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Abstract: Development and concentration of many ore deposits at the regional and district scales
closely depend on structural geology, especially in polydeformed basements. The superposition of
many deformation periods highlights the complexity of the structural context and expected potential
location of mineralization zones. The formation and concentration of hydrothermal ore deposits is
highly dependent on structural controls. On the NE flank of the Saghro massif (Eastern Anti-Atlas,
Morocco), the Imiter silver mining region has been affected by multiple tectonic events since the
Precambrian and throughout the Phanerozoic. In this investigation, a structural analysis of the
different geological units revealed multi-stage deformation, beginning with the late Pan-African-
Cadomian event, and ending with the last Cenozoic exhumation of the area. At least eight tectonic
regimes have been identified. The Imiter basement, formed by the Cryogenian-early Ediacaran
“flysch-like” Saghro Group, has been folded in low-grade metamorphic conditions, followed by an
ENE-WSW brittle compressive event. These deformations occurred before to the early Ediacaran
during the compressional and/or transpressional late Pan-African-Cadomian events (600–580 Ma).
The unconformably overlaying deposition of the late Ediacaran Ouarzazate Group takes place
in a WNW-ESE extensional setting and then involved in a NNW-SSE compressional event that
occurred concurrently with a regional exhumation and erosion stages. A similar extensional event
appears to have controlled the middle Cambrian sedimentation, the oldest Paleozoic deposits in this
area. During the late Carboniferous, Variscan shortening was recorded by NW-SE transpressional
deformation responsible for combined dextral strike-slip and southward thrusts. The Imiter silver
mining region is part of the Moroccan Sub-Meseta Zone along with Paleozoic inliers of the Skoura
and Tamlelt on the southern side of the High Atlas. The Mesozoic evolution began with the Late
Triassic NNW-SSW transtensional tectonic regime with a northeast trending CAMP (Central Atlantic
Magmatic Province) dyke during the Pangea breakup. Ultimately, the Imiter silver mining region
experienced NNW-SSE Atlasic shortening during the uplift of the adjacent High Atlas. Over time,
the direction of implemented tectonic stress and its effect on various geological units can elucidate
the relationship between tectonism and hydrothermal silver mineralization in the Imiter region. In
conclusion, structural analysis and investigation of paleostress development can be one of the most
important factors for successful exploration plan and resource recovery in the Imiter region. An
analysis of geological structures in determining feasible mineralization zones is crucial for future safe
mining operation in the study area and can be extrapolated to other ore mining regions.
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1. Introduction

Geological structures serve as reminders of significant Earth history events. They
can be of economic significance because they frequently serve to concentrate ore deposits.
Porphyry copper, Volcanic Massive Sulfide (VMS), Iron oxide-copper-gold (IOCG), skarn,
hydrothermal and epithermal deposits are controlled by specific structural/lithological
settings (e.g., [1–7]). Accordingly, the geological and geophysical (e.g., [8]) of a variety of
ore deposits depends strongly on the analysis of geological structures at the regional and
district scales.

Determining the time of significant structural events is very helpful for analyzing
and classifying fluid conduits and building a genetic model for ore deposition, e.g., [9–12].
Knowledge of the structural trends of the mineralization processes is necessary for the
accurate identification, quantification, and utilization of ore deposits. This is particularly
crucial for ores placed in polydeformed basements, where the superposition of many
deformation periods highlights the complexity of the structural context. The formation
of hydrothermal ore deposits is typically related to geological structures [7,9,12–15]. The
prevalence of structural controls, in which a frequently multi-scale network of previously
existing structural discontinuities in the host rocks forms a pre-established plumbing
system for circulation and entrapment of hydrothermal fluids, and this depends on the
tectonic regime in which the mineralizing phenomena occur [11].

In the northwestern part of the West African Craton, the Anti-Atlas Mountains in
sub-Saharan Morocco has been structured during four main orogenic cycles, Eburnean,
Pan-African, Variscan and Alpine orogenesis. To its east, the Saghro massif displays a
Neoproterozoic basement unconformably overlapped by the late Ediacaran volcaniclas-
tic Ouarzazate Group, then by a thick Paleozoic sedimentary cover. The Imiter region
is known by the Imiter world-famous silver mine, located on the northeast side of the
Saghro massif [16–24]. Its basement outcropping at the Imiter inlier are folded “flysch-like”
Saghro Group sediments. The Saghro Group is currently considered to be Cryogenian-late
Ediacaran in age, folded by synmetamorphic deformation before to the unconformably
overlaying deposits of the early Ediacaran Ouarzazate Group [23,25,26]. The latter is domi-
nated by volcanic, volcano-clastic, and equivalent plutonic and subvolcanic rocks [24,27].
The still debated geodynamic context of the early Neoproterozoic Saghro and Ouarzazate
Groups belongs the late Pan-African-Cadomian orogeny [24,28,29].

