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Abstract: Water scarcity affects all continents, with approximately 1.2 billion people living in areas
where water is physically lacking. This scarcity is more accentuated in countries with an arid climate,
and its impact becomes more threatening when the economy depends mainly on it. The Kingdom of
Morocco, with its agricultural vocation, is one of them, especially in its southern regions. Therefore,
mapping areas with high groundwater potential based on available geospatial data allows for
optimizing the choice of a future well in such areas. Geometric average and fractal models were used
to assess and delineate potential groundwater areas in the Tissent basin, Southeast Morocco. Eight
factors, including topography, geology, hydrology, and hydrogeology, influencing the distribution of
water resources was used. The formation permeability factor presents the most significant impact
among the others, although it is directly related to most of them. The areas located in the central
and downstream part of the basin are characterized by a high water potentiality due to increased
geological formations’” permeability near the drainage system, which constitutes a recharge zone, and
a low slope allowing a prolonged water-formation contact time favoring a gradual infiltration of the
water towards the deep aquifers. The groundwater potential map has been edited and validated by
comparing it with data from 52 wells scattered throughout the basin. The favorable potential sectors
cover 15.81% of the basin’s total area. The moderate ones account for 21.36% while the unfavorable
areas cover 62.83%. These results aim to provide policymakers and managers with a guide map for
groundwater research and reduce hydrogeological investigation costs.

Keywords: groundwater potential areas; geometric average model; fractal model; tissent; Morocco

1. Introduction

Groundwater is the most extracted resource globally with withdrawal rates currently
approaching 982 km? /year [1]. Approximately 70% of this exploited resource is used both
for agriculture (33%) and drinking water supply (37%) [2,3]. Continued overexploitation of
this precious resource threatens future generations [4,5]. As pressure on this resource con-
tinually increases, the delineation of its potential areas becomes essential for its protection
and better management [6].

In arid and semi-arid regions, water demand considerably increases, leading to a
water shortage that does not stop worsening due to this resource’s overexploitation and
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climate change’s impact [7,8]. Morocco, like other arid countries in the world, is heading
a water resources crisis due to its climatological conditions and the degradation of part
of its resources [9]. Its topography, mountainous type in more than 75% of the surface,
induces a dominance of hard rock aquifers in which the presence of groundwater depends
on several climatological, topographical, geological, and hydrogeological factors [10-13]. In
recent years, several studies relating to mapping the groundwater potential areas (GWPA)
have been done in many arid countries, such as Morocco [14-17], Tunisia [18], Saudi Ara-
bia [19], India [20], and Mexico [21]. They used various statistical models that successfully
outperformed traditional hydrogeological prospecting approaches [22,23].
Three main models exist for mapping groundwater potential areas:

(1) Data-Driven-Model, which concerns statistical, probabilistic, and data mining tech-
niques and the quality and quantity of data are the significant characteristics impacting
the predictive precision. Various types of the first model have been employed for
editing groundwater potential area maps, such as Dempster-Shafer theory [24,25],
evidential belief function [26,27], frequency ratio [28,29], logistic regression [30,31],
statistical index [25], certainty factor [32,33], the weight-of-evidence method [34] and
index of entropy [35];

(2) Knowledge-based models, e.g., analytical hierarchy process (AHP), are based on
expert experience [36,37] and are thus affected by the knowledge and subjectivity of
experts, while they are also generally site-specific [38];

(3) Machine learning techniques (MLTs) have provided better accuracy in many situations
due to their ability to handle, in a robust manner, data characterized by a non-linear
format, representing different scales, and deriving from different sources [39,40]. The
MLT includes several models such as aquifer sustainability factor [41], classification
and regression tree [42], random forest [22,43], boosted regression tree [44], maximum
entropy [22], artificial neural network model [45], and generalized additive model [46].

This paper suggests a new method (geometric average model) for mapping ground-
water potential areas in the Tissint basin (Morocco). This method has been tested in the
Akka basin (Morocco) and compared with the excepted value model [17]. The GA model is
a correct statistical averaging model, mainly when calculating a single average of potential
groundwater based on various factors impacting the availability of this resource. It is
used to (1) reduce the uncertainty associated with bias in factor weights, (2) allow for the
problem of using different evidence layer values in the same unit, and (3) provide fuzzy
weights of continuous values in the factor maps that are assigned [47]. The prediction-area
graph (P-A) [48,49] and the normalized density and its weight [50] are used to estimate the
prediction capacity of this model.

