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Abstract

A systematic study was performed to explore human health risks for the local populace due to fluoride contamination in the
arid coastal aquifer, Saudi Arabia using fluoride contamination zone mapping, contamination index (C,), chronic daily intake
(CDI), and hazard quotient (HQ) calculations. The groundwater (n=>52) in the study region is neutral to alkaline, brackish
to saline and very hard in nature. Groundwater in 27% of wells surpassed the drinking water fluoride level (F> 1.5 mg/l)
recommended by the WHO and has C,> 0, which is unpalatable for drinking. Groundwater chemistry in the study area
is predominantly influenced by evaporation processes and high fluoride groundwater belongs to the NaCl type. During
evaporation, precipitation of carbonate minerals triggered the dissolution of fluoride minerals; consequently, groundwater is
enriched with fluoride and salinity. Adverse health effects, calculated using CDI,; and HQ,,,;, suggested that 23% and 33%
of samples show a non-carcinogenic threat to adults and children, respectively. The fluoride contamination zone mapping
and the spatial distribution of C, values and HQ,,,; substantiated that groundwater in the downstream region is degraded
due to higher fluoride content, which can cause a health threat to human beings. In the study area, evaporation along with
mineral weathering resulted in fluoride enrichment in the groundwater. Thus, proper treatment is required to remove the
fluoride and salinity from the groundwater before use. The outcome of this study can help local municipalities and water

management authorities for planning.
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Introduction

Groundwater contamination by fluoride is widely reported
and grabbed more attention in the world (Esmaeili et al.
2018; Knappett et al. 2018; Djari et al. 2018; Cinti et al.
2019; Elumalai et al. 2019; Li et al. 2019; Radfard et al.
2019; Younas et al. 2019; Zango et al. 2019; Alarcon-
Herrera et al. 2020; Alcaine et al. 2020; Gao et al. 2020;
Makubalo and Diamond 2020; Mukherjee and Singh 2020;
Adimalla and Qian 2021; Rajmohan et al. 2021a; Senthil-
kumar et al. 2021). Fluoride is an essential element for the
human body for skeletal and dental growth. World Health
Organization (WHO) prescribed a limit (< 1.5 mg/l) for
fluoride in drinking water (WHO 2017). Low concentration
(F <0.5 mg/l) in the drinking water causes dental decay for
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children and infants, and osteoporosis, while higher concen-
tration (F > 1.5 mg/1) results in fluorosis (He et al. 2020).
Recent studies reported several adverse effects, namely den-
tal enamel degradation, crippling in major joints and spine,
nausea, diarrhea, blood cells damage due to calcification,
neurological issues, bone fractures, impaired thyroid func-
tion, reduction in birth rate, urolithiasis (kidney stones) for-
mations, and decrease in children intelligence due to high
fluoride intake through drinking water (Ozsvath 2009; Peru-
mal et al. 2013; Jiang et al. 2019; Mukherjee et al. 2019).
In the arid and semi-arid regions, groundwater contami-
nation and fluoride enrichment are extensively reported
in the literature, namely China (Gao et al. 2020; Li et al.
2020), Mexico (Morales-Arredondo et al. 2016; Knappett
et al. 2018; Alarcon-Herrera et al. 2020), Iran (Enalou
et al. 2018; Radfard et al. 2019; Rezaei et al. 2019), Gaza
strip (Jabel et al. 2014), Tanzania (Ghiglieri et al. 2010),
Argentina (Alvarez and Carol 2019; Alcaine et al. 2020),
South Africa (Elumalai et al. 2019; Makubalo and Dia-
mond 2020), Pakistan (Rafique et al. 2015; Younas et al.
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2019), Ghana (Zango et al. 2019), Jordan (Abboud 2018),
Egypt (Ahmed 2014) and Ethiopia (Furi et al. 2011).

Natural sources are predominantly linked with fluoride
enrichment in groundwater compared to anthropogenic
sources. Weathering and dissolution of fluorite (CaF,),
cryolite, apatite, hornblende, muscovite, tremolite, bio-
tite, villianmite, topaz, fluorapatite and micas are com-
mon sources for fluoride in the aquifer (Chowdhury et al.
2019). In the case of wells located in the sedimentary (i.e.,
shale) and igneous rocks (i.e., granites), formations have
high fluoride in the groundwater. Apart from the geogenic
sources, irrigation return flow, application of phosphate
fertilizers, brick industries, fly ash and emission from
industries are also contributed to fluoride enhancement
in groundwater (Datta et al. 1996; Vithanage and Bhat-
tacharya 2015; Kadam et al. 2019). Fluoride accumulation
in the aquifer is also linked to other factors, such as high
bicarbonate and pH, residence time, thermal springs, vol-
canic activities, and local climatic conditions (Vithanage
and Bhattacharya 2015).

Health risk assessment (HRA) of groundwater is widely
performed using a recommended model of United States
Environmental Protection Agency (USEPA) to explore
the impact of nitrate, fluoride and trace metals on human
health (Li et al. 2014; Keshavarz et al. 2015; Narsimha
and Rajitha 2018; Shahid et al. 2018; Adimalla et al. 2019;
Mukherjee et al. 2019; Rezaei et al. 2019; Zhang et al.
2019; Chen et al. 2020; Fan et al. 2020; Ji et al. 2020;
Kumar and Singh 2020; Mukherjee and Singh 2020; Singh
et al. 2020; Wagh et al. 2020; Rajmohan et al. 2021a). As
fluoride contamination is getting more important, recent
studies employed this approach to explore health hazards
linked to intake of high fluoride groundwater (Keshavarz
et al. 2015; Kadam et al. 2019; Mukherjee et al. 2019;
Rajmohan et al. 2021a).

In Saudi Arabia, fluoride contamination in groundwater
is identified in various regions (Al-Ahmadi and El-Fiky
2009; Alabdulaaly et al. 2013; Shraim et al. 2013; Ghrefat
et al. 2014; Loni et al. 2015; Alharbi et al. 2017; Alfaifi
2019; Rajmohan et al. 2021a; Algahtany 2021) and is con-
sidered as a serious concern in this region. Further, it is
well known that natural water resources in Saudi Arabia
are very limited and depend on desalinisation for most
of the water demand. Thus, the present investigation was
performed in the Al Lusub basin (a) to explore the current
status of fluoride contamination and its distribution; (b) to
assess the water suitability for drinking; (c) to demark the
fluoride contamination zones and (c) to assess the health
risks for local populace using USEPA model. The outcome
of this study can create awareness about fluoride contami-
nation in the study region and also help local municipali-
ties and water management authorities for future planning.
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Materials and methods
Study area

The study was performed in the Wadi Al Lusub basin,
which is located in western Saudi Arabia (Latitude: 39°
0'-40° 20'; Longitude: 39° 0'-40° 20") (Fig. 1). The study
area covers 2497 square km and experiences an arid cli-
mate. The maximum temperature ranges from 38 °C to
43 °C, and the minimum temperature varies from 16 °C
to 33 °C. The study area has irregular and highly variable
rainfall and it varies from 70 mm in the western part to
120 mm in the eastern region (Basahi et al. 2017). The
topography is also highly variable, and the elevation varies
from 1443 m above mean sea level (amsl) in the upstream
to 1 m amsl in the downstream region.

