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Abstract: Groundwater mineralization in arid regions like Béchar, Algeria, poses a major challenge for sustainable
water management, as groundwater is the sole source. Intensive use, harsh climate, and rising demand from
agriculture, industry, and households are driving progressive salinization and threatening water quality. To address
this, an integrated approach combining hydrochemical analyses, graphical methods, and multivariate statistics was
applied to identify the mechanisms shaping groundwater composition in the Béchar-Kénadsa basin. Results reveal
three main water types: calcium bicarbonate (Ca - HCOs, 35%), linked to limestone interactions; magnesium-
potassium-sulfate (Mg - K - SOs - Cl, 40%), influenced by evaporitic deposits and agriculture; and sodium chloride
(Na - Cl, 25%), tied to saline intrusions. Gibbs diagrams show that evaporation dominates 60% of samples, while
30% are controlled by water-rock interaction. Salinization is mainly caused by dissolution of Upper Cretaceous
formations, with elevated sodium, chloride, and sulfate concentrations from the basin center to its outlet, further
reinforced by ion exchange with clay. These findings emphasize the urgent need to protect recharge zones and
regulate exploitation to preserve groundwater quality and ensure its long-term sustainability.

Keywords: hydrogeochemical processes, groundwater salinization, evaporite dissolution, water—rock interaction,
multivariate statistical analysis, Béchar-Kénadsa basin

1. Introduction

It has long been believed that water is an endless and renewable resource. However, the current climate
and the growing demand driven by population expansion and socioeconomic development are causing many
countries to confront the loss of their water sources. Under the influence of an arid Saharan climate and in
the absence of surface water mobilization infrastructure, the water supply of the Béchar region relies primari-
ly on the exploitation of groundwater resources from its multilayer aquifer system (Milano et al., 2013;
Hosni et al., 2024). These resources are in increasing demand to meet the growing water demand. However,
its overexploitation, combined with high mineralization levels, leads to both quantitative and qualitative al-
terations that could gradually render the reserves unexploitable (Yihdego & Khalil, 2017; Mebarki et al.,
2024). Efficient and sustainable management of water resources requires an in-depth analysis of their availa-
bility, quality, and spatiotemporal variability.

The physicochemical characteristics of groundwater serve as key indicators for determining the origin of
aquifer mineralization and the source and extent of pollution. This approach has attracted the interest of many
researchers (Liu et al., 2018; Shi et al., 2018; Wang et al., 2020) to develop statistical approaches to identify
various water-rock interaction mechanisms, quantify their contributions to the chemical composition of
groundwater, and create precise models for accurately determining water sources.
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Several studies have analyzed the groundwater quality in the Béchar region, Algeria, using various meth-
odologies and parameters. For instance, (Mebarki et al., 2024) investigated the variations in water quality
parameters of groundwater in the Béchar region, identifying the borehole and the consumer: a 26% decrease
in total hardness, 27% in calcium, and 57% in sodium, while conductivity drops by 3% and phosphate in-
creases by 150%. Another study by Belkendila et al. (2018) found high salinity and a dominance of Mg-Cl-
S04 and Mg-Ca-CI-SO4 water types, influenced by precipitation and water-rock interaction. Only a small
portion of the water is potable, and most is unsuitable for irrigation due to high salinity and sodium content.
Additionally, Lachache et al. (2018) highlight high water mineralization caused by the dissolution of evapo-
rate formations, infiltration of runoff water, and ion exchange processes. Analyses reveal a chemical evolu-
tion of the water from northeast to southwest, with high concentrations of sodium, chloride, and sulfate. Fur-
thermore, this study shows that the drinking water supply in the Béchar region is inadequate, with shortages
and low pressure forcing residents to buy water (Kendouci et al., 2019; Seddiki & Cherif, 2021). A survey
reveals that 74% of citizens are dissatisfied. Recommendations include better resource management and
wastewater recycling. Moreover, a comprehensive groundwater quality assessment of the Turonian aquifer in
Béchar is required. It reveals water ranging from fresh to brackish, with 50% of samples failing to meet
WHO standards. This study demonstrated that the physicochemical analysis included measurements of pH,
electrical conductivity, and major dissolved ions (Mokaddem et al., 2018). Results indicate non-compliance
with drinking water standards for some samples, requiring treatment. These research findings underscore the
critical need to implement sustainable management strategies and establish a systematic, high-frequency
monitoring framework for groundwater resources in the region. Such measures are essential to safeguarding
the long-term availability, quality, and resilience of water supplies, thereby ensuring their reliability for do-
mestic consumption and agricultural irrigation. This study's objective is to do a thorough evaluation of the
water quality across the Béchar region. Using more than 20 samples, we employed both graphical tests and
multivariate statistical analysis to conduct chemical analyses. Characterizing water quality and determining
the sources of mineralization and other affecting variables were our goals. Furthermore, to supplement the
statistical methods, Geographic Information System (GIS) tools are included to provide a crucial spatial
component. GIS improved our capacity to recognize and interpret patterns, correlation, and trends in
groundwater quality data by fusing statistical techniques with spatial analysis, providing a more comprehen-
sive understanding of the underlying processes. This study highlights the necessity of sustainable manage-
ment and systematic monitoring of groundwater resources in the region to safeguard a reliable, safe water
supply for domestic, agricultural, and industrial uses.

