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Abstract: Copper mineralization in the Lower Paleozoic sedimentary cover of the Anti-Atlas (Mo-
rocco) is continually being revised not only to improve its mining capacity, but also to determine
its origin, which remains a matter of debate. As evidenced by the various models proposed, the
related research is fragmented, localized, and confusing. The origin of the Anti-Atlas Lower Paleozoic
copper mineralization is shared between synergistic and epigenetic processes or a superposition
of the two processes. Based on new tectono-magmatic data and a reinterpretation of the ore struc-
tural arrangement, we propose a link between the last concentration of copper deposits and the
Late Triassic-Early Liassic CAMP (Central Atlantic Magmatic Province) tectono-thermal event, as
evidenced by the significant concentration of copper mineralization in the three NE-SW corridors
affected by extensional faults, some of which are filled with dolerite CAMP magma. The heat flow
generated by the mafic dykes within these reactivated corridors causes mineralized fluids to up well
into the sedimentary layers, depositing material rich in juvenile or leached copper, or even a mixture
of the two. In some cases, these fluids are trapped by fracture systems that accompany passive folds
initiated on normal faults. In other cases, these fluids can infiltrate bedding planes, and even karst
caves, formed during carbonate exhumation. Notably, extensive NE-SW faults systematically cover
the early Hercynian structures, suggesting that they belong to a post-Hercynian extensional episode.
During the Late Triassic, the global fragmentation of the Pangaea supercontinent was manifested
by the stretching of the continental crust at the margin of northwest Africa, with the simultaneous
opening of the Central Atlantic Ocean and emplacement of CAMP magmatism. This last and often
overlooked tectonothermal event must be considered in the remobilization and reconcentration of

copper mineralization and other mineralization in Morocco.

Keywords: copper deposits; Lower Paleozoic; Central Atlantic Magmatic Province (CAMP);
Anti-Atlas; Morocco

1. Introduction

The Anti-Atlas area in east-central Morocco is known for its numerous copper mines,
mineral resources, and copper deposits. Numerous archeological sites (slag, blast furnace
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traces, etc.) have been exploited since the Middle Age [1,2]. The current increased demand
and higher copper prices are attracting the greed of large-scale miners. From this perspec-
tive, a lot of geological mining and laboratory work is taking place. The National Geological
Surveying and Mapping Program (PNCG), planned by the Moroccan Ministry of Energy,
will allow for the elaboration of a geological platform based on detailed geological maps to
accompany the exploration efforts.

In general, three types of copper mineralization can be distinguished on the Anti-Atlas
scale: (i) volcanogenic massive sulfide (VMS) type exhalative deposits hosted in the Pre-
cambrian basement, for example, the Cryogenian Bleida deposit in the Bou Azzer-El Graara
inlier [3-6]; (ii) epithermal deposits associated with Upper Ediacaran andesite to rhyolite
lavas (Alous, Assif n'Imider, and Issougri) [7-11]; (iii) epigenetic copper mineralization,
the subject of this work, hosted mainly in the Lower Paleozoic cover (Tazalaght, Tizert, Jbel
Laassel, Oumjrane-Bou n'Hass, etc.) [12-22]. Although a large number of copper deposits
are operating or under development (Ouanssimi, Agjgal, Tazalaght, Tizert, Jbel Laassel,
and Oumjrane-Bou n'Hass), in addition to a large number of artisanal and small-scale
mining(Tasserirt, Imi n'Ifri, Talat n"'Ouamane, Tadenst, Tiferki, Amadouz, Tazert, Bou
Skour, Asfalou, Akka n’Oulili, Bou Kerzia, etc.), only the Tizert site is eligible for large
deposits with an estimated potential of 56,820,000 tons including 1.03% copper and 23 g/t
silver [15].

The genesis of copper mineralization, hosted mainly in the Lower Paleozoic cover, is
shared between the synergetic diagenetic and synsedimentary models [7,12-16] and epige-
netic processes [17-22] or superposition of both syngenetic and epigenetic processes [7].
Nonetheless, there is consensus that the Upper Ediacaran basement, composed of volcanic,
volcaniclastic, and intrusive rocks, represents a likely source of copper, as evidenced by the
andesite and rhyolite lavas of Alous, Assif n'Imider, and Issougri [7-12].

The synergetic diagenetic and synsedimentary models suggest that the Early Cambrian
organic-rich sedimentary sequence represents a chemical trap of disseminated copper
sulfides. These first deposits from the first Cambrian transgression filled a system of
depressions bounded by emerging paleohighs. This paleogeography was caused by a
volcanism-rich rifting in the Upper Ediacaran, which appears to have continued into the
Lower Cambrian [23].

Instead, the presence of a different type of sulfide mineralization, typified by copper-
filled fractures and veins, with the same mineralogical signature as the disseminated
deposits, supports the epigenetic model [21]. The timing of these copper occurrences is still
debated, although most works mention Hercynian compressions [15-22].

In general, a common feature of the Lower Paleozoic copper deposits in the Anti-Atlas
is that they all have simple mineral assemblages including hypogene assemblages of bornite,
chalcopyrite, and incidental pyrite as well as supergene assemblages with a copper-rich
mineral phase, native copper, chalcocite, covellite malachite, and azurite. Except for the
Bou Skour deposit and some localized occurrences in the Tamjout Formation, there are little
or no lead and zinc sulfides. These sulfides should not be confused with the galena and
sphalerite found in the deposits that form the lead-zinc belt around the Anti-Atlas copper
area: the Jbel Jaouad and Bou Lbaroud deposits in the west, the Addana vein in the south,
and the eastern deposits in the Ougnat and Tafilalt areas in the eastern Anti-Atlas [24]
(Figure 1).

