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Identification of Groundwater Potential Zones (GWPZ)
Using Geospatial Techniques and AHP Method:
a Case Study of the Boudinar Basin, Rif Belt (Morocco)

Abstract: The present study aims to delineate the groundwater potential zones (GWPZ)
in the Boudinar Basin using geospatial techniques and through an analytical
hierarchal process (AHP) method. For multi criteria decision analysis, fifteen
thematic layers were integrated into a geographic information system (GIS)
environment. In this analysis, each thematic layer is calculated for normalized
weights. Furthermore, the consistency index and consistency ratio were cal-
culated to ensure that the result was significant and reliable. The GWPZ map
has been categorized into three classes: poor (50.82%), moderate (49.06%),
and good (<1.00%). To compare the result, we used four other scenarios of
the GWPZ. Two of them are the most similar to our result. Finally, predictive
groundwater production and management strategies that ensure long-term
sustainability are highly needed.
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1. Introduction

Groundwater, a vital capital, is used by about 2.5 billion human beings for
drinking, irrigation and many other activities [1]. Globally, the irrational use of
groundwater has depleted it [2]. Furthermore, population growth and climate
change can lead to groundwater scarcity [3]. Therefore, the sustainable management
of groundwater is needed to avoid a global water crisis, especially in developing
countries.

In Africa, where rapid population growth is occuring, water resources are
among the lowest in the world and are expected to fall over 50% by 2050, accord-
ing to the food and agriculture organization of the United Nations (FAO). Despite
many studies having identified the potential groundwater in African countries: Ethi-
opia [4], Mali [5], Egypt [6], Morocco [7, 8], Nigeria [9], the mapping and estimation
of groundwater recharge are still required to avoid water scarcity.

In Morocco, climate change has increased the risk of water scarcity [10]. Fur-
thermore, the increased demand for water for drinking and agriculture purposes
has also increased, especially in southern Morocco, where 65% of irrigation water for
irrigation supplies comes from groundwater [11]. In northern Morocco, the tourism
activities in coastal regions in summer increase the water consumption. In addi-
tion, the pollution from households, industry and agriculture has all aggravated the
groundwater situation in Morocco [10, 12].

In the Rif Belt, soil erosion is a major factor leading to the siltation of dams and
reducing their storage capacity [13]. Moreover, the scarcity of precipitation in recent
decades has led to an overuse of groundwater resources for irrigation. Using remote
sensing (RS) and geographic information systems (GIS), a number of researchers
have identified and estimated groundwater potential zones (GWPZ) in the Rif: Ghis
Basin [14], Nekor Basin [15], and the Bokoya Massif [16] to mitigate the lack of po-
table water in the Rif region. The Boudinar Basin was chosen for this study because
the groundwater in this area constitutes the only source of water for both drinking
and irrigation. Furthermore, the mentioned area remains unexplored in terms of
hydrogeological research.

Traditional groundwater exploration techniques, such as drilling, geological,
borehole data, geophysical methods, and field surveys, are costly, require exten-
sive labor, and are time-consuming [17-19]. Alternatively, modern technologies
such as geographic information systems, remote sensing, AHP, and multi-criteria
decision-making analysis approaches (MCDA) have become essential techniques,
as they are less expensive, more responsive, and more convenient. They have been
widely used for GWPZ [17-20]. The Analytical Hierarchy Process (AHP) technique
is an excellent approach for calculating output consistency, decreasing bias, and
applying it in different environments [6]. It is beneficial to find each criterion and
their respective features by pairwise comparisons [18]. Furthermore, the multicrite-
ria decision analysis (MCDA) technique is employed in complex decision-making
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problems, including GWPZ [18]. The groundwater prospection zones are based
mainly on the integrations of multiple criteria such as stream networks, topography,
lithology, slope steepness, and the frequency of lineaments [6].

