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Abstract A systematic study was executed in the Wadi Fatimah basin, Saudi Arabia to appraise

the hydrochemical processes, contamination sources and water quality using an integrated ap-

proach namely geochemical methods, multivariate statistical analyses and water quality indices.

In this aquifer, the average value of electrical conductivity and total dissolved solids is 4292 mS/
cm and 2747 mg/l, respectively. The predominant hydrochemical facies are CaMgCl followed by

NaCl. Further, 76% (hardness), 51% (major ions and NO3
�) and 15% (F�) of samples surpassed

the World Health Organization-prescribed drinking water limit. The contamination index and

drinking water quality index (DWQI) also reveal that 25% and 46% of samples are not appropriate

for drinking application. Spatial maps of major ions, total hardness and DWQI depict that water

quality is deteriorated from upstream to downstream and extreme values exist in the downstream.

Gibbs plots, ionic ratios, Pearson correlation coefficient and principal component analysis justify

that groundwater chemistry is predominantly affected by evaporation, evaporite dissolution and

ion exchange reactions followed by mineral weathering. High NO3
� originates from nitrification, ir-

rigation return flow and wastewater recharge. Groundwater F� is derived from weathering of flu-

oride minerals and enhanced by evaporation. This study emphasizes that proper treatment is

required for groundwater before distribution for various uses in this basin.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Groundwater is a prominent potable water resource for various uses

for numerous peoples around the world, mainly in arid and semi-

arid regions (Besser et al., 2021; Ghiglieri et al., 2021; Yifru et al.,

2021). Vast uses of groundwater in irrigation, industries and domestic

sectors lead to groundwater depletion in the coastal regions and de-

graded water quality (Alshehri et al., 2021; Kammoun et al., 2021). Sa-

line water invasion is very common in coastal aquifers owing to the

over-extraction of groundwater that resulted from rapid population
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growth and commercial and other activities (Kanagaraj et al., 2018;

Wen et al., 2019; Xu et al., 2021). Besides, the shallow aquifer is often

vulnerable to surface and sub-surface contaminations sources namely

dumping sites, landfills, sewage networks and irrigation return flow

(Rehman and Cheema, 2016; Nethononda et al., 2019; Kammoun

et al., 2021). Guo et al. (2022) studied the impact of landfills on

groundwater quality in northwest China and reported that Fe, Mn,

As and F accumulated in the aquifer due to landfill leachate. Irrigation

return flow is also often documented for water quality degradation in

the shallow aquifer (Nethononda et al., 2019; Gomez et al., 2021;

Kammoun et al., 2021). Thus, identifying potential pollution sources

and periodic monitoring of groundwater quality in the shallow aquifer

is a crucial task in aquifer management to protect and conserve water

resources.

Groundwater quality degradation results in various health issues

for consumers and environmental problems . Groundwater contamina-

tion by NO3
� and F� is often documented compared to other pollu-

tants around the world (Oenema et al., 1998; Nolan et al., 2002;

Fernandez-Cirelli et al., 2009; Furi et al., 2011; Cheong et al., 2012;

Vithanage and Bhattacharya, 2015; El-Mountassir et al., 2022;

Mukherjee and Singh, 2022). NO3
� accumulation in the groundwater

is a result of various factors namely fertilizers, manures application,

pesticides, herbicides, sewage lines and septic tank leakages, wastewa-

ter discharge from various sources and accumulation of livestock waste

(Rajmohan et al., 2017; Rajmohan, 2020; Torres-Martı́nez et al.,

2021). Water with high NO3
� is toxic to humans, which causes several

diseases such as; methemoglobinemia, frequent abortions, thyroid

gland issues, cancer, mutagenesis, etc (Wu and Sun, 2016; Stayner

et al., 2021; Essien et al., 2022). Essien et al. (2022) reviewed the liter-

ature to assess the nexus between drinking water nitrate and cancer

risk and found a strong relationship between them. Also, they found

that the high NO3
� causes specific cancer risks and congenital disabil-

ities in humans.

Fluoride contamination is widely reported and around 200 million

people are affected by fluorosis in 28 countries (Dhingra and Shah,

2021). Dhingra and Shah (2021) performed a detailed review of fluo-

ride contamination worldwide and reported that the USA, India, Iran,

China, Canada, Thailand, Pakistan, Algeria and Libya are chiefly af-

fected by fluoride-related health hazards. Fluoride contamination in

groundwater is a serious concern in arid and semi-arid regions

(Radfard et al., 2019; Younas et al., 2019; Liu et al., 2021;

Senthilkumar et al., 2021). Chronic consumption of F� rich water

leads to various health hazards like skeletal and dental fluorosis in hu-

mans. Ligaments calcification, mottling of teeth, crippling, osteoporo-

sis, calcification of blood vessels and respiratory tract infections are

some of the F� related health issues reported in earlier studies

(Ozsvath, 2009; Ghosh et al., 2013; Peckham et al., 2015; Kebede

et al., 2016; Chowdhury et al., 2019; Jiang et al., 2019; Li et al.,

2020; Dhingra and Shah, 2021). Fluoride enrichment in the groundwa-

ter is regulated by both natural phenomena and human activities.

Weathering of fluoride-bearing rocks and minerals, evaporation and

volcanic eruptions are predominant natural sources whereas the usage

of phosphate fertilizers in agriculture and irrigation return flow are

major anthropogenic sources of F� accumulation in the groundwater

(Brindha et al., 2011; Furi et al., 2011; Haji et al., 2021; Liu et al.,

2021; Mukherjee and Singh, 2022).

