

  minerals-08-00435




minerals-08-00435







Minerals 2018, 8(10), 435; doi:10.3390/min8100435




Article



The Hajjar Regional Transpressive Shear Zone (Guemassa Massif, Morocco): Consequences on the Deformation of the Base-Metal Massive Sulfide Ore



Safouane Admou 1,2,*, Yannick Branquet 2,3, Lakhlifi Badra 1, Luc Barbanson 2, Mohamed Outhounjite 4, Abdelali Khalifa 4, Mohamed Zouhair 4 and Lhou Maacha 4





1



Département des Sciences de la Terre, Faculté des Sciences, Université Moulay Ismaïl de Meknès, B.P. 11201 Zitoune Meknès, Morocco






2



Institut des Sciences de la Terre d’Orléans (ISTO), Université Orléans, CNRS BRGM UMR7327, Campus Géosciences 1A, rue de la Férollerie, 45071 Orléans, CEDEX 2, France






3



Géosciences Rennes (GR), Université de Rennes 1, CNRS UMR6118, Campus de Beaulieu, CS 74205, 35042 Rennes CEDEX, France






4



Groupe MANAGEM, Twin center, Tour A, BP 5199, Casablanca, Morocco









*



Correspondence: admou.safouane@gmail.com







Received: 30 June 2018 / Accepted: 2 October 2018 / Published: 7 October 2018



Abstract

:

The genesis of the base-metal massive sulfide deposits hosted within the Moroccan Hercynian Jebilet and Guemassa Massifs is still under debate. No consensus currently exists between the two models that have been proposed to explain the deposits, i.e., (1) syngenetic volcanogenic massive sulfide mineralization, and (2) synmetamorphic tectonic fluid-assisted epigenetic mineralization. Conversely, researchers agree that all Hercynian massive sulfide deposits in Morocco are deformed, even though 3D structural mapping at the deposit scale is still lacking. Therefore, while avoiding the use of a model-driven approach, the main aim of this contribution is to establish a first-order structural pattern and the controls of the Hajjar base metal deposit. We used a classical structural geology toolbox in surface and subsurface mining work to image finite strain at different levels. Our data demonstrate that: i) the Hajjar area is affected by a single foliation plane (not two) which developed during a single tectonic event encompassing a HT metamorphism. This syn-metamorphic deformation is not restricted to the Hajjar area, as it is widespread at the western Meseta scale, and it occurred during Late Carboniferous times; ii) the Hajjar ore deposit is hosted within a regional transpressive right-lateral NE-trending shear zone in which syn- to post-metamorphic ductile to brittle shear planes are responsible for significant inflexion (or virgation) of the foliation yielding an anastomosing pattern within the Hajjar shear zone. Again, this feature is not an exception, as various Late Carboniferous-Permian regional scale wrenching shear zones are recognized throughout the Hercynian Meseta orogenic segment. Finally, we present several lines of evidence emphasizing the role of deformation in terms of mechanical and fluid-assisted ore concentrations.
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1. Introduction


Most Volcanogenic Massive Sulfide Deposits (VMSDs) are assumed to form within extensional and subsiding basins during both divergent and convergent plate tectonic settings (e.g., [1]). As a result, in convergent settings leading to continental collision for instance, many VMSDs underwent deformation, burial, and metamorphism. During these transformations, syngenetic massive sulfide bodies (e.g., stratoid lenses, chimneys and stockwerks) were reworked, and primary metallic bearing mineral assemblages may have been remobilized (e.g., either depleted or enriched). For this reason, the deformation and (re)mobilization of the primary sulfide concentration is a fundamental and economic matter which has been recognized and studied for a long time (e.g., [2,3,4,5,6]).



However, in spite of recent advances in modern textural (e.g., electron backscatter diffraction coupled to chemistry) and opaque mineral strain characterization (e.g., [7,8,9,10]), it still remains difficult for economic geologists dealing with deformed VMSD to decipher the respective parts of primary syngenetic vs. epigenetic mineralizing processes. As a result, metallogenic models of very large base metal concentrations all over the world are still ambiguous and under debate.



Currently, the genesis of polymetallic base-metal massive sulfide deposits (MSD) from the western Meseta domain in Morocco are currently under debate. This debate is particularly relevant for MSD from the Central Jebilet unit (Figure 1), e.g., the Kettara, Draa Sfar, Koudiat Aïcha, and Lachach deposits. Many authors consider these MSD as metamorphosed and deformed primary VMS and/or sedimentary exhalative (SEDEX) deposits [11,12,13,14,15,16,17]; however, other authors argue for a fluid-assisted syn-metamorphic origin during the major Hercynian deformation event [18,19,20,21,22]. In contrast, the Hajjar MSD located in the Hercynian Guemassa Massif (Figure 1) is considered as a metamorphosed and deformed syngenetic VMS/SEDEX deposit [12,23,24,25]. Although Hajjar shares many similar geological and mineralogical features (e.g., predominance of pyrrhotite) with the Central Jebilet MSD to the north, the hypothesis of either an epigenetic or a syn-metamorphic origin has not yet been put forward.



Since the pioneering works of Hibti (1993) [23] on the Hajjar MSD, very few studies dealing with the structural controls of this ore deposit have been carried out and published in the international literature. However, on a larger scale, much thermal and geochronological data dealing with the tectono-magmatic evolution of the western segment of the Hercynian Meseta have been published [26,27,28]. Therefore, using data collected from new outcrops, the aim of this work is to complete the Hajjar MSD structural dataset and to re-evaluate the structural context and controls; this is a prerequisite to being able to have a potential syngenetic vs. syn-metamorphic debate, if required. Our approach is to perform structural mapping at each subsurface exploitation level, yielding a 3D view of the deformation pattern. This pattern is then compared to the structural map of the surface outcrops in the Guemassa Massif.




