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Abstract: Groundwater serves as the lifeline in arid regions,
where aquifer overuse and climatic factors can substantially
degrade its quality, posing significant challenges. The cur-
rent study examines the drinking water quality in the Al
Qaseem area and assesses the potential health risks from
nitrate ( −

NO3) and fluoride (F−) exposure to infants, children,
and adults. This evaluation employs parameters such as the
daily water intake, hazard quotient, and non-carcinogenic
hazard index. Groundwater samples from 38wells and bore-
holes were analyzed for major cations and anions. The
water quality index and multivariate tools were utilized.
The average concentrations of −

SO4

2 , Cl–, Ca+, Na+, Mg2+,
and K+ exceeded acceptable limits. Among the 38 samples,
8 were unsuitable for drinking, with 5 categorized as very
poor quality, 10 as poor, 14 as good, and 1 as excellent. Nitrate
levels ranged from 1.30 to 108.00mg/L, with a mean of
36.56mg/L. Three wells exceeded World Health Organization
(WHO) guidelines (50.00mg/L). Fluoride ranged from 0.10 to
0.98mg/L, with a mean of 0.71mg/L and none surpassing
WHO recommendations (1.5mg/L). The HI values for adults,
children, and infants were 0.993, 2.606, and 2.78, respectively.
About 57.89% of thewater samples exceeded the safety level of
1 for adults and 94.73% for both children and infants. Thus, the
groundwater in the study area may pose non-carcinogenic
health risks to infants, children, and adults when used as
drinking water.

Keywords: nitrate, fluoride, hazard index, daily water
intake, water quality index, Saudi Arabia

1 Introduction

Groundwater plays a crucial role in providing water for
drinking and irrigation, particularly in arid and semiarid
areas [1–4]. Contamination of groundwater poses substan-
tial risks to human health and the environment, especially
in cases where major cations and anions like nitrate and
fluoride are present in high concentrations. Nitrate ( −

NO3)
and fluoride (F−) are among the most common contami-
nants found in groundwater worldwide, with sources ran-
ging from agricultural runoff to industrial discharge and
improper waste disposal [5–7]. Increasing the nitrate level in
drinking water to more than 45mg/L may lead to blue infant
disorder. In adults, elevated nitrate levels have been asso-
ciated with cancer risks, thyroid dysfunction, and hyperten-
sion [8,9]. However, fluoride concentrations exceeding 1.5mg/L
in drinking water can lead to dental and skeletal fluorosis,
arthritis, infertility, and abortion [10–15].

Nitrate contamination in groundwater is often asso-
ciated with agricultural activities, where nitrogen-based
fertilizers and animal manure contribute to high nitrate
levels in soil and water systems [16]. In regions with inten-
sive farming practices, nitrate leaching from agricultural
lands seeps into groundwater, leading to elevated nitrate
concentrations in drinking water sources [17]. Similarly,
fluoride contamination in groundwater is prevalent in
areas with naturally occurring fluoride-rich geologic for-
mations, where dissolution of fluoride-bearing minerals
contributes to high fluoride concentrations in groundwater
[18]. Anthropogenic activities such as industrial processes
and mining can further worsen fluoride contamination in
groundwater by releasing industrial effluents containing
fluoride compounds. Understanding the dynamics of nitrate
and fluoride contamination in groundwater is vital for
implementing effective mitigation strategies and safe-
guarding public health. Monitoring programs, water quality
assessments, and remediation efforts are crucial elements in
managing groundwater contamination with major cations
and anions, especially nitrate and fluoride. By pinpointing
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pollution sources, implementing pollution control measures,
and advocating for sustainable land use practices, stake-
holders can strive to reduce the impacts of nitrate and
fluoride contamination on groundwater quality and human
well-being [19].

In the last two decades, extensive research has been
dedicated to studying the groundwater of central Saudi
Arabia. This research has explored various aspects including
water resources, suitability for drinking and agricultural pur-
poses, as well as hydrochemical evaluations [20–27]. Some of
these studies have uncovered elevated levels of TDS, Ca2+,
Na+, K+, Cl−, −

SO4

2 , and F−, exceeding the allowable limits
established by the World Health Organization (WHO) for
drinking water [28]. However, studies addressing the health
risks associated with these major ions remain limited. Conse-
quently, this study has three main objectives: (1) to assess the
groundwater quality in the Al Qaseem region by analyzing
major cations and anions, (2) to determine the levels of nitrate
and fluoride contamination and understand their distribution
in the groundwater, and (3) to analyze the health risks asso-
ciated with nitrate and fluoride ingestion for adults, children,
and infants, using a method recommended by the United
States Environmental Protection Agency.

2 Material and methods

2.1 Geological and hydrogeological setting

The Al Qaseem region, located in central Saudi Arabia, is a
significant agricultural hub (Figure 1). The ground elevated
from 600 to 750 m above mean sea level, with a gentle slope
toward the east. It has a typical continental desert climate
with an average annual rainfall of less than 150 mm [29].
Groundwater recharge rates are notably low because of
the region’s high evaporation rates, which can reach up
to 3 cm per year [24].

The study area lies on the Arabian Shelf, which is
composed of an unconformable sedimentary sequence
that overlays the shield rocks to the west. The shelf rocks
exhibit a slight eastward dip (1–2°) and show a progressive
decrease in age from west to east (Figure 1). Within the
study area, Paleozoic and early Mesozoic sedimentary rocks
predominate, including sandstone, limestone, shale, and gypsum
[30]. In the study area, the Saq Formation has a thickness ran-
ging from 350 to 750 m. It consists primarily of sandstones with
someminor interbedded shale and siltstone layers, and it uncon-
formably overlays the basement complex rocks. Apart from the
Saq aquifer, the Tabuk, Khuff, and Neogene aquifers also serve
as water sources, but they are separated from the Saq by the

Hanadir, Ra’an, and Qusaiba impermeable shales. Wells acces-
sing the Saq Aquifer vary in depth, from less than 100 m in the
unconfined outcrop area to over 1,200m in the confined eastern
sections.

2.2 Land-use pattern and urbanization

The focal region of Al Qaseem, pivotal to this study, exhi-
bits a diverse combination of land use and land cover that
mirrors its distinct geographical and socio-economic com-
position (Figure 1). Encompassing an expanse of 989 km²,
its agricultural areas signify the region’s robust agricul-
tural foundation and its pivotal role in food production.
The residential sectors, spanning 918 km², shed light on the
urban dynamics and residential spaces within the area. Exten-
sive bare lands spanning 4,287 km² dominate the scenery,
showcasing the region’s natural and pristine environmental
features. This diverse amalgamation of agricultural, urban,
and natural landscapes underscores the multifaceted nature
of Al Qaseem, rendering it a compelling subject for thorough
examination and analysis.

