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Abstract: The Rif Cordillera, an Alpine orogen in the Western Mediterranean, was developed by the
interaction of Eurasian and African (Nubia) plates. Neotectonic deformations of the Rif foreland
influence the relief, especially in post-nappe basins and their boundaries with Jurassic and Cretaceous
carbonate mountain massifs, and they contribute to highlighting the recent evolution of the Cordillera.
The topographic and hydrological lineaments of these basins were characterised on the basis of multi-
scale morphostructural data analysis, supported by digital mapping and GIS. They were correlated
with geological structures, essentially with fractures. The outcrops of the Upper Tortonian and
Messinian deposits depict well-defined geometric shapes with roughly rectilinear boundaries, as
defined by their contacts with the massive and rigid rocks of the Jurassic and Cretaceous series.
Upper Tortonian deposits evidence major regional N70◦E and N40◦E lineaments, which are obliquely
intersected by late structures. Messinian N120◦E and N25◦E lineaments, associated with N140◦E
lineaments, are also recognised. The interpretation of these lineaments as faults indicates the activity
of two systems of transtensive sinistral and then dextral brittle shearing that correspond to two
episodes of neotectonic deformation that played a decisive role in shaping the reliefs of the Eastern
Rif. These deformations are particularly relevant to isolate basins and likely have a key role during
the closure of the South Rifian corridor during the Mediterranean Messinian Salinity crisis.

Keywords: morphostructural lineament analysis; neotectonic deformations; Eastern Rif; post-nappe
basins; Morocco; Tortonian; Messinian

1. Introduction

Morphostructural analyses determine the imprint of tectonics in the relief to reveal
the recent evolution of the deformation [1,2]. They contribute to unravelling the complex
geological history and have applications in investigations of geological resources and
hazards. The analysis of relief features of slopes, such as mountain fronts and fluvial
networks, reveals linear features in some regions that may be associated with main brittle
structures [3,4].

The Rif Cordillera (Figure 1) is part of the Alpine orogen in the Western Mediter-
ranean [5,6], affected by several deformation phases that have produced folding and
thrusting since the Oligocene. They deform the internal to external parts of the chain [7–9].
This compressional tectonic activity related to the oblique convergence of Africa (Nubia)
and Eurasian plates (Figure 1a) is relayed in the Rif from the Late Miocene, when up-
lift and a decrease in deformation occurred [10–13]. Neotectonic deformations are not
highly pronounced in post-nappe Neogene–Quaternary sedimentary basins, making them
challenging to distinguish from earlier, intense Alpine deformation structures within the
basement massifs. In fact, this is particularly evident in the opening of post-nappe basins
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that develop along the southern edge of the chain (Figure 1b), where they form the South
Rifian corridor, as well as in the basins along the Mediterranean coast associated with the
opening of the Alboran Sea. Although previous research has improved our knowledge
of the paleo-stress and neotectonic evolution that are considered in this region since the
Late Miocene [11,14–17], to date, the morphostructure of the region has not been analysed
in detail.
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Mediterranean [19]. Moreover, some volcanism also occurred in this area. Basin bounda-
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Figure 1. Structural sketch of plate boundaries (a) and of the Betic Rif Cordillera (b). Modified
from [18]. Arrows in Figure 1a indicate the plate convergence. The detailed study area of Figure 2 is
indicated. AIF, Al Idrissi Fault; AR, Alboran Ridge; AS, Alboran Sea; JF, Jebha Fault; NF, Nekor Fault;
YF, Yusuf Fault; WAB, Western Alboran Basin.

Sedimentary basins are mainly filled by Upper Miocene detritic deposits represented
mainly by formations of the Upper Tortonian and Messinian, overlaid by scattered levels
of Pliocene and Quaternary sediments. During the Messinian evolution, the closing of
the Atlantic and Mediterranean connection along the South Rifian corridor due to tectonic
evolution was a key process that finally developed the Messinian Salinity Crisis in the
Mediterranean [19]. Moreover, some volcanism also occurred in this area. Basin boundaries
are generally characterised by well-determined rectilinear contacts that produce geometric
forms and occupy low areas framed by Jurassic and Cretaceous massifs (Figure 2). This
geometry suggests that their individualisation is controlled by regional tectonic structures
that played a decisive role in shaping morphostructural reliefs. Moreover, in sedimentary
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basins, where marly sediments predominate, tectonic markers are scarce and often subject
to complex reactivations and crosscuts. In this setting, morphostructural studies based on
the characterisation of the main lineaments constitute a main tool that reveals the fracture
pattern and contributes to highlighting the geodynamic processes.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 3 of 19 
 

