CHAPTER 6 –
An integrated tectono-morphological evolution
of the NW margin of Western African Craton
In this chapter, data from chapters 4 and 5 are integrated and placed in a regional
framework in order to explain the succession of vertical movements in the NW margin of
the Western African Craton. Also a correlation is made between the two main PostHercynian events of Atlantic and Atlasic rifting and the Africa-Eurasia plate convergence.
In this perspective, the results of Meseta and the Atlas system are examined together in the
first subchapter 6.1 and further integrated in the large-scale framework treating the
Mesozoic and the Tertiary-Quaternary period of times respectively in the subchapters 6.2
and 6.3.

6.1. Synthesis of the new insights on major stages of
vertical movements in Morocco
(U-Th)/He and AFT analysis performed during this thesis on apatite crystals extracted from
Paleozoic granites (or even older) and Mesozoic sediments sampled in the Moroccan
Meseta, High Atlas of Marrakech and the Siroua Plateau (Fig. 6.1) provide new insights in
the complex thermo-tectonic evolution of the Moroccan region. The Mesozoic and
Cenozoic geological evolution of the Moroccan peri-cratonic zone (Fig. 6.1) can be viewed
as a response to two major geological events: (i) the opening of the Central Atlantic and the
AlpineTethys oceans in the Early Mesozoic, and (ii) the Africa-Europe plate convergence
in the Cenozoic (Michard, 1976; Mattauer et al., 1977; Piqué et al., 1987; Jacobshagen et
al., 1988; Dewey et al., 1989).
It is well accepted that these two major events influenced the present morphology of the
four major geological domains of Morocco: the Rif fold-thrust mountain belt in the north
and the Middle Atlas, High Atlas and the Anti Atlas mountain belts of Morocco. In this
thesis we include the Western Meseta.
The low thermochronology signal registered by the sampled rocks (Fig. 6.1), reveal that the
two major stages of subsidence/exhumation (Fig. 6.2) are roughly contemporaneous in the
three regions (Meseta, Atlas and Anti-Atlas) investigated in this thesis. Major stages of
vertical movements may be linked to the same main geological events cited above,
providing regional kinematic changes in the Western Maghreb, the Iberian salient European
plate and Eastern margin of the North American plate. The main discoveries are that: 1)
Mesozoic rifting is not limited to the Atlantic and Tethyan (Atlas) troughs, but seems to
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cover a wider area including the region (‘Moroccan Arch’) separating the two realms, and;
2) Atlasic compressional event started as early as Late Cretaceous with an early
deformation recorded in the High Atlas belt and the Anti-Atlas and later on in the Meseta
(Fig. 6.3).

Fig. 6.1 - The crustal profile of the NW African peri-cratonic margin realized by compilation of
data based on geological observations and geophysical determinations available in literature
(Ayarza et al., 2005; Sandvol et al., 1988; Van der Meijde et al., 2003; Schwarz et al., 1992; Zeyen
et al., 2002; Frizon de Lamotte et al., 2002). Location of the transect is reported in Fig. 1.2. Solid
lines represent well-constrained fault systems (from literature and field observations) and dashed lines
represent their assumed continuation in depth. Black solid lines represent the faults at the boundaries
of the Atlas system and the grey solid lines correspond to the faults constrained by our strategy
sampling for Low-thermal thermochronology analysis.

6.1.1. Mesozoic period of times
After the late Hercynian event, the first major stage of vertical movements took place in
early Mesozoic. It started with Late Trias to Middle-Late Jurassic subsidence and continued
with exhumation during the Middle-Late Jurassic and Early Cretaceous. Main differences
between the thermal histories of the Western Meseta and the High Atlas of Marrakech (Fig.
6.2), are the amplitude of subsidence/exhumation movements with values of ~3-4km and
~4-6km respectively, and the onset of the subsidence which started ~10-20Ma earlier in the
High Atlas domain compared to the Meseta as supported by sedimentological evidences.
Contrarily to the subsidence, spatial related variation of thermal histories of the studied
domains disappear during the upward vertical displacements, as confirmed by the
exhumation time-lag between massifs of the same domain (in Western Meseta or in High
Atlas of Marrakech in Fig. 6.2).
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Fig. 6.2 - Regional time-Temperature paths based on AFT and AHe data from the Western
Meseta, the High Atlas of Marrakech and north of the Anti-Atlas. Grey paths are from regions
(Zaer, Rehamna, Jebilet, Northern Sub-Atlas and Siroua) that document the two stages of vertical
movements from Late Trias onward. Black path is from the Axial zone of the Atlas belt that
document only the post Cenomanian-Turonian vertical motions. Each light band indicates the period
of exhumation in each domain of the three Moroccan massifs. The t-T paths reported in the diagram
are based on best paths identified by the modeling procedure (GOF>85%) for each region. The thick
solid line is the Central Atlantic Magmatic Province used here as a time benchmark. The main
regional events and the sedimentological facies deposited contemporaneously to those main events
are reported in the two last columns.
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The onset of exhumation in the Zaer and the Siroua areas, is ~15Ma later than in the
Rehamna, the Jebilet and the Northern Sub-Atlas (NSA) where exhumation began in the
Middle Jurassic. In the Late Jurassic to Early Cretaceous, the entire Western Meseta and the
High Atlas of Marrakech were exhuming. Concordantly with the onset of the exhumation,
the termination of the vertical motion (if not considering the error bars) occurred earlier in
the northern zone of the High Atlas (Jebilet and Northern Sub-Atlas) and in the Rehamna
Massif (~130±15Ma) than in the Siroua and the Zaer Massif (~120±15Ma). In all studied
regions, exhumation was over before the Cenomanian/Turonian marine transgression
allowing deposition of marine limestones on top of pre-Cretaceous basement rocks.
Despite regional and local differences in amplitudes and timing of vertical movements, all
t-T paths document a concordant thermal story related to the same regional context of
Atlantic opening.
A major consequence of this new insight is the need to revise the concept of the Moroccan
Arch (e.g., Choubert and Faure Muret, 1960-1962; Du Dresnay, 1971; Du Dresnay, 1972;
Michard, 1976; Medina, 1995) and to reconsider the paleo-geographical restoration of
Morocco since Triassic times. Future paleo-geographical reconstructions will have to
consider a possible connection of the Atlantic and AlpineTethys realms in the area of the
Marrakech High Atlas between the Jurassic and the Early Cretaceous. This point was
already suggested by paleontological work showing the presence of Tethyan faunes
(Neocomitidae and Olcostephanidae ammonites) in Atlantic basins (Wippich, 2003;
Mutterlose and Wiedenroth, 2008). Comparison of the taxonomic composition of the
Atlantic basins with the Western Mediterranean ‘standard’ zonation (Hoedemaeker and
Bulot, 1990; Hoedemaeker et al., 2003) suggests that the North Atlantic was part of the
Tethyan ocean regime at this time span (Bernoulli, 1984).

6.1.2. End-Mesozoic to Present
The second stage of subsidence/exhumation (Fig. 6.2) occurred in the time interval ranging
from Late Cretaceous to Present. All studied Moroccan domains underwent a subsidence
phase which started already before Cenomanian-Turonian marine transgression. However
the duration of subsidence differs between the domains discussed. In some regions, for
example the southern flank of the Toubkal Massif, the onset of exhumation started already
in Late Cretaceous whereas the ongoing subsidence continued in the rest of the Moroccan
peri-cratonic transect (Zaer, Rehamna, NSA). Besides differences in timing, the amplitude
of subsidence/exhumation movements vary along the transect (Fig. 6.1). The Toubkal
Massif documents >4km of vertical motion whereas other zones (Jebilet, Northern SubAtlas, Meseta and Siroua) document less than 2.5km. On the basis of cooling ages and
thermal modelling, four regions can be distinguished according to different amplitudinaltemporal patterns of vertical displacements in Tertiary along the transect: i) the Western
Meseta; ii) the northern margin of the Marrakech High Atlas (Jebilet and Northern SubAtlas); iii) southern margin of the Marrakech High Atlas (Siroua Plateau part of the Anti
Atlas), and, iii) the Toubkal Massif (Figs. 6.2-3).
However referring only to the AFT data, the four regions are grouped within two time
intervals of post Early Cretaceous vertical movements with: 1) Toubkal region
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documenting only post Early Cretaceous AFT ages with a burial-cooling or even only a
cooling stage (black t-T paths in Fig. 6.2), and; 2) regions (the Western Meseta and the two
marginal zones of the High Atlas) preserving pre-Late Cretaceous AFT signal (with grey tT paths in Fig. 6.2).
The first group, total annealing of analyzed apatites from the Toubkal Massif (axis of the
Atlas belt), documents depth and temperature experienced by the domain during the
Tertiary and therefore imply rocks to have been exhumed from depths of at least more than
4km explaining the absence of Mesozoic signals. The Toubkal massif exhumed
discontinuously during a long period of time from Late Cretaceous to Quaternary.
With vertical movements spatially zoned through time, the exhumation history shows a
general younging trend from south to north of the massif itself due to the progressive
reactivation of pre-existing faults. The first rock uplifted is documented in the south flank
of the Axial massif roughly contemporaneous to the unroofing onset of the Anti-Atlas belt
(Malusà et al., 2007) which started in Senonian, much earlier than anywhere else in
Morocco (along the peri-cratonic transect discussed in Fig. 6.2). The youngest cooling ages
are Miocene/Plio-Quaternary in age and they are found along the TNTF in the Ourika and
Imlill areas.
According to the obtained low-thermal dates, exhumation rates increase from south to north
ranging between 138m/Myr and 550m/Myr, assuming a conservative geothermal gradient
of 25-30°C/km.
The second group that includes the Western Meseta and the two marginal zones of the
Toubkal Massif (Jebilet, NSA and Siroua), conserved the Mesozoic thermal signals.
Preservation of this signal indicates that since Early Cretaceous these rocks have never
reached temperatures of annealing corresponding to the PAZ and, therefore, suggests more
modest Tertiary vertical movements (Fig. 6.2).
Maximal burial of <2 km, 2.5 km and ~2km documented in the three regions respectively
from north to south of the transect (Fig. 6.3), have been reached at different time intervals.
At the en of Late Cretaceous, first upward movements started to be registered in northern
rim of Toubkal Massif in the Jebilet and the Northern Sub-Atlas zone (NSA) (Fig. 6.2) and
persisted until the Quaternary. During this time interval, the exhumation was not
continuous but alternatively marked with subsidence (in Paleocene-Eocene and OligoceneMiocene) well-reported from the Northern Sub-Atlas zone (Kik Plateau). The Siroua and
the Zaer Massif (Moroccan Central Massif) began to exhume in Eocene. The Rehamna and
the Kik Plateau were exhumed toward the surface in end Eocene. Mean exhumation rates
range from 50 to 100m/Myr, assuming a geothermal gradient of 25-30°C/km.
Late Cretaceous-Tertiary vertical movements are not exclusively limited to the High Atlas
belt; they are also recorded in Meseta and Anti-Atlas domains (Teixell et al., 2003; Malusà
et al., 2007; Ghorbal et al., 2008). As for shortening and deformation (Teixell et al., 2003),
the amplitude of vertical movements are also spatially distributed from the wedge to both
marginal zones (from the Northern Sub-Atlas to the Western Meseta in the north, and along
the Siroua Plateau in the south), decreasing ‘normally’ with the distance (Seyferth and
Henk, 2004).
AFT and AHe low-temperature chronometer data provided in this thesis quantify the
important role of the Toubkal Massif to accommodate intraplate deformation during the
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four main contractional stages, starting as early as Late Cretaceous, pre-dating the Alpine
collision assumed as Eocene (Frizon de Lamotte et al., 2000). In addition, the AFT and
AHe cooling ages also attest of the importance of the Neogene thermal anomaly causing a
significant uplift (>4km) in the central part of the High Atlas of Marrakech.

Fig. 6.3 - Elevation profile and Low-T ages from the Meseta to the Anti-Atlas. Location of the
transect is reported in Fig. 1.2. Color legend is identical to the Fig.5.3. Solid line represents the
topography of studied transect is considered (in this plot) to affect these thermal domains. The AHe
ages and AFT ages are represented with 2σ errors by respectively squares and triangles. Black, yellow
and white triangles are respectively data from Balestrieri et al. (2009), Malusà et al. et al. (2006) and
Sadiqqi et al. (2008).