2. Study Area

The Béchar region is located at the foot of the southern slope of the Pre-Saharan Atlas. It is situated be-
tween the coordinates: Latitude 30° N and 32° N, Longitude -2° W and -1° E, putting it in a climatic transi-
tion zone between the Saharan Atlas in its western region and the Tellien Atlas in its northern region (Figure 1).
The region's climate is predominantly arid, characterized by mild, wet winters and hot, dry summers. Precipi-
tation is irregular, occurring from October to March, with an annual average of 106 mm (Rabah et al., 2012).
The average temperature varies from 9 to 35°C. Groundwater quality and recharge are strongly impacted by
these climatic patterns and the local terrain, which also affect water penetration and discharge (Oubadi et al.,
2020; Sadat et al., 2020). The extensive multilayer aquifer system in the Béchar region is a vital water source
for the area's household and agricultural needs (Lachache et al., 2023). The complex climate, varied terrain,
and aquifer system underscore the region's need for sustainable water management. Given issues such
as desertification, climate change, and urbanization, the region of Béchar highlights the need to preserve
groundwater recharge rates and safeguard water quality for long-term use in drinking, agriculture, and eco-
system support.
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Fig. 1. Locality and geography of the study area (Lachache et al., 2018)

3. Geological and Hydrogeological Setting

The hydrogeological and geological settings of the Béchar area show a dynamic, intricate past shaped
by geological processes and events. They have proven that the Béchar region's geological formations span
a broad spectrum of terrains, from the Precambrian to the Quaternary (Figure 2) (Perrodon, 1922; Deleau,
1951; Delépine, 1951; Roche, 1973; Loboziak & Nedjari, 1987; Kabour et al., 2011; Kabour et al., 2012;
Madani et al., 2025). It consists of a succession of thick limestone beds, followed by stratified limestone.
This assemblage is prominently evident in the topography, forming distinct cliffs visible along the Béchar—
Kénadsa—DjorfTorba dam road. There are several aquifers and various formations at ground level (Benaradj
et al., 2012). The oldest outcrop, whose volcanic rocks prevail (basalt, andesite, dolerite, and rhyolite), is
located north of the research region, namely at the level of the town of Boukais (Byramjee & Meindre, 1956;
Mebarki et al., 2012), and northeast of the Ben Zireg anticline, where Cambro-Ordovician and Gothlandian
deposits are found. At the base of the Koudiat El Haidoura (Grouz), at the level of Talzaza, the Maider
El Mehadjib, to Soltane El Betoum, and to Ben Zireg, the Devonian is more numerous outcrops
(Menchikoff, 1936; Perrodon, 1957). The most widely distributed and well-researched outcrop in our zone is
that of the Carboniferous plains (Deleau, 1951; Pareyn, 1961). They form the foundation of the town of Bé-
char and are the main relief areas in the area (Djebel Antar, Djebel Horreit, Djebel Béchar, and Chabket
Mennouna). Conglomerates and polygenic breccias of Permo-Triassic age, followed by Jurassic-era clay-
limestone and gypsum lagoon deposits, reflect the sequential orogenesis at Chebket Fendi (Mekkaoui, 2000).
The majority of the Cretaceous lands are cuesta formations, such as the DjorfTorba dam, Bezazil El Kelba,
and Ras Smar. These are sandstone-clay soils with gypsum, transitioning into marls and massive limestones.
The Upper Cretaceous is characterized by evaporitic clays containing halite and gypsum. These folded ter-
race series are succeeded by a tabular sequence of Tertiary-Quaternary age, with its lower units composed
of sandy marls of continental origin and lacustrine limestone beds, likely dating to the early Eocene.
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Fig. 2. Geological map of the study area (Lachache et al., 2018)

