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Introduction: The groundwater in arid countries such as Egypt represent the
main water resources in the desert regions due to the long distance between
these regions (oasis) and Nile River. Contamination of these limited water
resources with toxic metals threaten the health of individuals in these regions.

Methods: The current study integrates isotopic tracers, hydrogeochemistry,
geophysical logs, positive matrix factorization (PMF model), and Monte Carlo
(MCS) simulation for pollution source apportionment and health risks associated
with heavy metals in the Nubian Sandstone aquifer (NSSA).

Results and Discussion: The water resource used for drinking purposes (NSSA)
is pale meteoric water (non-rechargeable aquifer). Silicate weathering, old
trapped sea water, reverse ion exchange evaporation, and dissolution are the
dominant mechanisms controlling water chemistry. PMF model showed that
the major ions and heavy metals in groundwater of the NSSA originated from
four significant sources (anthropogenic activities, dissolution of minerals, iron-
bearing minerals, mixing with old trapped seawater, and hydrothermal water).
The total risk (HI) oral values highlighted significant non-carcinogenic dangers
for adults and children through the oral exposure. At the same time, dermal
contact posed a no risk for adults and a high risk for children. Most samples had
carcinogenic risk (CR) values higher than the allowed limits (1.0E-4) for metals
like Cadmium, chromium, and lead, suggesting carcinogenic effects across all
age groups. The Monte Carlo approach-based health concern evaluationmodel
assessed the 5th % CR oral values (child) as 0.00012, 0.0036, and 0.0088 for Cd,
Cr, and Pb, respectively, indicatingmore significant potential dangers to children.
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Urgent and comprehensive water treatmentmeasures are imperative tomitigate
the identified carcinogenic and non-carcinogenic health risks in the study area.
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Introduction

Groundwater is a critical resource for people’s survival
and growth, and its purity has a significant influence on
human wellness, food availability, and environmental stability
(Liu R. et al., 2021; Abanyie et al., 2023; Al-Mashreki et al., 2023;
Eid et al., 2023; 2024a). Global population growth, urbanization,
economic development, and long-term agricultural activities
contributed to groundwater quality degradation, raising widespread
concern (Gaagai et al., 2023; Gad et al., 2023; Ibrahim et al., 2023;
Salem et al., 2023; Eid et al., 2024b). Contaminating groundwater
exposes humans to harmful chemicals through direct consumption
and skin contact, posing a significant health risk (Jaydhar et al.,
2023). According to WHO (WHO, 2017), contaminated drinking
water affects about 500,000 people worldwide yearly. As a result,
assessing the state of groundwater is critical to ensuring public safety
and appropriate water management (Eid et al., 2024c; Klimach and
Zębek, 2024).

Finding and monitoring contamination sources helps formulate
effective environmental policies (Liu W. et al., 2021). Nonetheless,
groundwater quality is regularly changing due to natural sources,
such as water-rock interaction, and human interference, such
as home sewage, agricultural, and chemical plant discharges
(Guo et al., 2018; Ligate et al., 2021). The combination of naturally
occurring and anthropogenic effects creates significant challenges
for source identification (Sheng et al., 2022).

Researchers have lately adopted multivariate statistical evaluation
approaches such as Absolute Principal Component Scores-Multiple
LinearRegression(APCS-MLR),PositiveMatrixFactorization(PMF),
and Unmix to solve these issues (Li et al., 2020; Zhang et al., 2020a;
2020b). While the APCS-MLR approach is practical, it requires
a substantial amount of samples, which raises the expense of
investigation(Cheng et al.,2020;Hu et al.,2024).TheUnmixapproach
is vulnerable to outliers and missing values in the dataset, limiting
its utility (Kwak and Kim, 2017; Li et al., 2020). In contrast, the PMF
technique allows for uncertainty in changing concentrations, reducing
the influence of analytical error. The PMF model was originally
developed for analyzing the sources of particulate matter in the
atmosphere and has been endorsed and refined by the Environmental
Protection Agency. Over time, it has seen extensive use in the study of
groundwater, soil, and sediment (Chen et al., 2022; Ren et al., 2023;
Zhang et al., 2023). Furthermore, the PMF technique enables the
rotation of the initially collected data, resulting in more precise
attributions of source factors. Previous research has used thesemodels
to identify the principal sources of organophosphate (Qi et al., 2021).
The results showed that the PMF approach performed better than
the other two types of models. Furthermore, Zhang (Zhang et al.,
2020a) employed the PMF and APCS-MLR approaches to identify
groundwater pollutant sources in China’s Chengdu Plain. Researchers
concluded that the PMF technique produced more reliable source

apportionment estimates. Salim and Li (Salim et al., 2019; Li et al.,
2021) found similar findings.

Based on several results applied globally to detect the source of
contaminationusingPMF,ZanottimadeintegrationbetweenPMFand
isotopes for samples collected from surface water and groundwater
around Oglio River basin in Italy and confirmed that PMF could
be effective tool for contamination source determination (natural
and anthropogenic) (Zanotti et al., 2019). Zanotti could detect five
contaminationsourcesofmajor ionsandtraces(Fe,NO3

−,Mn,andAs)
based on PMF and isotopic data analysis including surface water used
for agriculture or irrigation, groundwater undergoing advanced-stage
reduction processes, groundwater experiencing early-stage reduction
processes, groundwater residence time, and the impact of agricultural
land use on both groundwater and surface water (Zanotti et al.,
2019). In China, Zhang used Random Forest with PMF for major
ions and toxic elements (F−, As, and Cr6+) and revealed that the
primary sources of pollution in the Minjiang River, in descending
order,wereagricultural activities (30.26%),domestic sewage (29.07%),
and industrial wastewater (26.25%), along with minor contributions
from seasonal factors, and soil erosion (Zhang et al., 2024). The PMF
and PCA-MLR analysis identified five key sources of groundwater
contamination inMardan, Pakistan (Rashid et al., 2023): geochemical
processes, industrial effluents, dissolution of sulfide and fluoride-
bearing minerals, Fe and Mn dissolution, and agricultural pollution.
This approach revealed that fluoride and arsenic contamination in
groundwater is widespread and influenced by both natural and
anthropogenic factors, with significant implications for public health
and water management strategies.The global previous studies proved
the efficiency to apply this technique in the current study.

The public health risk approach created by the United
States EPA is widely used to assess environmental quality (EPA,
2004). It assesses the health hazards of various populations by
calculating average daily exposure to pollutants (Zheng et al.,
2020; Ruidas et al., 2023). However, the standard risk assessment
calculates human health risk values using predefined parameters,
which may not adequately reflect a given group’s exposure risk
(Kumar and Singh, 2020). For example, different adults have diverse
body weights and water intake rates. Toxic Metals to humans, such
as cadmium, zinc, lead, chromium, iron, manganese, nickel, and
copper, cause particular risks to people of all ages, primarily through
ingestion and skin exposure. These toxic elements can infiltrate the
human system via direct consumption or skin contact (EPA, 2004).
Moreover, they may be absorbed by flora and fauna, subsequently
making their way into the human body through dietary pathways.
As these elements build up and intensify within the body, they
pose risks to human health, potentially leading to a range of both
non-cancerous and cancerous health conditions (Chai et al., 2021;
Li et al., 2023). Oral contact with toxic metals such as cadmium,
lead, and copper, for example, can cause kidney dysfunction,
neurotoxicity, and gastrointestinal problems. Skin exposure to
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specific metals can cause skin irritation and, in some circumstances,
allergic reactions (Loredana Ungureanu and Mustatea, 2022).
The researchers can develop effective techniques to reduce
contamination and protect water resources by investigating toxic
metal levels, sources, and behavior within groundwater systems.

Estimating their exposure hazard based on daily water
consumption and average body weight can result in substantial
uncertainty and ambiguity. To solve this limitation, Monte Carlo
simulation can provide a more precise estimate of contaminants’
health risks (Yu et al., 2022; Li et al., 2024). Monte Carlo simulation
evaluates the likelihood of risk occurrence using several random
iterations, resulting in a more exact estimation of the range
and distribution of human health risks and this probabilistic
method was used globally in several studies (Chang et al., 2022;
Saeed et al., 2023a; 2023b; Eid et al., 2024b; 2024d; Vesković et al.,
2024). Although a Monte Carlo model is frequently used to
evaluate health risks from hazardous components in soil, it is
rarely employed in groundwater quality studies (Huang et al., 2021).
As a result, researchers combined the PMF and Monte Carlo
models to increase the accuracy and efficiency of determining
acceptable contaminant concentration limits (Ren et al., 2023;
Eid et al., 2024e; 2024b; Li et al., 2024). This strategy offers a novel
solution to the limitations of current risk assessmentmethodologies,
resulting in understanding of the possible health risks linked to
pollutants. Recent study applied Monte Carlo Simulation to detect
the health risk of PTEs in Siwa Oasis in different aquifer system
with different geological and flow system (TCA). This study was
performed by Eid that confirmed that the shallow aquifer that
mainly used for irrigation purposes and contain brackish water
was contaminated with several PTEs that originate from both
natural and anthropogenic source. Eid proved with probabilistic
method (MCS) that there is high carcinogenic risk for adult and
children through ingestion and dermal contact with estimated
CR>1∗ 10−4 and high non-carcinogenic risk for child through
oral contact (Eid et al., 2024b). Eid couldn’t investigate the risk
of PTEs in the main deep fresh water aquifer (Nubian Sandstone) in
Siwa Oasis which is used mainly for drinking and could have direct
risk to individuals of different age group.

