CHAPTER 4 –
Unexpected Jurassic to Neogene vertical
movements in “stable” parts of NW Africa
revealed by low temperature geochronology
In Morocco, it is generally considered that post-Hercynian vertical movements were limited
to the Atlas system, the passive continental margin and the Rif.
Apatite FT and He ages from the Moroccan Meseta (Rehamna and Zaer Massif) document
instead two episodes of subsidence and exhumation in Jurassic-Early Cretaceous and during
the Late Cretaceous to Neogene. The Meseta subsided to >3 km depth during the Late
Triassic to Middle Jurassic and was exhumed to the surface before the Late Cretaceous,
during the rift and post-rift stages of Central Atlantic opening. Erosion of the exhuming
rocks is responsible for a thick package of terrigenous sands found in the Moroccan
offshore and elsewhere along the NW Africa margin. About 1 km of subsidence affected
the Meseta during the Late Cretaceous to Eocene. During the Neogene, these areas were
brought back to the surface in association with bimodal folding with wavelengths of 100–
150 km and >500 km.

4.1. Introduction
A ~500m thick interval of Lower Cretaceous terrigenous sands was drilled at DSDP sites
370 and 416, offshore Morocco (Fig. 4.1) (e.g. Price, 1981). The presence of grains of
quartz, biotite, zircons and micaschists documents a major episode of erosion in the
adjacent domains of NW Africa (Price, 1981). The terrigenous interval has been reported
for the entire NW African margin as far S as Guinea (Davison, 2005).
The erosion/exhumation episode is enigmatic as it is younger than Atlas and the Central
Atlantic rifting (Ellouz et al., 2003; Le Roy and Piqué, 2001; Medina, 1995), older than
first stages of relief forming in the Rif and Atlas (e.g. Chalouan et al., 2001; Frizon de
Lamotte et al., 2000) and is at odds with the notion that NW Africa was roughly stable at
that time. In particular, the Moroccan Meseta, the region between the Rif Mountains, the
High- and Middle Atlas and the Atlantic margin (Fig. 4.1) is generally recognized as an
area of no major post-Hercynian vertical movements (e.g. Guiraud et al., 2005; Michard,
1976; Michard et al., 1989).
To constrain exhumation/erosion patterns in Morocco, we have sampled a >500km long
transect from the Mediterranean to the Anti Atlas for fission track (AFT) and (U-Th)/He
thermochronology on apatites. These methods constrain heating and cooling histories in the
upper crust (temperatures in the 120º-45ºC range) (Ehlers, 2005). The Moroccan Meseta
has provided unexpectedly young ages which are here documented and interpreted.
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Fig. 4.1 - Tectonic map of Morocco and adjacent regions. The box corresponds to the area covered
by Fig. 4.2a. The position of DSDP wells 370 and 416 is indicated. Modified after Hafid (2006).

The geology of the Moroccan Meseta (Fig. 4.1) is characterized by two WNW-ESE
trending areas of outcropping Paleozoic rocks, the Rehamna region and Zaer Massif
separated by an area of Upper Cretaceous to Eocene marine sediments called Settat zone
(plateau des phosphates) (Hollard et al., 1985). Paleozoic rocks are generally Hercynian
schists locally intruded and contact-metamorphosed by granodiorites, monzogranite and
monzonite to monzodiorite (Haïmeur et al., 2004; Hoepffner et al., 2005; Huon et al.,
1987; Michard, 1976; Michard et al., 1989). In several localities, as the Jebilet hills, such
intrusive and metamorphic rocks are stratigraphically overlain by Triassic sediments
documenting their arrival at the surface before Triassic times (Michard, 1976). A preTriassic exhumation of Meseta rocks is compatible with petrologic data from intrusive and
metamorphic rocks (Mrini et al., 1992; El Mahi et al., 2000 respectively) and is typical of
the Hercynian belt. The widespread occurrence of shallow marine to transitional Triassic
sediments over large parts of the Meseta (e.g. Michard, 1976) documents that this region
was gently subsiding and displayed no significant relief during this time. The Meseta
basement rocks and their thin and discontinuous Triassic cover are unconformably overlain
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by Lower Cretaceous red beds in the Rehamna area and by Upper Cretaceous marine
sediments in the Zaer Massif. Towards the W, the Meseta passes to Central Atlantic
sedimentary basins hosting generally marine and continuous Mesozoic sedimentary
successions (e.g. Le Roy and Piqué, 2001; Medina, 1995).
We present AFT and (U-Th)/He (AHe) ages from nine samples of intrusive and
metamorphic rocks from Rehamna and the Zaer Massif (Fig. 4.2a and Tables 1 and 2).
Intrusives are biotite-bearing granodiorites cut by monzogranite (Haïmeur et al., 2004) and
fine-grained monzonite to monzodiorite. Metamorphic rocks are contact-metamorphosed
Hercynian schists (Huon et al., 1987). Samples have been processed at the Department of
Isotope Geochemistry of the VU University (Amsterdam) and at SUERC (Glasgow) (see
Chapter 3).

4.2. Results and interpretation
4.2.1. Analytical results
Apatites of monzonite (samples 4, 5 and 7) and metamorphic rocks (sample 9) are of poor
crystallographic quality, have low U or/and Th- contents (<10ppm), low density of induced
fission tracks and display regular [U] distributions. Monzogranites (samples 1 and 6) and
granodiorites (samples 2, 3 and 8) have large and well-shaped apatite crystals, high U and
Th contents and U is heterogeneously distributed throughout the crystal.

4.2.1.1. Apatite Fission Tracks
AFT ages are between 143Ma and 148 Ma (Fig. 4.2a and Table 1). Measurement of
confined induced fission tracks yielded mean track lengths (MTL) between 13.01±0.25µm
and 13.70±0.11µm with a narrow length distribution. The MTL distribution and the
abundance of long tracks are compatible with rapid cooling through the apatite PAZ and
long residence time at shallower depths. Dpar values (diameter of etched spontaneous
fission tracks measured parallel to the c axis) are between 1.74-2.32 µm (cf. §3.2.2).

4.2.1.2. (U-Th)/He
Uncorrected apatite He (AHe) ages (Table 2) range from 169Ma to 9Ma and cluster around
140-130Ma. -corrected ages (Farley, 2000) are between 252Ma and 15Ma concentrating
around 160-180Ma. Some corrected ages are older than AFT ages on the same or
comparable samples. AHe age reproducibility among the different sample aliquots is within
error for 7 out of 9 samples F 1 (Table 2). Poor intra-aliquots age replication in samples 4
1

3 of the 9 aliquots of sample 1 were processed by conventional mineral separation, while the selFRAG system was used
for the other 6 performed by Stuart et al. (2008).
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Figure. 4.2 - (a) Geological map of the area between the Rif foredeep and the High Atlas
(redrawn and simplified after Hafid (2006) and apatite FT and (U-Th) ⁄He ages. For each sample, we
indicate the sample name (framed number), fission track ages (with grey background) and
uncorrected (U-Th) ⁄He ages. (b) Time-temperature paths for samples 1, 5, 6 and 9 with FT radial
plot and MTL distribution. Paths in the dark grey part of the diagram are acceptable with Goodness
of Fit (GOF) in the interval 50–80%. Paths in the light grey area have a GOF>80%. The thick solid
line is the best path identified by the modelling procedure. The apatite PAZ and the HePRZ for the
same mineral are indicated (light yellow and orange bands respectively). Boxes representing the
geological constraints adopted are shown and discussed in the text.
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and 9 is attributed to the presence of undetected mineral/fluid inclusions or slow cooling
(Fitzgerald, 2006).

We note variability among samples from contiguous outcrops. Samples 4, 5, 7 and 9, for
instance, produce ages significantly younger than the rest (Fig. 4.2a and Table 2).
We correlate these differences with lithologies and propose that the excess He observed in
monzogranites and granodiorites results from an implantation effect from U- and Th-rich
host rocks (Spencer et al., 2004), and/or from the modification of the He retention
properties of apatite which becomes more retentive with increasing number of U-and Thdecays (Green et al., 2006). To test this hypothesis we derive a theoretical concentration of
4
He ([4He]th) using [U] and [Th] ICP-MS values and AFT age (as time reference) and
adopting the U-Th decay equation (Farley, 2002), assuming zero initial He content and we
compare it with the 4He measured by crystal outgassing ([4He]me) for each sample (Fig. 4.3;
Table 3). Monzonites and greenschists produce comparable values of [4He]me and [4He]th.
On the contrary, monzogranites and granodiorites have [4He]me>[4He]th. For these samples,
the correction factor will overestimate the [4He] ejected or diffused from the crystal thereby
producing too old ages (e.g. Belton et al., 2004).