The study area is in the Arabian Shield and comprises
metamorphic and plutonic rocks, which belong to the Pre-
cambrian, Tertiary and Quaternary age (Fig. 1). The north-
eastern part is covered by the Rahat group (Tertiary age),
which comprises Shaw Hit and Amah basalt intercalated
with alluvial deposits. In the downstream, sedimentary
rocks (tertiary age) are overlain by sheets of basaltic lava
flows. The sedimentary formations are categorized into
two groups as the Usfan and Shumaysi Formations. The
Usfan formation is composed of sandstones, shales, marls
and fossiliferous carbonate wedges while the Shumaysi
formation comprises sandstones, siltstones and oolitic
ironstone bands (Chebotarev 1955; EI-Didy 1999; Raj-
mohan et al. 2019). The quaternary formation formed a
potential aquifer in the study site, which comprises gravel,
sand and sandstone with some intercalations of shale. The
aquifer in the study area is unconfined to semi-confined/
confined in nature (Sharaf et al. 2001; Rajmohan et al.
2019). The unconfined shallow aquifer is mostly used for
irrigation. The groundwater level varies from 5 to 50 mbgl,
which is deeper in the central part of the study region (Raj-
mohan et al. 2019). Groundwater flows from northeast to
northwest via the central region.

Groundwater sampling and analysis

In the Al Lusub basin, 52 groundwater samples were col-
lected, in which 49 samples from tube wells and 3 samples
from dug wells and temperature, electrical conductivity
(EC) and pH were measured in the field using a portable
meter (SevenGo Duo SG23, Mettler Toledo). Groundwater
sampling, transport, storage, and analysis were performed
based on international standard procedures (Keefe et al.
2003; APHA 2017). Water sampling was carried out after
the stabilization of EC to ensure freshness and to represent
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Fig. 1 Groundwater sampling wells, drainage and geology details in the Wadi Al Lusub basin

the aquifer. Pre-cleaned HDPE bottles were used for water
sampling and the samples were filtered through a 0.45 pm
millipore membrane filter to remove the undissolved impu-
rities. The samples were properly sealed, labeled, stored
and transported to the laboratory within 24 h and pre-
served at 4 °C for the further analyses. Ion chromatog-
raphy (Thermos scientific, ICS 5000 +) was employed to
analyze the major ions (Na*, K*, Ca**, Mg?*, Cl~, SO,>")
and minor ions (NO;~, F~, Br™). The volumetric titration
method was used for determining bicarbonate and carbon-
ate (APHA 2017). The precision and measurement repeat-
ability of each analysis were < 2% and the calculated ion
balance error was +5%.

Data analysis

Analytical results were used in the Chadha diagram and
Gibbs plots to identify the water types and geochemical
processes governing water chemistry, respectively. To
evaluate the effect of ingestion of high fluoride groundwa-
ter on human health, chronic daily intake (CDI) and haz-
ard quotient (HQ) were calculated using USEPA (2011)
model. ArcGIS v10.3 was employed for various spatial
maps preparation, namely spatial distribution of fluoride,

fluoride contamination zones, contamination index and
HQ. The spatial reference system WGS 1984 was used
in the ArcGIS for maps preparation. In the spatial distri-
bution maps preparation, the inverse distance weighted
(IDW) interpolation method was employed.

Contamination index

Contamination index (C,) is generally used to assess the
cumulative effect of metal content in the groundwater over
the recommended international drinking water standards
(Backman et al. 1998). In this study, C, is used to explore
the fluoride contamination in this arid aquifer. The C, is
calculated using the following Eq. (1).

Co==—-1 M
where C, is the contamination index, C,; is the analyzed
fluoride concentration in the water sample and Cy; is the

fluoride concentration (1.5 mg/l) recommended by the WHO
for drinking water.
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Health risk assessment

United States Environmental Protection Agency (USEPA)
has recommended some models to evaluate the hazards for
human beings by various pollutants through water, air and
food or dietary sources. Among the various exposer path-
ways, the ingestion of pollutants through drinking water is a
major concern. In this study, health risk due to the consump-
tion of high fluoride water for adults and children is calcu-
lated. The chronic daily intake (CDI) is calculated using
Eq. 2. The non-carcinogenic risk due to fluoride in drinking
water is estimated by hazard quotient (HQ) (Eq. 3) (USEPA
1989; Wu et al. 2015; He et al. 2020).

CXIRXEFXED
DI, = @
BW X AT
HQ _ CDIoral

where C represents the concentration of F~ in the ground-
water (mg/l). Ingestion rate (IR) is 2.5 and 0.78 (I/day) for
adults and children, respectively (USEPA 2014). EF is the
exposure frequency (days/year), which is 365 days for both
adults and children. ED (exposure duration) is 65 and 6 years
for adults and children, respectively (Narsimha and Rajitha
2018; Kadam et al. 2019). BW is the average body weight
and it is 65 kg and 15 kg for adults and children, respectively.
The average exposure time (AT) for adults and children is
23775 and 2190 days, respectively. RfD is the oral reference
dose (mg/kg/day) of F~, which is 0.06 (mg/kg/day) (USEPA
1993). In the groundwater, the CDI,; and HQ,, values
greater than 1 possibly cause a health threat to human beings.

Results and discussion

Groundwater in the study area is mostly neutral to alka-
line in nature and the pH in 75% of samples is greater
than 7. The groundwater pH varies from 6.6 to 7.8 with
an average of 7.2 (n=52). The EC and TDS in the ground-
water range from 1291 uS/cm to 25,700 pS/cm and from
646 mg/l to 12,860 mg/l with a mean value of 9780 pS/
cm and 4892 mg/l, respectively. The groundwater in the
study area is classified as brackish (71%) to saline (21%)
(Freezee and Cherry 1979) and the groundwater is very
hard (TH > 300 mg/l; Sawyer and McCarty 1967) except
for one sample in the study site. Fourteen samples (27%)
are not suitable for drinking based on fluoride centration
(F>1.5 mg/l; WHO 2017), which is relatively similar to
the earlier studies documented from Saudi Arabia (Ghrefat
etal. 2014; Loni et al. 2015; Alharbi et al. 2017; Idriss et al.
2020; Rajmohan et al. 2021a).