TheSiwaOasis, situated inEgypt’swesterndesert, dependsheavily
on groundwater for potable and irrigation. Because of the scarcity
of freshwater streams, the oasis is sustained by a combination of
surface water (lakes and drains) and groundwater, which is vital
to its survival (Aly, 2020; Hamdy Eid et al., 2022). Groundwater is
sourced fromhot springs andboreholes in aquifers such as theNubian
sandstone (NSSA) and shallow aquifers (Tertiary carbonate aquifer,
TCA). This underground water provides a variety of uses, including
agriculture, drinking, anddomestic use. Four salt lakes in the lowlands
or depressions of the SiwaOasis region get their water from cultivated
land drainage, hot springs, and boreholes that penetrate the aquifer
systems (Abdulaziz and Faid, 2015a; Eid et al., 2024a). Groundwater
demand in the study area (Siwa Oasis) has increased over time
due to agricultural activities, tourist attractions, and the economy’s
expansion. Consequently, multiple wells have been constructed.
However, the haphazard installation of these boreholes, along with
an excessive amount of groundwater extraction, endangers water
pressure and quality (Abdel-Mogheeth, 1996; Aly, 2001; Abdallah,
2007; Abou El-Magd and Faid, 2007; Aly and Benaabidate, 2010;
El Hossary,2013;Aly et al., 2016). Illegalgroundwaterdrillingworsens

these challenges, emphasizing the significance of researching to
monitor the amount and quality of limited water resources. Studying
hydrochemistry, stable isotopes, and heavy metals in groundwater is
critical for sustainable water resource management, safe and reliable
water supplies, and protecting human and environmental health,
especially in Siwa Oasis.

As a result, the objectives of this research were to: 1) determine
the recharge source and mechanisms that drive the enrichment
of different elements and contaminants in groundwater; 2) detect
potential factors influencing groundwater quality and determine
their contributions; 3) application of positive matrix factorization
model (PMF) for pollution source apportionment of heavy metals
and its contribution percentage; and 4) assess the possible adverse
health effects of metals exposure to various people of different age
groups (child and adults). This study is the first source-oriented
health concern evaluation of the Nubian aquifer (NSSA), and it
provides critical insights and reference information for the optimal
mitigation and management of groundwater pollution.

Materials and methods

Study area

Location and climate
Siwa Oasis is a topographical depression (−18 m BSL) in Egypt’s

westerndesert (thenorthernpart of thewesterndesert). It is Locatedat
longitude25°43′Eand latitude29°12′N(Figure 1).TheMediterranean
Sea is 320 kmKm from Siwa, the Great Sand Sea in the south, and
Cairo is 560 Kmkm away (Abdulaziz and Faid, 2015a). The total area
of theOasis is approximately1100 kkm2 (Aly et al., 2016), and ithas an
estimatedpopulationof 23,000 (Moez andYounan, 2016).Agriculture
is the primary economic activity at Siwa Oasis, which includes palm
tree cultivation, olive oil production, and a variety of vegetables and
fruits. Industrial activities like mineral water bottling and olive oil
extraction significantly contribute to the local economy (Abou El-
Magd and Faid, 2007; Aggour and Faid, 2007; Elnaggar et al., 2016).
Siwa Oasis has an arid climate with a substantial evaporation rate of
16.8 mm/d, which decreases to around 5.4 mm per day during the
winter. Insufficient precipitation (around 10 mm) contributes to the
parched conditions. This distinct climatic environment, the oasis’s
seclusion, and limited supply of water presents obstacles for people
and businesses alike (Abdulaziz and Faid, 2015a).

Hydrogeology

Siwa Oasis’ geology consists of different hydrostratigraphic
layers (Figure 2A), including deposits like dunes and salt flats
(quaternary) and older Middle Eocene layers comprised of
limestone and shale. Layers from other geological ages, including
the Palaeozoic,Mesozoic, and Cainozoic, are also present (Abdallah,
2007; Elnaggar et al., 2016). Siwa’s water resources are extracted
mainly from two principal aquifers (deep NSSA and shallow
TCA). The Miocene aquifer (Tertiary carbonate aquifer) serves
agricultural and domestic requirements, whereas the Nubian
sandstone aquifer (NSSA) is mainly used for drinking water and
irrigation (Afifi, 2005; Aggour and Faid, 2007; El Hossary, 2013;
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FIGURE 1
Location of samples collected from NSSA and springs in Siwa Oasis.

Abdulaziz and Faid, 2015a). Soil salinization and waterlogging
around salt lakes such as Zeitoun (eastern Siwa lake), Aghormi, Siwa
(central Siwa lakes) and Maraqi Lake (western lake) highlight the
significance of efficient water resource management in ensuring the
sustainability of oasis water sources while addressing environmental
challenges (Misak et al., 1997; Abdallah, 2007; El Hossary, 2013).
The groundwater flow direction based on the hydraulic head from
27wells penetratingNSSA (Figure 2B) is South east- northwest (SW-
NE) and South west-north east. There is a cone of depression in the
central part of Siwa Oasis due to intensive agricultural activities
requiring the extraction of groundwater for irrigation and drinking.

Sampling and analysis

In 2022, an intensive trip was conducted to collect 27 samples
from springs and NSSA. These samples were carefully preserved in
polyethylene bottles for further investigation. The chemical analysis
including major ions and trace elements was conducted at desert
research center in Egypt and stable isotopes were performed in
University of Miskolc in Hungary.

During the investigation, portable meters were used to measure
essential physicochemical characteristics such as pH and electrical
conductivity. Flame photometry was used to quantify alkaline metal
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FIGURE 2
Hydrostratigraphic units of the aquifer systems (A), and groundwater flow direction showing the cone of depression in the central part of Siwa Oasis (B)
modified after (Eid et al., 2024b).

ions, specifically Na+ and K+. The hardness (TH) was determined
using EDTA methods, while CO3

2− and HCO3
− were examined

volumetrically. Ion chromatography was used to measure NO3
− and

SO4
2−enrichment. The Mg2+ concentration was determined using

the TH and Ca2+ concentrations. Accurate chloride levels were
determined usingAgNO3 titration.The Inductively Coupled Plasma
(ICP) method was used to investigate heavy metal concentrations.
This analytical technique gives precise assessments of heavy metal
content in water samples.

The stable tracers’ measures were expressed as δ 2H and δ 18O
in per mil (‰) deviation of the 18O/16O and 2H/1H ratio in the
standard formula termed as Vienna Standard Mean Ocean Water
(VSMOW), with δ 18O and δ 2H values of 0‰ (Gat andGonfiantini,
1981).The Institute forGeological andGeochemical Research used a
Los Gatos Research Liquid-Water Isotope Analyser-24d to conduct
isotope analysis on water samples. The instrument utilizes off-axis
integrated cavity ring-down spectroscopy to estimate the absolute
levels of 2H1H16O, 1H1H16O, and 1H1H18O by laser absorption.
We used laboratory standards calibrated with international standard
(δ2H=−147.7‰; −74.9‰; and −9.0‰; δ 18O=−19.95‰; −10.41‰
and −0.53‰; for BWS1, BWS2, and BWS3) (Czuppon et al., 2018).
Precisions were greater than 0.15‰ and 1.0‰ for δ 18O and δ 2H,
respectively.

Quality assurance and control

The water quality analysis followed the standard methodology
specified by the American Public Health Association (APHA) in
2012 [38]. To ensure the accuracy of on-site testing equipment,
we carefully standardized all instruments with deionized water
and buffer solutions before starting sample analysis. Various
quality assurance procedures were applied during the water sample
examination. The analytical processes were validated by instrument
calibration, accuracy, and predictability evaluations. Charging
balance errors (CBE) were evaluated following field observations
and then validated in the laboratory. The samples were examined
in triplicate, and the average values were also given. Equation 1 was
used to analyze anion-cation balance errors based on the principle of
neutrality, which states that the sum of the number of cations equals

the sumof the number of anions inmeq/L.TheCBE for all examined
samples was within the permissible range of ±5%.

%CBE = (ΣCations−ΣAnions)/(ΣCations+ΣAnions) ∗ 100 (1)

Furthermore, the quality assurance of the analytical procedure
was double-checked through a meticulous examination blank
technique analysis. The different metal contents in the sample
solutions were obtained using a curve for calibration. To calibrate
the device, a 50-mL (mL) intermediate standard was employed
as an operational standard for toxic metals. When the correlation
coefficient could be more than 0.999, it indicated that the
relationship was strong.Themeasured amount of every metal in the
collected sample was determined using interpolation of calibration
curves. Every examination was conducted in triplicate.

The methods employed were validated by performing limit of
detection and quantification (LOD and LOQ), accuracy, precision,
and recovery testing based on the following equations below;

LOD = (3 ∗ standarddeviationofblankmethod)

LOQ = (10 ∗ standarddeviationofblankmethod)

The variance and % of relative standard deviation (RSD) were
used to determine the results’ accuracy and precision. The RSD of
triplicate readings for every single sample was applied to calculate
precision as described in the equation below;

%RSD = (SD/mean) ∗ 100

Positive matrix factorization model (PMF)

The PMF model determines the contributions of several factors
in a mixture. The basic bilinear factorization divides a multivariate
database into two matrix data, G and F. This provides a linear
combination of the data set’s variability as a series of constant factor
profiles, as well as the influence of each component on each sample
(Haghnazar et al., 2022). The model’s computational methodology
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uses weighted least squares to minimize the objective function Q for
various factors (p). Q is defined as follows (Equation 2):

Q =∑n
i=1
=∑m

i=1
= (

Xij −∑
p
k=1

gik fik
σij

)
2

(2)

Q is the total of the squares of the difference between actual (X)
and modeled (GF), weighted by the uncertainty of measurement
(σij). σij represents the degree of uncertainty of the species j
concentration data in the ith sample; xij represents the observed
concentration for the jth chemical species in the ith sample; and
gik represents the kth factor contribution to the ith sample. Fik
represents the jth factor profile of factor kth. The EPA PMF
User Guide (Brown et al., 2015) provides additional information on
PMF principles.

