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ABSTRACT

This work attempts to identify the latent factors controlling the hydrogeochemistry and assess
the groundwater quality and associated health risks in the intermontane valley of Nalagarh in
the sub-Himalayan zone in northern India. Analytical results of 64 groundwater samples, 32
each collected during pre monsoon and post monsoon seasons show contrasting results for
their major chemical constituents. During pre monsoon period, only 3% of the samples exceed
their permissible limits for pH, EC, TH and Mg?*, while during post monsoon period, different
parameters, such as TH, Mg?" and K', exceed their limits by 9, 16, and 3%, respectively. Gibbs
and Piper diagrams reveal that groundwater chemistry is mainly controlled by water-sediment
(alluvial) interaction. Geochemical signatures and saturation index (S/) further indicate that the
weathering and dissolution of silicate, calcite and dolomite minerals mainly contributed to dom-
inance of Ca®", Mg?" and HCO; ions in the aquifers. Monte Carlo simulation ascertains non-car-
cinogenic health risks due to NO3~ and F~ in different sub-population groups. Deterministic
and probabilistic estimates of these parameters via ingestion and dermal routes confirm their
percentage hazard toxicity in the order infants (58.38; 39.62%) >children (15.62; 15.85%) >teens
(6.25; 2.73%) >adults (6.25; 1.90%) for pre monsoon. The hazard toxicity for deterministic study
implies only on infants (9.38%), whereas, the probabilistic simulation extracted the health risk
on infants (6.57%), and children (0.58%) during post monsoon. Minor populations with their
lower body weights are more vulnerable to groundwater pollution due to greater consumption
of liquid diet. Therefore, treated groundwater is strongly recommended to mitigate health mor-
bidities linked with the non-cancerous risks.
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1. Introduction the human health perspective (Li et al. 2019a,
Aravinthasamy et al. 2021). The alluvial aquifers devel-
oped along the foothills slope are more propensities

to contamination due to numerous human interven-

Groundwater is an indispensable freshwater resource
used for multiple activities supporting about two-
thirds of the global population (Wang et al. 2020,
Selvam et al. 2021, Gao et al. 2022). More than one bil-
lion people living in countries like India, China,
Pakistan, Bangladesh, and Nepal heavily rely on
groundwater for their needs (Gleeson et al. 2012, Li
et al. 2014, Adimalla and Wu 2019). India’s rapid
groundwater development pace fulfills the water

tions, namely urbanization, agricultural expansions,
mining, and industrial activities (EPA 1993, Naik et al.
2008, Herojeet et al. 2016, Radfard et al. 2019). The
groundwater quality of alluvial foothill zones is signifi-
cant because of the strongly influenced by hydro-geo-
logical and physiographic setup, climatic and

demand by ~50% urban and semi-urban drinking
water, and ~85% rural domestic and irrigation supply
(Jain and Vaid 2018, Singh et al. 2020b). The quality of
groundwater plays a vital role in the socio-economic
development, agricultural sector, and importance to

anthropogenic factors (Rajkumar et al. 2020). Some of
the natural inputs impacting the groundwater chemis-
try are ion exchange, weathering and dissolution of
rock minerals, litho-water interaction, and atmospheric
transports (Li et al. 2018a, b, Karunanidhi et al. 2020;
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Singh et al. 2020a). Therefore, groundwater quality
monitoring is necessary for sustainable water manage-
ment to prevent over-exploitation and quality deteri-
oration (Herojeet et al. 2013, Dolma et al. 2015, Tiwari
et al. 2018).

In India, groundwater is often used directly for dif-
ferent purposes without proper treatment due to lack
of awareness, and necessary economic and techno-
logical limitations (Madhav et al. 2018, Rao et al.
2021). Such practice of groundwater consumption
may easily expose to various contaminants viz, inor-
ganic, organic, heavy metals, and other pollutants are
a significant threat to human health (Ghaderpoori
et al. 2018, Aravinthasamy et al. 2021). The continuous
exposures to fluoride (F) and nitrates (NOs)-contain-
ing groundwater are vulnerable to non-carcinogenic
health risks on the local populace (Rao et al. 2021).
The low content of F in drinking water is beneficial
for the formation and development of teeth, and skel-
eton. Nevertheless, the concentration above the
guideline limit (1.5mg/L) is harmful to human health,
causing dental fluorosis, osteoporosis, arthritis, neuro-
toxicity, and thyroid (WHO 2011, BIS 2012). The sour-
ces and occurrence of F in an alluvial aquifer are very
complex and uncertain due to numerous point and
non-point inputs, geochemical, and pedogenesis proc-
esses compared to aquifer developed in fractured
hard rocks bearing F° minerals (Kim et al. 2012,
Adimalla and Venkatayogi 2017). In India, 26 States
among its 29 States witness high F levels in ground-
water, posing the risk of endemic fluorosis to ~66 mil-
lion individuals (~25 million <18years) in 250 districts
(Narsimha and Rajitha 2018).

NO3" contaminant in groundwater is a worldwide
environmental concern due to its unique properties,
such as high movability and solubility rate, stable oxi-
dative state in water and associated health risks (WHO
2008, Zhai et al. 2017, He et al. 2022a). Groundwater
pollution due to NOs3 is widely reported in various
countries, namely in Loess plateau, Northwest China
(Li et al. 2019b), Matanza-Riachuelo River Basin,
Argentina (Ceballos et al. 2021), Weining plain and
Yinchuan plain, Northwest China (He et al. 2022a,
2022b), Donsheng district, Inner Mongolia (Feng et al.
2020), Gorveh-Dehgelan, Western Iran (Rahmati et al.
2015), Catalan Region, Spain (Carrey et al. 2021) and
Guanzhong plain, China (Wang and Li 2022). In India,
~118 million people consume water with NO3™ con-
tent 45-100mg/L, and ~108 million people drink
water containing NO;3™ level >100mg/L (Rai 2003,
Sangwan et al. 2021). Anthropogenic activities, such as
application of N-chemical fertilizers (Huang et al.

2011), excreta from animals farm (Minet et al. 2017,
Zhang et al. 2018), urban runoff (Lapworth et al.
2017), landfill leachate (Rao et al. 2021), wastewater
irrigation (Elisante and Muzuka 2017) and discharge of
untreated municipal, sewage and industrial effluents
(Herojeet et al. 2016, He et al. 2022a), are the leading
causes for NOs; loads. The acute toxicity of NOs is
often encountered even though the concentration
level for drinking water is below 45mg/L in infants
(<1year) and children by “blue baby syndrome”
(Skold et al. 2011, BIS 2012). Long-term exposure to
NOs™ has chronic effects on human health, such as
non-Hodgkin lymphoma, nitrosamines, and multiple
sclerosis (Fabro et al. 2015, Wongsanit et al. 2015).
Therefore, the health hazard risks of such ions are still
concerns to infants and children even at low concen-
tration due to exposure dose, sensitivity and weak tol-
erance limit (Adimalla and Qian 2019).

Human health risk assessment (HHRA) is an equa-
tion developed by USEPA, that deals with quantitative
hazard risk appraisal on human health concerning spe-
cific chemical contents in water (Qiu and Gui 2019, Li
et al. 2021). Most of the researchers have studied the
non-carcinogenic HHRA for F~ and NOs™ in India using
deterministic method (Adimalla et al. 2019, Adimalla
and Qian 2019, Kumar et al. 2019, Karunanidhi et al.
2020, Rao et al. 2021, Sangwan et al. 2021, Selvam
et al. 2021). The implementation of deterministic
method is conservative in risk analysis due to the fixed
assigned value of input variables rather than the range
of random values of each variable (Saha et al. 2017).
The variables used in deterministic model normally
vary with respect to time, places, climatic conditions
(ingestion rate, bathing frequency), types of receptors
(different age groups, exposure frequency and body
weight) and parameter concentrations (Liu et al. 2022).
Thus, the uncertainty associated with input variables
randomness of the deterministic approach may over-
estimate or underestimate the risk assessment, thereby
diluting the study’s objective. Many researchers pro-
posed other health risk models considering the trad-
itional method limitation, namely gray system theory,
fuzzy mathematical theory and probabilistic theory
(Wang 2004). Gray system theory is a developing
model with ambiguous principles due to addition of
numerous concepts and methods as per the worker’s
discretion. Bilgil (2021) suggested that gray system
theory may sometimes yield unacceptable prediction
errors. Also, this model is applicable for short-term
predictions with limited sample sizes and partial infor-
mation of the problems (Liu et al. 2022). Fuzzy theory
deals with the things that lacks clear boundaries of



the approach, and probabilistic statistical model is
applied to study the probability approximation of
events affected by input random factors (Zhou 2017).
Probabilistic ~ approach, namely, Monte Carlo
Simulation (MCS), is considered the logically superior
and promising stochastic method to appraise HHRA
(Giri et al. 2020; Emenike et al. 2019). MCS approach
caters to quantitative variability and reduces uncer-
tainties by providing more accurate and prospective
risk assessment outcomes than the conventional
deterministic method.

