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Abstract: The Ediacaran—-Cambrian rocks on the northeastern edge of the Saghro inlier experienced
polycyclic tectono-thermal events, which are reported here based on a multiscale structural analysis,
from field measurements to fluid inclusion planes. Three striking populations were identified, cutting
across both the Ediacaran and Cambrian formations. These tectonic structures were generated during
four tectonic events. (i) E-W-striking structures that host ore mineralized bodies (sulfide, oxide, quartz,
and barite). They display a polyphase tectonic history, caused by a dextral movement in response to a
NW-SE-oriented shortening, leading to the formation of quartz gashes and veins. This tectonic event
took place during the Neovariscan. These E-W-striking structures were subsequently reactivated
during the Mesozoic time under a sinistral strike-slip regime as a result of NE-SW shortening syn-
kinematic with barite mineralization. (ii) NE-SW-striking strike-slip structures (dextral or sinistral)
crosscut the E-W-striking veins. These faults are related to the NW-SE-oriented shortening that
occurred during the Neogene. (iii) The last tectonic episode, related to the N-S shortening, took place
during the late Neogene to the Quaternary period. It resulted in NW-SE to N-S-striking structures
that were related to dextral and sinistral strike-slip movements, which crosscut the preexisting
E-W structures.

Keywords: multiscale analysis; post-Cambrian tectonism; Saghro inlier; Precambrian

1. Introduction

Structural analysis plays a pivotal role in understanding the complex geological his-
tory that has been recorded in an area since it offers valuable information on the Earth’s
geodynamic evolution. It includes interpreting and examining various tectonic structures,
such as faults, folds, fractures, and rock fabrics. This analysis can be conducted on dif-
ferent scales ranging from satellite imagery to microscopic analysis. Also, it enables the
determination of orientation, geometry, and distribution, as well as the spatial relationships
between different tectonic structures. Such information can be used to reconstruct the
geological evolution of the region, thus determining the timing of different tectonic events
recorded in the region. These pieces of information are practically significant for mining
exploration, as they provide valuable insights into both mineralized and unmineralized
tectonic events.

On the northern edge of the West African Craton, the Anti-Atlas belt has experi-
enced various tectonic events from the Proterozoic to the Phanerozoic times. In this belt,
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the Precambrian basement crops out within several inliers beneath the Paleozoic cover
(Figure 1A), such as Bas Dra3, Ifni, Kerdous, Tagragra of Akka, Agadir Melloul-Iguerda,
Igherm, Zenaga, Siroua, Bou Azzer, Saghro, and Ougnat [1-3]. Two Precambrian orogenic
cycles have been recognized in the Anti-Atlas belt: (i) the Eburnean orogeny during the
Paleoproterozoic, and (ii) the Pan-African orogeny that spanned the Neoproterozoic. Later,
during the Phanerozoic, the inherited Precambrian tectonic structures played a major role
in the tectono-sedimentary evolution of the Anti-Atlas [4,5]. During the collision of Laura-
sia with Gondwana, the Paleozoic sedimentary successions in the Anti-Atlas basins were
deformed and folded, whereas large blocks of its Precambrian basement were uplifted as
inliers or “boutonnieres” [4-6]. Due to the lack of Mesozoic—Cenozoic lithostratigraphic
landmarks, post-Variscan deformation in the Anti-Atlas has been excluded so far, and there-
fore it has been considered pre-Alpine [7,8]. However, recent apatite and zircon fission-track
data reveal fingerprints of Atlas-style tectonism and exhumation of the Precambrian belt
during the Mesozoic—Cenozoic time [6,9-13].

The current paper is concerned with the use of different geological approaches applied
in structural geology on different scales, from regional field analysis to fluid inclusion plane
measurements, to highlight the post-Cambrian tectonic events that are recorded within
the Ediacaran and Cambrian rocks on the NE edge of the Saghro inlier. Furthermore, the
relationship between ore deposits and tectonism is discussed. The results are crucial on a
regional scale and have implications for mining districts within the Saghro inlier and in the
Anti-Atlas belt.

