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Abstract

In the southern plains of Ovan, the two main aquifer formations are the Mio-pliocene limestone and the
Plio-quaternary conglomerates. To assess the overall quality of groundwater, and highlight the factors
and mechanisms controlling its chemistry, hydrogeological and hydrochemical data is studied using GIS,
multivariate statistics (Principal Component Analysis and Hierarchical cluster analysis), potable water
quality indices (PWQI) and irrigation water quality parameters. The results show that the Mio-pliocene
aquifers have the best groundwater, with some samples having a mineralization of < 1g/L, whereas the
quality of groundwater varies in the Plio-quaternary aquifers from one location to another. The increase
in groundwater concentvation generally occurs from South to North, in accordance with the direction of
groundwater flow towards the Sebkha of Oran. The PCA and HCA results show that groundwater is
divided into two major groups. The first represents fresh to passable waters (0,5 ¢/L < TDS < 2 g/L)
located predominantly in the Tessala Mountains piedmonts and around the Tafraoui-Tlelat limestone
outcrops. These groundwater have a low Langelier index (LSI = 0.25) and are not corrosive nor scaling.
The second group represents slightly saline to highly saline groundwater (2.5 g/ < TDS < 5¢/L). The
slightly saline groundwater are mostly observed around and South of Ain Larbaa in the Plio-quaternary
conglomerates. The highly saline groundwater are only observed for 6 samples and are most likely the
result of contamination. The PWQI show that only 18% of groundwater is fit for human consumption;
the remaining groundwater ranging from poor (21%), very poor (38%) to unsuitable (23%). The
results also show that only 60% of samples are suited for irvigation. The hydrochemical vesults identify
geological zoning, climate aridity, and to a lesser degree anthropic activities as the major factors regulating
groundwater quality via the carbonates and silicates weathering and ions exchange process.

Riassunto

Nelle pianure meridionali di Orano, le due principali formazioni acquifere sono il calcare mio-
pliocenico e i conglomerati plio-quaternari. Per valutare la qualita complessiva delle acque
sotterranee e mettere in evidenza i fattori e i meccanismi che ne controllano la chimica, i dati
idrogeologici e idrochimici sono stati analizzati mediante GIS, statistiche multivariate (analisi
delle componenti principali e analisi gerarchica dei cluster), indici di qualita dell’acqua potabile
(PWQI) e parametri di qualita dell’acqua destinata all’irrigazione. I risultati mostrano che gli
acquiferi mio-pliocenicuhanno le acque sotterranee di migliore qualita, con campioni aventi
una mineralizzazione < 1 g/L, mentre la qualita delle falde acquifere nelle falde acquifere plio-
quaternarie varia a seconda della localita. Laumento della mineralizzazione presenta un trend
generale da sud a nord, in accordo con la direzione del flusso delle acque sotterranee verso la
Sebkha di Orano. I risultati PCA e HCA mostrano che le acque sotterranee si suddividono in
due gruppi principali. Il primo rappresenta le acque dolci o accettabili (0,5 g/L < TDS < 2 g/L)
situate prevalentemente ai piedi dei Monti Tessala e attorno agli affioramenti calcarei di Tafraoui-
Tlelat. Queste acque sotterranee hanno un basso indice di Langelier (LSI = 0,25) e non risultano
né corrosive né incrostanti. Il secondo gruppo rappresenta acque sotterranee da leggermente
saline ad altamente saline (2,5 g/L < TDS < 5 g/L). Le acque sotterranee leggermente saline si
osservano principalmente intorno e a sud di Ain Larbaa nei conglomerati plio-quaternari. Le
acque sotterranee altamente saline sono osservate solo in 6 campioni e sono molto probabilmente
il risultato di una contaminazione. I PWQI mostra che solo il 18% delle acque sotterranee &
adatto al consumo umano; le rimanenti variano da scarse (21%), molto scarse (38%) a inadatte
(23%). 1 risultati mostrano inoltre che solo il 60% dei campioni & adatto all’irrigazione. I risultati
idrochimici identificano la zonazione geologica, l'aridita climatica e, in misura minore, le attivita
antropiche come principali fattori che regolano la qualita delle acque sotterranee tramite i processi
di alterazione dei carbonati e silicati e di scambio ionico.
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Introduction

Groundwater is an important source of freshwater
worldwide. In arid and semi-arid regions however, and due
to the scarcity of surface water resources, it represents the
main water supply for drinking, irrigation, cattle production,
fisheries and industry needs (Adimalla et al, 2018; li and Qian,
2018; Ferchichi et al,2018). This excessive dependence on
groundwater coupled with pollution and more and more drier
climate conditions, has led to overexploitation and quality
deterioration of most aquifers in these regions (Bellared;,
2020; Ray el al, 2017; li et al; 2017; Zahedi 2017).In several
coastal regions of Algeria for instance, groundwater is a reliable
source of fresh water that best meets domestic, agricultural
and industrial requirements (Bouderbala 2019; Achouri et al.
2024). This is the case for the southern plains of Oran (M leta,
Tafraoui and Tlelat plains), where the annual rainfall average
rarely exceeds 500 mm/year. However, groundwater quality is
influenced by natural processes such as rock-water interaction,
climate conditions, geological zoning and anthropic activities,
such as industrialization, agriculture & livestock production
and urbanization (Melki et al, 2020; Vespasiano et al,
2019). Thus, groundwater use for drinking or agricultural
purposes needs to be conditioned by a thorough evaluation
of its suitability and quality. Multiple techniques on the
evaluation of groundwater quality are found in the literature
and amongst them are geo-statistics (spatial representation
based on a geographic information system GIS), multivariate
statistical methods and water quality indices (WQI), which
can be applied to assess both drinking (potable) and irrigation
water quality. These techniques facilitate the assessment of
groundwater quality and its controlling factors and are widely
used to assess groundwater quality (Pham and Nguyen 2024;
Thomas 2023; Musaab et al. 2022; Ismail et al. 2023; Abbasnia
et al, 2018). GIS offer a better visualization of the data on the
ground, even at un-sampled locations, which allows a broader
understanding of the spatial and spatiotemporal trends
(Maleika, 2020). Multivariate statistical methods reduce the
bulk data to smaller sets, allowing an easier interpretation of
the data. WQ indices on the other hand, condense multiple
chemical, physical and biological variables of an x-monitoring
data, like the total dissolve solids (TDS), potential hydrogen
(pH), total hardness (TH), ions concentrations, sodicity,
corrosiveness and scaling potential, etc., into one index based
on predefined water quality guidelines.