geometric forms and occupy low areas framed by Jurassic and Cretaceous massifs (Figure 
2). This geometry suggests that their individualisation is controlled by regional tectonic 
structures that played a decisive role in shaping morphostructural reliefs. Moreover, in 
sedimentary basins, where marly sediments predominate, tectonic markers are scarce and 
often subject to complex reactivations and crosscuts. In this setting, morphostructural 
studies based on the characterisation of the main lineaments constitute a main tool that 
reveals the fracture pattern and contributes to highlighting the geodynamic processes. 

 
Figure 2. Synthetic geological map of the Eastern Rif that constitutes the study area. Modified from 
[20–32]. Massifs: AN, Aknoul Nappe; AZ, Ain Zora; BBI, Beni Bou Ifroure; BS, Beni Snassene; CTF, 
Cap des Trois Fourches; GB, Gareb; GR, Gourougou; KB, Kabdana; KT, Ketama; RT, Ras Tarf; TM, 
Tamsamane. Basins: BD, Boudinar; KR, Kert; ML, Melilla; MR, Moulay Rachid; TR, Triffa. Hydro-
graphic network: Kt R, Kert River; Ks R, Kiss River; MoR, Moulouya River. Faults: NKF, Nekor 
Fault. 

The aim of this contribution is to analyse the post-nappe deformations of the Eastern 
Rif by studying the neotectonic lineament patterns that reveal the tectonic structures con-
trolling the shape of compartmentalised reliefs. We apply an approach that combines ge-
ological data and morphostructural analysis, supported by digital mapping, to character-
ise and analyse the regional lineaments presented by the major massifs and rivers that 
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Figure 2. Synthetic geological map of the Eastern Rif that constitutes the study area. Modified
from [20–32]. Massifs: AN, Aknoul Nappe; AZ, Ain Zora; BBI, Beni Bou Ifroure; BS, Beni Snassene;
CTF, Cap des Trois Fourches; GB, Gareb; GR, Gourougou; KB, Kabdana; KT, Ketama; RT, Ras Tarf;
TM, Tamsamane. Basins: BD, Boudinar; KR, Kert; ML, Melilla; MR, Moulay Rachid; TR, Triffa.
Hydrographic network: Kt R, Kert River; Ks R, Kiss River; MoR, Moulouya River. Faults: NKF,
Nekor Fault.

The aim of this contribution is to analyse the post-nappe deformations of the East-
ern Rif by studying the neotectonic lineament patterns that reveal the tectonic structures
controlling the shape of compartmentalised reliefs. We apply an approach that combines
geological data and morphostructural analysis, supported by digital mapping, to charac-
terise and analyse the regional lineaments presented by the major massifs and rivers that
cross the area. Additionally, on a local scale, we examine the lineaments determined by the
smaller mountains within each massif and small rivers. The information provided by the
patterns of morphological lineaments is related to brittle deformations and evaluated to
improve the knowledge of the geological evolution of the Eastern Rif in the framework of
the Eurasian–African (Nubia) convergence (Figure 1a).
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2. Geological and Tectonic Context

The Rif Cordillera belongs to the Tethys Alpine Orogenic Belt and together with the
Betic Cordillera constitutes an arcuate orocline, which meets at Gibraltar and surrounds
the Alboran Sea. The Rif is formed by three structural elements belonging to different
paleogeographic domains [10,33,34] (Figure 1b), namely the following:

• Internal zones, also called the Alboran Domain, correspond to an ancient continent
that exists off Africa, in the western Tethys. It consists of a turn of three tectonic
complexes: the Sebtides, Ghomarides, and the Calcareous Dorsal [10,35].

