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Abstract: The Jbel Saghro is interpreted as part of a long-lived silicic large igneous province. The area
comprises two lithostructural complexes. The Lower Complex consists of folded metagreywackes
and N070–090◦E dextral shear zones, which roughly results from a NW–SE to NNW–SSE shortening
direction related to a D1 transpressive tectonic stage. D1 is also combined with syntectonic plutons
emplaced between ca. 615 and 575 Ma. The Upper Complex is defined by ash-flow caldera
emplacements, thick and widespread ignimbrites, lavas and volcaniclastic sedimentary rocks with
related intrusives that were emplaced in three main magmatic flare ups at ca. 575, 565 and 555 Ma.
It lies unconformably on the Lower Complex units and was affected by a D2 trantensive tectonic stage.
Between 550 and 540 Ma, the magmatic activity became slightly alkaline and of lower extent. Ore
deposits show specific features, but remain controlled by the same structural setting: a NNW–SSE
shortening direction related to both D1 and D2 stages. Porphyry Au(–Cu–Mo) and intrusion-related
gold deposits were emplaced in an earlier stage between 580 and 565 Ma. Intermediate sulfidation
epithermal deposits may have been emplaced during lull periods after the second and (or) the third
flare-ups (560–550 Ma). Low sulfidation epithermal deposits were emplaced late during the felsic
alkaline magmatic stage (550–520 Ma). The D2 stage, therefore, provided extensional structures that
enabled fluid circulations and magmatic-hydrothermal ore forming processes.

Keywords: structural control; silicic large igneous province; ignimbrite flare-ups; ash-flow caldera;
epithermal; porphyry; IRGD; Anti-Atlas
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1. Introduction

In northwest Africa, the Anti-Atlas, Ougarta and Hoggar domains consist of pericratonic terranes
located at the margin of the West African Craton (WAC, Figure 1a) and that were mostly amalgamated
from Palaeoproterozoic to Phanerozoic times [1–5]. These terranes were the site of recurring tectonic
activity and periods of intense magmatic activity. The most important magmatic pulses occurred
during the Mesoproterozoic [6–8] and at the end of Triassic when the Central Atlantic Magmatic
Province (CAMP) was emplaced [9–11]. According to Ernst [12] and Ernst and Bleeker [13], both
events have been related to large igneous provinces (LIPs). Indeed LIPs consist of large volumes of
mainly mafic magma (>0.1 Mkm3) in provinces whose areal extent might exceed 0.1 Mkm2. LIPs
are thought to emplace in a short duration pulse or multiple pulses (less than 1–10 Myr each) with
a whole maximum duration of ca. 50 Myr. Intense felsic magmatism may also occur as silicic
large igneous provinces (SLIPs) [12,14]. Dacite–rhyolite pyroclastic rocks (ignimbrites), along with
transitional calc-alkaline I-type [15] to A-type granites, mainly characterise these SLIPs [16]. Further,
LIPs are commonly related to a wide variety of metal deposits [17] including world-class deposits
such as magmatic sulfide ore deposits associated with mafic and ultramafic magmatism (Ni, Cu,
PGE, Cr, Ti, Fe [18,19]), with carbonatite and peralkaline complexes (Nb, Ti, REE, Zr [20,21]), or with
diamondiferous kimberlites [22]. Iron oxide copper gold (IOCG) deposit types [23] and epithermal
deposits of mostly low and intermediate sulfidation gold-based metal types [24–26] may be also
related to more silicic LIPs. Another magmatic event described in peri-Gondwanan terranes of, e.g.,
Avalonian and Cadomian types, is mostly characterised by huge volumes of pyroclastic flows and was
emplaced at the end of the Neoproterozoic era [27–30]. Conditions and geodynamical environment
at the origin of such a silicic province remain insufficiently understood, although Moume et al. [31]
recently proposed that this event might be related to the Central Iapetus Magmatic Province event
(CIMP) of Ediacaran-Cambrian age [13,32]. In the Moroccan Anti Atlas, world-class deposits occur in
an area mostly dominated by rhyolitic ignimbrites such as the giant Ag–Hg Imiter deposit, the Ag-Hg
Zgounder deposit and the Co–Ni–Fe–As(–Au–Ag) Bou Azzer district (Figure 1b).

In fact, the Moroccan Anti-Atlas hosts several precious and base-metal deposits affected by at
least four major tectonic phases: i.e., the Palaeoproterozoic, the Neoproterozoic, the Variscan and the
Alpine cycles [29,33–35]. Until recently, most of the ore deposits from the Anti-Atlas were considered
as Neoproterozoic in age due to their occurrence within Proterozoic inliers. One exception was the vein
and stratabound copper deposits hosted within the early Palaeozoic cover, which were assumed to be
syn-sedimentary or epigenetic and Variscan in age [36,37]. However, recent studies have reassessed
the age and origin of numerous metal deposits, assigning younger ages than previously admitted.
The arguments are essentially two-fold: (i) absolute dating and (ii) fluid chemistry by isotopic and
fluid inclusion study methods. Indeed geochronological methods (e.g., Re/Os, Ar/Ar) frequently give
younger ages than expected though possible resetting of dating materials and (or) ore remobilisation are
rarely discussed. For instance, the Imiter deposit would coincide with the Permo-Triassic boundary [38].
Similarly, a late Carboniferous age has been proposed for ore enrichment at BouAzzer with a possible
earlier pre-mineralising stage [39]. The strong association of mineral deposits with fluids of moderate
to high salinities, suggests interpretations favouring the influence of basinal brines in the ore-forming
processes [40,41]. Indeed, processes involving basin-related and(or) surface-related brines resulting
from evaporation of seawater in Triassic basins in the formation of ore deposits, up to now interpreted
as, deposits related to the late Neoproterozoic felsic magmatic event [42–48] have been defended by
several recent works [40,41,49] although the debate is still open [50]. This controversy mainly concerns
the Bou Azzer (Co–Ni–), Imiter (Ag–Hg) and Zgounder (Ag–Hg) mines that represent the main three
world-class ore deposits of the Moroccan Anti-Atlas after the Akka gold mine was closed few years
ago. The Imiter concentration has been proposed to be associated with the 550 ± 3 Ma rhyolitic
magmatism [51], a hypothesis recently controverted by Ar-Ar geochronology [38] and palaeo-fluid
geochemistry investigations [41]. The Zgounder deposit is supposed to be emplaced around 564 ± 5 Ma
at the same time as rhyolitic intrusions [46,52] although fluid geochemistry would suggest a Triassic
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fluid contribution [41,49] sedimentary. The Bou Azzer Co–Ni–Fe–As(–Au–Ag) district hosts the only
mine in the world where Co is produced as a primary commodity directly from Co- and As-bearing
arsenide minerals [53]. It is interpreted as having experienced many ore remobilisations from Late
Neoproterozoic, Variscan to Triassic magmatic-hydrothermal stages [39,40,44,54,55].
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Figure 1. (a) Location of the Anti-Atlas belt at the northern limit of the West African Craton, after
Thiéblemont et al. [56]. (b) Main geological units and major mining districts of the Moroccan
Anti-Atlas [5,7,29,48,57–59]. Inliers–BD: Bas Drâa; If: Ifni; K: Kerdous; TA: Tagragra d’Akka; Im:
Igherm; TT: Tagragra de Tata; Ig: Iguerda; AM: Agadir-Melloul; Z: Zenaga.

The debate as to whether the Anti-Atlas ore deposits are mostly Neoproterozoic in age and
magmatic-related, or Phanerozoic and disconnected from any magmatic input, is similar to the one that
exists between the orogenic and intrusion-related gold deposit models [60–65]. For instance, as applied
to the Variscan gold ore deposits in the French Massif Central and beyond, this debate is focused on the
involvement of magmatic fluids in the formation of mineralised systems. Arguments supporting the
orogenic model are mostly based on fluid inclusion studies and isotopic data on quartz-bearing veins
and highlight the meteoric and/or metamorphic signatures of the fluids [66,67]. In such cases, heat
production from possible synchronous granitoids is supposed to generate only thermal convection
cells. Arguments in favour of an intrusion-related model highlight the systematic spatial association



Minerals 2018, 8, 592 4 of 48

between granite and hydrothermal systems, while fluid compositions and metal source are interpreted
as showing a magmatic signature [68–70].

Therefore, it may be relevant to clarify whether most of the ore deposits of the Moroccan Anti-Atlas
are linked to a Neoproterozoic magmatic input (the magmatic-related alternative), or to a more recent
stage related to the penetration and circulation of sedimentary brines and (or) metamorphic fluids
into the basement (the orogenic alternative). Indeed, as the Anti-Atlas domain may be considered
as an important Neoproterozoic magmatic province with respect to the abundance of plutonic and
volcanic rocks, evidences for a major Neoproterozoic metallogenetic province need to be deciphered.
In this work, we present a review of the global geology and metallogeny of the Jbel Saghro in the
Eastern Anti-Atlas with a specific emphasis on the formation, styles and tectonic controls of different
ore deposit occurrences in order to assess and discuss a tectono-magmatic evolution of the studied
area and a metallogenetic and geodynamic model. The world-class Bou Azzer deposit is not concerned
in this study because of its location far from the Jbel Saghro. Its characterisation will be the subject of
work currently in progress.

2. Geological Overview of the Anti-Atlas Mountains

The Moroccan Anti-Atlas belt, located in the northern part of the WAC (Figure 1a), constitutes an
important segment of the Pan-African orogeny, also known as the Cadomian orogeny, that occurred
from the Middle Neoproterozoic to Early Cambrian. This area is currently elevated at altitudes
exceeding 1000 m in large areas due to a Caenozoic uplift [35,71,72] although they basically represent
a Variscan intra-cratonic, thick-skinned basement inversion belt [34]. Consequently, the Anti-Atlas
mountains present significant exposures of WSW–ENE trending inliers, (aka boutonnières), which consist
of Proterozoic rocks in core of Phanerozoic, mainly Palaeozoic, sedimentary sequences (Figure 1b).

During Precambrian times, the Anti-Atlas domain has recorded two major orogenic cycles: the
Eburnean, a Palaeoproterozoic cycle from about 2.1 to 2.0 Ga and the Pan-African/Cadomian cycle
from about 885 to 540 Ma [5,33,73–75]. The Pan-African orogeny is characterised by three main
tectono-magmatic events [29,73,75–77]. (i) The first event corresponds to an oceanic basin closure,
oceanic subduction and arc-craton accretion, coeval with calc-alkaline magmatism and ophiolite
obduction. This event is supposed to have occurred between 770 and 630 Ma and related formations
are mainly observable in the Central Anti-Atlas [29,59,78–80]. (ii) Then, the development of an active
margin along the amalgamated West African Craton was responsible for an intense high-K calc-alkaline
magmatism and transpressive tectonics between ca. 615 and ca. 560 Ma [29,48,59,74,75,77,81,82].
(iii) Finally, late to post-orogenic granites with cogenetic volcanic and volcaniclastic cover are
emplaced between ca. 560 and 550 Ma together with subsequent transtensional tectonics [5,29,47,74].
The transition from transpressive to transtensive tectonics remains the subject of debate but it likely
occurred between 580 and 560 Ma [29,48,74]. There is still also an ongoing debate on the origin of the
two late magmatic events, which are either described as arc-related [29] or as post-orogenic related to
an asthenospheric rise beneath the West African Craton, without any active subduction [74,83]. Then,
the Ediacaran–Cambrian transition is recognised as a carbonate-dominated succession (the Adoudou
formation) that unconformably overlies the late Ediacaran plutonic and volcaniclastic rocks [84–86].
This sedimentation period shows dramatic and rapid thickness changes, consistent with an active
extensional faulting related to incipient continental rifting [86,87]. Intercalated alkaline volcanic
ash and flows dated between 550 and 520 Ma confirm that deposition of the Adoudou formation
took place during the Early Cambrian and is in tectono-magmatic continuity with the Ediacaran
volcano-tectonism [74,88–90].