4. Materials and Methods
4.1. Sampling and Analysis

More than twenty groundwater samples were collected from the Water Resources Directorate of the
Wilaya of Béchar. The concentrations of eight major ion types (Na*, K*, Ca*", Mg*", HCOy’, CI', SO4*, NOy).
Certified hydrogeologists from the National Water Resources Agency collected, preserved, and transported
all samples while following stringent quality assurance and control (QA/QC) protocols. As required by state
regulations, chemical tests were conducted exclusively at this Agency's fully accredited laboratories, which
are the only organizations authorized to do groundwater quality assessments in agricultural areas.

After all ion concentration measurements were finished, the ionic balance was calculated using Equation 1
to confirm the AE (analytical errors).

BI (%) _ [Ycations-Y Anions]() %100 (1)

[YXCations+Y Anions])

where:

e positively charged ions, such as calcium, magnesium, sodium, and potassium, are examples of cati-
ons, which are measured in milliequivalents per liter (meqg/L) and add to the total positive charge in
water;

e negatively charged ions such as bicarbonate, carbonate, chloride, sulfate, and nitrate are examples of
anions, which are likewise measured in milliequivalents per liter (meq/L) and balance the overall
ionic charge in the water sample.

In high-quality analytical data, an acceptable ionic balance usually falls within +£5%. Errors in sampling,
analysis, or computation may be indicated if the balance falls outside this range (Nordstrom et al., 1989).

4.2. Analytical Graphics

The Hierarchical Ascending Classification (HAC), Piper, Box plots, Gibb diagrams are essential hydro-
geological methods for determining the origin and evolution of groundwater (Amroune et al., 2017; Arroyo-
Figueroa et al., 2024). Transforming complex data into a tree structure called a dendrogram makes it easier
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to classify water samples with similar chemical characteristics. The main objectives are to identify homoge-
neous water families, clarify the similarities and variations between samples, simplify hydrochemical data,
and identify common mineralization sources or processes. The procedure follows specific methodological
steps: data normalization, calculation of sample distances, hierarchical clustering, and graphical display. CAH
offers independence from the variable count, rapid processing of many variables, and clear visualization of
correlations between samples. Understanding the origins and evolution of groundwater is made easier by the
dendrogram's interpretation, which assumes that each branch represents a sample group and that the link
height indicates the degree of similarity (Bastianoni et al., 2021; Agidi et al., 2022; Djalal et al., 2022).

4.3. Hierarchical Ascending Classification (HAC)

Hierarchical Ascending Classification (HAC) is a clustering technique that begins by treating each sample
as a separate cluster and then progressively merges the most similar clusters using a chosen distance metric
(e.g., Euclidean distance). This iterative process continues until all samples are grouped into one cluster,
producing a dendrogram that visually represents the nested relationships and similarities among the data.
In hydrogeochemical studies, HAC is instrumental in identifying homogeneous water groups and revealing
underlying geochemical processes or common contamination sources.

4.4. Piper Diagram

The primary chemical components and various groundwater facies are depicted in the Piper diagram, de-
veloped by Piper in 1944. Time-spaced analyses or analyses of samples collected from different sites make it
possible to visualize the evolution of water as it moves from one facies to another. This diagram proves in-
valuable in representing diverse analysis groups. It consists of two triangles and a diamond. The two trian-
gles: one for cations and the other for anions, are first filled, followed by the diamond. The values used are
expressed in % meq/l.

