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ABSTRACT

The South Rifain ridges are an example of tectonic-sedimentation interaction in the Mio-Plio-Quaternary foreland
basins at the front of the Rif chain. is an elongated mountain zone-oriented E-W and N-S, forming the most frontal
part of the Rif belt. The morphotectonic study carried out in this area is based on Landsat-8 OLI image process-
ing techniques to determine the contribution of these images to structural mapping. The results obtained reveal a
predominant E-W orientation, which is widely present throughout the study area. This is followed by a second N-S
direction, a third NW-SE direction, and a fourth NE-SW direction. The NW-SE lineaments are also mapped in ki-
lometres. Their equivalent on the ground shows a sinister movement but does not show a significant horizontal dis-
placement of more than a few metres. Together with the NE-SW faults, these faults form a conjugate system of dex-
tral and sinistral faults, compatible with a palaeostress field where the maximum shortening stress is submeridian.

Keywords: South Rifain Ridges (Morocco); Landsat-8; geological lineaments; structural mapping.

INTRODUCTION

Geological lineaments, which include fault
systems, fractures, and linear structures, are im-
portant parts of the Earth’s surface and play an
essential role in geological studies, particularly
in geological processes, tectonic history, and
the potential for natural resources [Masoud and
Koike, 2006; Adiri et al., 2017; Doski, 2019; Ah-
madi et al., 2023]. These lineaments provide a
rare window into the inner workings of the Earth
and important hints about the forces that have
produced and are still shaping our globe. For
instance, the investigation of fault systems re-
veals the intricate interactions of tectonic plates,
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revealing seismic activity and earthquake poten-
tial in various parts of the world. Similar geologi-
cal events, such as the creation of mineral depos-
its, groundwater flow patterns, and the evolution
of landscapes, are revealed by the investigation
of fractures and linear structures [Preeja K. R. et
al., 2011; Dang et al., 2018].

Traditionally, Intensive fieldwork and manual
mapping methods, which frequently encountered
problems in distant or difficult terrains, were re-
quired for the identification and characterization
of these structures [Stead et al., 2019]. However,
an innovative era in geological studies has begun
with the development of remote sensing technol-
ogy, which provides a more effective, affordable,
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and precise method of identifying and evaluating
geological lineaments [Das et al., 2009; Ahmed li
and Mansor, 2018; Chaves et al., 2020; EI Hafy-
ani et al., 2023].

Given its ability to provide very interesting in-
formation, due to high spatial resolution images,
remote sensing has become common and more us-
able in geological research, even in geographical-
ly difficult environments. In Morocco, this tech-
nigue has been widely used in geological studies,
especially in geological mapping and structural
analysis [Zafaty et al., 2023], mining prospecting
[Benaissi et al., 2022], mapping of hydrothermal
alteration zones [Mamouch et al., 2022], and au-
tomatic lineaments extraction [Adiri et al., 2017,
Jellouli et al., 2021; Si Mhamdi et al., 2017].

This study, focus on the South Rifian Ridges
(SRR) region in Morocco, renowned for its com-
plex geological history and the presence of po-
tentially significant geological lineament-related
features. The SRR area presents a unique geologi-
cal setting that has garnered interest due to its dis-
tinct topographic characteristics and geological
phenomena [Faugeres, 1978; Ait Brahim et al.,
1984; Haddaoui et al.,1997; Amine et al., 2020].
The aim of this paper is to demonstrate the effec-
tiveness of remote sensing data in the extraction
and analysis of geological lineaments in the SRR
of Morocco. By adopting advanced image pro-
cessing and automated algorithms, the lineaments
have been identified by highlighting the geologi-
cal evolution of the area.

