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ABSTRACT (<250 WORDS) 

Structural and 40Ar/39Ar geochronological investigations of the Rehamna Massif (Meseta, 

Moroccan Variscan belt) provide new constraints on the tectonic evolution of the 

Alleghanian-Variscan orogen during the Upper Palaeozoic. Three main tectonic events have 

been recognized: 1) Southward thrusting of an Ordovician sequence over the Proterozoic 

basement, its Cambrian sedimentary cover and the overlying Devono-Carboniferous basin. 

This event caused subhorizontal shearing and prograde Barrovian metamorphism of the 

buried rocks. 2) Continuous shortening resulting in the development of a syn-convergent 

extrusion of metamorphosed units to form a dome elongated E–W. This was responsible for 

syn-convergent detachment of the Ordovician upper crustal sequence. The timing of these two 

episodes is constrained to 310–295 Ma by cooling and metamorphic amphibole and mica ages 

3) A NW–WNW convergence in a direction orthogonal to the previous one and characterized 

by the accretion of the Rehamna dome to the continental basement in the east. Based on 

40Ar/39Ar cooling ages from a syntectonic granitoid and its host rocks and metamorphic 

40Ar/39Ar ages from greenschist facies mylonite, the timing of this event falls between 295 

and 280 Ma. The end of the Variscan orogeny in the Moroccan Meseta is constrained by the 

40Ar/39

  

Ar cooling age of a post-tectonic pluton dated at ~275 Ma. The tectonic events 

highlighted in Morocco coincide with the late Variscan–Alleghanian tectonic evolution of 

southern Europe and North America and can be correlated with the global reorganization of 

plates that accompanied suturing of Pangaea at around 295 Ma.  
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INTRODUCTION 

New structural and geochronological information about the Rehamna Massif (western 

Morocco) is presented in this paper and placed in the framework of a consistent model for the 

Alleghanian-Variscan orogeny. Until now, the scarcity of combined structural and 

geochronological studies from the Moroccan Variscan belt [Gasquet, 1996; Essaifi et al., 

2003; Tahiri et al., 2010] prevented better understanding of the tectonic evolution of this 

branch of the Variscan orogen and correlations with adjacent areas in the European Variscan 

belt and the Alleghanian-Appalachian orogen [e.g. Michard et al., 2010b]. Recent structural 

studies of the Alleghanian belt on the eastern seaboard of the United States [Hatcher, 2002, 

2010; Engelder and Whitaker, 2006] and in Iberia [Gutiérrez-Alonso 2011, 2012] have 

highlighted the complexity of tectonic evolution during the Upper Carboniferous – Lower 

Permian orogeny caused by changes in the orientation of the principal tectonic stresses during 

the Upper Carboniferous. In the Moroccan Meseta, the main Variscan deformation is 

considered to be related to dextral transpression along the Western Meseta Shear Zone 

(W.M.S.Z) of Piqué et al. [1980] during the Middle to Upper Palaeozoic (Figure 1). This 

interpretation is commonly used in geodynamic models that involve the amalgamation of 

Laurussia with Gondwana and derived fragments to form the Alleghanian-Variscan belt [e.g. 

Matte, 2001; Hœpffner et al., 2005; Simancas et al., 2009; Michard et al., 2010a]. 

The subject of the present paper is a key unit of the Moroccan belt, known as the 

Rehamna Massif. Based on a large structural and 40Ar/39Ar geochronological dataset, the 

regional tectonic evolution of this unit is interpreted and placed in the context of the orogen as 

a whole. The results of this study challenge the concepts of long-lived Variscan dextral 

shearing along the NW Gondwana margin and a new two stage tectonic model that 

complements earlier geodynamic scenarios is proposed for the Alleghanian-Variscan orogeny 
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[Hatcher, 2002, 2010; Engelder and Whitaker, 2006; Gutiérrez-Alonso et al., 2011, 2012]. 

This new approach highlights the importance of earlier N–S compressive deformation related 

to the convergence between Gondwana and the European Variscan belt during the Upper 

Carboniferous, followed by frontal E−W collision between Gondwana and Laurentia during 

the Lower Permian. 

GEOLOGICAL SETTING 

The Moroccan Variscides 

The Moroccan Variscan belt (Figure 1) is considered to be the south−western continuation of 

the European Carboniferous orogen on the NW Gondwana margin. It can be divided into five 

main tectonic zones [e.g. Hœpffner et al., 2005, 2006b; El Hadi et al., 2006; Simancas et al., 

2009; Michard et al., 2008, 2010a]: (1) the Anti-Atlas to the south belongs to the thick-

skinned Variscan foreland (Figure 1) composed of inverted Lower to Middle Palaeozoic 

sediments of the Gondwana passive margin within which the intensity of deformation 

decreases towards the continent in the south [e.g. Burkhard et al., 2006]; (2) The Western 

Meseta consists of the western Coastal Block, the Central Zone and the Nappe Zone in the 

east. It is a vast region affected by widespread orogenic, generally peraluminous, felsic 

magmatism [Mrini et al., 1992; Gasquet et al., 1996]. The Coastal Block consists of 

Cambrian to Devonian sediments covering Proterozoic basement (Figure 1) and shows only 

weak deformation [Hœpffner et al., 2005 and references herein] increasing towards the 

Western Meseta Shear Zone (WMSZ) [Piqué et al., 1980]. The Central Zone is formed by 

Devono−Carboniferous intracontinental basins and underlying Proterozoic basement (Figure 

1). These basins are intensively reworked by late Palaeozoic deformation that took place in a 

relatively high Barrovian geothermal gradient [Aghzer and Arenas, 1998; Michard et al., 

2010a].  This Variscan metamorphic zone crops out in three separated crystalline massifs 
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which are from the north to the south: the Central Massif, Rehamna and Jebilet. (3) The 

Eastern Meseta (Figure 1) is made up of small Palaeozoic massifs affected by Upper 

Devonian−Tournaisian (i.e. Eo-Variscan) deformation [Marhoumi et al., 1983]. This is 

separated from the Western Meseta by the Middle Meseta Fault Zone (M.M.F.Z.), whereas 

the South Meseta Zone (S.M.Z.) (4) is a transitional domain separating the Meseta and Anti-

Atlas zones [Michard et al., 2010b]. (5) The Sehoul block in the North (Figure 1) was 

accreted to the whole Meseta domain along the Rabat-Tiflet Fault Zone (R.T.F.Z.) during the 

Upper Devonian – Lower Carboniferous [Tahiri et al., 2010; Michard et al., 2010a]. 

This general structure results from the reorganisation of the NW Gondwana margin 

during closure of the Rheic Ocean from the Devonian to the Upper Carboniferous. There are 

two tectonic models that are used to explain the formation of the Moroccan Variscan belt: (1) 

In the most popular model, a polyphase evolution of the belt is proposed starting with 

westward convergence in the Eo-Variscan (i.e. Upper Devonian−Tournaisian) that affected 

the Eastern Meseta. This event is associated with the formation of NNE striking transtensional 

basins in the Central Zone, followed by westward transpressional accretion of this zone to the 

Coastal Block during the Upper Carboniferous accompanied by N−S shortening of the 

Eastern Meseta [Hœpffner, 1987; Bouabdelli and Piqué, 1996; Hœpffner et al., 2005, 2006a, 

2006b; Michard et al., 2010a]. This important late deformation results in the E−W structural 

grain of the Eastern Meseta and the NNE structural grain of the Western Meseta. According 

to this scheme, the Rheic suture separating the Gondwana and Laurentia continents is hidden 

in the present Atlantic passive margin and continues into the African continent as the Rabat-

Tiflet Fault Zone [Hœpffner et al., 2005, 2006b; Michard et al., 2010a; Tahiri et al., 2010]. 

(2) The alternative model proposes a continuous compression of the Variscan foreland to 

form the whole Moroccan Meseta in which the Rheic suture is hidden at the eastern boundary 
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of the Eastern Meseta [Karbouch et al., 1985, Boulin et al., 1988, Roddaz et al., 2002, 2006; 

Essaifi et al., 2014]. In both models, large-scale deformation is accommodated by strike slip 

movement along the South Meseta Fault Zone and the Rabat-Tiflet Fault Zone [Michard et 

al., 2010a, 2010b and references herein]. 

The geology of the Rehamna Massif 

The Rehamna Massif is located in the Western Meseta (Figure 1 and Figure 2). It is divided 

into three main structural units separated by the Median (part of the W.M.S.Z.) and the Ouled 

Zednes faults [Michard et al., 2010a and references herein]. These are the Western Rehamna, 

which belongs to the Coastal block, and the Central and Eastern Rehamna of the Central Zone 

(Figure 2). Based on the intensity of deformation and the degree of metamorphism, the 

Rehamna Massif was subdivided into Upper and Lower Metamorphic Units by Baudin et al. 

