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sewage, high saline environment due to seawater 
intrusion, chemical weathering, and influence of 
denitrifying bacteria. The health risk has resulted due 
to the NO3

− concentration being above the standard 
limit for adults. Furthermore, the nitrate concentra-
tion was higher in the region adjoining the landfills. 
In addition, the discharge of groundwater with higher 
nitrate to the adjacent open water in the Bay may lead 
to eutrophication. Hence, proper management strate-
gies are to be adopted to control the nitrate pollution 
in groundwater.

Keywords  Nitrate · Groundwater quality · 
Correlation · Factor analysis · Anthropogenic · 
Infiltration

Introduction

Groundwater is an essential source of drinking 
water in many countries globally (Li & Qian, 2018; 
Li et  al., 2018). However, groundwater quality is 
degrading due to anthropogenic activities and natu-
ral pollution from many sources (Bain et  al., 2014; 
Li et  al., 2016). One of the common pollutants that 
affect groundwater quality is nitrate (NO3

−). Nitrate 
contamination in groundwater is chiefly influenced by 
the presence of pollutant sources and regional envi-
ronmental conditions, where it infiltrates to ground-
water either naturally or due to anthropogenic activi-
ties (He et al., 2022a, b). According to WHO (2017), 
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the maximum permissible limit of nitrate in drinking 
water is 50 mg/L. People are mostly exposed to pol-
luted groundwater via two routes: ingestion of drink-
ing water or oral exposure and cutaneous interaction 
(Li et  al., 2019). In general, a high concentration of 
nitrate in water and food leads to human health risks 
like stomach cancer, gastrointestinal malignancies, 
and hypertension (Ward et  al., 2018). Reduction of 
nitrate to nitrite and on reaction with amines and 
amide it forms nitrosoamine and nitrosoamide, which 
leads to carcinogenicity (Jain et  al., 2020). In addi-
tion, the risk of methemoglobinemia, a condition in 
which the blood lacks the capacity to deliver enough 
oxygen to individual body cells, increases (Shah & 
Joshi, 2017).

Nitrate has a nitrogen molecule present in small 
levels in various environments, derived predomi-
nantly from the atmosphere and soil. Anthropogenic 
activities like industrial emissions also play a signifi-
cant role in increasing the concentration of NO3

− in 
groundwater through infiltration process. Apart from 
the atmospheric source, sources of pollution can be 
classified as point or non-point source. Point source 
regions of nitrate contamination are intense livestock 
confinement, leaking septic or sewage systems, and 
chemical or manure storage (Haller et  al., 2013). 
Point sources can result in exceptionally high nitrate 
concentrations in localized areas (Zhou et al., 2015). 
Agricultural operations are well-known non-point 
sources of nitrate contamination in groundwater via 
fertilizers applications (Pisciotta et al., 2015). Nitrates 
are the most common material added to and/or pro-
duced by agricultural soils because they are highly 
soluble and easily leached in the form of fertilizers 
(Forster et al., 1982).

In addition, NO3
− is the principal source of inor-

ganic nitrogen in the soil and required for growth and 
development of crops (Pisciotta et al., 2015). Nitrate is 
an extremely soluble compound; as a result, it is rap-
idly absorbed by soils and leaches into groundwater 
(Alex et  al., 2021). Generally, in many types of soil, 
the N2 increases with rainfall events, as the oxygen 
levels decrease due to the respiration process of micro-
organisms (Zaady et al., 1996; Kieft et al., 1987). This 
phenomenon in arid regions helps generate the deni-
trification process (Peterjohn & Schlesinger, 1990). 
Apart from the infiltration process, the presence of 
NO3

− in groundwater may be due to natural minerals 
that contain nitrogen, especially in arid regions like 

soda niter or (NaNO3), niter or (KNO3), and nitrocal-
cite [Ca(NO3)2.4H2O], their deposition is associated 
with halite, gypsum, and other soluble nitrates and 
sulfates (Hamilton et al., 1983).

However, the deposition of environment plays a sig-
nificant role in the variation of nitrate concentration. 
In a desert ecosystem, the primary nitrogen source 
comes from fixing N2 from the atmosphere by organ-
isms, eolian transport, and deposits of NO3

− salts, 
NH4

+, and NO3
− during precipitation periods (Boring  

et  al., 1988). The atmosphere has 78% of natural 
nitrogen gas apart from those derived from anthro-
pogenic sources like burning fossil fuels and other 
pollution sources (Uhlman et  al., 2011). The depo-
sition of atmospheric nitrogen in the soil is mainly 
governed by the formation of biological soil crust 
and canopy covers (Zaady, 2005). The deposition of 
nitric acid or ammonia and sea spray is considered 
a chief source of nitrogen inputs from the atmos-
phere (Michalski et  al., 2004). Recent studies on 
nitrate pollution in groundwater have also focused on 
a Graphical Interface System database Normalized 
Difference Vegetation Index and time-series (Rodriguez- 
Galiano et  al., 2018). The effect of hydrogeologi-
cal conditions on groundwater nitrate pollution was 
studied by DRASTIC and HHRA model and evalu-
ated the human health risk assessment (Zhang et al., 
2021). A review on global groundwater nitrate pol-
lution indicated that the sources of pollution were 
due to agriculture, industry, sewage, septic tanks, 
and landfills (Abascal et al., 2021). Studies have also 
identified that water level fluctuation and land use 
pattern influenced NO3

−  level in groundwater along 
with sewage, septic sewage, and manure contrib-
uted to NO3

− pollution in groundwater (Panda et al., 
2022).