PMF requires two input files (Lee et al., 2002;Arruti et al., 2011):
the measured sample concentration and the related uncertainty file.

For concentrations below the detection limit (Equations 3, 4):

xij =
dij
2

(3)

σij =
5dij
6

(4)

For concentrations higher than the detection limit
(Equations 5–7):

xij = cij (5)

xij ≤ 3dij, σij =
dij
3
+ 0.2× cij (6)

xij > 3dij, σij =
dij
3
+ 0.1× cij (7)

Regarding missing values (Equation 8):

xij = Ćij, 4Ćij (8)

Here, xij is the concentration value of the variable
measured in the sample; dij is the minimal detection limit
(Supplementary Table S1); σij is the uncertainty of the related
concentration. cij is the observed concentration of thewater samples,
while cij is the geometric mean of the observed concentration.

Hydrogeochemical and geophysical
methods

The hydrogeochemical evaluation and recharge source were
conducted using graphs and ionic ratios, including δ 18O Vs.
δ 2H, Mg2+/Na+ vs. Ca2+/Na+(Gaillardet et al., 1999; Mukherjee
and Fryar, 2008), a Sulin graph (Sulin, 1946), spearman correlation
matrix (Hauke and Kossowski, 2011), and the chlor-alkaline index
CAI-I (Schoeller, 1977) (Equation 9). An Excel sheet was used for
the calculation and visualization.

CAI− I =
Cl− − (Na+ −Ca+)

Cl−
(9)

Geophysical methods, including gamma ray (GR),
resistivity (R), spontaneous potential (SP), and lithological logs

(Supplementary Figure S1), were used to delineate the aquifer
system and detect reliable geological composition and geogenic
source of the dissolved ions or contaminants based on the practical
investigation (Figure 3). Interpolation using the IDW method and
Surfer software were used for spatial variation of the heavy metal’s
concentration in the study area.

Human health risks (HHR)
The human health hazards in this investigation are evaluated

utilizing an approach approved by the US Environmental Protection
Agency (EPA, 2004). This risk analysis extensively explores how
environmental pollutants (heavy metals) affect human health.
The identified hazards are classed as carcinogenic risk (CR) or
non-carcinogenic risk (NCR) (Habib et al., 2020; Eid et al., 2024e;
Gad et al., 2024; Saeed et al., 2024). Carcinogenic hazards relate to
the risk of developing cancer as a result of prolonged exposure to a
pollutant or a combination of contaminants. Non-carcinogenic risk,
on the other hand, focus on exposure issues such as genetic and
teratogenic effects. In this study, heavy metals (HMs) identified in
drinking water sources (NSSA) are predominantly absorbed by the
human body through food and skin contact (Gade et al., 2021). The
mathematical calculation of the risk indices was performed using
Equations 10 and 11. By considering different exposure pathways,
the study provides a thorough knowledge of the potential health
concerns associated with contaminants such as heavy metals in
water supplies for drinking, providing significant insights for risk
management and public health protection.

CDIoral =
C× IR×EF
BW×AT

×ED (10)

CDIdermal =
(C×ET×EF×Kp× SA×CF)

(BW×AT)
×ED (11)

Here, C, IR, ED, BW, CF, SA, Kp, EF, ET, AT parameters
or reference numbers represent element concentration in the
water sample (mg/L), daily ingestion rate (L/day), exposure
duration (year), body weight (kg), conversion factor (L/cm3),
exposed skin area (cm2), skin permeability coefficient (cm/h),
exposure frequency (day/year), contact duration (h/day), Average
exposure time (day), The value of IR, ED, BW, CF, SA, Kp,
EF, ET, AT are reported with references (Stein, 1975; Wu et al.,
2009; Liang et al., 2011; Phillips and Moya, 2013; Giri and
Singh, 2015; Saleem et al., 2019; Adimalla, 2020; Meng et al., 2023;
Alam et al., 2024) in Supplementary Table S1.

Carcinogenic the health risk was categorized as non-
carcinogenic or carcinogenic after calculating CDI oral and CDI
dermal for chosen elements. The hazard quotient value (HQ) for,
each component and the total health hazard for all metals combined
together (non-carcinogenic risk) were determined using these
equations (Equations 12–14):

HQdermal/oral =
CDIdermal/CDIoral
RfDdermal/RfDoral

(12)

R fDdermal = R fDoral ×ABS (13)

HI =∑HQ (14)

The Reference Dose (RfD) is a crucial metric that represents
the quantity of a chemical that an individual can be exposed
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FIGURE 3
Distribution map and interpolation of metals in the groundwater samples from NSSA and springs.

to daily without significantly increasing the risk of undesirable
health effects. ABS is used to calculate absorption efficiency in the
digestive tract (Table 1).

To calculate the potential for cancer by using the carcinogenic
risk (CR) index from inhalation directly or skin exposure, the
following equation (Equation 15) was used:

CR = CDI×CSF (15)

CSF is the cancer slope factor for the individual heavy
metal (refer to Table 1).

Monte Carlo simulation (MCS) model

The Monte Carlo simulation approach is a probabilistic
technique often used when selecting variables for risk analysis
of uncertainty and risk assessment. The method formulates
assumptions based on variable definitions, creates a probability
model of the chosen parameters, defines the cells chosen for
prediction, and uses the results of various random simulation
experiments as an approximate solution to the problem to
calculate the risk value (Hsu, 2010; Mohammadi et al., 2022;
Mohammadpour et al., 2023). The uncertainty in health risk
assessment arises mainly from exposure characteristics (such as
body weight, consumption, and skin surface area), differences in

pollutant levels between research areas, and the choice of health
risk assessment model. These factors influence the calculation of
the actual risk value, resulting in uncertainty in the risk evaluation
(Chen et al., 2019; 2021). Supplementary Table S1 provides the
selected parameters.This study employs theMonte Carlo method to
model eight heavymetals’ carcinogenic andnon-carcinogenic health
hazards and conduct an uncertainty risk analysis. The Python code
was developed for conductingMonteCarlo simulations, utilizing the
language’s ability to run 10,000 iterations. This extensive iteration
approach covers a wide range of potential scenarios, resulting
in a more complete understanding of the possible risks of the
investigated metals.

Results and discussion

Statistics and chemical analysis

Hydrochemistry was assessed by analyzing physical parameters,
major ions, heavy metals, and isotopic tracers, as detailed in
Table 1. The groundwater salinity regarding TDS value in the
examined samples varied greatly, ranging from 160 mg/L in the
Nubian Sandstone aquifer (NSSA) to 8,884 mg/L in the springs,
with a mean of 1,592 mg/L pH values ranged between 6.4 and
8.9, denoting neutral and alkaline water conditions. Calcium
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TABLE 1 The investigated physical parameters, major ions, heavy metals, and isotopic tracers in the water samples.

Parameters Unit Minimum Maximum Mean Parameters Unit Minimum Maximum Mean

pH 6.4 8.9 8.02 Cd mg/L 0.000 0.070 0.03

Temp °C 17.5 43 34.5 Cr mg/L 0.002 0.190 0.10

EC μS/cm 268 11,790 2210 Cu mg/L 0.010 22.32 2.21

TDS mg/L 160 8884 1592 Fe mg/L 0.030 27.65 3.28

Na+ mg/L 18 1845 328 Mn mg/L 0.002 0.910 0.15

K+ mg/L 13 77 28 Ni mg/L 0.009 0.290 0.09

Mg2+ mg/L 2 583 101 Pb mg/L 0.020 0.620 0.25

Ca2+ mg/L 10 818 130 Zn mg/L 0.000 0.110 0.03

Cl− mg/L 40 5220 843 δ 2H ‰ −80.41 −63.54 −77.18

SO4
2- mg/L 1.6 550 95 δ18O ‰ −10.71 −7.40 −10.06

HCO3
− mg/L 89.67 203.3 141.8

CO3
2- mg/L 0 17.6 4.1

NO3
− mg/L 1.4 18.2 5.5

(Ca2+) concentrations varied between 9.8 mg/L and 818 mg/L, with
magnesium (Mg2+) values ranging from 2 mg/L in investigated
samples to 583 mg/L in springs. Potassium ion (K+) levels ranged
from13 mg/L to 77 mg/L, whereas sodium ion (Na+) concentrations
ranged between 18 mg/L and 1,845 mg/L. Chloride ion (Cl−) levels
ranged between 40 mg/L and 5,220 mg/L, whereas sulfates (SO4

2-)
concentrations varied from 1 mg/L to 550 mg/L. Bicarbonate ions
(HCO3

−) values were between 89 mg/L and 203 mg/L.The available
water resources in the study area were categorized based on TDS
values, with springs classified as brackish water and NSSA as
freshwater. According to WHO standards (WHO, 2017), most
physicochemical parameters in NSSA water samples were within
drinking-safe limits, except for elevatedK+ levels. Conversely, spring
samples exceeded drinking limits for all major ions except for
SO4

2- and HCO3
−. The mean concentration values of metals were

listed in the following sequence: Cu (2.21 mg/L), Cr (0.1 mg/L), Cd
(0.03 mg/L), Pb (0.25 mg/L), Fe (3.28 mg/L), Ni (0.09 mg/L), Mn
(0.15 mg/L), and Zn (0.03 mg/L) scored in descending sequence:
Fe > Cu > Pb > Mn > Cr > Ni > Cd > Zn. In NSSA, average Fe,
Pb, Cd, Mn, and Cr concentrations exceeded WHO (WHO, 2017)
guidelines, while Cu, Ni, and Zn remainedwithin limits. Conversely,
all spring samples showed contamination with all heavy metals
except Zn. The IDW method and Surfer 16 interpolation revealed
concentration variations across Siwa Oasis. Cd, Fe, Mn, Zn, Ni, and
Cu increased in the eastern and central part, while Cr and Pb showed
maximum concentrations in the western part (Figure 3). Identifying
the most affected locations is crucial for effective water treatment
and management, especially considering the predominant use of
NSSA and springs for drinking, irrigation, and domestic purposes
in Siwa Oasis.