The present study aims to delineate the GWPZ in the Boudinar Basin using ge-
ospatial techniques and the analytical hierarchy process (AHP) method as new ap-
proaches used in this study since, to the best of our knowledge, they have never been
investigated in the study area, which means the absence of results comparison. This
methodology was chosen because of the high percentage of conformity obtained
during the validation of GWPZs studies, its efficiency and low cost in the deline-
ation of GWPZs (Tab. 1) [21]. This objective was achieved by preparing and com-
bining layers of 15 parameters that control groundwater recharge: altitude, slope,
lithology, lineament density, drainage density, plan curvature, profile curvature,
soil, topographic witness index (TWI), rainfall, distance from river, distance from
fault, land use land cover (LULC), roughness and normalized difference vegetation
index (NDVI). Given that the Boudinar Basin is an agriculturally oriented rural area,
GWPZ mapping is crucial for its long-term economic growth.

Table 1. Percentages of conformity obtained during the validation of GWPZs studies

Authors Year Country Study area Conformity [%]
[10] 2022 Morocco Tata Basin 80
[22] 2022 Cameroun Yoyo Basin 79-87
[23] 2022 South Africa Kwazulu-Natal 72
[14] 2021 Morocco Ghis Basin 70
[24] 2021 Turkey Central Antalya 56
[25] 2021 Ethiopia Abay Basin 82
[26] 2021 Sri Lanka Kilinochchi 81
[27] 2021 India Kashmir Valley 79
[28] 2020 Iraq Ali Al-Gharbi 76
[29] 2019 India Chittar Basin 71

2. Study Area

The Boudinar Basin is located in the north-eastern part of Morocco (Fig. 1), its
territory belongs to the Driouch province, and it covers the following municipalities:
Trougout, Boudinar, Beni Marghnin, Talilit, Temsaman, Ijarmaouas and Iferni. The
GIS-based delimitation of the Boudinar Basin has a total area of 350 km?* The basin
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stretches from latitude 35.22 to 34.99 north to longitude 3.52 to 3.77 west. The Oued
Amakran is the mainstream of the basin, its length was estimated to be 40 km and
it flows into the Mediterranean Sea. The altitude of the study area ranges from 49
to 1,612 m, and its slope extends from 0 to 63°.
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Fig. 1. The Geographical and administrative location of the Boudinar Basin

Geologically, the Boudinar Basin is located on the internal border of the Riffian
chain [30]. It belongs to the post-nappe Neogene basins formed after the main oro-
genic movements of the Rif [31]. It includes distinct geological domains that range
from the Jurassic to the Quaternary (Fig. 2). Based on the geological map of Boudi-
nar, the basin is bordered to the west by andesitic terminal breccia of Neogene vol-
canics of the Ras-Tarf massif, and the Albo-Aptian sericite schist of the Ketama unit,
to the east by the Taliouine pleated zone and the Sidi Messaoud unit, to the south by
the Tafersit-Iferni zone. The sedimentary record of the Boudinar Basin is tradition-
ally subdivided into three main series [31]: the Upper Tortonian sedimentary series,
the Messinian series and the lower Pliocene series [30].
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Fig. 2. The geological map of the Boudinar Basin

The annual precipitation (12 years) in the Boudinar Basin ranges between 394
and 441 mm, decreasing gradually to the northeast. Recently, rainfall (Fig. 3a) has
decreased, and the temperature (Fig. 3b) has increased, resulting in water scarcity in
the basin. Consequently, groundwater has become the sole source of drinking water
for the population and animals.
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Fig. 3. Histogram of annual precipitation (a) and temperature (b)
of the Boudinar Basin (2010-2021)
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According to the Moroccan High Commission for Planning (HCP), the Boudi-
nar Basin total’s populations in 2014 was 60,577: Boudinar 9,863, Beni Margh-
nine 6,223, Trougout 11,458, Temsamane 13,920, Talilit 5,208, Iferni 6,365, ljermao-
uas 7,540 (Fig. 4). Additionally, the population increases during the summer.
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Fig. 4. Histogram of a population number per commune of the Boudinar Basin
Source: acc. to the HCP data (2014)