The GA model application aims to establish a reliable groundwater potential map
verified by the existing wells in the Tissint basin.

2. Study Area

The Tissent basin, with a surface area of 3595.87 km?, is located in the southeastern
region of Morocco (Figure 1). It extends between X (250,000 to 350,000) and Y (31,000 to
374,000) Lambert Coordinates with a mountainous topography where altitudes vary from
564 to 2149 m. The climate is mainly arid and characterized by low rainfall, 100 mm on
average, which generally faces summer temperatures exceeding 40 °C. More than 90%
of the annual rainfall occurs from September to April. The hydrographic basin network,
constituted by a set of tributaries (Assif N"Tamsoult and Assif Sidi Lahcen to the north
and Assif N'Timguissint to the east), converges downstream at Tissent Foum. On the
hydrogeological level, the Plio-quaternary filling of the beds of the Tissent wadi reaches
several tens of meters, constituting in places alluvial aquifers captured by a set of boreholes
whose maximum flow rates reach 25 L/s.
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Figure 1. Tissent basin location with the Digital Elevation Model (DEM).

Geologically, the basin is part of the Western Anti-Atlas chain. It consists of Proterozoic
formations outcropping in the inliers [51], under a Paleozoic sedimentary cover folded
during the variscan events [52]. This late Neoproterozoic (Adoudounian) and Paleozoic
cover begin with carbonate deposits forming the Adoudounian “lower limestones” and are
overlain by pelites interspersed with carbonate beds of the “lie-de-vin series” attributed
to the Lower Cambrian, followed by carbonate deposits of the “upper limestone” and the
shaly limestone series [51,53-57]. The remaining Paleozoic series outcrops in the southeast
of the basin where Ordovician detrital facies (sandstones) form the Jbel Bani ridge. These
formations are arranged on anticlinal bulges consisting of Precambrian metamorphic and
granitic formations [58,59] (Figure 2).

The Quaternary formations rest directly on Paleozoic substrates and comprise the
principal groundwater aquifer in the Tissint Basin. Groundwater flow is primarily in the
Quaternary formations and places by upward drainage through fractures. The hydrogeo-
logical properties of this alluvial system are highly dependent on the pre-Saharan climate
and local arid conditions that make evaporation very intense in the groundwater discharge
process. At the same time, the aquifer is subject to constraints that depend on the weak
role of precipitation in the development of groundwater. The geological structure of the
study area precludes the existence of a deep groundwater reservoir and instead facilitates
the development of a groundwater resource in the Quaternary alluvial cover.
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Figure 2. Geological map of Tissent basin.

3. Materials and Methods

The methodology used for editing the potential groundwater map is presented in

Figure 3 and summarized in the following steps:

@)

@)
®)
4)
©)
(6)

Collect the locations of wells from the Souss Massa Hydraulic Basin Agency by
random distribution [12]. Divide the data set of 52 wells into two categories; use 50%
(26 wells) for training, and use the rest (26 wells) for validation [60].

Collect a geospatial database that influences groundwater availability from different
sources and generate different map factors.

Assign a score to the classes of each factor according to their relative importance using
the logistic function.

Select effective and ineffective factors by assigning weights using Concentration-Area
(C-A) and Prediction-Area (P-A).

Generate the groundwater potential map by applying the Geometric Average
Model (GAM).

Validate the efficiency and predictive ability of the model using 50% of the well locations.
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Figure 3. The methodology used for editing the potential groundwater map for the Tissent basin.

