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Abstract: Accelerated population growth has led to a heightened demand for water re-
sources, resulting in a notable decline in underground water storage — espe-
cially in coastal areas. To effectively manage this crucial resource, the objective
of this research work is to identify potential groundwater recharge areas in
the Ghiss-Nekkour watershed using Saaty’s multi-criteria analysis combined
with GIS and remote-sensing techniques. Initially, this work involved gather-
ing spatial information that was related to the various parameters that gov-
ern recharge and express it in thematic maps: slope, altitude, geology, rainfall,
soil, land cover, and drainage density. A reclassification was made according
to their degrees of involvement in the recharge process by Saaty’s analytical
hierarchy process (AHP); this was followed by a weighting of these parameters.
These were subsequently integrated into a GIS in order to establish a map of
potential groundwater recharge zones in the Ghiss-Nekkour watershed. The
groundwater-potential map resulted in five classes:

— good (165 km?) and excellent (0.9 km?) aquifer recharge potentials — situated
in north and southwest portions of study area;

— moderate (617 km?) aquifer recharge potentials — located in western and
southern parts of watershed;

— fair (551 km?) and poor (44 km?) aquifer recharge potentials — located in cen-
tral zone and southeastern part of Ghiss-Nekkour watershed.

Field surveys that were conducted in November 2022 and October 2023 validat-

ed the obtained results.
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1. Introduction

Water is crucial for life, as all living beings require water in order to simply
exist. This natural resource is sometimes decisive for socio-economic challenges [1].
Groundwater is a form of water that occupies all of the voids of a geological stra-
tum. Aquifer formations exist in the Earth’s crust and are primarily considered to
be transmission channels and reservoirs for water storage [2]. Groundwater consti-
tutes a main part of the hydrological cycle; this is a precious natural resource that is
a primary source of water for agricultural, industrial, and domestic activities around
the world [3, 4]. Faced with the strong growth in water demand in urban and rural
areas, groundwater has become a vital resource [5].

Groundwater has undergone a drop in terms of its levels due to overexploitation;
consequently, an ever-increasing pressure on this type of water is obvious in several
regions of the world [6]. In Morocco, water is, in fact, one of the strategic sectors that
is affected by the effects of climate change [7]. With around 1.2 billion people living in
areas of water scarcity globally, Morocco is one of those countries whose economies
mainly depend on water; this is why its impact is becoming more serious [8].

Along with population growth and climate change (which can have negative
effects on the availability of groundwater), there is also the poor management of this
water — especially in the agricultural sector. In Morocco, groundwater has gradually
taken a more important role in the irrigation of agricultural territories [9].

The impact of the expected pressures that will be caused by global climate
change calls for an urgent need for quantitative strategies that allow for assessing
the groundwater production of aquifers; there also should be effective management
and sustainable uses of groundwater resources [10].

Located in the northeastern part of Morocco, the coastal watershed of Ghiss-
Nekkour serves as a significant water reservoir that provides for the drinking water
needs of the city of Al Hoceima and its peripheral areas. This watershed is the sub-
ject of our study. Currently, the coastal watershed of Ghiss-Nekkour faces significant
pressure due to limitations in mobilizing water resources. This pressure is further
exacerbated by the siltation of the Mohamed Ben Abdelkrim Khattabi Dam [11] -
particularly, in the Rif belt. Soil erosion is considered to be a primary factor that
contributes to dam siltation and the subsequent reduction in storage capacity [12].

The study area is known for its limited available groundwater resources — par-
ticularly in the main aquifer of Ghiss-Nekkour (which is located to the north of the
watershed). This water source is characterized by easy exploitation and vulnerabil-
ity to pollution [13].

GIS techniques and integrated remote-sensing data were used to detect ground-
water availability [14]. Additionally, the analytical hierarchy process (AHP) is an
effective tool that was introduced by Thomas L. Saaty in 1980 for dealing with com-
plex decision-making in groundwater-related fields. The tool simplifies complex de-
cisions into pairwise comparisons, thus synthesizing the results [15]. The proposed
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AHP methodology could prove to be useful for decision-makers and practicing hy-
drogeologists who are involved in the effective planning and management of vital
groundwater resources [16, 17].