6.2. Post-Rift vertical movements along the Central
Atlantic and Alpine Tethys continental margins
In this sub-chapter, we will compare the first stage of Late Triassic to Late Cretaceous
vertical movements recorded along the NW African margin to the pattern of vertical
motions in the rest of the Central North Atlantic and Alpine Tethys passive continental
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margins.
A large amount (>500m) of Lower Cretaceous terrigeneous sediments laid down in most of
basins along NW Africa continental margins indicate that a major episode of erosion
occurred during the post-rift period in the Central Atlantic and Alpine Tethys realms. AFT
and (U-Th)/He dating performed on pre-Mesozoic basement rocks outcropping along the
eastern Central Atlantic Realm document a widespread exhumation (Malusà et al. et al.,
2007; Ghorbal et al., 2008; Sadiqqi et al., 2008;Balestrieri et al., 2009) during the MiddleLate Jurassic to early Late Cretaceous, with AFT and (U-Th)/He ages ranging respectively
between 270-120Ma and 170-100Ma. A strong age cluster of 140±20Ma observed in
Moroccan Meseta, Atlas domains and Anti-Atlas belt designates those domains as
potentially being the source areas of the detritic sediments considering the proximity of the
depositional basins.
Unexpected regional exhumation discovered in NW Africa corner seems also to occur
along the entire eastern Central Atlantic and Alpine Tethys passive margins. Evidence of
such Late Jurassic Early Cretaceous exhumations accompanied by a widespread deposition
of Lower Cretaceous detritic sediments have also been observed in the Adirondack
Mountains, New England highlands, Appalachians belt and Iberian Massif (Miller and
Duddy, 1989; Andriessen and Zeck, 1996; Johnson, 1997; Stapel, 1999; de Bruijne and
Andriessen, 2000; Roden-Tice et al., 2000; de Bruijne, 2001; Juez-Larré and Andriessen,
2002; Roden-Tice and Wintsch, 2002; Lorencak et al., 2004; Roden-Tice and Tice, 2005;
Barbero and López-Garrido, 2006; Juez-Larré and Ter Voorde, 2009), regions located on
the western part of the Central Atlantic realm and on both sides of its eastern continuation,
the Alpine Tethys.
The regional exhumation of the adjacent domains of the Central Atlantic and Alpine Tethys
oceans is inferred to result from mechanism such as horizontal compression (due to ridgepush or plate reorganization) due to change of the stress-field caused by the incipient South
Atlantic opening. In addition, exhumation was surely amplified by erosional process due to
the tropical climate that prevailed at this time span.

6.2.1. Introduction
Influenced by the Neo Tethys subduction, the break-up of Pangea began in the Late Triassic
(220±10Ma, Carnian). North America and West Africa were undergoing extension as
shown by the formation of numerous rift basins and mafic dike swarms (Girard, 1985;
Stanley and Ratcliffe, 1985; Logan and Duddy, 1998) accommodating the opening of the
Central Atlantic Ocean which started during the Triassic to Early Jurassic progressing from
south to north (Guinea-Florida to Morocco-Newfoundland) (Manspeizer, 1988; Olsen,
1997; Klitgord and Schouten, 1986), following the trend of the Permo-Carboniferous
Alleghanian-Hercynian orogenic belt (Arthaud and Matte, 1975; Sibuet et al., 1980; Piqué
and Laville, 1995 and references therein). Before the Aalenian, the break-up extended
eastward into the Alpine Tethys, separating the NW Africa from the Iberian plate (Stampfli
and Borel, 2002).
The subsidence, derived from t-T modelling of the AFT and AHe cooling ages combined
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with strong geological constraints from NW Africa region, coincides with the rifting
occurring between North America and Africa in the west and between Africa and Iberia in
the north. Surprisingly, the data produced in this thesis document a post-rifting cooling that
may be interpreted to reflect the uplift and, consequently, a post-break-up deformation of
the Central Atlantic and Alpine Tethys margins; if we admit that uplift is the strongest
evidence of post-break-up deformation in passive margin (Bond, 1978; Partridge and
Maud, 1987; Burke, 1996; Stuevold and Eldholm, 1996; Gunnell, 1998; Gunnell and
Fleitout, 2000; Japsen and Chalmers, 2000; Cobbold et al., 2001; Tello Saenz et al., 2003;
Leroy et al., 2004; Jaspen et al., 2009).
The results provided from this thesis are in line with recent publications on the Atlantic
margin of Brazil (Brown et al., 2000; Cobbold et al., 2001) and West Africa (Hudec and
Jackson, 2002; Raab et al., 2002), in eastern Australia (Bishop and Goldrick, 2000), in
Western Ghats of India (Gunnell and Fleitout, 2000), on the European margin of the
Norwegian-Greenland Sea (Vagnes et al., 1998; Japsen and Chalmers, 2000) and off
Great-Britain (Boldreel and Andersen, 1998) that evidenced post-break-up deformation of
passive margins (Leroy et al., 2004). In these studies, the authors have used apatite fission
track (AFT) and (U-Th)/He (or AHe) thermochronologic techniques to successfully
understand low-temperature thermal history of passive margins and to quantify substantial
amounts of post-rift exhumation (Brown et al., 2000; Cobbold et al., 2001; Raab et al.,
2002).
The discovery of unexpected Mesozoic vertical movements in NW Africa (Ghorbal et al.,
2008) based on AFT and (U-Th)/He apatite ages was recently confirmed by the studies of
Balestrieri et al. (2009) and Sadiqqi et al. (2008). The patterns of post-rift vertical motions
detected in large parts of highlands and hinterlands of west Moroccan margin may therefore
explain the thick amount of Lower Cretaceous terrigeneous sediments drilled at DSDP sites
offshore and reported by field works and seismic data onshorea, widespreading from
Morocco to Guinea in NW Africa (Davison, 2005).
In this investigation we will first present an overview of published and unpublished AFT
and (U-Th)/He apatite ages from pre-Mesozoic basement outcrops (Moroccan Meseta,
Atlas of Marrakech and Anti Atlas) along the eastern Central Atlantic margin that provide
evidence of ~2-3km of exhumation during Middle Jurassic to Late Cretaceous times.
Further, we will integrate those results in a larger framework that includes the western
Central Atlantic and Alpine Tethys margins, in order to determine the spatial extension of
this Mesozoic event and to understand the possible causes.

6.2.2. The NW African margins
6.2.2.1. Regional cooling patterns in NW Africa
Apatite fission track and (U-Th)/He analyses produced in this thesis (see Chapter 4 and 5)
have been performed on i) Paleozoic massifs characterised by Variscan deformation from
the Meseta domain and, ii) Precambrian massifs characterized by Panafrican and Eburnean
deformations from the High Atlas of Marrakech and the Anti-Atlas domains.
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Fig. 6.4 - Elevation profile and pre-Tertiary cooling ages from the Meseta to the Anti-Atlas.
Location of the transect is reported in Fig. 1.2.Solid line represents the topography of studied transect
is considered (in this plot) to affect these thermal domains. The AHe ages and AFT ages are
represented with 2σ errors by respectively squares and triangles. Black, yellow and white triangles are
respectively data from Balestrieri et al. (2009), Malusà et al. (2006) and Sadiqqi et al. (2008).

Significant part of those apatite fission track and (U-Th)/He data show that cooling ages
obtained on several pre-Mesozoic basement outcrops located in different structural domains
of Morocco (Fig. 6.4) predate the ‘Atlasic’ orogenic phase (Frizon de Lamotte et al., 2000)
implying that significant vertical movements have occurred before the first Atlasic
contraction stage.These results are in accordance with the thermochronological data
produced for the Meseta region (Sadiqqi et al., 2008), the Marrakech High Atlas belt
(Balestrieri et al., 2007) and the Anti-Atlas Massif (Malusà et al.,2007) which yield similar
ages, and show that an important vertical movements have been detected in the entire
northern Africa peri-cratonic zone between the Middle-Late Jurassic and Early Cretaceous,
before deposition of Cenomanian-Turonian sediments that date the major marine
transgression in NW Africa (Fig. 6.4). At large scale, the pre-Late Cretaceous data do not
seem spatially zoned. Although a slight pattern of cooling ages that become younger
towards the High Atlas belt (Fig. 6.4), is observable and can be caused by the post-Early
Cretaceous subsidence and/or tectonic inversion affecting this domain during the Tertiary
times.
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Fig. 6.5 - Paleogeographic map of NW Africa during the Late Jurassic-Early Cretaceous with
modelling results from MonteCarlo inversion. Paleogeographic data are based on the paleoreconstruction of von Rad and Sarti, (1986), Guillocheau et al. (1997) and Frizon de Lamotte et al.
(2008)Time-temperature paths are from the Meseta, the Atlas system and the northern Central AntiAtlas (Ghorbal et al., 2008 and Chapters 4 and 5), from the Eastern Anti-Atlas (Malusà et al., 2007)
and from Algerian Basins (Logan and Duddy, 1998). The black and grey t-T paths are respectively
the good and the acceptable paths. Dashed lines are t-T path derived from the published data on the
Meseta domain by Ghorbal et al. (2008) and subsidence curves in the Atlantic margin (external
Essaouira Basin) and the Middle Atlas are shown for comparison (simplified after Ellouz et al. 2003).
Magnitude of subsidence should be read on the vertical axis on the right hand side of the diagram. At
the bottom of the figure we have indicated the syn-rift and the post-rift stages. The apatite PAZ and
HePRZ for the same mineral are indicated grey bands on the diagram.
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Fig. 6.6 - (a) Summary diagrams showing the common stratigraphic and (b) tectonic features
which are present along most of the NW African margin (from Davison, 2005).
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The Middle-Late Jurassic to Early Cretaceous cooling ages in Morocco region coincide
with the eastward drifting of Africa Plate following the ocean spreading of the Central
Atlantic. The ages, therefore, are interpreted to reflect exhumation occurring during the
post-rift stage of the Central Atlantic and the Alpine Tethys (Stampfli and Borel, 2002;
Sahabi et al., 2004).
The apatite FT and AHe data presented in this study allow, in complement of the analyses
realized by Malusà et al. (2007) and Balestrieri et al. (2009) respectively on the Eastern and
Central Anti Atlas, to encompass the northern parts of the African Craton enabling to
extend insights of Mesozoic vertical movements. Absence of Triassic sediments covering
the basement rocks does not allow estimations of the pre-Middle Jurassic vertical
movements in the Anti-Atlas. However, remnant Cenomanian-Turonian limestones
overlying the basement indicate that the sampled granites were at or nearby the surface at
this time (Zouhri et al., 2008). Therefore, Middle Jurassic to Early Cretaceous exhumation
of 3-4km amplitude is well-constrained in the Anti Atlas belt and can be argued for the
entire Western African craton by considering the paleo-reconstruction of Guillocheau et al.
(2007), see Figure 6.5.
New insight of vertical movements in the AntiAtlas that represents the northern margin of
‘stable’ Western African Craton is important enough to reconsider the thermal stability
assumed for this craton during the Atlantic-Alpine Tethys rifting. However, in order to
better determine in detail the southward spatial pattern of the Middle-Late Jurassic to Early
Cretaceous exhumation identified in the northern peri-cratonic zone of the Western African
Craton, further thermochronological study, of samples from the Reguibat and others
massifs is needed. Nevertheless, presuming that no major active faults separated the AntiAtlas from the rest of the Western African Craton during the Mesozoic period (Piqué,
2001)(Figs. 1.1 and 6.5), the conclusion provided by low-temperature geochronometry
assessing post-rifting vertical movements between the Middle-Late Jurassic to the Early
Cretaceous may be inferred for a large region situated southwards, as indicated by
paleogeographic reconstruction compiled by Guillocheau et al. (2007) (Fig. 6.5) who argue
for a widespread erosion of this craton at this time span.

6.2.2.2. Sedimentary evidences along the NW African passive margin
By the Bathonian, contemporaneously to the beginning of the exhumation, sedimentation
became siliciclastic in NW Africa with the deposition of fluvial red beds supplied by the
erosion of the High Atlas of Marrakech, Meseta and other neighbouring lands (Frizon de
Lamotte et al., 2008). The orientation of the paleo-currents (Fig. 6.5) and the nature of the
clasts suggest that they also originated from the Sahara domain (Jenny et al., 1981;
Haddoumi et al., 2008) like the contemporary Algerian Ksour sandstones transported by the
paleo-Niger river (Delfaud and Zellouf, 1993). However, other source lands in the Western
African Craton were represented by several physiographically high areas which furnished
relative immature clasts (Fig. 6.5).
The vast package of detrital coarse grained sediments was deposited off- and on-shore of
the Western African Craton (Fig. 6.5-6a&b). On-shore, they recovered a large part of the
west Maghreb (from the Saharan Atlas to the present Rif) reaching foot of the Alpine
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Tethyan margin (Wildi, 1983). Off-shore, they have been deposited along the entire west
African margin as far south as Guinea (e.g., Davison, 2005), in the Seine, LaayouneTarfaya, Mauritania and Senegal basins (Lancelot et al., 1978a; Lancelot et al., 1978b;
Chamley, 1988). Detrital coarse grain aspects of the sediments laid down in those basins led
also to assess that the deposition occurred at proximity to the source areas (Price, 1981;
Davison, 2005) such the Reguibat shield (e.g., Davison, 2005).
Taking together the properties of these sedimentary deposits, we evidence that a large
region in NW Africa (may be entire Western African Craton) (Guillocheau et al., 2007),
records the pattern of Jurassic-Early Cretaceous vertical motion. If confirmed, this new
understanding will have an important impact on the assumption of stability of the Western
African Craton during and after the Central Atlantic-Alpine Tethys riftings.