This paper aims to elucidate the genesis of the controversial Lower Paleozoic copper
mineralization based on new structural data and a reinterpretation of the aspects of the
ore texture. We emphasize the importance of the last significant tectonothermal event
experienced by the Moroccan continental crust during the Late Triassic, coinciding with the
opening of the Central Atlantic. Indeed, this oft-overlooked extensional event, characterized
by CAMP (Central Atlantic Magmatic Province) magmatism, had a considerable impact
on the remobility and reconcentrations of copper deposits along the identified activating
corridor. To achieve these objectives, we first present a synthesis of the regional geology
and the gitology of the mineralization in question, highlighting the problem of their
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establishment. The available magnetic data were processed to extract the hidden structural
information. The cartographic data were used to delimit the mineralized domains and their
distribution in space and to properly characterize the dynamics of the tectonics controlling
the mineralization. The macro- and microscopic observations of the ore allowed us to
elucidate the textural aspects whose interpretation are subject to different opinions, and
since it was beyond the scope of this article to detail existing models of ore formation, we
refer the reader to the work of Routhier [24], Cox and Singer [27], Jébrak and Marcoux [28],
and Mouttaqi et al. [29], etc. The proposed model allows for a better understanding of
the tectonomagmatic setting of these copper deposits and provides reliable guidance for
exploration, not only for copper, but also for other deposits in the Anti-Atlas.
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Figure 1. (a) Anti-Atlas geological map and coordinates of the most important copper deposits: (1) Jbel
Jouad, (2) Ouansimi, (3) Agjgal, (4) Tasrirt, (5) Tazalaght, (6) Imi n'Ifri, (7) Talat n"Ouamane, (8) Tadenst,
(9) Tizert, (10) Tiferki, (11) Amadouz, (12) Tazert, (13) Tirzit, (14) Tidzi, (15) Jbel N"Zourk, (16) Jbel Laassel,
(17) Timarighine, (18) Bou Skour, (19) Asfalou, (20) Akka n’Oulili, (21) Oumjrane-Bou n'Hass, (22) Inset
to the top left is a sketch of the Anti-Atlas situation. (b) Geological cross-section A-B (modified from
Choubert [25]). (c) Geological cross-section C-D (modified from Abia et al. [26]) (geological cross-section
locations are indicated on the map).

2. Geological Setting

The Anti-Atlas is a SW-NE to WSW-ENE area in the northwestern part of the West
African Craton (WAC), covering an area of approximately 120,000 km?, bounded by the
Atlantic Ocean to the west, the High Atlas Mountains to the north, and the intracratonic
Paleozoic Tindouf and Bechar basins to the south and east, respectively. The Anti-Atlas
consists of Proterozoic basement rocks that emerged as inliers beneath the folded Paleozoic
sedimentary cover during the Hercynian event [22,24].

Anti-Atlas rocks show multiple cycles of deformation events of Eburnean, Pan-African,
and Hercynian orogenies [22,30-32]. The oldest Paleoproterozoic rocks outcropping in the
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southwestern parts are composed of Eburnean low-to-medium grade metamorphic units,
intersected by many granitoids at around 2Gy. The Eburnean basement is covered with a
large unconformity by Neoproterozoic Pan-African terrains that range from the Cryogenian
to the Ediacaran or directly by the Lower Cambrian transgressive series.

After a prolonged quiescence through the Mesoproterozoic, except for some mafic
dykes that bisected the Eburnean basement [33-35], the Precambrian deposits resumed
with the Pan-African cycle by a large platform (Bleida Tachdamt Group) established on the
northern edge of the West African Craton (WAC). Coincidentally, oceanic lithosphere and
magmatic arcs developed northward [31]. Various rocks of this Neoproterozoic setting were
stacked along the Anti-Atlas Major Fault corresponding to the Pan-African suture during
several Pan-African accretions from 750 to 640 Ma [36-38]. The paroxysm of the Pan-African
orogeny was marked by the emplacement of syntectonic quartz-diorite plutons along the
Bou Azzer suture at around 650 Ma [39]. The Ediacaran siliciclastic and volcanoclastic
deposits underline the waning stages of the Pan-African orogeny.

The carbonate-dominated Adoudou and Lie-de-vin Formations [40,41] unconformably
overlie the Precambrian rocks, forming the Ediacaran—Cambrian transition and beginning
a long and continuous Paleozoic sedimentary cycle. The Paleozoic sedimentary cover of
the Anti-Atlas, ranging in age from Cambrian to Carboniferous, is thicker in the southwest
(about 10,000 m) and less than 6000 m in the east [25,42]. It rests paraconformably or
with angular discordance on the Ediacaran volcano-sedimentary sediments of the Upper
Ediacaran Ouarzazate Formation (Figure 1).

The Cambrian formations, deposited in a rifting context [43,44], are divided into three
lithological groups: the Taroudant Formation, the Tata Formation, and the internal Feijas
Formation. The Taroudant Formation (Adoudounian) sedimentary sequence shows two
units, the carbonated “Oued Adoudou” or “Adoudou Formation” [45] and the Taliouine
Formation, formerly known as “Lie de vin” [46]. The Adoudou unit is divided into a lower
unit called the “Series de base” and an upper unit called the “Lower Limestones” [40]. The
“Serie de Base” consists of a trilogy, usually from a conglomerate top covered with lower
limestone [47] to the end of a silty clay interval [43,48,49]. The series is well-represented
in the western Anti-Atlas (400 m) and thins rapidly eastward, disappearing in the central
Anti-Atlas. The lower limestone begins with the prominent silicified Tamjout dolomite
layers, which are topped by stromatolite dolomite sequences. These later were intruded in
the central Anti-Atlas by the Alougoum trachyte lava flow, dated at 534 & 10 Ma (U/Pb on
zircon) [50,51]. The Taliouine Formation consists of dark red argillaceous rocks intercalated
with carbonate layers [52], which are gradually becoming terrigenous toward the central
and eastern anti-Atlas regions to form the Tikirt sandstones [53].

Following the Taliouine’s terrigenous series, the Tata Group highlights the deposits
of the “upper limestone” or Igoudine Formation, consisting of massive carbonate layers
intercalated with grey siltstone. The latter thickens at the expense of carbonate and accu-
mulates vertically in the sandstone, forming the “Slate limestone Formation” or “Amouslek
Formation” [40,54].

The “Feijas interne” Group consists solely of siliciclastic deposits called “paradoxides
schists” [55,56], which are silty-clay deposits with massive sandstones that form well-
individualized quartzite cuesta in the central Anti-Atlas, known as the Tabanit Group [57].

The Ordovician consists of a thick silicoclastic series divided into four lithostrati-
graphic groups: (i) the External Feijas Group, (ii) the 1st Bani Group, (iii) the Ktaoua Group,
and (iv) the 2nd Bani Group. External Feijas and Ktaoua Groups are mainly composed of
clay, while the 1st Bani and 2nd Bani groups are mainly composed of sandstone [58,59].
The Silurian is clay in nature but has very typical sandstone and Orthoceras limestone
layers [60]. Above, the Devonian consists of shale, black Orthoceras limestones, and reef
limestones [26]. The Carboniferous includes sandy-calcareous beds and green shales [61].

During the Late Carboniferous, the Anti-Atlas area experienced Hercynian orogeny,
forming the foreland fold belt of the Meseta Block to the north and the Mauritanides to
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the southwest [42,62,63]. Precambrian basement faults were reactivated and the Paleozoic
cover was slightly folded [24,25,42,64,65].

