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ABSTRACT

This study aimed to assess the groundwater potential zones (GWPZ) in northern Morocco’s Upper Oum Er-Rbia Ba-
sin (UOER). In such a semi-arid context, groundwater resources are crucial to sustaining essential human activities,
but they are under stress due to increased overuse and climate change. This investigation utilized remote sensing in a
GIS framework along with a multi-criteria decision analysis (MCDA) technique using the analytic hierarchy process
(AHP) for the first time in this region. Ten thematic layers were created, representing the most significant parameters,
which were then weighted and overlaid. The output map shows five levels of potential: very low, low, medium,
high, and very high, covering 12%, 19%, 20%, 27%, and 22% of the basin area, respectively. Comparing the assess-
ment results to the borehole yield, the AUC-ROC curve showed a value of 84.5%, which testifies to the excellent
performance of the methodology used. Of the 10 criteria used, lithology was shown to be the most significant factor,
followed by LULC, slope, and geomorphology. The study results offer an extensive insight into the hydrogeological
potential of the UOER basin. These findings are essential for decision-makers and encourage the efficient utilization

of groundwater resources, thus supporting broader objectives of sustainable development.

Keywords: groundwater potential, MCDA, AHP, remote sensing, upper Oum Er-Rbia.

INTRODUCTION

Groundwater is essential for maintaining
human activities in rural regions, especially in
arid and semi-arid climates. It provides water
for drinking, irrigation, and a number of other
applications, making it a necessary resource for
home, industrial, and agricultural usage [Yifru
et al., 2020; Zamani et al., 2022]. However, the
sustainability of this priceless resource is being
threatened by the growing problems of over-
exploitation and the effects of climate change
[Deshmukh et al., 2022; Mays, 2013]. Morocco,
a country with a high reliance on groundwater, is
vulnerable to depletion and deterioration of this
resource [Hssaisoune et al., 2020]. The country
is heavily dependent on groundwater, which pro-
vides 60% of its total water supply [Oudra and

Talks, 2019], mainly for the support of agricultur-
al operations and the provision of drinking water
to isolated rural populations (douars). Additional-
ly, Morocco is dealing with a serious water issue
that has been made worse by a number of causes,
including population increase, urbanization, eco-
nomic development, climatic unpredictability and
change, and insufficient governance and manage-
ment. Agricultural runoff, industrial effluents, and
home wastewater also overuse as well as contami-
nate many aquifers [World Bank Group, 2017]. The
World Bank estimates that Morocco’s renewable
water resources per capita have decreased by al-
most 60% since 1960 [World Bank Group, 2021].
In this regard, a comprehensive examination of
the existing and projected situation of ground-
water resources in Morocco is of the utmost im-
portance, along with the investigation of viable
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adaptation techniques for long-term groundwater
management [Mays, 2013; Megdal, 2018]. One
of the most vulnerable areas in the Moroccan
Atlas Mountains is the Upper Oum Er-Rbia ba-
sin. In this semi-arid area, groundwater resources
provide water for drinking and agriculture, but
they are under a lot of stress because of overuse
and the effects of climate change [Chaponniere
and Smakhtin, 2006]. Geophysical surveys and
reconnaissance drilling are two common con-
ventional approaches for assessing groundwater
potential, although they can be expensive [K. K.
Mandal et al., 2021] and may not offer sufficient
geographical coverage for a thorough assessment
[Arulbalaji et al., 2019]. Furthermore, the data
obtained from the hydraulic basin agency reveal
that 60% of the boreholes dug in the UOER are
dry, proving that further research is needed to ful-
ly reveal the region’s hydrogeological potential.
This research suggests the use of the innovative
approach that combines multi criteria decision
analysis (MCDA), remote sensing methods, and
the Analytic Hierarchy Process (AHP) within a
GIS framework to bridge this knowledge gap and
promote sustainable groundwater management in
the UOER region [Hussein et al., 2017; Yifru et
al., 2020]. The combination of GIS and remote
sensing data has become a useful tool in multiple
scientific fields [Chaminé et al., 2021]. Remote
sensing provides crucial spatial information that
can largely improve the awareness of groundwa-
ter potential distribution [Abdalla et al., 2020;
Lentswe and Molwalethe, 2020]. The purpose of
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this study was to evaluate the effectiveness and
efficiency of the MCDA, remote sensing, and
AHP methods in assessing groundwater poten-
tial in semi-arid regions with data scarce, like the
UOER. Many previous studies have shown prom-
ising results when the AHP technique is applied
in a GIS-based approach along with other geo-
spatial technologies [Al Garni and Awasthi, 2017,
Ouma and Tateishi, 2014]. These integrative ap-
plications have successfully defined groundwater
potential zones and produced realistic potential
maps that can serve as a base for efficiently man-
aging groundwater and well-informed planning
[Achu et al., 2020; Saravanan et al., 2020].