6.2.3. The Eastern North American margin
6.2.3.1. Regional cooling patterns in Eastern North America
Combined apatite fission track and (U-Th)/He thermochronometry (Fig. 6.7) performed on
the Canadian Shield, the Adirondack mountains, the Appalachians belts and the New
England highlands (situated respectively west of the Grand Bank, New Scotia, Georges
Bank, Baltimore and Carolina basins) indicate that a widespread cooling occurred
throughout the region during the Middle Jurassic to Late Cretaceous (Miller and Duddy,
1989; Roden-Tice et al., 2000; Roden-Tice and Wintsch, 2002; Lorencak et al., 2004;
Roden-Tice and Tice, 2005). (U-Th)/He and AFT ages range respectively between 85167Ma and 70-220Ma.
AFT and AHe data document a rapid to moderate cooling from >110°C to 60-55°C (or
even to the surface) in Early Cretaceous (~150-120Ma) for the entire region, practically.
Low-temperature geochronological ages generally display an overall younging trend from
west (130-220Ma) to east (90-166Ma) as documented by the time-Temperature paths of the
samples in the Cherry Valley and in the Mount Holly (Fig. 6.7).
More than 2-3 km of exhumation is argued by Miller and Duddy (1989), Roden-Tice and
Tice (2005) for all mountain belts (Canadian Shield, the Adirondack, the Appalachians and
New England Highland) along the eastern American coast.
In the westward zone of the northern Appalachians basins (New York State, USA), AFT
analysis of drill-hole samples are performed by Miller and Duddy (1989) complementary to
their AFT dating realized on surface rocks. The AFT data from the well samples revealed
Early Cretaceous ages at 300m depth. It indicates that Late Jurassic to Early Cretaceous
cooling is recorded along a wide area extending from the passive margin to even further
than the Eastern American Massifs (>300km of wide). Old AFT ages (>200Ma) determined
on western samples (located >300km west from the Atlantic coast) document a limited
burial never reaching the PAZ depth (around 2-3 km depending on the geothermal gradient
used, see Miller and Duddy, 1989).
Based on the AFT and (U-Th)/He cooling ages interpreted as reflecting mainly exhumation,
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Fig. 6.7 - Map of the paleogeography and exhuming region between Middle Jurassic and Early
Cretaceous in eastern North America. Time-temperature paths are from Adirondack
Mountains, Appalachians, New York, New England and Quebec: a) Hurricane Mountain,
Adirondack; b) Russell, Massachusetts; c) Day Mountain, Massachusets; d) Bennington, Vermont; e)
Monteregian Hills, Quebec; f) Hartford, New England; g) Catskill Basin, New York; h) Taylor,
Virginia, and; i) Cherry Valley, New York. (from Eby, 1984; Miller and Dudy, 1989; Tseng et al.,
1996; Roden-Tice et al., 2000; Roden-Tice and Wintch, 2002; Lorenkack et al., 2004; Roden-Tice
and Tice, 2005). Early Jurassic-age diabase dikes are represented in the map by thin black lines. The
black and grey t-T paths are respectively the good and the acceptable paths. Dashed lines are t-T path
derived from the published data on the Meseta domain by Ghorbal et al. (2008) and subsidence curves
in the Atlantic margin (external Essaouira Basin) and the Middle Atlas are shown for comparison
(simplified after Ellouz et al. 2003). Magnitude of subsidence should be read on the vertical axis on
the right hand side of the diagram. At the bottom of the figure we have indicated the syn-rift and the
post-rift stages as estimated by most authors (e.g. Piqué and Laville, 1996). Note that Sahabi et al.
(2004) propose a slightly older age for the rift-drift transition. The approximate position of the apatite
PAZ and HePRZ for the same mineral (using a geothermal gradient of 25-30°C/km) are indicated
grey bands on the diagram. Paleogeography reconstruction is based on data and map from von Rad
and Sarti, (1986).
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Miller and Duddy (1989); Poag and Sevon (1989); Roden-Tice and Tice (2005) argued that
the thick-package of detrital sediments deposited along the eastern American margin are
consequence of the erosion experienced by the Eastern American highlands and shields
during their upward movements (Fig. 6.7).

6.2.3.2. Sedimentary evidences along the Western Central Atlantic margin
Concordantly to the presented low-temperature thermochronological studies from the
shields and highlands (Miller and Duddy, 1989; Roden-Tice et al., 2000; Roden-Tice and
Wintsch, 2002; Lorencak et al., 2004; Roden-Tice and Tice, 2005), several structural and
sedimentological works have been realized along the eastern North American coast (Jansa
et al., 1979; von Rad and Arthur, 1979; Jansa and Wiedmann, 1982; Emery and Uchupi,
1984; von Rad and Sarti, 1986; Poag and Sevon, 1989).
Wells studies (Fig.6.4 and 6.14) performed for instance along the Western Atlantic margin,
in the Georges Bank Basins (COST G-2, Amato and Simonis, 1980), the Blake Plateau
(DSDP 392, legg 44, Benson, 1978a), the Baltimore Canyon (N Carolina) DSDP 604/605
and 603 (Leg 93) (Jansa and Wiedmann, 1982; von Rad and Sarti, 1986) (Fig. 6.8) yielded
comparable results with DSDP 416 (Leg 50) and DSDP 367 (Leg 41) wells studies of the
African side (Lancelot and Seibold, 1978; Lancelot et al., 1978a; Lancelot et al., 1978b;
Lancelot et al., 1980a; Lancelot et al., 1980b; Lancelot and Winterer, 1981), located
respectively in the Seine and Senegal Basins (Fig. 6.5).
After a subsidence phase ongoing from Late Trias to Early Jurassic which started (roughly)
contemporaneously at both Atlantic conjugate margins, the Triassic-Liassic reddish marly
deposits (Late Trias-Lias) were uncorformably covered by a detritic sediments series (such
as unconsolidated sands of Late Jurassic-Early Cretaceous age) produced by the erosion of
pre-Mesozoic basement and exported along the American margin of the Atlantic Ocean
(Fig. 6.7-8).

Fig. 6.8 - Schematic section of the New Jersey continental margin (with Sites 604/605) extended
to Site 603 at lower rise (‘New Jersey transect’). Modified after Jansa and Wiedmann (1982) and
von Rad and Sarti (1986). G=Great Stone Dome (area of frequent volcanic sills and dykes), S=salt
diapir, HOR=Hatteras Outer Ridge (continental rise hills), J=Jurassic, K=Cretaceous, T=Tertiary.
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As along the eastern Central Atlantic margin (Behrens et al., 1978; Behrens and Siehl,
1982; Stets and Wurster, 1982; Wurster and Stets, 1982), Cretaceous clastic sediments
from highlands (Poag and Sevon, 1989) are laid down in several deep sea and epeiric
basins of the Eastern American coast formed in the context of Pangea break-up (von Rad
and Arthur, 1979; Robertson and Bernouilli, 1982; von Rad and Sarti, 1986). The detritic
coarse grains, deposited in deep-water sea and in intricate network of interconnected basins
separated by basement highs, seem to be laid down not too far from their source (Krogh et
al., 1984; Pye et al., 1984; Miller and Duddy, 1989; Grist et al., 1991; Stoeffel et al.,
1994). Depositional age and orientation of the clastic sediments exported along the Eastern
American margin (Fig. 6.7) are respectively younging and changing from south to north
with age ranging between Late Jurassic-lower Early Cretaceous and late Early Cretaceous
and direction varying from a E/SE- to SE/S-trend. Diachronic erosion marks a shift in the
timing of exhumation of the Eastern North American highlands as characterized within the
Newfoundland-Galicia basins in the N and the Baltimore-Tarfaya-Laayoune basins in the S
of the American continental margin. This suggests that the mechanism responsible of the
exhumation and the erosion processes that mainly occurred during the post-rift context of
the Central Atlantic (Fig. 6.7), is influenced by the incipient opening of the South Atlantic
at this time span.

6.2.4. The Northwestern margin of the Alpine Tethys
6.2.4.1. Regional cooling patterns in Iberian Peninsula
Apatite fission-track thermochronometry (Fig. 6.9) performed on several domains of
Iberian plate (Andriessen and Zeck, 1996; Johnson et al., 1997; Stapel, 1999; de Bruijne
and Andriessen, 2000; de Bruijne, 2001; Juez-Larré and Andriessen, 2002; Barbero and
López-Garrido, 2006) provided information on widespread exhumation occurring from late
Middle Jurassic to Late Cretaceous. AFT ages obtained by Barbero and López-Garrido
(2006) on Triassic and Cretaceous detritic sediments in the pre-Betic domain range between
180 and 110 Ma, attesting a post-deposition burial with the exception of one sample that
provide an older age (240Ma). AFT ages provided by de Bruijne (2001) and de Bruijne and
Andriessen (2000) on Hercynian basement rocks are between 214 and 10 Ma with an
important cluster at 130±30Ma (defined using a regression function with R2=0.65). The
Toledo mountains that lie south of the Spanish Central System (SCS), document two series
of AFT cooling ages ranging between 221-189Ma and from 164 to 124Ma (Barbero et al.,
2005). Thus, the observed exhumation event taking place from Middle-Late
Jurassic to Late Cretaceous can be enlarged to the Iberian Central Massif but also to the
pre-Betic (Barbero and López-Garrido, 2006) and Catalan Costal ranges (Juez-Larré and
Andriessen, 2002). Recently, Juez-Larré and Ter Voorde (2009) published an overview of
the avalaible AFT, ZFT and Ar-Ar data of the Variscan basement from Iberia, precising
that most of the Mesozoic ages have been thermally resetted (partially or totally) by
magmatic events occurring respectively in Late Triassic, Late Jurassic-Early Cretaceous
and Late Cretaceous. This remark asks therefore for a special care when interpreting those
ages.
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Fig. 6.9 - Published Apatite Fission-Track (AFT) ages in Ma for samples from the Iberian
Peninsula (modified from de Bruijne, 2001). Numbers represent AFT ages in Ma: black=(Johnson
et al., 1997); blacks italics=(Stapel, 1999); Black bold=(Barbero and López-Garrido, 2006);
underlined black bold=(Perreira et al., 1998); grey italics=(Juez-Larré and Andriessen, 2002); grey
bold=(Andriessen and Zeck, 1996); underlined black italics=(de Bruijne and Andriessen, 2000). SCS:
Spanish Central System.

According to de Bruijne (2001), AFT analyses indicate that upper Triassic to Jurassic
sediments must have covered the Iberian Meseta, for example the Sierra de Guadarrama.
These pre-Mesozoic samples are directly overlain by Upper Cretaceous sediments
(Cenomanian). The sampled rocks must have experienced surface temperatures during its
deposition around 245Ma and again around 100Ma, during deposition of the Cenomanian
(Fig. 6.10). Because the AFT age of ~130Ma is much younger than the stratigraphic ages,
the rocks must have experienced partial annealing by burial due to deposition of Jurassic
sediments, in addition to thermal effects of magmatic events (Juez-Larré and Ter Voorde,
2009; de Bruijne, 2001). Absence of those sediments infers for an extensive erosion
episode that preceded the deposition of Upper Cretaceous to Neogene sediments on top of
basement rocks, and before being uplifted and exhumed again to the present day elevation
(Fig. 6.10). According to de Bruijne (2001), about ~3km of Upper Triassic and/or Jurassic
sediments must have been deposited on top of the pre-Mesozoic basement rocks prior to an
erosional period in Early Cretaceous time.
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Fig. 6.10 - Geological map of Iberia with modelling results from MonteCarlo inversion
(Gallagher et al., 1995; Ketcham, 2005). Time-temperature paths are from Spanish Central System
(SCS and TM) (de Bruijne and Andriessen, 2000; de Bruijne, 2001) and from pre-Betic zone (LC)
(Barbero and López-Garrido, 2006). The black and grey t-T paths are respectively the good and the
acceptable paths. Dashed lines are t-T path derived from the published data on the Meseta domain by
Ghorbal et al. (2008) and subsidence curves in the Atlantic margin (external Essaouira Basin) and the
Middle Atlas are shown for comparison (simplified after Ellouz et al. 2003). Magnitude of subsidence
should be read on the vertical axis on the right hand side of the diagram. At the bottom of the figure
we have indicated the syn-rift and the post-rift stages. The apatite PAZ and HePRZ for the same
mineral are indicated grey bands on the diagram.
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6.2.4.2. Sedimentary evidences from Iberian basins
Uplift and erosion episodes causing exhumation of pre-Mesozoic basement rocks, took
place during the Late Jurassic- late Early Cretaceous times (period of rifting in the western
part of the Alpine Tethys) in the Spanish Central System together with the region of the
present day Madrid Basin and the pre-Betic. The fact that the Early Cretaceous cooling
event is detected following the Late Trias-Middle Jurassic subsidence (Fig. 6.10, samples
LC-19 and LC-31) over a large part of the Iberian Meseta and in the south-western Iberian
region (112Ma; Stapel, 1999), may suggest that central Spain formed some sort of
elongated active high in between two regions that were under extension: the Portuguese
Margin and the Iberian Ranges Basin (de Bruijne, 2001).
According to Galindo et al. (1994), marine oceans covered the Central Iberian Massif
during the Jurassic, as evidenced by the source of Sulfate in the 145±18Ma (Sm-Nd)
hydrothermal barite-fluorite veins from Sierra de Guadarrama for instance. According to
these authors, the sedimentation of the, now mostly eroded, Upper Cretaceous was
preceded by an important period of uplift and erosion. Tectonic activity in the Iberian
Range, due to the rotation of the Iberian plate with respect to the European plate (related to
the opening of the North Atlantic), continued to late Early Cretaceous (Alvaro et al., 1979).
The westernmost grouping of wells and sections from the Iberian Range, analyzed by Van
Wees et al. (1998) document the deposition of Cretaceous detritic sediments (Fig. 6.11)
comparable to those observed in the pre-Betic Basins located along the Alpine Tethys
margin.
In the Lusitanian basin of Portugal, formed in the context of Pangea break-up, more than 26
wells were drilled offshore and onshore (Wilson et al., 1989; Stapel et al., 1996). Major
influx of siliciclastics occurred during the Kimmeridgian, resulting in pro-gradation of a
wedge of continental, siliclastic facies termed the Gres Superiores Formation (Fig. 6.11),
over most of the carbonate platform.Early Cretaceous sedimentation continued to be
continental, as coarse grained and clay-rich, marly terrigeneous facies of the Torres Vedras
Formation were deposited. Sandstones continue to be deposited during the Late Cretaceous.
However, a regional uplift is reported between the Early and Late Cretaceous establishing
an unconformity at the top of the Early Cretaceous (Uphoff et al., 1997; Uphoff et al, 2002).
Iberian basins of Cantabrian, Prebetic, Algarve, Porto-Galicia and Catalan-coasts Ranges
document a substantial supply in clastic sediments to the Western and Eastern side of the
Iberian Massif (Ziegler, 1989; Salas and Casas, 1993; Stapel et al., 1996; Juez-Larré and
Andriessen, 2002) between Late Jurassic to Late Cretaceous. Ziegler (1989) relates these
sediment supplies to all adjacent basins as the result of erosion of the uplifted Iberian
Massif during this time span.

