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The Bou Azzer—El Graara inlier, located in Morocco’s central Anti-
Atlas, is well known for its significant cobalt mineralization, genetically
associated with a Pan-African serpentinized ultrabasic ophiolitic massif. In
this context, a structural study was conducted in the Ait Ahmane area,
situated at the eastern end of the Bou Azzer mining district, with the aim of
analyzing structural lineaments, which constitute a fundamental tool in
geological mapping and mineral exploration. The methodological approach
is based on the interpretation of multispectral remote sensing data to map
surface lineaments and compare them with structures observed underground.
The processing applied to the Landsat 8 OLI imagery includes radiometric
and atmospheric corrections, followed by principal component analysis
(PCA), which enhances the discrimination of linear structures and allows the
production of reliable lineament maps. In parallel, underground geological
mapping was carried out in the F53 vein deposit, at two lower exploitation
levels, to characterize mineralized structures at depth. The integration of
surface and subsurface datasets highlights two main structural families. The
first, trending N-S to NE-SW, is associated with cobalt-bearing structures
hosted within diorites. The second, oriented NW-SE to WNW-ESE,
corresponds to cobalt-mineralized tectono-lithological contacts between
serpentinites, basic rocks, and diorites. The correlation between surface-
mapped lineaments and deep-seated structures is significant, emphasizing
the structural continuity between the surface and subsurface domains.

1. Introduction

The critical metals, particularly cobalt, play
a pivotal role in the global energy transition and
in efforts to mitigate climate change. Primarily
used in the manufacture of lithium-ion batteries
for electric vehicles and renewable energy
storage systems, cobalt has become a strategic
material at the center of major international
geopolitical and industrial concerns [1-3]. In
this context, efforts to strengthen the primary

cobalt supply chain must be addressed in an
integrated manner across the entire mining life
cycle, from upstream stages of prospecting and
exploration to downstream phases of
development and production. Coordinated
optimization of these stages, encompassing
responsible exploration, sustainable mine
development, efficient production practices,
and rigorous post-mining environmental
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management is essential to ensure the
traceability, sustainability, and security of
cobalt supply. The present study is embedded
within this comprehensive framework, with a
specific focus on the upstream phase of the
mining cycle. Its objective is to contribute to the
identification and exploration of new cobalt
resources in Morocco to meet the growing
demand for this strategic material, while
accounting for the geological, environmental,
and socio-economic constraints inherent to the
national context.

Among strategic exploration methods that
have demonstrated strong effectiveness in
mapping mineral-potential zones, remote
sensing has gained increasing prominence. It
enables rapid, large-scale identification of
geological structures and polyphase tectonic
settings that may control the localization of
cobalt mineralization [4-6]. This indirect
approach is particularly well suited to the
investigation of extensive areas, especially in
regions that are difficult to access and
characterized by arid to semi-arid climatic
conditions, where vegetation cover is sparse or
absent. By providing a synoptic view of the
terrain, remote sensing constitutes a key tool for
guiding and optimizing early-stage mineral
exploration. Remote sensing is based on the
analysis of satellite imagery acquired by sensors
such as ASTER, Sentinel, and Landsat. Among
these systems, Landsat 8 OLI (Operational
Land Imager) imagery stands out for its
effectiveness in geological mapping, owing to
its 30-m spatial resolution and the configuration
of its spectral bands, which are well suited for
lithological ~discrimination and structural
identification [7]. Multispectral analysis,
particularly through techniques such as
principal component analysis (PCA) and color
composite  generation, enhances spectral
contrasts and enables the detection of structural
lineaments and spectral anomalies that may be
associated with mineralized zones. This
approach is now widely applied in mineral
exploration, especially in geologically complex
and  inaccessible  environments  where
conventional  field-based = methods  are
constrained [7-9].

