CHAPTER 2 –
Geological setting
Mostly limited by extensive wedges at its borders, the African plate is composed in its NW
part by cratonic blocks (Fig. 2.1) ammalgomated during the Proterozoic and peneplaned at
the beginning of the Phanerozoic time (De Wit et al., 2001; Veevers, 2004; Guiraud et al.,
2005).

Figure 2.1 - General map of NW Africa (Laville, 2001).
At its northern side, the African plate is involved in the collisional system with the
European plate (Frizon de Lamotte et al., 2000; cf. Fig. 2.2). The resulting high topography
up to ~ 4000 meters is observed in the Maghrebian region through the formation of
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intracontinental mountains belts such as High and Middle Atlas in Morocco. Considering
the modest tectonic shortening never exceeding 30% (Teixell et al., 2003) and the relatively
thin crustal roots (< 40km) (Ayarza et al., 2005) below the Atlas belts which seem not
enough to explain the high topography (Teixell et al., 2003; 2005; Fullea et al., 2006;
Missenard, 2006; Babault, 2008), many authors have proposed various “driving forces”
responsible for the present surface expression of relief (Teixell et al., 2005; Missenard,
2006; Duggen et al., 2009). During the Cenozoic the western Maghrebian region is also
marked by magmatic activities (Fig. 1.2). In the Sarrho and Siroua Massifs as well as in the
Middle Atlas volcanoes, synchronous magmatic activities produced rocks with closely
similar chemical signatures (El Azzouzi et al., 1999; Missenard et al., 2007 and reference
therein). The Neogene volcanism is interpreted as a near-surface expression of an
anomalously thin lithosphere below the Atlas chains (Teixell et al., 2005; Missenard,
2006). Thus observations introduce a concept based on possible contribution of lithospheric
thermal anomaly (Teixell et al., 2003) to explain part of also high Moroccan relief.
However the origin of magmatism and associated topography bulge observable in the rest
of Western Africa domains (in the Hoggar, Tibesti and Aïr Massifs in Fig. 2.1) (cf. Frizon
de Lamotte et al., 2006) are still under debate (Dautria et al., 2005) despite the geophysical
studies realized these last years (Ayarza et al., 2005; Fullea et al., 2006; Missenard, 2006).

Figure 2.2 - Main structural domains of Western Mediterranean Sea, from Frizon de Lamotte et
al. (2000).

In the following chapter, the main geological heritage and structural evolutions of Morocco
regions relevant for the thermochronological sampling transect (Chapter 1, Fig. 1.2) are
discussed. Considering the vast area covered by this study, a chronological approach is used
to present the various structural domains of Morocco and their evolution through the time,
marked by the different geological events since the Precambrian to the Present. A particular
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attention is given for the dominant geological features (Fig. 1.2) such as the Tizi-n’Test
fault, the South Atlas fault, the Anti-Atlas Major fault, continuously having played an
important role in the architectural change of Morocco region.

2.1. Regional tectonic framework in NW Africa
2.1.1. From Proterozoic to Precambrian
West African craton consists of ancient terrains reflecting the evolution of successive
orogenies as early as Archaen (ca. 2700Ma) and Eburnean (ca. 2000Ma) (Fig. 2.3).

Figure 2.3 - General map of the West-African Craton, from Dallmeyer and Lecorche (1991).

In the Moroccan peri-cratonic domain, the oldest rocks are found in the Anti Atlas
(Kennedy, 1964 a,b). Developed during the construction of Gondwana in Late
Neoproterozoic, the Anti Atlas orogen was recently interpreted as extending northwards to
the Siroua Plateau (Nachit et al., 1996; Thomas et al., 2004), one of the best exposures of
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Eburnean (Zenaga complex dated at ~ 2035Ma) (Aït Malek et al., 1998; Thomas et al.,
2002; Walsh et al., 2002) and Panafrican (Siroua) orogenes in the Western African Craton
(Choubert, 1963; Ennih and Liegeois, 2001) (Fig. 2.3 and 2.4).

Figure 2.4 - Map of the Precambrian outcrops in the Anti Atlas (Morocco), from Ennih and
Liegeois (2001).

Detailed lithostratigraphy, petrography, geochemistry and radiometric dating studies
(Thomas et al., 2004) realized in the Anti Atlas (Siroua Window) reveal for the basement a
geological history in the Paleoproterozoic to early Cambrian times (Thomas et al., 2002)
that can be summarized in a five-stage evolutionary model (Fig. 2.5) : i) Neoproterozoic
extension (~ 800-750 Ma); ii) Subduction and island arc growth (~ 750-700 Ma); iii) basin
closure and arc-continent collision related to Pan-African orogenesis (660-580Ma); iv)
post-orogenic collapse (580-550 Ma), and; v) foreland basin development (~ 550 Ma to
Cambrian).
Therefore, Precambrian series of Morocco mainly outcropping in the Anti Atlas belt,
recorded a complete cycle of oceanic opening and closure at the northern margin of the
Western African Craton that are coeval with the opening of the Iapetus (Piqué, 2001).
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Figure 2.5 - Sketch 5-stage evolutionary model for the Anti Atlas Orogen, from Thomas et al.
(2002).

2.1.2. The Paleozoic and the Hercynian orogenic cycle
After a tectonic quiet period in the early Paleozoic (Piqué, 2001), the northern West
African margin was dominated mainly by erosion due to Ordovician glaciation and sealevel changes associated to possible isostasic rise of the African lithosphere (Fabre, 1976).
This was followed in late Paleozoic by orogenic deformation. The Moroccan salient of
Gondwanaland and the Armorican salient of Larussia converged (Fig. 2.6) in the Early
Carboniferous-Visean (335 Ma) and large-scale collision (McKerrow et al., 2000) took
place in the Namurian (320 Ma) (Veevers et al., 1994).