Nalagarh represents the inter-monte valley situated
in Himachal Pradesh, Northern India. During the past
decades, the serene valley of Nalagarh turned into an
industrial  hub, thereby discharging enormous
untreated effluents causing pollution on perennial and
ephemeral streams and soil. Presently, groundwater is
the primary source for domestic, irrigation, and indus-
trial purposes in the study area. Due to rapid industri-
alization, the large-scale groundwater development
witnessed a declining water level of the valley (CGWB
(Central Ground Water Board) 2018). Therefore,
groundwater depletion and their pollution vulnerabil-
ity are the major threat in the study area. Various
latent factors influence groundwater evolution, and
complex processes that can be interpreted using mul-
tiple appraisal approaches, viz, interionic interpola-
tions, geochemical characterization and
thermodynamic modeling, and statistical techniques
(Singh et al. 2020a, Sangwan et al. 2021). The present
study is carried out to characterize the groundwater
quality for drinking purposes, geochemical evolution,
and non-carcinogenic HHRA of groundwater viz, inges-
tion, and dermal route using deterministic and prob-
abilistic approaches in parts of Northern India.

1.1. Study area

Nalagarh valley, a narrow stretch of low lying area
carved in the tertiary formations, covering an area of
about 250km? with a population of about 254,390
people and decadal growth rate of 13.8% is selected
for the present study (Figure 1). The valley is
delineated by the lesser Siwalik Hills in the northeast
(NE), and River Sirsa drained at the foothill of the
outer Siwalik Hills in the southwest (SW). Agriculture
and forest land cover classes are the dominant land
use type in the study area covering about 6.67 and
36.10% of the total geographical area, respectively
(Figure 2). Nearly 4.62% of the study area is covered
by water bodies that include rivers and streams.
Approximately 15 and 5km? of geographical areas are
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under settlement and industrial land use classes,
respectively, forming around 5.4% of the study area.
In the last decades, the State government has empha-
sized industrialization in the hilly ecosystem terrain by
granting numerous special incentives (Kamaldeep
et al. 2011). The industrial region in Nalagarh valley
named as Baddi-Barotirwala-Nalagarh (BBN) witnessed
12 different industrial categories with a maximum
number (~70%) of large and medium scale industrial
units, which is a pollution threat to water resources
(GoHP (Government of Himachal Pradesh) 2012,
Rajkumar et al. 2020). As per a report by the BBN
Authority in 2007, as many as 72% of industrial units
do not install their effluent treatment plants (ETPs).
These units openly discharge their untreated effluents
to the open channels and agricultural lands increasing
susceptibility to groundwater pollution. Numerous
ephemeral and perennial streams, often loaded with
untreated industrial effluents, and sewage wastewater,
flow through the BBN industrial region and join the
Sirsa River (CGWB (Central Ground Water Board) 2007,
2008). Therefore, Sirsa River and its tributaries cannot
often fulfill the quality water demand of the study
area as they are heavily contaminated due to pollutant
discharges from the various sources (Rajkumar et al.
2019). All water requirements of the valley, including
those for public water supply, industrial and irriga-
tional supply, are met by groundwater resources only
(CGWB 2013).

1.2. Geology and hydrogeology

Nalagarh is a northwest-southeast (NW-SE) trending
intermontane valley in the lesser Himalayas in northern
India (Figure 1). Flanked by the Siwaliks of Tertiary Age,
it forms a relatively low lying narrow strip of about
5-7km. Its topography and geology has been
described by Rajkumar (2019, 2020). Lesser Siwalik Hills
with a maximum elevation of 1150 meter above mean
sea level (m amsl) form the NE flank while the outer
Siwalik Hills with an elevation of about 500m amsl
form the SW flank. The formation of Nalagarh valley is
linked to the last phase of upheaval of the Himalayas
as it runs parallel to the main strike direction of the
Siwalik formations. While pre-Holocene and Holocene
deposits form the granular alluvial soils in Nalagarh val-
ley, the common rock types encountered are sand-
stone, quartzite, limestone, phyllite, slate and shale.
These rocks are well-jointed, factured and crushed at
places. Nalagarh and Sirsa thrusts are the two major
NW-SE trending tectonic zones with the Surajpur Fault
paving the path for the Sirsa River (Khan 1970).
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Figure 1. Location of the Nalagarh valley, Himachal Pradesh, India.

Groundwater in the valley occurs in pervious uncon-
solidated alluvial formations under both phreatic and
confined conditions (CGWB (Central Ground Water
Board) 2018). Groundwater levels are shallower in the
main valley portions with depth to water levels (DTW)
varying between near zero and 10 meter below ground
level (mbgl) during premonsoon period (May 2014). As
the surface slope rises toward the hills, DTW starts
becoming deeper (Rajkumar et al. 2020). Various types
of groundwater structures encountered are tubewells of
varying depths, 4-60m deep dugwells and dug-cum-

borewells. As per CGWB (Central Ground Water Board)
(2008), general yields of these wells go upto 10 liters per
second (Ips), but wells tapping a granular zone at
25-30m depth have yields upto 30 Ips. Semi-confined
aquifers are tapped by about 65-120 m deep tubewells.

The primary source of groundwater recharge in the
area is South-West monsoon (July-September) that
causes about 83% of rainfall with an annual average
of 1129.3 mm in about 64 rainy days. Other recharge
sources are the seepage from irrigation water, aban-
doned mine pits and influent perennial and ephemeral
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Figure 2. Landuse Landcover (LULC) of the study area.

streams. The dendritic drainage pattern favors infiltra-
tion and percolation of a large quantity of water into
the porous and highly permeable valley-fill deposits.
The groundwater discharge mainly occurs naturally
through evapotranspiration and effluent seepages into
the major streams and artificially through groundwater
extraction by dugwells, tube wells and dug-cum-bore-
wells for various uses.

The groundwater movement follows the surface
topography and is generally toward the SW direction
corresponding to the orientation of the valley slope
(Figure 3). The water table elevation ranges from 265
to 465m amsl. The groundwater flow along the SW
slope intersects the Sirsa riverbed and those of many
other tributaries to maintain their perennial flow
(CGWB (Central Ground Water Board) 2008).

2. Materials and methods
2.1. Sampling and laboratory investigation

Groundwater samples were collected from 32 different
locations including 18 sites from the pheratic aquifers
and 14 sites from semi-confined aquifers in the study

76°450'E

76°480'E 76°51'0'E 76°540'E

area (Figure 1) during both pre and post monsoon
seasons (May and October, 2012) using the Global
Position System. Thus, a total of 64 groundwater sam-
ples were collected for chemical analysis. Plastic bot-
tles (HDPE) of 1000 ml capacity were prewashed with
10% nitric acid (HNOs) and soaked with double deion-
ized water. To obtain fresh samples, flushing the
groundwater source for about 10-15min will remove
the stagnant water stored in pipes. Bottles were again
rinsed 2-3 times with the water to be collected to
preserve and maintain the original water characteris-
tics. Parameters, namely pH, and electrical conductivity
(EC) were examined at the sampling sites itself using
portable multiparameter (Hanna HI98194) and total
dissolved solids (TDS) were calculated using the for-
mula (TDS=EC * 0.64) immediately on the spot. Each
sampling site has collected one pair of groundwater
samples using Whatman filter paper (0.45um) to
remove suspended particulate matter. Samples were
preserved by acidifying (pH ~2 with HNO3) and kept
at a temperature of 4°C for the analysis of major cati-
ons. The standard protocol (APHA 2005) was followed
for the investigation of major cations (Ca*", Mg>",
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Figure 3. Groundwater flow direction in the Nalagarh valley, Himachal Pradesh.

Na™, and K") and major anions (HCOs;~, Cl~, SO,~,
F~, and NO;s; ). Merck-GR grade chemicals and
reagents were used to prepare the chemical solutions
using double deionized water. All the glassware and
apparatus were soaked with 10% hydrochloric acid
(HCI) for one day and cleaned with double deionized
water. Blank samples were prepared from the stock
solutions of each parameter for instrumental calibra-
tion. The accuracy of analyze datasets was computed
using the charge balance error (CBE) equation
(Equation 1), and each sample value was less than
their acceptable limit (£5%) (Hounslow 2018).

