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Abstract: Contamination in coastal regions attributed to fluoride and nitrate cannot be disregarded, given the
substantial environmental and public health issues they present worldwide. Maintaining water quality is
crucial for environmental well-being. This comprehensive study was performed to assess the spatial as well as
indexical water quality, identify contamination sources, and evaluate associated health risks pertaining to
nitrate and flouride in AlHassa region, KSA. The physiochemical results revealed a pervasive pollution of the
overall groundwater. The dominant water type was Na-Cl, indicating saltwater intrusion and reverse ion
exchange impact. Spatiotemporal variations in physicochemical properties suggest diverse hydrochemical
mechanisms, with geogenic factors primarily influencing groundwater chemistry. The groundwater pollution
index varied between 0.8426 and 4.7172, classifying samples as moderately to very highly polluted. Similarly,
the synthetic pollution index (in the range of 0.5021-4.0715) revealed that none of the samples had excellent
water quality, with various degrees of pollution categories. Nitrate Health Quotient (HQ) values indicated
chronic human health risks ranging from low to severe, with newborns being the most vulnerable. Household
use of nitrate-rich groundwater for showering and cleaning did not pose significant health risks. Fluoride HQ
decreased with age, and children faced the highest risk of fluorosis. The Hazard Index (HI) yielded moderate
to high-risk values. Nitrate risks were 1.21 times higher than fluoride risks, as per average HI assessment. All
samples fell into the vulnerable category based on the Total Hazard Index (THI), with 88.89% classified as very
high risk. This research provides valuable insights into groundwater quality, guiding water authorities,
inhabitants, and researchers in identifying safe water sources and vulnerable human populations. The results
highlight the need for appropriate treatment techniques and long-term coastal groundwater management
plans.

Keywords: fluoride contamination; groundwater quality monitoring; hydrochemistry; human
health; multivariate statistical methods; nitrate contamination
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1. Introduction

Groundwater, being a crucial resource for human consumption, agriculture, and industrial uses,
offers a dependable and frequently favored option compared to surface water sources. It plays a vital
role as the primary source in various sectors across numerous regions globally. Additionally, [1]
highlighted that approximately half of the global drinking water demand is met by groundwater
systems. However, its quality is susceptible to contamination from various anthropogenic and
natural sources, which can pose significant health risks to communities relying on it. The depletion
of this crucial resource’s quality can be attributed to various human activities, including alterations
in land use, discharge of industrial and domestic effluents, use of fertilizers, and excessive
exploitation of subsurface water [2—4]. The forecasted outcomes of climate change often anticipate
future years with reduced precipitation, which can exacerbate these conditions [2,5].

The Al-Hassa area, located in the Eastern region, Saudi Arabia, is distinguished by intricate
hydrogeological system encompassing multiple aquifers. Studies have indicated that coastal regions
accommodate approximately 44% of the global population [6]. These regions heavily rely on
groundwater availability for various critical purposes, such as sustaining ecosystems, ensuring food
and energy security, supporting agricultural irrigation, and facilitating industrial processes [7]. Given
their significance as hydrogeological units, coastal areas often face substantial water demands due to
population growth [8]. The features of coastal groundwater are influenced by a range of natural
factors and widespread human activities [9,10], which contribute to intricate nature of coastal
groundwater quality assessment. Consequently, it is of paramount importance to comprehend the
impact of concurrent seawater intrusion and significant human activities on the hydrogeochemistry
of coastal groundwater, as well as the contamination levels of fluoride and nitrate, particularly in the
context of increasing salinization trends [8].

Water being the primary carrier of pollutants, has the potential to transmit up to 70% of
pollution, and water pollution is responsible for many illnesses and approximately 20% of cancer
cases [11]. Nitrate and fluoride are widely recognized as global contaminants in drinking water across
various regions. Fluorine as a trace element is vital for human health, playing a beneficial role in
metabolism and disease prevention [12]. Nevertheless, extended contact to higher levels can interfere
with the enzymes responsible for vitamin metabolism, resulting in adverse effects on bones, as well
as the degeneration of brain tissues, kidneys, and the central nervous system [14]. The undue buildup
of fluoride presents a considerable hazard to the welfare of local communities and the enduring
progress and advancement of national economies [13]. Consequently, fluoride contamination has
become an environmental issue that warrants global attention [12,13]. Unfortunately, the present
study area, particularly the Al Hassa region, faces a scarcity of research on the migration and
enrichment patterns of fluorine in coastal groundwater aquifers.

As has been reported by previous studies, various anthropogenic activities lead to high-level
enrichment of natural waters with nitrate [12,14]. Nitrogen, a crucial nutrient for improving crop
productivity and stimulating plant growth, may exist in groundwater in various forms, including
nitrate, nitrite, or ammonium [15]. Nevertheless, the excessive application of nitrogen-rich fertilizers
in agricultural practices can pose a significant risk of water pollution [12]. Multiple studies have
provided evidence indicating that nitrate pollution in the water could originate both from the
localized and diffuse sources [15]. For instance [16] conducted a study on nitrate contamination and
found a significant increase in groundwater nitrate concentration due to the abundance usage of land.
Likewise, [17] conducted research revealing a positive link between the use of nitrogen-rich fertilizers
in a specific area and elevated nitrate concentrations in groundwater. Recent studies have similarly
established connections, expanding beyond fertilizer application to include various other human-
induced processes and activities [12]. Despite the fact that nitrogen is advantageous in agricultural
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productivity, the contamination of water systems by nitrate can result in the degradation and
impairment of ecosystems, thereby potentially exerting adverse effects to the environment.

Various techniques such as spatial mapping, graphical plotting, drinking water quality
indexing, etc are useful to accurately assess the current status of groundwater in the area. As
demonstrated by previous studies, spatial mapping techniques can have a substantial influence on
assessing the water quality, enabling the identification of contamination hotspots and providing
valuable insights into the spatial distribution of contaminants [18,19]. By mapping the contaminant
concentrations, it becomes easier to identify areas with high levels of pollution, which can help
prioritize mitigation measures and target interventions where they are most needed. Indexical
methods such as the the Water Quality Index (WQI), Groundwater Pollution Index (GPI), and
Synthetic Pollution Index (SPI) have been utilized to evaluate the appropriateness of groundwater
for residential use [12,20,21]. Assessment of health rish has remained of particular significance, as it
aims to estimate the potential risks faced by water users [3,12,15,22,23]. By considering exposure
pathways and the levels of contamination in groundwater, it is easier for researchers to assess risks
pertaining to health associated with long-term use of contaminated water. Undoubtedly, this
assessment provides critical information for policymakers, public healthcare professionals to
safeguard health of local human populations. Further, several multivariate statistical analyses often
aid in identifying potential sources of contamination, thus facilitating effective remediation strategies
[24,25] .

The reported literature states that little work in Al-Hassa area has been done to investigate the
evaporation of lakes and its impact on agricultural water usage [26], the hydrogeologic characteristics
[27], the hydrochemical characteristics [28], and the spatial association between some chemical
species (ions) and salinity [29]. While these studies have provided valuable insights into
hydrogeology and overall groundwater quality, they did not undertake comprehensive health risk
assessments to evaluate the potential risks posed to the local population. Understanding these critical
issues is crucial for sustainable water management. Research on integrated water management
strategies is highly needed to address the water quality challenges in Al Hassa. Therefore, this
research aims to address these gaps by integrating classical techniques for (1) index-based
groundwater quality assessment, (2) assessing contaminant enrichment processes, (3) assessing the
fluoride and nitrate human health risk levels to water users, and (4) spatial mapping to identify
contamination hotspots. By integrating graphical plotting, multivariate statistical analyses, indexical
methods, and spatial mapping, the study seeks to provide a clear understanding on the subject
matter. The findings of this research as therefore believed to contribute to the informed decision-
making processes that could facilitate and ensure safe and sustainable groundwater resources in the
region.

2. Materials and Methods

2.1. Study Area Description

The study area is positioned at about 320 kilometers east of Riyadh and almost 70 kilometers
west of the Arabian Gulf coastline (Figure 1). Positioned at an elevation of roughly 130 to 160 meters
above sea level, it is sloping gradually towards the Gulf coast, between longitudes 49°30” to 49°50" E
and latitudes 25°20" to 25°40" N. The shape of the oasis is somewhat similar to the English alphabet
“L,” with an axis length of around 30 km in the south-northeast direction and around 18 km from the
west to the east. The total is 260 square kilometers [30]. The primary city in the region is Al-Hofuf
City, located at the junction of two different axes at the southwest part of the oasis.

The climate of this region is subject to considerable variations across seasons and years. It is
categorized by Mansour as being situated in the sub-tropical desert area, having cold, dry winters
and very hot, dry summers, as per observation made by [31], winter occurs from November to March
month, with an average temperature of around 22°C to 7.5°C meanwhile, from May to August, it lies
in the range of 45°C and 24°C [30]. The country acknowledges the summer season as its hottest
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period. The relative humidity level fluctuates between 21% and 29% in the summer, rising to 31% to
55% in the winter, with a monthly average of 38%. Rainfall is most frequent in the winter and spring,
with an average annual total of 85 mm.

@ Groundwater Sample Locations

Figure 1. A map indicating the study area along with the locations of the samples.

The complicated multi-aquifer groundwater system in the Al Hassa area is made up of Late
Cretaceous and Tertiary formations such Aruma, Umm Er Radhuma, Rus, Dammam, and Neogene.
The Rus Formation acts as a barrier between the Umm Er Radhuma and Dammam aquifers,
preventing full interconnection between these aquifers. Limestone, marls, and evaporates make up
the Rus formation (Figure 2) (Al Tokhais & Rausch, 2008). The primary direction of groundwater flow
within the aquifer system is oriented from South-west to North-East (Figure 2) [32].
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Figure 2. The study area’s geology and hydrogeology are depicted in the map, illustrating key
geological units [32].