MATERIALS AND METHODS

Area of interest

The area of interest corresponds to the UOER
basin, with its outlet at the Ahmed El Hansali dam
(Fig.1). It encompasses a portion of the southwest
of the Middle Atlas dominated by Jurassic carbon-
ates and the east of the Central Massif marked
by Visean flysch and wildflysch [Bamoumen et
al., 2008; Bouabdelli and Piqué, 1996]. The zone
falls mostly within the administrative provinces of
Khenifra and Ifrane. Spanning from latitudes 32°
32" N to 33° 12’ N and longitudes 5° 4> W to 5°
55° W, the area covers 3383 km?. Elevations range
from 600 m at the dam outlet to 2400 m upstream
in the Jbel Hayane ridge. The basin is drained by
the Oum Er-Rbia River, originating as the Oued
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Figure 1. The upper Oum Er-Rbia basin’s location
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Fellat and flowing towards the El Hansali dam in a
general northeast to southwest direction, receiving
contributions from various left-bank tributaries,
notably the Oued Serou. The western areas covered
by impermeable Paleozoic shales and the Oued Se-
rou valley, composed of Permo-Triassic clay and
basaltic dolerites, exhibit low hydrogeological po-
tential. Conversely, the Jurassic carbonate regions
display significantly better potential. The area ex-
periences a Mediterranean mountain climate, with
average minimum winter temperatures around -5
°C and summer maximum temperatures reaching
approximately 40 °C. Annual rainfall averages 666
mm [Faouzi et al., 2022], and prevalent soil types
include Rendzinas and Chromic Luvisols of me-
dium texture [FAO-UNESCO, 1977].

Methodological approach

To characterize Groundwater potential zones
(GWPZ), a comprehensive set of influencing fac-
tors were employed. These factors spanned geo-
logical, geographical, pedological, topographical,
and hydro-climatic aspects. Tomas Saaty’s analytic
hierarchy process [1980] served as the method for
weighted overlay multicriteria decision analysis
(MCDA) in a GIS environment (Fig.2). This ap-
proach was applied for the first time in the UOER
Basin. Literature review demonstrates the high
efficiency of this method in defining GWPZ [Ta-
her et al., 2023]. The MCDM-AHP approach is
widely used for groundwater potential delineating

[Mallick et al., 2019; Shao et al., 2020]. The sci-
entific community recognizes AHP to be a reliable
and practical multicriteria analysis method used to

resolve challenging decision-making situations [Al
Garni and Awasthi, 2017; Machiwal et al., 2011].

Selection of parameters

The MCDA approach can involve numerous
geoenvironmental parameters in order to delin-
eate the GWPZ. The selection of those affecting
significantly groundwater recharge and storage is
a significant step [Trabelsi et al., 2022]. A litera-
ture review of recently published papers focus-
ing on hydrogeological potential [Mallick et al.,
2019; Patra et al., 2018] was conducted in order
to identify the most relevant parameters. Ten
most rated factors — lithology, land use/cover,
slope, geomorphology, rainfall, density of linea-
ment, density of drainage, soil texture, TWI, and
curvature — were retained for this study.

Thematic layers preparation and data used

To prepare a thematic layer for each influenc-
ing parameter, data were collected from multiple
sources (Table 1). These datasets were mainly pro-
cessed using ArcGIS. Other software was used,
notably Geomatica to extract lineaments from
Landsat images and Google Earth Engine to ex-
tract rainfall and LULC data. All thematic layers
are transformed into raster with the same spatial
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Figure 2. Methodological flowchart used to delineate GWPZ in the upper Oum Er-Rbia basin
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Table 1. Sources of data used in the study

Data Source Thematic layer
SRTM DEM 30 m NASA (Earthdata) slope, TWI, curvature, drainage density,
geomorphology
European Space Agency
ESA World Cover 10 m v 200 extracted from Google Earth Engine LULC
. o o . Copernicus program .
ERAS Rainfall 0.1° x 0.1° resolution extracted from Google Earth Engine. rainfall
HWSD soil v 1.2 1:5,000,000 FAO/UNESCO soil texture
Landsat 9 OLI USGS lineament density
earth explorer
Geological map 1:1,000,000 Moroccan geological map lithology, lineament density
The Oum Er—Rbia Hydraulic Basin yield data from 124 boreholes for
Borehole data idati
Agency validation

resolution (30%30 meters), allowing weighted su-
perposition. Additionally, they were reprojected
using the same coordinate system (WGS84) and
reclassified into five classes.