11

Chapter 2

Figure 2.6 - Schematic tectonic map of the Early Permian Variscan Orogen in the western
European, northwest Adrican and eastern North American domains. Guiraud et al. (2005)
simplified after Ziegler (1990). (1) Oceanic basin; (2) deep marine basin; (3) shallow marinecontinental basin; (4) cratonic high; (5) active fold belt; (6) plateau basalts.

Four successive deformation events were distinguished (Hoepffner et al., 2006), each
accompanied by a regional compression: i) Caledonian phase (Late Ordovician to Early
Silurian, 450-430 Ma), only known in the Sehoul zone (northernmost part of the Moroccan
Meseta) (McKerrow et al., 2000); ii) Eovarisque phase (Late Devonian, 372.3 ± 8.1 Ma.
368.3 ± 7.9 Ma); iii) Mesovarisque phase (Late Visean, at 329.3 ± 7.1 Ma), and; iv)
Neovarisque phase (Late Carboniferous, between 303 ± 5.5 and 290.9 ± 6.5 Ma). The last
stage orogenic stage is named Hercynian by analogy to the Eastern European belt
(Michard, 1976; Piqué and Michard, 1981; El Hassani et al., 1991; Piqué, 2001;
Hoepffner et al., 2005) (Fig. 2.6).
However, the large-scale collision did not affect the entire West African Craton. Absent in
the pericratonic margin of the Tuareg shield and in the shield itself (Bucklard et al., 2006),
the Hercynian deformation seems essentially concentrated in the Meseta regions (Western
and Eastern Mesetas) (Piqué, 2001; Hoepffner et al., 2005), north of the Tizi-n’Test fault
zone (TNTF), the westward branch of the Atlas Paleozoic Transform Zone (APTZ) (Fig.
2.7).
The deformation of the Central Moroccan Meseta (Fig. 2.7) including the old Block of the
High Atlas or Marrakech Atlas (Du Dresnay, 1971; 1972) is Carboniferous in age, perhaps
older for the edges compared to the centre of the basins (Piqué, 2001). The regional
structures are anticlines with Cambrian and Ordovician cores (Khouribga-Oulmès
anticlinorium, Rabat-Tiflet anticline, etc.) and synclines with Carboniferous cores
(synclines of Khatouat-Rommani, Fourhal) (Michard, 1976).
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Figure 2.7 - Structural map of the Hercynides domains in Morocco (Hoepffner et al., 2005).

Ages of the tectono-metamorphic formations that reached the medium grade (500°C-7Kbar,
El Mahi et al., 2000) in the Rehamna are spatially distributed in the Mesetas. Degree and
age of the deformation decrease (Hoepffner et al., 2005; 2006) with a general E-W-trend
from the Eastern Meseta (Eovarisque) to the Western Meseta (end of carboniferous) (Piqué,
2001; Hoepffner et al., 2005). Granitoids, emplaced in the core of the shear zones (Fig.
2.7), are syn- to late- tectonic as indicated by regional metamorphism and the contact
metamorphism relationships (El Mahi et al., 2000).
In between the strongly deformed Mesetas and the undeformed cratonic zones, the
transitional zone of Anti-Atlas and Ougarta are slightly deformed. Despite a low degree of
deformation in the transitional zone, major reverse faults were active during the Late
Carboniferous (Frizon de Lamotte et al., 2006). Maximal shortening is observed in the
Western Anti Atlas (Fig. 2.7) where the cleavage front is reached in folds overfolded to the
south-east (Piqué, 2001).
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2.1.3. Opening of the Central Atlantic: rifts and troughs in the
Triassic and Jurassic in the northern African peri-cratonic
domain.
During a relative very long period of about sixty million years, from the Permian to the
beginning of the Late Trias, the conditions remained continental over the entire study area
(Beauchamp, 1988). During this period, the continent was clearly worn down and separated
from the marine domain more to the east in the Tethyan realm (Lorenz, 1988).

Figure 2.8 - Paleogeography during the Trias, from Lorenz (1988).

At the early Late Trias, a new geodynamic regime begins with the dissociation of the Africa
from North America and its decoupling from Eurasia (Frisch, 1981; Debelmas, 1989) (Fig.
2.8). This induces tensions in the continental lithosphere in the north of the African plate.
Old faults are reactivated in the Late Triassic within a crust initially deformed by the
Hercynian orogeny, controlling sedimentation in the synrift basins. The geometry of the
basins is arranged according two directions (Piqué, 2001): a NNE-SSW trend, represented
in the Western Morocco and the eastern part of North America, (Withjack, 1995; Le Roy,
1997) corresponding to the Atlantic rift with a passive margin along the African Craton
built up from Mauritania to western Moroccan coast. In Late Trias, another direction (~
N45-60°E) is present in Western Morocco and perhaps also in the Algerian Atlasic basins
(Fig. 2.9). These basins form echelon structures on the northern edge of Africa and will
contribute to opening of the future early Jurassic Alpine Tethys advancing towards the
west.
The renewed marine transgression takes place both from the east and the west (Fig. 2.8). It
spreads from the east over the whole North-Maghrebian domain at the end of the Triassic.
The sea also advances from the south-west accompanying the opening of the central
Atlantic realm (Lorenz, 1988).
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Figure 2.9 - The Triassic basins of the African margin, from Le Roy (1997).