The availability of freshwater resources is scanty, 
especially in arid regions like Kuwait. In Kuwait, 
groundwater is mainly used for domestic pur-
poses, irrigation, and livestock rearing. The earlier 
studies on groundwater from different regions of 
Kuwait have reported higher nitrate concentrations 
(> 10  mg/L) in the central and southern regions of 
Kuwait (Mukhopadhyay et  al., 2008). Since then, 
there has been a drastic change in living conditions, 
industrialization, and urbanization. An increase 
in population and modernization may lead to an 
increase in NO3

− concentrations over the years. The 
southern part of Kuwait’s Bay has experienced rapid 
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urbanization and industrialization. Therefore, the 
current study has attempted to quantify nitrate con-
centration in groundwater, determine the significant 
sources south of Kuwait’s Bay region, and perform 
scenarios of health risk assessment considering oral 
consumption for female and male adults. Further-
more, the study also aims to determine the spatial 
variation of the nitrate concentration in groundwater 
and the process governing its distribution.

Study area

The study area is located inland south of Kuwait’s 
Bay with a ground surface elevation varying from 
4  m along the seashore to about 45 or 50  m above 
mean sea level in the city towards the southern sub-
urbs (Al-Rashed & Sherif, 2001). Samples were col-
lected chiefly in areas around agriculture, landfills, 
and urban areas. Kuwait City, its environs, and indus-
trial zones cover roughly 600 2 km. The region also 
includes sites for oil wells, pipelines, and processing 
facilities (Omar & Shahid, 2013). The population for 
2021 is approximately 813,618 (Worldpopulationre-
view, 2021), with a higher population density with 
various plants and trees distributed in private houses, 
public shopping areas, public parks, and along the 
streets. The most common plants and trees found 
around the study area are Conocarpus, Palms, Nerium 
Copa, and Albizia Lebbeck. Kuwait, in general, is 
known for having a very hot climate, especially in 
summer seasons, with an annual average tempera-
ture of 26 °C with an average rainfall of 110–120 mm 
(Dhanu Radha et al., 2022).

Geology and hydrogeology

Kuwait has two main aquifers with brackish water, 
mostly utilized for irrigation and animal husbandry. 
The clastic Kuwait Group Aquifer (KGA) that over-
lies the dolomitic limestone is referred to as the Dam-
mam formation (DF). A clayey aquitard zone separates 
both formations (Omar et al., 1981). The thickness of 
KGA and DF varies from 0 to 300 m and 120 to 300 m, 
respectively. Both aquifers show an increase in thick-
ness in northeastern parts of Kuwait (Mukhopadhyay  
et al., 2008). The groundwater in Kuwait generally flows 
from the southwest to the northeast part of the country, 
where it flows towards the sea. A study by Al-Senafy  

and Fadlelmawla (2014) illustrated that the submarine 
groundwater discharge (SGD) is the result of groundwa-
ter flowing directly into the sea as it descends a gradient 
whenever an inland aquifer is linked to the sea. Further-
more, the SGD was estimated by calculating the nutri-
ent inputs and radioactive tracers along coastal areas 
(Al-Senafy & Fadlemawla, 2014). Al-Sulaimi (1988) 
reported that KGA is composed of a thick succession 
of unconsolidated, coarse, pebbly to gravelly sand of 
terrestrial fluviatile origin, potentially corresponding 
to the Oligocene Ghar formation and the Lower Fars 
formation representing the lower Miocene. The calcare-
ous sandstone, fine-grained limestone, and muddy sand 
with modest amounts of granules and dispersed peb-
bles are the most common rock types found in KGA. 
In addition, the study identified the topsoil layer of 
eolian dust, which was transported by the northwesterly 
wind from Iraq to Kuwait (Al-Sulaimi & Al-Ruwaih, 
2005). Kuwait City underlines Ghar and Fars forma-
tions, both belonging to KGA, with minor regional 
variations (Al-Sulaimi & Al-Ruwaih, 2005). Calcrete is 
abundant in the undifferentiated Ghar and Fars forma-
tions in the south, which is found in a thick sand suc-
cession. Gypcrete is predominantly associated with the 
Dibdibah formation’s top part in the north (Al-Sulaimi 
& Pitty,  1995). The widespread presence of calcrete, 
dolocrete, and gypcrete deposits, several meters thick 
and with limited permeability, has been documented in 
shallow excavations and boreholes in Kuwait City (Al-
Rashed & Sherif, 2001).

Methodology

Nineteen groundwater samples were collected from 
monitoring wells distributed in different regions of 
the study area (Fig.  1) during September 2021 by 
adopting standard procedures (SMEWW, 2017). The 
location of the samples is based upon the availabil-
ity of sampling wells and accessibility to the loca-
tions. The well depth of the collected samples ranges 
from 9.8 to 49.8 m. The samples were filtered using 
0.45 µm Millipore filter paper and transferred to glass 
bottles for further analysis in the Water Research 
Center (WRC) laboratories of the Kuwait Institute 
for Scientific Research (KISR). Nitrate and other 
physical, chemical, and microbiological parameters  
like pH, electrical conductivity, total dissolved solids, 
alkalinity, major cations and anions, silica, and sulfide 
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were analyzed using the standard methods (SMEWW, 
2017; ASTM, 2009). The variables were chosen for 
analysis based on their respective relevance in terms 
of groundwater contamination potential/availability. 
The QC/QA procedures were adapted to the ana-
lytes as per the standard methods such as duplication, 
standard checks, QC sample, and ion balance error 
equation were used. The Statistical Package for Social 
Sciences (SPSS v26) software was used to analyze 
the data.