In terms of the sustainability of these water resources in the Ghiss-Nekkour
watershed and in order to ensure local water security, we applied a combination of
GIS and remote-sensing techniques with a multi-criteria analysis of Saaty to identify
and delimit any groundwater-potential zones.

2. Study Area

The Ghiss-Nekkour watershed is located in the northeastern part of Morocco;
it is open to the north and faces the Mediterranean Sea via the Ghiss-Nekkour al-
luvial plain (Fig. 1); this basin extends over an area of nearly 1,367 km The basin
is drained by the various tributaries of two bodies: the Ghiss River (approximately
80 km in length and flowing from the southwest to the northeast), and the Nekkour
River (which is 76 km long (Fig. 2) and distinguished by a hydrological regime with
a pluvial nature; the floods here are brutal due to the very high slopes and an annual
rainfall regime that varies between 120 and 450 mm/year).
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The downstream areas of the Ghiss and Nekkour Rivers correspond to two
ponds or wetlands in the bay of Al Hoceima (which is separated from the seashore
by a thin dune ribbon).

The Ghiss-Nekkour watershed submits to the climate of the Mediterranean Sea,
which is distinguished by dry and hot summers and moderate winters. In general,
the average temperatures represent variations that are strong because of the notice-
able changes of seasons (which are characterized by extremely cold winters and sum-
mers that are extremely hot). The annual temperature average rises to above 30°C. In
terms of the temperatures, there are two distinguished seasons; specifically speak-
ing, there is a hot season in July and August and a cold season in January. When the
temperatures reach 35°C during the month of August, they lower in a gradual way;
by January, they can sometimes reach lows of 3°C [18].

From a hydrogeological point of view, the Ghiss-Nekkour coastal aquifer is
considered to be the most productive groundwater source in the Ghiss-Nekkour
watershed because of its favorable properties of storage and transmission [19]. This
aquifer receives water from various sources, including the infiltration of rainfalls,
river water from the Ghiss and Nekkour Rivers in the downstream parts, a lateral
flow, and the infiltration of irrigation water [20].
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3. Materials and Adopted Approach

The AHP method was developed by Thomas L. Saaty in the 1980s; it’s aim was
to refine the decision-making process by examining the coherence and logic of the
decision-maker’s preferences [21]. The methodology adopted in the current study is

shown in Figure 3.
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Fig. 3. Explanatory schema of adopted method as part of our research work
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AHP is a multicriteria analysis method that depends on an approach that is
structured and complementary for orderly analyzing all of the data that pertains to
both evaluating and providing a resolution for a problem. This method necessitates
the inclusion of various factors that control the dynamics of groundwater in locating
potential groundwater-storage zones [22].

In the hierarchical analysis process, the relative importance of component or cri-
terion (i) in relation to component (j) is determined by the Saaty scale (Table 1) and is
assigned to the (i, j)th position of the paired comparison matrix [23].

Table 1. Saaty’s relative importance scale (from 1 to 9)

Scale Importance

1 equal importance

2 weak

4 moderate plus

5 strong importance

6 strong plus

7 very strong importance
8,9 extreme importance

The procedure that was adapted for this work consisted of a very precise com-
bination of work between everything that was cartographic and work in the field
for validating the results in order to identify potential groundwater zones in the
Ghiss-Nekkour watershed.

In the context of the AHP approach, it is valid to check the coherence of the
judgments, which allows for the construction of the hierarchy matrix. This is done
by calculating the consistency ratio (which can be considered to be an acceptance in-
dex) in order to verify the logic of the weights that are assigned to different criteria.
This is calculated using the following formula:

CI

CR=—
RI

D

where Cl is the consistency index, and Rl is the randomized index (Table 2).

The consistency index is calculated as follows:

A -
CI:LTL )
n-1

where A__ is the maximum eigenvalue, and 7 is the number of criteria.
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Table 2. Random consistency index

Matrix size 3 4 5 6 7 8 9 10

RI 0.58 0.90 1.12 1.24 1.32 141 1.45 1.49

Source: [23]

At the beginning of realizing the three relative matrices, the first one required
a paired comparison of seven criteria; the second calculated the division result of
each comparison in the first matrix by the sum of each column of that matrix.