There are four partially linked aquifers that make up the groundwater system in the research
region. The Neogene aquifer complex comprises porous clastic aquifers and karstified fractured
bedrock aquifers. The Umm Er Radhuma aquifer is characterized by a karstified fractured bedrock,
and the Dammam aquifer complex features a partially karstified fractured bedrock aquifer (Figure 3)
[32]. The three formations that make up the Neogene aquifer are Hofuf, Dam, and Hadrukh. The
Hofuf Formation has a thickness of 20 to 100 meters, while the Dam and Hadrukh formations have a
thickness of 100 to 200 meters. These formations are highly fissured and have considerable secondary
porosity. While the recharge region in this aquifer stretches to the southwest, the subsurface water
mainly flows northeast.
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Figure 3. Hydrogeological units of the aquifer system in the study area [32].

2.2. Sampling of Groundwater and Testing of Physicochemical Variables

To perform physical and hydrochemical analyses, groundwater samples collected from
Neogene aquifer were assessed at the lab. To remove any standing water, the groundwater wells
were drained for 15 minutes prior to measurement. In field survey, 27 groundwater samples from
wells randomly chosen across the research region were collected and examined. The samples were
filtered and kept in an icebox in order to keep characteristics intact and also follow the procedure as
mentioned by the global standards (US EPA), [33]. Several physicochemical parameters of the
collected water samples were assessed that are indicative of water quality. For instance, the pH,
electrical conductivity (EC), total dissolved solids (TDS), and turbidity were all measured in-situ
using Hanna GPS Multiparameter Meter (HI9829). The concentration of bicarbonate was evaluated
using acid titration techniques, and the ions contained in the groundwater samples were identified
using ion chromatography. Chlorine (Cl-), sodium (Nat+), magnesium (Mg2+), calcium (Ca2+),
potassium (K+), and bicarbonate (HCO3-) were among the water characteristics that were evaluated.

2.3. Drinking Water Suitability Assessment

2.3.1. Groundwater Quality Pollution index

It has been observed in a few studies [21] that the groundwater pollution index (PIG) is taken
into consideration as a surveillance and evaluation tool for ensuring the safety of drinking water
[34,35]. The evaluation of PIG involved five sequential stages. Initially, the relative weight (Rw) of
the investigated parameters was estimated using a rating system ranging from 1 to 5 (Table 1), with
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the assignment of weights w.r.t the parameters’ relevance and impact on possible human health [21].
Afterward, the subsequent steps outlined in Equations (1)-(4) were executed accordingly.

Ry
Wy, = —
S, = ¢ 2

=5 @

Oy =W, xS (3)
PIG = X0, (4)

where Wp = the weight parameter allocated to every individual groundwater quality parameter; Rw
represents the relative weight assigned to a specific variable; Sc refers to the concentration status of
a given variable; C = the level of the examined parameter for individual sample; Ds highlights specific
parameter’s drinking water quality acceptable boundary (World health organization (WHO) 2011);
Ow, denotes overall quality of individual samples

Table 1. The assigned weights for physicochemical parameters for PIG calculation.

WHO (2022, .

S/No. Parameter 2017) standard Unit Rw Wp
1 pH 6.5-8.5 - 3 0.0555
2 EC 1000 uS/cm 4 0.0740
3 TDS 1000 mg/L 4 0.0740
4 Turbidity 4 NTU 3 0.0555
5 HCO3- 250 mg/L 4 0.0740
6 Na+ 200 mg/L 4 0.0740
7 K+ 12 mg/L 4 0.0740
8 Mg2+ 50 mg/L 4 0.0740
9 Ca2+ 75 mg/L 4 0.0740
10 S5042- 250 mg/L 4 0.0740
11 Cl- 250 mg/L 4 0.0740
12 NO3- 50 mg/L 4 0.0740
13 F- 1.5 mg/L 4 0.0740
14 Br- 2 mg/L 4 0.0740

_ LWp =
YRw =54 1,00

2.3.2. Synthetic Pollution Index

Similar to the PIG, numerous scientists have effectively utilized the synthetic pollution index
(SPI) to estimate contamination levels of water resources [12,36,37] and determine their eligibility for
drinking purposes. The assessment of SPI involved employing three mathematical functions
(Equations (5)—(7)):
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In the above equations, K = proportionality constant; Vs represents the recommended (World
health organization (WHO) 2011) concentration for each groundwater variable; the variable "n"
shows the total count of considered groundwater factors; "Vo" denotes level of each individual

variable; and Wi = each variable’s weight coefficient [20].
2.4. Human Health Risk Assessment

2.4.1. Human Health Risks due to Fluoride and Nitrate Ingestion

Human health risk assessment (HHRA), formed by USEPA (United States Environmental
Protection Agency) 1989), is a powerful probabilistic approach for identifying extremely dangerous
bacterial groups in drinking water and possible related health impacts on the ecosystem. It has been
used throughout the last three decades to evaluate the long-term health consequences of water
pollution [38]. In compliance to (USEPA (United States Environmental Protection Agency) 1989),
hazardous species are categorized as either non-carcinogenic or carcinogenic, with F- and NO3-
belonging to the first category. Non-carcinogen-contaminated water poses risk to human health when
consumed or comes in direct contact with the skin [39]. However, oral ingestion has been identified
by studies as the most dangerous exposure path [12; 22]. Consequently, this study examined the
health hazards caused by F- and NO3- via the oral route in three age categories: newborns (< 2 years),
youngsters (2-16 years), and grownups (> 16 years) [12,22]. The non-carcinogenic hazards relating to
F- and NO3- polluted groundwater were calculated using Equations (8)—(11).

DI = CxIRXEFXED
N BW X ET

where CDI symbolizes the chronic daily intake; C =F- and NO3- levels in groundwater; the ingestion-
rate is called IR; the exposure frequency is denoted by the symbol EF; ED means the exposure length;
BW = the mean weight of a person; and ET signifies the typical duration of exposure. Table 2a shows
the numerical values of each variable represented in Equation (8).

Table 2. Parameters used to calculate non-carcinogenic health hazards in accordance with (USEPA
(United States Environmental Protection Agency) 2018; 2000; 1989) recommendations.

(a) Parameters for NO3- and F- ingestion health risk assessment [12,22,23,42]

d0i:10.20944/preprints202403.1822.v1

. Infants (<2 Children 2- Adults (>16
Parameter Unit
years) 16 years) years)
Chronic daily intake (CDI)  mg/kg/day - - -
Concentration in
groundwater (C) mg/L - - -
Ingestion rate of water (IR) L/day 0.65 1.50 2.00
Exposure frequency (EF) Days/year 365 365 365
Exposure duration (ED) year 0.50 6.00 30.00
Average body weight (BW) kg 6.94 25.90 64.70
Average time (AT) day 182.50 2190.00 10950.00
Refererzcls g;je RID) — g/kg/day 1.6 1.6 1.6
Reference dose (RfD) (F-)  mg/kg/day 0.04 0.04 0.04

(b) Parameters for NO3- dermal health risk assessment [14,22,23,42-44]

Parameter Unit Children Women Men
Dermally absorbed dose
(DAD) mg/kg/day - - -
Concentration in mg/L B B B

groundwater (C)
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Duration of the contact

(TC) hr/day 0.4 04 0.4
Rate of bathing (EV) time/day 1 1 1
Dermal adsorption cm/h 0.001 0.001 0.001
parameter (Ki)

Skin surface area (SSA) cm?2 12,000 16,600 16,600
Exposure duration (ED) year 12 67 64
Exposure frequency (EF) days/year 365 365 365
Unit conversion factors : 0.001 0.001 0.001

(CF)
Average body weight (BW) kg 15 55 65
Average time (AT) day 4380 24,455 23,360
Reference dose (RfD) mg/kg/day 1.6 1.6 1.6

Equation (9) was used to calculate the fluoride and nitrate hazard quotients (HQs) for all age
categories.

CDI
HQingestion = Rf_D €©))

In the scenario above, RfD signifies the reference dosage.
Next, Equation (10) was employed to calculate the cumulative health hazard index
(HIcumulative) for fluoride and nitrate present in the analyzed groundwater resources [12].
n

HIcumulative = Z HQingestionith age groups (10)
i=1
Additionally, the total hazard index (THI) values were computed using Equation (11) to assess
the long-term risks associated with fluoride and nitrate [22,23,40].

THlingestion = Z(HIN03_ + Hlp-) (11)

When the total hazard index (THI) value is greater than 1, it indicates a high chronic health risk.
Conversely, a THI value below 1 signifies a negligible health risk (USEPA (United States
Environmental Protection Agency) 1997; [22,23,40]

2.4.2. Human Health Risks due to Nitrate Dermal Absorption

The associated health risks of nitrate via the dermal route were determined for children, women,
and men using the three mathematical functions presented in this section (Equations (12)-(14))
[22,23,40].

CxTCxK;xEV xEFxEDxSSAxCF
DAD = (12)
BW x AT

The definitions and numerical values representing the variables in Equation (12) can be found
in Table 2b.
Equation (13) was utilized to calculate the dermal HQ for nitrate.

DAD
HQaerma (NO3) = Rf—D (13)

The aggregate health risk from cutaneous nitrate uptake was calculated using Equation (14) [12].

n

Hlymutative = Z HQdermalith age groups (14)

i=1
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2.5. Spatial Mapping for Identification of Contamination Hotspots

The methodology for producing maps for spatial analysis of water quality involved a few steps
in the ArcGIS software. Firstly, the water quality indices calculated for various sampling points across
the study area were prepared. The data points were then georeferenced using geographical
positioning system (GPS) coordinates. Subsequently, the spatial kriging interpolation technique was
employed to predict water quality values at locations where measurements were not taken, utilizing
the available measured data. These interpolated values were then utilized to generate a continuous
surface, portraying the distribution of water quality throughout the study area. Finally, the water
quality surface was visualized through thematic mapping techniques, employing color gradients to
represent different levels or categories of water quality.