2.3 Sampling and data analysis

In total, 38 water samples were gathered from irrigation
and domestic wells that draw water from the Saq Aquifer.
These wells are located between N25.8975–N26.7917 and
E43.2247–E44.0179 (Figure 2). The researchers followed
established protocols for collecting groundwater samples
in the study area. They ensured accuracy by pumping the
well 10 min before sample collection to guarantee that the
water represented the aquifer conditions rather than stag-
nant well water. Approximately 1 L of water was collected
from each groundwater well, a quantity deemed adequate
for carrying out all essential analyses, and allowed for any
re-testing that might be required as outlined in the APHA
guidelines [31]. The samples were collected in pre-cleaned,
high-density polyethylene bottles to prevent chemical inter-
actions with the samples. Upon collection, the samples were
promptly labeled, sealed, and placed in coolers with ice
packs to maintain a temperature below 4°C, which is crucial
to prevent chemical and biological reactions. Within 24 h of
collection, the samples were transported to the laboratory to
preserve their integrity.

Major cations (Mg2+, Ca2+, Na+, and K+) were analyzed
using atomic absorption spectrophotometry. −

HCO3 and Cl−

levels were determined through titration methods, while
−

SO4

2 concentrations were estimated using colorimetric tech-
niques. −

NO3 levels were measured via ion chromatography
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(ELAN9000). The reliability of the results was confirmed by
calculating the charge balance error for each sample. All
samples showed a charge balance error of less than 5%,
indicating that the results were within the acceptable range.

The following anion–cation balance equation is used to
ensure data accuracy by eliminating samples with errors
above ±5%:

= ×
∑ − ∑
∑ + ∑%Difference 100

Cations Anions

Cations Anions
. (1)

The water quality index (WQI) functions as a mathe-
matical tool for evaluating the suitability of water for
human consumption [32,33]. The equations used to com-
pute the WQI are outlined as follows:

=WQI ΣSI ,i (2)

= ×W qSI ,i i i (3)

= ×q C S/ 100,
i i i( ) (4)

=W w w/Σ .i i i (5)

The quality rating scale (qi) for each parameter is
determined by dividing the concentration of the parameter
in each water sample by its corresponding standard [28],
and then multiplying the result by 100. The calculated WQI
values are categorized into five groups [25]: WQI < 50
(excellent water), WQI = 50–100.1 (good water), WQI =

100–200.1 (poor water), WQI = 200–300.1 (very poor water),
and WQI > 300 (unsuitable for drinking purposes).

In this study, we assessed the potential health risks asso-
ciated with the oral ingestion of NO3

− and F− for adults, chil-
dren, and infants. The following formulas were employed to
calculate the daily water intake (CDI), hazard quotient (HQ),
and non-carcinogenic hazard index (HI) associated with
drinking water [34,35]. The equations are as follows:

Figure 1: Land-use pattern of the Al Qaseem area using Landsat image.
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= × × × ×C FCDI DI ED / BW AT ,( ) ( ) (6)

=HQ  CDI/RfD, (7)

= +HI Σ HQ fluoride HQ nitrate .( ) (8)

Here, C represents the concentration of nitrate and
fluoride in water (in mg/L); DI stands for the daily water
consumption in liters; F denotes the frequency of days per
year of exposure; ED signifies the duration of exposure in
years; BW represents the weight of the specific age group
in kilograms; AT indicates the average duration in days;
and RfD refers to the reference dose ( −

NO3 = 1.6 and F− =

0.06 mg/kg/day) [36]. The parameter values utilized for
health exposure assessment are detailed in Table 1.

3 Results and discussion

3.1 Hydrogeochemistry and groundwater
quality

The coordinates of the wells from which groundwater sam-
ples were collected, along with the hydrogeochemical

dataset, are provided in Table S1. The pH ranged from 6.77
to 9.60, with an average of 7.26 (Table 2), indicating neutral
to weakly basic waters [37]. Total dissolved solids (TDS)
levels ranged from 534 to 5,664, averaging 1705.83mg/L, indi-
cating that 50% of the water samples exceeded the WHO’s
recommended limits (1,000mg/L) [38]. Elevated TDS levels
are often associated with extended groundwater residence
times and significant water–rock interaction [3,39].

Figure 2: Locations of the groundwater samples in Al Qaseem area.

Table 1: Parameters applied for health exposure assessment through
drinking water and HI classification

Risk exposure
factors

Unit Adults Children Infants

DI L/d 2.0 1.5 0.8
F d/year 365 365 365
ED years 40 10 1.0
BW kg 70 20 10
AT d 14,600 3,650 365
HI ≤ 1 No health risk to

humans
HI > 1 Higher level of

hazard
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Arranged in descending order, the mean concentra-
tions of cations and anions (mg/L) were as follows: Cl−

(933.29), Na+ (418.37), −
SO4

2 (385.70), Ca2+ (303.70), −
HCO3

(149.68), −
NO3 (36.56), Mg2+ (35.27), K+ (14.12), and F− (0.71).

According to WHO guidelines for drinkable water quality,
the mean concentrations of −

SO4

2 , Cl−, Ca+, Na+, Mg2+, and K+

exceeded the acceptable limits. However, in S5, S6, and S9,
−

NO3 levels were elevated, with excess percentages of 7.89%
for −

NO3, 31.58% for Mg2+, 42.11% for Na+, 47.36% for −
SO4

2 ,
50% for K+, 76.32% for Cl−, and 92.11% for Ca2+ The heigh-
tened levels of these ions could stem from geochemical
processes due to rainwater infiltration, rock–water inter-
action, and anthropogenic activities [40–42]. Elevated −

NO3

levels in the groundwater of some farms may be attributed
to non-point sources such as the application of fertilizers,
pesticides, andmanure [43]. Electrical conductivity (EC) varied
from 920 to 11,560, with an average of 3335.45 μS/cm. The

elevated EC levels might be attributed to the increased levels
of Ca2+ and Mg2+ [21].

TDS exhibit a positive correlation with EC, Ca2+, Na+,
K+, and Cl− (Table 3), indicating that the dissolution of
carbonates and evaporites might play a role in the elevated
concentrations of these ions in the groundwater [3,44,45].
However, a positive correlation was observed between
Mg2+ and −

SO4

2 , as well as between F− and Ca2+ and K+.
On the other hand, −

NO3 and −
HCO3 show weak and negative

correlations with other cations and anions, suggesting that
these two anions have different sources in the study area.
This indicates anthropogenic influences, particularly agri-
cultural activities, due to the intensive use of chemical
fertilizers [46].