• Flysch units that develop on transform zones between the Afro-European margins
and the Alboran Domain; these flysches are grouped into two stratigraphic units, one
Mauritanian and the other Massylian [36,37]. The Mauritanian flysch includes the
Tisirene flysch, of the Late Jurassic–Early Cretaceous age, and the Beni Ider flysch,
of the Middle Paleogene–Burdigalian age. The Massylian flysch includes the Early
Cretaceous and Numidian flysch of Paleogene–Burdigalian age [38].

• External zones, which represent the Tethyan margin of the African plate; this domain
consists mainly of terminal Cretaceous parautochthonous terrains represented by the
Tangier–Loukous units and Triassic–Tertiary parautochthonous-to-autochthonous car-
bonate and siliciclastic terrains represented by Mesorifain and pre-Sahelian units [38,39].

In the Eastern Rif, the Mesorifain units of Tamsamane are directly in contact with the
foreland. Thus, the internal foreland has a Rifian affinity, whose Mesozoic formations show
stratigraphic and metamorphic similarities with Mesorifain formations, such as the massifs
of Kabdana, Beni Bou Ifroure, Gareb, and Cap des Trois Fourches (Figure 2) [8,40–42]. In
contrast, their equivalent of the Outer foreland is the Beni Snassene Massif, without Alpine
metamorphism, which is shown with the highlands, Atlasic affinities (Figure 2) [43–45].

These Mesozoic series outcrop only at the level of the reliefs where they are uncon-
formably overlaid by deposits of the Lower and Middle Miocene and form isolated moun-
tain massifs that emerge in the regional topography [12,46,47]. These geological formations
are shown here as a relative para-substratum surmounted by a complex arrangement
of lowland plains occupied by Upper Miocene formations considered as post-nappe de-
posits [48,49]. The shape of these contrasting and compartmentalised structures is clearly
related to neotectonic deformations [50].

The post-nappe basins infill starts with a thick series of Tortonian conglomerates and
marls that only outcrop at the foot of the mountain ranges and show significant lateral
variations in thickness [17,48]. Indeed, these formations are differently distributed and are
partially cached below the Messinian marls and finally the Pliocene–Quaternary detrital
deposits. Their development occurred in isolated basins induced by subsidence phenomena
controlled by brittle deformations.

3. Materials and Methods
3.1. Elaboration of the Synthetic Geological Map of the Eastern Rif

The elaboration of a synthetic geological map of the Eastern Rif (Figure 2) is based on
the one hand on the set of geological data recovered from 13 geological maps (Figure 3),
including 10 maps at 1:50,000 for sheets of Nador [20], Melilla [21], Zegangane [22], Keb-
dani [23], Boudinar [24], Midar [25], Ain Zohra [26], Ahfir [27], Berkane [28], and Zaio [29];
a map at 1:100,000 for the leaves of Tiztoutine [30]; and 2 maps at 1:500,000 for the sheets of
Oujda [31] and the Rif [32]. Secondly, it is based on the many studies that were conducted
in the research area, including the studies of [7,10,51–55].
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Figure 3. Compilation of geological maps used in the elaboration of the synthetic geological map of
the Eastern Rif. Sources are indicated in the text.

3.2. Extraction of Lineaments

Lineaments of the Eastern Rif were extracted (Figure 4) from the morphostructural
analysis of three main sources: (1) Digital mapping was conducted using 24 topographic
maps at 1:50,000 scale, which cover the study area (Figure 5). (2) DEM images were
processed using a shading tool based on the method outlined by [56–60]. These DEMs
have a resolution of 12 m and can be downloaded from the website referred to in Figure 5.
(3) Satellite images from Google Earth (https://www.google.com/intl/es/earth/ accesed
on 30 January 2024), and ArcGIS Earth (version 1.9.2351) were also used.

We used qualitative interpretation of aerial images and digital terrain data (DEM,
Figure 5) to map the lineaments within the Eastern Rif area. Roughly linear features
are represented by straight lineaments, following the common practice of interpreting
geological attributes such as bedding and fracture traces. This process involved manual
tracing of lineaments, which proved highly beneficial for studying tectonic structures.
We considered various geomorphological features like ridge lineaments and drainage
patterns when mapping these lineaments. The y outlines the ridge linear features visible
in hillshade relief maps (Figure 6). Additionally, they reveal straight segments within the
stream networks, as depicted in hydrographic maps (Figure 7). This meticulous approach
ensures accurate mapping of mountain boundaries.