Groundwater’s origin and recharge source

Figure 4A uses the Sulin graph (Sulin, 1946; Eid et al., 2024b)
to visually show the origin of water collected Nubian aquifer.
Several studies used Sulin graph to determine the origin of the
groundwater where the graph classify the groundwater into four
types including recentmarine, oldmarine water if the concentration
(epm%) of Cl− > Na+ + K+ and deep meteoric and shallowmeteoric
water if the concentration Cl− > Na+ + K+ (Aref and Taj, 2017;
Awadh et al., 2019; Zaghlool, 2020). The dominant water type or
facies based on Sulin graph are CaCl2, MgCl2, Na2SO4, NaHCO3
for old marine, recent marine, old meteoric, and recent meteoric,
respectively. Compared to piper diagram (Piper, 1944) that give
more than two ions in the water type based on their order, Sulin
graph indicate the most anion and cation or salt has significant
signature in the water due to water rock interaction (Aref and
Taj, 2017; Awadh et al., 2019; Zaghlool, 2020). This method has
some limitations (Eid et al., 2024e) which can be solved or ignored
by integration of stable isotopes with geological composition of
the aquifer system and this is the case in the current study. The
research showed that most (96.3%) of water samples in the Nubian
Sandstone Aquifers (NSSA) are of old marine genesis, with a high
CaCl2 content. In contrast, one sample from NSSA and one from
springs are of recent marine water provenance, as evidenced by
their MgCl2 compositions. The increased Na+ and K+ levels in
these samples show that the water from the NSSA and springs is
meteoric in origin. However, it is essential to note that all samples
have a commonmarine origin, implying the presence of old trapped
seawater in the aquifer system.The shallow aquifer above the NSSA,
known as the Tertiary carbonate aquifers (TCA), is predominantly
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FIGURE 4
Sulin graph (A), dD vs d18O (B) showing the origin and recharge source in Siwa Oasis, chloro-alkaline index (CAI-I) (C) and a bivariate plotting of
Mg2+/Na+ versus Ca2+/Na+ (D).

composed of deposits such as limestone and dolomite, indicating
a marine origin. The springs’ water’s high salinity concentration
reflects its source in the TCA, which is impacted by marine activity
and mineral dissolution from rock formations. Considering this
marine influence, the TCA appears to rely mostly on upward flow
of deep NSSA, with limited contributions from rainfall in the Siwa
Oasis region.

While the Sulin graph effectively detected the influence of
marine deposits on groundwater origin, stable isotopes, specifically
δ 2H, and δ 18O, were employed in the current study for more
reliable confirmation of the recharge source. The water samples’
isotopic composition varied between −10.71 and −7.40‰ (average:
−10.06‰) for δ 18O and −80.41 to −63.54‰ (average: −77.18‰)
for δ 2H (Table 1). Springs had an enriched water isotopic
composition compared to NSSA, which was attributed to a greater
evaporation rate. Figure 4B depicts the relationship between δ 2H
and δ 18O, paired with the Global Meteoric Water Line (GMWL)
and Paleo Meteoric Water Line (PMWL), which were used to
identify groundwater recharge sources and antecedent evaporation.
The isotopic readings of groundwater samples collected in the lower
right side of the GMWL show that atmospheric precipitation is their
principal source.

Nevertheless, evaporation andwater-rock interaction contribute
to increasing heavy isotopes. Depletion of δ 2H and δ 18O indicates
that NSSA and springs contain non-rechargeable paleowater
(meteoric freshwater), with NSSA constituting the only source
capable of replenishing TCA. Springs’ water is supplemented by
evaporation and water-rock interaction and mixed with other water
sources trapped in TCA, stressing the minimal importance of
rainfall in recharging, with leached sediments of marine origin
dominating the recharge zone. The opposite origin, as shown by the
Sulin graph and stable isotopes, could be attributed to water-rock
contact and ion exchange.

Geochemical processes controlling water
chemistry

Thechallenging origin identified by the Sulin graph (oldmarine)
and stable isotopes (old meteoric water) could be due to freshwater-
rock interaction and ion exchanges/reverse ion exchange. Clay
minerals can affect groundwater mineralization by facilitating ion
exchange reactions. Clayminerals balance their charge by adsorbing
monovalent cations such as Na+ and K+ and releasing Ca2+ and
Mg2+, or vice versa. The chloro-alkaline index (Schoeller, 1967;
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Gaagai et al., 2023;Gad et al., 2023; Ibrahim et al., 2023; Salem et al.,
2023) (CAI-I= Cl-(Na+K)/Cl) is a technique for determining ion
exchange pathways among minerals in aquifers and groundwater.
A positive CAI-I number suggests a reverse ion exchange process,
while a negative value shows that ion exchange mechanisms
govern water’s chemical composition. The Nubian aquifer consists
of sandstone layers separated from each other by shale and
clay layers. In this investigation, all samples had positive CAI-
I readings (Figure 4C), showing that K+ and Na+ ions in water
exchangedwithMg2+ andCa2+ ions in the surrounding rock (silicate
minerals).

Bivariate plots (Figure 4D) were employed to acquire insight
into themechanism andweathering type regulatingwater chemistry,
focusing on the Ca2+/Na+ against Mg2+/Na+ ratio (Gaillardet et al.,
1999; Mukherjee and Fryar, 2008). These plots (Figure 4D)
demonstrated that silicate weathering influences the chemical
composition of freshwater in NSSA. However, certain samples
(springs) were found in zones related to evaporite dissolution caused
by marine deposits in the TCA.

The water chemistry in the study area is influenced by several
key processes. Silicate minerals in the aquifer contribute to the
water’s ionic composition through weathering, as evidenced by
the specific ratios of certain ions. The presence of high salinity
and particular ions like sodium and chloride and the marine
deposits of limestone and dolomite in the TCA suggests that ancient
seawater is still affecting the aquifer which could be trapped in the
fracture system, confirmed by isotopic analyses and the chemical
profiles observed. The positive values in the chloro-alkaline index
indicate that a process known as reverse ion exchange is occurring,
where sodium and potassium in the water replace calcium and
magnesium in the aquifer rocks, which is facilitated by the presence
of clay layers. Evaporation plays a significant role, particularly in
the springs, where it leads to the enrichment of heavy isotopes
and higher concentrations of dissolved salts. Additionally, the
dissolution ofminerals, such as gypsum and anhydrite, further alters
the water’s composition, contributing to elevated levels of calcium
and sulfate. These findings demonstrate the combined impact of
natural geological processes and the aquifer’s ancient origins on the
region’s water quality.

Source apportionment and PMF model

Twelve chemical parameters (Na+, Cd, Fe, Cr, Ni, Mn, Ca2+,
SO4

2-, Pb, NO3
−, Mg2+, and Cl−) were implemented in the positive

matrix factorization (PMF) model to identify anthropogenic and
natural variables influencing groundwater chemical properties,
as variables that are not expressed in concentration can’t be
directly inputted (Zanotti et al., 2019; Li et al., 2021). After one
hundred iterative computations, four components were identified
by obtaining the smallest Q values. The robust Q-to-ideal Q value
ratio was 1.4, demonstrating an appropriate number of components
in this investigation (Huston et al., 2012; Li et al., 2021). We verified
our findings by fitting observed and predicted results to typical
contaminated water quality indicators (Figure 5). In Figure 5, two
distinct lines are displayed in this manner: The one-to-one line
represents theoretical fitting and R2 = 1, while the regression line
represents actual fitting. A perfect fit would result in an overlap of

the regression line with the one-to-one line. Results in Figure 4 show
strong fits for the investigated parameters Mn (R2= 0.96), SO4

2‒

(R2= 0.95), Mg2+ (R2= 0.94), Ca2+ (R2=0.81), Cl− (R2=0.80), and Cd
(R2=0.70).

To detect the primary sources based on a realistic approach,
essential details about the study area, including field surveys
and literature, were collected. Previous studies used 3D inversion
of aerogravity and magnetic geophysical data for preliminary
geothermal exploration and delineating depths to basement rocks
in Siwa Oasis. The results indicate depths to Precambrian basement
rocks commonly exceeding 2 km, ranging from 2 km to 5 km, with
Curie Point Depth ranging from 21 kmkm to 28 km, alongside
geothermal gradients ranging from 21°C to 27 °C/km and heat-
flow values ranging from 49 to 64 mW/m2 (Abdel Zaher et al.,
2018). The tertiary carbonate aquifer above the NSSA consists
of marine sediments (limestone and dolomite intercalated with
shale and clay) with brackish to saline water due to old trapped
sea water (Eid et al., 2024a). The geophysical logs (GR, SP, R,
and lithology) showed that the Nubian aquifer was mainly
composed of sandstone layers separated by shale, silt, and clay
with some iron oxides (Supplementary Figure S1). The previous
study in Siwa Oasis showed that the water resources in the
TCA (shallow aquifer) are supersaturated with hematite (oxidizing
environment), and surface lakes are mixed with this aquifer
(Eid et al., 2024a).

