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SUMMARY

Groundwater represents the primary water resource in the Taibet region,
yet its quality is increasingly threatened by expanding anthropogenic activities.
This study aims to assess the intrinsic vulnerability and pollution status of the
shallow aquifer using the DRASTIC model and the Pollution Index of
Groundwater (P1G). The DRASTIC wvulnerability map indicates two dominant
classes—moderate and high—with the high-vulnerability zone occupying 52.72%
of the area. Application of the PIG model to 20 groundwater samples reveals
severe degradation, as 95% of samples exhibit PIG values exceeding 2.5,
reflecting very high contamination levels. Nitrate concentrations ranging from 21
to 47 mg/L confirm the predominance of anthropogenic pollution, mainly arising
from the infiltration of fertilizer-enriched irrigation water and untreated domestic
wastewater. A Self-Organizing Map (SOM) analysis was applied to explore the
overall consistency between intrinsic groundwater vulnerability and observed
contamination patterns based on nitrate concentrations and PIG values. The SOM
classification indicates a general consistency between DRASTIC vulnerability
patterns and observed contamination indicators, highlighting the relevance of the
approach for assessing groundwater vulnerability under arid climatic conditions.
Taken together, the results emphasize the urgent need to strengthen groundwater
protection measures and to implement integrated and sustainable water
management strategies aimed at safeguarding this essential resource over the long
term.
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INTRODUCTION
Groundwater represents a fundamental strategic resource, ensuring a
reliable and cost-effective water supply for populations worldwide. In numerous
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areas—yparticularly in arid and semi-arid environments characterized by limited
and highly variable surface water availability—it constitutes the primary source
of water for household use, agricultural irrigation, and industrial development.
This growing dependence makes groundwater one of the most exploited natural
resources globally, with an annual extraction volume estimated at more than 800
km3 (Zektser and Everett, 2004).

Nevertheless, aquifer systems are experiencing increasing stress as a result
of demographic growth, the expansion of industrial and agricultural activities,
and accelerated urban development. These activities are leading to a gradual
decline in groundwater quality, characterized by the accumulation of
anthropogenic pollutants such as nitrates, pesticides, and domestic effluents. This
situation exacerbates the global water crisis, marked by both the depletion of
available resources and the deterioration of their quality.

In Algeria, this issue is particularly critical. Water resources vary
considerably across the country: they are relatively renewable in the north but
largely non-renewable in the south (Arfa et al., 2022; Bouselsal et al., 2014). In
both cases, groundwater quality is declining alarmingly under increasing
anthropogenic pressures. Intensive agricultural activities, uncontrolled landfills,
and the discharge of untreated wastewater are major sources of contamination,
making groundwater protection a key challenge for sustainable development
(Houari et al., 2024; Lakhdari et al., 2025; Ouarekh et al., 2024).

The Taibet area, situated within an arid climatic setting, represents a clear
example of this issue. In this region, groundwater constitutes the main resource
for household supply, agricultural irrigation, and socio-economic development.
Nevertheless, the growing proliferation of contamination sources, the intensive
application of chemical fertilizers, and the discharge of untreated domestic
effluents are gradually deteriorating the quality of the shallow aquifer. This
growing pressure threatens both the availability of safe water and the long-term
sustainability of the resource.

In this context, assessing aquifer vulnerability is essential to anticipate
contamination risks and implement appropriate protection measures.
Vulnerability assessment makes it possible to identify the most sensitive zones,
prioritize management actions, and support the development of sustainable
groundwater management strategies.

The primary aim of this research is to evaluate the intrinsic vulnerability of
the shallow aquifer in the Taibet region through the application of the DRASTIC
model within a GIS environment (Mallik et al., 2021; Novinpour et al., 2022;
Lakshminarayanan et al., 2022; Yu et al., 2022). It also aims to validate the
results through comparison with the spatial distribution of the Pollution Index of
Groundwater (PIG). The outcomes of this work are expected to provide a
decision-support tool for local managers and planners, helping them to identify
areas at high risk of contamination and to establish effective and sustainable
groundwater protection and water security measures.

The contribution of this study lies primarily in the integrated evaluation of
intrinsic vulnerability, hydrochemical characteristics, and contamination patterns
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within a shallow Saharan aquifer strongly influenced by anthropogenic recharge
processes.

MATERIAL AND METHODS

Study area

The Taibet region is located in the northeastern Algerian Sahara and covers
approximately 14,622 km? between latitudes 32°14'-33°56’ N and longitudes
6°08'-6°35" E. Administratively, it includes the municipalities of Taibet,
Bennacer, and EI Mnagueur, with an estimated population of about 51,330
inhabitants in 2019. The local economy is mainly based on oasis agriculture and
groundwater exploitation, which play a central role in domestic water supply and
socio-economic development. The region is characterized by a hot desert climate,
where summer temperatures frequently exceed 40 °C, annual rainfall remains
below 60 mm, and evaporation reaches nearly 325 mm in July. The landscape is
dominated by mobile dunes and sandy plains belonging to the Grand Erg
Oriental.
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Figure 1. Location of the study area and the boreholes used to determine the
lithology of the unsaturated zone

Geologically, the Taibet region belongs to the Northern Sahara
sedimentary basin and is mainly composed of Cretaceous, Tertiary, and
Quaternary formations dominated by aeolian sands (Cornet, 1964; Busson, 1967;
Castany, 1982). The Quaternary deposits largely cover the older formations and
constitute the main geological unit exposed at the surface.

Hydrogeologically, the aquifer system of the region consists, from top to
bottom, of three main aquifers: the shallow phreatic aquifer, the Terminal
Complex (CT), and the Continental Intercalaire (Cl) aquifer (UNESCO, 1972;
0SS, 2003, 2010). These aquifers are separated by clayey and evaporitic horizons
that ensure partial confinement.

