fig. 4).
The HI value of 393 (76.31 percent) groundwater
samples for men, 403 (78.25 percent) groundwa-
ter samples for women, and 397 (77.08 percent)
groundwater samples for children was greater than
1, indicating considerable health risks associated
with groundwater drinking. Because females had
the highest average lifetime and exposure dura-
tion among the three, HI value was most critical
for them. Females, children, and men were listed in
decreasing order of the Hazard Index.

@ Springer

Water quality index (WQI)

The computation of the water quality index accounts
for the contribution of each water quality parameter
to the overall quality and potability of the water.
The range of the water quality index was found to
be 4.46 to 220.37. Figure 5 displays the various
WQI categories, the quantity of samples, and their
cumulative percentage. The results showed that
81 (15.73%) and 156 (30.29%) of the samples fell
into the excellent (represented by the green circle
in Fig. 6) and good (represented by the light green
tringle in Fig. 6) categories, respectively, and could
be utilized for industrial, agricultural, and drinking
purposes.

144 (27.96%) groundwater samples were found to
be in the poor category of WQI and are not appro-
priate for drinking but are suitable for industrial and
irrigation purposes. 12.23% was found to have a very
low WQI rating and could be utilized only for irri-
gation. 71 (13.78%) of the samples from the Churu
District were found to have WQI values higher than
100, the lowest possible quality and unusable for any
purpose. The groundwater from these sites has to
undergo some sort of treatment before use. The north-
northeast, central, and southern parts of the district
account for the majority of samples with WQI values
more than 100. Maximum F~ and NO;~ contamina-
tion in the groundwater was discovered in this area
of the district. The high levels of F~ and NO;™ in the
groundwater are the most likely reason for the ele-
vated WQI in these samples. This is well depicted by
comparing interpolation maps of F~, NO;~ and WQI
as shown in Figs. 2, 3 and 6, respectively.

Descriptive statistical analysis

Descriptive statistical analysis was performed for
all samples and water quality parameters. Statistical
parameters like mean, median, standard error, stand-
ard deviation, skewness, kurtosis, range and quartile
was estimated. It was observed that data of all vari-
ables not symmetric (as the value of skewness is not
equal to zero). Skewness in data could be positive or
negative. If skewness coefficient is less than 0.5 and
—0.5 is considered somewhat symmetric but not per-
fect. If skewness coefficient is greater than 0.5 and
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Table 10 Four major PCs with eigenvalue, % variance, cumu-
lative % variance

PC1 PC2 PC3 PC4

pH -0.07 009 -020 -0.17
TDS (mg/L) 0.37 -0.11 0.00 -0.02
EC (uS/cm) 0.37 -0.11 0.00 -0.02
ORP (mV) 0.09 029 -0.10 0.14
Salinity (mg/L) 0.37 -0.11 0.00 -0.02
DO (mg/L) -0.13 -0.28 -0.52 0.12
F~ (mg/L) 0.08 021 045 030
Chloride(mg/L) 0.30 -0.12 0.00 —-0.05
NO;™ (mg/L) 0.27 0.00 -0.04 0.02
Sulfate (mg/L) 0.02 —-0.08 0.61 —-0.50
Phosphate (mg/L) 0.00 0.03 025 0.75
TH (mg/L) 0.36 -0.16 —0.05 0.06
Ca (mg/L) 0.27 -0.15 -0.01 0.03
Mg (mg/L) 0.32 -0.12 —-0.08 0.06
TA (mg/L) 0.20 0.58 -0.14 -0.10
Bicarbonate (mg/L) 0.20 0.58 -0.14 -0.10
Eigenvalue 6.90 183 123 1.10

% Variances or eigenvalue% 43.11 1143 7.68  6.89
cumulative % variances 43.11 5454 62.22 69.11

less than 1 or less than -0.5 but greater than —1, indi-
cates the moderately skewed data. If it is greater than
1 and less than —1, indicates high degree of skewness
in data. Except ORP, all the water quality param-
eters are positively skewed as shown in Table 6, i.e.,
median value is less than mean value. This indicated
that water quality parameters values in 50% of sam-
ples were relatively higher than median which shifted
the mean value at higher side. Similarly, NO;~ data-
set was highly positively skewed (3.56). The kurtosis
infers about the peakedness and flatness in the dataset.
The peaked data (Leptokurtic) infers that most value
in the data lie around mean value and in more flat
distribution (platykurtic), the values in data are away
from the mean value of dataset. The kurtosis value 3
follow the normal distribution (Mesokurtic) of data-
set while less than 3 or greater than 3 indicates plat-
ykurtic or leptokurtic data, respectively. In this study,
debarring pH, ORP, DO, F~, TA and bicarbonates,
the kurtosis in all water quality parameters is greater
than 3 indicates Leptokurtic data, i.e., distribution
has thin peak and thicker tale. Leptokurtic data as
depicted from Table 8. TA and bicarbonate had 2.19
kurtosis resulting distribution of data somewhat simi-
lar to Mesokurtic while rest were platykurtic. Range
indicates the extent of dataset distribution, calculated
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Fig. 7 Scree plot of PCA, Show all PC with % variance or eigenvalue%
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Fig. 8 Four major PCs
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subtracting maximum from minimum. The third
quartile of F~ (1.09) was greater than desirable limit
of 1 mg/L indicates that 25% samples had crossed the
desirable limit of BIS but second quartile of F~ (as
median value is 0.74) of samples are less than desir-
able limit indicating 50% samples were less than the
desirable limit as per the BIS. In case of NO;~, 3"
quartile was 49.65, indicates that approximately 75%
samples had the NO;™ content less than the standard
limit of 50 mg/L as per WHO. The detailed descrip-
tion of all statistic of parameters is given in Table 8.