The results of the qualitative interpretation of these lineaments are presented on the
background of reliefs (Figure 8) obtained by the treatment of DEM shadows.

https://www.google.com/intl/es/earth/
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Figure 5. DEM image of Eastern Rif (https://asf.alaska.edu/datasets/daac/alos-palsar/ accesed
on 20 January 2024). Massifs: AN, Aknoul Nappe; AZ, Ain Zora; BBI, Beni Bou Ifroure; BS, Beni
Snassene; CTF, Cap des Trois Fourches; GB, Gareb; GR, Gourougou; KB, Kabdana; KT, Ketama; RT,
Ras Tarf; TM, Tamsamane. Basins: BD, Boudinar; KR, Kert; ML, Melilla; MR, Moulay Rachid; TR,
Triffa. Hydrographic network: Am R, Amakran River; Ks R, Kiss River; Kt R, Kert River; MoR,
Moulouya River.

https://asf.alaska.edu/datasets/daac/alos-palsar/
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Figure 6. Topography of the Eastern Rif (digital processing of DEM (Figure 5) by hillshade). Massifs:
AN, Aknoul Nappe; AZ, Ain Zora; BBI, Beni Bou Ifroure; BS, Beni Snassene; CTF, Cap des Trois
Fourches; GB, Gareb; GR, Gourougou; KB, Kabdana; KT, Ketama; RT, Ras Tarf; TM, Tamsamane.
Basins: BD, Boudinar; KR, Kert; ML, Melilla; MR, Moulay Rachid; TR, Triffa. Hydrographic network:
Am R, Amakran River; Ks R, Kiss Rive; Kt R, Kert River; MoR, Moulouya River.
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Figure 7. Hydrographic network map of the Eastern Rif. Massifs: AN, Aknoul Nappe; AZ, Ain Zora;
BBI, Beni Bou Ifroure; BS, Beni Snassene; CTF, Cap des Trois Fourches; GB, Gareb; GR, Gourougou;
KB, Kabdana; KT, Ketama; RT, Ras Tarf; TM, Tamsamane. Basins: BD, Boudinar; KR, Kert; ML,
Melilla; MR, Moulay Rachid; TR, Triffa. Hydrographic network: Am R, Amakran River; Ks R, Kiss
River; Kt R, Kert River; MoR, Moulouya River.
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Figure 8. Eastern Rif lineament map (a) with the rose diagrams of crest lineaments (b) and hydro-
graphic lineaments (c). Massifs: AN, Aknoul Nappe; AZ, Ain Zora; BBI, Beni Bou Ifroure; BS, Beni
Snassene; CTF, Cap des Trois Fourches; GB, Gareb; GR, Gourougou; KB, Kabdana; KT, Ketama; RT,
Ras Tarf; TM, Tamsamane. Basins: BD, Boudinar; KR, Kert; ML, Melilla; MR, Moulay Rachid; TR,
Triffa. Hydrographic network: Am R, Amakran River; Ks R, Kiss River; Kt R, Kert River; MoR,
Moulouya River.

3.2.1. Ridge Lineament Extraction

The manual extraction of ridge lineaments (Figure 4a) was performed based on data
obtained from the analysis of topographic maps and processing of shading maps (Figure 6),
utilising ‘Hillshade’, a tool within the 3D analysis suite of ArcGIS. These ridge features
were cross-referenced with relief images acquired using ‘ArcGIS Earth’.

3.2.2. Hydrographic Lineament Extraction

The manual extraction of hydrographic lineaments (Figure 4b) was carried out on the
basis of consistency between hydrographic network delineations provided by topographic
maps and those automatically extracted by the hydrology tool in ‘spatial analyst tools’
under ‘ArcGIS’ following the steps of this tool (Flow Direction, Flow Accumulation, and
Stream Order). In addition, we took into account the average irregularities of these features,
which were defined by the order and extent of their branches at both local and regional
scales (Figure 7).

3.3. Morphostructural Analysis

The predominance of soft facies occupying the study area hides the presence of
adequate outcrops for field observation of tectonic structures. This is one of the main
issues in revealing the geodynamic space-time processes of neotectonic deformations that
controlled the individualisation of different Neogene basins of the Eastern Rif.