CBE% >~ (Cations)meq/L — " (Anions)meq/L
b =
> (Cations)meq/L + > (Anions)meq/L

x 100

(M

Mapinfo Professional 6.5 is used for the map digit-
ization, and Originpro 18 and MS Office 2010 are used
for various graphical interpolations and statistical cal-
culations. RockWorks15 and PHREEQC Version 3 are
used for geochemical modeling in groundwater.

2.2. Deterministic and probabilistic human health
risk analysis

Risk analysis is an essential mathematical model to
evaluate the negative effect on human health due to
harmful contaminants in water sources over a specific
time period (USEPA (US Environmental Protection
Agency) 1989, 1992). Human health risk assessment
(HHRA) guidelines give four necessary steps: (i) hazard
identification, (i) exposure assessment, (iii) dose-
response assessment, and (iv) risk characterization
(Luo et al. 2012, Ma et al. 2016).

i. Hazard identification: The hazard level is evaluated
for chemical contaminants due to their high
mobility and adverse toxic effects when exposed
to humans over a specific time (USEPA (US
Environmental Protection Agency) 2004, Guleria
and Chakma 2021). Interaction with local people
in the study area confirmed their sole depend-
ence on groundwater for drinking, domestic and
agricultural purposes. The potential human health
risk associated with a low concentration of



contaminants in groundwater through various
pathways may be negligible. Although, the
degree of adverse health effects on different age
groups may be concerned even at low concentra-
tions because of the physiological variation,
organs developmental process, age factor, and
specific chemical tolerance on the human body.
Therefore, the adverse toxicity health risk may be
relatively intensified with increased contaminants
in water.

Exposure assessment. The exposure of HHRA is
estimated through three different pathways,
namely, direct oral ingestion as drinking water,
inhalation of water droplets or aerosol through
mouth and nose, and dermal contact to exposed
skin (USEPA (US Environmental Protection
Agency) 1989). Among the three exposure path-
ways, direct oral ingestion and dermal contact
are the significant and shared pathways for
chemical exposure to the human body (Singh
and Kumar 2017, Emenike et al. 2019). In the pre-
sent study, F and NOs™ are the target parameters,
and their average daily dose (ADD) is used to
determine the non-carcinogenic HHRA via, direct
ingestion  (ADDjygesrion) and  dermal  contact
(ADDjerman) through bathing and other domestic
activities using the Equations 2 and 3 (USEPA (US
Environmental Protection Agency) 2011). The
assessment of ADD is computed on four different
subpopulation groups, namely; infants (<1 year),
children (1-11 vyears), teens (11-18 years), and
adults (>18 years), respectively, due to their
behavioral and physiological attributes.

Cu x IRy, x EF, x ED

ADDingesrion = BW < AT (2)
r
Cy xSA x K, xEF, x ED x ET x CF
ADDdermal = i pBW XrAT
r

3)

Dose-response assessment. The quantification of
exposure hazard level of any potentially toxic
non-carcinogenic chemical on human health is
examined by dose-response assessment (Lee
et al. 2006, Guleria and Chakma 2021). Reference
dose (RfD) is defined as the permissible guideline
limit set by USEPA, above which the designated
population is susceptible to toxic substances (Ma
et al. 2016). The reference dose of dermal skin
adsorption (RfDg) for many contaminants is not
available in IRIS database (https://www.epa.gov/
iris).  However, USEPA (US Environmental
Protection Agency) (2002a) suggested a formula
to derive the dermal reference dose (RfD,) from
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the oral reference dose (RfD;) using the following
Equation 4.

RfDy = RfD; x ABS; (4)

Where ABS; is the gastrointestinal absorption fac-
tor (unitless) of the it chemical parameter. The
ABS; value of NOs™ and F is 1 (USDHAHS 2017,
USEPA (US Environmental Protection Agency)
2002b). Therefore, RfD of NOs™ and F for inges-
tion and dermal route are 1.6 mg/kg per day and
0.06 mg/kg per day, respectively (USEPA (US
Environmental Protection Agency) 2002a, 2012;

iv. Risletchhra@hzation: Risk characterization of non-
carcinogenic chemical parameter is assessed
through hazard quotient (HQ) and hazard index
(HN). HQ is the ratio of exposure assessment of
health risk (ADD) for different age groups and their
respective reference dose (RfD) of target parameter
at each pathway (USDHAHS 2017, USEPA (US
Environmental Protection Agency) 2004) and is
computed by using Equations 5 and 6. HQ is unit-
less value. If HQ value exceeds the threshold limit
1, the potential adverse health effect is associated
with a particular exposure pathway.

ADDjngesti
HQingestion %@ (5)
i
ADD
HQdermaI = 7R fzj)e;mal (6)

Furthermore, HI is the combined non-carcinogenic
risk, i.e. the summation of HQ of each assessment sub-
population group for different chemical parameters
and exposure pathways (Saha et al. 2017). HI is unit-
less and calculated using Equations 7 and 8.

n n

Hlingestion = Z HQ(Fi)ingestion + Z HO(NO.’:)ingestion
i=1 i=1

)

n n
Hldermar = ZHQ(F_)derma/ + ZHQ(NO;)derma/ 8)
i=1 . i 1n
THI = Hlingestion + Z Hldermal (9)
i=1 i=
Where THI is the total hazard index, and i indicate
the exposure pathway considered in the study
(Equation 9). HI>1 indicates the potential non-car-
cinogenic toxicity in the specified age group (USEPA
(US Environmental Protection Agency) 2004).
In this study, deterministic and probabilistic risk
analysis methods are employed to ascertain the uncer-
tainty and sensitivity of health risk assessment. The

deterministic approach used the simple mathematical
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formula recommended by USEPA, where the input var-
iables are fixed values for different exposure routes
(Lin et al. 2016). The output risk results generated
from this method are only point or single value that
neglects the quantitative variability and uncertainty in
the applied model’s input variables (USEPA (US
Environmental Protection Agency) 1997, Rajasekhar
et al. 2018). Therefore, the deterministic approach of
HHRA cannot cater to the absolute or holistic scenario
of risk assessment for the inclusive member of popula-
tion interest due to differences in person-to-person
characteristics and dynamism prevailing in the envir-
onment. USEPA (US Environmental Protection Agency)
(1997) suggested probabilistic techniques as an alter-
native and viable statistical application offering a
sound methodology and new research dimension that
provides more credible information and authentic sci-
entific output for the risk analysis.

Probabilistic techniques, namely, MCS are purposely
applied to analyze the input variables that reduce the
associated uncertainty of various pathways in risk
assessment. MCS is a computer software application
configuring a statistical distribution array in the form
of probabilistic approximation of a mathematical
equation to generate more corroborates reproducibil-
ity results. MCS is performed using Oracle Crystal Ball
software version (11.1.2.4.850). Each input parameter is
arranged according to their corresponding minimum,
maximum, mean, and standard deviation (SD) values
to assign the best-fitted statistics distribution types
and establish their probability distribution functions
(PDFs) (USEPA (US Environmental Protection Agency)
1997). The input parameters such as ingestion rate
(IR,), exposure frequency (EF), expose skin surface area
(SA), exposure time (ET), and body weight (BW) are
employed 10,000 repetitions of oral ingestion and der-
mal contact route for each subpopulation category.
Thus, the numerical stability of MCS is obtained at
10,000 permutations for HQ, HI, and THI/ (Ganyaglo
et al. 2019, Jamal et al. 2019). The sensitivity analysis is

also employed to extract the significant input variables
impacting the outcome of risk simulation model. The
target parameters, i.e. F and NOjs’, are defined by the
auto-select to best-fitted probability distribution pat-
tern based on their concentration values, and their
goodness of fit (GoF) statistics outcome are presented
in Table 1. The values and types of distribution of vari-
ous variables for ingestion and dermal pathways for
the deterministic and probabilistic risk assessment are
provided in supplementary Table S1.