2. Geology of the NE Edge of the Saghro Inlier

The NE margin of the Saghro inlier (eastern Anti-Atlas) mainly consists of an Ediacaran
basement and Paleozoic cover (Figure 1B). The basement comprises metasedimentary suc-
cessions with subvolcanic sills and dykes of the Saghro Group, which crops out in several
restricted areas, such as Imiter, Sidi Flah-Bouskour, Boumalne, and Kalaa M’Gouna [14].
These formations were regarded as Cryogenian based on lithofacies correlations and de-
formation styles [15,16]. Recently, U-Pb ages of detrital zircon grains from the Imiter
and Boumalne inliers have indicated maximum depositional ages of 607 &= 6 Ma and
604 & 5 Ma [17]. The Saghro Group is unconformably overlain by the Ediacaran Ouarza-
zate Supergroup. The latter consists of thick volcano-sedimentary successions and their
plutonic equivalents [18-23]. The Ouarzazate Supergroup itself unconformably underlies
Cambrian sedimentary sequences [14,19,20]. These Cambrian units are represented by mon-
oclinal successions, dipping to the north. The Cambrian Series 2, representing the Lower
Cambrian, begins with the Igoudine Formation comprising mainly polygenic conglomer-
ates. The Igoudine Formation is overlain by the Issaféne/Imouslek Formation composed of
conglomerates and carbonates. The Asrir Formation consists mainly of quartzitic sandstone
and forms the uppermost unit of the Lower Cambrian. The Cambrian Series 3, representing
the Middle Cambrian formation, is composed of greenish schists of the Jbel Wawrmast
Formation, showing interbedded lenses of carbonates and sandstone layers. The top is
characterized by massive white quartzitic sandstones of the Jbel Afraou Formation [19,20].

The overprints of the Variscan to Alpine (Atlasic) orogenies have been reported
by [9,24], respectively. During the Palaeozoic, two tectonic phases have been documented
(D1 and D2) within the Ouaklim and Tilouine Palaeozoic allochthonous units [24]. These
phases are related to the Neovariscan tectonism dated to 300-290 Ma and are equivalent
to the oblique convergence between Gondwana and Laurussia which is also observed in
the entire Moroccan Variscides [25]. The D1 phase corresponds to a thin-skinned tectonic
style that led to nappe stacking and southward thrusting of allochthonous units, and
generation of the diagenesis—anchizone transition to anchizonal grade metamorphism. On
the other hand, the D2 phase corresponds to a thick-skinned tectonic style that generated
an E-W-striking fault system with a right-lateral offset.
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Figure 1. (A) Structural map of the Moroccan Anti-Atlas Mountains, after [26]. (B) Geological map
of the northeastern Saghro inlier modified after [19,20]. (C) WNW-ESE cross-section showing NE—
SW and N-S-oriented fault systems cutting Ediacaran and Cambrian formations [20]. (D) NE-SW
cross-section illustrating fault contact between Ediacaran—Cambrian rocks; this fault shows a dextral
strike-slip movement with a normal component.

Cerrina Feroni et al. [9] reported fission-track data indicating a post-Variscan evolution
of the eastern Anti-Atlas. According to the same authors, four tectonic phases can be
recognized: (i) D1 event, which occurred during the Mesozoic and corresponds to a
left-lateral transtensional regime described along the Tizi n'Boujou and Bou Larhzazil-
Tinifift Faults; (ii) D2 event, which corresponds to a NW-SE-oriented shortening that took
place during the Neogene. It was responsible for right-lateral transpressional tectonics
documented along the Tizi n'Boujou and Isk n’Izekelli Faults; and (iii) D3 and D4 events,
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which occurred during the Late Neogene and are still active. These are the result of NNE-
SSW- to NNW-SSE-oriented regional shortening (D3 and D4, respectively), which induced
remarkable fault reactivation, seismicity, and volcanism.

3. Materials and Methods

To identify the different tectonic events recorded within the Ediacaran and Cambrian
rocks during the post-Cambrian time, a detailed tectonic analysis, ranging from regional
mapping to microscopic observations, was carried out. It included geometric and kinematic
measurements of fault planes (strike, dip-angle, and slickenline) of different regional faults.
Moreover, measurements of vein and fracture networks in different rocks from the Ediacaran
and Cambrian were complemented by data from fluid inclusion planes hosted in quartz
and barite veins. The chronology between various tectonic structures was established by
examining the presence or absence of the fault fillings, conducting tectoglyph analysis of
different fault systems, and evaluating crosscutting relationships. The results are presented in
stereograms (using lower hemisphere) with a Schmidt canvas using the Stereonet program.