In Saudi Arabia (KSA), groundwater quality and quantity are a se-

rious concern due to extremely arid climate. Rainfall is also erratic and

causes flash floods that recharge the shallow aquifer (Mashat and

Abdel, 2011; Masoud, 2015; Masoud et al., 2018; Masoud et al.,

2019). The agricultural sector is the primary groundwater consumer

in this country (MoWE, 2014). Extensive pumping from shallow aqui-

fers depleted the groundwater level and degraded the water quality

(Kanagaraj et al., 2018; Ranjbar et al., 2020). To overcome these chal-

lenges, KSA relay on non-traditional water resources such as desali-

nated seawater and treated wastewater. Apart from water scarcity,

groundwater pollution is also a primary concern, which further wors-

ens the water availability for various uses in Saudi Arabia (Alfaifi
et al., 2020; Rajmohan et al., 2021a; Masoud et al., 2022; Rajmohan

et al., 2022). Thus, a detailed investigation was carried out in the Wadi

Fatimah basin, Saudi Arabia to explore the sources of contamination,

geochemical processes and water quality status using an integrated ap-

proach namely, geochemical methods, multivariate statistical analyses

and water quality indices. As groundwater quality is the key concern in

this water-stressed basin, this study is essential for the effective and

sustainable management of groundwater resources. This study was

performed to (a) identify the sources of contamination and hydro-

chemical processes governing water chemistry through the geochemical

and multivariate statistical approach, (b) elucidate the aquifer contam-

ination status using the contamination index, and (c) assess water suit-

ability for drinking by comparing with international standards and

calculating water quality index. This work provides insight into the

current status of groundwater contamination and its usability for var-

ious uses in this basin.

2. Study area

The Wadi Fatimah basin is located within the administrative
boundaries of the Makkah region and it extends from north-

east to southwest covering about 4869 km2, which represents
the whole catchment starting from the upstream to the outlet
at the Red Sea Coast (Fig. 1). The study basin is a portion
of the Tihama coast of the Arabian shield, its upstream por-

tion is starting from Al Taif Governorate and is sloping to-
wards the Red Sea passing through the city of Makkah Al-
Mukarramah, through several governorates and cities such

as Al-Jumoum and reaching Jeddah City. The length of the
Wadi Fatimah basin is about 150 km from the Taif to the coast
of the Red Sea.

Geomorphologically, the Wadi Fatimah basin shows typi-
cal characteristics of Saudi hydrographic basins in the western
region of the escarpment ridge of the Arabian Shield. It initi-
ates from the eastern high mountainous range of sharp gradi-

ents and decreases down towards the west at the coastal plain
of the Tihama region (Alyamani and Hussein, 1995; Hamimi
et al., 2012; Masoud, 2015). The Wadi Fatimah basin’s eleva-

tion ranges between 10 and 2314 m. The Wadi Fatimah basin
exhibits several geomorphological landscapes, which could be
designated as; (1) Mountainous areas of high elevations that in-

clude mainly Precambrian rocks with an elevation of 2300 m
(amsl; above mean sea level), which forms the water divide
of the drainage basin. This mountainous region has an impor-

tant factor in the rainfall pattern and runoff occurrences due to
the topographic impact; (2) the hill region resides in the eastern
and middle portions of the basin, which consists of undulating
dissected and eroded rocks and (3) the Piedmont plains, which

are located in the low elevated areas between the high lands
and the Red Sea include morpho-tectonic depressions and
the high order of the stream network.

Geologically, the Wadi Fatimah basin is composed of Pre-
cambrian, Tertiary rocks, and Quaternary alluvial deposits
(Fig. 1) (Hamimi et al., 2012). The Basement (Precambrian)

rocks consist of basalt to rhyolite volcanic rocks, metamorphic
rocks, and includes intrusions of miscellaneous ages and com-
positions. The exposures of Tertiary rocks are encountered be-

low the lava and Quaternary deposits by about 14 % of the
area of the Wadi Fatimah basin. These Tertiary rocks are
sandstone, shale, and mudstones with the conglomerate. Qua-
ternary aquifer occupies a considerable percentage (22%) of

the Wadi Fatimah basin with a range of 2–80 m thickness
and is composed of alluvial, gravels, sands and Wadi deposits.



Fig. 1 Location of sampling wells, geology and drainage pattern in the Wadi Fathima basin. Numbers – sampled wells number.
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The depth of groundwater, measured in this study, varies

from < 1 m to 57.6 m, and a deeper water table is found in
the centre of the study area.

3. Materials and methods

3.1. Water sampling and laboratory analysis

In the Wadi Fatimah basin, fieldwork was conducted to iden-
tify the borewells and dug wells for groundwater sampling. In
the study area, wells are not uniformly distributed, and very

limited wells are available for groundwater pumping due to
the aridity and the topography of the area (Fig. 1). Water sam-
ples were collected from 59 wells (both bore and dug wells).

Sampled wells’ locations were georeferenced by a global posi-
tion system (GPS, Garmin) to plot the spatial maps (Fig. 1).
Depth to groundwater level was measured from available wells

before pumping using a sounder. pH, electrical conductivity
(EC), and temperature were measured for each sample using
portable meter (SevenGo Duo SG23, Mettler Toledo). Water
sampling, storage and chemical analysis were executed accord-

ing to international standard protocols (APHA, 2017). Water
samples were collected in 500 ml high-density polyethylene
(HDPE) bottles in duplicate after the stabilization EC and
pH during pumping. Sampling bottles were soaked and rinsed

several times with 1:1 nitric acid followed by water and then
rinsed with Millipore water. Before sampling, pre-cleaned
HDPE bottles were again rinsed with the groundwater to be
sampled. Before sampling, borewells were pumped for 10 to

15 min (Purging) to get fresh water representing the aquifer.
Water samples were filtered (0.45 mm) and stored at 4 �C in
the laboratory. Ion chromatography (Thermos Scientific, ICS

5000+) was used for the analysis of major and minor ions.
The instrument was calibrated with standards before perform-
ing analysis. To check the accuracy of the analysis, known

standards and blanks were run frequently in between the sam-
ples to avoid possible errors and to maintain the quality, pre-
cision and accuracy of the instrument. Bicarbonate and
carbonate were measured using volumetric methods (APHA,

2017). The calculated ion balance error was 5%.