The shallow phreatic aquifer (Fig. 2) develops within Quaternary sandy
deposits. Groundwater depth generally ranges from 5 to 20 m depending on
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topography. Recharge is mainly of anthropogenic origin through irrigation return
flows and wastewater infiltration, while natural recharge remains very limited
because of the arid climatic conditions (Busson, 1970). Due to its shallow depth,
sandy lithology, high permeability, and direct exposure to human activities, this
aquifer is highly vulnerable to contamination and constitutes an important water
resource for domestic supply and oasis agriculture in the region.
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Figure 2. The hydrogeological cross-section shows the phreatic aquifer

Groundwater aquifer vulnerability assessment

Groundwater vulnerability refers to the susceptibility of an aquifer to
contamination according to its hydrogeological characteristics (Margat, 1968).
Intrinsic vulnerability depends on natural factors such as groundwater depth, soil
properties, permeability, and vadose zone characteristics, whereas specific
vulnerability also considers the nature and behavior of contaminants. In general,
unconfined aquifers are more exposed to pollution because they lack protective
confining layers (Bouselsal et al., 2015a).

The DRASTIC model, developed by Aller et al., (1987), is one of the most
widely used approaches for assessing intrinsic groundwater vulnerability (Sayed
et al., 2023; Mallik et al., 2021; Yu et al., 2022). The method evaluates aquifer
susceptibility based on hydrogeological parameters controlling contaminant
transport from the surface to the saturated zone.

The acronym DRASTIC represents seven key parameters: depth to
groundwater (D), net recharge (R), aquifer media (A), soil media (S), topography
(T), characteristics of the vadose zone (I), and hydraulic conductivity (C). Each
parameter is assigned a rating value between 1 and 10 reflecting its relative
influence on contamination potential, together with a weight ranging from 1 to 5
that expresses its importance within the overall model (Fig. 3). The final
vulnerability index (ID) is obtained by summing the products of the assigned
ratings and their corresponding weights (Eg. 1) (Zhang et al., 2021; Satouh et al.,
2021).

ID =5Dp + 4Rp + 3Ap + 2Sp + 1Tc + 5lp + 3Cp (Eq.1)

The wvulnerability classification according to the DRASTIC method, as
simplified by Engel et al., (1996), is based on grouping the computed
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vulnerability index into four classes to facilitate interpretation and cartographic
representation. In this approach, an index value lower than 100 indicates low
vulnerability, values between 100 and 140 correspond to moderate vulnerability,
values ranging from 140 to 200 reflect high vulnerability, and values exceeding
200 denote very high vulnerability. The resulting index thus represents the degree
of susceptibility of a given hydrogeological unit to potential contamination and
serves as an effective decision-support tool for groundwater protection and
management.
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Figure 3. Flowchart illustrating the parameter ratings and corresponding
weighting factors applied in the DRASTIC model

This method presents several advantages: it is simple to apply, adaptable to
different geological contexts, and allows for the spatial representation of aquifer
vulnerability through the use of the GIS. However, it is based on certain
simplifying assumptions, notably that contamination originates exclusively from
surface sources, that pollutants move in dissolved form, and that transfer occurs
vertically (Saravanan et al., 2023; Novinpour et al., 2022; Lakshminarayanan et
al., 2022). Despite these limitations, the DRASTIC method remains an effective
and well-recognized scientific tool for water resource management planning, the
protection of water abstraction points, and the prevention of groundwater
pollution risks.

Data Measurement and Preparation
Groundwater vulnerability mapping requires the integration of
hydrogeological, topographic, and soil data within a GIS environment using
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ArcGIS software (Merchant et al., 1987). These datasets were used to generate
the thematic layers required for the DRASTIC model.

Groundwater depth was determined from the difference between the
Digital Elevation Model (DEM) and the piezometric surface established from 29
water points measured during the May 2019 field campaign. This approach
enabled the identification of shallow groundwater areas considered more
vulnerable to contamination.

The aquifer recharge was estimated based on the calculation of the regional
water balance. The results revealed a pronounced water deficit, mainly attributed
to low precipitation and high evaporation rates. Nevertheless, a significant
anthropogenic recharge was identified, resulting primarily from the infiltration of
agricultural drainage water and domestic wastewater. A detailed analysis of land
use maps, combined with regional water management data—covering both water
supply and sanitation systems, as well as agricultural water use related to
irrigation—made it possible to quantify the aquifer recharge within the study
area.

The aquifer material composition was determined through the analysis of
twenty borehole logs provided by the National Agency for Water Resources
(ANRH). Interpretation of these logs made it possible to differentiate between the
saturated and unsaturated zones and to construct a representative lithological
cross-section of the aquifer formation. These data are essential for assessing the
filtration capacity of the medium and the potential migration rate of pollutants
through geological layers.

The soil characteristics were extracted from the soil map of southern
Algeria, which was georeferenced and clipped according to the study area
boundaries. This step enabled the identification of the spatial distribution of
different soil types—such as sands, silts, and clays—and the assessment of their
respective permeability. The soil type plays a crucial role in the infiltration
process and largely determines the vertical migration of contaminants toward the
groundwater table.

The topography of the region was analyzed using the slope function of
ArcMap applied to the Digital Elevation Model. This process produced a slope
map highlighting the elevation variations within the study area. Areas with low
slope gradients promote water infiltration and increase pollution vulnerability,
whereas steep-slope areas favor runoff and reduce the risk of direct contamination
(Wei et al., 2022).

Finally, the hydraulic conductivity was determined from pumping tests
performed on several wells tapping the shallow aquifer within the study area.