This study focuses on the Bou Azzer-El
Graara inlier, located in the central part of the
Anti-Atlas mountain range. The area is of major
geological and geodynamic significance and is
characterized by a high degree of lithological
diversity, including strongly tectonized
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formations ranging in age from the Tonian to
the Ediacaran, unconformably overlain by
Paleozoic sedimentary deposits [10]. From an
economic perspective, the inlier represents a
key mining district, hosting the well-known
Bou Azzer and Bleida mines [6]. Cobalt
mineralization within the Bou Azzer district is
closely controlled by two principal factors. The
first is the presence of Neoproterozoic
ophiolitic serpentinite massifs of ultrabasic
composition [11-16]. The second relates to the
region’s complex tectonic evolution, which has
generated numerous structures of varying ages
and geological contexts, exerting a direct
influence on the spatial distribution of mineral
deposits. In this regard, a comprehensive
understanding of the interactions between local
lithology, regional geological setting, and
successive tectonic events is essential for both
structural interpretation and the optimization of
exploration and mining strategies [17— 20].
Within  this  framework, an in-depth
investigation was conducted in the Ait Ahmane
area, which is currently the focus of major
mining development projects involving several
cobalt-bearing deposits. This area has been the
subject of recent geological studies; for
example, [21] investigated the F53 deposit,
while [22] also concentrated their work on this
site. In contrast, the present study extends the
scope of analysis to the entire Ait Ahmane
region, which hosts multiple mineralized zones
beyond the F53 deposit alone. The semi-arid
climate and sparse vegetation cover of the
region prompted the adoption of a digital
mapping approach based on remote sensing for
lineament extraction [23,24]. Several pre-
processing and image enhancement techniques
were applied to improve data quality and
interpretability. =~ These  analyses  were
complemented by detailed field investigations,
including geological mapping aimed at
identifying the main mineralized structures
(faults and lithological contacts), as well as their
orientations and deformation styles. Structural
mapping of the Ait Ahmane area revealed
widespread ophiolitic outcrops and a high
concentration of cobalt mineralization. The
deposits occur predominantly as vein-type
mineralization within diorites, as well as in
clusters localized along contacts between
ophiolites, diorites, and diabase units [6,22,25].
Accordingly, the objectives of this study are
twofold: (i) to characterize the structural
controls on cobalt mineralization by correlating
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lineaments identified through remote sensing
with field-based structural observations, and (ii)
to contribute to ongoing national and
international efforts aimed at advancing the
exploration of strategic and critical metals.

2. Geology of the Study Area
2.1. Lithological context

The Bou Azzer—El Grara inlier is part of the
Central Anti-Atlas and marks the Anti-Atlas
Major Fault (AAMF) in a NW-SE direction
[13] (Figure 1a, b). The Ait Ahmane study area
is located in the eastern part of this inlier
(Figures 1b and 2).

W
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The exposed rocks in the study area belong
to the Precambrian basement and comprise
Tonian, Cryogenian, and Ediacaran terranes,
unconformably overlain by a Paleozoic
sedimentary cover.

The Upper Tonian to Lower Cryogenian
terranes, forming the Tachdamt-Bleida Group,
are composed mainly of siltstones, sandstone—
quartzite successions, and basaltic units [27].
The Lower Cryogenian succession includes
fine-grained  siltstones assigned to the
Tichibanine-Ben Lgrad Group, together with
orthogneisses, metamorphosed mafic rocks,
paragneisses, amphibolites, and metagabbros
[15,28].
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The Bou Azzer Group, corresponding to an
Upper Cryogenian terrane, is represented by a
well-developed ophiolitic complex consisting

of  serpentinized mantle peridotites,
microgabbro—dolerite dykes, basalts, and
associated  volcano-sedimentary  sequences

[13,25,29]. This ophiolitic complex is intruded
and locally overlain by the polyphase Taghouni
massif, which is composed predominantly of
dioritic and granodioritic intrusions [10].
Overlying these units, ignimbrites and andesites
of the Lower Ediacaran Bou Lbarod-

Iouraghene Group are present, followed by the
Tiddiline Group, also of Lower Ediacaran age,
which consists mainly of sandstones and
siltstones. The Ouarzazate Group (Upper
Ediacaran) is characterized by a volcano-clastic
succession dominated by rhyolites, dacites,
andesites, and tuffs [10,13,15,26]. The
Precambrian basement is unconformably
overlain by a thick Paleozoic (Infra-Cambrian)
sedimentary cover, known as the Adoudounian,
which comprises a succession of clastic and
carbonate deposits [30,31].
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2.2. Structural context

The Bou Azzer-El Graara inlier is located
along the Anti-Atlas Major Fault, which is
interpreted as the Neoproterozoic Pan-African
suture of the Anti-Atlas belt [28, 32— 35]. Its
structure is dominated by a basal thrust surface
related to the obduction of the Bou Azzer
ophiolitic ~ complex  onto  Cryogenian
formations, which is presently folded into a
recumbent anticline, reflecting intense Pan-
African compressional deformation [11,36].