3.1. Datasetsproduction

Different geospatial data sets (Table 1) were designed to establish a potential ground-
water map based on the literature review. Eight factors impacting groundwater availability
are incorporated into the GA model: lineament, node and drainage densities, river and
lineament distances, permeability, elevation, and slope [11,16,17,61,62]. Although other
authors use more factors, we limit ourselves to only eight with the non-existence of both
climatological stations in the basin and high-resolution geospatial data. The permeability
map was generated from the geological map of 1:1,000,000 scale, collected from the Moroc-
can Energy and Mines Ministry. The DEM (Digital Elevation Model) was downloaded from
USGS (http:/ /earthexplorer.usgs.gov/ (accessed on 23 September 2014)) and was used
to derive the slope, altitude, and river maps. The drainage density and the distance from
rivers maps were produced using the Line Density and Euclidean distance, respectively, in
the spatial analysis extension of ArcGIS. Lineaments were extracted from Landsat 8 OLI
images acquired on 30 December 2021, and the faults were digitized from the geological
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map of 1:1,000,000 scale. Finally, the lineament and the node densities were edited using
the ArcGIS functions.

Table 1. Database of the Tissent basin.

Category Factor Data Type Scale Source
Slope Raster 30m x 30 m DEM (http:/ /earthexplorer.usgs.gov/
Topographical P (accessed on 23 September 2014))
. DEM (http:/ /earthexplorer.usgs.gov/
Altitude Raster 30m > 30m (accessed on 23 September 2014))
Distance from Raster 30 mx 30 m DEM (http://earthexplorer.usgs.gov/
Hydrological rivers (accessed on 23 September 2014))
. . DEM (http:/ /earthexplorer.usgs.gov/
Drainage density Raster 30m>x 30m (accessed on 23 September 2014))
p
. . Geological map of Morocco (Ministry of
Permeability Raster 1:1,000,000 Energy and Mines of Morocco)
Landsat 8 OLI
Lineament density Raster 30mx 30 m (http:/ /earthexplorer.usgs.gov/
(accessed on 30 December 2021))
Geological Landsat 8 OLI
Node density Raster 30 mx 30 m (http:/ /earthexplorer.usgs.gov/
(accessed on 30 December 2021))
Distance from ) Landsat 8 OLI
lineament Raster 30 mx 30 m (http:/ /earthexplorer.usgs.gov/
(accessed on 30 December 2021))
Groundwater Well Vector ) The Souss Massa Hydraulic Basin Agency
Point (Agadir, Morocco)
8

3.2. Methods Used
3.2.1. Generation of Decision Factors with Logistic Transformation

Transformation of the values of the factors into a logistic space provides a set of values
with more discriminatory information and facilitates their interpretation [63,64]. It is due
to using a sigmoid logistic function that allows for obtaining an optimal decision limit for
the classification [49,65]. Yousefi et al. [66] demonstrated that the sigmoid logistic function
could transform individual data from different data sets in the same space. Therefore, it can
assess the potential groundwater area maps. The logistic function converts unlimited values
in the same logistic space range [0-1] [64,65]. A score of 1 is assigned to the “very low” or
“very high” classes depending on whether they contribute to the excellent performance
of the considered indicator. In the opposite case, a score of 0 is assigned to these classes.
Following the same logic, intermediate values go to the middle classes according to a linear
distribution. Yousefi and Carranza [67] applied the non-linear sigmoid logistic function to
transform different data in the same space:

1

Fx= ——
X T es

@)
where Fx and X are, respectively, the value transformed in the logistic space, and as the
raw value of each pixel of the input factor, i and s are, respectively, the inflection point and
the slope of the logistic function. Therefore, these two parameters can be computed using

the following equations [48]:

) 2In99
o max(X) — min(X) @

. max(X) ;—min(X) 3)
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After assigning continuous fuzzy evidence scores using logistic functions, the edited
factor maps are combined to obtain a groundwater potentiality area map (GWPA). Data
from 26 wells are used to evaluate this GWPA map.

3.2.2. Identify the Best-Performing Factor

The prediction capacity of each factor used to delineate GWPA can vary for different
regions. For that reason, assessing the importance of each of them is essential to consider in
the prospecting model [67]. First, the location of known wells is combined on a classified
factor map to determine the credibility of the factors used [66,68,69]. The Prediction-Area
(P-A) graph is then applied to assess and distinguish efficient and inefficient factors. Next,
the occurrence prediction rate curve of wells corresponding to the class of weighted factor
layer and the percentage curve of occupied areas corresponding to the rank of weighted
factor layer is executed. Finally, the intersection points in the P-A graph are extracted and
applied to calculate the normalized density index (N4) and its weights (We) [67,70]. Ng
is calculated as a ratio between the prediction rate and the corresponding occupied area

using the following equation: b
r
= — 4
Oa @)

where Nj is the normalized density, Py and O, are the prediction rate and occupied area
extracted from the P-A intersection point, respectively, and W, are the weight calculated by
considering the In of N [70]. A value of Ng > 1 (We > 0) for a factor map indicates a positive
association that meets the criteria for delineating target areas for further exploration.

