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Abstract

This study assesses the vulnerability of groundwater to agricultural pollution in the Ben
Yakhlef commune, Mohammedia Prefecture (Morocco), using a modified DRASTIC index
integrated with the SI method and Geographic Information Systems (GIS). The
modification replaced two classical parameters—recharge and hydraulic conductivity—with
precipitation and land use to better reflect local hydrogeological and anthropogenic
conditions. Seven parameters (depth to water, precipitation, aquifer and soil media,
topography, vadose zone impact, and land use) were classified, weighted, and spatially
analyzed to compute a vulnerability index. The resulting vulnerability map revealed three
distinct zones: high, moderate, and low vulnerability. High-risk areas were concentrated
along irrigated farmlands near the inter-municipal landfill and Oued Nfifikh, where shallow
aquifers, permeable formations, and intensive agrochemical use amplify contamination
risks. Moderate vulnerability zones corresponded to flat, intensively farmed areas with poor
drainage, while low vulnerability zones occurred in rainfed or forested areas with
impermeable soils and steep slopes. Findings confirm that land use and irrigation intensity
are decisive in shaping groundwater vulnerability, outweighing purely natural factors. The
modified DRASTIC index effectively identified contamination hotspots, emphasizing the
need for integrated groundwater management combining improved fertilizer practices,
wastewater control, and land-use regulation. This approach supports sustainable agriculture
and safe drinking water protection in rapidly urbanizing and industrializing regions of

Morocco.
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Introduction

Groundwater is a vital resource for Morocco, particularly in regions of intensive agriculture
and industry. In Mohammedia Prefecture, aquifer quality is increasingly threatened by
uncontrolled landfills, untreated wastewater, and excessive use of fertilizers and pesticides,
creating serious risks for the environment, farming, and public health (Mabrouki, et al., 2019).

To address these pressures, this study applies a Modified DRASTIC framework that combines
elements of the classical index with the SI method. The approach was tailored to the specific
hydrogeological and land-use conditions of the Ben Yakhlef commune, where irrigated and
rainfed farming, urban growth, and industrial activities converge. Through GIS-based
mapping, the research provides a refined assessment of nitrate-related vulnerability and
highlights priority areas for groundwater protection. (Batchi, 2017)

Materials and Methods

The study was conducted in the Ben Yakhlef commune, Mohammedia Prefecture (Morocco),
an area characterized by intensive demographic, agricultural, and industrial activities. Its
shallow aquifers are highly exposed to contamination, particularly from agricultural inputs,
which justified applying a groundwater vulnerability assessment (Mabrouki, et al., 2019). The
analysis relied on the DRASTIC index, which evaluates groundwater vulnerability through
seven parameters: depth to water, net recharge, aquifer and soil media, topography, vadose
zone, and hydraulic (Aller, 1987). To better reflect local conditions dominated by nitrate
pollution, two modifications were introduced (Batchi, 2017) (Patel, et al., 2022): recharge was
replaced by precipitation, given the central role of rainfall in transporting and leaching
agricultural chemicals (Dzhamalov & Zlobina, 1996), while hydraulic conductivity was
substituted by land use to account for the impact of intensive irrigated

farming and to highlight zones where multiple contamination sources overlap with
agricultural activities (Batchi, 2017). The final parameters (D, P, A, S, T, I, U) were
classified, rated on a scale of 1-10, and weighted, with the vulnerability index computed as:

DI=(DX5)+(PX2)+(AX3)HSX2)HTx 1)+(Ix5)+(Ux5) (Aller, 1987)

D = Depth to water (Mabrouki, et al., 2019) - P = Precipitation (meteoblue, 2021) - A =
Aquifer media (Service géologique du Maroc, 1921) - S = Soil media (FAO-UNESCO, 1977)
- T = Topography (Survey, 2020) - I = Impact of vadose zone (Survey, 2019) - L = Land use
(Google Earth, 2021).

All parameter layers were derived from hydrogeological surveys, rainfall records, soil and
land-use maps, DEMs, and field observations and were processed in ArcGIS to generate the
groundwater vulnerability map (Patel, et al., 2022).