2. The Hajjar Geological and Ore Deposit Framework


The Hajjar MSD is located in the southern part of the Hercynian Occidental Meseta in Morocco, within the Guemassa Massif south of Marrakech (Figure 1). The Guemassa Massif is composed of metasediments, metavolcanites, and intrusions, all of which are Carboniferous in age (see [29,30,31]) for a detailed description of the volcano-sedimentary series). Massive sulfide lenses (and scarce magnetite bodies) are found and exploited within this volcano-sedimentary sequence [12,23] and references therein). The Hajjar mineralization corresponds to sub-lenticular bodies of various sizes containing 50–75% vol. pyrrhotite, with sphalerite, galena, chalcopyrite, pyrite, and arsenopyrite as the related major ore minerals. The tonnage is about 20 MT of ore with grades of 8% Zn, 2.3% Pb and 04–0.6% Cu [32]. The Hajjar MSD have been classified as an intermediate type between SEDEX and VMS deposits such as the Iberian Pyrite Belt giant deposits, within the “Guemassa-Jebilet” sub-type owing to its high content in pyrrhotite [25]. In the Hajjar MSD, the primary economic massive mineralization is assumed to form in a Visean basin in which an intense syn-sedimentary volcanism occurred [12,23,25]. Like the other MSD of the Occidental Meseta, the Hajjar MSD is strongly folded, faulted, and metamorphosed, which makes it difficult to recognize syngenetic/diagenetic structures and textures.



Based on the literature, the Guemassa rocks were deformed and metamorphosed during several tectonic/thermal events which affected the Guemassa Massif area [23]: i) a D0 syn-sedimentary event at the Visean-Namurian with slumps, intraformational breccias attesting to slope instabilities in the basin. These syn-sedimentary structures are encountered both within host rocks and sulfide mineralized bodies; ii) a D1 event corresponding to the incipient Hercynian deformation and responsible for a steep NW-SE foliation (S1) in the Oriental Guemassa associated with folding under regional greenschist facies metamorphic conditions. It should be noted that S1 cannot be observed clearly within the Hajjar MSD; iii) a D2 Hercynian tectono-thermal event with P2 folds and associated S2 planar cleavage oriented NE-SW under low-grade metamorphism with sericite. S2 is the predominant foliation observable in the Hajjar mine; and iv) finally, a post-kinematic thermal event, likely related to “hidden plutons”, responsible for the crystallization of static biotite porphyroblasts with cordierite and andalousite locally described at Hajjar. In this ore deposit, this thermal event has been dated using “hydrothermal” biotite at ca. 301 Ma [33]. Moreover, for Carboniferous times, the Guemassa Massif is affected by intense multiscale ductile to brittle faulting [34,35], with probable components of Atlasic reactivation during the Tertiary High Atlas orogen (the Guemassa Massif is 15 km to the north of the Atlasic thrusting front, Figure 1B). On a structural map (Figure 1B), these faults and shear zones cross-cut and delineated several blocks within the Guemassa Massif. In the Oriental Guemassa, in which the Hajjar mine is located, the N’Fis block appears to present a peculiar “anarchic” foliation orientation with respect to the bulk NNE-trend of the main Hercynian foliation in the western Meseta domain. These “anarchic” foliation orientations have been explained by deflection or virgations (here defined as a bulk inflexion of foliation plane trajectories) induced by conjugate shear zones during or shortly after a broad E-W-oriented D1 shortening [34,35]: the dominant and earlier shear zones are dextral and trend ENE–WSW (e.g., the Imi-In-Tanout Fault, the eastern branch of the Amizmiz Fault, and the Guemassa Fault, Figure 1B), whereas WNW-ESE-trending shear zones are sinistral, such as the Lalla Takerkoust Fault (Figure 1B). This “virgation model” is compatible with a W–E horizontal shortening, in contrast to Hibti’s hypothesis (1993) [23], which argued for a NE–SW horizontal shortening during the D1 event (cf. supra).



The geology of the Guemassa Massif is similar to the Central Jebilet domain (Figure 1B). Both Massifs host the major MSD of the Occidental Meseta. Thus, recent advances in the tectono-metamorphic and magmatic history of the Jebilet [26,28] may help better constrain the Guemassa Massif evolution. Based on petro-structural data, new absolute dating and thermal investigations, these authors improve the time constraints and the succession of the deformational events as follows: i) from 370 to 325 Ma (D0 of Delchini, 2018 [26]), the Jebilet area was a basin filled with syn- to post-rift sediments (the Sarhlef and Teksmin formations, respectively) intruded by shallow sills and dykes and deeper plutonic laccoliths originating from a tholeitic bimodal magmatism (e.g., the mafic/ultramafic Kettara and Sarhlef intrusions) and from a calc-alkaline magmatic suite (e.g., the Oulad-Ouaslam granodiorite) respectively; ii) from 325 to around 310 Ma, a first Hercynian event (D1) is marked by the emplacement of shallow thin skinned nappes with syn-sedimentary breccias. The internal strain is very low and no regional foliation/cleavage (S1) is reported; iii) from ca. 310 Ma to 280 Ma, the main Hercynian deformation (D2), which is polyphased and characterized by a first regional metamorphism (M2a), locally reaches the amphibolite facies (Grt-St) and a second HT/BP “contact” metamorphism in the syn-to post tectonic hornfels facies (M2b, biot + Crd + And) is associated with the leucogranite emplacement around 295 Ma. The successive foliations (S2a and S2b), sub-vertical and oriented N0/30, marked a homoaxial progressive and continual strain regime from a coaxial to a non-coaxial transpression with a broad horizontal NW-SE-trending shortening axis. Last, the D2 increments correspond to a right-lateral transpression accommodated and located along the vertical and conjugate ductile shear zones as the sinistral MSZ (Figure 1B). Therefore, the tectonic scenario proposed by Hibti (1993) [23] for the Guemassa which implies strain axis rotation between D1 and D2 and post-tectonic HT/LP metamorphism diverges from the one proposed by Delchini (2018) [26] for the Jebilet domain.




3. Surface Structural Data


The surface outcrops of the N’Fis block and Souktana Massif have been mapped and studied in terms of the strain analysis and micro-tectonics (Figure 2 and Figure 3). The lithologies encountered are pelites alternating with sandy- to pure limestones intruded by felsic and basic sills and dykes (Figure 2). Major volcanic rock bodies correspond to rhyolitic domes and plugs.



Many outcrops of the Imarine Massif present soft-sediment deformation as slumps and convolutes (Figure 3A,B), suggesting slope instabilities within syn-rift sediments. These soft sediment structures are cross-cut by a sub-vertical foliation (S1) which is often oblique with respect to the axial plane of isoclinal folds (Figure 3B). This suggests that most isoclinal and disharmonic folds are slumps, and therefore, that they pre-date the development of the planar axial foliation. This S1 foliation is well-developed though the N’Fis block, with a sub-vertical dip and a NW-SE orientation (Figure 2). This widespread S1 planar fabric corresponds to a P1 axial planar cleavage (Figure 3C), and locally transposes the bedding planes (S0//S1, e.g., Figure 3D).