[2003] and Razin et al. [2003]. 

 The lithostratigraphy of the Rehamna Massif is shown in simplified stratigraphic 

columns in Figure 3. The Western Rehamna (Figure 2) includes Lower−Middle Cambrian to 

Ordovician anchizonal succession, which is made up of basal Lower Cambrian limestones 

and siliciclatic sediments [Michard, 1967; Guézou and Michard, 1976; Destombes et al., 

1982; Bernardin et al., 1988; Corsini et al., 1988b]. In the metamorphosed Central Rehamna 

(lower metamorphic unit), equivalent metasedimentary rocks lie on a Neoproterozoic 

metarhyolitic basement [Sidi Ali dome, Corsini et al., 1988b] and terminates with 

Lower−Middle Devonian meta-conglomerates [Kef el Mouneb formation, Destombes et al., 

1982] with tectonic [Corsini et al., 1988a; Diot, 1989;; Baudin et al., 2003] or sedimentary 

unconformity [Hœpffner et al., 1975b; Michard et al., 2010a]. In contrast, Aghzer and Arenas 

[1995] interpret the Kef El Mouneb formation as a tectonic window. The age of the upper 

metamorphic unit sediments (pelite and sandstone) in the Skhour area is more controversial 
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[Baudin et al., 2003] and they are attributed either to the Cambro−Ordovician [Hœpffner et 

al., 1975a, 1975b; Destombes et al., 1982] or to the Upper Devonian [Michard, 1969; 

Michard et al., 2010a] in a discordant or concordant setting, respectively (Figure 3). In the 

Eastern Rehamna, the Devonian Ouled Hassine (pelite ± quartzite, conglomerate and marble) 

and supposedly Lower Carboniferous (Visean–Serpukhovian) Lalla Tittaf (pelite ± 

amphibolite and metarhyolite) metasedimentary formations [Destombes et al., 1982; Cornée 

et al., 1982, Michard et al., 2010] are attributed to the lower metamorphic unit (Figure 3). To 

the north, the very low-grade upper metamorphic unit rocks of the Koudiat El Adam and Jbel 

Kharrou areas are mainly Middle Ordovician to Silurian shale and sandstone [Destombes et 

al., 1982], whereas Devonian (sandstone and mudstone) and Visean (sandstone and 

limestone) sediments also crop out in the southern Dalaat area [Cornée, 1982; Destombes et 

al., 1982; Rais-Assa et al., 1983]. These rocks are covered by volcanics and molassic 

conglomerates of Upper Westphalian to supposedly Autunian age [Hœpffner et al., 1975b; 

Destombes et al., 1982]. 

 The structure of the Rehamna Massif has been interpreted to be the result of: 1) dextral 

transpression against the Western Rehamna − Coastal Block [ Piqué et al., 1980] resulting 

from the increasing intensity of folding and shearing in the Central Rehamna rocks and 2) 

(north) westward thrusting of the Eastern Rehamna over the Central Rehamna rocks further 

east [Hœpffner et al., 1975a, 1975b; Piqué et al., 1982; Lagarde and Michard, 1986; Lagarde 

et al., 1990; Diot and Bouchez, 1991]. Nevertheless, Corsini et al. [1988a] and Diot [1989] 

questioned the role of the transpressional regime and highlighted the importance of early 

orogen-parallel flow. The general domal structure [Corsini et al.,1988a] of the whole 

Rehamna Massif has been interpreted as a result of late orogenic extensional collapse [Aghzer 

and Arenas, 1995; El Mahi et al., 2000a; Baudin et al., 2003, Razin et al., 2003; Michard et 
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al., 2010a]. 

 Two main metamorphic events have been described in the Rehamna. The first one is a 

syntectonic metamorphism affecting the lower metamorphic unit and reaching the staurolite 

stability field at around 6−9 kbar and 410−560 °C [Diot, 1989; Aghzer and Arenas, 1995, 

1998; El Mahi et al., 2000a]. This is followed by a syn- to late-tectonic metamorphism pene-

contemporaneous with the intrusion of the Rais El Abiod and Sebt-Brikiine granitoids, 

respectively [Hœpffner et al., 1982; Diot and Bouchez, 1992; Lagarde et al., 1990; Baudin et 

al., 2003]. Metamorphic isograds and aureoles [Michard et al., 2010a and references herein] 

for both events are shown in Figure 2. 

 A limited number of age determinations have been made on the Rehamna granitoids. 

U−Pb zircon dating of a microgranite porphyric dyke close to the syn-tectonic Rais El Abiod 

leucogranite yielded an age of 285.4±6.1 Ma [Baudin et al., 2003]. Mrini et al. [1992] 

obtained a younger age of 268±6 Ma (Rb−Sr) for the late-tectonic Sebt-Brikiine granite and 

an age of ~265Ma for related dykes. This is comparable to the age of 278±2 Ma (Rb−Sr) 

recalculated by Hœpffner et al. [1982] based on the work of Tisserant [1977] in the same 

complex. Despite preliminary Rb−Sr work by the latter author, no dates for metamorphic 

rocks are available. Therefore, Variscan orogenic deformation is considered to have taken 

place after the deposition of the Lalla Tittaf formation of supposed Visean–Serpukhovian age 

[see discussion in Michard et al., 2010] and before the intrusion of the late tectonic Sebt-

Brikiine granite of Permian age. 

STRUCTURAL EVOLUTION 

Three main deformation events (D1, D2 and D3) of variable intensity and geometry were 

identified in the Rehamna Massif. The first one forms the initially flat-lying metamorphic 

foliation S1 which is deformed by F2 folds trending WSW−ENE with associated sub-vertical 
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S2 cleavage, and is then heterogeneously reworked by F3 folds trending NNE−SSW with an 

S3 cleavage dipping moderately to steeply ESE. 

D1 and D2 structures 

The preservation of D1 structures across the whole Rehamna Massif is variable. In the 

Ordovician sequences of the upper metamorphic unit, SSW directed movement is expressed 

by the formation of a fold and thrust belt structural pattern, as shown in the map and cross 

section (Figure 2 and Figure 4d−g). Here, the D1 deformation is manifested mainly by the 

kilometre-scale overturned Koudiat el Adam − Jbel Kharrou anticline with a core of 

Lower−Middle Ordovician shales. Metre-scale recumbent F1 folds affect the Ordovician beds 

(Figure 5a) sometimes with associated development of the S1 slaty cleavage. The asymmetry 

of the recumbent folds indicates southward thrusting as shown by the shape of the large-scale 

Koudiat el Adam − Jbel Kharrou anticline. 

In the lower metamorphic unit, the D1 structures are characterized by an early 

penetrative S1 schistosity affecting the Neoproterozic basement and its Palaeozoic 

sedimentary cover (Figures 5b). This fabric is well preserved in the Central Rehamna where it 

forms a shallowly to moderately dipping S1 foliation (Figure 6) bearing a strong NNE−SSW 

lineation (Figure 5c and Figure 7). Kinematic criteria such as the preferred crystallographic 

orientation of quartz [Diot, 1989], C/S structures, and σ winged (porphyro-) clasts [Corsini et 

al., 1988a; Diot, 1989] indicate a top to the S−SSW shearing associated with this event.  

In the Eastern Rehamna, the S1 metamorphic foliation does not bear a strong lineation, 

but consistent asymmetrical criteria indicating the sense of shear were also observed. Here, 

the S1 schistosity is affected by ~W−E upright F2 chevron folds (Figure 4g, Figure 5d and 

Figure 6) with sub-horizontal fold axes (Figure 7) associated with development of an S2 axial 

planar cleavage and locally complete transposition of S1 into a composite S1–2 foliation. In 
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less deformed areas, conjugate F2 kink-bands with E–W oriented hinge zones affect the S1 

foliation. Further west, the intensity of D2 shortening decreases and the S1 fabric is folded 

into a WSW−ENE trending upright kilometre-scale open to tight F2 antiform (Figure 4d−e). 

