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Abstract: An assessment of potential groundwater areas in the Ifni basin, located in the western Anti-
Atlas range of Morocco, was conducted based on a multicriteria analytical approach that integrated
a set of geomorphological and hydroclimatic factors influencing the availability of this resource.
This approach involved the use of geographic information systems (GIS) and hierarchical analytical
process (AHP) models. Different factors were classified and weighted according to their contribution
to and impact on groundwater reserves. Their normalized weights were evaluated using a pairwise
comparison matrix. Four classes of potentiality emerged: very high, high, moderate, and low,
occupying 15.22%, 20.17%, 30.96%, and 33.65%, respectively, of the basin’s area. A groundwater
potential map (GWPA) was validated by comparison with data from 134 existing water points using
a receiver operating characteristic (ROC) curve. The AUC was calculated at 80%, indicating the good
predictive accuracy of the AHP method. These results will enable water operators to select favorable
sites with a high groundwater potential.
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1. Introduction

Providing populations with safe drinking water has emerged as a significant challenge
for developing countries [1,2], particularly in light of the current climate change. Water
resources in these regions are characterized by scarcity and irregularity, both spatially
and temporally [3]. The growing demands for freshwater in these densely populated
areas necessitates exploring alternative sources of renewable groundwater resources [1,4,5].
The Ifni basin in Morocco serves as a prime example of the challenges faced by regions
dealing with increasing demand for water to satisfy the growing needs of agriculture
and population. This basin lies in the fractured and crystalline formations of the Ifni
buttonhole, which is part of the western Anti-Atlas range [6,7]. In hydrological terms, it
experiences heavy floods that bring significant volumes of surface water, which could be
mobilized [8,9]. However, due to the low permeability of the geological formations, the
water is not utilized and is instead lost in the Atlantic Ocean. The aquifers in the basin
mainly comprise basement aquifers with relatively low permeability. Since the early 1990s,
the flow rates of wells have been declining due to reduced precipitation, with a sharp
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and long-lasting impact since 2000 [8]. Meeting the increasingly urgent demand for water
by local populations requires a thorough understanding of the factors influencing water
availability in these particular geomorphological conditions. Mastery of the assessment of
the weight of each factor in the AHP model, chosen for the mapping of the groundwater
potential areas (GWPA), will make it possible to obtain a map that is closer to reality,
optimizing the choice of future boreholes to be drilled. Several models exist for mapping
the GWPA:

(1) One approach to mapping potential groundwater areas is data-driven and involves
the use of probabilistic statistical techniques. The accuracy of the resulting forecast
is influenced by both the quality and quantity of the data used [10]. Several model
types have been employed in compiling these maps, including the Dempster—Shafer
theory [11-13], frequency ratio [14-16], logistic regression [17,18], statistical index [12],
certainty factor [19], and entropy index [20].

(2) The analytic hierarchy process (AHP) is a decision-making technique that incorporates
subjective opinions and evaluates multiple factors to complement decision-making.
To delineate GWPA using this model, four key steps are taken: standardization of
prospecting factors, generation of a pairwise comparison matrix, checking the consistency
of the matrix, and weighting the evaluation factors in a GIS environment [4,10,21,22].

(3) Machine learning techniques (MLT) have shown improved accuracy in many situa-
tions due to their ability to process non-linear data with varying scales and from
different sources [23-26]. MLT techniques include several models, such as the
aquifer sustainability factor [27], classification and regression tree [28], random for-
est [28,29], boosted regression tree [30], maximum entropy [31], artificial neural net-
work model [32], and generalized additive model [33].

In this study, we use the AHP model with 14 factors to map the potential ground-
water areas (GWPA) in the Ifni basin. This approach has yielded satisfactory results in
similar basins [4,5,9,11,19,22]. Our analysis of the factors, such as those used in previous
studies [4,5,10,22], revealed that certain relevant factors, such as land use, the intersection
between geological lineaments and the hydrographic network, the density of the nodes, and
TPI, were not considered in the model. In discontinuous environments, aquifer recharge
primarily occurs through faults and lineaments that intersect with the hydrographic net-
work [34]. The infiltration of water is also influenced by land use, with wooded areas
promoting infiltration and urban areas resulting in low infiltration rates [13]. Therefore, in
our study, we took these factors into account to create a more refined GWPA map. The four-
teen factors used in our study were categorized into three groups: geology, hydrology, and
topography. By creating a GWPA map, we aimed to provide valuable information to poli-
cymakers and hydrogeological researchers that will promote the sustainable development
and management of groundwater resources within this basin.