MATERIALS AND METHODOLOGY

Study area

The study was conducted at the south front
of the Rif belt, at the boundary between the Saiss
basin to the south and the Gharb basin to the west.
This area, which forms part of the southern front
of the Rif belt, has a relatively clearly marked
structure compared with the Rif belt [Chalouan
et al., 2003 ; Amine et al., 2020; El Asmi et al.,
2023a; EI Asmi et al., 2023b; Taj et al., 2024;
El Yakouti et al., 2024]. The SRR form the front
of the Rif belt, of which they constitute the fore-
land at the boundary between two very different
structural domains: the Rif to the north, an alpine
mountain belt formed between the Triassic and
Upper Miocene, and the Meso-Atlas domain to
the south, with a Palaeozoic basement structured
by Hercynian tectonics, and a very thick and rela-
tively undeformed Mesozoic cover (Fig. 1). The
Ridges are subdivided into two major groups: a
western group that arches and curves westward
(Jbel Kefs, Jbel Outita, and Jbel Bou Draa), and
an eastern group that forms a less pronounced
arc (Jbel Kannoufa, Joel Zerhoun, and Jbel Dhar
N’Sour), (Fig. 2). Further to the east, in the exten-
sion of the second group, two other isolated small
ridges can be found: Jbel Trhat and Jbel Zalarh
[Faugéres, 1978; Haddaoui, 1997].

The primary structuring of the South Rif
Ridges occurred during the upper Miocene due
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Fig. 2. Geological map of the South Rifain Ridges [Faugeres, 1978]

to the advancement of the external Rif (Pre-Rif)
from the east-northeast towards the west-south-
west [Faugeres, 1978]. From a stratigraphic level,
the South Rif Ridges are characterized by a highly
diverse Jurassic sedimentary sequence. Faugeres
(1978) divided the sedimentary sequences into
three units: (i) Peripheral Units: These units have
sedimentary sequences that do not exceed the
Middle Lias. This type characterizes the El Kan-
sera, Tekerma, Kannoufa, Moussoua, Nesrani, and
Oued Beht ridges. (ii) Intermediate Units: These
units are characterized by deposits of carbonate
internal platform from the Lower and Middle Lias,
overlain by an incomplete series of the Upper Lias
to Bajocian. The Kefs, Moulay Yacoub ElI Ham-
ma, Outita, Jbel Nouella, Jbel Balaas, and Koudia
Bou Azzouf ridges belong to this lithostratigraph-
ic category. (iii) Central Units: They exhibit sig-
nificant thicknesses of marly and marl-limestone
facies from the Toarcian and Bajocian. The Dhar-
En-Nsour, Zerhoun, Fert-El-Bir, Tselfat, Trhat,
and Zalarh ridges fall within this lithostratigraphic
category (Fig. 3).

Adapted methodology

The Landsat Operational Land Imager
(OL1) image of August 5, 2020, downloaded
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from the United States Geological Survey
website (https://earthexplorer.usgs.gov) has
been used in this work to map and extract the
lineaments. After the radiometric calibration
and the atmospheric correction, a panoply of
processes has been applied which are: color
composition, band ratio, principal component
analysis (PCA), and directional filters. Then,
the extracted lineaments have been validated
using geological map and field data (Fig. 4).

In Morocco, several studies were carried out us-
ing remote sensing. [Adiri et al., 2017; Hamidi et
al., 2023] conducted a study with the aim to com-
pare the different remotely sensed data in automatic
lineaments extraction such us: ASTER, Landsat 8
and Sentinel. The validation of the different results
derived from this work showed that the sentinel 1
are the most efficient data in the restitution of the
lineaments. In Kerdous inlier of the Anti-Atlas belt,
Morocco, [Jellouli et al., 2021] carried out a study
with the objective of the lineaments mapping using
optical and radar remote sensing data. The valida-
tion of the results using geological map of the region
and ground truth showed that HH and HV polariza-
tions of ALOS POLSAR and PC1 of Landsat data
are more efficient in lineaments mapping. In 2022,
a study carried out by [Benaissi et al., 2022] in the
Aouli inlier (Eastern Meseta, Morocco).