165

Chapter 6

Fig. 6.11 - Summary diagram showing the stratigraphy of the Lusitanian basin, W Iberian plate
(Stapel et al., 1996).

6.2.5. Discussion on the regional geodynamic context and
possible mechanism(s) responsible for the post-rift cooling
ages
Presented in this investigation, AFT and AHe ages performed by many thermochronology
team on the American (Miller and Duddy, 1989; Boettcher and Milliken, 1994; Roden-Tice
et al., 2000; Roden-Tice and Wintsch, 2002; Lorencak et al., 2004; Reed et al., 2005;
Roden-Tice and Tice, 2005), Iberian (de Bruijne, 2001; Barbero and López-Garrido, 2006)
and Moroccan (see Chapter 4 and 5; Malusà et al., 2007; Sadiqqi et al., 2008; Balestrieri et
al., 2009) pre-Mesozoic hinterland crystalline and sediment basements document evidence
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of heating (from 220±20Ma to 180±20Ma) followed by post-rift cooling during the MiddleLate Jurassic to late Early Cretaceous along the Central Atlantic and Alpine Tethys
continental margins (Fig. 6.5, 6.7 and 6.10).
Concordantly to the subsidence, this vast region was affected by a major magmatic event
(Central Atlantic Magmatic Province: CAMP) during the Triassic-Jurassic boundary that
covered the entire Central Atlantic domain (Marzoli et al., 2004, 2008) during its
extensional tectonic regime. Eruption of CAMP basalts occurred at about 200Ma (Vertali et
al., 2004) and covered virtually the whole Moroccan region as a large part of the Maghreb,
Iberia and eastern North American margin (Meddah et al., 2007).However, if referring to
recent thermal modelling study of Juez-Larré and Ter Voorde (2009), the authors show in
their multiple models that total relaxation of the isotherms disturbed by such a magmatic
activity (in shallow crustal levels), even in active rifting context, occur in less than 20Ma
confirming previous conclusion of Huppert and Sparks (1988). Therefore, the AFT and
AHe cooling ages (~160-120Ma) are significantly post-dating the reequilibration of the
thermal isotherms and can be interpreted to reflect exhumation associated to a post-rift
evolution of the Central Atlantic (Sheridan, 1983) and Alpine Tethys realms (Stampfli and
Borel, 2002).
Late stage uplift and exhumation at regional scale are common to many passive margins
(Cobbold, 2008). On other margins such as in SW Africa (Brown et al., 2000; Raab et al.,
2002), in SE Brazil (Gallagher, 1994; Gunnell, 1998; Brown et al., 2000; Cobbold et al.,
2001; Tello Saenz et al., 2003) and in NW Europe (Clift et al., 1998; Cloetingh et al., 1999;
Fjeldskaar et al., 2000; Cloetingh et al., 2002; Murrell, 2003), patterns of apatite fissiontrack ages also indicate substantial amounts of post-rift exhumation (Leroy et al., 2004) of
the hinterlands (even more than 200km away from the margin) and seem partly due to the
reactivation of old tectonic features.
Several mechanisms have been proposed to explain this uplift including permanent (ex:
magmatic underplating (White, 1987) and flexure due to mechanical unloading (Weissel
and Karner, 1989) and transient mechanisms (ex: small-scale mantle convection, Buck
(1986)) following the rifting episode. Other mechanisms have also been proposed such as
glacial rebound, lithosphere flexure induced by erosion, mantle plume effects and regional
compression (Gilchrist and Summerfield, 1990; Nyblade and Robinson, 1994; Stuevold and
Eldholm, 1996; Brown et al., 2000; Japsen and Chalmers, 2000; Cobbold et al., 2001), but
the effects seem more to be local-scale and strongly depend on the specific passive margin
(Leroy, 2004).
Uplift is seen as one of strongest evidence for post-break-up deformation of a margin
(Bond, 1978; Partridge and Maud, 1987; Burke, 1996; Stuevold and Eldholm, 1996;
Gunnell, 1998; Gunnell and Fleitout, 2000; Japsen and Chalmers, 2000; Cobbold et al.,
2001; Tello Saenz et al., 2003) and hence several authors questioned the admitted view that
passive margins are tectonically stable. Common interpretations from studies realized on
exhumed passive margins such as Atlantic margin of NW Europe (Boldreel and Andersen,
1998; Vågnes et al., 1998; Lundin and Doré, 2002), eastern North America margin
(Sanders, 1963; de Boer et al., 1988; Wise, 1993; Withjack, 1995; Withjack et al., 1998), W
Africa margin (Hudec and Jackson, 2002), Atlantic margin of Brazil (Cobbold et al., 2001;
Meisling et al., 2001), based on seismic and field observations, infer for the case of
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horizontal compression, due to ridge-push or plate reorganization for example. An
important mechanism to explain horizontal shortening and part of the exhumation is
reactivation of pre-existing crustal weaknesses (Cobbold, 2008). The idea of a linkage
between exhumation and horizontal displacement was controversial till 80-90’s, but since
then it has been convincingly documented in several natural passive margin laboratories
(Vågnes et al., 1998; Cloetingh et al., 1999; Bishop and Goldrick, 2000; Gunnell and
Fleitout, 2000; Japsen and Chalmers, 2000; Cobbold et al., 2001; Cloetingh et al., 2002;
Hudec and Jackson, 2002; Cobbold, 2008), that horizontal shortening can explain the order
of exhumations (>2km) (Withjack et al., 1998; Leroy et al., 2004).
If we consider that in Central Atlantic, the absolute plate motion and ridge-push directions
for the North American, Iberian and African plates suggest a transition from horizontal
tensional stresses to horizontal compressional stresses from Middle Jurassic to Late
Cretaceous as argued by studies showing reactivations of pre-existing faults in coastal plain
sediments (von Rad and Sarti, 1986; Prowell, 1988; Prowell, 1989; Labails, 2007;
Gonzales, 2008; Withjack et al., 1995, 1998; Van Houten, 1977; Lee et al., 1978; Laville
and Petit, 1984; Beauchamp, 1988; Laville, 1988; Medina, 1988; Laville and Piqué, 1992;
Leroy, 2004; Davison, 2005). Therefore, horizontal shortening causing inversion of the preexisting faults observed along the Central Atlantic and Alpine Tethys conjugate margins
(Eisenstadt and Withjack, 1995; Sibuet et al., 1980; Ribeiro et al., 1979; Stapel et al.,
1996; Jansa et al., 1979; von Rad and Arthur, 1979; Jansa and Wiedmann, 1983; Emery
and Uchupi, 1984) can be assessed as one of the main mechanisms that explain the
exhumation recorded at this time span ((Boettcher and Milliken, 1994; Ghorbal et al.,
2008; Roden-Tice and Tice, 2005; Roden-Tice et al., 2000; Roden-Tice and Wintch, 2002;
Lorenkack et al., 2004; Miller and Duddy, 1989; Barbero and López-Garrido, 2006; de
Bruijne, 2001).
The horizontal shortening viewed to be a common mechanism to cause exhumation can be
supported and/or amplified by additional local or regional phenomenons such as erosion of
the rift shoulder (Gallagher and Brown, 1997; Gunnell et al., 2003; Mosar, 2003) followed
by a upward isostasical flexuration of the lithosphere (Fig. 6.12) (Gilchrist and
Summerfield, 1990), re-equilibrated at ~65% after roughly 60Ma (Ziegler and Cloetingh,
2004). Erosion and upward flexuration were argued by Spotilla et al. (2004) for the eastern
North America passive margin and suggested by many numerical models (Gilchrist and
Summerfield, 1990; Gilchrist and Summerfield, 1998; Gunnell, 1998; Tucker and
Slingerland, 1994; van Balen et al., 1995; van der Beek et al., 2002) applied to natural
laboratories such as the margins of Brazil, SW Africa, India and Australia. Erosion
processes of the margins could additionally cause an extra ~1km of cooling (Gilchrist and
Summerfield, 1990; van Balen et al., 1995; Gunnell, 1998) in addition to the >2km as result
of horizontal shortening (Leroy, 2004) and perhaps even more if considering the tropical
climate in Central Atlantic at this time (Lower Cretaceous map, Scotese, PALEOMAP
Project, www.scotese.com) as emphasized by Peulvast et al. (1996).
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Fig. 6.12 - Conceptual model of rift shoulder exhumation by lithosphere flexure following an
erosion of the passive margin (Gunnell and Fleitout, 2000).

This later assumption is supported by the deposition of >500m-thick package of siliciclastic
sediments unconformably laying on pre-Mesozoic basement rocks along the Central
Atlantic and Alpine Tethys margins (see, ODP Sites : 959, 960, 961, 962) which claim for
local sources (Fig. 6.5-8 and 6.11).

6.2.6. Conclusion
During the last decades, the Central Atlantic area has been preferentially chosen for the
initial reconstruction of the Pangea instead of the North and South Atlantic which have a
more complex rifting history and where the intracontinental deformation is more crucial in
the reconstruction (see Sahabi et al., 2004). According to these authors, the restoration of
the Central Atlantic opening was realized without solving the problem of the Moroccan
Meseta which is disconnected from the Western African Craton by the Atlasic trough. New
apatite fission track and (U-Th)/He data discussed in this thesis confirm that the Central
Atlantic rifting reconstruction was oversimplified by not considering the W. Meseta as a
subsiding region, roughly contemporaneous to the main rifting stage (Ghorbal et al., 2008).
Furthermore, unexpected subsidence of the Western Meseta from Late Trias to Early
Jurassic is also documented by low-temperature thermochronology assessment of the
Iberian Meseta also called Spanish Central System (SCS) (de Bruijne and Andriessen,
2000; de Bruijne, 2001) and in Adirondack, New England and Appalachians highlands in
eastern North America (Roden-Tice et al., 2000; Roden-Tice and Wintch, 2002; Roden-Tice
and Tice, 2005; Miller and Duddy, 1989). Therefore subsidence of the basins due to the
intense fracturation and rifting episodes are widespread along a larger area than presently
expected. Subsidence that started in Late Triassic from Florida-Guinea to NewfoundlandIberia, encompassed more than 200km inlands, west and east of the present costal lines,
including therefore a large part of the eastern North American highlands and the entire
Iberian-Moroccan Mesetas.
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Somehow related to the South Atlantic opening (Valanginian) (Scotese et al., 1988) that
modified an important part of the world strain constraints (at least in the Central Atlantic
and Alpine Tethys Realms), Middle-Late Jurassic to early Late Cretaceous AFT and (UTh)/He cooling ages from: i) the Adirondack, the New England and the Appalachians
highlands in eastern North America; ii) the Iberian Massif, and; iii) the Moroccan Meseta,
the Atlas and the Anti-Atlas in NW Africa, indicate that widespread exhumation occurred
during this time. The vertical motions documented by adjacent highlands (>200km far from
the coasts) along the two Central Atlantic passive margins seem to be related to a possible
change from extensional to compressional stresses during a prolonged period between
Middle-Late Jurassic to late Early Cretaceous.
We infer that Middle-Late Jurassic to Early Cretaceous cooling/exhumation may be
considered as the result of an important mechanism such as horizontal compression as
argued for many continental passive margins (Leroy, 2004). The horizontal shortening
viewed to be a common mechanism to cause exhumation was amplified by erosion,
explaining the thick detrital coarse-grained sediments laid down in several deep sea and
epeiric basins of the Central Atlantic coast (Rad and Arthur, 1979; Robertson and
Bernoulli, 1982; von Rad and Sarti, 1986).