To complete the third matrix, we needed to determine the criteria weights by
calculating the mean of each row of the second matrix. Subsequently, we multiplied
the criterion weights of each row of the second matrix by each column of the first
matrix that corresponded (Tables 3, 4).

Table 3. Matrix resulting from comparisons of different parameters
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1 | Rainfall 1 2 5 4 7 6 8 0.4193 | 2.9356 | 7.0011 | 42
2 | Slope 1/2 1 5/2 4/2 7/2 6/2 8/2 | 0.2097 | 1.4678 | 6.9995 | 21
5 |Soil 1/5 2/5 1 4/5 7/5 6/5 8/5 | 0.0839 | 0.5871 | 6.9976 9
4 | Elevation 1/4 | 2/4 | 5/4 1 7/4 | 6/4 | 8/4 | 0.1049 | 0.9435 | 8.9942 | 10

7 | Land cover 1/7 | 2/7 | 5/7 | 4/7 1 6/7 | 8/7 | 0.0599 | 0.4193 | 7.0000 6

¢ | Drainage 16 | 2/6 | 5/6 | 4/6 | 7/6 | 1 | 8/6 | 0.0699 | 0.4892 | 6.9985 | 7
density
8 | Geology 18 | 2/8 | 5/8 | 4/8 | 7/8 | /8 | 1 |0.0524 03669 | 7.0019 | 5

TOTAL 1 100
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Table 4. Normalized weights relating to different thematic layers
and their corresponding classes

Influencing factors Class interval Reclass | Overlay | NW | NW%

90-244
245-346
Rainfall 347-429
430-520
521-683

—_
—_

0.4193 | 42

0-7
8-14
Slope 15-20
21-28
29-62

02097 | 21

Slightly developed soil
Iron sesquioxide soils
Calcimagnesic soils
Brown soils
Raw mineral soils
Isohumic soils
Sodic soils
Sand dune

Soil 0.0839 9

15-411
411-807
Elevation 807-1203
1,203-1,599
1,599-1,995

Waters
Forest
Agricultural land
Building
Uncultivated space
Bare space

0.039-0.575
0.576-1.111
Drainage density 1.112-1.646
1.647-2.182
2.183-2.718

0.1049 | 10

Land cover 0.0599 6

0.0699 7

Modern alluvium (limes)
Sericiteous shale
Marly shale
Flysch or molasses
Gypsum breaches
Grey calc-schist
Massive white limestones and secondary
dolomites
Calcareous limestone slabs in large benches 8
Marl 9
Conglomerate (sandstone and silt) 10
Marl-limestone-sandstone flysch 11

Geology 0.0524 5
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Let’s calculate the consistency index according to Equation (2), assuming that
the maximum eigenvalue A__ =7.2846:

o1 72846-7)
7-1
CI =0.04761.

Consistency ratio according to Equation (1) equals:

R - 0.04762 ’
1.32
CR =0.03606 .

CR is less than 0.1, which confirmed the consistency of the judgments at the
matrix level.

4. Results

4.1. Thematic Layers

Table 5 presents the parameters utilized in this study, which were selected
based on a comprehensive review of the existing literature. These parameters were
carefully chosen to align with established research and best practices in the field,
ensuring the robustness and relevance of the study’s methodology.

Table 5. Summary of employed factors for delineating GWPZ

Parameter Authors who used same parameter
Rainfall [28]
Slope [29, 30]
Soil [31, 32]
Elevation [28]
Land cover [33, 34]
Drainage density [29, 34, 35]
Geology [15, 31, 36, 37]
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Rainfall (Fig. 4). The impact of rainfall is very important as a factor that influ-
ences groundwater recharge and distribution; therefore, high groundwater recharge
is mainly linked to high rainfall levels.
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Fig. 4. Annual mean of rainfall (2006-2017)

Rainfall data from six rainfall stations within the Ghiss-Nekkour water-
shed (2006-2017) were used to calculate and establish a map of the annual mean of
the rainfall for each station. As a result, high weights are attributed to heavy rainfall,
and low weights are related to low rainfall.

Slope and Altitude (Figs. 5, 6). These two factors strongly condition the run-
off at the level of a watershed. Topographic parameters are crucial for ensuring
groundwater recharge; therefore, the rate of groundwater recharge increases as
they decrease.