2.6. Graphical and Chemometric Techniques for Contamination Source Identification

Several studies have reported that geochemical plots could be viable methods for determining
different pollution [12]. To demonstrate the relationships between the evaluated groundwater quality
variables and their likely sources, multivariate and bivariate charts were created. In addition to ionic
charting, chemometric analysis has been an effective approach to explore pollutant orgins in water
supplies [41]. In the present research, two chemometric approaches, i.e., (i) Pearson’s correlation and
(ii) principal component analysis were applied to achieve the aforementioned purposes. Using IBM
SPSS Statistics (v. 22), the chemometric methods were implemented on the groundwater quality data.

3. Results
3.1. General Groundwater Quality Characterization

3.1.1. Physical Parameters

The quality of groundwater was assessed following the World Health Organization (World
health organization (WHO) 2011) criteria, and the statistical analysis is presented in Table 3. The pH
levels ranged between 6.57 to 7.40, averaging 7.06. These pH measurements align with the WHO
guidelines, indicating that the groundwaters fall within the acceptable range. These findings have
been in compliance to a recent study conducted in a neighboring area by [12] where the average pH
reading was reported as 7.12. Moreover, investigations carried out in coastal regions of China [45]
and Bangladesh [46] have reported a similar average pH range of 7-8.

In terms of electrical conductivity (EC), readings varied from 2062.97 uS/cm to 14114.58 uS/cm,
averaging 6715.78 uS/cm, exceeding the permissible limit. A recent study on coastal groundwater in
Bhola District, Bangladesh, reported an average EC of 588.15 pS/cm [46], indicating a notable
difference between the two reports. However, the EC values observed in this study align with those
found in coastal aquifers of Southern Kenya [47], Western Cape Province, South Africa [48], and
South [49]. Typically, fresh groundwater unaffected by saltwater intrusion exhibits mild salinity and,
thus, low EC values. Therefore, elevated EC values in coastal groundwater are often associated with
seawater intrusion. [50] suggested that if the coastal aquifer is overexploited, the freshwater-saltwater
interface gradually moves inland, intensifying the impact of saltwater intrusion.

Similarly, total dissolved solids (TDS) readings ranged between 928 mg/L to 8226.97 mg/L,
averaging 3492.38 mg/L, surpassing allowable limit and indicating that the groundwater is
inappropriate. Upon comparison with the former studies performed in western Saudi Arabia, the
average TDS readings were 866.38 mg/L in Makkah province [51] and 1714.29 mg/L in Wadi Fatimah
[52]. Regarding groundwater turbidity, it ranged between 0.27 NTU to 85.07 NTU, averaging 18.43
NTU. Majority of the samples were found tobe within the acceptable turbidity range, with only six
samples (AHF-1 to 6) exhibiting high turbidity levels (Table 3). Nevertheless, based on the average
ratings, the overall physical properties of the Al Hassa groundwater samples exceeded the WHO's
permissible limits (World health organization (WHO) 2011).

d0i:10.20944/preprints202403.1822.v1
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Table 3. Dataset of the measured groundwater physicochemical parameters for this study.

Sample ID pH EC (uS) TDS (mg/L)TA (ppm) (Llf;g) HCO3- (mg/L)Na+ (mg/L)K+ (mg/L)Mg2+ (mg/L)Ca2+ (mg/L)SO42- (mg/L)Cl- (mg/L)NO3- (mg/L)F- (mg/L)Br- (mg/L)
AHF-1 6.7 2135.82 928 153.41  80.9 153.41 100.31 6.46 33.59 117.96 0.00 371.33 24.03 0.00 0.00
AHF-2 6.57 8203.25 3592 274.68 83.03 274.68 695.85 35.31 194.11 409.68 0.00 2111.03 46.02 0.97 2.98
AHEF-3 7.14 2271.11 2156 150 84.1 150 115.03 6.75 49.66 111.37 0.00 405.18 17.05 0.00 0.00
AHF-4 6.74 5892.84 2636 21643 56.2 216.43 440.70 23.66 129.73 297.53 0.00 1388.57 43.35 0.00 2.86
AHF-5 6.97 206297 1020 157.51 84 157.51 95.03 6.30 43.89 105.11 0.00 350.27 22.58 0.93 0.00
AHF-6 7.02 742271 3413 205.56  85.07 205.56 473.98 15.58 122.52 295.20 0.00 1394.07 59.19 0.00 2.83
AHEF-10 6.87 7703.7 3675 168.23 1.11 168.23 836.50 35.39 191.21 464.05 1353.35 1493.93 102.93 0.00 3.65
AHE-11 7.28 2187.85 1114 155.71  0.95 155.71 122.81 7.73 39.69 94.83 195.18 256.21 21.27 0.58 1.15
AHE-12  7.08 4727.23 2345 173.64  0.66 173.64 312.86 11.25 68.30 168.10 522.09 529.41 35.71 0.76 1.52
AHEF-13 7.05 4154.83 2060 17164 0.74 171.64 285.94 9.85 64.16 153.36 459.39 489.32 33.48 0.50 1.44
AHEF-14 7.1 5216.37 2480 161.73  0.97 161.73 441.86 11.47 95.05 200.75 589.31 785.21 40.13 0.90 2.32
AHEF-15 7.05 5570.21 2562 204.35 1.38 204.35 420.44 16.73 97.25 232.01 627.46 803.20 34.70 1.09 2.34
AHEF-16 7.23 4508.67 1931 174.63  0.88 174.63 344.06 17.10 77.57 166.53 453.47 633.82 26.24 0.53 1.83
AHE-17 7.2 4623.15 2054 191.81 0.84 191.81 364.49 19.24 80.84 165.37 461.09 655.51 24.47 0.58 1.87
AHF-18 6.89 9129.5 4130 270.84 0.27 270.84 777.95 29.72 166.20 377.53 1046.89 1410.1 43.98 1.07 3.01
AHEF-19 6.98 9181.53 4014 29437  0.82 294.37 732.96 27.21 188.20 421.37 1060.7 1448.49 25.80 0.73 3.96
AHE-20 7.4 4539.89 2032 170.12  0.98 170.12 347.04 22.29 84.00 172.98 505.50 630.22 23.26 0.83 1.94
AHEF-21 7.11 7568.41 3577 193.35 0.85 193.35 644.35 27.73 138.09 310.06 902.84 1099.45 45.60 1.09 2.73
AHE-22 7.09 11179.73  6462.92 187.07  1.63 187.07 908.38 34.88 181.18 241.21 817.18 1856.8 19.48 0.58 4.89
AHEF-23 7.12 5278.81 2988.71 184.44 1.17 184.44 453.30 16.00 88.95 165.35 437.78 858.50 18.39 0.88 2.93
AHE-24 717 3436.72 1924.95 184.9 1.24 184.9 356.30 11.64 58.91 132.22 333.32 659.01 18.93 0.78 2.40
AHE-25 7.02 6038.54 3430.38 221.61 198 221.61 546.30 18.75 99.21 181.26 563.70 950.60 20.01 0.69 291
AHE-26 7.21 11450.32 6624.58 267.36  1.12 267.36 1001.72 44.56 229.26 333.65 1253.69 1986.3 18.65 1.28 5.25
AHE-27 715 11887.42 6886.15 279.14  0.46 279.14 986.60 40.17 225.44 359.21 1305.53 1869.7 22.40 0.65 4.65
AHEF-28 7.08 12366.16 7173.24 296.68 3.15 296.68 1008.78 45.49 241.17 375.94 1379.52 1956.8 18.81 0.86 5.15

AHE-29 7.25 14114.58 8226.97 29715 1.11 297.15 1120.09 53.68 248.40 328.73 1308.41 2169.6 11.74 0.97 5.70
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AHEF-30 7.2 8473.84 4857.47 251.83 1.91 251.83 652.90 26.10 150.59 265.08 871.22 1245.3 15.67 0.00 3.50
EC Electrical conductivity; TDS Total dissolved solids; TA Total alkalinity; Turb. Turbidity.
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3.1.2. Chemical Parameters

Chemical species play a crucial role in hydrogeochemical processes, involving mechanisms such
as disintegration, bidirectional ion exchanges, evaporation, and condensation. The ions identified in
this study include Na+, K+, Mg2+, Ca2+, HCO3-, SO42-, Cl-, NO3-, F-, and Br-. Among the cations
studied, the prevalence in groundwater followed the order: Na+ > Ca2+ > Mg2+> K+, highlighting
Na+ as the most abundant cation, followed by Ca2+ and Mg2+. Na+ is widely recognized as a
significant cation in the field of chemistry. In this research, Na+ concentrations exhibited considerable
regional variation, ranging from 95.03 mg/L to 1120.09 mg/L. Moreover, more than 85% of the
groundwater samples exceeded the permissible maximum limit of 200 mg/L for Na+. High levels of
Na+t can be attributed to processes such as halite dissolution, silicate weathering, and excessive
extraction of coastal groundwater [10,53]. K+, originating from the decomposition of potassium
feldspar and clay materials in the subsurface [54] displayed a range of 6.30 mg/L to 53.68 mg/L.
Approximately 70.37% of the groundwater samples surpassed the allowable threshold of 12 mg/L for
K+. The dissolution of dolomite and weathering of silicates are common sources of Mg2+, which
fluctuated in concentrations from 33.59 mg/L to 248.40 mg/L. However, in coastal areas, the intrusion
of seawater with elevated Mg2+ concentrations can contribute to higher levels of Mg2+ in
groundwater [10]. Ca2+ levels in groundwater samples ranged from 94.83 mg/L to 464.05 mg/L. The
presence of Ca2+ can be attributed to the breakdown of CaMg(CO3)2 and CaCO3 precipitates during
groundwater recharge [55].

The average concentrations of the anions were found to follow this order: Cl- > SO42- > HCO3-
>NO3- > Br- > F-. The cation and anion concentrations show that Na+-Cl- and Na+-5042- water types
persist in the research region. This finding supports the notion that salt accumulation mechanisms
might have a major impact on quality of groundwater. Moreover, it further indicates that NaCl and
Na2504 salts may precipitate and exist in the coastal groundwaters. It is also sufficient to state that
two types of calcium salts (CaCl2 and CaSO4) are abundant in the aqueous ecosystem. As a result,
there may be a surplus of Ca2+-5042- and Ca2+-Cl- varieties of groundwater in the region.