Since Early and Middle Liassic, the carbonate shelf covers practically all the Maghreb apart
from some areas of Western Morocco (the Moroccan arch referring to Medina, 1995). In
the Maghrebian Calcareous Chain, the carbonate shelf is fragmented in the Early Liassic to
the Middle-Late Liassic and at the beginning of the Late Liassic in the Atlas, corresponding
to the start of oceanic accretion in the Central Atlantic (Olivet et al., 1984; Klitgord and
Schouten, 1986; Sahabi et al., 2004) accompanied by the drift of Africa toward the east.
The formation of the Rifo-Tellian and Atlasic basins reflects the reactivation of the crustal
fractures in a new regional stress field in which a sinistral transcurrent component
(Mattauer et al., 1977; Froitzheim, 1988; Canérot et al., 1996) combines with a normal
component along N70-90°E-trending faults in the Western Maghreb (Laville, 1988; Fedan,
1989; Amrhar et al., 1996).
During the Middle to Late Jurassic, the northern extension of Africa is situated to the north
of the future flysch zone, which is itself the site of the emplacement of basic magmas and
the uprise of ultra basic rocks (Bouillin, 1986). North of African limit, we encounter the
Rifo-Kabylian internides, made up of crystalline cores and their cover, on top of the
Calcareous Chain (Cattaneo et al., 1999; Lallam et al., 1999). This belongs to a ‘European’
continent, a microplate of European origin. Troughs and basins formed during this
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transtension lasting throughout the Mesozoic and include Jurassic rifting in the Moroccan
Atlas.
By the Bathonian, the most important overall movement after the opening of these basins
and troughs is the deepening of the Maghreb towards the north, in the direction of the
Tethys. This movement at the end of the Middle Jurassic is reflected in the emergence of
the southernmost zones of the Sahara (Jenny et al., 1981; Haddoumi et al., 2008) and by
subsequent erosion of vast areas of the African basement (Wildi, 1983). The detrital
material derived from these emergent zones is transferred towards the north by powerful
river systems such as the paleo-Niger (Piqué, 2001). At that time, a fluvial system
following the High and Middle Atlas was a transit zone for a sedimentary flux (Frizon de
Lamotte et al., 2008). Some of the material is trapped in the troughs of the Algerian and
Moroccan Atlas, while part of it mixes with debris originating from domains emergent in
the Meseta and the Central Moroccan Atlas (High Atlas of Marrakech). Eventually, this
clastic supply arrives in the external Rifo-Tellian basin where it forms the Ferrysh deposits
(Wildi, 1983), deltaic and deep sea fan sediments.
Another specific aspect of the western domain and particularly of the Central High Atlas is
the occurrence of transitional/alkaline intraplate magmatism responsible for a number of
plutonic bodies emplaced during the Bathonian and later during the Barremian (see Frizon
de Lamotte et al., 2008; Haddoumi et al., 2008). This magmatic episode seems related to a
major phase of folding and subsequent erosion leading to the exposure of the plutonic rocks
(Laville and Piqué, 1992). Presence in the western domain of Late Jurassic-Early
Cretaceous red beds overlying unconformably the pre- Middle Jurassic units and the
gabbroic ridge argue in favor of the assumption made by these authors.
The end of the Late Jurassic-Early Cretaceous erosional event associated to a large
emergence of the NW African region (Frizon de Lamotte et al., 2008) is marked by the
Cenomanian-Turonian transgression. At this time, the water sea covered a large part of the
Moroccan peri-cratonic zone.

2.1.4. Convergence between Africa and Europe.
At the beginning of the Senonian, the trajectory of Africa compared to Europe undergoes a
change (Le Pichon et al., 1988; Dewey et al., 1989; Stampfli et al., 1991; Dercourt et al.,
1993; Ricou, 1994; Rosenbaum et al., 2002), the eastward movement of the drift is
succeeded by a displacement towards the north (Fig. 2.10) which accentuates the counterclock rotation already perceptible since the beginning of the Cretaceous (Stets, 1992).
The ongoing north-directed movement of the African with respect to the European plate
resulted in main compressive stages in the Pyrenean and Atlas intracontinental belts (Fig.
2.2) during the Late Eocene (Verges et al., 1995; Meigs et al., 1996; Frizon de Lamotte et
al., 2000) referred to the literature as the Atlasic phase for the Maghrebian orogen, and
continued to Oligocene for the Pyrenees.
Around 35 Ma, an important modification took place at the Eocene-Oligocene transition. In
the northern Mediterranean domain, the Alpine subduction reached the phase of continental
collision (Doglioni et al., 1997). At this time the subduction front is situated alongside the
eastern Spanish seacoasts incorporating the Baleares, Sardinia and Corsica blocks. At the
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other side of the Subduction front there is the AlKaPeCa domain (Fig. 2.2-11A-12) which
includes the internal Massifs of Alboran, Kabylies, Peloritain and Calabria (Bouillin, 1986).

Figure 2.10 - (A) Trajectories of three points in Africa relative to fixed points in Europe plotted
as function of time. Stippled area indicates regions of Mesozoic and Cenozoic deformation. (B)
Calculated convergence rates of I, II and III. Compared trajectories and convergence rates between
Dewey et al. (1989) and Mazzoli and Helman (1994) are the grey lines, and; Rosenbaum et al. (2002)
are the black line. From Rosenbaum et al. (2002).

Then the slab started to roll back causing its tearing (Spakman and Wortel, 2004; Jolivet et
al., 1999). Firstly both part of the slab moved together toward the south but then started to
move quickly and separately toward the west and the east (Malinverno and Ryan, 1986;
Jolivet et al., 1999; 2000; Faccenna et al., 2001). As a consequence of the slab-roll back
many back-arc basins were formed firstly in Europe (between 30 and 25 Ma) with the
Liguro-Provencal basins and Valencia gulf and sometime after in North Africa (between 25
and 20 Ma) with the Algerian and Tyrrhenean basins (Rehault et al., 1985; Lonergan and
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White, 1997; Frizon de Lamotte et al., 2000) accompanied by the migration of the Betic
and the Rif towards the south-west at this time.

