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A B S T R A C T   

The present research reports the level of nitrate (NO3
-), associated health risks and possible sources of 

contamination in groundwater from south India. Many samples (32%) are above or approaching the recom
mended level of NO3

- for safe drinking water. The correlation analysis indicates different sources of NO3
- 

contamination in different regions rather than a common origin. The isotopic measurements provide information 
about potential nitrogen sources contributing NO3

- to the groundwater. Based on isotope analysis, the sources of 
NO3

- in the groundwater of this region are likely to be from (a) septic sewage (b) organic nitrogen (animal and 
livestock excreta) (c) sewage (domestic & chemical fertilizers). Among the sample analyzed sewage, manure and 
septic sewage contribute 46%, 23% and 31% NO3

- to groundwater. The HQ > 1 indicates non-carcinogenic 
health risk due to consumption of high NO3

- in drinking water. Among the studied age groups, infants are 
exposed to higher risk than children and adults. Results indicate that groundwater of this region is polluted with 
NO3

- due to anthropogenic activities. Continuous consumption of such water may pose serious health risk to the 
residents.   

1. Introduction 

Excess application of nitrogen as fertilizer and animal waste to soil 
and improperly designed septic tank system leads to leaching of nitrate 
(NO3

-) through the unsaturated zone to the water table. Contamination 
of groundwater with NO3

- leads to a significant environmental problems 
and health hazards when water is used for drinking (WHO, 2007). NO3

- 

is considered as both non-point and point source pollutant of ground
water worldwide. Major non-point sources of NO3

- in natural water are 
commonly found to be fertilizer or human and animal wastes, etc. The 
predominant point sources include, domestic sewage discharges, cess 
pools and dairy lagoons. Many studies have reported high NO3

- con
centrations in areas with cess-pools (Daniel, 2018; Adimalla and Qian, 
2021). The extent of contamination in groundwater, consequences to 
NO3

- pollution is well-documented (Huno et al., 2018; Adimalla and 
Qian, 2021). 

Studies have reported the spatial distribution of health risk due to 

excess NO3
- in drinking water and identified several hot spots worldwide 

(Anornu et al., 2017; Ahmed et al., 2019) and also there are several 
reports on health risk assessment of groundwater by considering the 
hydrochemical parameters, trace metals etc. (He et al., 2020; Elumalai 
et al., 2020). The development of methemoglobinemia in children as 
well as adults is the major concern due to high consumption of nitrate 
present in drinking water. Thus, many researchers have carried out the 
health risk assessment by calculating health quotient (HQ) in ground
water ( Rahman et al., 2021). Researchers have focused on identification 
of nitrogen sources leading to NO3

- contamination in groundwater 
through various processes including hydro chemical, statistics, and 
stable isotopic approach (Clague et al., 2015; Xu et al., 2015; Elumalai 
et al., 2020). The literature reveals the utility of measuring nitrogen 
isotopes in saturated and unsaturated zones helps in identifying the 
major sources of nitrate in groundwater (Kendall and Aravena, 2000; 
Jung et al., 2020). Recent studies have addressed the occurrence of NO3

- 

derived from agricultural sources based on mixing models, considering 
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the isotopes of oxygen and nitrogen in NO3
- and stable isotopes of water 

( Jung et al., 2020) Much of this scientific work have focused on 
investigating the parameter’s fate in the soil root zone and potential for 
leaching as related to agricultural crops and improved management 
practices. 

The present study area investigates nitrate contamination in a region 
of the Tirunelveli district of South India with a local population of 
around 70,000 (District Census Handbook, 2011). During the 
non-monsoon period, the groundwater serves as the only source for 
entire habitants to cater to their domestic and drinking purpose. The 
study area is also a region of tourist attraction and there is fluctuating 
population around ~ 0.9 million estimated per year, thus the area 
tourist industry depends on groundwater for drinking and domestic 
needs (District Census book, 2011). Several previous studies ( Jeyasee
lan et al., 2013; Sidhardhan et al., 2015) have assessed the potential 
yield and sustainability of the aquifer in selected patches of Tirunelveli 
District. A pre-monsoon (PRM) data of the region was utilized to identify 
the process of recharge in the mountain front (MF) and riparian zone 
(RZ) in the northwestern (NW) part of the Tirunelveli District (Panda 
et al., 2017). Later northeast monsoon (NEM) water levels were 
measured in conjunction with analysis of rainfall and water isotopes by 
Panda et al. (2018) to understand the aquifer response to seasonal 

rainfall, variation of geochemistry and water level. Geophysical in
vestigations have delineated potential zones for construction of new 
borehole wells (Panda et al., 2017). Later, both PRM and post monsoon 
(POM) hydrochemical data was compared along with stable isotopes of 
selected samples in groundwater, amount of rainfall and water level 
fluctuation to obtain a holistic view of the processes governing hydro
chemical variations (Panda et al., 2019). An outcome of these studies is 
that elevated NO3

- concentrations occur in several locations of the study 
area suggesting contamination from surface sources. Determination of 
pollutant sources like NO3

- will help to better manage water quality and 
potential health effect. Thus, the main objectives of the study are:  

• To determine the interrelationship of NO3
- concentration with other 

ions in groundwater. 
• To evaluate the potential sources of NO3

- in groundwater using in
tegrated techniques.  

• To perform a health risk assessment in different age group due to 
consumption of local groundwater. 

2. Study area 

The study is conducted along the NW part of Tirunelveli District, in 

Fig. 1. : Location map representing (a) Elevation (b) Land use patterns with groundwater sampling locations.  
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the foothills of Courtallam, Tamil Nadu, South India (Fig. 1). The study 
area is an elevated region with an altitude variation of from 150 m to 
1700 m above mean sea level (amsl), endowed with steep slopes and 
narrow valleys (Panda et al., 2017). The amount of rainfall in 8 stations 
in the study area have been recorded and the average was 918 mm/year 
(CGWB, 2009). The NEM comprised 70% of total rainfall and rest 30% 
attributed by southwest monsoon (SWM), POM and PRM (CGWB, 2009). 
The PRM water table depth varied between 2.1 and 16 m below ground 
level (mbgl) and in POM between 0.91 and 16 mbgl (Panda et al., 2017). 
Groundwater in the study area is mainly drawn from fractured and 
highly weathered igneous and metamorphic rocks like Charnockites, 
Fissile Hornblende Biotite Gneisses (FHBG) and actinolite-tremolite 
schist with a heterogeneous areal extent for each litho-unit. Linea
ments are the weak structural planes and formed by a structural 
disturbance along fracture, partings and joints, thus, considered favor
able for groundwater flow and are predominant along the study area’s 
SW-SE direction. The predominant lineaments are also noticed in FHBG 
litho-units. Thus, charnockites are considered as less weathered, jointed 
or fractured than the FHBG (Subramani, 2005). Aquifer characteristics 
like yield of wells, transmissivity, hydraulic conductivity, specific yield 
and storativity are higher in porous formation followed by fractured and 
weathered formations are reported separately (Panda et al., 2017). The 
area comprised of pediplain, piedmont zone, structural hill and denu
dational hill as the major geomorphological units (Panda et al., 2017). 
The Chittar River is considered as the major drainage system in the area, 
which is a non-perennial river, originating from the Courtallam Hills of 
Western Ghats. The structural trends along SW-SE and considered as the 
water flow direction of the study area (Panda et al., 2017). 