2. Material and Methods
2.1. Study Area

The Ifni basin is situated in the western Anti-Atlas region of southwestern Morocco,
covering an area of 717 km? between longitudes 9°50' W and 10°10' NW and latitudes
29°10' N and 29°28' N (Figure 1). The area’s altitude ranges from 8 to 1209 m, generally
decreasing from east to west. The slopes are steep, ranging from 0° on the terraces of
wadi beds to 61° on the slopes upstream of the basin. The watershed basin’s topography
is mountainous, and the region experiences a semi-arid climate with an average annual
rainfall of 133 mm. The temperatures can rise to 42 °C, especially during the summer
months. The hydrographic network is dense and well-branched, bringing average annual
flows to approximately 1.5 m3/s. In 2014/2015, the maximum instantaneous flow recorded
was 891 m3/s [8].
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Figure 1. Geographical location of the Ifni basin.

The geological formations in the basin consist primarily of a Paleoproterozoic base-
ment, represented by Alouzad granite, and a Neoproterozoic cover, represented by the
quartzose sandstone series of the Lkest group, as well as volcano-sedimentary formations
(Figure 2) [6,35-37]. The Neoproterozoic formations include Sahel massif granodiorites to
the north of the basin, the granodioritic and monzogranitic massif of Mesti to the south,
the granodioritic massif of Ifni forming an elongated massif east of the city of Ifni, Tourza
granodiorite in the southeast of the basin, Taoulecht and Tourza granites in elongated
NNE-SSW bands in the center of the basin, and the pink granite of Mirleft to the northwest
of the basin [6,36-38]. This Proterozoic complex is overlaid by basic conglomerates of ter-
minal Proterozoic and lower Cambrian carbonate formations [38—42]. Quaternary outcrops,
usually found in wadji, are present in the form of alluvial terraces or veneer on old rocks in
the form of a weathered mantle [36,37].

From a structural standpoint, the Ifni buttonhole has undergone multiple tectonic
events that have impacted the Anti-Atlas chain, including fractures, faults, and schistosity.
Brittle tectonics are typically dominant, with fold tectonics and associated foliation being
less developed [36,42,43]. The primary directions of N-S and NNE-SSW to ENE-WSE
faults are visible and are related to Eburnian and Panafricain deformation. These fractures
are intersected by NW-SE structures that can be traced for several kilometers (Figure 2).

Based on geological, hydrological, and topographical data, as well as drilling data
obtained from the Draa-Oued Noun Hydraulic Basin Agency, it can be inferred that the
aquifers in this region are of the fractured type [44]. This inference is based on the observation
that most water inflows in the drillings coincide with faults or fractures [45-47]. In the region,
70% of the boreholes exhibit low flow or are dry. Aude [44] noted a strong correlation between
the water occurrence altitudes and fractured levels recorded in 15 boreholes carried out as
part of his research on groundwater accumulation in the granitic massif of the Ifni basin.
The measured flow rates are highly variable and can reach significant values (3 L/s). This
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variability in borehole flow rates may be attributed to several factors, including lithological
variation in the formations, permeability, compaction, and fracture filling [35-37,45,46].
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Figure 2. Geological map of the Ifni basin (delimited according to the geological map of Sidi Ifni
at 1/100,000).