3.2. Data analysis

ArcGIS v10.3 software was employed to prepare the location
map and spatial maps for the various parameters measured
for the groundwater of the study area. Ionic ratios and other

geochemical methods are adopted to evaluate geochemical
processes and sources of contamination. Groundwater usabil-
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ity for drinking was assessed using international drinking wa-
ter standards and the drinking water quality index (DWQI).

3.3. Multivariate statistical analysis

SPSS (version 16.0) was applied to calculate descriptive statis-
tics and to conduct Pearson correlation analysis and principal
component analysis (PCA). For PCA analysis, data were log-

transformed and standardized to get a dimensionless data set.
Standard scores (z-score) were used for PCA analysis (Güler
et al., 2002; Ren et al., 2021). In the PCA analysis, 13 variables

were used, and CO3
2� was excluded as it is absent in some sam-

ples. Varimax rotation with Kaiser normalization was adopted
and Principal components with an eigenvalue greater than one

were selected for further interpretation.

3.4. Drinking water quality index

The drinking water quality index (DWQI) is extensively used

to categorize groundwater suitability for drinking in most
studies (Adimalla and Qian, 2019; Kumar and Krishna,
2021; Kadam et al., 2022). DWQI is a single value obtained
from multiple water quality parameters and a large data set.

For each parameter, a weight (2 to 5) is assigned according
to its relative importance (Table 1). DWQI is obtained from
Eqs. (1) to (4).

DWQI ¼
Xn

i¼1

SIi ð1Þ

SIi ¼ Wi X Qi ð2Þ
where SIi – sub-index of ‘‘ith” parameter;Wi and Qi are relative
weight and rate of ‘‘ith” parameter, respectively (Table 1)

Qi ¼
Ci � Cip

Si � Cip

ð3Þ

Wi ¼ wiPn
i wi

ð4Þ

where wi is the weight of each parameter (Table 1); ci and si are
the concentration and standard value (WHO, 2017) of ‘‘ith”

parameter. cip is the ideal value and it is zero for all parameters
except pH (=7). n is the number of parameters used in this cal-
Table 1 Weight and relative weight of each parameter used in

DWQI.

Parameter Weight Relative weight

pH 3 0.079

TDS 5 0.132

TH 3 0.079

Na+ 2 0.053

K+ 2 0.053

Ca2+ 3 0.079

Mg2+ 3 0.079

Cl� 4 0.105

SO4
2� 3 0.079

NO3
� 5 0.132

F- 5 0.132
culation. Water quality is classified into 5 classes namely excel-

lent, good, poor, very poor and not suitable classes for
drinking using DWQI values.

3.5. Contamination index

The cumulative impacts of contaminants on drinking water
were computed using the Contamination index (Cd), which is
most often employed for metal pollution assessment in water

(Backman et al., 1998). In this study, the cumulative impact
of NO3

� and F� on groundwater was computed using Cd,
which is determined using Eqs. (5) and (6).

Cd ¼
Xn

i¼1
Cfi ð5Þ

Cfi ¼ CAi

CNi

� 1 ð6Þ

where Cfi - the contamination factor, CAi and CNi are the mea-
sured concentration and the maximum permissible limit

(MPL) of the ith ion recommended by the WHO (2017),
respectively.

4. Results and discussion

4.1. General chemistry

Descriptive statistics computed for water quality data in the
study site are given in Table 2. In this aquifer, the EC varied

from 782 to 22,500 mS/cm (4292 mS/cm, average) and total dis-
solved solids (TDS) ranged from 500 to 14400 mg/l (2747 mg/l,
mean). The EC is less than 3000 mS/cm and 5000 mS/cm in 58%
and 75% of samples, respectively. Extreme salinity

(EC > 10000 mS/cm) is recorded in well numbers 1, 5, 10,
11, 26 and 42 (Fig. 3).

4.2. Hydrochemical facies and their spatial distribution

Groundwater quality data were plotted on the Chadha dia-
gram (Chadha, 1999) to identify the hydrochemical facies in

this aquifer. Fig. 2 depicts that water samples were plotted in
two major facies and most of the samples (81%) are plotted
on Ca-Mg-Cl facies and the rest of them on Na-Cl facies ex-

cept one sample. Fig. 2 indicates that Cl is dominating over
HCO3

� in the groundwater. Depth to water level is plotted
on the Chadha diagram to identify its relationship with hydro-
chemical facies. Groundwater in deep wells is normally expect-

ed to be HCO3
� facies due to mineral water interaction. In the

study site, deeper wells are also plotted on Ca-Mg-Cl facies
(Fig. 2). The domination of chloride even in the deeper aquifer

indicates that the water chemistry is most likely affected by the
anthropogenic input, evaporation and evaporites (Kloppmann
et al., 2013; Rajmohan et al., 2021b).