Land use and land cover patterns are categorized into agricultural 
land, water bodies; waste land, forest and build-up land. Agricultural 
land covered a total area of 1047.2 Sq. Km (58.53%) followed by forest 
311.5 Sq. Km (17%), wasteland 14.27 Sq. Km (14%), water bodies 
113.53 Sq. Km (6.31%) and build-up land 62.77 Sq. Km (3.5%). Paddy 
occupies the largest area of cultivation, followed by pulses. Other than 
that, the area also grows banana, vegetables and sugar canes (CGWB, 
2009). Settlements include nucleated and linear type and are in the ri
parian regions away from the foothills. The presence of numerous hills 
and water falls in this region attracts tourist and increases water demand 
during the non-monsoon seasons. The foothill areas are intensively used 
for agricultural purposes and covered with thick forest (Fig. 1). 

3. Materials and methods 

A total of 25 groundwater samples were collected from hand pumps 
during POM season of 2018 and the samples were filtered immediately 
with 0.45 µm membrane filter after collection. Physical parameters like 
electrical conductivity (EC), total dissolved solid (TDS), pH was 
measured in the field using a portable Thermo Orion five-star meter. 
Subsequently, all these water samples were stored in precleaned 500 ml 
plastic bottles without any air bubbles, in temperatures below 4 ◦C until 
the analyses. Samples for N-isotope analysis were collected in 1-liter 
plastic bottles, placed on ice immediately after collection, frozen 
within 48 h. 

Major ion concentrations, including nitrate, phosphate, silicate and 
sulfate (Cl, PO4, H4SiO4 and SO4

-2) were measured using double beam 
spectrophotometer (DR 6000) following the standard procedures 
(APHA, 1995). The levels of NO3

- was determined by UV Spectropho
tometric Screening Method (Armstrong, 1963). The instrument used was 
UV–VIS SPECTROPHOTOMETER, MODEL DR6000 (HACH, UK). Stock 
nitrate solution is prepared by dissolving 0.7218 g dry potassium nitrate 
(KNO3) in water and dilute to 1000 ml. From the stock, intermediate 
standards are prepared by appropriate dilutions with water. 1 ml HCl 
solution was added and mixed thoroughly. NO3

- reading was obtained at 
a wavelength of 220 nm. 

Titration method was adopted to measure major ions like Ca2+, 
Mg2+, Cl-, HCO3 and the ions Na+ and K+ were measured by using flame 

photometer (CL 378). Each sample was analyzed thrice, and the mean 
concentration was taken into consideration to achieve accuracy in the 
analysis. The analytical accuracy for the measurements of major ions 
was determined by calculating the ionic balance error (IBE) by using Eq. 
1, with the values falling within the limit, i.e., 5–10%.  

[(Tz--Tz+) / (Tz- + Tz+) *100)]                                                         (1) 

Water samples with NO3
- concentration > 5 mgL-1 were selected for 

15
N isotope determination based upon its spatial distribution. The sam

ples were frozen within 14 h of the sampling and later send to Water 
Sciences Laboratory (WSL), UNL, USA for analysis. The samples were 
analyzed for determination of δ15N and δ18O-NO3by a two-step chemical 
conversion. The nitrate was converted to nitrous oxide for stable isotope 
analysis by following cadmium (Cd) reduction of nitrate to nitrite & 
azide reduction to nitrous oxide (Mcilvin and Altabet, 2005). Samples 
with previously measured NO3

- are diluted to mgL-1, and NO3
- was 

converted to NO2 by reaction with spongy cadmium. Nitrite was further 
reduced to nitrous oxide (N2O) using sodium azide in an acetic acid 
buffer. Resulting N2O was then cryogenically separated and analyzed on 
a Trace Gas Isoprime IRMS instrument for 15N and 18O with a precision 
of 0.08% and 0.19% respectively. Isotope calibration was performed 
through reference standards (USGS 32, USGS 34, USGS 35 and IAEA 
N3). Working standards were also prepared to check for quantitative 
conversion and recovery. Results for the stable isotope measurements 
are expressed as a delta value using the Eq. 2. 

d(‰) =
Rsample − Rstandard

Rstandard
x1000 (2) 

To determine the non-carcinogenic risk of NO3
- in groundwater 

samples of the study area, chronic daily intake (CDI, mgkg-1day-1) for 
three age groups like adult, children and infants were calculated sepa
rately by using the formula of Eq. 3 (USEPA, 1993): 

Chronic Daily Intake(CDI) =
C ∗ DI ∗ F ∗ ED

BW ∗ AT
(3) 

C= NO3
- concentration in groundwater (mgL-1). 

DI=Daily water Intake (Lday-1). 
F= Exposure Frequency (days Year-1). 
ED=Exposure Duration (Year). 
BW=Body Weight (kg). 
AT= Average time for non-carcinogens (days). 
The details of all these parameters mentioned above to calculate CDI, 

are provided in SI Table 1 individually for adults, children and infants. 
The reference dose (RfD) provided by USEPA (2015) as 1.6 mg/kg/ 

day was considered along with the CDI to determine the hazard quo
tients (HQ) to understand the non-carcinogenic risk of NO3

- in the 
groundwater samples for drinking purpose. The formula used to calcu
late HQ as given in Eq. 4 (USEPA, 1999): 

HQ =
CDI
RfD

(4) 

The elevation data were extracted from the ASTER DEM (resolution: 
1 ARC – SECOND/ 30 m, Version: 2.0, ASTGDMV2_ 0N08E077, 2011) 
and 3D model was prepared from the elevation data in SURFER (Version 
10) platform. Contours of high NO3

-concentration (>25 mgL-1) pro
duced by Inverse Distance Weighted (IDW) interpolation were overlaid 
on elevation, land-uses and groundwater flow direction by using 
SURFER (Version 10). The advantage of IDW is that it is intuitive and 
efficient. The IDW method uses average values of sample data points in 
the neighborhood of each processing cell unlike KRIGING. The method 
of KRIGING assigns more influence to the nearest data points in the 
interpolation of values for unknown locations. Hence IDW method has 
adopted in this study. 
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4. Results and discussion 

4.1. Source determination 

4.1.1. Physical parameters 
The maximum, minimum and mean concentration of the physico

chemical parameters are plotted in box plot (Fig. 2). Measured pH value 
in the groundwater samples ranged between 6.40 and 7.93. Tempera
tures varied from 28 oC to 36 oC with a mean value of 31 oC. The sam
ples analyzed show a highest value 1560 mgL-1 for TDS and 8 samples 
exceed the recommended limit (WHO, 2011). The samples show a 
highest EC of 5730 µS/cm with 19 samples exceeding the recommended 
limit for drinking water (WHO, 2011). 