6.3. Atlasic deformation of the NW Africa continent
interior during the Africa-Eurasia plate convergence
context
In this sub-chapter, we will focus on the second stage of vertical movements recorded along
the NW African peri-cratonic zone from Late Cretaceous onwards.
Africa-Eurasia plate convergence is the main mechanism to explain topographic evolution
and patterns of Tertiary vertical motions recorded around the entire Mediterranean region
and even further east. Although the elevated topography in NW Africa are not limited to the
orogenic systems, most of the studies however focus on the Atlasic intraplate belt and the
Rif-Tell system considering that those two areas accommodate the essential part of the
Tertiary-Quaternary deformation related to the plate convergence.
In order to document all the possible mechanisms that may deform the Moroccan continent
interior, we produced a series of AFT and AHe data along the NW Africa pericratonic zone
(western Mediterranean side) extending longitudinally from the Anti-Atlas to the Western
Meseta, crossing the highest topographic regions of Morocco (Marrakech High Atlas and
the Pan-African Anti-Atlas belt).
AFT and (U-Th)/He pairs performed on pre-Early Cretaceous basement rocks along this
Moroccan pericratonic transect (500km) yield ages ranging respectively between 170-9Ma
and 165-7Ma, documenting significant vertical movements between Late Cretaceous and
Present. Time-Temperature models and cooling ages show that Paleogene-Neogene vertical
movements are spatially zoned through Morocco, with the highest amplitude of vertical
movements in the High Atlas (>4-5km) and more modest amounts in the Anti-Atlas and the
Western Meseta (<2.5km).
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Precious information provided by the AFT and AHe ages indicates that the entire NW
African peri-cratonic zone including the Western Meseta and the Anti-Atlas in addition to
the Atlas and the Rif systems experienced Tertiary deformation. In addition to wellacknowledged Atlasic active tectonics and thermal mantle anomaly processes that
characterized the deformation of the intraplate mountain belt, two other mechanisms can
explain the spatial distribution of cooling ages obtained along this roughly NNE-SSW to NS transect. On the basis of the low-temperature thermochronology results, we infer that two
Tertiary folding phases are distinguishable in Morocco continent interior. The first one is a
lithospherical folding of ~500km wavelength in the early Late Cretaceous (confirming that
this process is a primary response to recently induced compressional stress fields) and the
second one is a crustal folding of ~100-150km wavelength in the Late Eocene-Neogene that
occurred independently of the mantle, requiring therefore the existence of a decoupling
between the base of the crust and the upper mantle.

6.3.1. Introduction
The interaction between large-scale tectonic movements (crustal/lithopheric thinningthickening and folding-flexuration) and possible mantle flow seem the main forces
generating vertical movements of the continental crust that may induce related topography
changes (Frizon de Lamotte et al., 2008). However, quantification of the contribution of
each force (tectonics or lithospheric/asthenospheric) on the topography is not well-defined
yet because origin and contribution of large-scale upwelling or downwelling mantle flows
is still a matter of debate (Frizon de Lamotte et al., 2008). Several cases studies have
demonstrated that the association of different thermochronometers such as the (U-Th)/He
and the fission-track systems allows a comparison between processes relevant for different
crustal levels (House et al., 1999; Braun, 2002a.,b; Reiners et al., 2002 a; Reiners et al.,
2003) and could be successfully used in order to distinguish between the tectonic processes
(crustal/lithopheric thinning-thickening and folding-flexuration) involved in the uppermost
vertical movements (5-0km) of the continental crust.
In the Mediterranean Realm and further east, African-Eurasian plate convergence is seen as
the main mechanism that creates topographic changes since Africa plate movement
(relative to fixed Europe) switched from E- to N-trend drifting in the early Late Cretaceous
(Rosenbaum et al., 2002). In the context of plate collisions that diffusively started in
between Mesozoic and Cenozoic, most extensive studies were realized on the northern
Mediterranean regions (see a review in Cloetingh et al., 2007). Since a few years, interest
on the North African topography is growing but the number of studies remains limited.
This investigation focuses on Moroccan topographical (cf. §2.2) changes since the onset of
the African-Eurasian collision. Surprisingly, instead of being observed in the youngest
Moroccan belt (the Neogene Rif Mountain that yields a mean and highest elevations of
~500m and ~2500m, respectively), current highest topographies occur in the continent
interior (Teixell et al., 2003; Frizon de Lamotte et al., 2005; Missenard, 2006) especially in
the High Atlas intracontinental belt (mean elevation of 1500m and highest elevation of
4167m) and in the Pan-African Anti-Atlas belt (mean elevation of 800m and highest
elevation of 2500m). Recent publications (Teixell et al., 2003, 2005; Missenard et al.,
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2006) argued that part of the present high topography is explainable by the presence of a
thermal mantle anomaly beneath the High Atlas (Fig. 5.3) causing an uplift of the surface of
~1000m (Babault et al., 2008) since the Middle Miocene (~15Ma) (Missenard et al., 2006)
or even later (Babault et al., 2008; Balestrieri et al., 2008; Chapter5). Concordantly, the
present morphology of NW Africa is also controlled by other mechanism such as a
collisonal deformation (Chapter 5) which seems, however, not only limited to the Atlas
system (Chapter 4). Using the AFT and AHe data set produced in this thesis, we project to
define more precisely the timing of each of those processes that influenced the NW African
peri-cratonic zone from Late Cretaceous onwards, in order to reconstruct the geodynamic
context.

6.3.2. Vertical movements along the NW African peri-cratonic
transect
In this thesis, we presented fission track and (U-Th)/He data along the NW African pericratonic transect crossing from north to south three main structural domains (Fig. 6.1).
Those three structural domains are respectively the Moroccan Meseta, the Atlas and the
Anti-Atlas. The ‘Moroccan Meseta’ domain s.s is a plateau morphologically composed of
three anticlines (the Central Massif that includes the Zaer Massif, the Rehamna and the
Jebilets respectively from north to south, all distinghuisable with post-Hercynian igneous
intrusions) separated in between by two synclines (the Settat Basin and the Tadla-Bahira
Basin, respectively from north to south). Detached with the Meseta domain by the Haouz
Basin, the Atlas domain s.s. is an elevated intra-plate belt formed by the inversion of an
aborted Mesozoic rift and presenting today the highest relief in Morocco and even, in the
entire NW Africa region with peaks culminating at >4000m. At the south, the Anti-Atlas
domain s.s. is a massif formed during the Pan-African orogenesis and morphologically
representing an antiform with high relief. Despite their different thermal histories in the
past, those three domains experienced heating and cooling, during the Late Cretaceous and
Present times, in the frame of the Africa-Eurasia Plate convergence. Following a common
phase of subsidence during the upper Early Cretaceous, all those structural domains
experienced independently cooling from Late Cretaceous onwards.

6.3.2.1. Cooling patterns in the Meseta domain s.s.
The apatite (U-Th)/He data produced in this thesis show that cooling ages obtained from
the Meseta Plateau are contemporaneous to the Atlasic orogenic phase. Our apatite FT
cooling ages are however predating this event (Fig. 6.3) as confirmed by the AFT data from
Sadiqqi et al. (2008) (on the Rehamna and Jebilet). This implies that limited vertical
movements (<2.5km using a geothermal gradient of 25-30°C/Km) have occurred during the
Tertiary-Quaternary Alpine contraction stages (Frizon de Lamotte et al., 2000). The data
indicate a clear spatial pattern of cooling ages (Fig. 6.3). The AFT ages become older from
north (Early Cretaceous) to south (Late Jurassic) inversely to the AHe ages. In this subchapter, we however only consider the post Early Cretaceous evolution of the Meseta
domain. Therefore, the AHe data indicate a decrease in ages from the Zaer Massif
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(Paleocene-Eocene) to the Jebilet Hills (Miocene-Pliocene). The Rehamna Massif located
in between documented AHe cooling roughly Oligo-Miocene in age. The PaleoceneEocene and the Oligo-Miocene cooling ages are slightly predating to two “wellacknowledged” Atlasic tectonic events dated at Late Eocene and Early to Middle to Late
Miocene (Frizon de Lamotte et al., 2008). In fact, the AHe cooling ages of the Zaer Massif
and the Rehamna Massif coincide with the period of general subsidence or quiet tectonic in
the High Atlas (Frizon de Lamotte et al., 2008). In contrast to these observations, the MioPliocene AHe cooling recorded in the Jebilet dates the second Atlasic tectonic event.
Difference in AHe cooling ages and the synchronicity with the Atlasic deformations allow
distinguishing the late Tertiary to Quaternary evolution of the Jebilet Hills from the almost
common evolution of the two northern Meseta massifs. In fact, these observations are in
concordance with the existence of a fault, the NJF that separates the northern and southern
part of the Meseta (Huvelin, 1977; Laville, 1982; Hafid et al., 2006) (Fig. 5.4). Difference
in AHe cooling ages confirm the late activity of this tectonic feature already argued on
sedimentological (Huvelin, 1977) and seismic profile interpretations (Hafid et al., 2006).
One of the major offsets along the NJF occurred probably during the Early-Middle
Miocene. This confirms with an independent technique the interpretations of Hafid et al.
(2006) and Missenard et al. (2007) on the activity of this fault at this time period.
Furthermore, Missenard et al. (2007) estimated that since the ‘second Atlasic event’ the
Atlas belt was widening its northern border to the NJF.
Although, if we observe more in detail the cooling pattern obtained on the Jebilet Hills (Fig.
6.3), we can see a slight spatial distribution of the AHe ages. The northern part of the hills
started to cool as earlier as Late Cretaceous-early Paleocene. Therefore, either the Jebilet
started its upward movements almost contemporaneously to the Zaer Massif and the NJF
started to be active later during the Neogene influenced by the second Atlasic tectonic
event, or the NJF was already active since the Senonian as argued by Laville (1982) which
may suggest that the Jebilet was already part of the Atlas system and separated from the
rest of the Meseta since the Late Cretaceous or even before.
In order to solve this important open debate, further thermochronological study of samples
from Early-Late Cretaceous detritic sediments is needed. Either the AHe data of the detritic
Late Cretaceous sediments are reset then the fault was not active at this time and therefore
the interpretation of Missenard et al. (2007) will be confirm, or the pre-depositional AHe
ages of the detritic apatites is conserved then the fault was active already since the Senonian
as argued by Laville (1982).
Considering the timing of the cooling and the fact that the northern part of the Meseta
Plateau is a region devoid of active tectonic features during the Tertiary-Quaternary period
only a mechanism of crustal- or listhospheric-scale folding could explain the AHe ages
recorded there (see Chapter 4).

6.3.2.2. Cooling patterns in the Marrakech High Atlas.
In figure 6.3, the cooling ages produced in this thesis are plotted with complementary data
found in the literature (Missenard et al., 2008; Balestrieri et al., 2009). Those data are
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mainly localized on the Ourika Valley and Toubkal Massif (Missenard et al., 2008) and on
the Siroua Plateau (Balestrieri et al., 2009). The (U-Th)/He and AFT data reported on this
figure 6.3 indicate an obvious spatial pattern. Both low-temperature thermochronometry
data become younger from the edges of the Atlas domain towards the axial zone. However,
this spatial pattern is even more emphasized by the AFT cooling ages. In fact, we clearly
observed that the edges have AFT cooling ages (Mesozoic) pre-dating the Atlasic orogenic
phase contrasting with the axial zone that yields cooling ages ranging between Eocene and
Present, corresponding to the main uplift period of the High Atlas belt (Brede et al., 1992;
Morel et al., 2000). On the base of Tertiary annealing of the AFT data, three zones can be
defined in the Marrakech High Atlas. The northern and the southern margins have mainly
Late Jurassic and Early Cretaceous AFT cooling ages, and the central zone that has
documents a total annealing of the AFT during the Tertiary-Quaternary times. The
separation of two external zones with the central one is structurally marked by the TNTF
and the SAF zones, in north and south respectively.
The AHe data are less contrasted than the AFT cooling ages. The AHe cooling ages are
generally contemporaneous or post dating the main Atlasic tectonic events. Although the
youngest ages are concordantly to the AFT data found in the central zone and more
precisely along the TNTF zone.
The correlation between the AFT and AHe cooling ages allows a precise determination of
the thermo-tectonic evolution of these three Atlas zones. The AHe and AFT cooling ages of
the two edges imply vertical movements limited at maximum 2.5km during the TertiaryQuaternary times. In contrast, the cooling ages of the axial part of the belt was rapidly
uplifted of >4km from Late Eocene onward, supplied by the movements along the two
bound fault zones (TNTF and SAF). This Atlas area corresponds to the region of highest
relief in the entire Maghreb region.
The detailed study of the AFT and AHe data along the transect permits to define with a
good precision the timing of the fault activities (§5.6.2). The Atlas fault systems inherited
from the Hercynian and the aborted Atlas rift document inversion since the Senonian as
assumed previously by Brede et al (1992), Mattauer et al. (1977) and Frotzheim et al.
(1988). Although, most important offset along the faults occurred during the Late Eocene
and mainly during the Early-Middle Miocene (Frizon de Lamotte et al., 2000 and others,
see Fig. 2.16) attesting for the important crustal shortening at these times. Although a late
tectonic phase was observed within the Plio-Quaternary sediments at the margin of the
High Atlas belt (Fraissinet et al., 1988; Morel et al., 2000), only low-temperature
thermochronology analysis performed along the TNTF yield contemporaneous cooling
ages.
However, the low degree of crustal shortening added to the absence of thick-crustal in the
High Atlas supported by geophysical data providing evidence of a thin lithosphere
underneath the elevated mountain belt guided many studies to assume that part of the
present high High Atlas topography was caused by a thermal mantle anomaly, Late
Miocene to Pliocene in age. The AHe cooling ages obtained along the transect show an
important uplift at this time, reaching 1000m in the axial zone and roughly 500m in the
external areas. Evidence that this Late Miocene/Plio-Quaternary uplift is related to this
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thermal anomaly is derived in absence of alternative solution. However, if this
interpretation is correct, the obtained amplitude and timing of the uplift related to the
thermal mantle anomaly confirm those assumed by Babault et al. (2008). Therefore it may
assume that Plio-Quaternary syn-sedimentary inverse faults observed in the edges of the
belt are repercussion of the contemporaneous thermal uplift occuring mainly in the Atlas
core which was accomodated by the two bound fault zone (TNTF and SAF).
It is therefore concluded that the exhumation pattern detected in the three zones forming the
High Atlas of Marrakech correspond to the combined effect of: i) crustal shortening that
started since Senonian times and, ii) post-Middle Miocene uplift due to the thermal mantle
anomaly. To conclude, though four periods of tectonic activities are recorded in the
Senonian, Late Eocene, Early-Middle Miocene and Late Miocene-Quaternary, only the
Late Eocene and Early-Middle Miocene seen to create a significant crustal shortening. The
Senonian and the post-Late Miocene events display more limited degree of crustal
shortening. The first one occurred locally, on the edges of the belt and the second one is a
restrained consequence of the Late Neogene thermal anomaly uplift observed in the edge.
No matter what is their degree of intensity, all those ‘tectonic events’ that affected at
different scales the High Atlas of Marrakech coincide with orientation changes of the main
compressive constraints through the time, from WNW-SSE/NW-SE to N-S/NNE-SSW,
from N-S/NNE-SSW to NNE-SSW/NE-SW and from NNE-SSW/NE-SW to NNW-SSE
(Brede et al., 1992 ; Froitzheim et al., 1988 ; Mattauer et al., 1977 ; Laville and Piqué,
1991 ; Fraissinet et al., 1988 ; Morel et al., 2000 ; Quarbous et al., 2008)

