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1. Introduction

Worldwide, water supplies are under growing pressure due to a surge in demand
fueled by population increase, the necessity for more agricultural output, industrial
expansion from higher standards of living, pollution from human activities, and the
effects of climate change [1-3]. It is forecasted that by 2050, at least a quarter of
the global population will reside in nations facing freshwater shortages, owing to
water scarcity and deteriorating water quality. As a response, the United Nations
has included the goal of securing available and sustainable water management
within its Sustainable Development Goals, as outlined in the 2030 Agenda for
Sustainable Development, titled "Transforming Our World" [4].

Climate change acts as a factor that adds further stress to the hydrological cycle
by altering precipitation patterns and exacerbating extreme weather events. This,
in turn, worsens water scarcity and affects both the distribution and quality of water
resources, as outlined in the IPCC's report of Climate Change in 2021: “The Physical
Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change”[5]. These challenges underscore the
urgent need for innovative and sustainable water management strategies to ensure
the equitable distribution and efficient use of this precious resource. The World
Resources Institute advocates for the integration of climate resilience into water
resource planning to address these issues [6].

Water scarcity, particularly in arid regions, poses significant challenges to
achieving the Sustainable Development Goals (SDGs), given the crucial role of
groundwater. Groundwater is a key element of the hydrological cycle, found
beneath the Earth's surface in a variety of landscapes, including hills, mountains,
plains, deserts, and coastal areas, and even under seas and oceans. It accounts for
98% of the Earth's liquid freshwater, playing a vital role in meeting domestic and
agricultural needs, especially in arid and semi-arid climates. Notably, it is the
primary source of daily water for about 2.5 billion people worldwide [7-9]. As
surface water supplies become increasingly strained, the importance of
groundwater in meeting water demands is ever more highlighted [10]. Thus,
effective groundwater management is essential for addressing both quality and
quantity issues, as well as understanding its dynamics across different locations
and over time [11]. However, the sustainable management of groundwater is
complicated by factors such as climate change, population growth, inadequate
management practices, and a lack of comprehensive understanding and
coordination, leading to its gradual degradation [12].

This situation leads to numerous problems, including aquifer depletion,
declining groundwater levels due to climate change-driven variations in rainfall
patterns and increased evapotranspiration [13], over-extraction for agricultural,
industrial, and domestic purposes [14], and increased vulnerability to
contamination and pollution from various uses of groundwater [15]. These issues
directly affect several sustainable development goals, such as Clean Water and
Sanitation, Zero Hunger, Good Health and Well-being, and Climate Action [16].
Achieving these goals requires collaborative efforts from governments,
communities, and international organizations to implement policies and practices
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that ensure the sustainable use and conservation of groundwater resources in arid
regions [17,18].

Groundwater serves as the primary source of drinking and agricultural water for
the Saharan communities in Southern Algeria, specifically within the Oued Souf
Valley, which is part of the vast Algerian Sahara. Extensive groundwater reservoirs
are found as aquifers within geological layers of varying depths and thickness
beneath the Oued Souf valley. The groundwater system of the Oued Souf Valley is
a component of the Northern Sahara aquifer system, which comprises three
groundwater aquifers, layered from top to bottom. These are the phreatic aquifer
(the superficial one), the complex terminal groundwater aquifer, and the
continental intercalary groundwater aquifer, with the latter two consisting of
multiple water layers stacked upon each other. Notably, they collectively represent
one of the world's largest hydraulic reservoirs, with mobilizable potential estimated
at 5 billion cubic meters of water [19,20].

Despite the abundance of groundwater in the Oued Souf region, this has led to
several issues concerning public and environmental health. Whereas, since the
1980s, driven by population growth, urbanization, and the need for economic
development, local authorities have chosen to extract deep groundwater from the
complex terminal and continental intercalary aquifers, in addition to the phreatic
aquifer, which was the primary source for drinking and irrigation. The intensive
pumping from deep aquifers and the direct discharge of this water into the
environment without adequate treatment, along with the lack of a sewage network
and natural outlet, have resulted in polluted groundwater near the surface. This
situation jeopardizes the equilibrium and viability of the production system in the
El Oued Souf region [21].

Moreover, this phenomenon has instigated rapid and disruptive changes,
profoundly altering the environment and living conditions, imperiling the delicate
equilibrium of the northern Saharan region, and threatening various structures, as
well as harming local agriculture and eroding the traditional urban character of the
city, including the Ghout system, a traditional agricultural practice.
Simultaneously, serious health problems related to the emergence of polluted
phreatic groundwater, including the filling of septic tanks with black, foul-smelling
water mixed with waste of all kinds, have facilitated the spread of bacteriological
pollution in the superficial aquifer. Additionally, water quality has degraded due to
nitrates from domestic and agricultural sources. High mineralization of water has
been induced, in part, by evaporation from open water bodies and salt dissolution,
with Ghouts being used as impromptu landfills contributing to this issue. Stagnant
water has become a breeding ground for mosquitoes, leading to an increased
prevalence of waterborne and parasitic diseases such as skin disorders,
leishmaniasis, malaria, and typhoid [22].

To combat this pollution and the rising phreatic groundwater, local authorities
initiated a mega-project in 2005. The project was structured around four main
components: a sewerage plan, a purification plan, an evacuation plan, and a
drainage plan. However, due to various challenges, the project did not fully achieve
its primary objective [23,24]. The failure of the vertical drainage system
underscores the impact of anthropogenic activities on natural factors, which in turn
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affect the spatial and temporal fluctuations of the phreatic groundwater table in the
Oued Souf region. This failure continues to jeopardize the north-western Sahara
aquifer system, passing through the Oued Souf Valley, in terms of water quality
and suitability for drinking and irrigation, despite the natural separation of these
systems. The contamination of the shallow aquifer, along with its unauthorized use
for irrigation and industrial purposes, and its connection to the deep aquifer
(complex terminal and continental intercalary), poses significant threats to public
and environmental health in the region, necessitating an in-depth investigation into
the hydrochemical and bacteriological quality of all the aquifer systems in the Oued
Souf Valley to prevent adverse consequences that could impede socioeconomic
activities in the region.

For these reasons, this dissertation aims to address the following scientific
questions through a comprehensive investigation, employing a complex
methodology for each of the aquifers comprising the Northwestern Sahara Aquifer
System:

e What is the quality of the phreatic aquifer and its suitability for
drinking and irrigation under the current functioning of the vertical
drainage system?

o  What are the physicochemical properties of the complex terminal and
the continental intercalary groundwater aquifers, and are they suitable
for drinking and irrigation purposes?

o How does the vertical drainage system perform, and what impact does
it have on mitigating the upwelling of the phreatic groundwater table
and its stability, in terms of spatial distribution and temporal variations
of this aquifer, based on the data collected in the years 2008, 2009,
2014, 2016, 2018, and 2021?

e How can the shortcomings in water resource management in EI Oued
contribute to the persistence of groundwater upwelling?

e What is the spatial distribution of heavy metals and the extent of their
contamination in the phreatic aquifer of the Oued Souf Valley?

e What are the human health and ecological risks associated with the
presence of heavy metals in the phreatic aquifer?

These questions form the foundation of this thesis, which seeks to provide in-
sights into the complex hydrogeological and environmental challenges facing the
Oued Souf Valley and offer potential solutions to address them. Furthermore, the
goal of this thesis is to investigate the hydrogeochemistry of the Northwest Sahara
Aquifer System. This involves identifying pollutants within the aquifer to ensure
the safety of its water for consumption and utilization. The research aims to com-
prehend the natural chemical behaviors of the aquifer to enable effective resource
management. Furthermore, it seeks to develop sustainable management strategies
for the aquifer, protect the environment from contamination risks, and support eco-
nomic development. This is achieved by preserving groundwater as a reliable re-
source for agriculture, especially in water-scarce regions like the Oued Souf Val-
ley.
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2. Literature review
2.1. Groundwater

2.1.1. Quantitative aspects of groundwater

Groundwater constitutes a fundamental component of the Earth's hydrological
cycle, pervading the subsurface in various geographic features, including hills,
mountains, plains, deserts, coasts, and even beneath seas and oceans. A staggering
98% of the planet's accessible liquid freshwater reservoir is attributed to
groundwater, making it an indispensable resource for fulfilling domestic,
agricultural, and industrial water requirements. On a global scale, approximately
2.5 billion individuals exclusively rely on groundwater to meet their essential daily
water needs [7,8,25]. Further underlining its significance, the United Nations
Environmental Agency (UNEP) identifies 32 metropolitan areas worldwide as
"megacities," each with populations exceeding 10 million, and around half of these
megacities predominantly hinge on groundwater for their water supply [26]. This
reliance on groundwater is accentuated as challenges in surface water availability
become more pronounced over time [10]. Consequently, effective groundwater
management becomes paramount to address the qualitative and quantitative
challenges associated with this vital resource and to gain insights into its spatial
and temporal dynamics [11]. Moreover, the continuous degradation of this natural
resource is exacerbated by factors such as climate change, rapid population growth,
poor resource management, and misconceptions regarding resource nature,
stemming from a lack of coordination and integration of approaches [12]. This
predicament has given rise to several issues, including aquifer depletion and
declining groundwater levels due to climate change's association with global
warming, leading to reduced rainfall and increased evapotranspiration as a result
of rising temperatures, directly impacting groundwater replenishment within a
region [13]. Additionally, extensive extraction of groundwater from shallow
aquifers for agricultural, industrial, and domestic purposes further compounds the
challenges faced [14].

2.1.2. Qualitative aspects of groundwater

Groundwater contamination is the introduction of unwanted substances into
groundwater due to human activities [27]. It can result from various sources,
including chemicals, road salt, bacteria, viruses, medications, fertilizers, and fuel.
Nevertheless, groundwater contamination distinguishes itself from surface water
contamination by being invisible and challenging to remediate with current
technology [28]. Groundwater contaminants are typically colorless and odorless,
and the adverse effects on human health are often insidious and hard to identify
[29]. Once contaminated, cleaning it up is demanding and costly because
groundwater resides in subsurface geological strata with long residence times
[30,31]. The natural cleansing mechanisms for polluted groundwater may extend
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over several decades or even centuries, persisting even after the cessation of the
contaminant source [32].

The types of contaminants found in groundwater are rapidly increasing, but they
can be broadly categorized into three main groups: chemical contaminants,
biological contaminants, and radioactive contaminants [33]. These contaminants
may originate from both natural and human sources [34]. Detecting and identifying
pollution within groundwater poses a significant challenge. Examples of real-
world, clandestine underground pollution include leaks from chemical distribution
infrastructure and petrochemicals, such as pipelines and sewage collection systems
like sewage tanks, urban sewage channels, and pipelines [35]. The storage and
handling of mining byproducts and industrial chemicals, often without proper
contamination control measures, have presented some of the most complex
pollution and management issues over the past century [36]. Identifying source
pollutants involves pinpointing their spatial locations, determining the duration of
their activity, which indicates when they became active, and calculating the
injection rate of pollutant sources, all of which influence the contaminant flow from
each source [37].

2.2. Types of groundwater contaminants

2.2.1. Groundwater contamination with acidification phenomenon

Acidified precipitation is a well-established and widespread phenomenon. The
concept of 'acid rain' has been recognized for more than a century and is primarily
attributed to the emissions of sulfur and nitrogen oxides into the atmosphere
[38,39]. The impact of acid precipitation on groundwater is generally considered
to be minor. Other sources of acidity in groundwater can arise from natural water-
rock interactions, contamination with industrial acids, and the breakdown of
various pollutants [40—43].

2.2.2. Inorganic compounds contamination of groundwater

Nitrogen pollutants, like nitrate, nitrite, and ammonia nitrogen, are frequently
encountered in inorganic contaminants commonly found in aquifers close to rural
and suburban areas. Unpolluted groundwater typically contains nitrate nitrogen
levels below 2 ppm. Nitrate in groundwater primarily stems from four sources:
agriculture (involving the use of nitrogen-based fertilizers and animal manure),
atmospheric deposition, soil cultivation, and domestic wastewater (human sewage
disposed of in septic systems) [44-51].

Nevertheless, groundwater nitrate contamination has been widely documented
across the globe, including the United States, where approximately 12 million tons
of nitrogen-based fertilizers are used in agriculture each year, with the production
of manure contributing about 7 million tons or more. In most instances, nitrogen
compounds reduced in the soil undergo oxidation to form nitrate, which then
migrates to groundwater, where it dissolves in water and becomes diluted, as
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removing nitrate from well water is expensive. Water containing elevated nitrate
levels is generally unsuitable for human consumption, especially from a public
health perspective [52]. Other prevalent inorganic contaminants present in
groundwater encompass anions and oxyanions, such as F-, SO4*, and CI, as well
as major cations like Ca?" and Mg*". Total dissolved solids (TDS), representing the
overall amount of inorganic and organic ligands in water, may also be elevated in
groundwater. These pollutants commonly have a natural origin, but human
activities can also elevate their levels in groundwater [53].

2.2.3. Groundwater contamination with heavy metals

Since toxic metals and metalloids pose a risk factor for the health of both human
populations and the natural environment, recognition of the potential toxic effects
and long-term contaminants of heavy metal pollutants has centered on the
protection of soil and groundwater in recent years [54]. Metals such as zinc (Zn*"),
lead (Pb*"), mercury (Hg**), chromium (Cr**), and cadmium (Cd?*") are commonly
found in groundwater, as are metalloids such as selenium (Se®*) and arsenic (As*").
Although several of these elements are required micronutrients at smaller amounts,
large concentrations can cause serious poisoning, including respiratory difficulties
and many types of cancer [55,56]. Furthermore, non-metabolization and buildup
of heavy metals in soft tissues enhance their toxicity, causing organ damage,
nervous system damage, and, in severe situations, death [57]. Heavy metals have
negative effects that extend beyond humans; animals incur morphological,
histological, and biochemical changes when exposed to environmental
contaminants like heavy metals, even at low concentrations, for extended periods
of time [58]. For example, exposure to hexavalent chromium (Cr®") can increase
the risk of cancer [59]. Arsenic is ranked as a Group 1 human carcinogen by the
US Environmental Protection Agency (EPA) and the International Agency for
Research on Cancer (IARC), and As®" can react with sulthydryl (~SH) groups of
proteins and enzymes to upset cellular functions and eventually cause cell death
[60,61]. Toxic metals in the environment are persistent and subject to moderate
bioaccumulation when they enter the food chain [55].

2.2.4. Contamination of grounsdwater by Landfills

The impact of landfills on groundwater quality hinges on an ongoing debate
regarding two landfill construction approaches: "dilute and disseminate" versus
"containment." To fully comprehend the effect of landfills on groundwater, it is
essential to consider the composition of waste leachate [62]. Generally, the
composition of leachate is influenced by factors such as the type of waste, landfill
design and operations, analytical methods, and the passage of time. Many of the
earlier references pertain to landfills for mixed household waste, which often
contains a significant organic component, is biodegradable, and is prone to
substantial long-term consolidation settling due to its low initial density and
biodegradation effects. In contrast, certain industrial solid wastes are typically
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disposed of in "mono-disposal" facilities, where only one or perhaps two types of
waste materials are accepted [63]. Examples of such facilities include mineral
deposits and waste from the mining industry (e.g., colliery shale, coal tailings,
quarry fines) and pulverized fuel ash (PFA) from coal-fired power stations. There
is relatively limited literature available on mono-disposal landfilling [64]. Pollution
from engineered landfill sites (dumpsites) has been identified as a significant threat
to groundwater resources [65].

2.2.5. Contamination of groundwater with organic pollutants

Organic pollutants have been extensively identified in drinking water, and many
of these substances are recognized as potential human carcinogens or chemicals
that disrupt the endocrine system. In groundwater, more than 200 organic
contaminants have been discovered, and this number continues to rise [66—69].
Some of these organic contaminants are biodegradable, originating primarily from
domestic sewage and industrial wastewater. Many of these organic compounds are
naturally derived from carbohydrates, proteins, fats, and oils and can be converted
into stable inorganic substances by microorganisms. They do not directly harm
living organisms but can deplete the levels of dissolved oxygen in groundwater.
Common organic contaminants encompass hydrocarbons, halogenated
compounds, plasticizers, pesticides, pharmaceuticals, personal care products, and
natural estrogens, among others [70-72]. A substantial portion of the halogenated
compounds (e.g., chlorinated, brominated, fluorinated) persist in the environment
and can accumulate in organisms, causing adverse effects on species at higher
trophic levels, including humans [73,74]. Persistent organic contaminants are
primarily chemicals used in agriculture, industrial processes, and human health
protection [70]. Since these compounds degrade very slowly or not at all, they pose
a permanent threat to the quality of groundwater intended for drinking purposes
[75].

2.2.6. Contamination of groundwater with biological and
microbiological pollutants

Biological contaminants encompass various entities, including algae and
microorganisms like bacteria, viruses, and protozoa. When it comes to microbial
contaminants, human and animal feces have been found to contain over 400 types
of bacteria, along with more than 100 types of viruses [76] . While some of these
microorganisms originate from natural sources, others are microscopic organisms
that coexist with natural algal species and compete for available resources [77,78].
The presence of microbial contaminants in drinking water can lead to numerous
human diseases, including severe diarrheal illnesses such as typhoid and cholera.
Presently, the COVID-19 virus has caused a global pandemic affecting every
corner of the world. Although this coronavirus primarily spreads from person to
person through respiratory droplets [79], water contaminated by the virus can also
pose a threat to human health [80,81]. Algal contamination is commonly observed
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in surface waters like lakes and reservoirs, often due to eutrophication. However,
the presence of algae at high biomass levels in groundwater is relatively rare [82].

2.3. Groundwater contamination ramifications

Contamination of groundwater poses risks to human health, environmental
well-being, and socioeconomic progress. Numerous studies have highlighted the
health hazards associated with elevated levels of fluoride, nitrate, metals, and
persistent organic pollutants [83,84]. This concern is particularly pronounced for
infants and children, who are more vulnerable to these contaminants than adults
[85-91]. An illustration is the "blue baby syndrome," or infant
methemoglobinemia, resulting from excessive nitrate concentrations in drinking
water used for baby formulas. Groundwater contamination also affects human
health indirectly through the food production system. Irrigation with contaminated
groundwater can lead to the accumulation of toxic elements in crops, posing risks
to human consumers [92-94]. Furthermore, contaminated groundwater can
degrade land quality and negatively impact forests. High groundwater salinity in
arid agricultural regions, for instance, contributes to soil salinization, affecting
vegetation growth [95]. The interaction between surface water and groundwater
can transport contaminants, further deteriorating surface water quality [96].
Achieving sustainable economic development necessitates a balance between
natural resource renewal and human demand [97]. Freshwater, a crucial natural
resource, may face depletion due to chronic groundwater contamination, disrupting
the equilibrium between water supply and demand and potentially triggering
socioeconomic crises or conflicts, even wars [98]. Contamination-induced water
shortages could lead to conflicts among citizens, impeding a nation's
socioeconomic  development.  Groundwater  contamination  transcends
environmental concerns, evolving into a social issue that calls for collaborative
efforts between natural and social scientists [99].

2.4. Groundwater Contamination: Detection, Prediction, and
Assessment Techniques

Accurate prediction and measurement of pollutant movement are crucial for
effective environmental management. This necessitates a thorough understanding
of the processes governing contaminant transport. [ 100] identified these processes
as encompassing physical, chemical, and biological reactions affecting soluble
concentrations in groundwater, as well as hydrodynamic dispersion and advection.
Addressing groundwater contamination issues, as outlined by USEPA (1993),
involves both preventing the introduction of contaminants to aquifers and
predicting and managing their movement if introduced. Protective measures often
extend to safeguarding entire aquifers and surrounding areas from unintentional
contamination, as highlighted in studies by [101,102] . Investigations into
groundwater contamination, detailed by [103,104], cover scientific understanding
of controlling processes, mathematical representation in transport models,

16



determination of model parameters, and the development of management models
for preventing and removing contaminants.

Groundwater pollution, originating from both point and unspecified sources,
further exacerbates environmental challenges. Point source pollution, as
characterized by [105], allows for accurate determination and has limited spatial
extent. In contrast, pollution from unspecified sources, such as agricultural
practices like pesticide and fertilizer application [106], lacks a distinct origin. The
detrimental impact of agricultural land, sewage, runoff from urban areas, and
animal waste on water quality, particularly in increasing microorganism levels, is
emphasized by studies like [107-111]. Water pollution problems arise from
substances altering chemical composition, posing threats to human health and
ecosystems [112]. Beyond chemical contaminants, groundwater quality is
compromised by factors like pH, electrolysis, turbidity, and microbiological
content [113]. Various pathways contribute to groundwater contamination,
including inter-aquifer leakage, irrigation returns, leaching from soluble solids,
broken sewer pipes, percolation of sprayed liquids over land, landfill leachate, and
septic and sewerage effluent discharge [114]. Hence, a sequential integration of
source identification models and a monitoring network design can effectively
characterize pollutant sources. The crucial attributes to ascertain encompass the
spatial locations of sources and the duration of their activities, elucidating when
these sources became operational. Additionally, the rate of pollutant injection from
each source, portraying the release of pollutants over time, is a key parameter [36].

To detect groundwater contamination, surface electrical resistivity was recently
employed as a diagnostic tool. Water serves as the carrier for pollutants across both
visible and imperceptible terrains. Locally, water-soluble components used in
agriculture, industrial waste, dry waste sediments, etc., may be transported by
water, leading to groundwater pollution. This contamination often goes unnoticed
until the tainted water traverses through a local well. The repercussions of pollution
may manifest downstream, particularly when river water is utilized for sensitive
purposes like irrigation [115].Several assessment methods for groundwater
contamination have been developed, integrated, and intensively used throughout
the last decade. These methods vary depending on their purpose of identification,
including statistical methods [116,117], hydrogeochemical methods [118,119],
indexing methods [120—122], and spatial methods [123,124].

Statistical analysis involves the application of mathematical methods to analyze
and interpret data, providing insights into patterns and relationships within a
dataset. Multivariate statistical analysis extends this approach by simultaneously
considering multiple variables, recognizing the interconnectedness of different
factors. This enables a more comprehensive understanding of complex datasets
[125,126]. Among all the statistical techniques, Hierarchical cluster analysis which
can be utilized for classifying cases or variables based on their similarity or
variability [127-129]. Hierarchical cluster analysis is widely applied in
hydrogeochemistry  studies. Its primary objective is to categorize
hydrogeochemical processes in groundwater by organizing collected water
samples into distinct clusters relevant to geological and hydrogeological aspects
[130]. Additionally, this unsupervised approach aids in identifying similarities
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among water quality variables. To create the initial clusters for the selected
parameters, Euclidean distances can be employed, followed by the use of Ward's
agglomeration method to link these initial clusters [120,131]. As a result, all the
generated groups can be represented in a dendrogram, facilitating the visualization
of the distinct groups resulting from the clustering process [132].

The hydrogeochemical analysis are very important step for the characterization
of groundwater and indicating the influence of associated geology, and during the
last decades several graphical plots have been devoloped for this pupose such as
Stiff plot [133], Piper plot [134], Chadha plot [135], and Gibbs plot [136]. These
plots are as crucial as the analytical results of the data. They not only condense the
scattered hydro-chemical data but also offer numerous insights into the origin of
existing groundwater chemistry through the geological conduit to study the
hydrochemical facies and the controlling mechanism of all the groundwater
systems [137,138].

Indexing methods are commonly employed to evaluate groundwater pollution
and assess the suitability of wells for drinking, irrigation and even for pollution
detection. These methods are constructed based on several key parameters that
serve as representatives of the overall groundwater quality and its pollution status
[139].

The water quality index serves as a valuable tool for assessing the suitability of
groundwater for drinking or irrigation purposes [140,141]. It functions as a rating
system, providing an overall indication of water quality by considering various
parameters collectively. This approach, involving the amalgamation of detailed
data to generate a score describing water quality status, proves to be a convenient
and straightforward method for decision-makers to gain a deeper understanding of
the quality of surface or groundwater sources [142]. The water quality index
proposed by [143] stands out as one of the most powerful tools for evaluating
surface/groundwater quality for drinking purposes, widely utilized by researchers
[144-147].

Contaminated irrigational water negatively impacts crop yield, plant growth,
soil quality, and human health. Therefore, it is crucial to assess groundwater for
agricultural purposes by analyzing various ionic parameters in meq/L, using
different indices [91]. Various indicators have been used intensively in the
literatures [148—151] such as electrical conductivity (EC) measured in pS/cm
[152], total hardness (TH) [153], and sodium adsorption ratio (SAR) representing
the ratio of Na* ions to Ca*" and Mg?>" ions, have been employed to evaluate
groundwater for irrigation use.

The SAR value is vital in determining the potential for Na* accumulation in the
soil due to the continuous use of sodic water. This accumulation can lead to a
dominance of Na* ions in water flow, at the expense of Ca?", Mg?*, and K" ions
[152]. The percentage of sodium (% Na) is a key factor in classifying water sources
for irrigation. Na* binds to soil, reducing its water transport capacity. The reaction
of Na" with CO;” results in alkaline soils, while its combination with chloride
leads to saline soils, both of which hinder crop development [154].

In groundwater, alkaline earths like Ca*" and Mg*" are generally in equilibrium,
playing a significant role in soil structure and crop nutrient supply. However, high
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concentrations of Ca?>" and Mg?* can increase soil pH, potentially converting the
soil to a saline state and reducing phosphorus availability. Excessive magnesium
can lead to alkaline soil, resulting in lower agricultural yields, referred to as
"magnesium hazard" (MH) [155].

The residual sodium carbonate index (RSC) quantifies bicarbonate/carbonate
and calcium/magnesium in irrigation water, affecting soil structure through
precipitation reactions [150]. The permeability index (PI) assesses the long-term
water transport ability of soil, influenced by the salt content and the presence of
Na®, Ca*, Mg?*, and HCOs ions [156]. The Kelley ratio (KR) evaluates water
quality based on the Na* to Ca*" and Mg?" ratio [157]. The PS index is also one of
the indicies that categorizes water for agriculture use based on the parameter values
[156]. Synthetic Harmful Coefficient (K) and Irrigation Coefficient (Ka) are used
to evaluate water quality [158]. Groundwater can also be classified based on the
relationship between bicarbonate and calcium ions, represented by the residual
sodium bicarbonate (RBSC), where an excess concentration of sodium bicarbonate
has harmful effects on soil [159].

High concentrations of exchangeable sodium ions can adversely affect soil
structure, causing soil aggregates to separate. Elevated sodium levels, especially
with a high exchangeable sodium percentage (ESP), can lead to soil structure
collapse, reduced porosity and permeability, increased soil density, and restricted
root growth [91].

The assessment of water quality and pollution in various water bodies has
recently advanced through the application of complex methodologies. This
includes the utilization of water quality indices to detect groundwater pollution by
observing visual changes in groundwater quality over time and space, relying on
the selected water quality indices. One prominent index among them is the National
Sanitation Foundation Water Quality Index (NSFWQI), which is considered
comprehensive and widely applicable for classifying water resources based on their
quality [122,160]. The NSFWQI [161]comprises nine parameters: percentage of
dissolved oxygen (DO) saturation, pH, total solids (TS), five-day biochemical
oxygen demand (BODs), turbidity, total phosphate (TP), nitrate (NO3),
temperature change (T), and fecal coliform (FC). Each parameter carries an
individual weight proportional to its impact and significance in developing the
NSFWQI model [161]. Since the introduction of the NSFWQI, numerous studies
have employed this model, or its updated versions, to assess water quality in
diverse water bodies [162—-171]. Beside NSFWQI, the Groundwater Pollution
Water Quality Index proposed by [172] which has been used widely in the
literatures [124,173,174]. This index primarily assesses the relative impact of
individual chemical variables, namely pH, TDS, TH, Ca*’, Mg*", Na*, K*, CI,
S04, NO; 7, and F', on the overall quality of groundwater intended for drinking
purposes [175].

Nitrate is a crucial element significantly influencing the quality of groundwater
[176,177]. Globally, monitoring nitrate contamination and its impact on human
health is a pressing concern, attributed to anthropogenic activities such as modern
agricultural practices, the use of synthetic fertilizers, and the higher permeability
of soil, which may contribute to elevated nitrate concentrations in groundwater
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[121,178-181]. The Nitrate Pollution Index (NPI) serves as a valuable indicator
for assessing the extent of nitrate pollution in groundwater, and it was widely used
in the literatures [167].

High concentrations of heavy metals in groundwater systems pose a significant
threat to human health, resulting in various detrimental effects [182]. Exposure to
these harmful substances can lead to severe health complications, such as
respiratory issues and various forms of cancer [56]. Moreover, the non-
metabolization and accumulation of heavy metals in soft tissues heighten their
toxicity, causing damage to organs, the nervous system, and, in extreme cases, even
death [57]. The adverse impacts of heavy metals extend beyond humans, affecting
animals with morphological, histological, and biochemical alterations when
exposed to environmental pollutants like heavy metals, even at low concentrations,
over prolonged periods [58]. Given these potential dangers, it is crucial to assess
groundwater quality and the contamination levels of heavy metals before making
any decisions. To achieve this, various quantitative indices for heavy metal
pollution have been utilized in recent decades. Among these indicies, the
Contamination Degree (Cag) [183,184] which serves as a comprehensive
representation of various water quality parameters believed to be detrimental to
domestic water usage [185]. Geoaccumulation Index (Igo) [186,187], as introduced
by [188], serves as a tool for quantifying the extent of pollution load accumulation
arising from anthropogenic or geogenic sources. This index is crucial as it offers a
quantitative assessment of the levels of dissolved metals in porous media, including
soil, sediments, and water [189]. To identify the origins of dissolved metals in
water, soil, and sediment, and to assess the degree of contribution from
anthropogenic or geogenic sources to water system contamination, the enrichment
factor (EF) can be employed [190,191]. The Ecological Risk Assessment (ER) and
the Potential Ecological Risk Index (PRI) represent two additional tools available
for assessing the extent of contamination in the samples [173,192].