2.2. Methodology

The mapping of groundwater potential areas typically involve a three-step process.
In this study, the first step involved identifying decision factors using various types of
data such as Ifni geological and topographical maps at a scale of 1:100,000, Landsat-8 Oli
satellite images from 29 August 2020, and a digital terrain model (DEM). The thematic
layers for the different factors were spatialized, generated, and developed using the ArcGIS
10.4 software in a geographic information system (GIS) environment. The thematic maps
were edited based on the conic conformal coordinate system of Morocco and the WGS84
spatial reference (WGS84-CC-Zone 2). The second step was to calculate the weights of
these factors using a pairwise comparison matrix and combined by multiplying each factor
by its respective weight [10,11,19,48,49]. The third step involved validating the GWPA
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map using the receiver operating characteristics (ROC) [10,11,19,22,33,47,48]. A flowchart
summarizing the methodology used in this study is presented in Figure 3.
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Figure 3. Processes used to create the groundwater potential map in the Ifni basin.

2.2.1. Development of Decision Factor Maps

To improve the accuracy of our model results, 14 factors, including geological, topo-
graphical, and hydrological factors, were used [4,5,10,19,21,50,51].

Geology Factors and Land Use

Geological factors play a crucial role in determining the GWPA in crystalline basement
terrains [21,22,48,49,52]. A relative permeability map (Figure 4a) was generated from a
geological map of Ifni at a scale of 1:100,000. Lineaments and faults with high permeability
facilitate water infiltration, increase permeability and secondary porosity, and enhance the
vertical flow of water that replenishes the aquifer [19,52,53]. To create a fracture density map
(Figure 4b), we digitized faults from the geological map and extracted lineaments from Landsat
8 Oli satellite imagery. We used the lineament density tool in the ArcGIS 10.4.1 software
to process the data, and the resulting node density map (Figure 4d) shows the number of
lineament intersections and faults per surface mesh. The maps (Figure 4b—d) indicated that
the southern and central eastern parts of the basin had higher concentrations of lineaments
and faults (Figure 4c). The availability of groundwater is also influenced by the distance to the
fracture network. Areas within 200 m of the fracture network are more sensitive to significant
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penetration, while the effect of this parameter decreases if the distance is greater than 200 m
(Figure 4c). The contact between lineaments, fractures, and the hydrographic network may
also affect the drainage and recharge of the aquifer [34,53-56] (Figure 5a). In addition, land
use was considered (Figure 5b) since it impacts the aquifer’s water recharge [48,54]. The map
was edited based on sentinel image processing and completed using a Google Earth image. It
shows five different classes, including dense vegetation, less-dense vegetation, riverbeds, bare
soil, and residential buildings [48,49,55,57].

Topographic Factors

Surface water flow and groundwater storage patterns are significantly influenced by
topographic factors, such as slope, slope length, curvature profile, and topographic position
index (TPI) [4,5,54]. These factors were derived from a digital elevation model (DEM) with
a spatial resolution of 30 m. Low-slope regions exhibit high percolation rates and low
surface water runoff, while high-slope regions favor surface runoff [5,10,19]. The slope
map (Figure 6a) revealed that low-slope areas were situated downstream in the central part
and around the primary wadi, while higher-slope areas were found upstream, east, south,
and north of the basin. Additionally, as slope length increased, the velocity of the water
flow decreased, promoting increased infiltration rates [58]. The slope length (Figure 6b)
calculation was computed using Equation (1) [59].
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where Bs is the flux accumulation and « is the gradient of the slope in degrees.

A digital terrain model was used with the ArcGIS 10.4.1 software’s spatial analysis tool
to derive the curvature that represented the topography’s morphology. It was necessary
to analyze the physical characteristics of the drainage system and to examine the study
area’s convex and concave features. The curvature profile (Figure 6¢) played a significant
role in determining the direction of water flow, as well as the speed of water flow on the
ground surface.

The topographic position index (TPI) is another important factor that determines
the relative height and position of a given cell compared to its neighboring cells. By
using Equation (2) and the ArcGIS 10.4.1 software, the TPI values for the study area were
computed. These values were utilized for automating the geomorphological classification
of the landscape and differentiating the various types of landforms in the study area,
such as ridges, valley bottoms, and plains (Figure 6d). Cells with negative TPI values
are located below their neighbors, while those with positive TPI values are higher than
their neighbors [60].

and (b) landuse/land cover.