Principal component analysis was employed to discern
the potential origins of hydrogeochemical parameters in
groundwater. Three principal components were derived,

Table 2: Descriptive statistics of the investigated parameters

Parameter Unit Min. Max. Mean Std. Dev. MAC Weight (wi) Relative weight (Wi)

pH — 6.77 9.60 7.26 0.449 6.5–8.5 3 0.073
TDS mg/L 534 5,664 1705.83 1491.31 1,000 4 0.098
EC mg/L 920 11,560 3335.45 3121.27 500 3 0.073
Ca2+ mg/l 61.30 1053.00 303.70 223.50 75 2 0.049
Na+ mg/L 59.00 1816.00 418.37 570.88 200 2 0.049
Mg2+ mg/L 12.00 133.00 35.27 26.78 30 2 0.049
K+ mg/L 4.10 42.00 14.12 9.19 12 2 0.049
Cl− mg/L 78.10 3408.00 933.29 1124.75 250 3 0.073
HCO3

‒ mg/L 73.00 189.00 149.68 27.16 200 2 0.049

SO4

2‒ mg/L 112.00 1920.00 385.70 444.33 250 3 0.073

NO3
− mg/L 1.30 108.00 36.56 17.58 50 5 0.122

F− mg/L 0.10 0.98 0.71 0.311 1.5 5 0.122

Table 3: Correlation coefficient for the analyzed parameters

pH TDS EC Ca Na Mg K Cl HCO3 SO4 NO3 F

pH 1
TDS −0.207 1
EC −0.225 0.998** 1
Ca2+ −0.230 0.786** 0.809** 1
Na+ −0.198 0.917** 0.914** 0.673** 1
Mg2+ −0.181 0.201 0.216 0.231 −0.009 1
K+ −0.312 0.500** 0.522** 0.600** 0.379* 0.515** 1
Cl− −0.229 0.937** 0.943** 0.771** 0.976** 0.024 0.501** 1
HCO3

‒ −0.379* −0.536** −0.523** −0.327* −0.635** 0.182 0.186 −0.569** 1

SO4

2‒ −0.092 0.296 0.304 0.486** 0.211 0.535** 0.115 0.167 −0.198 1

NO3

‒ 0.322* 0.266 0.242 0.160 0.230 0.107 −0.078 0.201 −0.445** 0.154 1
F− −0.347* 0.350* 0.410* 0.618** 0.309 0.347* 0.504** 0.424** 0.035 0.300 −0.151 1

* Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).
Bold values represent positive correlation.
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collectively explaining 46.93, 19.38, and 12.03% of the total
variance (Table 4). PC1 showed high loadings for TDS, EC,
Ca2+, Na+, K+, Cl−, and F−, pointing to natural processes
involving the dissolution and precipitation of silicates,
gypsum, and carbonates [47,48]. Additionally, PC2 dis-
played elevated loadings of Mg2+, K+, and F−, suggesting
influences from both human activities and natural sources
[49]. PC3 demonstrated high loadings of Mg2+, −

SO4

2 , and
−

NO3 , indicating the distinct presence of these ions. The
occurrence of Mg2+, K+, and F− in multiple principal com-
ponents suggests varied sources for these ions [7,50].

The WQI values varied between 48.63 and 426.98, aver-
aging 166.81. According to the classification based on WQI,
eight water samples were deemed unsuitable for drinking,
five samples were categorized as very poor water quality,
ten samples as poor quality, fourteen samples as good
quality, and one sample as excellent quality (Table 5). Ana-
lysis of WQI values across sampling sites revealed hotspots

Table 4: Principal component loadings

Parameters Component

PC1 PC2 PC3

pH −0.261 −0.620 0.378
TDS 0.957 −0.138 −0.073
EC 0.969 −0.098 −0.077
Ca2+ 0.885 0.143 0.062
Na+ 0.904 −0.271 −0.221
Mg2+ 0.285 0.563 0.645
K+ 0.597 0.551 −0.047
Cl− 0.945 −0.171 −0.254
HCO3

‒ 0.503 0.757 −0.127

SO4

2‒ 0.411 0.196 0.689

NO3

‒ 0.245 −0.530 0.513
F− 0.544 0.526 0.000
% of Variance 46.93 19.38 12.03
Cumulative % 46.93 66.31 78.34

Bold values mean high loadings of the hydrogeochemical data.

Table 5: Results and categories of the WQI applied in this study

S.No. WQI Classification S.N. WQI Classification S.N. WQI Classification S.N. WQI Classification

1 54.09 Good 11 78.32 Good 21 106.02 Poor 31 419.49 Unsuitable
2 73.47 Good 12 52.62 Good 22 414.46 Unsuitable 32 87.07 Good
3 110.13 Poor 13 237.47 Very poor 23 179.94 Poor 33 248.31 Very poor
4 77.49 Good 14 426.98 Unsuitable 24 98.02 Good 34 91.18 Good
5 115.49 Poor 15 371.08 Unsuitable 25 110.89 Poor 35 86.44 Unsuitable
6 79.88 Good 16 272.48 Very poor 26 110.89 Poor 36 85.01 Unsuitable
7 48.63 Excellent 17 294.87 Very poor 27 93.14 Good 37 349.89 Unsuitable
8 58.38 Good 18 104.35 Poor 28 105.31 Poor 38 401.04 Unsuitable
9 99.08 Good 19 100.25 Poor 29 80.10 Good
10 75.19 Good 20 195.42 Poor 30 203.74 Very poor

Figure 3: Distribution of the WQI values per sample location in the study area.
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in S14, S15, S22, S31, S37, and S38 (Figure 3). This phenom-
enon could be attributed to an increase in Ca2+, Mg2+, Na+,
Cl−, and −

SO4

2 levels in these wells.

3.2 Health risk assessment

Fluoride and nitrate stand out as some of the most common
and widely distributed contaminants discovered in various

groundwater reservoirs, presenting a notable environmental
apprehension regarding water pollution. Elevated levels of

−
NO3 in drinking water have been associated with a range
of human health problems [50]. The release of F− ions into
groundwater is affected by the saturation levels of fluorite
and calcite, along with the concentrations of Ca2+, Na+, and

−
HCO3 ions in the groundwater [51].