Spatial analysis is a broader field encompassing a wide array of methods and
applications such as geostatistical techniques, which aims to estimate the values of
a specific attribute at locations where direct measurements are not available. This
estimation is achieved by leveraging information gathered from other observed
points. By transforming data from these observed points into continuous fields, it
becomes possible to compare the spatial patterns of the sampled measurements
with those of other entities [193]. Several commonly used techniques include
ordinary Kriging interpolation (OK), simple Kriging interpolation (SK), and
universal Kriging interpolation (UK). Deterministic interpolation methods, such as
global polynomial interpolation (GPI), inverse distance weighted interpolation
(IDW), planar spline interpolation, and local polynomial interpolation (LPI), are
frequently employed to generate maps of soil properties. These techniques have
been extensively described in various studies [194—-196]. Furthermore, these
interpolation methods find application in mapping and predicting groundwater
quality and contamination [197-199] as well as in mapping and predicting
groundwater levels [200-205]. Ordinary Kriging (OK) [198,206-209] and Inverse
Distance Weight (IDW) [210-214] are two geostatistical methods integrated with
Geographical Information Systems (GIS) to qualitatively and quantitatively
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analyze groundwater. OK uses a semi-variogram to measure spatial correlation and
provides error estimates in unsampled areas, while IDW calculates values based on
the inverse of the distance from sampled points. Cross-validation, with metrics like
Root Mean Square Error (RMSE) and Mean Absolute Error (MAE), is employed
to assess the accuracy of these methods and determine the most suitable one for
specific applications. The strength of spatial dependency is categorized based on
the variance-to-sill ratio, aiding in understanding and applying these interpolation
techniques effectively [215-217].

2.5. Groundwater Quality in Arid Regions

Groundwater in arid regions serves as a critical source of water supply for
agricultural, industrial, and domestic use, despite the challenges posed by the
limited and variable rainfall patterns characteristic of these areas. The quality and
sustainability of this vital resource have been the focus of extensive research due
to the unique hydrogeological challenges these regions face [218].

One of the prevalent issues in groundwater management in arid regions is
salinization, a process exacerbated by both natural conditions and human activities.
[100] discuss how intensive agricultural practices, particularly irrigation, lead to
the accumulation of salts in the soil profile, which eventually leaches into the
groundwater system. This issue is compounded by the common use of poor-quality
water for irrigation, which contributes further to the salinity [219]. The impact of
irrigation on groundwater quality was particularly noted by [220], who studied the
impact of agricultural runoff in North Africa and highlighted significant nitrate
contamination linked to fertilizer use.

Another critical aspect is the anthropogenic contamination from industrial
processes and urban development, which introduces pollutants such as heavy
metals, hydrocarbons, and synthetic organic compounds into the groundwater
system. [221] analyzed groundwater contamination in semi-arid areas and found
that industrial pollutants tend to persist in the groundwater due to the slower
hydrological cycle, which reduces the natural attenuation capacity of the aquifer
systems.

Recent research continues to explore the hydrogeochemical characteristics and
contamination sources affecting groundwater in arid regions. Studies such as those
by [222,223] have advanced our understanding by using hydrogeochemical
analysis to evaluate the evolution of groundwater composition. They focus on
pollutants like fluoride and nitrate, and trace elements that pose significant risks to
human health [224].

In arid regions like Wadi El-Assiuti in Egypt, recent investigations have
assessed groundwater quality, emphasizing the dual challenge of ensuring
suitability for both drinking and agricultural uses. This research underlines the
critical impact of geological formations on water quality, with sedimentary rocks
contributing to the variability in groundwater composition [225].

Another noteworthy study from the Nekor-Ghiss plain in Morocco utilizes
geographic information systems (GIS) to classify groundwater quality using Piper
diagrams, highlighting how geochemical interactions and human activities
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influence water suitability for irrigation and consumption [226].

In the Tan-Tan region of Morocco, researchers have employed machine
learning (ML) and ensemble learning (EL) models to enhance groundwater
potential mapping. These models help predict groundwater levels and assess water
quality, leveraging large datasets to understand complex geospatial relationships,
significantly advancing groundwater management in arid areas [227].

In Egypt, specifically around the Ismailia Canal, the Water Quality Index (WQI)
has been utilized to evaluate groundwater for drinking suitability. This assessment
integrates environmental and hydrogeological factors, providing a comprehensive
analysis of trace elements and major physiochemical parameters [228].

Studies in Egypt's Sohag region have applied deep learning time series
techniques, specifically long short-term memory (LSTM) models, to forecast
groundwater quality. This research uses a range of water quality parameters to
create a Water Quality Index, assisting in managing groundwater resources
effectively in arid regions [229].

Research has also explored how land use and cover changes affect water quality
in lake basins in arid and semi-arid regions. Using models like the hybrid
evolutionary algorithm, these studies examine long-term changes in land use and
their impact on water quality, highlighting the importance of integrated
environmental management [230].

2.6. Rising of Groundwater in arid regions

The rising groundwater levels in arid regions worldwide are influenced by
multiple factors including climate change, land use modifications, and human
activities such as groundwater overexploitation and inadequate water management.
Climate change plays a significant role in altering groundwater recharge rates,
which may contribute to increased groundwater levels in some arid zones. For
instance, in Saudi Arabia, altered climate patterns have impacted irrigation water
requirements, which in turn affect groundwater usage, potentially influencing
groundwater levels [231].

Intensive groundwater extraction for agriculture and urban development often
leads to initial depletion, followed by complex interactions that may subsequently
elevate groundwater levels elsewhere. This phenomenon of overexploitation is
particularly evident in regions like Libya, where it has led to seawater intrusion,
thus degrading groundwater quality and altering hydrological dynamics [232].

Advancements in satellite technology, such as the Gravity Recovery and
Climate Experiment (GRACE), have significantly enhanced our understanding of
groundwater dynamics. A study in Alxa League, China, for example, applied
machine learning techniques to improve the spatial resolution of GRACE data,
providing detailed insights into the changes in groundwater storage influenced by
both natural variability and human activities [233].

Groundwater management in arid areas is further complicated by socio-
economic factors, including policy and governance issues. Effective management
is essential in these regions to mitigate water scarcity that can intensify social and
economic tensions. Changes in land use, such as increased urbanization or shifts in
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agricultural practices, also impact groundwater levels by altering natural recharge
areas, which can either enhance or impede groundwater infiltration. Sustainable
management practices that combine scientific knowledge with community
involvement are crucial to addressing the challenges posed by rising groundwater
levels [234]. Moreover, rising groundwater levels can trigger environmental issues
like soil salinization, which impairs land quality and reduces agricultural
productivity. This problem is particularly acute in arid regions where irrigation
practices elevate groundwater levels and enhance soil salinity, as documented in
several studies [234].

2.7. Water resources in Algeria

Algeria possesses potential water resources amounting to 19.2 billion m?,
comprising 12.4 billion m?® of surface water and 6.92 billion m* of groundwater,
primarily located in the Sahara region [235]. The northern aquifers, subject to
intensive exploitation, yield an annual extraction of 2 billion m®, while certain
regions face over-exploitation challenges. Extracted volumes from Saharan regions
are estimated at 1.7 billion m* [236]. The primary source of aquifer recharge in
Algeria is precipitation, characterized by irregular distribution in both time and
space. Approximately 1.5 billion m?® of water are annually extracted and utilized.
Notably, 75% of Algeria's renewable resources are concentrated in just 6% of the
country's territory [237,238]. Conversely, significant reservoirs are found in the
southern part of the country [239]. The total usable reserves are estimated at 5
billion m* annually, with only 1.6 billion m* being utilized [19]. This available
water resource satisfies about 66% of the country's annual water demand [240].
Algeria's fresh and potable water sources are categorized into three sections:
surface water (rainwater reservoirs), groundwater reservoirs, and unconventional
water sources [241]. Regarding water quality, Algeria's national report indicates
that 44% of the collected water is of high quality, 44% is of satisfactory quality,
and 12% is of poor quality, without differentiation between surface and
groundwater [235].

The huge reservoir that exists in the south of Algeria and includes several
Saharan regions and cities of the Algerian Great Desert such as Oued Souf Valley
is called the Northwest Sahara Aquifer System (NWSAS), which ranks as the
second largest reservoir globally. This aquifer system is jointly shared by three
nations, namely Algeria, Tunisia, and Libya [242]. Spanning an overall area of
approximately one million km?, the distribution of this aquifer system is divided
among the three countries as follows: Algeria holds 70%, Tunisia has 6%, and
Libya possesses 24% [242]. Within Oued Souf Valley, the aquifer system
comprises three main aquifers, each varying in terms of depth and physiochemical
properties [243-245].
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2.8. Rising of the Phreatic groundwater level history in Oued Souf
Valley and its impact on public health and the environment

The phenomenon of rising Phreatic groundwater levels in the Oued Souf region
is complex and has been occurring for almost half a century. Prior to 1956, all water
used for human, animal, and agricultural purposes was sourced from the Phreatic
aquifer (shallow aquifer) [246-249].

The increase in population and expansion of cultivation necessitated the drilling
of the first well in the Terminal Complex to supply drinking water to Oued Souf in
1956. Between 1957 and 1969, approximately one new well per year was drilled
in the Terminal Complex. From 1970 to 1980, an average of two wells per year
were constructed in the Terminal Complex. Starting in 1980, the first instances of
waterlogging in agricultural lands (Ghout systems) and a gradual, persistent rise of
the groundwater table on the outskirts of El Oued municipality were observed,
which raised concerns among the authorities in 1985 [250].

Between 1980 and 1987, around a hundred new wells were drilled in the
Terminal Complex, and three wells were drilled in the Continental Intercalaire. The
latter are highly artesian, with flow rates of 200 liters per second, which is 5 to 10
times higher than those of the Terminal Complex. In 1993, the groundwater had
flooded the palm grove for a distance of 25 km in the Kouinine-Robbah corridor.
The affected area by the rising waters covers an area of 3,000 km?, where 380,000
inhabitants reside, distributed among 18 municipalities, including Bayadha,
Robbah, Kouinine, Guemmar, Taghzout, Hassani Abdelkrim, Debila, Sidi Aoun,
Magrane, Hassi Khelifa, Reguiba, Mihouensa, Oued Alenda, Ogla, Nakhla,
Ourmes, and Trifaoui [21,22].

From 1993 until 2004, a series of investigations were carried out to understand
the geometric and geological characteristics of the aquifer and identify the existing
wells. At the end of the investigation, a series of measures were implemented, such
as discontinuing new irrigation wells in the Terminal Complex and Continental
Intercalary, replacing them with wells in the phreatic aquifer, reducing water
supply allocations to the population, constructing new improved wells for
agriculture in the phreatic aquifer, and developing new agricultural areas [251].

During that time, the region experienced severe pollution and health issues as a
result of several factors such as the flat topography. Firstly, the polluted water table
began to rise, filling with discolored and unpleasant-smelling water contaminated
with various types of waste. This was primarily due to the flooding of septic tanks
and cesspools, allowing bacterial pollution to spread throughout the shallow
aquifer. Additionally, water contamination by nitrates from domestic and
agricultural sources was a significant concern [252].

The water's high mineral content was another problem, resulting from intense
evaporation from open water bodies and salt dissolution. Compounding the issue,
the Ghouts, which were flooded areas, served as unofficial dumping sites for waste.
Consequently, stagnant water created a breeding ground for mosquitoes, leading to
an increase in waterborne diseases, parasitic infections, skin ailments,
leishmaniasis, malaria, and typhoid among the local population [23]. For instance,
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the municipal health service in the town of El Oued recorded hundreds of cases of
typhoid fever during that period, highlighting the severity of the situation and its
impact on public health [24,253].

In general, the Northern Sahara of Algeria, especially the groundwater quality
in the Oued Souf Valley, has been the subject of research in several studies. These
studies have primarily focused on the geological and hydrogeological contexts of
the aquifers, exploring the Northern Sahara aquifer system [254-260]. Apart from
geological and hydrogeological investigations, numerous studies conducted over
the past three decades have indicated that the groundwater quality in this region is
characterized by excessive total mineralization, often accompanied by high
hardness and elevated fluoride concentrations. These concentrations frequently
surpass the recommended guidelines of the World Health Organization (WHO) and
the limits set by Algeria, assessed through conventional hydro-chemical,
bacteriological, statistical, and isotopic methods [116,243,268-273,260-267].
Additionally, various studies have delved into the treatment of these groundwaters
using different techniques, such as lime precipitation and electrocoagulation
employing bipolar aluminum electrodes and activated natural materials [274-277].
However, no study has been conducted to assess and reveal the presence of heavy
metals in the aquifers of the Oued Souf Valley.

The rising of the phreatic groundwater level and its impacts represents one of
the most rare case in the history where the precipitations do not have any
contribution to this phenomena since the source of precipitation in the Saharan
regions varies depending on the season. In the summer, precipitation is primarily
influenced by monsoon depressions, while in winter, it is associated with
depressions accompanying the southward movement of polar fronts. During the
transitional periods, rainfall occurs due to Sudano-Saharan depressions that cross
the Sahara from the south to the north [278]. However, in the Oued Souf region,
rainfall is characterized by its low, irregular, and infrequent nature [199]. Based on
the climatic analysis performed on 42 years of data obtained from the Guemmar
airport meteorological station (1978-2020) [279], it was revealed that the
irregularity and scarcity of precipitation, high temperatures, and extremely high
evapotranspiration (potential evapotranspiration- PET) have significant
repercussions on surface runoff and infiltration. Throughout this research, it was
also discovered that the climatic conditions in the region do not contribute to the
natural recharge of the groundwater reservoirs in the Oued Souf Valley, which
explains the high agricultural deficit (AD) experienced throughout the year, thus
necessitating irrigation, as shown in figure 1. Furthermore, the hydrological water
budget consistently indicates a deficit, which puts significant pressure on socio-
economic life and may exacerbate drought and desertification phenomena.
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Figure 1. Water budget parameters over 42 years (1978-2020) [279].

2.9. Vertical Drainage System of Oued Souf Valley

In an effort to address the escalating groundwater levels and pollution spread,
Algerian authorities initiated a large-scale project (mega project) in 2005 via an
additional drainage system (vertical drainage system) [280]. This project consisted
of four plans: the Sewerage Plan, Purification Plan, Evacuation Plan, and Drainage
Plan. However, despite these efforts, the project faced numerous challenges and
ultimately failed to achieve its primary objective [281].

However, the implementation of the vertical drainage system involves the use
of 58 drainage wells drilled at depths ranging from 21 to 40 meters. These wells
are equipped with submersible pumps capable of pumping 6 litres per second.
Spaced approximately 500 meters apart, the drainages are connected by 37
kilometres of pipelines to ensure the equalization of water levels in Oued Souf City.
The primary objective of this system is to stabilize the water table in flooded
neighborhoods, maintaining a minimum depth of 1.5 meters. Additionally, it aims
to counteract the phenomenon of upwelling in other parts of the city and prevent
the occurrence of new flooding areas. This is achieved through a general drawdown
of 5 to 10 meters deep, which allows for autonomous sanitation in areas that cannot
be connected to the drainage network [282,283].

Currently, the management of the drainage system is overseen by the EI-Oued
National Sanitation Office (Office National d'Assainissement d'El-Oued, ONA).
The system operates on the principle of collecting all infiltration water beneath the
El-Oued urban area. This water is pumped into the 58 drilled wells and utilized as
much as possible for on-site irrigation of green spaces. The remaining water is
collected at the pumping station and conveyed over a distance of approximately
4200 meters to the collection point of the wastewater treatment plant. There, it
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undergoes treatment in aerated lagoons before being discharged at the designated
discharge site (Chott Halloufa) [284]. Figure 2, represents the mega project
constructed by the Algerian authorities in 2005 including the vertical drainage
system.
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Figure 2. The mega project constructed by the Algerian authorities in 2005
modified from [284].
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3. Materials and methods

3.1. General setting of Oued Souf Valley region

3.1.1. Hydrogeology of Oued Souf Valley

The uppermost aquifer in the region, known as the phreatic aquifer [285],
consists of fine sands mixed with sandy clays and gypsum lenses, forming the free
water table. This aquifer has a thickness of approximately 100 meters and
groundwater can be found at depths ranging from 1 to 40 meters. Beneath the
phreatic aquifer lies an impermeable clay layer. Groundwater extraction from the
phreatic aquifer is carried out through thousands of traditionally dug wells, with
the total number surpassing 35,000 in 2015. The average permeability of the
phreatic aquifer is 10 meters per second, and the horizontal transmissivity and
storage coefficient are estimated to be 1072 meters per second and 0.2, respectively.

The natural replenishment of the phreatic aquifer occurs through the infiltration
of precipitation and runoff from rock formations on the southern edge of the Great
Oriental Erg. Additionally, sporadic heavy rainfall events, such as those witnessed
in April 1947 and May 1967 in the region, contribute to its recharge [259,286—
289]. The next aquifer, known as the complex terminal, is a deeper aquifer
composed of multiple layers within various geological formations. Specifically, it
belongs to the continental formations from the Cretaceous to Miocene periods. This
aquifer is typically found at depths ranging from 400 to 600 meters, with an average
thickness of about 400 meters. It contains fossil water that is estimated to be
between 20,000 and 30,000 years old. In 2015, around 182 deep wells were drilled
into this aquifer, with 28 serving irrigation purposes and 154 for municipal and
drinking water supply [239,267,268]. The third deepest aquifer is referred to as the
continental intercalary aquifer, consisting of continental deposits from the Middle
Jurassic to the Lower Cretaceous periods, specifically the Barremian and Albian
stages. The lithology of this aquifer comprises sandstones and clayey sandstones.
It is situated at depths ranging from 1800 to 2200 meters, with a thickness of 200
to 400 meters. Similar to the previous aquifer, it also holds fossil water with an age
of at least 20,000 to 30,000 years. Only four deep wells have been drilled into this
continental aquifer, all serving the purpose of drinking water production, as the
groundwater at this depth has a temperature exceeding 70°C [256,290]. Figure 3
illustrates the composition of the reservoirs within the Northwest Sahara Aquifer
System (NWSAS).
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Figure 3. Hydrogeological section of the North West Sahara Aquifer System
modified from [291].

The Oued Souf region, situated in the northeastern Mesozoic basin of the
Sahara, is characterized by continental sand dunes formed during the recent
Quaternary period. The sand dunes, composed of fine-grained, compact, and
uniform sand, cover the entire region, reaching heights of up to 100 meters in the
southern part. The region also features deepened plateaus known as Sahans, which
are extensive and sometimes stony, with Quaternary gypsum deposits. Saline
depressions, called Sebkha, are located in the northernmost part of Oued Souf
Valley, occupying the lower part of the vast Saharan basin [254,258,292,293]. The
Oued Souf region lies within the northeastern Mesozoic basin, also known as the
Triassic basin, which is situated northeast of the Sahara platform. The region's
geology comprises sediment formations ranging in age from the Lower Cretaceous
to the Quaternary. The base of the sedimentary basin consists of water-rich marine
formations from the Paleozoic era, overlain by layers that can extend over 2000
meters [255,294,295]. Despite the region's geology and geomorphology, the
prevailing climatic conditions make the development of surface water resources
challenging [278]. As a result, groundwater is the primary accessible water
resource in the Souf region, serving various purposes [296]. Figure 4 provides a
geological cross-section of the Oued Souf region.
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3.1.2. Topography of Oued Souf Valley

Oued Souf Valley is part of the great eastern Erg, and its topographical nature
is known as the lower Sahara region because of its low altitude. It is located in the
Septentrional Sahara. Oued Souf Valley is characterized by a set of sand dunes of
continental origin with an attitude that fluctuates from 64 to 100 meters [256].
However, the slope of the Oued Souf region is very low and oscillates between
0.03 and 0.16%, as shown in figure 5. The slope of the region is generally oriented
South-North, with depressions in the city center of El-Oued.
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However, Oued Souf Valley as a term does not imply the existence of a stream
of water but aims to characterize a depression where the vegetation, although thin.
Hence, it can distinguish three relief forms in the Oued Souf region according to
[247] such as Sahanes, Erg, and Sebkhas. The relief of Oued Souf presents itself
under a double aspect, the Erg and the Sahane, in a sandy region. A form of rocky
plateaus, which extends to the south with alternating dunes and rocky ridges.

e A zone of depression, characterized by the presence of a multitude of
chotts which dip towards the East.

e In the South of Souf, one encounters immense and well-differentiated
dunes, sometimes reaching 200 m in height; they are called the Ghroudes.

The fundamental difference to be made in the topography of the Souf is that
which exists between the Erg and Sahane is that the Erg is a region where the sand
accumulates in dunes; this is the most important part, it occupies 3/4 of the total
surface, is relatively thick, always of the order of several tens of meters, and the
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recent sinkings of wells showed a thickness a little greater than one thought 70—80
m in the southern part of Souf, 60 m at the place of El-Oued, it thins out gradually
towards the north of the Souf at 30 m, and is no more than a cover at the level of
the Sebkhas. It rests on impermeable clayey bedrock from the Pliocene. While, the
Sahane is a flat and depressed region, sometimes stony, forming closed depressions
surrounded by dunes, at the bottom of which, a few rare plants grow on a gypsum
crust. However, the Sebkhas are formed When water evaporates under the effect
of heat, patches of various salts are deposited on the surface forming according to
the origin of their waters (phreatic or surface) the chotts and the sebkhas [297,298].

In another perspective, Sabkha is a basin occupying the bottom of a depression
with high salinity and more or less separated from a marine environment, in arid
regions. Nevertheless, it may still be in contact with the marine environment
through a very small trickle of water (deep water basin), or on the contrary through
seepage (shallow water basins). In the latter case, there may be periodic overflows
of water to the basin. In both cases there will be an increase in salinity, significant
evaporation, the appearance of brine and the precipitation of evaporites at the
bottom of the basin if the depth is shallow, or at one end if the depth is significant
[299].

3.1.3. . Agricultural and industrial activities in Qued Souf Valley

The agricultural sector is currently experiencing a boom in the Oued Souf
region. Encouraging outcomes have been consistently documented over the past
few decades, making Oued Souf one of the richest agricultural regions on a national
scale. Agricultural activities are spread throughout the entire region, as illustrated
in figure 6, indicating their dominant presence. Furthermore, Oued Souf has a total
utilized agricultural area of 1,759,876 hectares of grassland that is distributed into
several categories,as shown in table 1.
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Figure 6. Land cover map of Oued Souf Valley.

Table 1. Distribution of the surface areas of land used for agriculture in Oued Souf

Valley [300].
Characteristics of agricultural land Areas in (Ha)
herbaceous crops 47379
Fallow land 7 300
Natural grasslands 0
Vineyards 223
Fruit tree plantations 41 574
Pastures 1410 000
Unproductive land 253 400

Phoeniciculture, referring to the cultivation of date palms, is practiced in the

Saharan Ghouts, which represent a culturally significant environment of
exceptional beauty and have contributed to the creation of unique landscapes in
Oued Souf region [246].

The Ghout system, as a method for date production and palm tree cultivation,

involves the creation of large craters dug by hand, where the palm trees are planted.
Additionally, this cultivation method takes advantage of capillary action, allowing
water from the phreatic aquifer to naturally rise to the roots of the date palms. This
innovative approach enables farmers to avoid the expense of using traditional
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irrigation systems [280]. Figure 7 illustrates the Ghout system of Oued Souf
Valley.

Several types of Ghout systems exist in the Oued Souf region, depending on the
soil type and the direction of the sand-carrying winds. These include circular
Ghouts [301], elongated Ghouts [252], and rectangular Ghouts [302].
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Figure 7. An example of the Ghout system in Oued Souf Valley.

The boundaries of the Ghouts reach the Libyan border to the south and border
the Nemamchas Mountains, following a line that passes through Negrine, extends
eastward to the Tunisian border, and westward to the vast oasis of Oued Righ [302].

Since the 1990s, the agricultural sector in the Souf region has experienced a
significant shift in its agricultural practices, mainly due to the introduction of a new
element in the Soufi landscape called the mini-pivot. Supported by the State and
driven by the commitment of farmers in a participatory approach, the Saharan zone
of Oued Souf has now become the country's leading region for potato production.
Presently, the utilization of the mini-pivot irrigation technique is expanding
throughout the Oued Souf Valley as the Ghout system [303]. As the specific
utilization of fertilizers in Oued Souf is totaly related to the local agricultural
practices, soil composition, crop types, and farmer preferences. However, several
type of them are used in Oued Souf such as:

e Nitrogen-based fertilizers: These fertilizers contain nitrogen in various

forms, such as ammonium nitrate, urea, or ammonium sulfate. They help
promote leafy growth and overall plant development [304].
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e Phosphorus-based fertilizers: These fertilizers provide plants with
phosphorus, an essential nutrient for root development, flowering, and
fruiting. Examples include superphosphate and rock phosphate [305].

e Potassium-based fertilizers: Potassium fertilizers, like potassium chloride
or potassium sulfate, supply plants with potassium, which aids in overall
plant health, disease resistance, and fruit quality [306].

e Organic fertilizers: These fertilizers are derived from natural sources, such
as compost, manure, or plant residues. They enrich the soil with organic
matter and provide a range of nutrients beneficial for plant growth [307].

Table 2. Main industries in the activity zones in Oued Souf.

Municipality Activity field
El oued ) ) ) )
Industrial chemistry, and food and construction materials
Construction materials, steel transformation and metallurgy, textiles and
Kouinine clothing, leathers and derived products, and industrial chemistry
Food and construction materials, steel transformation and metallurgy,
hydraulic binders, industrial chemistry, and electrical and appliance
Bayadha industries
Hassi Steel transformation and metallurgy, construction materials, and industrial
khalifa chemistry
Hassani
abdelkarim Mechanical and automotive sectors, construction, and food industry
Megran mechanical and automotive sectors, construction, and food industry
Djamaa Mechanical and automotive sectors, construction, and food industry
Meghaiar Mechanical and automotive sectors, construction, and food industry
Oued alenda Electrical and appliance industries, and food industry

The industries in Oued Souf encompass various sectors, making this region one
of the most significant poles of Algerian industries. However, all the existing
industries in the Oued Souf Valley are spread across nine municipalities. These
industries include industrial chemistry, food and construction materials, steel
transformation and metallurgy, textiles and clothing, leathers and derived products,
hydraulic binders, electrical and appliance industries, and mechanical and
automotive sectors, as shown in table 2 [308]. Furthermore, the mining industry
represents one of the most notable sectors in Oued Souf. Annually, it produces
78500 tonnes of salt from the Chotts, 5500 m?® of sand for construction purposes,
and 18930 m? of volcanic tuff.

35




3.2. Data collection, sampling and analysis

To achieve the core purpose of this thesis, several study areas have been
selected based on the aquifer subject to analysis and the available data from the
phreatic aquifer, the complex terminal aquifer, and the continental intercalary
groundwater aquifers.

3.2.1. Analysis of the phreatic groundwater aquifer

3.2.1.1. Analysis of the phreatic groundwater level fluctuations

Research was conducted to evaluate the spatial distribution and temporal
variations of the phreatic groundwater level in Oued Souf Valley. This study
involved 58 monitoring wells that form part of the vertical drainage system. Among
these wells, 55 are situated in El Oued, while the remaining three are located
northwest of Bayadha, as illustrated in figure 8.
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Figure 8. Location map of the study area exemplifying the distribution of the
monitoring wells (drains of the vertical drainage system).

Groundwater level measurements were taken in different years, specifically in
2008, 2009, 2014, 2016, and 2018, by ANRH (Agence National des Rous sources
Hydrauliques- National Agency for Water Resources) and ONA (Office National
de I’Assainissement- National Sanitation Office). Additionally, data from 2021
was obtained through sampling conducted by the authors of this thesis. To ensure
consistency and avoid seasonal fluctuations, all groundwater level measurements
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were performed in May of each year. The depth measurements of the groundwater
were collected from the ground surface using level probes and piezometers
installed in each drain throughout the entire system. To minimize interference, the
measurements were taken either before or after the pumping phase, allowing
enough time for the groundwater level to return to its static state. Concurrently, the
water flow and volumes were measured. Moreover, the geographical coordinates
of these monitoring wells were determined using a Globe Positioning System
(GPS).

3.2.1.2. Analysis of the physicochemical and bacteriological
proprieties of the phreatic groundwater aquifer

The physicochemical and bacteriological assessment of the phreatic
groundwater aquifer in the Oued Souf Valley was conducted using twenty-eight
samples (22 samples from the vertical drainage system, and six samples were
collected from agricultural and peri-urban areas) as shown in figure 9. The
sampling area included El Oued, Bayadha, Debila, and Guemar. The sampling took
place in October 2021, while all the analyses were performed in the Laboratory of
Geology and Environment at the University of Constantine (Université Fréres
Mentouri Constantine). Temperature (T), pH, electrical conductivity (EC), and
total dissolved solids (TDS) were measured on-site using a Multi—350 i multi-
parameter device, while the remaining analyses were conducted using the methods
of [309]. Figures 10 and 11 illustrate the practical work of the phreatic groundwater
aquifer.
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Figure 9. Spatial distribution map of the samples from the phreatic groundwater
aquifer.
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Figure 11. Pictures of the lab work.
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3.2.1.3. Analysis of the heavy metals in the phreatic groundwater
aquifer

A research study was conducted to evaluate the presence of heavy metals in the
phreatic groundwater aquifer. In November 2022, a total of 14 groundwater
samples were gathered from this aquifer. Of these, 12 samples were acquired from
the vertical drainage system primarily situated in the El Oued municipality, while
one sample was taken from the Bayadha municipality. Additionally, two samples
were collected from agricultural areas, specifically from Kouinine and Ourmes, as
illustrated in figure 12. Physical parameters such as temperature, electrical
conductivity, and pH were measured on-site using a Multi-350 i multi-parameters
device. Subsequently, all samples were treated with 37% hydrochloric acid and
transported to Hungary for comprehensive heavy metal analysis at the Laboratory
of the Inorganic and Analytical Chemistry Department in Debrecen. The
quantitative analysis of the elemental composition of the samples was carried out
using microwave plasma atomic emission spectrometry (MP-AES 4200, Agilent
Technologies). A continuous supply of plasma gas was ensured by a nitrogen
generator (Agilent Technologies 4107) during the measurements. The MP-AES
instrument featured a vertical torch alignment and an axial observation position.
Both standard and sample solutions were introduced using an autosampler (SPS,
Agilent Technologies), with a 30-second rinsing period between each sample using
a 0.1 M HNO:s solution prepared with ultrapure water. For the macro elements
(A}, Ca?*, Fe**, K*, Mg*", Mn*", and Na"), standard solutions were prepared from
the mono-element spectroscopic standard with a concentration of 1000 mg/L
(Scharlau). Meanwhile, solutions for the micro elements (B**, Ba*", Bi**, Cd**,
Co*', Cu*', Cr**, Li*, Ni*", Pb*, Sr**, and Zn**) were prepared from the multi-
element spectroscopic standard solution with a concentration of 1000 mg/L (ICP
IV, Merck). In both cases, a 5-point calibration process was employed, where
standard solutions were diluted using 0.1 M HNO; prepared with ultrapure water.