Interrelationships between hydrochemical facies and NO3
�

pollution were studied (Fig. 2). Fig. 2 illustrates that high
NO3

� water is clustered in Ca-Mg-Cl facies. This observation
implies that the groundwater with Ca-Mg-Cl facies is influ-

enced by the surface and sub-surface contamination sources
in the study area. In contrast to this observation, high fluoride
is noticed in both facies, however, all wells in Na-Cl facies have

high fluoride content. Elumalai et al. (2019) also reported a



Table 2 Descriptive statistics and drinking water quality assessment.

Min Max Average STD WHO (2017) WHO (2017)

HDL MAL % of samples > HDL % of samples > MAL

pH 6.6 7.8 7.3 0.2 6.5 7.5 – 22

EC 782 22,500 4292 4645 – – – –

TDS 500 14,400 2747 2973 500 1500 100 49

TH 168 5615 1222 1197 100 500 100 76

Na+ 34 2623 423 523 200 – 47 –

K+ 1.41 22 8.1 3.52 12 – 14 –

Ca2+ 51 1669 323 332 75 200 95 51

Mg2+ 10 509 101 100 50 150 61 22

Cl� 73 5213 875 1146 200 600 76 44

CO3
2� BDL 24 8.34 7.66 – – – –

HCO3
� 85.4 384 169 53 – – – –

SO4
2� 45.5 3248 680 689 200 400 92 42

NO3
� 0.62 144 51 31 45 – 51 –

F- 0.04 3.9 0.60 0.76 1.5 – 15 –

Unit – mg/l except pH and EC (mS/cm).
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similar observation in South Africa. In the Na-Cl facies, F�

concentration varied from 0.3 to 2.1 mg/l (1.2 mg/l, mean)
while the range of F� in Ca-Mg-Cl facies is from 0.04 to
3.9 mg/l (0.5 mg/l, mean). High F� concentrations in Na-Cl fa-
cies suggest the role of evaporation on water chemistry

(Rafique et al., 2015; Elumalai et al., 2019). Fig. 2 shows that
wells with Na-Cl facies occurred in the coastal region. Water
chemistry in the coastal region is likely impaired by evapora-

tion and evaporite dissolution.

4.3. Geochemical processes and source of ions

In the study site, the EC is less than 3000 mS/cm in the up-
stream wells (Fig. 3). However, few wells in the north-
eastern region (well no. 42 (11270 mS/cm), 40 (6150 mS/cm),

56 (4040 mS/cm)) and south-eastern (well no. 58 (5520 mS/
cm), 49 (4400 mS/cm), 59 (3790 mS/cm), 50 (3550 mS/cm)) re-
gion have high EC. This observation is quite strange, and
the water quality is most likely affected by the long storage,

which facilitates the rock-water interaction. As per the geolo-
gy, the study site is formed by volcanic formations (Basalt).

Gibbs plots are employed to explore the geochemical pro-

cesses controlling water chemistry (Fig. 3). Gibbs applied the
ionic ratios and TDS to differentiate the influences of rainfall
input, weathering of minerals and evaporation processes on

water chemistry. During evaporation, Na/Ca ratio increases
along with TDS progressively due to the precipitation of car-
bonates and enrichment of salinity. Similarly, Cl/HCO3 ratio
also rises due to the removal of HCO3

� during evaporation.

Fig. 3 explains that most of the water samples clustered in
the evaporation zone. Na + K/Na + K + Ca ratios range
from 0.31 to 0.81 with an average value of 0.49. The Cl/

Cl + HCO3 ratios vary from 0.34 to 0.99 with a mean value
of 0.80 and show a nexus with TDS and both are increased
progressively. Thus, Gibbs plots suggest that groundwater

quality is predominantly governed by evaporation (76%) and
mineral weathering (24%) in the study site. Other studies also
reported a similar inference in Saudi Arabia (Rajmohan et al.,

2021b; Masoud et al., 2022). Fig. 3 also illustrates that water
chemistry in this basin is not impaired by saline sources as

there is a large gap between seawater and freshwater samples.
Ionic ratios are useful tools to explore the source of ions

and geochemical processes in any aquifer (Rajmohan et al.,
2021b; Elumalai et al., 2023). Fig. 4 illustrates the interrelation

between Na/Cl and EC in the study site. The Na/Cl ratio varies
from 0.4 to 1.7 with an average of 0.8. The dissolution of sodi-
um salts and halites mostly maintains an equal ratio of Na and

Cl in the aquifer. But higher values (Na/Cl > 1) indicate
weathering of silicates minerals and/or cation exchange reac-
tions (Meybeck, 1987; Rajmohan and Elango, 2004;

Elumalai et al., 2023). In the study site, 24% of samples show
higher values, which seems to be influenced by silicate weath-
ering processes. Fig. 4 reveals that in the high salinity ground-

water, the Na/Cl ratio is between 0.5 and 0.8 and it is constant
while increasing salinity. This observation suggests that evap-
oration is a primary process governing water chemistry in the-
se wells (Rajmohan and Elango, 2004). The Na/Cl ratio is less

than the seawater ratio (Na/Cl = 0.85) in 64% of samples and
less than one in 76% of samples, which implies that the Na is
depleted by reverse ion exchange reactions and it is common in

the coastal aquifers (Karroum et al., 2017; Rajmohan et al.,
2021b).

To explore and differentiate the role of silicate and carbon-

ate weathering and evaporite dissolution on water chemistry,
Na+ normalised molar HCO3

� is plotted against Na+ nor-
malised molar Ca2+ (Fig. 4). Both HCO3

�/Na+ and Ca2+/
Na+ molar ratios are less than one except for well numbers

52 and 57 in this study. Fig. 4 indicates that most of them
are plotted between silicate and evaporite zones and on the
evaporite zone. Few samples were clustered near the silicate

zone. Fig. 4 justifies that the water chemistry is predominantly
affected by evaporation and evaporite dissolution followed by
the silicate weathering processes.