It has been observed that excessive fertilizer cannot be
completely absorbed by plant roots. As a result, the sur-
plus can be lost through denitrification, leaching, and

Table 6: CDI (mg/kg/day) of nitrate and fluoride for adults, children, and infants

S.No. Well CDI (NO3
−) CDI (F−)

Adults Children Infants Adults Children Infants

1 BU0294 0.037 0.0975 0.104 0.006 0.015 0.016
2 BU0295 0.334 0.8775 0.936 0.009 0.0225 0.024
3 BU0296 0.854 2.2425 2.392 0.009 0.0225 0.024
4 BU2003 0.917 2.4075 2.568 0.006 0.015 0.016
5 BU2004 3.086 8.100 8.640 0.006 0.015 0.016
6 BU9003 1.957 5.1375 5.480 0.014 0.0375 0.04
7 BU9007 0.540 1.4175 1.512 0.014 0.0375 0.04
8 BU9115 0.866 2.2725 2.424 0.006 0.015 0.016
9 BU9128 1.991 5.2275 5.576 0.006 0.015 0.016
10 BU9129 1.303 3.420 3.648 0.003 0.0075 0.008
11 BU9328 1.226 3.2175 3.432 0.006 0.015 0.016
12 BU9458 0.726 1.905 2.032 0.009 0.0225 0.024
13 Sq-1 1.029 2.700 2.88 0.027 0.0705 0.0752
14 Sq-2 1.343 3.525 3.760 0.025 0.066 0.0704
15 Sq-3 1.286 3.375 3.600 0.026 0.0675 0.072
16 Sq-4 1.171 3.075 3.280 0.028 0.0735 0.0784
17 Sq-5 1.143 3.000 3.200 0.026 0.069 0.0736
18 Sq-6 1.057 2.775 2.960 0.024 0.06375 0.068
19 Sq-7 0.800 2.100 2.240 0.027 0.06975 0.0744
20 Sq-8 1.000 2.625 2.800 0.027 0.072 0.0768
21 Sq-9 0.943 2.475 2.640 0.026 0.06825 0.0728
22 Sq-10 1.200 3.150 3.360 0.025 0.066 0.0704
23 Sq-11 1.086 2.850 3.040 0.026 0.069 0.0736
24 Sq-12 0.943 2.475 2.640 0.027 0.07125 0.076
25 Sq-13 1.029 2.700 2.880 0.025 0.0645 0.0688
26 Sq-14 1.029 2.700 2.880 0.027 0.06975 0.0744
27 Sq-15 0.686 1.800 1.920 0.025 0.06525 0.0696
28 Sq-16 0.971 2.550 2.720 0.026 0.06825 0.0728
29 Sq-17 0.600 1.575 1.680 0.025 0.0645 0.0688
30 Sq-18 1.143 3.000 3.200 0.027 0.07125 0.076
31 Sq-19 1.286 3.375 3.600 0.027 0.0705 0.0752
32 Sq-20 0.629 1.650 1.760 0.026 0.06825 0.0728
33 Sq-21 1.057 2.775 2.960 0.025 0.066 0.0704
34 Sq-22 0.714 1.875 2.000 0.026 0.0675 0.072
35 Sq-23 0.629 1.650 1.760 0.024 0.063 0.0672
36 Sq-24 0.629 1.650 1.760 0.025 0.066 0.0704
37 Sq-25 1.200 3.150 3.360 0.027 0.0705 0.0752
38 Sq-26 1.257 3.300 3.520 0.026 0.06825 0.0728
Min 0.037 0.098 0.104 0.003 0.008 0.008
Max. 3.086 8.100 8.640 0.028 0.074 0.078
Average 1.071 2.810 2.997 0.020 0.052 0.056
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volatilization, or it can remain in the soil [13,52,53].
Fluoride (F-) in groundwater can either occur naturally
or be influenced by human activities [54]. The decomposi-
tion of fluoride-bearing minerals such as fluorite, amphi-
boles, apatite, and muscovite provides a natural source of
F− [13]. Additionally, anthropogenic sources of F− in ground-
water include phosphatic fertilizer plants, excessive ground-
water extraction, brick manufacturing, coal combustion,
and sewage discharge [55].

The CDI values of −
NO3 (mg/kg/day) differed among

adults, children, and infants. For adults, the CDI ranged
from 0.037 to 3.086 with an average of 1.071; for children,
it ranged from 0.098 to 8.100 with an average of 2.810; and
for infants, it ranged from 0.104 to 8.640 with an average of
2.997. The CDI values of fluoride (F−) for adults ranged from
0.003 to 0.028, with an average of 0.020. For children, the
range was from 0.008 to 0.074, with an average of 0.052.
For infants, the CDI values ranged from 0.008 to 0.078, with