In contrast, NSSA was supersaturated with siderite (reducing
environment) (Gad et al., 2018). The stable isotopes showed that
NSSA is non-rechargeable, which indicates the only circulation in
groundwater and enrichment of elements could be between NSSA
and TCA due to the over-pumping for irrigation, domestic, and
drinking purposes. As mentioned above, the main mechanisms
controlling water chemistry are water-rock interaction (silicate
weathering, evaporation, and dissolution). Most of the wells in
Siwa Oasis were closed for water quality protection. Some wells
penetrated some TCA layers with high salinity exceeding the
WHO and FAO standards (Ayers and Westcott, 1994; WHO,
2017), and some wells made of lead material penetrating the
NSSA were damaged because of corrosion. The old wells in
Siwa Oasis constructed from lead pipes could be a potential
source of Pb.

Regarding factors extracted from the PMF model, field
survey, isotopes, hydrochemistry, geophysical logs, and literature
(Mohamed et al., 2020; Hamdy Eid et al., 2022; Elnazer et al., 2023;
Eid et al., 2024a; 2024b; 2024c), there are four primary sources of
ions and heavy metals: geothermal source and old trapped sea water
mixing source (factor 1), heavy metals bearing minerals (factor 2),
rock weathering and dissolution or geogenic source (factor 3), and
anthropogenic source from agricultural activity (factor 4). Figure 6
and Table 2 demonstrate The loading factors or factor profiles in
water samples (Figures 6A–D) and factor’s fingerprint (Figure 6E)
to show how the water quality indicator contributes to each factor
based on the PMF model results.

Na+ and Cd define the first factor (F1) with 37.3% and
72.2% contribution percentages, respectively. The upward flow of
geothermal water from the deep layer through the fault plane
and mixing with groundwater in the NSSA could be the source
of Cd and Na+ and mixing with old trapped sea water in the
aquifer system. The silicate weathering in the aquifer system could
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FIGURE 5
Fitting observed and predicted results to typical contaminated water quality indicators.

also increase Na+ concentration through ion exchange where the
contribution percentage from factor 3 is close to factor 2 (29.9%).
The Pearson correlation matrix (Table 3) between Na+ and Cd

showed a negative coefficient value (−0.22) which suggest some
other sources of Na+ including halite dissolution as it showed by
strong positive coefficient value with Cl−.
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FIGURE 6
The loading factors or factor profiles in water samples (A–D) and factor’s fingerprint (E) to show how the water quality indicator contributes to each
factor based on the PMF model results.

TheSecondFactor included Fe,Mn,Cr, andNi.The contribution
percentage of species for factor 2 was 41%, 54.4%, 79.5%, and
46%, respectively. In sedimentary rocks, Ni and Cr is primarily
associated with detrital ferromagnesian silicate minerals, detrital
primary iron oxides, hydrous iron and manganese oxides, and
clay minerals. Its concentration varies significantly across different

types of sedimentary rocks: Ni is most abundant in shale, quarzitic
and limestone (Loring, 1976; Yamamoto, 1988). Based on the
geophysical logs, the geological composition of NSSA contains
sandstone, shale, silt, and clay with traces of iron oxides. The source
of these elements is heavy metals bearing minerals intercalated with
shale and clay minerals such as siderite mineral as a source of Fe. In
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TABLE 2 Factor Profiles (% of factor total) from Base Run 43
(Convergent Run).

Parameter Factor 1 Factor 2 Factor 3 Factor 4

Na+ 42.002 26.31 4.15 15.17

Mg2+ 3.96 8.02 0 19.39

Ca2+ 14.46 0 33.22 3.26

Cl− 51.84 40.43 33.98 52.56

SO4
2- 0 4.37 24.96 7.75

NO3
− 1.55 0 1.82 2.02

Cd 0.05 0.01 0 0.008

Cr 0.02 0.85 0.024 0.05

Pb 0.014 0.18 0.04 0.44

Fe 1.25 3.43 1.70 0

Mn 0.05 0.33 0.06 0.03

Ni 0.013 0.10 0.02 0.03

a reduced environment, the reduction of Fe and Mn could increase
the mobility of Cr in water. The contribution percentage of Ni in
factor 2 was close to that of factor 4, suggesting also anthropogenic
activities from the use of nickel-containing fertilizers and pesticides
in the agricultural land. The correlation matrix showed strong
positive correlation between Mn and Fe, Cr and Fe, Mn and Ni with
coefficient value 0.77, 0.98, and 0.64, respectively confirming the
same results from the PMF model where the heavy metals or iron
and manganese bearing minerals are the main source of Fe, Mn, Cr,
and Ni in groundwater.

The third factor included SO4
2− and Ca2+, and the contribution

percentage of species for factor 3 was 59.1% and 56.1%, respectively.
The source of Calcium and sulfates in the groundwater could be rock
weathering and mineral dissolution. The silicate weathering and
dissolution of calcite and dolomite could increase the concentration
of Ca ions. The dissolution of gypsum could add SO4

2− and Ca2+

in water, which was confirmed before through previous studies
in the study area by using geochemical modeling, ionic ratio and
subsurface geology where there are some evaporite minerals in
the aquifer system increased the saturation index of gypsum and
anhydrite in water (Abdulaziz and Faid, 2015b; Eid et al., 2024a;
2024c). Additionally, the current study showed that the water
samples are mainly affected by evaporite dissolution and silicate
weathering (Figure 4D) and the intermediate correlation between
Ca2+ and SO4

2− indicates there are several sources of Ca2+ such
as gypsum, anhydrite, and calcite dissolution. Dissolution of these
minerals contribute to increasing and variation of the groundwater
salinity in the study areawhich could be proved by strong correlation
of TDS and SO4

2− (Table 3). Based on the correlation coefficient
from the spearman correlationmatrix, theCa2+ has good correlation

only with SO4
2− confirming the main source of Ca2+ could be

gypsum and anhydrite dissolution.
The Fourth factor represents the anthropogenic source of

pollution in the groundwater. Factor 4 included Pb, NO3
−, Cl−,

and Mg2+. The contribution percentage of species for factor 4
was 47.8%, 38.1%, 41.9%, and 76.3%, respectively. Although, the
NSSA is non rechargeable aquifer due to the neglected precipitation
in the study area, there is connection between NSSA and the
TCA which could increase the anthropogenic activity in the deep
aquifer. The over pumping from the NSSA decreased the pressure
and water level (cone of depression) in the central part of Siwa
Oasis which suggest downward flow from the TCA to NSSA and
distribute in the aquifer based on the groundwater flow path.
Anthropogenic activities can introduce lead (Pb), nitrate (NO3

−),
chloride (Cl−), and magnesium (Mg2+) into groundwater through
various pathways. Agricultural activities, including the use of
fertilizers, pesticides, and animal manure, can contribute to nitrate
and chloride contamination in groundwater. Excessive application
of nitrogen-based fertilizers can result in nitrate leaching into
groundwater, while chloride from fertilizers and animal waste can
also infiltrate groundwater. Additionally, magnesium-containing
fertilizers and soil amendments can contribute to magnesium levels
in groundwater. In Siwa Oasis, there is no drainage system where
the local people use septic tanks and the agricultural drainage
flow naturally under gravity. There are no protected pipes take
the drainage water which increase the infiltration of contaminants
such as Pb, NO3

−, Cl−, and Mg2+ to the groundwater through the
fracture system of TCA and hence to NSSA.The drilling of artificial
canals and drains with permeable material in the floor increase
the infiltration rate of these elements to the groundwater. The
destruction of some oldwells penetrating theNSSA due to corrosion
pipes made of Pb could be a source of lead in the aquifer system.
Improper disposal of domestic sewage and wastewater can result
in the contamination of groundwater with lead, nitrate, chloride,
and magnesium. Leakage from septic tanks, sanitary sewers, and
wastewater treatment facilities can introduce these contaminants
into the subsurface, where theymay infiltrate groundwater. Previous
studies confirmed that there is no lead forming minerals in the
geological composition which indicate the only way for increasing
Pb in water is the anthropogenic sources. Lead contamination is
particularly concerning and can be attributed to historical practices
and infrastructure issues (Tawfik et al., 2018; Eid et al., 2024b). The
corrosion of old wells, especially those with lead pipes, is a notable
source. As these pipes degrade, lead can leach into the water.
Furthermore, improper disposal of domestic sewage andwastewater,
potentially containing lead fromhousehold products, can contribute
to groundwater contamination. These activities are ongoing, as the
region lacks modern waste management systems, and agricultural
practices continue without sufficient regulation or oversight. The
combination of over-extraction of water from the NSSA, which
creates a cone of depression, and the connection between the
TCA and NSSA aquifers, allows these contaminants to migrate
and affect the deeper water resources. The construction of artificial
canals and drains with permeable materials further facilitates the
infiltration of these pollutants, highlighting the need for improved
management and infrastructure to protect groundwater quality.
Some studies, such as Subba Rao (Subba Rao, 2021), have also
indicated that anthropogenic activities contribute to the presence
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TABLE 3 The Pearson correlation matrix and the coefficient value between physical and chemical parameters.

of Mg2⁺, and Cl− ions in groundwater. These ions can originate
from the use of certain fertilizers and soil amendments, as well as
from the leaching of these substances through agricultural runoff.
Additionally, industrial processes, improper disposal of industrial
waste can further elevate the levels of these ions in groundwater
sources. The farmers in the study area still using different type
of fertilizers (chemical and biofertilizers) and the most common
fertilizers in the study area isNPK (Ibrahim et al., 2013) which could
contribute significantly in the elevated concentration of NO3

− in
groundwater.