Figure 2.11 - (A) Schematic evolution of the subduction front of the Tethys in Western
Mediterranean Sea since the Oligocene (white thrust). ALKAPECA: Alboran, Kabylies,
Peloritan, Calabria. From Frizon de Lamotte et al. (2000). (B) Sketch of the subduction front and
its migration towards the east and the west, from Spakman and Wortel (2004).

At Middle Miocene (~15 Ma) the Kabylies are accreted to North African margin (Lonergan
and White, 1997; Verges and Sabat, 1999; Frizon de Lamotte et al., 2000). This accretion
signals the end of the roll-back of the slabs toward the south before changing for a
westward and an eastward direction. The total oceanic crust situated between Africa and the
Kabylies was subducted. The propagation of the Kabylies compressive deformation will
progressively affect the Tell structures towards the south. The Atlas therefore corresponds
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to the fold- and thrust-chain situated at the foreland of the Tell system with shortening in
the Miocene. Between 15 and 10 Ma, the slab roll-back moved toward the west along the
Algerian coasts (Fig. 2.11B) leading to the opening of the Alboran Sea (Lonergan and
White, 1997). Other models explain the opening of the Alboran Sea as a result of gravity
collapse inducted by the thickening of the continental lithosphere (Docherty and Banda,
1995; Seber et al., 1996; Calvert et al., 2000; Torné et al., 2000).
At 10 Ma, the Betic and the Rif stick respectively on the south Iberian margin and on the
NW Africa margin (Fig. 2.11B), forming the internal zones of the Betico-Rifan cordilleras.
Part of the passive margin of Africa and Iberia are thrusted on the continental crust forming
the external zone of the Betico-Rifan cordilleras. But contrarily to the accretion of the Tell
system which was perpendicular to the main inherited structures of Atlas (Fig. 2.11B), the
Rif and the Betic by their sub-parallel positions to the main structures in their foreland
cannot fully explain the compressive movements observed there (Frizon de Lamotte et al.,
2000).

Figure 2.12 - Alpine collision according to Frizon de Lamotte et al. (2000). (A) from Gomez
(2000).

2.2. Origin of the high topography along the Moroccan
peri-cratonic zone
2.2.1. Structural setting.
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The Moroccan peri-cratonic zone (Fig. 1.2) is subdivided into three domains from south to
north (Fig. 2.13):
The Anti Atlas, including the Siroua Plateau, is the northern part of the African Craton and
is situated at more than 600 km away from the Africa-European boundary (Fig. 2.14). This
SW-NE directed Paleozoic and Precambrian massif is 630 km long and 130 km wide and is
divided in two domains, the Western and Eastern Anti Atlas. Strongest deformations are
recorded during the Pan-African and Eburnean orogenes in the entire Anti Atlas whereas
the Variscan phase seems limited to the Western part of this belt. With a high relief
reaching 2500m and a mean altitude of 800m, the Anti Atlas is an anomalously high ‘old’
belt uplifted during the Cenozoic. This uplift of the Anti Atlas seems contemporaneously to
the uplift of the High Atlas.

Figure 2.13 - Map of the main structural domains in Morocco. Ages of the Tertiary volcanism and
names of the main faults are indicated in Fig. 1.2.

Those two massifs are in direct contact in the region of the Siroua Plateau otherwise they
are separated westward and eastward by narrow foreland basins (the Souss and Ouarzazate
basins).
The High Atlas (Figs. 2.13-14) is an intracontinental mountain belt (Mattauer et al., 1977;
Rodgers, 1977; Ziegler et al., 1995) defined by two senses of vergence and subdivided in
four domains, from West to East: i) the Western High Atlas s.s. extends to the Atlantic
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cost and is mostly covered by Mesozoic sediments; ii) the High Atlas of Marrakech or
Ancient Massif is the domain with the highest topography in whole N Africa (peaks at
>4000m; iii) ) the Central High Atlas is the widest zone of the High Atlas with 120 km
and consisting of well develop Mesozoic and mostly Jurassic series, without basement
outcrops, and; iv) the Eastern High Atlas or Saharan High atlas is only 60 km wide and
hardly ever reaches elevations of 1500m.
In the High Atlas of Marrakech, Precambrian and Paleozoic series outcrop with an
important lack of Meso-Cenozoic covers contreraly to the rest of the belts where at least
Mesozoic sediments are well-preserved.
The High Atlas of Marrakech and the Western High Atlas s.s. domains are most of the time
in the literature grouped under the name of Western High Atlas s.l. There is the general
opinion that all the Atlas domains seemed to have acquired the present elevated topography
during Tertiary and Neogene times.

Figure 2.14 - Topography map of Morocco (GEBCO data) (from Missenard, 2006).

The Western Meseta (Fig. 2.13-14) or Moroccan Meseta is a plateau flanked to the north
of the Atlas system with present peak elevations of 1100m and an approximated mean
altitude not exceeding 300m. Mainly constituted of Paleozoic rocks, the Moroccan Meseta
experienced important deformation during the Hercynian orogeny with regional

21

Chapter 2
metamorphism and post-orogenic intrusion of granitic bodies, observable in the cores of
antiforms (Central Massif, Rehamna and Jebilet).

2.2.2. Mesozoic and Cenozoic evolution history of Moroccan
peri-cratonic zone.
2.2.2.1. A common Mesozoic history: The Moroccan Arch concept
Since Permian times, the Anti Atlas and the High Atlas of Marrakech and the Western
Meseta constitute an emergent land peneplaned during the Early Mesozoic (Michard, 1976)
(Fig. 2.15).

Figure 2.15 - Paleogeographical map of Morocco during the early and middle Lias (Choubert
and Faure-Muret, 1960-62), showing the existence of an emerged area (Terre des Almohades)
between the two Atlas and Atlantic rifts. Referring to paleorestoration (Choubert and FaureMuret, 1960-62; Guiraud et al., 2005), the area stayed emergent till the late Early Cretaceous.