Structural analysis reveals a polyphase fault
network organized into three main structural
systems:

i.  WNW-ESE to ONO-ESE faults, inherited
from Pan-African tectonics and reactivated
during the Hercynian orogeny, form the

structural backbone of the inlier and control
the main lithological contacts between
serpentinites, ophiolitic gabbros, dioritic
intrusions, and  Ediacaran  volcano-
sedimentary formations [21,36,37].
ii. NW-SE dextral shear zones, interpreted as
Pan-African C/S shear planes, record a
transpressional regime and promoted ductile
to ductile-brittle deformation as well as
hydrothermal fluid circulation [28,36].
iii.  Late N-S and NE-SW faults, attributed to the
Hercynian orogeny, cut both the Proterozoic
basement and the Lower Cambrian
sedimentary cover. Among these structures,
the Ightem fault is the most continuous and
regionally extensive, affecting even the
carbonates of the Adoudou Formation
[15,21,36].
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2.3. Gitology

The Co—Ni arsenide deposits of the Bou
Azzer district are hosted within a structurally
complex ore system controlled by the
superposition of Pan-African ductile to ductile—
brittle deformation and subsequent Hercynian
brittle reactivation. This polyphase tectonic
evolution generated a favorable structural
architecture that governs the localization,
geometry, and remobilization of cobalt
mineralization [15,22,25,38,39].

Cobalt  mineralization
develops along contacts between hydrated
ultramafic rocks (serpentinites) and adjacent

systematically

lithologies, particularly quartz diorites and,
locally, Ediacaran volcano-sedimentary units of
the Ouarzazate Group [25,40,41]. The close
spatial association between mineralization and
serpentinites strongly suggests a genetic
relationship, whereby serpentinites acted as the
primary source of Co and Ni, subsequently
leached and concentrated by hydrothermal
fluids circulating along fault zones and shear
corridors [15,25].

Recent studies refined this genetic model by
distinguishing two main mineralization styles
within the Bou Azzer district [6]. The first
corresponds to contact-related mineralization,
developed at the interface between serpentinite,
quartz diorite, and volcano-sedimentary rocks
of the Ouarzazate Group. The second style
consists of Co-enriched mineralized faults,
cutting both serpentinite and quartz diorite,

reflecting late-stage hydrothermal
remobilization associated  with  brittle
deformation.

Based on mine-scale structural and
morphological criteria [42], further classified
the exploited mineralization into two principal
ore types :

i) Massive mineralization, preferentially
oriented N120°E, occurs as lenses or
pocket-shaped bodies and is dominated
by Ni—Co arsenides

ii) Vein-type cobalt arsenide mineralization,
oriented N-S to NO070°, is hosted in
silica- and carbonate-rich gangue and is

Journal of Mining & Environment, Published online

systematically localized along tectono-
lithological contacts between
serpentinite,  quartz  diorite, and
Precambrian volcanic rocks.

Overall, the ore-deposit framework of the
Bou Azzer district reflects a structurally
controlled hydrothermal system, in which
serpentinites played a dual role as both a metal
source and a reactive host, while Pan-African
deformation and Hercynian reactivation,
controlled fluid pathways and ore emplacement.

3. Materials and methods

The study area is characterized by an arid
climate, sparse vegetation cover, and limited
cloud interference, conditions that are
particularly favorable for the application of
remote sensing techniques. In this context, a
digital mapping approach based on satellite
remote sensing was adopted to extract
geological lineaments from Landsat 8§ OLI
imagery, which provides seven multispectral
bands with a spatial resolution of 30 m.

Image pre-processing and analysis were
conducted through several successive stages
using ENVI image processing software. These
stages included radiometric calibration and
atmospheric correction using the QUAC
algorithm, following established procedures
[43]. To enhance spectral information and
improve the discrimination of geological
features, principal component analysis (PCA)
was applied. This technique is widely
recognized for its effectiveness in geological
mapping using remote sensing data [44—-50].

Lineament extraction was subsequently
performed wusing the LINE module of
Geomatica software. Multiple combinations of
extraction parameters were tested to optimize
the detection of linear features, in accordance
with methodologies reported in previous studies
[51-53]. The resulting lineament map was then
carefully refined through visual interpretation
and filtering to eliminate non-geological linear
features, such as roads, drainage networks, and
other anthropogenic or geomorphological
elements.