Additionally, the limit of detection (LoD) for the MP-AES method was
determined following the procedure outlined in [310], a method that had been
previously validated and confirmed to be appropriate.
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Figure 12. Study area maps illustrating the geographical distribution of the
monitoring well.

3.2.2. Analysis of the deep aquifers

3.2.2.1. Analysis of the physicochemical and bacteriological
proprieties of the complex terminal and the continental intercalary
groundwater aquifers

To assess the complex terminal groundwater aquifer in the Oued Souf region, a
total of forty-nine (49) groundwater samples were collected during March 2019 by
the ANRH and Algerian of water company- Unity of El Oued (ADE- Algerriene
des eaux- Unite d’ El Oued). The sampling locations included El Oued, Debila,
Guemar, Kouinine, Ourmas, Reguiba, and Taghzout, covering both Mio-Pliocene
and Pontian aquifers. These wells are utilized for drinking and irrigation uses.
Furthermore, another assessment of the deepest aquifer (the continental
intercalary) has been conducted using three wells located in El Oued municipality.
The utilization of three wells are for drinknig puposes, and they were used to assess
the deepest aquifer is due to the shortage of the data from ANRH and Algerian of
water company- Unity of El Oued (ADE- Algerriene des eaux- Unite d’ El Oued).
Figure 13, illustrates the spatial distribution of the analzyed samples from the
complex terminal and the continental intercalary groundwater aquifers.
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Figure 13. Location map of the study area illustrating the distribution of the
monitoring wells from the complex terminal groundwater aquifer.

During the sampling process in March 2019, the groundwater was pumped
briefly into polyethylene bottles for analysis. On-site measurements were taken for
physical parameters like temperature, EC, and pH using a Multi—350 i multi-
parameters device. For chemical analysis, elements such as Cl (chloride), HCO3
(bicarbonate), SO4* (sulfate), Ca** (calcium), Mg** (magnesium), Na* (sodium),
K* (potassium), and NO;~ (nitrate) were analyzed using volumetry, UV-visible
spectrometry, and flame spectrophotometry [309]. Table 3, summerize all
informations about the number of the samples collected from each aquifer,
location, dates, and the tape of the conducted analysis.
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Table 3. Summary of the collected data used in this thesis
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To validate the analytical results, charge balance errors (%E) were calculated,
and they were found to be less than 5% with a negative value, indicating the
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dominance of anions in the groundwater samples [12,127]. Additionally, ANRH
conducted microbiological analyses, including parameters like total germs, total
and fecal coliforms, fecal streptococci, and sulphite-reducing Clostridium, with
different areas of cultivation.

3.2.2.2. Analysis of the temporal changes of the complex terminal
and the continental intercalary groundwater aquifers

A comparative study of hydrochemical parameters in the complex terminal
groundwater aquifer was conducted based on data from ten wells in El Oued
municipality during 2012, 2014, 2015, 2016, 2017, 2018, 2019, and 2020, which
were obtained from the ANRH and the Algerian Water Company - Unity of El
Oued (ADE - Algerienne des Eaux). The spatial distribution of the complex
terminal groundwater wells used in this comparison is represented in figure 14. Out
of the ten wells used for comparison, eight wells belong to the Mio pliocene layer,
one represents the Pontian, and another one the Lower Eocene. Meanwhile, another
comparative study was conducted to analyze the temporal variation of the
continental intercalary groundwater aquifer using hydrochemical data from 2012,
2014, 2015, 2017, 2018, 2019, 2020, and 2021, also obtained from the ANRH and
the Algerian Water Company - Unity of El Oued (ADE - Algerienne des Eaux).
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Figure 14. Spatial distribution map of the monitoring wells for temporal variation
of the complex terminal groundwater aquifer.

43



3.3. Adopted methodology for quantitative and qualitative assessment
of water resources in Oued Souf Valley

3.3.1. Statistical methods

In this thesis, hierarchical clustering analysis was conducted on each
hydrochemical study of every aquifer within the entire Northwest Sahara Aquifer
System of Oued Souf Valley. Q-mode, Ward's linkage, and Euclidean distance
techniques were employed for this analysis. The purpose of this method was to
group the groundwater samples analyzed in the laboratories and the groundwater
level (static depth) to elaborate on the differences based on their similarity and
identify any potential spatial patterns [311]. The hierarchical clustering analysis
was performed using Origin Pro 2021 and IBM-SPSS Statistics version 26
software.

3.3.2. Hydrogeochemical methods

In this thesis, the hydrogeochemical characterization of the phreatic aquifer,
complex terminal, and the continental intercalary was performed through the
graphical representation of the groundwater chemistry of each aquifer system
intended for the study using Stiff plot, Piper plot, Chadha plot, and Gibbs plot
throughout Grapher-Golden and Diagrammes software.

Regarding the geochemical analysis of the aquifer systems, saturation indices
[312], and mineral stability diagrams [313] were used in this thesis, as well as
several molar ratios, such as the molar ratio in bivariate plots of Na“-normalized
Ca*" and HCOs™, and Na*-normalized Ca*" and Mg** [118].

Chemical reactions and the determination of aqueous speciation within aquifer
systems can be accomplished by assessing the equilibrium state between
groundwater and existing minerals, with a particular focus on the saturation index
(SI) [312]. The saturation index was calculated using the following equation:

IAP

SI = Log (?t) (1)

The saturation index (SI) reflects the state of a mineral, with IAP representing
the ion activity product of the dissociated mineral and Kt indicating the equilibrium
solubility at the mineral's temperature. If SI < 0 for a specific mineral, it suggests
that the groundwater is under-saturated regarding that mineral, indicating
conditions conducive to mineral dissolution. Conversely, SI > 0 indicates
oversaturation of a mineral, suggesting conditions favorable for mineral
precipitation. An SI value of 0 denotes an equilibrium state, where the groundwater
is in balance with the mineral's solubility. On the other hand, Chloralkaline indices
are one of the most used methods to comprehend the occurrence of cation exchange
processes in the aquifer system, utilizing equations proposed by [314]. All
chemical parameters were measured in meq/L.
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_ Cl-(Na+K)
- cl

Cl-(Na+K)
S0,+HCO5+ CO3+ NO;

CAI -1 (2)

CAI-1I =

(3)
3.3.3. Indexing methods

3.3.3.1. Assessment of groundwater suitability for drinking purposes

For the assessment of the groundwater samples collected from each aquifer of
the Northwest Sahara Aquifer system, the water quality index proposed by [143]
was applied. The water quality index was calculated using the following formula:

_ i QWi
woI =22 (@)

The quality rating for the i parameter is represented as Q;, and each parameter
is assigned a weight (W i) equal to the reciprocal of the total number of parameters
(n). -

— ivo
a=lwl

In this given context, V; represents the observed value of the ith parameter,
while Vo denotes the ideal value for that specific parameter in pure water. For all
parameters except pH, Vy is set to zero. Specifically, for pH, V is established at 7.
Additionally, S; refers to the standard permissible value for the ith parameter. The
determination of the unit weight, W;, follows an inverse relationship with the
standard permissible value, S;, associated with water quality parameters. In simpler
terms, as the standard permissible value decreases, the unit weight assigned to the
parameter increases, and vice versa. This ensures that parameters with lower
permissible values carry greater importance in the overall water quality index.

Wi=g (6)
1
The constant K serves as the proportionality factor, regulating the adjustment
of unit weights (W;) to establish their inverse correlation with the standard
permissible values (S;) for water quality parameters. This ensures that the unit
weights properly reflect the importance of each parameter in determining the water

quality index.
1
p— (7)

i=1g

The threshholds values of this index are presented in table 4:
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Table 4. Threshholds of drinking water quality index.

Range of drinking water

quality index Classes
<50 Excellent water
100.0-125.0 Good water
125.1-150.0 Poor water
150.1-175.0 Very poor water
175.1-200.0 Unfit for drinking

3.3.3.2. Assessment of groundwater suitability for irrigation
purposes

For assessing the groundwater samples collected from the Phreatic, Complex
Terminal, and Continental Intercalary groundwater aquifers for irrigation usage in
this thesis, the following indices were used: PI, Kr, RSC, PS, RBSC, ESP, Ka,
synthetic harmful coefficient (k), % Na, SAR, TH, and MH. The application of
these indices was performed using different ionic parameters in meq/L. All these
indices can be calculated using the following equations:

_100(—0.0126+0.01475 SAR)

ESP = 1+(—~0.0126+0.01475 SAR) (8)
TH = 2.5 x Ca+ 4.1 x Mg (9)
Na+K
%Na = 100 x m (10)
SAR = —2 (11)
,Ca+Mg
2
PI = 100 x 2+ v1C0s (12)
Na+Mg+Ca
Na
R= Ca+Mg (13)

RSC = (HCO; + CO3) — (Ca+ Mg)  (14)

_ _Mg
- Ca+Mg

(15)
PS=Cl+ 350, (16)

RBSC = HCO; — Ca  (17)
K=124%x M+ SAR (18)
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288
=a if Na <Cl

288 _ifCl < Na < Cl+ SO, (19)

Na+4Cl
288

10 Na—5C1-9S0,

Ka =
if Na> Cl+ 250,

Meanwhile, the threshlods values of these indicies are illustrated in table 5:

Table 5. Threshhold values of irrigation water quality indicies.

Irrigation index Range Classes
<20 Excellent
2040 Good
Percent sodium (Na%) 40-60 Permissible
60-80 Doubtful
>80 Unsafe
<10 Excellent
Alkalinity hazard (SAR) 10-18 Good
18-26 Doubtful
>26 Unsuitable
<75 Soft
Total hardness (TH) 75-150 Moderately hard
150-300 Hard
> 300 Very hard
Magnesium hazard (MH) <50 Suitable
>50 Unsuitable
Permeability index (PI) <25 Suitable
25-75 Moderate
>75 Unsuitable
Kelley ratio (KR) <1 Suitable
1-2 Moderate
>2 Unsuitable
RSC <1.25 Acceptble
12525 Slightly adapted to irriga-
tion
>2.5 Not suitible
Ps <3 Excellent to good
>3 Injurious to unsatisfactory
RBSC <5 Satisfactory
5-10 Marginal
>10 Unsatisfactory
ESP <20 Excellent
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20- 40 Good

40- 60 Permissible
60- 80 Doubtful
>80 Unsuitable
Ka >18 Excellent
18-6 Permissible
12-6 Doubtful
<12 Unsuitable
Synthetic harmful coefficient <25 Excellent
(K)
26-36 Good
37-44 Injurious
> 44 Unsuitable

3.3.3.3. Groundwater pollution assessment

The assessment of the pollution level in the groundwater aquifer systems of Oued Souf
Valley in this thesis was applied throuhgt several water quality pollution indicies such as
the National Sanitation Foundation water quality index (NSFWQI), Groundwater pollution
index (GPI), and Nitrate pollution index (NPI). NSFWQI was computed using the
following equation:

NSFWQI = Ziz Wi (20)
i=1 Wi

In this equation, Q; represents the sub-index for parameter i, W; is the weight
coefficient corresponding to parameter i, and n is the total number of water quality
parameters [161].

Furthermore, GPI was used in this thesis along with the NSFWQI. Whereas,
GPI assesses the relative impact of individual chemical variables, namely pH, TDS,
TH, Ca*, Mg*, Na’, K*, CI', SO4", NOs~, and F, on the overall quality of
groundwater intended for drinking purposes. This index was determined based on
the following steps:

e Relative Weight Assignment (RW): Each chemical parameter is assigned
a relative weight (RW) ranging from 1 to 5 based on its impact on water
quality. The highest RW of "5" is assigned to parameters with the most
significant effects (NOs~, F~, SO4*, and CI"), while a minimum RW of "1"
is given to parameters with lesser effects (K* and HCOs"). Additionally,
RW of "4" is assigned to pH, TDS, Na*, and TH, while "2" is assigned to
Ca*" and Mg*".

e Weight Parameter (WP): The weight parameter (WP) is calculated as the
ratio of the RW of each chemical water quality measure to the sum of all
relative weights [Z(RW)].
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e Status of Concentration (SOC): SOC is computed by dividing the
concentration (Cn) of each chemical variable in a groundwater sample by
its respective Drinking Water Quality Standards (DWQS).

e Overall Quality of Groundwater (OQG): OQG for drinking purposes is
determined, where WP represents the weight parameter, and SOC signifies
the status of concentration.

e Groundwater Pollution Index (GPI): To assess the overall influence of
contaminants on groundwater quality, GPI is computed by summing all
OQG values. The GPI is then categorized into five classes, namely
insignificant pollution (GPI>2.5) [175,315].

The groundwater pollution index can be computed by the following equations:

RW

soc=-9_ (22
~ DWQS

0QG = WP xSOC  (23)
GPI = YOQG  (24)

On the other hand, the contamination level of Nitrate in the studied groundwater
aquifer system was applied using NPI which was calculated using the following

formula:
Cs—HAV

NPI = AV

(25)
C; represents the measured concentration of nitrate in the sample, and HAV is
the human acceptable value of nitrate, set at 20 mg/L.

The values used as the threshholds for the utilized irrigation index in this thesis
are presented in table 6:
Table 6. Threshhold values of pollution water quality indicies.

Pollution index Range Classes

National Sanitation F ozgiation Water Quality In- 91-100 Excellent
71-90 good
51-70 moderate
26- 50 poor

0-25 very poor
Groundwater pollution index <1.0 Insignificant pollution

1.0-1.5 Low pollution
1.5-2.0 Moderate pollution
2.0-25 High pollution
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>25 Very high pollution

Nitrate pollution index <0 clean
0-1 light pollution
1-2 moderate pollution
2-3 significant pollution
>3 Very significant

3.3.3.4. Environmental and human health risk assessment

In this thesis, two diffrent approeches have been conducted in order to evaluate
the environmental and human health risk throught the application of a combinition
of several indicies in both of the cases. Regarding the environmental assessment,
contamination degree (Cge), Geo-accumulation index (Igo), enrichment factor
(EF), Ecological Risk Assessment (ER) and the Potential Ecological Risk Index
(PRI) were computed. Meanwhile, the human health risk assessment was
conducted by the computation of the chronic daily intake (CDI), hazard quotient
indicies (HQs), and the total hazard index (HI).

The calculation for Cgee can be done as follows:

Cdeg = 2?:1 Cri (26)
Cai
Cry = 20— 27)

Additionally, Cri, Cai, and Cx; represent the contamination factors, analytical
value, and maximum permissible concentration of the ith component, respectively,
with N denoting the 'normative value.' According to the classification proposed by
[185], the contamination degree can be categorized as low when Cri < 1, medium
when 1 < Cp; < 3, and high when Cr; > 3. Conversely, the results for contamination
degree (Cqeg) are classified using [316] scheme, with low (Cqeg < 8), moderate (8 <
Caeg < 16), considerable (16 < Cgeg < 32), and high (Cyeg > 32).

The I, model is expressed by the following equation:

C
lgeo = 1082 70y (29)

Cuwms refers to the concentration of the selected metals in the groundwater
sample, while the geochemical background is represented by GBV, with the World
Health Organization (WHO) serving as the reference in this research [317].
Additionally, a constant of 1.5 allows for the examination of natural fluctuations
in the concentration of a specific substance present in the environment. The
classification of Ig, indices can be as follows: uncontaminated (Igeo < 0),
uncontaminated to moderately contaminated (0 < Igo < 1), moderately
contaminated (1 to 2), moderately to strongly contaminated (2 to 3), strongly
contaminated (3 to 4), strongly to extremely contaminated (4 to 5), and extremely
contaminated when g, > 6 [188,318].
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In this investigation, iron (Fe) served as the reference metal for EF computation,
which can be done using the following equation:
CiSample

EF = Fesample (29)

Cireference
Fe reference

Where (Ci sample/F€ sample) and (Ci reference/ F€ reference) denote the ratio of the metal
to iron in the groundwater sample and the natural background, respectively [319].
According to the classification by [320], the enrichment factor (EF) falls into six
classes: minor enrichment (EF between 1 and 2), moderate enrichment (EF
between 3 and 5), intermediate enrichment (EF between 5 and 10), severe
enrichment (EF between 10 and 25), very severe enrichment (EF between 25 and
50), and extremely severe enrichment (EF over 50). Analyzing the EF values
allows for the identification of contamination sources attributed to heavy metals
present in the aquatic system. Consequently, EF values exceeding 1.5 suggest
anthropogenic sources [321], while those ranging between 0.5 and 1.5 imply
lithogenic sources [322].

The Ecological Risk Index is formulated by integrating the Contamination
Factor (CF) with the Toxic Reaction Factor (TR):

ER = TR; X CF; (30)

Where TR; represents the toxic reaction factor for the metal, and CF; is the
contamination factor. According to [316], the standardized TR; values for Cu*',
Pb*’, Ni**, Cr**, Zn**, Fe*", and Mn?" are 5, 5, 5, 2, 1, 1, and 1, respectively.
However, no toxic response value has been identified for AI**, B**, Ba?*, Bi**, and
Sr?* in the literature. On the other hand, the Potential Ecological Risk Index (PERI)
can be computed by summing up the total Ecological Risks (ERs) of all heavy
metals dissolved in the groundwater samples [323]:

PERI = ¥, ER; (31)

As per the classification by [324], the categorization of ER; and PERI can be
outlined as follows: ER less than 5 indicates a low risk, 5 or more but less than 10
suggests a moderate risk, 10 or more but less than 20 signifies a considerable risk,
20 or more but less than 40 indicates a high risk, and ER greater than 40 signifies
a very high risk. For PERI, the categorization is as follows: low risk when PERI is
less than 30, moderate when 30 or more but less than 60, considerable when 60 or
more but less than 120, and high risk when PERI is equal to or greater than 120.

As per the United States Environmental Protection Agency (USEPA), the
human health risk assessment entails identifying potential adverse health effects
and human exposure to chemicals in a polluted environment [325]. Three potential
exposure routes are considered: direct consumption of drinking water, inhalation
of air, and absorption through the skin. These simulations can be employed to
calculate the dosage [326-328]:
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__ CWXIRXEFXED
T BWXWT

CDI (32)

The chronic daily intake to which a person may be exposed is known as the
Chronic Daily Intake (CDI), measured in (mg/kg/day). The concentration of the
selected metals in the groundwater samples is denoted as the Concentration in
Water (CW), measured in (mg/l). Additionally, IR represents the ingestion rate in
(L/day), EF signifies the exposure frequency in days per year, ED refers to
"Exposure Duration" in years, Bodyweight (BW) is given in kilograms (kg), and
(AT) is the averaging time [329,330]. The hazard quotient (HQ) for non-

carcinogenic risk can be estimated as follows [331]:
CDI

HQ = —— (33)

The oral toxicity reference dose value (RFD), serving as a reference dose,
signifies the daily dosage that an individual can endure at a particular level of
exposure for an extended period without experiencing adverse effects, expressed
in (pg/kg/day). Considering multiple toxicants, interactions are taken into account.
It is assumed that the toxic risks associated with potentially hazardous substances
found in the same media are cumulative. The hazard index (HI) is formed by adding
all the Hazard Quotients (HQs) together collectively [332]:

HI = XL, HQ; (34

The non-cancer toxicity risk is considered low when both the Total Hazard
Quotient (HQ) and Hazard Index (HI) values are less than 1. However, if these
values exceed 1, there is a potential for health issues to arise.

In this thesis, the environmental hazards assessment of heavy metals in the
phreatic groundwater aquifer, several indices were used, including the
Contamination degree [185], the Geoaccumulation index (Igeo) [188], Enrichment
factor (EF) [319], and Potential ecological risk index (PER) [324]. On the other
hand, a human health risk assessment study was conducted to predict the
probability and extent of hazards posed by certain activities to both human and
ecosystem health over time, using the chronic risk level (chronic daily intake-
CDI), hazard quotient (HQ), and hazard index (HI) indices [331]. However, for
performing the human health risk assessment, the RFD values in (ug/kg/day) for
Cr**, Cu*', Ni**, Pb*, Sr**, and Zn*" were 3, 40, 20, 3.6, 600, and 300, respectively
[333]. The considered RFD value for B was 300 (ng/kg/day) [334], while the RFD
value for Fe?" was considered to be 700 (ng/kg/day) [335]. In the case of Mn?" and
Ba*, RFD values of 24 and 200 (ng/kg/day) were considered, respectively [336].
Additionally, AI** had an RFD value of 700 (ng/kg/day) taken into consideration
[337].

3.3.4. Spatial analysis and the interpolation techniques
For predicting the spatial propagation of the chemical element as well as
groundwater level in the studies areas of this thesis, geostatistical modeling was

used through the ordinary kriging interpolation method [209] for assessing the
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phreatic groundwater level and the physicochemical elements in the phreatic
groundwater aquifer complex terminal. Regarding the heavy metals, the IDW
interpolation method [211] has been used due to the limited obtained samples.
Additionally, to streamline the process of IDW interpolation, various
simplifications and assumptions were applied. These included assuming a smooth
neighborhood type, setting the smoothing factor to 1, assuming an angle of 0°, and
considering the minor semi-axes as equal to the major semi-axes. On the other
hand, to select the best-fitted model in both of the methods, the mean error (ME)
and root mean square standardized error (RMSSE) values were considered [338].

In this thesis all the interpolation techniques were performed using ArcGIS 10.8
version.
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4. Results and discussion
4.1. The Phreratic groundwater aquifer analysis

4.1.1. Assessment of Spatial Distribution and Temporal Variations of
the Phreatic groundwater aquifer

4.1.1.1. Application of hierarchical clustering approach for grouping
the phreatic groundwater levels

The Q-mode hierarchical clustering analysis was utilized to classify the
monitoring wells (drains) from multiple years (2008, 2009, 2014, 2016, 2018, and
2021) based on their fluctuation variability. This classification was performed
using Ward's linkage technique and Euclidean distance. Hierarchical clustering is
a significant statistical method that assigns each case to a unique group or cluster
and progressively links these clusters until only one cluster remains. By applying
Hierarchical Clustering Analysis (HCA), a dendrogram representing spatial
hierarchical clustering has been generated. The analysis resulted in the formation
of four distinct groups, as shown in figure 15. The mean value within each group
played a pivotal role in differentiating and classifying these groups. Notably, the
mean values increase progressively from the first group to the fourth group, as
presented in table 7.
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Figure 15. Dendrogram of the clustered groundwater level over the studied years.
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Table 7. Statistical summary of the four main groundwater levels recorded from the
drainage system in the studied period grouped by HCA.

Groups Years 2008 2009 2014 2016 2018 2021 Mean
N total 22 22 22 22 22 22
Min -0.3 -0.4 0.6 1 5.1 2.1
Group 1 Mean 2.99 2.64 5.6 6.43 11.44 6.37 591
Max 5.92 5.46 10.36 14.48 15.8 9.5
Standard deviation 1.69 1.53 2.45 3.77 3.01 2.48
N total 18 18 18 18 18 18
Min 2.22 2.16 4.9 1.11 10.44 8.4
Group 2 Mean 4.62 4.34 7.18 4.95 14.31 11.07 7.74
Max 7.13 7.04 12.61 7.63 28.8 15
Standard deviation 1.43 1.3 1.74 1.94 4.51 1.74
N total 18 18 18 18 18 18
Min 4.49 4.05 7.31 7.22 7.8 6.2
Group 3 Mean 7.19 6.9 9.91 10.62 10.96 10.31 9.31
Max 113 10.51 14.02 15.1 14.4 15
Standard deviation 1.84 1.71 2.12 2.74 2.38 2.48
N total 18 18 18 18 18 18
Min 8.5 7.86 11.2 11.7 14.46 6.3
Group 4 Mean 12.31 11.64 14.42 15.09 15.61 8.8 12.98
Max 153 15.17 18.23 19.53 19.8 12.5

Standard deviation 2.15 2.26 2.56 2.38 1.87 2.37

The spatial and temporal variations among the wells in different clusters are
illustrated in figure 16. Cluster 1 comprises 22 wells that exhibit similar fluctuation
patterns, with mean fluctuations ranging from 2.64 meters below ground level
(mbgl) in 2009 to 11.44 mbgl in 2018. The average fluctuation for this group is
shallowest, measuring at 5.91 mbgl. These wells are concentrated in the central
area of the study site, expanding towards the southeast, with only one well located
in the northeast. In contrast, cluster 2 consists of eighteen wells with mean
fluctuations varying from 4.33 mbgl in 2009 to 14.30 mbgl in 2018. The average
fluctuation in this group is deeper compared to cluster 1. The wells in this cluster
are distributed across the study area, covering the southern east, the center to the
northwest, and one well in the northeast. Moving on to cluster 3, the wells in this
group show fluctuations in depth ranging from 6.90 mbgl in 2009 to 10.96 mbgl in
2018, with a total mean fluctuation of 9.31 mbgl. These wells are spatially
distributed from the center to the northeast of the study area, except for one well in
the northeast. Furthermore, cluster 4 exhibits the deepest fluctuation means, with
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variations ranging from 11.64 mbgl in 2009 to 15.61 mbgl in 2018. The total mean
fluctuation for this group is 12.98 mbgl. These wells are located separately in the
southwest of the central part to the southwest of the study area. Notably, both the
third and fourth clusters consist of the same number of wells as the second group.
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Figure 16. Map showing four clusters of drains.

4.1.1.2. Geostatistical Modelling and the phreatic groundwater level
fluctuations

The initial step in statistical analysis involves the creation of frequency tables,
histograms, and fundamental statistical computations. Summary statistics, such as
the mean, coefficient of variation, minimum, maximum, skewness, and kurtosis
values, can be found in table 8. Based on the information provided by the
histograms, kurtosis, and skewness values, it can be inferred that the data for 2008,
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2014, 2016, and 2021 exhibit approximately normal distribution. For the data from
2009 and 2018, a logarithmic transformation was applied before conducting the
geostatistical analysis. In order to gain further insights into the upward movement
of groundwater in the study area, the anisotropy of the phreatic aquifer was
confirmed using semivariance analysis and ordinary kriging. In this regard,
omnidirectional experimental semivariograms were generated for the groundwater
levels of 2008, 2009, 2014, 2016, 2018, and 2021 in the four main directions: E-
W, NE-SW, N-S, and NW-SE.

Table 8. Statistical summary of the studied groundwater levels.

A z £
5 % =2 2 : e 7 §
g :
2008 58 341 541  63.068 -03 342 4.56 6.56 153 1.030 0.92
2009 58 3.28 506 64974 -04 275 4.15 6.53 15.17 1.073 1.07
2014 58 3.57 797  44.851 0.6 557 738 9.5 18.23 0.711 0.80
2016 58 4.42 780  56.706 1 4.94 713 9.73 19.53 0.510 -0.33
2018 58 3.71 12.74 29.186 5.1 10.5 12.51 14.7 28.8 1.370 5.309
2021 58 3.02 886 34.158 2.1 72 9.22 11 15 -0.341 -0.054

The analysis revealed a slight level of anisotropy, indicating that the
experimental semivariograms created for different directions exhibited variations
in their sills and influence ranges. However, these anisotropies were inadvertently
overlooked, leading to the use of isotropic models instead. In the model selection
process, mean error (ME) and root mean square standardized error (RMSSE)
values were taken into account. The goal was to identify the best-fit semivariogram
models, and their evaluation was primarily based on predictions. A model was
considered favorable when RMSSE approached unity, and ME remained very low.
The specific parameters adopted for the examined annual groundwater levels can
be found in tables 9 and 10. Subsequently, hypothetical models were fitted to the
more standard non-directional semivariograms, which are depicted in figure 17.

Table 9. Fitted experimental semivariogram parameters and their cross-validation

results.
Year Model Nugget Partial Sit Range (Co/Co + C) Spatial Dependence
(C0) sill (C0+0) (m) 100
©

2008 Pentaspherical 2.100 13.961 16.060 3054.9 13.074 Strong

2009 Hole effect 3.639 9.239 12.878 3000.3 28.260 Moderate
2014 Gaussian 4295 13.192 17.487 1931 24.560 Strong

2016 Circular 5.830 18.576 24.405 1865.2 23.887 Strong

2018 Spherical 1.427 13.007 14.434 702.6 9.886 Strong

2021 Stable 3.630 6.400 10.030 5062 36.191 Moderate
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Table 10. Prediction errors of the selected models.

Years Prediction Errors
Mean Root Mean Average Standard Er- Mean Standard- Root Mean Square Standard-
€ Square ror ized ized
2008 -0.033 2.559 2.520 -0.010 1.035
2009 -0.031 2.453 2.211 -0.010 1.126
2014 0.002 2.685 2.588 0.003 1.064
2016 0.042 3.185 3.579 0.004 0.913
2018 0.016 3.464 3.773 0.008 0.948
2021 -0.008 2.987 2.978 -0.004 1.002
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Figure 17. Fitted experimental semivariograms of groundwater level over the years:
(A). 2008, (B). 2009, (C). 2014, (D). 2016, (E). 2018, (F). 2021.

The analysis of the groundwater levels for each selected year revealed that
different models were the best fit for each dataset. The models used were Penta-
spherical for 2008, Hole effect for 2009, Gaussian for 2014, Circular for 2016,
Spherical for 2018, and Stable for 2021. These selections were based on the mean
error and the root mean square standardized error.