Cambrian marine sedimentation began in the Imiter region with the middle Cambrian
siliciclastic sediments and continued into the Carboniferous [16]. Paleozoic sedimentary
rocks preserved at the north of Imiter area are affected by dextral E-W south-verging thrust
faults within the crystalline basement [30,31]. This “thin-skinned tectonic” deformation
during the Variscan orogeny is similar to the other northern Sub-Mesetian belts, including
the Skoura and Tamlelt domains on the south side of the High Atlas [32]. Since then, the
Imiter region has undergone Atlas-Alpine evolution, characterized first by late Permian
to Late Triassic crustal extension and then by vertical motion before the last exhumation
during the Neogene compressions that lead to the High Atlas uplifts.

From the above-mentioned long-term development, the Imiter silver mining area has
experienced several compression and extensional tectonic events from the late Pan-African
period. This paper aims to decipher these continuous tectonic structures associated with the
subsequent synmetamorphic/brittle deformation events. Structural measurements allow
specifying the direction of tectonic stress and its effects on different geological units over
time. In addition, the results of this structural inventory are critical to further understanding
the relationship between subsequent tectonic activity and silver ore deposits in the Imiter
districts and further out in the eastern Anti-Atlas belt.
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2. Geological Setting
2.1. The Anti-Atlas Belt

The Anti-Atlas basement consists of Paleoproterozoic rocks (≈2.20–2.07 Ga) in the
western and central inliers (Bas-Draa, Ifni, Kerdous, Tagragra d’Akka, Tagragra de Tata,
Agadir Melloul, Iguerda and Zenaga), south of the Anti-Atlas Major Fault [23,27,33–38],
(Figure 1). The Paleoproterozoic consists of metasedimentary rocks, paragneiss, migmatite
and granite with U-Pb zircon ages of 2200 to 2030 Ma (e.g., [38]). The Paleoproterozoic
basement, also includes the mafic dikes of about 2040 Ma at Tagragra of Tata [35] and
Zenaga inlier [39].
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The Eburnean basement lies unconformably beneath the Taghdout-Lkest carbonates
and quartzites series exposed to the central and western Anti-Atlas. These units, previously
thought to be Neoproterozoic pre-Pan-African deposits, are now thought to be late Paleo-
proterozoic platform, nearly 1Ga earlier than previously thought, because of the doleritic
dykes and sills of 1710–1639 Ma crosscut the Taghdout-Jbel Lkest Group [40,41].

Mesoproterozoic rocks or events are almost non-existent in the Anti-Atlas, which
experienced prolonged quiescence between 1.7 and 1.0 Ga (e.g., [23]). At Zenaga and
Bas-Draa inliers, only intraplate mafic dykes have been detected based on U-Pb dating
of baddeleyite and zircon (1416–1380 Ma) [39,41–43]. The Anti-Atlas Neoproterozoic
sequences are subdivided into four groups [20,23], namely: (i) Tachdamat-Bleida Formation,
883 Ma [40], composed of quartzites, carbonates, and basalts deposited earlier on the
northern rifted margin of the (Western African Craton) during the onset of Pan-African
event [20,44,45]; (ii) the Bou-Azzer-Siroua Group, consisting of a complex mixture of
ophiolitic slices and arc remnants [28,37,46–50]; (iii) the late Ediacaran turbiditic and clastic
series of the Saghro Group [25,26]. The Saghro Group is located at the base of Bou Salda,
M’Goun, and Tiddiline Groups; and (iv) the widely distributed early widespread Ediacaran
Ouarzazate Group, consisting of volcanic, volcano-clastic, and equivalent plutonic and
subvolcanic rocks [24,27].
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The Ouarzazate Group of the late Ediacaran was para-conformably covered by Tata
and Taroudant Groups deposits [24,51], marking the beginning of the long transgres-
sive Paleozoic cycle [52–54]. At the end of the Carboniferous, Anti-Atlas suffered from
moderately thick-skinned tectonics caused by the Pangean assembly during the Variscan
orogeny [32,55,56]. During Late Triassic, the Anti-Atlas was influenced by Atlas-Alpine
tectonics, first characterized by the NNW-SSE extension event relative to the central Atlantic
opening [54,57]. At this time, the Anti-Atlas is considered the uplifted southern shoulder
of the Atlas rift, bisected by NE-trending dikes and sills of the CAMP. Thereafter, the entire
Anti-Atlas area underwent vertical movements in the Mesozoic and Cenozoic, and was
finally exhumed in the Neogene; coinciding with the rise of the High Atlas [58–60].