These three domains constitute the Moroccan Arch or Terres des Almohades (Choubert and
Faure Muret, 1960-1962; Du Dresnay, 1971; 1972; Medina, 1995), which are interpreted
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as the rift shoulder of the sub-parallel proto-Atlantic and Atlasic rifts during the Late Trias
and Jurassic (Michard, 1976).
The concept of Moroccan Arch was originally based on observation that Late Triassic and
Jurassic deposits were lacking. However, this concept was challenged in the 1970’s and
1980’s (Beauchamp, 1988; Laville and Piqué, 2001; Piqué, 2001 and reference therein)
arguing, instead, that erosion of Late Trias and Lias sediments during Middle and Late
Jurassic times probably formed the Late Jurassic-Early Cretaceous detrital sediments laid
down over a large part of the Morocco and still preserved in many basins and massifs
(Froitzheim, 1988; Stets, 1992).
During the early Late Cretaceous, the entire Moroccan peri-cratonic zone and even the
whole Maghreb was flooded by the Cenomanian-Turonian marine sediments deposited
during a major sea transgression which represents an important time bench-mark for the
subsequent vertical motions occurring from this time period onward.

2.2.2.2. Spatial pattern of Cenozoic deformation along the Moroccan pericratonic zone
Since the major Cenomanian-Turonian sea transgression, the main Moroccan pericratonic
domains experienced different degrees of deformation in Late Cretaceous and Tertiary
times (Choubert and Faure Muret, 1960-1962; Du Dresnay, 1971; Du Dresnay, 1972;
Medina, 1995; Frizon de Lamotte et al., 2000; Piqué, 2001; Teixell et al., 2003; Frizon de
Lamotte et al., 2005). Re-activations of several major fault zones in the Atlas system
inherited from rifting stage, contrast with the higher tectonic stability of the Meseta and the
Anti-Atlas domains where mainly crust or lithosphere folding is observed (Teixell et al.,
2003; Ghorbal et al., 2008; Frizon de Lamotte et al. 2009).
From Late Cretaceous onward, the two marginal domains of the Moroccan peri-cratonic
zone, only weakly affected by Tertiary deformation (Michard, 1976), are structurally
separated by the Atlas belt system. The Atlas intraplate belt is an orogen that documents
maximal topography (>4000m) in the High Atlas of Marrakech, built up by inversions of
Jurassic rift structures (Michard, 1976) contradicting the ‘Moroccan Arch concept’
(Michard, 1976; Medina, 1995) assessing for a region tectonically inactive since Hercynian
time (Michard, 1976).

2.2.3. Timing of the Atlasic deformation
On a regional scale, only few studies (Brede et al., 1992; Frizon de Lamotte et al., 2000)
discuss the evolution of the Atlas system in the context of the Africa-Eurasia convergence.
Brede et al. (1992) argued for a scenario with a first compression phase related to the start
of the compression in the Betic and Rif internal zones during the Senonian resulting from a
change in the orientation of African plate displacement (from eastward to northward) and
responsible for the upheaval of the entire Atlas system. The second phase during the
Miocene is linked to the acceleration of the plate’s convergence expressed by thrusts in the
Betic and Rif internal zones and by a major phase of uplift. Propagation of the deformation
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from the plate’s margins to the interior domains (the Middle, the High and the Anti Atlas) is
accommodated by a series of intracrustal ramps (Giese and Jacobshagen, 1992) linked to
the Rif system.
An alternative scenario considers the steps of the Atlas building in the global geodynamic
evolution at the scale of the entire Atlas belts from Morocco to Tunisia (Frizon de Lamotte
et al., 2000). The authors distinguish two phases of deformation during the Late Eocene and
between Pleistocene to Quaternary times. Both phases are related to the strong coupling
between the European and the African plates that occurred respectively during the initiation
of the subduction underneath the internal zones of the Maghrebian and Betic belts and after
the start of the roll-back of the Alpine Tethyan slab, following a period of tectonic
quiescence in Early Miocene. The two compressional phases are contemporaneous with
volcanic events at 35 Ma and between 15 and 6 Ma respectively (Harmand and Cantagrel,
1984) in Midelt region.

Figure 2.16 - Compilation of the deformation timings in the High Atlas.

Locally, deformations have been reported (Fig. 2.16): i) from Early or Late Cretaceous to
Early Paleocene (Fraissinet, 1989; Zouine, 1993; Hafid et al., 2000); ii) from Eocene to
Middle Miocene (Görler et al., 1988; Fraissinet, 1989; Schmidt, 1992; Zouine, 1993;
Beauchamp et al., 1996; El Harfi et al., 1996; Errarhaoui, 1998; Morel et al., 1999; El
Harfi et al., 2001; Benammi, 2002), and; iii) from Late Miocene to Quaternary (Dutour and
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Ferrandini, 1985; El Harfi et al., 1996; El Arfi et al., 2000; Saint Blédar et al., 2000;
Arboleya, 2008).
It therefore seems that consensus in the age deformation is lacking.
However, it is agreed for at least two steps in the Atlas formation (Fig. 2.16) corresponding
in time to the structuring and deformation stages (neo-Atlasic and Atlasic phases) and to the
uplift phase respectively. The timing of the Atlas building still remains uncertain, and the
discussion of the High Atlas evolution is open.