3. Results and discussions
3.1. General groundwater characteristics

The basic statistical information that includes min-
imum, maximum, mean+SD values of analyzed
groundwater parameters and compliance with drink-
ing water standards of WHO (2011) and BIS (2012) is
presented in Table 2. The analytical results of pH indi-
cate the alkaline nature of groundwater and ranges
from 7.2 to 8.7 (mean*SD value 7.6+04) and
7.0 — 8.1 (mean£SD value 7.4+0.2) during the investi-
gational period i.e. pre and post monsoon seasons. All
the groundwater samples have pH values within their
recommended limit (6.5 — 8.5) of BIS (2012) and WHO
(2011), except for one sample (S8) during pre mon-
soon season (Table 2). EC values vary between 500
and 1513 pS/cm and 443 and 1348 uS/cm during pre
and post monsoon seasons, respectively, and well
within the guideline value (1500 pS/cm) of WHO
(2011); except for one sample (S31) during pre mon-
soon season (Table 2). TDS values varies between 324
and 992mg/L (pre monsoon) and 284 and 875 mg/L
(post monsoon), whereas, TH concentration ranges
from 206 to 622 mg/L and 186 to 772 mg/L during the
investigational period. The mean concentrations of EC
and TDS are slightly more in pre monsoon season
(909 pS/cm and 589 mg/L) than during the post mon-
soon period (808 pS/cm and 522 mg/L). This may be
due to groundwater draft before the onset of

Table 1. Best fitted probability distribution for nitrate and fluoride parameters and goodness of fit (GoF) outcomes.

Distribution types and their Anderson-  Anderson-Darling  Kolmogorov-  Kolmogorov-Smirnov  Chi-Square Chi-Square
Parameters parameter values Darling Test Test (p value) Smirnov Test Test (p value) Test Test (p value)
Premonsoon
Fluoride Lognormal (Location = 0.00, 0.5585 0.068 0.1215 0.152 7.00 0.030
Mean = 0.22,
Std. Dev = 0.16)
Nitrate Beta (Minimum = 0.87, 0.2620 - 0.0852 - 2.1250 0.145
Maximum = 66.03,
Alpha = 1.58292)
Postmonsoon
Fluoride Gamma (Location = 0.05, 0.2977 0.824 0.0874 0.944 2.8750 0.238
Scale = 0.10,
Shape = 1.53618
Nitrate Exponential (Rate = 0.26) 0.6470 0314 0.1387 0312 5.8750 0.209
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Table 3. Groundwater classification based on TDS, TH, F" and NO3".

No of samples exceeding
allowable limits

Parameters Range Classification Pre monsoon Post monsoon
TDS (mg/L) <1000 Fresh 32 32
(Freeze and Cherry 1979) 1000-10,000 Brackish Nil Nil
10,000-100,000 Saline Nil Nil
>100,000 Brine Nil Nil
TH (mg/L) <75 Soft Nil Nil
(Sawyer and McCarty 1967) 75-150 Moderately hard Nil Nil
150-300 Hard 18 16
>300 Very hard 14 16
NO;™ (mg/L) <45 Low risk (suitable for drinking) 32 32
(Adimalla et al. 2019 and Singh et al. 2020b) 46 — 100 High risk (not suitable for drinking) Nil Nil
>100 Very high risk (not suitable for drinking) Nil Nil
F* (mg/L) <05 Class 1 (dental Caries) 31 32
(Adimalla et al. 2019; Singh et al. 2020b) 06—1.5 Class 2 (required levels for human health) 1 Nil
1.6—20 Class 3 (dental fluorosis) Nil Nil
2.1-3.0 Class 4 (dental & skeletal fluorosis) Nil Nil
>3.0 Class 5 (leads to skeletal fluorosis) Nil Nil

monsoon season, and enhancement of ion exchange
processes for mineralization and salinity in the aquifers
(Herojeet et al. 2016). The groundwater quality of the
study area is classified into freshwater category i.e. TDS
values <1000 mg/L as per Freeze and Cherry 1979 clas-
sification (Table 3). Sawyer and McCarty 1967 (Sawyer
and McCarty 1967) classification based on TH values, all
groundwater samples are categorized into hard to very
hard water classes for both the seasons (Table 3).
Further, the plot between TDS vs. TH infers that the
groundwater is hard to very hard in nature during the
investigational period (Figure S1). Continuous consump-
tion of such water types may link to various cardiovas-
cular diseases viz, urolithiasis, anencephaly, neurological
problems, and muscle slackening (Kumar and
Augustine 2021, Sangwan et al. 2021). TH mean value
is more during post monsoon (381 mg/L) than pre
monsoon (306 mg/L), as carbonate minerals (calcite,
dolomite, sandstone) are readily dissolved in percolat-
ing slightly acidic rainwater during monsoon period
and reverse ion exchange process (Zhou et al. 2020).
Similarly, the average content of Mg®" and Ca®*" ions
are more in post monsoon than pre monsoon in the
groundwater (Table 2). Thus, the high degree of hard-
ness is often associated with the elevated concentration
of Mg?" and Ca®" in the aquifer system (Herojeet et al.
2016). The relative abundance order of major ions in
the groundwater of the study area are as follows;
Mg**>Ca*">Na">K"and

HCO5; >Cl~>50,>">NO;~ >F~ [Figure 4(a)].

3.2. Major ions chemistry

In groundwater, Mg®" content ranges from 20.6 to
137.2mg/L with 56.7 +21.7 and 31.7 — 172.8 mg/L with
73.4+36.7, respectively, during pre and post

monsoon. 3% (pre monsoon) and 16% (post monsoon)
samples are above the Mg?*" permissible limit
(100 mg/L) of BIS (2012) (Table 2). Ca*" concentration
varies from 35.3 to 157.2mg/L and 27.6 to 138.6 mg/L
during pre and post monsoon, respectively. About
41% of groundwater samples in pre monsoon and
53% in post monsoon have Ca’" levels above the
acceptable limit (75mg/L) for drinking purposes (BIS
2012) (Table 2). Several geochemical processes like
weathering of silicate minerals (plagioclase, amphib-
oles, pyroxenes) and magnesium bearing minerals
(dolomite, sandstone) along with reverse ion
exchange, and fertilizers applications may be the pos-
sible sources of Ca?’" and Mg®" ions in the ground-
water of the study area (Zhou et al. 2020, Singh et al.
2020b, Liu et al. 2021).

Na™ concentration ranges from 12.0 to 99.9mg/L in
pre monsoon and 9.1 to 62.5mg/L in post monsoon
seasons. Higher mean value of 35.0mg/L in pre mon-
soon season (Table 2) indicates ion exchange and sili-
cate weathering processes (Gao et al. 2021). K™ (the
least dominant cation) content varies between 0.9 and
8.80mg/L (pre monsoon) and 0.4 and 19.0 mg/L (post
monsoon) in the study area. Only 3% of post monsoon
samples have surpassed the K guideline limit of
12mg/L for drinking purposes (WHO 2011) with no
significant variation in mean concentrations in both
the seasons (Table 2).

HCOs™ is the most dominant ion among the anions
and ranges from 60.0 to 196.0 mg/L (118.9+28.7) and
62.0 to 204.0 mg/L (129.6 +28.4) during pre monsoon
and post monsoon seasons, respectively. The mean
concentration of HCO3™ ion in groundwater is slightly
higher during post monsoon season (129.6 mg/L) com-
pared to that of pre monsoon period (118.9mg/L)
indicating dissolution of silicate and carbonate
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Figure 4. (a) Relative abundance order of major ions in groundwater samples, (b) Gibbs diagram representing the factor control-
ling groundwater chemistry, and (c) Piper diagram illustrating hydrochemical facies and water type.

minerals with the percolating rainwater during the
monsoon. CI" concentration varies from 28 to
36.2mg/L and 3.9 to 39.8 mg/L during pre monsoon
and post monsoon seasons, respectively. SO,* con-
centration ranges between 10.0 and 27.0 mg/L and 9.7
and 26.5 mg/L, respectively, during these seasons. The
mean values of CI" and SO,> ions in groundwater
show no significant variation for both the seasons
(Table 2). The parameters HCO3', CI" and SO42’ are
within the respective guideline limits prescribed by
the BIS (2012) and WHO (2011) (Table 2).