The Mesozoic—-Cenozoic evolution of the Anti-Atlas is ill-established due to the lack
of related deposits along the Anti-Atlas chain. Several NE-SW Lower Liassic mafic dykes
bellowing to the CAMP magmatic event crosscut the entire Anti-Atlas, indicating the
Triassic rifting of the supercontinent Pangea at the Triassic—Jurassic boundary [66,67].
Let us recall here that the CAMP is one of the largest igneous provinces (Large Igneous
Provinces, LIPs), where a large quantity of magma has appeared, in the form of doleritic
sills and dykes and basalt flows, on the three African continents. The European and
American united in Pangea 200 Ma ago [68-70]. These provinces are often associated with
the formation of metalliferous deposits, in particular, ortho-magmatic Ni-Cu-Co-PGE [71],
and can also influence the formation of hydrothermal deposits; the thermal flux brought
by the magma would cause hydrothermal convection, which will mobilize the metals of
magmatic origin and/or are leached by percolating through the basement, then migrating
toward the surface along the extension faults.

After periods of burring and exhumation, the Anti-Atlas acquires its current topogra-
phy during the Neogene, contemporary to the Alpine High Atlas uplift [68-72].

In the early Mesozoic, the Anti-Atlas area served as the southern shoulder of the Atlas
rift, coinciding with the opening of the Central Atlantic. At this time, the Anti-Atlas crust
was stretched and affected by extensive faults, which are superimposed on the Hercynian
structure, as shown in the eastern Anti-Atlas [73].

3. Materials and Methods

The fieldwork focused on (i) the mapping at a detailed scale of the main copper
deposits, (ii) the characterization of the kinematics of the Triassic-Liassic rift that controlled
the emplacement of mineralization, and (iii) the production of a textural description of the
ore at the scale of the outcrop. The prominence of the basement normal faults that do not
cross the entire Paleozoic cover is supported by relief dynamics studies approached from
geomorphological markers such as alluvial fans or triangular facets.

In the laboratory, sections and prepared polished blades were polished until obtaining
flatness and perfect polishing. For blades, the optimum thickness was around 25 pm.
Subsequently, they were examined and analyzed microscopically, which makes it possible
to fine-tune the textural aspects of the ores.

The magnetic data used were acquired during a helicopter-borne geophysical cam-
paign in the Moroccan Anti Atlas in 1999, carried out on behalf of the Ministry of Energy
and Mines by the company Géoterrx-Dighem. The acquisition was made using a Euro-
copter AS350B2 and AS350B3 type helicopter, equipped with a video recording system
(PAL video camera). The flight lines were oriented N15° to N315° and spaced 500 m apart.
The measurements were taken with an average ground clearance of 30 m using a Scintrex
Cesium or Geometrics-type magnetometer with a sensitivity of 0.01 nT. These data were
subject to corrections corresponding to: (i) denoising by noise elimination, (ii) elimination
of closing errors, and (iii) corrections due to diurnal variations. The residual data were
transformed, so that the magnetic anomalies appeared at the right of the magnetic sources,
using a “reduction to the magnetic pole” (RTP) operator using a magnetic inclination of
41.1° and declination of 4, 5°.

4. Western Anti-Atlas Copper Mineralization along the Igherm Ridge

The western Anti-Atlas morphostructure is dominated by a succession of NE-SW to
N-S Hercynian synclines (Issafene, Talat n"Yissi, and Ouansimi), affecting the Paleozoic series
between the basement uplifts of the Ifni, Bas Draa, Kerdous, and Igherm inliers, which
form the core of the adjacent anticlines [22,25,63,74] (Figure 2a). Western Anti-Atlas was
first mapped by a 1/500,000 scale geological map and then by 1/100,000 scale geological
maps of Tiznit, Tafraout, Taroudant, and Igherm [74-78]. Precambrian basement outcrops
were of particular interest during the PNCG program by producing 1/50,000 scale geological
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maps (BGS, BRGM). Most of the western Anti-Atlas copper deposits are located along the
NE-SW line between the Ouansimi deposit south of the Kerdous inlier and the Igherm area,
interestingly highlighting the direction of the great Igherm dyke, which is part of the CAMP
(Figure 1).
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Figure 2. (a) Geological map of the Issafene syncline (excerpt from the Tafraout geological map at
1/100,000). (b) Map of the residual magnetic field transformed by the “derivative tilt” method of the
Issaféne region. (c) Interpretive geological cross-section (cross-section E-F on a map in Figure 1a).

4.1. Morphostructural Considerations of the Issaféne Syncline

A broad cliff slope of more than 30 km is formed on the east side of the north-south
Issaféne syncline, along which triangular facets and alluvial cones can be seen (Figure 3).
The formers develop there in a repetitive fashion, alternating with the flow of “talweg”
perpendicular to the embankment. Sediments that reach the estuary are deposited in
the form of alluvial fans. Triangular facets provide good morphotectonic markers for the
relative interactions of the underlying blocks; they arise from the gradual exhumation along
normal faults [79-81]. According to these authors, the topographic differential created by
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the fault motion leads to erosion of the footwall, and incisions are concentrated on major
drains that delineate interfluve zones where the topography is better preserved.
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Figure 3. Morphological markers developed along the Issaféne escarpment (Google image).

A geological cross-section transverse to the Issafene syncline axis shows that it is an
asymmetric fold with a SSW-NNE axis with a near horizontal plunge (Figure 2c). Its east
side straightens vertically, while its west side slopes slowly toward the opposite boundary.
The adjacent eastward anticline is also asymmetric, with its west side common with the
syncline while the east side appears as slightly sloping to the east with no more than 20°.
This disposition draws knee fold with the extrados affected by a dense fracture parallel to
the axis. It appears as slightly open joints, vertical crevices filled with quartz, carbonates
of Ca and Fe (calcite and ankerite), oxides and hydroxides of iron, and traces of copper,
microscopic copper in the form of malachite and rarely azurite, microfaults and overlapping
shears between striated beds. In some places (N 29°51'42.78”; W 8°3017.57”), the fractures
were so strong that the rock (lower limestone) took on the appearance of breccia. Away from
this joint, the fracturing intensity diminishes rapidly and re-emerges cautiously westward,
where a set of normal faults and the Igherm dyke run in the same direction across the entire
Cambrian cover.