Table 7: HQ and HI for fluoride and nitrate in adults, children, and infants

S.No. Well HQ nitrates HQ F− HI

Adults Children Infants Adults Children Infants Adults Children Infants

1 BU0294 0.02 0.06 0.065 0.10 0.25 0.27 0.12 0.31 0.33
2 BU0295 0.21 0.55 0.585 0.14 0.38 0.40 0.35 0.92 0.99
3 BU0296 0.53 1.40 1.495 0.14 0.38 0.40 0.68 1.78 1.90
4 BU2003 0.57 1.50 1.605 0.10 0.25 0.27 0.67 1.75 1.87
5 BU2004 1.93 5.06 5.40 0.10 0.25 0.27 2.02 5.31 5.67
6 BU9003 1.22 3.21 3.425 0.24 0.63 0.67 1.46 3.84 4.09
7 BU9007 0.34 0.89 0.945 0.24 0.63 0.67 0.58 1.51 1.61
8 BU9115 0.54 1.42 1.515 0.10 0.25 0.27 0.64 1.67 1.78
9 BU9128 1.24 3.27 3.485 0.10 0.25 0.27 1.34 3.52 3.75
10 BU9129 0.81 2.14 2.28 0.05 0.13 0.13 0.86 2.26 2.41
11 BU9328 0.77 2.01 2.145 0.10 0.25 0.27 0.86 2.26 2.41
12 BU9458 0.45 1.19 1.27 0.14 0.38 0.40 0.60 1.57 1.67
13 Sq-1 0.64 1.69 1.8 0.45 1.18 1.25 1.09 2.86 3.05
14 Sq-2 0.84 2.20 2.35 0.42 1.10 1.17 1.26 3.30 3.52
15 Sq-3 0.80 2.11 2.25 0.43 1.13 1.20 1.23 3.23 3.45
16 Sq-4 0.73 1.92 2.05 0.47 1.23 1.31 1.20 3.15 3.36
17 Sq-5 0.71 1.88 2.00 0.44 1.15 1.23 1.15 3.03 3.23
18 Sq-6 0.66 1.73 1.85 0.4 1.06 1.13 1.07 2.80 2.98
19 Sq-7 0.50 1.31 1.40 0.44 1.16 1.24 0.94 2.48 2.64
20 Sq-8 0.63 1.64 1.75 0.46 1.20 1.28 1.08 2.84 3.03
21 Sq-9 0.59 1.55 1.65 0.43 1.14 1.21 1.02 2.68 2.86
22 Sq-10 0.75 1.97 2.10 0.42 1.10 1.17 1.17 3.07 3.27
23 Sq-11 0.68 1.78 1.9 0.44 1.15 1.23 1.12 2.93 3.13
24 Sq-12 0.59 1.55 1.65 0.45 1.19 1.27 1.04 2.73 2.92
25 Sq-13 0.64 1.69 1.80 0.41 1.08 1.15 1.05 2.76 2.95
26 Sq-14 0.64 1.69 1.80 0.44 1.16 1.24 1.09 2.85 3.04
27 Sq-15 0.43 1.13 1.20 0.41 1.09 1.16 0.84 2.21 2.36
28 Sq-16 0.61 1.59 1.70 0.43 1.14 1.21 1.04 2.73 2.91
29 Sq-17 0.38 0.98 1.05 0.41 1.08 1.15 0.78 2.06 2.20
30 Sq-18 0.71 1.88 2.00 0.45 1.19 1.27 1.17 3.06 3.27
31 Sq-19 0.80 2.11 2.25 0.45 1.18 1.25 1.25 3.28 3.50
32 Sq-20 0.39 1.03 1.10 0.43 1.14 1.21 0.83 2.17 2.31
33 Sq-21 0.66 1.73 1.85 0.42 1.10 1.17 1.08 2.83 3.02
34 Sq-22 0.45 1.17 1.25 0.43 1.13 1.2 0.88 2.30 2.45
35 Sq-23 0.39 1.03 1.10 0.4 1.05 1.12 0.79 2.08 2.22
36 Sq-24 0.39 1.03 1.10 0.42 1.10 1.17 0.81 2.13 2.27
37 Sq-25 0.75 1.97 2.10 0.45 1.18 1.25 1.2 3.14 3.35
38 Sq-26 0.79 2.06 2.20 0.43 1.14 1.21 1.22 3.20 3.41
Min. 0.02 0.06 0.065 0.05 0.13 0.13 0.12 0.31 0.33
Max. 1.93 5.06 5.4 0.47 1.23 1.31 2.02 5.31 5.67
Aver. 0.668 1.756 1.873 0.333 0.874 0.930 0.993 2.606 2.78
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an average of 0.056 (Table 6). Moreover, the average HQ
values for nitrate and fluoride were 0.668 and 0.333 for
adults, 2.810 and 0.874 for children, and 1.873 and 0.930
for infants, respectively (Table 7).

The HI varied from 0.12 to 2.02 for adults, with an
average of 0.993. For children, it ranged from 0.31 to 5.31,
with an average of 2.606. For infants, the HI ranged from
0.33 to 5.67, with an average of 2.78 (Table 7 and Figure 4).
Groundwater samples exceeded the safety threshold of 1,
accounting for 57.89% (22 out of 38) for adults and 94.73%
(36 out of 38) for both children and infants (Figure 4). The
findings of the study indicate that the groundwater exam-
ined across various study areas, particularly in water sam-
ples 5, 6, 9, and 14–17 (from wells BU2004, BU9003, BU9128,
Sq-2 to Sq-5, respectively), could potentially expose infants,
children, and adults to non-cancerous health risks if used
as drinking water. Furthermore, the results indicate that
infants and children are more susceptible to non-carcino-
genic health risks than adults, likely because of their lower
body weights. Similar conclusions have been reported by
researchers worldwide when assessing the health risks
associated with nitrate and fluoride in groundwater. These
studies include regions in China, Iran, India, Pakistan, and
Saudi Arabia [4,15,34,50,51,56].

Nevertheless, tomitigate the elevated levels of −
NO3 and F

−

in groundwater, three effective techniques can be employed:
adsorption, electrocoagulation, and reverse osmosis.
Adsorption is a straightforward and cost-effective method
that involves using solid materials to capture F− and −

NO3

ions from water [57]. Electrocoagulation is a quick and eco-
friendly method where an electric current is applied to pro-
duce metal hydroxides, which precipitate F− and −

NO3 ions
from water [58]. Reverse osmosis is a highly effective and
selective method that utilizes high pressure and a mem-
brane to filter F− and −

NO3 ions from water [59]. Recommen-
dations include reducing thementioned contaminants in the
study area and exploring alternative sources of water, or
mixing water from regions with lower concentrations of
fluoride and nitrate.

The current study proposes several measures to improve
groundwater quality and minimize potential health hazards,
particularly in terms of drinking water consumption: (i)
implementation of an effective water management strategy
involving the mentioned techniques, (ii) ensuring proper
landfill construction, and (iii) reducing the excessive use of
fertilizers and pesticides in agricultural areas.

The protocol employed by the researchers in the cur-
rent study for collecting groundwater samples demonstrates

Figure 4: Non-carcinogenic risks induced by fluoride and nitrate in drinking water.
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a robust methodology aimed at ensuring the integrity and
reliability of the findings. Nevertheless, it is important to
acknowledge inherent limitations, including temporal varia-
bility and spatial coverage. Groundwater quality can vary
over time due to seasonal changes and agricultural activ-
ities. Sampling at a single point in time may not capture
these variations and might not represent the long-term
average conditions of the groundwater.

This study could be limited by the spatial coverage of
sampled wells and their distribution. Although the number
of wells sampled is substantial, their uneven distribution
means the results may not accurately represent the entire
study area. Fieldwork can be challenging when collecting
samples according to the researchers’ preferences because
some locations in the study area are inaccessible or belong
to farming companies that do not allow researchers to
collect from their groundwater wells. Addressing these lim-
itations in future studies could involve conducting repeated
samplings over different seasons and increasing the number
of sampling locations.