The range of influence and the sill values of the adopted models showed
significant differences. The range of influence represents the distance within which
the groundwater level values exhibit spatial dependence. Notably, the minimum
spatial dependence of 702.55 meters was observed in 2018, while the maximum
spatial dependence of 5061.97 meters was identified in 2021. However, the
presence of the nugget effect indicates variability or fluctuations across shorter
distances than the spacing between observation wells, as well as other unaccounted
recording errors. According to [339], the aquifer structure displays strong spatial
dependence, which remained relatively constant over the years, except for 2009
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and 2021 when the spatial structures showed a moderate level of dependence.
Furthermore, the very low nugget effects suggest that the groundwater level
fluctuations are highly time-correlated and exhibit a strong temporal structure,
meaning that there is a significant connection between the groundwater levels
measured at different time points.As it can be observed in the generated prediction
maps of ordinary kriging for the water table status in 2008, several patterns were
detected in the study area. Variations extend from the northwest to the southeast of
the study area, where groundwater depths range from approximately 3 to 4 meters
and upwell near the surface (1-3 meters) and even reach the surface (-0.3 meters in
D20), mainly in the center of El-Oued municipality. In the southwest of the
research region, the depth to groundwater was more than 6 meters below ground
level and decreasing (going deeper). Another observation was that the depth was
decreasing by around 2 meters near two drains, D05 (northeast) and D45 (south).
In 2008, when the vertical drainage system began functioning, the groundwater
levels were very shallow. Besides D20, other drains recorded very shallow levels
that were close to the surface, such as D13, D17, D18, 32, and D33, where the
levels ranged from 0.43 to 1.88 meters below the ground surface. On average, the
depth of groundwater fluctuated by about 5.42 mbgl during 2008.

Similarly, in 2009, the groundwater level continued its upwelling from the
northwest part to the southeast, where the shallowest level was recorded in D20 at
-0.4 mbgl, while the deepest level was noted in the same drain as in 2008, which is
D52 at 15.17 mbgl. D13, D17, D18, 32, and D33 had the same trend as in 2008,
where their levels varied from 0.41 to 1.75 mbgl. The mean groundwater level in
2009 was 5.06 mbgl, which was deeper than in 2008, indicating an increase in the
upwelling average in the study area during 2009, as is shown in figure 18 (A), and

(B).
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Figure 18. Evolution maps of groundwater level in the study area: (A). 2008, (B).
2009, (C). 2014, (D). 2016.

60



The groundwater level began its significant decline in 2014 and 2016,
respectively. However, as usual, the shallowest groundwater levels were observed
in a gradual upwelling state from the central northwest part to the southeast of the
study area, reaching the minimum value, which was recorded as 0.6 mbgl in D13
in 2014 and 1 mbgl in 2016. The deepest levels were noted in the southwest of the
study area, where the levels were more than 8 mbgl and experienced a significant
decline, reaching 18.23 mbgl in 2014 and 19.53 mbgl in 2016, respectively, as
illustrated in figure 18 (C), and (D). The fluctuation rates ranged from 7.97 mbgl
in 2014 to 7.81 mbgl in 2016, as shown in table8. Furthermore, the minimum
groundwater level in 2018 shifted to D32 at 5.1 mbgl, located in the southeast part
of the city, while the deepest level shifted to D37 at 28.8 mbgl, situated in the south
of El Oued city. Meanwhile, the fluctuation rate in 2018 was 12.74 mbgl.
Nevertheless, when comparing the year 2008 and other years, the differences in
groundwater decline and upwelling rates are predicted to be -0.36 m in 2009, 2.56
m in 2014, 2.39 m in 2016, and 7.32 m in 2018, as shown in figures 19 and 20 (E).
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Figure 19. Decline and rise rates over the years of the observation period.
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Figure 20. Evolution maps of groundwater level in the study area: (E). 2018, (F).
2021.

In 2021, a significant change in the groundwater level status was observed in
the study area, particularly concerning fluctuations, decline, and rising rates. The
deepest groundwater levels were found in two main regions: the center of the study
area, where D34 reached a maximum depth of 15 meters below ground level
(mbgl), and the northwest part, where D10 registered the same depth of 15 mbgl.
Additionally, other drains like D52, D53, and D54 recorded considerable depths,
as shown in figure 20 (F).

Conversely, the minimum groundwater level was observed in the central east of
the study area, specifically in D32, where the groundwater level was at 2.1 mbgl.
Despite experiencing a significant decline in the previous years, the depth of
groundwater fluctuated by approximately 8.87 mbgl in 2021. This significant rise
in groundwater levels compared to the average of 3.9 meters in 2018 indicates a
notable change in the hydrological conditions of the study area, as illustrated in
figure 19. These findings suggest that there have been substantial changes in the
groundwater dynamics over the years, with 2021 showing a remarkable increase in
the groundwater levels compared to the previous observations. The study area's
hydrological balance and groundwater patterns appear to be evolving, which may
have implications for water resource management and environmental planning in
the region.

These observations highlight the changing patterns of groundwater levels over
the years and indicate significant variations in different areas of the study area, and
this is due to the fact that the water table is influenced by various factors, leading
to multiple explanations for the decline of groundwater and its fluctuations during
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the study period. One key factor contributing to the decline is the independent use
of groundwater in the study area, which reduces the water returning to the phreatic
aquifer. Based on the obtained data from ANRH and ADE in 2019, approximately
94.7% of the withdrawn groundwater from the entire aquifer system is utilized for
diverse purposes. Most of this water, around 93.5%, originates from the complex
terminal aquifer, with contributions from the Miocene, Pontian, and Eocene
sources, along with a smaller proportion (1.2%) coming from the continental
intercalary (Barrimian). The remaining 5.3% is discharged through the vertical
drainage system, which handles the residual phreatic groundwater from the
Quaternary period.

Notably, a significant portion of the groundwater resources is allocated to
drinking water supply (40.4%) and irrigation (51.3%), possibly even more. The
drainage system accounts for about 8.3% of the groundwater usage (see figure 21
A, B). The rapid expansion of agriculture and its development around the city of
El Oued Souf, specifically in the agricultural areas surrounding Oued Souf city,
significantly contributes to the swift decline of the phreatic aquifer through the
intensive use of groundwater. This usage occurs relatively far from El Oued,
reducing the return of infiltrated water to the phreatic aquifer.
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Figure 21. (A). Distribution of the extracted water in percentage from the aquifer
system of the study area, (B). Distribution of the extracted water in percentage
depending on the usage.

Meanwhile, the initial outcomes of the vertical drainage system revealed
unfavorable results, with the phreatic groundwater level showing a rising rate of -
0.36 meters between 2008 and 2009, and this is due to the fact that the vertical
drainage system was in its beginning of its functioning to reduce the level of the
water table that rose before the study period due to several natural and
anthropogenic factors such as the natural topography and the absence of a natural
outlet of the region, insufficient/weakness and miscoordination between different
sectors that governs the water management in Oued Souf Valley that are
represented by intensive exploitation of deep groundwater reservoirs which returns
to the shallow aquifer, absence of sewage and drainage network, leakage from
drinking water supply system.

However, over the course of the study, these adverse effects gradually
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improved, and the drainage system started to yield more positive results. The
implementation of the vertical drainage system in El Oued led to a progressive
decline in groundwater levels over time, significantly reducing the contamination
levels in the phreatic groundwater aquifer. The shift from septic tanks to the new
drainage system played a crucial role in achieving this improvement. Moreover,
the extension of the sewage network to connect most residential areas helped
eliminate the previous practice of discharging large quantities of wastewater
directly into the environment, which used to eventually find its way back to the
phreatic aquifer. Approximately 27.5 million cubic meters per year of wastewater
are now directed through the drainage system to the treatment station, as depicted
in figure 22, with a discharge flow rate of 7.74 liters per second. This approach has
contributed significantly to mitigating the contamination of the groundwater.
However, despite the progress, there are concerns about the groundwater levels,
particularly as indicated by the 2021 results, which have raised several questions
and fears of a potential resurgence of the groundwater upwelling issue. Several
factors might be contributing to the possible rise in groundwater levels in the study
area. For instance, the inefficient drinking water supply network, plagued by
significant water leakages, unaccounted withdrawals due to the lack of meters or
measurement system failures, and illegal withdrawals (such as unauthorized
connections and meter tampering) could all be influencing the groundwater
situation. These factors require attention and corrective measures to avoid a
recurrence of the groundwater upwelling crisis.
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Figure 22. Groundwater exploitation, Sewerage, treatment of wastewater,
evacuation, and drainage systems of the study area (source: The author).

Regarding the drinking water supply network in Oued Souf, there are several
issues contributing to losses and inefficiencies. These include problems with
defective joints in pipe connections and conduits made of various materials such
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as steel, asbestos, concrete, and polyvinyl chloride. Additionally, leaking tanks and
valves further exacerbate the situation. Moreover, there are problematic
connections with other supply systems, and non-remunerated withdrawals, such as
water usage for firefighting, inspection work, network maintenance, and pipe
rinsing. The presence of water-intensive industries like gypsum production also
significantly contributes to the high-water consumption.

In the drainage system, certain issues may lead to a resurgence in groundwater
levels. Power outages can disrupt the pumping process, and regular maintenance is
essential to keep the system functioning optimally. However, during the 2021
measurement period, several drains had not been operational since 2018, indicating
a lack of proper maintenance. While it's worth mentioning another potential
explanation, the non-homogeneity of the unconfined aquifer (phreatic aquifer) due
to the presence of clay lenses at shallow depths that support the rise of groundwater,
this aspect falls beyond the scope of this research and won't be further explored
[340]. Additionally, the wastewater purification plant responsible for treating the
collected wastewater faces various issues. Some of the problems include the
breakdown of pumps, particularly in the Desander stage, primarily caused by the
high level of wastewater in the grit trap, leading to the failure of two suction pumps
and inadequate performance of the third pump. Consequently, the plant faces
substantial pressure, resulting in a reduced volume of wastewater that can be
properly purified. These challenges further compound the groundwater situation in
the area.

4.1.2. Physicochemical and bacteriological characterization of the
phreatic groundwater aquifer

4.1.2.1. Physico chemical charachterization of the phreatic aquifer

Table 11 presents a statistical overview of the physicochemical and
bacteriological parameters analyzed in the groundwater samples obtained from the
phreatic aquifer. The concentrations of these parameters were compared with the
World Health Organization (WHO) limits for drinking purposes. This comparison
aims to evaluate the quality of the phreatic aquifer for drinking, specifically under
the conditions of the functioning of the vertical drainage system in the study area.
The temperature of the groundwater within this aquifer exhibited a range between
25 and 31.40 °C. The groundwater temperature can have a negative impact on
groundwater quality since it can lead to microbial proliferation and reduce the
solubility of Oy, CO,, N>*, and CH4" [341].

Additionally, the pH values varied from 6.78 to 8.57, with most samples falling
within the recommended pH limits for drinking water established by the World
Health Organization (WHO). However, it was observed that six samples (S3, S20,
S21, S22, and S23) which represent 21.43% of the total samples were classified as
slightly alkaline groundwater. Meanwhile, one samples (S12) was classified as
moderately alkaline groundwater. On the other hand, the rest of the samples (22
sample) were classified as slightly acidic to neutral groundwater.
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The electrical conductivity (EC) is a crucial parameter for assessing the overall
ionic concentration within groundwater, with elevated EC values indicating higher
total dissolved solids in the groundwater [342]. Within the analyzed groundwater
samples, EC ranged from 3100 to 7500 ps/cm, with a mean value of 4385.7 pus/cm.
Additionally, 100% of the samples exceeded WHO limits for drinking purposes.
According to [343], S13, S20, S21, S23, and S25 can be classified as waters with
very high EC and of doubtful quality. The rest of the samples were categorized as
waters with extensively high EC and poor quality. Similarly, except for S1, all TDS
values exceeded the limits for drinking purposes, ranging from 500 to 5435 mg/l,
with a mean value of 2350.07 mg/I1.

The phreatic groundwater turbidity ranged from 0.36 to 71.60 NTU, with a
mean value of 16.88 NTU. Fourteen samples did not exceed the WHO limits for
drinking purposes, while the rest exceeded the limits. Using water classification
based on water turbidity [344], S15 was of turbid water, S10 was of rather turbid
water, S2, S16, S17, S18, S19, and S28 were of turbid waters, and the rest of the
samples were of fairly turbid waters. This level of turbidity can impact the aesthetic
quality of water and may require treatment, especially for drinking purposes.

The analytical outcomes pertaining to calcium (Ca**) content have revealed that
all the analyzed samples exceeded the established guidelines prescribed by the
World Health Organization (WHO) for potable water. The observed Ca?*
concentrations span a range from 440.88 to 1050.10 mg/l, with a computed
arithmetic mean of 714.36 mg/l. Regarding magnesium (Mg) levels, the acquired
results display a spectrum of values ranging from 36.44 to 705.05 mg/l, with an
average concentration of 381.32 mg/I. It is imperative to emphasize that, barring a
sole exception found in sample S26, all other samples exhibit Mg concentrations
that exceed the WHO's recommended limits for potable water use. Sodium (Na*)
concentrations fluctuated from 232.15 to 582.15 mg/l with a mean value of 325.30
mg/l. All of the analyzed samples exceeded the WHO limits for drinking use in
terms of Na".

In relation to potassium (K*), S12, S16, S18, and S20 did not exceed the WHO
limits for drinking purposes, while the remaining samples exceeded these limits.
The concentrations of K ranged from 9.55 to 33.75 mg/l, with a mean
concentration of 20.59 mg/I. Chloride (Cl") concentrations ranged from 124.25 to
914.69 mg/L, with a mean value of 378.92 mg/L. Only two samples, S11 and S16,
did not exceed the limits for drinking purposes established by the WHO. The rest
of the samples exceeded 250 mg/L.

Nitrate (NOs"), nitrite (NO3’), and ammonium (NH4") are important indicators
of groundwater contamination that can affect both human health and the
environment. However, the ranges for NO3;, NO,, and NHy4 were as follows: NOs’
(min = 0.10 mg/l, max = 159.42 mg/l, mean = 27.67 mg/l), NO>" (min = 0 mg/l,
max = 6 mg/l, mean = 0.88 mg/l), and NHs" (min = 0.08 mg/l, max = 4 mg/l, mean
= 0.57 mg/1), respectively. Among the samples analyzed, it was observed that four
samples (524, S25, S26, and S27) exceeded WHO limits for drinking purposes,
while the remaining samples complied with WHO guidelines. Moderate levels of
contamination in groundwater, characterized by the presence of NOs", NO,", and
NH.*, may be attributed to various sources, including agricultural runoff, septic
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system leachate, or other localized pollution sources. Such contamination may
necessitate monitoring and management to prevent further deterioration. On the
other hand, high levels of contamination involving NOs", NO,", and NH4" can pose
significant risks to both human health and the environment. This heightened
contamination often results from industrial discharges, intensive agriculture, or
sewage contamination, and remediation efforts are typically required to reduce
these contamination levels [345].

HCOs™ concentrations ranged from 36.60 to 429.44 mg/l with 162.22 mg/I as
the mean value. Fifteen samples exceeded the WHO limits for drinking water (S2,
S4, 85,88, 589,810, S11, S15,S17,S19, 823,825, 526, S27, and S28), representing
53.57% of the total samples. Regarding fluorine (F-), ten samples exceeded the
limits (S7, S13, S14, S15, S17, S19, S22, S24, S27, and S28), while the rest of the
samples were within the WHO standards for drinking utilization. However, F-
concentrations ranged from 0.69 to 3.31 mg/l with 1.47 mg/] as the mean value. In
terms of sulfate (SO4*), the concentration ranged from 68.20 to 266.13 mg/l with
199.31 mg/l. Only two samples had a high concentration of SO4> and exceeded the
standards (S8, and S10), while the rest of the samples were under the limits.
Phosphate (PO4*) values of the analyzed samples varied from 0 to 6.92 mg/l, and
the mean value was 0.67 mg/1. Furthermore, five samples exceeded the WHO limits
for phosphate (S5, S8, S16, S21, and S22) [346].

Dissolved oxygen (DO), chemical oxygen demand (COD), and biochemical
oxygen demand (BODs) are all important parameters used to assess the quality of
water in terms of its oxygen content and pollution levels. DO values ranged from
0.02 to 0.83 mg O»/1, with 0.25 mg O/ as the mean. COD values ranged from 184
t0 291.05 mg Oy/1, with 276.86 mg Oo/1. Similarly, BODs results ranged from 76.80
to 125.30 mg Oy/1, with 121.35 mg O»/1 as the mean value. The ratio of BODs/COD
indicated that ten samples had a ratio higher than 0.5, indicating that a significant
portion of the organic matter in the water is readily biodegradable, meaning that
microorganisms can easily break it down, while the rest of the samples had a ratio
less than 0.5, suggesting that a significant portion of the organic matter is refractory
or non-biodegradable, which means it is more difficult for microorganisms to
degrade [345,347,348].

Bacteriologically, based on the analyzed phreatic groundwater samples, the
range of fecal coliforms fluctuated from 100 to 540 (UFC/100 ml), indicating that
six analyzed groundwater samples (S5, S6, S7, S8, S26, and S27) are considered
suitable for body contact and recreation, while the rest of the samples had a
category of fishing and boating [349]. Meanwhile, total coliforms include a broader
group of bacteria that are naturally present in the environment. Their presence
suggests that the groundwater may be contaminated, although not necessarily with
fecal matter. Moreover, the results of total coliforms in 28 phreatic groundwater
samples ranged from 1290 to 2580 (UFC/100 ml), indicating a high level of
contamination since all the values were higher than 100 CFU/100 ml [350].
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Table 11. Statistical overview of the physicochemical and bacteriological
parameters analyzed in the phreatic groundwater aquifer samples that were taken

during October 2021.
Parameters Mean SD Skewness  Kurtosis Min Median Max WHO
T(°C) 27.8 1.61 0.47 -0.18 25 27.8 314 -
pH 7.25 0.45 1.63 2.32 6.78 7.09 8.57 6.5-8.5
EC (us/cm) 4386 1310 1.28 0.42 3100 3850 7500 1000

Turbidity (NTU) 16.9 21 1.17 0.08 0.36 5.52 71.6 5

TDS (mg/l) 2350 1089 0.66 1.66 500 1925 5435 500
Ca? (mg/l) 7144 1484 0.23 0.1 440.9 705.4 1050.1 75
Mg?* (mg/l) 3813 177.1 -0.25 -0.89 36.4 429.1 705.1 50

Na* (mg/l) 3253 91.0 1.45 1.52 2322 290.5 582.2 200
K" (mg/l) 20.6 6.28 -0.03 -0.81 9.55 21.7 33.8 12

CI' (mg/l) 3789 1573 2.01 4.69 1243 3373 914.7 250
NOs™ (mg/l) 27.7 38.1 2.17 5.11 0.1 12.8 159.4 50

HCOs™ (mg/l) 162.2 94.6 0.96 0.82 36.6 142.1 429.4 120

F (mg/l) 1.47 0.65 1.66 3.13 0.69 1.3 3.31 1.5

S04 (mg/l) 199.3 443 -0.98 1.2 68.2 204.2 266.1 250
PO.> (mg/l) 0.67 1.36 3.93 17.4 0 0.19 6.92 1
DO (mgO2/1) 0.25 0.26 0.89 -0.48 0.02 0.13 0.83 -
NH4" (mg/l) 0.57 0.8 3.25 12.6 0.08 0.26 4 -
NO> (mg/l) 0.88 1.88 2.12 3.03 0 0.05 6 -
COD (mg/l) 276.9 70.1 -0.35 -1.77 184 291.1 352 -
BODs (mg/l) 121.4 19.8 0.06 -0.66 76.8 118.9 152.3 -
Total coliforms (UFC/100 ml) 2041 406.8 -0.51 -0.83 1290 2123 2580 -
Fecal coliforms (UFC/100 ml) ~ 320.5  120.8 -0.02 -0.51 100 311 540 -

4.1.2.2. Geostatistical analysis of the physicochemical parameters in
the phreatic groundwater aquifer

For further statistical and geostatistical analysis of the hydrochemical
parameters under consideration, normality for each parameter has been assessed
based on skewness and kurtosis values. Additionally, the ordinary kriging
interpolation method has been applied to generate spatial predictions for the
distribution of each element using mean error (ME) and root mean square
normalized error (RMSSE) as described by [208]. The results of the geostatistical
modeling are presented in table 12 and figures 23, 24, and 25.

Based on the results, it was observed that there is significant variation in the
strength structure of spatial dependency for each hydrochemical parameter in the
study area.
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Table 12. Best-fitted semi-variogram models and cross-validation for Ordinary

kriging of groundwater quality parameters of the phreatic aquifer.

Hydro-

Semivariogram model parameters

Prediction errors

Root-
chemical  Transfor- ) (Co/ ] M(;Zn—
Parame- mation Model Nugget Bartlal C*0+C) Spatial de Mean Square-
ters (C0) Sill (C) 100 pendence dard
(%) Stap ard-
ized
EC togtrns - Hole o 43 0 100 Weak  -83959  1.208
ormation fect
Ca?* onginal - Siable 0038  0.023 626  Moderate  7.091 1.013
Mg Onginal - Rawonal 444 0058 8851 Weak 6.921 0977
ata quadratic
Na* %"g frans- o ussian 0.047 0.053 46.92 Moderate  -5.643 1.154
ormation
K* Ozfgal Gaussian 0.08 0.069 53.7 Moderate  -0.332 1.023
cr rogtans - Hole et 0102 0.069 5976  Moderate  -15.821  1.099
ormation fect
Noy  lhostmns o Ratomal 50 1.396 69.63  Moderate 15917  0.122
ormation quadratlc
Original Pen-
HCOy oo taspheri- 0 0.447 0 Strong -0.009 0.9
cal
F LOBUAS iy 0 02 0 Srong  -0.012 0946
ormation
SO ]E()g rans- g orical 0.081 0 100 Weak 0.893 0.756
ormation
PO %"g frans- - Bessel 0.123 3.328 3.55 Strong -0.009 1.184
ormation
Original Tet-
DO dfta raspheri- 0.061 0 100 Weak 0.014 1.171
cal
NH, o Leetuns o HoleeR o719 0422 63.03  Moderate  0.04 0.881
ormation fect
NO, %"g rans-ogoular 3.529 0 100 Weak 0.028 1
ormation
COD %"g rans- G ussian 0.022 0.081 21.37 Strong -1.699 0.746
ormation
BOD; O‘(;ftl:al Stable 0.012 0.023 3524  Moderate  -0.828 0.885

The spatial distribution map of electrical conductivity (EC) reveals that EC
values increase from the south to the north of the study area. This pattern aligns
with previous findings, which suggested a correlation with the groundwater flow
direction in the phreatic aquifer [265,285]. Additionally, low EC values are
observed in irrigated agricultural areas where groundwater originates from the
complex terminal. Here, it comes into contact with the shallow aquifer, resulting
in dilution. In contrast, the highest EC values are found in the northern part of the
study area, near depression zones that are relatively close to Chotts and the
discharge site. This proximity leads to high evaporation rates of shallow
groundwater [245]. Calcium (Ca?") and magnesium (Mg?") exhibit a similar spatial
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behavior, with low values in the agricultural areas, particularly in the northern east
(Debila) and the western regions of the study area. These values increase from the
north towards the south, reaching higher concentrations in urban areas such as El
Oued and Bayadha municipalities.

The spatial distribution map of sodium (Na*) reveals low concentrations in the
extreme southern part of the study area (south of El Oued and Bayadha), as well as
in the middle eastern section around S12, S20, and S22. Conversely, the highest
Na values are concentrated in the middle of the study area, particularly around S23
(peri-urban area), S13 (northeast of the El Oued municipality), and in the
northeastern and northwestern regions around S21 and S25, respectively. On the
other hand, the spatial distribution of potassium (K*) exhibits two different
patterns. Low concentrations extend from the middle east of the study area towards
the south (urban areas) and simultaneously towards the west via the north (peri-
urban and agricultural areas). As for the high concentrations, these values are
located in the south of the study area, covering the eastern part of the El Oued and
all of Bayadha municipalities, as well as areas in the north of the study area that
extend from the northwest to the northeast, and an area that also extends from the
middle west to the central part of the study area, covering S23.

Regarding the spatial distribution of anionic content in the phreatic groundwater
system, low concentrations of Cl" covered almost the entire study area, including
Bayadha, El Oued, and Guemar. Gradually, these concentrations increased towards
the northeastern part of the study area around Debila. However, the spatial
distribution of HCOj3™ exhibited different patterns. Areas with high concentrations
of HCOs™ were located to the north of Debila, south of Bayadha, east of El Oued,
and in the western part of Guemar. Low concentrations were observed in the
western part of Guemar, extending to the extreme west of the study area and the
north of Bayadha.

High concentrations of NO; were found in the northwestern part of the study
area, covering Debila and the extreme eastern agricultural area. Concentrations
then decreased on both sides, moving towards the urban areas. However, the
elevated levels of NO;  suggest that the study area is experiencing pollution of
urban and agricultural origins caused by human activities [351,352]. The
distribution of PO4* revealed a gradual increase from the south and east of the
study area towards the northwestern part. In contrast, the spatial distribution of
SO4* concentrations increased gradually from the northeastern part of the study
area (Debila) towards the rest of the study area.

For F~ distribution, high concentrations extended from the northern part of the
study area, covering Debila, to the western part, encompassing Guemar, and also
included the municipality of El Oued. Meanwhile, low concentrations were located
in the eastern part of the study area, the western part of El1 Oued, and the southern
part of Bayadha.
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Figure 23. Spatial distribution of the chemical elements in the phreatic
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BOD and COD exhibited similar spatial behavior, with low values located in
the main city of El Oued, and the highest values extending toward the north and
south of the study area. This shared spatial pattern may suggest a common source
of pollution, including chemical and organic contaminants, possibly stemming
from wastewater infiltration, especially from septic tanks. DO concentrations were
high in the eastern part of the study area, while the rest of the study area had
relatively low concentrations. Regarding NH4", high concentrations were found in
the north of Debila, west of Guemar, and east and west of El Oued, while the rest
of the study area had low NH4" concentrations. Concerning the spatial distribution
of NOy, the concentrations increased from the north of the study area towards the
south (urban areas).

Analysis of the results revealed significant variations in the strength and
structure of spatial dependency for each hydrochemical parameter within the study
area. Hydrochemical parameters such as HCOs, F-, PO4*, and COD demonstrated
strong spatial dependency. This indicates a pronounced correlation among data
points for each parameter, leading to distinct separation between distributed
interpolated levels and the emergence of noticeable patterns or similarities across
the spatial data, culminating in a high degree of spatial autocorrelation. Conversely,
parameters like EC, Mg?", SO4, DO, and NO, displayed weak spatial
dependency, suggesting a lower correlation between data values for each parameter
at varying locations relative to distance. This results in minimal separation between
interpolated levels. The remaining hydrochemical parameters showed moderate
spatial dependency, signifying a concentration of each element with a certain level
of clustering, trending, or spatial continuity. The variability in data may stem from
a mix of local and regional influences, imparting a moderate spatial dependence
where data values not only relate to their immediate neighbors but also reflect
variations due to wider-scale influences such as the problem of rising of phreatic
groundwater level and its consequences on the water quality.

4.1.2.3. Assessment of the phreatic groundwater aquifer for drinking
purposes

The assessment of the potential for utilizing phreatic groundwater from the
aquifer for drinking water was conducted using the water quality index developed
by [143]. Fourteen hydrochemical parameters were taken into consideration, along
with their values based on the WHO limits established in 2011. These parameters
encompassed Ca, Mg, Na, K, F, NOs, HCO3, Cl, turbidity, EC, TDS, SO4, PO, and
pH, which were analyzed across all 28 samples obtained from the studied aquifer.
The findings revealed that 60.71% of the samples, representing the majority of the
wells, were classified as having good water quality. Additionally, 7.14% were
categorized as having excellent water quality, 10.71% exhibited poor water quality,
7.14% were found to have very poor water quality, and 10.71% were deemed unfit
for drinking water utilization. These results are presented in table 13.
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Table 13. WQI-based groundwater suitability for drinking.

0,
Range Classes Number of wells 7o Of samples (28
samples)
<50 Excellent S6, 526 7.14%
water

100.0- S1, 83, S4, S5, 87, 89, S10, S11, S12, S13, S14, .
125  Goodwater S18, S20, S23, S24, S25, S27 60.71%
125.1- 0
150.0 Poor water S2,S8,S19 10.71%
150.1- Very poor N
50 b S17, S22 7.14%
175.1- Unfit for S15, S16, S21, S28 10.71%

200.0 drinking

4.1.2.4. Assessment of the phreatic groundwater aquifer for
irrigation purposes

The assessment of the 28 samples from the phreatic groundwater aquifer for
irrigation suitability was performed using several indices depending on their
intended use. The results are illustrated in table 14. The % Na values indicate that
67.85% of the samples are suitable for irrigation with excellent quality, while
32.14% present good quality. The SAR values range below class 10, indicating
excellent water quality according to SAR, which can be used for most types of soil.
Based on the TH (total hardness) values, 14.29% were classified as moderately
hard water, and 78.57% of the analyzed samples (the majority of the samples) fell
into the hard water category. At the same time, two samples were categorized as
very hard water. On the other hand, MH results indicated that 64.29% of the
samples were suitable for irrigation, while 35.71% of the 28 analyzed samples were
unsuitable for irrigation. PI results indicated that all the samples were unsuitable
for irrigation since their PI values were above 75. In contrast, based on Kr, ESP,
RSC, and RBSC, all the samples were suitable, excellent, and satisfactory for
irrigation. Meanwhile, all the analyzed samples of the phreatic groundwater aquifer
were rated as Injurious to unsatisfactory based on the Ps index. Ka index results
revealed that 14.29% of the samples were of permissible quality for irrigation,
while the majority of the samples, representing 85.71%, had doubtful quality for
irrigation. Furthermore, according to the K index, it was revealed that 35.71% of
the phreatic samples were of excellent quality for irrigation, 28.57% of good
quality, 17.85% of injurious quality, and 17.85% of the samples were of unsuitable
quality for irrigation.