To strengthen and validate the results
derived  from  remote  sensing, the
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methodological framework was complemented
by detailed underground geological mapping
conducted at the currently active mining site
within the study area (F53). This approach
enabled direct observation of structural features
and their host lithologies at depth, thereby
providing  critical for the
interpretation of surface-derived lineaments. In

constraints

parallel, synthetic geological cross-sections
were constructed to support and refine the
proposed structural interpretations.

Further validation was achieved through the
application of the CET (Centre for Exploration
Targeting) method to  helicopter-borne
magnetic data, with the objective of
independently mapping structural lineaments.
Detailed information regarding the
characteristics of these magnetic data and their
acquisition parameters is available in [54],
entitled “Targeting potential cobalt deposits
through integration of helicopter-borne
magnetic and stream sediment data: Insights
from the Bou Azzer Inlier, Central Anti-Atlas,
Morocco”, to which the reader is referred for
additional details. The CET method is widely
recognized as an effective tool for geophysical
exploration and structural mapping, particularly
well suited for revealing complex geological
structures and major linear trends that are
critical for mineral exploration [55]. It relies on
an automated lineament detection workflow
comprising three main steps. First, a texture
analysis is applied to the magnetic data to
enhance local variations in the magnetic field
and improve the detection of subtle structural

| Underground Geological Mapping

| "F53" deposit

]
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features, thereby increasing the contrast
associated with structural discontinuities.
Second, a dedicated texture ridge detection
technique is employed to identify lineaments
exhibiting bilateral symmetry, derived from the
texture analysis [56].

Finally, the detected texture ridges are
refined through a thinning process, allowing the
vectorization of linear segments and facilitating
their integration into larger-scale geological and
structural models. First, a texture analysis is
applied to the magnetic data in order to enhance
local variations in the magnetic field and
improve the detection of subtle structural
features. This step increases the contrast
associated with structural discontinuities.
Second, a dedicated texture ridge detection
technique is implemented to identify lineaments
exhibiting bilateral symmetry, derived from the
texture analysis [56]. Finally, the detected
texture ridges are refined through a thinning
process, allowing the vectorization of linear
segments and facilitating their integration into
larger-scale geological and structural models.

Finally, an extensive review of the existing
geological literature was conducted in order to
place the results within their regional tectonic
framework and to further refine the structural

analysis. The integrated  methodology
combining  satellite = image  processing,
underground geological observations,

validation through synthetic geological cross-
sections, and magnetic data analysis is
summarized in Figure 3, which highlights the
structural complexity and the tectono-
metallogenic context of the study area.

Landsat-8 Oli

+ Radiometric Calibration
+ Atmospheric Correction

]

Principal component analysis (PCA) |

Level 320 m deep

Level 115 m deep

\

J

* fieldwork
* Geological data
+ CET magnetic lineaments

Structural control of
mineralization

Validation |

| Automatic lineament extraction (PCA1) |

Lineament map uncorrected |

|

| Eliminate non-geological structures |

1

4—| Corrected lineament map |

Figure 3. Methodology adopted for the study
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4. Results and discussion

In this section, we present the main
outcomes of this study, including the maps
generated from the processing of Landsat
satellite imagery, as well as the results of
geological investigations carried out in the
underground levels of the study area.

4.1. Landsat 8 Oli imagery

Regarding the results derived from satellite
data processing, principal component analysis
(PCA) was applied to the seven spectral bands
(Bands 1-7) of the Landsat imagery. The first
principal component (PC1), which captures the
majority of the spectral information, was
selected, accounting for 89.46% of the total
variance (Table 1).

Based on PCIl, a lineament map was
generated following the methodology described
above, along with a corresponding lineament
density map. The latter highlights zones of high
structural density, which are interpreted as areas
of increased structural complexity and are
therefore considered favorable sites for
significant cobalt mineralization within the
study area.

Table 1. Information content of each principal

component
Main components Variance Information (%)
1 303,36 89,46
2 23,07 6,80
3 6,40 1,89
4 4,36 1,29
5 1,80 0,53
6 0,10 0,03
7 0,03 0,01
Total 339,1 100

4.1.1. Correction of the lineament map

The superimposition and compilation of the
lineament maps derived from the first principal
component (PC1) enabled the construction of a
synthetic lineament map covering the entire
study area. This map was subsequently refined
through a correction process designed to
improve data reliability and spatial accuracy.
This process involved the removal of non-
geological linear features, such as roads, rivers,
built-up areas, and ridgelines, as well as the
correction of geometric inconsistencies.