Various models, such as Concentration-Perimeter [71], Spectrum-Area [72], Concentration-
Volume [73], Number-Size [74,75], and Concentration-Distance [76], have been successfully
applied to deal with geoscience data and geospatial models [77,78]. In this study, the
Concentration-Area (C-A) fractal model proposed by Cheng et al. [79] was used to deter-
mine the factor values discretized threshold, which subsequently allowed the editing of
discretized weighted evidence maps. The most powerful features of this model are the sim-
ple implementation and the ability to calculate quantitative anomalous thresholds [79-82].
Straight-line segments determine fractal dimensions with a uniform slope in the log-log
plot [83]. The line segment slope breaks and corresponding values could be used as a
cut-off for factor delineation, and classification [49,50,84-86].

Ng

3.2.3. Integration of Transformed Factors

The integration of transformed factors has been done using multi-criteria decision-
making functions [87,88], allowing targeting and determining the groundwater potential
areas. The geometric average (Ga) model combining method was used to produce a
potentiality model in a GIS environment. Due to the complexity of the numbers, it is not
easy for anyone other than a mathematician to understand and calculate them [89]. It
cannot be calculated in the case of a negative or zero value of any variable. G4 model
is defined as the nth root of the products of values where 7 is the count of values. The
geometric average, G of a data set {v1, v, ... , vy} is given by [47]:

1/n
n
Ga(v1,v0,...,0y) = (Hw) = Yv10y... 0, (5)
i=1

3.2.4. Model Validation

Validation of results is considered the most crucial process in modeling, without which
a model is scientifically worthless [90]. The GWPA map was confirmed by correlating the
potentiality classes with the spatial distribution of validation wells not used as a database
in the model development [16].
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4. Results
4.1. Identification of Decision Factors
4.1.1. Drainage Density

Drainage density is directly related to precipitation, topography, and geomorphol-
ogy [91]. It is defined as the ratio of the sum of streams to the total basin area. Determination
of drainage density indicates areas of water recharge to deep aquifers. Thus, areas of high
drainage density have high runoff and low infiltration rates and vice versa [62]. The
drainage density map is divided into four classes: very high, high, moderate, and low
representing, respectively, 15.58%, 17.02%, 22.36%, and 45.04% of the basin area. The areas
of high drainage density are located in the downstream and western parts of the basin
while the areas of low density occupy the rest (Figure 4a).

Figure 4. Maps of transformed values: (a) drainage density map; (b) lineament density map; (c) slope
map; (d) node density map; (e) permeability map; (f) altitude map; (g) distance from rivers map;
(h) distance from lineament map.

4.1.2. Lineament Density

Hydrogeological lineaments are the most structural in groundwater recharge, allow-
ing rainwater infiltration and storage [91]. They represent fractures, joints, and faults that
appear as linear lines on the earth’s surface in satellite images [92]. Hard-rock formations
with low primary porosity characterize arid and semi-arid regions, and therefore, ground-
water is generally found in faults and weathering areas concentrated along these faults [93].
Conversely, areas with a high lineament density indicate a higher infiltration rate and,
therefore, a higher groundwater potential [94].
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This study uses the Analysis of Principal Components (ACP) to identify and map the
lineaments. Subsequently, Haris et al. [95] proposed the Sobel directional filtering technique
for the four directions E-W, N-S, NW-SE, and NE-SW to extract lineaments. Non-structural
lineaments, such as roads, electricity networks, and canals, are eliminated to improve the
results [96-99]. The final map has been elaborated, combining lineaments from satellite
images and digitalized faults from geological maps of Morocco (1:1,000,000) in the study
area. Lineaments density map is divided into five categories: very high, high, moderate,
low, and very low, representing 3.12%, 4.52%, 7.11%, 17.80%, and 67.45% of the total areas.
Due to their direct relationship with the groundwater, a very high density of lineaments is
found in the northeastern, southwestern, and western parts of the basin. On the other hand,
the very low and low densities are located downstream and north of the basin (Figure 4b).