The apparent contradiction in the suitability of the wells in the Oued Souf
Valley for drinking versus irrigation purposes is indeed explained by the differing
criteria and thresholds used for assessing water quality for these two uses. For
drinking water, the quality is primarily concerned with parameters that affect
human health. This includes the presence of harmful chemicals, pathogens, and
overall potability. The World Health Organization (WHO) sets guidelines for these
parameters, focusing on aspects like turbidity, pH, and the presence of specific ions
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such as (Ca*", Mg*, Na*, K*, F, NOy, HCOs, CI', SO4*, and PO4*). These
guidelines are strict because the direct consumption of water has immediate and
potentially severe impacts on human health. In contrast, the suitability of water for
irrigation depends on factors that can affect both the soil and the plants being
irrigated. These parameters include salinity, sodium absorption ratio (SAR),
magnesium hazard (MH), and permeability index (PI). High levels of certain
elements like sodium or magnesium, which might not be harmful for drinking, can
lead to soil degradation and negatively impact plant growth. This difference is
crucial because plants and soil have different tolerances and requirements
compared to human health. Thus, water can meet the standards for drinking but fail
to meet agricultural standards, reflecting the distinct requirements and tolerances
of human health and agricultural practices. Since the most effective index for
evaluating irrigation water quality varies depending on specific soil types, crop
requirements, and local environmental conditions, I considered multiple indices to
gain a comprehensive understanding of water suitability for irrigation. However, |
identified SAR (Sodium Adsorption Ratio), %Na (Percentage Sodium), and PI
(Permeability Index) as the most critical indices. These indices are crucial because
they directly relate to soil permeability and structure, which are essential for
effective irrigation.

Table 14. Irrigation quality indices of the phreatic groundwater aquifer.

Range Classes Number of wells

Percent sodium

(Na%)
<20 Excellent S1, 82, S3, 84, S5, 86’SZ§,S§i§9é§g’oé§;1’ S12, S14, S15, S16,
20-40 Good S13, S19, S21, S23, S24, S25, S26, S27, S28

40-60 Permissible -

60-80 Doubtful -
>80 Unsafe -

Alkalinity hazard

(SAR)
<10 Excellent All the samples

10-18 Good -

18-26 Doubtful -
> 26 Unsuitable -

Total hardness (TH)

<75 Soft -

75-150 Moderately hard S6, S19, S24, S26

150-300 Hard S1, 82, S3, S5, 85238528?582155213}582152 8821;18821; S16, S17, S18,
>300 Very hard S4, S13

Magnesium hazard

(MH)

<50 Suitable S6, S7, S8, S9, S10, S11, S12, S18, S19, S20, S21, S22, S23, S24,

S25, S26, S27, S28
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>50 Unsuitable
Permeability index

S1, S2, 83, 84, S5, S13, S14, S15, S16, S17

(PD)
<25 Suitable -
25-75 Moderate -
>75 Unsuitable All the samples
Kelley ratio (KR)
<1 Suitable All the samples
12 Moderate -
>2 Unsuitable -
RSC
<1.25 Acceptble All the samples
1.25-2.5 Slightly adapted -
to irrigation
>2.5 Not suitible -
Ps
<3 Excellent to )
good
>3 Injurious to un- All the samples
satisfactory
RBSC
<5 Satisfactory All the samples
5-10 Marginal -
> 10 Unsatisfactory -
ESP
<20 Excellent All the samples
20- 40 Good -
40- 60 Permissible -
60- 80 Doubtful -
>80 Unsuitable -
Ka
> 18 Excellent -
6-18 Permissible S6, S15, S16, S18
S1, S2, S3, S4, S5, S7, S8, S9, S10, S11, S12, S13, S14,S17, S19,
12-6 Doubtful S20, S21, S22, S23, S24, S25, S26, S27, S28
<12 Unsuitable -
Synthetic harmful
coefficient (K)
<25 Excellent S1, S3, S5, S6, S7, S8, S12, S15, S16, S22
26-36 Good S2, 84, 89, S10, S11, S17, S18, S19
3744 Injurious S14, S24, S26, S27, S28
> 44 Unsuitable S13, S20, S21, S23, S25
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4.1.2.5. Assessment of the pollution level in phreatic groundwater
aquifer

Three different indices, representative of the pollution level in any groundwater
system, have been applied to evaluate pollution in the phreatic groundwater aquifer
of the Oued Souf Valley. The applied indices include the National Sanitation
Foundation Water Quality Index, Groundwater Pollution Index, and Nitrate
Pollution Index. Table 15 reveals that, according to the National Sanitation
Foundation method for water quality assessment [161], all the study areas fall into
the poor category range, as all the values of NSFWQI range between 26 and 50. In
contrast, 100% of the phreatic groundwater samples exhibit a very high pollution
level according to the Groundwater Pollution Index. Regarding the Nitrate
Pollution Index, it was found that 50% of the phreatic groundwater samples were
clean in terms of nitrate contamination, 21.43% exhibited light nitrate pollution,
17.86% showed moderate nitrate pollution, 3.57% had significant nitrate pollution,
and 7.14% were categorized as having very significant nitrate pollution.

The discrepancy in the assessment of the phreatic groundwater quality is related
to the methodology used for calculating the Groundwater Pollution Index (GPI)
and the Nitrate Pollution Index (NPI). The GPI is calculated by multiplying the
weight parameter (WP) by the status of concentration (SC) for each parameter, and
then summing up these values for all parameters in each water sample. This method
considers various water quality parameters and their concentrations relative to the
standards set by organizations like the World Health Organization. The NPI
specifically assesses nitrate pollution, which is a key indicator of water pollution
from human activities. The apparent contradiction in the obtained results could
arise from the complex interplay of these different parameters and their varying
concentrations in different samples. Whereas, the overall GPI is high due to certain
parameters exceeding the limits, other aspects like nitrate levels might be within
acceptable ranges, leading to the 7% excellent quality and 60% good quality
drinking water assessments. This suggests a nuanced and heterogeneous pollution
profile in the groundwater, where some contaminants may be at high levels while
others remain within safe limits. However, in my point of view, the National
Foundation Water Quality Index represents a comprehensive result since it is
composed of the most important physicochemical and bacteriological parameters
analyzed from the phreatic aquifer and is much more suitable for this case
regarding the history of groundwater in Oued Souf Valley.
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Table 15. The groundwater pollution indices classified the results of the phreatic
groundwater samples.

o,
Pollution index Range Classes Number of wells 7 of samples

(28 samples)
National Sanitation Founda- 91- Excellent )
tion Water Quality Index 100 -
71-90 good - _
51-70 moderate - _
26- 50 poor All the samples 100%
0-25 very poor - -
Groundwater pollution index <1.0 In&gmfzﬁfﬁt pollu- - -
1.0- .
15 Low pollution - -
1.5- .
20 Moderate pollution - -
2.0- . .
25 High pollution - -
>25 Very high pollution All the samples 100%
S2, 83, S6, S7, 9, S10,
Nitrate pollution index <0 clean S11, S12,S13, S14,
S15, S17, S18, S28 50%
. . S4, S5, S8, S16, S22,
0-1 light pollution $3 21.43%
1-2 moderate pollution S1, S19, S20, S21, S26 17.86%
2-3 significant pollution S27 3.57%
>3 Very significant S24, 825 7.14%

4.1.2.6. Application of hierarchical clustering approach for grouping
the phreatic groundwater samples parameters

The normalized data, which included various parameters such as major ions of
the analyzed phreatic groundwater samples (Ca*, Mg*", Na*, K*, CI', SO4*, HCO5’
, 7, and NOy), electrical conductivity (EC), pH, and temperature, underwent
hierarchical clustering analysis (HCA). The primary objective of this analysis was
to identify potential hydro-chemical groups within the groundwater samples. To
assess the similarity between water samples, the HCA process employed the Q-
mode approach, Ward's linkage technique, and Euclidean distance. The outcomes
were visualized as a spatial HCA dendrogram, as shown in figure 26. This
dendrogram visually represents the clustering of groundwater samples based on
their similarity in terms of the measured parameters. This analysis aids in
comprehending the spatial distribution and variations in hydro-chemical properties
across the study area, offering valuable insights for groundwater resource
management and monitoring.

79



20000 —

15000 —

Distance

10000 —

5000 Group 1

Group 2
0 IIIIIlli_i=IIIIIIIIIIIIIIIIIII
— O — 00 Nl N T 0O VI A0 O AN O N — st 0O N
R I A B A I I I I B
Observations

Figure 26. Hierarchical cluster dendrogram of the analyzed phreatic
groundwater aquifer.

Two distinct groups of groundwater samples were established. The first group
consists of twenty-one wells, and the second group consists of seven wells. The
key factors distinguishing these groups appear to be Na*, K*, F-, NOs", HCOs", CI,
and EC, as their concentrations exhibited a notable increase from the first group to
the second, as depicted in table 16. While Na®, K", HCOs, CI, and EC
concentrations were elevated in both groups, they were notably lower when
compared to the second group, with the exception of F- and NOs". The samples
categorized in the first group did not exceed WHO limits for F- and NOs
concentrations. Consequently, the samples in the first group indicated lower
vulnerability concerning NOs~ and F~ contamination. These samples represent a
significant portion of the study area and are concentrated predominantly within the
main municipality of El Oued. Conversely, the area housing the second group of
samples exhibited higher vulnerability in terms of Na*, K*, F-, NOs", HCOs, CI,
and EC . This area is situated on the outskirts of El Oued, Debila, and Guemar
municipalities, in proximity to agricultural areas as shown in figure 27.
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Figure 27. Map showing the spatial distribution of the generated clusters.

Table 16. A statistical summary of the selected hydrochemical parameters for the
two groups generated by Hierarchical Cluster Analysis (HCA).

Groups Group 1 Group 2
Parameters Mean SD Min Median Max Mean SD Min Median Max
Ca®" (mg/l) 725.5 158.7 440.9 697.4 1050 681.1 116.4 481 713.4 793.6
Mg?* (mg/l) 382.1 175 36.4 449.8 627.3 378.9 197.4 145.8 313.6 705.1

Na* (mg/l) 287.3 39.5 232.2 282.2 390.5 439.3 108.8 248.8 448.8 582.2

K* (mg/l) 19.4 5.79 10 20.6 29.4 243 6.63 11.8 23.9 33.8
F (mg/l) 1.36 0.57 0.69 1.27 3.31 1.8 0.79 0.95 1.47 3.31
NOs™ (mg/l) 23.5 31 0.1 4.6 120.3 40 55.8 1.93 20.5 159.4
HCO;5™ (mg/l) 154.4 833 36.6 146.4 3123 185.8 127.6 80.5 115.9 429.4
CI' (mg/l) 3535 120.3 1243 3373 702 455.1 232.4 301.8 3373 914.7
Ph 7.2 0.41 6.78 7.08 8.57 7.39 0.55 6.9 7.1 8.31

EC (ps/cm) 3711 4233 3100 3570 4560 6409 870.7 5170 6300 7500
T (°C) 27.9 1.8 25 27.8 314 27.7 0.91 26.3 28 28.8
SO4* (mg/l) 202.6 459 68.2 212.9 266.1 189.5 41.1 146.2 199.5 241.5
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4.1.2.7. Hydrochemical facies and controlling mechanism of the
phreatic groundwater samples

Based on the stiff plot presented in figure 28, the major ion abundances in both
of the generated groups in the phreatic groundwater aquifer followed an order of
Ca* > Mg* > Na'+K" and Cl > SO4* > HCO5+COs*. Furthermore, it was
revealed that the hydrochemical facies in the phreatic groundwater aquifer
exhibited slight differences between the first and the second group. The first group
is characterized, according to the Piper plot shown in figure 29 (A), by the Ca*'-
Mg**-CI'-SO4* type and the Ca®*-Cl" type. Three wells were identified as Ca type,
two wells as Mg?" type, and 20 wells as CI" type. C.

B

A Group 1 Group 2
Ca (meq/ly 1 Cl (meg/l) Ca (meg/l) Cl(meg/l)
Mg (meg/1) | 504 (meq/l) Mg (meg/l) S04 (meg/l)
Na+ K (meg/l) HCO3+C03 (meg/l) Nart K (meq/l) HCO3+CO3 (meg)
0 3 20 10 0 10 20 30 40 0 1w 20 0 o 0 2 3 40
Cations meg/L Anions Cations meg/L Anions

Figure 28. Stiff diagram for the two water groups, (A). group 1 and (B). group 2.

The Chadha plot of the phreatic groundwater samples in figure 29 (B) represents
all the samples in both generated groups in the reverse ion-exchange Ca*'- Mg**-
CI /SO4* water type, revealing Ca?*- Mg**- CI" type, Ca?*- Mg?" dominant CI type,
or CI'-dominant Ca**- Mg?" type waters. This is characterized by alkaline earth ions
(Ca*" + Mg?") exceeding alkali metals (Na" + K"), and strong acidic anions (CI™ +
S0O4%") exceeding weak acidic anions (HCOs").
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Figure 29. (A) Piper diagram for the phreatic groundwater samples, and (B)
Chadha diagram of the phreatic groundwater samples.

As representations of the [Cl/(CI/HCO; )] and [Na'/(Na*/Ca®*")] ratio
fluctuations in relation to total dissolved solids (TDS), Gibbs diagrams serve as
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visual illustrations of precipitation, rock, and evaporation processes. They aid in
identifying the sources of dissolved chemical constituents in groundwater systems.
As shown in figure 30, based on the cationic and anionic ratios versus the TDS
values in both of the generated groups, the 22 phreatic groundwater samples were
plotted in the evaporation-crystallization dominance (salinization) field, indicating
that evaporation-crystallization has a significant influence on the majority of the
total samples from the phreatic aquifer. On the other hand, two samples (S1, and
S3) were plotted in rock-dominance weathering. At the same time, the chloro-
alkaline indices (CAI-I, and CAI-II) that was used in this thesis for the
identification of ion exchange reactions in the phreatic groundwater aquifer system.
Furthermore, it was revealed that (S4, S5, S6, S7, S8, S9, S10, S12, S15, S17, S19,
S22, 824,825,826, S27, and S28) have positive chloro- alkaline indices indicating
the exchange of Na* and K* from the phreatic groundwater with Mg?* and Ca?" of
the rocks (base-exchange reaction), while, the rest of the samples has a negative
indices indicating that Mg?** and Ca®" from the water are exchanged with Na* and
K" of the rocks as shown in figure 31.
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Figure 30. Gibbs diagrams of the phreatic groundwater samples.
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Figure 31. Chloro-alkaline indices for the two groups of the phreatic groundwater
aquifer.
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According to the normalized Na* graph of Ca* vs HCOs and Ca*" vs Mg*", it
was illustrated that the phreatic groundwater samples from both generated groups
exhibited a slight tendency towards silicate weathering and evaporate dissolution,
as well as a slight tendency towards silicate weathering and carbonate dissolution,
as shown in figures 32 (A), and (B).
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Figure 32. (A) Molar ratio in bivariate plots of Na* -normalized Ca*" and HCOs ",
and (B) Na* -normalized Ca** and Mg*".

4.1.2.8. Geochemical modelling of the phreatic groundwater aquifer
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Figure 33. Saturation indices of the phreatic groundwater aquifer.

The primary influence on groundwater chemistry arises from the interplay
between water and the geological formations of the aquifer. In this context, the
saturation index was utilized to anticipate the potential mineral composition of the
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subsurface without the need to physically collect solid-phase samples and perform
mineralogical analyses on them [120]. Positive saturation index values indicate an
excess of minerals in the water, potentially causing them to precipitate. Conversely,
negative values suggest a deficiency, which could lead to mineral dissolution.
When the saturation index falls within the range of -0.5 to +0.5, it signifies a state
of equilibrium where minerals neither dissolve nor precipitate [353]. Based on the
analysis of 28 samples and their resulting parameters, the computed saturation
indices indicated that Anhydrite, gypsum, Halite, and Sylvite were completely
dissolving since they were undersaturated (saturation index was negative).
Meanwhile, Fluorite was dissolving in all the samples except S28. On the other
hand, Aragonite was dissolving in S16, S13, and S14, as was Calcite in S16, and
Dolomite in S16, along with Hydroxyapatite in S14. However, except for the
samples characterized by the dissolution of Aragonite, Calcite, Dolomite, Fluorite,
and Hydroxyapatite, the rest of the samples were characterized by the precipitation
of Aragonite, Calcite, Dolomite, Fluorite, and Hydroxyapatite as shown in figure
33. Anyway, despite the precipitation and the dissolution of the specific minerals,
several minerals were close to the equilibrium state in different wells.
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Figure 34. Mineral stability diagrams of the phreatic groundwater aquifer.

An alternative method for examining the suggested changes in water chemistry
is to employ mineral stability diagrams, as suggested by [313]. Figure 34 signifies
the four mineral stability fields for the CaO—Na,O—-Al,03;—Si0,—H,0, CaO-MgO—
ALO3-Si0,-H,0, and MgO-Na,0O-Al,05-Si0>-H,0 systems at 25°C and 1 bar.
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However, it was observed that all the samples fell within the Ca-smectite stability
field, extending from the Mg-smectite field to concentrate in the Kaolinite field,
indicating their role in the groundwater chemistry of the phreatic aquifer.

4.1.3. Assessment of metallic contamination in the Phreatic
groundwater Aquifer

4.1.3.1. Metalic data of the phreatic groundwater aquifer

Table 17 presents the results of the statistical analysis applied to temperature,
pH, and electrical conductivity, as well as the concentrations of the fifteen analyzed
heavy metals. These metals are categorized into potentially toxic elements (Pb*",
Cd*', AI**, Ba**, and Li"), elements of probable physiological importance (Mn*",
Ni?*, and B*"), and essential elements (Cr**, Cu?’, Zn*", Fe*, and Co*).
Additionally, Bi*", and Sr** were also analyzed. Cd, Co, and Li were not detectable,
so they are indicated in the table as “less than the detection limit”. To assess the
significance of these results, all examined data were compared against the World
Health Organization (WHO) standards of 2008, as no other suitable background
information was available from previous studies.

Table 17. Statistical summary of the analyzed heavy metals from the phreatic
groundwater aquifer of the Oued Souf Valley and its comparison with WHO

standards.
Variables Mean SD CV Min Median Max WHO 2008
T (°C) 27.850 1.720 0.062 25.000 27.800 31.400 -
pH 7.307 0.515 0.070 6.780 7.110 8.570 6.5-8.5

EC (uS/cm) 4035.714 858.018 0.213 3100 3725 6200 1000
AP (mg/L) 0.309 0.083 0.269 0.220 0.290 0.520 0.2
Fe*" (mg/L) 0.214 0.092 0.429 0.110 0.185 0.400 0.3
Mn?* (mg/L) 0.440 0.111 0.253 0.300 0.400 0.710 0.5
B3 (mg/L) 0.626 0.426 0.681 0.192 0.454 1.408 0.5
Ba*" (mg/L) 0.015 0.009 0.628 0.004 0.011 0.034 0.7
Bi*" (mg/L) 0.144 0.108 0.753 0.000 0.146 0.282 -
Cd*" (mg/L) <Lod <Lod <Lod <Lod <Lod <Lod 0.003
Co?" (mg/L) <Lod <Lod <Lod <Lod <Lod <Lod -
Cr** (mg/L) 0.0081 0.010 1.231 0.000 0.000 0.023 0.05
Cu?" (mg/L) 0.004 0.007 1.612 0.000 0.000 0.020 1
Li* (mg/L) <Lod <Lod <Lod <Lod <Lod <Lod -
Ni?* (mg/L) 0.009 0.007 0.832 0.000 0.007 0.024 0.02
Pb* (mg/L) 0.005 0.013 2.711 0.000 0.000 0.045 0.01
Sr?* (mg/L) 7.060 2.437 0.345 1.774 7.762 9.939 -
Zn*" (mg/L) 0.0075 0.012 1.613 0.000 0.000 0.037 3

Although the electrical conductivity (EC) does not provide full information
related to the ionic composition of the water, it is considered an important tool to
indicate the salinity or the amount of total dissolved solids in the water. The EC
results in the samples ranged from 3100 to 6200 uS/cm, with an average of 4035.71
uS/cm, exceeding WHO limits in all the samples. Therefore, based on [354] these
waters can be classified as moderately saline waters. Nevertheless, it is crucial to
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emphasize that elevated EC levels can impact the suitability of water for various
purposes, including drinking and irrigation. In terms of pH values, which ranged
from 6.78 to 8.57, with an average of 7.31, four samples (S3, S5, S11, and S12)
exhibited acidic pH levels, which could potentially be attributed to the water’s
ability to dissolve metals. However, this acidity is not known to directly pose any
health risks [355]. One sample, (S4), had a neutral pH, while the remaining samples
had a basic pH. All of the samples fell within the range of WHO limits for drinking
water, ensuring they meet the standards for human consumption.

4.1.3.2. Variations in Heavy Metals in the Phreatic Aquifer

Without considering Cd**, Co**, and Li", the other twelve analyzed heavy
metals from the phreatic groundwater aquifer exhibited a dominance order as
follows: Sr** > B** > Mn?" > AI** > Fe?" > Bi*" > Ba?* > Ni*" > Cr’* > Zn*" > Pb*"
> Cu?'. The differences in standard deviations, as highlighted in table 17, can be
attributed to the variety of source strengths, and the geoenvironmental nature of the
large and diverse sampling sites controlled by their physicochemical
characteristics, larger variability, and human activities [356].

Fe*" concentrations ranged from 0.110 to 0.40 mg/L, with three samples (S1,
S8, and S14) surpassing the permissible limit set by the World Health Organization
(WHO), while the rest of the samples remained below the acceptable threshold.
The increased concentrations of Fe*" in the study areas, particularly those that
exceeded the WHO limits, can be attributed to several possible explanations related
to natural and anthropogenic factors. However, the redox conditions of iron-
bearing minerals in both rocks and soils may be the underlying cause of these
variations [357]. At the same time, the corrosion of pump parts that equip the
vertical drainage system of the study area might be listed as another reason for high
Fe*" concentrations [358]. Additionally, the dissolution of FeCOs at lower pH
levels and the chemical reaction of oxidized Fe** minerals with organic matter can
also raise the Fe?" levels in aquatic systems [359]. The removal of dissolved oxygen
by organic matter, which results in reduced conditions, may be another cause of
high Fe?* content which is reflected in the study area history (rising of groundwater
level and the contact the septic tanks) [360]. Furthermore, Sewage also introduces
a variety of microorganisms into the groundwater system, including those capable
of reducing iron. These bacteria can facilitate the conversion of iron from its less
soluble ferric form Fe*" to the more soluble ferrous form Fe?".Under reducing
conditions, the solubility of Fe?'-bearing minerals increases, leading to the
enrichment of dissolved iron in groundwater [361]. The obtained results indicated
that the color of most samples changed from clear to red-brown, indicating the
precipitation of FeO(OH). Several anthropogenic reasons might account for the
elevated Fe concentrations in the groundwater. These include industrial waste
leachates and activities from mechanic workshops [189]. Additionally, the
oxidizing process of pipes in the water distribution system can also lead to the
release of Fe?" [357]. As for Mn?* concentrations, they varied from 0.30 to 0.71
mg/L, with three samples (S1, S12, and S14) exceeding the limit, while the
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remaining samples had concentrations below the limits. Similar to Fe**, Mn?" is
also one of the most prevalent metals in the earth’s crust and is naturally present in
the environment [358].

In the case of B*", the results ranged from 0.192 to 1.408 mg/L, with six samples
(S9, S10, S11, S12, S13, and S14) that surpassed WHO limits, while the rest of the
samples were under the allowable standards. In soils with a pH of 8.5, boron (B*")
typically exists in the non-ionized form H3BO3, but at pH 8.5, it exists as the anion
B(OH)4 [362]. Industrial and home effluents emitted boron compounds into the
water. Through the use of fertilizer, it may also be spread throughout the
ecosystem. As all of the samples had pH values below 8.5, it seems that B** would
appear as a non-ionized form. Long-term exposure to B*" causes mild
gastrointestinal irritation. Ba*" concentrations from the analyzed samples did not
exceed WHO limits since their range was from 0.004 to 0.034 mg/L. Ba®" occurs
usually as a complex of compounds in the crust of the earth and it can be used in
different industrial activities. However, its presence in groundwater systems comes
mainly from geogenic sources [363]. Ni** values ranged from 0 to 0.024 mg/L, and
its concentration exceeded the WHO limit in S2, while S3, and S4 Ni**
concentrations were within the permissible limits.

Zn*" is a necessary trace element that may be found in almost every type of food
and drink, either as salt or as organic complexes. However, metal smelters and
mining operations are other environmental sources of zinc. When zinc is
manufactured and utilized with other materials including brass, bronze, alloys,
rubber, and paints, the metal may be ejected into the environment through several
kinds of waste streams [364]. Zn>" concentrations were below WHO guidelines and
varied from 0 to 0.037 mg/L. As a trace metal, Cu®" in high concentrations can
have adverse effects on human health [365,366]. However, Cu®** concentrations in
the analyzed samples were below WHO guidelines and they varied from 0 to 0.020
mg/L. Superphosphate has the greatest impurity amounts of Cu®*, with other metals
such as Zn?**, when compared to other fertilizers used on farmland, and its heavy
metals may accumulate in soils in areas that have been used for agriculture for long
periods [367,368].

Cr*" had concentrations below the recommended limit, since their results ranged
from 0 to 0.023 mg/L. The Pb*" content in natural streams rises mostly as a result
of human activity [369]. Paint, batteries, leaded gasoline and farmland diesel fuel
use are some potential sources of lead in groundwater, and they were, and still are,
used in the study area. Moreover, various insecticides include lead arsenate. In our
study area, Pb?" varied from 0 to 0.045 mg/L, and two samples (S13 and S14)
exceeded the recommended limit of the WHO.

In another vision, Sr*" has no limit since the WHO has not established a
guideline for it. Based on the Federal-Provincial-Territorial Committee on
Drinking Water [370], the allowable limit for drinking purposes was set to be 7
mg/L. However, Sr** levels oscillated from 1.774 to 9.939 mg/L, with eight
samples exceeding the recommended guidelines (S1, S6, S7, S9, S10, S11, S12,
and S13), while the remaining samples were within the limits. Agricultural activity
produces an input of Sr**in huge amounts, suggesting that the source may be
anthropogenic. To some extent, this is dependent on the amount of fertilizers,
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carbonate additions, and manure from animals such as cattle and poultry [371]. The
presence of strontium in the soil may also be attributed to the disposal of waste
materials and industrial effluents. Water dissolves strontium in soil, allowing it to
penetrate the earth more deeply and reach groundwater.

On the contrary, AI** concentrations in all fourteen samples ranged from 0.220
to 0.520 mg/L, surpassing the drinking water guidelines established by the WHO.
Aluminum predominates in water with a neutral reaction as organic and hydroxide
complexes, while fluoride and sulfate complexes are present in lesser amounts
[372]. However, in relation with our results, aluminum and its organic complexes,
as well as AI(OH)s, appear to be harmless [373]. Another reason that might explain
the high concentration of AI*" is the six industrial factories processing aluminum
in the Oued Souf region. In terms of Bi**, there are no guidelines for the
recommended Bi*" concentrations set by the WHO for drinking purposes.
However, the Bi** concentrations in the analyzed phreatic groundwater samples
ranged from 0 to 0.282 mg/L [374].

4.1.3.3. Spatial Patterns Detection

The accuracy evaluation of the IDW interpolation technique for the different
examined heavy metals in the phreatic groundwater aquifer is summarized in table
18. According to the goodness-of-fit criterion, the model with the lowest RMSPE
was the best fit for comprehending the spatial distribution patterns of the selected
heavy metals. Figures 35 and, 36 represent the spatial distribution maps processed
by the IDW method.

Table 18. Best-fitted interpolation models and cross-validation for IDW of heavy
metals of the phreatic groundwater aquifer.

Cross- _ _ _ Optimized Optimized K
Parameters Validation K=1 K=2 K=3 Errors Value
AP* MPE 0.0015 0.0018 0.0031 0.0029 2.8692
RMSPE 0.0835 0.0803 0.0795 0.0795
Fe*' MPE 0.0011 —0.0009 -0.0016 —0.0002 1.5670
RMSPE 0.1042 0.1039 0.1048 0.1038
Mn?* MPE 0.0177 0.0232 0.0261 0.0177 1
RMSPE 0.1278 0.1413 0.1527 0.1278
B MPE 0.0356 0.0373 0.0310 0.0356 1
RMSPE 0.5338 0.5667 0.5916 0.5338
Ba®' MPE —0.0002 —0.0006 —0.0009 —0.0002 1
RMSPE 0.0115 0.0121 0.0127 0.0115
Bi* MPE —0.0003 0.0020 0.0039 —0.0003 1
RMSPE 0.1467 0.1580 0.1667 0.1467
cr’* MPE 0.0010 0.0018 0.0023 0.0010 1
RMSPE 0.0118 0.0126 0.0134 0.0118
Cu** MPE 0.0006 0.0007 0.0007 0.0006 1
RMSPE 0.0098 0.0102 0.0104 0.0098
Ni? MPE 0.0011 0.0019 0.0024 0.0011 1
RMSPE 0.0079 0.0085 0.0091 0.0079
Pb** MPE —0.0003 —0.0008 —0.0012 —0.0016 17.4658
RMSPE 0.0181 0.0180 0.0180 0.0180
Sr2* MPE -0.0979 —0.2642 -0.3917 —0.0979 1
RMSPE 2.7595 2.9281 3.0984 2.7595
Zn** MPE 0.0009 0.0018 0.0025 0.0017 1.7984
RMSPE 0.0123 0.0120 0.0123 0.0120
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In comparison to the other areas, where AI** concentrations were high
throughout the study area, there were low values represented by the first class
(0.22-0.27 mg/L). These low values were observed from the north to the east of El
Oued, covering S14 and S7 (Ourmes and El Oued) and even surrounding S13 in
the south (El Oued). From these points, the concentrations gradually increased
towards the north, east, and southwest, reaching almost the middle of the study site,
encompassing the northern part of the investigated area.

Similarly, low concentrations of Fe?* that did not exceed the WHO limits were
found in the west of the Oued Souf Valley, specifically in an agricultural site
(Kouinine, S6), in the east in peri-urban areas (El Oued, S7), and even in the south
(between El Oued and Bayadha, S4, and S5). A similar pattern of spatial behavior
was observed between the distribution of Fe?* and AI** values, where Fe?" values
exceeded the limits in the north (Ouermes-S14), which is an agricultural site, and
surrounded S8 and S1 in an area that approximately spreads from the middle west
to the center of the study area, covering the northern part of El Oued municipality
(see figure 35).