Validation of Groundwater VVulnerability Maps

The reliability of the groundwater vulnerability map was assessed by
comparing it with the spatial distribution of the Groundwater Pollution Index
(PIG). A strong spatial correlation between areas of high vulnerability and those
exhibiting elevated PIG values suggests a general agreement between
vulnerability patterns and groundwater quality indicators. This consistency
indicates that the map accurately represents the zones most exposed to
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contamination. However, a comprehensive validation also requires field
observations and chemical analyses to further enhance the accuracy and
credibility of the results (Baalousha, 2006; Jamrah et al., 2008; Secunda et al.,
1998).

the Pollution Index of Groundwater (PIG)
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Figure 4. Flowchart summarizing the calculation procedure for the PIG

The PIG method is employed to assess groundwater contamination,
primarily associated with anthropogenic factors, such as the infiltration of
irrigation water—often enriched with chemical fertilizers—as well as domestic
and sewage effluents infiltrating the soil in the absence of efficient wastewater
treatment systems. The PIG approach, first introduced by Subba Rao (2012), is
based on the integration of various physicochemical parameters. It consolidates
all water quality variables into a single, unified indicator, as emphasized by
several researchers (Lakhdari and Bouselsal, 2024; Subba Rao and Chaudhary,
2019).

Moreover, the PIG framework enables a comparative assessment of
groundwater quality across different sampling sites and facilitates the monitoring
of its temporal variations. The evaluation of water quality using the PIG
technique follows five principal stages, as summarized in the flowchart presented
in Figure 4 (Verma and Singh, 2021; Kharroubi et al., 2024).
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RESULTS AND DISCUSSION
Parameters of the DRASTIC Index
Depth to water level (D)
Groundwater depth in the shallow aquifer ranges from 0 to 15 m (Fig. 5a).
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Urban areas such as Taibet, Bennacer, EI Mnagueur, and Oum Zbad show
very shallow groundwater levels (0-3 m), mainly due to wastewater infiltration,
corresponding to high DRASTIC ratings (9-10). Agricultural zones display
intermediate depths (3-9 m) associated with irrigation return flows and were
assigned moderate to high ratings (5-9), whereas desert areas exhibit deeper
groundwater levels (9—15 m) corresponding to lower vulnerability ratings (3-5).
According to the DRASTIC classification, shallow groundwater areas are
considered more vulnerable to contamination (Aller et al., 1987; Taheri et al.,
2024).

Net recharge (R)

Recharge in the study area is mainly controlled by anthropogenic inputs,
particularly irrigation return flows and wastewater infiltration, while natural
recharge remains very limited because of low rainfall and high evaporation rates
under arid climatic conditions. Based on satellite imagery and land-use analysis,
three main recharge zones were identified: agricultural areas, urban areas, and
desert zones (Maliva, 2020; Bouselsal et al., 2015b).

Agricultural areas, representing about 8% of the study area, receive
recharge mainly from irrigation return flows, with estimated recharge values
exceeding 225 mm and a DRASTIC rating of 9 (Fig. 5b). Urban zones, covering
approximately 7% of the area, are recharged by domestic wastewater infiltration
due to the partial absence of sewage networks; recharge values range from 100 to
175 mm and correspond to a rating of 6. In contrast, desert areas occupy 85% of
the region and exhibit very limited recharge (<50 mm) because of scarce
precipitation and intense evaporation, resulting in a low DRASTIC rating of 1.

Aguifer media (A)

The aquifer media of the shallow aquifer were characterized using borehole
log analysis and the hydrogeological cross-section established for the Taibet
region (Fig. 5c). The aquifer thickness ranges between 25 and 60 m, and the
saturated zone is mainly composed of sands and sandstones. Due to their high
permeability and porous structure, these formations facilitate the rapid migration
of contaminants toward groundwater. According to the DRASTIC classification,
this lithological unit was assigned a rating of 8.

Soil media (S)

Soil characteristics strongly influence contaminant infiltration and
groundwater vulnerability (Aller et al., 1987; Patel et al., 2022). In the study area,
the soil cover is predominantly composed of aeolian dune sands characterized by
very low organic matter content due to the arid climate and sparse vegetation.
These sandy soils promote rapid infiltration and make agricultural activities
highly dependent on fertilizers and soil amendments. Consequently, a DRASTIC
rating of 10 was assigned to this soil unit, reflecting the absence of a well-
developed protective soil layer (Fig. 5d).

Topography (T)

Topography influences the balance between infiltration and runoff, with
low-slope areas generally favoring groundwater recharge (Maliva and Missimer,
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2012). In the study area, elevations range from 77 to 130 m and slope values vary
between 1% and 18% (Fig. 5e). This variability is related to the geomorphology
of the Grand Erg Oriental, dominated by sand dunes and interdunal plains. Urban
and agricultural activities are mainly concentrated in the relatively flat areas
between dunes, where slopes generally range from 2% to 6%. These sectors
promote infiltration and were assigned a high DRASTIC rating of 9.

Impact of vadose zone (1)

The vadose zone acts as a natural protective barrier limiting contaminant
migration toward groundwater (Vrba and Zaporozec, 1994). Borehole log
analysis (Fig. 1) shows that the unsaturated zone generally does not exceed 12 m
in thickness and is mainly composed of Quaternary sands and sandstones (Fig. 5f
and Fig. 6). These permeable formations, locally interbedded with sandy and
gypsiferous clays, facilitate the downward transfer of contaminants toward the
shallow aquifer. Accordingly, this lithological unit was assigned a DRASTIC
rating of 6.
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Hydraulic conductivity (C)

The hydraulic conductivity plays a crucial role in controlling the flow
velocity of groundwater within the saturated zone, thereby influencing the
migration of pollutants. According to the pumping test results conducted in the
Taibet region, the average permeability coefficient of the shallow aquifer ranges
from 32.9x10-5 to 4.7x10-4 m/s (Fig. 5g). Based on the DRASTIC method, a
rating value of 6 was assigned to this class. This parameter indicates a moderate
capacity of the aquifer to transmit pollutants through the subsurface environment,
which is associated with a considerable risk of rapid contaminant dispersion.

DRASTIC vulnerability map

The overall wvulnerability index was established after assessing the
sensitivity of each DRASTIC parameter to contamination. The processed data
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were subsequently combined to generate the groundwater vulnerability map (Fig.
5h). In the investigated area, the vulnerability index ranges from 126 to 186,
indicating overall moderate to high sensitivity levels. Accordingly, the map
distinguishes two main vulnerability classes: moderate and high.

