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ABSTRACT

In the commune of Bel Younech, which constitutes the eastern part of the Site of Biological and Ecological Inter-
est (SBEI) of Jbel Moussa (Tangier, Tetouan, Al Hoceima, NW Morocco), 13 geosites have been selected along
a 14-stop georoad. These sites are characterized by relevant geological diversity representing structural geology,
stratigraphy, sedimentology, petrology, geomorphology, hydrogeology and hydrology. Some of these geosites also
have a very interesting geoculture. The geodiversity sites have been evaluated using a numerical methodology
based on recent literature that aimed to reduce the subjectivity related to any evaluation process. The evaluation
concerned the scientific value (SV), the potential for educational use (PEU), the potential for tourist use (PTU) and
the risk of degradation (DR), which was quantified using various criteria by assigning scores ranging from 0 to 4.
The results of the quantitative assessment show that 8 sites with a scientific value greater than or equal to 3.5; this
value allows them to be considered as geosites. The average values of the PUE and PUT were very high (3.7 and
3.5) while the risk of degradation was moderate (2.03). The values obtained justify the need of valorization and
conservation of Bel Younech commune geosites by integrating the fundamental concepts of sustainable develop-
ment. In fact, all the geosites are located on a 14-stop georoad; this could serve the geotourism as well as promote
the activity and economic development of this commune. This work could be used for scientific, educational
(within the framework of earth sciences) and touristic purposes.

Keywords: geodiversity, geological heritage, inventory, Bel Younech commune, Site of Biological and Eco-
logical Interest, Jbel Moussa, Northern Rif.

INTRODUCTION

The geological heritage is a major asset in the
Belyounech commune which characterized by
geosites of varying nature and size, ranging from
microscopic to outcrop scale. These geosites offer
a high potential for scientific, educational uses,
but also recreational, scenic, cultural, economic

and geotouristic ones in the context of sustainable
development. The paroxysm of this exceptional
geodiversity is reached due to the famous geolog-
ical form of a sleeping woman named “la Mujer
muerta”. This geodiversity is essentially seen in
the structural formations that are an integral part
of the Rifan chain. This geodiversity needs to be
conserved for the future generations and used in
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order to develop the economical level of the area
through the geotourism. However, the inventory
of geosites is done only in the National Park of
Talassemtane and the Ghomara coast (North-
ern Rif, northwestern Morocco) by Aoulad Sidi
Mhend et al., 2019; Aoulad Sidi Mhend et al.,
2022. This work aimed to perform the inventory
and quantitative assessment of the commune of
Bel Younech geosites.

Making inventory of geosites in the study
area aimed to enhance its richness in terms of
geodiversity. This begins with the identification
of geosites (GS) (Brilha, 2016), followed by the
characterization and quantitative assessment of
its. In order to achieve this goal, the general pub-
lic must be aware of the interest of these GSs, in
addition to the development of geotourism and
geo-education activities accompanied by the pro-
posal of georoads.

The inventory and the quantitative assess-
ment of geosites in the Bel Younech commune
was performed using the methodology proposed
by Brilha, 2016, since it prioritizes scientific
value over other values for selection of geosites.
It also gives a major importance to the Potential
Educational Use (PEU), Potential Touristic Use
(PTU) and Risk of Degradation (DR) of the GSs.

SITUATION AND GENERAL DESCRIPTION
OF THE SBEI OF JBEL MOUSSA

The SBEI of Jbel Moussa is located on the
Strait of Gibraltar, in the extreme northwest of
Morocco in the northern Rif, with Lambert co-
ordinates: 35°54°N — 5° 25” W between the vil-
lage of Ksar Sghir and the city of Sebta (Fig. 1).
SBEI is characterized by a typical Mediterra-
nean climate (SPA/RAC — UN Environment/
WEFP & HCEFLCD,2019). Rainfall comes from
Atlantic perturbations (Azores), which are the
main origin of humid air masses in the Rif, and
Mediterranean perturbations (related to the ar-
rival of cold air masses from the North). The
latter are less frequent but generally humid.
The SBEI of Jbel Moussa is among the sites of
biological and ecological interest, with a major
priority in the Master Plan of Protected Areas
of Morocco (PDAPM, 1996). It is located in the
area designated as the Mediterranean Intercon-
tinental Biosphere Reserve (MIBR) integrating
a marine part of 14.45 km? and a terrestrial part
covering 35.55 km?, particularly in the Com-
munes of Belyounech (Mdig-Fnidaq province),
Taghramt and Kasr El Majaz (Fahs-Anjra prov-
ince) (Fig. 1).
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Figure 1. Administrative situation of SBEI of Jbel Moussa
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SBEI of Jbel Moussa is also listed as a Ramsar
site in 2019 (FDR, 2019). The site is character-
ized by its exceptional strategic position, where
the Atlantic meets the Mediterranean. The type
of rock and the type of climate have favored
the development of ecosystems rich in fauna (at
least 175 taxa) and flora (Fennane and Ibn Tat-
tou, 1988). It is an important corridor for the
passage of marine turtles, birds (raptors and pas-
serines) and mammals (HCEFLCD, 2008). There
are about 24 species of rare or remarkable fish,
and species of anthozoans, such as Corallium-
rubrum or Ellisellaparaplexauroides, which are
threatened with extinction. Among its remarkable
land mammals, the Berber macaque (Macacasyl-
vanus) is also endangered. The cliffs have little
vegetation but there are endemic plants such as
Stauracanthusboivinii and Rupicapnosafricana.

The (SBEI) of Jbel Moussa located between
three economically dynamic areas (Fahs-Anjra
provinces (Tangier), Mdiq and Fnidaq). In this
area, the management of African human migra-
tion to Europe and illegal trafficking is difficult
(Al Hachimi et al., 2022).

GEOLOGICAL SETTING

Geologically, Jbel Moussa SBEI is locat-
ed at the northernmost end of the Rif, which is

structurally subdivided into 3 domains (Fig. 2):
the Outer Rif, the Flysch domain and the Inner Rif
(Durand Delga et al., 1960-62; Michard, 1976;
Suter,1980a and b; Feinberg et al., 1990; Maaté
et al., 1993; Piqué, 1994; Guerrera and Martin-
Martin, 2014). The richness of the SBEI of Jbel
Moussa is closely related to its geological diver-
sity that includes all the domains of the Rif in its
territory in the form of thrust sheets carried on
each other (Nold et al., 1981; EL Kadiri, 1991).
From the East to the West: the metamorphic units
of the upper Sebtides, especiallythe shale of the
Tizgarines, the sandstone shale units of the Gho-
marides represented by the Akaili (Chalouan,
1986) (Paleozoic), the calcareous ridge (Griffon,
1966; Raoult, 1966; Kornprobst, 1969; Gutnic,
1969; Leikine, 1969; Mégard, 1969; Wildi et al.,
1977; Wildi, 1979; Nold et al., 1981; Ben Yaich
et al., 1986; Ben Yaich et al., 1988; El Hatimi
et al., 1991; El Kadiri et al., 1992; Maaté et al.,
1993, Baudelot et al., 1993 etc.) is materialized
by Jbel Fahies (internal ridge) and Jbel Moussa
(Tariquid Domain) (Durand-Delga et al., 2005)
which are calcaro-dolomite formations of the
Mesozoic.The Predorsalian sandstones (El Hati-
mi et al., 1985), the Beni Ider, the Tisirene and
the Numidian representing the Flysch domain
(Piquet et al., 2006), and the External Rif is rep-
resented by the Internal Tangier unit which can
be seen between it (Fig. 2).
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The SBEI of Jbel Moussa constitutes by acom-
plex geological structure, cracked and very karst-
ified at the carbonate massifs and also a hydro-
logical network underground and surface (Fig. 3).
The richness of this network is reflected by sourc-
es, caves, waterfalls, while rivers and waterways
are often seasonal and characterized by low flow,
due to the relief that is marked by steep slopes ac-
celerating the runoff (Sdaud, 2004).