Groundwater samples are classified into three groups
based on fluoride concentrations, namely group 1
(F<0.5 mg/l; n=17), group 2 (1.5<F>0.5; n=21) and
group 3 (F> 1.5 mg/l; n=14) and the descriptive statistical
summary of physiochemical parameters analyzed in these
groups is given in Table 1. The groundwater fluoride (aver-
age) in the group 1, 2 and 3 wells is 0.3, 0.9 and 2.4 mg/l,
respectively. Likewise, the average concentrations of TDS in
groups 1, 2 and 3 are 1658 mg/l, 4506 mg/l and 9397 mg/l,
respectively. The mean EC values are 3317 uS/cm, 9010
pS/cm and 18,784 uS/cm in the group 1, 2 and 3 water sam-
ples, respectively. Groundwater in group 3 wells has a high
salinity and fluoride. Except for HCO;™, the concentrations
of all the parameters analyzed are also high in the group 3
samples.

Table 1 Statistical summary of physico-chemical parameters analyzed in the groundwater

pH EC TDS TH Nat  K* Ca®* Mgt  CI” HCO,~ SO, NO,~ F Br-

Group 1 (F<0.5 mg/l; n=17)

Min 73 1291 646 283 68 1 69 16 72 114 117 7 0.1 04

Max 7.8 8920 4460 2464 1151 24 830 306 1996 264 2351 240 05 85

Average 7.5 3317 1658 1073 336 7 266 99 591 184 862 99 03 28

STD 02 1881 940 671 263 5 186 72 463 45 653 70 01 22
Group 2 (1.5<F>0.5 mg/l; n=21)

Min 6.6 2410 1205 743 217 4 184 69 348 57 638 6 05 24

Max 75 24500 12,260 6297 3241 53 1729 604 8434 659 3913 324 15  118.0

Average 7.1 9010 4506 2624 1179 18 645 246 2401 209 1777 111 09 199

STD 02 6273 3138 1602 906 13 444 149 2206 130 912 90 03 270
Group 3 (F>1.5mg/l; n=14)

Min 6.6 6650 3330 1552 837 19 491 73 1320 92 740 7 1.6 68

Max 73 25700 12,860 6676 4036 48 1513 792 8054 433 5162 810 40 97

Average 7.0 18,784 9397 4683 2834 34 1078 484 5483 191 3471 268 24 41

STD 02 6724 3366 1739 1150 10 354 238 2418 86 1218 270 06 22
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Relation between fluoride contamination
and groundwater types

To identify the water types, groundwater samples are plotted
on the Chadha (1999) diagram. The groundwater types and
their relationship with fluoride concentration are shown in
Fig. 2a, which illustrates that water samples of the study area
are classified into CaMgCl water type (50%) and NaCl water
type (50%). This observation suggests that water chemistry
in the study region is most likely affected by evaporation
and saline sources.

Chadha diagram is modified with fluoride concentration
to explore the relationship between water types and fluoride
concentration. The groundwater samples with high fluoride
concentrations are mainly NaCl type and similar observation

is also made in the other arid region (Elumalai et al. 2019).
In the NaCl water type, fluoride ranges from 0.13 to 4 mg/1
with an average value of 1.58 mg/l; whereas in the CaMgCl
type, it varies from 0.1 to 2.74 mg/l with an average of
0.65 mg/l. In the arid coastal aquifers, NaCl water types are
predominantly affected by the evaporation process and saline
sources (Rajmohan et al 2021a, b; Guo et al. 2007).

Geochemical processes governing fluoride
contaminations

The geochemical processes regulating groundwater
chemistry are explored using Gibbs plots (Gibbs 1970).
Gibbs employed ionic ratios (Na* + K*/Na* + K* + Ca**;
CI"/C1I" + HCO;™) and TDS to explain the role of rainfall,
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Fig.4 Fluoride distribution pattern in the Wadi Al Lusub basin groundwater

Table 2 Statistical summary of contamination index (C,) and health
risk assessment calculated for adults and children in the study area

N=52 C,; Adults Children
CDI (mg/kg/day) HQ  CDI(mg/ HQ
kg/day)
Min -093 0.004 0.04 0.01 0.05
Max 1.67 0.15 256 021 347
Average —026 0.04 0.66  0.06 0.89
STD 0.60 0.03 0.57 0.05 0.77

mineral weathering and evaporation on water chemistry.
Figure 2b depicts that most of the water samples are plotted
on the evaporation zone except few samples in group 1. Fig-
ure 2b implies that the evaporation process predominantly
affected the water chemistry in the study region. The evapo-
ration process enhances the chloride concentration in the
groundwater through the precipitation of carbonate minerals,
which increases Na*/Ca®* and CI/HCO;™ ratios in the sys-
tem (Rajmohan et al. 2021b). Among the three groundwater
groups, group 3 samples are plotted on evaporation zone
with the high TDS content followed by the group 2 samples.
Group 1 samples are less mineralised and are plotted on both
mineral weathering as well as evaporation zones.

Figure 3 shows the relation between fluoride and other
parameters. Group 1 samples have low fluoride content and
alkaline pH (pH > 7.2). High pH likely facilitates the dis-
solution of fluoride minerals in group 1 wells (Kadam et al.
2019; Guo et al. 2007). However, wells with high fluoride
have slightly acidic pH, which ruled out the role of pH on
fluoride contamination. Likewise, HCO;/Cl ratios are very
low (<0.3) in the group 2 and 3 wells and decrease with
increasing fluoride, which indicates that HCO;™ is removed
in the system by carbonate precipitation due to evapora-
tion. The Molar F/Cl ratio has also justified this conclusion
as the F/Cl ratio is lesser than 0.002 in the high fluoride
wells and almost constant trend with increasing fluoride. In
general, the concentrations of fluoride and chloride ions in
the groundwater are increased by the evaporation process,
which supports the observation made in the present study
that the groundwater contaminated by fluoride is tremen-
dously affected by the evaporation process (Datta et al. 1996;
Guo et al. 2007; Rafique et al. 2015; Mukherjee and Singh
2020). Earlier studies also reported that during evaporation,
carbonate minerals undergo precipitation, which triggers the
dissolution of fluoride minerals (fluorite) to maintain the
calcium concentration (common ion effect) in the system
(Rafique et al. 2015; Rajmohan et al. 2021b). Consequently,
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groundwater is enriched with fluoride and salinity in the  Fluoride contamination zone mapping

study area.
Groundwater contamination zones by fluoride are mapped
using ArcGIS and presented in Fig. 4. Figure 4 depicts three
zones based on fluoride concentration, such as F~ < 0.5 mg/l
(light green), 1.5 <F~>0.5 mg/1 (blue), and F~ > 1.5 mg/l
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(red). Geologically, the upstream region, the eastern side,
is covered by the hard rock formations while downstream,
the western side, is occupied by the alluvial formations
(Fig. 1). The fluoride concentration in the upstream region
is very low compared to central and downstream regions.
Aforementioned, water chemistry in the low fluoride wells
is regulated by mineral weathering processes. Fluoride con-
tamination (red zone) is mostly observed in the downstream,
western side, and wells that existed in this zone are unsuit-
able for drinking. A similar observation is also reported by
Guo et al. (2007). Wells in the downstream region are highly
susceptible to evaporation due to shallow depth and thus,
fluoride enrichment in the downstream wells is predomi-
nantly governed by the evaporation processes.