D3 structures 

The D3 deformation caused heterogeneous reworking of the whole Rehamna Massif that was 

locally intense. In the eastern part of the Eastern Rehamna the intensity of D3 deformation is 

weak and takes the form of heterogeneously developed kink-bands with NNE–SSW oriented 

hinge zones. Going to the west, the S1–2 foliation is progressively more affected by 

decimetre- to metre-scale, tight to isoclinal, overturned NNE–SSW striking folds with 

moderately to steeply dipping axial planes and gently to steeply dipping fold axes. The 

stereographic projection of F3 fold axes for the Eastern Rehamna shows a girdle distribution 

with a wide E–ESE central maximum (Figure 4). This pattern of F3 axial directions reflects 

the E–W orientation of S2 schistosity dipping variably to the north or south which has been 

refolded by upright F3 folds (Figure 6). Increase in the intensity of folding is associated with 

the formation of a new S3 axial plane cleavage (Figure 5e) dipping steeply E to ESE (Figure 

4a−c). Close to the Ouled Zednes Fault, the cleavage gradually transforms to an S3 mylonitic 

foliation related to the thrusting of the Eastern Rehamna over the Central Rehamna [Figure 2, 

Lagarde and Michard, 1986; Aghzer and Arenas, 1995]. 

South of the Rais El Abiod granite, the composite S1–2 WSW−ENE trending 

vertical schistosity is affected by D3 event (Figure 6). Here, S3 takes the form of a moderately 

to gently dipping axial plane cleavage in recumbent WSW−ENE  trending F3 folds (Figure 

4a). The concentration of D3 deformation in this area was interpreted by Cornée et al., [1982] 

to be the result of reactivation of the boundary between the Carboniferous Lalla Tittaf and 

Devonian Ouled Hassine basins (Figure 2). 
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In the Central Rehamna, the D3 deformation is expressed by large-scale folding of 

the S1 fabric in a kilometre-scale SSW−NNE anticline in which the hinge zone is coinciding 

with the circular outcrop of the Neoproterozoic basement (Figure 4a−c and Figure 6, Sidi Ali 

area). The basement forms an almost symmetrical dome structure which results from 

interference between WSW−ENE oriented F2 and NNE–SSW oriented F3 upright anticlines 

of similar wavelength. The S3 cleavage is only rarely developed in small asymmetric F3 folds 

(Figure 5b). Close to the Median fault (WMSZ), the horizontal WNW–ESE directed D3 

shortening causes reworking of stretched quartz pebbles with long axes parallel to the NNE–

SSW oriented L1 stretching direction. This superposition of strain results in extreme 

elongation of quartz pebbles in a NNE–SSW direction and the formation of a prolate fabric in 

this area (Figure 5c, Kef El Mouneb). 

The D3 event also heterogeneously affects the Ordovician sequences (upper 

metamorphic unit) in the north of the studied area. In the Eastern Rehamna, it is responsible 

(Figure 2) for kilometre-scale refolding of the D1 thrust and fold belt structure by an upright 

F3 anticline with a hinge plunging moderately to the north. As a consequence, the fold hinge 

of the Koudiat el Adam − Jbel Kharrou anticline is rotated to a NE–SW direction on the 

western flank and to a NW–SE direction on the eastern flank of this regional-scale F3 

anticline (Figures 4 and 6).The intensity of F3 folding increases towards the Ouled Zednes 

Fault Zone so that the western part of the Koudiat el Adam− Jbel Kharrou anticline is thrust to 

the WNW over the tightly attenuated Devonian rocks of Central Rehamna [Figure 4c, 

Michard, 1982]. F3 folds are also well developed at the outcrop-scale in the southern 

termination of the Koudiat el Adam anticline. Here, quartzite layers and underlying Devonian 

pelites are refolded together by open to close upright folds with fold axes plunging 

moderately to the NE (Figure 7). In the Skhour and Sekhira es Slimane areas of the Central 
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Rehamna (Figure 2), the bedding of Cambro−Ordovician sandstones is folded by close to 

tight upright folds with hinges plunging gently to the NE. These folds are associated with a 

disjunctive S3 fracture cleavage dipping steeply east (Figure 5f and Figure 6) and 

north−westward imbrication of the Ordovician sequences (Figure 4c and Figure 6) [Michard, 

1982]. 

The style of D3 deformation is similar in the Western Rehamna (i.e. Coastal Block), 

where the open to close upright F3 folds are commonly associated with a sub-vertical 

cleavage and imbrication of the Cambrian sequences (Figure 4a−band Figure 6). This folding 

is particularly well developed in the Lalla Moucha area where kilometre-scale F3 folds occur 

(Figure 2). As reported by previous investigators, the intensity of D3 deformation decreases 

progressively towards the west within the Coastal Block [Guézou and Michard, 1976; Corsini 

et al.,1988a]. 

LINKS BETWEEN DEFORMATION, METAMORPHISM AND THE INTRUSION OF 

GRANITOIDS 

Even though the metamorphic evolution of the Rehamna Massif has been studied by 

numerous authors [e.g. Hœpffner et al., 1982; Corsini et al., 1988a; Diot, 1989, Aghzer and 

Arenas, 1998] the relationship between deformation and metamorphism across the whole 

massif has not been considered in detail. The study of oriented thin sections shows that the 

first metamorphic foliation S1 developed in a relatively HT Barrovian gradient reaching the 

Grt-St stability field in the centre of the massif. This fabric was formed throughout the whole 

lower metamorphic unit, from the Neoproterozoic basement and its cover in the Central 

Rehamna (Figure 8a−c), to the Devonian Ouled Hassine (Figure 8d−e) and Carboniferous 

Lalla Tittaf (Figure 8g−i ) formations of the Eastern Rehamna. Compositional layering S0 is 

sometimes well-preserved in weakly metamorphosed metasediments (Figure 8b, i). Biotite, 
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garnet and staurolite progressively grow in the prograde gradient as shown by textural 

relationships (e.g. garnet enclosed in staurolite porphyroblasts, Figure 8c) and by the normal 

zonation of garnet porphyroblasts [Aghzer and Arenas, 1995, 1998; El Mahi et al., 2000a]. 

In the Eastern Rehamna, the S2 cleavage affects the S1 metamorphic foliation forming 

chevron microstructures (Figure 8i) around garnet porphyroclasts which retain sub-horizontal 

primary inclusions whereas chlorite grows in surrounding pressure shadows (Figure 8h). 

Late heterogeneous D3 deformation affects the earlier fabrics and associated minerals. 

Within the Ouled Zednes fault zone, intense D3 shearing leads to the formation of a mylonitic 

fabric in which biotite and white micas in the matrix are entirely recrystallized and new 

chlorite grows in pressure shadows around garnet porphyroclasts (Figure 8d). In contrast, far 

from this major shear zone, the S1 layering is only slightly folded or kinked (Figure 8e),  

D3 deformation is also intense at the south−western boundary between the Lalla Tittaf 

and Ouled Hassine formations in the Rais El Abiod area. Here, late ductile shearing affects 

staurolite ± garnet-micaschist leading to the formation of fine-grained mica-rich layers 

(Figure 8g).This metamorphic recrystallization is penecontemporaneous with the syn-tectonic 

intrusion of the Rais El Abiod leucogranite, which shows geometrically coherent solid state 

mylonitic deformation at its contact with the host rocks [Diot, 1989], whereas static 

overgrowth of andalusite, tourmaline and biotite took place in the aureole of contact 

metamorphism in the pelites of the surrounding area [Hœpffner et al., 1982; Lagarde, 1989; 

Diot, 1989; Diot and Bouchez, 1991; Lagarde et al., 1990]. 

Intrusion of the Sebt-Brikiine granite at the end of the D3 event was accompanied by 

weak magmatic to brittle deformation whereas the post-tectonic growth of cordierite and 

andalusite is widespread in the surrounding metamorphic aureole [Lagarde, 1989; Diot, 1989; 

Diot and Bouchez, 1991; Lagarde et al., 1990]. 



©2014 American Geophysical Union. All rights reserved. 

Since the work of Hœpffner et al. [1975a], numerous authors ascribe the local 

presence of kyanite to the climax of the Barrovian metamorphism. However, in the Rehamna, 

kyanite crystals are always associated with late quartz veins. As it has been proposed by El 

Mahi et al. [2000b], we suggest that the formation of this mineral is due to a late 

hydrothermal event. 

40AR/39AR GEOCHRONOLOGY 

Rocks from the Rehamna Massif have been sampled for laser step-heating 40Ar/39Ar 

geochronology at the University of Nice Sophia Antipolis (Geoazur laboratory) in order to 

constrain the history of cooling and exhumation of the massif, as well as the timing of 

intrusion of the granitoids. The location of the samples is shown in Figure 2 and coordinates 

are given in auxiliary material. Step-release spectra are shown in Figure 9 and details of the 

analytical procedure and results are given (Tables A1–A12). 

Upper Carboniferous metamorphic cooling ages 

Three samples (Figure 9a−c) from the lower metamorphic unit in the Central (R061A) and 

Eastern (R147 and R149A) Rehamna yielded Upper Carboniferous metamorphic ages. 