TPI=My—) | <1\;11n> @

where My is the elevation of the model point being evaluated, Mn is the grid elevation, and
n is the total number of surrounding points used in the evaluation.

Hydrological Factors

The hydrological factors that have the greatest impact on water availability in a given
area are drainage density (DD), distance to stream (DS), topographic wetness index (TWI),
and stream power index (SPI), as stated in various sources [4,5,19,59,61]. To calculate the
drainage density and distance to stream, the linear density and Euclidean distance tools
were employed using the ArcGIS 10.4.1 software.

The DD map (Figure 7a) revealed elevated values primarily in the Ounder and Krayma
rivers, which can be explained by the abundant runoff and water retention in those areas.
Figure 7b, which represents the DS map, demonstrates that areas within a distance of 200
m from the network exhibited the potential for efficient infiltration, while distances greater
than 200 m posed difficulties for water penetration [61]. The commonly used topographic
index, TWI, was calculated utilizing Equation (3) [62] (Figure 7c). This index measures an
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area’s propensity to supply water to a particular point along a hillslope, with higher values
indicating a greater potential for water supply. The TWI map displayed the highest values
in the central section of the study area, attributable to the flat topography and high capacity
for infiltration in this region.
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Figure 6. Topographic factors influencing groundwater in the Ifni basin: (a) slope degree; (b) slope
length; (c) curvature profile; and (d) topographic position index.

TWI = 1n<i>

Tan(B)

®)

where As is the upslope area (flow accumulation) and f3 is the topographic gradient of

slope (degrees).
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Figure 7. Hydrological factors influencing groundwater in the Ifni basin: (a) drainage density;
(b) distance to stream; (c) topographic wetness index; and (d) stream power index.

The stream power index (SPI) is a crucial factor in assessing the degree of slope erosion
caused by water flow [10]. The hydraulic gradient of a slope is directly proportional to
the amount of water contributed by upstream regions and the velocity of the water flow,
thereby elevating the power index and the probability of erosion. Equation (4) was used to
compute the SPI [61].

SPI = As.tan() 4)

2.2.2. Analytic Hierarchy Process Model

The analytic hierarchy process (AHP) is a popular technique used for multi-criteria
decision-making to identify GWPA that has been used in various studies [49,51,56,61,62].
This technique allows for subjective opinions to be incorporated and is useful for evaluating
multiple factors in groundwater research [63-65]. To determine the GWPA in the Ifni basin,
we employed the AHP method to assess selected factors as thematic layers. The steps
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taken in this study were critical to ensuring the precision and dependability of the GWPA
identified, which are essential for effective groundwater management and planning.

Standardization of Thematic Layers

Factor classification is an equally delicate phase and must be carefully carried out.
The selected factors were classified into five classes. A standard range, from 2 to 10, was
adopted for this purpose [4,5,21,49,66]. A score of 10 was assigned to the “very low” or
“very high” classes depending on whether they contributed to the excellent performance
of the considered indicator. Contrarily, an opposite score was given to the other extreme
classes (Table 1).

Table 1. Ranking of factors influencing GWPA.

Factor (Units) Class Rating Factor (Units) Class Rating Factor (Units) Class Rating
2.71-3.39 10 —19.25-(—-3.87) 10 3.49-4.36 10
2.03-2.71 8 —3.87—(—0.95) 8 2.61-3.49 8
ND 1.35-2.03 6 TPI —0.95-1.48 6 PGRA 1.74-2.61 6
0.67-1.35 4 1.48-4.65 4 0.87-1.74 4
0-0.67 2 4.65-21.25 2 0-0.87 2
2.81-3.52 10 3.71 x 10°-8.38 x 10° 10 0-6 10
2.11-2.81 8 1.80 x 10°-3.71 x 10° 8 6-12 8
LD 1.40-2.11 6 SPI 7.23 x 10°-1.80 x 10° 6 S 12-19 6
0.70-1.40 4 1.6 x 10*-7.23 x 10° 4 19-28 4
0-0.70 2 0-1.6 x 10* 2 28-61 2
10,319-23,287 10 0-200 10 13.53-23.86 10
4931-10,319 8 200-400 8 9.81-13.53 8
SL 1826-4931 6 DL/F 400-600 6 TWI 7.33-9.81 6
365-1826 4 600-800 4 5.68-7.33 4
0-368 2 800-1000 2 2.79-5.68 2
High permeability 10 River bed 10 0-200 10
Medium permeability 8 Dense vegetation 8 200-400 8
RP Lower permeability 4 LU/LC Less-dense vegetation 6 DS 400-600 6
Raincoat 2 Rocky terrain 4 600-800 4
24.72-30.90 10 Built-up 2 800-1000 2
18.54-24.72 8 Convex 10
DD 12.36-18.54 6 CcP Flat 6
6.18-12.36 4 Concave 2
0-6.18 2