6.3.2.3. Regional Cooling patterns in the High Atlas domain s.s.
AFT and AHe cooling ages of the west High Atlas belt are plotted together in figure 6.13.
The AFT and AHe data have been provided by several teams that worked on the Atlas,
especially from the Central High Atlas (Barbero et al., 2007) in east to the Western High
Atlas (Ruiz et al., 2009) in west including in between the High Atlas of Marrakech.
The general image arising from the spatial distribution of cooling ages in the Marrakech
High Atlas is similarly observed in the western part of the Moroccan High Atlas (presented
in the figure 6.13). Along the entire western region of the High Atlas Mountain, we can see
three distinct zones in the belt. The zone that yields younger cooling pattern is always
flanked by two regions that provide significantly older fission track ages. In addition, those
marginal zones always document AHe cooling ages slightly older than the axial zone,
implying that Neogene exhumation is more intense in the central part of the belt.
If this spatial pattern seem obvious in the Western and Marrakech High Atlas, lack of data
in the Central High Atlas essentially due to the absence of pre-Mesozoic basement outcrops
make difficult to generalize this statement. However, even if less marked, the AFT and
AHe data from Barbero et al. (2007) on the Central High Atlas show a spatial pattern of
cooling ages that become younger towards the axial zone (Fig. 6.13). Concordantly it is
well-acknowledged that the Central High Atlas is devoid of an uplifted axial zone (Teixell
et al., 2003) compare to the rest of the western belts, attesting for the lower degree of
crustal shortening experienced by this region during the Atlasic contraction (Teixell et al.,
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2003; Missenard et al., 2008; Balestrieri et al., 2009).

Fig. 6.13 - Tectonic map of the Western and Central High Atlas with apatite FT and (U-Th)/He
ages. AFT and AHe ages obtained in this thesis are plotted in this map in complement to AFT and
AHe data from recent publications (Barbero et al., 2007; Missenard et al., 2007; Malusà et al., 2007;
Balestrieri et al., 2009; Ruiz et al., 2009). AFT are represented with a white background and AHe
ages with a grey background.

Toward the west, it is interesting to observe that the AFT and AHe data obtained by Ruiz et
al. (2009) and those produced in this thesis are roughly comparable in age and amplitude of
cooling. As well as in both transects, the youngest AFT and AHe ages are located in the
zone of highest topography, in the Tichka and the Toubkal Massifs respectively. These two
massifs uplifted more than 4km during Early-Middle Miocene and roughly ≥1km from Late
Miocene onward.
The similarities in spatial distribution of cooling in the both the Western and the Marrakech
High Atlas suggest that their Neogene thermo-tectonic evolution is related to same
processes. Given the geophysical modelling of Fullea et al. (2007), the region of the Tichka
Massif is located above a thermal mantle anomaly as supported by the assumption of a thinlithosphere (Teixell et al., 2003). We could therefore argue that the comparable amplitude
and timing of the uplift observed by AFT and AHe cooling ages in the Toubkal and the
Tichka are caused by the thermal mantle anomaly that has almost identical effect on both
massifs. This may be explainable by the fact that the lithosphere underneath these two
massifs seems to have almost the same thickness ~ 70-50km. In fact regarding the model of
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Fullea the lithosphere seems however lightly thinner beneath the Toubkal (-60-50km) and
could explain therefore the highest topography reached there and the presence of a Neogene
volcanic cone.
Although one important question remains, why is the lithosphere thinner in these two
regions compare to the rest of the High Atlas and Middle Atlas belts?
Comparing in detail the AFT and AHe cooling ages along the both the Western and
Marrakech High Atlas transects, we can remark that the youngest ages are always located in
the inner part of the belt bounded by the TNTF zone. Concordantly to that, the jump of
AFT ages and relief observed in the northen part of the Toubkal Massif, is located in the
southern part of the Tichka Massif where the TNTF is the major tectonic feature in the
south. Taking together all these observations (distribution of the low-temperature
thermochronology ages, position of the thinner lithosphere and the relief expression), we
may assume that the TNTF is a major or even the major Atlas feature that controls with the
thermal anomaly the location of the present highest topography in the Atlas Mountains belt.
This may therefore suggest that the TNTF is a crustal-scale fault as already argued in the
past by several authors (see, Mattauer et al., 1977; Arthaud and Matte, 1977, Manspeizer
1983).
This interpretation is further supported if we consider that in the west (towards the Tichka
Massif) and in the east (towards the Toubkal Massif), the TNTF is the boundary-fault that
separates the Meseta basement from the African craton.

6.3.2.4. Regional Cooling patterns in the Anti-Atlas domain s.s.
The apatite (U-Th)/He produced in this thesis show that cooling obtained from the AntiAtlas (Siroua Plateau) is contemporaneous to the Atlas orogenic phase implying that
vertical movements have occurred during the Atlasic contraction stages. The apatite FT
pairs limit the vertical movements to ~2km, considering the preservation of pre-Cenozoic
cooling ages (see Chapter 5 and §6.1-2).
In complement to the data produced during this thesis, we plotted in the figure 6.13 AFT
and AHe ages on the Western Anti-Atlas (W.A.A) (from Ruiz et al., 2009) and the Eastern
Anti-Atlas (from Malusà et al., 2007).
AFT data from the Eastern Anti-Atlas (E.A.A) indicate a spatial pattern of the cooling ages
that become older from north to south. The authors explain this spatial distribution of
cooling ages by the activity of three tectonic features (the Isk-n’Izekellj Fault, the Tizin’Boujou Fault and the Bou Larhzazil-Tinifift Fault), considered as the eastern branches of
the AAMF. Only based on AFT cooling ages, significant exhumation in the E.A.A.
occurred during a period slightly pre-dating the Atlasic contraction. Absence of AHe data
does not allow prediction about whether the cooling occurred with a constant rate or was
made up of jump coinciding with the Atlasic orogenic phases. To conclude, they argued
that the southern fault zones of the Atlas system should be revisited by considering the
eastern continuation of the AAMF instead of the SAF zones along the Ouarzazate Basin.
In contrast, AFT and AHe data produced by Ruiz et al. (2009) towards the west (W.A.A)
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display no detectable vertical movement during the Atlasic contractional stages.
Concordantly the position of the sampled rocks used to perform the AFT and AHe analysis
are located south of the AAMF in this part of the Anti Atlas Massif.
From the Figure 6.13, it is seen that an eastward younging-trend of cooling ages is
predicted from the AFT and AHe data. This spatial distribution of cooling patterns display
an increase of the exhumation amplitude from <1.5km in west to >3km in east, probably
related to the AAMF. Difference in cooling ages between the Western and the Eastern Anti
Atlas implies that significant vertical displacement must have been occurred along the
AAMF zone for the Central and Eastern Anti-Atlas as assumed in the Chaper 5 and by
Malusà et al. (2007).
Before the Atlasic contraction stages that influenced the distribution pattern of cooling,
present anticlinal shape of the Anti-Atlas is inherited from exhumation occurring during a
post-Cenomanian-Turonian times. Folding of the Anti-Atlas occurred contemporaneously
to the formation of anticlines in the present external zone of the Rif Mountain and the
northern part of the Reguibat Shield (Frizon de Lamotte et al., 2008). Given the wavelength
(about ~500km) of the depicted folds (that includes the Anti-Atlas) separated in between by
synclines in the Meseta-High Atlas and the Tindouf Basin (respectively north and south of
the Anti-Atlas, only a lithosphere folding can be advocated viewed as primary response to
recently induced compressional stress fields of the Africa-Europe plate convergence
(Cloetingh et al., 1999) .
It is therefore concluded that the regional exhumation pattern detected in the Anti-Atlas is
characterized by a general eastward and northward decrease of cooling ages. The trend
denoted in cooling ages is corroborated by position of the main structural feature, the
AAMF. Total exhumation recorded in the Anti-Atlas seems to be the combined effect of
Late Cretaceous lithosphere-scale foling complemented by active tectonic (along the
AAMF) during the Atlasic contraction However, in order to solve better constrain the
thermal-tectonic evolution of the Anti-Atlas further thermochronological study, of samples
in either sides of the AAMF is needed.

6.3.3. Nature and timing of the mechanisms controlling the
vertical movements
Considering the AFT and AHe cooling ages and the predicted t-T models (Chapters 4 and
5), in the Western Meseta (or Moroccan Meseta), the High Atlas system (including the
Jebilet Hills and the Siroua Plateau) and the Anti-Atlas (Fig. 6.1), large part of Morocco
renewed since early Late Cretaceous with vertical movements by recording a ‘generalized’
subsidence (Fig. 6.2). Burial of pre-Early Cretaceous basement persisted until Late Eocene
(Zaer and Siroua) and even later, till the Miocene, in some areas along the studied transect
(Rehamna, Kik Plateau and the south edge of the Atlas belt). However, this global
subsidence was cut short by several upward movements (Fig. 6.2) occurring at different
times (from Late Cretaceous onward) and spatial scales, suggesting that more than one
mechanism were controlling them.
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Present morphology of NW Africa corner with elevated areas located in adjacent domains
(devoid of Tertiary fault activity) of the Atlas fold-thrust belts (Teixell et al., 2003; Ghorbal
et al., 2008) also confirms that, in addition to the fault zone reactivation and the Neogene
thermal mantle anomaly which rspectively controlled the inversion of the Atlas rift and its
characteristic present high topography, other mechanisms occurred in Morocco between
Late Cretaceous and Present. Regarding the deformation of the continental interior and the
present high morphology of the Meseta and Anti-Atlas domains, two lithospheric/crustal
folding phases occurred necessarily at this time span. These mechanisms that deformed
mildly the Africa continental plate and caused the exhumation of antiforms along the
African peri-cratonic zone pre-dating and contemporaneously respectively to the Atlas
contraction stages, occurred in the frame of the Africa-Europe convergence (Rosenbaum et
al., 2002).
In order to summarize the processes that influenced the present morphology of the NW
Africa corner, main results of this study are placed in a broader regional setting. The
Cenomanian-Turonian to Present evolution of Morocco is reconstructed in six (paleo)
geographic sketches (Fig. 6.14).
Along the NW African pericratonic transect, two main areas, the Anti-Atlas and the
northern Moroccan Central Massif, started to unroof in early Senonian after being
immerged during the Cenomanian-Turonian marine transgression (Zouhri et al., 2008)
which covered a large part of Maghreb. Absence of Late Cretaceous to Eocene sediments in
these massifs is interpreted as the result of late Mesozoic-early Cenozoic erosion welldocumented in their adjacent basins named Guercif and Tindouf. N of Morocco, the
Jurassic strata of the Guercif Basin are directly covered by Miocene molasses (Zizi, 2002).
S of the Anti-Atlas and N of the Reguibat, the Cretaceous series in the Tindouf Basin are
truncated by Mio-Pliocene molasses of the Draa Hamada. If correct, the NW Africa
topography in Late Cretaceous-Early Paleocene was exhibiting a succession of two
synclines (the Meseta-Atlas and the Tindouf) in between three wide antiforms (the northern
part of the Moroccan Central Massif, the Anti-Atlas and the Reguibat) (Frizon de Lamotte
et al., 2008). Given a wavelength of ~500±100km, distance that separates the topography
highs or lows, and considering the incipiency of the African-Eurasian plate convergence
(Rosenbaum et al., 2002), only lithosphere folding as a primary response to the recently
induced stress fields (e.g. Cloetingh et al., 1999; Davy and Cobbold, 1991; Martinod and
Davy, 1993; Burg et al., 1994) can be argued in order to explain the large-scale
deformation and shortening of the continental lithosphere.
Post-dating the lithosphere-scale folding, the Atlas system which is part of the Meseta-Atlas
syncline at this time span, experienced local tectonic shortening, folding and exhumation
along its main E-W to ESE-WNW fault zones (Brede et al., 1992; Froitzheim et al., 1988;
Mattauer et al.., 1977; Laville and Piqué, 1991). This upper Late Cretaceous-lower Early
Paleocene tectonic stage corresponds to the first contraction that occurred in the High Atlas
system.
Despite the subsidence of the Meseta-Atlas between Middle Paleocene and Early Eocene
times, all horizontal and vertical motions signal the structuralization of the Atlas system
due to the stress field changes causing the large-scale folding. This folding is mainly
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observable in the Meseta domain where AHe cooling ages in the Central Massif of the
Western Meseta (Zaer Massif) imply that exhumation already started (Chapter 4).