Based on the contribution and loading factors extracted from the
positive matrix factorization model for all samples (Figures 6A–D),
it was concluded that the samples such as S1, S7, S10, S13, S14, and
S24 have more contribution from factor 1. The results of factor 2
showed high loading values for S26 and S27 only, which reveal that
the aquifer system is richwith iron andmanganese-bearingminerals
in the North-central part and eastern part of Siwa Oasis. Factor 3
(gypsum dissolution) showed high loading regarding samples S8,
S11, S15, and S17, which are located mainly in the central part of
the study area, suggesting enrichment of gypsum minerals in the
NSSA in this location as a source of Ca2+ and SO4

2−. The remaining
samples (S9, S18, S20, S21, S23, and 25) are distributed in the study
area close to intensive vegetation cover from agricultural land.These
samples were mainly affected by anthropogenic activities where the
samples had high loading valuewith factor 4, especially in the central
part of Siwa Oasis where the over-extraction of water for drinking
and irrigation decreased the hydraulic head and could accelerate the
infiltration of NO3

−, Cl−, and Pb to the NSSA.

Health risk assessment

Examining the health risks tied to heavy metal presence
in Siwa Oasis, especially within the Nubian Sandstone Aquifer
(NSSA), remains critical for the wellbeing of the local population.
Employing methods such as hazard indices and quotients offers
valuable insights into potential health hazards for both adults and
children. Decision-makers can leverage this information to craft
effective water management strategies that prioritize the safety
and quality of the primary drinking water source. Pinpointing

specific pollutants and exposure pathways facilitates tailored
approaches to mitigating health risks, thereby ensuring continued
access to clean water for the community. Promoting community
awareness encourages active involvement in efforts to maintain
water quality standards. Emphasizing continuous monitoring and
adaptive strategies contributes to the sustainable and resilient
management of SiwaOasis’ water resources.The statistics (min,max,
and mean), range, class, and contribution percentage of samples in
each risk indices were stated in Table 4.

Noncarcinogenic health risk

The evaluation of toxic elements including Cd, Cr, Fe, Mn, Cu,
Ni, Pb, and Zn in the NSSA and springs water aimed to assess
the non-carcinogenic risk for both adults and children in Siwa
Oasis through the oral and dermal contact (Figure 7). Adults’ hazard
quotients (HQ) for ingestion varied across metals, ranging from
0.006 to 3.99 for Cd, 0.015 to 1.95 for Cr, 0.01 to 0.18 for Cu, 0.001
to 1.2 for Fe, 0.002 to 1.14 for Mn, 0.013 to 0.44 for Ni, 0.28 to 7.8
for Pb, and 5.02E-5 to 0.011 for Zn. In contrast, for children, the HQ
ingestion ranged from 0.23 to 15.2 for Cd, 0.058 to 7.4 for Cr, 0.037
to 0.68 for Cu, 0.005 to 4.5 for Fe, 0.008 to 4.4 for Mn, 0.049 to 1.7
for Ni, 1.05 to 29.9 for Pb, and 1.9E-4 to 0.043 for Zn. Notably, HQ
ingestion values demonstrate that children face more considerable
health hazards fromcadmium, chromium, copper, iron,magnesium,
nickel, lead, and Zinc intake than adults. Most HQ oral values for all
ages in water samples collected from NSSA and springs fall within
acceptable levels (HQ<1), except lead, chromium, and cadmium,
which surpassed the permitted levels (HQ>1).

In the context of lead, chromium, and cadmium, if the HQ
oral values are greater than 1, it indicates that there may be non-
carcinogenic health risks associated with oral exposure to these
heavymetals. Such risks could include gastrointestinal issues, kidney
damage (for Cd), and neurological and developmental effects (for
Pb). Meanwhile, HQ dermal values of Cu, Fe, Mn, Ni, Pb, and Zn for
adults remainedwithin acceptable limits (HQ<1), while for children,
risks associated with Cd and Cr through dermal exposure were
higher than the acceptable limits in 14.8% and 51.8% of samples.
In summary, Pb, Cr, and Cd contribute significantly to human
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TABLE 4 Statistics (min, max, and mean), range, class, and contribution percentage of samples in each risk indices.

Criteria Mean Max min Range Class Samples (%)

HI Adult (dermal) 0.60 1.16 0.08
>1 High risk 3 (11%)

<1 Low risk 24 (88%)

HI Child (dermal) 1.76 3.43 0.24
>1 High risk 19 (70%)

<1 Low risk 8 (29%)

HI Adult (oral) 6.29 14.37 1.63
>1 High risk 27 (100%)

<1 Low risk 0 (0%)

HI Child (oral) 24.02 54.86 6.22
>1 High risk 27 (100%)

<1 Low risk 0 (0%)

CRCd Adult (dermal) 0.03 0.06 9 × 10−5
>1.0E-04 High risk 26 (96%)

<1.0E-04 Acceptable 1 (3%)

CRCr Adult (dermal) 0.01 0.03 2 × 10−4
>1.0E-04 High risk 27 (100%)

<1.0E-04 Acceptable 0 (0%)

CRPb Adult (dermal) 0.002 0.004 2 × 10−4
>1.0E-04 High risk 27 (100%)

<1.0E-04 Acceptable 0 (0%)

CRCd Child (dermal) 0.07 0.17 3 × 10−4
>1.0E-04 High risk 27 (100%)

<1.0E-04 Acceptable 0 (0%)

CRCr Child (dermal) 0.04 0.08 6 × 10−4
>1.0E-04 High risk 27 (100%)

<1.0E-04 Acceptable 0 (0%)

CRPb Child (dermal) 0.005 0.013 5 × 10−4
>1.0E-04 High risk 27 (100%)

<1.0E-04 Acceptable 0 (0%)

CRCd Adult (oral) 0.01 0.01 2 × 10−5
>1.0E-04 High risk 26 (96%)

<1.0E-04 Acceptable 1 (3.7%)

CRCr Adult (oral) 0.002 0.003 2 × 10−5
>1.0E-04 High risk 25 (92%)

<1.0E-04 Acceptable 2 (7%)

CRPb Adult (oral) 0.004 0.009 3 × 10−4
>1.0E-04 High risk 27 (100%)

<1.0E-04 Acceptable 0 (0%)

CRCd Child (oral) 0.02 0.05 7 × 10−5
>1.0E-04 High risk 26 (96%)

<1.0E-04 Acceptable 1 (3%)

CRCr Child (oral) 0.006 0.011 9 × 10−5
>1.0E-04 High risk 26 (96%)

<1.0E-04 Acceptable 1 (3%)

CRPb Child (oral) 0.014 0.036 0.0013
>1.0E-04 High risk 27 (100%)

<1 × 10−4 Acceptable 0 (0%)
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FIGURE 7
Notched box plot of the ingestion hazard quotient (HQ oral) (A), and skin hazard quotient (HQ dermal) (B) for all age groups (child and adult).

health risks through oral contact, and children face higher risks
through dermal exposure with Cd and Cr in Siwa Oasis. These
effects could include skin irritation, rashes, or other dermatological
issues. Prolonged or repeated exposure to water containing elevated
levels of Cd and Cr through activities such as bathing or swimming
may increase the risk of absorbing these metals through the skin.
Regular monitoring of water quality, implementing water treatment
measures, and adopting safety measures to reduce exposure can
be important strategies to manage and mitigate non-carcinogenic
health risks associated with the oral ingestion of water polluted with
Pb, Cr, and Cd.

The Hazard Index (HI) serves as a crucial indicator for
evaluating the overall health risks associated with heavy metals
in groundwater for adult and child (Mohammadi et al., 2022;
Mohammadpour et al., 2023; Eid et al., 2024b). This comprehensive
assessment considers a variety of exposure routes, including oral
and skin mechanisms. The HI is calculated by summing or adding
HQs for all heavy metals and interaction pathways, and it gives a
comprehensive view of the cumulative health concerns associated
with metal contamination in Siwa Oasis' drinking water supplies.
The total risk (HI) values in, both oral and dermal, reveal potential
health impacts for childeren and high non-carcinogenic risk for
adult through oral contact only (Figure 8), with oral values ranging
from 1.63 to 14.37 for adults and 6.22 to 54.86 for children, while
dermal values vary between 0.08 and 1.16 in adults and 0.24 to 3.43
in children.

Unfortunately, HI oral levels for people of all ages are above
permissible (HI > 1) in all water samples, indicating a substantial
risk of non-carcinogenic effect. Notably, 88.88% of adult water
samples fell into the low-risk category for cutaneous contact,
whereas 11.11% were high-risk. In comparison, 29.6% of children
fell into the low-risk category, while 70.4% had a high risk of skin
contact. This implies that children are more susceptible to oral
and skin exposure to toxic metals than adults., emphasizing the
need for continuous monitoring of metal levels in Siwa Oasis' water
resources, particularly considering the non-rechargeable nature
of the groundwater, which serves as the main water source for
various purposes.

FIGURE 8
Box plot demonstrates the total oral and skin risk index (HI) for
child and adult.

Oral and dermal carcinogenic risk (CR)
This section targets the assessment of carcinogenic risk, which

involve evaluating the chance of acquiring cancer due to prolonged
exposure to certain metals found in Siwa Oasis’ water sources
(NSSA and springs). The study used both standard calculations
and advanced Monte Carlo simulations to determine carcinogenic
risk (CR) levels for chromium (Cr), cadmium(Cd), and lead (Pb)
in adults and children. The vast range of CR values highlights the
various cancer risks of oral contact with these metals (Figure 9).
For adults (dermal contact), CR values varied from 9E-5 to 0.06
for cadmium (Cd), 2E-4 to 0.03 for chromium (Cr), and 2E-4 to
0.004 for lead (Pb) (Figure 9). Similarly, in children, CR dermal
values ranged between 3E-4 and 0.17 for Cd, 6E-4 and 0.08 for
Cr, and 5E-4 and 0.018 for Pb (Figure 9). For adults (oral), CR
values varied from 2E-5 to 0.01 for cadmium (Cd), 2E-5 to 0.003
for chromium (Cr), and 3E-4 to 0.009 for lead (Pb) (Figure 9).
Similarly, in children, CR oral values ranged between 7E-5 and 0.05
for Cd, 9E-5 and 0.011 for Cr, and 0.0013 to 0.036 for Pb (Figure 9).
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FIGURE 9
Box plot demonstrates the oral carcinogenic risk (CR oral) and dermal carcinogenic risk (CR dermal) for all age groups (adult and child).