Locally, the NW-trending S1 is marked by elongated and aligned biotite porphyroblasts, parallel to the stretching of pyrrhotite grains (Figure 3D), suggesting a syn-tectonic growth of biotite. No stretching lineation has been observed in the N’Fis block. Decimeter-scale sinistral WNW to NW-trending vertical ductile shear planes, occurring sparsely and slightly oblique to S1, are responsible for the local deflection of the S1 planes in the Imarine outcrops (six observations plotted on the stereogram, Figure 2). Brittle faults and joints show a predominant NE-trending orientation with a sub-vertical dip (Figure 2). Due to unfavorable rock materials, the precise kinematics of brittle faults are difficult to establish, which enable the reconstruction of the paleo-stress using the right dihedral method, for instance. However, when it can be observed, the apparent map offsets of the NE-trending decimeter-scale faults indicate a dominant dextral sense of shear.



Finally, the Tiferouine outcrop (Figure 2 and Figure 3E) shows a N70-trending gossan which corresponds to the weathered part of a magnetite-bearing body recognized at depth [12]. The supergene alteration appears to overprint an early cataclasite. Along and within the cataclased mineralized body, the S1 foliation orientation is strongly disturbed (Figure 3E), suggesting drag folding along a right-lateral N70-trending wrench fault (also, see Figure 2 for a map view of the drag folding in the Tiferouine area).




4. Sub-Surface Structural Data from the Hajjar Deposit


Five mine levels have been mapped in the Hajjar deposit (Figure 4). Moreover, we selected two peculiar cross-sections along the galleries to present the meso-scale structures (Figure 5 and Figure 6). The micro scale structure and texture data are summarized in Figure 7 and Figure 8.



4.1. Strain Pattern and Meso-Scale Structures


Bedding, foliation, and shear planes have been reported at each exploitation level within either host rocks or mineralized bodies (Figure 5). Due to the exploitation, the mineralized bodies are not all accessible yet, and foliation data from Hibti (1993) [23] were used to interpolate the S1 trajectories. The micro petro-structural description of the foliation and shear planes are presented below in the following sections within both host rocks and ore.



The resulting maps show that in the Hajjar MSD, the S1 foliation is near vertical and trends from N0 to N45. With respect to the surface data from the N’Fis block (Figure 2 and Figure 3), NW-oriented foliation has not been measured. The interpolation of the bedding trace emphasizes large-scale tight folding which affects both ore bodies and host rocks. The mineralized bodies have been mapped considering historical grade cut-offs for the exploitation. Geologically, the margins of the ore bodies are much less sharp than those shown on the maps provided in Figure 4. Despite this, the ore body morphologies are distributed among various shapes from a group of lensoid decametric bodies to multi-lobate and “dendritic” shapes (e.g., CP in Figure 4C). It is noteworthy that most of the lensoid decametric bodies, often distributed in clusters, are elongated parallel to the local foliation (e.g., CEWD, CWD, CP in Figure 4D,E).



The brittle deformation marked by fault offsets and joints makes it difficult to locally follow the ductile foliation and shear planes. This brittle deformation is marked by large cataclasite zones (thick lines in Figure 4) with different apparent kinematics that indicate complex and likely diachronous activities. Even though these polyphased cataclasite zones are very important for the continuation, exploration, and production of ore bodies, they require a specific structural study which is outside the scope of this paper which focuses on Variscan ductile strain.



Ductile strain is marked by foliated zones that are heterogeneously distributed, suggesting strain localization in corridors between less deformed areas (Figure 4, Figure 5A and Figure 6A). The strain pattern presents two types of high strain corridors (indicated in Figure 4B): N to NNE-trending and NE to ENE-trending strain corridors.




4.2. The N to NNE-Trending High Strain Corridors


These corridors have been almost fully mapped at all exploitation levels (Figure 4). Two types of strain corridors can be distinguished: the first is characterized by dominant reverse shear planes and folds with an axial planar cleavage S1 (called a “reverse corridor” below, Figure 5A–E), whereas the second corresponds to the development of a strong and penetrative S1 foliation with horizontal stretching lineation without the occurrence of reverse shear planes (called a “flattening corridor” below, Figure 6).



Within reverse corridors, shear planes present dominant reverse rather than strike-slip kinematics. In the map view (Figure 4), the obliquity between S1 and the shear planes, which seems to indicate a sinistral sense of shear, is an artifact as the strike-slip component which is low and dextral when it is observed. The noticeable meso-scale structures are: i) eastward verging thrusts and decollements, most of time using a weak pyrrhotite-rich layer/body as the sole, which is near-parallel to the bedding in the foot-wall (Figure 5A–C). The associated folds in the hanging-walls developed an axial-planar cleavage S1. Typical meter-scale detachment folds, with thickening of the sulfide-rich decollement level, are frequent (Figure 5C), which might explain the “corrugation” observed along the decollement plane (Figure 5B); ii) the high strain corridors are characterized by the development of an intense foliation associated with similar upright NS-oriented folds (Figure 5A and D) which are frequently in association with reverse shear bands responsible for “pop ups” (Figure 5E). Local evidence of the oblique-slip component is provided by oblique stria, the “pop ups” then corresponding to dextral positive flower structures (Figure 5E).



Within the flattening corridors where thrusting is not observed, bedding marked by sulfide-rich ribbons is fully overprinted by the S1 foliation which bears a horizontal NS stretching lineation (Figure 6A). With increasing strain, the rock color changes to a very dark and black tint. To the west, a massive sulfide body is exploited (CEWD). This body is not continuous as it is instead composed of several distinct massive sulfide lenses aligned parallel to S1. The termination of the sulfide lenses is wavy due to the occurrence of small-scale folds of sulfide ribbons or host rocks. This sulfide lens morphology is frequently observed throughout the mine (e.g., Figure 8D). Near the termination, these lenses integrate clasts of host rocks (Figure 6). Cm- to dm-thick veins are abundant along the high strain corridor (Figure 6A). Locally, tips of massive sulfide lenses present triangular veins (or “saddle reef”) at a “triple junction” position with respect to the foliation (Figure 6).