The contribution of weathering and ion exchange processes
on water chemistry is assessed using the bivariate plot of
Ca2++Mg2+ vs SO4

2�+HCO3
� (Fig. 4). The Ca2+ and

Mg2+ resulting from weathering of carbonates and silicates
rocks and minerals are balanced by HCO3

� alone. Likewise,
SO4

2� is a predominant anion to balance cations resulting from



Fig. 2 Relationship between hydrochemcial facies, NO3
�, F�, EC and depth to groundwater level and spatial distribution of

hydrochemical facies in the study site.
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the dissolution of sulphate minerals. Thus, if the Ca2+ and

Mg2+ are received from carbonate, silicate and sulphate min-
erals, both will be balanced by SO4

2�+HCO3
� and maintain a

1:1 equivalent ratio (Rajmohan and Elango, 2004). In this

study, some samples follow the equiline and most of them de-
viated especially at higher concentrations. Elevated concentra-
tion of Ca2++Mg2+ over SO4
2�+HCO3

� in this aquifer

justifies the role of reverse ion exchange reactions
(Rajmohan and Elango, 2004; Rajmohan and Prathapar,
2016; Rajmohan et al., 2021b). Equations (7) and (8) define ca-

tion exchange and reverse ion exchange reactions.



Fig. 3 Spatial distribution of EC and predominant geochemical processes in Wadi Fathima basin.

Hydrochemical appraisal and sources of contamination 7
Cation exchange Na(K)-Clay + Ca2þ(Mg2þ)aq
¼ 2Naþ(Kþ)aq + Ca(Mg)-Clay

ð7Þ

Reverse ion exchange 2Naþ(Kþ)aq + Ca(Mg)-Clay

¼ Na(K)-Clay + Ca2þ(Mg2þ)aq
ð8Þ

To verify the reverse ion exchange reactions, HCO3
� nor-

malised Ca2++Mg2+ is plotted against Cl�, which shows a
strong positive correlation, and both are increasing progres-
sively, which implies the role of reverse ion exchange reactions
in the study area (Fig. 4).
4.3.1. Source of nitrate and fluoride

In this aquifer, NO3
� and F� contaminations are a serious con-

cern. Fig. 5a shows that EC and NO3
� have strong positive re-

lations. Even in high EC (>10000) water, this relationship is
also noticed. Generally, groundwater salinity originated from
multiple sources and varies with space. Likewise, NO3

� in
groundwater originates from various sources namely irrigation

return flow, wastewater from the surface and sub-surface pol-
lution sources and nitrification processes (Manikandan et al.,
2020; Torres-Martı́nez et al., 2021; Panda et al., 2022). Chlo-

ride is also behaving like EC and expresses a significant posi-
tive correlation with NO3

� (Fig. 5). Elevated NO3
�



Fig. 4 Geochemical processes regulating water chemistry in Wadi Fathima basin.
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concentration in high salinity water suggests that recharge of
wastewater is mixed with existing high salinity groundwater
followed by the evaporation processes. Rajmohan et al.

(2021b) reported that salinity and NO3
� were increased by

the evaporation processes in the Al Lusub basin, Saudi Arabia.
In this aquifer, pH expresses a negative relationship with

NO3
� concentration in the groundwater and groundwater with

high pH has low NO3
� content (Fig. 5). Further, HCO3

� con-
centration is mostly constant with increasing NO3

� in the study
region. Table 3 indicates that NO3

� reveals a significant posi-

tive correlation with total hardness (r > 0.55, p < 0.01),
Ca2+ (r > 0.52, p < 0.01) and Mg2+ (r > 0.54, p < 0.01),
EC (r > 0.50, p < 0.01) and positive correlation with Cl�

(r > 0.47, p < 0.01) and SO4
2� (r > 0.48, p < 0.01). These ob-

servations suggest that wastewater recharge and nitrification
are important processes in this aquifer. In the study area, agri-

cultural activities are an important factor since various fertiliz-
ers are often applied for farming. The common fertilizers used
in the area are urea, diammonium phosphate, NPK, ammoni-
um sulphate, gypsum, manure, compost and other micronutri-

ents. Hydrolysis of urea and other nitrogen fertilizers leads to
ammonium formation (Equation (9). In aerobic conditions,
oxidation of ammonium renders NO3

� in the aquifer (Equation

(10).

CO (NH2)2 + 3H2O () 2NH4
þ + 2OH� + CO2 ð9Þ
NH4
þ+ 2O2 () NO3

� + 2Hþ + H2O ð10Þ
Further, the decomposition of organic materials in an aer-

obic condition also generates nitrate in the aquifer (Equation
(11). Nitrification is a dominant process in arid environments
compared to denitrification due to its oxic nature (Gutiérrez

et al., 2018).