4.5. Box Plots

Box plots are statistical tools that visually summarize data distribution, highlighting the median, inter-
quartile range, and outliers. They are crucial in hydrogeochemical studies for assessing groundwater quality
by identifying variations in ion concentrations, mineral saturation indices, and potential contamination
sources. In the Béchar region study, box plots were used to illustrate the variability in saturation indices for
key aquifer minerals, aiding understanding of water-chemistry evolution and geochemical processes.

4.6. Gibbs Diagram

Since its creation by Gibbs (1970), the Gibbs diagram has been a crucial tool for clarifying the geochemi-
cal processes behind groundwater mineralization. Numerous studies have extensively used this picture to
clarify the factors influencing groundwater chemistry (Marandi & Shand, 2018; Sunkari et al., 2020). Three
basic elements form the basis of the Gibbs diagram: evaporation, precipitation, and water-rock interaction.
These factors are crucial for determining the process of groundwater mineralization.

Gibbs' formulations are crucial for analyzing the diagram:
e Gibbs I is defined as C1” / (C1” + HCO3"),
e Gibbs Il is defined as (Na" + K") / (Na" + K" + Ca*") expressed in meq/I.

Researchers can infer the dominant geochemical processes in a particular study region by examining the
locations of water samples on the Gibbs diagram. This method helps uncover the main mechanisms control-
ling the chemical development of groundwater by providing crucial insights into the complex interactions
among various chemical components.

4.7. Statistical Analyses

The study of groundwater has significantly advanced from traditional graphical methods to more sophisti-
cated multivariate statistical approaches (Piper, 1944; Stiff, 1951; Schoeller, 1962). These statistical tech-
niques provide more precise and thorough information on the chemical makeup of groundwater. Correlation
analysis helps assess the relationship between variables, identify elements with similar origins, and uncover
shared control mechanisms. Using the correlation matrix and varimax rotation, Principal Component Analy-
sis (PCA) streamlines and categorizes data, highlighting the most crucial variables and tracing the origins of
the elements (Granato et al., 2018; Hasan et al., 2021).



158 Salih Lachache et al.

5. Results
5.1. Graphical Analytic
5.1.1. Cluster Analysis

The application of cluster analysis to the sampled water data reveals three distinct classes (Figure 3).
e Group one (G1): Characterized by the presence of Calcium Ca*" and Bicarbonate HCOs".
e Group two (G2): Includes ions Mg**, K*, SO4*, NOjs that are associated with saline and evaporitic
deposits.
e Group three (G3): Dominated by Na** and CI, primarily linked to evaporitic and saline formations.

Additionally, this study enabled the water sample locations to be divided into three distinct groups.
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Fig. 3. Hierarchical Ascending Classification (HAC) of Physico-Chemical Parameters of Sampled Water
5.2. Piper Diagram

The Piper diagram analysis of groundwater in the Béchar region reveals significant variations in water
composition, influenced by climatic, geological, and anthropogenic factors (Figure 4). The study classifies
water into three main groups: 35% of samples are dominated by calcium and bicarbonate (Ca - HCO3"), indi-
cating interactions with limestone formations; 40% show high levels of magnesium, potassium, sulfate, and
nitrate (Mg - SO4 - Cl), suggesting evaporation effects and possible agricultural contamination; while 25%
are characterized by sodium and chloride (Na - Cl), reflecting saline water intrusion. Overall, 60% of the
samples exhibit high evaporation effects, leading to increased salinity, and 20% indicate potential nitrate
contamination from human activities.
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5.3. Box Plots

Box plots were used to analyze the variability of key hydrochemical parameters in groundwater samples
from the Béchar region (Figure 5). This statistical tool provided insights into the distributions, medians, and
potential outliers of major ions, including Ca**, Mg®", Na*, K", CI', SO4*, HCO5", and NOs".

The results indicate significant variations in water composition:
e Calcium (Ca?") and Magnesium (Mg?"): High variability, reflecting water-rock interactions, particu-
larly with carbonate formations.
e Sodium (Na") and Chloride (CI'): Elevated concentrations in some samples, suggesting evaporative
effects and potential saline intrusion.
e Sulfate (SO4%) and Nitrate (NO3): Outliers were observed, indicating localized contamination, likely
resulting from agricultural activities and industrial sources.