2.2. The Saghro Massif and Imiter Inlier

The Jbel Saghro massif belongs to the eastern Pan-African domain of the Anti-Atlas,
northeast of the AAMF (Anti-Atlas Major Fault) [33], (Figure 1). To its northeast is the
Imiter area for the huge Imiter silver deposit, southwest of the city of Tinghir (Figure 2).
The Eburnean basement is missing from the Saghro massif outcrops. Nonetheless, Pa-
leoproterozoic inherited zircons from various pan-African magmatism demonstrate its
potential existence underneath [22,61]. The old rocks of the Saghro massif (Saghro Group)
consists of a thick metasediment deformed and metamorphosed under low greenschist
(albite-epidote) conditions (e.g., [24,62–65]) The Saghro Group rocks are exposed from
west to east in several sub-inliers of Sidi Flah–Bouskour, Kelaa Mgouna, Boumalne, and
Imiter [20,22–24,66,67].

The Saghro Group is composed of weakly metamorphosed sandstones and black
shales containing inter-bedded synsedimentary subaqueous mafic lavas at various level
within the Kelaat Mgouna, Sidi Flah, and Boumalne inliers [67]. These volcanic rocks
represent continental tholeiites and alkaline basalts, typical of intracontinental rifts in a
back- arc setting [66,68,69]. In the triangular-shaped Imiter inlier [16,70], the basement of
the Saghro Group (Imiter sequence) consists of four units involved in a NE-SW anticline.
They are in the ascending order (Figure 3): (i) the black shale unit; (ii) the dominant
metasandstone unit; (iii) the metasandstone-metapelite unit with dominant metasandstone;
and (iv) the metasandstone -metapelite unit with dominant metapelites [71].

The Tectonic setting of the Saghro Group in the Pan-African framework remains
poorly constrained [25,26]. The Saghro Group deposits are interpreted to have formed in an
extensive back-arc environment [66,72]. Its lower part is not exposed, it may be Cryogenian
of age, and its maximum deposition age is estimated to be about 620–610 Ma according to
recent detrital zircon dating [26,73–75]. Note that, like all Saghro and Ougnat massifs to
the east of Anti-Atlas, the Imiter Saghro Group is affected by a regional syn-metamorphic
deformation, that occurred in a low-grade metamorphic conditions, previously ascribed
to the main Cryogenian Pan-African deformation (650 Ma), known along the central Anti-
Atlas suture [17,68,76]. The younger maximum depositional age of the Saghro Group is
more consistent with younger deformation during the late Pan-African-Cadomian event
around 600 Ma [25,26].

Over most of the largest part of the Saghro massif, the Saghro Group metasediments
are unconformably covered by volcanic and volcaniclastic rocks of the late Ediacaran
Ouarzazate Group (575–546 Ma) begins by a polygenic conglomerate. The Ouarzazate
Group has a wide variety of mafic, intermediate, and felsic dikes (dolerite, andesite, an-
desitic basalt, and rhyolite), and plutonic rocks with highly potassic calc-alkaline affinity,
dating from 582 to 543 Ma (i.e., Taouazzak granodiorite) [17–24,40,71,77–79]. Around the
Saghro massif, the Ouarzazate Group is overlain with a more or less obvious angular
unconformity by Tata and Taroudant Groups deposits [24,51], marking the beginning of
the Paleozoic transgressive cycle [52–54].
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an upright foliation fold which affecting the metasediments of the Saghro Group.

The Paleozoic series in the Imiter inlier begins directly with the middle Cambrian
formations. The base term is a metric bar of lumachellic conglomerate with limestone
intercalations whose exact age has not yet been determined. An old estimate gives a
Georgian age [70]. It is surmounted by thick sandstone-pelitic formations of the Tissanian
(middle Cambrian).

During the Variscan orogeny, Paleozoic sedimentary rocks from the middle Cambrian
to Carboniferous were pushed southward onto the Precambrian basement [30,31]. Variscan
south-verging thin-skinned tectonic deformation was characteristic of the Sub-Mesetian
Zone, including Skoura and Tamlelt regions [32]. The eastern Anti-Atlas post-Variscan
history from apatite fission-track and zircon U-Th/He studies shows evidence of a multi-
phase Meso-Cenozoic vertical motion history [58]. After serving as the southern shoulder
of the Triassic Atlas rift, the region experienced a Neogene dextral transpressional pattern
associated with the sub-meridian shortening leading to the High Atlas uplift.

3. Methodology

Geometric analysis of faults is based on field observations and structural measure-
ments of various formation in the Imiter area, including Cryogenian, Ediacaran, late
Paleozoic, and Cenozoic formations. In the metamorphic basement, ductile structures, as
foliations and fold axes, are systematically measured and reported in the structural map
of the Imiter inlier, allowing the geometry and orientation of the finite strain trajectories
to be discussed. On the other hand, the separation and chronology of the subsequent
brittle deformations are based on tectoglyphes analysis of different fault, cross observations,
superposition of striae on the same fault incompatibility of parallel fault displacement,
synsedimentary or synvolcanic faults. The measures are handled by the program Win
Tensor [82–85]. The procedure is based on the rationale of [86,87].