Contamination index

Contamination index (C,) is generally used to assess water
quality based on metal contents. In this study, fluoride con-
tamination is assessed using C, values. If the C, value is
less than or equal to zero, the water is suitable for drinking,

whereas water samples with higher C, values (C,;>0) are
unpalatable for drinking based on fluoride concentration.
In the study area, C4 values in the groundwater samples
range from—0.93 to 1.67 with an average of — 0.26 +0.60
(Table 2). C, is greater than zero in 14 samples (27%), which
are not recommended for drinking (Fig. 5). The relationship
between C, values and EC suggests that even though the
C, value is less than zero in 73% of samples and free from
fluoride contamination, the groundwater in the study area
is not recommended for drinking due to high salinity. The
spatial distribution of the C, value is illustrated in Fig. 6.
In the upstream region (light green zone), groundwater in
these wells has C, values less than zero. But, higher values
are noticed in the western downstream region (Blue and red
zones, Fig. 6). Hence, wells in downstream regions (blue and
red zones) are unsuitable for drinking due to high fluoride
content (Fig. 6).
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Fig.6 Spatial distribution of contamination index in the study area
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Health risk assessment

Health risk assessment due to fluoride contamination was
carried out in this study using USEPA recommended mod-
els. In this study, CDI_, varies from 0.004 to 0.15 with
an average of 0.04 mg/kg/day for adults, and it is between
0.01 and 0.21 with a mean value of 0.06 mg/kg/day for
children (Table 2). Likewise, the calculated HQ,,, values
range from 0.04 to 2.56 and 0.05 to 3.47 for adults and chil-
dren, respectively. The average value of HQ,, is less than
1 for both adults (0.66) and children (0.89) in the study area
(Table 2). According to the USEPA recommendation, 23%
and 33% of samples show a non-carcinogenic threat to adults
and children, respectively (Fig. 5). This finding highlighted
that consumption of high fluoride water in the study area
may impose a high risk to children compared to adults. In
other words, children are highly vulnerable to F~ contamina-
tion compared to adults in the study site. Even though 77%
(adults) and 67% (children) of samples have low or no health
risk to the local populace based on fluoride concentration,
high salinity restricts the groundwater usage in the study
area (Fig. 5).

Figure 7 depicts the spatial distribution of HQ,,,; calcu-
lated for adults and children. Wells located in the red zone are
not recommended for drinking. Red zones mostly occurred
on the western side compared to the rest of the area. Further-
more, there is a large variation between adults and children
and groundwater pumping on the western side causes health
threats to human beings. Hence, proper treatment is required
to remove the fluoride from the groundwater before its use.

Conclusion

The present investigation was performed to assess the health
risks for the local populace due to ingestion of high fluoride
groundwater and to identify the fluoride contamination sta-
tus in the coastal aquifer.

e The groundwater is neutral to alkaline (75%), brackish
(71%) to saline (21%) and very hard (TH > 300 mg/1)
in nature. High fluoride groundwater is associated with
NaCl type.

e Groundwater in 27% of wells has high fluoride
(F>1.5 mg/l) and C,;> 0, which are unsuitable for drink-
ing.

e Groundwater samples are classified into three groups
namely group 1 (F<0.5 mg/l; n=17), group 2
(1.5<F>0.5;n=21) and group 3 (F> 1.5 mg/l; n=14)
and the average concentrations of TDS in these groups
are 1658 mg/1, 4506 mg/l and 9397 mg/l, respectively.

e Fluoride contamination zones mapping indicates that
wells in the upstream region have low fluoride content,

which is likely originated by weathering processes,
whereas high fluoride in the downstream (shallow) wells
are affected by the evaporation processes.

e Precipitation of carbonate minerals during evaporation
facilitated the dissolution of fluoride minerals; conse-
quently, groundwater is enriched with fluoride and salin-
ity in the study area.

e Adverse health effects suggested that the average value
of HQ,,, is <1 for both adults (0.66) and children (0.89)
in the study site. According to the USEPA recommenda-
tion, 23% and 33% of samples show a non-carcinogenic
threat to adults and children, respectively and children
are highly vulnerable compared to adults.

e The spatial distribution of C, value and HQ,,; implied
that higher values of C,; and HQ,,, are noticed in the
downstream wells, which restricted the usage for drink-
ing.

Thus, proper treatment is required to remove the fluoride
and salinity in the groundwater before its use. This study
explained the fluoride contamination status in the study area,
which will help water management authorities and local
municipalities for planning and to provide safe water for the
local populace in the study area.

Acknowledgements The author would like to thank Dr. Burhan A.
M. Niyazi and Dr. Milad H. Z. Masoud, Water Research Center, King
Abdulaziz University, Jeddah, Saudi Arabia for their constant support
and encouragement. Author would like to thank the anonymous review-
ers and the Editor for their constructing comments which helped to
improve the paper significantly.

Author contribution NR performed all the work in this paper.
Funding Not applicable.
Availability of data and materials Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest None.

Ethical approval Not applicable.

References

Abboud IA (2018) Geochemistry and quality of groundwater of the
Yarmouk basin aquifer, north Jordan. Environ Geochem Health
40:1405-1435. https://doi.org/10.1007/s10653-017-0064-x

Adimalla N, Qian H (2021) Groundwater chemistry, distribution and
potential health risk appraisal of nitrate enriched groundwa-
ter: a case study from the semi-urban region of South India.