Notes: LD, lineament density; ND, node density; PGRA, probable groundwater recharge area; DL/F, distance to
lineament/Fault; DD, drainage density; RP, relative permeability; DS, distance to stream; S, slope; CP, curvature
profile; LU/LC, landuse/landcover; SPI, stream power index; TPI, topographic position index; TWI, topographic
wetness index; SL, slope length.

Weighting of Deciding Factors

The determination of the weights of various factors that affect groundwater storage
was achieved through the utilization of a pairwise comparison matrix [63,65,67]. This
matrix took into account the relative importance of each factor. The assessment of the
relative significance of these factors was conducted using a six-level numerical scale, as
shown in Table 2.
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Table 2. Pairwise comparison matrix of different factors influencing groundwater potential areas in

the Ifni basin.

Factors LD ND PGRA DL/F DD RP DS S cpP LU/LC SPI TPI TWI SL
LD 1 2 2 2 3 4 3 3 2 4 4 5 6 6
ND 1/2 1 2 2 3 4 2 3 3 5 6 6 6 6

PGRA 1/2 1/2 1 3 2 3 3 6 5 6 6 6 6 6

DL/Fault 1/2 1/2 1/3 1 2 2 2 4 2 3 4 5 4 4
DD 1/3 1/3 1/2 1/2 1 3 2 2 6 4 2 4 5 3
RP 1/4 1/4 1/3 1/2 1/3 1 3 2 2 6 2 4 5 3
DS 1/3 1/2 1/3 1/2 1/2 1/3 1 4 5 4 3 3 3 6
S 1/3 1/3 1/6 1/4 1/2 1/6 1/4 1 3 3 4 2 3 2
CP 1/2 1/3 1/5 1/2 1/6 1/6 1/5 1/3 1 5 3 2 4 2

LU/LC 1/4 1/5 1/5 1/3 1/4 1/5 1/4 1/3 1/5 1 6 6 6 6
SPI 1/4 1/6 1/6 1/4 1/2 1/6 1/3 1/4 1/3 1/6 1 3 4 4
TPI 1/5 1/6 1/6 1/5 1/4 1/4 1/3 1/2 1/2 1/6 1/3 1 2 3

TWI 1/6 1/6 1/6 1/4 1/5 1/6 1/3 1/3 1/4 1/6 1/4 1/2 1 3
SL 1/6 1/6 1/6 1/4 1/3 1/6 1/6 1/2 1/2 1/6 1/4 1/3 1/3 1
To guarantee precise outcomes, the summation of every column within the comparison
matrix was computed, followed by dividing each element in the matrix by the total of its
respective column. Subsequently, the weights of each factor were determined by dividing
the aggregate mass by the overall number of factors [68]. The weights thus derived for all
the evaluation factors are tabulated in Table 3.
Table 3. Determination of standardized weights for each factor influencing groundwater potential
areas in the Ifni basin.