3. Materials and Methods

3.1. Data collection

The GWPZ map was very complex due to the shortage in data sets and alot of calcu-
lation using 15 parameters. For the current study, the GWPZ map was generated using
the data listed in Table 2. The NDVIand LULC maps were created using Landsat 9 OLI
(30 x 30-meter pixels) satellite image (LC9_L2SP_200036_2022711_20220713_02_T1_SR)
downloaded from the United States Geological Survey (USGS). The rainfall map was
created using the inverse distance weighted (IDW) method based on data from the
period 2010-2021 provided by NASA Langley Research Center (LaRC) POWER Pro-
ject. The soil map was created using the soil classification map 1:50,000 (1994) of the
provincial directorate of agriculture of Nador. The faults and the lithology maps were
digitalized using the geological map of Boudinar 1:50,000 provided by the geological
survey of Morocco. The topographic thematiclayers (slope, TWI, elevation, roughness,
curvature, drainage density) were extracted from the digital elevation model (DEM)
(12.5 x 12.5-meter pixels), downloadable from the Earth Data (NASA) website. The
15 thematic maps were all reclassed using the weighted overlay analysis and the AHP
technique. The methodology adopted in the current study is shown in Figure 5.
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Table 2. Data sources

Data Source Thematic layer
Landsat 9 OLI USGS Earth Explorer NDVI - LULC
Annual rainfall POWER Project (NASA LaRC) Rainfall
Soil data Provincial directorate of Soil

agriculture of Nador

Lithology — Distance from fault —

Geological map Geological survey of Morocco Lineament density

Altitude — Slope — TWI — Distance from
POLSAR (DEM) Earth Data (NASA) river — Roughness — Plan curvature —
Profile curvature — Drainage density
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Fig. 5. Flow chart of the present study

F




90 M. Taher et al.

3.2. Analytical Hierarchy Process (AHP) Technique

The AHP is a tool of information communication and signification [32]. This
method has proven its efficiency in decision-making [33]. The AHP is used widely
by many searchers worldwide [14, 32-37].

Table 3. The fundamental scale

Intensity 1 3 5 7 9
S equal moderate stro ery stro extreme
Definition S . ) ng very strong _extr
importance importance importance importance importance

2, 4, 6, 8 — intermediate values between the two adjacent judgments.

Source: [32]

Table 4. The random index (RI) value

N 1 2 3 4 5 6 7 8 9

RI 0.00 0.00 0.58 0.89 1.12 1.25 1.32 1.40 1.45

Source: [32]

The steps of the AHP technique are shown in Tables 3-6. The initial phase is the
selection of essential criteria, which are compared using Saaty’s scale (Tab. 3) [9].
The second step is computing the normalized weights (NW) (Tabs. 5, 6). The con-
sistency ratio (CR) is calculated using the random index scale as the final step in
the AHP [32] (Tab. 4):

e
RCI’

CR - 0.1347

=0.0962 < 0.1,

where:
CRI - random consistency index,
CI - consistency index,

A — _
= w1 _ 16886515

=0.13475,
n-1 15-1

where:
A,...— the principal eigenvalue (A =16.8865),

max

n — the number of factors.
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Table 6. Normalized Layer Weight (NW) of subclasses

Influencing
factors

Class interval

Reclass

Overlay

Rank

NW NW%

Altitude (Alt)

49 -309
309 - 539
539 - 796
796 — 1094

1094 - 1612

O W N =

=N W O

0.0456 4

Distance from
fault (DFF)

0.000 -0.011
0.011 -0.020
0.020 - 0.030
0.030-0.040
0.040 - 0.052

Tk W N -

=N W O

0.0882 8

Distance from
river (DFR)

0.0-218
218 —437
437 — 656
656 — 874
874 — 1093

Tk W N -

=N W O

0.0882 8

Drainage density
(DD)

0.00 - 0.58
0.58-1.17
1.17-1.76
1.76 -2.34
2.34-293

Tk W N =

=N Wk Ol

0.0609 6

Lineament
density (LD)

0.00 - 40.78
40.78 - 81.56
81.56 — 122.34

122.34 -163.12
163.12 - 203.90

O W N =

U= W N =

0.0761 7

Lithology (Lith)

Alluvium and silt
Conglomerate
Dolerites
Limestone
Marl
Sand
Sericite gray shale

WU s W= =0

0.1220 12

LULC

Vegetation
Bare ground

—_ W

0.1067 11

NDVI

-0.06 - 0.0940
0.0941 - 0.1270
0.1271 - 0.1660
0.1661 - 0.2210
0.2211 - 0.4557

Tk W N -

U= W N =

0.0915 10
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Table 6. cont.