To address this issue, the morphological markers induced at the surface by this neotec-
tonic activity produced regional lineaments that represent linear features in a landscape and
are related to geological structures. They evidenced the alignment of the major mountain
ranges and rivers within the study area, as well as small-scale lineaments associated with
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the small mountains within each range. These lineaments are identified by qualitative photo
interpretation of aerial images and DEM, following the procedure outlined in Figure 4.

3.3.1. Ridge Lineament Analysis

In this analytical approach, morphostructural analysis focuses on the fact that ridge
lineaments defined by mountain massifs are considered markers that indicate the layout
and extensions of tectonic compartments in elevated positions, framed by collapse faults.
The ridge lineaments are evidenced by the contrasting morphological characteristics due to
the resistant nature of carbonate mountain massifs, in contrast to the predominant post-
nappe detrital and marly soft deposits in the plains (Figure 2). The major ridges exhibit
greater prominence and are delineated on a regional scale by the segmented and elongated
shapes of mountain massifs such as the Beni Snassen massif, Kebdana, Beni Bou Ifroure,
Gareb, Tamsamane and Cap des Trois Fourches (Figures 6 and 8). In addition, the minor
ridge lineaments correspond to the mountains within each massif. The analysis of ridge
and massif boundaries reveals the behaviour of the tectonic blocks.

3.3.2. Hydrographic Lineament Analysis

The morphostructural analysis of hydrographic lineaments focuses on the idea that
they emerge along zones of lower relief, which have undergone the maximum amount of
collapse and erosion, coinciding primarily with fractures that have influenced the shaping
of the morphostructural features of the Eastern Rif. In general, the hydrographic network
is controlled by two major parameters: slope and tectonics [1,2]. It is estimated that the
Eastern Rif is characterised in the majority by reliefs of low slopes that correspond to the
post-nappe basin. The region is crossed by three large rivers (wadis, oueds): the Moulouya
River at the Triffa Basin, the Kert River at the Kert Basin, and the Amakran River, which
crosses the Boudinar Basin (Figure 7). These rivers intersect the middle part of the basins
and flow towards the Mediterranean.

3.4. Separation of Tectonic Episodes

The lineament map (Figure 8) highlights the straight geometry of the Tortonian de-
posits, which are mapped along the margins of the ancient massifs (Figure 2), as well as
the boundaries of the Messinian geological formations (Figure 2). The interpretation of
fractures is supported by geological maps (Figures 2 and 3) derived from field data and
aerial images from Google Earth and ArcGIS Earth. The geometry of the contacts and the
kinematics of certain faults, as determined by the displacement of markers, contribute to
distinguishing between the tectonic episodes that governed the activity of the faults during
Tortonian and Messinian sedimentation and deducing the behaviour of the fault system
during each episode.

4. Results

The study area corresponds to the northeastern part of the Rif Cordillera. It spreads
between the massif of Ras Tarf in the west and River Kiss in the east (Figures 1 and 2).
This sector is mainly occupied by low-relief plains (Figure 5) of marly facies post-nappe
deposits (Figure 2) and by mountainous massifs that have delimited the Neogene basins in
the northern part of the Rif corridor (Figure 2).

4.1. Morphostructural Analysis

Contacts between mountain ranges and post-nappe basins in the Eastern Rif
(Figures 2 and 8) are segmented and have well-defined orientations. This is clear for
the Upper Tortonian and Messinian formations, which are predominantly marly facies,
whose outcrops also arise in rhomboidal geometric shapes. Moreover, the rheological
features of the massive and rigid materials of their Jurassic and Cretaceous carbonate base-
ments played a decisive role in the structural reliefs of the Eastern Rif. The orientations of
the main hydrographic network and the coastlines largely follow those of regional tectonic
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structures, which produce uplift and subsidence, whereas the ridge lineaments correspond
to the geometric attitude of the blocks and tectonic compartments.