Lithology was created in ARCGIS based on
the Moroccan geological map. LULC was ex-
tracted from ESA WorldCover 10m v200 product
[Zanaga et al., 2022], in Google Earth Engine. Soil
data was extracted directly from the Harmonized
World Soil Database [FAO and IIASA, 2023].

Slope was generated in ArcGIS using the
STRM DEM. The default method “PLANAR?” of
the Slope tool was used. It consists of measuring
the maximum difference between the central cell
and its eight neighbors, using a 3 by 3 cell neigh-
borhood moving window. Equation (1) calculates
the slope in degree.

Slope = tan~1/((dz/dx)? + (dz/dy)?) x (180/pi)(1)

where: dz/dx expresses the change in the hori-
zontal direction, and dz/dy in the vertical
direction.

Geomorphology was automatically generated
based on the SRTM DEM. Weiss [2001] described
an automated GIS method for landform classifica-
tion, based on the Topographic Position Index (TPI),
widely used for this purpose [Abdekareem et al.,
2022]. Equation (2) show how the 7P/ is derived
from DEM, by calculating the difference in altitude
between each cell and the mean in a predetermined
neighborhood cells [De Reu et al., 2013].

1 n
TPl = zy — Ez z; (2)

i=1
where: z; and z, represent the DEM value in
a cell and the average of neighboring
cells, respectively, and # is the number of
neighborhood cells in predefined radius.

30

Negative TPl means negative terrain like
valleys and Canyons, null or low values
represent flat areas or constant slopes,
while positive 7P/ means positive terrain
like ridges and mountains. The combina-
tion of this topographic index at a small
and large scale helps to distinguish a di-
versity of landforms [Weiss, 2001].

Rainfall was extracted from ERAS5-Land
monthly aggregated data, specifically from total
precipitation_sum band [Mufoz Sabater, 2019]
in Google Earth Engine. The latest 32-year series
(1990-2022) was used to elaborate an average
annual precipitation map. Using ArcGIS func-
tions, precipitation values were extracted from
each grid cell center and then interpolated using
the IDW method [Rahman et al., 2022] to obtain
the average annual precipitation map.

Drainage density layer was created in the Ar-
cGIS software [Abdullahi et al., 2023]. Stream
network was generated based on DEM using Hy-
drology tools. then line density tool served to cal-
culate the density of drainage for each cell based
on Eq. (3). Drainage density (km/km?) in a cell
consists of dividing the total line stream’s length
D. (km) inside a given radius by the area 4 (km?).

DD = Z% 3)

Lineament density layer was prepared in two
steps. First, lineaments were extracted automatical-
ly using Geomatica software [Ozegin et al., 2023].
Linear and sublinear structures can be recognized
on satellite images [Arulbalaji et al., 2019]. The
Landsat 9 OLI product was used in this process to
extract lineaments. Then, the obtained result was
checked and completed based on the geological
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map in ArcGIS before establishing the lineament
density layer (km/km?) in the same way as the DD
map, employing the Line Density Tool.

Curvature was created by calculating the sec-
ond derivative of the DEM surface in ArcGIS
[Kumar et al., 2023; Moore et al., 1991]. Positives
values of curvature mean a convex land surface,
while negative values mean a convex land surface
[Ghosh et al., 2022]. TWI was calculated in a GIS
environment based on DEM using Eq. (4).

TWI = In(F,/tan B) 4)

where: F_ is the flow accumulation (upslope
area), and f is the local slope.