Fluid inclusion planes (FIP) correspond to secondary fluid inclusions that developed
after the growth of the crystals. They result from the healing of former open cracks and
appear to be fossilized fluid pathways [27-29]. The fluid inclusion planes occur in sets and
are formed as mode-I cracks materializing the 01-02 plane [30]. They provide valuable
information about local paleo-stress in rocks [27] and allow for establishing the relationships
between tectonic events and fluid percolations.

FIP were measured in quartz and barite veins. The analyses were performed in
oriented thin sections (related to the geographic north) using an image analyzer attached
to a transmitted light microscope. Image acquisition, analysis, and mapping of the fluid
inclusion planes were performed using the software Geolmagin (https://home.uevora.pt/
~pmn/geoimagin/index.html accessed on 28 May 2023).

4. Results
4.1. Field Measurements

Several field campaigns and measurements have been conducted on different tectonic
structures on the NE edge of the Saghro inlier. These measurements provided valuable
insights into the presence of distinct orientations of faults. These orientations correspond
to regional fault structures as well as mineralized veins or lenses. Notably, these structures
cut the Ediacaran basement and continue into the Paleozoic cover (Figure 1C,D). Through
the analysis of fault fillings and crosscutting relationships, three distinct tectonic structure
populations have been recognized, which are an E-W-striking system, a NE-SW-striking
system, and a NW-SE- to N-S-striking system (Figure 2A). The three identified populations
of tectonic structures are described below.

4.1.1. E-W-Striking Structures

E-W-striking structures represent the most prominent feature on the NE edge of the
Saghro inlier. These tectonic structures predominantly appear as veins and faults. The
rose diagram (N n = 250) of the mineralized veins shows that the orientation is a well-
defined E-W-striking system (Figure 2). These structures exhibit orientations ranging
from N80° to N120°, dipping between 55° and 90° towards the south and occasionally
to the north (Figures 1D and 2B,C). These mineralized structures appear to be controlled
by strike-slip tectonic movements. Quartz and barite represent the main gangue filling of
these veins. Based on the textural relationship between quartz and barite (Figure 2D,E)
and the preserved microtectonic motion indicators within these structures (Figure 2), two
superposed tectonic stages have been identified. The first one corresponds to a dextral
strike-slip with a normal component (Figure 2B,C), which is syn-kinematic with the quartz
veins (Figure 2F,G). These veins are the result of NW-SE shortening. The second stage
evolved through sinistral movement with a normal component resulting from NE-SW
shortening contemporaneous with the barite veins (Figure 2H,I).
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Figure 2. (A) Rose diagram and stereographic projection of different tectonic structures mapped at the NE
edge of the Saghro inlier (n = 250). These tectonic structures include veins (red lines) and faults (black lines).
(B,C) Mineralized fault oriented N85, 80 N at the Ediacaran-Cambrian boundary showing folded blocks that
indicate dextral movement with a normal component (31°20'40.96” N 5°23'0.38" W). (D,E) Crosscutting
relationships between barite and quartz veins. (F,G) Quartz veins oriented 90° N showing dextral movement,
in an Ediacaran andesite host (31°22.024' N 5°26.958' W). (H) Barite veins within the Lower Cambrian
conglomerate displaying sinistral movement (31°22/3.09” N 5°26/48.98" W). (I) Barite veins hosted within
lower Cambrian sandstone showing sinistral movement (31°22'0.11” N 5°27'53.27" W). Outcrop photos are
colored to highlight structural components. And: andesite; Ba: barite; Qz: quartz.
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4.1.2. NE-SW-5triking Structures

This fault population is less frequent in the area, and it is mapped within both the
Ediacaran and Cambrian rocks. It is represented mainly by fault structures with kilometric
extension; however, no ore veins have been mapped in this population. The faults are
oriented from N 30° to N 65°, with a dip between 40° to 90°, generally toward the SE.
The chronological relationship suggests that this second system of faults crosscuts the
E-W mineralized veins (Figure 3A, B). Tectoglyphs in different fault planes indicate that
strike-slip movements are rather sinistral (Figure 3A) or dextral (Figure 3B-D). Furthermore,
some other planes have shown a strike-slip sense combined with a normal component
(Figure 1C).