Ecological Engineering & Environmental Technology 2024, 25(7), 118-132

OUTITA
KEFS
[ il ZERHOUN
w
=4
i}
Q
=}
= e S T ~
i | -
= =
o -5
EL KANSERA =
= 2 o
B i =T =i
g @ i T .
= 3 o .
= i
2 N o u
§ % - E \ N
< =
) 2 L R \
= 2% % ~
= N | & N S N\
o) a =
=
N ~ 4
60m . R 2 ‘
z S5 s <
X
g Ty S
om Q b 5
E Y
= ¥
& ~
Z
w
s e O E
Bajocian (Dolostones and marly limestones) ﬂ{f
= oE
Aalenian (Marls and limestones) (=
= | Toracian (Marls and limestones) Middle Miocene
e (conglomerales and red clays)
=
i ; : Middle Miocene ~ <
- Domerian (Marls and limestones) = (Bioclastic limestones sands and conglomerates) . &
=
- Carixian (Dolostones and marly limestones) E:léﬁ?';:n Stones anid Evapiorites) = g
= : a y
Cretacous

- Sinemrian (Dolostones)

(Manls and limestones)

Fig. 3. Series and lithostratigraphic correlations in the South-Rifian Ridges modified from [Haddaoui et al., 1997]

Landsat 8 OLI

l

Radiometric Clibration
Atmospheric Correction

v v v v
L . Principal component
Band 5 Color Composites Bands Ratio analysis (PCA)
5/7-3/1-3/4 (RGB) PC1-PC2-PC3 (RGB)
6-5-7 (RGB) 5/7-5/4-3/1 (RGB) PC2-PC4-PC5 (RGB) PC1
Directional
filtering

Validation

Lineaments mapping

Fig. 4. The flowchart of the data sources and methodology

121



Ecological Engineering & Environmental Technology 2024, 25(7),118-132

Radiometric calibration and
atmospheric correction

There has been a considerable amount
of research carried out into the effects of at-
mospheric scattering on remote sensed data.
This stage, which has an important role in the
identification of the pixel content. Several al-
gorithms ca be found in the literature in this
sense such as: FLAASH (Fast Line-of-sight
Atmospheric Analysis of Spectral Hypercubes)
developed for the first time in MODTRAN
(MODerate resolution atmospheric TRANs-
mission) [Anderson et al., 2012], and dark ob-
ject subtraction (DOS) [Chavez, 1988] that has
been used in this study for atmospheric scat-
tering of Landsat data. This algorithm starts al-
ways with the assumption that there are some
pixels in the image which must have a 0% in
reflectance value.

Color composites

The RGB color composites method was
used to create colored images that reflect the
spectral characteristics of the spatial data
[Abrams et al., 1983; Sassioui et al., 2023]. In
Table 1, various combinations are presented,
tailored for geological surveys.

Band ratios

This remote sensing method is widely used
in geological studies [Amer et al., 2010; Ali
et Pour, 2014; Yousefi et al., 2018]. The con-
cept of band ratios involves a transformation
in which the numerical value of one band is di-
vided by that of another band [Mars and Row-
an, 2010; Pour and Hashim, 2012]. The choice
of bands for establishing these ratios depends
on the reflection and absorption properties of a
specific target [Amer et al., 2010].

Principal component analysis (PCA)

Principal Component Analysis (PCA), which
is also utilized for lineament extraction, enables
the examination of variability and dispersion in
data from several spectral bands [Fossi et al.,
2021; Khan et al., 2023]. It is a geometric model-
based descriptive approach. PCA is used to create
a new image where the bands are not connected
with each other because spectral bands are fre-
quently related to one another [Ortiz et al., 2019;
Islam et al., 2023]. The main application of this
technique is to produce color composites of the
first three elements. These are great for visual in-
terpretation since they increase the contrast be-
tween different ground features.