Correlation analysis

A correlation study was conducted to see whether the
water quality parameters shown in Table 9 might be
correlated. The Pearson correlation coefficient deter-
mines if there is a positive or negative connection
between the parameters. The correlation coefficient
was determined by taking into account 12 variables,
including pH, TDS, EC, ORP, salinity, DO, F~, CI",
NO;~, SO42‘, TH, and TA. The correlation between
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the two parameters, however, also depends on the sig-
nificance level of the analysis as determined by the ¢
test, not merely the value of the Pearson correlation
coefficient. The two-tailed t-test was used, and the p
value was computed. The p value less than 0.01 (99
percent level of confidence) for correlation coeffi-
cients considered highly significant marked by dou-
ble asterisks as shown in Table 9, and the coefficient
bearing a p value less than 0.05 (95 percent level
of confidence) was considered significant and was
denoted by a single asterisk. Because the estimation
of the parameters is reliant on one another, EC, TDS,
and salinity have a linear relationship, and p values
indicate that the correlation coefficient is significant.
The correlation between TDS and CI™ (r=0.797%%),
NO;~ (r=0.668**), TH (r=0.939**), and TA
(r=0.395**) was found to be quite strong. The long-
term flow of water in the groundwater zone is respon-
sible for the leaching of anions and cations from
rocks into groundwater, as shown by the very signifi-
cant correlation of TDS with these parameters (indi-
cated with double asterisks denoting p value is less
than 0.01). F~ has been found to significantly weakly
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correlate with salinity, TDS, EC, and DO. TDS
(r=0.395*%*), F~ (r=0.158**), CI” (r=0.303%%),
NO;™ (r=0.343*%%), and TH (r=0.315%*) were all
shown to have a positive, statistically significant cor-
relation with TA. The dissolution of calcium and
magnesium carbonate rocks in the groundwater was
indicated by the positive correlation of TA and TH.
Most other measures have a strong negative correla-
tion with dissolved oxygen.

Principle component analysis

The multivariate statistical analytical technique
known as principle component analysis (PCA) con-
denses a large number of variables into a small num-
ber of principle components (PCs) that account for
the majority of the variance in the data (Panghal et al.,
2021). A huge dataset’s variation and compositional
patterns can be explained using this method, which
also yields conclusions that are reasonable, impar-
tial, trustworthy, and scientific. As a result, a multi-
variate dataset is summarized while reducing initial
information loss, streamlining the data structure, and
creating new, uncorrelated variables known as prin-
ciple components from the original variables (Ahada
& Suthar, 2017). The varimax rotation was employed
on principal components (PCs) and Kaiser’s crite-
rion was considered to select PCs having eigenvalues
greater than one (Rao et al., 2020). Table 10 displays
the PCs with the eigenvalue, factor loadings, percent
variance, eigenvalue percent, and cumulative percent
variance. Each PC’s individual eigenvalue percent
is shown in the scree plot (Fig. 7). The higher the
parameter’s loading indicates the greater influence
toward groundwater chemistry. Water quality param-
eter with loadings greater than 0.75, 0.75 to 0.50,
and 0.50 to 0.30 are categorized as strong, moderate,
and weak, respectively, based on the explained vari-
ance. PC 1 has eigenvalue of 6.90 which accounted
for a variance of 43.11 percent. TDS, EC, salinity,
Cl7, TH, and magnesium were contributed to the
PC 1, which had numerous positive factor loadings
larger than 0.3 (bold in Table 10 and represented in
Fig. 8a). PC 1 revealed that both geogenic and anthro-
pogenic sources influenced the groundwater quality in
the study area (Ullah et al., 2021). TDS, EC, salin-
ity, TH, and magnesium may be high due to erosion,
dissolution, and leaching as a result of water—rock