4.3. The NE to ENE-Trending High Strain Corridors


They are typical dextral shear zones, as indicated by drag folds in map view and obliquity between the near vertical S1 and the ductile shear planes (Figure 4 and Figure 5F). The lineation is horizontal along the shear planes which often presents a graphitic/silvery mirror surface. The angle between S1 and the shear planes may be very low to null thus defining a mylonitic foliation locally (e.g., Figure 4C). These dextral shear planes, steeply dipping and trending NE to ENE (Figure 4), may present brittle characteristics as a gouge zone at the outcrop scale (Figure 5G). In the gallery, this type of high strain corridor is generally responsible for slope/wall instabilities, which makes access, oriented sampling, and structural data collection difficult, particularly where the strain corridors intersect large ore bodies (e.g., northern border of the CNE mineralized body, Figure 4C).




4.4. Microstructures and Textures in the Host Rocks


Oriented thin sections were taken from the Hajjar MSD, especially from the N to NNE-trending high strain corridors described above.



The primary lithologies and associated syn- or diagenetic hydrothermal halos have been metamorphosed and/or altered. This metamorphism appears to be better expressed in high strain corridors, i.e., when the S1 foliation planes are densely represented (e.g., Figure 6A). Two metamorphic assemblages can be distinguished in the metapelites. The first one is comprised of quartz + biotite + andalousite (± calcite). (Figure 7A,C,D). Cordierite has not been observed, but the shape of some porphyroblasts replaced by white mica aggregates indicate the presence of this mineral (e.g., Figure 8E). The second assemblage is made of quartz + chlorite + muscovite (± carbonate). This last assemblage can also be observed in sandy-pelites with sulfide-rich ribbons, where it post-dates and locally replaces the biotites (Figure 7B). Foliation-parallel veinlets are filled with quartz and large biotite crystals associated with calcite in the geodic cavities (Figure 7A).



In areas where the foliation is weakly developed, biotite and andalousite porphyroblasts show a granoblastic “static” texture with a very subtle preferred orientation locally (Figure 7A). With increasing strain, biotite porphyroblasts are generally coarser and present a preferred orientation parallel to the fine-grained S1 foliation, a planar axial surface with micro-folds (Figure 8C). In high strain zones, pressure shadows and strain caps are found around some biotite and andalousite crystals (Figure 7C to F), whereas other biotite crystals remain nearly free of foliation deflection (e.g., a biotite crystal growing around a sphalerite core in Figure 7C). The pressure shadows are generally composed of quartz, muscovite, and chlorite, i.e., the same assemblage constituting the fined-grained foliation (Figure 7D,E). Asymmetric pressure shadows around biotite are common in flattening corridors attesting to a non-coaxial regime, at least locally (e.g., dextral in the CEWD outcrop, Figure 6, Figure 7E,F). Therefore, in high strain and non-coaxial zones, biotite crystals appear as pre-tectonic prophyroblasts, suggesting severe non-coaxial strain increments after the HT/LP metamorphism peak.




4.5. Microstructures and Textures in Sulfides


The internal ductile/plastic strain of the sulfide ribbons and bodies is widespread and high in the Hajjar MSD. This is particularly due to the high content of pyrrhotite within the ore.



Associated with folding, the S1 axial planar cleavage is marked by flattened sulfide ribbons within the XY plane with refractions and hinge thickening (Figure 8A,B). The preferred interpretation is that a refraction mechanism is responsible for this rather than a “bed to bed” flexural slip, because no shear planes have been observed in quartz (Figure 8B). Normal thin sections with XY planes cannot be used to characterize a preferred stretching X direction with respect to the 3D sulfide micro-lens dimensions. Therefore, the strain ellipsoid is mainly oblate and the strain regime is close to pure flattening. In greater detail, different rheological behaviors of the sulfides are expressed along S1, with pyrrhotite behaving much more plastically than chalcopyrite and sphalerite (Figure 8B), which present both a “ductile” and brittle response to the stress. Frequently, the sulfide micro-lenses present an “X-shape” or “chromosome-like” morphology (Figure 8A,C). The elongated sphalerite grains surrounded by pyrrhotite within a foliated silicate matrix (Figure 8C) suggest that the conjugate effects of folding, recrystallization, and rheological contrasts explain this “X” morphology. As mentioned above, this peculiar “X-shape” morphology is also encountered at a larger scale in the edge and tip areas of massive ore bodies (Figure 6 and Figure 8D).



In many places at the Hajjar MSD massive sulfide bodies present an internal planar fabric. Three types of fabrics can be distinguished: i) a planar fabric parallel to the S1 foliation within the host rocks (Figure 8D). In this case, the fabric corresponds to flattened pyrrhotite grains (with various chalcopyrite, sphalerite and galena contents), separated by elongated metamorphic silicate slices/lenses (Figure 8E). The metamorphic assemblage is represented by chlorite and white micas replacing former biotite/andalousite (/cordierite?) blasts (Figure 8E). These silicate slices can be very thin or even absent in the most enriched ore. It is noteworthy that the mechanical twinning of pyrrhotite is regularly distributed in a direction normal to the planar fabric, providing evidence for the tectonic origin of this foliation; ii) mylonitic zones affecting weakly deformed massive sulfides (Figure 8G). These mylonites can be observed where high strain corridors intersect or encompass mineralized bodies. C/S-type structures are common within the sulfide mylonites (Figure 8G). Flattened pyrrhotite grains define the S planes, whereas C planes present finely cataclased sphalerite and chalcopyrite in a foliated silicate gouge; iii) the third planar fabric corresponds to a mineralogical and textural banding marked by alternations of sphalerite-rich and sphalerite-poor ribbons (Figure 8F). For instance, this banding is either parallel to the S1 foliation in the wall rocks or parallel to the bedding planes in the footwall of decollement layers (Figure 5 and Figure 8F). Pyrrhotite grains are elongated with no systematic mechanical twinning. Sphalerite does not show systematic elongation, and the quartz grains are elongated with undulose extinction (Figure 8F). Therefore, the respective part of the syngenetic and diagenetic vs. tectonic processes are still unclear, and cannot be used to explain this banding.