3.3. Health concern parameters

F~ concentration varies from 0.06 to 1.20mg/L with
mean (0.22 mg/L) (pre monsoon), and 0.05 to 0.50 mg/
L with mean (0.20 mg/L) (post monsoon) and within
the permissible limit for human intake i.e. 1.5mg/L
(BIS 2012) (Table 2). Only 3% sample during pre

monsoon is above the F~ acceptable limit (1.0 mg/L) of
BIS (2012). The groundwater classification based upon
F~ content by Adimalla et al. (2019) and Singh et al.
(2020b) is summarized in Table 3. All groundwater
samples for both seasons are categorized in class-|
(<0.5mg/L; conducive to dental caries), except one
sample (S13 in the central part of the study area) dur-
ing pre monsoon. NOs™ content in pre and post mon-
soon seasons ranges from 2.6 to 38.8 mg/L and below
detection limit (BDL) to 18.9mg/L respectively (Table
2) and within the guideline limit (45mg/L) of BIS
(2012). Table 3 shows that all groundwater samples
are categorized into low risk NOs™ content class as per
Adimalla et al. (2019) and Singh et al. (2020b).
Analytical results revealed that few groundwater sam-
pling locations mostly confined to the Baddi industrial
region showed an elevated level of NOs.
Anthropogenic factors like municipal and industrial
discharges, seepage from the septic tanks, and
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drainage channels are the contributing factors for
NO3™ in the study area (Rao et al. 2012, Singh et al.
2019, Wang et al. 2021).

3.4. Hydrogeochemical processes

For a better understanding of the key mechanisms
controlling aquifer chemistry, Gibbs diagrams (Gibbs
1970) are prepared to represent the relationship
between the TDS and cation ratio ie. Na'/
(Na"+Ca®") or anion ratio ie. CI /(Cl"4+HCOs3").
Figure 4(b) shows that all the groundwater samples
are clustered on water-sediment interaction zone.
Such interactive phenomena of water-alluvial sediment
are mainly due to the dissolution and weathering of
rock-forming minerals along with the cation exchange
(direct and reverse) processes (Herojeet et al. 2013,
Sidhu et al. 2013). The alluvial deposits are rich in sili-
cate minerals along with secondary carbonate miner-
als like calcite [CaCOs] and dolomite [CaMg(COs),] in
the study area (CGWB (Central Ground Water Board)
2018). The weathering of these minerals determines
the groundwater characteristic and the possible ions
constituents in the groundwater (Rao 2017, Rao et al.
2021). Further, the Piper diagram (Piper 1944) is pre-
pared to identify the hydrochemical facies and water
types through the mixing effects between ground-
water and aquifer minerals. All the groundwater sam-
ples belong to Zone IV during the investigational
period, i.e. Ca’"-Mg®>"™-HCO; hydrochemical facies
[Figure 4(c)]. The diamond field of Piper's diagram
indicates that alkaline earth elements (Ca*"-Mg*")
exceed the alkalies elements (Na™-K™) and weak acids
(CO3%-HCO5") exceed the strong acids (S0,%-Cl’), indi-
cating thereby that the groundwater is dominated by
Ca’", Mg*" and HCOs™ ions [Figure 2(c)]. Such water
types are mainly attributed to carbonate-rich material
dissolution within the aquifers as expressed in
Equations 10-12 (Singh et al. 2019, Zhang et al. 2020,
Keesari et al. 2021).

CaCOs + H,CO; « Ca’*" 4 2HCO; (10)
CaMg(CO3), + 2H" « CaCO3 + Mg*" +H,CO5  (11)
CaS0, + CaMgCO; + 6H" « CaCOs + Ca*™ + Mg*"

+ 505 + H,CO;
(12)

3.5. Geogenic weathering and ion exchange

Various interionic plots were prepared to understand
the hydrogeochemical and chemical weathering proc-
esses in the aquifers. Ca®*/Mg”" ratio was computed
to determine the possible sources of Ca?" and Mg*"

in the aquifer systems (Gao et al. 2022). In Figure 5(a),
~66% of groundwater samples during the investiga-
tional period are fall in Ca?’"/Mg®" ratio below 1,
which indicates the dominance of dolomite dissolution
over calcite dissolution in the study area (Mayo and
Loucks 1995). Few samples (28% pre monsoon and
34% post monsoon) lie on or above Ca®"/Mg*" ratio
line 1 but less than 2, specifies the dissolution of both
dolomite and calcite minerals. The remaining 6% sam-
ples during pre monsoon fall above Ca?*/Mg*" ratio
line 2, suggesting the effect of silicate minerals (Figure
5(a)). The plot between Ca?*+Mg*" vs. HCO; +50,%~
shows all the groundwater samples are falling above
the equiline (1:1), reflecting the carbonate weathering
(calcite and dolomite) is largely affecting the aquifer
chemistry (Figure 5(b)). The dominance of Ca*" and
Mg?" over HCO;™ and SO, may also be attributed to
the reverse ion exchange process (as expressed in
Equations (17) and (18) and carbonate weathering
(Luo et al. 2021, Karunanidhi et al. 2021b). The bivari-
ate plot of Ca”JngzJr vs. Total Cations (TZ') shows
all the samples are scattered between the equiline
(1:1) and Ca*"+Mg*" = 0.5 TZ" line (Figure 5(c)). It
depicts the weathering of calc-silicate minerals (plagio-
clase, amphiboles) and carbonates (dolomite and cal-
cite) is contributing Ca®* and Mg*" ions in the aquifer
(Li et al. 2020). In the bivariate plot of Ca®tvs. HCO3™
(Figure 5(d)), very few samples (6% and 9%) fall below
the equimolar line (1:1), whereas a large scatter of
samples (93% and 91%) are falling above the equimo-
lar line (1:1) during the investigational period. The plot
Mngr vs. HCOs; ™ (Figure 5(e)) indicates that 97 and 3%
of samples fall above and below the equiline (1:1) for
both seasons. These trends show the Ca®’" and Mg*"
are dominantly contributed from calcite and dolomite
weathering and reverse ion exchange processes in the
aquifer chemistry of the study area (Marghade et al.
2021, Selvam et al. 2021).

3.6. Mixed factors (geogenic and anthropogenic)

The bivariate plot between Na*+K™ and TZ* (Figure
5(f)) infers that all the water samples are scattered
below the equiline (Na*4+K" = 0.5TZ"). It implies the
weathering of potash and silicate-containing minerals
and anthropogenic inputs like the application of pot-
ash fertilizers and sewage wastewater which contrib-
utes mainly Na® and K" ions to the groundwater
(Srinivasamoorthy et al. 2014, Rao et al. 2021). The dis-
solution of sodium bearing silicate minerals like albite
(as expressed in Equation (13) and other soda plagio-
clase feldspars in the presence of H,CO; acid (formed
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in above mentioned Equations (11) and (12) may
enhance the Na® content in the groundwater of the
study area (Keesari et al. 2021, Singh et al. 2020b).

2NaAIS|308 + 2H2CO3 +9H,0

— Al;Si>0g(OH), +2Na** +4H,Si04 +2HCO;  (13)

Further, the end-member plot HCO;/Na* vs. Ca*t/
Na® (Figure 5(g)) clearly indicates that the silicate
weathering processes predominantly drive the aquifer
chemistry (Gaillardet et al. 1997, Gao et al. 2021). The
general silicate weathering reaction with carbonic acid
is as follow:

(Na,K,Ca,Mg) silicate +H,CO3
— H4Si04+HCO5 +Na* +K* 4 Ca”* +Mg*" +Clay
(14)

On the other hand, the plot Mg®"/Na™ vs. Ca®*/Na*
(Figure 5(h)) depicts majority of the groundwater sam-
ples are clustered within the silicate zone, and very few
samples are scattered in the silicate-carbonate mixing
region during the investigational period. This plot
clearly shows that silicate mineral is not only the prime
source of Na*, Mg®", and Ca®" in the study area. The
dissolution of carbonate minerals and reverse ion
exchange elevates the contents of alkaline earth ele-
ments in groundwater (as expressed in Equations
(10-12), (17), and (18). Gao et al. (2022) reported that
clay minerals, when rich in alluvial sediment, enhance
cation exchange processes that affect the cation con-
centrations in groundwater. The following reactions
explain the cation exchange for Ca*" and Mg*" with
Nat in the clay sediments as expressed in Equations
(15-18) (Li et al. 2018a, 2018b, Zhou et al. 2020).
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Ca®" + 2NaX (Clay) — 2Na™ + CaX, (lon exchange)
(15)
Mg*" +2NaX (Clay) — 2Na® + MgX, (lon exchange)
(16)
2Na* +CaX (Clay) — 2NaX,

+Ca’"(Reverse ion exchange)
(17)
2Na™ +MgX (Clay) — 2NaX,

+Mg*" (Reverse ion exchange)
(18)