In the Eastern Anti-Atlas of interest here, Jbel Saghro, Palaeoproterozoic terranes are not exposed
(Figures 1b and 2), so, the oldest rocks outcropping consist of Middle Neoproterozoic (Cryogenian)
metasedimentary rocks [91,92]. These are slightly deformed and unconformably overlain by a thick
and widespread upper Neoproterozoic (Ediacaran) volcanic and volcaniclastic sequence (Figure 2).
Both Cryogenian and Ediacaran units are intruded by Pan-African plutons (Figure 2).
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Prior to the Variscan compression, the Palaeozoic sedimentary cover reaches an overall thickness
of 8–10 km in the western Anti-Atlas and only 4 km in the eastern part of the Anti-Atlas, being
mainly characterised by shallow marine sedimentary rocks [34,86,93–95]. Subsidence is assumed
to be regular and characterised by two main steps [34,96]. The first step occurs during the
Cambrian, from the Terreneuvian to the Miaolingian. It corresponds to a rifting episode [84,86,97,98].
The Adoudou formation and related alkaline volcanic rocks mentioned above belong to this step.
The second step occurs during the Upper Devonian and is characterised by a multi-directional
extension mainly controlled by NNW–SSE and ENE–WNW faults inherited from the Pan-African
basement [93]. Fission track dating on zircon [99] yields a peak temperature affecting the basement
around 328 ± 30 Ma (Carboniferous, Upper Mississipian). It is interpreted as the age of maximum
burial. The subsequent uplift is attributed to the Variscan compression [34,100] during the Upper
Carboniferous (early Pennsylvanian). It results in the inversion tectonics of these palaeofaults as thrusts
and strike-slip–reverse faults. The main shortening directions are assumed to be NW–SE to N–S in the
Western Anti-Atlas [34,100], and NE–SW in the Eastern Anti-Atlas [93]. The Precambrian basement is
actually uplifted and folded into huge antiformal culminations probably at the origin of the present
days inliers which characterise the Anti-Atlas fold belt. Thus, many authors e.g., [34,86,93,100] suggest
that brittle deformations related to the Variscan compression occur in the whole Anti-Atlas and reactive
structures from the Precambrian basement. Ductile deformation related to the Variscan tectonics has
not yet been described in the Anti-Atlas. It might be suggested in the Western Anti-Atlas because the
overall Palaeozoic rock thickness reaches 10 km making it possible a ductile–brittle transition. However,
with a maximum thickness of only 4 km such ductile deformations seem precluded in the Eastern
Anti-Atlas. Consequently, how and to what extent the Palaeozoic tectono-hydrothermal events may
have an influence on the main ore deposits of the Eastern Anti-Atlas remains an important topic. For this
reason, we focus our work below on the re-examination of the model of formation and structural control
of different ore-bearing deposits of the Jbel Saghro. We highlight the relevance of a pluri-disciplinary
approach involving analyses of regional tectonics, vein geometry, internal texture and mineralogy of
ore deposits in order to decipher the mode of formation for each deposits. The ore-forming processes
are specifically adressed with the view of their possible relationships with the Precambrian magmatism,
in order to better assess whether they could have been mainly formed during the Neoproterozoic times,
or mostly formed and remobilised during the Phanerozoic. We also stress that conventional approaches
of ore deposits involving kinematic criteria on slip surfaces of faults and palaeostress reconstructions
in the brittle regime are here excluded, since the whole Anti-Atlas is still an active seismic area [94].
So, the Precambrian or Palaeozoic features should be erased by recent tectonic reactivations.

The Jbel Saghro hosts numerous precious and base metal deposits (Figure 2). The most famous
are: the giant Ag Imiter mine (8.5 Mt @ 700 g/t Ag; [41,45,51,101,102]) and the Cu Bouskour mine
(21 Mt @ 1.3% Cu; [103]) and also the now closed Cu–Ag Tizi Mouddou (1.5 Mt @ 2% Cu, 250 g/t
Ag; [43]) and Cu–Au–Ag Tiwit (1.06 Mt @ 8 g/t Au, 65 g/t Ag, ~0.4% Cu; [43]) mines. Mining
activity in the Jbel Saghro area dates back a very long time as suggested for the Imiter and Bouskour
mining sites [101,103]. Although no precise dating is available, some historical texts suggest that
workings occurred since the beginning of medieval times. These sites were subsequently abandoned
and forgotten and were rediscovered under the French Protectorate between 1912 to 1956, leading
to subsequent intensive exploration and mining. Since the mid 1990s and after reinterpreting the
regional geology of the Anti-Atlas area, the BRPM (Bureau de Recherches et de Participation Minière,
currently ONHYM: Office National des HYdrocarbures et des Mines) and Reminex (a subsidiary of the
Managem Group) conducted several exploration campaigns. Indeed, before the 1990s, the Anti-Atlas
was mainly interpreted as a collisional belt and the formation of ore deposits was related to orogenic
processes, e.g., [43,73,76]. Then, the geology and the ore forming processes were related to the complex
evolution of active margin(s) in a subduction and accretion setting, e.g., [29,45,47,48,51,77,82]. This led
to the discovery of new Au–Ag occurrences such as those of the Issarfane (0.5 Mt @ 1.8 g/t Au), Qal’at
Mgouna and Thaghassa (Figure 2).
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3. Tectono-Magmatic Evolution of the Jbel Saghro

Until the early 2000s, the Precambrian terranes in Morocco were traditionally subdivided into
3 main epochs: the PI for the Palaeoproterozoic era or Archaean aeon; PII for the Tonian and Cryogenian;
and PIII for the Ediacaran periods [73,109–112]. These periods have been further subdivided into
various units (e.g., P.II1, P.II-III, P.IIsup, P.III3m-1a . . . ) in order to take into account the extraordinary
complexity of the different areas [77,109,113]. Geologists then used a lithostratigraphic approach in
which rocks were correlated based on their lithological characteristics and grouped in Supergroups,
Groups, Subgroups, Formations and Members for layered sedimentary and volcanic sequences, and
in Suites for plutonic and metamorphic rocks [5,29,59,107]. However, these lithostratigraphic schemes
confuse the geological and tectonic messages and the resulting legends on geological maps. Indeed,
showing the cogenetic relationships in a volcano-plutonic setting where plutonic, hypabyssal and
volcanic rocks coexist as in the Anti-Atlas, remains a challenge, especially when tectonic controls are
combined. For the seek of consistency, we propose below a tectono-lithostratigraphic framework that
groups the sedimentary, plutonic and volcanic rocks of the Saghro area in Lower and Upper Complexes
with regard to the tectono-magmatic evolution of the eastern Anti-Atlas. Such a complex corresponds
to the definition of the ICS (International Commission on Stratigraphy), that is, a lithostratigraphic
unit composed of diverse types of any classes of rocks (sedimentary, igneous and metamorphic) and
characterised by irregularly mixed lithology or by complicated structural relationships. The definition
of the two complexes and rationale behind are given below.

3.1. The Lower Complex and the D1 Transpressive Tectonics

The Lower Complex is composed of a thick succession of slightly deformed volcano-sedimentary
rocks intruded by broadly coeval high-K calc-alkaline plutons (Figure 2). Volcano-sedimentary rocks
are deformed and tightly upright folded (Figure 3a,b). They are also affected by a metamorphism
below the amphibolite facies with hornfels around plutons [48,91,111]. Elsewhere, cleavage is well
expressed in the vicinity of the large-scale, regional, strike-slip faults that mainly trend N070◦E
(Figure 2). The general structure is characterised by steeply dipping bedding (Figure 3a–c), large-scale
folds (Figure 3a,b) and intense fracturing (see below).

3.1.1. The Earlier Arc-Related Metagreywackes and Metavolcanic Rocks

These oldest formations belong to the Anti-Atlas supergroup, Saghro Group or MGouna Group
of Thomas et al. [5] or Habab Group of O’Connor et al. [107] and consist of metaturbidites with
intercalated thin mafic metavolcanic layers, exposed, from west to east, near the cities of Sidi Flah,
Qal’at Mgouna, Boumalne and Imiter (Figure 2). The metasedimentary sequences, hereafter, called
metagreywackes, are dominated by sandstones and silty mudstone [91,92,114–118]. Although slightly
deformed (Figures 3 and 4), they consist of 2000 to 6000 m of flysh-like turbiditic rocks [83,91,118] that
locally alternate with basaltic flows, volcanic breccias, hyaloclastite and pillow structures (Figure 3a,b).
Based on geochemical analyses, the interbedded mafic lava rocks may have a transitional character
between tholeiites and alkali basalts and may be related to a back-arc environment formed in an
extensional setting or correspond to the remnants of a passive-margin [91,115,118,119]. These rocks
have a mean Nd depleted mantle model age (TDM) of 650 ± 30 Ma, the εNd range from +7.63 to
+8.08, and the initial 87Sr/86Sr from 0.704 to 0.706 that have been interpreted as indicating a mantle
origin without any old crust contribution [83,119]. These sedimentary sequences are considered
to be Cryogenian [91,115,116]. However, Liégeois et al. [120] in Gasquet et al. [83], using U/Pb
geochronology on detrital zircons from similar metagreywacke sequences in the Qal’at Mgouna area,
have shown that zircon grains become younger towards the top of the metasedimentary sequences.
They suggest that basins infilling were active until more recently than previously suspected, i.e., until
630–610 Ma. This corresponds to the onset of the Ediacaran Period and Pan-African magmatism that
culminated during the next stages (see below).
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(c) bedding, (d) foliation and refraction cleavage, and (e) lineation. Bedding data are from the Qal’at
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MGouna, Boumalne and Imiter Lower Complex inliers whereas foliation, refraction cleavage and
lineation data are mainly from the Boumalne and Imiter Lower Complex inliers [47,48]. The dotted red
lines in the bedding stereoplot highlight zones where data are locally reoriented because of drag fault
zones and disturbance upon pluton emplacement.

3.1.2. The Intrusive Rocks

Diorites, granodiorites with minor gabbros and monzogranites [29,47,48,105,122–124], intrude
these metaturbiditic and metavolcanic sequences (Figures 2 and 3a,b). The most representative are
granodiorite and diorite intrusions that belong to the Ouarzazate Supergroup “precursor rocks” and
Bardouz suite of Thomas et al. [5]. They are composed of plagioclase (An20–56), biotite, amphibole
(Mg-hornblende to Fe-tschermakite and pargasite to Fe-edenite), rare pyroxene and accessory minerals
such as titanite, zircon, apatite and magnetite [47,119,123]. K-feldspar and quartz abundances vary
depending on pluton compositions. At the contact with the country rocks, cordierite, andalusite and
biotite related to contact metamorphism are observed [47,48,121,125].

Rock geochemistry shows that most plutons have moderate to high-K calc-alkaline affinities with
trends that are consistent with formation in an active continental margin [29,119]. Available ages
range from 677 ± 19 and 576 ± 4 Ma for this event, although most of the data are bracketed between
615 and 575 Ma in the Jbel Saghro [29,51,59,78,81,105–108]. With regard to the oldest intrusions, their
age and emplacement conditions remain unclear and debated in the Jbel Saghro [48] and are only
evidenced by poorly defined U-Pb zircon geochronology (i.e., >615 Ma) on calc-alkaline tonalite,
diorite and granodiorite intrusions [107,108,126]. However, in the Central Anti-Atlas, similar plutons
are widespread and were emplaced continuously between 660 and 615 Ma in a supra-subduction
setting [29,78]. One can therefore question on a possible diachronism of magmatic activity between the
Central Anti-Atlas and the Eastern Anti-Atlas during this period especially if we consider that some
rare ages reported in the Eastern Anti-Atlas are inherited (677 ± 19, 675 ± 13, 645 ± 12 Ma, [108,126]).
However, the following magmatic period spanning from 615 to 575 Ma is well expressed in both the
Central and Eastern Anti-Atlas. This is mostly plutonic in the Eastern Anti-Atlas and both volcanic
and plutonic in the Central Anti-Atlas.

3.1.3. The Main Pan-African D1 Deformation Event

At map-scale (Figure 3a,b), the overall style of the deformation suggests that steep bedding and
folds are the most conspicuous features of the metaturbiditic terranes [47,48,77,125–129]. Two types
of folds are observed. (i) At the regional scale, first-order folds are easily discernible such as in the
Imiter and Boumalne areas (Figure 3a,b). They are tight (Figure 3c) and the majority of the ENE–WSW
axial surfaces are moderately to steeply inclined (50–60◦), with a predominance of dips to the NNW
suggesting that folds roughly verges toward the SE [125,127,128]. Their hinge lines gently plunge
toward the ENE. (ii) At local scale, higher-order folds are metric and open to tight (Figure 4a). They
are asymmetric and probably unrelated to lower-order folds as they always show a right-verging
(dextral wrenching, [47]). Indeed, they are observed in shear zones where cleavage is well developed.
These folds are interpreted as drag folds below. Their axial surfaces are upright (NE–SW to ENE–WSW)
with a hinge line that steeply plunges toward the ENE or WSW [47]. In Figure 3c, most of the poles
to bedding falling in the NNW and SSE quadrants are related to the regional scale, first-order folds.
Gentle poles falling in the SW and NE quadrants are related to drag folds. However, these plots
and more generally the ones comprised within the dotted red lines (Figure 3c) highlight areas where
data are locally reoriented because of drag fault zones and plutonic interferences. Such interferences
are abundant in the Qal’at MGouna area where folds may be also interpreted as open and upright
(Figure 3c, [47]).