The moderate vulnerability class covers 47.28% of the total area, while the
high vulnerability class occupies 52.72%. Spatial analysis clearly shows that
areas with intense human activity exhibit the highest vulnerability levels. This is
mainly due to the shallow depth of the water table and to significant recharge
resulting from the infiltration of wastewater, domestic effluents, and agricultural
drainage water. Conversely, sparsely populated sectors and desert areas display
moderate vulnerability. This pattern is driven by deeper groundwater levels and
nearly negligible recharge under the region’s arid climatic conditions. However,
it is important to note that moderately vulnerable areas may still be affected by
the diffuse migration of contaminants originating in highly vulnerable zones, due
to the regional flow of groundwater.

These results underscore the pressing necessity to establish effective
groundwater protection actions and to implement sustainable management
approaches designed to enhance water quality and maintain the aquifer’s vital
function for the local community.

The obtained vulnerability patterns highlight the strong influence of
hydrogeological conditions and anthropogenic activities on groundwater quality
degradation in the Taibet region. In this arid Saharan environment, the
combination of shallow groundwater levels, permeable formations, irrigation
return flows, and intensive agricultural practices may enhance the infiltration and
accumulation of dissolved salts and contaminants within the aquifer system.
Similar studies conducted in arid and semi-arid regions have shown that
groundwater vulnerability is strongly controlled by the interaction between
natural hydrogeological factors and land-use pressure.

The wvulnerability mapping approach adopted in this study therefore
provides useful preliminary support for identifying sensitive areas exposed to
groundwater degradation risks and may assist local authorities in improving
groundwater management strategies. In regions such as Taibet, where
groundwater constitutes the principal water resource for agriculture and domestic
supply, the integration of wvulnerability assessment with hydrochemical
monitoring may contribute to the development of more sustainable irrigation
practices and groundwater protection measures adapted to arid environmental
conditions.

Sensitivity Analysis of the DRASTIC Model

To address the limitation related to the qualitative weighting of DRASTIC
parameters, a sensitivity analysis was performed to evaluate the relative
contribution of each factor to the vulnerability index (Souleymane et al., 2017;
Yang et al., 2017). The results indicate that depth to the water table (23.1%),
recharge (19.8%), and the vadose zone (17.1%) are the most influential
parameters (Fig. 7). Together, these three factors account for nearly 60% of the
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total influence, suggesting that groundwater vulnerability in the study area is
primarily controlled by infiltration processes and vertical water transfer.

This dominance can be explained by the physical characteristics of the
environment, which are typical of Saharan settings. The study area is
characterized by relatively homogeneous geological formations, a generally flat
topography, and a tabular structural organization. These features limit the
variability of parameters related to the aquifer media, soil, and hydraulic
conductivity, and significantly reduce the influence of topography (4.6%). Under
such conditions, depth to groundwater and recharge become the most critical
factors, as they directly control the intensity and rate of infiltration toward the
aquifer.

The aquifer media (13.7%), soil (11.4%), and hydraulic conductivity
(10.3%) show intermediate contributions, reflecting a secondary role in a
relatively homogeneous geological context. This homogeneity limits their
capacity to generate significant spatial contrasts in vulnerability.

These findings are consistent with the contamination mechanisms observed
in the study area. The dominance of infiltration processes explains the high
sensitivity of the aquifer to surface inputs, particularly the infiltration of
wastewater in urban areas where the sanitation network is only partially
developed, as well as the leaching of chemical fertilizers and irrigation return
flows in agricultural zones. Under arid climatic conditions, characterized by
intense evaporation, these processes are further amplified, promoting both the
concentration of pollutants and their downward migration toward the
groundwater.

Overall, the sensitivity analysis confirms that groundwater vulnerability in
the study area is mainly governed by depth to the water table and recharge, in
agreement with the prevailing hydrogeological conditions and local
anthropogenic pressures.
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Figure 7. Sensitivity analysis of DRASTIC parameters
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Hydrochemical characterization of groundwater

Physicochemical properties and hydrochemical facies

The analysis of the physicochemical parameters of groundwater samples
from the shallow aquifer of the Taibet region reveals a significant variability in
water composition (Fig. 8a). The pH values range from 7.3 to 8.2, indicating
neutral to slightly alkaline conditions. Total dissolved solids (TDS) show a wide
variation, ranging from 2500 to 4600 mg/L, reflecting a high degree of
mineralization. Sulfate concentrations vary between 950 and 4400 mg/L, while
chloride (Cl") contents range from 177 to 344 mg/L. Bicarbonate (HCOs")
concentrations also show considerable variability, ranging from 207 to 1317
mg/L. Among cations, calcium (Ca?") is the dominant ion, with concentrations
between 400 and 979 mg/L, followed by sodium (Na*) (34 to 1518 mg/L) and
magnesium (Mg*) (46 to 391 mg/L). Potassium (K*) concentrations remain
relatively low, varying between 4 and 31 mg/L. Total hardness (TH), expressed
as CaCOs, ranges from 1456 to 4079 mg/L, indicating very hard water that is
generally unsuitable for drinking without prior treatment (Hammad et al. 2023).
Overall, the high concentrations of major ions indicate that groundwater in the
shallow aquifer of Taibet is strongly mineralized. This mineralization is mainly
controlled by water—rock interaction processes, particularly the dissolution of
evaporitic formations, and may be further enhanced by anthropogenic inputs such
as irrigation return flows and wastewater infiltration under arid conditions.