As well as the other elements that are related to each other, Mn?" concentrations
were increasing from the east of the study area toward the north and the south of
the Oued Souf Valley. Furthermore, the high values that exceed the limits are
located in the north (Ouermes municipality), which is an agricultural site, and S1
and S10 in El Oued (an urban area). Visually, it was also possible to observe a
similar pattern between Mn**, Cu®*, and Pb**, where the highest levels were found
in the northern part of the Valley, which included the agricultural site (S14).

In connection to Mn?*, low concentrations of B*" are situated in almost the
center of Oued Souf and extend from the west to the east, including S6, S7, and S8,
and also in a small area surrounding S1, and the south including S3, S4, and S5.
Then, the concentrations gradually increase toward the north to S14. Although Ba**
and Cu*" did not exceed the limit, another spatial similarity between them has been
detected, where the highest values of Cu?" and Ba** are located north of the study
area covering S14. In contrast, an almost analogous spatial behavior can be noticed
between Sr**, Bi**, Cr**, Ni**, and almost in the case of Zn**. However, the highest
values are always found in the west of Oued Souf City, touching an agricultural
site (S6), with some differences in the south (El Oued municipality) in various
cases, such as Bi*" (S8, and S5), Cr** (S3, S4, and S5), Ni** (S2, S3, S4, and S5),
and Zn** (S3, and S4).

The consistent spatial patterns observed among the analyzed heavy metals in
the study area are primarily governed by their respective origins and the direct and
indirect interconnections they share with one another. These interrelationships are
probably influenced by both natural (geogenic) and human-made (anthropogenic)
sources. Geogenic sources include minerals and rocks susceptible to weathering,
with heavy metals adsorbing onto specific mineral surface sites. Anthropogenic
sources involve factors such as industrial discharge, household waste, and the use
of various types of fertilizers. These combined factors contribute to the observed
relationships among the heavy metals [362]. The septic source of the majority of
these heavy metals is closely related to the study area’s history, specifically when
the phreatic groundwater aquifer rose to or was near the surface.
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Figure 35. IDW spatial distribution maps of heavy metals concentration in the
phreatic aquifer: (A). aluminum- AI**, (B). iron- Fe**, (C). manganese- Mn*", (D).

boron- B*, (E). barium- Ba**, (F). bismuth- Bi**.
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Figure 36. IWD spatial distribution maps of heavy metals concentration in the
phreatic aquifer: (A). chromium- Cr**, (B). copper- Cu**, (C). nickel- Ni**, (D).
lead- Pb**, (E). strontium- Sr**, (F). zinc- Zn**.

4.1.3.4. Cluster Analysis of the phreatic groundwater samples based

on their metalic concentrations

The combined application of clustering analysis with Ward’s linkage approach
and Euclidean distance considered all the examined metals (Pb*", AI**, Ba*, Mn*",
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Ni%*, B¥, Cr¥", Cu*', Zn*", Fe*", Bi*", and Sr*") on the normalized data to construct
prospective groups present in the phreatic groundwater samples. Consequently,
two groups have been plotted on the dendrogram (figure 37). AI**, Fe*', Mn?*, B*,
Ba*", Cu*", Pb*, and Sr** were considered key factors in the identification of the
resulting groups through the HCA process, as shown in table 19.
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Figure 37. Dendrogram of hierarchical cluster analysis.

The samples in the first group reflected a lower risk of contamination in terms
of heavy metals due to their lower concentrations compared to the second group.
The area containing the second group samples was more vulnerable to heavy
metals, which likely originated from urban, peri-urban, and even agricultural areas,
as shown in figure 38.

Table 19. Statistical summary of the generated groups from HCA based on the
analyzed phreatic groundwater samples.

Heavy Metals Group 1 Group 2
Parameters Mean Median Minimum Maximum Mean Median Minimum Maximum
APP* 0.30 0.3 0.28 0.33 0.31 0.29 0.22 0.52
Fe?* 0.15 0.15 0.12 0.17 0.23 0.23 0.11 0.40
Mn?2* 0.37 0.37 0.35 0.38 0.46 0.42 0.30 0.71
B3 0.24 0.246 0.19 0.27 0.73 0.579 0.31 1.41
Ba* 0.01 0.008 0.01 0.01 0.02 0.016 0.00 0.03
Bi?* 0.21 0.188 0.17 0.28 0.12 0.1 0.00 0.27
Cr¥* 0.02 0.022 0.02 0.02 0.00 0 0.00 0.02
Cu?* 0.00 0 0.00 0.00 0.01 0.002 0.00 0.02
Niz* 0.02 0.019 0.02 0.02 0.01 0.006 0.00 0.01
Pb2* 0.00 0 0.00 0.00 0.01 0 0.00 0.05
Sr2t 3.15 3.642 1.77 4.02 8.13 8.158 6.19 9.94
Zn?* 0.03 0.03 0.01 0.04 0.00 0.00 0.00 0.02
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Figure 38. Cluster map of the clustered groups based on the phreatic groundwater
samples.

4.1.3.5. Evaluation of the Heavy-Metal pollution in the Phreatic
Aquifer

Figures 39- 41 illustrate the range of computed pollution indices based on the
analyzed heavy metals from the phreatic groundwater aquifer. The presence of
outliers in the contamination factor results for AI*" and Pb*" can probably be
associated with the historical pollution event, which might still be affecting the
data, along with the small number of samples. However, among the samples, 100%
showed medium contamination from Al**, while 78% (eleven samples) exhibited
low contamination, and 21.42% (three samples) had medium contamination of
Fe**. Additionally, 50% of the samples showed both low and medium
contamination with B**, whereas 100% of the samples were low in contamination
with Ba%". As for Mn?*, ten samples (71.43%) had a low contamination factor, and
four samples (28.57%) were low in terms of Mn?*". All samples showed low
contamination factors for Cr**, Cu®*, and Zn**. Regarding Sr**, Ni**, and Pb*",
42.86%, 78.57%, and 85.71% of the samples had low contamination factors,
respectively, while 57.14%, 21.43%, and 14.29% of the samples had medium
contamination factors.
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The overall degree of contamination of the studied metals revealed that the
majority of analyzed phreatic groundwater samples had a low degree of
contamination, accounting for 78.57% of the samples. Only three samples (S10,
S12, and S14) were characterized by a moderate degree of contamination.

Regarding the accumulations of heavy metals, whether anthropogenic or
geological in nature, it was observed that Fe?*, Mn**, Ba**, Cr**, Cu?’, Ni**, Sr*,
and Zn*" did not reach contamination levels, indicating lower accumulations.
However, in the case of B3, four samples (S9, S10, S12, and S14) showed values
of the geoaccumulation index ranging from uncontaminated to moderately
contaminated. The remaining samples were classified as uncontaminated in terms
of B>,

The geoaccumulation index results indicated that S13 was uncontaminated to
moderately contaminated, and S14 was moderately contaminated in relation to
Pb’". Additionally, three samples (S1, S2, and S8) were classified as
uncontaminated to moderately contaminated, while the rest of the samples did not
reach the contamination level for the studied heavy metals.

In summary, the majority of the analyzed phreatic groundwater samples showed
a low degree of contamination, with only a few samples exhibiting a moderate
degree of contamination. The geoaccumulation index provided insights into the
accumulations of different heavy metals, highlighting some samples with moderate
contamination levels for certain elements.
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Figure 39. (A) Box plot of contamination factors. (B) Scatter plot of contamination
degree.
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Regarding the enrichment of the studied metals in the phreatic aquifer, the
analyzed metals had an enrichment trend of AI** > B3 > Sr** > Mn?* > Ni*" > Pb?*
> Cr** > Ba?" > Cu*" > Zn?**. Furthermore, all of the samples had minor enrichment
in terms of Ba?, Cr**, Cu?', and Zn?*', suggesting their geogenic source. In
accordance with AI**, nine samples had a minor enrichment by Al** (S1, S3, S11,
S8, S9, S10, S12, S13, and S14), while the other five samples had a moderate
enrichment by AIP*. Overall, the enrichment values of AI** suggested the
anthropogenic source of AI*" in the thirteen samples that cover almost all of the
study area [327] Despite the minor enrichment by Mn?" in all of the analyzed
samples, S2, S4, S5, S6, S7, and S10 had enrichment factor values above 1.5,
suggesting their anthropogenic source, which was reinforced by their being located
mainly in ElI Oued (urban areas) and Kouinine (agricultural area). The possible
anthropogenic source of Mn?" in urban areas can be represented by wastewater,
acid mine drainages [375], landfill leachates, and legal and illegal industries [376].
Meanwhile, the anthropogenic source of Mn?" in rural areas can result from
manganese-containing fertilizers such as manganese sulfate (MnSQOs), pesticides
and herbicides, and livestock farming [377]. Furthermore, the enrichment by B¥*
was minor in eight samples (S1, S2, S3, S4, S5, S8, S9, and S11), while the rest of
the other samples reflect a moderate enrichment by B**. However, S6, S7, S10,
S12, S13, and S14 had an enrichment suggesting the anthropogenic source of B*".
In terms of Ni?*, most of the phreatic groundwater samples showed minor
enrichment, except for S2 and S4, which had moderate enrichment. Furthermore,
four samples that were located in El Oued and Bayadha (S2, S3, S4, and S5)
probably had an anthropogenic origin. In any case, S13 and S14 represented an
anthropogenic moderate enrichment by Pb*", while the rest of the other samples
were of minor enrichment. Correspondingly, three samples (S5, S6, and S7) were
characterized by moderate enrichment by Sr, while the rest of the sample had minor
enrichment by Sr?*. Overall, six samples (S5, S6, S7, S11, S12, and S13) were of
anthropogenic origin. Ecologically, all of the studied heavy metals represented no
ecological risk, since their results were below 5, except for two samples: S13,
which represents a considerable ecological risk, and S14, which represents a high
ecological risk in terms of Pb?". Meanwhile, all of the samples reflected a low
potential ecological risk concerning all of the metals.
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4.1.3.6. Risk Evaluation of Human Health from the Heavy Metals of
the Phreatic Aquifer

The presence of heavy metals with high concentrations in any groundwater
system may generate a risk of adverse effects on human health, causing several
serious effects that can vary from shortness of breath to several types of cancers in
human beings (a significant threat to the normal performance of human body
tissues) [326,378], reduced growth and development, organ damage, nervous
system damage, and in extreme cases, death. The toxicity of heavy metals increases
because of their non-metabolization and their accumulation in soft tissues
[379,380]. Animal tissues have been found to have undergone morphological,
histological, and biochemical changes after being exposed to environmental toxins
such as heavy metals for an extended duration, even at very low concentrations
[378]. Table 20 represents the results of the chronic daily intake (CDI) of the
analyzed metals in this research. In figure 42, all of the obtained outcomes,
including the hazard quotient (HQ) and hazard index (HI), are shown. For adults,
the chronic daily intake (CDI) values with respect to all the analyzed metals were
below the oral reference dose (RfD), leading to HQ values lower than 1 for all
samples, indicating an acceptable level of non-concern. However, for eight samples
(S1,S6,S9,S10,S11, S12, S13, and S14), the hazard index (HI) values were above
1, indicating a high long-term health risk and a non-negligible non-carcinogenic
adverse effect in the case of adults. This high risk is attributed to the high presence
of Al in most samples, and Fe**, Mn?*, B*", Ni*', and Sr*" in other wells. For
children, the CDI values were below the RfD for Al**, Fe?", B3*, Ba*", Cr**, Cu?",
Ni?*, Pb*", and Zn*". However, the CDI was above the RfD for Sr in S6 (CDI =
0.63537) and Mn*" in S10 (CDI = 0.04538). Most of the analyzed heavy metals
had HQ values less than 1 for children, except Mn?** and Sr**. HQ values of Mn**
exceeded 1 in nine samples (S1, S2, S6, S9, S10, S11, S12, S13, and S14), and the
HQ of Sr** was high in two samples (S6 and S12).

Table 20. Statistical summary of the computed chronic daily intake (CDI) re-

sults for adults and children of Oued Souf.

Cases Adults Children

Elements Mean S.D Min Max Mean S.D Min Max
AP 0.0085 0.0023  0.006 0.0143 0.0198 0.0053 0.0141 0.0332
Fe?* 0.0059  0.0025  0.003 0.011  0.0137  0.0059 0.007 0.0256
Mn** 0.0121  0.0031 0.0082 0.0195 0.0281 0.0071 0.0192 0.0454

B¥ 0.0171  0.0117 0.0053 0.0386 0.04 0.0273 0.0123 0.09

Ba? 0.0004 0.0003 0.0001 0.0009 0.0009 0.0006 0.0003 0.0022
crt 0.0002  0.0003 0 0.0006 0.0005 0.0006 0 0.0015
Cu* 0.0001  0.0002 0 0.0006 0.0003  0.0005 0 0.0013
Ni%* 0.0002  0.0002 0 0.0007  0.0006  0.0005 0 0.0015
Pb** 0.0001  0.0004 0 0.0012  0.0003  0.0008 0 0.0029
Sr** 0.1934  0.0668 0.0486 0.2723 0.4513  0.1558 0.1134 0.6354
Zn* 0.0002  0.0003 0 0.001  0.0005 0.0008 0 0.0024
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The current level of Fe**, Mn*", B¥, Ni?*, Pb**, Sr**, and AI’* penetrating the
digestive tract or causing skin contamination through the phreatic groundwater can
have diverse effects on human health, since an excessive amount of iron in the body
could raise concerns due to its potential link with various chronic illnesses such as
heart disease [381,382] and diabetes [383,384]. High manganese exposure, often
from contaminated drinking water, can cause neurotoxic effects, including tremors
and cognitive impairment [385]. Furthermore, boron exposure may lead to
gastrointestinal symptoms and, in chronic cases, kidney damage or developmental
issues in children [386].

The buildup of nickel and its compounds within the body as a result of
prolonged exposure could lead to a range of detrimental health effects in humans,
including conditions such as lung fibrosis, kidney problems, cardiovascular
diseases, and respiratory tract cancer [387,388]. Lead exposure, particularly in
children, can result in developmental delays and cognitive problems, while adults
may experience high blood pressure and fertility issues [389]. Strontium is less
toxic than some other heavy metals, but excessive exposure can lead to bone
problems, including changes in bone density [390]. Aluminum levels have been
associated with neurological disorders such as Alzheimer’s disease [391].

Consequently, the Hazard Index (HI) scores registered exceedingly elevated
levels concerning children, encompassing all the wells within the research area.
This indicates a substantial and enduring health hazard, along with a noteworthy
non-cancer-related adverse impact. Elevated HI scores not only imply immediate
dangers but also project into the foreseeable future. Prolonged exposure to these
contaminants may result in persistent health issues, with the potential to impede
the growth and development of children. Furthermore, children are inherently more
susceptible to environmental pollutants than adults, given their ongoing physical
development and their tendency to consume or breathe in a higher proportion of
pollutants relative to their body weight.

Consequently, the elevated HI scores for children warrant special concern.
Hence, it is imperative to involve pertinent authorities, including environmental
agencies and public health departments, in formulating and executing strategies
aimed at mitigating these risks and safeguarding the well-being of children in the
affected region. Additionally, active community engagement and the dissemination
of information about potential hazards and protective measures are essential steps
to ensure the welfare of residents, particularly children.
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Figure 42. The results of health risk assessment: (A) Box plot of Hazard Quotients

(HQs) of eleven heavy metals through ingestion exposure of adults. (B) Box plot of

Hazard Quotients (HQs) of eleven heavy metals through ingestion exposure of chil-
dren. (C) Hazard Index (HI) values of eleven heavy metals for both cases.

4.2. The Complex terminal groundwater aquifer analysis

4.2.1. Piezometry of the Complex terminal groundwater aquifer

Based on the data acquired from Agence Nationale des Ressources
Hydrauliques (ANRH) in 2015-2016, the study area is intersected by a total of 49
wells. Among these, three wells are dedicated to irrigation purposes and are
situated in El Oued's central city, while the remaining wells serve as sources for
drinking water supply, distributed across the rest of the study area. Out of the 49
wells, 26 draw water from the Mio-Pliocene aquifer, and the remaining 23 wells
are from the Pontian aquifer. The deepest well, reaching a depth of 398 meters, is
located in Guemmar municipality and belongs to the Mio-Pliocene aquifer.
Additionally, another well in the same municipality reaches a depth of 265 meters
and is used for drinking water supply. The total water abstraction in the covered
study area amounts to 67,820,480.64 cubic meters per year. On the other hand, the
largest water extraction occurs in W25, situated in Guemmar, and is utilized for
drinking water supply, drawing from the Pontian aquifer. According to the
piezometric map depicted in figure 43, the overexploitation of the complex
terminal aquifer is evidenced by a high groundwater level in various municipalities,
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especially in the southern to the middle part of the study area, encompassing El
Oued, Bayadha, Mih ouensa, Hassi khalfa, and Robbah. Conversely, the lowest
groundwater levels are found in the northern part of the study area, specifically in
Magrane, Debila, Reguiba, and Guemmar. The piezometric level indicates that the
flow direction of groundwater is from the south (recharge area) to the north
(discharge area), directing towards Chott Melrhir and Chott Merouane in the
northern region of the study area.
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Figure 43. Piezometric map and groundwater flow of the complex terminal aquifer.

4.2.2. Physicochemical characterization of the complex terminal
groundwater aquifer

Table 21 presents a statistical summary of the examined physicochemical
parameters and the corresponding measurements obtained from groundwater
samples. Furthermore, the analysis of the complex terminal groundwater aquifer
indicates the absence of any microbiological contamination.
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Table 21. List of the physicochemical parameters analyzed in the complex terminal
groundwater aquifer samples.

Variables Mean S.D Min Max WHO Standards
T °C 23.12 5.05 11.80 35.10
pH 7.49 0.15 7.23 7.84 6.5-8.5
EC (ps/cm) 4131.48 382.97 2760 4730 1000
Salinity (%) 2.64 0.26 1.80 3
TDS (mg/L) 2650.92 246.36 1766 3027 500
Turbidity (Ntu) 0.43 0.52 0.07 3.23 5
Dry Residue (mg/L) 3075.10 478.89 1900 3980
Total Alkalinity (mg/L) 138.87 27.17 83 189
Ca?" (mg/L) 274.96 36.85 200.40 360.72 75
Mg?" (mg/L) 122.74 30.19 63.12 184.72 50
Na* (mg/L) 379.41 57.92557 137 600 200
K* (mg/L) 33.34694 7.0113 15 50 12
Cl" (mg/L) 888.59 144.18 457.34 1240.86 250
SO4% (mg/L) 729.09 152.21 193.06 997.41 250
HCOs™ (mg/L) 167.98 33.50 101.26 213.58 120
NOs3™ (mg/L) 22.39 6.62 1.91 34.90 50

The pH levels of the groundwater samples ranged from 7.23 to 7.84, with an
average of 7.49. All the groundwater samples (100%) in the study area fell within
the range of 7.2-8.5, indicating a low alkaline groundwater type. Importantly, all
pH values were found to be within the acceptable range for drinking, as defined by
the World Health Organization (WHO) in 2011.

Regarding the electrical conductivity, which reflects the presence of various
dissolved salts in the groundwater samples, there were significant variations
observed, ranging from 2760 to 4730 us/cm. The average electrical conductivity
was calculated to be 4131.48 ps/cm. It's worth noting that all recorded values
(100% of the groundwater samples) exceeded the WHO standards established for
drinking purposes. Similarly, the total dissolved solids (TDS) and salinity exhibited
wide-ranging values. TDS in the study area ranged from 1766 to 3027 mg/L, with
an average of 2650.918 mg/L. All of the groundwater samples (100%) exceeded
the WHO standards for TDS in drinking water. TDS comprises various dissolved
substances, including inorganic salts, organic matter, and dissolved gases, which
contribute to its levels in the groundwater.

The analysis showed that 100% of the groundwater samples were categorized
as slightly saline due to the TDS levels, and once again, all of them exceeded the
WHO standards for drinking purposes. Additionally, the salinity values and dry
residue showed variability, ranging from 1.8% to 3% and 1900 to 3980 mg/L,
respectively. The average value for dry residue was calculated to be 3075.102
mg/L.
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4.2.3. Application of hierarchical clustering approach for grouping
the complex terminal groundwater samples parameters

The hierarchical clustering analysis (HCA) was performed on the normalized
data of various parameters, including major ions (Ca*", Mg?*, Na*, K*, CI-, SO4*",
HCOs™, and NOs"), electrical conductivity (EC), total dissolved solids (TDS),
salinity, total hardness (TH), total alkalinity (TA), turbidity, temperature, and dry
residue. The purpose of this analysis was to identify potential hydro-chemical
groups present in the groundwater samples. The Q-mode approach was utilized for
this analysis.

To assess the similarity between water samples, Ward's linkage technique and
Euclidean distance were employed during the HCA process. The results were
represented as a dendrogram of spatial HCA, which is displayed in figure 44. The
dendrogram provides a visual representation of the clustering of groundwater
samples based on their similarity in terms of the measured parameters. By using
the Q-mode hierarchical clustering approach, different groups or clusters of
groundwater samples with similar hydro-chemical characteristics can be identified
and distinguished from each other. This analysis helps in understanding the spatial
distribution and variations of hydro-chemical properties within the study area,
which can be valuable for groundwater resource management and monitoring.
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Figure 44. Hierarchical cluster dendrogram—Q mode based on the hydrochemical
parameters of the Complex terminal groundwater samples.
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Four distinct groups of groundwater samples were formed. The key
differentiating factor among these groups appears to be the electrical conductivity
(EC). EC shows a significant exponential increase from group 1 to group 4. In order
to examine the geochemical evolution of water types, all these groups were plotted
in a Piper plot. This plot helps in identifying the different geochemical
characteristics of each water type. Furthermore, for assessing the suitability of
these waters for drinking purposes, all the physicochemical parameters of the
groundwater groups were compared to the World Health Organization (WHO)
guidelines for drinking water in 2011. Statistical analyses were carried out to
evaluate the compliance of these groundwater samples with the specified WHO
standards.

The hydrochemistry of groundwater aquifers can be challenging to interpret in
sedimentary environments due to the diverse and complex mineralogical and
chemical properties of the studied area [392]. In group 1, which comprises wells
W22, W13, and W5, the average electrical conductivity (EC) is measured at 3000
us/cm, indicating significant mineralization and the presence of brackish water.
Many of these wells are located in the recharge zone and are part of the Mio-
Pliocene aquifer. The abundance of major ions in this group follows the order: Na*
+ K" > Ca?" > Mg* and CI" > SO4* > COs?> + HCOs~ > NOs, as illustrated in
figure 45.
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Figure 45. Stiff diagram for the four water groups, (A). group 1, (B).
group 2, (C). group 3, (D). group 4.

The hydro-chemical facies identified in this group are primarily Ca**-Mg?*-CI-
-SO4* type, Ca**Cl type, and chloride type, with one sample showing a magnesium
type, as indicated in the Piper plot displayed in figure 46.
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Figure 46. (A). Piper diagram for water samples, and (B). Chadha
diagram of the groundwater samples.

In terms of concentration, chloride dominates this group (with minimum =
631.06 mg/L, maximum = 787.06 mg/L, and mean = 706.7 mg/L), followed by
calcium (with minimum = 240.48 mg/L, maximum = 280.56 mg/L, and mean =
260.52 mg/L), magnesium (with minimum = 85.07 mg/L, maximum = 121.53
mg/L, and mean = 101.27 mg/L), and sulphates (with minimum = 568.33 mg/L,
maximum = 654.02 mg/L, and mean = 621.57 mg/L). In contrast, the concentration
of nitrate in this group is relatively lower when compared to the other elements,
with values ranging from minimum = 1.911 mg/L, maximum = 34.9 mg/L, and
mean = 22.39 mg/L. Anyway, it is important to note that chloride, calcium,
magnesium, and sulphates in this group exceed the desirable WHO 2011 standards
for drinking water, while nitrate concentrations remain within the acceptable limits
according to the WHO guidelines.

Group 2 consists of a set of wells, numbered W2, W20, W21, W8, W10, W17,
W9, W4, W7, W16, W11, W18, W12, W14, W3, W28, and W44. These wells
collectively account for 34.69% of the water samples within the study area. Among
these, 20.41% are situated in the El Oued municipality and belong to the Mio-
Pliocene aquifer. These wells include numbers W2, W3, W4, W7, W8, W9, W10,
W11, W12, and W14. Additionally, 10.20% of the water samples originate from
Debila (wells W16, W17, W18, W20, and W21), which are also part of the Mio-
Pliocene aquifer. However, a smaller portion, 2.04%, is divided between Guemar
(W28) and Reguiba (W44), with the former belonging to the Mio-Pliocene aquifer
and the latter to the Pontian aquifer. This group is notably characterized by
extremely high salinity levels, ranging from 3650 to 4430 puS/cm, with a mean of
4005.44 uS/cm, indicating the presence of brackish water. The relative abundance
of major ions in this group follows a similar pattern as observed in group 1 (figure
45). The hydro-chemical composition is predominantly of the Ca**-Mg?*-CI-SO4*
type, Ca**Cl type, and chloride type (figure 46 (A)). Chloride stands out as the
most dominant element within this group, with minimum, maximum, and mean
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concentrations of 815.42 mg/L, 1240.86 mg/L, and 976.9 mg/L, respectively.

In this grouping, calcium and magnesium are the dominant ions, with minimum,
maximum, and mean concentrations of 204.36 mg/L, 340.68 mg/L, and 263.24
mg/L for calcium, and 63.19 mg/L, 184.72 mg/L, and 124.26 mg/L for magnesium,
respectively. Sulfate levels are also notably high, with minimum, maximum, and
mean concentrations of 602.39 mg/L, 978.26 mg/L, and 764.12 mg/L. However,
it's important to note that concentrations of chloride, calcium, magnesium,
potassium, and sulfates exceed the recommended WHO 2011 standards for
drinking water, while nitrate levels remain within acceptable limits.

Group 3 comprises ten wells (W1, W15, W19, W25, W27, W30, W31, W41,
W47, and W49), collectively displaying an average electrical conductivity (EC) of
4272 nS/cm, which indicates the presence of brackish water. Among these wells,
W1, W15, W19, and W27 are situated in El Oued, Debila, and Guemar, and they
belong to the Mio-Pliocene aquifer. The remaining wells (W25, W30, W31, W41,
W47, and W49) are associated with the Pontian aquifer and are distributed across
Guemar, Reguba, and Taghzout. The relative abundance of major ions within this
group follows the sequence Na* + K* > Ca** > Mg*, and SO,* > CI" > HCO;™ >
NOs;™ (figure 45). The hydro-chemical characteristics are predominantly of the
Ca*-Mg?"-CI-SO4* type and Ca?'Cl type (figure 46 (A)). Within this group,
sulfate and chloride ions dominate, with minimum, maximum, and mean
concentrations of 630.25 mg/L, 997.41 mg/L, and 817.62 mg/L for sulfates, and
457.34 mg/L, 985.59 mg/L, and 800.88 mg/L for chloride, respectively. Calcium
content varies between 200.4 and 360.72 mg/L, with an average of 282.96 mg/L,
while magnesium concentrations range from 63.12 to 165.27 mg/L, with a mean
of 137.32 mg/L. Nitrate levels fall within the range of min = 16.6 mg/L, max =
28.9 mg/L, and mean = 22.9 mg/L, while potassium and sodium concentrations
span from 32 to 42 mg/L (mean = 36 mg/L) and 137 to 460 mg/L (mean = 373.9
mg/L) respectively. However, it’s noteworthy that all the measured parameters
exceed the standards set by the World Health Organization (WHO) for drinking
water, with the exception of nitrate.

Group 4 consists of nineteen wells (W6, W24, W40, W32, W33, W34, W42,
W43, W46, W29, W37, W45, W39, W38, W23, W35, W26, W36, and W4S),
collectively showing an average electrical conductivity (EC) of 4348.95 ps/cm,
indicating the presence of brackish water. Among these wells, 21.05% are
associated with the Mio-Pliocene aquifer (W6, W23, W36, and W37), located in
El Oued, Guemar, and Kouinine. The remaining 78.95% are attributed to the
Pontian aquifer and are distributed across Guemar, Ourmes, Kouinine, Reguiba,
and Taghzout. The concentration order of major ions within this group is as
follows: Na* > Ca*" > Mg?*, and CI” > SO > HCOs~ > NOs (figure 45). The
hydro-chemical composition, as confirmed by the Piper plot, primarily represents
the Ca?’-Mg?*-CI-SO4* type, Ca’'Cl type, and chloride type (figure 46 (A)).
Within this group, chloride and sulfate ions dominate, with minimum, maximum,
and mean concentrations of 730.33 mg/L, 1127.41 mg/L, and 884.46 mg/L for
chloride, and 193.06 mg/L, 923.19 mg/L, and 668.14 mg/L for sulfate,
respectively. Calcium concentrations vary between 216.43 mg/L and 324.65 mg/L,
with an average of 283.51 mg/L, while magnesium levels range from 65.62 mg/L
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to 165.27 mg/L, with a mean of 117.11 mg/L. All ion concentrations meet the
drinking water standards set by the World Health Organization (WHO) in 2011,
except for nitrate which did not exceed the limits.

The diagram depicted in figure 46 (B) illustrates the Chadha plot, wherein a
significant portion (97.96%) of the samples falls within the 6 category, denoting
the reverse ion-exchange Ca**-Mg?*-C1/SO4> water type. This grouping indicates
the prevalence of waters characterized by a composition of Ca**-Mg**-Cl", Ca>*-
Mg?*-dominant CI', or Cl'-dominant Ca?>*-Mg>" types. In these water types, the
concentration of alkaline earth metals (Ca*" and Mg?") surpasses that of alkali
metals (Na* and K"), while the presence of strong acidic anions (Cl~ and SO4*)
outweighs weak acidic anions (HCO3"), aligning with the conclusions drawn from
the Piper diagram. Conversely, a smaller fraction (2.04%) is situated within the 7
category of the plot, corresponding to seawater Na-Cl characteristics. This subset
signifies an abundance of alkali metals in comparison to alkaline earth metals and
a prevalence of strong acidic anions over weak acidic anions. Notably, this group
displays heightened levels of (Ca** + Mg*) and (CI- + SO4*) compared to
(HCO3).