4.1.1. Ridge Lineaments

The most important and expressive lineaments are delineated on a regional scale by
the segmented, elongated shapes of the carbonate massifs located in the horst positions
(Figure 8). They incorporate the highest elevations of various mountains that are oriented
N70◦E (Kabdana, Tamsamane, Gareb ouest, and Beni Snassene), N40◦E (Beni Bou Ifroure,
Tiztoutine), and N110◦E (Gareb ouest and Beni Snassene) (Figure 8b). Additionally, other
shorter ridge lineaments can be distinguished, defined on a local scale by the configuration
of mountains within each carbonate massif. These partly follow orientations N70◦E and
N40◦E; nevertheless, locally, oblique lineaments can be distinguished that are arranged
along orientations ranging from N120◦E to N135◦E (Figure 8a).

4.1.2. Hydrographic Network Lineaments

Cartographic analysis shows that the plots of the Eastern Rif hydrographic network
are organised according to well-defined orientations and lengths and can be grouped into
two types. The difference between the two types of hydrographic networks was determined
by the topographical features induced by the relative behaviour of the blocks, associated
with the contrasting and compartmentalised structures of the thick, rigid Jurassic and
Cretaceous carbonate series.

The first group crosses the mountainous massifs and is a very embedded hydrographic
network, with a limited extension of orientations N70◦E, N100◦E, and N40◦E (Figure 8c).
Hydrographic networks in those areas are also related to the ridge lineaments, conditioned
by the brittle deformation of their Jurassic–Cretaceous rigid rocks, marked by a partial
stacking of tectonic packages due to fold and thrust structures.

The other group occupies low-lying areas of the post-nappe basins, which are predom-
inantly marly. These areas concentrate in the hydrographic network. This is the case in
the Kert, Gareb, and Triffa basins. These regional hydrographic networks often connect to
such large tributaries N120◦E to N140◦E that cross the Kert Basin, as well as other more
abundant tributaries and smaller extensions of orientations N25◦E, sometimes N40◦E.

4.2. Separation of Tectonic Episodes
4.2.1. Tortonian Episode

The first system of these neotectonic structures (Figures 9 and 10) is defined by the
orientation of the mountain ranges of Kabdana, Gareb, Beni Bou Ifroure, Cap des Trois
Fourches, and Tamsamane. These massifs stand on a large scale as regional tectonic
packages that stand out in the regional topography caused by resistant rocks delimited
mainly by tectonic structures [61,62]. The summits of the different mountains determine,
on a large scale, lineaments of major ridges, of which the orientations N70◦E and N40◦E
are established according to those of their geometric limits with the post-nappe basins
(Figure 9).

The main Eastern Rif hydrographic network uses the low reliefs of the intermediate
parts of the post-nappe basins. These major networks extend over tens of kilometres
and have a segmented appearance that largely follows the N40◦E and N70◦E guidelines
(Figure 9c). We consider their plots to coincide with the alignment of the maximum collapse
zones induced by the basement contact with the Jurassic and Cretaceous carbonate series
(Figure 2). We interpret them to be controlled in depth by the same N40◦E and N70◦E
families of major fractures of the structures bounding the reliefs that developed complex
structures in horsts and grabens (Figure 9c).

Moreover, the cartographic examination shows that these massifs present other linea-
ments of local peaks and kilometric extensions, defined at a smaller scale by the pattern
of the different mountains and which are consistent with the orientations of the major
ridge lineaments (Figure 9b). These observations allow us to associate N40◦E and N70◦E



Appl. Sci. 2024, 14, 4134 11 of 19

structures with the first episode of brittle deformations of the Late Miocene that controlled
the regional morphostructural shaping of the Eastern Rif foreland.
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4.2.2. Messinian Episode