Geomorphologically, the SBEI of Jbel Moussa
is provided with a remarkable position on a global,
continental, regional and national scale. It repre-
sents a rocky promontory overhanging the Strait
of Gibraltar with a strong land-sea contrast and of-
fering an exceptional landscape forming the arc of
Gibraltar. The topography is characterized by steep
slopes, white limestone cliffs and narrow flats. The
contact with the sea is made by sharp cliffs, steep
in places, which prevent the installation of wide
beaches. In the center of the SBEI, the islet Leila is
a huge block 200m away from the coast. Only the
beach of Bel Younech (300m), to the east, is easily
accessible, made up of fine sand (Pdapm, 1996).

The interest of SBEI is very marked by its
geological units resulting from several phenomena
and processes that followed each other in time and
that led to the construction of the Gibraltar arc.
It should be noted that SBEI is the only structure
offering evidence of all the marine transgressions
recorded in the Mediterranean geological history
(El Kadiri et al., 2010) and constituting the abra-
sion platform of Cape Leona and Leila Islet.

METHOD AND MATERIALS

The inventory of geosites is a sensitive issue
that requires the implementation of a scientific
method in order to surround all the aspects that
govern it. This requires a literature review on the
subject. The methods and techniques used to se-
lect a geological site emphasize the importance
of clearly defining the objectives of the inventory,
choosing a method that allows the identification,
characterization, evaluation and proposals for the
development of GSs integrating the fundamental
principles of sustainable development. Similarly,
the choice of criteria that should be used for site
selection must be appropriate. These criteria are
mentioned in almost all literature concerning geo-
heritage, such as INCC (1977); Lapo et al. (1993);
Wimbledon et al. (1995); Grandgirard (1999); Al-
exandrowicz and Kozlowski (1999); Parkes and
Morris (1999); Gray(2013); Brilha (2005); Pralong
& Reynard (2005); Malaki, 2006; Reynard et al.,
2007; Garcia-Cortés and Carcavilla Urqui (2009);
Fuertes Gutiérrez and Fernandez-Martinez (2010);
Diaz Martinez and Diez-Herrero (2011); Wimble-
don (2011); Reynard and Coratza (2013); De Wev-
er etal., 2014; Brilha (2016); Reynardetal., (2016);
Bouzekraoui et al., 2017; Aoulad Sidi Mhend et
al., 2019; Aoulad Sidi Mhend et al., 2020; Mehdi-
oui et al., 2020; Mehdioui et al., 2022; Mirari et al,
2020;Martin- Martin et al., 2021; Salvador et al.,
2022.In this work, the criteria proposed by Brilha
2016 are going to be used which are:
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Integrity (Int), representativeness (Rpt),
rarity (Rar), key locality (KL), scientific knowl-
edge (SK), geological diversity (GD), and Use
limitations (UL), to characterize the scientific
value (SV).

Vulnerability (Vul), Accessibility (Acc), Use
limitations (UL), Safety (Sef), Logistics (Log),
Population Density (PD), Association with Other
Values (AV), Scenery (Sce), Uniqueness (Uni),
Observation conditions (CO), Didactic potential
(DP), and Geological Diversity (GD), to character-
ize the potential for educational use (PEU).

Vulnerability (Vul), Accessibility (Acc), Use
limitations (UL), Safety (Sef), Logistics (Log),
Population Density (PD), Association with
Other Values (AV), Scenery (Sce), Uniqueness
(Uni), Observation conditions (CO), Interpreta-
tive potential (IP), Economic level (EL), Prox-
imity of recreational areas (PRA) to characterize
the potential for touristic use (PTU).

Deterioration of geological elements (Dge),
Proximity to areas/activities with potential to
cause degradation (PPD), legal protection (LP),
accessibility (Acc), and population density

Table 1. The criteria of scientific value, educational use potential, and risk of degradation, their scores and weights

Value Criteria (scores 0 to 4) Weights (%)
Representativeness (Rpt) 30
Integrity (Int) 20
Rarity (Rar) 5
Scientific value (SV) Key locality (KL) 15
Scientific knowledge (SK) 5
Geological diversity (GD) 15
Use limitations (UL) 10
Vulnerability (Vul) 10
Accessibility (Acc) 10
Use limitations (UL) 5
Safety (Saf) 10
Logistics (Log) 5
Potential Educational Use | Density of population (DP) 5
(PEU) Association with other values (Av) 5
Scenery (Sce) 5
Uniqueness (Uni) 5
Observation conditions (OC) 10
Didactic potential (DP) 20
Geological diversity (GD) 10
Vulnerability (Vul) 10
Accessibility (Acc) 10
Use limitations (UL) 05
Safety (Saf) 10
Logistics (Log) 05
Density of population (DP) 05
Potential Touristic Use (PTU) | Association with other values (Av) 05
Scenery (Sce) 15
Uniqueness (Uni) 10
Observation conditions (OC) 05
Interpretative potential (IP) 10
Economic level (EL) 05
Proximity of recreational areas (RA) 05
Deterioration of geological elements (Dg) 35
Proximity to areas/activities with potential to cause 20
degradation (PD)
Degradation risk (DR) Legal protection (LP) 20
Accessibility (Acc) 15
Density of population (DP) 10
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(PD), to characterize the risk of degradation
(RD).

For the inventory of GSs, the sheets have
been used and filled (Aoulad Sidi Mhend et al.,
2019, Aoulad Sidi Mhend et al., 2020, Aoulad
Sidi Mhend et al., 2022), established for these
purposes, during the field trips that were carried
out in order to study the sites with geological val-
ues and can be used as thematic stops. For the
identification of these studied sites, land sections
were made, panoramic and close-up views of
landscapes and photos with details were taken.

The characterization of their values: scien-
tific, potential of use and risk of degradation, was
based on the above-mentioned criteria the scores
and weights which are grouped and collated in
Table 1.

For the quantification of the GSs, we use
the same sheet that was used for their identifica-
tion and characterization. The sheet includes in
addition to identification and description part,
other parts that are used for characterization and
quantitative evaluation. The method used for the
quantification of SGs was mentioned in the works
of Brilha (2016); Reynardet al. (2016); Aoulad-
Sidi-Mhend et al. (2019), Aoulad-Sidi-Mhend et
al. (2020), Aoulad-Sidi-Mhend et al. (2022) and
Mirari et al. (2020).