The asymmetrical layout of the Issafene syncline is often interpreted as a western
Hercynian vergence, which is inconsistent with the known western Anti-Atlas global SE
vergence [25]. This asymmetrical anticline is unique on the scale of the western Anti-Atlas,
and its geometry is reminiscent of the Rattlesnake Mountain Anticline (Wyoming, USA),
which is developed in an extensional regime directly above an underlying rigid bedrock
fault [82], and thus likely to be linked to the same context of a post-Hercynian crustal
extension. As suggested by the very steep dip of the east flank, a basement fault governing
the Issaféne fold should have been sub-vertical. The fact that this fault does not cut the
entire sedimentary cover can be explained by the extensional Trishear model. Furthermore,
the interpretation of aeromagnetic data favors the rationality of this hypothesis. A map
of the residual magnetic field in the Issaféne region transformed by the “differential dip’
method highlights a linear magnetic anomaly (Figure 2b): a very strong anomaly that
perfectly matches the Igherm and other database dykes, with low intensities corresponding
to the NW-SE, N-S, and NE-SW trending faults, some of which have been plotted in situ,
while others are not assumed. This extends over 20 km in the NNE-SSW direction.

In all of these respects, this fold developed in an extended region over a rigid bedrock
fault, providing an ideal model for the emplacement of copper mineralization. To better
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illustrate this formation model, in the paragraphs below, we develop examples of the
Ouansimi and Tazalaght deposits, which are part of the Igherm Ridge, to the south and
east of the Kerdous inlier, respectively.

Located south of the Kerdous inlier, the Ouansimi deposits at the mine level, the
Adoudounian series with copper mineralization, overlie the Ouarzazate Group clastic
deposits with a transgressive ravinement surface. It consists of alternating sandstone and
siltstone interbedded by limestones of “Serie de base”, followed by the “Lower Limestones”
of the Adoudou Formation, which begins with the massive Tamjout dolomite and ends
with the layered dolomitic limestone. The Taliouine Formation is a series of dolomite
formations interlayered by red marl. The Amouslek Formation, or “Upper limestone”,
terminating the Paleozoic series, depicts an asymmetric fold with an N 45° E subhorizontal
axis (Figure 4b). Its straightened northwest flank (70 to 90°) contacts the Precambrian
bedrock and gradually flattens over a few hundred meters. On the other side, however, the
layers are only slightly (20°) inclined toward the southeast.
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Figure 4. (a) Geological map of the Ouansimi district. (b) Geological cross-section I-] (modified after
Smeykal [22]).

The folded structure is accompanied by a network of fractures, most evident in
the Adoudounian limestones, which can be subdivided into the axial fracture type and
transverse fracture type. The first family is represented by joints slightly oblique to the
bedding, calcite-quartz-filled fractures, and sliding joints parallel to the bedding that
are highlighted by ripples on the joint surface. Intersecting fractures affecting all folded
units including the Upper Ediacaran Ouarzazate Group are particularly rich in copper
mineralization. The intersecting fractures are sub-vertical (>70°), with evident decimeter to
metric vertical offset along the entire northern flank, and they are visible from more than
300 m of the fault contact with the Precambrian substrate. There, mineralization developed
as a network of small veins that are several meters wide. Sometimes it is deposited laterally
along bedding surfaces and slip planes, giving the ore body a layered morphology [22].
The ore consists of copper sulfide in quartz-carbonate gangue.
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4.2. Tazalaght Site

Further northeast, about 150 km southeast of Agadir on the eastern edge of the
Precambrian Ait Abdallah inlier, the Tazalaght deposit (N 29°45'6.89”; W 8°43/23.91”)
lies on a folded structure about 500 m along the NNE-SSW axis. The lower part is the
conglomerate of the Upper Ediacaran Ouarzazate Group, above which are the siliceous
deposits “Série de base” Formation, followed by the Tamjout dolomite. The Ediacaran
conglomerate overlies the Paleoproterozoic basement quartzites unconformably and is
locally absent, in this case, the “Série de base” Formation occurs directly in fault contacts
with the Precambrian basement (Figure 5).
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Figure 5. (a) Geological map. (b) Section K-L of the Tazalaght mining site (modified from El
Basbas [20]). PII: Precambrian II. PIII: Precambrian III.

Structurally, the Lower Paleozoic series and its Precambrian substrate are affected
by Hercynian and post-Hercynian deformations [73,74]. At the lower levels, especially
within the limestone units, many small drag folds flow eastward. The sliding of competent
limestone layers on the interlayered plastic siltstone levels caused these typical Hercynian
folds. These Hercynian folds belong to a regionally asymmetric fold structure, with the
western flank in contact with the basement fault being strongly straightened (dip >70°
eastwards), while the opposite flank is approximately 400 m long and slopes slightly
westward (Figure 5). This fold is connected to another syncline of the same shape to
the east. These folds are associated with brittle structures distributed in two principal
directions, NNW-SSE and NNE-SSW and NE-SW. The first trend is represented by a series
of sub-vertical normal faults that significantly affect the basement, which along with other
fractures, host mineralization in the form of veins and stockwork. In the sedimentary cover,
these extensive faults induced the same folds that are observed at the mine level. In addition
to the mineralization outlined below, the most abundant areas are located at the top of the
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“Série de base” Formation, preferably along contacts that define high-contrast lithology or
those that favor detachment levels. Along the detachment plane, the ore exhibits a laminar
appearance parallel to the bedding [7,15,83-85], reminiscent of the texture of the syngenetic
deposit. In the carbonate facies, mineralized veins sometimes exhibit layered diverticula,
forming stratiform clusters characteristic of Mississippi Valley-type (MVT) mineralization.

5. The Central Anti-Atlas Area and Associated Mineralization

The central Anti-Atlas consists of an Eburnean basement formed of metasediments
(gneisses, amphibolites, micaschists) intruded by a succession of granitoids, topped in
major unconformity by the Neoproterozoic, which includes an ophiolitic complex and
a range of sedimentary deposits ranging from continental and platform environments
with flyschoid facies often associated with effusive tholeiitic volcanism, injected with calc-
alkaline granitoids and a network of basic dykes (dolerites and gabbros) dominated by
continental tholeiites [24,30,32,34,35]. These units are structured during the Pan-African
orogeny in the greenschist facies [24]. Next, come and in unconformity, the volcano-
sedimentary terrains of the Ouarzazate Super Group (late Neoproterozoic), which are made
up of a succession of ignimbritic sheets occasionally intercalated with flows of rhyolites,
andesites, basalts, and sedimentary deposits [41]. The Paleozoic cover is weak in this
region: the Adoudounian is reduced to its maximum and the basic series is lacking [46].
All of these lands are crossed by the large Foum-Zguid dyke attributed to CAMP [66].

5.1. Structural Data

In the central Anti-Atlas, the Hercynian trend of the Paleozoic folds is more complex
by the long axis of the Bou Azzer-El Graara inlier, which runs from northwest to southeast.
Leblanc [86] distinguished several drag folds, fan-shaped, conical, and more or less inverted,
attributed to the Hercynian orogeny. These folds are the result of thick-skinned tectonics,
which reactivated old fractures [28,87].