The Eastern Rif post-nappe basins are also filled by Messinian formations that crop
out with Plio-Quaternary thin deposits that locally cover them (Figure 2). These Messinian
marly deposits evidence lineaments, which are relatively less expressed, variable in order
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and extent, and often have a segmented appearance with orientations N120◦E, N140◦E,
and N025◦E (Figures 11, 12 and 13a). The Messinian deposits are predominantly crossed by
a much dense and branched hydrographic network (Figure 11) that is oblique with respect
to the previous main N70◦E and N40◦E hydrographic lineaments. Some of the N120◦E
lineaments extend over 10 km and outline the geometric boundaries of the Messinian
outcrops, as is the case north of the Kert Basin (Twount sector) (Figure 12) and Ain Zora
(Figure 13b).
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system (a). Rose diagrams of the ridge lineaments (b), hydrographic lineaments (c), and supposed
faults (d). Massifs: AN, Aknoul Nappe; AZ, Ain Zora; BBI, Beni Bou Ifroure; BS, Beni Snassene;
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Tarf; TM, Tamsamane. Basins: BD, Boudinar; KR, Kert; ML, Melilla; MR, Moulay Rachid; TR,
Triffa. Hydrographic network: Am R, Amakran River; Ks R, Kiss River; Kt R, Kert River; MoR,
Moulouya River.
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Morphological examination shows that the hydrographic networks that cross the marly
facies of the Messinian deposits are proportionally framed by ridge lineaments with little
expression and with a larger radius of curvature than those of Tortonian deposits (Figure 8).
This pattern is found in mountain ranges and in the same directions. Nevertheless, it is
marked by a repetitive succession of raised ridge lineaments separated by these much
embedded rivers. Some of these hydrographic networks extend over about ten kilometres
and coincide with major structures that obliquely intersect all the mountain massifs and
shift them according to dextral displacements.

Indeed, the cartographic examination shows that these Messinian formations have
relatively different distributions of the underlying levels of the Tortonian. We note the local
presence of some Messinian deposits that lie directly over the Jurassic and Cretaceous series
of Beni Said and Kabdana massifs. These outcrops have well-defined geometric shapes,
and their boundaries also strike N120◦E, N140◦E, and N025◦E (Figure 9a,b). This geometry
confirms the existence of an unconformity between the Messinian and Jurassic–Cretaceous
basement. The contemporary activity of the structures that governed the development of
the Messinian deposits is included in a distinct deformation stage, and their related brittle
deformations obliquely intersect the regional faults of post-nappe basins attributed to the
Tortonian (Figures 9 and 10). It is probably part of a shear zone system accommodated by
regional N120◦E dextral faults (Figure 13b).
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Oued Kert; (b) N120◦E, N140◦E, and N025◦E faults deforming the bedding of Messinian formation
at Ain Zora. Images from Google Earth (https://www.google.com/intl/es/earth/ accesed on 30
January 2024).

5. Discussion

Lineaments related to ridges, which coincide with the edges of massifs, and the
hydrographic network have been presented in the Results section. They have preferent
orientations and provide evidence of tectonic compartments and the presence of large
fractures, including those related to folding. They may be interpreted in the frame of the
geological evolution of the Eastern Rif since the Late Miocene. Two main episodes are
differentiated: Tortonian and Messinian.

https://www.google.com/intl/es/earth/
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5.1. Tortonian Episode

The extension of these N70◦E and N40◦E faults is confirmed on a regional scale and co-
incides with the boundaries of formations attributed to the Upper Tortonian. This is evident
in the olistostromic deposits found in the Kebdana and Ain Zora massifs [63–66], as well as
the greenish marls that mark the N70◦E fault along the northern edge of Kebdana [8,67].
Similarly, the Boudinar Basin is bounded to the south by the N45◦E Nekor fault [8,12,13],
whose activity determined the sedimentation during Tortonian [8,68]. Consequently, we
can associate these structures with the first episode of Upper Miocene brittle deformations
that controlled the regional morphostructural shaping of the Eastern Rif foreland.

These observations allow us to associate N40◦E and N70◦E structures with the first
episode of brittle deformations of the Late Miocene that controlled the regional mor-
phostructural shaping of the Eastern Rif foreland.

5.2. Messinian Episode

The regularity of the orientations of these lineaments can be considered the result of
brittle deformations of variable order and extension that are in coherence with the scale of
the Eastern Rif. Indeed, field data show that the geometry of the Messinian deposits, from
the northwest edge of the Kert Basin (Twount area) above the Beni Said Massif (Figure 12)
to the west of Melilla and the Ain Zora Basin level (Figure 13b) is controlled by N120◦E
long-term, dextral syn-sedimentary faults that are combined with sinistral N025◦E faults.
Faults of the same orientation have been described in the Messinian formations of the
Boudinar Basin [17,50,69,70], as well as in the Lower Kert Basin [71].