In detail, metaturbiditic rocks show finite strain markers including foliation and stretching and
mineral lineation [47,48,77,81,128–130]. Foliation that usually consists in a slaty cleavage is evident
throughout the entire inlier. It is noteworthy that both metamorphic planar fabrics and lineations have
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been only observed in the eastern part of the Jbel Saghro, in the Boumalne and Imiter areas. Indeed,
these fabrics (Figures 3 and 4b) remain difficult to observe except in the hornfels zone surrounding the
diorite and granodiorite intrusions described above (Figure 4b). Foliations show a constant ENE strike
and dip toward the NW (N075◦E 60◦N, Figure 3d), except when reoriented in fault drag areas (i.e.,
NW–SE strikes) or when refracted (NE–SW strikes). Such foliation is axial planar and, thus, is generally
parallel to the bedding of the metaturbiditic rocks when localised along the limbs of the first-order tight
folds. It is called herein S0–1. A S2 cleavage refraction (Figure 4c) may also occur in specific areas, that
define an obliquity with respect to the S0–1. It is caused by localised shear developed in incompetent
layers usually associated with the drag fold structures. Stretching and mineral lineations (L1) are
always carried by the S0–1 foliation. They are discrete and their orientation (Figure 3e) also appear
fairly constant with a rather low dispersion from NW–SE to N–S trending directions (average: N170◦E
55◦N). According to mineralogic and micro-structural evidences, at least 2 distinct metamorphic
assemblages are observed but appear to be related to the same tectonic event defined as a hornfels
assemblage and a regional chlorite to amphibole assemblage. (i) The hornfels zone is observed in the
contact metamorphic aureoles caused by the diorite and granodiorite intrusions within the Cryogenian
greywackes [48,121,130]. It consists of a spotted phyllite zone in which foliation (phyllitic cleavage to
gneissic foliation) and lineation are easily discernable. Rocks are mostly characterised by K-feldspar,
muscovite, biotite and small spots of retrogressed andalusite and/or cordierite (Figure 4b). The latter
frequently highlights the lineation and, therefore, suggests a probable relationship between pluton
emplacement and the D1 tectonics. Garnet-amphibole assemblage and spessartine occurrences are
associated with skarns and skarnoids as reported by Benziane [130] and Tuduri [47]. (ii) When
observable far from intrusions, foliation (slaty to phyllitic cleavage) is defined by a planar-linear fabric
mainly formed by phyllosilicates such as chlorite, sericite to biotite [48]. In both assemblages, rolling
structures and S-C fabrics (Figure 4d) define unambiguous south- to southeast-verging noncoaxial
shear criteria, parallel to the average lineation trending direction. These structures indicate reverse
sense top-to-the-south deformation in the Boumalne and Imiter areas [47,48,77,82,121,123].
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Figure 4. (a) Drag fold from the Qal’at Mgouna metagreywacke inlier. (b) Regional S0–1 metamorphic
foliation and related lineation marked by elongate contact metamorphic minerals that affect the
metagreywacke sequence. (c) S2 cleavage refraction, from the Imiter metagreywacke inlier, consistent
with a dextral shearing. (d) Microphotograph showing syn- to late kinematic metamorphic mineral,
a probable cordierite (Crd) showing rolling structure consistent with a top-to-the-south shearing sense.
Note the asymmetric tails composed of biotite (Bt), plane polar light.



Minerals 2018, 8, 592 11 of 48

The D1 deformation is also well-expressed along the large-scale N070–090◦E trending strike slip
faults, about 100 to 150 km long that occur in the northern and central part of the Jbel Saghro (Figures 2
and 3a,b). On both sides of these shear zones, deformation appears more intense especially in the
slaty to phyllitic cleavage domains where the S2 refraction cleavage oriented N040–050◦E 80◦N is
formed (Figure 4c) synchronously with drag-folds (Figure 4a). These structures are consistent with
a dextral sense of shearing [47]. Where plutons are emplaced within shear zones, they develop both
magmatic foliation and lineation (e.g., the Igoudrane pluton). There, the foliation is parallel to the
fault (N075–090◦E 80◦N) and the lineation roughly horizontal. All structures linked with the D1 events
and the geometry of the associated intrusions indicate that this first Pan-African event developed in
response to a NW–SE to WNW–ESE trending shortening.

3.2. The Upper Complex or the Inception of a Silicic Large Igneous Province

3.2.1. Generalities

Rocks of the Upper Complex cover nearly 80% of the surface of the Jbel Saghro (Figure 2).
This complex, only affected by very low-grade metamorphism and weak deformation, consists of
thick and regionally extensive felsic volcaniclastic sequences that are non-conformably above the more
deformed and metamorphosed rocks of the Lower Complex [29,30,47,112,131–133]. Related dykes
and plutons intrude both the rocks of the Lower and Upper Complexes. These rocks belong to the
Ouarzazate Supergroup that includes the lower Mançour Group and the upper Imlas Group [5,107].
Plutonic suites are attributed to the Tanghourt Suite. These plutonic and volcanic rocks were emplaced
between ca. 575 and 540 Ma [29,51,74,78,106–108,112,134,135]. Most of the volcanic rocks are ash-flow
tuffs, felsic lavas, resedimented volcaniclastic deposits with some andesitic lavas and rare mafic
intrusions [29,30,47,112,133] that cover an area of approximately 2000 km2 and reach a maximum
thickness of 1000–1500 m.

3.2.2. The Qal’at Mgouna Ash-Flow Caldera

In the vicinity of Qal’at Mgouna (Figures 2 and 5), the association of lava flows (rhyodacites,
rhyolites and andesites), pyroclastic rocks (ash-flow tuffs and ash falls), re-deposited volcaniclastics
and reworked volcanic rocks is consistent with an ash-flow caldera environment [47]. The pre-caldera
formations mostly consist of metagreywacke basement rocks and diorite and granodiorite intrusion
dated at 576 ± 5 Ma [29], all belonging to the Lower Complex. Related to the caldera formation
stage, plutonic rocks are mostly represented by monzogranites and coeval porphyries (Figure 5).
Volcaniclastic rocks are not deformed, but only tilted when localised inside the caldera (Figure 5).
The structural limit of the proposed Qal’at Mgouna caldera can be traced over 5–6 km. Tuduri [47]
interprets the near vertical arcuate lineament located at the margin of the caldera as a potential
ring-fault that trends E–W to NW–SE (Figures 5 and 6a). Evidence is given because this boundary
separates the near vertical Cryogenian metagreywacke bedding to the South from the NNW dipping
(50◦ to 80◦) monocline intra-caldera sequences, to the North (Figures 5 and 6b). Numerous rhyolite
dykes, 10 to 20 meters wide are located along this lineament (Figures 5 and 6a,b). Dykes are vertical or
near-vertical and intrude the Lower Complex rocks as well as the plutonic and volcaniclastic rocks of
the Upper Complex. Because these rhyolitic dykes are emplaced along the proposed structural limit
and generally present an arcuate shape, they are interpreted as ring dykes.
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Figure 5. Detailed geologic map of the Qal’at MGouna district showing the extra- and intra-caldera
rock units (from Benharref [132], Derré and Lécolle [113] and Tuduri [47]).

All the data presented above argue for the existence of a collapse caldera structure as shown on
Figure 5 [136–139]. The peripheral structure of the ash-flow caldera where ring dykes occur is herein
interpretated as having accommodated both subsidence (caldera collapse and intra-caldera sequences
deposition) as well as subsequent uplift and tilting (magmatic resurgence and ring dykes injections).
The geometry given by the NW–SE trending structural limit favours an elliptic shape rather than a
sub-circular one for the caldera [41,140,141]. The consequence of such a shape will be discussed further.
From bottom to top and according to Tuduri [47], the intra-caldera volcaniclastic sequence is detailed
below (Figures 5–7):

(i). A lowermost pyroclastic layer consists of a 400–500 m thick, unwelded to slightly welded,
moderately crystal-rich dacitic lapilli tuff (Figure 6c,d and Figure 7a,b) interpreted as an ash-flow
deposit [142,143]. Internal stratification of the ash-flow tuff is crude, oriented N060–080◦E 80◦NW,
as highlighted by discrete layers which are either pumice-richer, lithic-richer or entirely devitrified
with spherulites. In a specific layer 40 m thick, greenish fibrous pumices displaying silicified
tubular micro-vesicles and a silky/fibrous fabric can reach up to 5 cm long. Lithic clasts up to
20 cm in size are common throughout and consist mainly of basement greywackes, lavas and
quartz-rich ignimbrite fragments. Phenocrysts are mostly broken plagioclase and K-feldspar,
in various ratios with minor amounts of chloritised ferro-magnesian crystals (biotite and probable
amphibole) and very scarce quartz.
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Figure 6. (a) View of the structural limit of the caldera showing the contact between the intra-caldera
sequence, rhyolite ring dykes and basement, Taghia area (see location on Figure 5). (b) Detailed view
of the structural limit showing the ring dykes and the unconformity between the basement to the south
and the intra-caldera sequences to the north. (c) Microphotograph of the lower intra-caldera ash-flow
tuff. Slight compaction and welding of shards are characteristics of this tuff, Plane Polar Light. (d) View
towards the east showing the relationships between the lower and upper intra-caldera tuffs and
interbedded sedimentary ponded rock sequences Taghia area (see location on Figure 5). (e) Close-up
view of the upper intra-caldera tuff characterised by compacted fiammes (flattened pumices) and lithic
fragments of K-feldspar-rich granite. (f) In thin section, the upper ignimbrite shows strong compaction
and welding of shards, Plane Polar Light. Bt: biotite, Kfs: K-feldspar, Pl: plagioclase, Qtz: quartz.
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(ii). Above the ash-flow unit lies a ca. 200 m thick volcano-sedimentary (epiclastic) unit with very thin
bedding (Figures 6d and 7a,b). The lower part (100 m thick) is made of layered tuffaceous breccias
containing ignimbrites fragments. The upper part consists of laminated reddish and greenish
mudstones and sandstone oriented N070◦E 70◦NW. When preserved from important silicification,
the identifiable components are microscopic broken crystals and lithic fragments. Beds are broadly
continuous laterally, being only sometimes disrupted by syn-sedimentary normal faults and
slump-like structures. Faults are roughly oriented NW–SE. Fluid escape textures are common
and allow assessment of the polarity of the intra-caldera sequence. All sedimentological features
argue for a subaqueous emplacement, at least for the upper part of the epiclastic unit. In our
model, and as no marine sediments have been hitherto recognised in the entire Jbel Saghro in the
Ediacaran formations, such subaqueous environment may be reasonably related to a caldera lake.

(iii). Above the volcano-sedimentary unit lies a ca. 200–300 m thick crystal-rich rhyolitic ash-
and-lapilli tuff (Figures 6d and 7a–c). Plastic deformation due to significant compaction is
evidenced by reddish flattened pumices (Figure 6e). Glass shards and broken phenocrysts are
visible under the microscope (Figure 6f). Phenocrysts are quartz, plagioclase, K-feldspar, and
scarce amounts of chloritised Fe–Mg minerals (biotite and amphibole). Up to 2 m-sized lithic
clasts are abundant, especially in the basal part, and consist of metagreywacke, ash-flow tuff
fragments, jasperoids and monzogranite (Figure 6e). This voluminous quartz- and pumice-rich
unit is readily interpreted here as a welded ignimbrite.

(iv). The top of the sequence is dominated by massive andesite lava flows and epiclastic polylithologic
breccias (Figures 5, 6d and 7a,b). The bottom of this whole sequence is intruded by a monzogranite
porphyry (Figures 5 and 7a,b). Plugs of similar porphyry facies also locally intrude the upper
parts of the sequence. Such porphyry is here interpreted as a resurgent pluton [137,144] that tilted
the intra-caldera sequence upon emplacement [47]. Because of the tilting, the thickness of the
intra-caldera sequence is exposed over 1500–2000 m, of which 800–1000 m consists of ash-flow
tuffs and epiclastic rocks. To the north, the intra-caldera sequence disappears beneath the young
sedimentary rocks of the Dadès valley (Figure 5).

Volcanic and pyroclastic rocks also occur outside the caldera structure to the south and west.
They form a broadly stratified pile up to 500 m thick with moderate dips toward the W–NW (Figure 5).
In the vicinity of the Awrir-n-Tamgalount (Figure 5), the extra-caldera sequences are made up of two
units overlain by the Tamgalount tuff (Figure 7d,e). The lower unit is dominated by hundreds of
meters of well bedded, normally graded crystal-rich sandstones and siltstones (Figure 7e). Under the
microscope some of the silt-sized layers are formed of formerly vitric, now devitrified, material and
might be primary ash fall deposit. The stratified lower unit dips towards the west at variable angles
(Figure 5), perhaps due to palaeo-topography effects and(or) syn-tectonic deposition. The upper unit
is dominated by rhyo-dacitic lavas that display distinctive spherulitic devitrification microtexture and
pilloïd texture in the field that suggests emplacement under water. The Tamgalount tuff (Figures 5
and 7d,e) is a porphyritic porphyritic rhyo-dacitic ash-flow tuff (ca. 25% phenocryst) with eutaxitic
texture. Broken phenocrysts consist of quartz, plagioclase, K-feldspar and chloritised Fe-Mg minerals.
Lithic fragments are abundant and composed of greywackes, ash-flow tuff fragments and jasperoids.
all extra-caldera units lie unconformably on the Lower Complex and are pervasively affected to various
degrees by hydrothermal alteration and/or silicification. The importance of this unconformity will be
discussed later.