In this work, GIS geo-statistical representation, the
multivariate statistical methods, principal component analysis
(PCA) and the hierarchical cluster analysis (HCA) and
water quality indices are combined to analyze and interpret
hydrogeological and hydrochemical data in the region. The
main objectives of this study are to evaluate groundwater
quality, study the spatial evolution of groundwater chemistry
and identify the natural and/or anthropic processes controlling
groundwater quality in the southern plains of Oran.
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Materials and Methods
Study area

The area covered in this study is part of the watershed of
the great salty lake (Sebkha) of Oran and is located south of
Oran city (Fig. 1). The study area, represented by the three
adjacent plains, M’lelta, Tafraoui and Tlelat has an average
altitude of about 100m and is limited to the North, by the
Sebkha of Oran, to the South, by the Tessala Mountains, to
the East, by the El-Braya & Boufatis districts and to the West,
by the plain of Hammam Bouhadjar-El Malah (Fig. 1).

The stratigraphy of the region determines two structural
complexes: the pre-synchronappe substratum and the post-
nappe infill. The Triassic is formed primarily of gypsum
masses, associated with multicolored clays. The Jurassic is
represented by Liassic limestone, often recrystallized, which
are observed around Tafraoui. In the Tessala Mountains,
Cretaceous deposits, represented by marl-schist formations are
the substrate for the lower Miocene units. The red continental
deposits are formed from alternating conglomerates with
schist fragments, Oligocene sandstones, and red marls. Below
the plains, the presence of these formations is unclear. The
upper Miocene is formed of marine sandstones, blue marls,
tripolis-gypsum deposits and the reef limestone that mark
the end of the upper Miocene transgression. These limestone
are light gray, bioclastic, oolitic, and sometimes contain coarse
sandstones and light gray to bluish marls and they outcrop on
the northern flank of the Tessala. In the plains, these formations
lose thickness in direction to the Sebkha. The Pliocene is
represented by marine marls with sandstone intercalations.
Marl formations often begin with detrital sandstone or
sand, sometimes conglomerate. The upper Pliocene marine
sandstones correspond to yellow, calcareous sandstones that are
locally very fossiliferous. In the plains, the Lower Pleistocene is
present in the form of continental layers of red silt, sometimes
conglomerate. The middle and upper Pleistocene layers are
only observed around Ain Larbaa. The Holocene formations
in the plains are mainly represented by gray salty and gypsum
silts (recent alluvium) in the form of terraces.

The tectonic activity is controlled by shear and collision
phases. However, upon reaching the post-nappe deposits,
compression is predominant (Thomas, 1985). The tectonics
are expressed along the principal directions: N10-20°, N50-
70°, and N140°. The southern part of the Oran plateau is a
relatively calm tectonic zone, with a slight southward dip of
the formations toward the Sebkha of Oran. This extension,
however, is not uniform, as it can be reversed locally, creating
depressions with low points, where rainwater accumulates
during the wet season. This corresponds to very low-
amplitude post-Pleistocene tectonic undulations, affecting
the layers of this last stage (Thomas, 1985).

Form a hydrogeological standpoint, the Miocene-Pliocene
limestone formations (Mio-pliocene aquifers) are the most
important. These aquifers have an average thickness of
200m, a fissure permeability and are easily recharged by
precipitation. At depths varying between 85 to 200 m, aquifer
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Fig. 1 - Sampling sites and geological map of the study area.

Fig. 1 - Siti di campionamento e carta geologica dell’area di studio.
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levels represented by sandy and gravelly clays with calcareous
pebbles are present. These Plio-Quaternary formations form
fairly good aquifers and are captured by several boreholes dug
by farmers (Bellaredj, 2013).

Sampling

To evaluate groundwater quality in the region, thirty
four samples were collected in October 2023. The sampling
operation was targeted. Only samples currently in use
(drinking and irrigation), well distributed and covering
most of the study area were retained. All water samples
were collected in polypropylene (PP) bottles that were rinsed
several times with sample water before collection and then
stored at 04 °C in ice containers to minimize exposure to
light and air. All water samples were afterwards transferred
to the hydrochemistry laboratory of the National Agency of
hydric resources (ANRH) and analyzed the same day, based
on standards from ISO for water quality analysis.

The EC was measured in-situ using a Delta Ohm
conductivity meter (+0.5%). The pH was measured in-situ
using a WTW-720 pH meter (= 0.1%). For the analysis of
major inorganic constituents, samples were filtered through a
0.45 pm membrane filter. The concentrations of HCO;™ were
measured by Volumetric titration with H,SO4 (=1 mg/L as
CaCOy), those of Cl” were estimated Argentometric titration
(=0.1-1 mg/L). The concentrations of SO4* and NO;™ were
assessed with a UV-visible PERKIN-ELMER-lambda 25
(=1 mg/L and =0.1 mg/L respectively). The concentrations
of Ca* and Mg were evaluated using the complexometric
ticration with EDTA (=0.1-1 mg/L). The Na® and K*
concentrations were estimated using a DIEIT CORNING-410
flame photometer (=0.02 ppm).

Methods

The methodology adapted in this work can be summarized
in four major steps (Fig. 2). Step one focuses on the general
hydrochemical characterization of groundwater via the study
of the main physical and chemical parameters (pH, TDS,
TH, Ca**, Mg®*, Na*, K*, CI', SO4*, HCO;5” & NOj5") and the
identification of the main water facies using Piper diagram.
Step two focuses on the study of the spatial evolution
of groundwater chemistry throughout the study area to
highlight the effects of geology (zonation) and anthropic
activities on the overall salinity of groundwater. This was
done combining punctual data (measured points) and geo-
statistical methods using the GIS program ArcGIS, version
10.5. In step three, the statistical multivariate methods
Principal Component Analysis (PCA) and Hierarchical
Cluster Analysis (HCA) were used to classify groundwater in
distinct categories (from saline waters to fresh water) based
on the similarity/dissimilarity of groundwater with respect
to groundwater proprieties, geology, anthropic activities and
climate conditions. This was done using the softwore XIStat,
version 2016. In Step four, the suitability of groundwater for
human consumption and irrigation was assessed based on the
Potable Water Quality Index (PWQI) to Principal Component
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Analysis (PCA) and Hierarchical Cluster Analysis (HCA)
were assess groundwater for drinking and the Electrical
Conductivity (EC), Exchangeable Sodium Percentage (ESP),
Permeability Index (PI) and kelly index (KI) to evaluate
groundwater fitness for irrigation.