Factors LD ND PGRA DLF DD RP DS s CP  LULC  SPI TPI  TWI  SL  Weight
LD 0189 0302 0258 0173 0213 0214 0167 0110 0064 009 0095 0104 0108 0109 0.157
ND 0004 0151 0258 0173 0213 0214 0111 0110 0097 012 0143 0125 0108 0109 0.145

PGRA 0094 0075 0129 0260 0142 0161 0167 0220 0162 0144 0143 0125 0108 0109 0.146
DL/Fault 00946 00755 00431 00867 01425 01074 0111 0146 0064 0072 0095 01045 0072 0072  0.092
DD 00630 0050 0064 00433 00712 01611 0111 0073 0194 0096 00478 0083 0090 0054 0.086
RP 0.0473 00377 0043 00433 00237 0057 0167 0073 0064 0144 0047 0083 0090 0054 0.069
DS 00630 00755 00431 00433 0035 00179 0055 0146 0162 009 0071 0062 0054 0109 0074

s 00630 00503 00215 00216 0035 0008 0013 0036 0097 0072 0095 0041 0054 0036 0.046
Ccp 0.0946 00503  0.0258 00433 00118 00089 00111 001223 00324 012 00717 00418 00722  0.0363 0.0452

LU/LC 00473 00302 00258 00289 00178 00107 00139 00122 00064 0024 01434 01254 01084 0.1090 0.0504
SPI 00473 00251 00215 00216 0035 00089 00186 00091 001082 0004 00239 00627 00722 00727 0.031
TPI 00878 00252 00215 00173 00178 00134 00186 00183 00162 0004 00079 00209 00361 00545 0.0221

TWI 0081 0025 0021 0021 0014 0008 0018 0012 0008 0004 0005 0010 0018 0054 0.018
SL 0031 0025 0021 0021 0023 0008 0009 0018 0016 0004 0005 0006 0006 00181 0.015
Amax = 15.64 RI=152 N=14 CR=0.082 <0.1

To assess the coherence of the matrix utilized in the GWPA, the consistency ratio
(CR) was employed (Equation (5)) [69,70], which is calculated as the ratio between the
consistency index (CI) and the random index (RI) [69]. A CR value of less than or equal
to 0.1 is expected. If the CR exceeds 0.1, the matrix judgments should be reviewed and
recalculated until the underlying cause of the inconsistency is identified and corrected to
attain a CR value of less than 0.1 [63-65,69]. Such an analysis is crucial in guaranteeing the
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validity and dependability of the results since any inconsistency could have a substantial
bearing on the precision of the outcomes [68-70].

CR = (CI)/RI @)

where CR is the consistency ratio, Cl is the consistency index derived from Equation (6),
and RI is a random index calculated from the average consistency index of randomly
generated samples of 500 randomly generated pairwise comparison matrices depending
on the number of factors used (Table 4) [64,69-72].

Cl=(max —n)/(n — 1) 6)

Table 4. Random index function of the number of elements compared.

3 4 5 6 7 8 9 10 11

RI 0

0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.52

From the above, Amax represents the maximum significant absolute eigenvalue of the
comparison matrix pairing calculated from Equation (7) [71,72].

1 ((AW)i
Amax = szi < Wi > @)
where W is the corresponding eigenvector of Amax and AWi (i=1,2,... ... n) is the weight

value for each factor that is easily determined from the motioned matrix in Equation (8) [69,72,73],
and (n) is the number of groundwater conditioning factors [4,9,10,24].

all al2 ... aln wl
a2l a22 ... an w2

AW = | ..o ool ol X | ... (8)
anl an2  ...... ann wi

In the present study, the consistency ratio (CR) was 0.082, with CI computed for:
Amax = 15.64, n = 14, and RI = 1.52. This finding confirmed the consistency of the matrix
and supported the notion that the AHP method produced valid and reliable results.

Delineation of Groundwater Potential Areas (GWPA)

The proposed methodology utilized a linear, pixel-by-pixel approach that incorporated
normalized relative weights to combine the different factors. This involved overlaying the
thematic layers of the various evaluation factors using Equation (9) to generate the GWPA.

GWPA =) " (wi x Xi) 9)

where GWPA denotes the groundwater potential, wi is the weight of each corresponding
factor, and Xi is the rank of the subclasses in each theme.