Soil (Fig. 7). Soil as one of the resources in nature; it is a significant parameter
that determines potential groundwater zones. Additionally, soil plays a crucial role
in the recharge of groundwater and meets the basic requirement for agricultural
production. A soil’s characteristics effectively control the penetration of surface wa-
ter into the groundwater system. Besides, they are directly related to infiltration,
percolation, and permeability rates [24].
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Similarly, soils with a more clayey grain-size component contribute to the swelling
of the soil and the closing of pores, while soils with a dominant loamy or loamy-sandy
grain size better ensure the interaction between the soil and the porosity [25].

A map of the soil types was obtained through digitalization using the pedo-
logical map of the Rif and the Oriental regions at a scale of 1:500,000; this data was
provided by the National Institute for Agronomic Research in Morocco.

Land cover (Fig. 8). The study of land cover can lead to the extractions of im-
portant indicators that are related to the distribution and recharge of groundwa-
ter. Furthermore, it serves as an important indicator for selecting potential sites for
groundwater recharge.

The characteristics of the elaborated land cover map include the following;:
1) water surface; 2) forest; 3) agricultural land; 4) building; 5) uncultivated soil;
and 6) bare soil.

Drainage density (Fig. 9). Drainage density D, is the result of the sum of
the lengths of the watercourses of a watershed } L to the surface area of the same
basin A [26].

According to Arthur N. Strahler (1957, as cited in [27]), drainage density quan-
titatively measures the total length of the watercourses within a square kilometer
area. Areas that are characterized by high drainage densities indicate higher poten-
tials for surface runoff, thus resulting in limited groundwater development.
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The drainage-density map was established starting from the hydrographic net-
work of the watershed that was obtained by using the digital elevation model (DEM).
The map presents five classes of density, with high densities around watercourses
and tributary crossings. The density values varied from 0.039 to 2.718 km/km?.

Geology (Fig. 10). The geological nature of a field plays a primordial role in the
recharge of groundwater. At with the Ghiss-Nekkour watershed, the Ghiss-Nekk-
our plain constitutes an intermontane valley. Below this plain (which is drained by
the tributaries of the two main rivers), the Ghiss-Nekkour coastal aquifer circulates.
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Fig. 10. Geological map

The geological map was created through the digitalization of a paper geological
map of Morocco (scaled to 1:1,000,000); thus, we identified the following lithological
formations according to the geological map of the Ghiss-Nekkour watershed:

— Alluvium (upper Pleistocene and Holocene),

— Melloussa-facies “flysch” aquifer (lower Cretaceous),

— Lacustrine facies,

— Malaria or dune (lower Pleistocene “Villafranchian”),

— Oligocene to lower Miocene,

— Formation of Mecmen (lower Paleocene-Eocene),

— Detrital facies (mid Cretaceous),

- Callovo-Oxfordian with flysh sandstone facies (upper Jurassic),



Mapping Groundwater-Potential Zones Using Geospatial... 61

Lias,

— Numidian sandstone aquifer,

— Detrital facies (upper Cretaceous),

— Lower Sebtides units (upper Paleozoic),

— Detrital facies (lower Cretaceous),

— Barremo-Albian — with “flysch” facies of Rif (upper Cretaceous).

4.2. Groundwater-Potential Zones

According to Figure 11 and Table 6, five classes of the recharge degree were
extracted from the map of potential recharge zones.
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Fig. 11. Map of groundwater-potential zones
Table 6. Area of potential zones of groundwater recharge
Potential zone Area [km?] Percentage [%]
Poor 44.8 3.24
Fair 551.3 39.94
Moderate 617.8 44.76
Good 165.3 11.97
Excellent 0.9 0.06
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Poor and Fair. These two classes covered 44.8 and 551.3 km? of the mapped areas
that were generally located in the central and southeastern parts of the Ghiss-Nekk-
our watershed, respectively. It was necessary to take into consideration that the
highest altitudes and extreme slopes were located in these two mapped parts, which
resulted in disadvantages in the recharge levels in these areas. In addition, the re-
corded mean rainfall was the lowest (90-240 mm/year) as compared to the other
areas (according to the rainfall map).

Moderate. This represented almost half of the study area (617.8 km?); it was the
dominant class. This was located in the western and southern parts of the studied
watershed (in addition to the south of the Ghiss-Nekkour aquifer). This modest de-
gree of recharge was attributed to a medium-to-low slope class (0°-20°) and average
rainfalls of 360—400 mm/year.