Figure 3. (A) Fault oriented N 45° crosscutting a barite vein hosted in Ediacaran andesite. This fault
shows sinistral strike-slip movement. For the stereographic projection, the red planes are for veins
and the black ones are for faults (31°227.77" N 5°28'1.86"” W). (B) Fault oriented N 65° displaying
dextral strike-slip movement. This fault intersects an ore vein that strikes 90° N. This fault shows
dextral movement with a normal component. For the stereographic projection, the red planes are
for veins and the black ones are for faults (31°22/10.93"” N 5°27/54.17" W). (C,D) Google Earth and
outcrop photos showing a N 50° -oriented dextral strike-slip fault, affecting Middle Cambrian strata
(31°21/18.42"" N 5°22/37.80" W).

4.1.3. NW-SE- to N-5-Striking Structures

This third group of faults, parallel to the hydrographic system, is commonly observed
in the NE part of the Saghro inlier.

It corresponds to unmineralized fault systems mapped within Ediacaran and Cam-
brian formations (Figure 4A-D). These structures generally dip about 70° to 90° to the NW.
Tectoglyphs in different fault planes are also observed here, showing strike-slip faulting
with either dextral or sinistral motion (Figure 4A-D). A clear crosscutting relationship has
been observed between this population of faults and the E-W-striking veins, indicating
that these NW-SE to N-S structures are younger (Figure 4D).
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Figure 4. (AB) A N 10° -striking fault system showing sinistral movement (31°21'48.77" N
5°24/58.60” W). (C) Slickenside lineations with a pitch of 10° S, developed in a N 5° -striking fault zone.
This fault exhibits sinistral strike-slip movement (31°2148.77" N 5°24'58.60" W). (D) Fault oriented N
10° crosscutting a barite vein and showing dextral movement. For the stereographic projection, the red
planes are for veins and the black ones are for faults (31°21'59.15” N 5°27/17.89” W).

4.2. Microtectonic Analysis
4.2.1. Fractures

e  Fractures in the host rocks:

Microtectonic analysis of fracture networks was carried out on various lithofacies
including Ediacaran volcano-sedimentary successions and Cambrian sedimentary forma-
tions (Figure 5). Additionally, the analysis was extended to ore veins. In the area, the
Cambrian formations consist of monoclinal sedimentary series, dipping 20° to 50° towards
the north. Based on the frequency, and spatial and temporal relationships, fracture sets are
categorized into three groups. The first group comprises E-striking fractures (Figure 5A-H)
which occasionally contain barite and/or quartz filling (Figure 5E, F). These microstructures
range in length from 1 to several meters and dip steeply to subvertical. They correspond to
extension-mode fractures, which are recognized in both Ediacaran and Cambrian rocks.
This set of fractures is probably synchronous with the folding of the Paleozoic series during
the Variscan orogeny. The second set, represented by NE-SW-striking fractures, is abundant
in Ediacaran silica-poor volcanic rocks (Figure 5A-D) and Cambrian sedimentary forma-
tions (Figure 5E-H). These fractures exhibit metric length and subvertical dipping, and
they correspond to shearing-mode fractures. A clear crosscutting relationship with the first
group (E-W-striking fractures) has been documented, confirming that the second group is
younger (Figure 5E,G). The third group is the least abundant and comprises NW-SE- to
N-S-striking fractures, observed in both Ediacaran volcanic rocks and Cambrian sedimen-
tary formations (Figure 5). Fractures are centimetric to metric in length, steeply dipping to
subvertical, and correspond to shearing-mode fractures. A clear crosscutting relationship
was also observed between this group and the first one, indicating that the group is younger.
However, a relationship between the second and the third groups has not been observed.
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Based on the crosscutting relationships, the second and the third sets of fractures are likely
associated with tectonic events postdating the Variscan orogeny.