interaction, inferencing PC 1 contributors had geo-
genic origin (Rao et al., 2020; Ullah et al., 2021).
While chloride sourced from domestic waste and
agricultural additives imply anthropogenic influence
(Gugulothu et al., 2022; Rashid et al., 2022). Ahada
and Suthar (2017) in their study of groundwater anal-
ysis in North Rajasthan concluded that both geogenic
and anthropogenic factors influenced the groundwater
quality. PC 2 had eigenvalue of 1.83 which accounted
for a variance of 11.43 percent. TA and bicarbonate
are responsible for the factor loadings in PC 2 that are
more than 0.3 as shown in Table 10 and Fig. 8b. As it
was previously mentioned that the pH is controlled by
the presence of soil CO, combining with rainfall to
generate HCO;™. The greater HCO;™ concentration in
the groundwater (the mean is 567.96 mg/L; Table 3)
suggested that mineral dissolution predominates
(Stumm and Morgan, 1996). PC 2 had shown that the
natural factor is observed to influence nature of water
PC 3 had eigenvalue of 1.23 which accounted for a
variance of 7.68 percent. Only for two parameters,
ie., F and SO42_ of PC 3 displayed factor loadings
greater than 0.3 as shown in Fig. 8c. F~ generally dis-
solves from host rocks containing fluoride, indicated
geogenic origination while sulfate in PC 3 indicated
the dissolution of minerals like gypsum applied for
soil amendment (Gugulothu et al., 2022). Eigenvalue
of PC 4 was 1.10 which accounted for a variance of
6.89 percent. As shown in Fig. 8d, PC 4 also had
two parameters, F~ and phosphate which had factor
loading larger than 0.3. The primary source of F~ in
groundwater is the dissolving of F~ bearing miner-
als (hornblende, biotite, and apatite) found in rocks
of the region and its dissolution more prevalent in an
alkaline (HCO;™) environment indicated its geogenic
origin (Reddy et al., 2016; Subba Rao et al., 2017).
An enrichment of F~ in groundwater is also due to the
use of phosphate fertilizers, which infer the anthropo-
genic intervention. (Ayoob & Gupta, 2006).

Conclusion

F~ and NO;~ contamination in groundwater of
Rajasthan is most concerning issue. To determine
the groundwater potability and health risk due to
consumption of F~ and NO;~ contaminated ground-
water an extensive and systematic research of the
Churu District was conducted, and the potability of
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the water was assessed using the water quality index.
Correlation was estimated to comprehend the possi-
ble interaction between cations and anions present in
groundwater and PCA was used to discover potential
factors influencing groundwater chemistry and vari-
ables sharing a common source of origin in ground-
water. In the study area, 515 groundwater samples
were taken from different locations in the Churu
District and analyzed for 16 water quality parameters
using the standard methods. The results showed that
the values of all quality parameters, including pH,
EC, TDS, F~, chloride, NO;~, sulfate, total hard-
ness, calcium, magnesium, and total alkalinity, were
higher than the recommended limit of BIS, 2012,
and WHO, 2017. F~ and NO;™ surpassed the allowed
limit according to BIS (2012) in 14.76 percent of
samples, and NO;~ in 28.54 percent of samples.
The drinking of F~ and NO;~ contaminated water
is associated with considerable non-carcinogenic
health risk, according to the results of the risk assess-
ment for males, females, and children. Indications of
severe health risks from drinking groundwater were
found in 397 groundwater samples for children, 403
groundwater samples for women, and 393 groundwa-
ter samples for men. Order of frequency of health risk
was female > children > male. According to the water
quality index, just 46.02 percent of groundwater sam-
ples could be utilized for drinking, with the remaining
samples requiring treatment to make them potable.
Without undergoing an appropriate treatment, 13.78
percent of samples cannot be used for any purpose.
At a degree of confidence of 99 percent, a correlation
study found that numerous factors were significantly
associated. At the 0.01 level of significance, it was
found that TDS was correlated positively with EC,
salinity, chloride, NO;~, sulfate, total hardness, and
total alkalinity. Total alkalinity (TA) was reported to
have a substantial positive correlation with total hard-
ness, NO;™, and chloride. Data on water quality are
typically positively skewed and leptokurtic, accord-
ing to descriptive statistics. According to PCA and
Kaiser’s criterion was considered to select PCs hav-
ing eigenvalues greater than one found that the four
PCs are responsible for 69.11% of the data variance.
It decreased the 16 parameters into the four main fac-
tors influencing the chemistry of groundwater’s 16
important water quality metrics. PCA indicated that
first component that significantly influenced the water
quality of district have geogenic and anthropogenic

@ Springer

origin. Appropriate corrective actions such as water
treatment, supplies that are safe to drink, defluori-
dation filters, calcium and phosphorus rich foods,
rainwater harvesting and catchment methods, proper
domestic waste disposal, proper landfill and septic
tank construction, limited use of chemical fertilizers,
and public awareness of the health hazards associated
with fluoride and nitrate can help to control the water
pollution and manage the health risk due to due to
consumption of water of the area.
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