2.2.4. Crustal shortening in the Atlas system
Significant classical geology studies of the Atlas belts concerned mainly the Middle Atlas
and the Western, Central and Eastern High Atlas, where Mesozoic and Cenozoic
sedimentary covers are conserved. Presence of these sediments is essential to reconstruct
balanced structural sections of the Atlas that provide precious information on its Cenozoic
deformation. In the Ancient Massif of Marrakech, the structural studies are more limited
due to the lack of post-Triassic cover. However, the lack of sediments gives access to
abundant information on the tectonic style of deformation of this Massif as most of the deep
structures outcrop at the surface.
Therefore, most of tectonic and structural investigations that delivers estimated values of
horizontal shortening, is performed in the Central High Atlas since the 80’s. A large part of
these studies agrees on a small amount of shortening, rarely exceeding 20% (Brede et al.,
1992; Zouine, 1993; Beauchamp et al., 1999; Benammi, 1999; Morel et al., 1999; Teixell et
al., 2003; Arboleya et al., 2004).
Although there seems to be a consensus on the estimation of the amount of shortening,
several tectonic styles of deformation are put forward to explain the timing of the Atlas
deformation(s) and its related high topography. The models differ in the role played by the
pre-Mesozoic series and the position of deep décollement layer(s).

2.2.4.1. Structural geometry and mechanism involved in the Crustal
shortening: example of the Central High Atlas
Most of the structural sections (Fig. 2.17) are localized between the Midelt-Errachidia and
Demnat-Ouarzazate transverses, respectively, from East to West of the Central High Atlas.
Central High Atlas, where rocks were deformed in upper crustal conditions with very weak
or no metamorphism, is a region characterized by a heterogeneous compressional
deformation. Deformation is distributed along narrow bands and composed of anticlines or
thrust faults frequently separated by broad synclines or tabular plateaux (Schaer, 1987).
Variations in Mesozoic stratigraphy and thickness across many thrust faults attest to their
origin as synsedimentary extensional faults, that later experienced tectonic inversion. Due
to the moderate degree of inversion, the belt does not have an uplifted central axis or well
defined internal central zone (Teixell et al., 2003). In much of the interior range, the
basement is at lower structural elevation than the peripheral forelands (Figure 2.17-18)
which makes it difficult to define the deeper structure of the range allowing many different
interpretations of the shortening style without having the possibility to verify.
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Figure 2.17 – Geological map of the central High Atlas with the position different structural
cross-sections extracted from the literature, modified from Teixell et al. (2003).

However, most of the authors agree that shortening is mainly localized at the edges of the
belts (Fig. 2.17-18). Mesozoic cover may therefore be: i) attached to the substratum which
reacts like rigid blocks without using the inherited normal faults (Benammi, 2002); ii)
detached by one decollement level either in the Trias (Choubert, 1962; Poisson et al., 1998;
Teixell et al., 2003) or in the Paleozoic (Poisson et al., 1998), with inversion of the
Mesozoic inherited faults (Poisson et al., 1998; Beauchamp et al., 1999; Teixell et al.,
2003) or not (Choubert, 1962).
In the western part of the Central High Atlas, even two slaking layers are described either in
the Senonian and the Trias (Teixell et al., 2003) or in the Trias and the Paleozoic
(Beauchamp et al., 1999).
Absence of consensus in the interpretations is essentially due to absence of pre-Mesozoic
basement outcrops in this Atlas region allowing too many doubtful assumptions. Therefore,
understanding of shortening distribution and role of various incompetent/decollement layers
in the belt deformation increase the difficulties for tectonic reconstitution if considering
abundance of possible histories by having no-control on the deeper structures.
From those previous remarks point out the interest of such a region as the High Atlas of
Marrakech crossed by our Moroccan peri-cratonic transect. In this Atlasic region, major
deeper structures are visible near to sub-surface along the entire belt from the externals to
the central zone. However, the lack of Mesozoic and Cenozoic covers limits a
quantification of vertical motions helpful to quantify the throw of the major fault structures.
In order to better constrain the quantification of horizontal shortening combining of lowthermal chronometry tools (as Fission tracks and (U-Th)/He on apatite) are applied to
determine the vertical movements assumed as expressions in time of tectonic processes.
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Figure 2.18 – Serial geological cross sections through the High Atlas of Morocco (location Fig.
2.17). After Teixell et al. (2003)

2.2.4.2. Degree of Crustal shortening
The choice for a well-constrained stratigraphy unit with a wide-spread geographical
occurrence is essential to determine the degree of the shortening that affected the region. In
Morocco, restoration is often made using the Late Cretaceous series and more specifically
Cenomanian-Turonian marine limestones that have been deposited during a quiescent
tectonic period over a large part of Maghrebian domains. However in the High Atlas, this
marine sediment is not well-conserved everywhere, due to active post-dating erosion. Most
of the restorations, reported in the literature, are therefore based on different stratigraphic
units such as Trias or/and Jurassic synrift series. Significant uncertainty of their thickness
may explain the variability in the reported crustal shortening values (Fig. 2.19).
Most current estimation of the shortening ratio in the Atlas are determined, depending to
the authors, using the Plio-Villafranchian paleosurface (Zouine, 1993; Morel et al., 1999),
Cretaceous series (Gómez et al., 1998; Beauchamp et al., 1999), the Jurassic post-rift units
(Teixell et al., 2003; Arboleya et al., 2004) and seismic profiles (Hafid, 1999).
Reported shortening values roughly range between 11 and 21 km (Missenard, 2006) with a
decreasing trend in the Central High Atlas from east to west (Teixell et al., 2003). The
moderate shortening in the High Atlas of Marrakech is roughly estimated around 20 km
despite the difficulty to quantify the inversion of the Mesozoic basins (Fig. 2.19). However
crustal shortening, here, seems expressed differently than in the Central High Atlas with
distribution of the strains along various structures as the Jebilet hills (north of the Ancient
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Massif) or the Siroua and the Anti Atlas (south of the Ancient Massif) instead of being
limited to the edges of the main Atlas body as observed toward the east (Teixell et al.,
2003); sign perhaps of an W-E-lateral change of the structural styles between these two
domains.