All groundwater sample parameters (pH, EC, 
TDS, SiO2, nitrate, and major ion concentrations) 
were subjected to descriptive statistics (mini-
mum, maximum, and average values). The results 
of applying statistical analysis to the raw dataset 
showed that not all variables were normally dis-
tributed, and hence all data for each parameter was 
used in the analysis without removing any outliers. 
Spearmen’s correlation method is preferred because 
the total number of variables is less than 30, and the 
data is not following a normal distribution. PCA is 
an effective approach for reducing the dimension-
ality of a data set with many connected variables 
while preserving as much variability as possible 
(Ren et  al., 2021; Wu et  al., 2020). Factor load-
ings are categorized as (strong, moderate, or weak), 
with absolute loading values of > 0.75, 0.75–0.50, 

and 0.50–0.30, respectively (Liu et al., 2003). Four 
factors were extracted as primary principal compo-
nents using PCA with Varimax rotation and Kaiser 
normalization, identifying the variables impacting 
each principal component for the physico-chemical 
parameters. MapInfo Software was used to generate 
the spatial distribution of nitrate in the study area.

The Hazard Index (HQ) is the ratio of a single 
drug exposure level (dose or concentration) during 
a specified time period to the Oral toxicity Refer-
ence (RfD) calculated for the same substance over 
the same time period. When the ratio is higher than 
one, the chemical concentration is high enough to 
have long-term non-carcinogenic effects.

This value is according to the USEPA’s Inte-
grated Risk Information System (USEPA, 2014). 
The NO3

− exposure dose is calculated using the 
estimated daily intake (EDI) of NO3

− from ground-
water, by calculating various variables (Table  1). 
Equation  1 from the US Environmental Protection 
Agency was used to compute the EDI values. EDI 
can be determined using the following equation (Ji 
et al., 2020; Wang & Li, 2022; Wei et al., 2022):

(1)HQ =
EDI

RfD

Fig. 1   Study area map representing the south of Kuwait Bay with groundwater sampling location
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Results and discussion

Statistical analysis

The pH values varied between 7.33 and 8.26, showing  
neutral to basic water type. Also, it indicates the type 
of sediments that are alkaline and carbonate in nature. 
Limestone and carbonate minerals are two substances 
that may help to buffer pH variations in water (Jeong 
et  al., 2020). Calcium carbonate (CaCO3) and other 
bicarbonates may neutralize pH by combining hydro-
gen or hydroxyl ions (McNally & Metha, 2004). 
The DO (Dissolved Oxygen) values varied from 
4.9 to 7.9  mg/L. The analytical results of samples 
reflect nitrate concentrations ranging from 22.7 to 
803.7 mg/L with an average of 143.8 mg/L (Table 2). 
The highest concentration of nitrate was found in 
the groundwater sample collected from Abdullah Al  
Mubarak (AB.M-2). ABM is a residential area adjoin-
ing the south side of a non-active landfill area called 
Jleeb Al Shuyoukh (Fig. 2).

At an approximate distance of 9 km from the south 
of AB.M-2, two large landfills were reported by EPA 
(2010), located in the north and south parts of the 
seventh ring road, whereas the north landfill is non-
active and the one in the south is active. The deepest 
sample (49.8 m) was collected from well SUL-7, with 
a nitrate concentration of 535.9  mg/L, which con-
siders the second-highest value of NO3

−. SUL-7 is 
located along the Sulabiya road, and on the west and 
northwest side of the well sample are livestock farms, 
and agricultural areas were observed, respectively. 

(2)EDI =
CxIRxEFxED

BWxAT

Another old landfill in the Kabd area is found almost 
south of sampled well at an approximate distance of 
12  km. This landfill is non-active and characterized 
by animal waste dumping sites (EPA, 2010). The 
lowest NO3

− concentration recorded was observed in 
sample BNQ-1, with a value of 22.7  mg/L. BNQ-1 
sample located in Bnied Algar area along the gulf 
road near the Arabian gulf sea considered an urban-
ized area with tall medical buildings and apartments.

Spearman’s correlation

The correlation coefficient measures the relation-
ship between variables. The correlation coefficient 
of 0.25 to 0.5 and > 0.5 are considered moderate cor-
relation and good positive correlation, respectively. 
The correlation coefficient was observed only for 
sixteen parameters (Table 3). The ion distribution in 
a groundwater sample is non-parametric. Therefore, 
Spearman’s correlation was attempted to understand 
the relationship between nitrate and other parameters. 
EC and TDS exhibited an excellent positive correla-
tion between them, with the highest value (r = 0.98) 
and had a moderate correlation with pH, which 
reflects that electrical conductivity (EC) is dependent 
on total dissolved solids (TDS). Na+ and Cl− resulted 
in a good positive correlation (r = 0.79), indicating 
the saline nature, especially in arid and semi-arid 
regions (Ganyaglo et al., 2010), due to the availability 
of salt deposits in that area due to chemical weather-
ing or saline water infiltration.