The authors proceed by calculating the values
of the GSs by the sum of the estimation of their
weighted criteria with the following formulas:

SV = (Rpt + Int + Rar + KL + SK+ GD + UL) (1)

PEU = (Vul + Acc + UL + Saf + Log +

2
+ DP + AV + Sce+ Uni + OC + DP + GD) @

PUT = (Vul + Acc + UL + Saf + Log + DP +

3
+ AV + Sce + Uni + OC + IP + EL + RA) @

RD = (Dg+ PD + LP + Acc+ DP) (4

This quantification was done by assigning
scores 1, 2, 3, and 4 (low, moderate, high, and
very high, respectively) for each criterion. The
values of the GSs described in this work were
calculated by the sum of these weighted criteria
(Brilha, 2016; Aoulad Sidi Mhend, 2019).

RESULTS

The first result was obtained after several field
trips, literature review and contact with owners
(Aoulad Sidi Mhend, 2014) existing within the
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territory. The identification of the geological sites
that constitue the geodiversity of the commune of
Bel Younech of the SBEI of Jbel Moussa has al-
lowed to establish a list of 13 GSs due to their
representativeness, rarity and integrity, and also
because they are located in the most accessible
part of the study area.

The Tizgarines of Bel Younech

The Tizgarine unit (Figs. 2, 4a) is part of the
Federico (Upper Sebtides) unit (Michard et al.,
2008; Chalouan et al., 2011), which are from bot-
tom to top, Beni Mezala (BM), Boquete Anjera
(BA) and Tizgarine (TZ) (Fig. 4a). All the forma-
tions of the Fedirico unit display the imprint of
alpine metamorphism. Recrystallization of iron
oxides changes the color of Permian metapelites
from one unit to another; they are red in the up-
per unit (Tizgarine), violet-pink in the middle
unit (Boquete Anjera), and smoke-colored in the
deep units (Beni Mezala 2 and 1). This evolution
of color can be correlated with a change in the
grade of metamorphism (Durand-Delga and Ko-
rnprobst, 1963).

The presentation of the constituents of the
Tizgarine unit is made through two stops, the first
is located at (35.875804/-5.402824) at the edge of
the N16 road (Fig. 4b) on the western flank of the
Beni Mezala nappes anticline (Fig. 2). It is a pet-
rological site that shows the lower constituent of
the Tizgarines unit (Permo-Carboniferous shales
and grauwackes) (Chalouan et al., 2011) with
conglomerate (Fig. 4c). This facies makes visible
steeply dipping NE-SW faults (Fig. 4b). They are
materialized by mirrors in which streaks are abun-
dant and tectoglyphs indicate a dextral strike-slip.
This is probably a replica of the large dextral fault
of the J.Facies (Chalouan et al., 2011). The sec-
ond stop is 2.5 km (35.882494/-5.405385) from
the first, after leaving the N16 road by taking the
RP 4703 road (Fig. 4d). It offers the possibility
to see the shiny shales and sandstones (Fig. 4d),
with laminated arrangement and red color (wine-
red) that are clearly visible. These rocks have
undergone BP-BT metamorphism (3-1 kbar and
300 °C) (e.g., Michard et al., 1997, Bouybaouene,
1993, Bouybaouene et al., 1995). This latter is
surmounted by white quartzites, vermiculated
limestones and massive dark Dolomites. These
rocks took the name of the village of Tizgarine
which outcrops 6 km from Oued Laou south of
Tetouan (Aoulad Sidi Mhend et al., 2022).
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the Tizgarine unit with fault mirrors; (c) appearance of conglomerates of the lower constituent of the Tizgarine unit;
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The ruiniform aspects of Bel Younech

Stop 3 allowsthe observation of the ruini-
form and kart aspects of Bel Younech at the do-
lomitic formations of the terminal constituent
of the Tizgarine unit. These are Triassic terrains
which constitute a real thick grey rocky frame
which domain the eastern part of the SBEI of Jbel
Moussa. The observation point is at (35.896051/-
5.390169) descending through the RP4703 and at
an altitude of (400 m). The ruiniform and karst
landscape is the result of dissolution processes
of carbonate rocks (Dolomite [(Ca, Mg)(CO,),]
is much less soluble than limestone (CaCO,) in
CO,-charged waters). This phenomenon depends
on several factors:

e the rock mineralogical composition and purity
(presence of non-soluble elements);

e the degree of compaction and diagenetic ce-
mentation of a rock which will determine the
intergranular porosity;

e the fracturing of the rocks which can be ac-
quired early by simple deconfinement, (Gold-
scheider and Drew, 2007).

This process is often irregular, and will create
very irregular landforms. This tendency to produce
ruiniform reliefs is also reinforced in the case of a

Figure 5. Ruiniform appearance
and karst manifestations

limestone crossed by a group of diaclases. There is
dissolution along the diaclases, which makes it in
the form of “walls” or “pinnacles”. Other forms of
karstic manifestations are formed there like caves,
abris, and Lapiez (Fig. 5).

The Abdessamad cave

Stop 4 corresponds to the Abdessamad cave
discovered by chance by an inhabitant of Bel
Younech named Abdessamad, hence the name of
the cave. It is one of the natural cavities located
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in the massive dolomites constituting the terminal
formations of the Tizgarine unit (upper Sebtide)
(Figs. 4a, 6a). The opening of the cave is quite
large (Fig. 6b) allowing easy access for lovers
of underground landscapes. The visit can take a
whole day.This type of cave is a witness to the
power of water to carve extraordinary shapes
(Fig. 6¢) with spectacular rock formations ap-
pearing at every turn and waterfalls falling over
cliffs. This process of formation is called karstifi-
cation which takes place, over thousands of years,
by dissolution of carbonate rocks in contact with
water charged with carbonic acid (CO, increases
with pressure, low water temperature and abun-
dance of living beings that release CO,).

Thus, the development of the Abdessamad
cave is favored by the kind of rock and its tectonic
history, the abundance of water and its CO, con-
tent and of course, the water-rock contact time.

During its infiltration underground, the water
continues to gnaw at the rock, forming galler-
ies and caves, and the water gradually becomes
charged with gas and dissolved limestone. When
it arrives in a larger cavity, the water degasses
due to the change in physico-chemical condi-
tions (pressure drop, temperature change...):
it is therefore less acidic. The dissolved limestone
can therefore recrystallize in the form of stalac-
tite concretions (on the roof) or stalagmite (on the
floor) as well as other forms of draperies, and sta-
lagmitic floors. These strange underground land-
scapes have a striking beauty.

The site allows the observation of corro-
sion (chemical action of water on limestone) and

erosion (mechanical action of water on lime-
stone) figures and recent sedimentary deposits.
The expedition is stopped at the 1st level, it still a
lot to do for the caving specialists to discover the
galleries, the lakes and the underground rivers.