4.1.2. Chemical parameters 
The average concentration of chemical parameters showed an order 

of dominance as follows Cl- > HCO3
- > Na+ > Ca2+ > Mg2+ >K+ > NO3

- 

> H4SiO4 > SO4
2- > PO4

3-. Out of analyzed samples 4 samples each 
exceed the permissible limit for Na+ and Ca2+ (WHO, 2011). However 
only one sample exceed the permissible limit for Mg2+ and 5 samples 
exceed the permissible limit for HCO3

- (WHO, 2011). Samples show a 
higher concentration of K+ and Cl- for all the samples analyzed, with 16 
samples each exceeding the permissible limit (WHO, 2011). NO3

- shows 
a highest concentration of 89 mgL-1 and two samples exceed the 
permissible limit of NO3

- in drinking water (WHO, 2011). 
SI Figure1 shows the distribution of measured NO3

- concentration 
compared to the recommended limit for NO3

- in drinking water set by 
WHO (2011). 

The samples below the line were further sub-divided into two Zones 
A and B. The samples in the zone A (S No.1, 5, 23, 49, 50 and 51), NO3

- 

concentration is > 25 mgL-1 and Zone B samples with NO3
- concentra

tion < 25 mgL-1. Two samples (S No.10 and 18) fall above the permis
sible limit line. The sample (S No. 18) is located along the SW part (along 
the foothill) of the study area (Fig. 1) and have highest NO3

- of 89 mgL-1 

followed another sample (S No. 10) in the northern part of the study area 
predominantly represented by urban settlement (Fig. 1) with a NO3

- 

value of 54 mgL-1. 
Agriculture is a major land-use along the foothills (Panda et al., 

2020). Thus, it could be inferred that, the NO3
- concentration of sample 

No.18 might be influenced by the agricultural activities. It is also very 
interesting to note, the locations 49, 50 and 51 have a relatively higher 
concentration of NO3

- and are in the SE part of the study area (Fig. 1) 

along the flood plain of Chittar River and predominant groundwater 
flow direction. The inflow of water from the foothill aquifers to the ri
parian aquifers was inferred by earlier study (Panda et al., 2019) and 
these locations are thus influenced by the agricultural activity in the MF 
region especially by S No.18. Similarly, the NO3

- concentration of 
Sample No. 10 could be affected by sewage from the urbanized area. It is 
also observed that S No’s. 1 and. 5 located near to S No. 10 along the 
groundwater flow direction and waste land (Fig. 1), have relatively 
higher NO3

- concentration. Thus, it might be stated that these locations 
are affected by the NO3

- of S No. 10. 
Local groundwater with elevated NO3

- may be contaminated with 
several sources originating from current land uses. Elevated NO3

- values 
are associated with both agriculture and urban land-use (Fig. 3). The 
predominant agricultural practices and urbanization along the SW part 
may influence the water quality through nitrogen loading. Elevated 
NO3

- along the SE part might be due to groundwater flow towards SE 
(Fig. 3). The water level was shallow at the MF region as reported in 
earlier study (Panda et al., 2019), so the contaminant like NO3

- may 
easily enter the shallow water level near the foothills due to agricultural 
practices and migrates downgradient along the flow direction as 
observed in S. No. 18, 49, 50 and 51. Surface water flows from SW to SE 
direction and the lineaments are also predominant in this direction 
(Panda et al., 2018) which enhanced the accumulation of water towards 
SE part of the study area. These regions may be more vulnerable to 
contamination from surface sources. 

4.1.3. Correlation with other measurements 
Correlation of NO3

- with other ions were evaluated across 7 different 
categories based on valency and charge of ions (Fig. 4 A). NO3

- showed 
both negative and positive correlations. NO3

- is poorly correlated to the 
univalent and divalent cations, while trivalent and divalent anions 
showed a moderate correlation with NO3

- concentrations. A strong 
correlation found between NO3

- and univalent anions (Fig. 4 A). In
terrelationships between NO3

- and other variables are also considered 
from previous studies to characterize the sources and processes leading 
to nitrate contamination (Fig. 4B a, b, c, d, e). Samples are grouped by 
their correlation between 0.25 and 0.5 and > 0.5 and further evaluated. 

Strong to very strong correlation of NO3
- with Cl- and SO4

2-, is 
observed in (Fig. 4B a, c, d & f), and could be explained by septic sys
tems. Animal waste has been considered to be important sources of NO3

- 

and Cl- apart from fertilizer sources associated with NO3
- and SO4

2- in 
groundwater (Srivastava and Ramanathan, 2018). A moderate to strong 
association of NO3

- with Na+ and Mg2+ has been previously reported 
(Fig. 4B b and e) where nitrate sources was associated with point sources 
such as dump sites and septic/wastewater systems. Correlation of NO3

- 

with Na+ and Mg2+, ions in groundwater was associated with these 
sources (Keesari et al., 2016). However, no such correlation is observed 
in the present study (Fig. 4B f). 

Previously a strong correlation between NO3
- and K+, SO4

2- and Ca2+

in Nagasaki, Japan (Fig. 4B c) was attributed to the nitrate from manure 
and chemical fertilizers (Kei et al., 2016). A moderate correlation of 
NO3

- with Ca2+, K+, SO4
2- and PO4

3- (Fig. 4B e) in the present study 
could be linked to agricultural sources. 

4.1.4. Principal component analysis (PCA) 
Three independent factors were extracted from the data set, 63.6% 

(SI Table 2) of the total data variance (TDV) of the original data set. 
Another factor TDV percentage might be insignificant as it is under the 
Eigen value 1. Hence there could be other factors in which NO3

- plays a 
significant role and not identified as a major factor by PC analysis. 