Numerous intrusions are related to the Upper Complex (Figures 2 and 5). They have been
mapped according to their mineralogy, texture and geochemical features. Two types are distinguished:
(i) gabbros and biotite- and amphibole-rich, pink-coloured coarse-grained granites (monzo- to
syenogranites), which are calc-alkaline to highly potassic, abd coeval porphyries emplaced at shallower
levels (e.g., the intra-caldera resurgent granite and its apophyses); and (ii) Si-rich alkali (K-rich,
i.e., shoshonitic in composition) granites and related aplitic bodies (sills, dykes), which frequently
appear as late magmatic events in the Upper Complex history. The pink mozogranites contain
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quartz, albite-oligoclase, Fe-edenite, annite, K-feldspar and accessory minerals such as thorite, zircon,
allanite, apatite, magnetite, sulphides and W and Mo-rich minerals. By analogy with the Isk-n-Alla
monzogranite in the central part of the Jbel Saghro (Figure 2), they may have been emplaced around
555 Ma [29,106]. The alkali granites are mainly composed of quartz, albite and K-feldspar displaying
granophyric intergrowths. Accessory minerals include tourmaline (fluor-schorl) and metamict
zircon [47]. They are associated with late N–S rhyolitic dykes that also display shoshonitic compositions
(Figure 5). We assume they may have emplaced later, between 550 and 530–520 Ma [74,107,108].
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Figure 7. Simplified cross section and graphic logs of the Qal’at Mgouna volcanic sequences according
to Tuduri [47]. (a) Schematic N–S cross section across the Qal’at MGouna ash-flow caldera. Summary
stratigraphic sections for the (b) Taghia and (c) Awjja-n-Wizargane intra-caldera sequences, and
extra-caldera sequences from (d) Awrir-n-Tamgalount and (e) Tawrirt-n-Cwalh (See location on
Figure 5).
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According to the relative and absolute chronology of both volcanic and plutonic rocks in both
the Jbel Saghro and in the Qal’at MGouna area, three main ignimbrites flare-ups are herein evidenced.
The earliest flare-up corresponds to the lower intra-caldera ash-flow tuff emplacement. It is mostly
dacitic and may coeval with granodiorite plutons emplaced around 575 Ma [29,74]. Ignimbrites from
the Oued Dar’a caldera described by Walsh et al. [29] are herein interpreted as belonging to this earliest
flare-up. Then, the emplacement of the Tamgalount ash-flow tuff with rhyo-dacitic affinities, may
correspond to a second high-volume magmatic event emplaced around 565 Ma [78,107]. Such an
event would have produced similar tuffs that are coeval with the huge rhyo-dacitic dyke swarm [29]
observed in the western and southern parts of the Jbel Saghro (Figure 2). The later ignimbrite flare-up
corresponds to the upper intra-caldera rhyolitic ash-flow tuff and to the numerous rhyolitic lava
flows and domes reported in the literature [29,74,106], coeval with pink monzogranite plutons around
555 Ma.

3.2.3. The D2 Deformation Event

D2 is interpreted as a strike-slip faulting event [29,47] that is also controlled by a WNW–ESE
direction of shortening [47]. Tectonic features are faint, belong to the brittle regime, and affect both
the Lower and Upper Complex units. Indeed, large-scale structures (except faults) and intense
folding as observed in the Lower Complex are absent. It may be noted that some authors [29,78]
described gentle folds that only affect the lower ignimbritic sequences (i.e., the 575 and 565 Ma ones)
mainly in the western part of the Jbel Saghro and the Central and Western Anti-Atlas. Field works
document: (i) ca. NNW–SSE normal faulting emplaced perpendicular to the extensional direction (i.e.,
NNE–SSW); and (ii) N070◦E strike slip fault systems and associated veining. In the Qal’at Mgouna area,
D2-related normal faults control the emplacement and development of extra-caldera basins filled by
the volcaniclastic rocks (Figures 5 and 7d,e). In contrast to the D1-related ones, structures related to the
D2 event are characterised by dominant opening and extensional features [47]. Some specific locations
(see below) demonstrate the re-activation of previously formed faults (i.e., the regional strike-slip faults
trending N070◦E) and fractures under the state of stress link with D2. Others structures were formed,
mainly in the Upper Complex. As fractures are favourable sites for fluid circulations and fluid trapping,
intense veining occur within domains were intense fracturing is coeval of significant magmatic activity
and related hydrothermal events. All these factors lead to the establishment of a general D2-related
extensional/transtensional setting that is particularly favourable for the emplacement of fluid-filled
structures and, consequently, to the formation of the numerous ore deposits concerned by this study.

In the Qal’at Mgouna area, the structural map of the volcanic complex points to a control by a
combination between E–W to NW–SE faults and NNE–SSW normal faults (Figure 5). Both structural
direction controlled block-faulting, collapse and caldera formation. Because E–W to NW–SE faults are
more developed and have a longer extent, they are assumed to represent the structural limit of the
Qal’at Mgouna caldera (Figure 5). The orientation of these faults is consistent with a caldera formed
under the control of a transtensional regime with a WNW–ESE shortening direction and a NNE–SSW
extensional direction. Similar tectonic features have been described in the Oued Dar’a caldera which is
localised 60 km to the WSW [29]. Few examples of ash-flow calderas developed in strike-slip and(or)
extensional tectonic regimes have been documented [145–150].

4. Characteristics of Ore Deposits

Au–Ag showings and/or mines occur in several areas of the studied area (Figure 2). Four zones
were selected. These showings are hosted in rocks of the Lower Complex (i.e., Thaghassa), the Upper
Complex (i.e., Zone des Dykes area), or both (i.e., Imiter and Qal’at Mgouna) depending upon the
depth of their formation. Mineralisation formed during the D2 tectonic event within the four localities
herein described in detail.
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4.1. The Thaghassa Intrusion-Related Gold Deposit

The Thaghassa intrusion-related gold deposit (IRGD) is an exploration project with drill core
data showing the presence of several intersects of 1–2 m at 5 g/t Au, and up to 400 g/t Ag. It is
hosted in hornfelsed metagreywacke rocks (Figure 8a) that are adjacent to a large granodioritic
pluton [47,48,151], while the metagreywackes belong to the Lower Complex, the intrusion may
correspond to the earlier development of the Upper Complex. Two main tectono-magmatic stages
control the formation of the deposit. (i) The first stage corresponds to the top-to-the-south asymmetry
and the syn-kinematic Ikniwn pluton emplacement controlled by a transpressional strain regime.
Zircon U-Pb dating yields a Concordia age of 564 ± 6 Ma for the intrusion [48]. (ii) The second stage
(Figure 8b) is characterised, from older to younger and further away from the intrusion, by: metatexite
with leucocratic stromatic bands, aplo-pegmatite sills (Figure 8c), intermediate veinlets composed of
quartz, K-feldspar and muscovite (Figure 8d), and then gold-bearing striped foliation-veins (Figure 8e).
All these are assumed to have been emplaced under large-scale ENE–WSW dextral shearing that
results from an ESE–WNW shortening during transtensive tectonics (Figure 8b). Tuduri et al. [48]
suggested that the progressive and continuous shearing was initiated at the aplo-pegmatite stage
and achieved during the hydrothermal phase (Figure 8b–f). The existence of intermediate veins
characterised by quartz-rich core and apatite-muscovite-feldspar-rich rims demonstrates a progressive
evolution from a magmatic to a hydrothermal stage and the persistence of the magmatic character,
at least until the onset of the hydrothermal process. The main Au-mineralization was concentrated
at the end of such a magmatic-hydrothermal evolution. The ore paragenesis is characterised by
arsenian pyrite with refractory gold (<5 µm) arsenopyrite, sphalerite and scarce grains of chalcopyrite,
loellingite, pyrrhotite, tetraedrite, freibergite, argentite and cassiterite. Galena is abundant but always
in the form of microscopic inclusions within pyrite. Fluid inclusion characterisation, based on the
concept of fluid inclusion assemblages (FIA, [152]) as in all the cited references, combined with mineral
geothermometry [48] suggests that the system evolved from hot fluids (~550 ◦C) dominated by N2

and CH4 to intermediate temperature (~300–450 ◦C) and low salinity aquo-carbonic fluids in the
system (H2O-NaCl-CO2) + CH4. Salinities are low to intermediate, being lower than 11.5 wt. % NaCl
equiv. Gold precipitation is related to intermediate temperature mineralising fluids that have strongly
interacted with the hornfelsed country rocks. According to Tuduri et al. [48], such a metallogenetic
system is assumed to have developed due to migmatisation and partial melting of metagreywackes
country rocks in response to heat transfer from the underlying Ikniwn intrusion. Fluid and metal
sources may originate from magmatic processes (i.e., magmatic exsolution of incompatible elements
from newly formed peraluminous melts and perhaps from the Ikniwn intrusion) and from the
devolatilisation of the metamorphic host rocks. (iii) A third, later tectono-magmtic stage in the
area developed a large volcanic dyke swarm and brittle faulting and is assumed to belong to the
Upper Complex.
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Figure 8. Main features of the Taghassa intrusion-related gold deposit (IRG) [47,48]. (a) General
map and stereoplots of structural orientation data of the Au–Ag Thaghassa intrusion-related gold
deposit. These reveal the high density of veins developed north of the 575–560 Ma Ikniwn granodiorite.
(b) Interpretative sketch illustrating the magmatic-hydrothermal model that involved a progressive
and continuous tectonic event including the aplo-pegmatitic dykes and sills emplacement, then
the intermediate veins and the hydrothermal and gold-rich striped quartz veins. (c) Pegmatite dyke
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showing a dextral pull-apart geometry. (d) N120◦E trending intermediate veins filled by quartz,
muscovite and feldspar assemblage, cross polar light. (e) Macrostructure illustrating the gold-bearing
quartz vein stage. The layering texture defined the striped aspect of veins. (f) Microtextural
characteristics of gold-bearing quartz veins. The internal texture shows elongate quartz grains with
obliquity with respect to vein walls suggesting a dextral shearing, cross polar light.

4.2. The Qal’at Mgouna Au–Ag (Cu, Mo, Bi, Te) District

The Qal’at Mgouna district is composed of three main exploration projects: the Isamlal,
Talat-n-Tabarought and Tawrirt-n-Cwalh districts, all of which located outside of the caldera structure
(Figures 5 and 9). Based on mineralogical, chemical, textural and structural constraints, two distinct
ore deposit types have been identified: an older porphyry ore deposit on which a younger epithermal
system is superimposed [47,113,153,154].

4.2.1. The Isamlal Porphyry Au(–Cu–Mo) Deposit

The porphyry Au(–Cu–Mo) deposit type is related to high-temperature hydrothermal system
observed in the Isamlal and Talat-n-Tabarought areas (Figure 9a–e). The Isamlal project appears as
being the most promising [47,154–157]. Ore emplacement is assumed to be synchronous to slightly late
with respect to the emplacement of diorite and granodiorite stocks [158]. Most of these intrusive stocks,
that display porphyritic textures in drill cores (Figure 9e), present a preferential NW–SE orientation in
map (Figure 9a,b). Their age of emplacement is still unknown. However, a large pluton, the Wawitcht
granodiorite, displaying similar mineralogy and located ca. 4 km east of the Isamlal deposit, has been
dated at 576 ± 5 Ma (U-Pb radiometric ages on zircon, [29]). Alterations are mostly observed within the
Lower Complex and affect both the metagreywackes and diorite-granodiorite intrusions. The deposit
is characterised by a Au mineralisation hosted by the metagreywackes that is also elongated along
a ca. NW–SE trending direction (Figure 9b). Cu and Mo occurrences are additionally associated.
In paragenetic order, the mineralisation includes magnetite, K-feldspar and late forming and less
pervasive quartz veins that form a well developed stockwork. The stockwork occurs along a ca. N120◦E
preferred orientation, highlighting a strong structural control (Figure 9c). It is localised in the vicinity of
the granodiorite intrusion or related apophyses but seems more developed within the metagreywackes
at the hanging-wall (Figure 9d). Veins range in size from 0.5 to 30 cm in width and are ≤10 m in
length except for the largest veins which are more than 30 m long. Such an important structural
control on the stockwork may suggest that the main opening direction (i.e., NE–SW) is controlled by an
ESE–WNW shortening direction. In drill cores, the central part of the mineralised zone is characterised
by potassic-altered rocks. K-feldspar mostly occurs in highly reactive igneous rocks (Figure 9e). Biotite
may coexist with K-feldspar but also occurs around the central zone whereas the propylitic alteration
is more distal [158] In the Isamlal area, the quartz-rich stockwork is characterised by K-feldspar,
magnetite, F-Cl-rich amphibole, Cl-F-rich biotite with scarce F-rich tourmaline, brannerite and rutile
in the central part of the deposit, and muscovite with scarce iron oxides more externally. Note that
such a stockwork has never been reported in rocks belonging to the Upper Compex [47]. Sulfides
mostly occur in the central zone and mainly consist of pyrite, chalcopyrite, with scarce molybdenite,
pyrrhotite, electrum, galena and tetradymite [47,155,157,158]. Fluid inclusions from the quartz-rich
stockwork veinlets were used to constrain the palaeohydrothermal conditions [154,155,159]. Primary
multiphase fluid inclusions are composed of liquid, vapour and halite cubes, as well as other salts
such as sylvite, and CaCl2. In addition, uncommon mineral inclusions that may be abundant have
been identified, such as calcite, brookite–titanite, haematite, magnetite, and a solid phase with a very
high refringence identified as andradite.
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Figure 9. Main features of the Qal’at Mgouna deposit types [47,158]. (a) Detailed map of the
Au(–Cu–Mo–Ag–Te–Bi) Qal’at Mgouna district (from Tuduri [47]). Note that the kinematics shown
by shear zones are consistent with a WNW–ESE direction of shortening. (b) Kriging interpolation
revealed that gold anomalies are correlated with both the quartz stockwork and the NW–SE faulted
corridor in the Isamal porphyry deposit. The red colour is indicative of the highest Au grades [158].
(c) Stereoplots of structural orientations data for: the quartz stockwork related to the porphyry stage
(mean orientation N120◦E); the aplitic dykes and sills related to the alkali–syeno–granite stocks (mean
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orientation N018◦E); and the adularia-specularite-quartz veins from the epithermal stage (mean
orientation N008◦E). (d) Quartz stockwork from the Isamlal porphyry Au(–Cu–Mo) system. (e) Typical
potassic alteration (pink coloured zones) of a porphyritic granodiorite (the Isamlal porphyry
Au(–Cu–Mo) system). (f) Typical alteration and vein development of the epithermal stage: pervasive
tourmalinites are cut by quartz and adularia-rich veins in the vicinity of the Tawrirt-n-Cwalh deposit,
plane polar light. (g) Economic paragenesis of the epithermal stage characterised by Au-Ag tellurides,
electrum and Bi-telluride veinlets within pyrite; Tawrirt-n-Cwalh deposit, SEM back scattered picture.