Weighting using AHP

The weighting of the different thematic lay-
ers is a decisive step in multi-criteria analysis. The
objective is to attribute weights to criteria and sub-
criteria according to their importance in determining
the problem. One popular method that has served
in various GIS-based multicriteria analyses is AHP
[Ghosh et al., 2022] developed by Saaty [1980]. The
principle is to create a matrix for pair-wise compari-
son by combining the different criteria according to
expert opinions [Ifediegwu, 2022; Saaty, 1990]. The
intricate MCDA with many criteria is reduced to one
level [Ifediegwu, 2022], with each pair of criteria
handled independently. In other words, the Analytic
Hierarchical Process breaks down the complex anal-
ysis into many simple ones at hierarchical levels and
gives the criterion weight [Al Garni and Awasthi,
2017]. The importance of each criterion was deter-
mined according to the Saaty significance scale (Ta-
ble 2), based on the weights allocated in numerous
previous studies. Table 3 gives the resultant pair-wise
comparison matrix. Then, the normalized weights
are calculated utilizing the criteria’s geometric mean

Table 3. Resulting pair-wise comparison matrix

Table 2. Relative importance scale [Saaty, 1980]

Intensity of importance Definition

1 Equal importance

Weak importance of one over

8 another

Essential or strong importance

Demonstrated importance

Absolute importance

Intermediate values between two

24,68 adjacent judgments

of matrix rows. The five classes or categories of each
criterion received a rank from 1 to 5, proportional to
their degree of influence on the hydrogeological po-
tential [Castillo et al., 2022; Saravanan et al., 2020].
The weight given to the criteria as thematic layers
and the ranks attributed to the sub-criteria are shown
in Table 4. To evaluate the analysis’s robustness, the
consistency ratio was calculated using Saaty’s deri-
vation, as is provided in Eq. (5).
CI

CR = RCI 5)
where: RCI — the Saaty’s random consistency in-
dex (Table 5), CI — the consistency index

given in Eq. (6).

_ Amax — N

Cl

— (6)

where: A —the principal Eigenvalue, and n — the
number of criteria.

With ten criteria considered, a CR less than
or equal to 10% is satisfactory [Saaty, 1990]. If
the consistency ratio exceeds this threshold, then
anomalies in the pair-wise comparison must be
identified and adjusted [Machiwal et al., 2011;
Yifru et al., 2020]. In this study, a satisfactory
consistency ratio CR = 3.8% was obtained.
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Delineation of GWPZ

The ten thematic maps, already prepared and
weighted, were overlaid and aggregated using a
linear combination to define groundwater poten-
tial [Tiwari et al., 2019]. The analysis was imple-
mented owing to the weighted overlay tool in Ar-
cGIS, according to Eq. (7).

GWPZ = i i(wi X 17) (7)

i=1j=1

where: W, — the weight of the i — th criterion, and
r, the rank of the j-th sub-criterion.

Validation of GWPZ

The validation of the groundwater potential
zones can be done based on hydrogeological
measured data, such as wells yield [Rahmati et
al., 2015; Thapa et al., 2018] or groundwater
level [Patra et al., 2018; Pradhan et al., 2021].

Table 4. Weights attributed to criteria and sub-criteria influencing groundwater potentia

Criterion Weight (W) |

Sub—criterion Rank (r)

Lithology 31.31

Cretaceous red detrital facies 3
Quaternary alkaline basalts

Jurassic carbonates

Eocene limestone and red gypsum marls
Triassic basalt

Triassic red clay

Permian detrital facies

Visean limstone and flysh

Quaternary alluvium

Ordovician schists

Devonian schists with limestone and
sandstone beds

Cambrian—Ordovician schists and sandstones

- A A O =2 N b OO

N

LULC

Slope

Geomorphology

32

13.82

12.03

11.31

Precambrian and paleozoic rhyolite

Jurassic red sandstone

Tree cover

Shrubland

Grassland

Cropland

Built-up

Bare/sparse vegetation

Waterbodies
00 - 05
05-10
10-15
15-25
25-60

Canyons, deeply incised streams

Midslope drainages, shallow valleys

Upland drainages, headwaters

U—shaped valleys

Plains

Open slopes

Upper slopes, mesas

Local ridges/hills in valleys

Midslope ridges, small hills in plains

Mountain tops, high ridges

= =2 NN W w s~ =2 N0 aN =2 MO0
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Table 4. Cont.