5.3. Overprinting of Tortonian and Messinian Episodes: Evolution of the African
Continental Margin

A NE-SW shortening of African–Eurasian lithospheric plates characterised the Middle
Tortonian phase [72] that deforms the Western Mediterranean [69,73], where the Alboran
Ridge (Figure 1) has NE-SW orientation similar to the Kabdana Massif. In this episode, the
presence of N40◦E and N70◦E structures suggests an initial sinistral shear zone affecting
the African margin.

The late N120◦E dextral and N025◦E sinistral structures characterising the Messinian
episode may be correlated with the Yusuf Fault (N120◦E dextral) of the Alboran Sea [73,74]
and that of Al Idrissi (N025◦E sinistral) [75–78].

These results highlight the interaction of tectonics and paleogeography during the
opening and closing mechanisms of the South Rifian corridor. Indeed, the sedimentary
basins of this corridor began to emerge since the Tortonian [14,17,79,80]. However, we
found that the opening of this corridor is attributed to the Tortonian and may be re-
lated to the sinistral movement of the large N070◦E faults. Their closure that caused the
Messinian salinity crisis [17,19,50,81] should be controlled by the dextral movements of the
N120◦E faults.

The model shows that the Eastern Rif (Figure 14) underwent two deformation episodes
during the Late Miocene. The first is characterised by a sinistral system driven by N70◦E
and N40◦E faults. In the Western Mediterranean, these structures are represented in the
Rif by the Jabha and Nekor faults [16,82,83] and in the Betic region by the Crevillente
and Carboneras faults [82,84]. During the Tortonian, a sinistral movement towards the
WSW is observed, and the sinistral slip of these faults is driven by a NE-SW-to-NNE-SSW
compressive stress field [13]. The second episode shows a dextral deformation system
mainly driven by N120◦E combined with sinistral N25◦E faults under NW-SE-to-NNW-
SSE compression. These results confirm the deformation model observed in the Western
Mediterranean [39,85–87].
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within the framework of the Western Mediterranean and constitutes a case study that 
highlights the suitability of morphotectonic analysis in regional areas affected by low, 
subtle deformations. The change from Tortonian to Messinian tectonic activity may have 
played a major role in closing the former Atlantic–Mediterranean connection, which fi-
nally contributed to the Messinian Salinity Crisis. 
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Figure 14. Deformation model of the Eastern Rif during the Tortonian and Messinian periods.

6. Conclusions

The analysis of the morphostructure of the Eastern Rif shows that the shaping of the
reliefs is conditioned by the neotectonic deformation of the massive and rigid carbonate
Jurassic and Cretaceous series controlled by well-developed Tortonian and Messinian
structures that determined the crest lineaments. Hydrographic networks and coastlines
follow incisions induced by regional structures that govern the individualisation of post-
nappe basins. The ridge lineaments are related to fractures that individualised the pattern of
the uplifted blocks and subsident basins. This multi-scale analytical study shows that these
lineaments are organised according to two coherent deformation systems that characterise
two neotectonic episodes.

The first episode (Tortonian) is at the origin of the major structures determined by the
NE-SW-to-NNE-SSW compression developing regional N70◦E and N40◦E structures that
generate the geometric pattern of rhomboid horst and graben shapes. The activity of these
structures is part of a system of transtensive strike–slip fault deformations controlled by
regional sinistral N70◦E faults. The sedimentation of Late Tortonian deposits is established
in an extensive context framed by N40◦E faults. It is laterally compensated for mountainous
areas by the N70◦E and N110◦E faults, which may correspond to transpressive zones.

The second episode (Messinian) is represented by tighter and smoother structures,
which are mainly exposed in the unconformable Messinian deposits. Their geometry
is mainly controlled by the NW-SE-to-NNW-SSE compression developing N120◦E and
N025◦E faults, which are often combined with N140◦E fractures. These faults intersect
obliquely with previous structures and are part of a transtensive shearing deformation
system controlled by N120◦E dextral faults.

This study improves the knowledge of the post-nappe evolution of the Eastern Rif
within the framework of the Western Mediterranean and constitutes a case study that
highlights the suitability of morphotectonic analysis in regional areas affected by low,
subtle deformations. The change from Tortonian to Messinian tectonic activity may have
played a major role in closing the former Atlantic–Mediterranean connection, which finally
contributed to the Messinian Salinity Crisis.
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