The molar NO3
−/Cl− a ratio of the groundwater  

is generally assessed to the surface water and the 
rainwater to assess the conservative nature of the 
coupled ions and to unravel the vertical migra-
tion history during recharges (Gates et  al., 2008). 
On comparing Cl− and NO3

− ratios to depth profiles, 

Table 1   Description of each variable used in the Hazard Index calculation

Variable Description Adult female Adult male Reference

AT (day) Averaging time of exposure 28,105 27,375
BW (kg) Average body weight 78.3 85.8 Samayamanthula et al. (2021)
C (mg/L) Concentration of nitrate in groundwater 22.7–803.9
ED (Year) Exposure duration 75.9 73.9 Ali and Chidambaram (2020)
EF (days/year) Exposure frequency 365
IR (L/day) Daily water intake rate 2.5 Rahman et al. (2021)
RfD (mg/kg) Oral Toxicity reference 1.6
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Fig. 2   Distribution of active and non-active landfill locations in Kuwait. (Modified after EPA, 2010)

Table 3   Spearman’s correlation analysis for the geochemical data obtained from the analysis of the groundwater samples

pH EC TDS HCO3
− F− Cl− Br− NO3

− SO4
2− Li+ Na+ NH4

+ K+ Ca2+ Mg2+ SiO2

pH 1 0.05 0.08 −0.36 0.36 −0.19 −0.20 0.18 0.33 −0.01 0.24 −0.48 −0.18 −0.55 −0.37 −0.38
EC 1 0.98 0.01 −0.19 0.89 0.69 0.31 0.53 0.55 0.91 0.24 0.31 0.41 0.53 −0.14
TDS 1 0.05 −0.14 0.85 0.69 0.35 0.62 0.53 0.89 0.23 0.32 0.43 0.57 −0.07
HCO3

− 1 −0.19 0.12 −0.04 −0.09 −0.20 −0.26 −0.02 0.17 −0.18 0.13 0.00 0.56
F− 1 −0.39 −0.53 0.25 0.30 −0.26 −0.10 −0.28 −0.38 −0.28 −0.36 0.02
Cl− 1 0.66 0.09 0.23 0.45 0.79 0.55 0.27 0.56 0.59 0.02
Br− 1 −0.03 0.36 0.43 0.48 0.28 0.45 0.56 0.75 −0.12
NO3

− 1 0.54 0.32 0.40 −0.10 0.05 0.01 −0.03 −0.25
SO4

2− 1 0.42 0.58 −0.06 0.19 0.12 0.38 −0.12
Li+ 1 0.53 0.16 0.70 0.06 0.47 −0.22
Na+ 1 0.27 0.10 0.11 0.30 −0.26
NH4

+ 1 −0.05 0.42 0.42 0.15
K+ 1 0.37 0.55 0.11
Ca2+ 1 0.72 0.49
Mg2+ 1 0.27
SiO2 1
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few samples showed that Cl− increases with depth 
and NO3 decreases (Fig.  3). It is due to the process 
of progressive evaporation (Phillips, 1994). Moreo-
ver, the decrease of NO3 with depth results from the 
plant uptake and biological activity in the shallow 
zone (Jobbagy & Jackson, 2001). Especially Cl− ion 
is excluded from soil vapor, and the plant membranes 
avoid uptake during transpiration. As water returns 
to the atmosphere, subsequent rain enhances the 
Cl− infiltration to the deeper layers. The second trend 
shows that nitrogen increases with depth which might 
be governed by EOR that is adopted in the adjoining 
oil fields, where the nitrogen is facilitated by structural 
and geological controls (Carman, 1996).

The correlation between Ca2+ and SO4
2− is mod-

erate, indicating no significant mineral dissolution, 
especially with gypsum and anhydrite in the study 
area. NO3

− has a strong positive correlation with 
SO4

2− with a value of r = 0.54, which probably indi-
cates the presence of nitrogen-type fertilizers that 
infiltrated to groundwater (Babiker, 2004). Sulfate is 
a common anion in water that has been overlooked 
as a source of groundwater contamination in the 
past (Wang and Zhang, 2019). Through geother-
mal processes, seawater intrusion, and atmospheric  

deposition, SO4
2− is released into the water as part of 

residential wastewaters, industrial wastes, and waste-
waters through mining, smelting, steel production, 
kraft pulp, paper mills, and flue gas desulphurization 
circuits. Sulfate minerals (e.g., gypsum), oxidation of 
sulfide minerals (e.g., pyrite), rainfall, and volcanic 
activity are responsible for greater amounts of SO4

2− in 
groundwater (Fernando et  al., 2018). However, the 
study area is dominated by sedimentary rocks. And 
the surrounding area, mainly southwest of the state 
of Kuwait, has many oil fields. Enhance Oil Recov-
ery (EOR) preferred in the oil field could be another 
reason for increasing nitrate concentration. The gen-
eration of H2S is observed during the secondary 
recovery of oil due to the development of SRB (Sul-
fate Reducing Bacteria) during seawater injection to 
maintain high pressure during oil extraction (Vigneron  
et al., 2017). This development of H2S is mainly due 
to the processes of high sulfatic in reducing environ-
ment in seawater.