@ Springer


https://doi.org/10.1007/s10653-017-0064-x

241 Page120f 14

Environmental Earth Sciences (2022) 81:241

Ecotoxicol Environ Saf 207:10. https://doi.org/10.1016/j.
ecoenv.2020.111277

Adimalla N, Li PY, Qian H (2019) Evaluation of groundwater con-
tamination for fluoride and nitrate in a semi-arid region of Nir-
mal Province, South India: A special emphasis on human health
risk assessment (HHRA). Hum Ecol Risk Assess 25:1107-1124.
https://doi.org/10.1080/10807039.2018.1460579

Ahmed AA (2014) Fluoride in Quaternary groundwater aquifer, Nile
Valley, Luxor. Egypt Arab J Geosci 7:3069—-3083. https://doi.org/
10.1007/s12517-013-0962-x

Alabdulaaly Al, Al-Zarah AI, Khan MA (2013) Occurrence of fluo-
ride in groundwaters of Saudi Arabia. Appl Water Sci 3:589-595.
https://doi.org/10.1007/s13201-013-0105-2

Al-Ahmadi ME, El-Fiky AA (2009) Hydrogeochemical evaluation of
shallow alluvial aquifer of Wadi Marwani, western Saudi Arabia.
J King Saud Univ Sci 21:179-190. https://doi.org/10.1016/j.jksus.
2009.10.005

Alarcon-Herrera MT, Martin-Alarcon DA, Gutierrez M, Reynoso-Cue-
vas L, Martin-Dominguez A, Olmos-Marquez MA, Bundschuh
J (2020) Co-occurrence, possible origin, and health-risk assess-
ment of arsenic and fluoride in drinking water sources in Mexico:
Geographical data visualization. Sci Total Environ 698:8. https://
doi.org/10.1016/j.scitotenv.2019.134168

Alcaine AA, Schulz C, Bundschuh J, Jacks G, Thunvik R, Gustafs-
son JP, Morth CM, Sracek O, Ahmad A, Bhattacharya P (2020)
Hydrogeochemical controls on the mobility of arsenic, fluoride
and other geogenic co-contaminants in the shallow aquifers of
northeastern La Pampa Province in Argentina. Sci Total Environ
715:17. https://doi.org/10.1016/j.scitotenv.2020.13667 1

Alfaifi HJ (2019) Combined graphical and geostatistical techniques
to determine the hydrochemical processes affecting groundwater
chemistry in coastal areas, Western Saudi Arabia. Arab J Geosci
12:12. https://doi.org/10.1007/s12517-018-4178-y

Alharbi OA, Loni OA, Zaidi FK (2017) Hydrochemical assessment of
groundwater from shallow aquifers in parts of Wadi Al Hamad,
Madinah, Saudi Arabia. Arab J Geosci 10:15. https://doi.org/10.
1007/512517-016-2805-z

Algahtany FZ (2021) Chemical and bacteriological assessment of
groundwater in Tathleeth region of Asir. Egypt J Chem 64:3175—
3185. https://doi.org/10.21608/ejchem.2021.61442.3320

Alvarez MD, Carol E (2019) Geochemical occurrence of arsenic,
vanadium and fluoride in groundwater of Patagonia, Argentina:
Sources and mobilization processes. ] S Am Earth Sci 89:1-9.
https://doi.org/10.1016/j.jsames.2018.10.006

APHA (2017) Standard methods for the examination of water and
wastewater, 23rd edn. American Public Health Association,
American Water Works Association, Water Environment Federa-
tion, Washington

Backman B, Bodi§ D, Lahermo P, Rapant S, Tarvainen T (1998)
Application of a groundwater contamination index in Finland
and Slovakia. Environ Geol 36:55-64. https://doi.org/10.1007/
$002540050320

Basahi J, Masoud M, S B, F Z, (2017) Hydrological Atlas of Wadis in
Makkah Al Mukarramah province. King Abdulaziz University,
Jeddah

Chadha DK (1999) A proposed new diagram for geochemical clas-
sification of natural waters and interpretation of chemical data.
Hydrogeol J 7:431-439. https://doi.org/10.1007/s100400050216

Chebotarev II (1955) Metamorphism of natural waters in the crust of
weathering 1. Geochim Cosmochim Acta 8:22—48. https://doi.org/
10.1016/0016-7037(55)90015-6

Chen L, Ma T, Wang Y, Zheng J (2020) Health risks associated with
multiple metal(loid)s in groundwater: a case study at Hetao Plain,
northern China. Environ Pollut 263:114562. https://doi.org/10.
1016/j.envpol.2020.114562

@ Springer

Chowdhury A, Adak MK, Mukherjee A, Dhak P, Khatun J, Dhak D
(2019) A critical review on geochemical and geological aspects of
fluoride belts, fluorosis and natural materials and other sources for
alternatives to fluoride exposure. J Hydrol 574:333-359. https://
doi.org/10.1016/j.jhydrol.2019.04.033

Cinti D, Vaselli O, Poncia PP, Brusca L, Grassa F, Procesi M, Tassi F
(2019) Anomalous concentrations of arsenic, fluoride and radon in
volcanic-sedimentary aquifers from central Italy: Quality indexes
for management of the water resource. Environ Pollut 253:525—
537. https://doi.org/10.1016/j.envpol.2019.07.063

Datta PS, Deb DL, Tyagi SK (1996) Stable isotope ('30) investigations
on the processes controlling fluoride contamination of ground-
water. J Contam Hydrol 24:85-96. https://doi.org/10.1016/0169-
7722(96)00004-6

Djari MMS, Stoleriu CC, Saley MB, Mihu-Pintilie A, Roivianescu
G (2018) Groundwater quality analysis in the warm semi-arid
climate of Sahel countries: Tillaberi region, Niger Carpathian.
J Earth Environ Sci 13:277-290. https://doi.org/10.26471/cjees/
2018/013/024

El-Didy SMA (1999) Quasi-three dimensional numerical modelling
for investigating groundwater potential in the two-aquifer hydro-
geological system of wadi Hadat Al Sham and Usfan. King Abdul
Aziz city of science and technology, Riyadh

Elumalai V, Nwabisa DP, Rajmohan N (2019) Evaluation of high fluo-
ride contaminated fractured rock aquifer in South Africa: geo-
chemical and chemometric approaches. Chemosphere 235:1-11.
https://doi.org/10.1016/j.chemosphere.2019.06.065

Enalou HB, Moore F, Keshavarzi B, Zarei M (2018) Source apportion-
ment and health risk assessment of fluoride in water resources,
south of Fars province, Iran: Stable isotopes (5'%0 and 8D) and
geochemical modelling approaches. Appl Geochem 98:197-205.
https://doi.org/10.1016/j.apgeochem.2018.09.019

Esmaeili S, Moghaddam AA, Barzegar R, Tziritis E (2018) Multivari-
ate statistics and hydrogeochemical modelling for source identi-
fication of major elements and heavy metals in the groundwater
of Qareh-Ziaeddin plain, NW Iran. Arab J Geosci 11:14. https://
doi.org/10.1007/s12517-017-3317-1

Fan W, Zhou J, Zhou Y, Zeng Y, Chen Y, Sun Y (2020) Water quality
and health risk assessment of shallow groundwater in the southern
margin of the Tarim Basin in Xinjiang P. R. China. Hum Ecol
Risk Assess. https://doi.org/10.1080/10807039.2020.1731680

Freeze RA, Cherry JA (1979) Groundwater, 1st edn. Prentice-Hall,
New Jersey

Furi W, Razack M, Abiye TA, Ayenew T, Legesse D (2011) Fluoride
enrichment mechanism and geospatial distribution in the volcanic
aquifers of the Middle Awash basin, Northern Main Ethiopian
Rift. J Afr Earth Sci 60:315-327. https://doi.org/10.1016/].jafre
arsci.2011.03.004