Geostatistics

Geo-statistics was used to study the spatial variations of
groundwater quality at un-sampled locations. The study of
spatial variations was done using the deterministic method
based on Inverse Distance Weighting (IDW) interpolation.
This technique estimates unknown values based on the
distance between sampled and un-sampled locations (Chabuk
et al. 2020; Mukherjee & Singh, 2021). The GIS Program
ArcGIS was used for the geo-statistical analysis based on the
IDW interpolation to construct spatial variation maps of EC,
TH, Langelier Scaling Index (LSI), major cations and anions.

Multivariate statistics

a) Principal components analysis

The PCA is a simple mathematical reduction of the quantity
of data without exaggerated assumptions. The goal is to
find the first principal component C1 (the one for which the
variance of the individuals is maximum) and subsequently,
a second component C2 that still has the maximum
variance, but also has zero correlation with C1 (orthogonal
to Cl). The search for axes continues for the p axes, whose
representativeness shares are increasingly weak, as p increases.
This allows, an easier description of the information, with a
considerably reduced number of variables, compared to the
original set (Davies and Fearn, 2004).

The PCA is widely used in studies dealing with groundwater
because it not only highlights interrelationships among
multiple chemical parameters, but also reduces large datasets
into smaller ones (Guenouche et al., 2024; Tasan et al., 2022).

b) Hierarchical cluster analysis

The HCA method consists of progressively aggregating
individuals according to their resemblance measured using
a similarity or dissimilarity index. It requires the definition
of a measure of similarity or distance between the objects
to be classified (samples) and a criterion for aggregating the
classes. Initially, there is a partition into n classes, each class
being composed of a single object (the finest partition). The
algorithm then begins to gather the pairs of individuals that
are most similar, then to progressively aggregate the other
individuals or groups of individuals, until all the individuals
form a single group.

HCA produces a binary classification tree called a
Dendrogram, identifying at what point the different clusters
are grouped. In this study, the HCA was conducted based on
Ward’s method (Ward & Hook, 1963).

Groundwater quality assessment

a) Potable water quality index (PWQI)
The PWQI evaluates the suitability of a given water for
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Sampling Workflow chart

3) Groundwater spatial evolution:

4) Multivariate statistics :

General hydrochemistry

1) General hydrogeological characterization of the study area;
2) Hydrochemical characterization of groundwater:
-Study of groundwater physical and chemical proprieties;

- study of groundwater physical and chemical paramelers spatial evolution using GIS;

- identifying similarities/dissimilarities to classify groundwater samples using the Multivariate methods PCA and HCA;

5) Water quality indexes and parameters:
- evaluating the fitness of groundwater for drinking using the PWQI and for irrigation using the EC, ESP, Pl & Kl; and,|

6) Overall characterization of groundwater quality in the region

- Classification and mapping of groundwater from fresh to saline

- Identification of the main processes and factors affecting groundwater quality

- Evaluation of the quality of groundwater and its suitability for human consumption and for agriculture
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Fig. 2 - Workflow chart of the study methodoly.
Fig. 2 - Diagramma di flusso della metodologia di studio.

drinking, based on a set of selected physical and chemical
parameters, which are weighted and studied in comparison
to a standard set of data (Diongue et al., 2022). In this study,
10 parameters were used to calculate the PWQI, namely:
Cl, HCO;5™ , NO; ™, SO, Ca*, Mg*, Na*, K*, TDS and
pH. The TDS and Cl" were assigned a maximum weight of
5 due to their important impact on water quality (Wagh et
al., 2019). Na* and Ca?* were assigned respective weights of 4
and 3, because of their major role in regulating water quality.
HCO; , NO; ™, SO4*, Mg%, K* and the pH, were assigned
weights between 1 and 2, in accordance with their influence
on the quality of water (Gnanachandrasamy et al., 2020). The

computational formulas and the interpretive water quality
classes of the PWQI are given in Tables 1 and 2.

With:

n: number of parameters,

w;: assigned weight,

C;: concentration of each parameter,

S;: standard value of each parameter.

Tab. 2 - Water class based on PWQI values (Aly et al., 2015).
Tab. 2 - Classi di qualita dell’acqua in base ai valori di PWQI (Aly et al., 2015).

Tab. 1 - Parameters and formulas for the PWQI.
Tab. 1 - Parametri e formule per il calcolo del PWQI.

Parameters Formulas
The relative weight of parameters | \\ = W
(Wfl) " in:n W|

C,-100
The quality rating scale (q;) q = s
The water quality sub-index _ .
(WQSI) WQSI _Wri qi
The Potable water quality index PWOI = S"WOSI
PWOD QI =2 WQsl,

PWQI Water class
<50 Excellent
50 - 100 Passable
100 - 200 Poor

200 - 300 Very poor

> 300 Unsuitable

b) Groundwater adaptability to irrigation

The parameters used to evaluate groundwater fitness for
irrigation are the ESP, the EC and the PI and KI indexes. The
equations for all parameters are given in Table 3.
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Tab. 3 - Irrigation water quality parameters.
Tab. 3 - Parametri di qualita per I'acqua destinata all’irrigazione.

Acque Sotterranee - Italian Journal of Groundwater 2025-AS54-878: 33 - 50

Parameters Formulas Class Water quality
<07 Non saline
0.7-3 Slightly saline
EC (dS/m) 3_-6 Moderately saline
6-14 Saline
>14 Highly saline
<6 Non sodic
ESp Esp— [100(-0.0126 +0.01475- SAR] 6-10 Slightly sodic
[1+(-0.0126+0.01475- SAR] 10-15 Moderately sodic
>15 Highly sodic
>75 Good
PI (Na+/HCO, 100 2575 Suitable
(Ca+Mg+Na) <25 Unsuitable
Na <1 Suitable
KI m >1 Unsuitable

Results and discussion
General Hydrochemistry

In this section, the chemical and physical parameters
of groundwater are studied in comparison to the WHO
standards to evaluate their compliance with international
norms. The hydrochemical analysis results are presented in
table 4 alongside the World Health Organizatio (WHO)
standards (Bellaredj, 2025).