Plan curvature
(2©)

-11.00 - -1.04
-1.03 --0.40
-0.40-0.23

0.23-0.88
0.88 - 6.94

T W N =

U= W N =

0.0151

Profile curvature
(PrC)

-6.96 —-1.01

-1.00 --0.39

-0.39-0.21
0.21-0.90
0.90 -10.75

Tk W N =

U= W N =

0.0151

Rainfall (Rai)

394.42 - 403.79
403.79 - 413.16
413.16 — 422.53
422.53 -431.90
431.90 — 441.27

Tk LW N -

Ul W N =

0.0915

10

Roughness
(Roug)

0.11-0.32
0.32-0.45
0.45-0.53
0.53 - 0.67
0.67 - 0.89

O W N =

=N W O

0.0151

Slope (Slp)

0.00-7.97

7.97 - 14.45
14.45-20.68
20.86 —28.16
28.16 - 63.56

Tk W N =

=N W O

0.0456

Soil

1

1T
1
\%
V+

Ul = W N =

0.0761

TWI

2.12-4.87
4.87-6.42
6.42 - 8.57
8.57 -12.35
12.35-24.05

O W N =

U= W N =

0.0609

3.3. Factors Influencing Groundwater

To accurately delineate the GWPZ, choosing the appropriate technique and
factors to include is a critical stage. Hence, based on the literature review of stud-
ies dealing with GWPZ delineation (Tab. 7), fifteen groundwater influential factors
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were chosen: lithology, slope, TWI, plan curvature, profile curvature, NDVI, LULC,
lineament density, drainage density, altitude, distance from fault, distance from riv-
er, soil, roughness, and rainfall (Fig. 6 on the interleaf). The combination of thematic
layers of these factors led to the identification of the GWPZ. It is worth indicating
that the consistency ratio (CR) should be less than 0.1 to consider the weights affect-
ed logically by the factors.

Table 7. A summary of factors employed to delineate GWPZ
based on the literature review

Parameter The authors used the same parameter
Elevation (altitude) [35], [38], [39]
Soil [39], [40], [41]
Distance from fault [3]
Distance from river [3]
Drainage density [91, [33], [41]
Lineament density [23], [27], [40]
Lithology [33], [35], [39]
LULC (23], [26], [33]
NDVI (3], [14], [33]
Profile curvature [3], [10]
Plan curvature [3], [10]
Rainfall [71, [14], [39]
Roughness [14]
Slope [14], [35], [38]
TWI [3], [10], [35]
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3.4. Groundwater Potential Parameters

Rainfall, elevation (altitude) and slope

Rainfall distribution is an essential parameter in identifying GWPZ [27]. Due to
the challenges in acquiring reliable local rainfall data, we used the rainfall data of
NASA as mentioned above in the materials and method section. Based on the annual
rainfall map (2010-2021) in Figure 6k, the Boudinar Basin rainfall ranges between
394 and 441 mm and decreases from the south (high elevation) to the north (low
elevation). The higher rainfall areas were more favorable for groundwater (high
weights) recharge than lower rainfall areas (low weights) (Tab. 6).

Elevation (altitude) is a key feature in determining the infiltration rate of the
rainfall [38, 39]. The lower elevation (higher weights) areas were more favorable for
groundwater recharge predictions than higher elevations (lower weights) [35] (Tab. 6).
According to the elevation map (Fig. 6a), the altitude varies from 49 to 1612 m.

The slope of an area is an essential parameter in identifying GWPZ[10, 23, 26], it de-
termines the rate of infiltration and runoff of surface water [10, 38]. High-degree slopes
increase the runoff and decrease the infiltration (lower weights), whereas the low-degree
slope and flat surface facilitate groundwater recharge (higher weights) (Tab. 6) [26].
The slope gradients in the Boudinar Basin (Fig. 6n) range between 0 and 63°. The low
gradient slope is concentrated in the middle east and northeast of the basin. The
high gradient slope is noticed in the south, southwest, and southeast of the basin.