Chalcopyrite and gold were also observed in multiphase inclusions. Multiphase inclusions
have a high though variable salinity (30 to 45 wt. % NaCl equiv.) and are characterised
through homogenization by halite-disappearance. The large range of homogenization temperatures
(160–460 ◦C) combined with a zoned potassic to propylitic alteration, stockwork structures and with
an Au(–Cu–Mo) paragenesis is interpretated as characteristic of Au(–Cu–Mo) porphyry environments.
This porphyry Au(–Cu–Mo) system is herein described as a vein-dominated deposit (stockwork)
that is consistent with the emplacement of a porphyry stock, then exsolution and cooling of a
magmatic-derived hydrothermal fluid. The overall system appears as mostly controlled by a ca.
WNW–ESE trending direction. Indeed, this pattern suggests that the stockwork structure both reflects
the magmatic stress associated with the porphyry emplacement and fluid exsolution, and also, a ca.
NNE–SSW-oriented minimum principal stress (i.e., extensional direction) associated with a regional
deformation that may be consistent with a WNW–ESE shortening direction although no clear tectonic
regime has been proposed for the hydrothermal stage.

4.2.2. The Qal’at Mgouna Au–Ag(–Bi–Te) Epithermal System

In contrast to the porphyry deposit type, this low sulfidation epithermal deposit type appears
more atypical (Figure 9a,c,f,g). From west (Timicha) to east (Isamlal then Tawrirt-n-Cwalh), the Qal’at
Mgouna area (Figure 5) displays a progressive and continuous tectono-magmatic activity initiated
as the plutonic stage (mostly observed to the west) and ending with a volcanic and hydrothermal
stage observed from west to east [47]. The magmatic stage produced small pink-coloured Si-rich
alkali granites, and sill and dyke intrusions with a typical fine-grained aplitic texture. Rhyolitic
K-feldspar-phyric dykes are also assumed to belong to this stage. Such intrusive bodies may intrude
rock units from both the Lower and Upper Complexes. The transition to hydrothermal stage is
characterised by fluid exsolutions from the alkali granites and the formation of (i) quartz, Fe- and
F-rich tourmaline with scarce F-rich muscovite miarolitic cavities; (ii) quartz, K-feldspar with scarce
tourmaline stockscheider; (iii) tourmaline-rich quartz veins and NW–SE chlorite-rich transtensive
cataclasites; and (iv) quartz, adularia, specularite veins with magnetite, fluorite, sulphides and gold
(Figure 9f,g; [47,158–160]). The magmatic-hydrothermal processes strongly affected rocks especially
the highly reactive volcaniclastic ones from the Upper Complex. These alterations correspond to a
strong pervasive silicification. In addition to quartz, andalusite, diaspore pyrophyllite, Mg- F-rich
tourmaline, F-rich phlogopite, F-rich muscovite, Cl-F-rich apatite occur along with rutile, haematite,
monazite, xenotime, thorite and uranothorite as well as pyrite with inclusions of galena, coloradoite,
hessite and altaite [47,113,153]. In some locations close to the Isamlal porphyry, the association of
andalusite, pyrophyllite and diaspore with phlogopite and muscovite may be associated with the late
epithermal or earlier porphyry stages [47,113,153]. Tourmalinisation is noteworthy and well developed
along pervasive axes. Chlorite appears later in the paragenesis and mostly occurs in fault breccias. Ore
concentration occurs during the hydrothermal stage with the quartz-adularia veins by crystallisation of
As- and Co-rich pyrite, minor chalcopyrite and precious metal (Au–Ag telluride, electrum, Ag-telluride
and Bi-telluride, Figure 9f) in the core of previously formed quartz–adularia–chlorite veins. Except
for the chloritic breccias, which are strongly oriented along the NW–SE trending direction, all sills,
dykes and veins related to the hydrothermal stage are roughly N–S with a maximum of 20◦ of
dispersion toward the NNW and NNE (Figure 9c). The structural control of this event remains poorly
evidenced as both extensional and transtensional features have been reported [47]. Paragenetic and
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microthermometric studies show the mineralising system is characterised by decreasing temperature
of formation [154,160]. Indeed quartz from the miarolitic and stockscheider stages are characterised by
high temperature of formation (400–600 ◦C), multiphase highly saline fluid inclusions (22–32 wt. %
NaCl + CaCl2 equiv.), while the intermediate stages related to massive tourmalinisation show
temperatures of homogenization of 200–250 ◦C. The system then evolves toward lower salinity
fluids probably belonging to the H2O–NaCl–CaCl2 (11–27 wt. % NaCl equiv.) system, with the
absence of multiphase inclusions, and temperature around 180 ± 20 ◦C for the quartz-adularia veins.
This hydrothermal stage corresponds to the formation of Au–Ag(–Te–Bi) epithermal showings in this
part of the Jbel Saghro [47]. The issue whether this system belongs to an alkaline, low sulfidation or
intermediate epithermal deposit remains open. The age of formation is unclear, although it may be
coeval with the slightly alkaline N–S rhyolitic dykes dated between 550 and 530–520 Ma in the eastern
Saghro [74,107,108].

4.3. The Zone des Dykes Intermediate Sulfidation Epithermal Au-Base Metal Deposit

The Zone des Dykes, also known as the Issarfane area, is located in the western part of the
Jbel Saghro inlier (Figure 2) in the vicinity of a huge N–S rhyolitic dyke swarm emplaced around
565 Ma [29]. The Zone des Dykes ore district consists of quartz veins systems hosted by two ash-flow
tuff units belonging to the Upper Complex (Figure 10). Therein, three mineralised systems, called
the F1, F5 and Bou Issarfane structures, respectively (Figure10a), are identified [47]. The F1 structure
consists of a 2 km long and 2 m width vein system that trends N180–160◦E and dips about 50–60◦ to
the east. The vein system shows several step-over zones showing a left lateral pull-apart geometry
(Figure 10b) with a faint vertical component. The F5 structure also consists of a vein system, 1 km
long and 2 m width, that is roughly oriented N080◦E 60–70◦S and is characterised by right-lateral
shear structures (Figure 10c). The F1 and F5 structures are both interpreted as developed as conjugate
pairs (Figure 10d). Because cross-cutting relationships are observed, we interpret the N080◦E direction
trend (i.e., F5) as the dominant direction. The F1 shear structures is herein interpreted as emplaced
along a pre-existing NNW–SSE fracture analogous to the ones occuring between the Bouskour and
Issarfane areas (Figure 2). The F5 structure is also emplaced along an important pre-existing fracture
set that corresponds to a main ENE–WSW regional fault. This may explain why the F1 and F5
shear fractures are almost orthogonal yet conjugated, but also why the F1 pull-apart structures are
always brecciated. The Bou Issarfane structure has a ca. N–S orientation like the F1 system, but
unlikely lies at dip angles of 20–40◦ to the east. It consists of a 1.5 km long and 5 to 10 m thick
silicified breccia system hosted by ignimbrites and rhyolitic tuff that is affected by E–W brittle faults
(Figure 10a). While an unsilicified rhyodacitic lava flow occurs at the hanging wall, the footwall
is made up of a 5–10 m thick anastomosed quartz stockwork. All veins are mostly filled in by
quartz (Figure 10e,g–i) with scarce amount of adularia, sericite, chlorite, calcite and rare fluorite [47].
Sulphides are also common and mainly consist of arsenian pyrite (Figure 10f). Chalcopyrite, sphalerite,
Pb–Cu–Bi assemblages (aikinite group) and electrum are accessory minerals and appear as inclusions
within the As-rich pyrites (Figure 10f). Chlorite has a pycnochlorite composition and a Fe/Fe + Mg
ratio close to 0.48 which is consistent with temperature of crystallisation bracketed between 210 and
280 ◦C [47]. All veins are characterised by internal textures typical of epithermal deposits according to
Dong et al. [161]. The most representative quartz textures are those showing a partial replacement of a
silica gel precursor characterised by colloform and moss texture (Figure 10g). Such textures are specific
of siliceous sinters in active geothermal systems [161]. Ghost-bladed calcite textures [162] are also
observed (Figure 10h,i). The occurrence of platy calcite (ghost-bladed calcite) demonstrates that boiling
processes were active during vein formation [163–165]. Veins also show complex texture reflecting
several stages of crystallisation, replacement and re-crystallisation occur. Within this complex process
of vein formation, Tuduri [47] suggests that sulphides crystallised after the second stage of quartz
replacement while electrum is mostly located within fissures of the pyrite. While the structural control
of the F1 and F5 structures is clearly evidenced, the emplacement of the Bou Issarfane breccia remains
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unclear and needs to be discussed. Fragments from the Bou Issarfane breccia are silicified, sub-angular
and of dimensions lower than 1 cm. Their probable volcanic origin suggest minor distance of transport.
The matrix is highly silicified and seems composed by detritus of rock fragments (host rocks), and (or)
by comminuted gangue minerals.
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Au-Ag deposit at the crossing between the F1 and F5 vein systems and Bou Issarfane area (after
Tuduri [47]). (b) Pull-apart texture indicative of a left-lateral shearing movement along the F1 structure.



Minerals 2018, 8, 592 24 of 48

The filling is composed by quartz. (c) Pull-apart geometry of the F5 structure mainly filled by
quartz and formed by dextral kinematics. (d) Global kinematic interpretation for the F1 and F5
structures integrating all the structural features observed in the field. (e) Microphotograph showing
internal microtexture of the F1 structure characterized by a saccharoidal layout of quartz grains, cross
polar light. (f) Typical gold-rich paragenesis of the F5 structure. Py: pyrite, Sp: sphalerite, Ccp:
chalcopyrite. (g) Microphotograph of silica spheroid aggregates displaying moss texture, cross polar
light. (h) Microphotograph of parallel ghost bladed calcites replaced by quartz, cross planar light and
(i) plane polarized light microscopy.

The origin of this breccia may be therefore compared with phreatic or phreatomagmatic breccia
pipes, although we cannot exclude a tectonic origin corresponding to a silicified cataclasite. According
to salinity and homogenization temperatures, two type of fluids are assumed to be at the origin of
the mineralised system [166]. The Bou Issarfane stockwork is characterised by primary multiphase
fluid inclusions composed of liquid, vapour and halite cubes. Values obtained using the FIA concept
indicate homogenization temperatures between 210 and 230 ◦C and moderate salinities (14–17 wt. %
eq. NaCl). Secondary inclusions have lower homogenization temperatures between 130 and 180 ◦C.
The F1–F5 veins consist of primary multiphase inclusions composed of liquid, vapour and halite cube
with CaCl2 assemblages.

Homogenization temperatures are bracketed between 160 and 180◦C. Salinities are variable from
6% to 29% (wt. % NaCl + CaCl2 equiv.) and may reflect the effects of boiling processes. Such textural,
mineralogical and fluid characteristics suggest this hydrothermal Au–Ag(–Cu–Zn–Pb–Bi) system
is comparable with intermediate sulfidation epithermal deposits as the ones reported in the Sierra
Madre Occidental in Mexico [25,26,167]. The age of this ore deposit is still unknown. Considering
the N–S trending direction of the F1 and Bou Issarfane structures, and the N–S trending direction of
the rhyolitic dyke swarm, the mineralisation may have been formed coevally with this volcanic pulse
around 565 Ma, i.e., after the emplacement of the ash-flow tuffs, that host the mineralisation dated,
at 574 ± 7 and 571 ± 5, respectively [29]. However, we cannot exclude that the mineralisation is related
to a later magmatic-hydrothermal period (e.g., the 550 or 530–520 Ma event) whilst no study has so far
evidenced such later activity in the Bou Isserfane area.