The Piper diagram (1944) was used to identify the hydrochemical facies of
the Taibet shallow aquifer. As shown in Figure 8b, 90% of the samples belong to
the Ca—Cl type, while one sample (W19) is classified as Ca—Mg-Cl and another
(W12) as Na—Cl. The presence of these different water types reflects the
complexity of mineralization processes and the influence of arid climatic
conditions on groundwater resources. The Ca-Cl water type is generally
considered an indicator of groundwater quality degradation in freshwater systems
(Nouayti et al., 2015; Dhaoui et al., 2022; Wang et al., 2024). In the northern
Sahara, it is often interpreted as the result of mixing with more mineralized
waters originating from deep confined aquifers, which are intensively exploited to
meet the increasing demand for domestic and irrigation water (Bouselsal and
Saibi, 2022). After use, these waters may infiltrate into the shallow aquifer as
urban wastewater or irrigation return flows, thereby contributing to the
progressive degradation of groundwater quality.

Assessment of Groundwater Contamination

The Groundwater Pollution Index (PIG), which integrates the influence of
both geogenic processes and human-induced activities on groundwater quality
(Lakhdari et al., 2024; Bouselsal et al., 2024), reveals markedly elevated
pollution levels within the shallow aquifer of the Taibet region. It is observed that
95% of the samples exhibit a PIG value greater than 2.5, corresponding to a very
high pollution level (Fig. 9).

This situation results from the combined influence of several factors. On
the one hand, the geogenic origin of the contamination is linked to the excessive
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mineralization of groundwater caused by prolonged contact with formations rich
in soluble salts such as gypsum and halite. These formations are highly
susceptible to alteration and release ions into the water over time. On the other
hand, anthropogenic factors significantly exacerbate the problem, as the aquifer is
largely recharged by the infiltration of irrigation water—often enriched with
chemical fertilizers—as well as domestic wastewater and sanitation effluents that
percolate into the soil due to the absence of efficient sewerage systems.
Furthermore, the lack of dense vegetation cover, low rainfall, and the
recurrence of drought periods contribute to increased ion concentrations, thereby
further intensifying pollution levels.
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The nitrate distribution map (Fig. 10) makes it possible to assess the degree
of groundwater contamination by nitrates, which are primarily of anthropogenic
origin. Concentrations below 10 mg/L are generally considered natural or
indicative of low-level contamination (Houari et al., 2024). In contrast, higher
values clearly signal pollution linked to human activities, particularly untreated or
poorly treated wastewater, sanitation effluents, and agricultural drainage, as
observed in the study area.

Spatial distribution analysis indicates considerable nitrate enrichment in the
shallow aquifer, with concentrations varying between 21 and 47 mg/L. Such
elevated values clearly demonstrate the strong impact of anthropogenic activities
on groundwater quality. Except for two boreholes, all analyzed wells show
elevated NOs~ concentrations, varying from 30 to 47 mg/L. These results confirm
substantial nitrate pollution affecting the shallow aquifer and highlight the
vulnerability of the groundwater system to anthropogenic pressures.
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Figure 10. Spatial variation of nitrate concentrations in the study area

Validation of the DRASTIC Vulnerability Model

Relationship between DRASTIC index and groundwater quality

Spearman correlation curves (Fig. 11) highlight moderate positive
relationships between the DRASTIC index and groundwater quality parameters,
particularly nitrates (NOs") (p=0.53), total dissolved solids (TDS) (p=~0.57), and
the groundwater pollution index (PIG) (p~0.43). The observed correlations were
statistically significant at p<0.05, although they should be interpreted cautiously
due to the limited sample size. These results indicate an overall agreement
between areas of high vulnerability and zones affected by groundwater quality
degradation, suggesting that hydrogeological conditions favorable to infiltration
play a key role in the transfer of pollutants to the aquifer.
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This agreement can primarily be explained by the influence of
anthropogenic pollution sources. In urban and peri-urban areas, the partial
coverage of the sanitation network promotes the direct infiltration of untreated
wastewater into the subsurface. These infiltrations constitute a major source of
nitrates and dissolved salts, particularly in areas where domestic effluents are not
adequately collected. The high vulnerability of these zones therefore facilitates
the vertical transfer of contaminants into groundwater.

In addition, agricultural activities contribute significantly to this
degradation. The intensive use of chemical fertilizers, combined with irrigation
return flows, leads to substantial leaching of nitrates into the aquifer. This process
is particularly pronounced in areas with frequent irrigation, which enhances the
percolation of nutrient-rich waters. Consequently, the spatial overlap between
vulnerable zones and intensively cultivated areas explains the positive
relationship observed between the DRASTIC index and nitrate concentrations.
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Figure 11. Spearman correlations between the DRASTIC index and groundwater
quality parameters: (a) NOs™, (b) TDS, and (c) PIG. The points represent the wells
(n=20), the colors indicate parameter intensity, and the lines correspond to linear
fits. The results reveal moderate positive correlations, more pronounced for TDS

The stronger correlation observed with TDS reflects the combined effects
of mineralization processes and arid climatic conditions (Bera et al., 2021).
Intense evaporation, characteristic of the region, leads to the concentration of
dissolved salts in infiltrating waters, thereby increasing TDS values. This process
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acts in synergy with anthropogenic inputs, resulting in a progressive increase in
salinity within vulnerable areas.

The weaker correlation with the PIG index can be attributed to its
composite nature, as it integrates multiple hydrochemical parameters, which may
introduce partial redundancy with the wvariables used in the analysis.
Consequently, although this index provides a comprehensive overview of
groundwater quality, it does not represent a fully independent indicator for model
validation.

However, despite this overall consistency, the dispersion of data points
indicates a moderate relationship between vulnerability and pollution, reflecting
the influence of spatially heterogeneous anthropogenic factors. This variability is
associated with the uneven distribution of urban areas characterized by partially
developed sanitation systems, which favor wastewater infiltration, as well as with
agricultural practices (chemical fertilizers and irrigation return flows) and the
irregular distribution of seasonal crops. Arid climatic conditions, marked by
intense evaporation, further enhance solute concentration. Therefore, although the
DRASTIC model generally reflects intrinsic vulnerability, the observed moderate
correlation suggests that groundwater pollution is strongly controlled by local
anthropogenic factors, and the results should be interpreted as an overall
consistency rather than a strict validation of the model.