Moreover, this sulfate is anaerobically reduced 
by bacteria and organic acids, hydrocarbon, and H2, 
facilitating an ideal environment for SRB. The mech-
anism involved in this process is sulfate anaerobically 
reduced by bacteria SRB converted into H2S. Hence 
to prevent the formation of H2S, nitrate is injected 
into a system where the growth of NRB is enhanced 
as it is a high-energy electron accepter, then sulfate, 
thereby reducing the formation of H2S (Dolfing & 
Hubert, 2017). Further, the formation of sulfur or sul-
fate from sulfides could result from oxidation process 
due to chemo lithospheric bacteria.

The dissolved sulfides also react abiotically with 
NRB (Nitrogen Reducing Bacteria) (Davidova et al., 
2001)

A moderate positive correlation was observed 
between NO3

− with Na + (r = 0.40), Li + (r = 0.32), 
TDS (r = 0.35), and EC (r = 0.31). Lithium in ground-
water may come from various sources, including 
waste disposal leachate. Kjolholt et  al. (2003) deter-
mined a concentration of 330 g/L in leachate from a 
waste disposal site. Lithium excreted from medicinal 
users into wastewater has been identified as a possible 
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Fig. 3   Mole ratio of nitrate and chloride with respect to depth
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source in septic systems and sewage treatment facili-
ties (Bexfield et al., 2019). Additionally, soils’ lithium 
concentrations have been linked to synthetic fertiliz-
ers made from rock phosphates and naturally occur-
ring brines (Ebensperger et al., 2005). Weak correla-
tions were observed between NO3

− and F−, similarly 
with K+ and Ca2+. NO3

− also shows a weak negative 
correlation with HCO3 (r =  − 0.09), indicating that 
denitrification took place in groundwater wherein acts 
as nitrate removal (Laftouhi et  al., 2003). The pres-
ence of dissolved oxygen in the arid environment 
deters the process of biotic denitrification and favors 
the persistence of NO3

− in the saturated zone for a 
very long period (Edmunds, 2003). Interrelationships 
between NO3

− and other variables were also consid-
ered from previous studies to characterize the sources 
and processes leading to nitrate occurrence.

Principal component analysis (PCA)

Four PCA components of eigenvalue greater than 1 
are of variance up to 80% (Table 4). The first com-
ponent (PCA-1) is the most significant in PCA (37% 
variance) with loadings of EC, TDS, Cl−, NO3

−, 
SO4

2−, Li+, and Na+ while an intermediate repre-
sentation of pH, K+, and Mg2+ was observed. As a 
result, the substantial positive loadings of the prin-
cipal ions and EC and TDS in PCA-1 imply that 
the groundwater in the region is brackish/saline, 
indicated by the association of Na+, Cl−, and TDS. 
This saline water reflects anthropogenic contami-
nation by the loadings of NO3

−, SO4
2−, and Li+ in 

the study area, such as industrial, agricultural, and 
domestic sewage (Yang et  al., 2013). Hence, the 
PCA-1 reflects sewage contamination, either sep-
tic tanks discharge or leakage of sewage pipelines 
(Mukhopadhyay et al., 2007). The second component 
(PCA-2) represents a 25% variance with the associa-
tion between Cl−, NH4

+, and Ca2+, which is mainly 
due to the utilization of chemical fertilizers such 
as NH4HCO3, CO(NH2)2, NH4NO3, (NH4

+)2SO4, 
Ca(H2PO4)2, and KCl (Zhang et al., 2014). The third 
component (PCA-3) with 11% variance attributes 
K+, Ca2+, Mg2+, and silica. This factor represents 
rock-water interaction between the groundwater and 
the aquifer few reactions as shown in Eqs. (5 and 6) 
are listed below:

Reflecting the fact that chemical weathering pro-
cess is also a predominant factor in the region, the 
fourth component (PCA-4) shows a 7% variance with 
an association between bicarbonate, fluoride, and 
silica, where HCO3

− illustrates the impact of carbon-
ate mineral dissolution. An experiment by Gao et al. 
(2019) illustrated that the increased fluoride contents 
in the microcosm flasks showed that microbial activ-
ity had induced fluoride release from the sediment 
into aqueous solutions. The experiment also showed 
that the fluoride culture kept growing despite the 
microbial population not increasing, while the nitrate 
showed a decreased trend during the first days of the 
experiment. In a natural groundwater-sediment sys-
tem, the interaction between microbes and F-bearing 

(5)

3KA1Si
3
O

8(c) + 2H+(aq) + 12H
2
0 → KA1

3
Si

3
O

10

(OH)2(c) + 6H
4
SiO

4(a) + 2K+(aq)

(6)
CaAl

2
Si

2
O

8
+ 2CO

2
+ 8H

2
O → 2Al(OH)3

+ 2HCO
3
+ Ca2+ + 2H

4
SiO

4

Table 4   Rotated component matrix analysis applied to 
groundwater samples using 5 iterations converged rotation and 
a VARIMAX rotation with Kaiser normalization method