Pot-Hercynian deformations are characterized by brittle faults, some of which exhibit
extensive offset, often in clusters. Note the presence of a swarm of CAMP-doleritic dykes,
most importantly the NE-SW Foum-Zguid great dyke, which intersects the Bou Azzer-El
Graara inlier. Numerous copper deposits have been reported in the area at the bottom of the
Paleozoic cover, the most important of which is undoubtedly the Jbel Laassel copper deposit,
which we will describe in detail after a brief structural description of the Paleozoic cover.

In the central part of the Anti-Atlas, in addition to the NE-SW Lower-Liassic dyke [88],
the Paleozoic sedimentary cover is affected by a network of faults organized along two
main directions: N 20° to N 30° and N 60° to N 70°; the latter direction is the most common
(Figure 6). Taking the geological section south of the Bou Azzer-El Graara inlier as an
example, some faults have a normal offset such as the F3 fault, which contacts the Lower
Cambrian and Lower Ordovician [89]. These are consistent with the NW-SE extension
with the vertical principal stress axis 01. Others do not affect the entire Paleozoic cover
such as F4, which truncates the Lower Cambrian and disappears in the Middle Cambrian,
leading Emran and Chorowicz [89] to consider these types of faults to be synsedimentary
faults. In our opinion, the upward die-out of some normal faults can be explained more
simply by the extensional three-shear model, as previously described in the Igherm area.

The N 20° to N 60° directions correspond to fracture fields (tension-gashes structures)
filled with quartz, Ca and Mg carbonates, and iron oxides and hydroxides, with occasional
traces of copper associated in the form of malachite.

5.2. Jbel Laassel Deposit

The Jbel Laassel deposit occurs along the axis of a ~2 km-long NE-SW fold within the
dolomites of the “Upper limestone” Formation [19]. At both ends, the fold axis is horizontal
and then slightly inclined (<20°) toward the center of the structure, influenced by a NW-SE
fault. Its steepest north flank is bounded by the NE-SW fault, while the other flank slopes
slightly toward the northwest (Figure 7). This latest accident is reported by Bourque et al. [21]
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as a thrust fault. However, at strong dips, as indicated by the very steep dips of the flanking
formations in the tectonic contact, it should have instead been a set of near-vertical faults
with a normal offset that control sedimentary cover subsidence by forming folded structures
intruded by dolerite dykes similar to those of the Foum-Zguid area.
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Figure 6. (a) Geological section of the Foum-Zguid area (E-F section in Figure 1). (b) Rosettes of
cumulative length-weighted frequencies of fractures recorded on Landsat MSS space images for
the Cambrian identification of the pushover of the eastern and southern edges of the Bou Azzer-El

Graara inlier (adapted from Emran and Chorowicz [89]).

The NE-SW syncline that dominates the regional landscape is superimposed by a
regional fold system with the NW-SE direction “Ougartian trend”, with a straight axis,
and a 25° NW oblique axis [6,21]. The formation of the Jbel Laassel syncline structure
was accompanied by secondary fractures, microfolds, and slip planes. On the fold hinge,
intersected by the NW-SE accident, over an area of approximately 150,000 square meters,
interwoven fractures form a coherent network of thin veins filled with copper ore containing
quartz veins and calcite. Disseminated mineralization was observed in a calcareous mass

of the host rock.
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Figure 7. (a) Geological map of the Jbel Laassel mining district. (b) Geological cross-section M-N
modified from Bourque et al. [21].

6. The Eastern Anti-Atlas Area and Associated Mineralization

South of Saghro where the Zagora-El Fecht ridge extends, only the lands of the
Paleozoic cover outcrop. The Lower Cambrian is reduced to a few tens of meters in
thickness. It is made up of sandstone and argillites intercalated with carbonate beds.
The Middle Cambrian continues with the “Paradoxides Schists”. The Ordovician largely
outcrops in the ridge; it is made up of a powerful silicoclastic series alternating between
schist and sandstone formations [55,58]. The Silurian is essentially clayey with limestone at
the top with Orthoceras [60]. The Devonian includes shales and limestones [26]. Numerous
Lower Liassic doleritic dykes cut all of this area: Zagora and El Fecht. The deformation of
this cover is attributed to Hercynian tightening [65].

6.1. Structural Data

In contrast to the western Anti-Atlas, post-Hercynian normal faults are common in the
eastern Anti-Atlas [73]. On the Zagora-El Fecht Ridge, these faults are at the origin of two
regional scale structures: the Zagora and the El Fecht grabens (Figure 8a). The first, most
notable, extends over 70 km and is 1 to 5 km wide. At their eastern ends, the boundary
faults branch into bundles, some of which cut through the overlying Maider Paleozoic
basin and continue beyond Taouz (south of Tafilalt), where they are overshadowed by
the Cretaceous period [73]. At this eastern end, these faults form the Oumjrane-Taouz
network faults, which control the mineralization of the Oumjrane-Bou n"Hass deposit [88]
(Figure 8b). Hereafter, we describe in detail the Oumjrane-Bou n"Hass deposit and propose
a genetic model for copper mineralization in the Paleozoic cover of the Zagora-El fetch
Ridge. To the west, the fault network is obscured by Quaternary alluvium but is recovered
by Lower Ordovician subsidence along the long axis of the Bou Azzer inlier. From this
location, it sailed to the WNW and joined the Anti-Atlas Major Fault of Choubert [89].



Minerals 2023, 13, 488

13 of 26

(a)

(b)

WNW

c
“ N

[ Devonian 8 2nd Bani dyke N Fault

E] Silurian O- Ktaoua Bou n’Hass dyke

25 Km

Oumjrane Tizi n’Hiharine

El Fecht L
Graben 4. "

J. Amrharfi
Anticlinal

| O|—| 1st Bani | imerzmarne

Synclinal

i Vo

S~
Mf X e\ 209N ﬂ\h-__aﬂ\.l 250

Figure 8. (a) Structural diagram showing the two major structures of the Zagora and El Fecht grabens
(same legend as Figure 1), compiled from the geological maps of “Zagora-Elbow of the Draa-Hamada
of the Draa” and “Todrha-Ma’der” at 1/200,000. (b) Geological cross-section (section G-H) of the
Oumjrane-Bou n"Hass district (modified after Kharis et al. [90]). (c) Stereogram of normal fault planes

(Schmidt canvas, lower hemisphere).