Fig. 4.3 Plot of predicted
He and measured He
showing the behaviors of
different lithologies. See
Table 2 for detailed values.
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4.2.2. Thermal modeling
Time-temperature paths are obtained by modelling apatite fission track and (U-Th)/He data
integrated with independent geological constraints using the HeFTy model which generates
random t-T paths using a Monte Carlo algorithm (Ketcham, 2005). Inputs include track
density and length, Dpar values, U and Th contents, uncorrected apatite He ages and
aliquots size. As measured Dpar values point to low chlorine compositions similar to
Durango apatite (Barbarand et al., 2003), we used the annealing model of Ketcham et al.
(1999). Predicted t-T paths are considered as reliable in the 120º-45ºC temperature window
(Ketcham, 2005). Relevant geological information used to constrain the t-T paths is
expressed as boxes in Figs. 4.2b and 4.4.
Box A marks the Late Hercynian arrival of the sampled rocks close to the surface (see
introductory chapter).
Box B between 250 and 210Ma includes possible ages for the onset of regional subsidence
associated with Central Atlantic rifting (e.g. Le Roy and Piqué, 2001; Medina, 1995).
Box C marks the position of the samples at the surface at 100Ma, when the Cenomanian
transgression caused deposition of shallow marine sediments over the Meseta. As basement
rocks in the Rehamna region are covered by poorly dated (Upper Jurassic to Lower
Cretaceous) continental red beds, we have adopted for this region a slightly older box (C’).
Box D corresponds to the end of marine sedimentation in the Settat area (and elsewhere)
and is used here to constrain the end of subsidence. The box is basically an age constraint.

4.3. Post-Paleozoic evolution of the Moroccan Meseta
and implications for NW Africa
Time-temperature paths (Figs. 4.2b and 4.4), homogeneous over the study area, document
unexpected stages of subsidence and exhumation in the Jurassic to Early Cretaceous and,
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although of more limited magnitude, in the Late Cretaceous to Tertiary affecting the entire
Meseta.

Figure. 4.4 - Best fit time-temperature paths for the Moroccan Meseta samples. Boxes A–D
represent geological constraints (see text for discussion). Subsidence curves in the Atlantic margin
(external Essaouira Basin), the High Atlas 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 two stippled bands indicate the apatite
HePRZ and the apatite PAZ (upper and lower band respectively).

4.3.1. Triassic-Middle Jurassic subsidence
The Rehamna and Zaer regions experienced substantial Middle Triassic to Dogger heating.
Assuming a gradient of 30˚C/km the reconstructed heating translates in a subsidence of 34km. The occurrence and magnitude of Late Triassic to Early Jurassic heating and,
therefore, subsidence, are robust conclusions not significantly affected by modifications of
the dimension and position of boxes A and B.
At the regional scale, the Late Triassic to Early Jurassic is the main stage of Central
Atlantic rifting and was associated with major subsidence in the High and Middle Atlas and
the Atlantic rift (e.g. Lancelot and Winterer, 1981). Our discovery that the Meseta
experienced significant coeval subsidence indicates that downward movement was not
limited to the Atlantic basins and the Atlas system but it affected also the intervening
Meseta. The age we propose for the end of subsidence (~170Ma) is roughly comparable
with the age of crustal separation in the Central Atlantic along the Morocco – Nova Scotia
transect (e.g. Piqué and Laville, 1996) (see Sahabi et al., 2004 for alternative
interpretations).

4.3.2. Late Jurassic-Early Cretaceous exhumation
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Shortly after having reached their largest depth, the dated rocks began moving upward and
reached the surface before the Cenomanian when they were unconformably covered by
marine sediments (Hollard et al., 1985) (box C). Rocks in the Rehamna region are overlain
by poorly dated Lower Cretaceous clastics and could, therefore, have been exhumed earlier
(box C’) (Michard et al., 1989) and geological maps).
The area experiencing exhumation was limited to the W by the basins associated with the
Central Atlantic rifted margin. To the E, Jurassic exhumation has been proposed by Barbero
et al. (2007) for samples from the Meseta east of the Middle Atlas – High Atlas junction.
Towards the S, exhumation might have affected also the Anti Atlas from where Malusà et
al. (2007) have produced Mesozoic Fission Track ages and t-T paths pointing to very gentle
Mesozoic cooling. More geologic and thermochronologic work is needed to better define
the area experiencing exhumation.
Understanding the tectonics of Late Jurassic to Early Cretaceous exhumation is challenging
as upward vertical movements took place during the post-rift stage of the Atlas system and
Atlantic rifted margin. In Morocco, there is widespread evidence of Late Jurassic to Early
Cretaceous angular unconformities and deformations and but they are generally attributed
to transtension, for instance in the Middle Atlas and High Atlas, (e.g. Charrière, 1996;
Stets, 1992 respectively) or to diapirism (for instance in the Western High Atlas e.g. Hafid,
2000; 2006 and references therein). In the Abda basin (western Morocco) seismic data
document NE-SW trending folding resulting from middle or possibly Late Jurassic
shortening (Echarfaoui et al., 2002). Authors of fundamental regional studies such as
Faure-Muret and Choubert (1971) and Michard (1976) refer to Late Jurassic to Early
Cretaceous deformation without, however, presenting further details.

4.3.3. Late Cretaceous-Eocene
Marine Upper Cretaceous sediments overlying the Meseta basement provide a younger
limit for its arrival at the surface and document the onset of a subsidence period able to
create the necessary accommodation space. We tentatively estimate at ~1 km (with a
gradient of 30˚C/km) the maximum depth reached by Rehamna and Zaer samples. We use
the Late Eocene end of marine sedimentation (33Ma) in the same area to date the end of
subsidence (box D in Figs. 4.2b and 4.4). In a modelling perspective, Late Cretaceous
subsidence is needed to fit the AFT ages and track length distribution, and is compatible
with the young AHe ages obtained from some aliquots (Fig. 4.2a).
The first implication of the documented heating stage is that Late Cretaceous to Eocene
subsidence was not limited to the Settat area where up to 500m of sediments are
documented but it affected also the adjacent Rehmana region and Zaer Massif suggesting
that subsidence involved a larger area possibly stretching for 100s of km from the northern
side of the Atlas belt to the future Rif. We note that the subsidence estimated for the
Rehamna and Zaer samples is somewhat larger than the one deduced from the thickness of
Upper Cretaceous to Eocene sediments in the intervening Settat domain.

4.3.4. Oligocene to Present
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Having reached temperatures of 60º-80ºC in the Late Cretaceous-Paleogene, rocks of the
Meseta were exhumed to the surface cooling to ambient temperatures (Fig. 4.4). The t-T
model suggests that rocks of the Zaer Massif began moving upwards before those of the
Rehamna area. Exhumation was associated with the formation of two WNW-ESE trending
regional anticlines, Zaer Massif and Rehamna, separated by the plateau des phosphates
syncline (Fig. 4.5). Indeed, the northern and southern terminations of the marine sediments
of the plateau des phosphates are erosional and no onlap relations are observed on the
metamorphics of the substratum. Oligocene-Miocene NE-SW compression has been
proposed by Ait Brahim et al. (2002). The young age of vertical movements is underlined
by the higher elevation of the anticlines with respect to the synclines despite the larger
erosion that they experienced. The folding wavelength is in the order of 100-150km.
Formation of the Rehamna and Zaer anticlines and of the intervening syncline was
accompanied by upward vertical movements at a much larger wavelength responsible for
bringing into emersion the entire domain of the plateau des phosphates. Such bimodal
folding has been predicted for lithospheres of intermediate age where the upper crust and
upper mantle buckle independently (Cloetingh et al., 1999).

Figure. 4.5 - Schematic section from the Atlas Mountains to the Mediterranean showing present
day alternation of highs and lows. Note the strong vertical exaggeration. Topography is obtained
from satellite data.