The pH varies from slightly acidic (6.5) in some samples
to slightly basic (79) for most samples (average pH = 7.3)
and is within limits of the WHO norms. TDS values vary
from 0.5 g/L to 6 g/L with an average of 2.7 g/L. Only 5
samples have TDS values in accordance with the WHO for
drinking water (1 g/L). TH values range from 17 mg/L to
116 mg/L of CaCos with an average concentration of 59 mg/L
and show that most samples belong to the fresh water class
(TH < 75 mg/L CaCo;), with only 7 samples exceeding this
limit. All samples have TH values significantly smaller than
the WHO limit (500 mg/L of CaCos).

Variations in TDS and TH values can be the result of
water-rock interaction, arid climate conditions and anthropic
activities. High TDS and TH values are typical of shallow,
unconfined, alluvial aquifers, which are: rich in clay and
evaporate minerals, more sensitive to climate change (low
rainfall/high temperatures) and vulnerable to pollution. In
these types of aquifers, the dominant natural geochemical
processes are dissolution, precipitation, ion exchange and
silicates weathering (Razi el al., 2024).

Low TDS and TH values are usually associated with non-
polluted karst aquifers or deep confined aquifers, which are
predominantly sandstone and/or limestone. In these types of
aquifers, the dominant natural process is dissolution and to a
lesser degree silicates weathering (Li et al., 2025).

With respect to ions concentrations, most samples have
ion concentrations exceeding the WHO limits, especially for
Cl> SO4%, Na* and Ca®*. The concentrations of NO;™ and K*
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Tab. 4 - Hydrochemical analysis of groundwater.

Tab. 4 - Analisi idrochimica delle acque sotterranee.

ns1;tL Mean S-D Min Max | WHO norms

Ca?* 17329 | 1116 51 625 75
Mg* 109.64 54 23 239 50
Na* 540.41 380.7 35 1691 200
K* 8.617 9.789 2 49 20
HCO; 377.73 1394 141 721 120
Cr 806.70 535.4 85 2087 250
SO 575.17 4257 30 1930 250
NO;5” 15.08 17.88 2 72 50
pH 7.27 0.258 6.5 79 6,5 -85
TDS 2687.2 1362 535 6027 1000
TH 58.74 25.66 18.63 | 115.68 500

are overall in accordance with WHO guidelines (20 mg/ and
45 mg/L respectively).

These groundwater trends are commonly observed in
Algeria due to climate change, abundance of clay & evaporites
in most alluvial aquifers and excessive groundwater extraction
(Ouarekh et al., 2020; Guenouche et al., 2024; Lalaoui et al.,
2024; Benmarce et al., 2023)

Based on the molar ratio Na*/Cl', 9 samples have a ratio equal
or inferior to 0.86, suggesting seawater intrusion; 11samples
have a ratio around 1, inferring halite dissolution; 14 samples
have a ratio superior to 1, probably due to silicates weathering
and/or anthropogenic contamination (Liu et al., 2024).

According to the molar ration Ca®* / SO4%, 60% of samples
show an excess of sulfates over calcium. This suggests that gypsum
dissolution is not the only source of sulfate in groundwater;
other probable sources are evaporation (concentration of
dissolved sulfate), the dissolution of other sulfate minerals and
anthropogenic sources (Dogramaci et al., 2025).
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Regarding the molar ratio Ca®*/Mg?*, 23 samples have a
ratio < 1; 7 samples have a ratio between 1 & 2 and only
4 samples have a ratio > 2. This suggests that dolomite
dissolution is dominant process (Ca>*/Mg?*< 1), followed by
calcite dissolution 2 > Ca2+/Mg2+ >1) and silicates weathering
(Ca2+/Mg2+ > 2) (Judrez et al., 2023).

Regrading NOjs, the high concentrations observed around
Ain Larbaa and Ain Beida are probably due to anthropic
activity (wastewaters, agricultural runoff) in these regions.
Nitrogen compounds found in groundwater are usually due
to agricultural activity (fertilizers, manure leaching) or to the
microbial degradation of organic matter (Craswell, 2021).

From a chemical facies stand point, the Piper diagram shows
that two main water facies are present. The chloride and sulfate
waters rich in calcium and magnesium and the chloride and
sulfate waters rich in sodium and potassium (Fig. 3).

100
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Fig. 3 - Groundwater representation on Piper’s diagram.
8 g

Fig. 3 - Rappresentazione delle acque sotterranee sul diagramma di Piper.

Spatial variation of groundwater parameters

In this section, the spatial distribution of groundwater
chemistry is evaluated through the mapping of 8 parameters,
namly: TDS, TH, Langelier Index, Ca’*, Na*, Cl,, SO4* and
NOy’, using the IDW interpolation.

IDW interpolation

IDW is a deterministic method that assigns weights based
on distance. It relies on a fixed mathematical formula to

Tab. 5 - Comparison between the RMSE values of the Kriging model and the IDW model.,
Tab. 5 - Confronto tra i valori di RMSE ottenuti dal Kriging e dall' TDW.

DOI 10.7343/as-2025-878

determine the influence of known points on unknown points,
based on their distance. There are multiple other interpolation
techniques, such as, natural neighbor, spline, topo to
Raster, kriging, etc. Kriging for instance, is an advanced
geostatistical procedure that generates an estimated surface
from a scattered set of points with X variable. However,
unlike other interpolation methods, kriging relies on a deep
understanding of the spatial behavior of the represented X
variable before generating the output surface. In comparison
to kriging, the IDW doesn’t require specific assumptions
about the underlying data distribution (spatial correlation).

In this work, the IDW interpolation was preferred to
dismiss assumptions about groundwater parameters being
spatially correlated. The validity of this choice was reinforced
by cross-validation of both IDW & kriging interpolations.

Cross-validation involves temporarily removing a data

point, predicting its value using the remaining data, and
then comparing the predicted value to the actual value. This
process is repeated for all data points to assess the overall
accuracy of the interpolation method.

Then, the RMSE (Root Mean Squared Error) is used to
evaluate both methods performance by providing a measure
of how well predictions match the actual values (Table 5).