The resulting lineament map was validated
using a two-step approach. First, a visual
inspection was conducted using high-resolution
satellite imagery available from Google Earth.
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Second, the extracted lineaments were
compared with existing geological maps and
field observations acquired during ground
verification  campaigns. This validation
procedure ensured the geological relevance and
robustness of the final lineament dataset.

4.1.2. Corrected map of lineaments

The results of the data processing yielded a
corrected lineament map (Figure 4a) that
reveals two main structural families: one
oriented NE-SW and another displaying a
dominant NW—-SE to WNW-ESE trend. These
structural features allow for the precise
delineation of the various geological units and
their boundaries.

The directional rose diagram of the extracted
lineaments highlights a predominant NW-SE to
WNW-ESE  orientation, which closely
corresponds to the contacts between the
serpentinized ophiolitic complex and the
surrounding host rocks, such as quartz diorites
and gabbroic mafic units [41]. This structural
trend not only reflects the inherent geological
organization of the formations but also suggests
active tectonic processes related to the
reactivation of major contacts and regional fault
systems. These aspects will be discussed in
greater detail in the following sections.

In particular, these structural orientations are
likely associated with movements along the
Anti-Atlas Fault, a major tectonic structure that
exerts a strong influence on both local and
regional geodynamics. The NE-SW-oriented
linear features are interpreted as reflecting
extensional to transtensional tectonic structures
within the Bou Azzer—El Grara inlier, and more
specifically within the study area [57].
Lineament density, defined as the number of
lineaments per unit area [58], constitutes a
meaningful indicator for identifying zones of
high structural concentration, which are
commonly associated with intense tectonic
deformation and enhanced mineral potential. In
this study, a lineament density map was
produced, revealing high concentrations of
lineaments in the southern and northeastern
parts of the study area, in contrast to the
northern and northwestern sectors, where
lineament density is comparatively lower
(Figure 4b). This spatial distribution delineates
structurally favorable zones that are likely to
promote enhanced circulation of hydrothermal
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fluids and, consequently, the development of
cobalt-bearing mineralization.

4.2. Geological and mining data

To complement the mapping of tectonic
structures and to improve the understanding of
the structural controls on cobalt mineralization
in the Ait Ahmane region, detailed geological
investigations were conducted, as described in
the methodology, within the active underground
workings of the study area. Accordingly, direct
observations were carried out inside the

Journal of Mining & Environment, Published online

galleries of the F53 mine, which represents the
principal active site for analyzing structures
associated with mineralization.

4.2.1. Geological mapping underground at a
depth of 115 meters (-115)

The  exploitation of  cobalt-bearing
mineralization at the F53 deposit is carried out
across several underground levels, including the
—115 level, which currently represents the main
focus of both exploration and mining activities
(Figure Sa).
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Figure 5. (a) Geological mapping of underground level —115; (b) Rose diagram of lineament orientations

The geological and structural survey
conducted at this level reveals a gallery
intersecting, on one hand, a complex fault
system dominated by quartz—carbonate
structures, and on the other hand, mineralized
zones containing cobalt arsenides. A
representative example is observed at the
eastern end of the N-S-oriented gallery, where
a structure filled with quartz—carbonate material
contains traces of cobalt occurring as small
veinlets.

Serpentinites are intersected only in sections
of the gallery where they are in contact with
bands of gabbroic (mafic) rocks. This ophiolitic
unit displays a NW-SE orientation and dips
approximately 75° to the north. Dioritic rocks,
also intersected by the gallery, exhibit a
granular texture with intense epidotization,
indicating  significant hydrothermal fluid
circulation. The mineralized structures mapped
at this level show orientations ranging between
N10° and N15°, corresponding respectively to
structures ST5 and ST6. These vein systems
crosscut the serpentine contact and exhibit
subvertical dips of about 80° toward the east.
The cobalt arsenide mineralization within these
structures displays a characteristic banded
texture. Finally, the rose diagram of the mapped
fault orientations highlights dominant structural
trends, notably N-S and NE-SW (Figure 5b).