4.4. The Giant Ag–Hg Imiter Deposit

The world-class Ag–Hg mining distirct of Imiter (Figures 2 and 11a) with 8.5 Mt of ore at a
concentration of 700 g/t Ag consists of mineralised quartz–carbonate veins hosted by metagreywackes
and more seldomly by the lower volcaniclastic units of the Upper Complex. The ore is located along
a major E–W faulted corridor (Figure 11a) and results from a two-stage model of formation [47,102].
The main economic stage 1 developed within a N070–090◦E 75–90◦N trending dextral vein system
filled by grey quartz, adularia and minor pink dolomite (Figure 11b,c, [102]). Satellite veins are
common (e.g., F0 South, F0 North, R7 and R6, Figure 11b) and were formed synchronously with
the main ones (e.g., F0 and B3, Figure 11b) within a global model of formation that involves double
restraining bends along a strike-slip system. Indeed, such a push-up geometry results from irregular
trends and stepovers developed along the N070–090◦E dextral regional-scale faults (Figures 2 and
11a,b). The system also includes steeply-dipping, listric reverse faults and veins that flatten with depth
(N065◦E 50◦SE, Figure 11b,d,e) and therefore that become flat-lying faults/veins in deeper parts of
mine (N065◦E 20–30◦SE, Figure 11b). Reverse motions are clearly observed along all these structures
(Figure 11d,e) and are assumed to have been formed during transpression. They serve as receptacles
for the late emplacement of the high-grade silver deposit defined by Ag–Hg and Ag-rich minerals
(Figure 11f, [102]). The main economic paragenesis is characterised by massive deposition of Ag–Hg
amalgam (luanheite, eugenite), polybasite–pearceite, acanthite, stephanite, pyrargyrite-proustite and
imiterite [47,168–170]. Sphalerite and galena are abundant while no silver was detected. Arsenopyrite
is well represented but always as small euhedral crystals of a few hundred micrometers [47].
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Figure 11. Main features of the world-class Ag–Hg Imiter mining district [47,102]. (a) General map
of the giant Ag–Hg Imiter mine (after Leistel and Qadrouci [127] and Tuduri [47]) and (b) stereoplots
of structural orientations and interpretative block diagram explaining the formation of the main
ore-bearing vein system. Thrusts are formed in core of transpressive push-up structures. Note
that the mineralised structures were everywhere controlled by a ESE–WNW direction of shortening.
(c) Pull-apart and tension-gashes structures of the economic stage filled by geodic quartz and formed
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during dextral kinematics, F0 North vein systems, view realised towards the top of the mining gallery,
Imiter I. (d) Pull-apart geometry of the economic stage indicative of a reverse shearing towards the
north and showing void formations, R6 structure, Imiter II. (e) Pull-apart texture of the F0 South vein
systems, thrusting towards the NW–NNW. The filling is composed by quartz (economic stage) and
scarce pink dolomite in core of pull-apart texture. (f) Typical paragenesis of the economic stage 1
composed by quartz veins and huge concentration of Ag–Hg alloys, Imiter I, F0 south. (g) Tension
gashes and left lateral pull-apart structures filled with pink dolomite of the stage 2, F0 structure, Imiter I.
(h) Typical features of the stage 2 pink dolomite stage with large patches of Ag-rich galena, F0 structure,
Imiter I. Since photographs c and h were taken towards the top of exploration galleries, kinematics
interpretation must be inverted.

Tuduri et al. [102] further demonstrated that a stage 2 reactivated the transpression-related
structures in the opposite sense, and developed normal left-lateral motions associated with massive
pink dolomite crystallisation, as well as prismatic quartz and variable amounts of Ag-rich galena
and sphalerite, pyrite, chalcopyrite, arsenopyrite and freibergite (Figure 11g,h). Note that these
two economic stages were preceded by a barren quartz vein network stage associated with sericite,
illite-chlorite and base-metal sulphide minerals such as pyrite, galena, sphalerite with chalcopyrite
exsolutions [45,47,51,127,169–171].

The main driving mechanism for silver ore deposition is assumed to be the dilution of ore-bearing
fluids that were CaCl2-dominated. Values obtained using the FIA concept [172,173] point to a general
temperature decrease from stage 1 (280–100 ◦C) to stage 2 (110–60 ◦C). Note that the deepest levels
of the mine workings (−220 m below the surface) record temperature in excess of 60 ◦C (i.e., lowest
temperatures >160 ◦C) with respect to the shallow levels (−100 m) where the lowest temperatures are
around 100◦C. During stage 1, fluid salinities are moderate to high (8.4 to 26.1 wt. % NaCl + CaCl2
equiv.), whereas they are very high when stage 2 dolomite precipitates (24.6 to 30 wt. % NaCl + CaCl2
equiv.). Such value ranges are in agreement with data published by previous authors whether or not
they used the FIA concept [41,45,101,171]. At shallower levels, additional supergene enrichment has
been responsible for massive formation of native silver (1500 g/t Ag) associated with cerusite and
mimetite [164].

Work in progress shows that Ag–Hg sulfohalides could also be related to the supergene
processes [174]. Two opposing ore-forming models are strongly debated at Imiter. Some authors
taking into account halogen composition of fluid inclusions, stable (C, O, S) and radiogenic (Pb,
Re/O) isotope data together with noble gas (He) isotope compositions, suggest that the deposit is
consistent with an epithermal model related to the felsic volcanic event at the Precambrian–Cambrian
transition [45,47,51,101,127,170,175]. In that way, the huge Ag–Hg deposit would be comparable with
the ones from the Mexican Sierra Madre Occidental Ag–Pb–Zn–Au belt, and should be considered as
an intermediate sulfidation epithermal deposit [167,175]. On the other hand, a lithogene model [176]
has been alternatively proposed in which fluids, according to laser ablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS) data on fluid inclusions, halogen signatures, and stable
isotopes (H, C, O), are the products of diagenetic brine–evaporite interactions within a sedimentary
basin [41]. The ore deposit might also be the result of basin inversion that expelled deep Ag-rich
brines during, or at the end, of the Palaeozoic orogeny [41,175]. Recent 40Ar/39Ar age measured at
255 ± 3 Ma on adularia from stage 1 quartz vein supports the late Palaeozoic brine model [38].

5. Discussion

5.1. A Simplified Tectono-Magmatic Evolution Model of the Eastern Anti-Atlas

The evolution and transition between two main tectono-magmatic events is of importance in the
Eastern Anti-Atlas and deserves to be discussed extensively and integrated with metallogenetic issues.
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5.1.1. The Lower Complex and the D1 Deformation

The D1 deformation affects metagreywackes and metavolcanics and is associated with the
syntectonic emplacement of calc-alkaline diorite and granodiorite plutons (Figure 12a). It is consistent
with a NW–SE to WNW–ESE trending horizontal shortening. Structural studies have highlighted
several important deformation structures related to that D1 stage, i.e., upright tight folds with
large-scale anticline and syncline, development of an axial planar S0–1 foliation, regional-scale
N070–090◦E trending dextral wrenching shear-zones, contact metamorphic minerals defining a
stretching lineation (L1) and rare S–SE-verging thrusts; Figures 2–4. Some plutons are inferred to be
coeval with the D1 deformation. Indeed, some of them are emplaced within the N070–090◦E dextral
shear-zones where they develop penetrative magmatic foliation and lineation. Elsewhere, other plutons
seem to be emplaced in the core of folded sequences [47,121]. Furthermore, a tectonically-controlled
fabric is best expressed in the thermal metamorphic aureoles developed around such plutons. There,
foliations, lineations and related shear sense indicators show top-to-the-SSE–SE thrusting (Figure 4b,d)
and dextral shearing depending on the distance from major shear-zones [47,121]. For those reasons,
such diorite and granodiorite intrusions are herein interpreted as syntectonic and emplaced under
the control of a NW–SE to WNW–ESE trending shortening [47,48,121]. This is consistent with the
model of Saquaque et al. [77] who proposed that the main regional deformation results in top-to-the-SE
thrusting, right-lateral wrenching along ca. E–W to ENE–WSW shear zones and syn-tectonic plutons.
Since we herein combine strike-slip and shortening that is roughly perpendicular to the shear-zones,
we infer a global transpressive tectonic regime as dominant in the D1 stage. The characteristics of this
tectonic stage that associates transpressive tectonics, pluton emplacement, strike-slip and rare thrusts
explain the heterogeneity of the deformation observed within the entire Jbel Saghro.
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Figure 12. Interpretative three-phase model (a–c) explaining the tectono-magmatic evolution as well as
the Lower and Upper Complexes definition of the Jbel Saghro and the formation of the ore-bearing
vein systems of the Zone des Dykes, Qal’at MGouna, Thaghassa and Imiter districts. The size of the
blue arrow relates with the inferred intensity of regional stress. See text for explanation. Note that the
Qal’at MGouna porphyry deposit may belong to either the late stage of event 1 or the earlier stage of
event 2 as the related porphyry stock emplaced at the transition between the two at 576 ± 5 Ma [29].
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Previous interpretations tried to link each type of structures or pluton emplacement to one distinct
tectonic event, increasing the complexity. From this study, it appears more appropriate to interpret
all these features by the occurrence of a single and unique D1 tectono-magmatic event. According
to Gasquet et al. [83], as basins infilling with greywacke sequences was active until the onset of the
Ediacaran period between 630 and 610 Ma; we suggest that the D1 deformation probably occurred
coevally with the syn-tectonic calc-alkaline magmatic occurrences, those being dated from ca. 615 Ma
until ca. 575–565 Ma. This upper 575–565 Ma limit for the D1 age is an important issue and will be
further discussed below.

5.1.2. The Upper Complex and the D2 Deformation

The Upper Complex is dominated by ash-flow tuffs emplaced in three main flare-ups and exposed
inside or outside caldera structures, and by plutonic intrusions, mostly granitic, that were coeval
with this D2-related deformation (Figure 12b). Deformation was very weak and characterised by a
brittle regime mainly represented by fault zones and vein formation throughout the Jbel Saghro area.
Faults are mostly characterised by ca. N070–090◦E orientations for the dextral strike-slip ones [47]
whereas the ca. NW–SE trending direction may correspond to conjugate strike slip faults. However
and according to Soulaimani et al. [86,87] and Azizi Samir et al. [177], the ca. NW–SE trending direction
also corresponds to normal faulting yielding tilted blocks with syn-sedimentation processes. Such
sedimentary deposits are volcaniclastic. The huge volumes of ash-flow tuffs associated with lava
flows and related intrusions is considered as evidence for ash-flow caldera such as in the Qal’at
Mgouna or Oued Dar’a areas (Figures 2 and 12b). We cannot exclude the presence of other caldera
structures elsewhere in the Eastern Anti-Atlas. Because the structural limits of these caldera structures
preferentially trend WNW–ESE to NW–SE [29,47], i.e., perpendicular to the direction of extension, the
caldera yields an elliptic shape and is interpreted to be structurally controlled [141].

Three main ignimbrite flare-ups have been defined in the Upper Complex formation. The first one
may have been emplaced at ca. 575 Ma and consists of dacitic ash-flow tuffs with related granodiorite
and monzogranites [29]. The second flare-up occurred probably around 565 Ma and is related to
monzogranite and granodiorite intrusions as well as the huge rhyo-dacitic dyke swarm in the western
part of the Saghro [29,48,78,107]. The third ignimbrite flare-up is related to rhyolitic ash-flow tuff
and cogenetic monzo-to syenogranite emplaced around 555 Ma [29,51,74,106,107]. Finally, a late
magmatic stage is composed of the alkali-syenogranite plutons and related rhyolite dykes (Figure 12c).
Such late alkali magmas highlight the persistence of the magmatism even after the emplacement of
caldera-related rocks although they are less abundant. No radiometric ages are currently available on
the alkali granites but related dykes provide ages bracketed between 550 and 520 Ma at the transition
between the Proterozoic and Phanerozoic aeon [51,74,107,108]. Note that most of the intrusives such
as aplitic and rhyolite dykes display a change in their orientation (i.e., ~N020◦E, Figure 9c). Also, most
of the hydrothermal veins related to those dykes and alkali plutons have the same direction pattern
(Figure 9c). As no clear direction of shearing is evidenced in the horizontal plane, it is herein suggested
that an extensional tectonic setting may control and assist the emplacement of both magmatic and
hydrothermal structures in the ca. 550–520 Ma interval. The D2 event is controlled by a ca. NW–SE to
WNW–ESE direction of shortening and a ca. NE–SW to NNE–SSW direction of extension. Such control
may evolve later toward a ca. N–S shortening direction and a ca. E–W extensional direction during
the early Cambrian stage. This would be consistent with what is observed during the Adoudounian
rifting period [86,87,106].

5.1.3. About the Transition between the Two Complexes and the D1 and D2 Tectonics

In the Eastern Anti-Atlas, the transition between the Lower and Upper Complexes is characterised
by a significant increase of the magmatic addition rate [178] mostly evidenced by the Ediacaran volcanic
flare-ups and by a change in the tectonic regime. However, such a transition appears as diachronous
whether we consider the start of the volcanic activity or the change in tectonic regime.
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The key evidence highlighting such a transition is the existence of an angular unconformity
between the Lower and Upper Complex units [29,47,74,78]. However, the age of the transition remains
elusive and debated. If we consider the available ages earlier volcanics of the Upper Complex that
lie above the unconformity, the transition might occur between 580 and 570 Ma taking into account
the error bars of the radiometric ages. This has been well described in the Western Anti-Atlas on the
Tizgui geological map [29,179]. In the Central Anti-Atlas, Blein et al. [78] also suggest that most of
the regional deformation observed there was completed by ca. 580 Ma and followed by an important
erosional phase prior to the deposition of the Upper Complex volcaniclastic sequences. The 575 Ma
age, therefore, represents a mean value.