Numerical methods of tectonic stress inversion correspond to methods of understand-
ing the faults data received through fault slides that are relevant to the geological setting.
It is based on the assumption of Bott, 1959 [88–90], that the stress field is stable and uni-
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form in space and time. In the stress tensor, the inversion method is associated with the
following main parameters: the orientation and the strength of the principal stress axes
σ1, σ2, σ3 with σ1 ≥ σ2 ≥ σ3 ≥ 0, and the aspect ratio of the principal stress axis ellipsoid
R = (σ2 − σ3)/(σ1 − σ3) where 0 ≤ R ≤ 1 [89,91–94]. All results were represented in the
stereograms using the lower hemisphere.

4. Structural Analysis of the Imiter Area

As mentioned above, the Imiter geological units can be divided into two rheological
units: (i) the low metamorphic basement, represented by the “flysch-like” Cryogenian-
Ediacaran Saghro Group; and (ii) the early Ediacaran volcano-sedimentary Ouarzazate
Group and late Paleozoic series. Structural analysis of the region revealed at least eight
episodes of multistage deformation, beginning with the late Pan-African-Cadomian event,
and ending with the last Cenozoic exhumation of the region, including the late Carbonifer-
ous Variscan deformation. Note that the Imiter basement exhibits ductile synmetamorphic
deformation, while brittle deformations affect both the basement and the overlying cover.

4.1. Ductile Deformation of the Saghro Group Basement (Dp1)

The outcrop of the Imiter Saghro Group basement in the Imiter subinlier occurs in a tri-
angular flat area (Imiter inlier) as a cartographically folded metasedimentary series formed
by an alternating sequence of metasandstone, quartzite, and shale. These metasediments
preserve the Bouma-type turbidites, thought to be seafloor debris cones at the bottom of a
continental margin [72,95]. The siliciclastic strata in the Imiter Saghro Group show normal
north-south polarity, with thick metasandstone beds in the south and a gradual decrease in
thickness toward the north. The Imiter Saghro Group terminates in the north in the anoxic
black shale formation where most of the giant Ag-Hg Imiter deposit is located.

The Folded Saghro Group in the Imiter Zone was affected by synmetamorphic fold-
ing occurred during low-grade greenschist metamorphism [17,76], corresponding to the
last compressional and/or transpressional event of the Pan-African orogenic cycle in the
Anti-Atlas [25,26]. Generates at the outcrop scale, foliation planes well developed in the
fine-grained lithology and less developed in the competent metasandstones with the ne-
oformation of phyllosilicate minerals. The foliation is oriented from N30 to N80, mainly
down to NNW (Figure 3a,b), the heterogeneous foliation corresponds locally to the axial
plane of folds on a metric scale with direction from N030◦ to N060◦ E (Figure 3c). At
the microscale, the coarse lithology shows lithoclasts of quartz, quartz + plagioclase and
quartz + Kfeldspar rubble from granitic and/or volcanic sources. Slaty cleavage is observed
in the fine-grained lithology.

4.2. Brittle Deformation

Following the synmetamorphic deformation recorded in the basement, a series of
brittle tectonic episodes affected the Imiter region, leading to the continued develop-
ment and/or reactivation of brittle structures in the basement and overlaying cover. The
structural analyses of these fault networks were performed in different lithofacies of the
Precambrian, Paleozoic, and Cenozoic series. To provide a holistic view, the structural map
in Figure 4 below, generated from analysis of field data and satellite images, shows the
major fault system in the Imiter area from either side of the Imiter fault.

4.2.1. Brittle Deformation in the Neoproterozoic Basement (Dp2)

The structural analysis of Imiter inlier’s Saghro Group fault network allows detec-
tion NW-SE reverse faults and sub-meridian reverse faults with strike-slip components
(Figure 5a). Construction states are compatible with the sub-vertical σ3 stress axis (N121,
81ESE), the horizontal σ2 stress axis (N157-07NNW) and the horizontal maximal σ1 stress
axis (N66-05WSW). R ratio R = 0.75; this shows that σ1 ≈ σ2. Thus, the major ENE-WSW
compression axis was associated with a minor NNW-SSE compression axis (Figure 5b).
These faults highlight a specifically identified ENE-WSW compression event in the base-
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ment and absent in the overlying volcanosedimentary Ouarzazate Group and Paleozoic
cover. Thus, these faults are associated with brittle events during exhumation and erosion
periods between the early and late Ediacaran.
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4.2.2. Tectonic Events Recorded in the Late Ediacaran

Structural analysis of the faults affecting the upper Ediacaran succession allowed
us to identify at least two Ediacaran tectonic events that did not affect the overlying
Paleozoic cover.