Rainfall

Drainage density

Lineament density

Soil texture

TWI

Curvature

9.47

6.67

6.03

5.75

2.01

1.59

492 - 530
531 - 560
561 —590
591 -620
621 - 680
0.00 -0.25
0.26 — 0.66
0.67 -1.13
1.14-1.86
1.87-3.18
0.00 -0.36
0.37 - 0.60
0.61-0.86
0.87 - 1.16
117 -1.97
Chromic Luvisols fine textured
Rendzinas medium textured
Chromic Luvisols medium textured
02.78 - 05.76
05.77 — 07.38
07.39 - 09.68
09.69 — 13.26
13.27 —24.50
-10.89 to -0.89
-0.88 to -0.26
-0.25 to 0.36
0.37 to 1.08

1.09 to 11.88

a b WO N =2 OO ODN -2 AW OORrODN 222N RN -

Table S. Random consistency Index RCI depending on number of criteria n [Lentswe and Molwalefhe, 2020]

n 3 4 5

7 8 9 10

RCI 0.58 0.9 1.12

1.24 1.32 1.41 1.45 1.49

The Hydraulic Basin Agency has made the data
from 124 boreholes distributed in the upper
Oum Er-Rbia basin (Fig. 1) available for re-
search. Using their coordinates, the boreholes
were plotted on the obtained map (Fig. 9) to
compare the estimated hydrogeological poten-
tial and observed yield. To measure the potential
map accuracy, the Area Under the Receiver Op-
erating Characteristic Curve (AUC-ROC) was
used under R. The AUC-ROC curve is widely
used to evaluate the accuracy in this kind of
prediction [Das and Pal, 2019; Trabelsi et al.,
2022]. The ROC curve is established based on

the confusion matrix. The true positive rate, or
sensitivity, represents the ordinates, while the
false positive rate, or 1-specificity, represents
the abscissas [Shailaja et al., 2019; Trabelsi et
al., 2022]. Then, the area under the ROC curve
is calculated. It reveals the model’s precision
through its capacity to predict the occurrence
of an event correctly [El Jazouli et al., 2019;
Rahmati et al., 2015]. The AUC varies from 0.5
when the prediction is completely random to 1
when the prediction is perfect [Trabelsi et al.,
2022; Yesilnacar and Topal, 2005]. Intermedi-
ate performances are given in Table 6.
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RESULTS AND DISCUSSION

Thematic maps
Lithology

The hydrogeological potential is fundamen-
tally linked to the lithological nature of the ter-
rain. The hydrogeological properties of aquifer
materials are mainly defined by their lithology
[Morgan et al., 2023]. Rock characteristics like
porosity and permeability control water move-
ment and storage [Mandal K.K. et al., 2021;
Thapa et al., 2018]. The facies that present great
hydrogeological potential, such as carbon-
ates, Quaternary basalts, alluvium, and sands,
received significant weight, while the lowest
weights were attributed to unfavorable forma-
tions, such as clays and schists (Table 4). Four-
teen geological units were distinguished (Fig.
3). The most dominant formation is the Middle
Jurassic carbonates, which cover almost half of
the basin area (approximately 1473 km?). The
Visean Flysch and the Triassic basalts cover
12% each; the Triassic red clays occupy 9%;
the Cretaceous red detrital facies and the Ordo-
vician schists cover 6.8% each. About 10% of
the basin area is shared between Eocene lime-
stone and marls, Quaternary basalts, Cambri-
an-Ordovician schists and sandstones, Permian
detrital facies, Quaternary alluvium, Devonian
schists, Precambrian and Paleozoic rhyolite,
and Jurassic sandstone.

LULC

While land cover describes natural features
like forests and water bodies, land use relates to
human activities like settlement, roads, and indus-
tries [Mandal K.K. et al., 2021]. LULC influences
groundwater recharge [Mengistu et al., 2022; Sa-
lem et al., 2023]. It determines evapotranspiration,
runoff, and infiltration rates [Anusha et al., 2022;
Yadav et al., 2023]. The built-up land was given
the lowest ranking, while the highest rank was at-
tributed to the waterbodies (Table 4) [Anusha et
al., 2022]. The LULC map consists of grassland
41.7%, tree cover 29.4%, cropland 17.4%, shru-
bland 8.9%, bare/sparse vegetation 1.9%, water-
bodies 0.5%, and built-up 0.4% (Fig. 4a).