Exploratory SOM Analysis of Groundwater Quality and Vulnerability

The Self-Organizing Map (SOM) approach was used as a complementary
exploratory visualization tool to examine the relationships between groundwater
quality indicators and the DRASTIC wvulnerability index. This unsupervised
method groups groundwater samples according to their hydrochemical similarity
based on nitrate concentrations, the Pollution Index of Groundwater (P1G), and
DRASTIC values. The SOM was trained using a 3x3 grid with normalized input
data and a decreasing learning rate over 1000 iterations. By preserving the
topological structure of multidimensional data, SOM offers a useful visualization
of the overall behavior of the aquifer system and helps to identify patterns
between vulnerability and contamination (Yang et al., 2012).

In the present study, the SOM map (Fig. 12) shows that wells with
relatively high nitrate and PIG values—particularly W11, W12, W02, W08, W09,
W17, and W18—tend to cluster within nodes corresponding to areas
characterized by higher DRASTIC values (170-186). This clustering indicates a
general consistency between zones of higher intrinsic vulnerability and areas
affected by groundwater contamination. Similarly, wells classified as moderately
vulnerable are grouped into intermediate clusters reflecting moderate levels of
pollution, further supporting the overall coherence of the results.

However, some wells (W05, W06, and W15) show discrepancies between
DRASTIC values and measured pollution levels. These differences can be
attributed to localized anthropogenic influences, such as wastewater infiltration or
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agricultural activities, as well as site-specific conditions that are not fully
captured by the intrinsic parameters of the DRASTIC model.

Overall, the SOM results highlight a general agreement between
groundwater vulnerability and contamination patterns. Nevertheless, due to the
use of partially related variables, the SOM approach should be considered as an
exploratory and complementary method rather than a strict validation tool.
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Figure 12. SOM-based clustering of wells using PIG, NOs~ and DRASTIC

Study limitations and perspectives

This study presents certain limitations, particularly related to the relatively
small number of samples (n=20), which significantly limits the statistical
robustness of the analyses and reduces the spatial representativeness of the
results. In addition, the lack of independent data on land use and precise pollution
sources does not allow for a detailed quantification of the impact of
anthropogenic activities on groundwater quality.

In this context, the future integration of a detailed land use map would
enable a better characterization of the spatial distribution of pollution sources and
improve the interpretation of the results. Furthermore, the use of isotopic tools,
particularly oxygen (8'*0), hydrogen (6°H), and nitrate isotopes (6'°N, 6'*0-NOs),
would provide a more accurate identification of water origin and contamination
sources (e.g., wastewater, chemical fertilizers, irrigation return flows).

These approaches would contribute to a deeper understanding of the
mechanisms controlling groundwater pollution and enhance the reliability of
vulnerability assessment in the study area.

CONCLUSIONS
The integrated assessment conducted in the Taibet region demonstrates that
the shallow aquifer is highly vulnerable to contamination and currently exhibits
significant levels of pollution driven by both natural geochemical processes and
intense anthropogenic pressures. The DRASTIC model identifies more than half
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of the study area as highly vulnerable, a result that aligns closely with the
elevated concentrations of nitrates and the very high PIG values observed across
the majority of sampled wells. The SOM analysis revealed an overall consistency
between the DRASTIC vulnerability indices and the observed contamination
indicators. Nevertheless, due to the exploratory nature of the method and the
limited sample size, this agreement cannot be considered a strict statistical
validation of the model. However, the absence of independent validation data and
the relatively small sample size (n=20) limit the robustness of the findings, and
thus the results should be interpreted with caution, particularly in terms of model
validation and spatial generalization. In addition, the few discrepancies
identified—mainly related to localized anthropogenic inputs such as irrigation
return flows and wastewater infiltration—highlight the limitations of
vulnerability models that do not fully account for spatial variability in human
activities.

Overall, this work underscores the urgent need for targeted groundwater
protection strategies, including improved wastewater management, optimized
irrigation practices, and continuous monitoring of groundwater quality.
Implementing these measures is essential to preserving the long-term
sustainability of the shallow aquifer, which remains the primary source of water
for domestic, agricultural, and economic activities in this arid region.

REFERENCES

Aller, L., Bennett, T., Lehr, J.H., Petty, R.J. & Hackett, G. (1987). DRASTIC: A
Standardised System for Evaluating Groundwater Pollution Potential Using
Hydrogeologic Settings. EPA, Ada, Oklahoma. 622 pp.

Arfa, A., Bouselsal, B., Zeddouri, A. & Kebili, M. (2022). Groundwater geochemical
and quality of the Continental Intercalary aquifer in Béni Ounif (Southwest
Algeria). Journal of Ecological Engineering, 23(9): 1-12.
https://doi.org/10.12911/22998993/151070

Baalousha, H. (2006). Vulnerability assessment for the Gaza Strip, Palestine using
DRASTIC. Environmental Geology, 50: 405-414.

Bera, A., Mukhopadhyay, B.P., Chowdhury, P., Ghosh, A. & Biswas, S. (2021).
Groundwater vulnerability assessment using GIS-based DRASTIC model in
Nangasai River Basin, India with special emphasis on agricultural
contamination. Ecotoxicology and Environmental Safety, 214: 112085.

Bouselsal, B. & Saibi, S. (2022). Evaluation of groundwater quality and hydrochemical
characteristics in the shallow aquifer of EI-Oued region, Algerian Sahara.
Groundwater for Sustainable Development, 17: 100747.
https://doi.org/10.1016/j.95d.2022.100747

Bouselsal, B., Kherici, N. & Hadj-Said, S. (2015b). Vulnérabilité et risque de pollution
de la nappe libre d’El-Oued (SE Algérie): application de la méthode DRASTIC.
Bulletin du Service Géologique National, 26(1).