3.1.3. Prevalent Water Type

To understand geochemical processes, a Chadha (1999)'s geochemical plot was produced
(Figure 4). In several regions of the world, this plot has been found to be very useful in characterizing
water types and potential contamination factors [12,24] . The plot demonstrates that the analyzed
groundwater samples are primarily divided into two sets: one characterized by a Na—Cl water type
whereas another by a Ca-Mg—Cl water type. Most samples clustered around the Na—Cl water type,
indicating that saltwater intrusion plays a predominant role in the hydrochemistry, with a secondary
contribution from the reverse ion exchange mechanism. Similar conclusions have been reported in
coastal regions of India during different seasons, for instance, the Southwest Monsoon in
Nagapattinam district [49]and summer in South Chennai [10]. Water consumption with high salinity
could lead to health issues, including skin infections, severe respiratory infections, vomiting, elevated
blood pressure, and unsuccessful pregnancies [17,56]. Furthermore, there is no apparent influence of
base ion exchange mechanisms or recharge water flow on either of the samples. Considering the
primary types of water observed in locality, its clear that climate factors is vital in hydrological
dynamics. Moreover, the observed differences in physical and chemical properties across the research
region suggest spatiotemporal variations in the mechanisms that impact groundwater quality
throughout the entire area.
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Figure 4. Hydrogeochemical species plotted on a Chadha’s diagram for unraveling the prevalent
processes influencing the water chemistry.

3.2. Drinking Water Suitability Assessment

3.2.1. Pollution Index of Groundwater

The PIG Index was used to evaluate the groundwater condition at Al Hassa oasis for
consumption purposes, as shown in Table 4. According to studies that have utilized the PIG [42], the
values can be interpreted in terms of pollution levels as very high (PIG greater than 2.5), high (PIG
between 2.0 and 2.5), moderate (PIG between 1.5 and 2.0), low (PIG between 1.0 and 1.5), and
insignificant pollution (PIG less than one). The PIG value ranged from 0.8426 to 4.7172, with sample
AHF-29 having the highest value, indicating unfit water (Table 4). In summary, the categorization
method pointed that the samples are polluted in following ways: insignificant (3.70%), low (7.41%),
moderate (33.33%), high (7.41%), and very high (48.15%). As stated by [21], Ow value can be used to
understand the individual contributions of groundwater variables on the overall water quality. In
this study, EC and fluoride were identified as the most and least influential parameters (Table 4). The
contributions of all variables can be visualized in Figure 5a.
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Table 4. Overall quality of groundwater samples and its influencers based on PIG model.

Oow Oow Oow Oow Oow Oow Oow Oow Oow Oow Oow

Sample ID (pH) (EC) Ow (TDS) Ow (Turb.) Ow (HCO3-) (Na#) (K#) (Mg2+) (Ca2+) (SO42) (Cl) (NO3-) (F-) (Br-) PIG
AHEF-1 0.0531  0.1581 0.0687 1.1225 0.0454 0.0371 0.0398 0.0497 0.1164 0.0000 0.1099 0.0356 0.0000 0.0000 1.8363
AHEF-2 0.0521  0.6070 0.2658 1.1520 0.0813 0.2575 0.2177 0.2873 0.4042 0.0000 0.6249 0.0681 0.0480 0.1104 4.1763
AHEF-3 0.0566  0.1681 0.1595 1.1669 0.0444 0.0426 0.0416 0.0735 0.1099 0.0000 0.1199 0.0252 0.0000 0.0000 2.0082
AHF-4 0.0534  0.4361 0.1951 0.7798 0.0641 0.1631 0.1459 0.1920 0.2936 0.0000 0.4110 0.0642 0.0000 0.1058 2.9039
AHEF-5 0.0553  0.1527 0.0755 1.1655 0.0466 0.0352 0.0389 0.0649 0.1037 0.0000 0.1037 0.0334 0.0460 0.0000 1.9213
AHF-6 0.0557  0.5493 0.2526 1.1803 0.0608 0.1754 0.0961 0.1813 0.2913 0.0000 0.4126 0.0876 0.0000 0.1046 3.4476

AHF-10 0.0545  0.5701 0.2720 0.0154 0.0498 0.3095 0.2183 0.2830 0.4579 0.4006  0.4422 0.1523 0.0000 0.1349 3.3603
AHF-11 0.0577  0.1619 0.0824 0.0132 0.0461 0.0454 0.0477 0.0587 0.0936 0.0578 0.0758 0.0315 0.0284 0.0424 0.8426
AHF-12 0.0561  0.3498 0.1735 0.0092 0.0514 0.1158 0.0694 0.1011 0.1659 0.1545 0.1567 0.0529 0.0373 0.0562 1.5497
AHF-13 0.0559  0.3075 0.1524 0.0103 0.0508 0.1058 0.0607 0.0950 0.1513 0.1360 0.1448 0.0495 0.0247 0.0531 1.3978
AHF-14 0.0563  0.3860 0.1835 0.0135 0.0479 0.1635 0.0707 0.1407 0.1981 0.1744 0.2324 0.0594 0.0445 0.0860 1.8568
AHF-15 0.0559  0.4122 0.1896 0.0191 0.0605 0.1556 0.1032 0.1439 0.2289 0.1857  0.2377 0.0513 0.0538 0.0865 1.9840
AHF-16 0.0573  0.3336 0.1429 0.0122 0.0517 0.1273 0.1054 0.1148 0.1643 0.1342 0.1876  0.0388 0.0262 0.0677 1.5642
AHF-17 0.0571  0.3421 0.1520 0.0117 0.0568 0.1349 0.1187 0.1196 0.1632 0.1365 0.1940 0.0362 0.0284 0.0690 1.6201
AHF-18 0.0546  0.6756 0.3056 0.0037 0.0802 0.2878 0.1833 0.2460 0.3725 0.3099 0.4174 0.0651 0.0526 0.1113 3.1656
AHF-19 0.0553  0.6794 0.2970 0.0114 0.0871 02712 0.1678 0.2785 0.4158 03140 0.4288 0.0382 0.0361 0.1466 3.2271
AHEF-20 0.0587  0.3360 0.1504 0.0136 0.0504 0.1284 0.1375 0.1243 0.1707 0.1496 0.1865 0.0344 0.0410 0.0719 1.6533
AHF-21 0.0564  0.5601 0.2647 0.0118 0.0572 0.2384 0.1710 0.2044 0.3059 0.2672 0.3254 0.0675 0.0536 0.1011 2.6848
AHEF-22 0.0562  0.8273 0.4783 0.0226 0.0554 0.3361 0.2151 0.2681 0.2380 0.2419  0.6952  0.0288 0.0285 0.1810 3.6724
AHF-23 0.0565  0.3906 0.2212 0.0162 0.0546 0.1412 0.0987 0.1316 0.1631 0.1296  0.3216  0.0272 0.0435 0.1084 1.9041
AHF-24 0.0568  0.2543 0.1424 0.0172 0.0547 0.0849 0.0718 0.0872 0.1305 0.0987 0.1951 0.0280 0.0385 0.0889 1.3490
AHEF-25 0.0557  0.4469 0.2538 0.0275 0.0656 0.1605 0.1156 0.1468 0.1788 0.1669  0.3472 0.0296 0.0340 0.1077 2.1366
AHF-26 0.0572  0.8473 0.4902 0.0155 0.0791 0.3706 0.2748 0.3393 0.3292 0.3711 0.7343 0.0276 0.0631 0.1941 4.1934
AHEF-27 0.0567  0.8797 0.5096 0.0064 0.0826 0.3487 0.2477 0.3337 0.3544 0.3864 0.7004 0.0332 0.0320 0.1720 4.1433
AHF-28 0.0561  0.9151 0.5308 0.0437 0.0878 0.3732 0.2805 0.3569 0.3709 0.4083 0.7420 0.0278 0.0422 0.1905 4.4260
AHEF-29 0.0575  1.0445 0.6088 0.0154 0.0880 0.4144 03310 03676 0.3243 03873 0.8021 0.0174 0.0480 0.2109 4.7172
AHEF-30 0.0571  0.6271 0.3595 0.0265 0.0745 02172 0.1609 0.2229 0.2615 0.2579 0.4650 0.0232 0.0000 0.1294 2.8827

Minimum 0.0521  0.1527 0.0687 0.0037 0.0444 0.0352 0.0389 0.0497 0.0936  0.0000 0.0758 0.0174 0.0000 0.0000 0.8426
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Maximum 0.0587  1.0445 0.6088 1.1803 0.0880 0.4144 03310 0.3676 0.4579 04083 0.8021 0.1523 0.0631 0.2109 4.7172
Mean 0.0560  0.4970 0.2584 0.2557 0.0620 0.1941 0.1418 0.1857 0.2429 0.1803 0.3635 0.0457 0.0315 0.1011 2.6157
Contribution (%) 2.1405 18.9992 9.8801 9.7743 2.3714 74212 54225 7.0981 9.2854 6.8935 13.8966 1.7474 1.2040 3.8658
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Figure 5. Percentage (%) contributions of physicochemical variables to the overall groundwater
quality as evidenced by (a) PIG and (b) SPI.