Jbel Chendir and the socio-cultural complex

Stop 5 is represented by a carbonate facies of
the western side of Jbel Chendir (450 m), located
further north on RP.4703, to the right towards
Ras Liona (35.906329/-5.38799). Its structural
originality resides in the fact that it represents the
normal secondary cover of the non-metamorphic
Paleozoic zone, i.e. it has no direct structural link
with the limestone ridge (Gharbaoui, 1986). It be-
longs to the Beni Mzala BM formation (Fig. 2)
which is formed by quartzites from the Lower
Triassic and dolomitic limestones locally dated to
the Middle Triassic by the presence of Dasycla-
daceae of the genus Gyroporella (Chalouan et al.,
2011). The carbonate formations of the BM are
weakly metamorphosed and are thrust onthe BA
and TZ units.

The tectonic geological history of the study
area, the types of rocks and the abundance of the
underground water network led to the emergence
of several sources at the contact zones between
the different formations (the thrusting of the car-
bonate formations of BM on those of BA and
TZ). Likewise, the surface waters have allowed
the creation of several karst forests such as caves.

The socio-cultural complex of Dr. Mohamed
Masmudise is located downstream from Jbel

Figure 6. (a) Situation of the cave at the massive dolomites of the Tizgarine unit, (b) opening of the
Abdessamad cave and mode of penetration, (c) concretions of the wall of the Abdessamad cave
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Massive dolomies of the
terminal Tizgarine unit

Jbel Fahies
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Chendir (35°54°22”,45N/5°23°17”7,11W) (Fig.
7a). The site has assets that allow it to be consid-
ered as an initiative for the enhancement of the
natural and cultural heritage of the village of Bel
Younech. In fact, this complex contains an impor-
tant source equipped with a water catchment basin
(Fig. 7b) that supplies the city of Sebta. Similarly,
the abundance of surface water has facilitated the
creation of several karst resources, including the
Calipso cave, famous and particularly visited by
students (Fig. 7c). The name of this cave is de-
rived from the myth that Calipso inhabited it for
several years. The Masmudi complex has, there-
fore, an importance in terms of heritage due to the
equipment of the center, to its strategic position
that allows the observation of all the assets of the
commune and especially to its geological and cul-
tural diversity.

The “Mujer Muerta” or the sleeping beauty

For a panoramic view of “la mujer muerta”,
stop 6 is located at (35.908787/-5.389026), and
forms a unique attractive landscape (Fig. 8a).
This exceptional geomorphological site with all

Limestone Dorsal

Domaine Tariquide

/ Jbel Moussa \

: PRE i
Figure 7. (a) Socio-cultural complex of Dr. Masmudi at the bottom of Jbel Chendir with a view of the village of
Bel Younech, (b) the source and catchment basin of the water that supplies the city of Sebta; (c) The Calipso cave

the characters of a beautiful sleeping woman,
results from the superposition of three geologi-
cal structures (Fig. 8b): (i) Jbel Fahies, forms the
head, consisting of gray dolomites, massive do-
lomites (Triassic sup, Hettangian) and massive
white limestones (Sinemurian) belonging to the
internal limestone ridge; (ii) Jbel Moussa, forms
the thorax, belongs to the Tariquid domain with
clays with dolomite beds, cargneules and mas-
sive dolomites of the Upper Triassic and slab
limestones of the Lower Lias; (iii) Jbel Mous-
sa block (Ras Leona), forms the feet (Tariquid
domain).

The site is famous for its geomorphological
interest that masks its structural, sedimentologi-
cal, stratigraphic, paleontological and geocul-
tural interests. Near the site are built the houses
of the commune Bel Younech on the travertine
terraces raised during the middle Pleistocene.

At the structural scale (Fig. 8b), the site en-
ables to see the accident of Jbel Fahies (among
the major accidents of the Rif that separates Jbel
Fahies (The Limestone Dorsal) from Jbel Moussa
(Tariquid Domain) The dexter fault (ramp) of J.
Fahies.
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Figure 8. (a) The “sleeping beauty” landscape; (b) structural constituents of the “sleeping beauty” landscape;
BP — brown tobacco pelites (Burdigalian); BS — Beliounis sandstone (Aquitanian-Lower Burdigalian); F — fault;
LJ — Lower Lias limestone; RGP — Maastrichtian-Paleocene red and gray pelites; UJ — Upper Jurassic radiolarites;

UT — Upper Triassic dolomite

At the sedimentological scale, the Jbel Mous-
sa blocks are mainly constituted of dolomites of
the Upper Triassic and massive white limestones
of the Lower Lias (Carixian included). These
shallow platform terms (analogous to the Internal
Dorsal) are followed, after emersion and karstifi-
cation of the massive limestones, by pelagic terms
of Middle Lias to Upper Cretaceous age (analo-
gous to those of the External Dorsal but they are
very thin and contain many gaps underlined by
hard-grounds (El Kadiri et al., 1990; Chalouan et
al., 2008, Chalouan et al., 2011).

At the paleontological scale (Fig. 8b), there are
(1) ammonitic-rose facies, radiolarites and filamen-
tary limestones of the Middle-Upper Lias and Low-
er Dogger; (ii) radiolarites of the Dogger-Malm,; (iii)
Aptychus limestones of the Upper Tithonic-Berria-
sian, and (iv) red marls of the Upper Cretaceous-Eo-
cene (Chalouan et al., 2008, Chalouan et al., 2011).

At the stratigraphic scale (Fig. 8b), Jbel Mous-
sa is in a sub-vertical position, like Jbel Fahies
that of Ras Leona-Jumia is overturned to the SE
(effect of back spill visible on J. Fahies) (Durant
Delga et al., 2005; Chalouan et al., 2008, 2011).

These blocks are separated from each other and
from the Dorsal by Lower Aquitanian-Burdigalian
yellow sandstone and tobacco-brown pelites. These
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Oligo-Miocene terms attached to the unconform-
able cover of the Mesozoic blocks are similar to
those known in the Dorsal, but here they are des-
ignated as Predorsal. The Dorsal, Tariquid, and
Predorsal assemblage are thrust NW on Upper
Cretaceous argillites attributed either to the Internal
Tangier Unit or to the Massylian flysch of Mellous-
sa type (Durand-Delga et al., 2005). The contact
with the sea is made through high cliffs or through
beautiful marine abrasion platforms and terraces.
On the geo-cultural scale, Masjid Sidi Moussa
can befound, a cultural curiosity located at the high-
est point of Jbel Moussa; the name of the Masjid
is attributed to the leader Moussa Ibn Nossair, the
leader of the campaign of the crossing of the Medi-
terranean to Europe led by Tariq Ibn Ziad (711).

Laila Island or Perejil Island/ Isla de Perejil

The observation point of stop 7 was set up to
be an observation point of the Laila Islet (Tura
Islet) (35.916551/-5.406037). The Laila Islet is
located in the Strait of Gibraltar, 8 km west of
Sebta and at the bottom of Jbel Moussa, between
the points of Marsa to the west and Leona to the
east. The site, with an area of 0.15 km, is arid and
uninhabited. Geologically, this island is detached
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Figure 9. (a) Leila Island, (b) Leila Island observation point

from the African continent by a channel of ap-
proximately 200 meters. It is the continuity of
the blocks of Jbel Moussa belonging to the Tarig-
uid domain. It is a carbonated and fractured rock
which contains a cave resulting from the action of
the sea water on the carbonated grounds.