Dating the deformations and thus the change in the tectonic regime from D1 to D2 is matter
of more confusion. Indeed, the transition between the two complexes is estimated at ca. 575 Ma
with the incipient volcanic activity and the occurrence of a strong angular uncorformity. By contrast,
the transition between the two deformation events would be a little more recent and would have
occurred around 565 Ma. The age assigned to the D1 deformation appears thus mostly dependent on
the radiometric ages obtained on the syntectonic plutons, and the issue of what plutons are syntectonic
or not in the Eastern Anti-Atlas is clearly to be better assessed from field data. Currently, numerous
plutons emplaced between ca. 575 and 565 Ma have been interpreted as syntectonic as they develop
a coherent and homogenous ductile deformation in contact aureoles [48,105,106,121,123]. Given the
error bars on the ages, we can actually question on their belonging to the earlier Upper Complex
structuration, or to the later stage of the Lower Complex and D1 deformation. As a matter of fact,
discussions do exist about the possible intrusive character of some of these plutons in the lower part of
the Upper Complex (e.g., The Igoudrane, Taouzzakt and Ikniwn plutons, Figures 2 and 3), while they
may display an erosive roof on which lies Upper Complex volcaniclastics (at least the upper part of the
Upper Complex). In addition, we have shown above that magmatic mushes at the origin of plutons
emplaced around 575 and 565 Ma may be at the origin of the former ignimbritic flare-ups.

In any case, we assume that between 575 and 565 Ma, syn-D1 plutons have developed in the Lower
Complex metagreywackes, both contact metamorphism and ductile deformation that we interpret
as the ongoing tectono-magmatic evolution between the Lower and Upper Complex structuration
as suggested by Tuduri et al. [48]. Possibly, the S2 cleavage refraction that developed after the main
first-order folding event may be related to this transitional stage. It also remains difficult to assess
whether some plutons were intruded within folds (e.g., the Bou Teglimt granodiorite in core of the
Imiter inlier anticline, Figure 3a) and thus after the folding event (i.e., plutons would belong to the
earlier stage of the Upper Complex) or if their emplacement played a part in the anticline structuring
(i.e., plutons would belong to the Lower Complex tectono-magmatic history). Consequently, taking
the important dioritic and granodioritic plutonism as systematically belonging to the Lower Complex
might be misleading. As well, it is not straightforward to math the change in the tectonic regime
(D1-D2 transition) with the transition between the Lower and Upper Complexes.

Therefore, we herein suggest that the reported tectonic transition must have been an ongoing
process through the Lower-Upper Complex transition, given the deformation features (cleavage, weak
upright folding) observed in the volcaniclastic rocks of the lower part of the Upper Complex in the
western Saghro and Central Anti-Atlas [29,78]. Indeed, Blein et al. [78] recall that rapid variations in
thickness of the volcanic and volcaniclastic rocks of the Upper Complex suggest they were deposited
during active tectonics and on highly variable basement (i.e., Lower Complex units) topography.
Such variations in the topography may be due to the earlier transpressive stage but also to later
extensional-transtensional tectonics. In the rest of the Jbel Saghro no clear evidence of deformation
(except cleavage) has been described affecting the lower part of the Upper Complex rocks. Note that
the “Série molassique du Dadès” described by Walsh et al. [29] in the northern Qal’at Mgouna area,
as being bedded, deformed and weakly metamorphosed in lower greenschist facies corresponds
to the tilted intra-caldera volcanic sequence which underwent propylitic hydrothermal alteration.
This formation herein belongs to the Upper Complex.
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The preservation of the same shortening direction and tectonic style (i.e., strike slip dominated)
further suggests that D2 is a continuation of D1 even though D1 was associated with transpressive
tectonics and D2 linked with transtension to extension. Eventually, the transition between the D1

and the D2 deformation regimes occurred, while the shortening direction (parallel to Z strain axis)
remained roughly constant (i.e., NWSE to WNW–ESE). However, one can note a shift in the two other
strain directions showing a decrease of the vertical extension that becomes horizontal. This explains the
numerous extensional features developed during the D2 stage (i.e., calderas formation and multiple
ore concentrations within open structures). We note that the transition from D1 to D2 must be achieved
prior the emplacement of the Thagassa IRGD around 565 Ma [48]. This transition is supposed to be
progressive and the earliest mineralisation stages, such as the ones emplaced in the Thaghassa area,
are the witnesses of this transition.

Therefore, we assume that the D1 deformation might affect the lower units of the Upper Complex.
Future works may focuse on testing this assumption. The contrasting structural levels that exist
between the Lower Complex and Upper Complex units may argue against such a continuum. However,
the combination of exhumation processes along strike-slip fault systems and of denudation history,
integrating erosion processes [180–182] provides the first elements of an answer. Moreover, ignimbrite
flare-ups and caldera formation are assumed to have been occurred rapidly as catastrophic events,
contributing unconformities between the volcaniclastic rocks of the Upper Complex and the Lower
Complex units.

5.2. The Mineralising Model

This study demonstrates the strong spatial link that exists between ore deposits and magmatism
in the Eastern Anti-Atlas. A common hypothesis for the source of the mineralisation is to involve
fluid exsolutions from intrusions. Even though we cannot demonstrate this assumption for all the
ore deposits, a progressive and continuous vein formation model that began in the magmatic stage,
developed an intermediate stage and finally ended under hydrothermal conditions is well constrained
at Thaghassa and Qal’at Mgouna. Such a model of ore formation thus involves a three-stage model as
stated in Table 1. About the economic stages, even though they were formed late during the veining
stage, they benefited from the existence of previously formed veins. This model again highlights the
significant role of the magmatism and related structures for ore deposition and concentration [183].
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Table 1. Synthetic table summarizing the magmatic-hydrothermal features of main ore deposits of the Saghro area.

The Zone des Dykes
Deposit The Qal’at MGouna District The Thaghassa Deposit The Imiter Deposit

Stage I (strong magmatic
affinities) Not expressed

Granodiorite stock
emplacement and fluid

exsolution

Alkali-granite emplacement with
quartz, K-feldspar, F-tourmaline,
F-muscovite in miarolitic cavities

and stockscheider
(400 < T ◦C < 600) 1

Aplite dyke emplacement
(500 < T ◦C < 600 ◦C) 1 Not expressed

Stage II (intermediate stage
between magmatic and

hydrothermal conditions)
Not expressed

K-feldspar and magnetite
alteration (disseminated and

in veinlet stockwork)

Strong alteration with quartz,
F-tourmaline, F-Cl-micas,

andalusite, F-Cl apatite, monazite
(250 < T ◦C < 400) 1

Quartz, K-feldspar, muscovite,
apatite, tourmaline and apatite

(T ◦C < 500) 1
Not expressed

Stage III (hydrothermal)
Quartz, adularia veins with
calcite, chlorite, sulfides and

gold (210 < T ◦C < 280) 1

Quartz stockwork with
Cl-biotite, Cl-amphibole,

muscovite, sulfides (Cu–Mo)
and gold (160 < T ◦C < 460) 1

Chlorite-rich breccias,
thenAdularia, specularite, quartz

veins with sulfides and ”gold”
(160 < T ◦C< 200) 1

Striped quartz veins filled by
quartz, sericite, sulfides and

gold (300 < T ◦C < 450) 1

Firstly, quartz-adularia veins
with silver-rich sulfides and

alloys (100 < T ◦C < 280) 1 and
then dolomite-quartz veins

with Ag-rich galena and
sphalerite (60 < T ◦C < 110) 1

1 Temperatures have been estimated using selected geothermometers applied on micas [184], chlorites [185,186], arsenopyrites [187,188], activity diagrams generated for tourmaline, albite,
andalusite, paragonite and kaolinite [189] and microthermometric data results [41,45,48,155,159,160,166,170–173]. See Tuduri [47] for details.
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• The first stage shows strong magmatic influence. It is characterised by emplacement of porphyry
stocks, aplite dykes and sills at high temperatures from 400 ◦C up to 600 ◦C. At Thaghassa, this
stage was responsible for the partial melting of the metagreywackes in response to the Ikniwn
granodiorite thermal effect and for the related genesis of leucocratic S-type haplogranitic sills.
In the Qal’at Mgouna district, this stage was responsible for the formation of stockscheider and
miarolitic cavities within sills and dykes.

• The second intermediate stage consists of magmatic-hydrothermal vein emplacement and
associated pervasive alteration. The persistence of the magmatic character is shown
by the occurrence of high-temperature alteration phases such as tourmaline, micas,
andalusite, apatite, K-feldspar with quartz. In the Qal’at Mgouna district, at Isamlal,
this stage can be compared with the classical potassic and magnetite alteration in some
porphyry type systems [190]. It is also marked by the wide pervasive development of
Al-silicate–Al-hydroxide–phosphate–muscovite–F-rich phlogopite and F-rich tourmaline
alteration, related to the late Si-rich alkali granites. K-feldspar, apatite, white mica along vein
rims are observed at the beginning of vein aperture at Thaghassa. Temperatures of formation are
bracketed between 250 and 500 ◦C.

• The third stage is hydrothermal and formed at lower temperature (60 < T (◦C) < 300) producing
gangue minerals except for the Thaghassa and Isamlal deposits where high-temperature minerals
were also formed (350–450 ◦C). This stage end with the emplacement of economic ore.

The conditions of vein formation vary depending on their location in the Lower or Upper Complex
and are reflected by variations in mineralogy and internal texture. Such variations are basically due to
different structural levels of formation. Indeed, the geometry of the mineralised structures is controlled
by tectonics, hydrostatic pressure, effective vertical stress and volcano-related effects. The Thaghassa
prospect, hosted by the Lower Complex metagreywakes, exhibits texture and mineralogy indicative of
high-temperature conditions of formation. The Zone des Dykes vein system, entirely developed in
Upper Complex ash-flow tuffs, shows internal textures consistent with low-temperature epithermal
deposits. The Qal’at Mgouna deposits are developed at an intermediate structural level. Veins hosted
by the Lower Complex rocks are related to high-temperature formation (i.e., the Isamlal porphyry
Au(–Cu_Mo) deposit) whereas those formed at shallower levels reflect low-temperature conditions
(Talat-n-Tabarought and Tawrirt-n-Cwalh districts). Tuduri et al. [154] suggest that high temperature
systems emplaced at ca. 150–200 MPa, whereas the lower temperature systems were formed at a
lower depth (20–50 MPa). The regional variations clearly document the transition from magmatic
to hydrothermal conditions, i.e., from somewhat high temperature fluids (350 ◦C and higher) at
Thaghassa and Isamlal, to lower temperature hydrothermal fluids (below 300 ◦C) at the Zone des
Dykes and Imiter.

For all ore deposits described in this study, the Ag and Au economic concentrations (with Cu,
Zn, Pb) correlate with ore-forming fluids with moderate to high salinity. This is consistent with
transport by chloro-complexes and confirms the importance of brines in such ore formation. If brines
are frequent in the formation of porphyry copper deposit [183,191] and probably IRGDs [64,68], their
role in intermediate sulfidation epithermal systems remains a matter of debate. In large Mexican
epithermal silver deposits of intermediate sulfidation state, Wilkinson et al. [26] suggested that the
ore forming fluids, were injected into a geothermal circulation system in response to the ascent of
a magmatic intrusion. Such hydrothermal diapirs would be sourced from a stratified hyper-saline
brine reservoir, formed in response to incremental exsolution of magmatic fluid, and intense brine
condensation at depth, with halite precipitation, being stored above the source magma reservoirs [26,
192,193]. By contrast, Essarraj et al. [40,41,49] suggested that the ore-forming fluids were related to
deep-basinal sedimentary brines and that metals had no genetic relationship with Neoproterozoic
magmatism, on the basis of numerous deposits they investigated in the Eastern and Central Anti-Atlas.
They suggested that ore brines resulted from evaporatively concentrated seawater in Triassic basins
producing hot basinal brines, comparable with conditions for Mississippi Valley-Type (MVT) deposits.
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We here suggest that all ore deposits described above are related to the Ediacaran
magmatic-hydrothermal complex emplaced from 575 to 530–520 Ma. The concept of stored hypersaline
brines is emphasised following Scott et al. [193]. Nevertheless, while a magmatic origin of such
stored brines is obvious, the origin for Ca-rich brines has yet to be defined. Though such Ca-rich
brines may derive from magmatic processes, they are also widespread in the deeper parts of many
sedimentary basins and involved in ore forming processes [194,195]. This is, pro parte, the reason why
Essarraj et al. [40,41,49] support a deep-basinal sedimentary brine model in the Anti-Atlas. Surprisingly,
they do not support an Ediacaran model for such a model but a more recent one that is Permo-Triasic
in age. Nevertheless, prior and during the early stage of development of the SLIP that characterise the
Upper Complex and the related ore deposits, periods that roughly belong to the Ediacaran Gaskiers
glaciation on the West African Craton and around [196,197], would have occurred between 595 and
565 Ma in the Anti-Atlas [198]. Such evidence may also point to a possible contribution of natural
cryogenic brines in the ore forming processes. Indeed, according to the Starinsky model of evolution
of a marine-cryogenic basin [199], these brines usually are seawater-derived and also enriched in Mg,
K, Na, Ca, Cl, SO4 and Br, even if they may have been heavily modified by fluid–rock interactions
and(or) dilution [200]. Future studies would have to address the possible role of Ediacaran glaciations
on the ore-forming processes in the Anti-Atlas.