The results showed that most of the water samples (96%–100%)
collected from NSSA and springs in Siwa Oasis are contaminated
with carcinogenic elements (Cd, Cr, and Pb). All scenarios analyzed
in the table, which include different exposure routes (dermal and
oral) and age groups (adults, children), have CR values greater than
1 × 10−4, which indicates a high potential for cancer risk according to
the CR classification scheme. Cadmium (Cd) can damage kidneys,
bones, and the nervous system. Chromium (Cr) can damage the
lungs and kidneys. Lead (Pb) is Neurotoxic and can damage the
developing brain in children.

It’s crucial to remember that the CR is just an estimate
and does not guarantee that someone will develop cancer. Many
factors, such as individual susceptibility, duration of exposure,
and other environmental conditions, can influence the actual
risk. This comprehensive analysis is crucial for understanding
the health implications of using contaminated water in Siwa
Oasis and emphasizes the significance of managing and mitigating
these risks. The findings suggest an urgent need for improved
treatment techniques for Siwa Oasis’ water resources. Heavy
metals’ increased carcinogenic risk endangers the health of
children and adults alike. Urgent action is necessary to implement
effective treatment processes that can mitigate the impact of
these contaminants, ensuring the safety and wellbeing of the local
population.

Monte Carlo simulation (MCS) approach
This study employs MCS to thoroughly assess health risks

associated with eight metals in groundwater, examining both oral
and dermal exposure routes for adults and child. The Monte
Carlo method, implemented through Python coding, considered
the uncertainty and variability of input data, such as body weight,
contaminant level, and ingestion rates. This method enabled
a full assessment of the risks of metal exposure in various
age groups.

Noncarcinogenic risk

TheMCSmodel’s findings shed light on the health risks of heavy
metal exposure via several pathways in Siwa Oasis’s water resources
(Figure 10). Notably, the computed dermal hazard quotient (HQ
dermal) reassures by showing that none of the metals surpass the
stated limits (Figure 10). This indicates that exposure to the skin
with water resources has no potential to cause health problems,
which bodes well for humans of all ages. When oral exposure
routes are taken into consideration, the scenario changes. Although
certain metals, such as Mn, Fe, Cu, Ni, and Zn, have predicted
HQ levels within acceptable boundaries, indicating that the risk
is low for adults, lead, chromium, and cadmium have estimated
HQ values greater than one (HQ >1), indicating a high risk of
health issues for adults who consume water polluted with these
elements through ingestion. A parallel pattern is observed for
children as well (Figures 11C,D). This underlines the importance of
addressing specific metals in water resources to mitigate potential
health risks, particularly through oral exposure pathways.

While specific metals such as iron, copper, nickel, Manganese,
andZinc are considered safe in children through ingestion pathways,
lead, chromium, and cadmium have predicted hazard quotient
(HQ) levels of more than one (HQ >1), indicating potential
health hazards linked with the drinking of water containing these
metals. Recognizing that these evaluations comprise hypotheses
and uncertainties related to data sources is critical. As a result,
continuous monitoring of exposure levels and regular risk
assessment updates are required to protect the research area’s water
resources and human health. The comparison of calculated HQ
(Figure 7) and simulated HQ (Figure 10) from ingestion and skin
exposure to metals identifies cadmium, lead, and Chromium as the
primary variables responsible for a large non-carcinogenic influence
on both children and adults in Siwa Oasis. The Monte Carlo model

Frontiers in Earth Science 17 frontiersin.org

https://doi.org/10.3389/feart.2024.1431635
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Eid et al. 10.3389/feart.2024.1431635

FIGURE 10
The simulated dermal hazard quotient (HQ adult) (A), (HQ child) (B), simulated oral hazard quotient (HQ adult) (C), and (HQ child).

FIGURE 11
Simulated oral cancer risk (CR) of Cadmium, chromium, and Lead in child (A), adult (B), and dermal exposure CR in child (C), adult (D).
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emerges as a reliable tool for predicting HQ values, giving valuable
insights for continuing monitoring and management strategies.

Carcinogenic risk (CR)

Oral exposure
Examining CR probability in children and adults using oral

measures reveals significant trends. CR test results consistently
indicate greater values in adults than children for three carcinogenic
metals (Cd, Pb, and Cr). The higher carcinogenic risk (CR) values
observed in adults compared to children could be influenced by
several factors related to exposure, physiology, and susceptibility.
Adults generally have a longer history of exposure to contaminants
than children. If adults have been exposed to heavy metals over
an extended period, it can contribute to higher CR values. The
parameters used to calculate CR include body weight and ingestion
rates. Since adults typically have higher body weight and water
ingestion rates than children, these factors can contribute to elevated
CR values in adults. For children, the estimated 5th percentile
CR ingestion value (lower limits of cancer risk) was 0.00012,
0.0036, and 0.0088 for Cadmium, chromium, and lead, respectively
(Figure 11A). In contrast, at the 95th percentile level (upper
boundaries of cancer risk), the estimatedCRoral levels of Cadmium,
chromium, and lead were 0.0003, 0.0087, and 0.021, respectively
(Figure 11A), indicating that children face more significant risks.
Adults, on the other hand, had predicted cancer risk levels that
were significantly greater based on their percentile. Adults’ 5th
percentile CR oral values (lower bounds of anticipated cancer risk)
were 0.0033, 0.00096, and 0.0022 for Cadmium, chromium, and
lead, respectively (Figure 11B). Furthermore, at the 95th percentile
range, the computed CR for Cadmium, chromium, and Lead were
0.0081, 0.0023, and 0.0055, respectively (Figure 11B), indicating
higher risks than those identified in children. The computed CR
through ingestion suggests that most of the waters collected from
NSSA and springs pose a considerable danger for people of all ages
(CR > 1 × 10−4).

The comparison of calculated cancer Risk index (CR)
values (Figure 9) with simulated CR through oral exposure to
toxic metals (Figures 11A,B) reveals consistent and concerned
results. Cadmium, chromium, and lead are three metals that have
a substantial carcinogenic influence on people of all ages across all
water samples in the Siwa Oasis. This alignment of measured and
forecasted risks demonstrates the Monte Carlo method’s reliability
and efficacy in predicting the potential cancer risks linked to heavy
metal oral exposure. These findings highlight the urgent need for
mitigating measures, intense monitoring, and regulatory initiatives
to address the severe health hazards caused by these contaminants
in Siwa Oasis’s water sources.

Dermal exposure
Children and adults reveal consistent patterns, with child

consistently exhibiting higher CR values than adult across all metals
(Cr, Cd, and Pb). Children’s estimated fifth % CR values for
probable cancer development by exposure to the skin were 0.046,
0.026, and 0.0031 for Cadmium, chromium, and lead, respectively
(Figure 11C). Children’s estimated 95th%CR risk values were 0.113,
0.065, and 0.0077 for Cadmium, chromium, and lead, respectively

(Figure 11C).These values represent the top limits of possible cancer
risks from skin exposure in children. Conversely, adults had lower
predicted CR values for acquiring cancer by exposure to skin,
with values of 0.0012, 0.0091, and 0.0011 at the lowest percentile
(5th%) for Cadmium, chromium, and Lead (Figure 11D). Adults
95th percentile CR dermal levels were 0.0029, 0.0218, and 0.0026
for Cd, Cr, and Pb (Figure 11D). The lower CR dermal values for
adults compared to children could be attributed to differences in
body weight, skin surface area, and metabolic rates between the two
age groups.Generally, children have highermetabolic rates and body
surface area per unit of bodyweight than adults, leading to increased
absorption rates of contaminants through the skin. These findings
emphasize the substantial cancer risk associated with the intake
of chromium, Cadmium, and Lead in Siwa Oasis' water resources,
necessitating immediate action to reduce metal contamination and
limit potential health risks for children and adults. The comparison
of predicted CR (Figure 9) and calculated CR (Figures 11C,D) from
dermal exposure with heavy metals demonstrates the consistency
in identifying Cadmium, chromium, and Lead as contributors to
a significant carcinogenic impact in a significant number of water
samples from Nubian sandstone aquifer. Monte Carlo modeling
proved a valuable and practical approach for predicting CR dermal
value. This stresses the importance of predictive modeling in
determining the potential health effects of heavy metal exposure via
dermal pathways.

Comparison with several studies around
the world

The application of probabilistic techniques such as Monte Carlo
simulation were utilized globally by several researchers to decrease
the uncertainty of the datasets and provide realistic risks linked with
PTEs in different water resources. The current study was compared
to different case studies (Table 5).

Qiu applied simulation method (MCS) to determine the risk of
fluoride in the groundwater in the north China region and reported
that the probabilistic risk for child through oral contact with F−

metal for adult was low comparedwith children that were vulnerable
to fluoride in 2.1% of the datasets (estimated HQ>1). Ramesh found
that the probabilistic techniques (MCS) was successful to reflect the
reliable risk of Uranium in groundwater in south India for adults
(women and man) where the results showed that the estimated
HQoral for both female and males was greater than threshold
limit (HQ>1) in 10% and 20%, respectively. Ma investigated the
probabilistic risk of As in the groundwater of Northwest China
through estimated CR values obtained fromMCS and demonstrated
that the fifth percentile (5th) of the datasets had CR less than
threshold value (1∗ 10−4), while 95th showed high cancer risk for
children through ingestion. Although the previous work in global
study regions showed the effectiveness of the application of Monte
Carlo as probabilistic method, it was important to calibrate the
current study with previous work in the same study area such as
the karst aquifer or shallow aquifer in Siwa Oasis which is called
Tertiary carbonate aquifer (TCA). Recent study appliedMonteCarlo
Simulation to detect the health risk of PTEs in Siwa Oasis in
different aquifer system with different geological and flow system
(TCA). This study was performed by Eid that confirmed that
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TABLE 5 Comparison of the Monte Carlo results in Siwa Oasis with global results in different water resources.