RESULT AND DISCUSSION

Colors composites

A number of spectral sign combinations were
evaluated during processing; in reality, the blue
band, the infrared band (NIR), and the mid-infrared
2 (SWIR2) in RGB (RGB: 257) provide the greatest
result and contain the most information according to
the optimal factor index (OIF). The RGB color com-
posites revealed a limited level of information re-
garding the delineation of lithological units, despite
visually exploring several combinations of RGB
bands. This limitation can be partially attributed to
the extent of the study area. However, in-depth ob-
servations demonstrated that the use of bands 6, 5,
and 7 allowed for a clear distinction between the
Quaternary formation and other geological forma-
tions in our study region (Fig. 5). These geologi-
cal interpretations represented the Quaternary
Formation in green, which is predominant in
a significant area. To enhance our analysis, we
also employed (PCA) and the use of band ra-
tios. Based on reflectance characteristics, the
RGB color composite resulting from the PCA

Table 1. Color compositions of Landsat 8 bands used in geological exploration [Lilleasnd et al, 1987]

Colors composites (RVB) Characteristics
4-3-2 Real color of the image.
2-4-6 Interesting to discern the lithological limits between rocks.

Best result to use for geological analysis, band 5 is concerned with the
7-6-5 presence of iron, band 6 characterizes the general albedo of materials and
band 7 is that of hydroxyl minerals.

7-5-2

Provided the minimum data redundancy, the best result to differentiate
between different rock units.
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results (PC2, PC4, and PC5) revealed significant ~ Jurassic limestone formations in purple, Plio-
distinctions in the reflectance of different litho- cene and Miocene formations in pink, while ur-
logical units (Fig. 6). This visual representation  ban areas, i.e., areas inhabited by humans, were
distinguished the Quaternary formations in blue, highlighted in turquoise.
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Band ratios

In terms of band ratios, the high iron oxide
content of sandstone a characteristic that has
been extensively studied by [Ali and Pour, 2014]
proved to make the 4/5 ratio especially useful for
sandstone discrimination. Additionally, because
of their high iron oxide content, shales and clays
that are rich in mica and clay minerals can be
distinguished using the 7/5 ratio [Harris et al.,
2005]. Studies by [Mahan and Arfania, 2018]
further show that the 3/2 band ratio can be ef-
fectively used to determine the presence of iron
oxides in rocks. The data of study area, indicate
that the RGB composites obtained from the 7/5,
3/2, and 4/5 band ratios were favored because of
the striking contrast they offer between various
rock units (Fig. 7). The cerulean blue representa-
tion of the Miocene and Pliocene formations is
noteworthy. The vast sand formation that occu-
pied a large part of the landscape were depicted
in green, while the Jurassic structures were em-
phasized in dark yellow.

Mapping of lineaments

Applying directed filters to the first seven
principal components (PCA) and all seven bands
from 1 to 7 is the automatic lineament extraction

method. In order to ensure that all pertinent lin-
eaments are taken into account, this technique
attempts to thoroughly cover all conceivable ori-
entations of lineaments in the study region. To ex-
tract lineaments from each band and the primary
components of PCA, a comprehensive analysis
was carried out. Following a thorough analysis,
the best results were found using bands 5 and
PCA 1 (Fig. 8 and 9).

Figure 9 shows the synthetic lineament map
that was created for the research region by com-
bining data from the lineament maps of band 5
and PCA 1. Nevertheless, in order to exclude
unwanted linear features like highways, rivers,
and mountains, this map has to be corrected. To
achieve an accurate depiction, it is also neces-
sary to correct the geometry of lineaments and
remove duplication.

Google Earth images were used for verifica-
tion, and the results were compared to previously
collected data to see how accurate the results
were. The density map that was created (Fig. 11),
places high density values in regions with com-
petent lithological units and the majority of low
values (mid to low densities) in regions with less
resistant lithological units. This knowledge aids
in a more accurate assessment of the data and is
useful for comprehending the distribution of geo-
logical features in the studied area.
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Fig. 7. RGB color composites of 7/5, 6/4, and 4/2 as band ratio-derived images
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Fig. 8. Lineaments extracted from the spatial filtering of Landsat 8 OLI Band 5
(B5); (a) N-S Filter, (b) NE-SW Filter, (¢c) E-W Filter, (d) NW-SE Filter