Fig. 6.14 - Spatial distribution of the exhumation of the antiforms (folds and thrusts) in
Morocco during the four stages of contraction in Late Cretaceous, Middle-Late Eocene, EarlyMiddle Miocene and Late Miocene-Pliocene. White areas correspond to the exhuming antiforms.
Grey areas indicate the basins. Subsidence and exhumation are based on the low-thermal dating
performed during this Thesis and completed AFT-AHe data from the literature (cf. text).

In Middle-Late Eocene, relief of the Atlas system started basically to form the present
topography high. Tectonic shortening and exhumation that started since Late Cretaceous in
the southern wedge, reached progressively the axial zone of the belt. Compared to the
southern edge of the orogenic system, relief in the northern part is hardly developed as
attested by the deposition of Late Eocene marine sediment in the Kik Plateau. In Late
Eocene-(?)Oligocene, ~N-S-trend contraction stage is registered in the Marrakech High
Atlas system with important inversion along the E-W faults along which, part of the
exhumation is accommodated (Frizon de Lamotte et al., 2000). At this time span, upward
movements seem to be common for the entire High Atlas orogenic system but elevations do
not surpass 1000m of elevation (see Chapter 5 and Tabuce et al., 2005).
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The Early-Middle Miocene period is considered as a period of subsidence in many
geological studies (Frizon de Lamotte et al., 2000; Missenard et al., 2007) in order to
explain the deposition of a large amount of Miocene pebbles that covers the entire NW
African including many current elevated reliefs such as the Anti-Atlas, the Hamadas and
the Central High Atlas (Joly, 1962; Görler et al., 1988; Berrahma, 1995; Morel et al.,
1999; Teixell et al., 2003).
The Miocene detrital sediments are also found in the Western Meseta, with thicknesses
comparable to those documented in the Anti-Atlas, Central High Atlas and Hamadas
Massifs which are thinner than in the present foreland basins (Souss, Ouarzazate and TadlaBahira), intra-belt basin (Haouz) and other basins (Tindouf and Settat) (Michard, 1976).
The later suggests that the incipient Rehamna anticline (as inferred with low-temperature
geochronology) was separated from the Zaer anticline by a syncline, the Settat basin.
Despite large erosion experienced in the anticlines, the series of WNW-ESE highs and low
are still observed today in the Morocccan morphology. The crustal-scale folding
wavelength is in the order of 100-150km due to NNE-SSW to NE-SW compression in
Oligo-Miocene times (Teixell et al., 2003; Ghorbal et al., 2008). This compression is also
responsible for the significant uplift (>2km) with fast cooling rates of the internal zone of
High Atlas orogen along which nappes slid toward the adjacent basins (the Toundout
Nappe for instance) (Görler et al., 1988) and covered unconformably Eocene units (Teson
et al., 2008). Base on the structural and low-temperature thermochronology data, this
contraction that led to a major uplift of the belt, is the major crustal shortening phase in the
Atlas building (Balestrieri et al., 2009). Following this Atlasic contraction period, another
one occurred slightly later, during the Late Miocene. Even if recorded in the High Atlas by
faults activities, this contraction stage is mainly affecting the Middle Atlas. The Late
Miocene-Pliocene period is essentially marked by general uplift in the High Atlas system
and alkaline-type volcanism. Both are argued to be surface expression of the thermal
mantle anomaly located beneath the entire belt (Teixell et al., 2003, 2005; Missenard et al.,
2006; Fullea et al., 2007). Although, the study of Babault et al. (2008) supported by the
recent conclusion from Balestrieri et al. (2009) figures out that exhumation continued till
the Late Pliocene with a total uplift of ~1000m interpreted as the effect of the thermal
anomaly.
To conclude, orientation and the magnitudes of post-Early Cretaceous vertical movement
recorded in the anticlines-syncline series suggest that combined effects of intraplate
orogenesis, crustal- and lithospheric-scale folding and thermal mantle anomaly mechanisms
have exerted a first-order control on the present NW African morphology. Given the
Bouguer gravity anomaly and the present morphology of Morocco, only shallow ~500km
wavelength could be correlated to both data sets (see Teixell et al., 2005). No comparable
assumption can be made for the 150-100km wavelength folding. Within the incertitude of
the geophysical data, we may therefore assume that the Late Cretaceous folding occurred at
the entire lithosphere scale contrasting with the Paleogene folding in the Meseta that
occurred only at the crustal-scale with probably a decoupling in between the crust and the
mantle (Cloetingh et al., 1999; Cloetingh et al., 2002; Cloetingh and Burov, 1996)
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6.3.4. Conclusion
(U-Th)/He and AFT data along the Northern African peri-cratonic zone have demonstrated
that a large part of the Morocco continental interior has recorded heating and cooling from
Late Cretaceous onwards.
AFT data indicate a distinctive spatial pattern of cooling ages that become significantly
older from the Toubkal Massif (AFT ages < 40Ma) to both edges (AFT ages > 90Ma) of
the Moroccan peri-cratonic transect. In detail, the AFT ages become progressively older
towards the south contrasting with the abrupt jump towards the north which is associated to
the TNTF zone. This tectonic feature that separated the Meseta domain in north from the
Saharian domain in south since Paleozoic times, continue till the present to play a major
role in the configuration of Moroccan relief. However, based on the preservation of the
AFT cooling ages, we can therefore distinguish three important areas along the studied
transect. In the north a vast area extending from the Zaer Massif to the northern Sub-Atlas
zone (NSA) that hardly experienced a heating above 70°C from Late Cretaceous onward. In
south, an area mainly composed of the Siroua Plateau (Anti-Atlas) that has reached
comparable or even lower temperature than the northern massifs. Both areas are separated
in between by a region that shows a partial to total AFT annealing during the TertiaryQuaternary times due to active tectonic and thermal mantle anomaly. Complementary use
of AHe and morphology data allow to predict that, in addition to the intraplate orogeny and
the thermal anomaly that occurred in the High Atlas belt, vertical movements observed in
the Western Meseta and the Anti Atlas are respectively the results of a Late Paleogene
crustal-scale folding with a wavelength of ~150-100km and a Late Cretaceous lithosphericscale folding with a wavelength of ~500km.