Gao ZJ, Shi MJ, Zhang HY, Feng JG, Fang SY, Cui YC (2020) For-
mation and In Situ Treatment of High Fluoride Concentrations
in Shallow Groundwater of a Semi-Arid Region: Jiaolai Basin,
China. Int J Environ Res Public Health 17:24. https://doi.org/10.
3390/ijerph17218075

Ghiglieri G, Balia R, Oggiano G, Pittalis D (2010) Prospecting for
safe (low fluoride) groundwater in the Eastern African Rift: the
Arumeru District (Northern Tanzania). Hydrol Earth Syst Sci
14:1081-1091. https://doi.org/10.5194/hess-14-1081-2010

Ghrefat H, Nazzal Y, Batayneh A, Zumlot T, Zaman H, Elawadi E,
Laboun A, Mogren S, Qaisy S (2014) Geochemical assessment
of groundwater contamination with special emphasize on fluo-
ride, a case study from Midyan Basin, northwestern Saudi Ara-
bia. Environ Earth Sci 71:1495-1505. https://doi.org/10.1007/
$12665-013-2554-1

Gibbs RJ (1970) Mechanisms controlling world water chemistry. Sci-
ence 170:1088. https://doi.org/10.1126/science.170.3962.1088


https://doi.org/10.1016/j.ecoenv.2020.111277
https://doi.org/10.1016/j.ecoenv.2020.111277
https://doi.org/10.1080/10807039.2018.1460579
https://doi.org/10.1007/s12517-013-0962-x
https://doi.org/10.1007/s12517-013-0962-x
https://doi.org/10.1007/s13201-013-0105-2
https://doi.org/10.1016/j.jksus.2009.10.005
https://doi.org/10.1016/j.jksus.2009.10.005
https://doi.org/10.1016/j.scitotenv.2019.134168
https://doi.org/10.1016/j.scitotenv.2019.134168
https://doi.org/10.1016/j.scitotenv.2020.136671
https://doi.org/10.1007/s12517-018-4178-y
https://doi.org/10.1007/s12517-016-2805-z
https://doi.org/10.1007/s12517-016-2805-z
https://doi.org/10.21608/ejchem.2021.61442.3320
https://doi.org/10.1016/j.jsames.2018.10.006
https://doi.org/10.1007/s002540050320
https://doi.org/10.1007/s002540050320
https://doi.org/10.1007/s100400050216
https://doi.org/10.1016/0016-7037(55)90015-6
https://doi.org/10.1016/0016-7037(55)90015-6
https://doi.org/10.1016/j.envpol.2020.114562
https://doi.org/10.1016/j.envpol.2020.114562
https://doi.org/10.1016/j.jhydrol.2019.04.033
https://doi.org/10.1016/j.jhydrol.2019.04.033
https://doi.org/10.1016/j.envpol.2019.07.063
https://doi.org/10.1016/0169-7722(96)00004-6
https://doi.org/10.1016/0169-7722(96)00004-6
https://doi.org/10.26471/cjees/2018/013/024
https://doi.org/10.26471/cjees/2018/013/024
https://doi.org/10.1016/j.chemosphere.2019.06.065
https://doi.org/10.1016/j.apgeochem.2018.09.019
https://doi.org/10.1007/s12517-017-3317-1
https://doi.org/10.1007/s12517-017-3317-1
https://doi.org/10.1080/10807039.2020.1731680
https://doi.org/10.1016/j.jafrearsci.2011.03.004
https://doi.org/10.1016/j.jafrearsci.2011.03.004
https://doi.org/10.3390/ijerph17218075
https://doi.org/10.3390/ijerph17218075
https://doi.org/10.5194/hess-14-1081-2010
https://doi.org/10.1007/s12665-013-2554-1
https://doi.org/10.1007/s12665-013-2554-1
https://doi.org/10.1126/science.170.3962.1088

Environmental Earth Sciences (2022) 81:241

Page 130f 14 241

Guo Q, Wang Y, Ma T, Ma R (2007) Geochemical processes con-
trolling the elevated fluoride concentrations in groundwaters of
the Taiyuan Basin, Northern China. J Geochem Explor 93:1-12.
https://doi.org/10.1016/j.gexplo.2006.07.001

He X, Li P, Ji Y, Wang Y, Su Z, Elumalai V (2020) Groundwater
arsenic and fluoride and associated arsenicosis and fluorosis in
China: occurrence, distribution and management. Expo Health
12(3):355-368. https://doi.org/10.1007/s12403-020-00347-8

Idriss IEA, Abdel-Azim M, Karar KI, Osman S, Idris AM (2020) Iso-
topic and chemical facies for assessing the shallow water table
aquifer quality in Goly Region, White Nile State, Sudan: focusing
on nitrate source apportionment and human health risk. Toxin
Rev. https://doi.org/10.1080/15569543.2020.1775255

Jabel MSA, Abustan I, Rozaimy MR, Al-Najar H (2014) Fluoride
enrichment in groundwater of semi-arid Younis City, southern
Gaza Strip (Palestine). J Afr Earth Sc 100:259-266. https://doi.
org/10.1016/j.jafrearsci.2014.07.002

JiY, WulJ, Wang Y, Elumalai V, Subramani T (2020) Seasonal varia-
tion of drinking water quality and human health risk assessment in
Hancheng City of Guanzhong Plain, China. Expo Health 12:469—
485. https://doi.org/10.1007/s12403-020-00357-6

Jiang P, Li G, Zhou X, Wang C, Qiao Y, Liao D, Shi D (2019) Chronic
fluoride exposure induces neuronal apoptosis and impairs neuro-
genesis and synaptic plasticity: Role of GSK-3f/B-catenin path-
way. Chemosphere 214:430—435. https://doi.org/10.1016/j.chemo
sphere.2018.09.095

Kadam A, Wagh V, Umrikar B, Sankhua R (2019) An implication
of boron and fluoride contamination and its exposure risk in
groundwater resources in a semi-arid region, Western India.
Environ Dev Sustain 22:7033-7056. https://doi.org/10.1007/
$10668-019-00527-w

Keefe J, Granz D, Maxfield R (2003) Standard operating procedure for
groundwater sampling. The Office of Environmental Measurement
and Evaluation, EPA, New England e Region 1, 11 Technology
Dr North Chelmsford, MA 01863

Keshavarz S, Ebrahimi A, Nikaeen M (2015) Fluoride exposure and
its health risk assessment in drinking water and staple food in
the population of Dayyer, Iran, in 2013. J Educ Health Promot
4:72-72. https://doi.org/10.4103/2277-9531.171785