Figure 2.19- Compilation of the shortening values realized by Missenard (2006). After Teixell et
al. (2003)

2.2.5. A lithospheric component in the Atlas topography
Despite all studies realized in the last years to determine the geometry, the age and the
origin of the thin lithosphere, opinions still differ and no consensus is reached. The
discussion on the thermal anomaly contribution in the Atlas relief as its timing and spatial
extension, remains open. One of the major questions still open to be answered is the
contribution of the thermal anomaly to the Atlas topography, and more specific question
about timing and spatial scale of the ‘anomaly’.

2.2.5.1. Evidence of the lithospheric contribution to the high relief
Using seismic profiles, Makris (1985) argued for absence of crustal roots underneath the
Anti Atlas, the Western High Atlas and the Mesetas where the crustal thickness is
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constantly around 30 km deep. In the area of the High Atlas of Marrakech, the Moho is 3639 km deep (Fig. 2.20). Confirmed by others works (Ben Ari, 1987; Wigger et al., 1992;
Sandvol et al., 1998; Van der Meijde et al., 2003), such a value of crustal thickness is
unable to support and maintain the high altitude of the Moroccan Atlas considering the
isostatic compensation in the crust (Teixell et al., 2003). Alternative suggestion of an
isostatically undercompensated system was put forward, implying that tectonic processes
are still active today (Makris, 1985).
Furthermore studies based on the P-seismic wave interpretations (Seber et al., 1996)
revealed a thin lithosphere of ~ 60 km thick underneath the Atlas belts (Fig. 2.20). This thin
lithosphere highlighted by a zone of the low velocity between 35 and 150 km deep is
associated to the intermediate-depth earthquakes (Hatzfeld and Frogneux, 1981; Tadili and
Ramdani, 1983).
First the lithospheric anomaly was interpreted as the consequence of a delamination process
(Ramdani, 1998). Later Teixell et al. (2003) suggested that the lithospheric anomaly may be
a positive buoyancy force contribution to the uplift of the Atlas mountains, independently
to the geological framework (Missenard et al., 2006).
Several recent models and profiles have been published (Frizon de Lamotte, 2004; Teixell
et al., 2005; Zeyen et al., 2005; Missenard, 2006) incorporating gravity, geoid, topography
and heat flux data.
From these investigations, it is argued that a significant part (50% according Teixell et al.,
2005) of the relief in the High Atlas (Teixell et al., 2003; Missenard, 2006), the Middle
Atlas (Babault et al., 2007) and the Anti Atlas (Missenard, 2006) has an ‘asthenospheric
origin’ due to positive buoyancy.

2.2.5.2. Geometry of the lithospheric anomaly
Considering the limited geophysical data that constrains the anomaly underneath Morocco,
it is difficult to assume its precise spatial extension and depth geometry, except if using
recent lithospheric models developed by Missenard et al. (2006) and Teixell et al. (2005)
and represented respectively in figure 6.21-22 and 6.23.
Missenard et al. (2006) suggested that the lithospheric anomaly (Fig. 2.20-22) has an
elongated geometry with NE-SW expansion (Fig. 2.21), and is restricted to the Western
Anti Atlas, the Central High Atlas and the Middle Atlas. According to Fullea et al. (2005),
the thin lithosphere extends towards the north into the “trans-Alboran” corridor crossing the
Alboran Sea to the Eastern Betics (Jacobshagen et al., 1988; Gomez, 2000). Southward the
thinned lithospheric zone may be linked to the volcanic Canary Islands domain (Anguita
and Hernan, 2000). This NE-SW strip also corresponds to the zone of the Neogene to
Quaternary magmatic activity (Harmand and Cantagrel, 1984; El Azzouzi et al., 1999;
Anguita and Hernan, 2000; Teixell et al., 2005; Zeyen et al., 2005; Missenard, 2006) (Fig
2.13) and seismicity, including intermediate-depth earthquakes (Hatzfeld and Frogneux,
1981; Ramdani, 1998).

29

Chapter 2
Missenard et al. (2006) concluded that this lithospheric anomaly affect not only the
Moroccan structural domains but extends from the Atlantic margin in the south to the
Africa-Eurasia plate boundary in the north (Fig. 2.21).

Figure 2.20 - Listhospheric cross-section from the Western Meseta in the North (left) to the
Moroccan Saharian domain in the south (right). Extracted from the Transmet I profile realized by
Frizon de Lamotte (2004). Under the High Atlas an important lithospheric thinning is observed (Seber
et al., 1996; Zeyen et al., 2005).
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However, such an extended thermal anomaly limited in space to a narrow zone of less than
70 km wide as argued by Missenard et al. (2006), is difficult to imagine, considering
possible processes maintaining a thermal anomaly over millions of years without reequilibration of the isotherms

Figure 2.21 - GTOPO30 topography and isopach map of the lithosphere in Morocco as
according Missenard et al. (2006). Position of the three lithospheric and Transmed I profiles (Frizon
de Lamotte, 2004) and (Zeyen et al., 2005) profile are used by Missenard et al. (2006) to define the
position and geometry of the thin lithosphere. The lithospheric thinning is oriented SW-NE and
crosses obliquely the different structural domains of Morocco (figure 2.14).

2.2.5.3. Origin of the lithospheric anomaly
Various hypothese have been put forward to explain the origin of the thermal anomaly:
 a delamination event in response to the Africa-Eurasia collision (Ramdani, 1998;
Duggen et al., 2009)
 a mantle upwelling induced by lateral flow from the Eurasia-Africa subduction
(Teixell et al., 2005);
 a plume which could be either a long-lived large mantle upwelling lasting since
the Triassic (Oyarzún et al., 1997; Anguita and Hernan, 2000), or a small
Cenozoic asthenospheric plume similar to those observed in the West-European
Alpine Foreland being a part of a deep mantle reservoir system (French Massif
Central, German Eifel) (Zeyen et al., 2005).
Selection of the process at the origin of the thin lithosphere is directly dependent on the
geometry of the thermal anomaly and its spatial expansion. If the influence of the thermal
anomaly is restricted to the area of high topography (Teixell et al., 2003; Missenard et al.,
2006) then it will be hard to imagine that delamination caused the lithospheric thinning. As
well, the independence between the orientation of surfaces structures and the cross-cutting
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elevation anomaly does not favor the mantle upwelling being the process (Missenard et al.,
2006).