Sample R061A (Figure 9a) was collected from the Lower/Middle Cambrian pelites of 

the Central Rehamna to the north of Sidi Ali village. The rock has a sub-horizontal S1 

foliation bearing a NE−SW trending L1 mineral lineation. The metamorphic assemblage 

contains staurolite and garnet porphyroblasts up to 1 cm in diameter, in equilibrium with a 

fine-grained matrix of white mica + biotite + ilmenite + equant quartz underlying the 

foliation. Grains of ilmenite and mica that forms inclusions in large garnet and staurolite 

porphyroblasts are parallel to the foliation. Late S3 crenulation is visible in the matrix and 

may be associated with chloritization of biotite porphyroblasts. 40Ar/39Ar dating of a biotite 

yielded two first steps below 290 Ma, followed by a 4 step flat spectrum and a plateau age at 
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309.4±7.2 Ma (80% of the total 39Ar released). The slightly perturbed spectrum at the first 

steps at low temperature could evidence of argon loss due to a younger thermal event between 

150 and 210 Ma. 

Sample R147 (Figure 9b) is a strongly sheared metapelite from the Lalla Tittaf 

formation in the Eastern Rehamna. In the sampled outcrop the S1 foliation and L1 lineation 

dip moderately to the NE and are deformed by late F2 kink-bands. The foliation in this 

sample contains fine-grained quartz + feldspar + white mica ± biotite and chlorite. 40Ar/39Ar 

dating of white mica from this sample gave a relatively flat spectrum after the first three steps 

and a plateau age at 301.1±6.3 Ma (Steps 4−12, 90% of the total 39Ar released). The slightly 

perturbed spectrum at the first steps at low temperature could be evidence for an excess of 

argon, so this age should be considered as a maximum age. 

Sample R149A (Figure 9c) is an amphibolite from the Lalla Tittaf formation in the 

Eastern Rehamna. Here, the rock is affected by sub-vertical, E−W trending S2 cleavage 

bearing a mineral lineation plunging moderately to the west. Microlithons and S2 cleavage in 

the studied sample consist of medium grained hornblende ± plagioclase. A hornblende yields 

a heterogeneous spectrum with a relatively flat section between steps 5−7 at 309.0±8. 4 Ma 

(67% of the total 39Ar released). However, the saddle-shaped age spectrum might be due to an 

excess of argon.  

Permian metamorphic cooling ages 

Four samples (Figure 9d−g) from the lower metamorphic unit in the Central (11-01B) and 

Eastern (12-02C, R136C and R079D) Rehamna yielded Permian metamorphic ages. 

Sample 11-01B (Figure 9d) is a metarhyolite collected from the Neoproterozoic 

basement of the Central Rehamna cropping out at Sidi Ali village. Here, a strong sub-

horizontal S1 foliation bearing a NE SW−  trending stretching lineation is present. A fine-
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grained matrix composed of dynamically recrystallized quartz and feldspars alternates with 

white mica lithons. A white mica from this sample gave a flat spectrum with a plateau age at 

285.5±5.6 Ma (2−9 steps, 100% of the total 39Ar released). 

Sample 12-02C (Figure 9e) is a metarhyolite from a 300 m wide felsic body within the 

Lalla Tittaf formation in the Eastern Rehamna. Here, moderately SE dipping S3 foliation is 

characterized by well-developed layering consisting of fine-grained dynamically 

recrystallized quartzo-feldspathic matrix alternating with white mica layers. After a first step 

lower than 270 Ma, white mica gave a relatively flat age spectrum with a plateau age at 

284.6±6.4 Ma (2−6 steps, 87% of the total 39Ar released). 

Sample R136C (Figure 9f) is a pelite from the Ouled Hassine formation in the Eastern 

Rehamna. Here, the S1 foliation dips moderately to the ESE, bearing a weak sub-horizontal 

mineral lineation. The metamorphic assemblage consists of staurolite, garnet, biotite, white 

mica, quartz and late chlorite. The microstructure of the rock is formed by fine-grained mica 

and quartz layers with porphyroblasts of staurolite and garnet (up to 2mm) containing 

ilmenite inclusions. Some scattered white mica porphyroblasts, up to 100µm in size, are 

present. The main foliation is deformed by late F3 kink bands. The age spectrum of this 

sample shows a first step with an old apparent age up to 290 Ma, followed by a flat spectrum 

with a plateau age at 282.9±6.4 Ma (2−5 steps, up to 99% of the total 39Ar released). 

Sample R079D (Figure 9g) was collected in the Ouled Zednes Fault Zone, in the 

Ouled Hassine formation. The S1 metamorphic foliation of this pelite is affected by 

overturned F3 recumbent asymmetrical folds, with S3 cleavage dipping moderately to the 

east, and fold axes plunging gently to the south. The S3 cleavage is formed by an alternation 

of white micas, biotite and chlorite layers with recrystallized quartz ribbons. Staurolite 

porphyroclasts contain parallel to helicitic inclusion trails of ilmenite. The 40Ar/39Ar apparent 
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age spectrum from the white mica is flat with a mean age at 288.2±8.7 Ma (3 steps, 100% of 

the total 39Ar released). 

Cooling ages of granitoids and surrounding contact aureoles 

One sample (R159) from the Rais El Abiod leucogranite and two samples (R095A and 

R095B) from the surrounding metamorphic aureole were collected in order to constrain the 

cooling age of the intrusion. One sample (R166) was collected from the Sebt-Brikiine granite. 

Sample R159 (Figure 9h) was collected at the South-Eastern contact of the Rais El 

Abiod leucogranite. The granite displays strong foliation dipping moderately to the SSW 

bearing a lineation dipping gently south. The sample is a protomylonite, with a medium 

grained matrix consisting of quartz and feldspar with bands of white mica and biotite. 

Magmatic feldspar phenocrysts show mechanical twinning and are myrmekitic. Magmatic 

quartz crystals have been completely recrystallized by a process of grain boundary migration. 

White mica from this sample yields a flat spectrum with a plateau age at 284.2±5.5 Ma (11 

steps, 100% of the total 39Ar released). 

Samples R095A and R095B (Figure 9i−k) were collected 200 m away from the 

previous sample R159 in the country rocks of the Rais El Abiod leucogranite. Here, the main 

S3 foliation is shallowly dipping to the NE and bears strong E−W lineation. Sample R095A is 

a medium grained amphibolite with a metamorphic assemblage consisting of hornblende, 

plagioclase, epidote, calcite and sphene. Sample R095B is a pelite consisting of garnet, white 

mica, biotite, quartz and ilmenite. Chlorite has grown in pressure shadows around garnet. 

Micas are present in the form of grains up to 500µm in diameter and form layers alternating 

with quartz lithons. Ilmenite is contained as helicitic inclusions in garnet porphyroclasts. Two 

analyses of amphiboles from sample R095A show a relatively flat spectrum with a mean age 

at 292.2±8.8 Ma (steps 4−8, 95% of the total 39Ar released, analysis k442) and 292.2±8.0 Ma 
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(steps 2−6, 98 % of the total 39Ar released, analysis k401). After a first lower step, a white 

mica from the sample R095B yielded a relatively flat spectrum with a plateau age at 

274.2±3.1Ma (steps 2−11, 88% of the total 39Ar released). 

Sample R166 (Figure 2) has been collected from the NE part of the Sebt-Brikiine 

granite. It is a coarse grained biotitic granite with phenocrysts of perthitic K-feldspar and a 

magmatic matrix consisting of plagioclase and quartz with laths of biotite up to 800µmin 

length. No magmatic or tectonic fabric is present. After a few steps, the 40Ar/39Ar apparent 

age spectrum from biotite in this sample remains flat and gives a plateau age at 274.8±5.4 Ma 

(steps 4−11, 92% of the total 39Ar released). The slightly perturbed spectrum in the first steps 

at low temperature could be evidence of argon loss due to a younger thermal event (between 

170 and 200 Ma). 

DISCUSSION 

The combination of new structural observations and 40Ar/39Ar, age determinations presented 

in this paper has fundamental implications for the interpretation of the tectonic evolution of 

the Rehamna massif. Using this information, the events that affected the Rehamna Massif in 

Morocco can be integrated with the tectonic history of the whole Alleghanian−Variscan 

orogeny. 

Interpretation of orogenic fabrics 

Since the work of Hœpffner et al. [1975a,1975b], Piqué et al. [1980] and Michard [1982], the 

general architecture of the Rehamna Massif and its tectonic interpretation has been explained 

in terms of continuous westward accretion of Devono−Carboniferous basins against the 

Coastal Block. This simple scenario is called into question by the results presented above that 

suggest a major south-vergent thrusting event was followed by the growth of a crustal dome. 