4.1.3. Slope

The slope is a factor that influences rainfall retention and infiltration [100]. It represents
an inverse relationship to infiltration and a proportional relationship to runoff [101]. The
slope of the basin varies from 0 to 75%. Five classes were identified in the entire basin: very
low (42.32%), low (26.90%), moderate (19.38%), high (8.69%), and very high (2.71%). High
and very high classes represent only 11.40% of the total area while 69.22% is dominated by
a low and very low slope (Figure 4c).

4.1.4. Node Density

The nodes represent the intersection point of two or many lineaments [16]. Their sites
are favorable for groundwater accumulation, and they are critically used in prospecting
groundwater potential areas. In a SIG environment, the node map was designed from
hydrogeological lineaments. A more significant part of the basin is characterized by a low
node density, covering 91.62%; these areas are unfavorable for the presence of groundwater.
Therefore, the lowest weight was assigned to this class. Based on Figure 4d, regions with a
high node density, covering 2.90% of the area, are found in the north of the El Ayn region
and the southwest of Akka Ighane village. They are identified as areas likely to develop
a very high groundwater potential. As those localities are also located in high lineament
density areas, the two factors are the place of interest for the development of groundwater.

4.1.5. Permeability

Acharya and Nag [102] integrate the lithological factor for its direct or indirect influ-
ence on water infiltration. Surface water runoff is high in hard-rock formations and very
low in loose and porous formations, where infiltration is controlled by the grain size and the
rock porosity [93]. The Tissent basin mainly consists of a Paleozoic formation made up of
limestone and shales with a moderate permeability within a range of [0.17-0.70], occupying
61.05% of the basin. They are followed by the quaternary formation of high permeability
comprising mainly alluvial deposits within a range of [0.70-0.99] whose lithology is more
favorable to surface water infiltration and that represents 22.76% of the area. Finally, the
northeast part of the basin, which is characterized by shales and Precambrian gneissic and
granite complexes, presents low permeability within a range of [0.009-0.17], occupying
16.19% of the total basin (Figure 4e).

4.1.6. Altitude

Altitude is a factor that controls groundwater availability. Low altitudes induce surface
water retention, leading to infiltration and recharge, and generate low runoff rates, whereas
high runoff rates and low infiltration are associated with high altitudes [103,104]. Five classes
are defined based on altitude variation: 564-863 (29.26%), 863-1125 (20.48%), 1125-1384
(19.83%), 1384-1693 (15.67%), and 1693-2149 (14.76%). The lowest ones are found on the
basin’s downstream part and are constituted by alluvial formations. The higher (30.43%)
occupy the northern part of the basin (Figure 4f).
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4.1.7. Distance from Lineament

The fractured formations are likely to be weathered and present a high infiltration
rate. The lineaments behave as canals for groundwater flow and are, therefore, important
for infiltration [105]; the presence of water resources decreases with the distance from
lineaments. Therefore, the best opportunity to target new groundwater exploitation areas
is close to lineaments positions [106]. Areas near the lineaments show an excellent rela-
tionship with water availability. Therefore, the most significant weight, using the Logistic
Function, was assigned to the regions with a distance to lineament <500 m following the
Naghibi et al. [101] study (Figure 4g).

4.1.8. Distance from Rivers

The distance from rivers plays a vital role in groundwater movement, water recharge,
and hydrogeological systems [22]. Groundwater flows from the river to the groundwater
zone increasing groundwater potential [107]. Thus, increasing the distance from the river
leads to a decrease in groundwater recharge. According to the logistic transformation,
the highest weight has been assigned to a distance of fewer than 220 m in this study area
map [101](Figure 4h).

4.2. Selecting Factors Influencing GWPA

The GWPA map is edited by integrating eight factors: permeability, slope, altitude,
distances from lineaments and rivers, density of lineaments, drainage, and nodes. These
factors were evaluated by both the normalized density (N4) and its weight (W,). The C-A
fractal model (Figure 5a-h) was applied to determine thresholds for discretizing factor
values to obtain classified maps (Figure 6a-h). Based on these maps, the P-A graphs were
edited (Figure 7a-h).