Soil, lithology, NDVI and LULC

Soils texture plays a crucial role in water transport (vertical and horizontal) [40].
According to the soil map classification, the soil map of the study area (Fig. 6b) re-
vealed five soil texture classes, ranging from the fine texture (low weights) to coarse
texture (high weights) (Tab. 6).

Lithology is highly recommended for GWPZ to assess groundwater porosity
and movement [33]. The lithological map (Fig. 6g) of the study area contained three
principal types: alluvium, silt, and sand (very higher weights) in the middle and in
the northeast of the district, sericite gray shale (medium weights) in the south, south-
east and southwest, finally, marl in the north and northwest (high weights) (Tab. 6).

Both NDVIand LULC were equally importantin GWPZ delineation, as they pro-
vide essential information on infiltration [26]. The NDVI (Fig. 6i) and LULC (Fig. 6h)
maps show that higher rates of vegetation are in the middle west and the south of
the study area. The NDVI value range between -0.06 and 0.45, negative values in-
dicate no vegetation cover and vice versa [33]. For the potential groundwater areas,
higher NDVI values were given higher weights, and vice versa [42] (Tab. 6).

Distance from fault and distance from river

The distance from faults map (Fig. 6¢) was generated using the faults map, digi-
tized from the geological map of Boudinar at a 1:50,000 scale. The distance from faults
map was used to infer groundwater storage because groundwater flow direction is
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controlled by fault systems [3]. Furthermore, rivers are one of the sources of ground-
water, and thus they influence groundwater potential in a watershed [3]. The dis-
tance from river map (Fig. 6d) was generated from the stream map. The Euclidean
distance tool was used to create distance categories. The two distance maps were
reclassified into five classes, the high value was assigned a lower weight, and vice
versa (Tab. 6). Generally, these two factors are rarely used by researchers.

Drainage density and lineament density

Drainage density is a key indicator of surface infiltration rate and surface run-
off [33, 40]. The drainage density map (Fig. 6e) was categorized into five classes, its
value ranges between 0 and 2.93 km/km?. The high values indicate low groundwater
availability and were assigned a low weight and vice versa.

Lineaments such as faulting and fracturing in the subsurface are responsible
for groundwater occurrence [15, 31]. Therefore, this factor is considered one of the
most significant characteristics for observing GWPZ [42]. The lineaments density
map values (Fig. 6f) of the Boudinar Basin range from 0 to 203 km/km? The values
were reclassified into five categories. The high weightage was assigned to a higher
value of lineament density, and vice versa (Tab. 6).

Profile curvature and plan curvature

Flow distribution on the surface depends on topography, which is represented by
profile and plan curvature [3]. The profile curvature, which is parallel to the direction
of the maximum slope, affects the acceleration of water flows at the basin [10]. The
profile curvature map (Fig. 6j) of the study area was classified into five classes. Its val-
ues range between —6.69 to 10.75. A negative-positive value indicates that the surface
is convex and concave consecutively upward on this cell, while a zero indicates linear
surface. Plan curvature mainly affects flow convergence and divergence [3]. Its relat-
ed map (Fig. 61) was also categorized into five classes. Its values range between —11
and 6.94, positive and negative values indicate that the surface is convex and concave
consecutively laterally to this cell, while a zero value indicates a linear surface [43]. For
the two maps, a high weightage was assigned a higher value, and vice versa (Tab. 6).

Roughness and TWI

Surface roughness is a critical parameter for GWPZ. It was used in different
ways to indicate the variation of surface property [44]. The roughness map (Fig. 6m)
was categorized into five classes and its values range between 0.11 to 0.89. High
weights were allocated to low values of roughness, and vice versa [15].