Figure 5. (A-D) Field photographs and their sketches showing a fracture network measured within
Ediacaran volcanic rocks. (E-H) Photographs and their sketches of a fracture network measured
within Cambrian sedimentary facies (carbonate and sandstone, respectively). For the sketches and the
stereographic projections, the black lines are for the E-W fractures, the yellow lines are for the NW-SE
to N-S fractures, the blue lines mark the NE-SW fractures, and the green lines are for bedding.
The coordinates of the different images are (A) 31°21’58.44" W 5°27/31.61"; (C) 31°2155.79" N
5°27'28.41" W; (E) 31°22/22.59" N 5°28'5.04" W; (G) 31°22/22.34" N 5°28'20.93" W.

° Fractures within ore veins:

Fracture analysis within ore veins was conducted in various veins, hosted within both
Ediacaran volcanic rocks (Figure 6A-F), Lower Cambrian conglomerates (Figure 6G,H),
and limestone (Figure 6L]).
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Figure 6. (A-D) Field photographs and their sketches depicting a fracture network cutting barite (Ba)
veins, hosted by Ediacaran andesite (And). The coordinates of the photographs are (31°21.882' N
5°26.766' W) and (31°21.822' N 5°26.766' W), respectively. (E,F) Field photograph and its sketch show-
ing quartz (Qz) veins hosted in Ediacaran andesite (And) (31°22/1.10” N 5°26'55.68" W). (G,H) Field
photographs and sketches displaying quartz (Qz) and barite (Ba) veins intersected by fractures,
hosted in a Lower Cambrian conglomerate (Cong) (31°21.807' N 5°26.622' W). (L) Field photograph
and sketch showing barite (Ba) and quartz (Qz) veins hosted in Lower Cambrian limestone (Ca)
(31°21.944’ N 5°27.864" W). For the stereographic projections, the red planes are for veins, and the
black ones are for fractures.
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In the area, veins are prominently filled with quartz, barite, calcite, and sulfide or
oxides. These veins exhibit an E-W-striking orientation, ranging from 75° N to 120° N.
Furthermore, these veins have been intersected by two younger fracture sets. The first
comprises NE-SW fractures with orientations ranging from 30° N to 60° N, while the
second set is represented by NW-SE to N-S fractures with orientations ranging from
N 135° to N 10°.

4.2.2. Fluid Inclusion Planes (FIP)

FIP were measured in oriented samples taken from quartz and barite veins (Figure 7,
Table 1). The measured FIP results within these veins enable the identification of two
distinct orientations, as follows: (i) NE-SW-oriented FIP are more prominent in barite
compared to quartz (Figure 7, Table 1). It should be noted that the formation of barite veins
occurred after the formation of quartz ones. These FIP indicate NE-SW shortening. (ii) The
NW-SE- to N-S-oriented FIP are more abundant in quartz than in barite, resulting from
N-S shortening.

Figure 7. (A,B) Measured FIP in quartz veins. (C) NE-SW-oriented FIP dissected by NW-SE- to
N-S-oriented FIP in quartz veins. (D-H) The relationship between the first and second FIP families
in barite. (I) FIP cutting the barite cleavage. (J) FIP parallel to the barite cleavage. The yellow lines
and the number 1 in the circle refer to the NE-SW-oriented FIP, and the pink lines and number 2 in
the circle refer to the NW-SE- to N-S-oriented FIP.
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Table 1. Rose diagram and stereographic projections of the obtained results from the measured FIP
in barite and quartz veins.

Stage Results

Quartz veins

Bariteveins

Comparison between barite FIP and its
cleavage

5

Measured FIP in barite  Measured cleavage in barite

It is important to note that FIP are secondary structures that developed after the
crystal growth. Consequently, only the post-quartz and barite tectonism is reflected in the
data, which explains the presence of only two FIP orientations: NE-SW and NW-SE to
N-S. In addition, based on the relationship between these two FIP groups, the NW-SE- to
N-S-oriented FIP is crosscut by the NE-SW ones (Figure 7C-F). Crosscutting relationships
have been observed in both quartz and barite (Figure 7C-F), suggesting the superposition
of different FIP generations related to post-tectonic events.