Slope

The steepness of the slope has a significant
impact on two important hydrological processes:
surface runoff and infiltration [Mandal K.K. et al.,
2021]. Flat areas increase the accumulation and in-
filtration of water [Castillo et al., 2022]. Converse-
ly, the areas with steep slopes experience lower
infiltration and higher surface runoft [Allafta et al.,
2021; Sutradhar et al., 2021]. Thus, the weights at-
tributed are inversely proportional to the slope val-
ues. The slope in the UOER basin ranges from 0
to 60° (Fig.4b). Zonal statistics reveal that 95% of
the area has a slope greater than 5°. Flat terrains (0
to 5°) are located essentially in the Central Massif
part of the basin in the west and the Bekrit syncline
in the north. The steepest slopes (25 to 60°) cover

- Bq Quaternary alkaline basalts

l:| q  Quaternary alluvium

l:l e Eocene limestone and red gypsum marls
l:l ¢ Cretaceous red detrital facies

jC Jurassic red sandstone

- jm  Jurassic carbonates

- B Triassic basalt

- t  Triassic red clay

- hr Permian detrital facies

I:I hv Visean limestone and flysch

- d  Devonian schists with limestone/sandstone beds
- o Ordovician schists

l:] k-o Cambrian-Ordovician schists and sandstones
- p  Precambrian and paleozoic rhyolite

Figure 3. Lithological map of the upper Oum Er-Rbia basin (source: geological map of Morocco at 1:1,000,000)

Table 6. Model performance according to the AUC value [Rahmati et al., 2015]

AUC values 0.5-0.6

0.6 -0.7

0.7-0.8 0.8-0.9 0.9-1

Model performance poor

average

excellent

good very good
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: [ shrubland
- Built-up I:l Grassland
I:l Bare/sparse vegetation Cropland

- Waterbodies
- Tree cover

Slope (°)
[l o-5
[ s-10
[ Jiw-15
[Cs-25
B 25 - 60

Figure 4. Land use/land cover (a) and slope (b) in the UOER basin

28% of the basin area, which coincides with the
ridges of the Middle Atlas range.

Geomorphology

Geomorphology depicts landforms resulting
from internal and external geological phenomena
[Aslan and Celik, 2021]. It depends on the struc-
tural evolution of geological formations [Du-
guma, 2023], weathering, and erosion processes.
Landforms influence the percolation towards the
impermeable layer [Radulovi¢ et al., 2022]. It sig-
nificantly affects the groundwater movement and
recharge [Upwanshi et al., 2023]. Plains and val-
leys are favorable to infiltration, which increas-
es groundwater potential [Muavhi et al., 2022];
hence, they received high weights. Conversely,
hills and ridges are unfavorable regions; they re-
ceive low weights (Table 4). Examination of the
obtained map (Fig. 5) shows a predominance of
open slopes, covering 41% of the study area, fol-
lowed by plains at 16%, and upper slopes/mesas
at 9%. Midslope drainages/shallow valleys, mid-
slope ridges/small hills in plains, and U-shaped
valleys cover 8% each. Mountain tops/high ridg-
es, and canyons/deeply incised streams occupy
5% each. Finally, upland drainages/headwaters
and local ridges/hills in valleys cover < 1% each.

Rainfall

The rainfall has a direct effect on the ground-
water potential and recharge in a particular area
[Chaudhry et al., 2021; Rahman et al., 2022].
This, in turn, affects the hydrogeological con-
ditions of that area [Masroor et al., 2023]. The
more it rains, the higher the groundwater poten-
tial; hence, a rank is assigned accordingly (Table
4). The map in Figure 6a indicates that the mean
annual precipitation in the basin range from 492

to 680 mm. These variations are explained by
topography and altitude. High values (from 590
to 680 mm) are observed in the North and South,
covering almost one-third (1106 sq. km) of the
study area. Conversely, low rainfall values (less
than 560 mm) cover 39% of the basin’s area
(1318 sq. km) in the East and West regions.

Drainage density

Drainage density (DD) represents the density
of streamline in the basin. It is calculated as the
ratio of stream lengths to area [ Yadav et al., 2023].
DD is inversely related to groundwater [Singha et
al., 2021]. High DD suggests low infiltration and,
thus, poor groundwater potential. Conversely,
the areas with low DD suggest high groundwa-
ter potential [Masroor et al., 2023]. Therefore, the
assigned rank decreases when the DD increases
[Anusha et al., 2022] (Table 4). Figure 6b shows
that the DD is between 0 and 3.18 km/km?. The
map shows five classes: 0-0.25, 0.26-0.66, 0.67—
1.13, 1.14-1.86, and 1.87-3.18, covering areas
of 1406 sq. km (42%), 851 sq. km (25%), 646
sq. km (19%), 398 sq. km (12%), and 82 sq. km
(2%), respectively.