5. Interpretation


5.1. Hajjar Mine and N’Fis Block: One Single Foliation (Not Two)


The rocks of the Hajjar mine are affected by one single flattening XY plane which is near vertical and trends from N0 to N45. The maps of the S1 trajectories (Figure 4) show that the deformation is not homogenous at the mine scale. In the high strain corridors, this XY plane corresponds to a S1 penetrative foliation overprinting the entire rock, whereas in less deformed areas, S1 is a slaty cleavage that is axial planar in similar folds. Host rocks and sulfide bodies present the same silicate metamorphic assemblages (Figure 7 and Figure 8). With respect to this foliation, the qtz + biot and assemblage presents either a “static” granoblastic texture when the strain is low (i.e., weakly developed foliation, Figure 7A) or pre- to syn-tectonic features when the foliation is strongly expressed (Figure 7C to E, Figure 8C). The texture, shapes, and aggregates of the biotite and andalousite (± suspected cordierite) are typical of HT/LP “contact” metamorphism in the hornfels facies. The syn-tectonic assemblage is composed of quartz + chlorite + white micas (± calcite) and partially replaced the former biotite and andalousite blasts (Figure 7B and Figure 8E).



Similarly, surface data from the N’Fis block (Figure 2 and Figure 3) show the occurrence of a single sub-vertical XY plane oriented N130. This flattening plane is a penetrative foliation secant to slumps (Figure 3B) and axial-planar to P1 folds (Figure 3C). Contact metamorphic biotite blasts are elongated parallel to the foliation and appear as flattened sulfide grains (Figure 3D).



Therefore, these data imply that the Hajjar MSD and the N’Fis block are affected by a single foliation which encompasses a HT/LP contact metamorphism. Although a single Variscan foliation was similarly recognized by Dias et al. (2011) [35] at the regional scale, our results disagree with the previously published works on the Hajjar mine/N’Fis area: i) first, two foliations were identified and consequently two successive tectonic events with sub-normal horizontal shortening directions were invoked [12,23]. In particular, the N20-30 dry joints affecting the N’Fis block at the surface (Figure 2) cannot be related to the N0-30 penetrative and ductile foliation observed in the Hajjar mine. Moreover, there has been no direct observation of an early foliation/cleavage in the Hajjar galleries during our study; ii) second, the biotite blasts were interpreted as post-tectonic with respect to the last deformation event [25].




5.2. The Hajjar Mine is Located within a Regional-Scale Shear Zone


The direct consequence of the previous result is the occurrence of a large foliation virgation from the Imarine outcrops to the Hajjar MSD (Figure 2). This virgation in the orogeny is typically caused by wrenching along regional shear zones. Our structural data from the surface (e.g., Tiferouine outcrops, Figure 2 and Figure 3E) and from sub-surface structural maps (Figure 4 and Figure 5) in the Hajjar underground mine fully support the occurrence of a major right-lateral ENE-trending transpressive shear zone at Hajjar.



The strain pattern on the maps show that shear planes are heterogeneously distributed as they are clustered within the shear corridors. Along a broad ENE direction, we identified various types of high strain corridors (see the 2D pattern in Figure 9): i) the N to NNE-trending corridors correspond to either reverse corridors characterized by thrusting and associated folding with a low amount of dextral oblique-slip (Figure 4 and Figure 5A–E) or to flattening corridors characterized by a tight and penetrative foliation with horizontal stretching lineation and a local dextral sense of shear (Figure 6 and Figure 7); ii) The NE to ENE-trending corridors correspond to unequivocal vertical dextral shear zones. The orientation of both strain corridors are connected and form an asymmetric 3D anastomosed pattern that is compatible with a bulk dextral sense of shear along a N60-70 direction (Figure 9). Reverse corridors with vertical thickening indicate that the Hajjar shear zone is transpressive. This result is fully in coherence with previous works dealing with the Western Meseta, in which dominant dextral strike-slip tectonics were clearly identified during the Variscan orogen [35]. However, in the location near the Hajjar mine, a regional scale shear zone of this type has not been previously recognized and constitutes a key structural feature of the Guemassa Hercynian orogenic segment.



The shear planes of the Hajjar MSD present both ductile and brittle features (Figure 5 and Figure 8G, H). The last brittle increments cross-cut and offset the former S1 foliation along the gouge zones (Figure 5G). Asymmetric biotite blasts with pressure shadows filled with the chlorite and white mica assemblage (Figure 7E,F) argue for simple shearing after the thermal peak of the HT/LP contact metamorphism. Lower or retrograde metamorphic conditions during simple shearing are also indicated via the cataclasis of sphalerite and chalcopyrite along the shear planes within mylonitic zones affecting massive sulfides (Figure 8H). Therefore, the Hajjar shear zone records simple shearing increments during and after the development of the widespread S1 foliation.



Last, the Atlasic brittle reactivation of this Hercynian shear zone cannot be ruled out, however it is still difficult to precisely depict this.




5.3. Ore Deformation and Remobilization


As recognized in previous studies [25], our data indicate that the Hajjar mineralization is strongly deformed and metamorphosed. It is affected by folding, foliation and mylonitic bands within a regional scale shear zone. Structures such as pyrrhotite-rich ribbons clearly pre-date the deformation and the HT/LP contact metamorphism (e.g., Figure 6 and Figure 8A). The primary syn- or digenetic mineralization is then strongly reworked by deformation. In particular, at the meter scale, we present clear evidence of tectonic thickening within the fold hinge zone. The wavy termination of the metric-scale massive sulfide lenses parallel to S1 suggests that these lenses were likely thickened by folding before they were flattened within the XY plane of S1 (Figure 6 and Figure 8D). This mechanism is enhanced by the high “plasticity” of pyrrhotite, which is by far the dominant sulfide at Hajjar. The pre-to syntectonic HT/LP metamorphism greatly favor the ductile behavior and recrystallization of sulfides including chalcopyrite and sphalerite. This is observable at the thin section scale, where the tectonic thickening induced the stress-oriented recrystallization of sphalerite, leading to an incipient “banding” of sphalerite-rich/sphalerite-poor slices parallel to S1 (Figure 8C). We suggest that, in Hajjar MSD, this solid-state thickening and remobilization are effective at a larger scale, but further modern textural and mineralogical studies are required in order to be able to investigate this point.