Near the observation point of the island, the
structures that take the name of bunkers are found.
These are the places used as defensive sites against

air and sea strikes during the Second World War.
They are scattered over a vast area of the Ras Leona
platform and constitute a multitude of mazes embed-
ded in the limestone slabs of the Tariquide domain.

The Terraces of Ras Leona

Stop 8 presents terraces located in the north, at
the bottom of Ras Leona (35.920680/-5.401799).

Jbel Chendir
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Figure 10. (a) Ras Leona terraces, (b) schematic representation of the terraces and digital numerical characteristics;
(c) Proposed scenario for the tectono-eustatic formation of the Ras Leona terraces according to El Kadiri et al., 2010
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At this stop, succession of well-preserved Quater-
nary marine terraces is observed (Fig. 10b). These
terraces are of great geological and structural in-
terest because they present the areas that have un-
dergone the highest rates of surrection by local
vertical movements that are mainly the result of
the African-Iberian convergence with little or no
effects related to subduction processes. Indeed,
the study of the Quaternary marine terraces (EI
Kadiri et al., 2010; Zazo et al., 2003; Meghraoui
et al., 1996; Gigout et al., 1977; Gibraltar Arc
Neotectonics Research Group, 1977) showed that
the compartment north of the Jebha Fault is in
relative surrection during the Quaternary.

According to Aboumaria et al. (2009), the
origin of this uplift shows that these Quaternary
marine terraces were uplifted through normal
faults oriented ~E/W activated recently. On the
other hand, El Kadiri et al. (2010) highlighted the
fact that the middle surrection that affected the
coasts of the Gibraltar arc and the Atlantic was
controlled more by eustatic variations than by
tectonic processes.

The correlation of the Ras Leona terraces (in
terms of age and altitude) with equivalent, lateral,
travertine-covered terraces formed in the SBEI of
Jbel Moussa (commune of Bel Younech) and with

N NBEYN

Figure 11. (a) Sinkhole in the carbonate platform, (b) rocky coast of Ras Leona,

the terraces located along the Moroccan Atlantic
coasts, would suggest that the Ras Leona terraces
were mainly formed by eustatic factors.

The staircase terraces of Ras Leona are shown
in Figure 10a and b in a southeast view and NE
- SW cross section, respectively. These terraces
have been correlated according to their altitudes
with those along the Moroccan Atlantic coast (El
Fahssi, 1999; El Kadiri et al., 2010). Consequent-
ly, the classic Moroccan Atlantic chronostratigra-
phy was assigned to the Ras Leona terraces (Fig.
10b and ¢), determining from youngest to oldest:
(a) the Ouljian terrace, divided into two terraces
located at 6 m and 8 m, (b) the Anfatian terrace
at 30 m, (c) the Maarifian terrace at 55 m, and (d)
the Mesaudian terrace at 90 m.

Ras Leona rocky coast and Karst
(Lapiés, doline and cave)

At stop 9, descending towards the coast of
the strait and crossing the terraces towards the
younger one, the primary rocky coast of Bel
Younech can be observed (SBEI Jbel Moussa)
from (35.921184/-5.401134) to (35.916944/-
5.397057) and the action of the water on the
carbonate rocks of Ras Leona can be admired.

N7
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%

(c) Lapies, (d) Fishermen’s cave and erosive action of sea water on the coast
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The Lias-Dogger succession of the Ras Leona
Tariquids differs from the series of the same age
in the tectonically neighboring units of the Lime-
stone Dorsal (Rifan domain).

The Lower Lias platform limestones are ra-
vined in the Domerian, by a continuous open
sea series until the Bajocian at Jbel Moussa and
its blocks. Elsewhere (Los Pastores type), it is a
much thinner series with marls sometimes man-
ganese (Ras Leona), deposited in three indepen-
dent episodes and dated by calcareous nannofos-
sils, from the Domerian-Toarcian to the upper
Bajocian-Bathonian (Durand-Delga et al., 2005).

Being very sensitive to water, this carbon-
ate platform favors the formation of karsts. The
first form that appears is that of a bucket sinkhole
(Fig.11a). The origin of this sinkhole seems to be
due to the existence of an absorption point since
the water in the closed depression can only flow,
after rain, towards the depth (Derruau, 1974).
It is the result of a slumping of fractured carbon-
ate rocks which break up to form an underground
cave. The 2nd karstic form appears by following
the coastline of the rocky coast of Bel Younech
(SBEI of Jbel Moussa), (Fig. 11b). These are well-
developed lapiezs with gullies that reach a depth
of more than 3 m (El Gharbaoui, 1986) (Fig. 11c¢).
This phenomenon is accentuated by sea spray. The
third karst form is a mushroom cliff testifying to
the action of sea water on the carbonate rock. At
the closest point to Europe to the south, the fisher-
men’s cave can be seen (Fig. 11d).

The travertine terraces of Bel Younech

Once the visit to the rocky coast of Ras Le-
ona and the Karst is over, the return is made by
the public transport to continue the itinerary on
foot through the three travertine terraces (up-
per, middle and lower) (Figs. 12a and b) of Bel
Younech.The beginning of the crossing begins
at (35.907023/-5.393334) by a site that allows
the observation of the travertineous accumula-
tions resulting from the precipitation of carbon-
ates (CaCO3) downstream of ancient or cur-
rent waterways or at the emergences of sources
(Fig. 12c). The beginning of the crossing begins
at (35.907023/-5.393334) by a site that allows
the observation of the travertineous accumula-
tions resulting from the precipitation of carbon-
ates (CaCO3) downstream of ancient or current
waterways or at the emergences of sources (Fig.
12¢). It is the 10th stop. The travertine is easy to

identify, it is a light non stratified rock with many
cavities (Fig. 12d). The site allows observing a
type of fossilization of short time scale (Fig. 12d).
In fact, during the formation of travertine, the
plants growing near the source/stream are petri-
fied and transformed into stone (Fig. 12¢) under
the action of physicochemical or biological pro-
cesses.These travertine formations also constitute
Quaternary marine terraces after tectono-eustatic
actions (El Kadiri et al., 2010). During the medi-
eval period, these terraces (Fig. 12a) are consid-
ered appropriate for the construction of cities, as
in the case of Tetouan and Chefchaouen. If the
path down to the beach is taken, a medieval his-
torical site “the Al Mounyas” built on the middle
terrace can be found; it is located in the west and
7 km from Sebta, in front of the strait and at the
bottom of Jbel Moussa. It is a medieval city with
an Islamic architecture (Fig. 12¢) from the Meri-
nid dynasty to the Middle Ages. It is a medieval
city with an Islamic architecture (Fig. 12¢) from
the Merinid dynasty to the Middle Ages. This city
was known as a place of rest before the crossing
to Andalusia, and then, it became the seat of sec-
ondary residences for the wealthy inhabitants of
Sebta. Today, this site includes remains of houses,
mosques and hammams (Fig. 12e), and even re-
mains of defensive buildings such as bastions.