The molar Na*/Cl" ratio and bivariate plot Na™*/CI
vs. EC (Figure 5(i)) are prepared to understand the
plausible sources of salinity and saline incursions in
the study area (Luo et al. 2021). The Na'/CI ratio
varies between 1.0 and 19.6 and 1.1 and 7.2 during
pre and post monsoon. All the water samples have
molar ratio of Na*/ClI" > 1 and Na*/Cl" vs. EC >1 for
both season. Therefore, Na* ions has other sources
than silicate weathering process (weathering of sodic
plagioclase mineral as expressed in Equation (13); such
as, ion exchange and anthropogenic activities enhance
the Na™ and CI" ions relative mobility in groundwater
(Marghade 2020). The ratio of Na™ vs. Na*4Cl" is >0.5
in all the samples during pre monsoon (0.50 — 0.95)
and post monsoon (0.52—0.88), divulges silicate
weathering and ion exchange (as expressed in
Equations (14-16)). Further, the plot between Na* vs.
CI" (Figure 5(j)) enables identifying the Na* enrichment
in the groundwater of the study area. Majority of the
water samples (94 and 100%) during the investiga-
tional period fall above the equiline (1:1), elucidating
the dominance of Na* over CI" may be derived from
silicate weathering and cation exchange processes
along with some anthropogenic inputs (Gao et al.
2021, Marghade et al. 2021). Few samples (6%) during
pre monsoon fall below the equiline 1:1line suggests
the halite dissolution (as expressed in Equation (19) is
very limited, thus supports the impact of anthropo-
genic inputs (Liu et al. 2021, Wang et al. 2021). Hence,
the presence of CI" in groundwater may be due to
industrial discharges, seepage from the septic tanks,
and chemical fertilizers application.

NaCl — Na® + Cl~(Halite dissolution) (19)

The plot of SO,* vs. Ca’" indicates the ground-
water samples are scattered below the equiline (1:1)
for both seasons (Figure 5(k)). The dominance of Ca’t
over SO,* depicts anhydrite (CaSO,) and gypsum
(CaS04:2H,0) minerals are not the principal source of
Ca’" and SO,> in the aquifers (Mu et al. 2021,

Karunanidhi et al. 2021b). Therefore, Ca*" and SO,*
contents in groundwater are originated from different
sources in the study area. Moreover, the molar ratio
S0,>/CI" is computed to identify the contribution of
inorganic sulfide and pyrite (FeS;) dissolution in the
groundwater (Chirenje et al. 2007). During the investi-
gational period, majority of the samples (81 and 78%)
have SO,%/ClI" >0.5 (Figure 5(1)), reflecting the oxida-
tion of pyrite minerals and leaching of inorganic sul-
fide in soil may be the primary source of SO, in the
groundwater (Okiongbo and Douglas 2015, Singh
et al. 2020a). The remaining samples (19 and 22%)
during pre and post monsoon have SO,*/ClI" <0.5
indicates the influence of anthropogenic inputs on
groundwater namely, fertilizers applications, irrigation
water seepage, and wastewater discharge (Suthar
et al. 2009). From the above discussion, it can be
inferred that Ca’", Mg?", and HCO; are mainly
derived from the carbonate and silicate weathering
and reverse ion exchange process occurring in the
aquifer. On the other hand, the parameters Na*t, CI
and SO,* are majorly controlled by mixed factors with
cation exchange process.

4, Pearson correlation matrix (PCM) analysis

Pearson correlation matrix analysis of major ions
(Table S2) is employed to understand the inter-ion
relationships and extract meaningful information
about the various geochemical processes prevailing in
the study area aquifer system. The absolute correlation
values 0.50 — 0.75 and >0.75 represent moderate and
strong correlation among the ions, respectively
(Hossain et al. 2020). During pre monsoon, Mg2+ have
strong positive correlation with Nat (r=0.67) and
moderately with SO,* (r=0.88), and for post mon-
soon, Ca’" show moderately correlation with CI
(r=0.67) and weak correlation with Na* (r=0.40) indi-
cates the dissolution of carbonate minerals and
reverse ion exchange process impacting the aquifer
chemistry (Herojeet et al. 2017). Na* have strong posi-
tive correlation with HCO3™ (0.76 in pre monsoon and
0.78 in post monsoon), SO,* (0.81 in pre monsoon
and 0.76 in post monsoon), and moderate positive
correlation with CI" (0.51 in post monsoon). It divulges
and supports the role of silicate weathering, limited
halite dissolution, ion exchange processes, and
anthropogenic inputs, as discussed in above section
3.2. HCOs have moderate positive correlation with
SO42' (r=0.65) and CI" (r=0.57) during pre monsoon
depicts the presence of sulfate, carbonate, and chlor-
ide in the top soil aids the organic matter
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decomposition process at different levels (EI-Shinnawi
et al. 1974). This process increases the CO,(g) in the
upper layer of soil. The percolating water in the soil
reacts with CO,(g) forming carbonic acid (H,CO3) and
further breakdown into HCO;s™ in the aquifer system
(Raju and Singh 2017). CI" exhibits strong positive cor-
relation with NOs™ (0.86 in pre monsoon) and moder-
ate correlation with SO,* (0.55 in pre monsoon and
0.50 in post monsoon) indicates that these ions are
originated from similar anthropogenic sources (Khan
et al. 2021, Liu et al. 2021). The relationship of these
ions reflects the impact of human activities such as
fertilizer use, animal wastes, and farming activity that
enrich SO,%, CI', and NOs™ in the groundwater of the
study area (Rao et al. 2012, Marghade et al. 2021).
Further, SO,> shows an insignificant correlation with
Ca?t (Table S2), indicates that pyrite dissolution and
anthropogenic inputs may also be responsible for
5042' content in groundwater (Singh et al. 2020b,
Marghade et al. 2021). From the PCM results, it can be
concluded that the reverse ion exchange and weather-
ing of aquifer minerals largely controlled Ca*", Mg*™
and HCOj3 ions concentrations in groundwater. On the
other hand, the enrichment of these ions, namely,
Na™t, CI" and SO42" are influenced by mixed factors and
NO;™ alone by anthropogenic inputs.

5. Dissolution and saturation state of minerals

The results of geochemical profiling (Piper plot, Gibb's
diagram, and interionic plots) and PCM clearly indi-
cated that the aquifer chemistry of the study area is
mainly influenced by interactions of aquifer materials
(minerals-water phases) and cation exchange, except
for some ions. Saturation index (S/) is computed to
ascertain the thermodynamic equilibrium about the
dissolution and precipitation state of minerals vis-a-vis
the types of water-alluvial interaction (Khan et al.
2021, Liu et al. 2021). SI is the logarithm (base 10) of
the ratio of ionic activity product (/AP) to mineral solu-
bility product constant (K,,) and is evaluated by using
Equation (20)

SI = loglAP/Ksp (20)

The S/ value <0 indicates the mineral in solution is
unsaturated, S/=0 (saturation), and S/ value >0 (over
saturation) with respect to a particular mineral (Zhang
et al. 2020, Singh et al. 2020b). The S/ values for seven

minerals namely: anhydrite (CaSO,4), gypsum
(CaS04:2H,0), halite (NaCl), sylvite (KCl), calcite
(CaCO;), dolomite [CaMg(COs),], and aragonite

(CaCOs3) are extracted and presented in Table S3. The
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scatter plots of S/ vs. EC for the groundwater samples
are presented in supplementary Figure S2(a-g).

All the groundwater samples have S/ <0 i.e. nega-
tive (-) values for anhydrite (-3.16 to —2.62 and —3.39
to —2.50), gypsum (-2.95 to —234 and —3.06 to
—2.17), halite (-9.02 to —7.25 and —9.0 to —7.33) and
sylvite (-9.52 to —7.94 and —9.55 to —7.68) for pre
and post monsoon seasons (Table S3). The negative S/
values for anhydrite and gypsum also corroborate the
results of geochemical signatures discussed in section
3.2; thus, dissolution will continue to release Ca®" and
SO42* ions in the aquifer system. Further, the S/ values
(-) for halite mineral supports the role of restricted dis-
solution in the contribution of Na* and CI” ions (as
discussed in above section 3.2) in the groundwater of
the study area. The plots between S/ vs. EC indicate
that anhydrite and gypsum minerals are more influ-
enced in the hydrochemistry due to the faster dissol-
ution process than halite and sylvite [Figure S2(a-d)l.
Also, the increasing trend of S/ values of anhydrite,
gypsum, halite, and sylvite along with EC divulges that
the dissolution of these minerals in the aquifer system
with time may directly lead to groundwater salinity.