The whole crustal edifice was subsequently affected by almost orthogonal ESE–WNW 

shortening. 
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D1 nappe stacking and deep crustal flow 

The strong SSW−SW trending mineral and stretching lineation widely described in the 

Central Rehamna has been used as a major argument in favour of dextral transpression during 

displacement of the Coastal Block relative to the Central Zone [e.g. Lagarde and Michard, 

1986; Aghzer and Arenas, 1995; Baudin et al., 2003; Michard et al., 2010a]. However, 

alternative interpretations have also been proposed. Diot [1989] interpreted these structures as 

a result of top to the SSW SW−  nappe stacking, while Corsini et al. [1988a] suggested that 

tectonic inversion of an Early-Carboniferous basin-related normal fault had taken place. A 

comparable early stage of southward compression has also been suggested in the Northern 

Sekhira-es-Slimane Devonian conglomerates close to the Coastal block [Piqué, 1973]. 

A prograde Barrovian metamorphism is associated with the development of the S1 

fabric within the whole lower metamorphic unit [Aghzer and Arenas, 1995; El Mahi et al., 

2000a]. This implies that the S1 foliation developed in the Devonian and Carboniferous 

sediments and underlying Neoproterozoic–Lower Palaeozoic rocks during burial (Figure 10). 

The D1 deformation is spatially restricted to the former Devono–Carboniferous basins 

suggesting structural and probably also thermal inheritance influencing the mode of crustal 

thickening [Thompson et al., 2001]. Here it is argued that the horizontal fabric and prograde 

metamorphic gradients in the lower metamorphic unit result from the SSW–SW thrusting and 

imbrication of the Lower Palaeozoic sedimentary pile over Devonian and Carboniferous 

basinal sequences (i.e. southward thrusting of the Koudiat el Adam − Jbel Kharrou anticline 

and the Ordovician rocks of the Skhour area) (Figure 10). The consequence of this thrusting is 

thickening of the crust accompanied by horizontal flow of thermally weakened rocks in an 

intracontinental rift as proposed e.g. by Schulmann et al. [2002] and Košulicová and Štípská 

[2006] for other parts of the Variscan belt. Consequently, prograde horizontal foliation and 
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metamorphic isograds sub-parallel to the S1 foliation in the deep crust reflect the horizontal 

flow accommodating upper crustal thickening. The inheritance of basinal architecture is 

indicated by the relationship between lithological boundaries and metamorphic isograds [e.g. 

Michard et al., 2010a] shown in Figure 10. In addition, the fact that metamorphic isograds are 

orthogonal to the D3 Ouled Zedness Fault Zone and tend to be parallel to the D1 thrust in the 

upper metamorphic Jebel Kharrou and Koudiat al Adam unit [Michard et al., 2010a] shows 

that the pattern of metamorphism is governed by the early ~E–W trending structures. 

The contrast between the style of deformation in the upper and lower metamorphic 

unit, that is the imbrication, thrusting and folding at the upper level versus horizontal ductile 

flow at depth is characteristic of the orogenic super- and infra-structure found in metamorphic 

domes of similar age in the Pyrenees [van den Eeckhout and Zwart, 1988]. 

D2 syn-convergent doming and associated detachments  

The continuous SSW−NNE directed compression results in a shortening of the infrastructure 

that evolves into doming. The syn-convergent ~E−W trending anticline marks the exhumation 

of the orogenic infrastructure and associated isograds with the deepest metamorphic rocks 

located in the core of the crustal dome (Figure 10). In its eastern part, this continuous ~N–S 

shortening leads to the formation of an upright anticline with a large amplitude and sub-

vertical S2 cleavage, whereas in its western part, the anticline is of smaller amplitude and 

more open. It is suggested that this difference in amplitude is because the shortening is greater 

in the weaker Devonian–Carboniferous deep basinal sequences in the east and lesser in the 

west where a stronger basement is present. Indeed, in the western part of Eastern Rehamna 

and in the Central Rehamna the S2 fabric does not develop and the dome structure is defined 

only by tilting of the S1 fabrics.  

In our model, the detachment of the superstructure i.e. northward sliding of the 
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Koudiat el Adam −Jbel Kharrou anticline is contemporaneous with the syn-convergent 

doming of the infrastructure and not a consequence of an extensional event as proposed by 

previous authors [Baudin et al., 2003, Razin et al., 2003]. A similar detachment ought to be 

present on the southern flank of the developing deep crustal dome. 

D3 WNW−ENE shortening 

The D3 event marks a major change in the tectonic regime from SSW−SW directed 

nappe stacking (D1) and subsequent doming (D2) to a strong D3 WNW−ENE compression. 

In the infrastructure of the Eastern Rehamna, this is expressed by the formation of large 

synclines and anticlines [Baudin et al., 2003; Razin et al., 2003] with an increase in the 

intensity of deformation towards the west, culminating in thrusting of this unit over the 

Central Rehamna along the Ouled Zednes fault [Hœpffner et al., 1975a, 1975b; Lagarde and 

Michard, 1986]. This thrusting is probably due to the buttressing effect of the rigid 

Neoproterozoic basement located below the Central Rehamna. In the whole infrastructure, the 

D3 event is responsible for the folding of D1 isograds, mainly in the west. In contrast, the 

metamorphic aureole of the Rais El Abiod granite is only elongated parallel to the D3 

structural trend (Figure 2). 

To the North, the orogenic superstructure formed by the Koudiat el Adam − Jbel 

Kharrou anticline is moderately refolded and thrust over the Central Rehamna (Sekhira es 

Slimane and Skhour area). Here, the D3 folding and intensity of imbrication dramatically 

increases, suggesting that the rigid Coastal Block behaves as a buttress along the Median fault 

(Figure 6). In contrast, further south the interference between F2 and F3 anticlines is 

responsible for the domal structure in the Central Rehamna and ultimately the exhumation of 

the Neoproterozoic basement (Sidi Ali). 

Previously, the strong lineation developed between the Ouled Zednes and Median 
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faults (Figure 5) has been interpreted as a result of intense strike-slip shearing within the 

Central Rehamna [Hœpffner et al., 1975a,1975b; Lagarde and Michard, 1986] forming part 

of the main dextral Western Meseta Shear Zone [Michard et al., 1978; Piqué, 1980]. In 

contrast, it is proposed here that these linear structures result from ~ESE–WNW shortening of 

an originally sub-horizontal fabric bearing a ~SWW–SW lineation inherited from the D1 

event [see also Diot, 1989]. This superposition of strain resulted in the development of sub-

horizontal prolate ellipsoidal geometries as illustrated by the spectacular rodding of the 

Devonian conglomerates at Kef el Mouneb (Figure 5d).  

 Is the WMSZ a major tectonic boundary? 

Based on the interpretation of D3 structures given above, it is argued that the importance of 

dextral shearing in the Central Rehamna and the role of the W.M.S.Z. in general, has been 

overestimated. The formation of the W.M.S.Z. is best explained as the result of WNW 

thrusting of the Central Zone of the Western Meseta over the Coastal block [see also Baudin 

et al., 2003] rather than by dextral shearing between two independent terranes. The localized 

thrusting is due to the buttress effect of the underlying Neoproterozoic basement. In addition, 

the Eastern Rehamna is thrust over the Central Rehamna along the Ouled Zednes Fault 

[Baudin et al., 2003]. As a consequence, the D3 deformation is localized within the Central 

and Eastern Meseta along the western border of the Devono–Carboniferous basin. The D3 

deformation zone simply reflects the structural inheritance of originally NNE–SSW trending 

sedimentary basins developed on the Lower Palaeozoic cover of the Neoproterozoic basement 

and is not a major transpressive boundary between different terranes. 

This explains similarities between the Lower Palaeozoic successions of the Coastal 

Block and the Meseta which have long been recognized and suggests that there is not a major 

break between the two regions [Destombes et al., 1985; Hœpffner et al., 2005; Michard et al., 
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2008]. The siliciclastic sedimentary sequences of both regions appear to have developed in an 

epicontinental platform environment on the main Gondwana landmass, showing evidence of 

the same Lower Palaeozoic marker events including Early- Middle Cambrian rifts [Bernardin 

et al., 1988; Piqué, 2003; Pouclet et al., 2008], the early Ordovician hiatus [Ghienne et al., 

2007], and the end-Ordovician glaciation [Le Heron et al., 2007]. Differences between the 

stratigraphies of the Coastal Block (Western Rehamna) and those of the Central Rehamna 

(Western Meseta) are less striking than those occurring within the Meseta block itself. Based 

on its evolution during the Lower Palaeozoic, the whole area appears to have formed a single, 

but composite, domain [Michard et al., 2008]. 