4.4. Conclusions
Combining apatite Fission Tracks and (U-Th)/He thermochronology with regional geology,
we have discovered vertical movements of timing and magnitude hitherto unknown in the
Moroccan Meseta, a part of NW Africa previously considered as stable. Subsidence coeval
to Atlantic rifting affected an area much larger than previously expected stretching from the
Atlantic margin to the Atlas. During the post-rift, exhumation affected a several hundreds
km long area elongated in NNE-SSW direction and produced terrigenous sediments
deposited of large parts of the Atlantic margin (Davison, 2005; Price, 1981).
Late Cretaceous to Tertiary subsidence affected a large area between the Rif and the Atlas.
From the late Eocene, folding with wavelengths of 100-150km caused the formation of the
Rehamna and Zaer anticlines separated by the Settat syncline and was coeval with larger
wavelength folding which brought the entire area above sea level. Folding preceded and
was coeval with localized shortening at the margins of the Meseta leading to the formation
of the Atlas and Rif fold-and-thrust belts.
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CHAPTER 5 –
From rifting to inversion, new insights on the
Atlas Mountains building assessed from lowtemperature geochronometry (Marrakech High
Atlas, Morocco)
We present apatite (U-Th)/He and fission track results in order to constrain the vertical
movement’s history of the western and central High Atlas Mountains of Morocco. Samples
were collected along a 200 km long transect stretching from the Jebilet Massif in the North
to the northern border of the Central Anti-Atlas chain in the south thereby traversing the
Old Massif of Marrakech and the Siroua Plateau. Fission track and (U-Th)/He ages range
from 10 to 163 Ma and from 8 to 152 Ma respectively. From this data combined with
thermal modeling, we identify five heating and/or cooling phases in the Late Jurassic-Early
Cretaceous, Late Cretaceous, Eocene, Miocene and post-Miocene. Ages generally display
an overall younging trend from the both edges (13-162 Ma) towards the axial zone (8–73
Ma) of the orogenic belt.
Following the end of rift-related subsidence in the Liassic, extension continues until the
Dogger to Late Jurassic in the southern edges of the belts. Thermal modeling of samples
collected from the northern external zones of the High Atlas suggests an unexpected
Middle-Late Jurassic exhumation phase (at a rate of 150-300m/Ma), which is documented
throughout the whole Atlas system from Late Jurassic to Early Cretaceous following a Late
Triassic to Early-Middle Jurassic subsidence. Exhumation is followed by a period with little
vertical movements (110 to 90Ma), and subsequently subsidence (~120m/Ma) started
before the Senonian throughout the Atlas domains. From the Late Cretaceous onwards,
vertical movements started to invert signaling the onset of a final exhumation phase.
Exhumation started in the external domains (Jebilet, Northern Sub-Atlas zone and Siroua)
at rates of 33-130m/Ma, slightly late taking place in the Axial zone of the belt with higher
amounts and rates of exhumation (100-400m/Ma) from the Eocene onward. The data
presented provide new important kinematic constraints on the Mezosoic-Cenozoic
evolution of the High Atlas, from rifting to the intraplate building, leading to the conclusion
that the Atlas intraplate belt is a crustal-scale pop-up mainly shaped and sculptured by
tectonic and thermal mantle anomaly processes.

5.1. Introduction
The High Atlas of Morocco is an about 2000km long and 100km wide intracontinental
fold-and-thrust belt stretching from Morocco to Tunisia between the foreland of the Rif
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orogen and the northern part of the Sahara platform (eg Frizon de Lamotte et al., 2000)
(Fig. 5.1). The Atlas Mountains are flanked by comparatively less deformed areas which,
nevertheless, have really high topographic elevations (~ 1,000m for the Moroccan Meseta
and ~2,500m for the Anti-Atlas).

Fig. 5.1 - Tectonic map of Morocco and the adjacent Atlantic ocean. The solid red line represents
the transect of sampling presented in the present study from north to south in Central Jebilet, Northern
Sub-Atlas zone, Toubkal Massif and Siroua Plateau. Absolute ages of magmatism reported in the map
are after Tisserant et al. (1976), Harmand and Cantagrel (1984), Berrahma and Hernandez (1985),
Berrahma et al. (1993), Rachdi et al. (1997), El Azzouzi et al. (1999), and Wagner et al. (2003).
Localities: Ma: Marrakech and Mi: Midelt.

The Atlas experienced moderate (less than 20%) crustal shortening (Teixell et al., 2003;
Arboleya et al., 2004). While there is a general consensus that most of this shortening was
accommodated in Miocene to Pliocene times (Zouine, 1993; Errarharaoui, 1998; Morel et
al. 1999; El Harfi et al., 2000; Benammi, 2002), the importance of Late Cretaceous to
Paleogene deformations is debated. According to Laville (2002), following Mattauer et al.
(1977) and Laville and Piqué (1992), shortening started as early as in the Senonian.
Beauchamp et al. (1996, 1999) argued that total shortening includes: (a) a pre-Cretaceous
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transpressional component resulting in folding, cleavage and erosion of Jurassic igneous
and sedimentary rocks; and (b) an Eocene to Miocene component responsible for rapid
uplift of the High Atlas and small foreland basins development at both sides of the chain,
referring to the Alpine orogenic event. Other authors such as Gomez et al. (2000) and
Frizon de Lamotte (2000) propose a chronology implying a Late Eocene and a PlioQuaternary major tectonic event, indirectly related, in their geodynamical reconstitution, to
subduction and roll-back of a slab in the Rif-Alboran system situated further north in
Morocco.
Limited shortening implies a relative thin crust and thus a relative limited crustal root
(<40km) (Wigger et al., 1992; Ayarza et al., 2005) which seemingly to small to support the
high topography of the Atlas Mountains (Teixell et al., 2005; Zeyen et al., 2005; Missenard
et al., 2006; Fullea et al., 2007) in a system isostasically undercompensated at the crustal
level (Van den Bosch, 1972; Makris et al., 1985; Ayarza et al., 2005). Explanations for the
high Atlas topography involve the presence of a thinned mantle underneath the Atlas (Seber
et al., 1996; Ramdani, 1998; Teixell et al., 2003). The presence of an important thermal
anomaly would be compatible with extensive Miocene to Pliocene (?) volcanism (Fig. 5.1)
observed in the Siroua and Sarrho Jbels and with the absence of well-developed foredeep
basins at the two sides of the Atlas due to Neogene uplift (El Harfi et al., 1996, Teixell et
al., 2003, Missenard et al., 2006). However, the timing, cause and importance of the
thermal anomaly and, therefore its impact on the geomorphological history of the area, are
debated (Duggen et al., 2009).
Fundamental to the understanding of the tectonic evolution of the High Atlas are the
constraints on magnitude and timing (kinematics) of vertical movements. Mainly based on
the arrival of coarse grained sediments in the Ouarzazate Basin (El Harfi et al., 1996, 2001;
Beauchamp et al., 1999) and in other small basins (Mustaphi et al., 1997; Frizon de
Lamotte et al., 2000) it is generally accepted that the timing of major uplifts is Miocene Quaternary. The intense uplift of the Atlas chains and the folding of its foreland between
the Messinian and the Quaternary (Frizon de Lamotte et al., 2000) are contemporaneous to
a last tectonic stage (Ait Brahim et al., 2002) initiating thrusts at the front of the Atlas chain
(Morel et al., 1993; Lowell, 1995; Outtani et al., 1995; Frizon de Lamotte et al., 2000), and
forming thrust nappes in the chain axis involving Paleozoic basement (Charrière, 1990).
However, the absence of (thermo)chronological ages for the entire Atlas hampers a detailed
understanding of the Neogene.
In recent years, apatite fission track thermochronology has been applied resulting in a
sparse and scattered data base with ages between 90 and 7 Ma for the axial zone and 260 to
120 Ma for the Sub-Atlas zones (Barbero et al., 2007; Missenard et al., 2008; Balestrieri et
al., 2009). Unfortunately, the lack of fission track length measurement for most samples
or/and integration of strong geological constraints within the time-Temperature path
prevented precise thermal modelling.
In this chapter, we substantially expand the presently available low-T thermochronology
data set applying a combination of apatite (U-Th)/He and AFT analysis and t-T modeling,
in order to derive a detailed vertical movement evolution over the 5-2km (or 120 – 40 °C)
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depth interval of the western and central High Atlas. Samples were collected along a
>200km long transect from the Jebilet Massif in the North to the northern border of the
Central Anti-Atlas chain in the south thereby traversing the Old Massif of Marrakech and
the Siroua Plateau (Fig. 5.1) as well as a 2000m vertical profile from the Ourika valley to
the Oukaimeden Massif. The combination of horizontal and vertical profiles is the better
approach to provide a complete regional coverage on the exhumation story through time,
needed for a kinematic model explaining horizontal and vertical movements in the High
Atlas and addressing the mechanism responsible of tectonic processes.