Bouselsal, B., Kherici, N., Hadj-Said, S. & Belksier, M.S. (2014). Qualité des eaux des
aquiféres du Sahara septentrional: cas des eaux des aquifeéres d’El-Oued (SE
Algérie). International Journal for Environment & Global Climate Change, 2(3):
21-31.



196 Bouzahar et al.

Bouselsal, B., Zeddouri, A., Belksier, M.S. & Fenazi, B. (2015a). Contribution de la
méthode de vulnérabilité intrinséque GOD a 1’étude de la pollution de la nappe
libre d’Ouargla (SE Algérie). International Journal for Environment & Global
Climate Change, 3(4): 92-99.

Busson, G. (1967). Le Mésozoique saharien. 1ére partie: L’Extréme Sud-tunisien. Paris,
Centre de Recherche des Zones Arides, Géologie 8. Ed. CNRS. 194 pp.

Busson, G. (1970). Le Mésozoique saharien. 2éme partie: Essai de synthese des
données des sondages algéro-tunisiens. Paris, Centre de Recherche des Zones
Arides, Géologie 11. Ed. CNRS. 811 pp.

Castany, G. (1982). Bassin sédimentaire du Sahara septentrional (Algérie-Tunisie).
Aquifére du Continental Intercalaire et du Complexe terminal. Bulletin BRGM,
2(111-2): 127-147.

Cornet, A. (1964). Introduction a I’hydrogéologie saharienne. Revue de Géographie
Physique et de Géologie Dynamique, 61: 5-72.

Dhaoui, O., Antunes, I.M.H.R., Agoubi, B. & Kharroubi, A. (2022). Integration of
water contamination indicators and wulnerability indices on groundwater
management in Menzel Habib area, south-eastern Tunisia. Environmental
Research, 205: 112491.

Hammad, N., Bouselsal, B., Boussaada, N., Satouh, A. & Lakhdari, A.S. (2023).
Application of water quality index to assess the potability of the phreatic aquifer
in Ouargla (Algeria). Journal of Ecological Engineering, 24(5): 36-45.
https://doi.org/10.12912/27197050/163122

Houari, .M., Bouselsal, B. & Lakhdari, A.S. (2024). Evaluating groundwater potability
and health risks from nitrates in the semi-arid region of Algeria. Ecological
Engineering & Environmental Technology, 25(6): 222-236.
https://doi.org/10.12912/27197050/186954

Jamrah, A., Futaisi, A /A., Rajmohan, N. & Al-Yaroubi, S. (2008). Assessment of
groundwater vulnerability in the coastal region of Oman using DRASTIC index
method in GIS environment. Environmental Monitoring and Assessment, 147(1—
3): 125-138.

Kharroubi, M., Bouselsal, B. & Sudhir, K.S. (2024). Groundwater quality and non-
carcinogenic element health risks assessment using multi-technical models: A
case of the deep aquifer of the Complex Terminal in Ouargla city (southeastern
Algeria). Groundwater for Sustainable Development, 25: 101140.
https://doi.org/10.1016/j.9sd.2024.101140

Lakhdari, A.S. & Bouselsal, B. (2024). Investigation of the quality of groundwater and
nitrate pollution hazards to human health in the desert region of Algeria.
Ecological Questions, 35(4). https://doi.org/10.12775/EQ.2024.053

Lakhdari, A.S., Bouselsal, B., Saibi, H. & Ouarekh, M. (2025). Assessment of
groundwater quality and hydrogeochemical properties in the Adrar Continental
Intercalaire aquifer of the Algerian Sahara. Applied Water Science, 15: 175.
https://doi.org/10.1007/s13201-025-02552-9

Lakshminarayanan, B., Ramasamy, S., Anuthaman, S.N. & Karuppanan, S. (2022).
New DRASTIC framework for groundwater vulnerability assessment: bivariate
and multi-criteria decision-making approach coupled with metaheuristic
algorithm. Environmental Science and Pollution Research, 29(3): 4474-4496.

Maliva, R. & Missimer, T. (2012). Arid Lands Water Evaluation and Management.
Springer.



Groundwater vulnerability and pollution assessment in an arid Saharan aquifer using drastic... 197

Maliva, R.G. (2020). Anthropogenic Aquifer Recharge. WSP Methods in Water
Resources Evaluation Series No. 5. Springer Nature Switzerland AG. 872 pp.
https://doi.org/10.1007/978-3-030-11084-0

Mallik, S., Bhowmik, T., Mishra, U. & Paul, N. (2021). Local scale groundwater
vulnerability assessment with an improved DRASTIC model. Natural Resources
Research, 20: 2145-2160.

Margat, J. (1968). Vulnérabilité des nappes d'eau souterraine a la pollution (in French).
Bureau de Recherches Géologiques et Miniéres (BRGM), Orléans, France. 12

pp.

Merchant, J.W., Whittemore, D.O., Whistler, J.L., McElwee, C.D. & Woods, J.J.
(1987). Groundwater pollution hazard assessment: a GIS approach. In:
Proceedings of the International Geographic Information Systems (IGIS)
Symposium, Vol. 3, Association of American Geographers, Washington, DC,
USA, pp. 103-115.

Nouayti, N., Khattach, D. & Hilali, M. (2015). Evaluation de la qualité physico-
chimique des eaux souterraines des nappes du Jurassique du haut bassin de Ziz
(Haut Atlas central, Maroc). Journal of Materials and Environmental Science,
6(4): 1068-1081.

Novinpour, E.A., Moghimi, H. & Kaki, M. (2022). Aquifer vulnerability based on
classical methods and GIS-based fuzzy optimization method (case study:
Chahardoli plain in Kurdistan province, Iran). Arabian Journal of Geosciences,
15(4): 1-15.

OSS (Observatoire Sahara et Sahel) (2003). Systéme aquifére du Sahara septentrional:
gestion commune d’un bassin transfrontiére. Rapport de synthése. OSS, Tunisie.
322 pp.