• Syn-sedimentary WNW-ESE extensive stage (Dp3)

The lithostratigraphic units of the Ouarzazate Group, more specifically the Imiter con-
glomerate, are controlled by syndepositional N15◦ to N30◦ normal faults (after horizontal
tilting of S0). These faults are compatible with a horizontal NW-SE trend σ3 axis (N123◦-01◦

WNW), σ2 stress direction N33◦ dip of 12◦ SSW and sub-vertical σ1 axis (N36◦-78◦ SSW)
(Figure 6a). The R ratio = 0.42 means σ2 ≈ (σ1 + σ3)/2 (Figure 6b).
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• The NNW-SSE compressive stage (Dp4)

This stage corresponds to E-W dextral strike-slip faults with small reverse components
crosscutting the Cryogenian basement and Ediacaran volcanic rocks (Figure 7b). These
faults are covered by the lower units of the middle Cambrian and are therefore active before
the deposition of the middle Cambrian units. The tectonic event was caused by a stress field
with a sub-horizontal σ1 axis at N148◦-05◦ NW, a σ2 axis at N066◦-58◦ ENE and a minimal
stress axis σ3 at N055◦-31◦ WSW. The R ratio = 0.5; this shows that σ2 ≈ (σ1 + σ3)/2. This
compression phase results in a reverse fault associated with strike-slip faults with reverse
component (Figure 7a).

4.2.3. Tectonic Events Recorded in Cambrian and Post-Cambrian Series

The Paleozoic units the Imiter area begin with the middle Cambrian series. At the
base of this series below a meter-wide lumachellic conglomerate with interbedded lime-
stone layers deposited, in unconformity on the Ouarzazate Group. It is covered by thick
middle Cambrian siliciclastic formation which dips from 15◦ to 30◦ to the North. Several
striated faults have been measured in Cambrian formations (Brèche à Micmacca, marls with
Paradoxides and Tabanit sandstones). These faults show various orientations and have
been reactivated over time. They are locally filled with hydrothermal silica and carbonate
recrystallization, and the host rock is strongly altered or even brecciated.
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• The NNW-SSE Cambrian extensional stage (Dc)

Synsedimentary N060◦ to N075◦ normal faults remain in the Cambrian sediments
(Figure 8a–c). These values take into account the S0 correction (tilting S0 to the horizonal
and rotating all fault plane measurements by the same angle). From these measurements,
we deduce that the σ3 stress axis was horizontal with direction N164◦-10◦ NNW, the σ2
direction is N076◦-080◦ ESE, and the maximum stress axis σ1 was oriented N024◦-77◦ WSW
(Figure 8d). The R ratio = 0.56; this shows that σ2 ≈ (σ1 + σ3)/2.

• The NW-SE compressive stage (Dv)

At this stage, the NE-SW faults were reactivated into reverse faults, the E-W faults
were reactivated as dextral strike-slip faults (Figure 9a) and the N-S faults were reactivated
as sinistral strike-slip faults (Figure 9b). These fault motions are compatible with paleostress
field such as the σ1 axis is horizontal at N146◦, the σ2 axis is at N057◦-32◦ SW and the σ3
axis at N054◦-58◦ NE (Figure 9c). The R ratio = 0.28. This tectonic stage may correspond
to the major Variscan event described in the Anti-Atlas and elsewhere in Morocco (See
Section 5 discussion below).

• The N-S to NW-SE extensional tectonic and the collapse of the Imiter fault (Dt)

During this deformative phase, the NE-SW faults were reactivated as normal faults and
N-S faults were reactivated as dextral strike-slip faults with a normal component (Figure 10).
This configuration is compatible with a stress field where the σ1 axis is sub-vertical and
oriented N047◦-68◦ NE, the σ2 axis is N051◦-22◦ SW and the σ3 axis is N140◦-01◦ SE
(Figure 10d,e). The R ratio = 0.38. So σ2 ≈ (σ1 + σ3)/2.

Meanwhile, the ENE-WSW to E-W oriented faults (including great Imiter and related
faults) showed normal offset. This is compatible with a stress field with the σ3 axis oriented
at N003◦-08◦ N, the σ2 axis at N078◦-48◦ W and the σ1 axis at N094◦-40◦ E (Figure 10e). R
ratio = 0.85, which means that the value of σ2 is close to σ1. Since the σ1 and σ2 axes dip at
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40◦ and 48◦, respectively, the normal offset of the Imiter fault is associated with apparent
collapse. The value of the R ratio also means that normal faults can be associated with
extensional strike-slip faults (associated with a transtensional tectonic setting).
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• The NNE-SSE compressive event in the southern High Atlas Mesozoic Cover (Da)