5. Discussion
5.1. Tectonic History of the NE Edge of the Saghro Inlier

As a part of the Anti-Atlas belt, the NE edge of the Saghro inlier is structured by a
thick-skinned tectonic style [8,9,19,20]. Previous studies in the area have revealed that the
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Ediacaran successions were formed and led by an E-W fault system, mainly with a strike-
slip movement. This fault system played a crucial role in controlling the emplacement of
Ediacaran magmatic rocks and the associated mineralization during the late Ediacaran
time [31-34]. However, according to [5,19,20], most of the Pan-African faults were reacti-
vated during the Variscan to Alpine orogenies. Thus, based on the structural dataset from
the NE edge of the Saghro inlier, three fault populations have been distinguished from
satellite imagery analysis to fluid inclusion planes. These same fault populations have
been identified using Sentinel- 2A and Landsat-8 Oli imagery analysis by [35]. However,
in this work, most of the mineralized structures in the area were not mapped, and the
mineralization—tectonism relationship is missing. These structures are recorded on the
Ediacaran rocks and also continue within Cambrian formations, indicating polyphase tec-
tonism in the area during the post-Cambrian tectonic events (Figure 8). The main tectonic
structures are represented by inherited major E-W-striking tectonic structures, including
faults, fractures, and veins. The latter are filled with quartz, barite, calcite, and sulfide
or oxide mineralization [36]. These structures show strike-slip movements that reveal
the existence of at least two tectonic events: first, they acted as dextral syn-kinematic
with quartz veins, followed by sinistral movement syn-kinematic with barite veins. On a
broad scale, E-W structures have been reported within the Saghro Group metasedimen-
tary units in the neighboring area to the east of the studied area, especially in the Imiter,
Boumalne, and Kalaat M’Gouna sub-inliers [15,18,32,37,38]. These faults were assumed
to represent Ediacaran tectonic structures that were associated with an important stock
of mineralization [34,39]. It should be noted that the dextral E-W-striking structures also
continue into Paleozoic formations, which indicates that they were reactivated during the
Variscan or Alpine orogenies [5,19,20]. In addition, the presence of the Ag-Hg—Cu Tassafte
deposits in Ediacaran—-Cambrian formations [36] and a young age at 254.7 &+ 3.2 Ma [40]
attributed to the Ag-Hg Imiter deposits makes an Ediacaran age for these structures very
unlikely. Similarly, a dextral transpression regime has been reported by [24] on the NE
edge of the Saghro inlier (Figure 8A), within the Ordovician-Carboniferous formations in
the Tilouine and Ouaklim units (Figure 8A). The thick-skinned tectonic style (D2 phase)
led to the development of large-scale antiforms and synforms in the Ouaklim and Tilouine
units [24]. According to the same author, this deformation episode is attributed to the
Neovariscan tectonics during 300-290 Ma. Further to the west, in the Bas Draa inlier, the
same tectonic event has been reported within the Azougar n'Tilili ore deposit, where the
Au-Ag mineralization is hosted within Cambrian sediments and assumed to be related to
Variscan dextral transpression [41,42]. This phase is equivalent to the oblique convergence
observed in the whole Moroccan Variscides [25]. Thus, the dextral E-W-striking faults on
the NE edge of the Saghro inlier could be related to the Neovariscan tectonism (Figure 8).