Figure 5. Concentration-area (C-A) log-log plots for the transformed values: (a) drainage den-
sity map; (b) lineament density map; (c) slope map; (d) node density map; (e) permeability map;

(f) altitude map; (g) distance from rivers map; (h) distance from lineament map.
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Figure 6. Classified map for the transformed values: (a) drainage density map; (b) lineament density
mabp; (c) slope map; (d) node density map; (e) permeability map; (f) altitude map; (g) distance from
rivers map; (h) distance from lineament map.

According to their importance based on P-A graph analysis (Table 2), we can show
that (1) permeability and altitude with weights of 0.36 are the most important; (2) slope
with a weight of 0.28 is the second criteria; (3) the distance from lineament and the distance
from rivers with respectively 0.24 and 0.16, are the third criteria; followed by (4) lineament
density and node density with 0.08 and 0.04. Finally, the drainage density was eliminated
since it represents the value of Ny < 1 and We < 0.

Table 2. The extracted parameters from the intersection point of P-A plots.

Evidential Map Prediction Rate = Occupied Area Normalized Weight
(Pr) (%) (Oa) (%) Density (Ng) (We)
Permeability 59 41 1.44 0.36
Altitude 59 41 1.44 0.36
Slope 57 43 1.33 0.28
Distance from lineament 56 44 1.27 0.24
Distance from rivers 54 46 1.17 0.16
Lineament density 52 48 1.08 0.08
Node density 51 49 1.04 0.04

Drainage density 45 55 0.82 —0.20
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Figure 7. Prediction-area (P-A) plot for the classified map: (a) drainage density map; (b) lineament
density map; (c) slope map; (d) node density map; (e) permeability map; (f) altitude map; (g) distance
from rivers map; (h) distance from lineament map.

4.3. Elaboration of Geometric Average Model

The Geometric Average is a method that can be applied as a multi-criteria decision-
making approach to combine different factors [87]. It is applied only to transform values
into a positive range using a logistic function before the integration [47]. However, we found
that the geometric average yield has a better factor discriminating power [87]. According
to Equation (6), the Geometric Average (Ga gwpa) can be computed as:

1/7

= {/FLpFspFNpFpFaTFDERFDEL (6)
where G4 gwra is the geometric average of groundwater potentiality, FLp, Fsp, Fnp, Fp, FaT,
Fprr, and Fppy, are fuzzy scores of the lineament density, slope, node density, permeability,
altitude, distance from rivers, and distance from lineament, computed using the logistic
function. After the computation of Ga gwpa values of the Tissent basin, a geometric average
potentiality model was generated (Figure 8a).

4.4. Evaluation of Geometric Average Model

After elaborating on the potentiality map, the location of 26 known training well
was used as test points in the P-A curve plot to assess the results [47]. For that, the C-A
model (Figure 8b) was used to determine the threshold values for the classification of the
geometric average values [20,67] (Figure 8a). Based on Figure 8b, the geometric average
model was classified (Figure 8c), then the P-A plot (Figure 8d) was created as a model.
The results show that Ny= 1.70 (>1) and W, = 0.53 (>0). The geometric average model
(Figure 8a) shows that 37% of the Tissent basin is a high-potential area, in which 63% of
known training well are delineated, which illustrates the effectiveness of this model.
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Figure 8. (a) Groundwater potentiality map of Tissent basin using the geometric average model;
(b) Concentration-area (C-A) log-log plots of Ga gwpa; (¢) Classified map of Ga gwpa; (d) Prediction—
area (P-A) plot for the classed map of G gwpa -

4.5. Validation of the Geometric Average Model

The GWPA map was validated by superimposing it on the 26 existing wells to confirm
the result of the Ga gwpa model (Figure 8c, Table 3). The respective numbers of wells
corresponding to very high, high, moderate, low, and very low groundwater potential areas
are 1, 6,5,5, and 9. This result suggests a positive correlation between the wells location
and the G gwpa model, especially in Akka Ighane, El Ayn, and Imi-n-Talat regions.

Table 3. The distribution of wells and percentage of areas in potential groundwater zones generated

by the G gwpa model.