The following factors are identified:  

Factor 1: EC, Ca2+, Mg2+, HCO3
- and H4SiO4                                            

Factor 2: Temp⋅, Na+, K+, Cl- and SO4
2-                                                    

Factor 3: NO3
- and PO4

3                                                                         

Fig. 2. Box plot showing maximum, minimum and mean values of physico
chemical parameters in groundwater samples of the study area (All parameters 
are in mgL-1 except EC in µS/cm, Temp. in oC and pH). 

B. Panda et al.                                                                                                                                                                                                                                  
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Fig. 3. Surface topography, land use and groundwater flow compared to elevated NO3
- concentration (>25 mgL-1) in local groundwater.  

Fig. 4. (A) Correlation of NO3
- with other variables in the groundwater of the study area. (B) Comparison of inferences drawn from the correlation of NO3

- with other 
ions from different studies (a) Human excreta, animal waste and fertilizer (Rajasthan, India; Suthar et. al. 2014) (c) manure, livestock waste and chemical fertilizer 
(Nagasaki, Japan; Kei et. Al. 2016) (d) anthropogenic inputs and fertilizer (M.P., India; Srivastava & Ramanathan, 2018) (e) leakage of dumping sites and sewer 
pipelines (Varanasi, India; Ahmed et, al. 2018 (f) Present study. 

B. Panda et al.                                                                                                                                                                                                                                  
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The positive association of EC, Ca2+, Mg2+, HCO3
- and H4SiO4 in 

Factor 1 may be linked to rock dissolution by the process of chemical 
weathering (Love et al., 2004) (SI Table 2). The rock-water interactions 
are accelerated during crop production and are also responsible for 
releasing these ions into the groundwater. Bicarbonate (HCO3

-) is 
formed by reaction of water with CO2 in soil through the weathering 
process. The high CO2 pressure sub-surface soil zone is associated with 
the decay of organic matter and root respiration. This CO2 combines 
with rainwater (H2O), to produce HCO3

-. The entire process is explained 
through the following Eqs. 5 and 6:  

CO2 (g) +H2O =>H2CO3 (aq)                                                          (5)  

H2CO3 (aq) =>H+(aq)+HCO3
- (aq)                                                   (6) 

The Factor 2 (F2) is attributed to strong positive loadings of Na+, K+, 
Cl- and SO4

2- which could be linked to anthropogenic sources and ion- 
exchange process. House-hold activities like septic waste/cess pool 
salts, animal and livestock excreta might be responsible for Cl- in the 
inland aquifers (Panno et al., 2006). The SO4

2- in the aquifer may be 
linked to agriculture source (Panno et al., 2006). 

The representation of Ca2+ and Mg2+ is insignificant, however a 
significant loading of Na+ and K+ is noted in F2 (SI Table 2). This could 
be related to ion-exchange process. The concentration of Ca2+ decreases, 
and Na+ increases due to ionic substitution of Ca2+ by Na+ as shown in 
the following Eq. 7:  

Na+-X+½Ca+ Na++½Ca+ + X                                                        (7) 

Where X is the soil exchanger. Na+ ion replaces with Ca2+ ion and 
become dominant. The Ca2+and Mg2+on the surface of clay minerals in 
the aquifer matrix comes in the form of Na+ and K+ in the solution due to 
ion exchange process leads to the dominance of the Na+ and K+ in so
lution (Keesari et al., 2021). 

In third PCA factor (F3), the high positive loading of NO3
- and PO4

3- 

could be linked to the soluble fertilizers from agricultural land (SI 
Table 2). Lambrakis et al. (2004) have described occurrence of PO4

3−

and NO3
− in groundwater likely from excess fertilizers through PCA. The 

strong association of NO3
- and PO4

3- in the present study further sup
ports agricultural sources. 

Fig. 5 depicts the relationship between NO3
-, K+ and PO4

3- in the 
groundwater samples of the study area. The PO4

3- concentration is not 
significant and all the samples have an extremely low concentration 
(below 1 mg/L). Thus, the relationship between NO3

- and K+ is 
considered to delineate the source of these two parameters. There are 
three significant relationships observed between these parameters from 

4 distinct sub-zones like Zone A, B, C and D (Fig. 5). 
All three parameters share a linear relation in zone A with moderate 

concentration. However, there is a significant correlation noted between 
K+ and NO3

- in zone B samples. The samples of low NO3
- values show 

high K+, which might be associated with weathering of K+ from the 
underlying litho-units basically clay minerals or potash feldspar or 
release of K+ into the groundwater from the fertilizer used in the agri
cultural lands. Considering the underlying litho-units, the study area is a 
hard rock terrain and there is no clay minerals or potash feldspar present 
in the study site (CGWB, 2009). Since there is no significant association 
of K+ with HCO3

- and H4SiO4, it is not released due to the weathering 
process. Thus, it is evident that the source of high K+ in groundwater 
from the fertilizer used in the agricultural lands. Apart from paddy, 
other crops like sugar cane, banana and vegetables are cultivated in the 
study area (CGWB, 2009). 

Urea is the main nitrogen fertilizer used for growing paddy rice, 
which constituted 46% of nitrogen and the ratio of NPK fertilizer is 
46–0–0. The fertilizers used in growing sugar cane, fruits and vegetables 
are Muriate Of Potash (MOP), constituting of 50% potassium chloride 
(KCl) and 50% Nitrate Of Potash (NOP), (District Census Hand Book, 
2011). Due to intensive agricultural practices in the study area leads to 
higher consumption of nitrogenous and potash fertilizers than the other 
agro-zones in the district (CGWB, 2009). Thus, it could be inferred that 
intensive agricultural practice and excessive use of inorganic fertilizers 
are the main factors which influence the groundwater composition of 
the study area, resulting in high K+ and moderate NO3

- in the samples of 
the zone B. Nitrate in zone C and D samples is associated with low PO4

3- 

and K+, suggesting that NO3- of zone C and D is from other sources. 

4.1.5. Stable isotopes of nitrate (NO3
-) 

Nitrate isotopes have been used in many investigations of ground
water contamination for their potential ability to characterize nitrogen 
sources. The nitrogen isotope composition in most commercial fertilizers 
is similar to the isotopic composition of atmospheric nitrogen (Kendall 
et al., 2008), which is fortuitous as atmospheric nitrogen is the reference 
standard for reporting the isotope composition. 