C106H263O110N16P + 138O2 = 106CO2 + 16 NO3
�

+ HPO4
2� + 122H2O + 18Hþ

ð11Þ
Acidic protons, resulting from nitrification, reduces pH and

trigger mineral dissolution. Generally, an acidic proton is neu-
tralized by the carbonate dissolution in the vadose zone rather

than silicates (Meybeck, 1987; Rajmohan et al., 2017). The
constant trend in HCO3

� with increasing NO3
� and the signifi-

cant positive correlation between NO3
� and TH, Ca and Mg

imply this process in this aquifer.
Like NO3

�, fluoride contamination is also observed in this
aquifer. Pearson correlation analysis indicates that there is

no correlation between F� and other variables (Table 3).
Fig. 5 indicates that F� concentration increases without affect-
ing EC and Cl�. Well number 1 has high salinity (EC – 22,500

mS/cm) as well as F- (2.01 mg/l), which seems to be due to
evaporation and wastewater recharge. In the remaining sam-



Fig. 5 Geochemical processes and source of nitrate, fluoride and other ions in the groundwater.
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ples, both have a negative relationship. The interrelationship
between F�, EC and Cl� suggests that weathering of fluoride

minerals followed by evaporation is the predominant process
governing F� content in the groundwater in this basin.

4.3.2. Principle component analysis

Principle component analysis was carried out in this study,
which resulted in three PCs with 84% of the total variance
(Table 4). PC1 accounted for 63% of the total variance and

variables namely EC, TDS, TH, Na+, Ca2+, Mg2+, SO4
2�

and Cl� are positively loaded. The high positive loading of the-
se variables justified that groundwater chemistry is predomi-
nantly governed by evaporation and evaporite dissolutions in
the study area. However, the negative loading of pH and pos-

itive loading of NO3
� emphasise the role of nitrification in this

aquifer. Oxidation of ammonium (Eq. (10) and decomposition
of organic materials (Eq. (11) produce acidic proton (H+),
which will reduce the pH. Therefore, NO3

� shows a negative re-

lationship with pH. Thus, this factor explains both natural and
anthropogenic input on water chemistry. PC2 accounts for
11% of the total variance and only potassium is positively

loaded in this factor. As aforementioned, agricultural activities
are common in the study area and various fertilizers are often
applied for farming. Hence, PC2 explains the impact of irriga-



Table 3 Results of Pearson correlation analysis.

pH EC TDS TH Na K Ca Mg Cl SO4 NO3

pH 1

EC �0.51 1.00

TDS �0.51 1.00 1.00

TH �0.55 0.98 0.98 1.00

Na �0.44 0.98 0.98 0.93 1.00

K �0.22 0.24 0.24 0.29 0.18 1.00

Ca �0.56 0.96 0.96 0.98 0.90 0.36 1.00

Mg �0.48 0.93 0.93 0.93 0.89 0.12 0.85 1.00

Cl �0.52 0.98 0.98 0.97 0.97 0.25 0.96 0.89 1.00

SO4 �0.43 0.95 0.95 0.92 0.93 0.15 0.87 0.93 0.89 1.00

NO3 �0.29 0.50 0.50 0.55 0.43 0.07 0.52 0.54 0.47 0.48 1.00

Table 4 Results of principal component analysis.

Variables PC1 PC2 PC3

pH �0.50 �0.42 �0.09

EC 0.98 0.14 �0.01

TDS 0.98 0.14 �0.01

TH 0.97 0.20 �0.05

Na+ 0.96 0.07 0.05

K+ 0.13 0.86 �0.03

Ca2+ 0.93 0.27 �0.09

Mg2+ 0.95 0.02 0.04

Cl� 0.96 0.17 �0.05

HCO3
� �0.28 0.37 0.80

SO4
2�

0.96 0.02 0.05

NO3
�

0.60 �0.15 0.08

F- 0.29 �0.33 0.81

Variance (%) 63 11 10

Cumulative variance (%) 63 74 84
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tion return flow and wastewater recharge from agricultural

farms. PC3 explains 10% of the total variance in this study
and F� and HCO3

� are strongly loaded. In the correlation
analysis, both F� and HCO3

� are also not correlating with

other parameters like K. HCO3
� is a good indicator for mineral

weathering in this study area. Further, earlier discussion
strongly suggests that fluoride is predominantly originated

from geogenic sources. Thus, PC3 explains the role of mineral
weathering in the study area.

4.4. Groundwater suitability assessment

Groundwater quality is evaluated for drinking using interna-
tional standards (WHO, 2017) and DWQI. The total hardness
(TH), computed from calcium and magnesium (TH as CaCO3

mg/l) = 2.497 � Ca2+ +4.115 �Mg2+), ranged from 168 mg/
l to 5615 mg/l with a mean value of 1222 mg/l (Table 2). In this
aquifer, groundwater is very hard (TH > 300 mg/l) and 76%

of samples surpassed the WHO recommended maximum al-
lowable limit (MAL) for drinking. TH is between 500 and
1500 mg/l in most of the wells in the upstream region and high-
er values are recorded in the downstream wells (Fig. 6). The
groundwater is slightly acidic to alkaline and the pH ranged
from 6.6 to 7.8 (Table 2). Except for a few samples, pH is

greater than 7 and 22% of samples exceeded the WHO
MAL. In this aquifer, high Na+ and K+ are also notified
and 47% (Na+) and 14% (K+) of samples surpassed the high-

est desirable limit (HDL) prescribed by the WHO for drinking.
High K+ indicates that the water quality is degraded by irriga-
tion return flow and intensive agricultural farming, which is

justified by PCA as well. Similarly, Ca2+ and Mg2+ also show
elevated concentrations in the study area, and 95% and 61%
of samples surpassed HDL and 51% and 22% of samples sur-

passed MAL for Ca2+ and Mg2+, respectively, which are not
appropriate for drinking (Table 2). In the case of Cl�, 76%
and 44% of water samples surpassed the HDL and MAL, re-
spectively that are unfit for drinking. Likewise, 92% and 42%

of samples have high SO4
2� (>200 mg/l; >400 mg/l) and are

not potable.
The NO3

� concentration varied from 0.62 mg/l to 144 mg/l

(51 mg/l, mean). According to WHO recommendations, 51%
of samples are unfit for drinking which causes severe health
hazards for the consumer (Table 2). Fig. 6 depicts NO3

� pollu-

tion status in the study area. Wells on the southern side and
downstream are highly affected by NO3

� contamination com-
pared to the northern side and upstream. Extreme values
(NO3

� > 75 mg/l) are also found in selected wells in various

pockets. As aforementioned, NO3
� is resulted from nitrification

processes and farming practices. Similarly, F� concentration is
between 0.04 mg/l and 3.9 mg/l with a mean value of 0.6 mg/l.