GWPA = (lineament density x 0.157) + (nodes density x 0.145) + (distance to linea-
ment/fault x 0.146) + (probable groundwater recharge area x 0.092) + (drainage density x
0.086) + (relative permeability x 0.069) + (distance to stream x 0.074) + (slope x 0.046)
+ (curvature profile x 0.0452) + (landuse/landcover x 0.0504) + (stream power index x
0.031) + (TPI x 0.0221) + (TWI x 0.018) + (slope length x 0.015).

2.2.3. Validation of the GWPA

To verify the reliability of the GWPA map, the flow rates of one hundred and thirty-
four wells were classified into four categories and then overlaid onto the map. The same
points were used to establish the receiver operating characteristic (ROC). The area under
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the ROC curve (AUC) can be used to assess the predictive performance of models, and a
larger AUC indicates a better model [10,11,13,19,22,50,51].

3. Results

The analysis of the GWPA map revealed four water potentiality domains: very high,
high, moderate, and low, covering 15.22%, 20.17%, 30.96%, and 33.65%, respectively, of the
total basin area (Figure 8).

The very-high-potential areas were mostly found in the southern, eastern, and north-
eastern plains of the basin, particularly at the intersection of the hydrographic network with
hydrogeological lineaments. These areas generally extend over granite formations, volcanic
sedimentary formations, and alluvial plains, exhibiting high porosity and permeability in
low-lying topographic zones. The Tangarfa source, with a flow rate of 16 L/s, is a good
example as it emerges in the contact zone between volcanic and carbonates rocks, facilitated
by a network of NE-SE- and NW-SE-oriented faults.

The high-potential areas mainly encircled the tributaries of the main river as well as
the faults. The Larba-Msti well and the Mesti Spring with high discharge rates of 8.33 L/s
and 5.66 L/s, respectively, exemplify the synergistic effects of multiple favorable factors
for groundwater infiltration. Their occurrence in highly permeable alluvial deposits, situ-
ated above a well-developed hydrographic network that interconnects with fault systems,
highlights the complex interplay of lithological, hydrological, and structural controls on
groundwater flow dynamics. In the vicinity of Sidi Ifni city, granitic and granodioritic
formations were investigated through 15 boreholes (Figure 9), revealing a positive cor-
relation between the occurrence of water and the recorded fractured levels at varying
altitudes [44]. The measured flows showed a wide range of variability and, in some cases,
reached significant levels (up to 3 L/s) (Table 5). Similar findings were reported in several
similar study areas [36,37,46,47].

The validation of areas with very high and high groundwater potential was carried
out through a comparison of data from 134 wells executed in the basin. Among these
points, 35 were located in areas with very high potential, while 45 were located in areas
with high groundwater potential. In contrast, low-potential areas were found on the slopes
of denuded mountains, ridges, and hills with steep slopes and high runoff. These areas
were characterized by rhyolitic rock, igneous formations with low permeability, and low
drainage and lineament density.

Geological and hydrological factors, particularly the density of the hydrological net-
work, the distance to stream, slope, and land use, were found to have the greatest influence
on the delimitation of groundwater potential areas. However, topographic factors such as
TWI, curvature profile, SPI, TPI, and slope length were found to have a lesser influence.

To assess the capacity of the analytic hierarchy process (AHP) model in detecting
potential groundwater areas and validate its sensitivity, a receiver operating characteristic
(ROC) approach was used (Figure 10). The results indicated that the AHP model had a high
predictability in delineating the GWPA, with an 80% probability of correctly identifying a
high-ranking value at random.
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Table 5. Hydro-structural characteristics of the 15 boreholes drilled in the granitic basement of Ifni [44].