Along the main graben structures described above, the Silurian and Devonian units
dip steeply, with a sudden change in inclination from horizontal to values greater than
45°, forming an asymmetrical syncline with adjacent flanks to the fault in upright posi-
tions. The direction of the fault oscillates between N40° and N70°, with steep dips always
greater than 60°. The geometric trial on fault surfaces presents a pitch between 75° and
90°. Stereographic projections of these structural data suggest a near-horizontal NW-SE
extensional regime (Figure 8c). The principal stress axes are: 03 = N150°~75° (minimum
stress, extensional strain), 02 = N60°-20° (intermediate stress), and o1 = N150°-0° (maxi-
mum stress, compression).The same kinematics were deduced from the tectonic analyses
of the Foum-Zguid area to within a few degrees. The resulting folds should have formed
through passive bending in combination with lithostatic loading of the cover layers over
the basement faults. The NW-SE faults commonly found in mineralized areas are coherent
with such an extensional regime.
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6.2. The Oumjrane-Bou n’Hazss Deposit

Apart from some differences, the structure and event record of the Oumjrane-Bou
n’Hass area are similar to the previous example. At this locality, the Paleozoic series was
divided into many blocks by the N60° to N90° faults. The functioning of these normal
faults induced the development of asymmetric folds of the N70° axis with straightened
strata above major faults (Bou n"Hass and Oumjrane-Touaz faults). These local structures
are superimposed on regional-scale axial NW-SE folds with long and short sides associated
with basement strike-slip fault structures during Hercynian inversions [91-93].

The Oumjrane-Bou n'"Hazss site is characterized by the presence of collapsed structures
represented by relatively large grabens (Zagora and El Fetch grabens). These extensional
structures are clear evidence of a post-Hercynian extensional event. The mineralization
here occurs in the form of near-vertical lenses of only a few tens of meters along the NE-SW
to EW fault and the entire satellite fracture network (Figure 8b), but the peculiarity is that
they follow each other along the same structural lineament. Their thickness can be locally
small or even close to zero up to a few meters away. At the level of the walls, the filling
contains angular sandstone fragments from nearby.

7. Mapping and the Morphological Interpretation of Deposits

Mapping the areas of deposits and mineralized occurrences provided two distin-
guished morphological deposits: stratiform and vein.

7.1. Stratiform Deposits

These are all located to the west of the Anti-Atlas and are spatially distributed along
the NE-SW trend from the southern Ifni inlier to the Siroua massif (Figure 1). They are
either in the Adoudou Formation, at the bottom of the “basal series” in contact with
the Precambrian bedrock, or higher up in the Tamjout carbonate Formation, and rarely
in the “Lower Limestones” Formation, but always in terrigenous facies with carbonate
cement and/or in pure carbonate rocks. The main mineralized horizon, known as the
Talat n’Ouamane horizon, is in the “Série de base” Formation between the top of its basal
conglomerate and the Tamjout dolomite [7]. From bottom to top, it consists of coarse detrital
levels with dolomitic cement, which grade to sandstone siltstone levels, followed by a
series of dolomite formations topped with siltstone [7]. Within this horizon, mineralized
zones form stratiform bodies that fill sedimentary joints and interlayered sliding surfaces.
These bodies are thicker (tens of meters), closer together, have higher copper content, and
exhibit significant lateral extension (over a kilometer) in those deposits where the hosted
Adoudou Formation tends to lose strength such as in the Agjgal and Tazalaght deposits.
Conversely, as the Adoudou Formation strengthens, the ore bodies depleted copper and
thinned to disappear completely [7].

In stratiform bodies, mineralization occurred in different textural aspects (Figure 9):
(i) filling voids of various sizes ranging from intragranular pores in carbonate-cemented
terrigenous facies (Figure 9a) to those associated with open cavities in carbonate facies due
to karstification and/or tectonic processes (Figure 9b), in the latter, undissolved carbonate
residues are cemented by ore; (ii) in thin ribbons or veneers and coatings that develop
along sedimentary fabrics and interlayered slipping planes parallel to the stratification
planes (Figure 9¢,d); (iii) in venules, sometimes branching into fine networks with no
preferential orientation; (iv) in the dissemination of speckles of sulfides at first glance
seemingly isolated, but interconnected by microcracks filled with calcite; (v) in granules
lining internal geodes parallel to the bedding or directly connected to the veinlet network.
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Figure 9. Main structure of the stratiform copper ores in the Anti-Atlas Paleozoic sedimentary.
(a) Microscopic view of the cupriferous ore filling intragranular spaces of the sandstone facies of the
“Série de base” Formation (Tazalaght deposit). (b) Structural karst-tectonic cavities in dolomite filled
with oxidized chalcocite to malachite and iron oxides (Agjgal deposit, Maddi et al. [14]). (c) bands
of malachite and azurite conformable to bedding (Tazalaght deposit). (d) Malachite veneers and
chalcocite grains lining the Adoudounian limestone stratification planes north of Tayfast (Central
Anti-Atlas).

7.2. Vein Deposits

In the central and eastern part of Anti-Atlas, copper deposits consist of veins developed
along the NNW-SSE to NS sub-vertical fracture in the Jbel Laassel and Timarighine deposits
and NE-SW to E-W fractures in the Oumjrane-Bou n"Hass deposit (Figure 10a). Their
horizontal extent is sometimes more than a kilometer, but in most cases, they are small
lenticular bodies. These ore bodies can narrow up or thicken to several meters along
the same fault. The same vein morphological changes (bulges and retracted) as on the
plane were also observed in the working face sections (Figure 10b), indicating that the
mineralization is distributed in the columns. The filling of the first band is repeatedly
reworked to breccia in the second band, suggesting that fracture reactivations control
mineralization. Along the same fault, veins sometimes branch into thin veinlets that
become highly entangled (stockworks) and form economically mineable bodies such as the
Jbel Laassel deposit (Figure 10c).
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Figure 10. (a) Mineralized veins of Timarighine, south of Saghro (N 30°52/39, 33”; W 5°36/49,
83”). (b) Sectional view illustrating the morphological variations (thickening, thinning, branching)
of the veins. (c) Chalcocite, malachite, and dolomite stockwork (core sample from Jbel Laassel,

Bourque [21]).

7.3. General Deduction

The main Anti-Atlas copper deposits are located in the west and are usually stratiform
in appearance. Outside the “Série de base” of the Adoudou Formation, mineralization
becomes vein-type. These morphological features lead to the treatment of stratiform
mineralization as the syngenetic variant and vein pattern as the epigenetic variant. It should
be noted, however, that this seemingly logical explanation does not take into account the
spatiotemporal distribution of mineralization, nor the tectonomagmatic phenomena that
accompany it. Therefore, these unique morphological features alone cannot be used to
discriminate genetic processes. An acceptable interpretation requires additional criteria.