4 Conclusions

The current work highlighted the water quality and non-
carcinogenic hazards linked with nitrate and fluoride in
groundwater sourced from the Al Qaseem region, Saudi
Arabia. The findings indicated that numerous major cations
and anions surpassed the guidelines set by the WHO. Out of
the samples assessed, 8 were unsuitable for drinking, 5 dis-
played very poor water quality, 10 exhibited poor quality, 14
were of good quality, and 1 was deemed excellent. None of
the fluoride samples exceeded the WHO’s recommended
drinking water limit of 1.5 mg/L, while three nitrate levels
surpassed the WHO guideline of 50.00mg/L. A significant
proportion, 57.89%, of the water samples exceeded safety
thresholds for adults, while 94.73% surpassed the thresholds
for both children and infants, indicating potential health
hazards. Consequently, groundwater in the study area
may pose non-cancerous health risks to infants, children,
and adults if utilized as drinking water. Urgent attention
and remedial measures are essential to safeguard resi-
dents from the adverse effects of fluoride and nitrate in
the study area.

Acknowledgements: The authors extend their apprecia-
tion to Researchers Supporting Project number (RSPD2024R791),
King Saud University, Riyadh, Saudi Arabia. The authors also
thank the anonymous reviewers for their valuable suggestions
and constructive comments.

Funding information: The research was financially sup-
ported by Researchers Supporting Project number (RSPD2024R791),
King Saud University, Riyadh, Saudi Arabia.

Author contributions: Talal Alharbi: collecting water sam-
ples, original draft preparation, design of methodology
and mapping, and reviewing the manuscript; Abdelbaset
S. El-Sorogy: reviewing the manuscript and submitting the
manuscript.

Conflict of interest: The current article does not have any
conflict of interest.

Ethical approval: The present study did not use or harm
any animals and followed all the scientific ethics.

Data availability statement: All data generated or ana-
lyzed during this study are included in this published
article.

References

[1] Patel PM, Saha D, Shah T. Sustainability of groundwater through
community-driven distributed recharge: An analysis of arguments
for water scarce regions of semiarid India. J Hydrol Reg Stud.
2020;29:100680. doi: 10.1016/J.EJRH.2020.100680.

[2] Alshehri F, Almadani S, El-Sorogy AS, Alwaqdani E, Alfaifia HJ,
Alharbi T. Influence of seawater intrusion and heavy metals con-
tamination on groundwater quality, Red Sea coast, Saudi Arabia. Mar
Pollut Bull. 2021;165:112094. doi: 10.1016/j.marpolbul.2021.112094.

[3] Alfaifi HJ, El-Sorogy AS, Qaysi S, Kahal A, Almadani S, Alshehri F,
et al. Evaluation of heavy metal contamination and groundwater
quality along the Red Sea coast, southern Saudi Arabia. Mar Pollut
Bull. 2021;163:111975. doi: 10.1016/j.marpolbul.2021.111975.

[4] Kom KP, Gurugnanam B, Bairavi S. Non-carcinogenic health risk
assessment of nitrate and fluoride contamination in the ground-
water of Noyyal basin. India Geodesy Geodyn. 2022;13:619–31.

[5] Smith A, Lingas EO, Rahman M. Contamination of drinking-water
by arsenic in Bangladesh: a public health emergency. Bull World
Health Organ. 2020;78(9):1093–103.

[6] Alshehri F, El-Sorogy AS, Almadani S, Aldossari M. Groundwater
quality assessment in western Saudi Arabia using GIS and multi-
variate analysis. J King Saud Univ – Sci. 2023;35:102586. doi: 10.
1016/j.jksus.2023.102586.

[7] Alharbi T, El-Sorogy AS. Quality and groundwater contamination of
Wadi Hanifa, central Saudi Arabia. Environ Monit Assess.
2023;195:525. doi: 10.1007/s10661-023-11093-0.

[8] Rezaei M, Nikbakht M, Shakeri A. Geochemistry and sources of
fluoride and nitrate contamination of groundwater in Lar area,
south Iran. Environ Sci Pollut Res. 2017;24:15471–87. doi: 10.1007/
S11356-017-9108-0.

[9] Ahada CPS, Suthar S. Groundwater nitrate contamination and
associated human health risk assessment in southern districts of

10  Talal Alharbi and Abdelbaset S. El-Sorogy

https://doi.org/10.1016/J.EJRH.2020.100680
https://doi.org/10.1016/j.marpolbul.2021.112094
https://doi.org/10.1016/j.marpolbul.2021.111975
https://doi.org/10.1016/j.jksus.2023.102586
https://doi.org/10.1016/j.jksus.2023.102586
https://doi.org/10.1007/s10661-023-11093-0
https://doi.org/10.1007/S11356-017-9108-0
https://doi.org/10.1007/S11356-017-9108-0


Punjab, India. Environ Sci Pollut Res. 2018;25:25336e-347. doi: 10.
1007/S11356-018-2581-2.

[10] Qasemi M, Farhang M, Morovati M, Mahmoudi M, Ebrahimi S,
Abedi A, et al. Investigation of potential human health risks from
fluoride and nitrate via water consumption in Sabzevar, Iran. Int J
Environ Anal Chem. 2022;102(2):307–18. doi: 10.1080/03067319.
2020.1720668.

[11] Kimambo V, Bhattacharya P, Mtalo F, Ahmad A. Fluoride occurrence
in groundwater systems at global scale and status of defluorida-
tion-State of the art. Groundwater Sustain Dev. 2019;9:100223.
doi: 10.1016/j.gsd.2019.100223.

[12] Tanwer N, Deswal M, Khyalia P, Laura JS, Khosla B. Fluoride and
nitrate in groundwater: a comprehensive analysis of health risk
and potability of groundwater of Jhunjhunu district of Rajasthan,
India. Environ Monit Assess. 2023;195:267. doi: 10.1007/s10661-022-
10886-z.

[13] Alharbi T, El-Sorogy AS. Health risk assessment of nitrate and
fluoride in the groundwater of central Saudi Arabia. Water.
2023;15:2220.

[14] Giwa AS, Memon AG, Ahmad J, Ismail T, Abbasi SA, Kamran K, et al.
Assessment of high fluoride in water sources and endemic
fluorosis in the North-Eastern communities of Gombe State,
Nigeria. Environ Pollut Bioav. 2021;33:31–40. doi: 10.1080/
26395940.2021.1908849.

[15] Ayoob S, Gupta AK. Fluoride in drinking water: a review on the
Status and stress effects. Crit Rev Environ Sci Technol.
2007;36:433–87. doi: 10.1080/10643380600678112.

[16] Khan S, Shahnaz M, Jehan N, Rehman S. Nitrate contamination in
the environment: A review. Nitrate Contamination. Heidelberg:
Springer; 2018. p. 3–25.