The majority (~80%) of inorganic nitrogen fertilizer sources δ15N 
ranges between − 3 and + 3‰ (Michalski et al., 2015) relative to at
mospheric nitrogen. In contrast, nitrogen from organic sources such as 
animal waste, domestic sewage or bio waste is enriched in the heavier 
δ15N isotope especially after deposition and converted to the highly 
volatile ammonia (Kendall et al., 2008), δ15N generally falls between 
+ 10 and + 25‰ relative to atmospheric nitrogen. NO3

- fertilizer (KNO3 
or N2H4O3) or oxygen atoms in the soil, air, and water during nitrifi
cation of ammonia contributes oxygen isotopes in nitrate. Because the 
oxygen isotope composition of air is relatively constant (+22 to +24‰), 
and the oxygen isotope composition of water changes in a predictable 
way (usually − 5 to − 20‰), it is possible to predict the oxygen isotope 
composition of soil nitrate formed by nitrification. 

Microbial denitrification can change the isotope composition of ni
trate from its original source. As the change in composition is predict
able, simultaneous measurement of both nitrogen and oxygen isotopes 
could provide clues about the source(s) of nitrogen, timing of nitrifica
tion (nitrate formation), and whether denitrification has occurred 
(Kendall and Aravena, 2000). Kendall et al. (2008) have used both ni
trogen and oxygen isotopes for differentiating sources of nitrate in 
groundwater and multiple sources (atmospheric, manure, septic sys
tems) along with their related processes. Similar studies were carried out 
globally in countries like USA, India etc. (Harter et al., 2005; Majumdar 
and Gupta, 2000). A growing number of studies have used dual isotopic 
analysis on nitrate to trace the main sources and transformations of 
nitrate from polluted waters from all over the world. For example, 
findings show that, mineralization of soil organic N and sewage is the 
major sources of nitrate with an isotope value ranges from( − 5 to 20‰ 
approx.) in groundwater in the eastern part of China (Zhang et al., 
2014); animal manure and domestic sewage contribute nitrate 

Fig. 5. The relation among NO3
-, K+ and PO4

3- concentrations in groundwater 
of the study area. 
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concentration to the groundwater of Po Plain, Italy (Lasagna and De 
Luca, 2019); manure, fertilizer, and sewage are the major nitrate sources 
in a lowland agricultural catchment in eastern England and wastewater 
was an important nitrate source in urbanized streams in the Baltimore 
metropolitan area (Kaushal et al., 2011). Thus, the bivariate plot of 
δ15N-NO3 vs. δ18O-NO3 was compared to potential sources of NO3

- in the 
groundwater of the study region after Kendall 1998 and Kendall et al. 
(2008). The δ15N-NO3 and δ18O-NO3 value ranged from 7.9‰ to 25.3‰ 
and from − 3.88–12.1‰ respectively (Fig. 6 A). The slope of the 
regression line (i.e., 1:1 line) is taken as the indicator of microbial 
denitrification in reference to the other freshwater studies (Kendall, 
1998; Aravena and Mayer, 2009). Nitrate isotope composition tends to 
fall within values for manure and septic sewage, while a few samples 
show trends consistent with enrichment due to denitrification (Fig. 6 A). 

There are three different trends observed in the entire data set, hence 
the field is again divided into three sub-fields. The zone A samples with 
depleted δ15N-NO3 between 5‰ and 10‰, zone B with intermediate 
δ15N-NO3 between (12% and 17%) and zone C with enriched δ15N-NO3 
between (20 and 25‰) (Fig. 6 A). According to Cravotta (1995), the 
δ15N-NO3 values vary between 4‰ and 6‰ for septic sewage, 0–15‰ for 
manure combined and 15–30‰ for sewage land use in the waters in the 
Lower Susquehanna River basin, Pennsylvania. The current study has 
identified these three sources (septic sewage, manure, and sewage) and 
classified based on Cravotta (1995) values. It is identified that sewage 
contributes 46% (N3 =6/13), manure 23% (N2 =3/13) and septic 
sewage 31% (N1 =4/13) NO3

- to the total analyzed samples. Subse
quently the δ15N-NO3 of the samples was also correlated with the Cl- and 
NO3

- concentration in local groundwater to corroborate the inference 
and further sub-divided into three zones A, B & C (Fig. 6B). 

Zone A [High Cl-, variable NO3
-, low δ15N-NO3 - Fig. 6 B], might be 

influenced by large amount of household waste sources potentially 
discharged through cess pools. Nitrogen enriched wastewater released 
through septic or cess pool systems percolates and eventually reaches 
local groundwater. Increasing the Cl- content in the groundwater is 
consistent with wastewater sources. However, one sample (S. No. 27) in 
Zone A has extremely low Cl- content and noted in the eastern most part 
of the study area (Fig. 1). 

Zone B [High Cl- and NO3
-; moderate δ15N-NO3 - Fig. 6B] can be 

linked to the application of manure in the agricultural lands for 
increasing the crop production. Some indirect factors which increase the 
NO3

- and Cl- content in groundwater are animal waste, including live
stock and human excreta (Suthar et al., 2009). Cattle farming is an 
important occupation being adopted by rural communities of this re
gion. Thus, the livestock population is relatively higher in this district 
around 2.67 million (Statistical handbook of Tamil Nadu, 2019). This 
livestock population may be expected to produce relatively larger 
amounts of organic nitrogen. Open dumping of this livestock excreta is a 

very common practice followed by people and it is also used for culti
vation as manure. Excessive amounts of organic nitrogen may leach into 
the groundwater and contribute higher Cl- and NO3

- to the groundwater. 
In Zone C [Variable Cl-, high NO3

-
; enriched δ15N-NO3 - Fig. 6B]. 

Nitrate may be linked to the sewage or domestic/municipal wastewater. 
The sources of sewage include water from both household activities and 
agricultural source. Due to lack of adequate resources to construct safe 
sanitation facilities, people in the study region still relay upon pit latrine 
system. Studies have reported the source of Cl- and NO3

- in groundwater 
from pit latrines (Dzwairo et al., 2006). Wastewater from pit latrines 
infiltrates and gradually reaches the aquifer. Thus, increasing the Cl- and 
NO3

- content in the groundwater of the study area. Apart from pit la
trines, other sources of domestic wastewater include water from kitchen, 
sinks, shower, wash basin, laundry, etc. which also influence the Cl- 

content in groundwater. The study region is well developed in agricul
tural production and associated with intensive application of fertilizers. 
Infiltration of agricultural water contributes a high amount of Cl- and 
NO3

- to the groundwater. There are two samples in which Cl- concen
tration was relatively lesser than that of NO3

-. These two samples might 
be influenced by NO3

- rich sewage. Thus, it is inferred that the zone C 
samples are influenced by both domestic and agricultural source. But 
two samples with less Cl- is influenced by agricultural water with high 
NO3

- and relatively lesser Cl-, due the process of dilution during 
recharge. 