Further, the mutual independence between EC and
Sl values infers that the groundwater chemistry has
already been affected by the fast dissolution of calcite,
dolomite, and aragonite [Figure S2(e-qg)]. Calcite S/ val-
ues (-0.45 to 0.95 and —0.85 to 0.5) indicate ~43 and
~41% samples are positive (saturated and over satu-
rated) in the total samples for both seasons. Similarly,
the S/ values for dolomite (-0.45 to 2.04 and —1.09 to
1.11) infer ~60 and ~72% samples are positive, and
aragonite (-0.6 to 0.8 and —1.99 to 0.36) show a posi-
tive in ~38 and ~13% in the groundwater samples
during the investigational period. It appears that the
aquifer system has manifested the equilibrium
between the aqueous groundwater phase and the car-
bonate minerals phase, subsequently over saturated
leading to precipitation of these minerals. The precipi-
tation of Ca’" and Mg®"™ makes HCO5™ the dominant
anion and the effective increment of Na™ concentra-
tion in the groundwater (Li et al. 2018a, b). Moreover,
anhydrite, gypsum, halite, and sylvite dissolution may
lead to dolomite, calcite, and aragonite sequestration
and increase aquifer salinity in the study area
(Marghade et al. 2021, Karunanidhi et al. 2021a).

6. Human health risk assessment
6.1. Average daily dose (ADD)

The estimated ADD values (mean, median, SD, 5th,
and 95th percentile) using deterministic and
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probabilistic methods for the target subpopulation
category through ingestion and dermal route are pre-
sented in Tables S4 and S5. In the present study,
deterministic and probabilistic risk analysis used the
5th and 95th percentile as their lower and upper val-
ues estimated for different models. The calculated
mean, 5th and 95th percentile ADDj,gestion values of F°
and NOs using deterministic and probabilistic meth-
ods for the pre and post monsoon seasons are pretty
the same for all population groups (Table S4).

The range of variation for ADDge,mq values estimated
by the deterministic method is higher than the probabil-
istic technique for both seasons (Table S5). For instance,
the deterministically calculated mean, 5th and 95th per-
centile ADDjermas Values for F are ~7, ~9, and ~5
higher than the probabilistic method for both seasons.
The ADD jerma poiNt estimate for NOs indicates a similar
range of mean and 95th percentile, i.e. ~7 and ~6 times
higher than the probabilistic approach for both seasons.
The 5th percentile ADD jerma of NOs™ divulges determinis-
tic variation ~8 (pre monsoon) and ~18 (post monsoon)
times higher than the probabilistic approach. Further,
the comparative study within deterministic (pre mon-
soon vs. post monsoon) and probabilistic (pre monsoon
vs. post monsoon) values reveal that 5th percentile and
95th percentile ADDjngestion and ADDgerma for F~ param-
eter for both seasons indicate no significant variation.
On the contrary, the probabilistically (pre monsoon vs.
post monsoon) and deterministically (pre monsoon vs.
post monsoon) estimated 95th percentile ADDngestion
and ADDge;ma for NOs™ during pre monsoon show ~3
and ~2 times and 5th percentile values as ~14 and ~6
times higher than the post monsoon values for all sub-
population groups. This may be due to pre monsoon
NOs™ concentration levels ~4 times higher than post
monsoon, thus crediting the ADD ingestion and dermal
contact values more than F in both risk esti-
mate models.

6.2. Hazard quotient

Deterministic and probabilistic HQ estimation for F* and
NOs™ through ingestion and dermal contact of ground-
water is shown in Tables S6 and S7. The mean HQ val-
ues of F and NOs™ for ingestion and dermal exposure
route are below the acceptable limit, ie. HQs<1 for
each subpopulation group. Risk certainty level (RCL) is
assessed to generate the likelihood percentage scenarios
of hazard risk above the threshold value (HQs > 1) from
all the datasets of particular pathway on the target sub-
populations. It is another advantage to determine the
RCL value in health risk assessment for any exposure

pathway even if their mean, 5th, and 95th percentile are
below their threshold limit. During pre monsoon, the
deterministic estimate through F ingestion indicates
313% RCL in infants and children, respectively.
Probabilistic RCL related to groundwater ingestion of F,
only infants (2.58%) have a higher risk of non-carcino-
genic effect (HQs > 1) as compared to other groups like
children (0.44%), teens (0.07%), and adults (0.04%) show
minimal health impact (Table S6). For post monsoon,
deterministic RCL confirm no adverse health on the sub-
population groups, whereas probabilistic RCL depict the
non-carcinogenic health effect on infants (1.51%) and
children (0.04%) through F ingestion of groundwater.

The HQjngesiion Of NO5™ signify non-cancer health
impact at different RCLs on target groups from deter-
ministic results (infants: 31.25%; children: 15.63%;
teens: 6.25% and adults: 6.25%) more than probabilis-
tic estimates (infants: 23.72%; children: 7.66%; teens:
0.77% and adults: 0.48%) for pre monsoon (Table S6).
During post monsoon, deterministic RCL shows the
only potential threat to infants (3.13%), whereas prob-
abilistic RCL refers to infants (1.65%) and children
(0.18%) groups that pose a health risk due to ground-
water ingestion containing NO3™ (Table S6). The HQ
RCLs dermal pathway of chemical parameters (F and
NO3’) indicate no possible health risk on the specified
subpopulation groups from both approaches (Table
S7). Among the analyzed human exposure routes, the
ingestion pathway is more profound in health risk
from RCL results, and the NOs; parameter is the key
risk indicator for infants and children. For example,
the RCL ratio of deterministic (NO3") vs. deterministic
(F) and probabilistic (NO3") vs. probabilistic (F), their
magnitude values range from 1-9.98 and 1-9.21,
respectively, thus confirm that NOs™ is the prominent
ion inducing the plausible risk factor.

Further, the ratios of deterministic vs. probabilistic
mean HQjngestion Values (F~ and NOj3) for infants, chil-
dren, teens, and adults vary from 1.12 to 1.23, 1.13 to
1.16, 1.17 to 1.22, and 1.34 to 1.38, respectively, dur-
ing the investigational period. Also, the range of
deterministic vs. probabilistic ratio of 5th and 95th
percentile HQipgestion Values (F© and NOs5’) for infants
(1.57 —3.90 and 0.76 — 1.16), children (1.27 —3.03 and
0.86 — 1.27), teens (1.27 —3.28 and 0.93 —1.33), and
adults (1.42 —3.63 and 1.07 —1.53) for both seasons.
This range variability of HQ values indicates that deter-
ministically estimated values are higher than probabil-
istically assessed values for the entire subpopulation
groups. The above analysis divulges that the determin-
istic method estimate is based on the extreme value
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of the input variables, leading to overestimating the
output results.

6.3. Hazard index and total hazard index

The non-carcinogenic HI associated with groundwater
ingestion and dermal contact are presented in Table
S8. The pre monsoon mean Hljpgesion Value exceeds
the safety reference level (HI>1) only on the infants’
group indicating minor population is more vulnerable
in the target subpopulation groups (Figure S3a). In
contrast, the post monsoon Hljpgesrion Mean values of
all different groups are below the threshold limit
(Figure S3a). However, the RCLs of deterministic and
probabilistic estimates above the acceptable value
(Hlingestion >1) for pre monsoon season are as follows:
infants (59.38 and 39.60%), children (15.63 and
15.84%), teens (6.25 and 2.72%), and adults (6.25 and
1.87%) (Table S8). For post monsoon season, the sig-
nificant RCL for the deterministic study is only
reflected on infants (9.38%), whereas the probabilistic
RCL results reflect on infants (6.57%) and children
(0.58%) as more susceptible groups to health risk than
the remaining populations (Table S8). The Hljermar
mean, 5th, and 95th percentile values are less than
unity and is observed as no threat to the target popu-
lation groups due to insignificant RCL (Table S8 and
Figure S3b). Ji et al. (2020) from their study in
Guanzhong plain, China, also reported that the non-
carcinogenic Hl,q (F~ and NOs-N) from the chlori-
nated water and terminal tap water are higher on chil-
dren than that of adults during dry and wet seasons.
The present study conclude that HQ and HI ingestion
pathways have more potential human health risks
than that of dermal contacts. Liu et al. (2022) got simi-
lar findings of non-cancerous health risks from the
groundwater of Weining plain, China.