Good. This occupied 165.3 km? of the area studied and was predominantly lo-
cated in the north (specifically, between the Ajdir and Trougout communes) and
southwest (particularly, between the Zarkt and Bni Ammart communes). The slopes
that were recorded in these two areas (especially in the north [0°-7°]) covered a part
of the southern zone of the watershed (in the commune of Ajdir, Taza Province).

In the northern zone (where the Ghiss-Nekkour aquifer is located), the recorded
mean rainfall was the highest (521 mm/year) according to the rainfall map. In addi-
tion, there was a significant vegetation cover (forest, cultivated land) that character-
ized the southwestern part.

From a geological point of view, the area that is located to the north was charac-
terized by the presence of alluvium (upper Pleistocene alluvium has a strong infiltra-
tion capacity), which was formed by recent loads from the valleys; these modern allu-
viums presented great porosity that facilitated rainwater infiltration more effectively.

Excellent. This represented only 0.9 km? and was located specifically in the far
east (around the Trougout fault) and the west of the Ghiss-Nekkour aquifer.

4.3. Validation of Groundwater-Potential Zones

From Figure 12, one can observe that most of the water-sampling points (wells
and boreholes) were located in those areas with good groundwater-recharge poten-
tials (specifically, around the Ghiss-Nekkour alluvial aquifer). The catchment area
of the Ghiss and Nekkour Rivers plays a significant role in supplying drinking water
to the study area. The Ghiss area was comprised of two boreholes (1805/5, 1677/5)
and two wells (385/5 and 1768/5), with a total flow rate of 135 I/s. Similarly, the
capture area of the Nekkour area was composed of three boreholes (573/5, 576/5,
and 1971/5) and was equipped with a total flow rate of 160 1/s [13].

Based on our texture study of the soil samples (Fig. 12, Table 7), we observed
a predominance of sandy and silty textures (sandy-clayey, sandy-silty, sandy-
clayey) to the north of the Ghiss-Nekkour watershed (particularly, around the
Ghiss-Nekkour aquifer). These sand-silt textures inherently provide favorable per-
meability for water.
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Table 7. List of analyzed soil samples (own data from field study — October 2023)

Sample Latitude Longitude Clay [%] Silt [%] Sand [%]
S1 35.19666667 -3.885916667 46.6 22.6 30.8
S2 35.19283333 -3.837694444 54.6 27.6 17.8
S3 35.21888889 -3.771222222 67.5 31.6 0.9
54 35.19927778 -3.780833333 49.6 19.3 31.1
S5 35.08613889 -3.848805556 5.3 37 57.7
S6 35.08427778 -3.819361111 374 33.1 29.4
S7 35.05752778 -3.826638889 27.2 21.9 50.9
S8 35.11844444 -3.804222222 29.9 324 37.8
S9 35.09369444 -3.821388889 43.3 32.1 24.6

510 35.11008333 -3.890833333 40.4 19.8 39.9
S11 35.06408333 -3.963500000 16.9 294 53.7
S12 35.04338889 -4.012416667 55.8 30.9 13.3
S13 35.12497222 -3.997916667 16.1 48.7 35.3
S14 35.15533333 -3.923638889 159 51.2 329
S15 35.17852778 -3.870861111 43.7 49.9 6.4
S16 35.03650000 -3.820916667 36.4 27.6 36.0

The perturbation that can be observed in the piezometric levels (our own data
from the field study — November 2022) was due to hydrogeological depressions
that were linked to the overexploitation of the Ghiss-Nekkour aquifer. This aquifer
supplies drinking water and irrigation for agricultural lands (olive trees, tomatoes,
melons, etc.). It was detected that zero piezometric level receded in some locations
instead of advancing toward the outlet of the aquifer. Additionally, one can observe
in Figure 12 that there was a case of a localized recharge of the aquifer (the altitude
of the water body = 170); this was likely favored by the existence of permeable soil
(sand, silt) around this southern part of the Ghiss-Nekkour aquifer.