4.2.2. Geological mapping underground at a
depth of 320 meters (-320)

Figure 6a illustrates the —320 level, which is
developed from a main shaft and a network of
galleries extending along the contact between
serpentinite and diorite, as well as across
several transverse veins. These workings
clearly expose the contact between serpentinite,
gabbroic rocks, and diorite, with an average
structural orientation of approximately N125°.
The main gallery at this level intersects
mineralized veins of various orientations and
exhibits variable dip angles. At this level, two
main types of mineralized structures have been
identified. The first type corresponds to contact-
related mineralization occurring along the
serpentinite—gabbro or serpentinite—diorite
interface, with a dominant WNW-ESE
orientation. The second type consists of
mineralization hosted within quartz diorite
and/or gabbroic mafic rocks, which becomes
progressively enriched in cobalt arsenides
toward the serpentinite massif. The WNW-
ESE-oriented contact-type mineralization is
spatially associated with NE-trending left-
lateral fault systems. The rose diagram of the
mapped fault orientations highlights several
dominant structural trends, notably N-S, NE—
SW, as well as NW-SE and WNW-ESE
(Figure 6b).
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Figure 6. (a) Geological mapping of underground level —320; (b) Rose diagram of lineament orientations

4.3. Structural and mining implications

The results derived from the processing of
Landsat 8 OLI satellite data, integrated with
detailed underground geological mapping, have
enabled the characterization of the structural
framework controlling cobalt mineralization
within the study area. While several previous
studies have primarily focused on the upper
levels of the deposits, the present work
distinguishes itself by emphasizing the deeper
mining levels recently identified, as well as the
lateral extensions of the currently exploited
zones. In the Ait Ahmane region, cobalt
mineralization is spatially associated with a
fault network characterized by several
dominant orientations, namely WNW-ESE,
NE-SW, and N-S. These structures play a key
role in governing the localization and
distribution of mineralization. In particular,
NE-trending left-lateral strike-slip faults have
promoted the circulation of mineralizing fluids
along contacts between serpentinites and
diorites or gabbros.

According to [4], WNW-ESE-oriented
faults exhibit a south-verging thrust geometry
related to the major Pan-African deformation
phase. Furthermore, [41] reported that the
emplacement of the Bou Azzer quartz diorite
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was structurally controlled by left-lateral strike-
slip faults oriented between N110° and N120°.
This compressional tectonic phase has been
attributed by [15] to the late B2 stage of the Pan-
African cycle, which affected the upper
Cryogenian units of the Bou Azzer Group.
Following this compressional regime, the Bou
Azzer area underwent an extensional phase
contemporaneous with the deposition of the
Ouarzazate Group [57,59], characterized by
NE-SW-oriented normal faults (NO° to N45°)
displaying sinistral kinematics. Finally, a later
extensional phase, likely associated with the
opening of the Atlantic Ocean at the end of the
Triassic, led to the development of ENE-WSW
to E-W-oriented normal faults, which dextrally
displaced the pre-existing mineralized
structures [60].

The cross-analysis of the lineament density
map and the geological map reveal a high
concentration of lineaments in the southern part
of the Ait Ahmane area, particularly within
dioritic units, which are characterized by their
brittle mechanical behavior. In contrast, the
northern sector, dominated by serpentinite
massifs and serpentinized basic to ultrabasic
rocks, exhibits a lower to negligible lineament
density, consistent with the more ductile
rheological behavior of these formations [61].
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Figure 7. (a) Summary of results; (b) synthetic geological cross-section of the northern contact; (c)
synthetic geological cross-section of the southern contact

At the northern contact, although fracturing
is less intense than at the southern contact,
mineral occurrences are commonly observed
along the interface between serpentinites, basic
rocks, and the volcano-sedimentary formations
of the Tiddiline Group (Figure 7c). These
mineralized zones are structurally controlled by
NE-SW and WNW-ESE-oriented features [6].
To further elucidate the structural controls on
cobalt mineralization within the study area, it is
essential to emphasize the role of regional fault
systems exhibiting various orientations,
including WSW-ENE trends, which act as
primary metallotectonic controls, as illustrated
in Figure 8a. These fault systems inherit the
dominant orientation of the main Anti-Atlas
Fault, a major regional tectonic structure that
has strongly influenced the structural
architecture of the area [15].