4.2. Health risk assessment 

Groundwater with high NO3
- concentration can cause human health 

risks if used for drinking without pretreatment. NO3
- converts to nitrite 

(NO2) in the human body and detoriates human health by, causing 
Methemoglobinemia, or “Blue Baby Syndrome”. Moreover, consump
tion of drinking water with high NO3

- has been associated with cancer as 
well as other health disorders (USEPA 2017). Nitrite can enter the main 
bloodstream of the human body through the upper gastrointestinal tract. 
Different organizations and countries have prescribed limits for NO3

- in 
portable water, to protect human health from the hazard associated with 
elevated concentration of NO3

-. Thus, health risk assessment was carried 
out by determining the hazard quotient (HQ) for all the three age groups 
like adults, children and infants to determine the health risk associated 
with the consumption of local water. The Fig. 7 showed the distribution 
of HQ for three age groups in the groundwater samples of the study area. 
For the present study area 3.8% of total samples have a HQ value greater 
than 1 for adults. However, 30.74% and 34.60% of total samples have 
HQ value greater than 1 for both children and infants respectively 
(Fig. 7). Comparison of the HQ values among three age groups reveals 
that the health risk for infants is higher than in children and adults. 
Hence the elevated concentration of NO3

- in groundwater samples of the 

Fig. 6. (A) The relationship between δ15N-NO3 vs. NO3
- vs. 

(a) Δ18O-NO3 of groundwater NO3- compared to different expected source ranges (B) δ15N-NO3 vs. (b) Cl depicting the source of NO3- in local groundwater. 
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region has great concern as the water is used for drinking, domestic as 
well as irrigation purposes. So, the concentration of NO3

- in the 
groundwater should be monitored continuously to ensure that the 
NO3

-levels are within the desirable limit. 

5. Conclusions 

The level of NO3
- varies from 0.11 to 89 mgL-1 in the groundwater of 

the study area with an average level of 21.14mgL-1. Two samples (S No. 
10 and 18) exceed the permissible limit which influences the NO3

- 

concentration of other samples. The spatial variation of NO3
- in 

groundwater indicates the influence of land use patterns and water flow 
direction. Three major factors like weathering, anthropogenic and 
agriculture, were identified through PC analysis and found to be 
responsible for the variation in groundwater chemistry of this region. 
The isotopic analysis reflects that sewage and manure are the principal 
source of NO3

- in groundwater, which was further sub-divided into three 
different categories based upon δ15N-NO3. Three different sources like 
septic sewage, manure (animal and livestock excreta) and sewage 
(municipal sewage, pit latrines, nitrogenous fertilizers, etc.) are inferred 
to be the main sources of NO3

-. Isotopic results revealed that sewage was 
the predominant contributor of NO3

- (contributing 46%), followed by 
septic sewage (31%), manure (23%) to groundwater of the region. The 
non-carcinogenic risk associated to NO3

- contamination in groundwater 
for three distinct age groups like infant, children and adults was deter
mined through HQ. All the three age groups are exposed to non- 
carcinogenic risk due to the consumption of NO3

- contaminated water, 
but infants are at higher risk than children and adults. This is the first 
inclusive report on NO3

- contamination in groundwater of this region 
and its source determination; further detailed study is required to 
delineate the potential contamination source with more sampling 
spatially and temporally, as this region may be a threat zone for NO3- 
toxicity risks to human health. 

The inferences drawn from the study further indicate that ground
water has been approaching an alarming stage of nitrate pollution. 
Hence, it is urgent to execute a management strategy for sustainable 
drinking water source and preventive measures be undertaken, relative 
to these water quality concerns to mitigate their disconcerting effect on 
human health. Even though the study was focused on a specific area in 
South India but the inferences are universal. Other parts of South India 

experiencing similar water quality issues due to over exploitation of 
water, change in frequency of rainfall owing to climate change, intensive 
agriculture and other anthropogenic activities should also be studied for 
the management of groundwater. Consequently, the combined effects of 
arid climate, existing geogenic risks (aquifer lithology generating the 
contaminants), and anthropogenic activities may result in several water 
quality issues, thereby intensifying the human health risk upon con
sumption of that contaminated water in the southern part of India if 
timely concern measures are not adopted. 
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- in the groundwater of the study area for adults, children and infants. The value greater than 1 is considered as harmful for 

human health (Khan et al., 2016). 

B. Panda et al.                                                                                                                                                                                                                                  



Ecotoxicology and Environmental Safety 229 (2022) 113075

9

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.ecoenv.2021.113075. 

References 

Adimalla, N., Qian, H., 2021. Geospatial distribution and potential noncarcinogenic 
health risk assessment of nitrate contaminated groundwater in Southern India: a case 
study. Arch. Environ. Contam. Toxicol. 80 (1), 107–119. 

Ahmed, N., Bodrud-Doza, M., Islam, A.R.M.T., Hossain, S., Moniruzzaman, M., Deb, N., 
Bhuiyan, M.A.Q., 2019. Appraising spatial variations of As, Fe, Mn and NO3 
contaminations associated health risks of drinking water from Surma basin, 
Bangladesh. Chemosphere 218, 726–740. 

Anornu, G., Gibrilla, A., Adomako, D., 2017. Tracking nitrate sources in groundwater 
and associated health risk for rural communities in the White Volta River basin of 
Ghana using isotopic approach (δ15N, δ18ONO3 and 3H). Sci. Total Environ. 603, 
687–698. 

APHA, 1995. Standard Methods for the Examination of Water and Wastewater, 19th 
edition.,. American Public Health Association Inc., New York.  

Aravena, R., Mayer, B., 2009. Isotopes and processes in the nitrogen and sulfur cycles. 
Environ. Isot. Biodegrad. Bioremediation 203–246. https://doi.org/10.1201/ 
9781420012613.ch7. 

Armstrong, F.A.J., 1963. Determination of nitrate in water ultraviolet 
spectrophotometry. Anal. Chem. 35 (9), 1292–1294. 

CGWB, 2009. Ground water resources and development prospects in Perambalur Region 
Tech Rep Ser, Central Ground Water Board, South Eastern Coastal Region, Chennai. 

Clague, J., Stenger, R., Clough, T., 2015. Evaluation of the stable isotope signatures of 
nitrate to detect denitrification in a shallow groundwater system in New Zealand. 
Agric., Ecosyst. Environ. 202, 188–197. https://doi.org/10.1016/j. 
agee.2015.01.011. 