Borehole X Y Total Depth Lli:)}:rigfii::l LengthO/oF(;:cttl:lereSiulr;(l)l:IInation Bor\e{:ilil)ileo(fL/s) Permeability
S1 40,767 274,334 80 Gd 12% 0.05 -
S2 41,381 274,956 32 Gr 60% 35 53 x 1078
S3 41,192 273,889 32 Gr 66% 0.5 1.18 x 1077
S4 41,107 273,605 42 Gr 36% 1.8 1.04 x 107
S5 40,292 270,074 80 Gd 26% 0.08 -
S6 40,209 270,323 60 Gd 16% 0.02 1.27 x 1076
S7 39,667 271,138 50 Gd 20% - -
S8 41,829 271,506 80 G 32% 0.55 1.07 x 1077
S9 40,528 271,663 50 Gd 14% 0.6 43 x 1077
510 40,998 27,1739 80 Gd 25% 0.45 0.95 x 1077
S11 41,356 270,658 80 G 55% 14 -
S12 40,710 271,121 50 G 14% 0.06 -
513 40,643 273,948 80 Gd 25% 0.3 0.9 x 1077
S14 39,380 273,811 60 Gd 12% 0.02 -
515 39,784 273,385 80 Gd 0% - -

ROC Curve
1.0 7

Sensitivity (Frequency of true presences)

0.8 4

0.4 +
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Better than
random
predictions

random
predictions

Less than
random
predictions

~——— Roc Curve of an observer 0

~— AHP (AUC 80%)

0.0

0.2 0.4 0.6 0.8 1.0
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Figure 10. ROC curve of the GWPA map in Ifni basin.
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4. Discussion

The application of mathematical models based on geospatial data is becoming increas-
ingly popular for mapping areas with high groundwater potentiality. Such approaches are
particularly promising for large regions that lack sufficient geological and hydrogeological
data to develop physical and/or numerical models [74-78].

The AHP model was employed in this study to develop a GWPA map, which serves
as a basis for identifying areas with a high potential for water resources. The results
indicated that this model provided an 80% chance of accurately identifying a high-ranked
value at random. This confirmed the high predictability of the AHP method in defining
areas with a high groundwater potential [10,22,50]. This result was consistent with those
of Benjmel et al. [4] and Echogdali et al. [10], who worked in the same geological and
hydro-climatological contexts.

However, the potential groundwater map had several limitations, primarily due to
the challenges involved in obtaining detailed geospatial data for the study area. The
accuracy of the data may have been affected by errors in the classification of maps and
images, which could have arisen due to their low resolution [4,5]. Utilizing high-resolution
satellite imagery can improve data extraction efficiency and the resulting factor maps [10].
The absence of climatological stations in the basin, which can provide spatial variation
in precipitation, limited the integration of this factor into the model, highlighting the
need to establish a network of regularly distributed stations in the basin. However, some
studies were able to generate a GWPA map without incorporating this factor [22,49,50].
Additionally, expert opinions on factor weightings should be carefully considered, as
subjective judgments can affect their assignment. Finally, validating the potentiality map
solely based on the distribution of water points in a basin may not be sufficient. In our case,
the absence of wells in some areas limited the ability to fully validate the potential map,
although the ROC curve showed an 80% satisfaction level.

Identifying areas with high-potential groundwater resources can promote investment
in tourism and industry in the region by exploiting new water resources. Currently,
the scarcity of water resources constrains the development of these economic sectors in
the area. It is advisable to avoid drilling in areas with poor and very poor GWPA to
minimize investment costs. The approach and findings of this study can be applied to other
regions with similar climatological conditions, geomorphological conditions, and water
scarcity levels [12-14,28,33].

5. Conclusions

In conclusion, the mapping of high-groundwater-potential areas in the Ifni basin
was carried out by applying the analytic hierarchy process (AHP) model, remote sensing
techniques, and geographic information system (GIS) techniques. Various geological,
hydrological, and topographical factors were combined to generate different thematic
maps, which were weighted and overlaid in a GIS environment. Appropriate weights
were assigned based on the impact of the factors on water availability. The groundwater
potentiality (GWPA) map was generated based on the combination of different factors.
It was classified into four zones with very high, high, moderate, and low potential. The
validation of the results was performed by comparing the GWPA map with 134 existing
wells, and the AUC was calculated to be 80%, indicating the good predictive accuracy of
the AHP method. The reliability of the results obtained shows that this map can be used as
a tool for water resource management by operators in this field. To improve the accuracy
of the AHP method, high-resolution geospatial data are necessary. This method can be
extrapolated to similar mountainous areas.
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