3.2.2. Synthetic Pollution index

The SPI endorses the classification of groundwater samples into several categories. Group 1
represents appropriate drinking water, characterized by an SPI value of less than 0.2. Group 2
comprises slightly polluted water with SPI values ranging from 0.2 to 0.5. Moderately polluted
drinking water falls under Group 3, with SPI values ranging from 0.5 to 1.0. Highly polluted water is
categorized as Group 4, with SPI values ranging from 1.0 to 3.0. Lastly, Group 5 represents extremely
polluted and inappropriate drinking water, with an SPI value exceeding 3.0. These classifications
have been documented in studies conducted by [20]. The summarized results of the SPI analysis
presented in Table 5 reveal that 0% have neither excellent quality nor are slightly polluted, 48.15%
are moderately polluted, about 33.33% fall into the highly polluted class, and the remaining 18.52%
are judged to be unsuitable drinking waters. Based on the mean individual parameters’ SPI scores, it
was found that turbidity (44.55% contribution) and barium (26.43% contribution) were the major
influencers of the groundwater quality (Table 5; Figure 5b). Conversely, EC (0.25% contribution), TDS
(0.13% contribution), and (0.12% contribution) had the least impact on the overall water quality. In
comparison with other studies that have utilized the SPI, this region has a less desired groundwater
quality than reports in Hailun, China [57], Southern Nigeria [58] and Northwest Nigeria [59].
Nevertheless, the reports of this study are better than those of [12 in Al-Qatif, Saudi Arabia; [60] in
Taluka Larkana, Pakistan; and [61] in Baiji Province, Iraq.
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Table 5. SPI ratings of groundwater variables and overall water quality.

SPI SPI SPI SPI SPI SPI SPI SPI SPI SPI .
Sample ID (pH) SPI (EC) SPI (TDS)SPI (Turb.)SPI (HCO3-) (Na+) (K+) (Mg2+)  (Ca2#)  (SO24) L) (NO3-) (F-) (Br-) Final SPI

AHEF-1 0.0797  0.0012  0.0005 2.9479 0.0014 0.0015  0.0262 0.0078 0.0122 0.0000 0.0035 0.0056 0.0000  0.0000 3.0876
AHEF-2 0.0782  0.0048  0.0021 3.0255 0.0026 0.0101 0.1429 0.0453 0.0425 0.0000 0.0197 0.0107 0.2521  0.4349 4.0715
AHEF-3 0.0850  0.0013  0.0013 3.0645 0.0014 0.0017  0.0273 0.0116 0.0115 0.0000 0.0038 0.0040 0.0000  0.0000 3.2133
AHF-4 0.0802  0.0034  0.0015 2.0479 0.0020 0.0064  0.0958 0.0303 0.0308 0.0000 0.0130 0.0101 0.0000  0.4167 2.7381
AHEF-5 0.0829  0.0012  0.0006 3.0609 0.0015 0.0014  0.0255 0.0102 0.0109 0.0000 0.0033 0.0053 0.2415 0.0000 3.4451
AHEF-6 0.0835  0.0043  0.0020 3.0999 0.0019 0.0069  0.0631 0.0286 0.0306 0.0000 0.0130 0.0138 0.0000  0.4122 3.7598
AHF-10 0.0817  0.0045  0.0021 0.0404 0.0016 0.0122  0.1433 0.0446 0.0481 0.0126 0.0139 0.0240 0.0000  0.5314 0.9606
AHF-11 0.0866  0.0013  0.0006 0.0346 0.0015 0.0018  0.0313 0.0093 0.0098 0.0018 0.0024 0.0050 0.1493  0.1669 0.5021
AHEF-12 0.0842  0.0028  0.0014 0.0240 0.0016 0.0046  0.0456 0.0159 0.0174 0.0049 0.0049 0.0083 0.1962  0.2213 0.6331
AHEF-13 0.0839  0.0024  0.0012 0.0270 0.0016 0.0042  0.0399 0.0150 0.0159 0.0043 0.0046 0.0078 0.1296  0.2092 0.5464
AHF-14 0.0845  0.0030  0.0014 0.0353 0.0015 0.0064  0.0464 0.0222 0.0208 0.0055 0.0073 0.0094 0.2337  0.3386 0.8162
AHF-15 0.0839  0.0032  0.0015 0.0503 0.0019 0.0061  0.0677 0.0227 0.0240 0.0059 0.0075 0.0081 0.2827  0.3406 0.9062
AHEF-16 0.0860  0.0026  0.0011 0.0321 0.0016 0.0050  0.0692 0.0181 0.0173 0.0042 0.0059 0.0061 0.1376  0.2669 0.6538
AHEF-17 0.0857  0.0027  0.0012 0.0306 0.0018 0.0053  0.0779 0.0189 0.0171 0.0043 0.0061 0.0057 0.1490 0.2720 0.6783
AHEF-18 0.0820  0.0053  0.0024 0.0098 0.0025 0.0113  0.1203 0.0388 0.0391 0.0098 0.0132 0.0103 0.2765 0.4383 1.0596
AHF-19 0.0831  0.0054  0.0023 0.0299 0.0027 0.0107  0.1102 0.0439 0.0437 0.0099 0.0135 0.0060 0.1894 0.5773 1.1280
AHF-20 0.0880  0.0026  0.0012 0.0357 0.0016 0.0051  0.0903 0.0196 0.0179 0.0047 0.0059 0.0054 0.2153  0.2832 0.7766
AHEF-21 0.0846  0.0044  0.0021 0.0310 0.0018 0.0094  0.1123 0.0322 0.0321 0.0084 0.0103 0.0106 0.2817  0.3984 1.0192
AHE-22 0.0844  0.0065  0.0038 0.0594 0.0017 0.0132  0.1412 0.0423 0.0250 0.0076 0.0219 0.0045 0.1495 0.7129 1.2740
AHEF-23 0.0847  0.0031  0.0017 0.0426 0.0017 0.0056  0.0648 0.0207 0.0171 0.0041 0.0101 0.0043 0.2285 0.4271 0.9162
AHF-24 0.0853  0.0020  0.0011 0.0452 0.0017 0.0033  0.0471 0.0137 0.0137 0.0031 0.0061 0.0044 0.2024 0.3501 0.7794
AHF-25 0.0835  0.0035  0.0020 0.0721 0.0021 0.0063  0.0759 0.0231 0.0188 0.0053 0.0109 0.0047 0.1785  0.4243 0.9111
AHEF-26 0.0858  0.0067  0.0039 0.0408 0.0025 0.0146  0.1804 0.0535 0.0346 0.0117 0.0231 0.0043 0.3314 0.7645 1.5578
AHE-27 0.0851 0.0069  0.0040 0.0168 0.0026 0.0137  0.1626 0.0526 0.0372 0.0122 0.0221 0.0052 0.1679  0.6775 1.2664
AHF-28 0.0842  0.0072  0.0042 0.1148 0.0028 0.0147  0.1842 0.0562 0.0390 0.0129 0.0234 0.0044 0.2215  0.7504 1.5198
AHF-29 0.0863  0.0082  0.0048 0.0404 0.0028 0.0163  0.2173 0.0579 0.0341 0.0122 0.0253 0.0027 0.2519  0.8310 1.5912
AHF-30 0.0857  0.0049  0.0028 0.0696 0.0023 0.0086  0.1057 0.0351 0.0275 0.0081 0.0147 0.0037 0.0000  0.5097 0.8784

Min. 0.0782  0.0012  0.0005 0.0098 0.0014 0.0014  0.0255 0.0078 0.0098 0.0000 0.0024 0.0027 0.0000  0.0000 0.5021

Max. 0.0880  0.0082  0.0048 3.0999 0.0028 0.0163  0.2173 0.0579 0.0481 0.0129 0.0253 0.0240 0.3314  0.8310 4.0715
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Mean 0.0840  0.0039  0.0020 0.6715 0.0020 0.0076  0.0931 0.0293 0.0255 0.0057 0.0115 0.0072 0.1654  0.3983 1.5070
Cont. (%) 55756  0.2598  0.1351 44.5548 0.1297 0.5074  6.1794 1.9413 1.6930 0.3771 0.7601 04779  10.9763 26.4323 -
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3.3. Human Health Risk Assessment

In accordance with the Environmental Protection Agency (USEPA (United States Environmental
Protection Agency) 1989), the evaluation of non-carcinogenic health risks in groundwater involves
the utilization of the hazard index (HI), which determines the degree of exposure. The categorization
is as follows: high risk (HI > 4), moderate risk (4 > HI > 1), low risk (1 > HI > 0.1), and negligible risk
(HI < 0.1), respectively. In the following subsections, the non-carcinogenic impacts of groundwater
nitrate and fluoride on the health of Al Hassa residents are discussed in detail.

3.3.1. Nitrate Health Risk due to Ingestion

Prolonged consumption of nitrate in drinking water can lead to enduring health issues. [15]. In
the present investigation, probable chronic nitrate risk was assessed using USEPA conventional
metrics and techniques. The findings of the assessment are displayed in Table 6a. The HQ results for
the three demographic groups ranged from 0.23 to 11.74. Specifically, across the three age groups, the
HQ values indicate < 2 years (low to high risk), 2-16 years (low to moderate risk), and > 16 years (low
to moderate risk). This suggests that the inhabitants in the region have a spectrum of low to severe
chronic health risks as a result of NO3- in the coastal groundwater. In terms of HQ values, newborns
below 2 years old had a larger danger to their health from NO3- intake than other age groups. This
result was largely due to children having smaller bodies than adults. The results of the study imply
that the NO3- level of drinking groundwater ought to be decreased to preserve human health,
particularly that of newborns (below 2 years). Furthermore, the HI scores varied among the
groundwater samples, ranging from 1.34 to 11.74, suggesting a moderate to high risk to human
health. Elevated chronic hazards are projected to be higher in locations with higher NO3- levels,
especially around communities with insufficient residential sewage treatment and extensive
agricultural activities. Swiftly implementing remedial actions in affected areas is crucial for
mitigating heightened nitrate levels in groundwater. Based on the spatial and temporal patterns of
NOB3- distribution in coastal aquifers, the implementation of remedial actions to address health risks
associated with NO3- can commence by prioritizing locations with higher HI scores. In addition, it is
crucial to enhance the biodegradable waste disposal services in the impacted areas. The
implementation of strategies for rehabilitation should be carried out in a manner that aligns with the
attainment of sustainable development objectives, as highlighted by [62].