Groundwater parameters

The spatial variability of TDS, depicted in Figure 4,
demonstrates significant spatial heterogeneity, with notable
geologic zonation and anisotropic behavior. Lower TDS
values, characteristic of non-saline groundwater, are primarily
located near the piedmont zones of the Tessala Mountains, in
the southern portion of the study area. These zones correspond
to recharge areas where hydraulic gradients and relatively
unaltered lithologies limit solute accumulation. In contrast,
elevated TDS concentrations are spatially clustered near
the Sebkha in the north. This pattern aligns with regional
hydrodynamic anisotropy, where both surface and subsurface
flow vectors converge towards the salty lake, enhancing solute
transport and progressive mineralization along the flow path
(Fig. 5). The increase in salinity is consistent with advective
transport combined with evaporative concentration, leading
to TDS values exceeding 4 g/L in downgradient zones.

The spatial distribution of TH does not exhibit a direct
correlation with the principal flow direction. High TH
values show strong spatial association with specific geologic
domains, particularly near Ain Larebaa and in the eastern
zones around Tafraoui and Tlelat. These areas coincide with
the carbonate-rich stratigraphic units, where water—matrix
interactions favor calcite and dolomite dissolution, resulting

Parameter (mg/L)
RMSE / Interpolation | TDS TH LSI Ca? Na* Cl SO
IDW 1252.47 27.08 | 0.25 111.8 313.86 | 435.47 421.56
kriging 1267.05 2475 | 0.26 120.77 41133 | 507.41 414.44
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in elevated concentrations of Ca?* and Mg?*. The presence ~Mg?*/Ca?" molar ratio, which exceeds 1 for most locations,
of scaling conditions, as confirmed by LSI > 0.3 and Ca?* > suggests inputs from non-geologic sources, such as, marine
200 mg/L, further supports the role of lithological zonation aerosols and leaching of carbonate fertilizers and construction
in defining the spatial distribution of hardness. However, the  materials containing CaO and MgO (Lebrato et al., 2020).
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Fig. 4 - Spatial variation of groundwater parameters.

Fig. 4 - Variazione spaziale dei parametri delle acque sotterranee.
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The analysis of Cl', SO4%, and Na" maps reveals a spatial
distribution highly correlated with that of TDS, underlining
their strong geochemical covariance and contribution to the
overall groundwater mineralization. These ions show a clear
zonation tied to the occurrence of evaporitic formations (halite,
gypsum), commonly found in the study area, suggesting
preferential flow pathways that enhance solute migration.
The spatial pattern of nitrate (NO;") shows generally low
values, indicating a limited nitrification potential under
natural conditions.

However, localized anomalies in the western part of the
study area exceed the WHO threshold of 45 mg/L and
suggest probable groundwater contamination by wastewaters
and agricultural runoff.

Acquisition of groundwater salinity

In this section, the probable factors and processes (natural
and anthropic) controlling groundwater quality are discussed
based on multiple hydrochemical formulas, scatter plots and
diagrams.
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On Figure 6a (Data & Tyagi diagram, 1996), most samples
lie along the 1:1 line. This suggests contributions from both
carbonate and silicate weathering (Manimaran et al., 2025).

Figure 6¢ (HCO;™ vs Ca?") shows that most samples fall
either along or above the 1:1 line. This infers an excess of
calcium over bicarbonates that could be from the dissolution
of other minerals like dolomite or silicate weathering
(Lechhab et al., 2024). The dissolution of dolomite and calcite
are given in reactions (1&2).

CaMg(CO3),+2C0O,+2H,0—Ca** +Mg** +4HCO;"
CaC0O;+CO,+H,0—Ca? +2HCO;~

@
@

The abundance of clay material and the harsh climate
conditions in the region favor silicates weathering and can
considerably increase the concentrations of sodium and
bicarbonates in groundwater as illustrated by reactions (3&4).

2NaAlSi;Og+2H,C0; +9H,0—ALSi,05OH) +2Na+4H,Si0,+2HCO;~ (3)
NaAlSi;O+H,CO;+7H,0—Na* +A(OH); +3H,SiO+ HCO;" (4)
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Fig. 5 - Piezometric maps of the study area; top:
March 2018 & bottom: March 1986 (Hassani,
1987).

Fig. 5 - Carte piezometriche dell’area di
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In Figure 6b (Ca?* vs SO4*), most samples fall below the
1:1 line. This implies an excess of SO4*" over Ca**. When the
data points cluster around the 1:1 line, calcium and sulfate
are released in roughly equal proportions, which is typically
due to gypsum (anhydrite) dissolution (Drouiche et al., 2021).

CaSO2H,0—Ca?*+S0,*+2H,0 )

When the data points cluster above the 1:1 line, calcium is
in excess (more calcium than sulfate). This usually means the
dissolution of carbonates and/or cation exchange processes,
where calcium is released from the rocks material. When the
data points cluster under the 1:1 line like in this case, there
is an excess of sulfate over calcium. This might suggest the
presence of other sulfate sources, such as oxidation of sulfide
minerals or anthropic inputs (Cheng et al., 2021). The sulfate
excess in the study area is probably the result of agriculcural

Acque Sotterranee - Italian Journal of Groundwater 2025-AS54-878: 33 - 50

practices, such as the use of industrial fertilizers and/or
animal manure, which can lead to sulfate contamination
of groundwater through leaching and infiltration (Torres-
Martinez et al., 2022).

In Figure 6d (Na* vs Cl), most samples are plotted under
the 1:1 line. When the data points cluster around the 1:1 line,
sodium and chloride primarily come from the dissolution of
halite (Kaur et al., 2019). When the Na*/Cl" ratio is greater
than 1, this suggests that sodium is being released from the
weathering of silicate minerals (Barzegar et al.; 2018). When
the Na*/Cl" ratio is smaller than 1, like in the present case,
(excess of Cl" over Na), it could be the result of multiple
factors, such as, the presence of ion exchange processes
and contamination by chemical fertilizers and wastewater
(Kessasra et al., 2021; Dey et al., 2024).

(a & d) scatter plots showing that

both carbonates and silicates weathering
contribute to groundwater salinity.
Probable chemical processes involved

' are: carbonates dissolution and silicate

minerals weathering.