Low coast of the SBEI of Jbel
Moussa and islands

The coastline of Jbel Younech (SBEI Jbel
Moussa) is mainly constituted by rocky coasts
or cliffs, but descending from Almuniyas, a low
coast with fine sand as well as (Fig. 13a), the
beach of Bullones can be found at (35.909169/-
5.393398). This beach is 300 m long, limited
between 2 rocky coasts. Towards the west (Fig.
13b), rocky promontories forming small islands
in the form of mushrooms resulting from the ero-
sion by sea water can be observed. Between these
rocks, the diving school associations practice
their exercises. Further, in the upstream from this
small rocky coastline are the remains of a medi-
eval construction (Fig. 13). Within the framework
of the development projects of the commune of
Bel Younech, the coast has benefited from the
development of its hinterland which is the low-
er terrace, by the construction of a coastline, a
port for the boarding of small artisanal fishing
boats and the necessary infrastructure to encour-
age seaside tourism. Within the framework of
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Figure 12. (a) Travertine terraces of Bel Younech, (b) schematic cross-section of the three travertine levels of Ben
Younech (El Kadiri et al., 2010), (c) sedimentation model of the travertines (Martin-algarra, 2003), (d) concretions
of the travertine, (e) remains of the constructions of Al Mounyas

Figure 13. (a) The low coast of Belyounech, (b) The rocky headlands in mushroom
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the development projects of the commune of Bel
Younech, the coast has benefited from the devel-
opment of its hinterland which is the lower ter-
race, by the construction of a coastline, a port for
the boarding of small artisanal fishing boats and
the necessary infrastructure to encourage seaside
tourism.

Predorsal sandstone of Bel Younech (Arrét12)

The rocky coast of the commune of Bel
Younech is also formed by predorsal sandstones
(Fig. 2 and Fig. 14a). According to El Hatimi et
al. 1985, these are sedimentary klippes that come

from the external units of the calcareous Dorsal
(Fig. 2), it is an entirely allochthonous domain.

It is debited in layers constituted by clay-
sandstone material of Cretaceous and Cenozoic
age. At Bel Younech, the predorsalian nappes
separate the internal domain from the Tariquid
Domain. Towards the southwest, these nappes oc-
cupy the structural position between the internal
and external domains (Suter, 1965). The matrix
is formed of mottled marl, sometimes clay marls;
it often has a greenish yellow color, changing
upward to clays. The sandstone levels are coarse
and sometimes granoclastic containing micas,
glauconia and calcite (El Hatimi et al., 1985).

A
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Figure 14. a) Predorsal sandstones of the Bel Younech; b) karstification of the predorsal sandstone due to marine erosion
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Figure 15. (a) Ras Leona cliff, (b) Baleinera and reconstruction, (c) habitat construction in a shelter at the Ras Leona cliff
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The existence of the site in contact with the sea
allows the observation of the selective action/ero-
sion of water on the soft constituents (marls and
clays) of the predorsalians (Fig. 14b).

The cliff of Ras Leona

On the way to the cliff of Ras Leona terrace
(Fig. 15a), there is an old whale oil crushing
factory (Fig. 15b). It was first built by the Nor-
wegians and later handed over to the Spanish.
Its functioning was stopped as a result of the
treaty protecting whales from fishing. At pres-
ent, it is restored as a fish processing alimentary
and artisanal exhibition complex. Crossing the
plant under restoration, there is the Ras Leona
cliff (Stop 13) (Fig. 15a and c), belonging to the
Jbel Moussa group and the Tariquide domain.
The cliff enables to observe the oblique strati-
fication of the carbonate formation. It is vertical
and orthogonal to the sea level exposing a set of
fault mirrors. The water has carved out a series
of caves and shelters (Fig. 15c), some of them
are converted into accommodation for the in-
habitants. The space between the factory and the
cliff is characterized by a considerable depth. It
was used in the past as a passageway for hunted
whales. Currently, it is a real school of diving
known nationally.

The breaches of Bel Younech (stop 14)

The Bel Younech breaches outcrop on the
mole of the sea and the RP4703 road (Fig. 16a)
leading from the village of Bel Younech to the
cornice near the commune’s residence. These are
recent slope deposits. They have an exceptional
quality because of their size and their outcrop on
both sides of the road.

The site is in the form of consolidated, hetero-
metric slope breccias with limestone and dolomite
materials (Fig. 16b) from the massive Triassic-
Liasic formations of Jbel Fahies belonging to the
Internal Limestone Dorsal. These slope breccias
are post nappe formations of the quaternary con-
solidated by calcite cement. The emplacement of
such sedimentary formations implies steep slopes
(fault scarp). These breccias are stratigraphically
located on the Tertiary formations of the Pre-
Dorsal along the Bel Younech coast. They were
formed under certain conditions, probably by a
combination of tectonic instability and hydrogeo-
logical (chemical) meteorization by streams of
calcite-rich water during the Quaternary.

QUANTITATIVE STUDY OF GEOSITES

After a qualitative description of the 13 GSs
identified within the most accessible part of the
SBEI Jbel Moussa and the commune of Bel
Younech, a quantitative evaluation of these ge-
osites was carried out. This step is very important
in order to identify the GSs that have a very high
scientific value, those that have a very important
potential of use and those that are exposed to the
risks of degradation. These quantitative values
are assessed through the calculation of the sci-
entific value (SV), the potential educational use
(PEU), the potential touristic use (PTU) and the
risk of degradation (RD).

The scientific value

The results of the scientific value and the
averages of these criteria are presented in Table
2. The diversity is represented by 7 types of
GSs (petrological, structural, hydrogeological,
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Figure 16. (a) Block of the Bel Younech breccia (SBEI Jbel Moussa), (b) materials constituting the breccia
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Table 2. Typology and assessment of scientific value criteria of the studied GSs and their weighted average

N° Name of GSs Typology Int Rpt | Rar KL SK DG UL SV
1 | The Tizgarines of Bel Younech Petrology 0.6 1.2 0.3 0.4 02 | 0.05| 04 | 3.15
2 | The ruiniform aspects of Bel Younech Geomorphological | 0.6 1.2 0.6 0.4 0.2 0.2 0.4 3.60
3 | The Abdessamad cave Hydrogeology 0.6 1.2 0.6 0.2 0.1 0.2 0.4 3.30
4 | Jbel Chendir and the complex Geocultural 0.6 1.2 0.6 0.4 0.2 0.2 0.2 3.40
5 | ,MujerMuerta” Panorama Structural 0.6 1.2 0.6 0.8 0.2 0.2 0.4 4.00
6 | Laila Island or Perejil Island Geomorphological | 0.6 1.2 0.6 0.8 0.2 0.2 0.1 3.70
7 | The terraces of Ras Leona Geomorphological | 0.6 1.2 0.6 0.8 0.2 0.2 0.4 4.00
8 | The coast of Ras Leona and Karst Hydrology 0.6 1.2 0.6 0.4 0.2 0.2 0.4 3.60
9 | The travertine terraces of Bel Younech Geocultural 0.6 1.2 0.6 0.4 0.2 0.2 04 | 3.60
10 | The low coast of Bel Younech Hydrology 0.6 1.2 0.6 0.2 0.1 0.1 0.4 3.20
11 | The sandstones of predorsalian of Bel | . yinenioiogy | 06 | 12 | 03 | 02 | 02 | 02 | 04 | 310