Additionally, the results of the present investigation were compared to prior research on coastal
groundwaters conducted across the world. In northern China, [8] found that hazards of nitrate in
more than 85 percent of groundwater samples were unsatisfactory for the whole human population
in the vicinity. According to recent research carried out along the Red Sea coast in Northwest Saudi
Arabia, HI of nitrate was over the safety level of 1, implying increased non-cancer health risk concerns
in kids as well as grownups [63]. In the Indo-Bangladesh Ramsar Site, researchers found a low to
moderate susceptibility to nitrate-related health concerns in humans [64]. Compared to the
aforementioned studies, it was realized that the nitrate HI reported in this study was lower than those
of [8] and [63]. Conversely, this study displayed higher nitrate risk than the report of [64]. Moreover,
a closer look revealed that none of the coastal regions were completely free from health concerns
related to nitrate, implying that nitrate may be a common issue in coastal groundwater. In accordance
with the investigations described above, anthropogenic activities (particularly agricultural
operations) were identified as the predominant source of NO3- contamination incidents.
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Table 6. Summary of the non-carcinogenic (chronic) health risk assessment.

Sample (a) NO3- ingestion health risk (b) F- ingestion health risk (c) THI due to NO3- and F- ingestion (d) NO3- dermal health risk

p HQ&2 HQE16 HQ(16 HI HQ(2 HQ(16 HQ(>16 HI THI(<2 THI@-16 THI(16 IT HQ HQ HQ HI

yrs.) yrs.) yrs.) (XHQ) yrs) yrs.) yrs.) (XHQ)  yrs) yrs.) yrs.) HI (children) (women) (men) (YHQ)

AHF-1 1.41 0.87 0.46 2.74 0.00 0.00 0.00 0.00 1.41 0.87 0.46 2.74 0.00 0.00 0.00 0.01
AHE-2 2.69 1.67 0.89 525 2.28 1.41 0.75 4.44 4.97 3.07 1.64 9.69 0.01 0.00 0.00 0.02
AHEF-3 1.00 0.62 0.33 1.94 0.00 0.00 0.00 0.00 1.00 0.62 0.33 1.94 0.00 0.00 0.00 0.01
AHF-4 2.54 1.57 0.84 4.94 0.00 0.00 0.00 0.00 2.54 1.57 0.84 4.94 0.01 0.00 0.00 0.01
AHEF-5 1.32 0.82 0.44 2.58 2.18 1.35 0.72 4.25 3.50 217 1.16 6.83 0.00 0.00 0.00 0.01
AHF-6 3.46 2.14 1.14 6.75 0.00 0.00 0.00 0.00 3.46 2.14 1.14 6.75 0.01 0.00 0.00 0.02
AHF-10  6.03 3.73 1.99 11.74 0.00 0.00 0.00 0.00 6.03 3.73 1.99 117 0.02 0.01 0.01 0.03
AHEF-11 1.25 0.77 0.41 243 1.35 0.83 0.45 2.63 2.59 1.60 0.86 5.05 0.00 0.00 0.00 0.01
AHF-12  2.09 1.29 0.69 4.07 1.77 1.10 0.59 3.45 3.86 2.39 1.27 7.53 0.01 0.00 0.00 0.01
AHF-13 196 1.21 0.65 3.82 1.17 0.72 0.39 2.28 3.13 1.94 1.03 6.10 0.01 0.00 0.00 0.01
AHF-14 235 1.45 0.78 4.58 211 1.31 0.70 4.12 4.46 2.76 1.47 8.69 0.01 0.00 0.00 0.01
AHF-15  2.03 1.26 0.67 3.96 2.55 1.58 0.84 4.98 4.59 2.84 1.51 8.93 0.01 0.00 0.00 0.01
AHF-16  1.54 0.95 0.51 2.99 1.24 0.77 0.41 242 2.78 1.72 0.92 5.42 0.01 0.00 0.00 0.01
AHF-17 143 0.89 0.47 2.79 1.35 0.83 0.44 2.62 2.78 1.72 0.92 541 0.00 0.00 0.00 0.01
AHF-18 257 1.59 0.85 5.02 2.50 1.54 0.82 4.87 5.07 3.14 1.67 9.88 0.01 0.00 0.00 0.01
AHF-19 151 0.93 0.50 2.94 1.71 1.06 0.56 3.33 3.22 1.99 1.06 6.28 0.01 0.00 0.00 0.01
AHF-20 136 0.84 0.45 2.65 1.95 1.20 0.64 3.79 3.31 2.05 1.09 6.44 0.00 0.00 0.00 0.01
AHF-21  2.67 1.65 0.88 5.20 2.55 1.57 0.84 4.96 521 3.22 1.72 1%1 0.01 0.00 0.00 0.02
AHF-22 114 0.71 0.38 222 1.35 0.84 0.45 2.63 2.49 1.54 0.82 4.85 0.00 0.00 0.00 0.01
AHF-23  1.08 0.67 0.36 2.10 2.07 1.28 0.68 4.02 3.14 1.94 1.04 6.12 0.00 0.00 0.00 0.01
AHF-24 111 0.69 0.37 2.16 1.83 1.13 0.60 3.56 2.94 1.82 0.97 5.72 0.00 0.00 0.00 0.01
AHF-25 117 0.72 0.39 2.28 1.61 1.00 0.53 3.14 2.78 1.72 0.92 543 0.00 0.00 0.00 0.01
AHF-26  1.09 0.68 0.36 2.13 2.99 1.85 0.99 5.84 4.09 2.53 135 796  0.00 0.00 0.00 0.01
AHF-27 131 0.81 0.43 2.56 1.52 0.94 0.50 2.96 2.83 1.75 0.93 5.51 0.00 0.00 0.00 0.01

AHF-28  1.10 0.68 0.36 2.15 2.00 1.24 0.66 3.90 3.10 1.92 1.02 6.05 0.00 0.00 0.00 0.01
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AHF-29  0.69 0.43 0.23 1.34 2.28 1.41 0.75 443 2.96 1.83 0.98 5.77 0.00 0.00 0.00 0.00
AHEF-30  0.92 0.57 0.30 1.79 0.00 0.00 0.00 0.00 0.92 0.57 0.30 1.79 0.00 0.00 0.00 0.01
Min. 0.69 0.43 0.23 1.34 0.00 0.00 0.00 0.00 0.92 0.57 0.30 1.79 0.00 0.00 0.00 0.00
Max. 6.03 3.73 1.99 11.74 2.99 1.85 0.99 5.84 6.03 3.73 1.99 117 0.02 0.01 0.01 0.03

Average 1.81 1.12 0.60 3.52 1.49 0.92 0.49 291 3.30 2.04 1.09 6.43 0.01 0.00 0.00 0.01
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3.3.2. Fluoride Health Risk due to Ingestion

Excessive consumption of fluoride can result in the development of long-term health conditions
like fluorosis. Skeletal or dental fluorosis affects a significant number of individuals globally, with
millions of people experiencing its effects due to prolonged consumption of water that is enriched
with fluoride. Table 6b presents the calculated risk values associated with groundwater resources
impaired by fluoride (F). In the < 2 years age bracket, the fluoride hazard quotient (F- HQ) varied
from 0.00 to 2.99, with a mean of 1.49. For the age group of 2-16 years, the F- HQ ranged from 0.00 to
1.85, with a mean of 0.92. Individuals above 16 years of age exhibited F- HQ values ranging from 0.00
to 0.99, with a mean of 0.49. The study determinations suggest that the health risks associated with
fluoride consumption diminish with increasing age.

In the age group of < 2 years, none of the groundwater samples were classified as having high
health risks, while 77.78% were categorized as moderate, 0% as low, and 22.22% as negligible risks.
For the age group of 2-16 years, none of the samples posed high health risks; 51.85% were classified
as moderate, 25.93% as low, and 22.22% as negligible risks. However, when considering the combined
<16 years age bracket, none of the samples were found to pose high and moderate health risks, while
77.78% were categorized as low and 22.22% as negligible risks. These results indicate that newborns
face a higher risk of fluorosis compared to youngsters and grownups in the region. The computation
of the cumulative hazard quotient (HI) yielded higher risk values, ranging from 0.00 to 5.84, with a
mean of 2.91. The health risk assessment of fluoride (F-) indicated that approximately 33.33% of the
groundwater samples posed high risks, 44.44% were classified as moderate risks, none were low
risks, and 22.22% were negligible risks. Interestingly, a similar trend was observed for both nitrate
(NO3-) and fluoride risks, where the risk levels followed the order: newborns > youngsters >
grownups.

However, it was noted that the risk associated with nitrate intake surpassed that of fluoride
ingestion in the study area for all human populations. This finding is similar to reports in Kakhk City
and its rural areas in Iran [65], Northwest Saudi Arabia [63], and Anantapur District, South India [66].
However, the reports by [12 in Al-Qatif, Saudi Arabia, South Punjab, Pakistan [40] and [67] in the
mica belt of Jharkhand, India, during post-monsoon associated higher risks with fluoride than nitrate.
The ongoing use of fluoride-polluted groundwater subjects the entire population in the study region
to various risks. One of these risks is dental fluorosis, which can develop when fluoride accumulates
in teeth due to the consumption of substances loaded with fluoride [22,68]. Fluoride buildup in the
enamel’s space lattice produces hypo-mineralization, resulting in enamel pores [12,69]. Discolored
dentition progressively becomes white, with dispersed spots or microscopic specks appearing on the
surfaces. Food particles penetrate the hollow spaces of the teeth, creating brownish tints and enamel
deterioration (Dean HT 1942). Fluorosis manifestations may become significantly more widespread
in the vicinity in the not-so-distant future, even in areas where fluoride levels in groundwater are
under the allowed level of 1.5mg/L [68]. Extensive research conducted in coastal regions, which share
similar circumstances to the present study area, has also reported cases of fluorosis [21,70-72] . To
illustrate the severity of the issue, in Changyi City, China, alarming statistics reveal an estimated
93,388 documented instances of skeletal or dental fluorosis in 2001, while in Laizhou City, there were
approximately 15,600 cases of skeletal or dental fluorosis during the same period [71].