Knappett PSK, Li YM, Hernandez H, Rodriguez R, Aviles M, Deng
C, Pina V, Giardino JR, Mahlknecht J, Datta S (2018) Chang-
ing recharge pathways within an intensively pumped aquifer with
high fluoride concentrations in Central Mexico. Sci Total Environ
622:1029-1045. https://doi.org/10.1016/j.scitotenv.2017.12.031

Kumar A, Singh CK (2020) Arsenic enrichment in groundwater and
associated health risk in Bari doab region of Indus basin, Punjab.
India Environ Pollut 256:113324. https://doi.org/10.1016/j.envpol.
2019.113324

Li P, Wu J, Qian H, Lyu X, Liu H (2014) Origin and assessment of
groundwater pollution and associated health risk: a case study in
an industrial park, northwest China. Environ Geochem Health
36:693-712. https://doi.org/10.1007/s10653-013-9590-3

Li P, He X, Li Y, Xiang G (2019) Occurrence and health implication
of fluoride in groundwater of loess aquifer in the Chinese Loess
Plateau: a case study of Tongchuan, northwest China. Expo Health
11(2):95-107. https://doi.org/10.1007/s12403-018-0278-x

Li MJ, Qu XN, Miao H, Wen SJ, Hua ZY, Ma ZH, He ZR (2020)
Spatial distribution of endemic fluorosis caused by drinking water
in a high-fluorine area in Ningxia, China. Environ Sci Pollut Res
27:20281-20291. https://doi.org/10.1007/s11356-020-08451-7

Loni OA, Zaidi FK, Alhumimidi MS, Alharbi OA, Hussein MT,
Dafalla M, AlYousef KA, Kassem OMK (2015) Evaluation of
groundwater quality in an evaporation dominant arid environment;
a case study from Al Asyah area in Saudi Arabia. Arab J Geosci
8:6237-6247. https://doi.org/10.1007/s12517-014-1623-4

Makubalo SS, Diamond RE (2020) Hydrochemical evolution of high
uranium, fluoride and nitrate groundwaters of Namakwaland,
South Africa. J Afr Earth Sci 172:32. https://doi.org/10.1016/j.
jafrearsci.2020.104002

Morales-Arredondo I, Rodriguez R, Armienta MA, Villanueva-Estrada
RE (2016) The origin of groundwater arsenic and fluorine in a
volcanic sedimentary basin in central Mexico: a hydrochemistry
hypothesis. Hydrogeol J 24:1029-1044. https://doi.org/10.1007/
$10040-015-1357-8

Mukherjee I, Singh UK (2020) Fluoride abundance and their release
mechanisms in groundwater along with associated human health
risks in a geologically heterogeneous semi-arid region of eastern
India. Microchem J 152:104304. https://doi.org/10.1016/j.microc.
2019.104304

Mukherjee I, Singh UK, Patra PK (2019) Exploring a multi-exposure-
pathway approach to assess human health risk associated with
groundwater fluoride exposure in the semi-arid region of east-
ern India. Chemosphere 233:164—-173. https://doi.org/10.1016/j.
chemosphere.2019.05.278

Narsimha A, Rajitha S (2018) Spatial distribution and seasonal vari-
ation in fluoride enrichment in groundwater and its associated
human health risk assessment in Telangana State, South India.
Hum Ecol Risk Assess Int J 24:2119-2132. https://doi.org/10.
1080/10807039.2018.1438176

Ozsvath DL (2009) Fluoride and environmental health: a review.
Rev Environ Sci Biotechnol 8:59-79. https://doi.org/10.1007/
s11157-008-9136-9

Perumal E, Paul V, Govindarajan V, Panneerselvam L (2013) A brief
review on experimental fluorosis. Toxicol Lett 223:236-251.
https://doi.org/10.1016/j.toxlet.2013.09.005

Radfard M, Gholizadeh A, Azhdarpoor A, Badeenezhad A, Moham-
madi AA, Yousefi M (2019) Health risk assessment to fluoride
and nitrate in drinking water of rural residents living in the Bar-
daskan city, arid region, southeastern Iran. Desalin Water Treat
145:249-256. https://doi.org/10.5004/dwt.2019.23651

Rafique T, Naseem S, Ozsvath D, Hussain R, Bhanger MI, Usmani
TH (2015) Geochemical controls of high fluoride groundwater in
Umarkot Sub-District, Thar Desert, Pakistan. Sci Total Environ
530-531:271-278. https://doi.org/10.1016/j.scitotenv.2015.05.038

Rajmohan N, Niazi BAM, Masoud MHZ (2019) Evaluation of a brack-
ish groundwater resource in the Wadi Al-Lusub basin, Western
Saudi Arabia. Environ Earth Sci 78:451. https://doi.org/10.1007/
$12665-019-8441-7

Rajmohan N, Masoud MHZ, Niyazi BAM (2021a) Assessment of
groundwater quality and associated health risk in the arid envi-
ronment, Western Saudi Arabia. Environ Sci Pollut Res 28:9628—
9646. https://doi.org/10.1007/s11356-020-11383-x

Rajmohan N, Masoud MHZ, Niyazi BAM (2021b) Impact of evapora-
tion on groundwater salinity in the arid coastal aquifer, Western
Saudi Arabia. CATENA 196:104864. https://doi.org/10.1016/j.
catena.2020.104864

Rezaei H, Jafari A, Kamarehie B, Fakhri Y, Ghaderpoury A, Karami
MA, Ghaderpoori M, Shams M, Bidarpoor F, Salimi M (2019)
Health-risk assessment related to the fluoride, nitrate, and nitrite
in the drinking water in the Sanandaj, Kurdistan County. Iran Hum
Ecol Risk Assess 25:1242-1250. https://doi.org/10.1080/10807
039.2018.1463510

Sawyer GN, McCarty DL (1967) Chemistry for sanitary engineers.
Mcgraw Hill, New York

Senthilkumar M, Mohapatra B, Gnanasundar D, Gupta S (2021)
Identifying fluoride endemic areas and exposure pathways
for assessment of non-carcinogenic human health risk associ-
ated with groundwater fluoride for Gujarat state, India. Envi-
ron Sci Pollut Res 28:50188-50203. https://doi.org/10.1007/
s11356-021-14156-2