5.2. Geological profile across the entire area: Main
structures of the High Atlas
The overall structure of the High Atlas Mountains is generally interpreted by reactivation of
most of the normal faults in reverse/thrusts faults verging outwards (Mattauer et al., 1977)
characterized by shallow and steep thrusts converging at depth toward a point located
roughly at the center of the orogen (Ayarza et al., 2005).

Fig. 5.2 - Enlargement of the Atlas tectonic map of the Fig. 5.1. in the regions of interest. Legend
as Fig.5.1 This figure contains: i) the trace of the “crustal” profile of Fig. 5.3 (black line); ii) the trace
of the profile on which low-T thermochonology analysis were performed (grey line); iii) the different
sampled domains of the Atlas system near to Marrakech (1-5). (a), (b) and (c) are respectively the
Oukaimeden, the Meltsen and the Ourika faults, eastern branches of the Tizi-n’Test fault zones. The
NJF, NAf, TNTF, SAF and AAMF are the abbreviations of the North Jebilet Fault, the North Atlasic
front, the Tizi-n’Test Fault, the South Atlas Fault and the Anti-atlas Major Fault respectively.

94

From rifting to inversion, new insights on the Atlas Mountains building
In the North (Figs. 5.2 and 5.3) the boundary between the stable foreland of the Meseta and
the Atlas belt is formed by the North Jebilet Fault (NJF). The Jebilet Hills, located on the
hanging wall of the NJF, are separated from the main body of the Atlas Mountains by the
Haouz Basin.
South of the North Atlas front (NAf) (Fig. 5.3), two major fault zones cross the axial part of
the chain, the Tizi-n’Test fault zone (TNTF) and the South Atlas Fault zone (SAF) (Binot et
al., 1986). In map view, the TNTF has an oblique NE-trend relative to the ENE-WSW to EW general trend of the Atlas (Figs. 5.1 and 5.2). The SAF is possibly kinematically related
to the Anti Atlas Major Fault zone (AAMF) (Frizon de Lamotte et al., 2000). In this region
the AAMF, possibly associated with other smaller faults reaching the surface in a more
southerly position, forms the southern boundary of the Atlas fold-and-thrust belt.

Fig. 5.3 - The crustal profile of the Atlas system realized by compilation of data based on
geological observations and geophysical determinations (gravity modeling, seismic refraction
and receiver function data) available in literature (Ayarza et al., 2005; Makris et al., 1985; Tadili
et al., 1986; Wigger et al., 1992; Sandvol et al., 1988; Van der Meijde et al., 2003; Schwarz et al.,
1992; Zeyen et al., 2002; Frizon de Lamotte et al., 2002). Solid lines represent well-constrained fault
systems (from literature and field observations) and dashed lines represent their assumed continuation
in depth (Ayarza et al., 2005; Giese and Jacobshagen, 1992). Black solid lines represent the faults at
the bounds of the Atlas system and the light grey solid lines correspond to the faults constrained by
our strategy sampling for low-temperature thermochronological analysis. Asthenospheric thermal
anomaly is reported below the highest Atlas topography (Teixell et al., 2003, 2005; Arboleya et al.,
2004; Missenard et al., 2006), indicating an abnormal thin lithosphere (Seber et al., 1996; Fullea et
al., 2007).

All these major structures are inherited from pre-Hercynian or Hercynian structures
(Hoepffner et al., 2006 and reference therein), as for instance the Atlas Paleozoic
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Transform fault Zone (APTZ) and are reactivated during the opening and the inversion of
the Atlasic rift that led to the formation of the present Atlas intraplate belts.
At depth (Fig. 5.3), the AAMF crosses the entire crust with a gentle slope forming a lowangle crustal detachement (Schwarz et al., 1992; El Arrabi et al., 2002; Ayarza et al.,
2005). All other northern major fault zones are rooted (Giese and Jacobshagen, 1992;
Errarhaoui, 1998; Teixell et al., 2003; Frizon de Lamotte et al., 2004; Arboleya et al.,
2004) at a roughly estimated maximal depth of 20km for the NJF (Giese and Jacobshagen,
1992; Schwarz et al., 1992; Wigger et al., 1992; Mustaphi et al., 1997). This low-angle
crustal detachement most probably exists since the Hercynian (Medina et al., 1996;
Mustaphi et al., 1977), and corresponds to a N-dipping high conductivity zone (Schwarz et
al., 1992) that reaches the Moho underneath the highest Atlasic peaks located in the center
of the belt (Fig. 5.3). Geophysical data show that two velocity jumps at 36km and 39km
depth (Sandvol et al., 1998; Van der Meijde et al., 2003), as indicating that the Moho is
here doubling, suggesting that the Meseta slightly overides the Anti-Atlas crust (Ayarza et
al., 2005).

5.2.1. North Jebilet Fault: NJF
The NJF is a north-vergent thrust separating the Bahira plain to the north from the Haouz
basin in the south and represents the northern front of the High Atlas belt (Bally, 1992;
Hafid et al., 2006). On its hanging wall, the Jebilet Hills form a pronounced relief in the
otherwise fairly flat region N of the Atlas Mountains. The Bahira plain is underlain by a
southward-thickening wedge of post-Paleozoic rocks affected by shallow dipping thinskinned thrusts with a décollement level in the Triassic salt (Fig. 5.4).

Fig. 5.4 - Line drawing of regional NS transect KT11 across the Haouz plain, the Jebilet Massif
and the Bahira plain from Hafid et al. (2006).

Maximal vertical displacement of the NJF is 2000m (Hafid et al., 2006); the horizontal
offset is approximately 4 km. Thrusting probably started in the Senonian (Laville, 1982),
but the main contraction stage is post-Cretaceous occurring in the Eocene to Oligocene
(Hafid et al., 2006) (Fig. 5.4). Plio-Villanfranchian sediments cut by the NJF document
recent fault reactivation in the southern part of the Bahira plain (Huvelin, 1977). Major
unconformity in the Haouz Basin and Jebilet hills is post-Middle Triassic with Late Triassic
sediments overlying Hercynian granite and Paleozoic series (Fig. 5.4).
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5.2.2. North Atlas front: NAf
South of Marrakech, the Atlas Mountains rise above the Haouz plain forming a
morphological feature, the North Atlas front (NAf) described as a fold (Missenard, 2006).
The NAf comprises Paleozoic to Cenozoic units that are folded related to N-vergent
thrusting forming large scale (100 km length) anticlines. Recent deformation related to a
NNE-SSW compresional phase (Fraissinet et al., 1988; Morel et al., 2000) is evidenced by
tilting of Mio-Pliocene molasse layers (Dutour and Ferrandini, 1985). Along the NAf,
faults are not outcropping but shortening is accommodated along blind thrusts, with vertical
displacement values of roughly 1200m (Missenard, 2006).