3.3.3. Total Hazard Index for Ingestion Pathway

The total hazard index (THI) of F- and NO3- on human well-being was analyzed to indicate the
aggregate danger that groundwater users face. The findings of the analysis are presented in Table 6c.
For the <2 years age bracket, the THI values range from 0.92 to 6.03, with a mean score of 3.30. In the
2-16 years age bracket, the THI values range from 0.57 to 3.73, with a mean rating of 2.04. The > 16
years age bracket has THI values ranging from 0.30 to 1.99, with a mean value of 1.09. Additionally,
the THI values for all three age brackets were combined, resulting in a range of 1.79 to 11.74, with a
mean rating of 6.43. The THI is considered safe when it is below 1.0, as higher levels are believed to
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represent a threat to the well-being of humans [22]. The computed THI values show that, for the <2
years age group, 25.92% of the groundwater samples present high chronic health risks, while 66.67%,
7.41%, and 0% of the samples represent moderate, low, and negligible risks, respectively. Whereas
0%, 88.89%, 11.11%, and 0% of the water samples, accordingly, indicate high, moderate, low, and
negligible chronic health concerns for children aged 2 to 16 years. Similarly, for the human population
above 16 years, none of the samples indicate high or negligible risks, 55.56% present moderate risks,
and 44.44% present low risks. These findings suggest that newborns are more susceptible to possible
health risks than grownups and youngsters, perhaps due to their lower body weight.

In terms of the overall intensity of aggregate health risks, the research region can be divided into
two main categories: a vulnerable zone (with }THI > 1) and a safe zone (with ) THI < 1). Within the
vulnerable zone, there are further subclasses, including a very high health risk zone (Y THI > 3), high
health risk zone (}THI = 2-3), and moderate health risk zone (> THI = 1-2). Based on these criteria,
all samples (100%) fell within the vulnerable zone category. Moreover, 88.89% of the samples were
classified as being in the very high-risk zone, 3.70% were in the high-risk zone, and 7.41% were in the
moderate-risk zone.

The research findings consistently demonstrate a trend of higher health risks in the following
order: newborns, youngsters, and grownups, when considering the health risk calculations
associated with F- and NO3- polluted groundwater resources. This trend has also been observed and
reported by various scholars in different regions worldwide [12,18,22]. The coefficient of
determination (R2 = 0.074) revealed a weak correlation between the two variables, indicating a
significant discrepancy between the effects of the two elements (Figure 6). By comparing the average
HI of F- and NO3-, it shows that nitrate risk is 1.21 times higher than fluoride, confirming the
inferences drawn from the linear regression. Contrarily, the recent research [12 in Saudi Arabia
showed that fluoride risk was higher than nitrates.
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Figure 6. Relationship between F- and NO3- cumulative HI values.

3.3.4. Nitrate Health Risk due to Dermal Absorption

The outcome of the health risk assessment for dermal contact with nitrate is presented in Table
6d. The cumulative hazard index (HI) and the hazard quotient (HQ) values for all age groups were

d0i:10.20944/preprints202403.1822.v1
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found to be <0.1. Based on the HI system of categorization, it can be concluded that all groundwater
samples offer minor short and long-term concerns to groundwater users. This means that residents
are not in danger of severe health problems when they utilize nitrate-rich groundwater for household
uses like showering, scrubbing, and other activities that would ordinarily expose their bodies to the
pollutants in water.

3.4. Spatial Mapping for Identification of Contamination Hotspots

In this study, Geographic Information System (GIS)-oriented maps were generated using
comprehensive data on several key parameters, including PIG, SPI, Hl-nitrate (oral), HI-fluoride
(oral), ) THI, and Hl-nitrate (dermal) (Figure 7). This spatial analysis and mapping approach provide
valuable insights into the spatial patterns and water quality variations, aiding in identification of
pollution hotspots, assessment of environmental impacts, and development of targeted management
strategies. Analyzing the overall groundwater quality and contamination status, the PIG and SPI
indicators revealed elevated contamination levels in the east and west of the study area (Figures 7a,b).
However, a promising finding emerged from the far northern part of the region, indicating the
potential for obtaining the best groundwater quality. Figure 7c highlights that nitrate pollution is
most prevalent in the region’s western part, predominantly attributed to intensive man-made
activities in that area. Conversely, fluoride contamination displayed a wider distribution, even
extending into the far northern part of the study region, where groundwater quality is considered
optimal (Figure 7d). The presence of fluoride in the region is mainly attributed to geogenic sources
primarily naturally occurring fluoride deposits in the area. To evaluate the aggregated spatial effects
of fluoride and nitrate contamination, }a THI map was produced, revealing a clear pattern of
increasing health risks covering northern to western part of the study area (Figure 7e). On the other
hand, the HI-nitrate (dermal) map yielded much lower health concerns. Nevertheless, similar
inferences were drawn from its analysis, as depicted in Figure 7f. As the spatial maps have indicated
portions of the study area with higher pollution and health risks, it is essential to prioritize mitigation
strategies in these portions rather than in other places with lower stakes.
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Figure 7. Spatial distribution of groundwater quality and contamination hotspots based on (a) PIG,
(b) SPI, (c) HI-nitrate (oral), (d) HI-fluoride (oral), (e) Y THI, and (f) HI-nitrate (dermal).

3.5. Chemometric and Graphical Techniques for Contamination Source Identification

3.5.1. Correlation Analysis

Pearson’s correlation was performed to investigate the interrelationships between the various
groundwater quality parameters in the Al-Hassa coastal region of the Eastern Province. The
correlation matrix in Table 7, which includes the correlation coefficients between different
parameters, was examined in this analysis. Any correlation value (r) > 0.75 was considered strong; r
value between 0.5 and 0.75 represented moderate correlation, whereas r < 0.5 was weak. The
correlation matrix revealed significant relationships between the pH and turbidity, EC and TDS, EC
and total alkalinity, and TDS and total alkalinity (Table 7). The positive correlation between pH and
turbidity suggests that an increase in turbidity in groundwater is associated with a rise in pH levels.
Meanwhile, the positive correlation between EC and TDS indicates that as the total minerals
dissolved in water increase, the conductivity of the water also increases [12]. The positive correlation
between EC and total alkalinity implies a link between the water’s conductivity and alkalinity.
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Further, the positive correlation between TDS and total alkalinity suggests that the water’s alkalinity
also increases as the total dissolved solids increase.
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Table 7. The levels of relationship between the parameters under test are displayed in the Pearson’s correlation matrix.

Parameter pH EC TDS TA  Turbidity HCO3- Na+ K+ Mg2+ Ca2+ S04- Cl- NO3- F- Br-
pH 1.000
EC 0.040 1.000
TDS 0.145 0.971"  1.000
TA -0.109 0.840"  0.784"  1.000
Turbidity -0.574"  -0.331 -0.321 -0.190 1.000
HCOs -0.109 0.840"  0.784"  1.000"  -0.190 1.000
Na* 0.000 0.981"  0.938"  0.792"  -0.369 0.792"  1.000
K 0.021 0.945"  0916"  0.799"  -0.312 0.799"  0.965"  1.000
Mg? -0.081 0.968"  0.923"  0.848"  -0.250 0.848"  0.981"  0.966"  1.000
Ca? -0.345 0.791"  0.666"  0.749"  -0.134 0.749"  0.844"  0.801"  0.887"  1.000
SO« 0.286 0.790"  0.778"  0.600"  -0.697" 0.600"  0.834"  0.776"  0.771"  0.646"  1.000
Cl -0.078 0.961" 0951  0.816"  -0.169 0.816™  0.944"  0.939°  0.960"  0.767"  0.659"  1.000
NOs -0.470°  -0.005 -0.142 -0.159 0.116 -0.159 0.118 0.045 0.123 0.480" 0.060 -0.014 1.000
F- 0.221 0.285 0.251 0.331 -0.413°  0.331 0.306 0.301 0.251 0.120 0.345 0.219 -0.272 1.000
Br- 0.122 0.951"  0.926"  0.778"  -0.466" 0.778"  0.945"  0.911"  0.925"  0.742"  0.787"  0.931"  -0.004 0.291 1.000

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2024 d0i:10.20944/preprints202403.1822.v1

29

The high positive correlations observed among the physical parameters significantly affect
groundwater quality. For instance, the positive correlation between pH and turbidity suggests that
higher turbidity levels could increase the acidity of the groundwater, which can lead to health
problems for humans and the water environment. Similarly, the positive correlations between the EC
and TDS, EC and total alkalinity, and TDS and total alkalinity imply that the influencers of these
parameters are likely to be similar increases [12] and their levels may increase or decrease together.
As for the most likely influencer, geogenic factors are usually the primary source of these
groundwater physical variables in coastal regions, but human-related factors such as industrial
activities, agricultural practices, and municipal waste disposal can also contribute to contamination
[73]. The correlation matrix also showed a positive correlation between pH and turbidity, indicating
that an increase in pH leads to higher turbidity levels in the groundwater.

Significant correlations were also observed between the physical parameters, cations, and
anions, including Br (Table 7). The scientific significance of these correlations is noteworthy and
implies that geogenic factors are probably the primary origin of contamination in the Al Hassa region.
A positive correlation between the major cations and anions in the groundwater samples indicates
an everyday basis of origin for these ions. The correlation matrix suggests that physical parameters
such as pH, EC, and turbidity significantly influence the concentration of these ions. For instance, the
correlation between TDS and the ions indicates that the increase in ions is associated with an increase
in the cations, anions, and hydroxide ions concentrations, etc., usually through geochemical processes
[28,41,54). It is recalled that the area is characterized by a karstified geological setting, which implies
that limestone weathering and carbonate dissolution are prevalent. Water pH, EC, and TDS play a
crucial role in influencing ionic concentrations of water [74]. Nevertheless, human-related factors
may also enrich the cations and anions [3,6,10]. Further investigation may be necessary to determine
the exact sources of contamination and develop effective strategies to ensure groundwater
sustainability in the region.