7.4. The Lateral Distribution and Morphological Effects of Mineralization

The spatial distribution model for this copper mineralization case is based on a re-
gional mapping approach. It includes a compilation of available data for the major copper
deposits in the Anti-Atlas [7,21,23,90,93-99]. This approach revealed significant differences
in deposit density and its lateral distribution, manifested by the presence of three corridors
with the most pronounced concentrations of mineralization (Figure 1). These corridors
qualified as rich ridges by Bouchta et al. [94], narrow southwest-northeast corridors ori-
ented obliquely on the ENE-WSW direction of the Anti-Atlas. One of their particularities
is that they are all longitudinally bisected by normal fault and traversed by CAMP doleritic
dykes (Igherm dyke, Foum-Zguid dyke, and Zagora El Fetch dyke), from which these
rich corridors are named. Therefore, we can distinguish the western ridge of Igherm, the
central ridge of Foum-Zguid, and the eastern ridge of Zagora-El Fecht (Figure 1). These
tectonomagmatic corridors appear to control copper deposits within the Lower Paleozoic
cover and must have influenced the genetic process of the mineralization. The association
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of these extensive tectonic structures with CAMP magmatism implicitly suggests that the
copper hosted in the Lower Paleozoic cover of the Anti-Atlas is post-Hercynian. In the
vision we defend in this note, crustal extension occurring concurrently with the Central
Atlantic opening would provide a favorable geodynamic and thermal environment for
the reconcentrations of copper mineralization. Nevertheless, this new hypothesis must be
supported by other arguments before it can be tested.

7.5. Stratigraphic Distribution and Genetic Significance

Mapping of major copper concentrations and mineable deposits also shows that the
Paleozoic sedimentary layers hosting the mineralization vary by region. Mineralization is
indeed abundant along the western ridge of Igherm (Tazalaght, Agjgal, etc.), and is hosted
by the “Série de base” Formation and/or by the Tamjout dolomite. In the Central Anti-Atlas
area, mineralization is located higher in the Upper Limestone Formation at Jbel Laassel [21]
and more in the 2nd Bani Group sandstones of the Ordovician to the east (Oumjrane-Bou
n’Hass) [84]. This distribution is not arbitrary, since in all cases, it emphasizes that copper
is deposited in the lower levels, not far from the basement-cover interface. The Lower
Cambrian transgression coming from the west of the Anti-Atlas started with the “Séries de
base” Formation, which was restricted to the bay of the western Igherm ridge. To the east,
the entire Adoudou Formation disappears at the level of the central Anti-Atlas, and further
east, the Middle Cambrian and Ordovician sandstones occupy a relatively basal position,
directly overlaying the Precambrian basement. If the location of copper mineralization
is indeed independent of the stratigraphic level of the sedimentary cover, certainly, its
occurrence always highlights the Proterozoic-Paleozoic transition and thus the contact
between the rigid basement and the sedimentary cover. It is most likely that the lithological
characteristics of the transition from a brittle basement to a flexible cover would have
facilitated the establishment of mineralization.

7.6. Features and Differences

Within the Igherm and Foum-Zguid Ridges, iron oxides are closely related to copper,
and sometimes, the iron/copper ratio can reach only iron poles, especially around the
Agadir Melloul, Taifast, Iguerda, and Zenaga areas, where many oligist quartz veins are
artisanal mines [100]. In the Zagora-El Fecht Ridge, mineral occurrences are dominated by
Ba, which is related to Pb and Zn, forming zonality away from the copper mining area.

In addition to these mineralogical differences, there are tectonic structures that are
not uniform at the Anti-Atlas scale. Moreover, these large eastward dipping faults are
becoming more common in the central and eastern Anti-Atlas [73]. These extensional
structures, especially in the eastern Anti-Atlas region, are easy to spot in the landscape
when they affect very high-contrast formations. Their vertical offset is weak (Figure 11a,b),
rarely exceeding ten meters, as they are usually only observed on annexed small faults
with weak displacements rather than large ones. In the western Anti-Atlas region, the post-
Hercynian normal faults are rarely observed (Figure 11c), but a series of Mesozoic-Cenozoic
burials and exhumations have been demonstrated in the Anti-Atlas by thermochronological
methods and are attributed to the post-Hercynian movements [101-104].
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Figure 11. (a) Network of normal faults offsetting the Ordovician terrains and hosting the copper
veins of Timarighine (Eastern Anti-Atlas). (b) Normal fault shifting the sandstone bar of the 1stBani
to the west of Tazarine (eastern Anti-Atlas). (c) Subsidence of the “Série de base” Formation along a
normal fault affecting the Paleoproterozoic (PI) basement in a gallery at the Tazalaght mine (after
Tahir et al. [105]).

8. Mineralogy

The common feature of these two morphological types of mineralization is that they
all present a simple mineral association consisting of a hypogene paragenesis with bornite,
chalcopyrite, and incidentally pyrite and a supergene paragenesis with copper-enriched
mineral phases; native cook, chalcocite, covellite, malachite, and azurite (Figure 12). Pb
(galena) and Zn (blende) sulfides are rare or even absent, except in the Bou Skour deposit
and a few localized showings in the Tamjout Formation. These sulfides should in no way
be confused with galena and sphalerite (blende) encountered in the occurrences that form
a lead-zinciferous belt all around the Anti-Atlas copper domain: Jbel Jaouad and Bou
Lbaroud deposits to the west, the Addana veins to the south, and the deposits of Ougnat
and the Tafilalt region to the east [24] (Figure 1).
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Figure 12. (a) Main mineral phases of the ore. (b) Microscopic appearance in the reflected light of the
polished section of the primary paragenesis with chalcopyrite (yellow) and bornite (brown-purple) in
the process of being transformed into chalcocite (grey-white), covellite (blue), and malachite (light
grey), all bathed in a range of iron oxides and hydroxides.

9. Discussion and Genetic Model

The large numbers of copper deposits in the Anti-Atlas Lower Paleozoic series are
closely concentrated in fold structures generated directly on basement extensional faults.
These are large folds flanked by one or more normal faults on one side. They intersect
the entire Paleozoic stratigraphic column in the eastern Anti-Atlas but vanish long before
reaching the surface in the western Anti-Atlas. Throughout the Anti-Atlas, these folded
structures systematically remodel the Hercynian folds axis, attesting to their post-Hercynian
occurrence, as is the case at Jbel Laassel [21].