5.2.3. Tizi-n’Test Fault: TNTF
The TNTF, located north of the Toubkal Massif in the region studied, is one of the major
fault zones affecting the High Atlas (Ambroggi and Nelter, 1952; Petit, 1976; Proust et al.,
1977; Binot et al., 1986) with a westward continuation in the American continent in
Jurassic Pangaea setting (Mattauer et al., 1977; Arthaud and Matte, 1977, Manspeizer
1983). The TNTF can be traced from Agadir (where it is parallel to the South Atlas Fault
zone) in the W to near to Zaouiat Ahençal region (northern border of the High Atlas) in the
E over a distance of >300 km (Proust et al., 1977; Nairn et al., 1980; Binot et al., 1986;
Jenny, 1983). Activity along the TNTF is thought to have started as early as the Late
Precambrian (Binot et al., 1986). Dextral displacements in the TNT are observed
respectively during the Hercynian (40km) and the post-Hercynian (~ 20-30km) times
followed by normal movements between Late Permian to Early Jurassic (Proust, 1973;
Proust et al., 1977). From the Middle Jurassic onward, the TNTF developed as a sinistral
strike-slip zone for which a Middle Jurassic - Early Cretaceous horizontal displacement of
10 to 20 km (Proust et al., 1977; Mattauer et al., 1977) is estimated.
During the Atlasic compressional phase, the TNT Triassic basin underwent a tectonic
inversion responsible for the reactivation of the extensional Triassic structures. Contrary to
former concepts suggesting an Alpine transpressional regime (Petit, 1976; Arthaud and
Matte, 1977; Mattauer et al., 1977), recent brittle tectonic and microtectonic studies
(Quarbous et al., 2003, 2008) show that the NE-SW to WNW-ESE trending faults had a
reverse displacement, while the NW-SE to NNW-SSE ones were reactivated as strike-slip.
The reverse motion of the initially normal faults is due to NNE-SSW to NW-SE
compressional regime, leding to the uplift of the basin and its basement in a pop-up style.
This inversion is also responsible for a set of footwall synclines and hanging wall anticlines
with variable half-wavelength, and related to basement reverse faulting (Quarbous et al.,
2008).
Absence of an absolute or relative chronology of the events along the TNTF does not allow
determining the age of each compressional phase. However, this fault zone has been
reactivated as a reverse fault since the Late Cretaceous (Proust et al., 1977; Stets, 1992).
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In the area of interest (Fig. 5.2), two main segments of the TNTF can be distinguished. In
the West, south of Imlill, the TNTF shows as one single shear zone with a reverse shift of ~
3000m (Binot et al., 1986), whereas in the East, in the Ourika valley, TNTF consists of
three main branches: i) the Oukaimeden fault; ii) the Meltsen fault; and, iii) the Ourika fault
(Sintubin et al., 1997) (Figs. 5.2 & 5.6). The two northern branches have a reverse
movement component with vertical displacements in the order of 1000 m (Oukaimeden
fault) and of 3000 m (Meltsen fault) (Biron 1982; Proust, 1973; Missenard et al., 2006).
The reverse movements are mainly Miocene in age. For the Ourika fault, we estimate that
the fault accommodated reverse movement with a vertical shift of 1000m mainly acquired
during the Late Miocene. This assumption is based on the recent fission-track data available
in the literature (Missenard, 2006).

5.2.4. South Atlas Fault: SAF
The South Atlas Fault (Russo and Russo, 1934) marks the southern boundary of the
mountain belt (Fig. 5.2) and forms the transition to the souhthern foreland (Nachit et al.,
1996; Thomas et al., 2004) in the Western and Central High Atlas (Figs. 5.2 & 5.6), where
in the High Atlas of Marrakech, the fault zone seems to be located inside the mountain,
north of the Siroua Plateau (Fig.5.3).
Along its western segment, bordering the Souss Basin, SAF is a steep, N-dipping reverse
fault, possibly resulting from the inversion of Mesozoic normal faults. Eocene to Miocene
vertical displacement is ~2.5km (Proust et al., 1977; Errarharaoui, 1998; Missenard,
2006). East of the Siroua plateau, the SAF thrusts Precambrian granitoids over Triassic
sandstones and conglomerates of the Ouarzazate Basin (El Arabi et al., 2003). Vertical
displacements along the eastern segment are difficult to quantify due to the absence of
Mesozoic sediments on the hanging wall, but estimates are given in the order of 1.5km
considering the geomorphology of the area (see Missenard, 2006).
Apatite fission track data from the High Atlas of Marrakech (Missenard, 2006; Balestrieri
et al., 2009) shows that the SAF experienced vertical movements during the Tertiary. AFT
data presented by Balestrieri et al. (2009) document a Neogene uplift of more than 4km
(geothermal gradient of 30°C/km) of the axial zone of the belt compare to the southern
block, entirely accommodated by the SAF. The data of Missenard (2006) document a
maximum of 1.5km (geothermal gradient of 30°C/km) for the vertical shift of the SAF.
Such difference in the interpretation of the vertical through of the SAF is mainly due to a
significant difference in the AFT ages obtained by both authors and absence of lower
temperature thermochronological ages (AHe) in order to emphasize. Futhermore, lack of
thermal modelling due to absence of MTL’s data does not allow a precise quantification of
the vertical shift. Nevertheless considering those set of available AFT data and the shift of
the altitude position of the same Late Oligocene and Mio-Pliocene sediments in the Siroua
Plateau and the Ouarzazate basin (Binot et al., 1986; Errharaoui, 1998; El Harfi et al.,
2001), we roughly estimated for this fault located between the Toubkal Massif and the
Siroua Plateau, using an altitude-elevation relationship (AER) method, a vertical shift of
<1-2km from the Late Oligocene onwards.
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5.2.5. Anti Atlas Major Fault: AAMF
South of the Siroua plateau, the intra-cratonic Anti-Atlas Major Fault (AAMF) is an
important Pan-African structural feature (Choubert and Marçais, 1952; Heinitz et al., 1986)
marking the transition between the Siroua Plateau and the Zenaga-Bou Azzer Massifs (Figs.
5.3 & 5.9), all being part of the Anti-Atlas belt. The main period of fault activity was postLate Cretaceous, with a total vertical displacement estimated to be ~1000m (e.g.,
Missenard et al., 2007). About half of this displacement occurred during the last 3Myr
(Pliocene) as indicated by the displacement of the AAMF and 3Ma old Miocene rhyolites
(Berrhama, 1989). The vertical shift of the AAMF estimated on the basis of the 3Ma old
Miocene rhyolite (located in the Siroua Plateau and the central Anti Atlas, respectively norh
and south of this fault) are in agreement with vertical movements of the AAMF
documented by Malusà et al. (2007) using AFT values measured along the eastern
continuation (composed of three main branches) of this major tectonic features. The vertical
displacements quantified on the three eastern branches of the AAMF are, from north to
south, ~700-800m in Late Miocene-Pliocene, ~800m during the Late Jurassic-Early
Cretaceous and 1500m dated as Pre-Late Jurassic corresponding respectively to the Iskn’Izekellj Fault, the Tizi-n’Boujou Fault and the Bou Larhzazil-Tinifift Fault.

5.3. Low-T thermochronology: samples and results
In order to trace vertical movements which occurred in the High Atlas and surrounding
regions, we apply both apatite fission tracks (AFT) and (U-Th)/He or (AHe)
thermochronometry on the same samples (§3.1 and §3.2).
The cooling age data encompasses a transect starting in the Jebilet hills, traversing the
Northern Sub-Atlas Zone, the Toubkal Massif and ending in the Siroua Plateau (Fig. 5.2).
Along the horizontal transect a 2000m high vertical profile is sampled at the transition of
the Ourika valley to the Oukaimeden Massif. The samples include Paleozoic basement
gneisses and granites as well as Mesozoic and Paleozoic sediments (sandstones to
conglomerates).

5.3.1. The Jebilet hills
Tables 5.1.A&B present 3 apatite fission track (AFT) and 16 (U-Th)/He (AHe) age
determinations of 4 samples of Paleozoic rocks (granites dated at 330-280 Ma by U-Pb on
zircons and Rb-Sr on whole rock, Mrini et al., 1992; Essaifi et al., 2003) from the Central
Jebilet massif (Fig. 5.5). AFT analyses yield ages of 155.5±2.7Ma to 163.2±3.3Ma (±1σ,
Table 1A). Mean track lengths (MTL) are between 12.58±0.21µm and 13.60±0.14µm with
a narrow-length distribution. Dpar values are between 1.85 and 2.05µm, suggesting a Cl or
F composition which shifts the closure temperature (Tc) position of the system from 125°C
to 130°C, broading the PAZ (Murrell, 2003).
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Table 5.1.A - Apatite Fission Track analytical data from Jebilet hills. All the samples pass the χ²
test. Error is ±1σ, calculated using the Zeta calibration technique (cf. §3.2.4). Abbreviations are as
follow: ρS and ρI are the spontaneous and induced track density (tracks/cm²) measured; NS and NI are
the number of spontaneous and induced tracks counted; Std, Nb MTL and Nb Dpar are the standard
deviation, the number of confined track and Dpar counted respectively (cf. §3.2.2).

Table 5.1.B - Apatite (U-Th)/He data from the Jebilet hills. Uncorrected and α-corrected AHe ages
are showed. All aliquots pass the reheating test of He extraction successfully. Error is ±1σ, calculated
by adding errors from the analytical procedure, the crystal size and on the variability of the Durango
standard measures (cf. Fig. 3.11). The He extracted is reported in number of atom, ccp and in ppm.
Abbreviations are as follow: U: Uranium content; Th: Thorium content; Ft: factor of correction
(Farley, 2000).
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Fig. 5.5 - Tectonic map of the Jebilet hills with apatite FT and (U-Th)/He ages. For each sample
we indicate the sample name (framed number), the altitude, fission track ages (with grey background)
and corrected (U-Th)/He ages.