(b) Excess of SO4 over Ca suggests that
gypsum is not the sole source of SO4

in groundwater. Probable external sources
are fertilizers

(c) Excess of Cl over Na (most samples
are below the 1:2 line) suggests that

halite is not the only source of Cl in
groundwater. Probable external sources
are wastewaters.

(e & f) Gibbs diagram showing that the
dominant processes controlling
groundwater salinity are evaporation and
water-rock interaction.
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Fig. 6 - Scatter plots of hydrochemical parameters (a, b, ¢ & d) and Gibbs diagram (¢ & f).

Fig. 6 - Grafici a dispersione dei parametri idrochimici (a, b, ¢ & d) e diagrammi di Gibbs (e & f).
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From the Gibbs diagram (Fig. 6 e&f), all samples fall
within the areas of predominance, either of evaporation or of
water/rock interaction.

The impact of climate change on groundwater in the region
is evident (Fig. 7).
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Fig. 7 - Temporal evolution of T (°C) and P (mmly) from 1990 to 2024.
Fig. 7 - Monitoraggio delle Temperature (°C) e Piogge (mm/anno) dal 1990
al 2024.

Temperature trends from 1990 to 2024 show a clear upward
pattern, with an increase of approximately 1 to 1.5°C between
the early 1990s and the late 2010s. In contrast, precipitation
levels have declined over the same period, with an estimated
decrease of about 50 to 100 mm per year. These changes
reduce surface water availability and place greater stress on
groundwater resources. They also hinder aquifer recharge and
increase groundwater evaporation, contributing to the overall
degradation of groundwater quality and quantity.

Tab. 6 - Correlation matvix (Pearson).

Tab. 6 - Matrice di correlazione (Pearson).
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Statistical analysis

In this subsection, the Pearson correlation is used to
highlight the highest and lowest correlations amongst
the different physical and chemical parameters and their
contribution to the overall salinity of groundwater. The PCA
& HCA are used to identify the major tendencies (components
& clusters) and classify groundwater based on samples
similarities/dissimilarities. Data was standardized before
applying PCA and HCA to prevent variables with larger
magnitudes from disproportionately influencing the results.

Pearson correlation

Based on Pearson’s correlation coefficient (Table 6), the
strong positive correlations (r > 0.7) are found between: CI°
& Na* (0933), TDS & Na* (0.913), TDS & CI (0.893), TDS
& Mg2+ (0.777), TDS & SO,4* & Ca** (0.750). High positive
correlations between TDS and Na*, CI', Mg?* indicate that
these ions are major contributors to groundwater salinity. The
strong correlations suggest that as the concentration of these
ions increases, the TDS level also increases, and vice versa
(Mohit & Suprita, 2022).

A high correlation between Cl” & Na* typically indicates
salinization, often due to halite dissolution, wastewater or
agricultural runoff (Hussain et al 2024). A high correlation
between SO, & Ca?* usually infers gypsum (anhydrite)
dissolution (Zhang et al., 2017). These correlations are in
accordance with the results with the results discussed in
§ Acquisition of groundwater salinity.

Multivariate statistics
a) PCA

The criteria used to retain the principal components
were the Kaiser’s rule and the scree plot. Only components
with eigenvalues > 1 (before the elbow of the scree plot) are
considered significant (Table 7 & Fig. 8).

From Figure 9al, TDS, Mg?*, Cl,, Na* and SO4* contribute
more than 80% to Cl, with all variables positively correlated
with Cl, except for potassium and nitrate ions. For C2, K*
and NO;™ and the pH, account for more than 74%, with K*,
HCO;', Ca?*, Na*, ClI" and NOj™ positively correlated and
SO,4* and Mg** negatively correlated with C2.

Variables Ca? Mg?* Na* K* HCO; Cl SO4* NO; pH TDS
Ca’* 1
Mg 0.256 1
Na* 0.196 0.640 1
K* 0.097 -0.275 0.154 1
HCO;y 0.196 0.431 0.536 0.404
Cr 0.239 0.687 0933 0.189 0.548 1
SO4* 0.750 0.534 0.468 -0.196 0.106 0.337 1
NO;5 -0.126 -0.194 -0.097 0.273 -0.177 0.049 -0.379 1
pH -0.374 0.072 -0.018 -0.614 -0.393 -0.159 0.080 -0.168 1
TDS 0.503 0.777 0913 0.089 0.540 0.893 0.696 -0.168 -0.115 1
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Tab. 7 - Significance of PCA components by eigenvalues and variability.

Acque Sotterranee - Italian Journal of Groundwater 2025-AS54-878: 33 - 50

Tab. 7 - Significativita delle componenti della PCA in base agli autovalori e alla variabilita.
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Fig. 8 - Scree plor result for the PCA.
Fig. 8 - Scree plot dei risultati della PCA.

Cl seems to indicate the general direction of salinity
increase/decrease, whereas C2 appears to show the probable
factors (natural or anthropic) controlling said salinity. From
Figure 9a2, the more observations are positively correlated
with Cl&C2 the more groundwater is saline (and vice
versa), probably due to halite & calcite dissolution, silicates
weathering & pollution by wastewaters (high HCO;™ and
NO; content & excess of ClI" over Na* and Ca®* over Mg**).
However, the more observations are positively correlated
with C1 and negatively with C2 the more groundwater is
saline (and vice versa), but more likely due to dissolution of
gypsum and dolomite, ion exchange and probable pollution
by agricultural runoff (excess of SO4* over Ca?* and Mg**
over Ca?*).

b) HCA

Based on the HCA results (figure 9b), the dendrogram
was cut at the dissimilarity level 40, which coincides with
the most abrupt changes in the dendogram distances. The
final partition contains 3 clusters, The first cluster (far left)
is composed of 21 observations, the second cluster, directly
to the right, is composed of 3 observations and the third
cluster is composed of 10 observations. Clusters 1 & 3 regroup

Tab. 8 - Classification of groundwater based on statistical results.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
Eigenvalue 4.416 2.118 1.405 0.939 0.525 0.301 0.187 0.096 0.011 0.003
Variability (%) 44.161 21.180 14.045 9.387 5.249 3.008 1.869 0.962 0.108 0.031
groundwater mainly affected by geological zonation and
Scree plot evaPoration. Fresh to slightly sal'ine waters. in cluster 1 are
mainly located on the Tessala piedmonts in the south and
100 on the limestone outcrops in south-east around Tafraoui.