4.4. Relationship between fracturing, host
rock, and mineralization

To validate our results, particularly the
contact faults trending WNW-ESE, NW-SE,
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and NE-SW identified from field geological
mapping and Landsat satellite image
interpretation, two synthetic geological cross-
sections were constructed. These sections were
drawn across two key sectors where serpentinite
outcrops are particularly well exposed at their
contacts with the surrounding host rocks. This
approach was supported by detailed field
investigations carried out along the two main
geological contacts located respectively to the
north and south of the serpentinite massif within
the study area.

A first structural model is proposed in the
form of a NW-SE-oriented geological cross-
section established in the field (Figure 7b). This
section  highlights  well-developed  vein
structures with quartz—carbonate infill hosted
within the diorites (Figure 8a, c¢). These
structures, generally oriented N-S to NE-SW,
are associated with an extensional tectonic
phase responsible for the development of faults
oriented between NO° and N40°, crosscutting
both diorites and mafic rocks [21]. They display
variable dip angles, root at depth, and are
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predominantly hosted within quartz diorites,
which are well recognized as major host rocks
for mineralization in the Bou Azzer and Ait
Ahmane districts [41].

At the surface, the diorites of the Ait
Ahmane area exhibit intense polyphase
fracturing, characterized by a dense network of
faults and lineaments with multiple orientations
(Figure 8b) [18-20]. At depth, within the
underground workings of the F53 vein, these
extensional structures locally host cobalt
mineralization at the contact between
serpentinites and gabbroic rocks. Figure 8d
illustrates a N10°-oriented structure with a
quartz gangue, crosscut by well-developed
cobalt arsenide veinlets. This configuration
confirms that mafic and ultramafic rocks
constitute the principal host lithologies for
cobalt mineralization in the study area. In
addition, another N-S-oriented structure was
identified, crosscutting the diorites and
displaying clearly expressed cobalt
mineralization (Figure 8e).

(d)
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In parallel, contact-type cobalt
mineralization develops along the interface
between serpentinites and gabbros and/or
diorites. These structures, oriented WNW-ESE,
follow the inherited dip of this geological
contact observable at the surface. Such
compressive structures played a fundamental
role in controlling the localization of
mineralization, as suggested by several authors
[4,15]. NE-SW-directed compression
promoted the development of fluid-draining
faults, facilitating the circulation of
hydrothermal fluids responsible for mineral
deposition along the contacts between
serpentinites and mafic rocks or quartz diorites
[21]. Figure 8f illustrates a cobalt arsenide—
mineralized zone developed along this contact,
with an orientation of N120°. The associated
carbonation is particularly well developed, as
evidenced by underground observations
[5,62,63].

Serpentinite

/
/
/

Cobalt mineralization

®

Figure 8 (a) N-S vein filled with quartz—carbonate; (b) Multidirectional diorite-hosted lineaments; (c)
NE-SW quartz vein; (d) N-S vein at the contact between serpentinite and gabbro, with cobaltiferous
mineralization; (¢) NE—SW intra-diorite vein with cobaltiferous mineralization; (f) WNW-ESE contact
mineralization with calcite.

Finally, on the northern flank of the
serpentinite massif, a second NE-SW-oriented
cross-section (Figure 7c¢) crossing the F61

deposit, clearly identified on the geological map
(Figure 2), highlights a sharp contact between
serpentinites and mafic rocks. This compressive
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contact also favored the concentration of cobalt
mineralization in this sector, accompanied by
the reactivation of normal faults as both sinistral
and dextral strike-slip structures [6]. In this
area, well-developed NE-SW-oriented vein
structures exhibit subvertical dips and a
northward vergence. They are hosted within
mafic rocks of microgabbro type, recognized as
key host lithologies for cobalt mineralization in
the Bou Azzer and Ait Ahmane districts [5,22].