Alpha-corrected AHe ages are between 70.5Ma and 14Ma with clusters at 18, 42 and 65
Ma (Table 1B). All AHe ages are significantly younger than their corresponding AFT ages.
With the exception of Jeb.04.02, all age aliquots of the samples replicate within uncertainty
(note for example the good reproducibility of the 6 age aliquots of sample Jeb.04.03).

5.3.2. The Northern Sub-Atlas zone
Three samples were collected from the Northern Sub-Atlas Zone (NSA). Two are from
Carboniferous metapelites from the Souktana massif (NS.04.01-03); one sample was
collected in the Triassic sandstones of the Kik plateau (NS.04.04) (Figs.5.2 & 5.6 and
Tables 5.2.A&B). Sample NS.04.01 and NS.04.02 are different grain sizes from the same
sample (see below). The Kik plateau and Souktana Massif are separated by a post-Eocene
reverse fault which accommodated a vertical displacement of roughly 1000m.
One Carboniferous metapelite and one Triassic sandstone yielded AFT ages of
142.1±1.9Ma and 152.7±9.2Ma. Mean track lengths range from 12.96±0.19µm to
12.07±0.25µm with a narrow-length distribution (Fig. 5.6 and Table 5.2.A). Dpar values
are 1.58µm (NS.04.04) and 1.67µm (NS.04.01-02) which suggest a F-composition of the
apatites, varying the high temperature boundary of the PAZ from 115°C to 120°C (Murrell,
2003).
Alpha-corrected AHe ages are all younger than AFT ages (Table 5.2B). AHe ages of the
Carboniferous metapelites range from 52 to 136 Ma. Age replication in the 3 samples is
relatively poor, with high internal age scatter in the aliquot. We interpret this scatter to be
the result of the detrital nature (hence poor quality) of the apatite grains. Seven replicates of
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the one Triassic sandstone range from 14 to 38 Ma with four out of seven age aliquots
overlapping within error around 15Ma; the other three nearly overlap around 33Ma.

Table 5.2.A - Apatite Fission Track analytical data from Northern Sub-Atlas zone. All the
samples pass the χ² test. Error is ±1σ, calculated using the Zeta calibration technique (cf. §3.2.4).
Abbreviations are as follow: ρS and ρI are the spontaneous and induced track density (tracks/cm²)
measured; NS and NI are the number of spontaneous and induced tracks counted; Std, Nb MTL and
Nb Dpar are the standard deviation, the number of confined track and Dpar counted respectively (cf.
§3.2.2).

Table 5.2.B - Apatite (U-Th)/He data from the Northern Sub-Atlas zone. Uncorrected and αcorrected AHe ages are showed. All aliquots pass the reheating test of He extraction successfully.
Error is ±1σ, calculated by adding errors from the analytical procedure, the crystal size and on the
variability of the Durango standard measures (cf. Fig. 3.11). The He extracted is reported in number
of atom, ccp and in ppm. Abbreviations are as follow: U: Uranium content; Th: Thorium content; Ft:
factor of correction (Farley, 2000).
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Fig. 5.6 - Map and data from the northern part of the High Atlas with apatite FT and (UTh)/He ages. For each sample we indicate the sample name (framed number), the altitude, fission
track ages (with grey background) and corrected (U-Th)/He ages. Samples named “Miss” are from
Missenard (2006).
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In samples NS.04.01 and 02 two sets of apatites with different grain size were measured
(set 01: radius >31µm; set 02: radius<31µm). In both cases three out of four age aliquots
overlap within error.
As both AFT and AHe ages of the Carboniferous and Triassic samples are younger than the
depositional ages, substantial post-depositional subsidence must have occurred to totally
reset the ages. The significantly younger AHe ages for the sandstones compared to the
metapelites suggest a longer residence time in the HePRZ for the Triassic sediments than
for the Carboniferous. However, the difference in AHe ages between the two rock types
may also be due to a time shift in the final cooling suggesting they are part of two distinct
structural units separated by a fault active in the Eocene.

5.3.3. Vertical profile Ourika valley – Jbel Oukaimeden
Seven gneisses and granites were collected along a ~2000 m vertical profile from the
Ourika Complex in the Oukaimeden Massif (Fig. 5.6 for position), within a horizontal
distance of <5km. SHRIMP ages on zircon of the granodiorites and amphibolite-grade
gneiss are respectively 743±14 Ma and 663±13 Ma with 1σ errors(Thomas et al., 2002).

Table 5.3.A - Apatite Fission Track analytical data from Oukaïmeden-Ourika Valley. All the
samples pass the χ² test. Error is ±1σ, calculated using the Zeta calibration technique (cf. §3.2.4).
Abbreviations are as follow: ρS and ρI are the spontaneous and induced track density (tracks/cm²)
measured; NS and NI are the number of spontaneous and induced tracks counted; Std, Nb MTL and
Nb Dpar are the standard deviation, the number of confined track and Dpar counted respectively (cf.
§3.2.2).
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The vertical profile is dissected by two major faults, the Meltsen fault in the north and the
Ourika fault in the south. Samples OU.05.06 and OU.05.07 are located between these fault
blocks, whereas the remaining samples are from the southern Ourika fault block (Figs. 5.6
& 5.7). We integrated to our data set two samples (Miss-05OU and 14OU) measured by
Missenard (2006) which are separated by the two faults (Table 5.3.A and Fig. 5.7).

Table 5.3.B - Apatite (U-Th)/He data from the Oukaïmeden-Ourika Valley. Uncorrected and αcorrected AHe ages are showed. All aliquots pass the reheating test of He extraction successfully.
Error is ±1σ, calculated by adding errors from the analytical procedure, the crystal size and on the
variability of the Durango standard measures (cf. Fig. 3.11). The He extracted is reported in number
of atom, ccp and in ppm. Abbreviations are as follow: U: Uranium content; Th: Thorium content; Ft:
factor of correction (Farley, 2000). Positions of the main faults are indicated in between the samples.

The six AFT ages (Fig. 5.7 and Table 5.3.A) are between 9±0.5Ma and 32.9±5.9Ma. MTLs
are between 13.40±0.19µm and 14.11±0.15µm with a narrow-length distribution suggesting
a rapid cooling from the PAZ. Dpar is between 1.80 and 2.65 µm, suggesting F/Cl
composition. Based on Dpar, the higher temperature boundary of the PAZ is between
125°C to 140°C (Murrell, 2003).Alpha-corrected AHe ages range from 8 to 22 Ma (Table
5.3.B). All AHe ages are equal to or not much younger than corresponding AFT ages,

105

Chapter 5
suggesting rapid cooling for the Oukaimeden massif. For five out of six samples, age
aliquots replicate within uncertainty; one sample (OU.05.01) has only one age aliquot,
while sample OU.05.04 yields one young (12 Ma) and two replicating older (17Ma) ages.
In Figure 5.7, the AFT and AHe ages are plotted vs. sample elevation (Age-Elevation
Relationship: AER). AFT ages generally increase with elevation with a clear offset between
samples OU.05.06 and OU.05.05 (between 2000 – 2500 m asl). The slope of the AFT AER
on either side of the break shows a similar rate of 35m/Ma (1°C/Ma with a geothermal
gradient of 30°C/km). The position of the break coincides with the position of the Ourika
reverse Fault, and we therefore interpret the offset to be the result of post-AFT cooling
displacement along this fault. We derive a vertical displacement of ~1000 m.
The AHe ages increase gradually with elevation, no age-offset due to Ourika fault
displacement is seen. From the AHe data, we derive at Middle to Late Miocene exhumation
rate of 0.14 km/Ma (6°C/Ma). The absence of AHe age offset dates the fault displacement
to be Aquitanian to Burdigalian (23-15 Ma).

Fig. 5.7 - Topography and Altitude-Elevation Relationship (AER) plots of the OurikaOukaimeden vertical profile. Cooling rates of AFT and AHe data are reported. The positions of the
Meltsen and Ourika faults are indicated. Samples named “Miss” are from Missenard (2006).