Geometric Average Model (G gwra)

Class

Area (km?) Area % Number of Wells Wells %
Very high 172.76 4.82 1 3.85
High 395.07 10.99 6 23.08
Moderate 767.77 21.36 5 19.23
Low 521.12 14.49 5 19.23
Very low 1737.56 48.34 9 34.61

5. Discussion

The Ga gwpa map edit was classified into five categories (Figure 8c): very high, high,
moderate, low, and very low. Its analysis shows that the areas of high and very high
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potentiality are related to the formation permeability factor, especially in the regions of
El Ayn in the north, Akka Ighane in the southeast, Tilaffou in the west, and downstream
of the basin. Arnous et al. [93] showed a strong relationship between high permeability
formations and areas with high groundwater potentiality since it facilitates rain and wadi
water infiltration. Deleting this factor at the mapping model level reduces the high and
moderate potential regions alarmingly [104].

This permeability factor depends on lithological formations and becomes influential
when lineaments fracture them. It is known that faults behave as conduits or barriers for
groundwater flow depending on their kinematics and fault rock lithology [108,109]. In
general, the interconnection of multiple fractures allows for water infiltration over large
areas [110-112]. This fracture-permeability appears dominant in the basin’s central and
northwestern parts. The potentiality of such zones depends on the distances separating
them from the recharge zones materialized in our case by the surface drainage network
and its alluvial fill [16,113]. This recharge depends on the surface water circulation velocity
depending on elevation and slope variations [6]. In the upstream part of the basin, the
Ga gwra map shows low groundwater reserves due to steep slopes preventing water’s
gradual infiltration into deep reservoirs. On the other hand, porous alluvial formations char-
acterize the downstream part of the basin with low gradients and longer water-formation
contact time. The interconnection of these several factors led to the recharge of deep
reservoirs and, thus, high groundwater potentiality. According to Ajay Kumar et al. [114],
excluding the influence of slope in the mapping models has led to a significant increase in
areas of low groundwater potentiality. Apart from these high potential areas, the rest of the
basin is characterized by low geological formations permeability, high elevations inducing
steep slopes, and low density of lineaments. These negatively impact water availability in
these areas.

The effectiveness of Ga gwpa in delineating potential groundwater areas shows an Ng
greater than 1 and W, greater than 0. However, all the factors used present prediction rates
(Py) less (45 < Py < 59) than the geometric average model (P, = 63) (Figure 8d). Therefore,
the target areas developed by these methods present positive associations with the existing
wells. The validation results showed that approximately 46.16% of the well corresponds to
areas of moderate to very high groundwater potentiality.

The G4 gwpa map, although validated by existing wells, may have limitations due to
the resolution of the data used in a study area. The application of satellite images and a high-
resolution digital elevation model (DEM) allows better extraction of the factors influencing
Ga gwra [16,61,115,116]. Consequently, the high resolution of these data improves the final
Ga gwpa map. The lack of a climatological station limits the integration of the precipitation
factor. Therefore, it is important to equip the basin with a set of stations to fill this data gap.

6. Conclusions

Developing a reliable groundwater potential map requires advanced geology, hydro-
geology, and satellite science. In addition, several factors interact to promote the recharge
of deeper aquifers. Integrating these different factors into the Geometric Average model
allowed the mapping of potential groundwater areas (GWPA) in the Tissint basin. Seven
factors were considered in this model that allowed the development of the GA gwpa map,
which was classified into five classes: very high, high, moderate, low, and very low, cover-
ing 4.82%, 10.99%, 21.36%, 14.49%, and 48.34% of the basin area. The P-A graph validated
the G gwra-

The formation permeability factor presents the most significant impact among the
others, although it is directly related to most of them. The areas located in the central
and downstream part of the basin are characterized by a high water potentiality due to
increased geological formations permeability near the drainage system, which constitutes a
recharge zone, and a low slope allowing a prolonged water-formation contact time favoring
a gradual infiltration of the water towards the deep aquifers.
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The evaluation of the model results shows values of Ny = 1.70 and W, = 0.53, confirming
the model’s validity. The model results were compared with the 26 existing wells; 46.16% of
them corresponded to areas of moderate to very high potential regions. These results confirm
the suitability of the Geometric Average model for mapping potential groundwater zones. It
can easily be applied in other similar areas to optimize future well locations.
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