Fig.1. Comparison Between Original and Modified DRASTIC Methodology

Original DRASTIC Parameters Modified DRASTIC Parameters
Water Table Depth (D) Depth to water (D)

Net Recharge (R) Precipitation (P)

Aquifer Media (A) Aquifer media (A)

Soil Media (S) Soil Media (S)

Topography / Slope (T) Topography (T)

Impact of the Vadose Zone (I) Impact of the Vadose Zone (I)
Hydraulic Conductivity (C) Land Use (L)
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Fig.2. Modified DRASTIC Parameters and Ratings (Translated
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Fig.3. Distribution of Irrigated Agricultural Lands in Ben Yakhlef According to Groundwater Vulnerability
Results

The spatial analysis of groundwater vulnerability in Ben Yakhlef reve als marked contrasts
shaped by the interaction of agricultural practices, waste management, and hydrogeological
conditions. Critical zones, although spatially limited, constitute the most alarming hotspots.
They are located in irrigated farmlands adjacent to the inter-municipal landfill, where shallow
aquifers, highly permeable formations, and favorable topographic gradients create optimal
conditions for infiltration. In these areas, the cumulative effect of intensive agrochemical
inputs and leachate from solid waste disposal significantly increases the risk of groundwater
contamination (Lamouadene & El Morabet, 2025).

High vulnerability areas are concentrated along the agricultural lands of the left bank of Oued
Nfifikh. Here, irrigated farming coincides with the discharge of untreated liquid effluents into
the river, and the presence of shallow water tables further amplifies the susceptibility of
aquifers to nitrate leaching and other pollutants (Merbouh, et al., 2022).

Moderate vulnerability zones correspond mainly to intensively irrigated agricultural fields
characterized by higher consumption of fertilizers and pesticides. They are generally located
on flat terrains and depressions, where elevated piezometric levels and weak natural drainage
slow contaminant dilution and favor their accumulation. The proximity of these farmlands to
residential clusters, industrial facilities, and quarrying operations further compounds the risks,
leading to multi-source pressures on groundwater quality. (Acharya, et al., 2025)

Low vulnerability areas are associated with rainfed agriculture established on sloping terrains
underlain by semi-permeable to impermeable soils. In these zones, elevated piezometric
levels, higher drainage capacity, and reduced use of agrochemicals collectively mitigate
contamination risks, providing relative protection to groundwater resources. (Acharya, et al.,
2025)

Overall, the results underscore that groundwater vulnerability in Ben Yakhlef is not uniformly
distributed but is strongly determined by land use and irrigation intensity. Hydrogeological
settings—such as depth to water, permeability, and slope—either exacerbate or buffer these
anthropogenic pressures, while the combined influence of agricultural practices and waste
management remains the decisive driver of contamination risk (Mabrouki, et al., 2019).

Discussion

Groundwater vulnerability in Bni Yakhlef is shaped by the interaction between
hydrogeological and topographic conditions and strong human pressures. While shallow
aquifers and permeable formations create a naturally fragile setting, contamination risks
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become critical where they overlap with landfill leachate, intensive irrigation, and urban—
industrial activities. (Mabrouki, et al., 2019)

The modified DRASTIC index, which replaces hydraulic conductivity with land use, proved
effective in highlighting the decisive role of human activities (Batchi, 2017). Irrigated
farmlands and landfill zones emerged as the most vulnerable hotspots, confirming local
evidence of high nitrate levels (Mabrouki, et al., 2019) and supporting international findings
that land use often outweighs hydrogeology in groundwater quality control (Batchi, 2017).

A clear contrast was observed between systems: irrigated agriculture sustains productivity but
drives nitrate leaching, while rainfed fields and forested areas show low vulnerability thanks
to limited agrochemical inputs and protective natural recharge (Naamane, et al., 2021)
(Dzhamalov & Zlobina, 1996). Vulnerability was highest where multiple sources converge,
particularly in the landfill-Oued Nfifikh corridor, where agricultural, industrial, and domestic
effluents combine (Mabrouki, et al., 2019), echoing patterns reported in other peri-urban areas
recharge (Yu, et al., 2024).

From a management perspective, groundwater protection requires an integrated approach
combining stricter monitoring of hotspots, improved fertilizer and irrigation practices, and
urgent reforms in solid and liquid waste management. Without these measures, the
persistence of nitrate leaching and leachate infiltration will continue to endanger both
drinking-water safety and the sustainability of local farming systems.

Fig.4. Groundwater Pollution Vulnerability of Agricultural Lands in Beni Yakhlef Commune
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Conclusion

Groundwater in Bni Yakhlef is highly vulnerable, mainly due to irrigated agriculture and
waste disposal, with hydrogeological and topographic conditions acting as amplifiers. The
modified DRASTIC index, integrating land use, effectively identified the landfill-Oued
Nfifikh corridor as the most critical hotspot, confirming that human pressures outweigh
natural settings in shaping groundwater quality.

Findings align with regional studies showing that fertilizer and pesticide use, poor waste
management, and the overlap of agricultural, industrial, and residential activities create
cumulative risks, while rainfed and forested areas remain less vulnerable. Protecting
groundwater therefore requires integrated strategies combining sustainable farming practices,
stricter input regulation, and improved waste management to ensure safe drinking water and
long-term agricultural sustainability.
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