5.3.4. The Toubkal Massif
Our transect crosses the Toubkal Massif and two major faults (Tizi-n’Test and the South
Atlas Fault zones: TNTF and SAF) situated north and south of the axial zone (Figs. 5.2, 5.8
& 5.9). Two granites (TO.04.01 and TO.04.02) and two rhyolites (TO.04.03 and TO.04.04)
outcropping respectively north and south of the TNTF were collected from the northern
flank of Mt Toubkal (Figs. 5.6 & 5.8). Zircon SHRIMP analysis performed on the granites
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and rhyolites yields ages of 615Ma and 605Ma, respectively (see Thomas et al., 2002). Six
granite samples were collected from the southern flank of the Mt Toubkal; zircon SHRIMP
ages for these granites are 580 Ma (see Thomas et al., 2002). We integrate 3 AFT ages from
Missenard (2006), in our data set (Tables 5.4 A&B).
North of the TNTF, AFT ages are 98.0±9.4Ma and 132.0±2.7Ma (samples TO.04.01-02).
AFT ages from samples between TNTF and SAF (Fig. 5.6 and Table 5.4A) range from
13.4±0.3Ma to 29.6±2.1 Ma (TO.04.03-04, Miss-L.Ifni and Miss-06) (Table 5.4A). Ages
from samples between the two branches of the SAF zone (TO.04.05 and Miss-08) are
44.1±2.4Ma and 47.5±2.9Ma (Figs. 5.6 & 5.9). The AFT ages south of the SAF zone are
between 73.1±1.0Ma and 134.2±2.9Ma (TO.04.07-10). Mean spontaneous fission track
lengths from all AFT samples range between 11.25±0.26µm and 13.22±0.16µm with a
narrow-length distribution except for the sample TO.04.01. Dpar values are between
1.62µm and 2.02µm which vary the position of the Partial Annealing Zone and the higher
temperature boundary of the PAZ from 115°C to 130°C (Murrell, 2003).

Table 4.A - Apatite Fission Track analytical data from the Toubkal Massif. All the samples pass
the χ² test. Error is ±1σ, calculated using the Zeta calibration technique (cf. §3.2.4). Abbreviations are
as follow: ρS and ρI are the spontaneous and induced track density (tracks/cm²) measured; NS and NI
are the number of spontaneous and induced tracks counted; Std, Nb MTL and Nb Dpar are the
standard deviation, the number of confined track and Dpar counted respectively(cf. §3.2.2). Positions
of the main faults are indicated in between the samples.
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Alpha-corrected AHe ages range from 8 – 124 Ma (Table 5.4B), and a regional age
distribution is apparent. Age replication is generally good, with for each samples at least
two out of three age aliquots (but often more) overlapping within uncertainty. All AHe ages
are younger or, within uncertainty equal, to AFT ages, suggesting fast and moderate
cooling rates. Old ages (125 to 50 Ma, samples TO.04.02 and TO.04.10), are found at the
northern and southern margins of the Toubkal Massif. Younger ages (30 Ma to 11Ma) are
found in the central part of the Massif. Sample TO.05.01 situated in the northern part of the
Toubkal Massif, yields the youngest AHe ages (<10Ma) indicating a latest Early Pliocene
vertical movements recorded in the High Atlas.
In Figure 5.8, the AFT and AHe ages are plotted vs. sample elevation (AER). It is noticed
at first sight, in figure 5.8A, that AFT and AHe ages of the Toubkal Massif in its central
zone are younger than in its edges, seemingly describing a roughly inverse correlation
between apparent dates and elevation. However if considering the ages from each block (a,
b, c, d and e) delimited by the faults (1, 2, 3, 4 and 5) reported in the Fig 5.8A, a normal
AER correlation with AFT and AHe ages being younger for the lower elevation, is
obtained. In Fig. 5.8B and 5.8C, age-offsets are made visible between blocks and they
coincide with the position of the faults shown in Figure 5.8A. The age-offset therefore can
be interpreted as result of differential syn- to post-AFT cooling along the faults if we
consider the difference in the exhumation rate described by each block. Then, by projecting
the oldest AFT age of each block on the exhumation slope of the adjacent block previously
exhumed, we derive the maximal vertical displacement between the two blocks
accommodated by the fault which corresponds to its vertical shift. Applying this method we
determine a maximal shift of: i) 2000m for the TNT (fault 1); ii) 1500m for the first branch
of the SAF (fault 2); iii) 1500m for the second branch of the SAF (fault 3). Only for faults 4
and 5, vertical shifts are more difficult to define as the transect which continue toward the
south is situated further eastward. Nevertheless, a maximum throw of 1000m is deduced for
fault 4 if we considerer that the two blocks (d) and (e) exhumed at the same rate
(226m/Myr). Assuming that the onset of the fault activity roughly coincides with the AFT,
its end can be determined on the base of AHe ages. Fault 4 is active from 80 Ma to 30Ma.
Between 80 and 40Ma the block (d) exhumed with a rate of 226m/Myr. At 40±5Ma, the
exhumation rate decreased to 77m/Myr and block (d) seems associated with the upward
displacement of block (c) as documented
by the AHe ages aligned on the exhumation rate of the juxtaposed block.Fault 3 is active
from 50Ma to 15Ma. At 30±5Ma, block (c) exhumed with higher rate (90m/Myr) than
previously (77m/Myr) as documented by the AHe ages of the samples TO.04.05 which are
plotted on the exhumation slope of the block (b).
Fault 2 was activated from 30Ma until 12±3Ma. In this block (b) AFT described an
exhumation rate similar to the AHe rate deduced from the previous block (90m/Myr). The
movement of the TNTF (fault 1in fig. 8) started at 80±5Ma, or even earlier, and continued
until 10Ma, the time at which block (a) and (b) started to
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Table 5.4.B. Apatite (U-Th)/He data from the Toubkal Massif. Uncorrected and α-corrected AHe
ages are showed. All aliquots pass the reheating test of He extraction successfully. Error is ±1σ,
calculated by adding errors from the analytical procedure, the crystal size and on the variability of the
Durango standard measures (cf. Fig. 3.11). The He extracted is reported in number of atom, ccp and
in ppm. Abbreviations are as follow: U: Uranium content; Th: Thorium content; Ft: factor of
correction (Farley, 2000). Positions of the main faults are indicated in between the samples.
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Fig. 5.8 - Topography and Altitude-Elevation Relationship (AER) plots of the Toubkal massif.
A: Topography profile of the Toubkal Massif. Name of the samples and altitude are indicated.
Corrected AHe ages and AFT ages (grey highlighted) are reported on the diagram with 1σ error. B
and C plots are the Altitude-Elevation relationships respectively on the north (south of Imlill village
on the Toubkal path) and south flank (from lake Ifni to Tizoudine village) of the massif. Ages of both
low-thermal chronometers with 2σ error bars and cooling rates are reported here.
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exhume simultaneously as documented by the AHe ages of the sample TO.04.01 with an
exhumation rate of 68m/Myr similar to the AFT and AHe exhumation rates of the samples
situated south of the TNTF. From this previous description, we observe that i) a maximum
amount of exhumation is recorded in the axis of the Toubkal Massif between the TNTF and
the SAF but mainly along its northern flank; ii) maximum exhumation rate is recorded in
the southern flank of the massif south of the SAF; iii) major fault zones, namely TNTF and
SAF, were still active 10Ma ago, and; iv) oldest AFT and AHe ages, preserving evidence
of earlier movements, are found in the edges of the massif in the area situated to the north
of the TNTF and to the south of the SAF.

5.3.5. Siroua Plateau
Three granodiorite samples (SI.O4.01, 02 and 03) and one Precambrian conglomerate
sample (matrix: SI.O4.04 and, clast: SI.O4.05) were collected. Zircon SHRIMP ages of the
granodiorite and conglomerate are 580 and 550Ma (for 1σ error see Thomas et al., 2002),
respectively. We integrate in our data set one AFT age (Miss-08 bis) of Missenard (2006).
The AFT ages (Fig. 5.9 and Table 5.5A) range from 96.5±5Ma to 146.6±2.0Ma. Confined
mean spontaneous fission tracks measures range between 12.57±0.31µm and
13.45±0.15µm with a narrow-length distribution. Dpar values are between 1.67 and 1.83
µm indicating that the high temperature boundary of the PAZ will be around 125°C
(Murrell, 2003).