Study Location/
country

Contamination
Or PTEs

Exposure
pathway

Non-
carcinogenic
risk

Carcinogenic
risk

Monte Carlo
simulation
results

Qiu et al. (2023) North China Fluoride (F−) Oral (Adult and
child)

HQ child>1 (2.1%)
HQ adult<1 (0%)

Not assessed Low risk for adults;
significant risk for
children (HQ > 1 in
2.1% of dataset)

Ramesh et al. (2021) South India Uranium (U) Oral (Women
& and Men)

HQman>1 (20%)
HQ women>1 (10%)

Not assessed Significant risk for
adults, higher risk
for men;
MCS successfully
reflects reliable risk

Ma et al. (2022) Northwest
China

Arsenic (As) Oral (Children) Not assessed CR<1×10−4

(5th percentile),
CR>1×10−4 (95th
percentile)

Higher risk
identified at 95th
percentile for
children;
probabilistic risk
varies
significantly

Eid et al. (2024b) Egypt
Shallow aquifer
(TCA)
Brackish water
Siwa Oasis

Cd, Cr, Pb, Fe, Mn,
Zn
Ni, and Cu

Oral (Adult and
child)

HQ child >1
(Cd,Cr,Pb)
HQ adult>1
(Cd,Cr,Pb)

CR>1∗ 10−4

(Cd,Cr,Pb)
95th high risk
5th high risk

Confirms high
carcinogenic risk for
both adults and
children in TCA;
consistent with
current findings in
deeper
aquifer NSSA.

Current study Egypt
Deep Aquifer
(NSSA)
Fresh water
Siwa Oasis

Cd, Cr, Pb, Fe, Mn,
Zn
Ni, and Cu

Oral (Adult and
child)

HQ child >1
HQ adult >1
(Cd,Cr,Pb, Fe, Mn)

CR>1∗ 10−4

(Cd, Cr, Pb)
95th high risk
5th high risk

High
non-carcinogenic
risk for Cd, Cr, Pb
(oral); high CR for
Cd, Cr, Pb (dermal
and oral); consistent
findings between
calculated and
simulated HQ
and CR.

the shallow aquifer that mainly used for irrigation purposes and
contain brackish water was contaminated with several PTEs that
originate from both natural and anthropogenic source. Eid proved
with probabilistic method (MCS) that there is high carcinogenic
risk for adult and children through ingestion and dermal contact
with estimated CR>1∗ 10−4 and high non-carcinogenic risk for
child through oral contact. Eid couldn’t investigate the risk of
PTEs in the main deep fresh water aquifer (Nubian Sandstone)
in Siwa Oasis which is used mainly for drinking and could have
direct risk to individuals of different age group. The current study
could fill this gap of the previous investigations in the study area.
Through the comparison between the deep fresh water aquifer
(NSSA) and shallow brackish water aquifer (TCA), it was found that
the NSSA is more contaminated with Fe and Mn and could cause
non-carcinogenic risk for individuals through oral exposure with
estimated HQ greater than one while no risk in the shallow aquifer
regarding Fe and Mn. The shallow and deep aquifer were similar
in safety of water through dermal contact with non-carcinogenic
risk elements and high risk with cancer risk elements. However, the
NSSA require further attention from the decision maker through

effective treatment of the drinking water to protect the individuals
from several health risks.

Strengths, limitations and recommended future
research work

The current study could detect the hydrogeological framework
in Siwa Oasis, where the correlation of geophysical logs (GR,
SP, and resistivity) could determine the number of subsurface
geological layers and structural connection between shallow and
deep aquifer through the fault plain. The geological logs based on
core samples could confirm the presence of iron oxides, limestone,
dolomite, clay and shale minerals in the geological composition
which refers to the geogenic source of Ca2+, Mg2+, Na+, Fe and
Mn in the aquifer system. The elements that were not available
in the geological composition such as NO3

−, Pb, and Cl− could
indicate the anthropogenic source. The correlation between these
parameters from cluster analysis, PMF, and correlationmatrix could
agreewith the geological composition and givemore reliability of the
interpretation of ion source detection. Application of stable isotopes
could prove that there is no enough recharge of the aquifer system
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and the water rock interaction has more significant contribution
to release the major and trace elements in the groundwater than
anthropogenic activities.

The description of the NSSA as “pale meteoric water (non-
rechargeable aquifer)” refers to groundwater that originated from
ancient atmospheric precipitation and is not replenished by current
rainfall.This characterization is significant because it implies that the
NSSA is a finite water resource, which has critical implications for
groundwater pollution and health risks in the Siwa Oasis. Since the
NSSA does not receive new water inputs, any contamination from
heavy metals or other pollutants can accumulate over time, leading
to increased concentrations that pose a serious risk to human health.
The lack of natural recharge means that pollutants are not naturally
diluted or flushed out, making the water quality highly susceptible
to deterioration from anthropogenic activities such as agriculture,
waste disposal, and industrial processes. In terms of health risks, the
accumulation of heavy metals like lead, cadmium, and chromium
can lead to significant non-carcinogenic and carcinogenic health
outcomes. Given that the NSSA is the sole source of drinking
water for the local population, the potential for chronic exposure to
these pollutants is high, increasing the urgency for monitoring and
remediation efforts. The identification of the NSSA as pale meteoric
water underscores the need for careful management to protect this
crucial water source from pollution, as its non-rechargeable nature
limits the potential for natural recovery or replenishment.

Although the current research integrated a compressive
approach through physicochemical analysis, heavy metals, stable
isotopes, geophysical logs, GIS, and applying different methods
such as the PMF model, MCS model, and IDW interpolation
to detect the recharge source, pollution source, and health risk
concern, there are still some limitations regarding the number and
type of samples which can be covered in further research in the
future. This study recommends further investigation to collect
more samples from different resources, including soil samples,
surface lake samples, drains samples, and TCA water samples, to
determine all the expected sources of contaminants and their health
risks. Monitoring the water level and pressure of the aquifer will
be groundwater modeling to detect the hydrodynamic condition
between the TCA and NSSA and the possibility of anthropogenic
activity to contaminate the NSSA and TCA. Application of nitrogen
and sulfur isotopeswill be strong indicators for the source of nitrates,
and sulfates in the future work.

Conclusion

This study thoroughly examines heavy metal pollution,
stable isotopes, and physicochemical parameters in various water
resources (springs andNSSA) of the Egyptian SiwaOasis, evaluating
its sources and health implications. Including eight heavymetals (Fe,
Ni, Cr, Mn, Zn, Cu, Pb, and Cd) adds complexity to the assessment.

The integration between the PMF model, geophysical logs,
geochemical indexing approach (chloro-alkaline index, ionic ratio),
and stable isotopes was successful in estimating the source of
contamination of heavy metals and major ions and the primary
mechanism controlling groundwater chemistry in deep aquifers
(NSSA). The current research represents the first investigation of

NSSA regarding source apportionment and health risks with these
advanced methods.

The Sulin diagram, andChloro-alkaline index (CAI), ionic ratio,
stable isotopes revealed that the NSSA is a non-rechargeable (pale
meteoric water) aquifer and shows the importance of monitoring
its water quality regarding heavy metals where NSSA is the only
source of drinking water in the Siwa Oasis. Silicate weathering,
evaporation, dissolution, and reverse ion exchange play essential
roles in groundwater evolution.Thewater type or composition of the
water samples collected from NSSA and springs was dominated by
CaCl2 due to the old marine sediments and water-rock interaction
in the aquifer system. The geophysical logs (GR, SP, R, lithology)
showed that the NSSA consists of several Sandstone layers separated
by shale, silt, and clay layers intercalated with traces of iron oxides.

PMF model showed that the major ions and heavy metals in
groundwater of the NSSA originated from 4 significant sources
based on four factors extracted from themodel and the contribution
percentage of different species in each factor. The source of NO3

−,
Pb, Cl−, andMg2+ is anthropogenic activities (agriculture, fertilizers,
well corrosion, and wastewater) due to the over-extraction of water
for irrigation, domestic, and drinking purposes. The elevated Ca2+

and SO4
2- ions concentration comes from the dissolution of gypsum

and anhydrite. Fe, Mn, Ni, and Cr sources are iron and manganese-
bearingminerals associated with clayminerals in the aquifer system.
At the same time, Cd and Na are affected by mixing different water
sources, including old trapped sea water and upward flow from
hydrothermal water.

Elevated HI oral values, especially in children, underscore
potential non-carcinogenic health risks associated with heavy
metal exposure through oral and dermal contact and for adults
through ingestion only. Metals like Cr, Cd, and Pb pose significant
carcinogenic risk, as CR values exceed 1x10−4 in nearly all samples.
MCS model affirm this carcinogenic impact, emphasizing elevated
risks for both children and adults.

Actionable steps are imperative to mitigate metal pollution in
Siwa Oasis, emphasizing treatment techniques for every source of
drinking water to protect the ecosystem and individuals. Attention
to both cancer-causing and non-carcinogenic health effects, as
well as a reduction in exposure time, are critical. The practical
application of the Monte Carlo method, particularly with Python
code, underscores its utility in improving result reliability by
reducing uncertainty in health risk assessments.
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