The topographic wetness index (TWI) is used to quantify the effect of topo-
graphic and hydrological processes [10, 33] and is therefore an important param-
eter to identify the GWPZ. The TWI is calculated using the following equation:
TWI =In (As/tanf3), where As is flow accumulation, and f is slope gradient [43]. The
TWI values (Fig. 60) in the study area range from 2.12 to 24.05. It was classified into
five classes. The high value was given a high weight and vice versa (Tab. 6).
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4. Results

The delineation of the GWPZ in the Boudinar Basin was achieved using the
AHP method and geospatial (RS and GIS) techniques. All the following 15 parame-
ters were integrated: altitude, slope, lithology, lineament density, drainage density,
etc. All these thematic layers were converted to a raster format in a GIS environment.
Furthermore, the rank value (Tab. 6) was assigned to each parameter regarding their
importance in groundwater occurrence.

The standard AHP procedures were followed to derive the weights of the the-
matic layers and to calculate the consistency ratio (CR), which in the present study
equals to 9% CR < 10%, reflecting a good level of consistency in the pair-wise com-
parison phase.

The obtained groundwater potential map (Fig. 7) depicts three zone classes:

1) high (<1%),

2) moderate (50.82%),

3) poor (49.06%).
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Fig. 7. The groundwater potential zone of the Boudinar Basin

The result shows that high and moderate GWPZs occur the middle east of the
study area, where the area is covered with alluvial and sand deposits, areas with
low slope gradient, and high TWI. Furthermore, poor GWPZs were identified in the
southern and southwestern parts of the Boudinar Basin. It is covered by sericite gray
shale, a high slope gradient, a high elevation, and a low TWL
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5. Discussion

The validation of results is an essential step in any predictive modeling in order
to have scientific significance [25, 26, 45]. For the validation of GWPZ, various meth-
ods have been widely used, such as receiver performance analysis (ROC), and curve
area (AUC) [9, 18, 23, 37]. Therefore, many researchers conducted a field survey to
determine the wells” water table depth or their yield to validate their result [28, 42].
According to our survey, the water depth of 15 wells ranged from a low of 9 m to
a high of 103 m (Fig. 8). Unfortunately, due to the precipitation scarcity in recent
years and the concomitant overuse of groundwater in the Boudinar Basin, the water
depth of wells in the study area increased and made it impossible to apply the level
classification of the previous studies for calculating the AUC [18, 26, 40].

In this context, to compare the result obtained in the GWPZ map (Fig. 7), we
adopted four other different scenarios used in the selected literature review to delin-
eate the GWPZ in the Boudinar Basin (Tab. 8).

The result of the GWPZ map of the four scenarios are (Fig. 9):

scenario 1: poor 42%, moderate 57%, good <1%,

— scenario 2: poor 47%, moderate 52%, good <1%,

— scenario 3: poor 26%, moderate 53%, good 20%,

— scenario 4: poor 17%, moderate 80%, good 2%.

Therefore, the first and the second scenarios are the most similar result obtained
using the 15 parameters. However, it must be noted that the uncertainties regarding
LULC and climate data may have impacted the GWPZ maps.
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Scenario Parameters Weight [%] Authors

Lithology 19
Lineament density 19
Slope 14
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Drainage density 14
Rainfall 10
Lithology 15
Lineament density 30
Slope 20

2 L 10 1471
Drainage density 10
Soil 15
Lithology 38
Slope 19
Lineament density 13

3 Soil 10 [38]
Elevation (altitude) 8
Drainage density 6
LULC 6
Lithology 30
Lineament density 30

4 Drainage density 15 [7]
Slope 10
Rainfall 15
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6. Conclusion

The GWPZs of the Boudinar Basin, a rural coastal region, were delineated for
the first time using remote sensing and GIS techniques. Furthermore, the analytical
hierarchy process method was used for GWPZ delineation due to its efficiency. Ac-
cordingly, 15 selected parameters were prepared and assigned weights according
to their influence on groundwater occurrence. The GWPZ map of the study area
indicates that the majority of the district is covered by a mo preliminary reference
for selecting suitable sites for drilling new boreholes to cope with water scarcity in
the future and to encourage socio-economic activities that are related to water, such
as agriculture and tourism. The Boudinar Basin requires further hydrogeological
studies, either modeling studies (GWPZ, marine intrusion) or fieldwork studies (hy-
drogeochemical and isotopic). Finally, this approach can be used in any similar area
in Morocco and worldwide.
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Fig. 6. The fifteen-parameters maps used in the current study