4.2.4. Assessment of the complex terminal groundwater aquifer for
drinking purposes

In this research, a comparison was conducted between the calculated WQI
values and the guidelines established by WHO (2011). The WQI computation for
drinking water involved ten parameters: EC, pH, Ca*", Mg?', Na*, K*, Cl", SO4*",
HCO;™, and NOs™. All wells examined scored above 50 on the classification scale.
However, wells with good water quality accounted for 10.20% (11.54% from Mio-
Pliocene and 8.70% from the Pontian), while samples with poor quality constituted
24.49% (15.38% from Mio-Pliocene and 34.78% from the Pontian). Additionally,
55.10% exhibited very poor water quality (61.54% from Mio-Pliocene and 47.83%
from the Pontian). Moreover, 4.08% were deemed unsuitable for drinking,
including 7.69% from the Mio-Pliocene aquifer as shown in table 22.

Table 22. The results of WQI-based the complex terminal groundwater
aquifer suitability for drinking and irrigation.

% of samples % of sam-
o, -
Range Classes Number of wells % 02:?:]“1;2? “ (Miopleocen l:]l:fl (sl:::_
P sample) ple)
<50 Excellent water
100.0-125.0 Good water W10, W4, W18, W24, W29. 10.20% 11.54% 8.70%
W13, W21, W11, W28, W44,
125.1-150.0 Poor water W30, W47, W40, W26, W38, 24.49% 15.38% 34.78%
W39, W48.
W5, W22, W2, W20, W8,
W17, W7, W16, W12, W14,
W19, W15, W25, W27, W49, ) . )
150.1-175.0 Very poor water Wa4l, W31, W6, W32, W33, 55.10% 61.54% 47.83%
W34, W42, W46, W23, W35,
W36, W37.
175.1-200.0 Unfit for drinking W9, W3. 4.08% 7.69%
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4.2.5. Assessment of the complex terminal groundwater aquifer for
irrigation puposes

The evaluation of groundwater samples collected from the intricate that the
complex terminal aquifer was carried out using various indices, and the
presentation of the findings is outlined in table 23. Based on Total Hardness (TH)
measurements, 44.90% of the samples were categorized as soft water (53.85%
from the Mio-Pliocene and 34.78% from the Pontian), while 55.10% were
moderately hard (50% from the Mio-Pliocene and 60.87% from the Pontian).
Notably, no monitoring well fell within the hard to very hard range. The values of
Sodium Adsorption Ratio (SAR) were above 10 indicating that these waters are
not suitible for irrigation. While only one samples W41 had a good water quality
for irrigation.

The Electrical Conductivity (EC) values of the complex terminal aquifer were
divided into two groups: 2.04% (W5) and 4.35% from the Pontian displayed water
quality of doubtful nature, while 97.96% exhibited unsuitable quality for irrigation,
comprising 100% from the Mio-Pliocene and 95.65% from the Pontian. The
percentage of Sodium (% Na) indicated that 81.63% of the samples were
acceptable for irrigation (73.08% from the Mio-Pliocene and 91.30% from the
Pontian), whereas 18.37% demonstrated good quality (26.92% from the Mio-
Pliocene and 8.70% from the Pontian), with one sample classified as excellent
quality.

Regarding the Magnesium Hazard Index, 85.71% of the samples were suitable
for irrigation (80.77% from the Mio-Pliocene and 91.30% from the Pontian), while
14.29% were unsuitable (19.23% from the Mio-Pliocene and 8.70% from the
Pontian). The Permeability Index (PI) indicated that 97.96% of the samples
displayed moderate quality, except for W41 belonging to the Pontian aquifer,
which was classified as suitable. The Kelley Ratio (KR) identified 97.96% of the
samples as having suitable quality (100% from the Mio-Pliocene and 95.65% from
the Pontian), with the exception of W5, attributed to the Pontian aquifer. In terms
of Residual Sodium Carbonate (RSC), all samples, 100%, were considered
acceptable for irrigation practices.

Table 23. Irrigation quality indices of the complex terminal aquifer.

Range Classes Number of wells
EC (us/cm)
<250 Excellent
250-750 Good
750-2000 Permissible
2000-3000 Doubtful W5
> 3000 Unsuitable All the samples except W5
Percent so-
dium (Na%)
<20 Excellent W4l
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20-40 Good W22, W20, W8, W17,W7,18,15,41,46
W5,W13,W2,W21,W10,W9,W4,W16,W11,W12,W14,W3, W28, W44, W1,W19,W25,W
40-60 Permissible 27,W49,W30,W47,W31,W6,W24,W32,W33,W34,W40,W42,W43,W23,W26,W29,W3
5,W36,W37,W38,W39, W45, W48
60-80 Doubtful -
>80 Unsafe -
Alkalinity haz-
ard (SAR)
<10 Excellent -
10-18 Good W41
18-26 Doubtful -
W5,W44,W25,W49,
~26 Unsuitable W30,W47,W31,W24,W32,W33,W34,W40,W46,W26,W29,W35,W38,W39, W45 W48,
W13,W22,W2,W20,W21,W10,W17,W9,W4,W7,W16,W11,W12,W3, W28, W19,W15,
W27,W6,W36,W37
Total hardness
(TH)
<75 Soft W36,W13,W2,W10,W4,W16,W11,W12,W14,W3, W28 W19,W6,W36,W38,W39,W29,
W35,W40,W24,W30,W5
75-150 Moderately hard W22,W20,W21,W8,W17,Wo,W7,W18 W1,W15W27,W23,W37,W44, W25 W49, W41,
Y W47,W31,W33, W34, W42, W43, W46,W26,W45,W48
150-300 Hard -
>300 Very hard -
Magnesium
hazard (MH)
W5,W44,W25,W49,W41,W30,W47,W31,W24,W32,W33,W34,W40,W46,W26,W29,
<50 Suitable W35,W38,W39,W45 W48, W13, W22, W2,W20,W21,W10,W17,WO, W4 W7, W16,W1l1,
WI12,W3, W28 W19,W15,W27,W6,W36,W37
>50 Unsuitable
Permeability
index PI
<25 Suitable w4l
25-75 Moderate All the samples except W41
>75 Unsuitable -
Kelley ratio
(KR)
<1 Suitable All the samples except W5
1-2 Moderate W5
>2 Unsuitable -
RSC
<1.25 Acceptble All the samples
125-2.5 Slightly adapted -
to 1rrigation
>2.5 Not suitible -

4.2.6. Application of geostatistical modelling for the complex
terminal hydro-chemical parameters

The primary hydro-chemical parameters of significance were fitted using the
exponential semi-variogram model. These parameters included EC, Ca?", Mg*",
K*, Na®, HCO;~, Cl, NOs~, and SO4+>". Among these, the rational quadratic model
demonstrated the optimal fit for Na* and NOs™, with the determination based on the
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ratio of nugget variance to the sill. Furthermore, various classifications were
employed to characterize the spatial interdependence of hydro-chemical
groundwater parameters. In this thesis, three levels of spatial dependence were
recognized: robust when the ratio falls below 25%, moderate when the ratio ranges
between 25% and 75%, and weak when the ratio exceeds 75%, as detailed in table
24.

Table 24. Best-fitted semi-variogram models and cross-validation for

Ordinary kriging of groundwater quality parameters.

Semi variogram model parameters Prediction errors
3
g 5 Root-
g 3 (Co/ Spatial Mean-
g . .
a g Nugget Partial Sill Co+C) de- Square
g 5 Model "¢ " sili(C) (CtC)  *100  pend-  Mean
5] o Stand-
S (%) ence .
ardized

Original Expo-

EC 0.028 0.098 0.126 22.35 Strong 0.228 1.090

data nential
Ca* Original — Expo- 5, 0.677 1.421 537 Moder- g eh6 0951
data nential ate
2 Logarith-  Expo-
Mg ! . 0.062 0.011 0.073 84.74  Weak 1035 0911
mic nential
Ra-
Na* Original  tional 0.112 0.167 0.279 4019 Moder- - g6s 1035
data Quad- ate
ratic
K* Original  Expo- |45 0.357 0.502 2gg9  Moder 504 1.131
data nential ate
Heoy  Original - Expo- 0 0.558 0.976 agy  Moder 000 0927
data nential ate
. Logarith- Expo-
cl ! . 0.027 0005 00317 84864 Weak  -0.515  0.905
mic nential
sop  Logarith- Expo- 50, 0.091 0.098 7142 Strong  -0424  0.732
mic nential
Ra-
Noy  Logarith-tomal g 0516 0369 1454  Stong 0993  1.117
mic Quad-

ratic

In the designated research region, a distinct spatial correlation is observed
among EC, SO4*", and NO;". On the other hand, Ca**, Na*, K*, and HCOs™ exhibit
a moderate level of spatial correlation, whereas Mg*" and C1 display a relatively
lower degree of spatial dependence. The spatial arrangement of EC (depicted in
figure 47) illustrates an increase in mineralization from the eastern portion of the
study zone towards the western and southwestern sectors. This phenomenon is
attributed to both the geological composition of the local area and the problematic
condition of specific wells within the complex terminal. These wells have breaches
in their casing levels, facilitating direct interaction and connection with the phreatic
aquifer, which is characterized by its elevated mineral content.
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Figure 47. Spatial distribution of EC.

The spatial distribution of SO4* and Mg?" concentrations is predominantly influenced
by the dissolution of evaporate formations, the leaching of clays, and the dissolution
of gypsum and anhydrite. In the northern region of the research area encompassing
Sidi Aoun and Guemar, diminished levels were detected, whereas the most elevated
concentrations were witnessed in the southwestern part of the study zone. The least
amounts of Mg?" were situated in close proximity to Guemar, to the southwest of
Debila, to the south of El Oued, and in the Kouinine vicinity. Additionally, a marked
increase in value was also observed in the southwestern region, as depicted in figures
48 (B) and 49 (C).
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Figure 48. Spatial distribution of cations: (A). calcium (Ca*"), (B).
magnesium (Mg*"), (C). sodium (Na*), (D). potassium (K™).

The spatial distribution maps for Ca®*, HCO;", Na*, K*, and Cl™ reveal
significant heterogeneity attributed to both substantial geological variations across
regions and varying well depths. To the south of El Oued, Ca*" concentrations
appear diminished, while elevated levels are evident in Debila, Sidi Aoun, and
Kouinine. A rise in Ca*" concentrations is observed in the southern expanse of the
study area, particularly around Kouinine, as well as in the northwestern vicinity
encompassing Debila and Sidi Aoun. Conversely, a decline in Ca®" concentrations
is noticeable when progressing from Guemar towards El Oued, extending until
Bayadha. The presence of Ca*" ions in groundwater is mainly linked to the
dissolution of carbonate formations (CaCO;3) as well as gypsum formations
(CaS042H,0). The study geological and hydrogeological confirm this hypothesis
where we find limestone and gypsum in the reservoir of the terminal complex
(limestone layer), and limestone in the reservoir of the continental intercalary.
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Furthermore, HCO;~ concentrations exhibit an increase from the southeastern
region around El Oued, extending towards the northwest and southwest, as
depicted in figures 48 (A) and 49 (B). This observed pattern is attributed to the
intricate interplay of geological diversity and well depths in the area.

The presence of sodium is fundamentally connected to the process of halite
dissolution (evaporation). In fact, sodium, much like chlorides, exhibits significant
and uneven concentrations within the waters of the complex terminal (CT). Sodium
concentrations within the groundwater samples of the CT are reduced towards the
northeast portion of the research area, in proximity to Debila, and towards the
northwest. The graphical representations in figures 48 (C) and 49(A) indicate a rise
in chloride levels from the western side to the eastern side.

Legend
= N -
; ® Cry ® Wl ;
i A - et arrensn |
(St ake) gy High : 213 58(mg)
101.26(mg)
\ £
A—L H
-
s )
we®
.im / L&
Hamss btk
[ 4
H
16
N Legend N /' Legend
B ® ay * e FOE y ® oo . e
; A £5 s et 1 cnsrnten |4 B A 4 . £ orngoscxaorman 3
Sabiho (ol lke) l High : BT ATir y | Lo Sobkha (Sek lake] gy HON: 49T
Low - 193 06{mgi) \ B ow 101mgn)
y g
. h =
i 5 y . b |§
R R .. - I‘\, o
{ & #, Ui -
. E. 2
O
| .. 3 . y n
i § ) g |
2 \ - % i 4
- jassani Abdelkrim
b R 4
\ . -
\ . -
| Y BN
B h £ . . B
pr L P T
P g e AP
4 . ..
y o
/ . . % {
H { - . 1
~ . —= |
L] 4 8 16 0 4 8 8
— im

= P o e = o rore e wakee e vurs e o

Figure 49. Spatial distribution of anions: (A). chloride (CI'), (B).
bicarbonate (HCO5"), (C). sulfate (SO4*), (D). nitrate (NO5").

Potassium primarily originates from evaporites, specifically sylvite (KCl), or
arises through the modification of potassium-rich clays within the phreatic aquifer
and complex terminal aquifer. The study region is characterized by elevated
potassium levels, with the exception of certain areas like Debila, Guemar, and El
Oued, where potassium concentrations are notably low, as indicated in figure 48
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(D). Nitrate contamination primarily stems from urban wastewater in metropolitan
zones and agricultural fertilizer application in cultivated lands. Figure 49 (D)
illustrates that elevated nitrate concentrations are observed in the northwestern and
western sectors of the study area, north of Guemar, north of Kouinine, and in the
eastern and northern parts of El Oued. The higher nitrate levels validate the
blending of phreatic groundwater with complex terminal flows, leading to
significant nitrate content in the complex terminal waters. Lower nitrate levels are
recorded in the Ghouts covered by reeds, owing to their utilization for reed growth,
and also near the El Oued discharge point, where nitrate denitrification provides
the requisite oxygen for microorganism respiration.

4.2.7. Origin of Mineralization in the complex terminal aquifer

Lithology plays a significant role in shaping the mineral content of groundwater
in arid and semi-arid regions [393]. However, the process of groundwater solute
generation is influenced by three primary mechanisms: the dissolution of
carbonates, evaporites, and silicates [128]. Notably, the dissolution rates of
evaporites and carbonates surpass those of silicates by factors of up to 80 and 12
times, respectively. Consequently, even minor quantities of carbonates and
evaporites can exert a substantial influence on water composition [394]. In figure
50 (A), it is evident that calcite dissolution is the predominant reaction in 40.81%
of groundwater samples, with a ratio of 1 to 2. However, for 59.18% of samples,
the ratio exceeds 2, indicating the presence of non-carbonate minerals that likely
impact groundwater chemistry. This influence might be attributed to reverse cation
exchange due to clay adsorption of calcium and magnesium in groundwater and/or
the dissolution of gypsum [395]. The dissolution of carbonates (calcite and
dolomite) is primarily driven by pH fluctuations and occurs mainly in the form of
HCOs".
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Figure 50. (A) Bivariate plots of a good number vs. Ca?*/Mg*", and (B)
bivariate plots of Ca?" + Mg*" vs. HCOs™ + SO4*".

The majority of data points depicted in figure 50 (B) are concentrated on the
right side, signifying that the dominance of ion exchange over reverse ion exchange
results from an excess of (SO4*>~ + HCOs"). However, the data point corresponding
to the 1:1 line is remarkably close to 47.37% for group 4 samples and 17.65% for
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group 2 samples. This illustrates that calcite, dolomite, anhydrite, and gypsum are
the predominant reactions within the system for this specific group. Group 1
contains only one sample that closely aligns with the 1:1 line [396,397].

In figure 51 (A) [398], a graph depicting Na*-normalized Ca>* against HCO;~
reveals variations among the four group samples in their susceptibility to silicate
weathering. Similarly, the Na'-normalized versus Mg?" plot in figure 51 (B)
indicates that the four group samples exhibit a spectrum of responses to silicate
weathering, ranging from a mild tendency toward dissolution of evaporates.
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Figure 51. (A) Molar ratio in bivariate plots of Na" -normalized Ca** and
HCOs", and (B) Na* -normalized Ca*" and Mg*".

4.2.8. Controlling Mechanisms of the complex terminal aquifer
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Figure 52. Gibbs diagrams of the complex terminal groundwater aquifer.

Gibbs diagrams are used to represent the changes in [Cl/(CI/HCO;3)] and
[Na*/(Na*/Ca*")] ratios in relation to Total Dissolved Solids (TDS). These
diagrams depict dominance through processes such as precipitation, rock
interaction, and evaporation. They serve as visual aids in identifying the sources of
dissolved chemical constituents. In figure 52, the cation and anion ratios are
graphed against TDS for the four distinct groups. The data from all clustered groups
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are situated in the evaporation-precipitation dominance section, indicating a
significant impact of evaporation-precipitation on water quality.

For the evaluation of ion exchange reactions between groundwater and its
geological host [314,399], the Chloro-Alkaline Indices (CAI) are commonly
employed. These indices, CAI-I and CAI-II, provide a framework for interpreting
ion exchange between groundwater and its surrounding environment. Whereas the
positive values of the chloro-Alkaline Indices indicate the exchange of Na“ and K*
ions in water with Mg?" and Ca’" ions from rocks, signifying a base-exchange
reaction. Conversely, negative chloro-Alkaline indices signify the exchange of
Mg?" and Ca?"ions from water with Na* and K* ions from rocks. As depicted in
figure 53, the majority of intricate terminal groundwater aquifers exhibit positive
chloro-Alkaline Indices, attributed to the replacement of Ca*" and Mg?" ions in
groundwater with Na" and K" ions in the aquifer system.
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Figure 53. Chloro-Alkaline Indices for the four groups.
4.2.9. Geochemical Modeling of the complex terminal aquifer

Based on the computed saturation indices, Group 1 comprises anhydrite,
gypsum, and halite, which are prone to dissolution, while aragonite, calcite,
dolomite, and sylvite are in a state of supersaturation. Among these, aragonite,
calcite, and dolomite in group 2 are undergoing precipitation, whereas anhydrite,
gypsum, halite, and sylvite are undergoing dissolution. Meanwhile, Group 3
demonstrates the precipitation of aragonite, calcite, and dolomite, with anhydrite,
gypsum, halite, and sylvite undergoing dissolution. A similar trend is observed in
group 4, with minerals experiencing both precipitation and dissolution. Figure 54
illustrates that evaporated minerals (anhydrite, gypsum, and halite) consistently
remain undersaturated across the groups due to the arid environment and minimal
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precipitation in the study area. This results in significant evaporation in surface
water, leading to heightened mineralization in the uppermost aquifer (the phreatic
aquifer) compared to the more intricate terminal aquifer.

The undersaturation of evaporated minerals in groundwater samples indicates
that their soluble elements (Na*, CI", Ca®*, and SO,*") are not constrained by
mineral equilibrium. Table 25 provides the computed saturation indices for various
minerals (anhydrite, aragonite, calcite, dolomite, gypsum, halite, and sylvite).
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Figure 54. (A and B) Saturation indices of evaporate minerals.

Table 25. Saturation indices of minerals in groundwater with statistical summary

using PHREEQC.

Groups Minerals N total Mean S.D Min Max

Group 1  Anhydrite 3 -0.95667 0.03215  -0.98 -0.92
Aragonite 3 0.40333  0.34675 0.12 0.79
Calcite 3 0.54333  0.34429 0.27 0.93
Dolomite 3 1.04333  0.74895  0.41 1.87
Gypsum 3 -0.69 0.01732  -0.7 -0.67
Halite 3 -5.19 0.17349 -53 -4.99
Sylvite 3 -5.84667 0.05859  -5.89 -5.78

Group2  Anhydrite 17 -0.95588 0.08718  -1.08 -0.8
Aragonite 17 0.18471  0.17288  -0.17 0.46
Calcite 17 0.33235  0.16995 -0.02 0.59
Dolomite 17 0.62647 037959  -0.05 1.28
Gypsum 17 -0.62118 0.05243  -0.72 -0.53
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Halite 17 -5.12118 0.06855  -5.23 -5

Sylvite 16 -5.75688 0.18062  -6.08 -5.51
Group 3  Anhydrite 10 -0.918 0.12541  -1.17 -0.72
Aragonite 10 0.261 0.14798  0.05 0.49
Calcite 10 0.409 0.14617  0.19 0.64
Dolomite 10 0.779 0.36765 0.3 1.29
Gypsum 10 -0.575 0.09192  -0.77 -0.45
Halite 10 -5.208 0.1839 -5.63 -5
Sylvite 10 -5.763 0.08957  -5.91 -5.57
Group4  Anhydrite 19 -0.85263  0.54216  -1.44 1.29
Aragonite 19 0.47579  0.56655 0.2 2.78
Calcite 19 0.62 0.56805  0.34 2.93
Dolomite 19 1.15684  1.04431 047 5.37
Gypsum 19 -0.54368 0.52915  -1.11 1.56
Halite 19 -4.98105 0.63605  -5.24 -2.37
Sylvite 19 -5.62211  0.6585 -5.91 -2.93

4.2.10. Temporal changes of the complex terminal groundwater
aquifer

The illustration of the temporal changes of the complex terminal groundwater
aquifer data in several years using the same monitoring wells is shown in figure
55, 56, 57. pH values are stable, suggesting slightly alkaline water, with an increase
in variability in 2019 and 2020. Electrical conductivity (EC) shows a downward
trend, indicating less mineralized water, with earlier years displaying outliers.
Turbidity is decreasing, suggesting clearer water since turbidity values aver the
studied periods does not imply a significant variation and did not exceed the WHO
limits for potability. Meanwhile total dissolved solids (TDS) also show a decline,
aligning with EC readings. Based on the box plot of total hardness, a systematic
change in groundwater hardness has been observed in 2017, and 2020. Anyway,
the values of the total hardness in all the samples have exceeded 300 mg/l which
indicate that these waters are very hard. Furthermore, as an important issue for
monitoring pollution, the box plots show a decrease in chloride concentrations.
Sodium levels slightly decrease with significant yearly variability. Potassium
concentrations have notably increased in 2020, a potential of contamination.
Nitrate levels show a significant rise in 2020, indicating possible agricultural runoff
that can be related to communication with the shallow aquifer (drainage or
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infiltration of the casings), as well as the clay roof, which fixes the nitrate ions and
protects the groundwater table [400]. On the other hand, ammonium levels are
generally low but with an increase in 2020, suggesting organic pollution. Phosphate
levels are low and stable, which is positive for preventing eutrophication. calcium
shows a decreasing trend with high variability represented by extreme values that
might be related to a contamination event due to communication between the
shallow aquifer and complex terminal aquifer, while magnesium levels are
relatively stable with a slight decrease. Nitrite levels fluctuate, indicating possible
nitrogen compound contamination. Sulfate concentrations decrease with a peak in
2017, suggesting variable geochemical processes. Bicarbonate levels are low and
decreasing, affecting water buffering capacity. Iron concentration generally
declines, with a notable outlier in 2019.
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Figure 57. Box plots of complex terminal groundwater aquifer variation (A). Cl,
(B). SO+, (C). NOs", (D). HCOy', (E). NOy, (F). PO4>.

4.3. The Continental intercalary groundwater aquifer analysis

4.3.1. Physicochemical Parameters of the continental intercalary
groundwater aquifer

The continental intercalary groundwater aquifer in Oued Souf Valley was
exploted throught five wells, but due to technical problems, two wells were
abonded, and the remaining monitopring wells still connected and functioning.
Furthermore, the depth of these three wells is ranging from 1842 to 1876 meters
deep from the surface.
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Anyway, based on the obtained data from ANRH and ADE that contains a
yearly hydrochemical data from the continental intercalary, a comprehensive
statistical analysis applied to a range of parameters, encompassing temperature, Ph,
electrical conductivity, TDS, turbidity, Ca**, Mg?*, Na*, K*,SO4* CI, HCOs", NO5’
, NO>, NH4*, PO,*, and Fe as shown in table 26. The analysis of the continental
intercalary groundwater aquifer reveals several key findings. The water is alkaline
with pH values above 7, aligning with WHO standards. However, high
mineralization is indicated by elevated electrical conductivity and TDS, surpassing
WHO limits for safe drinking water. While turbidity and NOs™ levels are generally
acceptable, there are concerns with high concentrations of various ions (Ca*", Mg**,
Na*, K*, CI', SO+*, HCO5") and heavy metals like Fe*" in some samples, exceeding
WHO standards. This suggests a need for targeted water treatment to ensure safe
drinking water quality.

Table 26. Statistical summary of the continental intercalary groundwater samples.

Parameters N total Mean Standard Deviation ~ Minimum Median Maximum  WHO 2011
T°C 3 32.8 5.506 26.45 35.7 36.25
pH 3 7.193 0.086 7.1 7.21 7.27 6.5-8.5
EC (uS/cm) 3 2983.333 296.409 2795 2830 3325 1000
TDS (mg/l) 3 1909.333 189.69 1789 1811 2128 500
Turbidity (NTU) 3 2.807 2.224 0.88 2.3 5.24 5
Ca* (mg/l) 3 232.464 30.06 202.404 232.464 262.524 75
Mg?* (mg/l) 3 100.866 21.293 80.207 99.651 122.74 50
Na™ (mg/l) 3 274333 92.381 220 222 381 200
K" (mg/) 3 34.667 8.737 25 37 42 12
NH4" (mg/l) 3 0.31 0.081 0.216 0.354 0.359
CI" (mg/l) 3 652.335 30.907 631.063 638.154 687.788 250
SO4* (mg/l) 3 604.493 108.901 541.214 542.025 730.24 250
HCO;5™ (mg/1) 3 153.72 14.992 142.74 147.62 170.8 120
NOs™ (mg/l) 3 4.813 5.199 1.363 2.283 10.793 50
PO.> (mg/l) 3 1.244 0.206 1.009 1.325 1.398 1
Fe? (mg/l) 3 0.538 0.613 0.165 0.203 1.245 0.3

4.3.2. Hydrochemical facies and controlling geochemical process of
the continental intercalary

The abundance order of major ions is the same in CI-1 and CI-2, which is
Na™+K*" > Ca** > Mg?*, and CI- > SO4>* > HCO5 + COs* > NOs". However, CI-3
displays a different abundance order of its major ions: Ca®" > Na*+K" > Mg**, and
Cl' > SO4# > HCO5 + COs* > NOs', as shown in figure 58. The hydrochemical
facies of the continental intercalary groundwater samples exhibit distinct
characteristics. CI-2 and CI-3 share the same facies, known as the Ca**-Mg**-Cl"-
SO4* type, Ca**CI type, and chloride type. In contrast, CI-1 shows a mixed
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Ca’>"Mg?*Cl" water type based on the Piper plot in figure 59(A). The Chadha plot
in figure 59 (B) reveals that all three samples display a reverse ion exchange pattern
of Ca**-Mg**-Cl7/SO4*. This indicates an excess of alkaline earths (Ca®" + Mg*")
over alkali metals (Na" + K") and a higher concentration of strong acidic anions
(CI" + SO4*) compared to weak acidic anions (HCOj). This water type
demonstrates permanent hardness and does not deposit residual sodium carbonate
when used for irrigation. It corresponds to Ca*-Mg?>~Cl" type, Ca**-Mg*"
dominant CI" type, or Cl-dominant Ca**~Mg>" type waters. Furthermore, the
dissolution of calcite is the main reaction in the continental intercalary as the ratio
of Ca?"/ Mg?" was between 1 and 2 as shown in figure 60.
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Figure 58. Stiff plot of the continental intercalary groundwater samples.
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The ion exchange reactions illustrated by the chloro-alkaline indices (CAI-I and
CAI-II) in table 27 indicate that Ca*" and Mg?* are being replaced by Na" and K*
in the studied aquifer system, as evidenced by their positive values in both CAI-I
and CAI-IL
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Table 27. Chloro-alkaline indices of the continental intercalary groundwater

samples.
Samples CAI-1 CAI-II
CI-1 0.345 0.241
CI-2 0.616 0.613
CI-3 0.612 0.563
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Figure 60. Bivariate plots of Ca*/Mg*" vs samples.

In figure 61 (A), a Na-normalized graph of Ca*" vs HCOs illustrates that the
three continental intercalary groundwater samples exhibited a strong sensitivity to
silicate weathering. On the other hand, the Na-normalized graph of Ca** vs Mg?**
in figure 61 (B) indicates that the samples range from having a weak tendency
affected by silicate weathering to the dissolution of evaporates.
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Figure 61.(A). Molar ratio in bivariate plots of Na* -normalized Ca*" and HCOs ",
and (B). Na* -normalized Ca*" and Mg*".

Figure 62 (A) and (B), displays the Gibbs plots of cation and anion ratios against
TDS for each sample. All the samples were plotted in the dominance of
evaporation-crystallization (salinization), indicating the strong influence of
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evaporation-precipitation on the water quality of the studied aquifer.
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Figure 62. Gibbs diagrams of the continental intercalary groundwater aquifer.

4.3.3. Geochemical modelling of the continental intercalary
groundwater samples

The results of the saturation index, as illustrated in figure 63, reveal noteworthy
insights regarding the hydrogeochemical dynamics within the continental
intercalary groundwater system. Evidently, evaporate minerals including
Anhydrite, Gypsum, Halite, and Sylvite exhibit dissolution tendencies,
underscoring the prevailing undersaturation of the evaluated groundwater samples
with these specific minerals. In contrast, three carbonate minerals- Aragonite,
Calcite, and Dolomite- manifest equilibrium states. It is noteworthy that Siderite
within CI-1 attains equilibrium, while in CI-2 and CI-3, a discernible trend of
Siderite dissolution is observed. Pertinently, the precipitation of oxide minerals,
namely Goethite and Hematite, signifies the oversaturation of the analyzed
samples. Additionally, phosphate minerals, typified by hydroxyapatite,
demonstrate a predisposition for precipitation, juxtaposed with the dissolution
tendencies exhibited by vivianite. In terms of sulfate minerals, Melanterite
experiences dissolution within the continental intercalary groundwater sample.
Notably, CI-1 registers an oversaturation state concerning Jarosite-K, whereas the
remaining samples evince undersaturation in relation to Jarosite-K. These findings
collectively illuminate the intricate mineralogical interplay and saturation
dynamics characterizing the continental intercalary groundwater system.
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Figure 63. Saturation index results of the continental intercalary groundwater
samples.