Lineament density

Lineaments designate linear or curvilinear sur-
face structures that are structurally controlled and
reflect underground fractures or faults [Arulbalaji
et al., 2019]. These increase secondary porosity
and permeability [Hussein et al., 2017; Mandal
P. et al., 2021], which facilitates infiltration. As
a result, they have an important influence on the
movement and storage of groundwater [Castillo
et al., 2022]. Greater lineament density (LD) val-
ues signify increased recharge and, hence, en-
hanced hydrogeological potential [Tiwari et al.,
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Figure 5. Geomorphic unit distribution in the upper Oum Er-Rbia basin
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Figure 6. Rainfall (a) and drainage density (b) in the upper Oum Er-Rbia

2019]. Therefore, high-density classes received a
high rank, and low-density classes were assigned
a low rank (Table 4). The LD values in the basin
are between 0 to 1.97 km/km?. Figure 7a shows
five classes of LD: 0-0.36, covering 20% of the
basin’s area; 0.37-0.6 (27%); 0.61-0.86 (23%);
0.87-1.16 (19%) and 1.17-1.97 (10%).

Soil texture

Depending on its texture, the soil regulates
how much water may reach underlying formations,
which affects groundwater recharge [Anusha et al.,
2022; Morgan et al., 2023]. Groundwater avail-
ability depends on the saturation level of the va-
dose zone, which is affected by soil texture [Arul-
balaji et al., 2019; Mandal K.K. et al., 2021]. Thus,
coarse-textured soils will receive a high ranking,
while fine-textured soils will receive a low ranking.
The map (Fig.7b) displays three soil units, with the
Rendzinas medium-textured unit being the most
dominant, covering an area of 2101 km? (62%).
The Chromic Luvisols medium-textured unit has
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an area of 1099 km? (32%), while the Chromic Lu-
visols fine-textured unit covers 183 km? (5%).

™wi

TWI, or topographic wetness index, reflects the
impact of topography on the amount of runoff gen-
erated and flow accumulation [Morgan et al., 2023;
Yadav et al., 2023]. This index is used here to consid-
er the part of topography in conditioning infiltration
[Castillo et al., 2022; Upwanshi et al., 2023]. TWI
is positively correlated to groundwater potentials; a
high rank was attributed to high values of TWI, and
vice versa [Abdekareem et al., 2022; Castillo et al.,
2022]. The obtained map (Fig. 8a) was classified into
five categories: 2.78-5.76 (36% of the study area),
5.77-7.38 (40%), 7.39-9.68 (16%), 9.69-13.26
(16%), and 13.27-24.5 (2%)).

Curvature

The concept of curvature refers to the change
in slope of a surface [Morgan et al., 2023]. It re-
flects the concavity or convexity of the surface
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Figure 7. Lineament density (a) and soil texture (b) in the study area

profile upwards. [Upwanshi et al., 2023]. The ar-
eas with concave and flat surfaces tend to retain
more water and have a greater infiltration capac-
ity compared to the areas with convex surfaces
[Abdekareem et al., 2022]. Therefore, the convex
areas (high curvature values) received high rank,
and the concave areas (low curvature values)
were given low rank. The obtained map (Fig.8b)
shows a slightly equal percentage of concave and
convex surfaces. The curvature classes are as fol-
lows: -10.89 to -0.89, which covers 6% of the
area; -0.88 to -0.26, which covers 21%; -0.25 to
0.36, which covers 46%; 0.37 to 1.08, which cov-
ers 23%; and 1.09 to 11.88, which covers 4%.