Fifteen percent of samples are unsuitable for drinking, which
leads to acute health risks for consumers. F� contamination
is identified in the wells that existed on the southeast and west-

ern sides (Fig. 6). Fig. 6 illustrates that except few pockets, F�

concentration is <0.6 mg/l in most of the wells.
In this study, DWQI was also adopted to evaluate the water

suitability for drinking at the study site. The DWQI ranged
from 25 to 609 with a mean value of 131 ± 119 and the stan-
dard deviation expresses that the data set has a large variation.
According to DWQI classification, 54% of samples fall into

excellent (17%) and good (37%) classes, whilst 31% of sam-
ples are classified as poor that are unsuitable for drinking uses.
Further, 15% of samples belongs to very poor (8%) and un-

suitable (7%) classes. Overall, 46% of samples are not appro-
priate for drinking uses and required proper treatment before
serving to the local communities. Fig. 6 illustrates that wells



Fig. 6 Groundwater quality contamination status in the study site.
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with excellent and good water appeared in the upstream re-
gions except for small pockets in the northern and southern re-
gions. Water quality has deteriorated while moving from the

middle stream to downstream in the study site.

4.5. Contamination assessment

Contamination factor (CF) and contamination index (Cd)

were calculated in the study site using Eqs. (5) and (6) to assess
the groundwater pollution status. CF computed for NO3

� and
F-, which ranged from �1.0 to 2.2 and �1.0 to 1.6 with a mean

value of 0.1 and �0.6, respectively. Based on CF of NO3
�, 51%

of samples are classified into low (42%) to medium (9%) con-
tamination classes. Likewise, CF of F� suggests that most of

the samples are free from F� contamination (85%) and the re-
maining fall in low contamination classes. As mentioned ear-
lier, 51% and 15% of samples are unfit for drinking due to

high NO3
� and F�, which exceeded the WHO recommended

limit. In the study site, Cd varied from �1.9 to 2.8 and 25%
of samples show low to medium contamination. Overall, con-
tamination assessment ensures that NO3

� pollution is predom-

inant compared to F� in the study site. The earlier discussion
implies that NO3

� is derived from anthropogenic sources
whereas F� is derived from geogenic sources.
5. Conclusions

Hydrochemical processes and sources of ions were investigated in the

Wadi Fatimah basin using an integrated approach. The predominant

hydrochemical facies are Ca-Mg-Cl followed by Na-Cl. The interrela-

tionship between hydrochemical facies and depth to water level, NO3
�

and F� suggest that groundwater in deep wells is also affected by an-

thropogenic input. Gibbs plots and ionic ratios suggest that the key

chemical processes are evaporation and reverse ion exchange in the

study site. Weathering of fluoride minerals followed by evaporation

is principally governing the F� content in the groundwater. Geochem-

ical methods and Pearson correlation analysis justify that wastewater

recharge and nitrification followed by carbonate dissolution are impor-

tant processes in this aquifer. Elevated NO3
� concentration in high

salinity water suggests that the recharge of wastewater is mixed with

existing high salinity groundwater followed by evaporation. Principle

component analysis resulted in three PCs (84%, total variance) and

PC1 justifies the role of natural and anthropogenic input on water

chemistry in addition to nitrification in this aquifer. PC2 explains the

impact of irrigation return flow whereas the positive loading of F�

and HCO3
� in PC3 implies geogenic sources for fluoride.

Water quality assessment suggests that more than 76% of samples

are not appropriate for drinking due to high hardness and other con-

stituents. The contamination index and DWQI indicate that 46% and

75% of samples, respectively, are not appropriate for drinking uses.

Overall, NO3
� pollution is predominant compared to F� in the study

site. Spatial distribution maps depict the water quality deterioration
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while moving from upstream to downstream and extreme values are

seen in the downstream. This study recommends further research using

advanced techniques/methods like isotopes to pinpoint the source of

contaminations (ie. NO3
�, F�) in the study area. In addition, ground-

water needs proper treatment before going to supply for various appli-

cations in the study area. Application of remediation methods/

techniques such as flash flood/rainwater recharge/storage, construction

of check-dams, mixing of low and high salinity water, modern agricul-

tural practices, etc, which will improve the water quality and reduce

the pollution and salinity in this aquifer.
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Meer, H.G., Roest, C.W.J., Schröder, J.J., Willems, W.J., 1998.

Leaching of nitrate from agriculture to groundwater: the effect of

policies and measures in the Netherlands. Environ. Pollut. 102,

471–478.

Ozsvath, D.L., 2009. Fluoride and environmental health: a review.

Rev. Environ. Sci. Bio/Technol. 8, 59–79.

Panda, B., Chidambaram, S., Snow, D., Malakar, A., Singh, D.K.,

Ramanathan, A.L., 2022. Source apportionment and health risk

assessment of nitrate in foothill aquifers of Western Ghats, South

India. Ecotoxicol. Environ. Saf. 229, 113075.