Remobilization of the primary metal stock by fluids (e.g., the fluid state processes and chemical remobilization described by Gilligan and Marshal (1987) [3] is also expressed in the Hajjar MSD. Even though the metal mass balance quantification is outside the scope of this study, the polymetallic veins argue for hydrothermal fluid-assisted remobilization during deformation. In particular, the polymetallic triangular veins at the tips of the massive sulfide lenses indicate such remobilization. This type of vein with a polymetallic assemblage associated with quartz, newly formed sphalerite and galena veinlets, and pyrrhotite replacement by vermicular pyrite (Figure 6B,C), is similar to the so-called “piercement veins” described by authors working on deformed MSD (e.g., [3,38,39,40]). It has been hypothesized that the metamorphic fluids liberated during the prograde HT/LP contact metamorphism (e.g., quartz veins with biotite in Figure 7A), combined with potential advective hot magmatic fluids exsolved from deeper granitic bodies, are able to chemically rework the primary sulfides and concentrate metals into dilatant sites as triple junction veins during the last increments of deformation [3]. Due to high reactive chemistry, the fluid-assisted chemical reworking of primary VMSD is common in many metamorphic contexts other than HT/LP metamorphic conditions (e.g., [41] and references therein).





6. Discussion: Toward an Integrated Tectono-Metamorphic Model for the MSD-Bearing Jebilet and Guemassa Massifs


These interpretations must be discussed in terms of the ages and tectono-metamorphic evolutions established for the Guemassa and Jebilet Massifs; both of these Massifs bear the major MSD in Morocco.



First, syn-sedimentary structures and soft sediment deformation have been identified in the N’Fis block (Figure 3A,B) and in the Hajjar mineralization [23]. These structures are well known within the Visean Sarhlef syn-rift formation in the Jebilet Massif, and correspond to slope instabilities during the opening of the Jebilet basin from 370 to 325 Ma (the D0 transtensive event described by Delchini (2018) [26]). Coeval with this sedimentation, the basin underwent significant bimodal and calc-alkaline magmatism, leading to many intrusions within the sediments and the basement. Consequently, the thermal gradient is very high [26], and primary syn- to diagenetic massive sulfide mineralization occurred within the volcano-sedimentary sequences (Figure 10A). The initial morphology (e.g., normal fault locations and trends, depocenters, etc.) of these basins and sub-basins is not constrained in the Guemassa Massif contrary to the Jebilet Massif where the basins are interpreted as pull-apart systems with NNE-trending normal faults and associated N70E-trending left-lateral strike-slip faults [42]. Therefore, it is likely that the Guemassa Massif and the Hajjar shear zones acted as sinistral strike-slip faults during this Early Carboniferous period (Figure 10A), lateral N to NNE trending normal faults accommodating the formation of local subsiding basins such as the Hajjar one (Figure 10A). However, because it may control the initial MSD distribution, further detailed work is required to specify the Early Carboniferous basin geometries in the Guemassa Massif.



Second, absolute dating of the Hajjar biotites related to thermal aureole metamorphism has been performed by Watanabe (2002) [33] using 40Ar/39Ar dating and yields an approximate age of ca. 301 Ma. This age and the associated HT/LP metamorphic assemblage are compatible with the M2b metamorphism reported in the Jebilet Massif [26,28]. In other words, the S1 foliation and HT/LP metamorphism that we document in the Hajjar MSD and in the N’Fis block within the Guemassa Massif are structurally and temporally similar to the D2b tectono-metamorphic event described in the Jebilet Massif to the north (see the section on geological settings above and [26]). It is noteworthy that this thermal event is not restricted to the Hajjar mine, as it has been traced by Raman Spectroscopy of Carbonaceous Materials geothermometry method (RSCM) throughout the whole N’Fis block [27]. In the Jebilet as in the Guemassa Massifs, it has been reported that this thermal event is the consequence of hidden plutonic intrusions. Our data suggests the presence of fluid-assisted HT/LP “contact” metamorphism (Figure 7A). Therefore, the vigorous advection of hot fluids exsolved from melts and/or which come from metamorphic devolatilization may also partly explain the large extent of this HP/LP metamorphism observed in the Guemassa and Jebilet Massifs close to 300 Ma. This regional thermal anomaly is represented in Figure 10B. No former foliation/cleavage has been observed in either the N’Fis block or in the Hajjar mine, suggesting that the D2a/M2a event identified by Delchini (2018) [26] in the Jebilet Massif is not expressed in the Guemassa Massif. This is in agreement with the fact that the D2a/M2a event, which reaches the garnet-staurolite amphibolite facies, is poorly represented in the Jebilet Massif, and better expressed northward in the Rehamna Massif. Thus, the S1 foliation/cleavage characterized in this study matches the S2b foliation identified in the Jebilet Massif to the north by Delchini et al. (2016) [28]. Biotites related to the HT/LP metamorphism are not post-kinematic, as proposed by Hibti (1993) [23]. They are pre- to syn-kinematic, which implies that deformation occurred during the peak of the HT/LP “contact” metamorphism (Figure 9B). Based on the biotite blasts vs. strain relationship, we suggest that during the HT peak, the deformation was predominantly coaxial before shifting to a bulk non-coaxial regime.



Third, during the Early Permian, the D2 event identified in the Jebilet Massif ended with transpressive conjugate regional shear zones, oriented NE/ENE and SE/SSE with a dextral and sinistral (e.g., the MSZ, Figure 1) sense of shear respectively (i.e., the D2c event described by Delchini, 2018) [26]. This led to the development of a regional scale “flower structuration” of the Jebilet Massif. This strain localization along the shear zones appears to post-date the HT/LP contact metamorphism. Our data from the Guemassa Massif are fully compatible with this scenario (Figure 10C): the Hajjar regional shear zone we recognized in this study appears to be one of the dextral shear zones responsible for the large virgation of the main foliation planes. As observed in the Jebilet Massif, this shear zone corresponds to a progressive strain localization during the retrograde metamorphism when the D2 event ended. Last, as proposed by Dias et al. (2011) [35], conjugate WNW-ESE trending sinistral shear zones activated as the Lalla Takerkoust fault (Figure 10 C). This sinistral wrench zone accentuated and is responsible for the virgation of the S1 foliation, resulting in the “anarchic” WNW-orientation of the foliation observed through the N’Fis block.