[17] Singh SK, Tripathi A, Jaiswal S, Singh A, Rai R. Impact of nitrogen
fertilizers on human health and environment. Nitrate
Contamination. Heidelberg: Springer; 2021. p. 123–34.

[18] Chae GT, Yun ST, Kwon MJ. Fluoride contamination in groundwater
resources and health risk assessment in Korea. Environ Geochem
Health. 2020;42(5):1471–84.

[19] Duggal V, Upreti RK, Singh A. Fluoride in groundwater: a review of
contamination sources, health effects, and remediation methods.
Contaminants in Drinking and Wastewater Sources. Heidelberg:
Springer; 2019. p. 1–22.

[20] Alharbi T. Hydrochemical evaluation of wasia well field in Riyadh
Area. Master’s Thesis. Riyadh, Saudi Arabia: King Saud University;
2005. p. 139.

[21] Alharbi TG. Identification of hydrogeochemical processes and their
influence on groundwater quality for drinking and agricultural
usage in Wadi Nisah, Central Saudi Arabia. Arab J Geosci.
2018;11:359. doi: 10.1007/s12517-018-3679-z.

[22] Aly AA, Alomran A, Alharby MM. The water quality index and
hydrochemical characterization of groundwater resources in Hafar
Albatin, Saudi Arabia. Arab J Geosci. 2014;8:4177–90.

[23] Alharbi TG, Zaidi FK. Hydrochemical classification and multivariate
statistical analysis of groundwater from Wadi Sahba area in central
Saudi Arabia. Arab J Geosci. 2018;11:643. doi: 10.1007/s12517-018-
3955-y.

[24] El Alfy M, Alharbi T, Mansour B. Integrating geochemical investi-
gations and geospatial assessment to understand the evolutionary
process of hydrochemistry and groundwater quality in arid areas.
Environ Monit Assess. 2018;190:277. doi: 10.1007/s10661-018-
6640-4.

[25] Alharbi T, El-Sorogy AS, Qaysi S, Alshehri F. Evaluation of ground-
water quality in central Saudi Arabia using hydrogeochemical
characteristics and pollution indices. Environ Sci Pollut Res.
2021;28:53819–32. doi: 10.1007/s11356-021-14575-1.

[26] Mallick J, Singh CK, AlMesfer MK, Singh VP, Alsubih M. Groundwater
quality studies in the kingdom of saudi arabia: prevalent research
and management dimensions. Water. 2021;13:1266. doi: 10.3390/
w13091266.

[27] Alharbi T, Abdelrahman K, El-Sorogy AS, Ibrahim E. Contamination
and health risk assessment of groundwater along the Red Sea
coast, Northwest Saudi Arabia. Mar Pollut Bull. 2023;192:115080.
doi: 10.1016/j.marpolbul.2023.115080.

[28] World Health Organization, WHO. Guidelines for drinking-water
quality. Incorporating the first addendum. 4th edn. Geneva:
Licence: CC BY-NC-SA 3.0IGO; 2017.

[29] Almazroui M. Calibration of TRMM rainfall climatology over Saudi
Arabia during 1998–2009. Atmos Res. 2011;99:400–14.

[30] Powers RW, Ramirez LF, Redmond CD, Elberg EL. Geology
of the Arabian Peninsula. Geol Surv Professional Pap.
1966;560:1–147.

[31] APHA. Standard methods for the examination of water and was-
tewater. 19th edn. Washington, DC: American Public Health
Association; 1995. p. 45.

[32] Patel YS, Vadodaria GP. Groundwater quality assessment using
water quality index. hydro. international. 20th International
Conference on Hydraulics, Water Resources and River Engineering.
Roorkee, India; 2015.

[33] Sahu P, Sikdar PK. Hydrochemical Framework of the Aquifer in and
Around East Kolkata Wetlands, West Bengal India. Environ Geol.
2008;55(4):823–35. doi: 10.1007/s00254-007-1034-x.

[34] Qasemi M, Afsharnia M, Zarei A, Farhang M, Allahdadi M. Non-
carcinogenic risk assessment to human health due to intake of
fluoride in the groundwater in rural areas of Gonabad and
Bajestan, Iran: A case study. Hum Ecol Risk Assess Int J.
2018;25:1222–33. doi: 10.1080/10807039.2018.1461553.

[35] Vaiphei SP, Kurakalva RM. Hydrochemical characteristics and
nitrate health risk assessment of groundwater through seasonal
variations from an intensive agricultural region of upper Krishna
River basin, Telangana, India. Ecotoxicol Environ Saf.
2021;213:112073. doi: 10.1016/j.ecoenv.2021.112073.

[36] USEPA. Human Health Evaluation Manual, Supplemental Guidance:
Update of Standard Default Exposure Factors, OSWER Directive
9200.1–120. Washington, DC, USA: United States Environmental
Protection Agency; 2014.

[37] World Health Organization (WHO). Guidelines for drinking-water
quality. 3rd edn. Geneva. Vol. 1; 2014. p. 515. Recommendations.

[38] World Health Organization (WHO). Guidelines for drinking-water
quality. 4th edn; 2011. p. 564.

[39] Musgrove M. The occurrence and distribution of strontium in U.S.
groundwater. Appl Geochem. 2021;126:104867. doi: 10.1016/j.
apgeochem.2020.104867.

[40] Ehya F, Marbouti Z. Hydrochemistry and contamination of
groundwater resources in the Behbahan plain SW Iran. Environ
Earth Sci. 2016;75(6):455. doi: 10.1007/s12665-016-5320-3.

[41] Gnanachandrasamy G, Dushiyanthan C, Rajakumar TJ, Zhou Y.
Assessment of hydrogeochemical characteristics of groundwater in
the lower Vellar River Basin: using geographical information
system (GIS) and water quality index (WQI). Environ Dev
Sustainability. 2018;22:759–89. doi: 10.1007/s10668-018-0219-7.