Saline waters in cluster 3 are mainly observed in the center
and in direction of the Sebkha of Oran. Cluster 2 regroups
groundwater which seems to be polluted (high NO;™ and K*
concentrations) by agricultural activity.

¢) Samples subdivision

Combining the information form the PCA & HCA
(Figure 9), geological zonation and the spatial variation of
groundwater parameters (Figure 10), samples were subdivided
into two distinct groups (Table 8).

- Group 01

All samples in this group are negatively correlated with
the F1 axis and represent the fresh to passable waters (TDS
< 2 g/L). However, these waters become, more saline when
moving from the Tessala piedmonts and limestone outcrops
in the South and South-East, to more sandy formations in the
North. This geological zonation is accompanied by multiple
facies shifts from sodium chloride waters at borehole S2 (TDS
= 0.8 g/L) then sodium bicarbonate waters at borehole S1
(TDS = 0.6 g/L), to then sodium sulfate waters at borehole
OT3 (TDS = 1.8 g/L), to finally sodium chloride waters at
borehole OT4 (TDS = 2.2 g/L). Groundwater salinity in this
group seems to be derived mainly from natural processes
(dissolution of carbonates, silicates weathering, and ion
exchange).

Group 1 represents neutral waters, with no corrosive or
scaling risks (LSI ~0.25).This group is subdivided into two
Sub groups. The first sub group contains waters of excellent
quality (TDS= 0.8 g/L), which are perfectly suited for
drinking. The second sub group represents waters of lower
quality, which are still passable for drinking water and fitted
for irrigation.

- Group 02

Group 2 contains three subgroups, ranging from slightly
saline to highly saline groundwater. The first and second
subgroup includes 15 samples, with an average mineralization

Tab. 8 - Classificazione delle acque sotterranee in base ai risultati statistici.

Group 1 Group 2
Parameter average | Sub-G 1 (5 samples) | Sub-G 2 (8 samples) | Sub-G 1 (8 samples) | Sub-G 2 (7 samples) | Sub-G 3 (6 samples)
TDS (g/L) 0.8 2 25 3.5 4.8
TH mg/L (CaCo;) 25 55 50 75 95
Langelier Index 0.1 0.4 0.32 0.44 0.56
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Fig. 9 - Statistical analysis results - PCA: (al) variables & (a2) observations | HCA: (b) dendogram.

Fig. 9 - Risultati delle analisi statistiche — PCA: (al) variabili & (a2) osservazioni / HCA: (b) dendrogramma.
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of 2.5-3.5 g/L. These samples are mostly found around Ain
Larbaa, where the deepest Plio-quaternary levels are located
(90 to 130 m of carbonate conglomerates). These waters
are unfit for drinking but can be used for tolerant crops.
Groundwater in subgroups 1&2 seems to be interacting with
alluviums rich in carbonates, clays and evaporates material,
where process such as dissolution of halite & gypsum,
silicates weathering and ion exchange are dominant. The
third subgroup contains 6 samples and represents the saline
waters (TDS > 4.5 g/L). These waters are not only unfit for
human consumption but also for irrigation. Groundwater
excessive salinity for this subgroup cannot be solely explained
by natural factor (water-rock interaction and evaporation), but
is probably also derived from anthropic sources (wastewaters
and agricultural runoff).

Groundwater suitability for drinking and irrigation

In this final subsection, groundwater is assessed for human
consumption based on the PWQI and for irrigation, based on
the EC, ESP, PI & KI.

Potable water quality index (PWQI)

Table 9 regroups the data used to calculate the PWQI of
groundwater in the study area. 10 parameters were chosen and
weighted based on their impact on the quality of drinking
water and the PWQI was estimated for all samples based on
the WHO standard for 2022.

Tab. 9 - Groundwater data for the PWQI.

Tab. 9 - Analisi idrochimica delle acque sotterranee.
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Tab. 10 - Groundwater quality based on PWQL
Tab. 10 - Qualita delle acque sotterranee classificata in base al PWQI.

PWQI Samples Water Quality
<50 1 Excellent
50 - 100 5 Passable
100 - 200 7 Poor
200 - 300 13 Very poor
> 300 8 Unsuitable

and to a lesser degree anthropic activities play a major role in
conditioning groundwater quality in the region.

While a PWQI < 100 generally signifies excellent to
passable water quality, it doesn’t guarantee potability. Potable
water, needs to meet specific standards that are not included
in the PWQI, such as bacterial & viral contaminants and
heavy metals. Poor water quality, reflected by a PWQI >
100, is either due to natural processes or anthropic activities.
In polluted environments, contaminated water can cause
outbreaks of cholera, dysentery, Typhoid fever, and hepatitis
A, impacting morbidity and mortality rates. High nitrate
levels for instance can cause methemoglobinaemia (blue baby
syndrome) in infants, while excessive fluoride can lead to
dental and skeletal fluorosis (Jamshidi et al., 2021)

Irrigation water quality

Based on the information in Table 11, only 60% of samples
are suited for irrigation overall. Out of the 60%, only 25% are
adapted for most crops.

The remaining 40% of groundwater range from passable
to unsuitable for irrigation. Passable waters represent close to