Loadings above 0.5 are represented in bold

Rotated principal component analysis

PCA-1 PCA-2 PCA-3 PCA-4

pH 0.38 −0.61 −0.53 0.07
EC 0.97 0.17 0.08 −0.05
TDS 0.98 0.06 0.09 −0.04
HCO3

− −0.13 0.27 0.10 0.65
F− 0.03 −0.06 −0.14 0.54
Cl− 0.48 0.82 0.15 0.04
Br− −0.03 0.08 0.24 −0.66
NO3

− 0.81 −0.01 −0.01 −0.02
SO4

2− 0.91 −0.32 0.04 −0.08
Li+ 0.71 0.05 0.35 −0.29
Na+ 0.99 0.01 −0.08 −0.05
NH4

+ −0.16 0.87 0.09 0.12
K+ 0.24 0.11 0.76 −0.38
Ca2+ 0.07 0.59 0.64 0.06
Mg2+ 0.38 0.48 0.66 0.06
SiO2 −0.34 −0.05 0.61 0.64
Variance % 36.86 24.86 10.57 7.39
Cumulative % 36.86 61.72 72.28 79.67
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sediments is most likely an ongoing process. Nitrate, 
acetate, and formate entirely vanish in the culture 
group but remain in the control group, indicating that 
the indigenous microorganisms in the culture experi-
ment absorb them (Gao et al., 2019).

Denitrifying bacteria also utilize nitrate oxygen to 
create energy from organic carbon and release bicar-
bonate and nitrogen as a byproduct into the system 
(Babiker, 2004). Dissolved oxygen ranging from 1 to 
6 mg/L favors the process of infiltrations, and thus the 
absence of Mn, and NH4

+ also reduces the possibility 
of denitrification.

Factor score (FS)

Factor score analysis is a multivariate statistical 
method widely used to characterize the general con-
nections between multiple observable variables in 
terms of a possibly smaller number of unobserved 
variables, referred to as factors, with minor informa-
tion loss (Liang et al., 2020). The FS values of sam-
ples concerning the described factors (Table 5) show 
that the samples from SDQ-1, AB.M-2, SUL-3, and 
SUL-7 in F1 reflect the high effect of nitrate desert 
pools. The second factor score of samples KTN-2, 
BNQ-1, BYN-2, MSF-3, SUL-1, SUL-3, SUL-7, 
and ADL-1 reflects a high saline environment due 
to the predominance of Ca2+, Cl−, and Mg2+ which 
reflects hypersaline groundwater. The third factor 
represented in locations AB.M-1, AB.M-2, HTN-1, 
AND-1, BYN-2, MSF-3, SUL-3, ADL-1, and SRQ-4 
indicating the predominance of chemical weathering. 
The FS for the fourth PCA represents samples KTN-
2, AND-1, AND-2, BNQ-1, MSF-3, SUL-1, SUL-3, 
SUL-4, and SRQ-4, illustrating the influence of deni-
trifying bacteria associated with the release of HCO3

- 
into groundwaters. However, it is notable that all four 
factors are active in SUL-3, and no significant factor 
is active in FIH, QBL-2, and JLB-1. The spatial dis-
tribution of all the factor scores regarding the associa-
tion between each sample was conducted (Fig. 4).

Sources and distribution of nitrate

Further to have a general understanding of NO3
− con-

centration and distribution around the study area, a 
contour map was generated (Fig. 5). It was observed 
that high nitrate concentration was found in the south-
ern parts of the study area predominantly represented 

by PCA 1 and decreased gradually in the northeast-
ern part. This might be due to the groundwater flow 
direction in Kuwait that moves from the southwest to 
the northeast towards the sea.

A study by Adnan Akber et al. (2006) reported that 
groundwater samples collected from Dammam and 
Kuwait aquifers contain nitrite-oxidizing and reduc-
ing bacteria. Similarly, in the present study, higher 
nitrate samples would contribute to microorganisms, 
and few samples have low values due to the consump-
tion of NO3

− by microbes. Within the groundwater, 
nitrate is the only dissolved inorganic nitrogen pool 
that can be detected. Given the rarity of mineral 
nitrate sources, the bulk of the nitrate came from 
microbial-degraded nitrogen fertilizers. The amounts 
of soluble reactive phosphorus were low, suggesting 
that phosphate was precipitated as insoluble apatite/
fluorapatite (Gao et al., 2019).

The best conditions for nitrification are a pH of 
about 7 and oxygen (Keeney, 1970a, b). High tempera-
ture in arid regions due to high solar radiation favored 
by higher soil pH leads to the non-availability of NH3 
in the soil, as it is lost to the atmosphere through vola-
tilization (Wang et  al., 2014). Studies have reported 

Table 5   Factor score results with respect to the groundwa-
ter sample ID 

Significant values above 0 are represented in bold

Sample ID F1 F2 F3 F4

JLB-1 −0.11 −0.22 −0.71 −0.58
KTN-2 −0.01 1.69 −1.18 0.34
SDQ-1 1.98 −1.24 −0.70 −0.43
AB.M-1 −0.94 −0.62 0.71 −2.70
AB.M-2 2.95 −0.75 0.67 −0.25
HTN-1 −0.33 −0.87 1.44 −0.14
FIH-1 −0.64 −0.58 −0.59 −0.60
AND-1 −0.41 −0.32 0.54 0.95
AND-2 −0.07 −0.87 −0.90 0.29
BNQ-1 −0.01 1.27 −0.06 0.11
BYN-2 −0.47 0.13 0.80 −0.13
MSF-3 −0.50 0.44 0.50 0.47
SUL-1 −0.48 0.42 −1.15 0.56
SUL-3 0.22 0.80 0.49 1.00
SUL-4 −1.11 −1.09 −0.19 0.25
SUL-7 1.02 1.46 −1.05 −0.08
ADL-1 −0.02 1.88 1.60 −1.30
QBL-2 −0.86 −0.83 −1.68 −0.05
SRQ-4 −0.22 −0.70 1.46 2.31
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Fig. 4   Spatial distribu-
tion of each factor score 
that represent a significant 
relationship between sample 
locations