The box plots highlight the heterogeneity of groundwater chemistry in the region, emphasizing the need
for continuous monitoring and sustainable management strategies to mitigate salinization and contamination
risks.
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5.4. Gibbs Diagram

The analysis of the Gibbs diagram facilitated the dominant mechanisms controlling groundwater mineral-
ization in the Béchar region (Figure 6). This diagram establishes the relationship between water chemistry
and three major processes: water-rock interaction, evaporation, and precipitation influence.

The results indicate that:

e 60% of the samples fall within the evaporation-dominance zone, with high Na" and CI” concentrations

characteristic of arid environments with intense evapotranspiration.

e 30% of the samples indicate water-rock interaction, with Ca*" and HCO;™ dominant, suggesting car-

bonate dissolution and ion exchange.

e 10% of the samples indicate precipitation's influence; however, this effect remains limited due to

the region's arid climate.
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Fig. 6. Gibbs diagram showing the mechanism that is most involved in chemical control of groundwater
5.5. Statistical Analysis

A statistical study (PCA) was performed on 10 variables of over 20 individuals (Table 1) representing the
regional aquifer. Analysis of the factorial plane (F1 / F2) indicates that more than 75% of the total variance is
expressed. Strong negative correlation is observed between pH and EC, as well as between the electrical
conductivity and HCOy3', that is to say any increase of one, implies a decrease in the other and the opposite
(Table 1), and a strong correlation between pH and HCOs', these elements are responsible for the acquisition
of mineralization of the groundwater in the aquifer. Concomitantly, the pH is placed in opposition to the EC
and the HCOs™ ion on the F1 axis, with a total variance of 29.09%. This can be explained by the fact that the
waters have a high electrical conductivity due to the effect of the Upper Cretaceous formations. A strong
correlation (0.51 < R < 0.93) was observed between the ions Mg2+, Na’, CI, SO4*, and Ca®". These elements
are represented on the same axis of F1, with a total variance of more than 46%. This axis is responsible for
the acquisition of the evaporite origin (Halite, gypsum, and dolomite) of the groundwater of this aquifer.
Associated with the geological origin by the dissolution of the evaporite formations and the dolomitic lime-
stone. The factor F3 of (PCA) determined by the chemical elements of K™ and NO;™ shows that the superfi-
cial infiltration of water comes originally from the degradation of organic material (Fertilizers).
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Table 1. Correlation matrix of the different parameters of groundwater quality. Values in bold indicating correlation
coefficients ((Pearson (n)) (Lachache et al., 2018)

pH EC Ca? Mg* Na* K* Cr SO~ HCO; NOs
pH 1
EC -0.953 1
Ca®* 0.285 -0.225 1
Mg*  -0.365  0.447 0.628 1
Na* -0.048  0.113 0.912  0.863 1
K* 0.014 0.008 -0.064  -0.005 -0.144 1
Crl 0.006 0.066 0.935  0.840  0.990 -0.061 1
SO+  -0.468  0.539 0.510 0.985 0.783  0.047  0.750 1

HCO;”  0.810 -0.811 0.128  -0337 -0.191 0.311 -0.116  -0.396 1
NOs 0.206 -0.051 0.201 0.285 0.238  -0.356  0.225 0.218 0.026 1