Peckham, S., Lowery, D., Spencer, S., 2015. Are fluoride levels in

drinking water associated with hypothyroidism prevalence in

England? A large observational study of GP practice data and

fluoride levels in drinking water. J. Epidemiol. Community Health

69, 619.

Radfard, M., Gholizadeh, A., Azhdarpoor, A., Badeenezhad, A.,

Mohammadi, A.A., Yousefi, M., 2019. Health risk assessment to

fluoride and nitrate in drinking water of rural residents living in the

Bardaskan city, arid region, southeastern Iran. Desalin. Water

Treat. 145, 249–256.

Rafique, T., Naseem, S., Ozsvath, D., Hussain, R., Bhanger, M.I.,

Usmani, T.H., 2015. Geochemical controls of high fluoride

groundwater in Umarkot Sub-District, Thar Desert, Pakistan.

Sci. Total Environ. 530–531, 271–278.

Rajmohan, N., Elango, L., 2004. Identification and evolution of

hydrogeochemical processes in the groundwater environment in an

area of the Palar and Cheyyar River Basins, Southern India.

Environ. Geol. 46, 47–61.

Rajmohan, N., Masoud, M.H.Z., Niyazi, B.A.M., 2021b. Impact of

evaporation on groundwater salinity in the arid coastal aquifer,

Western Saudi Arabia. CATENA 196, 104864.

Rajmohan, N., Niyazi, B.A.M., Masoud, M.H.Z., 2022. Trace metals

pollution, distribution and associated health risks in the arid

coastal aquifer, Hada Al-Sham and its vicinities, Saudi Arabia.

Chemosphere 297, 134246.

Rajmohan, N., Prathapar, S.A., 2016. Assessment of geochemical

processes in the unconfined and confined aquifers in the Eastern

Ganges Basin: a geochemical approach. Environ. Earth Sci. 75,

1212.

Rajmohan, N., Patel, N., Singh, G., Amarasinghe, U.A., 2017.

Hydrochemical evaluation and identification of geochemical pro-

http://refhub.elsevier.com/S1878-5352(23)00503-8/optskgverNgEo
http://refhub.elsevier.com/S1878-5352(23)00503-8/optskgverNgEo
http://refhub.elsevier.com/S1878-5352(23)00503-8/optskgverNgEo
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0100
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0100
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0100
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0100
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0105
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0105
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0105
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0105
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0110
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0110
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0110
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0110
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0115
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0115
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0115
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0115
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0120
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0120
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0120
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0120
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0125
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0125
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0125
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0125
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0125
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0130
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0130
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0130
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0135
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0135
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0135
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0135
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0140
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0140
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0140
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0140
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0145
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0145
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0145
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0145
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0145
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0150
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0150
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0155
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0155
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0155
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0160
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0160
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0160
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0160
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0165
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0165
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0165
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0170
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0170
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0170
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0175
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0175
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0180
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0180
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0180
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0185
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0185
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0185
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0185
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0190
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0190
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0190
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0190
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0190
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0195
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0195
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0195
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0195
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0200
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0200
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0210
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0210
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0210
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0210
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0215
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0215
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0215
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0215
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0220
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0220
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0220
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0230
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0230
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0240
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0240
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0240
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0240
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0240
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0275
http://refhub.elsevier.com/S1878-5352(23)00503-8/h0275


14 A.M. Alqarawy et al.
cesses in the shallow and deep wells in the Ramganga Sub-Basin,

India. Environ. Sci. Pollut. Res. 24, 21459–21475.

Rajmohan, N., Masoud, M.H.Z., Niyazi, B.A.M., 2021a. Assessment

of groundwater quality and associated health risk in the arid

environment, Western Saudi Arabia. Environ. Sci. Pollut. Res. 28,

9628–9646.

Rajmohan, N., 2020. Groundwater Contamination Issues in the

Shallow Aquifer, Ramganga Sub-basin, India. In: Kumar M, S.D.,

Honda R (Ed.). Emerging Issues in the Water Environment during

Anthropocene: A South East Asian Perspective. Springer Nature,

pp. 337–354.

Ranjbar, A., Cherubini, C., Saber, A., 2020. Investigation of transient

sea level rise impacts on water quality of unconfined shallow

coastal aquifers. Int. J. Environ. Sci. Technol. 17, 2607–2622.

Rehman, F., Cheema, T., 2016. Effects of sewage waste disposal on the

groundwater quality and agricultural potential of a floodplain near

Jeddah, Saudi Arabia. Arabian J. Geosci. 9, 307.

Ren, X., Li, P., He, X., Su, F., Elumalai, V., 2021. Hydrogeochemical

Processes Affecting Groundwater Chemistry in the Central Part of

the Guanzhong Basin, China. Archives of Environmental Con-

tamination and Toxicology 80, 74–91.

Senthilkumar, M., Mohapatra, B., Gnanasundar, D., Gupta, S., 2021.

Identifying fluoride endemic areas and exposure pathways for

assessment of non-carcinogenic human health risk associated with

groundwater fluoride for Gujarat state, India. Environ. Sci. Pollut.

Res. 28, 50188–50203.

Stayner, L.T., Schullehner, J., Semark, B.D., Jensen, A.S., Trabjerg, B.

B., Pedersen, M., Olsen, J., Hansen, B., Ward, M.H., Jones, R.R.,

Coffman, V.R., Pedersen, C.B., Sigsgaard, T., 2021. Exposure to

nitrate from drinking water and the risk of childhood cancer in

Denmark. Environ. Int. 155, 106613.

Torres-Martı́nez, J.A., Mora, A., Mahlknecht, J., Daesslé, L.W.,
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