The sinistral regime of the major E-W-striking faults depicted in the barite veins
hosted in the Precambrian-Cambrian formations has been recognized in the Late Ediacaran
succession in the Skoura-Sidi Flah dyke swarm zone [18]. The barite mineralization within
the Anti-Atlas belt is widely attributed to the Late Paleozoic-Lower Triassic tectonic episode,
which coincided with the opening of the Central Atlantic Ocean, for instance, at the Ras El
Hamda mine in the Ougnat inlier [43], and the Oumjrane-Bounhass mine within Ordovician
formations in eastern Anti-Atlas [43]. In addition, the same age has been attributed to the
Tadaout-Tizi n'Rsas Cu-Pb-Zn-Ba deposits, located in the easternmost Anti-Atlas [44]. On
the eastern margin of the Saghro inlier, the same left-lateral transtensional regime has also
been described along the E-W-striking Tizi n’'Boujou and Bou Larhzazil-Tinifift Faults [9]
(Figure 8B). The kinematic of these faults was related to the tectonic phase D1 reported
from [9] which took place during the Triassic rifting of Pangea, and to an Early-Middle
Jurassic transtensional tectonics dated on the basis of fission tracks at 216 + 11 Ma. This
phase was also associated with the emplacement of NE-SW tholeiitic dykes of the Early
Jurassic age (e.g., Foum Zguid; [45,46]). Further north of the Saghro inlier, in the Skoura
inlier, central High Atlas, a left-lateral movement has been documented in the area during
the Triassic time, and these faults are assumed to be controlled by the evolution of Triassic
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basins in the central High Atlas [47]. Consequently, the left-lateral tectonic phase observed
within the E-W-striking faults is likely related to the Mesozoic tectonism in association with
the Triassic rifting of Pangea (Figure 9). Later, the E-W tectonic structures were segmented
by two tectonic phases, which are oriented NE-SW and NW-SE to N-S (Figure 8C,D). They
are represented by fault systems, measured in Ediacaran volcanic rocks and Cambrian
formations as well. They are also recognized by FIP analyzed in quartz and barite veins.
Based on the measured FIP, the NW-SE to N-S lineaments correspond to the late tectonic
phases recorded on the NE edge of the Saghro inlier. Our finding is in line with two
thick-skinned phases obtained on the basis of fission-track (FT) analysis on apatite by [9]
(Figure 8C,D). The first tectonic stage is coeval with the development of the NE-SW faulting
system and probably corresponds to inherited structures, which were reactivated during
D2. This phase is assumed to be linked to the Neogene NW-SE compression that resulted
in NE-SW tensional joints and dextral reactivation of previous faults [9]. On the other hand,
the NW-SE to N-S fault structures are consistent with the latest tectonic phases, D3 and
D4, reported by [9] (Figure 8C,D and Figure 9); these took place during the Late Neogene
to Quaternary, and correspond to N-S compression.
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Figure 8. Different tectonic phases recorded on the NE edge of the Saghro inlier. (A) Geodynamic
model during the Variscan modified after [25]. (B-D) Post-Variscan tectonic evolution of the eastern
Anti-Atlas. Plus and minus indicate blocks characterized by exhumation and burial, respectively,
with size proportional to the relative rate. White and grey arrows represent the kinematic movement
(after [9]).

The above-discussed results from different tectonic structures recorded in the area
resulted from multiple tectonic phases. The results are crucial for mining exploration and
exploitation since the data show that the ore deposits in the area are Eao-variscan to Triassic
age, which could be a metallotect in ore exploration in the area.

5.2. Phanerozoic Tectono-Magmatic—Hydrothermal Evolution of the Anti-Atlas Mountains

The Anti-Atlas Mountains are believed to have evolved during a long geological
history, resulting from different orogenies, including the Eburnean and Panafrican during
Precambrian time, and then the Variscan and Atlasic during the Phanerozoic (Figure 9).
Such a tectono-thermal telescoped evolution caused polycyclic hydrothermalism that
would explain the complicity and diversity of ore deposits in the Anti-Atlas belt [43,48,49].
During the Phanerozoic time, several tectono-magmatic and hydrothermal events have
been recorded on the Anti-Atlas belt. The Cambrian is known from an important alkaline



Geosciences 2023, 13, 258

14 0f 18

Any;

g Al .
% s Bas Draa Ifni
age

— . present

Cenozoic
Paleogene

-

~ 1450

157.321.0
163.5 1.0
1703214

-
L

-

190.3 0.3

= 273014014 -
Azougar n "Tilili

258.9 +0.15 _(Au-Ag) _

MN5202

H

3722418

3877 +08

#108+28

ilurian

2 4305407
4408 +1.2

453.0 0.7

4854 +1.8

Cambrian  Ordovician &

———  Magmatism —_— Hydrothermalism e Fissicn-Track on zircon

to tholeiitic magmatism identified in the Anti-Atlas, especially in the Kerdous, Bou Azzer,
and Ougnat inliers, and related to the opening of the Iapetus ocean [2,50-52].
- ) Agadir
Kerdous 13gragra Ighrem Melloul Zenaga Siroua Bou Azzer Saghro  Ougnat
of Tata

t
)