Groundwater potential zones map

Figure 9 presents the groundwater potential
map in the upper Oum Er-Rbia basin. The re-
sults show an index of potential ranging from 1.4
to 4.72, which has been classified into 5 classes:

TWI
[ 12718-576
[ 1577-738
[]739-9.68
B 969- 1326
B 327-245

Very low potential 1.4-2.51 covering 417 sq. km
(12%), low potential 2.52-2.96 covering 626 sq.
km (19%), medium potential 2.97-3.39 covering
678 sq. km (20%), high potential 3.4-3.78 cov-
ering 907 sq. km (27%), and very high potential
3.79—4.72 covering 746 sq. km (22%). The areas
of high to very high potential are generally located
on the Jurassic limestones of the Middle Atlas, in
the north and in the extreme south, where precipi-
tation is at its maximum. The areas with low and
very low potential are generally located on imper-
meable lithological facies, to the west on the Pa-
leozoic shales of central Morocco, and following
the Wadi Srou valley, where Triassic red clays pre-
dominate. Moderate potential zones are located
primarily on the limestone and flysch facies of the
Visean to the west, as well as on the cretaceous de-
trital facies in the extreme northeast and on a strip
along the southern limit of the basin. This analy-
sis proves that lithology, with a weight of 31.31,
is the main factor controlling the groundwater

(b)

" Curvature

I 1089 t0-0.89
[ ]-081t0-0.26
[ ]-025100036
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Figure 8. Topographic wetness index (a) and curvature (b) in the study area
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Figure 9. Groundwater potential index and location of validation boreholes

occurrence in the study area [Castillo et al., 2022].
LULC, slope, and geomorphology were also con-
sidered important factors and received a weight
of 13.82, 12.03, and 11.31, respectively. Rainfall,
drainage density, lineament density, and soil tex-
ture were considered of moderate importance, and
they received weights 0£9.47, 6.67, 6.03, and 5.75,
respectively. Finally, TWI and curvature received
the least weight, with 2.01 and 1.59, respectively,
as the weakest influencing factors.

Validation

Results have been validated based on borehole
yield. The data on 124 boreholes in the study area
was collected from the Oum Er-Rbia hydraulic
basin agency. Most boreholes are concentrated
near major agglomerations, such as Khenifra, El
Borje, and Tighessaline (Fig. 1). However, these
areas are located on Paleozoic shales, consid-
ered unfavorable for hydrogeological purposes,
which explains why 60% of boreholes are dry.
Thus, the spatial distribution is not necessarily
an indicator of good potential. In the ArcGIS en-
vironment, the boreholes were superimposed on
the obtained potential map. Then, a comparison
of the predicted potential and borehole yield,
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which range from 0 to 20 liters per second, was
conducted in R. The AUC-ROC curve (Fig. 10)
shows a prediction accuracy of 84.5%. On the
basis of this result and according to Table 6, the
MCDA approach with the AHP method used can
be considered to have very good performance in
this study (AUC in 0.8-0.9).

1.0

0.6

AUC: 0.845

Sensitivity

\ \ | | | |
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Figure 10. The AUC-ROC curve of
validation based on yield data
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CONCLUSIONS

The water crisis throughout semi-arid and dry
areas, like North Africa, has been worsened by
the increasingly severe effects of climate change.
The problem has been aggravated by inadequate
management plans and strategies, as well as a
lack of knowledge about water resources [Kumar
et al., 2023]. This research tried to enhance the
current knowledge on groundwater potential in
the UOER basin, which could help improve wa-
ter resource management. The main goal was to
assess groundwater potential through an innova-
tive and cost-effective approach that harnesses
the power of MCDA, remote sensing, and AHP
in a GIS framework. Hence, ten thematic layers
representing the most influencing criteria were
prepared, weighted, and superimposed in the AR-
CGIS environment. The obtained potential map
generated based on this process was classified
into five levels: very low, low, medium, high, and
very high potential, covering 12%, 19%, 20%,
27%, and 22% of the study area, respectively.
With an assigned weight of 31.31, lithology was
deemed the most significant of the ten criteria em-
ployed in this investigation. Its effect on GWPZ
was noticeable. LULC, slope, and geomorphol-
ogy were weighed at 13.82, 12.03, and 11.31, re-
spectively, and were also regarded as significant
factors. Weighed at 9.47, 6.67, 6.03, and 5.75,
respectively, soil texture, drainage density, rain-
fall, and lineament density were deemed to be
of moderate importance. Lastly, the two factors
that had the least weight were TWI and curva-
ture, with respective values of 2.01 and 1.59. The
validation based on yield, using the AUC-ROC
curve, showed very good performance (84.5%).
The results of the study provide a comprehensive
understanding of the hydrogeological potential in
UOER basin. The findings have the potential to
support decision-making processes and promote
the sustainable use of groundwater resources,
aligning with broader sustainable development
and land management objectives. The study can
contribute to the good management of this pre-
cious resource, especially under the conditions of
extreme shortage that Morocco is experiencing.
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