Younech

12 | The cliff of Ras Leona Structural 0.6 1.2 0.6 0.4 0.2 0.2 0.4 3.60
13 | The breaches of Bel Younech Sedimentology 0.6 1.2 0.6 0.4 0.2 0.1 0.4 3.50

Weighted average 0.6 1.2 0.6 0.4 0.2 0.2 0.4 3.5
Weighting 15% | 30% | 15% | 20% | 5% | 5% | 10% | 100%

geomorphological, hydrological, sedimentologi-
cal and geocultural), with their characteristics
reflecting the internal geodynamic processes
leading to the evolution of the Rifan (Alpine)
chain, in its relation with plate tectonics, and in
relation with the action of water as well as with
the action of Man. Due to their important geo-
diversity, the Bel Younech GSs present several
scientific interests that enhancetheir SV. They
have a SV of about 3.5. This value is due to the
following facts:

1) The good conservation status of the geosites
that is clearly visible with a very high score.
2) The ability of the GSs to illustrate the process-

es and structures in the study area.

3) The importance of these GSs as references or
explaining models of the facts related to the
process.

4) The existence of published scientific studies on
metamorphism in the Federico Unit areas that
host the geosites and their results reflect their SV.

The value of potential educational use

The PEU value reflects the relationships and
effects of the external environment, i.e., natural
and/or cultural aspects on the GSs. It assesses
the conditions of observation by students, and
the resistance of SGs to possible destruction by
visitors (vulnerability). It also highlights the
state of the infrastructure (accessibility, accom-
modation, restoration, communication network
and security).

All the values of these criteria are presented
in the PEU evaluation table, together with their
weighted average (Table 3).

From the discussion of the criteria for the
value of the potential educational use mentioned
above, and the calculation of the average PEU of
the GSs in Bel Younech, which is about 3.7, it is
concluded that the PEU value is very high. This
value is explained by the proximity of most of the
GSs to paved roads and accessibility by all types
of transport, without any restrictions. The asso-
ciation of all these sites with sites of ecological
and/or cultural interest gives them an additional
value to the GSs as well as enhances their resis-
tance to destruction by visitors (low vulnerabil-
ity). The value of the PEU is kept very high due to
the good observation condition and the good state
of conservation of the sites.

The value of the potential touristic use

The PTU value shows the relationships and
influence of the external environment, i.e. natu-
ral and/or cultural appearances on the geosites.
It evaluates the conditions of observation by the
general public, and the resistance of the sites to
possible destruction caused by visitors (vulnera-
bility). It also highlights the state of the infrastruc-
ture (accessibility, accommodation, restoration,
communication network and security). All the val-
ues of these criteria are presented in the (Table 4).

From the discussion of the criteria for PTU
value above, and the calculation of the average of
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Table 3. Appreciation of educational value criteria and their weighted average for every GS

N° Name of GSs Vul | Acc | UL | Saf | Log | DP | AV | Sce | Uni | OC | DP | GD | PEU
1 | The Tizgarines of Bel Younech | 0.4 | 04 | 0.2 | 0.3 [ 0.2 | 0.1 | 0.2 | 0.1 [ 0.1 | 04 | 04 | 0.2 3.0
o | The ruiniform aspects of Bel | 4 | 54 | 02 | 03 |02 |01 |02 |02 |015| 04 |08 |04 | 38
Younech
3 | The Abdessamad cave 04 |03|02|03[02]01]|02|02(015/ 04|08 | 04]| 37
4 | Jbel Chendir and the complex | 0.4 | 04 |015| 0.4 [ 02 | 0.1 | 02 | 02 [020| 04 | 0.8 | 0.4 | 3.9
5 | ,Mujer Muerta” Panorama 04 | 04 |020|03|02|01]|02|02020[04]|08]|04]| 38
6 | Laila Island or Perejil Island 04 | 04 |020| 04 | 02| 01| 02| 02|020| 04| 08| 04| 39
7 | The terraces of Ras Leona 03| 04 {020 03 | 0.2 | 01 02| 02 (020| 04 | 08| 04 3.7
8 lgfsfw“ of RasLeonaand | ¢, | 54 |020| 03 |02 | 01| 02|02 |020| 04| 08|04/ 35
g |jnetravertineterraces of Bel | g4 | 0.4 |020| 03 | 02 [ 0.1 | 02 |02 |020| 04 | 08 |04 | 38
10 | The low coast of Bel Younech | 0.4 | 04 |020| 0.3 | 0.2 | 0.1 | 02 | 0.2 [015| 04 | 0.8 | 04 3.7
11 g:‘ezzfsr‘gf;z”;s;g Vounech | 04 | 04 [0.20] 03 | 02 |01 |02 |015]015| 04 |08 | 04 | 37
12 | The cliff of Ras Leona 04 | 04 |020|03[02]01]|02|02|02]|04]|08]|04]| 38
13 | The breaches of Bel Younech | 0.3 | 0.4 [020] 03 | 02 | 0.1 | 0.2 [0.05|0.10| 04 | 0.8 | 0.4 | 35
Weighted average 040| 04 |02 |03 [ 02| 01]|02|02|02]|04]|08]|04]| 37
Weighting 10% | 10% | 5% | 10% | 5% | 5% | 5% | 5% | 5% | 10% | 20% | 10% | 100%
Table 4. Appreciation of touristic value criteria and their weighted average for every GS
N° Name of GSs Vul [Acc | UL | Saf | Log | DP | AV |Sce | uni|OC | IP | EL PTU
1| The Tizgarines of Bel Younech | 0.4 | 04 | 02 [ 03 |02 |01 |02 |03 |02]02[04]01]02] 32
2 \T(gﬁr:zgr‘:fmm aspects of Bel | 4 | 94 | 02| 03| 02|01 |02|06|03|02]04]01]|02]| 36
3 | The Abdessamad cave 04 |03[02|03[02|01][02]06]|03[02|04][01]|02] 35
4 | Jbel Chendir and the complex | 0.4 | 0.4 | 0.2 | 04 [ 02 [ 01|02 |06 |04 [02|04|01|02]| 38
5 | ,Mujer Muerta” Panorama 04 (04|02 |03(02|01|02|06|04|02]04]|01|02]| 3,7
6 |Laila Island or PerejilIsland | 0.4 [ 0.4 [ 02 |04 |02 | 01|02 |06 |04|02]|04|01|02] 38
7 | The terraces of Ras Leona 03(04|02(03[02|01|02|06|04|02|04]|01]02 3,6
8 ;’;‘:f“t of Rasleonaand | 4| 04| 02|03 |02]01]02|06|04|02]|04]|01]02] 34
g |netravertine torraces of Bel | 4 | 04 | 0203 |02 |01 |02|06|04|02[04|01|02] 37
10 | The low coast of Bel Younech | 0.4 | 04 | 0.2 | 0.3 [ 02 | 0.1 | 0.2 |045[ 03|02 |04 |01 |02 35
11 g:‘:dzf:;is;;’”oefsla‘;fl vouneon | 0404 |02]03 | 02010204503 |02|04]|01[02]| 35
12 | The dliff of Ras Leona 04]04]02|03|02[01]02][060|04]|02|03[01][02]| 36
13 | The breaches of Bel Younech | 0.3 | 0.4 | 0.2 | 0.3 | 02 | 0.1 | 0.2 |0.15[ 02| 02 [ 04 | 0.1 | 02| 30
Weighted average 04 04[02[03[02[01[02[05|03[02|04]|01]|02]| 35
Weighting 10% | 10% | 5% |10% | 5% | 5% | 5% |15% | 10% | 05% | 10% | 05% | 05% | 100%