At the north of Imiter mine, the infracenomanian red formation (sandstone, siltstone
and mudstone) and Cenomanian-Turonian limestones were affected by multiple conju-
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gate strike slip faults (Figure 11a,b). These NE-SW trending faults are sinistral with a
small vertical component, and the NW-SE trending faults are dextral. The shape ratio
R = (σ2 − σ3)/(σ1 − σ3) = 0.5 indicates that σ2 ≈ (σ1 + σ3)/2 [82,83]. The stress tensors ob-
tained from the kinematic data of these faults are consistent with a strike-slip regime. This
tectonic state is characterized by a sub-vertical σ2 axis, a sub-horizontal ENE-WSW σ3 axis
and a horizontal NNW-SSE trending σ1 axis (Figure 11c). This tectonic stage corresponds
to the Atlas phase recorded from the Tinghir-Boumalne area [96,97].
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5. Discussion

The Imiter area on the northeastern side of the Saghro massif contains a variety of
geological units, including the Cryogenian-late Ediacaran basement, represented by the
“flysch-like” Saghro Group, the volcano-sedimentary units of the early Ediacaran Ouarza-
zate Group and the late Paleozoic sedimentary deposits. The Eastern Anti-Atlas area is
affected by thick-skinned tectonic style [71,98,99], characterized by repeated remobiliza-
tions of basement faults during superimposed orogenic cycles in Pan-African-Cadomian,
Variscan, and Alpine orogenies [100]. The structural analysis, documented in different
geological formations, including basement rocks, allows the generation of a structural
dataset, illustrating multiphase deformation of at least eight consecutive tectonic events
affecting the eastern Saghro massif (Figure 12).
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5.1. Late Pan-African-Cadomian Tectonic Events
5.1.1. Late Ediacaran Tectonic Events in the Saghro Group

As noted above, the Imiter inlier basement formed from “flysch-like” metasediments
of the Saghro Group is affected by a pervasive northeast foliation, locally axial plane to
northeast dipping folds (Dp1). This synmetamorphic deformation was previously assigned
to the well-known regional Cryogenian Pan-African deformation along the central Anti-
Atlas suture [17,68,76]. Among other thing, this assignment is based on the imprecise ages
of the various Imiter plutons traversing the Imiter Saghro Group (K/Ar method, [101].
Recent geological studies dedicated to the Imiter area reveal precise ages of the associated
igneous rocks and discuss the tectonic setting of the Saghro Group [25,26,71,79]. First,
most of the Imiter granitoids (Igoudrane, Bou Teglimt, . . . ) are younger than previously
reported, as indicated by late Ediacaran age using the “zircon U–Pb” method [26,71,79]. On
the other hand, the Saghro Group has a maximum depositional age of about 620–610 Ma
based on detrital zircon geochronology [26,73,74]. Therefore, the depositional time of
Saghro Group may have lasted from the Cryogenian to the end of the early Ediacaran. The
NNE–trend deformation associated with low-grade greenschist metamorphism occurred
before the emplacement of the late Ediacaran Ouarzazate Group, and thus later than
the major Pan-African event documented along the Bou Azzer-Siroua Neoproterozoic
suture (760–640 Ma) [28,48]. Saghro fold belt records (610–580 Ma) correspond to the
latest compressional and/or transpressional, synmetamorphic event of the Pan-African-
Cadomian orogenic cycle in the Saghro massif in eastern Anti-Atlas [24–26,28].

Following basement deformation, the proposed structural analysis allows the detection
of an NW-SE to NS reverse faults with a strike-slip component, compatible with the ENE-
WSW compression event (Dp2). Since this brittle event specifically affects the basement
rather than the overlaying volcano-sedimentary Ouarzazate Group, it should be considered
to belong to the final stage of the Saghro Group deformation, possibly during its exhumation
before 580 Ma [25].

5.1.2. Late Ediacaran Tectonic Events in the Ouarzazate Group

Measurements of faults affecting the Ouarzazate Group formations in the Imiter
area indicate that at least its lower units were affected by synsdepositional normal faults
associated with the WNW-ESE extensional event (Dp3). In fact, at the Anti-Atlas scale, it is
generally accepted that the Ouarzazate Group volcanoclastic sediments are characterized
by marked and abrupt changes in thickness, indicating contributions to synsedimentary
faults in creating horst and graben architecture [19,24,27,77,100,102–104]. These faults were
inherited from ancient Pan-African faults and were subsequently reactivated as normal
faults controlling the Ouarzazate Group deposits, possibly as hydrothermal drains to the
Imiter Ag-Hg deposits [17,21].