Cravotta, C.A., 1995. Use of stable isotopes of carbon, nitrogen, and sulfur to identify 
sources of nitrogen in surface waters in the Lower Susquehanna River basin, 
Pennsylvania (No. 94–510). US Geological Survey. 

Daniel, J., Soeder, 2018. Groundwater quality and hydraulic fracturing: current 
understanding and science needs. Groundwater 56, 852–858. https://doi.org/ 
10.1111/gwat.12810. 

District Census Handbook, 2011. Part - A & B, Tirunelvelli District, Town Directory, 
Primary Census Abstract. Census of India, pp. 1–296. 

Dzwairo, B., Hoko, Z., Love, D., Guzha, E., 2006. Assessment of the impacts of pit latrines 
on groundwater quality in rural areas: a case study from Marondera district, 
Zimbabwe. Phys. Chem. Earth, Parts A/B/C. 31, 779–788. https://doi.org/10.1016/ 
j.pce.2006.08.031. 

Elumalai, V., Nethononda, V.G., Manivannan, V., Rajmohan, N., Li, P., Elango, L., 2020. 
Groundwater quality assessment and application of multivariate statistical analysis 
in Luvuvhu catchment, Limpopo, South Africa. J. Afr. Earth Sci. 171, 103967. 

Harter, T., Onsoy, Y.S., Heeren, K., Denton, M., Weissmann, G., Hopmans, J.W., 
Horwath, W.R., 2005. Deep vadose zone hydrology demonstrates fate of nitrate in 
eastern San Joaquin Valley. Calif. Agric. 59, 124–132. https://doi.org/10.3733/ca. 
v059n02p124. 

He, X., Li, P., Ji, Y., Wang, Y., Su, Z., Elumalai, V., 2020. Groundwater arsenic and 
fluoride and associated arsenicosis and fluorosis in China: occurrence, distribution 
and management. Expo. Health 12, 1–14. 

Huno, S.K.M., Rene, E.R., Hullebusch, E.D.V., Annachhatre, A.P., 2018. Nitrate removal 
from groundwater: a review of natural and engineered processes. J. Water Supply.: 
Res. Technol. -Aqua 67, 885–902. https://doi.org/10.2166/aqua.2018.194. 

Jeyaseelan, A., Narmatha, T., Mohan, S.P., Mahalingam, S., Natchimuthu, S., 2013. 
Assessment of groundwater quality and its suitability for agricultural use in 
Nishabanathi and Kalingalar sub-basins of Vaippar river basin, TN, India. J. Acad. 1 
(11). 

Jung, H., Koh, D.C., Kim, Y.S., Jeen, S.W., Lee, J., 2020. Stable isotopes of water and 
nitrate for the identification of groundwater flowpaths: a review. Water 12 (1), 138. 

Keesari, T., Ramakumar, K.L., Chidambaram, S., Pethperumal, S., Thilagavathi, R., 2016. 
Understanding the hydrochemical behavior of groundwater and its suitability for 
drinking and agricultural purposes in Pondicherry area, South India–a step towards 
sustainable development. Groundw. Sustain. Dev. 2, 143–153. 

Kaushal, S.S., Groffman, P.M., Band, L.E., Elliott, E.M., Shields, C.A., Kendall, C., 2011. 
Tracking nonpoint source nitrogen pollution in human-impacted watersheds. 
Environmental science & technology 45 (19), 8225–8232. 

Keesari, T., Pant, D., Roy, A., Sinha, U.K., Jaryal, A., Singh, M., Jain, S.K., 2021. Fluoride 
geochemistry and exposure risk through groundwater sources in northeastern parts 
of Rajasthan, India. Arch. Environ. Contam. Toxicol. 80 (1), 294–307. 

Kei, Nakagawa, Amano, H., Asakura, H., Berndtsson, R., 2016. Spatial trends of nitrate 
pollution and groundwater chemistry in Shimabara, Nagasaki, Japan. Environ. Earth 
Sci. 75, 75. https://doi.org/10.1007/s12665-015-4971-9. 

Kendall, C., Aravena, R., 2000. Nitrate isotopes in groundwater systems. Environ. Tracers 
Subsurf. Hydrol. 261–297. https://doi.org/10.1007/978-1-4615-4557-6_9. 

Kendall, C., Elliott, E.M., Wankel, S.D., 2008. Tracing anthropogenic inputs of nitrogen to 
ecosystems. Stable Isot. Ecol. Environ. Sci. 121, 375–449. https://doi.org/10.1002/ 
9780470691854.ch12. 

Lambrakis, N., Antonakos, A., Panagopoulos, G., 2004. The use of multicomponent 
statistical analysis in hydrogeological environmental research. Water Res. 38, 
1862–1872. https://doi.org/10.1016/j.watres.2004.01.009. 

Lasagna, M., De Luca, D.A., 2019. Evaluation of sources and fate of nitrates in the 
western Po plain groundwater (Italy) using nitrogen and boron isotopes. Environ. 
Sci. Pollut. Res. 26 (3), 2089–2104. 

Majumdar, D., Gupta, N., 2000. Nitrate pollution of groundwater and associated human 
health disorders. Indian J. Environ. Health 42 (1), 28–39. 

Mcilvin, M.R., Altabet, M.A., 2005. Chemical conversion of nitrate and nitrite to nitrous 
oxide for nitrogen and oxygen isotopic analysis in freshwater and seawater. Anal. 
Chem. 77, 5589–5595. https://doi.org/10.1021/ac050528s. 

Michalski, G., Kolanowski, M., Riha, K.M., 2015. Oxygen and nitrogen isotopic 
composition of nitrate in commercial fertilizers, nitric acid, and reagent salts. Isot. 
Environ. Health Stud. 51, 382–391. https://doi.org/10.1080/ 
10256016.2015.1054821. 

Panda, B., Chidambaram, S., Ganesh, N., 2017. An attempt to understand the subsurface 
variation along the mountain front and riparian region through geophysics 
technique in South India. Model. Earth Syst. Environ. 3, 783–797. https://doi.org/ 
10.1007/s40808-017-0334-8. 

Panda, B., Chidambaram, S., Tirumalesh, K., Ganesh, N., Thivya, C., Thilagavathi, R., 
Venkatramanan, S., Prasanna, M.V., Devaraj, N., Ramanathan, A.L., 2019. An 
integrated novel approach to understand the process of groundwater recharge in 
mountain and riparian zone aquifer system of Tamil Nadu, India. Aquat. Geochem. 
25, 137–159. https://doi.org/10.1007/s10498-019-09357-8. 