Timing of tectonic and magmatic events 

The 40Ar/39Ar geochronological study has yielded three groups of ages that constrain (1) the 

D1 SSW−SW directed nappe stacking and subsequent D2 doming, (2) the D3 WNW ESE−  

compression accompanied by syn-tectonic intrusions and (3) the late magmatic post-tectonic 

event. 

Significance of late Carboniferous ages 

The ~309±7 Ma (sample R061, Figure 9a) and ~301±6 Ma (sample R147, Figure 9b) 

40Ar/39Ar ages were obtained from metamorphic white micas from the garnet-biotite and 

staurolite metamorphic zones. The metamorphic temperatures for the two samples can be 

estimated as 450 and 550° C respectively. They are therefore far above the blocking 

temperature of ~360°C for argon diffusion in muscovite [Dodson, 1973]. Therefore, these two 

ages probably indicate the time of cooling of the metamorphic rocks when they were 

exhumed during the formation of the D2 anticline. The amphibolite from the Lalla Tittaf 

formation (sample R149A, Figure 9c) that yielded a 40Ar/39Ar plateau age of ~309±8 Ma was 

collected from the biotite-garnet zone and the blocking temperature of hornblende ~ 500° C is 
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therefore close to the peak metamorphic temperature. This implies that this age may be close 

to the D1 metamorphic age but it is from a region with the strongest D2 structural overprint. 

Therefore, we suggest that Late Carboniferous ages of this study mainly reflect the formation 

of the Rehamna dome during D2. The preservation of D1–D2 cooling ages is also supported 

by the location of samples R147 and R149 which both lie in the low-grade part of Eastern 

Rehamna where the effect of late D3 deformation is negligible or absent. The D2 doming and 

exhumation of the deep infrastructure can have taken place soon after the south-vergent D1 

folding and thrusting and the formation of the infra and superstructure pattern.  

Significance of Lower Permian ages 

The 40Ar/39Ar ages ~285±5 Ma (sample 11-01B, Figure 9d) and ~283±6 Ma (sample R136C, 

Figure 9f) obtained from the Sidi Ali dome and the Ouled Hassine formation are interpreted 

to be the result of resetting of the argon system during the D3 event. This hypothesis is 

confirmed by an 40Ar/39Ar muscovite age of 288±9 Ma for sample R079D from the strongly 

retrogressed schists within the Ouled Zednes fault zone (Figure 9g), and by the 40Ar/39Ar 

muscovite age of ~285±6 Ma from a sample located at the South−Western boundary between 

Ouled Hassine and Lalla Tittaf formation also strongly affected by D3 deformation and 

muscovite neocrystallization (sample 12-02C, Figure 9e). These results indicate that the D3 

event is responsible for resetting the argon system in muscovite during a major but 

heterogeneous reworking of the eastern part of Eastern and Central Rehamna.  

The timing of D3 is confirmed by a40Ar/39Ar muscovite age of ~284±5 Ma from the 

deformed Rais El Abiod granite (sample R159, Figure 9h) and the 40Ar/39Ar muscovite age of 

~292.23±8 Ma (sample R095A, Figure 9i-j) from rocks affected by D3 retrogression in the 

contact aureole of the granite massif. These two ages are interpreted to be the time of 

crystallization of the syntectonically emplaced granite and its thermal metamorphism of the 
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host rock during D3 deformation. The zircon U−Pb crystallization age of 285±6 Ma for the 

Rais El Abiod intrusion [Baudin et al., 2003] and reopening of the isotopic system in zircons 

from the metagabbros of the Lalla Tittaf formation at 284±6 Ma demonstrates that granite 

cooling and D3 deformation occurred almost simultaneously. Indeed, a small granite stock 

emplaced at upper crustal levels will cool in a time of the order of a hundred thousand years 

as shown for instance by Kratinová et al. [2007]. Consequently, we suggest that the D3 event 

is Lower Permian (Autunian) with a climax at 285Ma even though deformation may have 

started earlier, at the Permo–Carboniferous boundary (~ 295−300 Ma). 

Age of the post-D3 granitoid 

The muscovite 275.8±5 Ma 40Ar/39Ar plateau age obtained for the Sebt-Brikiine 

granitoid corresponds to the emplacement of this late tectonic batholith (sample R166, Figure 

9l). It is slightly older than the Rb−Sr age obtained by Mrini et al. [1992] (268±6 Ma) but 

similar to the 278±2 Ma age of the associated dykes obtained using the same method 

[Tisserant, 1977 in Hœpffner et al., 1982]. The emplacement of this pluton post-dates F3 

folding of the Lower Palaeozoic sequences in the Coastal Block suggesting that the age ~276 

Ma may be considered as an upper limit of D3 deformation.  

The Rehamna in the frame of the Moroccan Variscides 

Lower Carboniferous opening of intracontinental basins (345−315 Ma)  

Volcano-clastic basins in the Eastern Meseta post-date the eo-variscan (i.e. Upper 

Devonian−Tournaisian) deformation and show presence of calc-alkaline magmatism dated at 

345 and 320 Ma [U−Pb on zircon Oukemini et al., 1995; 87Sr/86Sr vs. Rb−Sr isochrones, Ajaji 

et al., 1998]. Simultaneously, intracontinental basins with interstratified bimodal magmatism 

formed throughout the whole Western Meseta [Hœpffner et al., 2006b and references herein]. 

In these basins, the Visean to Early Serpukhovian sedimentation [e.g. Playford et al., 2008; 
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González et al., 2011] is contemporaneous with a thermal event dated at 330−320 Ma in the 

Central Massif [Huon et al., 1987; white mica K–Ar ages on slates]. It is also coeval with the 

magmatic activity and fluid circulations in the Jebilet as shown by the emplacement of 

cordierite-bearing granodiorites at ~327 Ma [Rb−Sr isochrones, Mrini et al., 1992] and a 

granitic sill emplaced at ~330 Ma [U−Pb zircon, Essaifi et al., 2003], together with sulphide 

deposits dated at ~332 Ma by 40Ar/39Ar method on hydrothermal sericite [Marcoux et al., 

2008]. These Carboniferous basins in Western Meseta are interpreted as: 1) foreland basins 

related to north-westward propagation of thrusts and folds [Ben Abbou et al. 2001] and 

[Roddaz et al. 2002], or intraplate extensional basins [Hœpffner et al. 2005, 2006b with 

references herein]. Recently, Essaifi et al. [2014] suggested these basins can be opened during 

the southward docking of the Sehoul block against the Western Meseta.  

NE−SW to NNE−SSW shortening during Upper Carboniferous to Lower Permian 

(310−295 Ma)  

In the Eastern Meseta, Westphalian deformation resulted in formation of mostly ENE−WNW 

striking folds and foliation [Huon et al., 1987] associated with anchizonal metamorphism 

[Hœpffner, 1987; Erraji, 1997; Houari and Hœpffner, 2003; Hœpffner et al., 2005]. Few syn-

tectonic granitoids emplaced shortly before and during this tectonic event at ca. 320−300 Ma 

[Diot and Bouchez, 1991; El Hadi et al., 2006 and references herein].  

Previous studies proposed that the Westphalian deformation in the Western Meseta 

relates only to a NW−SE to WNW−ESE compression [ Michard et al., 2010b and references 

herein]. However, we suggest that the earliest deformation fabrics in the Rehamna (D1−2) are 

compatible with a NNE−SSW convergence from the Westphalian to the Lower Autunian (i.e. 

310−295 Ma). In this revised model, the SSW directed movement postdates sedimentation in 

the Visean to early Serpukhovian basins and is thus not connected to their formation as 
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proposed by Essaifi et al. [2014] in the Jebilet. In the Central Massif, the folds and foliation 

trends forms a V-shape structure which is parallel to the Sehoul block boundary (Fig. 1). This 

structural pattern was attributed to an inherited rhomboidal shape of Carboniferous basins 

which have been inverted during NW−SE to WNW−ESE compression along the W.M.S.Z. 

[e.g. Piqué et al., 1981]. In contrast, we propose that WNW−ESE fabric trend in front of the 

Sehoul block (Fig. 1) results from a buttress effect related to its SSW movement. Subsequent 

propagation of deformation in front to SSW moving indentor may be responsible for the 

south-vergent thrusting observed in the Central Massif [Hœpffner, 1987], formation of (D1−2) 

early WSW–ENE trending fabrics in the Rehamna and in Jebilet [Boummane and Olivier, 

2007], the latter being also extruded in a general NE−SW to NNE−SSW compressional 

context [Essaifi et al., 2014]. Altogether, these observations indicate that the southward 

compression is a major regional feature and affects a large portion of Moroccan Meseta as 

well as its southern border in the High-Atlas [Pouclet et al., 2008]. 