Note: EC: Electrical conductivity of water

6. Discussion

This study, conducted in Algeria's Béchar region, provides important new insights into the processes of
groundwater mineralization, which are crucial for managing water resources sustainably in dry areas. Partic-
ularly in regions like Béchar that rely significantly on groundwater, maintaining the quality of the resource
and ensuring sustainable resource management requires an understanding of the mechanisms governing
groundwater mineralization. The results show that geological formations and human activity have a substan-
tial impact on groundwater quality, resulting in different hydrochemical groups with different degrees of
mineralization. This study enhances our understanding of local hydrogeological processes and provides in-
sightful comparisons with comparable circumstances in other dry locations worldwide. Comparing the
groundwater mineralization patterns in El-Bayadh and Naama with those in Béchar reveals several similari-
ties. Similar geological formations that affect groundwater chemistry can be found in both areas. El Bayadh,
for example, has significant levels of mineralization due to the preponderance of gypsum and limestone
rocks. Similarly, Béchar's groundwater is influenced by saline deposits and evaporation, resulting in elevated
salinity (Derdour et al., 2023). Due to comparable climatic conditions and human demands, excessive salini-
ty in Tunisia, especially in the Chott Djerad area, compromises groundwater quality (Kraiem et al., 2014).
Comparing the Béchar region with other dry areas, including the Central Valley in California, USA, and the
Atacama Desert in Chile, is one way to examine human influences on groundwater quality (Herrera et al.,
2018). The Central Valley of California has experienced severe salinization and groundwater depletion due
to extensive agricultural activities (Burow et al., 2013). Due to fertilizer application and soil salt leaching,
which can pollute aquifers, the dependence on irrigation has raised mineralization levels. This scenario is
similar to the difficulties in Béchar, where over extraction and agricultural needs have raised saline levels
and raised worries about the quality of the water. This is similar to the situation in Béchar, where excessive
salt levels endanger groundwater's suitability for home and agricultural uses.

The strength of this study lies in its comprehensive approach, utilizing a robust dataset of over 20
groundwater samples analyzed using multivariate statistical methods (Figure 7). This methodological rigor
enhances the reliability of the findings and establishes a benchmark for future research in similar contexts.
The innovation of this research stems from its detailed contextual analysis, which emphasizes the dynamic
interaction between natural geological processes and anthropogenic activities. This study makes a substantial
contribution to the existing corpus of information on groundwater management in dry areas. In addition to
offering a framework for further research to lessen the effects of human activity and climate change on es-
sential water supplies, it emphasizes the significance of sustainable behaviors. In light of mounting environ-
mental pressures, the results serve as a reminder that efficient management techniques are crucial to main-
taining groundwater quality and guaranteeing its availability for future generations. The results of the Cluster
Analysis, along with the various types of water identified, are presented in Figure 7, which succinctly sum-
marizes the study's findings. This image provides a comprehensive picture of the hydrogeochemical process-
es and changes in groundwater quality across the research region by illustrating the distribution of the differ-
ent water groups, including recharge zones, areas of reverse ion exchange, and halite formations.
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7. Conclusion

The study on groundwater quality in the Béchar region highlights significant challenges in managing wa-
ter resources in arid environments. Given the region's heavy reliance on groundwater, understanding the
mechanisms governing its mineralization is essential to sustainable water resource management. The find-
ings indicate that groundwater quality is strongly influenced by geological formations and human activities,
resulting in distinct hydrochemical groups with varying degrees of mineralization.

The research identified three main hydrochemical groups: (i) calcium-bicarbonate (Ca - HCO3) waters,
reflecting interactions with limestone formations; (ii) magnesium, potassium, sulfate, and nitrate-dominant
waters (Mg - SO, - Cl), associated with evaporitic deposits and potential agricultural contamination; and (iii)
highly saline sodium-chloride water (Na - Cl), influenced by saline water intrusion and evaporitic for-
mations. The analysis showed that 60% of samples exhibited high evaporation effects, contributing to salini-
ty, while 20% indicated potential nitrate contamination from human activities.

The primary objective of this study is twofold: to assess water quality and to contribute to protecting an
ecosystem critical to environmental sustainability and human well-being. However, this research encoun-
tered several significant limitations. Data collection was hindered by geopolitical constraints, particularly in
the border area, which restricted access to certain critical zones, resulting in incomplete datasets. Additional-
ly, local farmers showed notable reluctance to allow access to their farms for sampling. These challenges
may limit the comprehensiveness and applicability of the findings to the broader Béchar region. Neverthe-
less, this research represents a valuable tool for policymakers involved in water resource management. The
insights gained can inform strategies to promote sustainable groundwater management and develop tailored
protection measures to address the specific challenges faced by the study area. Future studies should aim to
overcome current data-collection challenges by adopting innovative approaches, such as remote sensing or
community engagement initiatives that foster local cooperation. Furthermore, integrating advanced tech-
niques, such as isotopic analysis, could facilitate a more comprehensive assessment. Longitudinal studies are
also recommended to monitor the evolution of environmental conditions in response to both anthropogenic
activities and environmental pressures.
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