the GSs is about 3.5, it can be inferred that the PTU
value is high. This value is explained by the prox-
imity of most of the sites to paved roads, the exis-
tence of an important tourist infrastructure, and the
association of the GSs with an exceptional richness
of biological and/or cultural diversity. The opening
of the new TGV and other ways of transport has
favored the accessibility to the commune of Bel
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Younech, as well as the inexistence of restrictions
of use in almost all the GSs of the territory.

The value of the risk of degradation

The risk of degradation assessment is based
on five criteria. Its importance is linked with the
fact that the features of the geological elements
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Table 5. Assessment of degradation risk value criteria of the studied GSs and their weighted average

N° Name of GSs DG PD LP Acc DP RD
1 The Tizgarines of Bel Younech 0.35 0.20 0.80 0.60 0.10 2.05
2 The ruiniform aspects of BelYounech 0.70 0.20 0.40 0.15 0.10 1.55
3 The Abdessamad cave 0.70 0.20 0.40 0.45 0.10 1.85
4 Jbel Chendir and the complex 0.70 0.20 0.20 0.15 0.10 1.35
5 ,Mujer Muerta” Panorama 0.70 0.20 0.40 0.15 0.10 1.55
6 Laila Island or Perejil Island 0.70 0.20 0.20 0.15 0.10 1.35
7 The terraces of Ras Leona 0.70 0.60 0.40 0.60 0.10 2.40
8 The coast of Ras leona and Karst 0.70 0.80 0.40 0.15 0.10 2.15
9 The travertine terraces of Bel Younech 0.70 0.60 0.40 0.60 0.10 2.40
10 The low coast of Bel Younech 0.70 0.20 0.40 0.60 0.10 2.00
11 The sandstones of predorsalian of Bel Younech 0.70 0.80 0.40 0.60 0.10 2.60
12 | The cliff of Ras Leona 0.70 0.80 0.40 0.60 0.10 2.60
13 The breaches of Bel Younech 0.70 0.80 0.40 0.60 0.10 2.60
Weighted average 0.67 0.45 0.40 0.42 0.10 2.03
Weighting 35% 20% 20% 15% 10% 100%

have a high probability of being damaged by an-

thropogenic or natural factors:

e When the site is not protected by legal laws;

e When it is close to natural hazard areas and
potentially degrading activities.

Table 5 presents the values of the risk of degra-
dation, the 5 criteria and the weighted averages of
each of the GSs of the commune of Bel Younech.

The average degradation risk of the studied
GSs is moderate, in the order of 2.03.It wasnot-
ed that 62% of these GSs have a moderate risk
of degradation (Table 5) because the main fea-
tures of the geological elements have probability

degradation by anthropogenic or natural factors.
This is due to the lack of access control even
though GSs that have legal protection. This factor
is combined with the proximity of the majority of
sites in the study area to roads and unplanned land
developments. In contrast, 38% of the sites in the
study area have a low DR (Table 5).

GEOROAD

At the end of this work, a georoad have been
proposed (Fig. 17) which is accessible and has
infrastructures suitable for use as an educational

Ras Leona

Jbel
Moussa

®Plans

Mediterranean

lim

15,47 km

Figure 17. The stations of the Bel Younech itinerary on the Google satellite image
(https://www.wikiloc.com/hiking-trails/georoute-de-bel-younech-124855395)
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Table 6. Technical Characteristics of the Bel Younech
georoad

Length 15,47 km
Difficulty Low
Altitude min 1m
Altitude max 433 m
Start Before
End Residence of the commune
of Bel Younech
Total time 5h 30mn
Durée de déplacement 1h 04mn

and tourist road. The characteristics of this georo-

ad, as it has been traced, are presented in the fol-

lowing table (Table 6).

Thus, in a perspective of preservation by en-
hancement of these 13 GSs, divided into 14 stops
(Fig. 17) according to an itinerary with different
themes: 1) the regional geology in its relationship
with the internal geodynamics responsible for the
structural evolution of the peri-plate chain of the
Rif, ii) the external geodynamics that illustrates the
action of water on carbonate rocks, terraces and
Karst formations, iii) the structuring of the land-
scape in the commune of Bel Younech where the
Man has well enhanced its natural surroundings.

Other actions can be undertaken to establish
the basis for sustainable development:

a) publication of a geological guide with the in-
ventory of the 13 geosites with emphasis on the
geological diversity of the SBEL.

b) taking the actions to ensure sustainable de-
velopment of the area, including geotourism
projects, where the above-mentioned sites
and possible future sites can be integrated as
natural heritage, thus offering local and foreign
visitors the opportunity to discover this excep-
tional geological heritage.

¢) Signage systems should be introduced along
the access roads to the commune and at the ob-
servation point of the site of geological interest.

d) establishment of a possible natural history mu-
seum of the SBEI of Jbel Moussa in the old
whale house to illustrate the richness of the ma-
rine and terrestrial area by producing guides and
leaflets containing information on the sites of
geological interest, and with interpretive panels
regarding the geology and the sites of the SBEI.

e) Set up awareness campaigns for the different
actors concerning the conservation of the geo-
logical heritage, accompanied by strategies for
the sustainable development of the SBEI.
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f) Promote the SBEI of Jbel Moussa from the
point of view of sustainable geotourism by ex-
ploiting all the tools and methods, such as in-
formation and communication technologies, to
illustrate the best sites of geological interest of
the commune of Bel Younech.

CONCLUSION

The study of geodiversity along the commune
of Bel Younech (SBEI Jbel Moussa) has identi-
fied thirteen (13) geosites across 14 stops: The
results revealed that the SVs of geosites have a
high average estimated at 3.50. § sites achieved a
very high value that exceeds or equals 3.5, which
allows them to be considered as geosites. The av-
erage values of PEU and PTU are very high (3.7
and 3.5) and the risk of degradation is moderate,
around 2.03. The obtained values for DR of GSs
indicate that some measures should be taken to
protect them. For all these reasons, it is impera-
tive that all the actors involved (local-regional
authorities, local population, universities and
scientific institutes, NGOs, etc.) face up to their
responsibilities in order to make efforts to imple-
ment the protection of the geological heritage of
the commune of Bel Younech included in the ter-
ritory of the SBEI of Jbel Moussa.
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