Variables WHO Weight Relative t.veight 30% and b q f ) 1 Th o
(2022) (wi) (Wri) % and can be used for tolerant cultures. The remaining
Ca2 7s 3 0111 groundwater are unfit for irrigation. Toxicity in irrigation
. waters is mainly tied to boron, chloride and sodium stresses.
Mg 50 2 0.074 = )
In addition to the roots, plants can also uptake considerable
Na* 200 4 0.148 amounts of Na™ and Cl" through the leaves during sprinkler
K 20 1 0.037 irrigation, especially in arid regions. High concentrations of
HCO; 120 1 0.037 sodium in the soil are strongly harmful to crop development
cr 250 5 0.185 because they disrupt the functioning of roots and infiltrate
SO4* 250 2 0.074 Tab. 11 - Groundwater fitness for irrigation.
NO;- 50 2 0.074 Tab. 11 - Idoneita delle acque sotterranee all’irrigazione.
TDS 1000 5 0.185 Parameters | Samples | Class Water quality
Ph 6,5-8,5 2 0.074 2 <07 Non saline
18 0.7-3 Slightly saline
The data in table 10 shows that only 18% of groundwater in EC (dS/m) 13 3-6 | Moderately saline
the study area is fit for human consumption. The remaining 1 6-14 Saline
waters range from poor (21%), very poor (38%) to unsuitable - >14 Highly saline
(23%). Figure 11 shows that groundwater severely deteriorates 15 <6 Non sodic
towards the north, following the general direction of water ESP 8 6-10 | Slightely sodic
flow. This confirms that the acquisition of salinity is gradual 9 10-15 | Moderately sodic
in the direction of the Sebkha of Oran. The only groundwater 3 >15 Highly sodic
fit for human consumption are found at the Tessala Mountains 5 >75 >75
piedmonts, at the limestone outcrops of the Mio-pliocene PI 29 2575 | 25775
aquifers around Tlelat-Tafraoui and in the vicinity of Ain - <25 <25
Labraa in the deep Plio-quaternary conglomerate aquifer KI 16 <1 Suitable
levels. These trends confirm that geological zoning, climate, 18 >1 Unsuitable
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Map showing the severe deterioration of groundwater towards the north (PWQI > 100)
in direction of the Sebkh of Oran. Groundwater fit for human consumption are only found
at the Tessala Mountains piedmonts, around Tlelat-Tafraoui and in the vicinity of Ain Labraa.

the aerial part of the plant causing generalized cellular
intoxication (Chele et al. 2021). Based on table 12, the
majority of groundwater in the region 72% is harmful to
sensitive to moderately sensitive crops, and should only be
used for tolerant crops.

Results implication on groundwater management &
sustainability

This study highlights that most groundwater in the region
is of poor quality, especially with respect to drinking water
and irrigation water for sensitive to moderately sensitive crops.
The only exceptions worth mentioning are the areas where
the aquifer levels are predominantly limestone/sandstone with
low clay and evaporate minerals (north of Tafraoui-Tlelat,
around Ain Larbad and in the Tessala piedmonts). These
results are unfortunately superposed to the negative effects of
climate change, which has led to an increase in temperatures
and a significant decrease in rainfall, over the past 50 years.
The findings in this work reinforce the decisions undertaken
by Algerian authorities to accelerate the construction of new
sea water desalination plants and the mega projects of surface
water transfer from the eastern dams to the western dams of

Tab. 12 - Classification of groundwater based on statistical results.

Fig. 11 - Spatial variation of the PWQI.
Fig. 11 - Variazione spaziale del PWQI.

the country to compensate for the lack of precipitation. These
efforts, although colossal (there are already five desalination
plants in Oran: Arzew, Bousfer, Ain Turck, Macta, and the
last one in Cap Blanc, which was commissioned in February
2025), are still insufficient to guarantee an adequate supply
of quality water to the city of nearly 2 million inhabitants.

CGonclusion

The hydrochemical characterization of groundwater in the
southern plains of Oran shows that the dominant facies are
chloride and sulfate waters rich in sodium and calcium due
to the predominance of Cl-, So42-, Na+ and Ca2+ ions in
groundwater.

The results show that the quality of groundwater varies
significantly, depending on the geology of the aquifers
exploited. To the east (Tafraoui-Tlelat area) and South
(Tessala Moutains piedmonts) the Mio-pliocene aquifers have
groundwater of good quality. In the center and west of the
study area, the quality of groundwater in the Plio-quaternary
aquifers varies from one location to another. However,
and based on geo-statistical resules IDW using GIS), the
increase in groundwater concentration in the region seems to

Tab. 12 - Classificazione delle acque sotterranee in base ai risultati statistici.

Tolerance levels Cl" (mg/L) Na+ (mg/L) Crops N° of samples
Al i

Sensitive <178 <114 . mond, apricor, 4 3
citrus, plum
Cavsi

Moderately sensitive 178-355 114-229 apsicum, grape, 6 6
potato, tomato
Barl b

Moderately tolerant 355-710 229458 ariey, cucumben, 7 7
sweetcorn
Cauliflower, cotton,

Tolerant >710 >458 safflower, sesame, 17 18
sorghum, sunflower

* Credit: adapted from Bauder et al. 2014.
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generally occur from the South to North, in accordance with
the direction of groundwater flow, i.e., from the southern
and southern eastern limit of the study area (TDS < 1g/L),
towards the Sebkha of Oran (TDS > 5g/L).

The application of multivariate statistical methods ACP
and HCA showed that groundwater in the region can be
subdivided into two major groups. The first group represents
fresh to passable waters (0,5 g/L < TDS < 2 g/L). These waters
are mainly located in the Tessala piedmonts and Tafraoui-
Tlelat limestone outcrops. Groundwater in group 1 are neutral
waters (LSI = 0.25) and do not pose corrosive or scaling risks
to either the potable water network, nor irrigation equipment.
The second group represents slightly saline to highly saline
groundwater. The slightly saline groundwater (2.5 g/L <
TDS < 3.5 g/L) are mostly observed around and south of Ain
Larbaa, due to abundance of carbonate-conglomerates in the
Plio-quaternary aquifers, at depth between 90 and 130m.
Regarding highly saline groundwater (IDS > 5g/L), they are
only observed for 6 samples and are probably the result of
punctual pollution (most likely septic fosses and/or stagnant
waters in boreholes due to rare utilization).

The water quality indices (PWQI) show that only 18% of
groundwater in the study area is fit for human consumption,
with the remaining waters ranging from poor (21%), very
poor (38%) to unsuitable (23%). The spatial distribution
of the PWQI shows that groundwater quality deteriorates
considerably throughout its flow path, by accumulating more
and more salts before reaching the Sebkha of Oran.

The parameters for irrigation water quality (EC, ESP,
PI and KI) show that only 60% of samples are suited for
irrigation (only 25% are adapted for sensitive to moderately
sensitive crops). The remaining 40% of groundwater range
from passable to unsuitable for irrigation.

The hydrochemical characterization of groundwater shows
that geological zoning, climate (low precipitation/high
temperature), and to a lesser degree anthropic activities are
the major factors regulating groundwater quality in the area.
These factors heavily influence processes such as dissolution
& precipitation of evaporites (mainly halite, gypsum and
calcite), weathering of silicates and ion exchange phenomena.
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