Copper mineralization, especially vein-style copper deposits, fills the faults, fissures,
and veins that develop on the outer hinge of the faulted folds. Therefore, this mineralization
occurred concurrently with the folding process, which may have been driven by extensive
faulting, if not later. In addition to the post-Hercynian folds and faults, the doleritic
dykes in the same orientation traverse the corridor of concentrated mineralization, and
these elements are sufficient to form a complete mineralization system. Dykes provide
the necessary heat to remobilize mineralized fluids, while open faults in rigid bedrock
serve as drains toward traps typically developed at the level of folded sedimentary cover
above basement faults. These stratigraphic, tectonic, and magmatic arguments point to a
broad post-Hercynian geodynamic setting that can correspond to the Late Triassic-Liassic
rifting. In fact, in the Tafilalt area, the oldest post-folding sediments are Triassic [73],
confirming Boissavy’s [91] already old observation in the Maider area, where the youngest
deformed terrain was Stephanian and Cretaceous transgressive deposits on the Paleozoic
was unfolded. This extended magmatic manifestation resulted in the emplacement of a
network of mafic dykes attributed to the CAMP [104] following the old NE-SW fault.

In detail, this crustal stretching caused the reactivation of basement fractures beneath the
flexible sedimentary cover. The NE-SW faults are remobilized as normal faults and the NNW-
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SSE faults as strike-slip faults. The vertical motion of the NE-SW accident resulted in the
formation of asymmetric folds with a near-horizontal axis, characterized by a steep limb and
the other limb slightly sloping toward the heart of the structure. This type of fold is common
in extensional systems [105]. Khalil and McClay [106] described similar folds in the Duwi
and Hamadat belts on the northwestern margin of the Red Sea Rift System, where a similar
evolution can be traced. They are also described in experimental models [107-109]. In the
south of Tafilalt, Robert-Charrue and Burkhard [75] described similar folds in Devonian and
Carboniferous strata and attributed them to the post-Hercynian extensional event. According
to the same authors, these structures associated with normal faults are even more puzzling
because they present slip movements between layers of planes, leading to confusion with
Hercynian folds. Equally perplexing is the coexistence of normal and reverse faults in this type
of fold, as is well-demonstrated in the Rattlesnake Mountain Anticline (Wyoming, USA) [84].

The basement faults that produced these folds do not always cut the entire Paleozoic
series like in the Issafene fold structure because of its inhomogeneous rheology. This
mechanism is well-illustrated by the extensional Trishear model [110]. According to the
model, fixed marks separated from fault by plastic layers, “clays, siltstones”, form drag
folds that dampen the propagation of these faults toward the top of the sedimentary pile.

Deformation is accommodated in these folded structures through multiple fractures
(joints, tension gashes, faults, and block lodes) and sliding along specific fracture planes.
These and the entire pore system from intragranular pores of terrigenous carbonate-
cemented facies to pores in pure carbonate facies opened by the karstification experienced
during Carboniferous exhumation act as mineralized traps. In addition, NNW-SSE faults
usually reactivate on slip faults where the mineralization field relays open areas compatible
with a transtensional regime. Mineralization also occurs in the form of en échelon lenses
along the NE-SW faults.

The various textures exhibited by the ore—veins, veinlets, stockwork, dissemination,
filling of karst voids, thin bands between sedimentary layers, or slip planes between
bedding—appear to be the source of the controversies surrounding the mechanisms of
copper supply and precipitation formulated in previous works.

The occurrence of copper mineralization in the Anti-Atlas Lower Paleozoic cover was
governed by the CAMP tectonomagmatic event, associated with the Upper Triassic frag-
mentation of Pangea. At that time, the Anti-Atlas is considered to be the southern shoulder
of the northern Atlas-Triassic rift and can be viewed as a large area undergoing a left-lateral
transtensional tectonic regime, bordered northward by the South Atlas Fault [111-114] and
by the Bas Draa Fault at the foot of Jbel Ouarkziz to the south [25]. Between these two
regional lineaments is a stretched area that develops en échelon fault corridors filled with
CAMP doleritic magma (Figure 13). The magmatic emplacement guided by the NE-SW
faults warmed the continental crust. The associated heat flow gives rise to convective
cells that drain hydrothermal fluids from deep along inherited tectonic accidents. They
mobilize copper through a crystalline basement that does not preclude the remobilization
of pre-existing mineralization, and then they migrate upward to settle in a series of frac-
tures and voids developed within passive folds developed above NE-SW normal faults
(Figure 14). The paleoreliefs spatially associated with copper mineralization [14,63] have
not been questioned insofar as they could be assimilated to preferential zones of basement
high delimited by normal faults.
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Figure 14. (a) Model illustrating the occurrence of copper mineralization in the Paleozoic cover of
the Anti-Atlas. (b) Schematic NNW-SSE geological section of the Anti-Atlas during the Triassic—
Liassic extension (reactivation of deep fractures and creation in the cover of steep normal faults and
associated folds).
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10. Conclusions

The Anti-Atlas hosts numerous copper-dominated deposits and occurrences, confer-
ring its status as a copper province [24,94]. The report on the map of the location of these
metalliferous deposits shows significant differences in their distribution density, reveal-
ing the three most notable areas of concentration. These narrow and SW-NE-oriented
areas are crossed longitudinally by normal faults and doleritic dykes associated with the
Late Triassic—early Liassic Central Atlantic opening. Faults do not always affect the entire
Paleozoic cover; their presence in outcrops manifests as noticeable flexures under which
passive folds develop with a series of cracks and openings. All of these discontinuities
and voids contribute to the circulation and deposition of copper mineralization, resulting
in diverse textural aspects of the ore: veins, veinlets, stockwork, dissemination, filling of
karstic voids, thin ribbons between sedimentary fabrics or following the inter-bed sliding
planes parallel to the stratigraphic binding, and intragranular pores in the terrigenous
facies with carbonate cement. This fact appears to be the source of the controversies raised
in previous works on copper contribution and precipitation mechanisms.

However, the origin of copper metal remains unclear. We have seen from above
that the best-documented source of copper is the Upper Ediacaran magmatism of the
Ouarzazate Group, not excluding remobilized parts from the earlier basement. Given that
most Triassic basins preserved in the High Atlas have not been associated with significant
mineralization, the possible contribution of the CAMP event has not been confirmed,
although other deposits such as fluorite at the El Hammam mine in the Moroccan Meseta
have been documented as associated with the CAMP event.

In any case, the precipitation of the ore is controlled by changes in the physicochemical
conditions of the liquid, especially the temperature drop. Such models integrate all mor-
phological data, but most importantly textural data, which at first glance seems incoherent
and give rise to controversial interpretations.
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