=
(RERERR
ATLAS orogeny

—agt gt ¢ o
-+
"
— et
—
—.—

1 . Foum Zguid
Bou Azzer (Co-Ni) dykes an% sills -
2184 8Ma e -~
————Imiter{Ag-Hg) -
+ a * — E
t -
—-— U
Taflalet magmatism =
i -
lourirn Bou Azzer (Co-Ni) _— s,
(Au) 301 £ 7 Ma 30248M — 6 5
ke —* v g
} ) -— 0 o
e = < O
- - — >
—
- —

Cuinguigui & Quzina __

Boho-Aghbar volcanism _
Volcanism (530 Ma)

(i
IAPETUS
rifting

Kerdous volcanism

* Fission-Track on apatite

Figure 9. Tectono-magmatic-hydrothermal chart of the Anti-Atlas Mountains. The data are collected
from [6,9-12,34,41,42,45,51-60]. Discontinuous lines are for interpretative data while continuous
lines are for data based on age dating. For the Geological time, we used the ICS International
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Later, during the Variscan orogeny (Lower Carboniferous to Lower Permian) the
Paleozoic Anti-Atlas basins were deformed and folded, while according to results depicted
from fission tracks on zircons, large blocks of the Precambrian basement were uplifted
as inliers [5,6,10,11]. During the Variscan orogeny, significant hydrothermal activity has
been reported in the Anti-Atlas, related to several ore deposits, e.g., The Au Aouriri
deposit (Tagragra of Akka inlier), and the Co-Ni—-Ag—Au Bou Azzer deposit (Bou Azzer
inlier) [54,56]. In the Middle to Upper Permian, an important magmatism is reported in the
Tafilalt area [59] representing an early stage of Triassic rifting that is heralded by the Central
Atlantic Magmatic Province (CAMP) during Triassic time. In the Anti-Atlas, the CAMP
is represented by sills and dykes mainly mapped in the South of the Saghro inlier [45,46].
This magmatism conduct to a noteworthy hydrothermalism that led to several ore deposits
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stocks, e.g., the Ag-Hg Imiter deposits (Saghro inlier) [40], the Co-Ni-Ag—Au Bou Azzer
deposits (Bou Azzer inlier) [34], and the Ba—Fa Ras Elhamda deposits (Ougnat inlier) [43].
Later, during the Alpine orogeny in which the Atlasic domain was inverted and uplifted,
the Anti-Atlas was coevally exhumed [6,9-11]. In the Neogene time, an important alkaline
magmatism is reported which crops out in the Saghro and Siroua inliers [61,62]. The
uranium deposit in the Zgounder area is related to this magmatism [63].

6. Conclusions

A multiscale structural analysis, ranging from field mapping analysis to fluid inclusion
planes, was conducted on Ediacaran—-Cambrian rocks, on the NE edge of the Saghro inlier.
The obtained results from various scales exhibit a remarkable coherence and emphasize the
presence of multiple tectonic phases recorded in the area. Consequently, three populations
have been reported here as a result of four tectonic events.

- The first set comprises E-W-striking structures, which are the main features observed
in the area. These structures represent the host ore bodies (sulfides, oxide, barite, and
quartz) in the area that intersects the Ediacaran—Cambrian rocks. These structures
exhibit evidence of polyphase tectonism, initially manifesting as dextral strike-slip
syn-kinematic movements with associated quartz veins, resulting from NW-SE short-
ening. This tectonic phase is believed to be equivalent to the Neovariscan tectonics
(300-290 Ma). The same E-W-striking structures were subsequently reactivated dur-
ing the Mesozoic tectonic phases, as sinistral movements attributed to the NE-SW
shortening, and contemporary with the formation of barite mineralization.

- The second group of NE-SW faults crosscuts the E-W structures. These faults exhibit both
dextral and sinistral strike-slip motion, likely related to the Neogene NW-SE shortening.

- The last tectonic event in the area is characterized by NW-SE to N-S-striking faults,
that cut the E-W mineralized structures. They correspond to strike-slip faults that are
linked to NW-SE to N-S shortening during the Late Neogene to Quaternary tectonism.
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