Groundwater quality and health risk assessment of nitrate and fluoride  11

https://doi.org/10.1007/S11356-018-2581-2
https://doi.org/10.1007/S11356-018-2581-2
https://doi.org/10.1080/03067319.2020.1720668
https://doi.org/10.1080/03067319.2020.1720668
https://doi.org/10.1016/j.gsd.2019.100223
https://doi.org/10.1007/s10661-022-10886-z
https://doi.org/10.1007/s10661-022-10886-z
https://doi.org/10.1080/26395940.2021.1908849
https://doi.org/10.1080/26395940.2021.1908849
https://doi.org/10.1080/10643380600678112
https://doi.org/10.1007/s12517-018-3679-z
https://doi.org/10.1007/s12517-018-3955-y
https://doi.org/10.1007/s12517-018-3955-y
https://doi.org/10.1007/s10661-018-6640-4
https://doi.org/10.1007/s10661-018-6640-4
https://doi.org/10.1007/s11356-021-14575-1
https://doi.org/10.3390/w13091266
https://doi.org/10.3390/w13091266
https://doi.org/10.1016/j.marpolbul.2023.115080
https://doi.org/10.1007/s00254-007-1034-x
https://doi.org/10.1080/10807039.2018.1461553
https://doi.org/10.1016/j.ecoenv.2021.112073
https://doi.org/10.1016/j.apgeochem.2020.104867
https://doi.org/10.1016/j.apgeochem.2020.104867
https://doi.org/10.1007/s12665-016-5320-3
https://doi.org/10.1007/s10668-018-0219-7


[42] Dumaru B, Kayastha SB, Pande VP. Spring water assessment for
quality and suitability for various uses: The case of Thuligaad
watershed, western Nepal. Environ Earth Sci. 2021;80:586.

[43] Zhai Y, Lei Y, Wu J, Teng Y, Wang J, Zhao X, et al. Does the
groundwater nitrate pollution in China pose a risk to human
health? A critical review of published data. Environ Sci Pollut Res.
2017;24:3640–53. doi: 10.1007/s11356-016-8088-9.

[44] Zhang Y, Xu M, Li X, Qi J, Zhang Q, Guo J, et al. Hydrochemical
characteristics and multivariate statistical analysis of natural water
system: a case study in Kangding County, Southwestern China.
Water. 2018;10(1):80. doi: 10.3390/w10010080.

[45] Li P, Wu J, Qian H. Hydrochemical appraisal of groundwater quality
for drinking and irrigation purposes and the major influencing
factors: A case study in and around Hua County, China. Arab J
Geosci. 2016;9(1):15. doi: 10.1007/s12517-015-2059-1.

[46] Adimalla N, Li P. Occurrence, health risks and geochemical
mechanisms of fluoride and nitrate in groundwater of the rock-
dominant semiarid region, Telangana state, India. Hum Ecol Risk
Assess. 2019;25(1–2):81–103. doi: 10.1080/10807039.2018.1480353.

[47] Rezaei A, Hassani H, Jabbari N. Evaluation of groundwater quality
and assessment of pollution indices for heavy metals in north of
Isfahan Province, Iran. Sustain Water Resour Manag.
2019;5(2):491–512. doi: 10.1007/s40899-017-0209-1.

[48] Wu J, Li P, Wang D, Ren X, Wei M. Statistical and multivariate
statistical techniques to trace the sources and affecting factors of
groundwater pollution in a rapidly growing city on the Chinese
Loess Plateau. Hum Ecol Risk Assess. 2020;26(6):1603–21. doi: 10.
1080/10807039.2019.1594156.

[49] Kumar A, Roy SS, Singh CK. Geochemistry and associated
human health risk through potential harmful elements (PHEs) in
groundwater of the Indus basin, India. Environ Earth Sci.
2020;79:86.

[50] Sarkar N, Kandekar A, Gaikwad S, Kandekar S. Health risk assess-
ment of high concentration of fluoride and nitrate

in the groundwater–A study of central India. Transactions.
2022;44:13.

[51] Chen J, Wu H, Qian H, Gao Y. Assessing nitrate and fluoride con-
taminants in drinking water and their health risk of rural residents
living in a Semiarid Region of Northwest China. Expo Health.
2016;9:183–95. doi: 10.1007/s12403-016-0231-9.

[52] Arora RP, Sachdev SY, Luthra VK, Subbiah BV. Fate of fertilizer
nitrogen in a multiple cropping system. Soil Nitrogen as Fertilizer or
Pollution. Vienna, Austria: International Atomic Energy Agency; 1980.

[53] Zhao B, Li X, Liu H, Wang B, Zhu P, Huang SM, et al. Results
from long-term fertilizer experiments in China: The risk of
groundwater pollution by nitrate. NJAS-Wageningen J Life Sci.
2011;58:177–83.

[54] Kalpana L, Brindha K, Elango L. FIMAR a new fluoride index to
mitigate geogenic contamination by managed aquifer recharge.
Chemosphere. 2019;220:381–90.

[55] Narsimha A, Rajitha S. Spatial distribution and seasonal variation in
fluoride enrichment in groundwater and its associated human
health risk assessment in Telangana State, South India. Hum Ecol
Risk Assess. 2018;24:2119–32.

[56] Qasemi M, Darvishian M, Nadimi H, Gholamzadeh M, Afsharnia M,
Farhang M, et al. Characteristics, water quality index and human
health risk from nitrate and fluoride in Kakhk city and its rural
areas, Iran. J Food Compos Anal. 2023;115:104870. doi: 10.1016/j.
jfca.2022.104870.

[57] Zhou H, Tan Y, Gao W, Zhang Y, Yang Y. Selective nitrate removal
from aqueous solutions by a hydrotalcite-like absorbent FeMgMn-
LDH. Sci Rep. 2020;10:16126.

[58] Sandoval MA, Fuentes R, Thiam A, Salazar R, van Hullebusch ED.
Arsenic and fluoride removal by electrocoagulation process: A
general review. Sci Total Environ. 2021;753:142108.

[59] Epsztein R, Nir O, Lahav O, Green M. Selective nitrate removal from
groundwater using a hybrid nanofiltration–reverse osmosis filtra-
tion scheme. Chem Eng J. 2015;279:372–8.

12  Talal Alharbi and Abdelbaset S. El-Sorogy

https://doi.org/10.1007/s11356-016-8088-9
https://doi.org/10.3390/w10010080
https://doi.org/10.1007/s12517-015-2059-1
https://doi.org/10.1080/10807039.2018.1480353
https://doi.org/10.1007/s40899-017-0209-1
https://doi.org/10.1080/10807039.2019.1594156
https://doi.org/10.1080/10807039.2019.1594156
https://doi.org/10.1007/s12403-016-0231-9
https://doi.org/10.1016/j.jfca.2022.104870
https://doi.org/10.1016/j.jfca.2022.104870

	1 Introduction
	2 Material and methods
	2.1 Geological and hydrogeological setting
	2.2 Land-use pattern and urbanization
	2.3 Sampling and data analysis

	3 Results and discussion
	3.1 Hydrogeochemistry and groundwater quality
	3.2 Health risk assessment

	4 Conclusions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