Fig. 5   Variation of nitrate concentration and its distribution along south of Kuwait’s Bay
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such conditions globally, and the presence of NH3 in 
soil indicated low air temperature and pH (Hu et  al., 
2008). Since the study area is located south of Kuwait’s 
Bay, the probability of oxidation of aqueous H2O2 and 
gaseous SO2 along with NH3 present in the atmosphere 
forms NH4HSO4 aerosols. This aerosol with higher 
relative humidity leads to acidic droplet formation. 
When the aerosol is associated with coastal CaCO3, pH 
increases loading and the volatilization of NH3, and the 
formation of CaSO4. Both cases are represented by the 
following reactions (Bidoglio & Stumm, 2013).

In general, nutrients and organic matter serve as 
potential energy sources for bacteria (Clark et  al., 
2003). Since nitrate is one of the nutrients being used 
as a food resource for a few microorganisms (Oskay 
& Yalcin, 2013), some samples contain low nitrate. 
Earlier studies have reported that the microbial popu-
lation lowers nitrate concentrations (Mukhopadhyay 
et  al., 2007). The variation of nitrate with respect 
to microbes also depends on the type of microbes 
present in the region. For instance, low nitrate is 
observed if the total viable counts are high.

Similarly, coliform bacteria are correlated to 
nitrate. Hence, nitrate could be high or low depend-
ing on the type of bacteria. Fecal coliform may 
reduce the nitrate, and it is also to be noted that 
higher nitrate indicates high total coliform bacteria 
(Vasudevan et al., 2021). It is also noted that cyano-
bacteria were reported to achieve nitrogen fixation 
in the warmer deserts (Gates et  al., 2008). It was 
identified that the nitrogen derived by nitrification 
processes or due to nitrogen fixation facilitated by 
the microorganism might be transported either by 
surficial processes like eolian dust or by subsurface 
processes via infiltration to groundwaters in the arid 
regions. The nitrate in the playa sediments is associ-
ated with nitrogen-fixing bacteria (Ericksen, 1983). 
Water contains nitrogen in organic form decomposes 
into inorganic nitrogen either as free ammonia or 
ammonium salts. It further decomposes into nitrite 
and oxidizes to nitrate (Vasudevan et al., 2021).

(7)NH
4
HSO

4
→ H

+ + NH
+
4
+ SO

42−

(8)
CaCO

3
+ NH

4
HSO

4
→ +NH

3(g) + CaSO
4
+ H

2
O + CO

2(g)

(9)NH
+
4
+ O

2
→ H

2
O + NO

−
2
+ O

−
2
→ NO

−
3

Oxidation of NH4
+could be another source of 

nitrate, and the NH4
+  may be either derived from 

nitrogen-fixing bacteria or organic marine soils 
(Moreno-Castilla et  al., 2003). Nitrification is con-
sidered one of the essential sources of nitrate in 
slightly wetter arid regions (Leatham et  al., 1983). 
During nitrification of NH4

+ through microbes, the 
oxygen atom is derived from both atmosphere and 
water molecules (Castignetti & Hollocher, 1984).

Desert NO3
−

Kuwait’s original soils are mainly non-saline, but 
when there is influence from seawater in coastal 
locations, significant salinity levels occur; varying 
amounts of gypsum and calcium carbonate add elec-
trolytes to the soil solution (Omar & Shahid, 2013). 
The pH is buffered between mildly to moderately 
alkaline (7.4–8.3), which is higher than the ideal val-
ues (6.7–7.3), where most nutrients become acces-
sible to plants (Tisdale et  al.,  1993). Alkaline pH, 
aerobic condition with less water content in the soil 
zone, low microbial population, and organic matter 
in the desert environment prevent denitrification and 
help the accumulated NO3

− to be stable (Hartsough 
et al., 2001). Few studies in geographical conditions 
similar to Kuwait have also reported higher desert 
nitrate (Table  6). NO3

− in the desert was derived 
from atmospheric sources through photochemi-
cal reaction and oxidation of N2 in the atmosphere. 
It is interesting to note that additional sources like 
plant recycling, weathering, and nitrogen fixation 
are also critical factors for higher NO3

− concentra-
tion as observed in Mojave region (Michalski et  al., 
2004). Desert dunes have also been identified as geo-
morphic units favoring the accumulation of soil N2, 
especially the region with fixed dunes that accumu-
late NH4

+. Thus, the nitrate could accumulate over 
thousands of years and be mobilized/ migrated to 
groundwater when there is a change in land use pat-
tern and climate (Hong et al., 2014). The studies on 
the subsoil N in the arid shrublands and hyper-arid 
regions have indicated higher levels of N2 in the  
vadose zone (Walvoord et al., 2003).