The lineament map obtained in this area re-
veals two families of faults, transverse and lon-
gitudinal to the Jurassic ridges (Fig.11). These
lineament traces are then represented as a rosette
(Fig. 12), They can be divided in four principal di-
rections: The E-W lineaments (N75°E-N110°E)

are organised into bands forming the axes of the
Jurassic anticlinal ridges in the sector. Four bands
of multi-kilometre length can be distinguished
Moulay Idriss-Fert el Bir, Jbel Zerhoun-Jbel
Nesrani, Jbel Tekerma-Jbel Kannoufa, and Jbel
Kefs (Fig.2). In the field, faults in this direction
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Fig. 9. Lineaments extracted from the spatial filtering of Landsat 8 OLI
PC1 in the four directions: N-S, NE-SW, E-W, and NW-SE
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Fig. 11. Lineament density map of study area

correspond to reverse or thrust faults towards
the south and are responsible for the edification
of Jurassic anticlinal ridges. [Faugeres, 1978;
Haddaoui et al., 1997; Sani et al., 2007; Amine
et al., 2020]. In Jbel Zerhoun-jbel Nesrani they
are marked by Triassic injection at the north of
jbel Tekerma, thus indicating the role of Trias-
sic clays in initiating the E-W decollement [Zizi,
2002]. The direction of these sub-equatorial lin-
eament’s changes in the area at the edge of the
study area. Thus, the Moulay Idriss-Fert el Bir
E-W line, while along the axis of the associat-
ed ridge, progressively turns NW-SE (N126°E)
towards the west as it approaches the Volubi-
lis submeridian corridor. Similarly, the Jbel
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Zerhoun-Jbel Nesrani line progressively turns
NE-SW (N45°E) towards the east, where, out-
side the study area, a major NE-SW fault limits
South Rifain ridges to the east.

The NE-SW lineaments (N35°E-N75°E) are
distributed along the sector studied, with a relative-
ly clear concentration at Moulay Idriss. They can
be mapped over several kilometres. On the field,
these are sinistral faults. To the east a group of
faults oriented globally NE-SW (N50), constituting
the major Moulay Yacoub corridors, which appear
to have an important role in secondary and tertiary
palaeogeography and from there impacting the gen-
eral structure of the South Rifain ridges [Faugeres,
1978; Haddaoui et al., 1997; Sani et al., 2007].



Ecological Engineering & Environmental Technology 2024, 25(7), 118-132

The NW-SE lineaments (N120°E-N145°E) Rose Diagram
also present a kilometre-scale map. Their equiv- 7
alent in the field presents a dextral displacement
but does not seem to have a significant horizon-
tal displacement, which does not exceed a few
metres. These faults, combined with the NE-SW
faults, form a conjugate system of dextral and
sinistral faults, which are consistent with a pale-
ostress reconstruction where the maximum short-
ening stress is submeridian [Bargach et al., 2004;
Chalouan et al., 2014].

The NNW-SSE to NNE-SSW lineaments
(N170°E-N30°E) are represented in the sector
studied, with the Moulay Idriss and Zerhoun
ridges to the west and the Jbel Nesrani and Kan-
noufa ridges to the east [Chalouan et al., 2014].
In fact, they are organised into two corridors that Fig. 12. Rosette of lineament
cut through the secondary and tertiary (Neogene) orientations of study area

270~
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Fig. 13. The brittle structures of the South Rifain Ridges to the north of Meknes; (a) reverse fault in the
Jurassic limestone on the northern flank of Kannoufa, forming a water executor, (b) reverse fault in the
Jurassic limestones of Zerhoun, (c, d) Northward backlimb thrust, respectively, at the front of the My
Idriss ridge (executor of the Ain Hamma thermal spring) and at the front of Jb. Zerhoun, (e—f) NE-SW
dextral strike-slip faults are marked by striations (My Idriss limestones) (e) or calcite (Jb. Kannoufa) (f)

127



Ecological Engineering & Environmental Technology 2024, 25(7),118-132

terrains. These faults show a normal displacement
of up to several tens of metres at the level of the
corridors; in other places, their displacements are
decimetric and rarely metric.