Figure 2.22 - Lithospheric cross-section models through Morocco (see location on Fig. 2.21). For
each profiles (a) represents heat flows, (b) free air and Bouguer gravity anomalies, (c) geoid, (d)
topography, (e) resulting model with isotherms in the mantle every 200°C (From Missenard et al.
(2006). Results obtained show a really thin lithosphere layer below the High Atlas which correspond
according the authors to a thermal anomaly under the intraplate mountain belts. Obsiously this result
seems unrealistic considering the impossibility to keep this kind of geometry through the time without
re-equilibration of isotherms.

2.2.5.4. Timing of the thermal anomaly underneath the Atlas system
As in the case for geometry and spatial distribution, no precise timing has been determined
for the beginning of the thermal anomaly. Only a rough estimation is given by Missenard et
al. (2006) based on the correlation of the volcanic events interpreted as expression of the
thermal anomaly. Based on eroded sediments, deposited in the adjacent basins since Middle
Miocene (Görler et al., 1988; Zouine, 1993; Chellaï, 1996; El Harfi et al., 1996; Gomez,
2000) and considering the erosion as the surface expression of the doming due to the
thermal anomaly, a Middle Miocene age was argued for the major uplift (Missenard et al.,
2006). However, the intense magmatic activity that seems directly related to the “thermal
event” (Missenard et al., 2006) started earlier during the Eocene (El Azzouzi et al., 2005)
showing an obvious misfit with the estimated timing of Missenard et al. (2006).
More recently, Babault (2008) even suggested a more recent age which is post Miocene,
based on a morphological analysis.
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Fig. 2.23 - Lithospheric models along the profiles located in previous Figure 2.18 (from Teixell et
al., 2005). Panels (a), (b), (c) and (d) compare the observed values (open circles with error bars) to
modelling results (continuous color lines). Panel (e) indicates the lithospheric structure. Profile III is
after Zeyen et al. (2005) (see this publication for modelling details).

2.3. Summary on the perspective and interest of the
Moroccan peri-cratonic transect sampled
As roughly presented in the previous sections of this chapter, many questions remain open.
These questions concern mainly the timing of the Atlasic deformation and the contibution
of the thermal anomaly in the present high topography as well as its timing and spatial
distribution.
In order to answer to those questions, many new studies adopted, in these last years, a lowthermal thermochronology approach on intruvive and sedimentary rocks.
However, most of these studies that deal with low-temperature dating (Balestrieri et al.,
2006, 2009; Missenard, 2006; Malusà et al., 2007) were only based on fission track
determination (AFT) with the exception of the data set of Barbero et al. (2007) that
performed also some (U-Th)/He measurements but on really limited amount of aliquots
(maximum two per sample) showing no replication of the AHe ages. The AFT and AHe
ages documented by these studies, range from 240 to 10Ma and between 140 and 20 Ma,
respectively. Considering the old ages of the sampled rocks and the bad quality of extracted
apatites as described by the respective authors, most of data set does not present MTL data
and therefore are not suitable for thermal modeling using Monte-Carlo inversion.
Consequences are that many AFT ages, presented in this region, are in contradiction (as for

33

Chapter 2
instance, the ages in the Siroua Plateau presented by Missenard, 2006 and Balestrieri et al.,
2009) causing doubtful interpretations even sometime impossible to reach with AFT dating
only. Concordantly to that, the limited amounts of data are spatially scattered and hardly
give statisfacting answer to the previous open questions.
Therefore, in order to increase the number of low-temperature thermochronological data
and in the perspective to bring clearer answer to some of the remant questions, a strategical
approach combining vertical and horizontal sampling and using as well as the two
independent AFT and AHe techniques on the same rocks and mineral (apatite) was
adopted. The rock sampling was realized along a 500km transect following roughly a NESW direction in the Meseta and a N-S direction in the Atlas system and northern part of the
Anti-Atlas, crossing all the regions considered as stable during the Mesozoic regarding the
admitted geological knowledge of this NW African corner. The choice to realize as such a
transect in the “Terre des Almohades” or “Moroccan Arch” (Choubert and Faure Muret,
1960-1962; Du Dresnay, 1971; 1972; Medina, 1995), as earlier defined, was motivated by
many reasons, which are essentially to:
1) get a transect that passes by the highest topographical region of Morocco, located
today in the Toubkal Massif (High Atlas of Marrakech) interpred by many studies
as a direct consequence of the thermal anomaly detected below the High Atlas
belt,
2) get data from adjacent atlasic regions (the Western Meseta and the Central Anti
Atlas) that experienced a simpler, a better-known but a comparable geological
evolution during the Mesozoic than the High Atlas of Marrakech, and thus, in
order to be able to deduce precisely the timing and the amplitude of the postMesozoic vertical movements recorded in the most elevated Moroccan region, and
3) to verify on the real contribution (amplitude and timing) of the thermal anomaly in
the present high topography of Morocco as suggested by couple of tectonic
(Teixell et al., 2003, 2005), geophysic (Ayarza et al., 2005; Missenard, 2006),
morphological (Babault et al., 2008) and thermochronological studies (Missenard,
2006; Balestrieri et al., 2009) which emphasized for more than 1000m of uplift in
the last 10Ma.
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