A more extensive reservoir of nitrate in these 
regions, referred to as the “nitrate pool,” was put forth 
as a significant contributor of nitrate to groundwa-
ter (Al-Taani and Al-Qudah, 2013; Ma et al., 2012). 
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The subsurface accumulation of NO3
− in these arid 

regions varies with respect to microbial activity, 
growth of plants, physiography of land surface, and 
hydraulic properties of soil. It also varies concerning 
climatic conditions, temperate to semi-arid condi-
tions at different degrees. The natural process in arid 
countries depends on the time scales and periods of 
intense rain events and hyper-arid conditions during 
geological time scales. The hard calcrete is the gatch 
layer preventing infiltration in several locations of 
Kuwait. The calcic and/or gypsic pan, often known 
as gatch, is prevalent in several Kuwaiti soils. A pet-
rocalcic or petrogypsic horizon is a continuous pan 
produced from precipitated and cemented carbonate 
or gypsum that acts as a barrier to plant roots (Omar 
& Shahid, 2013). However, evaporation enrichment 
and leaching govern NO3

− in the subsoil layer. Hence, 
the gatch layer plays a vital role in maintaining the 
NO3

− at a certain depth, noting that as residence time 
increases at that layer, the nitrate will continue to 
increase.

Hazard Index

Groundwater is polluted due to the intrusion of sea-
water from south of Kuwait Bay. The calculation 
for the human health risk is assumed if the ground-
water is directly consumed apart from agricultural 
product intake. This infers a possibility of risk 
that the consumption of direct groundwater may 

result in health issues but for the sea foods/veg-
etables, the consumption is based on the quantity 
and type of the product. In order to assess the pos-
sible risks of pollutants to human health, a process 
called health risk assessment essentially establishes 
a relationship between pollutant loads and human 
health (Ji et  al., 2020). In this study, the health 
risk assessment was used to identify the negative 
impact of exposure to nitrate in groundwater on 
humans’ health. Therefore, Hazard Index (HQ) was 
calculated for the groundwater wells close to south 
Kuwait Bay and HQ values represent female and 
male adult’s values (Eq.  1). The estimated daily 
intake per unit weight through oral exposure path-
way [mg/(kg  day)] can be calculated by Eq.  (2). 
Oral, dermal, and inhalational routes are the three 
major ways that a person might be exposed to pol-
lutants. Typically, nitrate exposure occurs mostly 
via consumption (Soleimani et al., 2022) and it was 
considered for this study.

The HQ results are represented in Table 7. It was 
observed that out of nineteen sample locations, thir-
teen samples would have significant health effects 
on adult consumers, where the HQ value is above 1. 
The minimum HQ value for adult female and male 
is 0.446 and 0.407 respectively. whereas the maxi-
mum HQ value for adults female and male is 25.29 
and 14.42 respectively. Therefore, it is inferred that 
the adult females will be more exposed to nitrate via 
ingestion than adult males in the current study.

Table 6   High 
groundwater nitrate 
reported in desert areas by 
various studies

No Location Country Author

1 Atacama Desert Chile Michalski et al. (2004)
2 Badain Jaran Desert China Ma et al. (2012)

Gates et al. (2008)
3 Badia Desert Jordan Al-Taani and Al-Qudah (2013)
4 Chihuahuan Desert Mexico Walvoord et al. (2003)
5 Kalahari Desert United State McMahon et al. (2004)
6 Kumtag Desert Northwest China Qin et al. (2012)
7 Lut Desert Iran Lyons et al. (2020)
8 Mojave Desert Southwest United State Leatham et al. (1983)

Michalski et al. (2004)
9 Monte Desert Argentina Aranibar et al. (2011)
10 Mu Us Desert China  Jin et al. (2015)
11 Negev Desert South Israel Zaady (2005)
12 Thar Desert Pakistan Soomro et al. (2017)
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Conclusion

It was concluded from the results that 13 out of 19 
samples had high nitrate concentrations ranging 
from 55.6 to 803.9 mg/L. The higher concentrations 
of nitrate and sulfate reflect the anthropogenic influ-
ence in the study area. In addition, urbanization may 
increase nitrate concentration in groundwater due to 
increased sewer drains, usage of fertilizers in land-
scapes, and plantations in private homes and along 
the roads, where the water infiltrates below ground 
and facilitates nitrate contamination. The lithology 
in the study area, coupled with the groundwater flow 
direction, resulted in increased nitrate concentration 
in samples along the flow path. Moreover, the Spear-
man correlation between sulfate and nitrate illustrated 
a good positive correlation, indicating the sewage dis-
charge either leakage from pipelines or septic tanks.

Nonetheless, the PCA results showed the anthro-
pogenic impact compared to the geogenic process. In 
addition, the factor scores also reflected the signifi-
cant role of anthropogenic activity in the study area. 
Overall, septic system and sanitary-sewer effluents, 

domestic animal wastes, penetration of runoff from 
roadways and parking lots, house and farm ferti-
lizer use, and atmospheric deposition are all famil-
iar sources of nutrients in urban settings. The health 
risk assessment scenario resulted in a total of thirteen 
sample locations that had an HQ value above 1, indi-
cating health risk on adult humans. Further investi-
gations are in process to characterize the leakage of 
subsurface sewerage networks and the role of geo-
logical structure in the oxidation of nitrogen used in 
enhanced oil recovery.
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