To further validate the results obtained
within the study area, a detailed geological
survey was conducted along the mining gallery
intersecting Structure ST12, located at the
northwestern extremity of the lower level of the
F54 deposit, along the southern contact (Figure
9a). This structure trends N025° and dips 82°
eastward. It is mineralized by cobalt arsenides,
represented in this case by skutterudite, which
occurs as small cubic crystals visible to the
naked eye. The gangue minerals consist mainly
of quartz and calcite, forming elongated crystals
aligned with the mineralization and displaying
a characteristic banded texture (Figure 9b). The
quartz diorites are strongly deformed and host
significant cobalt mineralization, with Structure
ST12 constituting a representative example.
Mafic rocks, represented by gabbros, also host
cobalt mineralization; however, the thickness
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and continuity of mineralized zones are
comparatively lower than those observed within
the diorites. Serpentinites also contain cobalt
mineralization at this level, particularly along
contacts between carbonated serpentinites and
chlorite-rich zones, where calcite patches
develop both along the vein walls and within the
mineralized zones. This contact trends WNW-—
ESE and dips approximately 75° southward.
Polyphase tectonic deformation is clearly
expressed along this gallery, with NE-SW- and
N—S-oriented faults affecting both the diorites
and the mafic rocks. In addition, the
mineralization is offset by E-W-oriented
normal faults with dextral displacement and
centimetric  offsets, indicating that these
tectonic structures postdate the mineralization
event (Figure 9c). Displacements interpreted as
strike-slip offsets affecting the serpentinite
contact hosting the cobalt mineralization were
also identified. These structures are interpreted
as normal-sinistral faults and provide key
insights into the structural framework affecting
the serpentinite massif, which is considered a
primary metallotectonic control for cobalt
mineralization. This structural interpretation
was developed to guide tactical exploration
within the F54 deposit (Figure 9d).
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Figure 9. (a) Geological mapping of the ST12 structure at the =320 m level; (b) photograph illustrating the banded
texture of the mineralization; (c) photograph of a fault displacing the ST12 mineralized structure; (d) structural
interpretation of left-lateral normal (sinistral) strike-slip displacements

4.5. Structural validation Based on
Magnetic Lineament Analysis

Figure 10b illustrates the lineaments
extracted from the processing of airborne
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magnetic data using the CET method. These
regionally extensive structures show an
excellent spatial correspondence with the major
tectonic features recognized in the study area.
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The CET analysis reveals a dense structural
network dominated by preferential orientations
N-S, NE-SW, NW-SE, and E-W, in good
agreement with results derived from remote
sensing and existing geological data.

The identified lineaments closely coincide
with major regional faults inherited from the
principal Anti-Atlas fault system and play a
first-order = metallotectonic ~ role.  Areas
characterized by high CET lineament density (>
0.9 km/km?) correspond to the main zones with
high potential for cobalt mineralization. These
zones reflect a high degree of structural
complexity and connectivity, which are
favorable for the circulation and concentration
of hydrothermal mineralizing fluids. These
structures control major lithological contacts
between serpentinites and surrounding host

Journal of Mining & Environment, Published online

rocks, particularly Cryogenian  diorites,
gabbroic mafic rocks, and Ediacaran volcano-
sedimentary formations, which constitute the
principal hosts of cobalt mineralization.
Notably, the main cobalt deposits and
occurrences (F52, F53, F54, F55, F56, F57,
F58, F59, F61, and F62) are spatially aligned
along these major CET lineaments, especially
those associated with the Anti-Atlas fault
system. This spatial correlation highlights the
fundamental role of these deep-seated
structures as deformation corridors and
pathways for hydrothermal fluid flow. The
alignment of the deposits along CET lineaments
therefore confirms a first-order regional
structural control on the localization and
distribution of cobalt mineralization within the
study area.
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Figure 10. (a) Spatial correlation between remote sensing—derived lineaments and CET-derived magnetic

lineaments; (b) with the associated magnetic lineament density map
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5. Conclusions

The present study focuses on the structural
mapping analysis of the Ait Ahmane region.
The results are derived from the integration of
two complementary approaches: multispectral
remote sensing, particularly through automated
lineament extraction, and geological mapping
of subsurface structures. The study area is
characterized by a dense fault network, with
dominant N-S and NE-SW orientations. These
structural trends correspond to mineralization-
related structures, including cobalt-bearing
veins and associated quartz—carbonate gangue
within dioritic intrusions. A secondary set of
structures, oriented NW-SE to WNW-ESE,
highlights cobalt-mineralized contacts between
serpentinites and basic rocks or diorites.

The integration of satellite-derived
lineaments with magnetic data and field
observations enabled robust validation of the
structural framework and provided -clearer
constraints on the structural control of
mineralization.

These results underscore the value of
combining remote sensing, magnetic lineament
analysis, and detailed geological observations
to decipher structural controls and provide a
reliable framework for mineral exploration in
geologically complex terrains such as the Ait
Ahmane area.
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