A strong basis of prior research as well as
structural and geodynamic investigations car-
ried out in the area, especially those done by
[Faugeéres, 1978; Haddaoui et al.,1997 and Cha-
louan et al., 2014] are necessary for the analysis
and interpretation of these data. The geodynamic
evolution of the South rifain ridges appears to be
within the structural context of the Alpine orog-
eny, specifically in relation to the convergence
of the Africa-Alboran and Eurasia plates in the
western Mediterranean region, according to the
work of researchers [Anderieux et al., 1971;
Anderieux and Mattauer, 1973; Durant Delga
and Fontbote, 1980; Hervouet, 1985; El Hatimi,
1991, and Haddaoui et al., 1997]. More specifi-
cally, [Haddaoui et al.,1997] proposed a relation-
ship between the east-west (E-W) orientation
linked to the period of extension that began in

the Triassic period, marked by basin-edge faults,
and the compressive deformation during the
Upper Miocene. At Jbel Zerhoun (north of Me-
knes), the structure of the ridge corresponds to
Jurassic terrain surrounded by marl as presented
by [Faugeéres, 1978], constituted of Toarcian,
Bajocian, and Aalenian terrain. This anticli-
nal structure is complicated by two branches of
thrust faults in a northern direction, the most is
the one passing through Ain Hamma (the ther-
mal spring), oriented N70°E and plunging 70° to
the south (Fig. 12a, 12b and 12c¢). At the front of
the ridge, a multitude of sub-equatorial reverse
faults develop at the mesostructural scale (Fig.
12d, 12e and 12f). The general structure of the
sector is dominated by tangential tectonics with
a southern vergence; these two branches corre-
spond to backlimb thrusts.

At Jbel Kefs, the general structure is a south-
turned anticline, the northern flank consisting
of a monoclinal Jurassic series with a relative-
ly shallow dip to the NNE (30° to 40°). This

Fig. 14. Structures of the south rifain ridges of Jbel Kefs and Jbel El Kansera; (a) border thrust fault limiting the
Jbel Kefs anticline and the Meknes plateau, (b) N-S thrust fault clearly visible of the cluse El Kansera, where the
Jurassic series is in subvertical contact with the Upper Miocene marls, (c) boundary fault injected by red clays

128



Ecological Engineering & Environmental Technology 2024, 25(7), 118-132

anticline is bounded to the south by a major N80
to N110 fault filled by Triassic red clays (Fig.
13a and 13c). The EL Kansera ridge is an ap-
proximately meridional structure whose terrain
dips regularly to the east (Fig. 13b). It is limited
to the west by a clearly visible N-S thrust fault,
where the Jurassic series is in subvertical contact
with the Upper Miocene marls.

CONCLUSIONS

The objective of this study is to map the di-
rections of major structures in the South Rifain
ridges using Landsat-8 OLI images. The linea-
ment map of this region is the result of several
Landsat-8 OLI image processing operations and
correlations with work in the region. The lin-
eament map shows four main directions: E-W,
N-S, NW-SE, and NE-SW. The geometry of the
structures is guided by major tangential tecton-
ics with a meridional vergence, responsible for
the surrection of the Jurassic reliefs. In the south,
the Meknes plain forms part of the large Saiss
basin, where the Neogene and Plio-Quaternary
terrain, which is relatively less deformed, is sub-
horizontal, except at the approach to the contact
with the Jurassic outcrops of the SRR, where it is
significantly deformed.

In general, the structure is dominated by
thrust faults, most of which are emergent. The
dominant south aspect of the vergence of these
tangential tectonics is dampened by large, Kilo-
metre-long anticlinal structures, generally ori-
ented E-W, which delimit less deformed synclinal
zones. These frontal flexures and the thrust tec-
tonics functioned in conjunction as two manifes-
tations of the same horizontal N-S compressional
deformation The association of these structures
with a system of dextral NW-SE and sinistral NE-
SW conjugate strike-slip faults and normal-com-
ponent N-S to NNE-SSW faults is integrate in the
southward propagation towards to south of defor-
mation in foreland fold and thrust rifian belt.
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