@ Springer


https://doi.org/10.1016/j.gexplo.2006.07.001
https://doi.org/10.1007/s12403-020-00347-8
https://doi.org/10.1080/15569543.2020.1775255
https://doi.org/10.1016/j.jafrearsci.2014.07.002
https://doi.org/10.1016/j.jafrearsci.2014.07.002
https://doi.org/10.1007/s12403-020-00357-6
https://doi.org/10.1016/j.chemosphere.2018.09.095
https://doi.org/10.1016/j.chemosphere.2018.09.095
https://doi.org/10.1007/s10668-019-00527-w
https://doi.org/10.1007/s10668-019-00527-w
https://doi.org/10.4103/2277-9531.171785
https://doi.org/10.1016/j.scitotenv.2017.12.031
https://doi.org/10.1016/j.envpol.2019.113324
https://doi.org/10.1016/j.envpol.2019.113324
https://doi.org/10.1007/s10653-013-9590-3
https://doi.org/10.1007/s12403-018-0278-x
https://doi.org/10.1007/s11356-020-08451-7
https://doi.org/10.1007/s12517-014-1623-4
https://doi.org/10.1016/j.jafrearsci.2020.104002
https://doi.org/10.1016/j.jafrearsci.2020.104002
https://doi.org/10.1007/s10040-015-1357-8
https://doi.org/10.1007/s10040-015-1357-8
https://doi.org/10.1016/j.microc.2019.104304
https://doi.org/10.1016/j.microc.2019.104304
https://doi.org/10.1016/j.chemosphere.2019.05.278
https://doi.org/10.1016/j.chemosphere.2019.05.278
https://doi.org/10.1080/10807039.2018.1438176
https://doi.org/10.1080/10807039.2018.1438176
https://doi.org/10.1007/s11157-008-9136-9
https://doi.org/10.1007/s11157-008-9136-9
https://doi.org/10.1016/j.toxlet.2013.09.005
https://doi.org/10.5004/dwt.2019.23651
https://doi.org/10.1016/j.scitotenv.2015.05.038
https://doi.org/10.1007/s12665-019-8441-7
https://doi.org/10.1007/s12665-019-8441-7
https://doi.org/10.1007/s11356-020-11383-x
https://doi.org/10.1016/j.catena.2020.104864
https://doi.org/10.1016/j.catena.2020.104864
https://doi.org/10.1080/10807039.2018.1463510
https://doi.org/10.1080/10807039.2018.1463510
https://doi.org/10.1007/s11356-021-14156-2
https://doi.org/10.1007/s11356-021-14156-2

241 Page 140f 14

Environmental Earth Sciences (2022) 81:241

Shahid M, Niazi NK, Dumat C, Naidu R, Khalid S, Rahman MM, Bibi
1 (2018) A meta-analysis of the distribution, sources and health
risks of arsenic-contaminated groundwater in Pakistan. Environ
Pollut 242:307-319. https://doi.org/10.1016/j.envpol.2018.06.083

Sharaf MA, Al-Bassam AM, Bayumi TM, Allam AM, Qari MH (2001)
Hydrogeology and hydrochemical investigation of the cretaceous-
quaternary sedimentary sequence east of Jeddah city. King
Abdulaziz City for Science and Technology (KACST), Riyadh

Shraim AM, Alsuhaimi AO, Al-Muzaini KO, Kurdi K, Al-Ameen H
(2013) Quality assessment of groundwater of Almadinah Almuna-
warah city. Global NEST J 15:374-383

Singh G, Rishi MS, Herojeet R, Kaur L, Sharma K (2020) Evaluation
of groundwater quality and human health risks from fluoride and
nitrate in a semi-arid region of northern India. Environ Geochem
Health. https://doi.org/10.1007/s10653-019-00449-6

USEPA (1989) Risk assessment guidance for superfund, volume 1:
human health evaluation manual (part A). United States Envi-
ronmental Protection Agency Office of Emergency and Remedial
Response, Washington

USEPA (1993) Reference dose (RfD): description and use in health
risk assessments. US Environmental Protection Agency, Office
of Water, Washington

USEPA (2011) Exposure factors handbook: 2011 edition (final report).
Springer, Washington (EPA/600/R-09/052F, 2011)

USEPA (2014) Human health evaluation manual, supplemental guid-
ance: update of standard default exposure factors, OSWER Direc-
tive 9200.1-120. United States Environmental Protection Agency,
Washington

Vithanage M, Bhattacharya P (2015) Fluoride in the environment:
sources, distribution and defluoridation. Environ Chem Lett
13:131-147. https://doi.org/10.1007/s10311-015-0496-4

Wagh VM, Panaskar DB, Mukate SV, Aamalawar ML, Laxman Sahu
U (2020) Nitrate associated health risks from groundwater of

@ Springer

Kadava River Basin Nashik, Maharashtra, India. Hum Ecol Risk
Assess Int J 26:654-672. https://doi.org/10.1080/10807039.2018.
1528861

WHO (2017) Guidelines for drinking water quality: fourth edition
incorporating the first addendum. World Health Organization,
Geneva

Wu J, Li P, Qian H (2015) Hydrochemical characterization of drinking
groundwater with special reference to fluoride in an arid area of
China and the control of aquifer leakage on its concentrations.
Environ Earth Sci 73(12):8575-8588. https://doi.org/10.1007/
$12665-015-4018-2

Younas A, Mushtaq N, Khattak JA, Javed T, Rehman HU, Farooqi A
(2019) High levels of fluoride contamination in groundwater of
the semi-arid alluvial aquifers, Pakistan: evaluating the recharge
sources and geochemical identification via stable isotopes and
other major elemental data. Environ Sci Pollut Res 26:35728—
35741. https://doi.org/10.1007/s11356-019-06610-z

Zango MS, Sunkari ED, Abu M, Lermi A (2019) Hydrogeochemi-
cal controls and human health risk assessment of groundwater
fluoride and boron in the semi-arid North East region of Ghana. J
Geochem Explor 207:21. https://doi.org/10.1016/j.gexplo.2019.
106363

Zhang QY, Xu PP, Qian H (2019) Assessment of groundwater quality
and human health risk (HHR) evaluation of nitrate in the Central-
Western Guanzhong Basin, China. Int J Environ Res Public Health
16:16. https://doi.org/10.3390/ijerph16214246

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.envpol.2018.06.083
https://doi.org/10.1007/s10653-019-00449-6
https://doi.org/10.1007/s10311-015-0496-4
https://doi.org/10.1080/10807039.2018.1528861
https://doi.org/10.1080/10807039.2018.1528861
https://doi.org/10.1007/s12665-015-4018-2
https://doi.org/10.1007/s12665-015-4018-2
https://doi.org/10.1007/s11356-019-06610-z
https://doi.org/10.1016/j.gexplo.2019.106363
https://doi.org/10.1016/j.gexplo.2019.106363
https://doi.org/10.3390/ijerph16214246

	Assessment of human health risk and fluoride contamination in the arid coastal aquifer, Saudi Arabia
	Abstract
	Introduction
	Materials and methods
	Study area
	Groundwater sampling and analysis
	Data analysis
	Contamination index
	Health risk assessment

	Results and discussion
	Relation between fluoride contamination and groundwater types
	Geochemical processes governing fluoride contaminations
	Fluoride contamination zone mapping
	Contamination index
	Health risk assessment

	Conclusion
	Acknowledgements 
	References