Panda, B., Chidambaram, S., Thivya, C., Thilagavathi, R., Tirumalesh, K., Devaraj, N., 
2020. An attempt to determine the behavior of metals and their dependent 
thermodynamic saturation states in the groundwater along mountain front and 
riparian zone. Environ. Earth Sci. 79, 79. https://doi.org/10.1007/s12665-019- 
8685-2. 

Panda, B.R., Chidambaram, S., Ganesh, N., Adithya, V.S., Prasanna, M.V., Pradeep, K., 
Vasudevan, U., 2018. A hydrochemical approach to estimate mountain front 
recharge in an aquifer system in Tamilnadu, India. Acta Geochim. 37, 465–488. 
https://doi.org/10.1007/s11631-017-0229-4. 

Panno, S., Hackley, K., Hwang, H., Greenberg, S., Krapac, I., Landsberger, S., O’kelly, D., 
2006. Characterization and identification of Na-Cl sources in ground water. Ground 
Water 44, 176–187. https://doi.org/10.1111/j.1745-6584.2005.00127.x. 

Rahman, A., Mondal, N.C., Tiwari, K.K., 2021. Anthropogenic nitrate in groundwater and 
its health risks in the view of background concentration in a semi arid area of 
Rajasthan, India. Sci. Rep. 11, 9279. https://doi.org/10.1038/s41598-021-88600-1. 

Sidhardhan, S., 2015. A geophysical investigation of resistivity and groundwater quality 
near a corporate solid waste dump. Pol. J. Environ. Stud. 24, 2761–2766. https:// 
doi.org/10.15244/pjoes/59239. 

Srivastava, S.K., Ramanathan, A., 2018. Assessment of landfills vulnerability on the 
groundwater quality located near floodplain of the perennial river and simulation of 
contaminant transport. Model. Earth Syst. Environ. 4, 729–752. https://doi.org/ 
10.1007/s40808-018-0464-7. 

Subramani, T., 2005. Hydrogeology and identification of geochemical processes in 
Chittar River Basin, Tamil Nadu, India. Ph.D. Thesis, Anna University, Chennai, 
India. 

Suthar, S., Bishnoi, P., Singh, S., Mutiyar, P.K., Nema, A.K., Patil, N.S., 2009. Nitrate 
contamination in groundwater of some rural areas of Rajasthan, India. J. Hazard. 
Mater. 171, 189–199. https://doi.org/10.1016/j.jhazmat.2009.05.111. 

USEPA (US Environmental Protection Agency). Risk assessment guidance for superfund 
(RAGS), volume I: human health evaluation manual (part E) interim. United States 
Environmental Protection Agency 1993, Washington, D.C. 

USEPA (US Environmental Protection Agency). A risk assessment-multiway exposure 
spreadsheet calculation tool. United States Environmental Protection Agency, 1999. 
Washington, D.C. 

WHO. 2007. The world health report a safer future Global Public Health Security in the 
21st Century ISSN 1020–3311. 

WHO, 2011 Guidelines for drinking water quality (pp. 241–252) Geneva. 
Xu, Z., Hu, B.X., Davis, H., Cao, J., 2015. Simulating long term nitrate-N contamination 

processes in the Woodville Karst Plain using CFPv2 with UMT3D. J. Hydrol. 524, 
72–88. https://doi.org/10.1016/j.jhydrol.2015.02.024. 

Zhang, Y., Li, F., Zhang, Q., Li, J., Liu, Q., 2014. Tracing nitrate pollution sources and 
transformation in surface-and ground-waters using environmental isotopes. Sci. 
Total Environ. 490, 213–222. 

B. Panda et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.ecoenv.2021.113075
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref1
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref1
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref1
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref2
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref2
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref2
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref2
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref3
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref3
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref3
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref3
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref4
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref4
https://doi.org/10.1201/9781420012613.ch7
https://doi.org/10.1201/9781420012613.ch7
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref6
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref6
https://doi.org/10.1016/j.agee.2015.01.011
https://doi.org/10.1016/j.agee.2015.01.011
https://doi.org/10.1111/gwat.12810
https://doi.org/10.1111/gwat.12810
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref9
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref9
https://doi.org/10.1016/j.pce.2006.08.031
https://doi.org/10.1016/j.pce.2006.08.031
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref11
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref11
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref11
https://doi.org/10.3733/ca.v059n02p124
https://doi.org/10.3733/ca.v059n02p124
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref13
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref13
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref13
https://doi.org/10.2166/aqua.2018.194
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref15
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref15
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref15
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref15
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref16
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref16
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref17
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref17
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref17
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref17
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref18
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref18
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref18
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref19
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref19
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref19
https://doi.org/10.1007/s12665-015-4971-9
https://doi.org/10.1007/978-1-4615-4557-6_9
https://doi.org/10.1002/9780470691854.ch12
https://doi.org/10.1002/9780470691854.ch12
https://doi.org/10.1016/j.watres.2004.01.009
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref24
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref24
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref24
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref25
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref25
https://doi.org/10.1021/ac050528s
https://doi.org/10.1080/10256016.2015.1054821
https://doi.org/10.1080/10256016.2015.1054821
https://doi.org/10.1007/s40808-017-0334-8
https://doi.org/10.1007/s40808-017-0334-8
https://doi.org/10.1007/s10498-019-09357-8
https://doi.org/10.1007/s12665-019-8685-2
https://doi.org/10.1007/s12665-019-8685-2
https://doi.org/10.1007/s11631-017-0229-4
https://doi.org/10.1111/j.1745-6584.2005.00127.x
https://doi.org/10.1038/s41598-021-88600-1
https://doi.org/10.15244/pjoes/59239
https://doi.org/10.15244/pjoes/59239
https://doi.org/10.1007/s40808-018-0464-7
https://doi.org/10.1007/s40808-018-0464-7
https://doi.org/10.1016/j.jhazmat.2009.05.111
https://doi.org/10.1016/j.jhydrol.2015.02.024
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref38
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref38
http://refhub.elsevier.com/S0147-6513(21)01187-8/sbref38

	Source apportionment and health risk assessment of nitrate in foothill aquifers of Western Ghats, South India
	Authors

	Source apportionment and health risk assessment of nitrate in foothill aquifers of Western Ghats, South India
	1 Introduction
	2 Study area
	3 Materials and methods
	4 Results and discussion
	4.1 Source determination
	4.1.1 Physical parameters
	4.1.2 Chemical parameters
	4.1.3 Correlation with other measurements
	4.1.4 Principal component analysis (PCA)
	4.1.5 Stable isotopes of nitrate (NO3-)

	4.2 Health risk assessment

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