NW−SE to WNW–ESE shortening during Lower Permian (295−280 Ma)  

In the Eastern Meseta, the emplacement of Lower Permian calco-alcaline granitoids dated at 

~284-287 Ma [Rb-Sr ages, Tisserant, 1977, Mrini et al., 1992] are considered to be post-

collisional [El Hadi et al., 2003]. However, in the Central Massif, the granitoids dated  at ca. 

291 and 296 Ma  [U−Pb zircon ages, Chèvremont et al. 2001, Baudin et al., 2001] are 

emplaced at the end of the WNW–ESE compressive event [Diot and Bouchez, 1991; Tahiri et 

al., 2007]. These results corroborate the syntectonic emplacement of the Rais El Abiod 

granite at ca. 295 and 285 Ma in the Rehamna Massif, leucogranite sheet dated at ca. 295 Ma 

in the Jebilet [Rb−Sr isochron, Mrini et al., 1992] and intrusion of the Tichka granite in High 

Atlas dated at ca. 291 and 283 Ma using Rb−Sr and Sm−Nd isochrons, respectively [Gasquet 

et al., 1992]. Based on all these data, we suggest that D3 shortening event in the Rehamna 
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corresponds to a major Permian NW−SE to WNW−ESE shortening affecting the whole 

Western Meseta. 

Late to post orogenic magmatism (280−260 Ma) 

In the Rehamna Massif, the intrusion of the Sebt-Brikiine granite and associated dikes at ca. 

276 Ma post-date ductile deformation. Similar post-tectonic intrusions, mostly sub-alcaline, 

are widespread in Western Meseta in particular in the Central Massif where they have been 

dated using the Rb−Sr method (whole-rock) by Mrini et al. [1992]. All of these intrusions 

represent late- to post-orogenic magmatic events. 

The Rehamna and the Moroccan Variscides in the frame of the 

Alleghanian−Variscan orogeny 

A number of large-scale correlations between the Variscan Orogeny in Europe and 

North−Western Africa and the Alleghanian (Appalachian) belt in North America have been 

proposed [Arthaud and Matte, 1977; Piqué, 1981; Matte et al., 2001; Houari and Hœpffner, 

2003; Hœpffner et al., 2005, 2006a, 2006b; Simancas et al., 2005; Engelder and Whitaker, 

2006; Michard et al., 2008; Simancas et al., 2009; Hatcher, 2010]. Except for a few structural 

studies of the Appalachian orogeny in the eastern United States [e.g. Hatcher, 2010; Engelder 

and Whitaker, 2006] and in southern Europe [Edel et al., 2013; Weil et al., 2013] the early 

stages of deformation are not taken into account and most of the cited studies focus on late 

structures. To fill this gap, observations from the Rehamna Massif have been used as the basis 

for a two-stage history of geodynamic evolution taking into account comparable data from 

southern Europe and North America (from the Upper Carboniferous to the Lower Permian, 

Figure 11). 

Upper Carboniferous to Lower Permian 

The birth of the Alleghanian orogeny (Appalachian, North America) starts with major dextral 
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strike slip movements and local thrusting during the Upper Mississippian [<325Ma Hatcher, 

2010]. This is concordant with the orientation of the maximum horizontal stress within the 

Southern and Central Appalachians based on the strike of joints within coal-bearing sediments 

formed between 305 to 290 Ma [Appalachian-wide stress field of Engelder and Whitaker, 

2006]. This major dextral shearing took place between margins of Laurentia and Gondwana 

[Coward, 1993] and is associated in Appalachian with syn-tectonic intrusions and 

metamorphism [Hermes and Murray, 1988; Hatcher et al., 2007], in particular in New 

England where partial melting affects the orogenic middle crust at c.a. 300−290 Ma [Walsh et 

al., 2007].  

 At the same time, in Europe, the French Massif Central was affected by the syn-

convergent E−W oriented collapse of the thickened Variscan crust associated with intrusion 

of numerous syn-tectonic plutons [Faure et al., 1995, Faure et al., 2009 and references 

herein]. However, orogen parallel extension in the French Massif Central operated 

simultaneously with thrusting along the northern margin of the Central-Armorican domain 

[Lacquement et al., 2005; Ballèvre et al., 2009] while E−W syn-convergent gneiss domes 

were growing in the south in the Montagne Noire and Pyrenean regions [Denèle et al., 2009; 

Charles et al., 2009]. Further south, the Iberia Orocline was developing due to N−S 

shortening at 310−295 Ma [Gutiérrez-Alonso, 2011, 2012]. The southward propagation of this 

deformation probably resulted in the thrusting of the Sehoul block over the Meseta domain 

[Tahiri et al., 2010].  

 The D1 metamorphism, horizontal flow and D2 E−W doming observed in the 

Rehamna dome at 310−295 Ma can be kinematically and chronologically correlated with the 

growth of similar domes in the Pyrenees [Denèle et al., 2007, 2014] and the Montagne Noire 

[Charles et al., 2009] and also with the formation of the Iberian orocline [Gutiérrez-Alonso et 
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al., 2011, 2012; Weil et al., 2013]. The timing and structural style characterized by horizontal 

flow in the infrastructure, imbrication and folding of the superstructure and subsequent 

formation of crustal domes are identical in Morocco and the Pyrenees. Thus, southern Europe 

and North Morocco both underwent deformation in which identical structures developed at 

the same time suggesting collision of north Gondwana with the previously assembled 

Variscan belt in the Upper Carboniferous [Edel et al., 2013, 2014]. Frontal convergence of 

Gondwana and the Variscan collage in the north took place at the same time as the whole 

system was undergoing dextral shearing parallel to the margin of Laurentia in agreement with 

the model of Hatcher [2010]. Therefore, at the scale of lithospheric plates, two major domains 

can be distinguished: (1) the zone of dextral translation of Gondwana parallel to the boundary 

of Laurentia, and (2) a zone of frontal collision between the Variscan collage in Europe and 

Gondwana (Figure 11).  

Lower Permian 

Major changes in the tectonic regime occurred during the Lower Permian (Figure 11). For 

instance, the Alleghanian fold-and-thrust belt in the Appalachians formed as a result of head-

on tectonics due to an ESE−WNW contraction [Hatcher, 2010]. From 290Ma, in Southern 

and Central Appalachian, the younger joint set formed in the coal bearing sediments indicates 

a new orientation of the maximum compressional stress which is parallel to the direction of 

Permian thrusting [Engelder and Whitaker, 2006]. During this shortening, syn-tectonic 

magmatism and metamorphism is still active throughout Appalachian [Hatcher et al., 2007], 

for instance in New England [Eusden and Barreiro, 1988; West et al., 1988] where syn-

convergent extrusion of the Lym dome and coeval granitic intrusions took place at c.a. 290–

280 Ma [Walsh et al., 2007]. Contemporaneous intrusions have been also found in the 

Gondwana-derived Suwannee terrane at c.a. 295 Ma in Southern Appalachian [Heatherington 

et al., 2010]. 

This event can be directly compared to that affecting the Moroccan Meseta which was 

subject to ESE−WNW compression during D3 at 295–280Ma as indicated by the 40Ar/39Ar 
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ages reported above in this paper. In addition, similar 40Ar/39Ar ages of 290–270 Ma are 

reported from mylonitic thrust zones in the southern Mauritanide belt suggesting that this 

event affected the whole Gondwana – Laurentia margin [Lecorché, in Caby et al., 2009]. 

However, the deformation regime is quite different in the European Variscan collage in 

Europe. In Iberia, dextral shearing parallel to the Gondwana boundary and conjugate sinistral 

shear zones are dominant [Ribeiro et al., 2007, Carreras and Druguet, 2014]. Indeed, the 

Lower Permian is characterized by dextral shear zone activity throughout Variscan Europe 

[Arthaud and Matte, 1977] accompanied by the formation of numerous Permian basins [Burg 

et al., 1994] and granitoids [Wilson et al., 2004]. According to Arthaud and Matte [1977], the 

European Variscan collage was affected by large-scale dextral shearing related to the 

westward movement of Gondwana. 