It was noticed that no significant correlation exists between F- and NO3-, alongside other
groundwater quality variables, including the TDS, EC, pH, alkalinity, and other ions (Table 7). This
finding is significant because it suggests that the sources of contamination for these two parameters
may differ from those of different physical and chemical parameters. As has been identified in several
other regions, geogenic factors are usually the primary source of fluoride contamination, but human-
related factors can also contribute to it [40,67,75]. On the other hand, NO3 in groundwater is
commonly attributed to human-related factors such as sewage disposal, agriculture, and improper
municipal waste management [8,23,41,76] . Natural geochemical processes have also been noted to
influence nitrate concentration in groundwater [77].

3.5.2. Principal Component Analysis

In this investigation, principal component analysis was additionally carried out to delve deeper
into the intricate connections among diverse physical and chemical parameters influencing
groundwater quality in our study region. By reducing the dimensionality of the data and identifying
underlying patterns, this study aimed to gain insights into the sources and mechanisms of
contamination that could inform effective management of the natural groundwater resources. In this
report, the principal component loadings, scree plots, and 3D distribution plots of the principal
components are presented in Table 8, Figure 8a,b, respectively. Three principal components were
considered, and their eigenvalues, variabilities, and cumulative percentages are also given in Table
8. PC loading < 0.5 was a weak loading, PC loading ranging between 0.5 and 0.75 represented a
moderate loading, and PC loading > 0.75 was a strong loading. The significant positive loadings of
PC1 on parameters such as EC, TDS, TA, HCO3, Na, K, Mg, Ca, SO4, C], and Br confirm that these
parameters are highly correlated (Table 8). These parameters are typically associated with saline
intrusion, natural mineralization, and weathering processes taking place in groundwater aquifers, as
well as anthropogenic activities [19,28,40]. The high values of these parameters obtained for the multi-
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aquifer groundwater system herein could be indicative of contamination from sources such as
wastewater, fertilizers, pesticides, and road salt.
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Figure 8. Visual representations of principal components: (a) the scree plot, (b) the 3D component
plot.

The significant positive loadings of turbidity and NO3 in PC2 (Table 8) suggest a common source
of origin. This may result from agricultural practices, such as the application of fertilizers and animal
waste, or industrial activities [17,19].

The significant negative loading of pH in PC2 (Table 8) could be due to acid rain or acid drainage,
which may be caused by natural mineralization or anthropogenic activities [3]. The significant
loading of PC3 on NO3 (Table 8) suggests that there is a distinct source of contamination for this
parameter that is not shared with the parameters in PC1 and PC2. This seems to confirm that nitrate
contamination in the groundwater is more peculiar to human-induced sources than other parameters.
Moreover, the lack of significant loadings on other parameters in PC3 suggests that nitrate
contamination is the dominant factor contributing to the variability observed in PC3.

In this research, it was noticed that fluoride had no significant loading in any of the PCs. The
reason why fluoride had no significant loading on any of the PCs is not explicitly known. However,
it is believed that F-contamination in the groundwater system was not strongly associated with any
of the sources of pollution identified in the study. Alternatively, there may be other factors affecting
the presence and distribution of fluoride in the groundwater that were not accounted for in the
principal component analysis. Studies have identified the presence of fluorite mineral as a common
influencer of fluoride in groundwater [78-80]. Further research may be necessary to fully understand
why fluoride did not load significantly on any of the PCs. It is important to mention that the findings
of the principal component analysis are consistent with those of Pearson’s correlation analysis.

Table 8. Principal component loadings that illustrate the degrees of relationship between the
parameters under test.

Principal Components (PCs)

Parameter = Communality

PC1 PC2 PC3
pH 0.788 0.023 -0.877 0.137
EC 0.969 0.984 0.007 -0.028
TDS 0.912 0.945 -0.095 -0.095
TA 0.888 0.877 0.070 -0.338
Turbidity 0.868 -0.381 0.691 -0.496
HCO3- 0.888 0.877 0.070 -0.338

Na+ 0.981 0.984 0.046 0.107
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K+ 0.928 0.963 0.035 0.015
Mg2+ 0.988 0.982 0.150 0.014
Ca2+ 0.937 0.833 0.445 0.211
5042- 0.904 0.826 -0.285 0.374

Cl- 0.935 0.948 0.126 -0.140
NO3- 0.942 0.017 0.660 0.711

F- 0.367 0.340 -0.486 -0.124

Br- 0.925 0.955 -0.086 0.066

Eigenvalue - 9.711 2.266 1.244
Variability (%) - 64.740 15.107 8.291
Cumulative (%) - 64.740 79.847 88.138

3.5.3. Graphical Characterization of Possible Contaminant Sources

Graphical plots serve as invaluable tools in the study of hydrogeochemistry, enabling clear
visualization and analysis of complex data patterns, trends, and relationships, thereby enhancing our
understanding of the intricate processes governing groundwater composition and behavior
[12,24,25,41]. The geochemical plots shown in Figures 9-11 are indicative of the predominance of
geogenic factors determining the geochemistry of the groundwater in the study area. This
observation is consistent with Chadha’s plot (Figure 4) and the findings of the correlation matrix and
principal component analyses. Worthy of note is an inverse relationship exists between F— and NO3-
(Figure 10c). The varied origins of the analyzed elements are further corroborated, with F- primarily
affected by geological processes in the groundwater aquifers, while NO3- enrichment is
predominantly attributed to human-related activities in the region. Anthropogenic inputs can
influence Cl- and NO3- concentrations in groundwater. As illustrated in Figure 10a, human activities
seem to exert significant control over the dissolved ions defining the groundwater chemistry. As has
been cited earlier and reiterated in Figure 11, F- exhibits minimal association with other chemical
species whose presence is noted to be influenced by geological-related processes. This could be
confirming further the variability of the origin of F- in the groundwater. Further, the pH influence on
the enrichment of F- is negligible. This aligns with the results of [12] but contrary to the reports of

[81].
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Figure 9. Graph showing the geochemical associations amongst (a) HCO3-/Na+ vs. Ca2+/Na+, and
(b) Mg2+/Na+ vs. Ca2+/Na+.
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Figure 11. Linear relationships between (a) F- vs. Br-, (b) F- vs. Ca2+, (¢) F- vs. HCO3-, (d) F- vs.
Mg2+, (e) F- vs. K+, (f) F- vs. SO42-, (g) F- vs. pH, and (h) F- vs. Na+.

4. Summary and Conclusions

This study sought to fill knowledge gaps by employing an integrated classical study approach.
Standard procedures were considered and followed in the sampling and analysis of groundwater
samples. Although pH values were mostly within acceptable limits, the physiochemical results
generally indicated that the groundwater system was polluted. The elevated levels of EC (ranging
from 2062.97 uS/cm to 14114.58 uS/cm) and TDS (ranging from 928.00 mg/L to 8226.97 mg/L)
observed in this study were attributed to saline water intrusion and excessive exploitation of
groundwater resources. The average values of the TDS, EC, and turbidity exceeded allowable
boundaries set by the WHO. Na+ was the most abundant cation, followed by Ca2+ and Mg2+, while
anions order was Cl- > SO42- > HCO3- > NO3- > Br- > F-. Na-Cl water type dominated, highlighting
the impact of saltwater intrusion and reverse ion exchange. The high-salinity water poses potential
health risks. Moreover, variations in physicochemical properties suggest spatiotemporal variations
in the hydrogeochemical mechanisms affecting the groundwater. The graphical and multivariate
statistical methods confirmed predominance influence of geogenic factors over anthropic factors as
regards the dynamics in groundwater hydrogeochemistry. The PIG values varied from 0.8426 to
4.7172, representing most samples classified as moderately to very highly polluted. Similarly, the SPI
results (ranging from 0.5021 to 4.0715) indicated that none of the samples exhibited excellent water
quality, as 48.15%, 33.33%, and 18.52% were in slightly, highly, and extremely unsuitable drinking
water categories, respectively.

The nitrate HQ results varied between 0.23 and 11.74 for the three demographic groups.
Specifically, the HQ values for <2 years old ranged from 0.69 to 6.03, for 2-16 years old ranged from
0.43 to 3.73, and for >16 years old ranged from 1.34 to 11.74. This indicated a range of chronic health
risks from low to severe among the inhabitants. Newborns below two years old were particularly
vulnerable to the health risks from NO3- intake compared to other age groups. The HI scores ranged
from 1.34 to 11.74, indicating a moderate to high risk to human health. However, using nitrate-rich
groundwater for household activities like showering and cleaning did not pose a significant health
risk. On the other hand, the fluoride HQ for <2 years old ranged from 0.00 to 2.99; for 2-16 years old
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ranged from 0.00 to 1.85; and for >16 years old ranged from 0.00 to 0.99. The health risks associated
with fluoride consumption were found to decrease with increasing age, with newborns facing the
highest risk of fluorosis. The HI yielded higher risk values ranging from 0.00 to 5.84, with a mean of
2.91. The F- health risk assessment indicated that approximately 33.33%, 44.44%, and 22.22% of the
analyzed samples posed high, moderate, and negligible risks, respectively. The same risk trends were
observed for both NO3- and F-: newborns > youngsters > adults. Nevertheless, nitrate risk was 1.21
times higher than fluoride risk, based on the average HI. All samples fell within the vulnerable
category based on the THI, with 88.89%, 3.70%, and 7.41% classified as very high, high, and moderate
risk, respectively. This study offers valuable insights into the quality of the multi-aquifer
groundwater system, aiding water authorities, residents, and researchers in identifying safe
groundwater sources. Also, it pinpointed the vulnerable human populations at risk from using the
contaminated water. Implementing appropriate treatment techniques before usage is strongly
recommended while governing authorities can use the findings to develop long-term coastal
groundwater management plans.
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