OSS (Observatoire Sahara et Sahel) (2010). Geoaquifer: amélioration de la
connaissance et de la gestion concertée du systéme aquifere du Sahara
septentrional (SASS) par I'utilisation des images satellitaires. Rapport de
synthése. OSS, Tunisie. 23 pp.

Ouarekh, M., Bouselsal, B., Benaabidate, L., Belksier, M.S., Chellat, S. & Satouh, A.
(2024). Geochemical evaluation of fluoride enrichment in the Complexe
Terminal aquifer and its implications for human health in Oued Souf, Algerian
Sahara.  Sustainable  Water  Resources  Management, 10:  163.
https://doi.org/10.1007/s40899-024-01148-6

Patel, P., Mehta, D. & Sharma, N. (2022). A review on the application of the DRASTIC
method in the assessment of groundwater vulnerability. Water Supply, 00: 1-16.
https://doi.org/10.2166/ws.2022.126

Saravanan, S., Pitchaikani, S., Thambiraja, M., Sathiyamurthi, S., Sivakumar, V.,
Velusamy, S. & Shanmugamoorthy, M. (2023). Comparative assessment of
groundwater vulnerability using GIS-based DRASTIC and DRASTIC-AHP for
Thoothukudi District, Tamil Nadu, India. Environmental Monitoring and
Assessment, 195: 57. https://doi.org/10.1007/s10661-022-10601-y

Satouh, A., Bouselsal, B., Chellat, S. & Benaabidate, L. (2021). Determination of
groundwater wulnerability using the DRASTIC method in Quargla shallow
aquifer (Algerian Sahara). Journal of Ecological Engineering, 22(6): 1-8.
https://doi.org/10.12911/22998993/137680



198 Bouzahar et al.

Sayed, M.A., Kamal, A.M., Hossain, A., Hasan, M., Khan, M.R., Ahmed, KM.U. &
Knappett, P.S. (2023). Groundwater vulnerability assessment to pollution using
GIS-based DRASTIC and GOD methods in Araihazar upazila of Narayanganj
district, Bangladesh. Groundwater for Sustainable Development, 23: 100984.
https://doi.org/10.1016/j.gsd.2023.100984

Secunda, S., Collin, M. & Melloul, A.J. (1998). Groundwater wulnerability assessment
using a composite model combining DRASTIC with extensive land use in
Israel’s Sharon Region. Journal of Environmental Management, 54(1): 39-57.

Souleymane, K. & Tang, Z. (2017). A novel method of sensitivity analysis testing by
applying the DRASTIC and fuzzy optimization methods to assess groundwater
vulnerability to pollution: the case of the Senegal River basin in Mali. Natural
Hazards and Earth System Sciences, 17: 1375-1392.
https://doi.org/10.5194/nhess-17-1375-2017

Subba Rao, N. & Maya, C. (2019). Hydrogeochemical processes regulating the spatial
distribution of groundwater contamination using pollution index of groundwater
(PIG) and hierarchical cluster analysis (HCA): a case study. Groundwater for
Sustainable Development, 9: 100238.

Subba Rao, N. (2012). PIG: a numerical index for dissemination of groundwater
contamination zones. Hydrological Processes, 26: 3344-3350.

Taheri, K., Missimer, T.M., Maleki, A. et al. (2024). Assessment of alluvial aquifer
intrinsic wulnerability by a generic DRASTIC model: a discussion on data
adequacy and pragmatic results. Environment, Development and Sustainability,
26: 15125-15162. https://doi.org/10.1007/s10668-023-03240-x

Verma, A. & Singh, N.B. (2021). Evaluation of groundwater quality using pollution
index of groundwater (PIG) and non-carcinogenic health risk assessment in part
of the Gangetic Basin. Acta  Geochimica, 40(3): 419-440.
https://doi.org/10.1007/s11631-020-00446-y.

Vrba, J. & Zaporozec, A. (Eds.) (1994). Guidebook on Mapping Groundwater
Vulnerability. International Contributions to Hydrogeology 16. Heise Verlag,
Hannover.

Wang, Z., Wang, Y., Shi, M., Ji, W, Li, R. & Wang, X. (2024). Coordinated analysis of
groundwater spatiotemporal chemical characteristics, water quality, and potential
human health risks with sustainable development in semi-arid regions.
Environmental Geochemistry and Health, 46: 370.

Wei, C., Dong, X., Ma, Y., Zhao, W., Yu, D., Tayyab, M. & Bo, H. (2022). Impacts of
land use types, soil properties, and topography on baseflow recharge and
prediction in an agricultural watershed. Land, 12: 109.
https://doi.org/10.3390/land12010109

Yang, J., Tang, Z., Jiao, T. et al. (2017). Combining AHP and genetic algorithms
approaches to modify DRASTIC model to assess groundwater vulnerability: a
case study from Jianghan Plain, China. Environmental Earth Sciences, 76: 426.
https://doi.org/10.1007/s12665-017-6759-6

Yang, Y., Wang, C., Guo, H. et al. (2012). An integrated SOM-based multivariate
approach for spatio-temporal patterns identification and source apportionment of
pollution in complex river network. Environmental Pollution, 168: 71-79.
https://doi.org/10.1016/j.envpol.2012.03.041



Groundwater vulnerability and pollution assessment in an arid Saharan aquifer using drastic... 199

Yu, H., Wu, Q., Zeng, Y., Zheng, L., Xu, L., Liu, S. & Wang, D. (2022). Integrated
variable weight model and improved DRASTIC model for groundwater
vulnerability assessment in a shallow porous aquifer. Journal of Hydrology, 608:
127538.

Zektser, 1.S. & Everett, L.G. (2004). Groundwater Resources of the World and Their
Use. UNESCO IHP-VI Series on Groundwater No. 6.

Zhang, Y., Ruitao, J., Wu, J., Wang, H. & Luo, Z. (2021). Local scale groundwater
vulnerability assessment using GIS-based DRASTIC model with emphasis on
groundwater quality. 10S Press. https://doi.org/10.3233/ATDE210148.