7. Conclusion


The Guemassa Massif and the Hajjar base-metal massive sulfide deposit have been affected by a single foliation during a major Late Carboniferous-Early Permian Hercynian tectonic event. This foliation is strongly affected and deflected by regional scale shear zones such as the Hajjar N70-trending and right-lateral shear zone. Structural mapping in the Hajjar mine demonstrates that the Hajjar shear zone is complex with anastomosing shear plane patterns combined with thrusting and folding. This deformation is partially coeval, with a large thermal anomaly responsible for the HT/LP metamorphism. The tectono-metamorphic evolution of the Oriental Guemassa Hercynian segment is highly compatible with the evolution depicted for the Jebilet Massif. Strain under a high heat flux favored the deformation of the massive sulfides bodies which partly underwent fluid-assisted remobilization in the Hajjar mine. The tectonic thickening of the mineralization is observed at the meter scale, and must be re-examined at a larger scale.
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Figure 1. (A) Structural map of Morocco showing the major bounding-fault domains. The arrows indicate the sense of shear for the late Variscan structures (modified from Hoepffner et al., 2005 [36]); (B) Geological and structural map of the central domain of the Hercynian belt (from [35,37]. The main foliation trajectories in the Jebilet are reported from Essaifi, 1995 [18]). Within the Guemassa Massif, the Hajjar base metal deposit is located in the N’Fis block which presents an “anarchic” foliation orientation with respect to the bulk N to NNE trend reported in the Jebilet, Occidental Guemassa and western High Atlas Variscan Massifs. 
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Figure 2. Geological map and surface structural data of the N’Fis block and the Souktana Massif. All of the sedimentary formations are Carboniferous in age and are affected by both metamorphism and deformation. IF: Imarine Fault; TF: Lala Takerkoust Fault; AKF: Ait Khaled Fault. The interpolation of the foliation/shear planes is also supported by sub-surface structural data from underground mine works (cf. infra). Note that the S1 trajectories depict a dextral drag fold against the ENE-trending Tiferouine mineralized body. 






Figure 2. Geological map and surface structural data of the N’Fis block and the Souktana Massif. All of the sedimentary formations are Carboniferous in age and are affected by both metamorphism and deformation. IF: Imarine Fault; TF: Lala Takerkoust Fault; AKF: Ait Khaled Fault. The interpolation of the foliation/shear planes is also supported by sub-surface structural data from underground mine works (cf. infra). Note that the S1 trajectories depict a dextral drag fold against the ENE-trending Tiferouine mineralized body.



[image: Minerals 08 00435 g002]







[image: Minerals 08 00435 g003 550]





Figure 3. Structures observed in the outcrops. (A) syn-sedimentary and soft sediment deformation occurring as slumps and convolutes are widespread in the sandy limestones of the N’Fis block; (B) obliquity between the S1 foliation plane and recumbent fold axial plane suggests that some isoclinal folds are former slumps rather than P1 folds; (C) NW-trending S1 foliation plane developed within the P1 hinge zone; (D) thin sections (cross polars normal to foliation) of metapelite with sulfide ribbons (Po: pyrrhotite) from the N’Fis block. The bedding plane is transposed by the S1 foliation plane, the sulfide ribbon and patches disseminated in the matrix are flattened. Biotite porphyroblasts are elongated broadly parallel to the foliation plane; (E) mineralized Tiferouine body (see location in Figure 2) with an associated gossan inside an ENE-trending dextral shear zone evidenced by cataclasites and the re-orientation of S1. 
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Figure 4. Structural maps of the five main exploitation levels (decreasing altitude from A to E) in the Hajjar mine. High strain corridors are marked by the development of dense foliation and shear planes. The light blue traces are galleries. The coordinates are taken from the mine’s own system. Note that the scale is slightly different for each level. The following acronyms are used for the ore bodies (translated from French): CP = main body; CNE = north-eastern body; CWD = western body; CEWD = extreme western body. The CP ore body has been intensively exploited and some zones are no longer accessible, structural data from Hibti (1993) [23] were then added and carefully projected in these areas (see text for explanation).
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Figure 5. Structures and deformation of the Hajjar ore deposit. A to E are from the N to NNE-trending high strain “reverse”corridors; F and G are from the NE to ENE-trending high strain corridors. (A) Cross-section along the gallery from level 600-580 (see location in Figure 4A). S0 is shown in green, S1 is in black, the brittle to ductile shear planes are given in blue, the main massive sulfide bodies are shown in orange. The section is located within the footwall of the CP and is mainly composed of stratified greso-pelites and tuffs with mm- to cm-thick sulfide ribbons (containing mostly pyrrhotite and pyrite with a small amount of chalcopyrite) with no economic interest. The intensity/spacing of the foliation and high frequency of the shear planes can be used to depict the high strain corridors. Most of the brittle to ductile shear planes have an apparent reverse component: (B) an east-verging thrust developed within a pyrrhotite-rich massive sulfide deposit acting as a decollement layer. In the hanging-wall, the bedding is not observed whereas the S1 cleavage is curved by top-to-the-east drag folding. Both massive sulfide wallrocks are corrugated (c. sp: corrugated shear plane); (C) Detachment fold above a pyrrhotite-rich sulfide layer thickened within the core of a disharmonic fold hinge The S1 axial planar foliation is well-developed in the hanging-wall; (D) Upright similar fold with associated axial planar S1 cleavage. The pyrrhotite-rich red ribbons are extremely thinned in the limbs and thickened within the hinge zone; (E) Positive flower structure associated with similar drag folds and S1 cleavage (line drawing from level 600-580, Figure 4A). Along the N15E-trending faults, high dipping stria show that the reverse component is dominant relatively to the dextral strike-slip one; (F) Ductile dextral NE-trending near the vertical shear planes (C) and associated S1 foliation within a NE-trending right-lateral high strain corridor in meta-siltstones (location CNE area, Figure 4D); (G) ENE-trending steep dextral shear zones marked by foliated gouges and various branches (sense of shear is determined in the gallery roof, location in Figure 4D). 
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Figure 6. Outcrops of the extreme western body (CEWD) gallery, a typical N-trending “flattening” corridor. (A) 3D man-made sketch of the CEWD cross-section located in Figure 6A. The exploited massive ore bodies correspond to meter-scale lenses aligned within a high strain zone marked by an intense foliation in dark host rocks with high biotite and sulfide content. X and Z are the long and short axis of the strain ellipsoid respectively; (B,C) Thin-section photographs of the triangular veins developed at the massive ore lenses termination (RL). The vein is mainly filled with quartz associated with a polymetallic assemblage. Pyrrhotite is replaced by pyrite along cracks (B,C) and sphalerite/galena (± chalcopyrite) veinlets crosscut the former pyrrhotite and arsenopyrite grains (not shown). 
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Figure 7. Thin section microphotographs of the S1 foliation and associated porphyroblasts within the Hajjar host rocks. A, C, D, E and F are from the flattening corridors; B is from the reverse corridors. (A) Quartz (qz), calcite (cal) and biotite (biot) vein parallel to the incipient S1 foliation, vertical section, see location in Figure 6, NAPL. The host rock presents a fine-grained granoblastic texture composed of biotite and andalousite grains with a local preferred orientation defining an incipient foliation plane; (B) Footwall of the thrust (see location in Figure 5) with the So plane marked by sulfide-rich ribbons (in blue) and discrete S1 planes (in red) characterized by muscovite (white laths) crystallization (NAPL). Please note that the non-oriented biotite (i.e., “static”) porphyroblasts are replaced by chlorite (pale green); (C–F) Horizontal thin sections parallel to the stretching lineation showing the main foliation plane S1 marked by elongated sulfides (sulf) and particularly pyrrhotite (po) and sphalerite (sph); see location in Figure 6. Like the fine-grained foliation, the pressure shadows and caps around the andalousite (and) and biotite (biot) grains are composed of quartz, white micas, chlorite and local carbonates. In the high strain area, asymmetric pressure shadows around the biotite indicate a non-coaxial regime with a dextral sense of shear (E,F). 