The evidence presented and discussed above indicates that the Alleghanian orogeny in 

the eastern United States and the Permian deformation of north Morocco was caused by a 

kinematically and temporally identical shortening event. On both sides of the Atlantic, this 

event is characterized by large-scale upright folding and thrusting suggesting frontal collision 

in an ESE−WNW direction (relative to present geographical coordinates) between Laurentia 

and Gondwana. At the same time, the Variscan collage in Europe experienced lithosphere-

scale dextral shearing parallel to the northern margin of Gondwana. Consequently, it is the 

frontal ESE−WNW convergence of Gondwana and Laurentia which is responsible for the 

formation of the continental-scale dextral transfer zone affecting most of the European crust 

during the Permian. Therefore, as during the Carboniferous, two major kinematic domains at 

the scale of lithospheric plates can be distinguished: (1) the zone of frontal collision between 

Laurentia and Gondwana and (2) a zone of dextral shearing between the Variscan collage in 

Europe and Gondwana. Finally, post tectonic thermal and magmatic activity, bracketed in 
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Rehamna at 275 Ma, is also present in adjacents Meseta massifs [Mrini et al., 1992], in 

Appalachian [Zartman and Hermes, 1987, Goldsmith, 1988; Walsh et al., 2007] and in 

European Variscan belt [Schuster and Stüwe, 2008]. 

CONCLUSION 

Combined structural and geochronological studies of the Rehamna Massif have shed new 

light on the tectonic evolution of the Moroccan Variscan belt leading to the following 

conclusions: 

• The Rehamna metamorphic dome was formed in two stages starting with crustal 

thickening of the Devonian and Carboniferous sedimentary basin associated with 

thrusting and folding in the upper crustal levels under a regime of south directed 

stress. The SSW directed compressional deformation evolved continuously leading to 

the formation of the ~E−W trending Rehamna dome during late Carboniferous. The 

late Carboniferous ~N−S shortening is comparable to the kinematically and 

geochronologically identical event in Europe suggesting frontal convergence of the 

Gondwana landmass with the European Variscan collage to the north. At the same 

time the eastern margin of Laurentia was undergoing dextral strike slip deformation. 

• Early Permian compression orthogonal to the preceding deformation resulted in 

westward thrusting of the whole dome over the adjacent continental block. This event 

resulted in major shortening and refolding of the Rehamna dome. 

• This early Permian event in Morocco is correlated with the E−W Alleghanian folding 

and thrusting affecting the Laurentian margin while Europe was subject to major 

dextral wrench deformation.  

• The tectonic switch affecting the Moroccan Variscides reflects major change in plate 

configuration at the Carboniferous−Permian boundary and provides a clue to the 
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understanding of the final suturing of Pangaea. 
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Figure 1.Simplified geological map of the MoroccanVariscides [Modified after Hœpffner et 

al., 2005; Michard et al., 2008 and Michard et al., 2010b]. Middle Meseta Fault Zone 

(M.M.F.Z.), Western Meseta Shear Zone (W.M.S.Z.), South Meseta Fault Zone (S.M.F.Z.), 

South Atlas Fault (S.A.F.), Rabat-Tiflet Fault Zone (R.T.F.Z.), Sidi Bettache basin (S.B.B.), 

Azrou Khenifra basin (A.K.B.). 
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Figure 2. Lithological map of the Rehamna massif[modified after Hœpffner et al., 1975b; 

Michard, 1982; Cornée, 1982; Corsini, 1988; Corsini et al., 1988b; Baudin et al., 2003; Razin 

et al., 2003; El Kamel and El Hassani, 2006 and Michard et al., 2010]showing the locations 

of samples used for geochronology. Grt and Bt isograds modified after Michard [1982]; 

Cornée and Muller [1981]; Cornée [1982]; Baudin et al.[2003]; Razin et al. [2003]; St 

isograd modified after Hœpffner et al.[1982] and Aghzer and Arenas [1995].  
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Figure 3.Synthetic lithostratigraphic logs of the Rehamna massif subdivided into the Western 

(i.e. Coastal Block), Central and Eastern Rehama, and the orogenic supra- and infrastructure 

[modified after Michard, 1982; Hœpffner, 1974 and Corsini et al., 1988a].  
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Figure 4.Interpretative geological cross sections through the Rehamna massif.Stereographic 

diagrams show equal-area, lower-hemisphere projections of planar and linear structures. 
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Figure 5. Field photographs showing deformation structures in the Rehamna massif. (a) 

Recumbent open F1 folds in Middle Ordovician sandstones and shales from the upper 

metamorphic unit (Jbel Kharrou). (b) Upright closeasymmetricNNE−SSW striking F3 folds 

folding S1 metamorphic foliation in Lower Cambrian marble from the lower metamorphic 

unit (Sidi Ali). (c) Strongly prolate NNE−SSW striking L1 fabric in Devonian conglomerates 

from Kef El Mouned in the lower metamorphic unit. (d) E−W striking upright close F2 folds 

folding S1 metamorphic foliation in metapelites from the easternmost part of the 

Carboniferous Lalla Tittaf formation of the lower metamorphic unit. (e) Upright open 

asymmetric NE−SW striking F3 folds with relics of bedding S0 and metamorphic foliation 

S1in quartzite and metapelites from the Devonian Ouled Hassine formation of the lower 

metamorphic unit. (f) Upright close asymmetric NNE−SSW striking F3 folds in Upper 

Ordovician shales from the Skhour area of the upper metamorphic unit. Number in the bottom 

left  



Figure 6. Structural map of planar structures in the Rehamna showing the distribution and relationships 
between planar fabrics with data from this study and fromHoepffner [1974], Cornée [1982], Lagarde and 
Michard [1986], Corsini [1988], Corsini et al. [1988a], Diot [1989], Aghzer and Arenas [1995], Baudin et al. 
[2003], andRazin et al. [2003].
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Figure 7. Structural map of linear structures with the trend of planar structures from Figure 

6including datafrom this study and from Hœpffner [1974]; Cornée [1982]; Lagarde and 

Michard [1986]; Corsini [1988]; Corsini et al. [1988b]; Diot [1989]; Aghzer and Arenas 

[1995]; Baudin et al. [2003] and Razin et al. [2003]. 
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Figure 8. Photomicrographs illustrating the relationships between metamorphic minerals and 

microstructures in the lower metamorphic unit. (a) Development of the S1 metamorphic 

foliation in the Lower Cambrian metagreywacke from the Sidi Ali dome. (b) S0 layering 

reworked by recumbent open F1 fold in Devonian metapelite from Kel El Mouned. (c) 

Staurolitewith garnet inclusions parallel to the S1 metamorphic foliation in micaschist from 

Lower/Middle Cambrian rocks north of the Sidi Ali dome. (d) Intense shearing around garnet 

porphyroblast in mica schist from the Ouled Zednes fault zone. (e) Staurolite bearing mica 

schist with S1 foliation weakly affected by F3 asymmetric folds (Ouled Hassine formation). 

(f) F1 folds slightly reworked by asymmetric F3 folds in a biotite-bearing mica schist from 
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the Devonian Ouled Hassine formation. (g) S3 crenulation cleavage in mica schist from the 

Lalla Tittaf formation close to the contact with the Ouled Hassine formation in the Rais El 

Abiod area. A microlithon containing folded staurolites is visible in the centre of the picture. 

(h) Sub-vertical S2 crenulation cleavage in garnet-bearing mica schist from the eastern part of 

the Lalla Tittaf formation. (i) Sub-vertical S2 crenulation cleavage with compositional 

layering S0−1 preserved in mica schist from the eastern part of the Lalla Tittaf formation. 
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Figure 9. 40Ar/39Ar age spectra as a function of released 39Ar on white mica (Ms), Biotite (Bt) 

and hornblende (Hbl) single grains of samples from the infrastructure. Rock type and 

analysed mineral are given together with the sample number (in brackets) and the analytical 

reference of the laboratory (bottom right hand side; see Tables A1−A12  for raw data). The 

error boxes for each step and for the flat spectrum part ages are at the 2 σ level. Ages were 

calculated using the ArArCalc program of Koppers [2002]. 
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Figure 10. 3D idealized model for the evolution of the Rehamna massif (see text for 

discussion). 
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Figure 11. Tectonic evolution of the studied area in the frame of the Alleghanian−Variscan 

orogeny, see text for discussion and references. Palaeogeographic reconstructions at 310 and 

280 Ma after Cocks and Torsvik [2006], tectonic structures in North America after Hatcher 

[2010]. Abbreviations: Pyrenees (Pyr), Iberian arc (Ib. arc), Montagne Noire (mn), French 

Massif Central (fmc), Cornwall (cor), New England (new.eng), Lyme dome (ly), Suwannee 

terrane (sw). 

SUPPLEMENTARY MATERIAL 

40Ar/39Ar raw data 