Later, the Cryogenian basement and Ediacaran volcanoclastic deposits in the Imiter
area were segmented by E-W oriented dextral strike-slip fault with smaller reverse com-
ponents, consistent with an NNW-SSE compression event that precedes the deposition of
the late middle Cambrian units (Dp4). Thus, a distinct unconformity marks the transition
between the late Ediacaran and middle Cambrian sediments in the region. In addition,
Ediacaran volcanic pebbles are found in the late conglomerate layers of the middle Cam-
brian “brèche à Micmacca”. Most likely, this compression event may have been associated
with prolonged exhumation and erosion of Ediacaran units. Therefore, this tectonic event
is thought to represent the ultimate impetus for the Pan-African-Cadomian compressions
in this area.

Elsewhere in the Anti-Atlas, the first Cambrian sediments cover para-conformably
the Ouarzazate Group in the western and southwestern Anti-Atlas [103,104], or with more
or less obvious angular unconformity in the central and eastern Anti-Atlas [24,100]. The
geodynamic setting of the late Ediacaran Ouarzazate Group remains under debate in the
context of the waning stages of the Pan-African-Cadomian orogeny. Global deposition in
an extensional/transpressional tectonic regime is now allowed. Long-lived volcanoclastic
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deposits of Ouarzazate Group (580–454 Ma) may have been interrupted by reported internal
compression events in the western Saghro massif [24]. The angular unconformity described
in the Precambrian-Cambrian boundary, mainly towards the northern Anti-Atlas areas, may
correspond to a significant transpressional event that can be considered the last tectonic
motion of the Pan-African-Cadomian orogeny.

5.1.3. Cambrian Extensional Events

In the Imiter area, Paleozoic deposition began with the middle Cambrian sediments,
which still retain the synsedimentary ENE-WSW oriented normal faults, compatible with
the NNW-SSE extensional event (Dc). Elsewhere, the Cambrian transgression developed
from west to east in the Anti-Atlas [51]. In the western Anti-Atlas, the role of extensional
tectonics in the early Cambrian rift is emphasized by the creation of relatively depressed
areas first occupied by rivers and lakes in the late Neoproterozoic, then gradually invaded
by a transgressive sea in the Cambrian [104,105]. The early Cambrian rifting ended at
the end of the early Cambrian [106,107]. In the eastern Anti-Atlas, this extensional event
continued into the middle Cambrian, with massive mafic volcanic activity south of the
Ougnat massif [108].

5.2. Variscan Tectonic Events

Structural analysis of the fault network performed in the middle Cambrian sequences
allowed the identification of three fault families: the NE-SW oriented reverse faults, the
E-W oriented dextral faults, and the N-S oriented sinistral faults (Dv). This fault kinematics
are compatible with the post-Cambrian NW-SE transpressional event. A dextral trans-
pression event has been reported within the Paleozoic cover of the NE edge of the Saghro
inlier [31,96]. In fact, the Paleozoic sequences north of the Imiter area are intersected by
E-W-trending dextral faults associated with late Carboniferous transpressional deforma-
tion [30,31,96]. These structures show the autochthonous distribution of the Paleozoic rocks
and the thin-skinned tectonic pattern of the Variscan deformation in the northern Imiter.
The Imiter-Tineghir domain belongs to the Sub-Meseta zone belt, including also Skoura and
Tamlelt regions [32] where the Variscan deformation shows a combination of dextral fault-
ing and southward thrusting at the boundary of the West African Craton [30,31,109,110].

5.3. Atlasic-Alpine Tectonic Events
5.3.1. The Pre-Atlasic Triassic Crustal Extension and the Collapse of the Imiter Fault

In the Imiter area, many ENE-WSW to E-W faults, including the large Imiter and
the related faults, show normal, vertical, or strike-slip displacement in response to the
NNW-SSW transtensional tectonic regime (Dt). This event coincided with the Triassic-
Early Jurassic rift peaking around 200 Ma, when the Anti-Atlas zone represented the
uplift shoulder of the High Atlas rift [111,112]. Except for the intrusion of several NE-
trending dykes and associated gabbro and dolerite sills [113,114], the Triassic sediments
and associated basalts of the CAMP were completely eroded on the Anti-Atlas domain,
probably during the Jurassic-Cretaceous periods of exhumation [58]. In addition to the
intrusion of dolerite dykes and sills, many normal faults inherited from the Variscan faults
affected the Paleozoic cover series, mainly in the eastern Anti-Atlas [57].

Finally, it is worth noting that the tectono-thermal effect of the Late Triassic extensional
event on the Anti-Atlas crust may be greater than previously thought. This tectono-volcanic
event, accompanied by shallow magmatic emplacement and hydrothermal fluid circulation,
may have had a direct impact on the formation or redeposition of precious metals, including
the Imiter silver deposit.

5.3.2. The NNE-SSE Compressive Event in the Southern High Atlas Mesozoic Cover

Because of its location near the southern part of the Cenozoic High Atlas chain, fault
measurements were performed in the southern sub-Atlas cover to assess the tectonic impact
of Cenozoic shortening. Here, the infracenomanian red beds and the Cenomanian-Turonian
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limestones are affected by NW-SE oriented dextral strike-slip faults and NE-SW oriented
sinistral strike-slip faults, consistent with the NNW-SSE Atlas compression (Da). Similar
tectonic events have also been recorded in the Tinghir-Boumalne area [96,97].