Total hazard index (THI) is the combination of non-
carcinogenic hazard risk factors of F* and NO;™ through
multi-exposure pathways (ingestion and dermal) of
groundwater, as shown in Table 4. For pre monsoon,
the deterministic RCL values indicate that infants are
3.8 — 9.5 times more susceptible to risk than remaining
groups, and children show 2.5 times more risk threat
than teens and adults. The probabilistic RCL estimates
specify that infants are 2.5 —20.9 times higher non-
cancer risk than children, teens, and adults, children
(5.8 — 8.3 times) than teens and adults and teens (1.4
times) than adults. During post monsoon, only infants
are marked highest RCL i.e. 9.38 times than the
remaining population groups from deterministic
results. On the contrary, probabilistic RCL results show

Table 4. Statistical description of deterministically and probabilistically calculated total hazard index (THI) for ingestion and dermal pathways at different age groups.

Probabilistic value

Deterministic value

Median

Risk certainty level (%)

Risk certainty level (%)

THI >1

95%
2.39E+ 00
1.36E+ 00

9.10E-01

5%

Stdev.
1.73E+ 00
1.03E+ 00

0
0
0
0
0
0

Median

Mean

THI >1

95%
2.16E + 00
1.40E 4 00
1.01E+ 00
1.09E + 00
1.16E 400

01
01
01

5%

Stdev.

Mean
1.16E + 00

0

0

0

0

THI

Pre monsoon

Age group

39.62
15.85
2.73
1.90
6.57
0.58
0.00
0.00

1.11E+ 00

8.44E-01
6.30E-01
4.32E-01
3.94E-01

6.08E-02

—_————— —

—_————— — —

————— — —

59.38%
15.62%
6.25%
6.25%
9.38%
0.00%
0.00%
0.00%

—_———— o — — —

————— — — —

— = e e

————— — —

Post monsoon

Infant
Children
Teen
Adult
Infant
Children
Teen
Adult
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Figure 6. Deterministic and probabilistic results of risk certainty level for different population group.

that infants (0.6 —11.3 times) are more vulnerable
than the other population groups and children (0.6
times) more than teens and adults, which is unable to
predict by the point estimation method. Therefore, it
is noteworthy that the probabilistic simulation method
appraises the holistically credible risk scenarios on tar-
get subpopulations that may be limited by the deter-
ministic method. Liu et al. (2022) suggest that the
health risk assessment in groundwater through prob-
abilistic simulation provides comprehensive results
than that of deterministic method in different age
groups in China. The overall non-carcinogenic health
risks in the different population groups are higher in
pre monsoon season as compared to post monsoon
period due to higher concentration of NO3". The pre-
sent study ascertain that minor populations (infants
and children) are more vulnerable to non-carcinogenic
risks than those of teens and adults (Figure 6). This is
because minor populations show higher sensitivity
and poor resilience to withstand the harmful contami-
nants due to lower body weights. Similar studies on
the non-carcinogenic health risks in different popula-
tion groups elsewhere too report that infants and chil-
dren are susceptible high risk than those of teens and
adults. Examples are: Bagiao District, China (Guo et al.
2022), Muktsar district, Punjab, India (Sangwan et al.
2021), Jalandhar district, Punjab (Singh et al. 2020a),
surface water in Taizhou city, Zhejiang Province, China
(Zhang et al. 2022) and water supply reservoirs in
Taizhou City, East China (Yin et al. 2021).

6.4. Sensitivity and uncertainty analysis

Sensitivity analysis is
approach

employed using the MCS
to evaluate the input Vvariables that

significantly influenced non-carcinogenic risk predic-
tion. The outcome of sensitivity analysis is presented
as tornado plots elucidating the Spearman rank-order
correlation coefficient in the percentage scale [Figure
7(a,b,c,&d)]. The results of sensitivity analysis for non-
carcinogenic HQjngestion confirmed that respective par-
ameter concentration (Cy) is the most precedence
variable, followed by exposure frequency (EF) and
ingestion rate (IR) of groundwater with a minor contri-
bution in children, teens, and adults for both seasons
[Figure 7(a&b)]. On the other hand, the sensitivity ana-
lysis shows the order of significant variables as Cy, IR,
and EF for infants HQjgestion due to high dependence
on water-based liquid diet and less surface area of the
body [Figure 7(a&b)]. The non-cancer HQuemq SenNsitiv-
ity analysis outputs reveal the highly significant varia-
bles as Cy, and minor influence by EF, and exposure
time (ET). In contrast, surface area (SA) indicates neu-
tral contribution in any specific population groups
during the investigational period [Figure 7(c&d)].
However, Body weight (BW) had a negative inference
on non-carcinogenic HQ risk simulation through inges-
tion and dermal pathways in target popula-
tion groups.

Uncertainty analysis is crucial to determining the
conservatism, ramification, and certainty accuracy level
of the risk analysis results (Zhang et al. 2019). In this
study, the application of MCS is notably enhanced to
identify the uncertainties quantification in the non-
cancer health risk assessment. Nevertheless, there are
still other uncertainties that remain unaccounted in
the model input variables, thereby limiting the validity
of the whole scenario study. For example, (i) the daily
water intake and dermal contact of target population
groups are not measured during the groundwater
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Figure 7. (a, b, ¢, & d) Tornado plot illustrating sensitivity analysis of input variables to the non-carcinogenic HQ of groundwater
(@ & b) pre monsoon and post monsoon (inset) of F* and NOs™ ingestion and (c & d) for dermal contact.

sampling, (ii) body weight of the local population are
not evaluated, instead used the representative data of
the Indian Council of Medical Research (ICMR) and
USEPA, (iii) exposure duration, average time, dermal
permeability and conversion factor are considered as
the same fixed or similar values for deterministic and
probabilistic approach for different subpopulation
groups, (iv) the variables data to generate the PDFs
using MCS are acquired from the USEPA, and other
relevant published works, (v) assuming the specific
chemical parameter contents in groundwater are the
totally bio-absorbable amount by human body might
lead to ambiguity in risk analysis, and (vi) the refer-
ence dose (RfD) for ingestion and dermal are obtained
from USEPA. The present findings shall be considered
reliable information of HHRA in the target subpopula-
tion groups in the study area compared to reliance on
classification based on their parameter concentrations
and prescribed National standards.

7. Conclusion

This paper highlights groundwater evolution and geo-
chemical profiling using various graphical interpola-
tions, statistical techniques along with quality
assessment for drinking purposes. Further, the com-
parative evaluations of deterministic and probabilistic

approaches are applied to determine the non-carcino-
genic HHRA for F* and NOs  through ingestion and
dermal pathways. This study profoundly conveyed
that the health risk may persist in vulnerable groups,
even if health concern parameters concentrations are
below their respective guideline limits. Major findings
of the present study are as under:

e Concentrations of pH, EC, TH, and Mg?" exceed
their respective permissible limit at some sites, and
~50% of samples for TDS, TH, Mg**, and Ca*" sur-
passed the acceptable limit that needs to be cau-
tious and requires necessary treatment. The
parameters such as, EC, TDS and Na® have higher
mean values during pre monsoon season indicating
enhanced ion exchange processes for mineraliza-
tion and salinity in aquifers. On the other hand, TH,
Ca®", Mg*" and HCO5™ show elevated mean con-
centrations during post monsoon season reflecting
dissolution of the carbonate and silicate minerals in
the percolating rainwater and inverse ion exchange
processes in the alluvial aquifers.

e Aquifer chemistry is mainly controlled by water-
alluvial interaction and predominant Ca®"-Mg*"-
HCO5™ water type. Interionic plots corroborated by
PCM that Mg®", Ca’", and HCO; are influenced by
weathering of aquifer minerals, and Na®, K", ClIt,
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and SO,> by mixed factors. Further, the thermo-
dynamic equilibrium of calcite, dolomite, and ara-
gonite with aqueous phase confirmed their major
influenced in aquifer chemistry.

e Deterministically and probabilistically estimated
HQingestion and Hlingestion indicate that NO;™ is the
prominent parameter inducing the plausible risk
factor than F* on the local population. Non-cancer
risk (HQ and HI) for dermal route depicts trivial
health risks and could be derelict. Therefore, inges-
tion is the dominant pathway associated with non-
carcinogenic health risks. The calculated THI depicts
that infants and children are more susceptible to
health risk than teens and adults by probabilistic
simulation for both seasons. Therefore, the prob-
abilistic method enables the appraisal RCLs of HQ,
HI, and THI in the most holistic credible risk scen-
arios on target subpopulations that may be limited
by the deterministic method.

Proper treatment of water prior to use is strongly
recommended to safeguard the human health and
prevent the vulnerable age groups from being
affected by non-cancer risks. Further, implementation
of better industrial policies and their strict enforce-
ment shall minimize the spread of water pollution and
protect the fragile sub-Himalayan ecosystem from
contamination.
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