The age of the mineralisations in the Jbel Saghro remains poorly constrained due to the lack of
absolute dating. Nevertheless, we can assume that the transtensional regime characteristic of the
Upper Complex provided extensional structures for melt and fluid circulations that are favourable for
magmatic-hydrothermal ore forming processes. This period of time (575–550 Ma and 550–520 Ma) was
suitable for ore emplacement as suggested above. We thus assume that most of the mineralised systems
may have been emplaced between ca. 575 and 520 Ma. Indeed, these ore deposits seem to have been
emplaced when tectonic regime changes at the transition between the Lower and Upper Complexes
and when the typical medium-K calc-alkaline arc magmatism became more abundant in between
580 and 570 Ma. Some porphyry Au(–Cu–Mo) deposit may have been emplaced earlier around
575 Ma. In the Sirwa mountains belonging to the Central Anti-Atlas, Cu–Mo ± Au mineralisations
associated with high-K calc-alkaline intrusions are also assumed to have been formed between
575 and 560 Ma [59,201]. Similar ages are also suggested in the vicinity of Bouskour where Re/Os
analyses on molybdenite related to a Cu-rich mineralised stage, yield a weighted average age of
574.9 ± 2.4 Ma [103]. Further, the Thaghassa deposit displays strong similarities with the earlier base
metal assemblage observed at Imiter and Tiouit [43,45,47,48,51]. Indeed, in the Tiouit gold deposit,
the ore body is closely associated with the Ikniwn granodiorite dated at 564 ± 6 [48]. At Imiter,
40Ar/39Ar dating on sericites related to the earlier base metal sulphide veins range from 577 ± 4 to
563 ± 5 Ma, in good agreement with the synchronous Taouzzakt granodiorite dated at 572 ± 5 Ma and
the Thaghassa model of emplacement (U-Pb radiometric ages on zircon, [48,51]). The intermediate
sulfidation epithermal Au(–Ag–Cu–Pb–Zn) deposit of the Zone des Dykes may have been emplaced
during lull periods soon after the emplacement of the second ignimbrite flare-up and related huge
dyke swarm in the western Saghro (around 560 Ma). Similarly, the huge intermediate sulfidation
epithermal Ag(–Hg–Pb–Zn) deposit at Imiter may have been emplaced following the third ignimbrite
flare-up around 550 Ma. This assumption adopts the age alreadyproposed for the Imiter mineralisation
on the basis of absolute dating of felsic volcanism at 550 Ma [45,51,101]. Lastly, we suggest that the
intermediate to low sulfidation epithermal Au–Ag–Te deposits were emplaced later when magmatism
became less abundant, more silicic and alkaline between 550 and 530–520 Ma [74,107,108]. This is
supported by the fact that some late rhyolitic dykes do not cross the Cambrian boundary while they
cut across mineralised structures, at Qal’at Mgouna for example (Figure 9a)
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5.3. Implication of the Tectonic Regime Changes for the Late Neoproterozoic—Early Cambrian Geodynamic
Evolution and Ore Deposit Emplacement

In the light of our results, a geodynamic evolution model is proposed (Figure 13), showing the
spatial and temporal distribution of metal deposits in the Eastern Anti-Atlas that may be reasonably
extended to the whole Anti-Atlas. Considering the tectonic and metallogenetic framework at the
scale of the Anti-Atlas regional scale, we suggest a first-order influence of subduction dynamics
on the shift with time of metal concentrations and ore deposit types in the Anti-Atlas. In our
scenario (Figure 13a,b) and according to Walsh et al. [29], the 615–575 Ma period is characterised
by an Andean-type subduction of a wide continuous slab along the northern Gondwana margin (i.e.,
the currently northern side of South America and Africa). This long period of subduction (ca. 40 Myr)
probably occurs because the large slab width (>2000 km) increases the viscous resistance of the mantle
on the slab [202]. In that model, oceanic lithosphere subducts beneath the continental lithosphere that
progressively becomes thicker due to the presence of the West African Craton. Suction between ocean
and continent increases, favouring slab flattening and mantle wedge closure [203].
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Figure 13. Compiled lithospheric-scale reconstructions (a–e) of the Pan-African/Cadomian belt systems
from the West African Craton foreland to the Iapetus oceanic domain showing the possible progressive
slab retreat since ca. 575 Ma to 500 Ma as suggested in text. Zones of partial melting in both the
subcontinental lithospheric mantle (SCLM) and the lower crust, as well as the zones of storage and
transfer of melts are shown in red. Kinematic vectors related to the West African Craton drifting are
from Merdith et al. [204] using the GPlates software [205]. The palaeotectonic map reconstruction of
Gondwana (f) has been realised using the GPlates software and the global plate models with kinematic
continuity of Domeier [206].

Both slab flattening and probably relatively high convergence rate control the D1 deformation in
the overriding plate. A subduction vector (Figure 13b) oblique to the continental margin may explain
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the overall transpression regime that characterises the Lower Complex. Indeed, the lack of nappes,
fold nappes, mylonitic fabrics and metamorphic gradient preclude a continental collision setting in
that period. Possibly, a volcanic arc accretion event may locally emphasize this deformation. Melt
generation remains limited given the restricted size of the mantle wedge while their ascent may occur
when regional or local extensional regime occurred (Figure 13a,b). Ore forming processes are limited in
this setting as they depend on the generation and ascent of fertile melts. However, melts produced and
stored at depth in the MASH (melting, assimilation, storage and homogenization) zone may become
more fertile in the following stages.

From 575 Ma, the ongoing evolution of the flattened subduction of oceanic beneath cratonic
lithospheres causes a dynamic push on the slab surface [203]. This occurs as the rate of wedge
closure increases, pushing the slab backward and initiating slab roll-back and high-volume magmatic
production (Figure 13c), ultimately leading to the first ignimbrite flare-up. Ongoing slab roll-back along
with tectonic regimes becoming more extensional initiate the second, and then the third ignimbrite
flare-ups (Figure 13d). Slab tearing and (or) breakoff provide important asthenospheric flow that
probably catalyse partial melting of both the asthenospheric mantle wedge and subcontinental
lithosphere mantle (SCLM). The latest alkali magmas are assumed to have been emplaced at an
extensional stage related to the Adoudounian rift in the Western Anti-Atlas [87,106] that corresponds
to a back-arc setting. Such ongoing extensional tectonics [206,207] will ultimately result in the opening
of the future Rheic Ocean (Figure 13e,f).

A collision then post-collision scenario cannot be applied to the Anti-Atlas region between 615 and
520 Ma, since subduction do not cease in our model but progressively migrate towards lower latitudes
(Figure 13). Eventually, such subduction dynamics determine the dominant stress regime in the
overriding plate, which influences the metals mobilization in the MASH zone and, their ascent through
the crust, and thus controls the distribution of resulting metal occurrences [208–212].

According to Tosdal and Richards [211], most of the mineralised structures are suggested to have
formed during the D2-related transtensive regime caused by shortening in a WNW–ESE direction
and extension along the NNE–SSW direction (Figures 12c and 13c–e). In our interpretation, porphyry
Au(–Cu–Mo) and intrusion-related gold deposits are emplaced earlier than the first and(or) second
ignimbrite flare-ups (i.e., 575 and(or) 565 Ma). Intermediate sulfidation epithermal Au, Ag deposits
may be emplaced during lull periods after the second and (or) the third flare-ups (i.e., 560 and(or)
550 Ma). Compressive structures are indicated in the Zone des Dykes and Imiter districts, as the result
of likely a specific structures geometry with respect to the shortening direction. Intermediate to low
sulfidation epithermal Au–Ag–Te deposits are emplaced late and in relation with the felsic alkaline
magmatic stage (550–520 Ma).

We have stressed here the existence of a long period of magmatism, i.e., over a 95 Myr duration,
which is characterised by an increase in produced magmatic volumes, probably in response to
geodynamical controls, marked by a late magmatic paroxysm in the form of several ignimbrite
flare-ups over a shorter duration of ca. 25 Myr. Such long-lived magmatic activity is paralleled by a
tectonic progressive evolution from beginning within transpression conditions to transtension then
extension, allowing the mineralisations to take place.

At the regional scale, we may question a possible diachronism of the magmatic activity between
the western Bou Azzer and Siroua and the eastern Saghro inliers (Figure 2). Indeed, the main volcanic
event occurred between 580 and 560 Ma in Bou Azzer, Siroua and western Saghro inliers. In the
central and eastern Jbel Saghro area, volcanic rocks as reported are somewhat younger and mostly
dated between 570 and 550 Ma from west to east [51,74]. This suggests that the main volcanic stage
progresses toward the east along with the D2 tectonic regime. If we compare with the Sierra Madre
Occidental as a model of large silicic volcanic province [14,147,148,213], the widespread ash-flow tuff
deposits of the Anti-Atlas domain should be emplaced as ignimbrite flare-ups and are correlated with
progressive and diachronic formation toward the east of caldera collapse structures, broadly oriented
E–W to NW–SE. This volcano-structural framework developed coevally with a transtensive tectonic
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regime characterised by both NNE–SSW extension and WNW–ESE shortening. In terms of melting
processes, the main controlling factor in the generation of such a SLIP is a crustal setting located along
a long-lived active subduction zone that evolves into a post-subduction domain via slab-roll back
processes. According to Bryan and Ferrari [14] and Ernst [12], a huge thermal pulse is at the origin of a
large-scale crustal anataxis of fertile and hydrous lower-crustal materials as well as metasomatised
subcontinental lithospheric mantle. Flare-up models are in part inherited from the late evolution of arc
settings that underwent slab-roll back, slab-breakoff and slab-window [14,147,148,214], as propoded
here and correlated with the D1 and D2 tectonic model (Figure 13). Because they represent transient
events of high magmatic fluxes from the mantle [215], volcanic flare ups are considered here as highly
potential for Ag(–Au) economic deposits emplacement.

6. Conclusions

We document in this paper a long-lived tectono-magmatic event that produced two main
litho-structural units we refer to as the Lower and Uper Complexes, respectively. The Lower Complex
is coeval with the main Pan-African D1 deformation consisting of a transpressive regime responsible
for folding, faulting and pluton emplacement under the effects of a NW–SE to WNW–ESE direction
of shortening from 615 to 575 Ma. The Upper Complex is characterised by the emplacement of large
volumes of ash-flow tuffs and volcanoclastic rocks and related intrusions. These were linked with the
formation of ash-flow caldera structures which are uncommom examples of preserved Precambrian
ash-flow calderas.

Ore deposits (porphyry, intermediate and low sulfidation epithermal deposit types, and IRGD)
show strong spatial and temporal relationships with the emplacement of the widespread magmatic
units belonging to the Upper Complex. For each ore deposit, fluid circulations associated with plutonic
and/or volcanic systems can be invoked to be at the origin of the genesis of economic paragenesis.
We suggest that magmatism of the Upper Complex and ore concentrations were both coeval with a D2

deformation stage (575–540 Ma) and were controlled by the same transtensive tectonic regime under
the effect of a nearly WNW–ESE shortening direction.

Despite an incomplete record by absolute datations, we infer that the Jbel Saghro was affected
over a long period of time (i.e., 95 Myr) by successively magmatic, magmato-hydrothermal and
hydrothermal events which formed a large mineralised province with substantial economic potential.
Previous authors have already envisioned such a long period of magmatism and hydrothermalism in
the area [29,47,74]. We further defend such a view and contend the Jbel Saghro province compares
in this respect to numerous examples of large magmatic-related mineralised systems documented
elsewere during the Archaean to Caenozoic times. It may be questioned whether the particular
longevity of the magmatic activity in areas dominated by transpressive and transtensive tectonics
could be related to the specific behaviour of ancient continental domains in which tectonics are
dominated by vertical forces and are linked with especially huge magmatism [216–218]. This debate
is currently open and our results illustrate one additional example of long-lived tectono-magmatic
event that characterises the late Precambrian in this part or the African continent. Considering the
large volume of ash-flow tuffs that crop out in the Western, Central and Eastern Anti-Atlas and their
long-lived magmatic activity (575–550 Ma), we infer that the whole Anti-Atlas area (i.e., 700 km
long) belongs to a continental silicic large igneous province as defined by Bryan and Ferrari [14],
and Ernst [12], and emplaced in a subduction to post-subduction setting and that may be linked to
a wide area including the Cadomian segments [28,206,207,219]. Anyway, our results offer further
evidence that the majority of metal deposits in the Moroccan Anti-Atlas could be formed during the
Neoproterozoic times coevally with the tectonic and magmatic evolutions in this period. They also
demonstrate that structural geology can provide relevant constraints for debating the age and mode of
formation of ore deposits, specifically in the context of a large silicic magmatic provinces.
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