6. Discussion of the Structural Framework Imiter Silver Deposit

East of Saghro massif is known for the world-class Imiter silver deposit, hosted by
the turbidites of the early Ediacaran Saghro Group and the overlying the late Ediacaran
volcanoclastic Ouarzazate Group [18]. The Ouarzazate Group is characterized by ash-flow
caldera emplacement, thick and widespread ignimbrites, lava, and pyroclastic sedimentary
rocks, interspersed with extensive magmatism between 575 and 555 Ma. In this regard,
several authors agree on the genetic link between Imiter silver mineralization and late
Ediacaran magmatism, mainly felsic volcanism, dating to 550 ± 3 Ma [19,21,77].

Given the economic importance of the Imiter deposit, a number of structural studies
have been completed in and around the mine, where silver mineralization is roughly located
on the large EW fault network and its N60 to N70 relays. First structural studies [17,18]
revealed the existence of two major tectonic events, the first associated with an NNW-SSE
to NS extensional tectonic event, and the second controlled by sinistral strike-slip faults.
Ref. [21] developed a three-stage model including a major phase of NW-SE to WNW-
ESE shortening, responsible for the ENE to NE dextral transpressive relays, associated
with the essential of the Imiter mercury-silver mineralization and acidic volcanic-plutonic
manifestations. In the second phase, the previous shear band reopens under NS shortening
with a sinistral shear with a normal component, followed by an altered phase favoring
local Ag enrichment.

This work highlights several tectonic phases that affect the Imiter area. The main
NW-SE to WNW-ESE shortening of [21] which accounts for the essential of the Imiter silver
mineralization appears to be compatible with the dextral faults cutting the volcanic and
crystalline basement described in this study. Therefore, faults associated with this phase
are associated with the NNW-SSE compression phase (Dp4) which is considered to be
late Ediacaran. Although these structures were reactivated in the second stage, the major
sinistral shear-zones with a normal component, was of no economic significance. It is
assumed that it is a rather recent tectonic event and could correspond to the extensive
NNW-SSE Cambrian (Dc) phase described in this study that formed syn-sedimentary faults
in the Cambrian strata. The last stage of alteration that may have resulted in localized
concentrations of Ag mineralization can be locked for in later thermal events; the Late
Triassic NNW-SSE transtensional tectonic regime (Dt) during the Pangea breakup, with
NE-trending CAMP dykes can be considered a possible reconcentration event of Imiter
Silver deposit.

7. Conclusions

A structural analysis of various geological rocks in the northeastern part of the Saghro
massif in the east Anti-Atlas was carried out on site measurements. Different structures are
distinguished, their tectonic stress direction and their effects on various geological units
elucidated. The obtained results underscore the multistage tectonic regimes spanning at
least eight tectonic episodes, including the late Pan-African-Cadomian, Variscan, and the
Atlasic orogenesis.

- During the late Pan-African-Cadomian event, the Cryogenian-late Ediacaran Saghro
Group underwent low-grade metamorphic deformation, resulting in multiscale fold-
ing, with the axial plane represented by pervasive ENE-WSW foliation (Dp1). The
brittle ENE-WSW compression event coincided with the exhumation of the Saghro
Group basement before to the early Ediacaran (Dp2). The Saghro Group basement
was structured during the compressional and/or transpressional late Pan-African-
Cadomian events (600–580 Ma).
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- The unconformably overlying deposition of the early Ediacaran Ouarzazate Group
occurred in a WNW-ESE extensional environment (Dp3), followed by a NNW-SSE
compression event (Dp4). This may have occurred later during the regional exhuma-
tion and erosion of the eastern Anti-Atlas.

- The middle Cambrian deposits are the oldest Paleozoic sediments in this area and
are governed by a synsedimentary ENE-WSW normal faults compatible with the
NNW-SSE extensional event (Dc).

- During the late Carboniferous, Variscan shortening was recorded by NW-SE trans-
pression event, responsible for a combined dextral south thrusting faults (Dv) in the
Sub-Mesetian zone of Morocco.

- Mesozoic evolution began with the Late Triassic NNW-SSE transtensional tectonic
regime (Dt), with NE-trending CAMP dykes during the Pangea breakup. Finally, the
last exhumation of this area was during the NNW-SSE Atlas shortening (Da), which is
responsible for the High Atlas Mountains uplift.

The current elucidation of tectonic structures and associated stress directions, and their
impact on various geological units, is critical to understanding the relationship between
structures and silver ore deposits in the Imiter districts and further beyond the eastern
Anti-Atlas belt.
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