Mapping Groundwater-Potential Zones Using Geospatial... 65

5. Discussion

Numerous investigations have been undertaken in order to delineate the
groundwater resources within the region of the study area; they have employed
similar approaches (AHP) while utilizing different factors. Bourjila et al. [28] used
11 thematic layers that were known to be of high importance in the demarcations
of groundwater-potential zones in the Nekkour basin. The analysis was conducted
through GIS and identified 15.56% of the area as having poor groundwater poten-
tial, with 63.95% exhibiting moderate potential. Conversely, those regions that were
characterized by good and very good groundwater potentials accounted for only
20.48% of the basin. Additionally, the same author used the same number of the-
matic layers for mapping the groundwater in the Ghiss basin [38]. The analysis was
conducted through GIS and utilized multiple thematic layers; it indicated that those
areas that were classified as having “poor” and “moderate” groundwater potentials
covered 7% (58.59 km?) and 55% (460.35 km?) of the total area, respectively. Con-
versely, those regions that were designated as having good and very good ground-
water potential encompassed 35% (292.95 km?) and 3% (25.11 km?) of the total area,
respectively. Consequently, we revealed 10.75% for the poor, 59% for the moder-
ate, and 29% for the good classes by combining the two studies. In contrast, our
study revealed that both the poor and good classes had the lowest percentages. In
both studies, the moderate class presented the highest percentage. This variabil-
ity in groundwater potentiality can be attributed to those factors that are related
to groundwater-recharge potentiality, which is the main limitation of the AHP ap-
proach. Furthermore, Taher et al. [31] adopted many different scenarios to delineate
the groundwater in the Boudinar basin using the AHP method; for each scenario,
different results were obtained. Therefore, it appears that an elaboration of the map
of potential groundwater zones requires a good choice of factors at the beginning to
better refine the results — either in the elaborations of the matrices or when assem-
bling these different spatial parameters in a geographic information system (GIS).
Likewise, those areas that represent high and very high degrees of groundwater-
potential zones are often linked to the presence of significant values of factors such
as rainfall (high), slope (low), and soil (favorable permeability).
The results of several studies that have been conducted in the different re-
gions of Morocco using the AHP method for groundwater-potential mapping
have shown varied classifications of the potential zones. While applying the same
methodology, these studies have reflected the regional differences in groundwater
availability:
— Ifni basin (2023). The groundwater potential in this study was categorized
into four zones: very high (15.22%), high (20.17%), moderate (30.96%), and
low (33.65%) [39].

— Ighrem region (2020). This study identified three categories: favorable (17%),
medium (64%), and unfavorable (18%) [1].
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— Tatabasin (2022). Five categories were defined: very low (8.67%), low (17.74%),
moderate (46.77%), high (19.95%), and very high (6.87%) [40].

— Central Middle Atlas (2020). The classification revealed very good (3.88%),
good (17.22%), moderate (20.20%), poor (29.89%), very poor (18.60%), and
non-potential (10.49%) zones [41].

These studies have demonstrated the application of the AHP method in diverse
regions, resulting in a range of groundwater-potential classifications that have re-
flected the varying hydrogeological and climatic conditions of each area.

The disadvantages that elaborating the map of potential groundwater zones
may present are mostly in the spatial analysis of those factors that are obtained
through interpolation (such as drainage density). In other words, the interpolation
can lead to errors in the preparation of the maps of these factors.

The use of the multi-criteria method can be considered to be a technical and re-
liable solution for avoiding the massive creation of the random drilling of boreholes
and wells without a planned hydrogeological study. Besides, this method positively
influences the preservation and sustainability of the water resources in the study
area in the medium and long terms.

6. Conclusion

The application of the analytical hierarchy process (AHP), including the selec-
tion of factors, matrix development, and calculation of CI and CR, facilitates the
creation of groundwater-potential maps via GIS. This technique enables a deeper
comprehension of the hydrological and hydrogeological characteristics of an area.

This combination of operations in the present study serves to classify zones that
are favorable for recharging. As a result, five classes were extracted; the good class
reached 165.3 km? and was found to be distributed in the majority in the north and
southwest areas of the Ghiss-Nekkour watershed.

The map of the groundwater-potential zones can be considered to be a recom-
mended reference sheet that provides information that can be relied upon by ex-
perts, researchers, and decision-makers in the water sector to ensure effective wa-
ter-resource management.
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