Figure 7. Thin section microphotographs of the S1 foliation and associated porphyroblasts within the Hajjar host rocks. A, C, D, E and F are from the flattening corridors; B is from the reverse corridors. (A) Quartz (qz), calcite (cal) and biotite (biot) vein parallel to the incipient S1 foliation, vertical section, see location in Figure 6, NAPL. The host rock presents a fine-grained granoblastic texture composed of biotite and andalousite grains with a local preferred orientation defining an incipient foliation plane; (B) Footwall of the thrust (see location in Figure 5) with the So plane marked by sulfide-rich ribbons (in blue) and discrete S1 planes (in red) characterized by muscovite (white laths) crystallization (NAPL). Please note that the non-oriented biotite (i.e., “static”) porphyroblasts are replaced by chlorite (pale green); (C–F) Horizontal thin sections parallel to the stretching lineation showing the main foliation plane S1 marked by elongated sulfides (sulf) and particularly pyrrhotite (po) and sphalerite (sph); see location in Figure 6. Like the fine-grained foliation, the pressure shadows and caps around the andalousite (and) and biotite (biot) grains are composed of quartz, white micas, chlorite and local carbonates. In the high strain area, asymmetric pressure shadows around the biotite indicate a non-coaxial regime with a dextral sense of shear (E,F).



[image: Minerals 08 00435 g007]







[image: Minerals 08 00435 g008 550]





Figure 8. Deformation and textures of the sulfides in the Hajjar deposit. (A) The folding and associated S1 foliation of fine-grained sediments containing early sulfide-rich ribbons parallel to the bedding (S0). Note the cleavage refraction and thickening of the hinge zone due to the plastic behavior of pyrrhotite; (B) Details of A with pyrrhotite flowing along the stretching direction whereas the behavior of chalcopyrite and sphalerite is less plastic. A metamorphic assemblage mainly composed of muscovite and chlorite (± biotite) grows parallel to S1; (C) Micro-fold affecting a sphalerite and pyrrhotite-rich thin ribbon (CEWD, location in Figure 6A). The axial planar cleavage S1 is marked by the stretching of sulfides and elongated biotite blasts; (D) Massive sulfide lenses separated by strongly foliated host rock slices (south of CP, altitude 500 m). The ore bodies are internally banded parallel to the S1 foliation; (E) Texture of deformed pyrrhotite-rich massive sulfide (RL) parallel to the S1 foliation. The dark grey areas correspond to a muscovite/chlorite (replacing biotite locally) assemblage. Andalousite or cordierite porphyroblast ghosts are replaced by white micas (arrow); (F) textural and mineralogical banding within a massive sulfide body in the sole thrust (see location Figure 5A,B). Note the elongation of the quartz grains; (G) Massive sulfide sample affected by ductile shearing and mylonitization (SE part of the CP, level 400, the local name is “la bande Sud-Est”); (H) Details of G, thin section, RL. The sulfide mylonites present typical C/S structures. It should be noted that sphalerite appears to be “localized” in the C planes. The sample view from the bottom shows a dextral sense of shear. 






Figure 8. Deformation and textures of the sulfides in the Hajjar deposit. (A) The folding and associated S1 foliation of fine-grained sediments containing early sulfide-rich ribbons parallel to the bedding (S0). Note the cleavage refraction and thickening of the hinge zone due to the plastic behavior of pyrrhotite; (B) Details of A with pyrrhotite flowing along the stretching direction whereas the behavior of chalcopyrite and sphalerite is less plastic. A metamorphic assemblage mainly composed of muscovite and chlorite (± biotite) grows parallel to S1; (C) Micro-fold affecting a sphalerite and pyrrhotite-rich thin ribbon (CEWD, location in Figure 6A). The axial planar cleavage S1 is marked by the stretching of sulfides and elongated biotite blasts; (D) Massive sulfide lenses separated by strongly foliated host rock slices (south of CP, altitude 500 m). The ore bodies are internally banded parallel to the S1 foliation; (E) Texture of deformed pyrrhotite-rich massive sulfide (RL) parallel to the S1 foliation. The dark grey areas correspond to a muscovite/chlorite (replacing biotite locally) assemblage. Andalousite or cordierite porphyroblast ghosts are replaced by white micas (arrow); (F) textural and mineralogical banding within a massive sulfide body in the sole thrust (see location Figure 5A,B). Note the elongation of the quartz grains; (G) Massive sulfide sample affected by ductile shearing and mylonitization (SE part of the CP, level 400, the local name is “la bande Sud-Est”); (H) Details of G, thin section, RL. The sulfide mylonites present typical C/S structures. It should be noted that sphalerite appears to be “localized” in the C planes. The sample view from the bottom shows a dextral sense of shear.



[image: Minerals 08 00435 g008]







[image: Minerals 08 00435 g009 550]





Figure 9. Simplified and conceptual map view model of the internal strain pattern within the Hajjar transpressive right-lateral shear zone (see text for explanation). 
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Figure 10. Tectono-metamorphic model of the Hajjar shear zone and associated MSD. The name of the tectonic events (D0, D2) corresponds to the tectonic events that have recently been established for the Jebilet Massif by Delchini (2018) [26]. D1 has not been identified in this study. See text for explanations. 
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