6.4. Geodynamic processes
The data presented in this thesis show that the Late Triassic to Present thermal evolution of
the NW African corner is characterized by actives tectonics, crustal- to lithospheric-scale
folding and thermal mantle anomaly, which appears more complex than previously
assumed (Choubert and Faure-Muret, 1960-62;Du Dresnay, 1971; Michard,
1976;Mattauer et al., 1977; Piqué, 2001;Missenard, 2006; Frizon de Lamotte et al., 2008).
Although the High Atlas orogeny is the more significant expression of the continental
interior deformation in the African-Eurasian plate convergence context, lithosphere- and
crustal-scale folding (e.g., Martinod and Davy, 1994; Cloetingh et al., 1999) demonstrated
to be an important element in the dynamics of the Moroccan intraplate continental interior
(e.g., Cloetingh, 1988; Van der Pluim et al., 1997; Marshak et al., 1999; Cloetingh et al.,
1999; Carpolli, 2000), even more important than till hitherto thought (Teixell et al., 2003).
While the Tertiary-Quarternary thermo-tectonic evolution of the northern Africa pericratonic zone provide interesting new insights, most surprising results are obtained on the
Mesozoic period.
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Fig. 6.15 - Late Traissic and Early Cretaceous reconstruction of the Central Atlantic and
Western Alpine Tethys realm (orthographic projesction, 20N/20E centered) (Sampfli et al.,
2001).
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Complexity of the AFT and AHe data and the derived time-Temperature paths produced in
this thesis show two series of burial-cooling stages, respectively from Late Triassic to Early
Cretaceous and from Late Cretaceous and Present, implying significant vertical movements
in the both intervals of times.
Contemporaneous to the Pangea break-up and the Central Atlantic-Western Alpine Tethys
opening, the Late Triassic-Middle Jurassic subsidence as well as the Middle-Late Jurassic
to Early Cretaceous exhumation is at odds with the Moroccan paleogeographical
reconstruction used since sixty-years. The new insights bring new constraint on the vertical
movements of the NW Africa corner changing many admitted thoughts as the Moroccan
Arch Concept, for example. Integration of those results in a larger framework proved that
the Mesozoic burial-cooling pattern was spatially distributed over a large region that covers
the opening of the Central Atlantic and Alpine Tethys (Fig. 6.15). Conclusion reached in
this part of the investigation is that all the shields and hinterlands located along the both the
Central Atlantic and Alpine Tethys passive margins document exhumation inferred to be
due to the effects of horizontal shortening probably amplified by intense erosion caused by
the tropical climate at this time span. The erosion explained therefore the widespread and
thick siliciclastic sediments found in the basin margins. Beyond the fact that the provided
results enlarge the numbers of studies (Bond, 1978; Partridge and Maud, 1987; Burke,
1996; Stuevold and Eldholm, 1996; Gunnell, 1998; Gunnell and Fleitout, 2000; Japsen and
Chalmers, 2000; Cobbold et al., 2001; Tello Saenz et al., 2003) that yield such unexpected
vertical movements on passive margins regarding it classical definition (McKenzie, 1978;
Steckler and Watts, 1978; Lavier et al., 2000), it brings precious information on a area (NW
Africa) that always has been uninterpreted in most of the paleogeographic reconstruction of
the Central Atlantic or Alpine Tethys (Stampfli et al., 2001; Sahabi et al., 2004). Therefore
it can be assessed that a Mesozoic cooling occurred during the Eastward drifting of Africa
(relative to fixed Europe) and stopped during the diffuse period (Early-early Late
Cretaceous), corresponding to the start of the counter-clock rotation of the African plate
(Fig. 6.15).
The second phase of subsidence and exhumation documented by the low-temperature
thermochronology data occurred mainly during the Northward movement of the African
Plate (relative to fixed Europe) and its collision with Eurasia plate (Dewey et al., 1989;
Rosenbaum et al., 2002) (Fig. 6.16).
The Late Cretaceous vertical movements documented by the AFT and AHe data in the
Anti-Atlas coincide to change of the Africa trajectory compared to Europe, switching from
eastward to northward displacement (Le Pichon et al., 1988; Dewey et al., 1989; Stampfli et
al., 1991; Dercourt et al., 1993; Ricou, 1994; Rosenbaum et al., 2002) amplifying the
counter-clock rotation already initiated in the Early Cretaceous (Stets, 1992). Therefore, the
lithosphere folding observed in the Anti-Atlas is the very effective mechanism for
propagation of tectonic deformation far from the active plate boundary (e.g., Stephenson
and Cloetingh, 1991; Burov et al., 1993; Ziegler et al., 1995; Burov and Molnar, 1998)
initiated by the incipient collision of the Europe and Africa plate. Frizon de Lamotte et al.
(2000) proposed that the period of inversion in the Atlas system should correspond to
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periods of strong coupling between the African and Eurasian plates, whereas the periods of
relative tectonic quiescence (periods of buckling) should relate to a weak coupling between
the two plates.
Weak coupling according to the authors means that the convergence is mainly
accommodated by subduction of the Tethyan slab and they expect in the adjacent continents
quite constant horizontal tectonic forces triggering the development of large-scale
compressive instabilities. Strong coupling according to the authors means that the
convergence is partly accommodated in the subduction zone and also within the continents.
During such periods, typically the Middle-Late Eocene and the Plio-Quaternary, Frizon de
Lamotte et al. (2000) expect that the amount of deformation is directly controlled by plate
kinematics. Lithospheric buckling then becomes insufficient to accommodate shortening,
and faulting (inversion) develops in the weaker zones (i.e. in the former rifts).
The current investigation convincingly shows that inversion in the Atlas orogenic system
may occur in combination of folding of the Meseta hinterland. The scenario suggested by
Frizon de Lamotte et al. (2008) may be too simplistic, ignoring: i) the contraction occurring
in the Atlas belt during the Senonian and Early-Middle Miocene and, ii) the complexity of
the horizontal (de)coupling between the different NW African domains that seems to be the
key parameter controlling the mode of deformation in the continent interior.
However, the data presented in this thesis do not allow better predictions on large scale
geodynamic processes controlling the Late Cretaceous to Present thermo-tectonic evolution
of the NW African peri-cratonic margin considering the missing data on the Rif Mountain.
However the data provide important new constraints on the Tertiary-Quaternary evolution
of: i) an important part of the Atlas belt with new insights on the building steps and, ii) the
under evaluated portion in the Atlasic setting, the Western Meseta and the Anti-Atlas,
where significant vertical motions have been demonstrated.
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Fig. 6.16 - Evolution of Western Mediterranean domain from Late Cretaceous (~80 Ma) to
Quaternary (present). The sketch integrates the results of many works realized in this
Mediterranean region (Mattauer and Proust, 1967; Mattauer et al., 1977; Malinverno and Ryan,
1986; Teixell, 1996; Frizon de Lamotte et al., 2000; Jolivet et al., 2000; Faccenna, 2004; Spakman
and Wortel, 2004; Faccenna et al., 2004). NJF: North Jebilet Fault; NAf: North Atlas front; TNTF:
Tizi-n’Test Fault; SAF: South Atlas Fault; AAMF: Anti-Atlas Major Fault. AAA is the Anti Atlas
anticline that started to deform in Late Cretaceous. CMM is the Central Massif of Morocco, an
anticline formed during an Eocene compressional stage. The Rehamna (R.) exhumed later from Late
Eocene to Neogene. Morocco Hot Line corresponds to the thermal mantle anomaly geometry argued
by Missenard et al., (2006).
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Synopsis and Conclusion
7.1. Synopsis
In this thesis, the Trias to Present thermo-tectonic evolution of the NW peri-cratonic margin
of the Western African Craton has been studied. The main aims of this work were:
1) To gain a better understanding in the timing, rate and amount of vertical movements that
have occurred in Moroccan region since the late stage of Hercynian orogeny;
2) To constrain the present relief of Morocco;
3) To define the mechanisms that originally controls the Late Cretaceous to Present steps of
the Atlas building;
4) To assess the mode of long-term landscape evolution of the Atlas belts and the
surrounding domains, and;
5) To use low temperature thermochronometers, apatite (U-Th)/He and fission track, for
studying the interplay between large scale tectonic processes and externally induced
morphological processes.
To these aims, an integrated approach was adopted. The long-term cooling and exhumation
history has been studied by means of low-temperature (U-Th)/He and fission track
thermochronologies. Samples were collected along ~500km transect from south of the Rif
belt to the north border of the Western African Craton. Integrating these lowthermochronology results with observations on the structural, sedimentological and
morphological evolution of the Meseta, the Atlas of Marrakech and the northern part of the
Anti Atlas regions resulted in a reconstruction of the Late Triassic to Present thermotectonic evolution of Morocco with implication on the morphology of these regions.
In Chapter 1 and 2 an outline of this thesis and an introduction to the geological setting of
the NW African region are presented. In Chapter 3, the application and the underlying
assumptions of the thermochronological techniques used in this thesis are described.
Furthermore the powerful combination of the two low-temperature thermochronometers is
described and discussed.
The thermo-tectonic evolution of the NW Africa region is discussed in chapters 4 and 5.
Chapter 4 focuses on the Trias to Present exhumation history of the Western Meseta,
regions flanked in north and south by the Rif and Atlas belts and in the west and east by the
Atlantic realm and the Middle Atlas Mountains. (U-Th)/He and AFT data produced on Late
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Hercynian intrusive igneous rocks show that this region experienced a double stage of
subsidence/exhumation following rocks their emplacement at the surface and their late
Hercynian erosion. During the first stage ~3km of subsidence occurred from Late Trias to
Middle Jurassic times. Displacements were inverted in the Middle-Late Jurassic leading to
the Late Jurassic to Early Cretaceous exhumation to the surface with a cooling rate of
~4°C/Myr. The second stage of exhumation happened during the Tertiary with a cooling
rate varying from 1°C/Myr to 3°C/Myr following a more modest subsidence (<2km) which
started in the Late Cretaceous.
Chapter 5 focuses on the exhumation history of the High Atlas system (enlarged to the
Jebilet Hills and the Siroua Paletau in the Marrakech region) in order to reconstruct the
tectonic evolution of the intraplate chain situated in the foreland of the Rif orogen. The (UTh)/He and fission tracks performed in the Atlas region document a double stage of
subsidence/exhumation occurring roughly at the same time periods as those previously
described in the Meseta, but with an amount of vertical movements reaching >4km during
the Mezosoic period (before the Cenomanian-Turonian).
The second thermal event is also recorded in the entire intraplate belts with cooling starting
already in the Late Cretaceous (in some area) shortly after the widespread CenomanianTuronian marine transgression. The amounts of burial recorded in the different Atlas
domains from Late Cretaceous onwards was variable and obtained depths and related
temperatures were not the same everywhere. The flanks of the Atlas belt started to exhume
from ~2-2.5 km depth toward the surface with an exhumation rate of 33-130m/Ma, whereas
the central part, which experienced a deeper subsidence (>4km), exhumed towards the
surface at higher rates, essentially during the Neogene.
The AFT and AHe data presented exhibit a spatial distribution of cooling ages. The spatial
pattern in cooling ages allow predictions about the timing of large-scale fault activities
essentially during the Atlas belt building and the late Neogene contribution of the thermal
mantle anomaly in the present high topography of the belt.
In chapter 6 data from chapters 4 and 5 are integrated in a regional framework in order to
link the succession of vertical movements in the NW margin of the Western African Craton
to the two main geodynamic setting and related processes of Central Atlantic-Alpine Tethys
rifting and Africa-Eurasia plate convergence. Comparison of the studied NW African
passive margins with other Central Atlantic and Alpine Tethys passive margins shows that
unexpected Mesozoic exhumation provided in this thesis is common to many of those
continental passive margins and seems related to the post-rift evolution of the Central
Atlantic and Alpine Tethys realms.
Moroccan Late Cretaceous to Present vertical movements are essentially expressions of the
crustal deformations occurring in entire Alpine Tethys-Mediterraenean realm due the
Europe-Africa plate convergence. The results obtained in this thesis are consequently due
to southward transmission of the stresses from the northern African plate boundary causing
lithospheric- to crustal-scale folding and intraplate orogeny. Altough it seems that part of
the vertical movements observed mainly in the axial zone of the intra-continental belt
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results also to the contribution of external process such as a thermal mantle anomaly (only
observed in the SW part of the Mediterranean Realm).

7.2. Conclusion and Perspectives.
7.2.1. Conclusions…
Using a multidisciplinary approach that integrates low temperature thermochronology and
structural analysis, new results on the Late Triassic to Neogene evolution of the Western
Meseta, the High Atlas of Marrakech and the Anti-Atlas have been presented. This study
has documented that those regions experienced a more complicate tectonic history than
previously assumed.
Besides information on the evolution of the topography in Morocco, important new insights
on the geodynamics of the NW African region have been provided by this work. The
discovery of unexpected Jurassic vertical movements in a Moroccan region (“Terres des
Almohades”), considered as stable since Permian to Eocene, contemporaneous to the
Atlantic opening and the Post-Atlantic rifting brings a significant change in the admitted
regional knowledge. Comparison with other passive margins around the Atlantic realm has
shown that post-rift exhumation, due mainly to horizontal compression reactivating oldstructures, documented in the Moroccan passive margin, is a wide spread phenomenon in
this geodynamic setting.
The outcome of this Phd research constrains the post-Early Cretaceous evolution of the
vertical movements in Morocco. It permits to distinguish between regions gently (Meseta,
Jebilet, Northern Sub-Atlas and the Siroua) or significantly (Toubkal Massif) affected by
Atlasic contraction stages, and to quantify the amplitude of subsidence and exhumation
recorded in each Moroccan domains since the Cenomanian-Turonian marine transgression.
The results provided in this study, underline the need and importance of a multidisciplinary
approach combined with large-scale and vertical profiles of strategic sampling coverage
(for a more precise determination of low temperature thermochronology), in order to define
the different processes (and their contribution) in the configuration, evolution and origin of
complex geological settings, such as the High Atlas of Morocco and more generally to
pericratonic regions as the northern margin of the Western African Craton. The
implications arising from this study are important for the NW Africa geodynamic setting. It
has been shown that along the transect in Morocco, different tectonic patterns of uplift and
exhumation and subsidence have been detected, suggesting that the northern margin of the
Western African Craton, exhibits significant lateral variations of vertical movements, which
most likely are controlled by large-scale (crustal) processes (e.g., Brown et al., 2000;
Gunnell et al., 2003; Hendriks and Andriessen, 2002; van der Beek et al., 1995).
Of the thermochronological tools adopted in this study, the combination of the two
techniques used (AFT and Apatite (U-Th)/He) has been challenging to realize one of the
first studies along a large-scale transect of >500km. The fission tracks on apatite minerals
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allowed documenting the vertical movements likely associated to long-scale tectonic
processes and apatite (U-Th)/He was more suitable to detect subtle changes in landscape
evolution. The integration of independent geological constraints with the results of the lowthermal chronometer pair on apatites from the same sample can provide informations on the
chronology steps for the topography building integrating vertical motions inducted by the
combination of tectonic controls and external external processes (thermo-tectonic study)
distinguishing between long-term tectonic or lithospheric-crustal folding exhumation
processes and the shorter lived pulses that are related to external forces such as mantle
thermal anomaly. The conclusions reached have important implications for the future
paleogeographic reconstructions of the Central Atlantic-Alpine Tethys realm from Late
Triassic to Pesent times.

7.2.2. Perspectives…
In light of the data presented in this thesis on the vertical movements in Morocco, the
following issues remain open to be studied:
In particular more thermochronological analysis would be useful:
i) along the presented transect in order to gain in understanding on the long-term
exhumation processes that control the two main stages of vertical movements (Late TriasEarly Cretaceous and Late Cretaceous-Tertiary);
ii) on vertical profiles in order to more precisely quantify the rates of exhumations and to
more precisely discriminate between the exhumations inducted either by tectonic or
erosion controls;
iii) in the southward regions (as the Reguibat shield) in order to verify Jurassic vertical
movements (170-120Ma signal), newly documented in the Meseta, the Atlas of Marrakech
and the Anti-Atlas and also reported in many studies on the western Central Atlantic
conjugate margin (from New Foundland as far south as Florida), to have occured in the rest
of the Western African Craton as suggested by the presence of Early Cretaceous detrital
sandstones along the NW Africa region.
All this additional work will permit to expand the available low thermal data in NW Africa
in order to better judge about the spatial extension of the 170-120Ma signal and to verify if
the 170-120Ma vertical movements (post-rifting signal) is related to post Atlantic-rifting
processes. The second major interest is to better identify the long-term subsidenceexhumation due to tectonic/folding versus external processes that control the present
morphology distribution of NW Africa.
In addition to the low–temperature thermochoronology, an important open issue will be to
realize numerical and analogue modelling integrating the data of this thesis. As for
instance:
1) the synchronism between African-Eurasian convergence (Guiraud and Bosworth, 1997;
Rosenbaum et al., 2002) and the beginning of the deformation in the African intraplate
suggest that, since the first stage of collision between the two continental plates (~90Ma),
part of the stress has been transmitted further south through the African plate. If correct, the
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transmission of the stresses from the region of collision (a) to the entire NW African
foreland in early Late Cretaceous, and (b) to the orogenic system, and further, from the
orogen to the fore- and hinterland between Late Cretaceous and Present, requires a vertical
decoupling, in order to accommodate the crustal shortening responsible for the exhumation
of the basement and its uplift (Burov and Cloetingh, 1997). The vertical decoupling can
occur in either case at the base of the lithosphere for whole coupled lithosphere as for
instance with long-wavelengths of 500km or in the lithosphere (in the crust or in the high
mantle) for decoupled crustal and mantle folding with shorter wavelengths. Consequently,
this later remark adds more complexity in certain puzzling questions such as: “why and
how does the continent interior accommodate differently through the time the strains of
African-Eurasian plate converge? What are the parameters that favorize either
crustal/lithospheric buckling or inversion along the inherited rift structures? What are the
relations between the orogenic system and the lithospheric/crustal folding?”
Without considering, as first approach, the possible temporal variation of strains generated
further north by the colliding lithosphere plates, the models should take in account the
magnitudes and the geometries of deformations in the continental interior which are
controlled by two major parameters. These two parameters are the lateral strength
variations within the continental lithosphere and the horizontal coupling/decoupling
occurring at the boundaries of the wedge with respectively its hinterland and foreland
(Ziegler et al., 2002).
2) a tectonic model for the Central Atlantic rift that will take in consideration
shortening/inversion of the passive margin as main cause of the upward movements
localized in the hinterland of the surrounding regions.
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