The mineral stability diagrams depicted in figure 64 reveal that all the samples
have been positioned within the Ca-smectite and Kaolinite stability field. This
positioning signifies that equilibrium with Ca-smectite and kaolinite is a pivotal

controlling factor in the groundwater chemistry of the continental intercalary.
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Figure 64. Mineral stability diagrams
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4.3.4. Assessment of the continental intercalary groundwater aquifer
for drinking and irrigation purposes.

The assessment of water quality in the continental intercalary for potable use
has been facilitated through the utilization of various parameters, namely pH,
electrical conductivity (EC), total dissolved solids (TDS), turbidity, calcium (Ca?"),
magnesium (Mg?"), sodium (Na"), potassium (K*), chloride (CI), sulfate (SO4%),
bicarbonate (HCO5"), nitrate (NO5"), and phosphate (PO4*). These parameters were
employed in accordance with the water quality index methodology outlined by
[143]. The results of the water quality index analysis revealed a range of values
spanning from 88.10 to 134.70. Notably, all three water samples assessed were
found to fall within the classification of 'good' water quality, as delineated in table
28. The WQI classifies water with multiple exceeded parameters as 'good', this
could indicate that the weighting or scaling of individual parameters within the
index is not adequately reflecting the overall water quality. This highlights the need
for careful evaluation and potential adjustment of the WQI methodology to ensure
it accurately represents the water quality, especially in cases where multiple
parameters exceed standard limits.

Table 28. WQI-based the continental intercalary groundwater aquifer suitability for
drinking use.

Range Classes Number of Wells
<50 Excellent water -
100- 125 Good water All the wells
125.1- 150 Poor water -
150.1- 175 Very poor water -
175.1- 200 Unfit for drinking -

In the context of irrigation suitability, as depicted in table 29, the evaluation
based on the percentage of sodium content (%Na) (ranging from 31.99 to 47.07)
indicated that two samples, namely CI-2 and CI-3, exhibited good quality for
irrigation purposes. Conversely, CI-1 demonstrated permissible quality for
irrigation. The Sodium Adsorption Ratio (SAR) values (ranging from 4.11 to 7.47)
revealed that all samples possessed excellent suitability for irrigation. Additionally,
both the Magnesium Hazard (MH) (ranging from 33.51 to 46.55) and Kelly's Ratio
(KR) (ranging from 0.44 to 0.84) measurements categorized all wells as suitable
for irrigation. Furthermore, the Exchangeable Sodium Percentage (ESP) values
(ranging from 4.58 to 8.89), Residual Bicarbonate (RBSC) values (ranging from -
10.30 to -7.68), and Residual Sodium Carbonate (RSC) values (ranging from -
19.36 to -15.88) collectively indicated that all three samples demonstrated
excellent, satisfactory, and acceptable quality, respectively. Conversely, the
Permeability Index (PI) (ranging from 35.50 to 50.30) classified the investigated

126



wells as possessing moderate quality for irrigation, while the Permeability Slope
(PS) index (ranging from 23.42 to 25.59) categorized them as either injurious or
unsatisfactory. The Kelly's Ratio (Ka) results (ranging from 3.25 to 3.57) suggested
that all samples exhibited doubtful quality in terms of irrigation suitability.
Moreover, based on the Electrical Conductivity (EC) classification, two samples
(CI-2 and CI-3) demonstrated doubtful quality for irrigation, whereas one sample
(CI-1) was deemed unsuitable for irrigation. Conversely, the Total Hardness (TH)
results (ranging from 2470 to 3150 mg/L) indicated that all samples were
characterized by a very hard water classification. Despite the fact that each used
index has its own characteristics, used parameters, and overall categorization of the
water quality, However, the variability of the irrigation suitability results of the
continental intercalary groundwater aquifer samples is due to high salinity, sodium
content, or other harmful dissolved ions that mainly affect soil structure,
permeability, and overall plant health.

Under the absence of bacteriological parameters that were analyzed in ADE
authority based on the three collected samples, water quality criteria for drinking
and irrigation differ significantly due to the distinct impacts that certain water
constituents have on human health compared to plant and soil health. For drinking
purposes, the primary concern is the potential health risks associated with
contaminants. Regulations are thus designed to ensure that water does not contain
harmful levels of pathogens, toxic chemicals, or heavy metals that could lead to
immediate or long-term health issues. In contrast, water quality for irrigation is
predominantly assessed based on its effect on soil conditions and plant health. High
salinity and elevated electrical conductivity (EC), which might be tolerable in
drinking water within certain limits, can be detrimental for agricultural use. High
salinity leads to the accumulation of salts in the soil, which can inhibit plant growth,
alter soil structure, and reduce soil fertility. Similarly, high EC values indicate a
high concentration of dissolved ions in water, which can lead to soil salinization,
affecting the soil's ability to transmit water and nutrients. Therefore, managing
water quality for irrigation not only involves maintaining nutrient levels that are
conducive to plant growth but also involves managing the levels of salts and other
minerals to prevent soil degradation and maintain agricultural productivity.

Table 29. Irrigation quality indices of the continental intercalary aquifer.

Index Range Classes Number of Wells
EC <250 Excellent -
250- 750 Good -
750- 2000 Permissible -
2000- 3000 Doubtful CI-2, CI-3
> 3000 Unsuitable CI-1
% Na <20 Excellent -
20- 40 Good CI-2, CI-3
40- 60 Permissible CI-1
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SAR

TH

MH

PI

KR

RSC

Ps

RBSC

ESP

60- 80
>80
<10
10-18
18-26
>26
<75
75- 150
150- 300
>300
<50
>50
<25
25-75
>75
<1
1-2
>2
<1.25
1.25-2.5
>25
<3
>3
<5
5-10
>10
<20
20- 40
40- 60
60- 80
>80
> 18
6-18
1.2-6
<1.2

Doubtful
Unsafe
Excellent
Good
Doubtful
Unsuitable
Unsuitable
Moderately Hard
Hard
Very Hard
Suitable
Unsuitable
Suitable
Moderate
Unsuitable
Suitable
Moderate
Unsuitable
Acceptable
Slightly adopted to irrigation
Not suitable
Excellent to good
Injurious to unsatisfactory
Satisfactory
Marginal
Unsatisfactory
Excellent
Good
Permissible
Doubtful
Unsuitable
Excellent
Permissible
Doubtful

Unsuitable

All the samples

All the samples
All the samples

All the samples

All the samples
All the samples

All the samples
All the samples

All the samples

All the samples

Regarding the assessment of groundwater pollution and the nitrate pollution
index, all the samples demonstrate water quality within the realm of cleanliness in
relation to the contamination of this aquifer by nitrate, as the nitrate levels remain
comfortably below the established World Health Organization (WHO) threshold
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for potable water consumption. Notably, the groundwater from all samples has not
approached the WHO's permissible limit for nitrate concentration, thus reflecting
a favorable outcome in this aspect. On a global scale, it is observed that CI-2 and
CI-3 showcase a moderate level of pollution, primarily attributed to elevated
concentrations of Total Dissolved Solids (TDS), Total Hardness (TH), calcium
(Ca?"), magnesium (Mg?"), sodium (Na"), potassium (K*), chloride (CI’), sulfate
(SO4*), and bicarbonate (HCOs"). These parameters were utilized in conjunction
with Ph and nitrate (NO3) content to compute the groundwater pollution index.
However, it is noteworthy that CI-1 demonstrates a higher degree of pollution, as
delineated in table 30.
Table 30. Groundwater pollution indices.

Pollution index Range Classes Number of Wells
Nitrate pollution index <0 Clean All the samples
0-1 Light

1-2 Moderate
2-3 Significant
>3 Very significant
Pollution groundwater index <1 Insignificant pollution
1- 1.5 Low pollution
1.5-2 Moderate pollution CI-2, CI-3
2-25 High pollution CI-1
>25 Very high pollution

4.3.5. Temporal changes of the continental intercalary groundwater
aquifer

Geogenic processes serve as the origin of all parameters within the continental
intercalary groundwater aquifer due to water-rock interactions. Despite the limited
comprehensive data from the source, a comparative study was conducted on
specific hydrochemical parameters analyzed from three wells within the
continental intercalary aquifer based on the obtained data in 2012, 2014, 2015,
2017, 2018, 2019, 2020, and 2021. The temporal variation of hydrochemical
parameters analyzed in this aquifer was presented in box plots, as shown in figures
65, 66, and 67. Based on the pH box plot, a wide variation has been observed,
indicating that the data points within the boxes are more dispersed or have a wider
spread. However, the minimum pH value was observed in 2018 with 7.02, and the
maximum pH value was observed in 2020 with 7.73. The minimum value of EC
was recorded in 2021 with 2270 uS/cm, while the maximum value was observed
in 2019 with 3325 uS/cm. All the values recorded over the study period exceeded
WHO limits for drinking purposes, indicating that these waters have doubtful to
unsuitable quality for utilization. Regarding turbidity, the highest value was
recorded in 2018 with 11.1 NTU, and the lowest value was recorded in 2014 with
0.33 NTU. The values of turbidity exceeded WHO standards in 2017, 2018, 2019,
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and 2020 in different wells. Regarding TH, the highest value recorded was 1550
mg/l in 2020, and the lowest value was 800 mg/l recorded in 2017. All the samples
over the study period were categorized as very hard waters.
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Figure 65. Box plots of continental intercalary groundwater aquifer variation (A).
Ph, (B). EC, (C). Turbidity, (D). TH.
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Figure 66. Box plots of continental intercalary groundwater aquifer variation (A).
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Based on the box plot of Ca?" concentration over the studied period, it was
noticed that there is a wide variation in Ca®" concentrations. The minimum
observed concentration of Ca*" was in 2014 at 164.32 mg/l, and the maximum
value was also observed in 2020 at 412.82 mg/l. The box plot of Mg>*
concentrations indicates a gradual decrease in Mg?* concentrations from 2012 to
2015, then an increase in 2017, followed by a decrease until 2019, and then another
increase in 2020 and a subsequent decrease in 2021. The minimum recorded
concentration of Mg?*" was observed in 2017 at 31.60 mg/1, while the maximum
value was noticed in 2020 at 162.84 mg/l. All the concentrations of Mg**
throughout the studied period exceeded the WHO limits for drinking water use,
except for one sample in 2017, which was within the limits for drinking purposes.



Due to the significant lack of data, it was only possible to analyze the changes
in two years regarding Na* and K" concentrations. Furthermore, the maximum
recorded values of Na* and K" were observed in 2019, at 381 mg/l and 42 mg/l,
respectively, while the minimum values were also observed in 2019, at 220 mg/l
and 25 mg/l, respectively. Similarly, for the temporal changes analysis of Na* and
K*, Fe?" data had a significant shortage from the source, and it was only possible
to analyze the changes in three years (2012, 2017, and 2019). The minimum
recorded concentration of Fe** was observed in 2012 at 0.061 mg/l, while the
maximum value was noticed in 2019 at 1.25 mg/l. CI-1 and CI-2 in 2017 exceeded
the limits, and in 2019, CI-1 exceeded the limits, while the rest of the samples did
not exceed the limits. On the other hand, NH4* concentration over the studied
period indicated slight variations in the concentrations. However, the minimum
recorded values were observed in 2012 with 0.002 mg/l, while the highest
concentration was noticed in 2020 at 0.456 mg/l.
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In relation to the temporal variation of anionic content in the continental
intercalary groundwater aquifer, the minimum recorded concentration of Cl was
308.09 mg/l in 2015, while the maximum value was observed in 2021 at 843.78
mg/l. All the recorded values exceeded the WHO limits for drinking purposes.
Regarding SO4* variation, the minimum value was 310.41 mg/l recorded in 2017,
and the maximum value was 871.35 mg/l in 2014. All the recorded values of SO4*
over the studied period exceeded the limits for drinking water use as they were
higher than 250 mg/l. However, the minimum and maximum recorded values of
HCOs were observed in 2021 and 2018, at 109.8 mg/l and 203.74 mg/l,
respectively. On the other hand, the minimum recorded value of NO, in the
continental intercalary groundwater aquifer was in 2018 at 0 mg/l, and the
maximum value was 0.029 mg/l recorded in 2014. The minimum and maximum
recorded values of POs* were observed in 2020, at 0.03 and 3.32 mg/l,
respectively. In 2012, 2014, 2015, 2017, and 2018 data, PO4>* concentrations did
not exceed the limits, while in 2019 all the samples exceeded the limits. In 2020,
CI-1 and CI-2 exceeded the limits, and in 2021, CI-2 was the only sample that
exceeded the limits. In relation to NOs™ variations, the concentrations of NOs™ over
the studied period did not exceed the limits. However, the minimum recorded value
was in 2021 at 0.126 mg/l, and the maximum value was 10.79 mg/l recorded in
2019.
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5. Summary

Since the early 1980s, various regions in northern Algeria's Sahara have been
grappling with rising groundwater levels. Among these regions, the Oued Souf
Valley has been particularly affected by this phenomenon due to a combination of
natural and anthropogenic factors, which have exacerbated the north west Sahara
aquifer system pollution. In this thesis, I employed a comprehensive methodology
structured around hydrogeochemical analysis, the application of water quality
indices for drinking, irrigation, and pollution detection, multivariate statistical
analysis, and spatial analysis. This approach aimed to investigate the Northwest
Sahara Aquifer System both qualitatively and quantitatively by identifying
pollutants within the aquifer, ensuring water safety for consumption and use, and
assessing the phreatic groundwater aquifer's condition.

Consequently, in this dissertetion, an evaluation of the vertical drainage system
performance and its impact on the phreatic groundwater level stabilization has been
performed by mapping the water table of the phreatic groundwater level using
geostatistical modelling using Ordinary kriging (OK) interpolation method, which
has been applied to analyze the spatial and temporal structure of groundwater level
fluctuation. Meanwhile, hierarchical cluster analysis (HCA) was applied for
grouping the wells based on the groundwater fluctuations for 2008, 2009, 2014,
2016, 2018, and 2021. However, the vertical drainage system reflected a significant
decline of groundwater from 2009 to 2018 due to the important drained volumes
through it but another rising phenomenon might be threatening the region in the
near future, and this is what was indicated in the 2021 groundwater level data.
Cluster analysis has generated four groups based on their fluctuation means that
are increasing from the first group to the fourth group ascendingly. The first cluster
grouped the drains that have a shallow depth (average mean of 5.91 mbgl) and
declined over the clusters. The clusters are spatially combined with significant
separation of the fourth cluster which represents the deepest group (12.89 mbgl).
Based on this research, several factors are influencing the stability of the phreatic
groundwater level and even the performance of the drainage system, the most
important of which is the overexploitation from deep groundwater reservoirs such
as complex terminal and continental intercalary (in drinking and irrigation) and
even the illegal use of the phreatic groundwater with important quantities for
irrigation and illegal industries.

On the other side, using complex hydrogeochemical and geostatistical methods
on the collected phreatic groundwater samples, it was revealed that groundwater
temperatures of the phreatic aquifer ranged between 25 and 31.40°C, potentially
influencing quality through microbial proliferation and reduced gas solubility. The
pH values fluctuated between 6.78 and 8.57. While most samples fell within the
World Health Organization's (WHO) recommended limits, approximately 32%
exhibited slightly acidic conditions. EC values extended from 3100 to 7500 ps/cm,
surpassing the WHO's guidelines for potable water. Elevated EC suggests a high
concentration of total dissolved solids, which similarly exceeded WHO standards
in most samples. Turbidity levels exhibited substantial variation, compromising
aesthetic quality and necessitating treatment prior to consumption. Some samples
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were identified as turbid or relatively turbid. The concentrations of Ca, Mg, Na, K,
and Cl were predominantly high, frequently exceeding WHO's drinking water
thresholds. Specific samples demonstrated varying compliance with these
standards. Moreover, numerous samples surpassed WHO limits for NO3, NO,, and
NHa, suggesting potential contamination from agricultural runoff, sewage, or
industrial effluents. Concentrations of F, SO4, and PO4 exceeded WHO guidelines
in certain samples, whereas sulfate levels were generally within acceptable limits.
DO, COD, and BOD varied among samples, reflecting differing degrees of
biodegradability and pollution. Fecal and total coliform levels were elevated in
some samples, indicating significant contamination.

Employing various indices such as the National Sanitation Foundation Water
Quality Index, Groundwater Pollution Index, and Nitrate Pollution Index, the study
revealed poor water quality, substantial groundwater pollution, and diverse levels
of nitrate contamination. Furthermore, fourteen hydrochemical parameters were
analyzed from phreatic groundwater samples to compute the water quality index
for drinking suitability analysis. These parameters, evaluated against the WHO
limits established in 2011, included Ca, Mg, Na, K, F, NO3;, HCOs3, Cl, turbidity,
EC, TDS, SOs, POs4, and pH. Across all 28 samples obtained from the studied
aquifer, the findings revealed that the majority of the samples were classified as
having good water quality. Additionally, two samples were categorized as
excellent, three as poor, two as very poor, and four as unfit for drinking water
utilization.

The assessment of twenty-eight groundwater samples from a phreatic aquifer
for irrigation suitability used various indices. Of these, nineteen were excellent for
irrigation, and nine were good, based on the percentage of sodium (% Na) values.
All twenty-eight samples were rated excellent according to the Sodium Adsorption
Ratio (SAR), suitable for most soil types. Regarding total hardness (TH), four
samples were moderately hard, twenty-two were hard, and two were very hard. The
Magnesium Hazard (MH) index showed eighteen samples as suitable for irrigation,
while ten were unsuitable. The Permeability Index (PI) indicated that all twenty-
eight samples were unsuitable for irrigation. However, other indices like Kelley's
Ratio (KR), Exchangeable Sodium Percentage (ESP), Residual Sodium Carbonate
(RSC), and Relative Bicarbonate Sodium Concentration (RBSC) classified all
samples as suitable. According to the Ps index, all samples were rated as injurious
to unsatisfactory. The Ka index revealed four samples with permissible quality and
twenty-four with doubtful quality for irrigation. Finally, the K index results showed
ten samples of excellent quality, eight of good quality, five of injurious quality, and
five as unsuitable for irrigation. On the other hand, two distinct groups of
groundwater samples were identified based on HCA. The first group included
twenty-one wells, while the second group consisted of seven wells. The key
distinguishing factors between these groups appeared to be the concentrations of
Na, K, F, NO;, HCO3, Cl, and EC, which exhibited a notable increase from the first
group to the second. Notably, the samples in the first group did not exceed WHO
limits for F and NOj; concentrations, indicating lower vulnerability to NO3; and F
contamination. These samples were concentrated primarily within the main
municipality of El Oued. Conversely, the second group of samples exhibited higher
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vulnerability in terms of Na, K, F, NO3;, HCO3, Cl, and EC. This area was situated
on the outskirts of El Oued, Debila, and Guemar municipalities, near agricultural
areas. This analysis provides valuable insights into the spatial distribution and
variations in hydro-chemical properties across the study area, offering important
information for groundwater resource management and monitoring, especially in
relation to potential contamination sources and vulnerability. Furthermore, the
applied spatial analysis identified and emphasized on the existence of three typical
spatial patterns within the parameters under study. Through applied spatial
analysis, it was observed that peri-urban and agricultural areas are characterized by
elevated levels of EC, Na, K, CI, HCO;, POs4, and DO. In contrast, higher
concentrations of Ca, Mg, F, NO,, and NH4 were discovered predominantly in
urban areas. Additionally, NOs, SO4, BOD, and COD exhibited high levels in both
agricultural and urban regions.

The hydro-chemical analysis of phreatic groundwater samples revealed several
key findings: Major Ion Abundances: The major ion abundances in both generated
groups of phreatic groundwater samples followed an order of Ca > Mg > Na+K
and C1> SO4> HCOs+ COs. The hydrochemical facies in the phreatic groundwater
exhibited slight differences between the first and the second group. The first group
was characterized by Ca-Mg-CI-SO4 type and Ca-Cl type waters, while the second
group included Ca-Mg-CI-SOs, mixed Ca-Na-HCOs, and CI type waters. The
Chadha plot revealed that all the samples in both groups belonged to the reverse
ion-exchange Ca-Mg-Cl/SO4 water type, indicating Ca-Mg-Cl type, Ca-Mg
dominant Cl type, or Cl-dominant Ca-Mg type waters. Gibbs diagrams illustrated
that the majority of the total samples from the phreatic aquifer were in the
evaporation-crystallization dominance (salinization) field, suggesting a significant
influence of evaporation-crystallization processes. However, two samples were in
the rock-dominance weathering field. The chloro-alkaline indices revealed that
some samples exhibited positive values, indicating the exchange of Na“ and K*
from the groundwater with Mg?" and Ca®" of the rocks (base-exchange reaction),
while others had negative indices, indicating the opposite exchange. The
normalized Na graphs suggested a slight tendency towards silicate weathering and
evaporate dissolution, as well as a slight tendency towards silicate weathering and
carbonate dissolution in the phreatic groundwater samples. The saturation indices
indicated that Anhydrite, gypsum, Halite, and Sylvite were completely dissolving,
while Fluorite was dissolving in all samples except one. Aragonite, Calcite,
Dolomite, and Hydroxyapatite were found to be dissolving in some samples, while
other samples were characterized by the precipitation of these minerals. Mineral
stability diagrams revealed that all samples fell within the Ca-smectite stability
field, with a concentration in the Kaolinite field, indicating the role of these
minerals in the groundwater chemistry of the phreatic aquifer.

Also, as a one of the major parts of this thesis, contamination levels and the
spatial pattern identification, as well as human and environmental health risk
assessments of the heavy metals in the phreatic groundwater aquifer of the Oued
Souf Valley were investigated for the first time. The applied methodology
comprised a combination of heavy-metal pollution indices, inverse distance
weighting, and human health risk assessment through water ingestion on samples
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collected from fourteen monitoring wells. The contamination trend in the phreatic
aquifer showed Al > B > Sr> Mn > Fe > Pb > Ni > Cr > Ba > Cu > Zn. Similarly,
the enrichment trend was Al > B > Sr > Mn > Ni > Pb > Cr > Ba > Cu > Zn.
Ecologically, most of the analyzed metals reflected a low potential ecological risk,
except for two wells, S13 and S14, which represented a considerable and high
ecological risk in terms of Pb. According to the applied grouping method, the
samples in the first group indicated a lower risk of contamination in terms of heavy
metals due to their lower concentration compared to the second group. This makes
the area containing the second group’s samples more vulnerable in terms of heavy
metals, which could affect urban, peri-urban, and even agricultural areas. All of the
samples (100%) indicated the possibility of potential health risks in the case of
children. While six samples showed that the non-cancer toxicity risk is considered
low, the rest of the samples had high Hazard Index (HI) values, indicating the
possibility of health risks occurring in the case of adults. The constructed vertical
drainage system is acting as a supporter and accelerator of the pollution levels in
the shallow groundwater aquifer. This is due to its contribution to the penetration
of different pollutants into this aquifer system, depending on the residence time of
the water, which appears to be long within the drainage system.

In terms of deep aquifers, a comprehensive study has been conducted to assess
the hydrogeochemical evolution of the deep groundwater aquifers such as the
complex terminal groundwater aquifer in Oued souf valley for drinking and
irrigation purposes. To achieve this, 49 groundwater samples from the complex
terminal were examined and treated concurrently with multivariate statistical
methods, geostatistical modeling and the WQI (water quality index). Focusing on
the physico-chemical parameters, Q mode clustering analysis detected four major
water groups, where the mineralization augmented from group 1 to group 4. The
hydro-chemical type was the same, Ca-Mg-Cl-SO4 for all the groups. Calcite,
dolomite, anhydrite, and gypsum would be the dominant reactions with the
undersaturation of evaporates minerals, based on geochemical modeling, while the
carbonate minerals are precipitating. Geostatistical analysis using ordinary Kriging
demonstrated the exponential semi-variogram model fitted for EC, Ca, Mg, K,
HCO:s, Cl, and SO4. At the same time, the rational quadratic model was the best-
fitted semi-variogram model for Na and NOs. EC, SOs, and NO; have a strong
spatial structure, while Ca, Na, K, and HCO; have a moderate spatial structure.
Moreover, there was a weak spatial structure for Mg and Cl. The WQI shows that
CT (complex terminal groundwater aquifers) in many of the wells have poor to
very poor water quality (55.10%), with only a small fraction exhibiting good
quality. Only two samples were deemed unfit for drinking and their quality for
irrigation fluctuates from good to moderate quality although its high
mineralization. Furthermore, temporal changes in a complex terminal groundwater
aquifer have been analyzed, particularly focusing on various water quality
parameters such as pH, Electrical Conductivity (EC), total hardness, turbidity, and
the concentrations of different ions and elements. The analysis reveals fluctuations
in pH values with potential seasonal patterns, as well as outliers that may result
from factors like contamination events or measurement errors. EC values indicate
variations and frequent exceedance of WHO limits for drinking and irrigation
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purposes. Total hardness remains consistently high, while turbidity stays within
WHO limits. Concentrations of Ca, Mg, Na, K, Fe, NH4, Cl, SO4, HCO3, NO», PO4,
and NOs vary over the studied years, with some exceeding WHO limits. These
variations may be linked to geological factors and potential communication with
shallow aquifers.

The comprehensive hydrogeochemical analysis of groundwater samples from
the continental intercalary aquifer revealed several key findings. The temperature
and pH generally met the 2011 World Health Organization (WHO) standards for
drinking water, but elevated EC, TDS, and turbidity levels indicated brackish water
with mineralization. Major cations (Ca, Mg, Na, and K) and anions (CI, SO4, and
HCO:3) exceeded WHO standards, while NOs levels were within acceptable limits.
POj4 levels surpassed WHO thresholds in all samples, and some samples exhibited
elevated NH;4 levels. CI-1 showed elevated Fe levels exceeding WHO standards.
Different major ion abundance orders indicated varying water types in the samples.
Groundwater chemistry suggested the dissolution of calcite and ion exchange of
Ca and Mg for Na and K. Saturation indices indicated mineral dissolution and
precipitation. The water quality index classified all three samples as having "good"
water quality for potable use, but irrigation suitability varied, with some samples
being suitable and others doubtful or unsuitable. Nitrate levels remained below
WHO standards, indicating a lack of nitrate pollution. CI-1 exhibited a higher
degree of pollution compared to CI-2 and CI-3 based on the groundwater pollution
index. Overall, the study provides insights into the hydrogeochemical dynamics
and suitability of continental intercalary groundwater for various uses, highlighting
variations in water quality and potential challenges for potable and irrigation
purposes. The analysis of the temporal changes in the complex terminal
groundwater quality over the years presents several noteworthy trends. The pH
levels have remained relatively stable, indicating slightly alkaline water, with an
uptick in variability in the last two years. EC has been on a decline, pointing
towards a reduction in water mineralization, with the initial years showing greater
extremes. Turbidity has decreased, suggesting the water is becoming clearer, a
trend that is supported by the decline in total dissolved solids. Cl and Na
concentrations have dropped, although Na levels exhibit considerable annual
fluctuations. A worrying trend is observed with K and NOs levels, both of which
have spiked in 2020, hinting at potential contamination issues. The rise in NO;
could be linked to agricultural runoff or interaction with shallower aquifers. NH4
levels are generally low but rose in 2020, potentially indicating organic pollution.
PO, concentrations have been consistently low, which helps in preventing
eutrophication. Ca shows a decreasing trend with considerable year-to-year
variation, while Mg levels have been relatively stable with a marginal downward
trend. NO, levels have been inconsistent, raising concerns about nitrogen
compound contamination. SO4 levels have varied, with a peak in 2017, reflecting
changing geochemical processes. HCO; concentrations are low and on a downward
trajectory, which could impact the water's buffering capacity. Lastly, Fe
concentration has generally decreased, except for a significant outlier in 2019.
These findings collectively suggest that while some aspects of water quality are
improving, there are emerging concerns, particularly related to potential
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contamination from agricultural and organic sources. On the other hand, the
analysis of the continental intercalary aquifer's hydrochemistry from 2012-2021
reveals fluctuations in pH and consistently high TH, indicating poor water quality
for consumption. EC and turbidity levels often exceeded WHO standards.
Variability was observed in Ca and Mg levels, with Mg exceeding WHO limits in
most years. Data gaps limited the analysis of Na, K, and Fe. Cl and SO4
concentrations were consistently above drinking water standards, while NOs
remained within safe levels. PO, levels varied, occasionally surpassing safe limits.

The present dissertation discusses highly important results obtained from the
analysis conducted on several horizons of the aquifer system in the Oued Souf
Valley, which represents a part of the Northwest Sahara Aquifer System. The
results obtained and discussed throughout this dissertation can contribute to
drawing attention and increasing the awareness of water experts, both locally and
globally, about the consequences of inadequate water management and the
negligence in implementing integrated water resource management, especially in
arid regions with substantial groundwater resources such as the Oued Souf Valley.

While this thesis provides significant insights into groundwater resources in arid
regions, it is important to acknowledge several limitations. The number of samples
collected for hydrogeochemical analysis of the Phreatic, Complex terminal, and
Continental Intercalary groundwater aquifers was insufficient to study the temporal
changes in their quality. This necessitates continuous analysis of these aquifers in
the future. A larger sample size is required to understand and confirm the origins
of mineralization and pollutants (physicochemical, bacteriological, and heavy
metals), which will be achieved by employing additional methods not utilized in
this research.

As a further step for future research, extensive investigations must be conducted
on the three groundwater aquifers to more thoroughly assess their quality, with a
focus on the phreatic groundwater aquifer, including its vertical drainage system.
Additionally, the introduction of new and modern techniques such as deep and
machine learning techniques (Support Vector Machines (SVMs), Gradient
Boosting Machine, and M5 and MS5-cubist Convolutional Neural Networks) will
be essential. These will be used alongside several modified DRASTIC methods to
estimate pollution levels and identify areas most vulnerable to pollution. An
assessment of soil contamination resulting from rising phreatic groundwater levels
will represent a completely novel research axis for my future work.
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