Table 5.A - Apatite Fission Track analytical data from the Siroua Plateau. All the samples pass
the χ² test. Error is ±1σ, calculated using the Zeta calibration technique (cf. §3.2.4). Abbreviations are
as follow: ρS and ρI are the spontaneous and induced track density (tracks/cm²) measured; NS and NI
are the number of spontaneous and induced tracks counted; Std, Nb MTL and Nb Dpar are the
standard deviation, the number of confined track and Dpar counted respectively (cf. §3.2.2). Positions
of the main faults are indicated in between the samples.
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Table 5.B - Apatite (U-Th)/He data from the Siroua Plateau. Uncorrected and α-corrected AHe
ages are showed. All aliquots pass the reheating test of He extraction successfully. Error is ±1σ,
calculated by adding errors from the analytical procedure, the crystal size and on the variability of the
Durango standard measures (cf. Fig. 3.11). The He extracted is reported in number of atom, ccp and
in ppm. Abbreviations are as follow: U: Uranium content; Th: Thorium content; Ft: factor of
correction (Farley, 2000). Positions of the main faults are indicated in between the samples.

Alpha-corrected AHe ages (Table 5.5B) are between 152 Ma to 36 Ma and all are younger
or, within uncertainty, equal to AFT ages, suggesting fast to moderate cooling rates. Age
replication for different sample aliquots is variable; for two out of four samples (both
granites) all aliquots replicate within error. For the third granite sample, ages scatter
between 54 and 113 Ma (Table 5.5B). We observe no AFT age difference between clasts
and matrix for the Precambrian conglomerate; however, AHe ages appear to cluster in two
time intervals (Eocene-Early Oligocene and Late Cretaceous).
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Fig. 5.9 - Tectonic map of the Siroua Plateau with apatite FT and (U-Th)/He ages. For each
sample we indicate the sample name (framed number), the altitude, fission track ages (with grey
background) and corrected (U-Th)/He ages.
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AFT and AHe ages from the Siroua plateau document a phase of upward movement from
the PAZ to the HePRZ before the end of Early Cretaceous and a more moderate
exhumation from the HePRZ to the surface since the Eocene. This last event appears more
pronounced in the AFT sample SI.04.01 with a central age of 97.8±9Ma (Table 5.5.A)
located on the northern part of the plateau. Chi-square P(χ²) of this sample is less than 5%
meaning that the age distribution is composed of more than one age component; using
Binomfit (Brandon et al., 2002) we can distinguish an age component with a mean age
value of 140±10Ma (70%) and another age component with a mean age value of 70±10Ma
(30%) (Table 5.5A). This could be interpreted as resulting from a post-Cretaceous partial
annealing of the fission tracks of apatites with a specific chemical composition. A N-S
thermal gradient of burial between the north and the south of the Siroua Plateau is
supported by the absence of total resetting of the AHe ages in the southern conglomerate
samples compare to the granite (SI.04.02). This result on the conglomerate aliquots leads to
guess that below a certain temperature (45-50°C), AHe age rejuvenation is dependent in a
first order to the crystal properties of each apatite and that sparse AHe ages is mainly due to
contrasts of crystallinity between aliquots sampled.
No AFT and AHe ages, from the Siroua plateau seem to be rejuvenated by the Siroua
volcanism, active from Eocene onward in the region. All AFT and AHe analysis yielded
ages significantly older than the assumed age of the volcanism activities in the concerned
region. Even partial annealing of AFT or partial resetting of AHe data seem doubtful. All
samples located (SI.04.01-02) at proximity of the volcanic dome documented ages ranging
within the same value interval than those (SI.04.03-05) located far from the Siroua
Volcano.

5.4. T-t modeling
5.4.1. Modeling methodology
In order to derive the cooling history of the Atlas orogen, apatite fission track and AHe data
are combined with independent geological constraints (Fig. 5.10). Inverse modelling was
performed using the HeFTy computer program of Ketcham (2005), assuming a surface
temperature of ~20°C. AFT data (tracks, MTL, Dpar) as well as AHe ages were used in the
model to predict the thermal histories (Ketcham, 2005). A minimum of three AHe aliquots
was used for each sample. Model results are reported in Figure 5.11.
The geological constraints used for our modelling are based on regional geology and field
observations (Fig. 5.10). A first constraint (box A, Fig. 5.10) for the t-T modeling is the
position of the sampled basement rocks following the end of the Hercynian orogeny
(middle-Late Permian). For the Jebilet, the Northern Sub-Atlas, the northern samples of the
Toubkal Massif (TO.04.01-02) and the Siroua we assume that sampled rocks were close to
the Earth’s surface at this time (Box A, Fig. 5.10). This is justified by the occurrence of
numerous though discontinuous outcrops of Permo- Triassic rocks that stratigraphically
overly the basement rocks (Gentil, 1912; Hoepffner et al., 2006; Michard, 1976; Saber and
El Wartiti, 1996; Le Mallec, 1979).
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Fig. 5.10 - Geology boxes used to constrain the t-T paths obtained from HeFTy modeling
(Ketcham, 2005) for the Atlas samples. a) for the Jebilet Hills samples , b) for the Northern SubAtlas zone samples, c) for the Oukaimeden-Ourika samples and the samples TO.04.03-05 of the
Toubkal Massif, d) for the samples TO.04.01-02 & 10 of the Toubkal Massif and e) for the
samples TO.04.07-09 of the Toubkal Massif and, f) for the Siroua Plateau samples. Dashed lines
are t-T paths 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 apatite PAZ and
HePRZ for the same sample are indicated by light bands on the diagram. Boxes representing the
geological constraints adopted are discussed in the text.
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Permo-Triassic units are absent in the central part of the Axial zone. Therefore to
compensate the lack of this important geological constrain, very large boxes are adopted to
elucidate the pre-Cenozoic thermal story.
The second constraint (box B, Fig. 5.10) is the onset of subsidence in the Atlas rift. The
subsidence stage occurred along the Atlas domains (Central High Atlas and Middle Atlas)
slightly before the opening of the Atlantic rifted margin. We assume that subsidence
initiated during Carnian (220±25Ma, Box B). The Late Triassic sediments are founded in
all Atlasic domains at the north of the TNTF and at the south of the SAFZ, unconformably
covering pre-Mesozoic basement. Recently, it has been shown that Late Triassic to Jurassic
subsidence occurred in the Moroccan Meseta (Chapter 4). The subsidence of the Meseta
domain was provided by AFT and AHe low-temperature thermochronological data and
supported by presence of Rhaetian-Hettangian sediments. For the Jebilet and the Northern
Sub-Atlas domains, we roughly use the same constraint than those used for the Meseta.
However, presence of Norian sediments preserved in the northern Atlas region and not
deposited further north in the rest of the Meseta suggests a subsidence that began shightly
earlier (10-15 Ma) here (Beauchamp, 1988).
A third constraint (Box C, Fig. 5.10) is given by a major transgression phase in the
Cenomanian-Turonian. The Cenomanian-Turonian marine sediments covered
unconformably the Late Jurassic-Early Cretaceous detrital sandstone and/or older
stratigraphical units. This transgression phase brought most of Morocco and a large par of
the Maghreb into marine conditions (Rolley, 1978; Lüning et al., 2004; Guiraud et al.,
2005) marked by the deposition of a homogeneous carbonate platform. This platform, Late
Cenomanian-Turonian in age, forms a universal bench-mark for the subsequent vertical
movements (Frizon de Lamotte et al., 2008). Cretaceous series are preserved in the
Northern Sub-Atlas zone and at the margins of the Toubkal Massif and the Siroua Plateau,
where they stratigraphically overly Triassic and Visean units and basement granites,
respectively (Choubert and Faure-Muret, 1962). Cenomanian units are absent in the Jebilet
Hills and Axial zone probably due to erosion. For our modelling, however, we assume that
the sampled Jebilet Hill rocks were close to the surface at the beginning of the Cenomanian
(100±10Ma).

5.4.2. Time-temperature paths for the different domains
5.4.2.1. The Jebilet
All t-T paths of the Jebilet (Fig. 5.11a) document two phases of subsidence (heating)
followed by exhumation (cooling). The first, hithereto unrecognized phase, started in the
Jurassic to Early Cretaceous. Rocks were heated and reached maximum temperatures of
110-130ºC between 190±10Ma and 175±10Ma. A cooling phase with a rate of ~4°C.Myr-1
followed at 170Ma to 110Ma. A second subsidence phase mainly recorded by AHe data
occurred from 95Ma to 70Ma, reaching maximum temperatures of ~ 80°C. The final
cooling phase (between 0.3°C.Myr-1to 4.2°C.Myr-1) after a total AHe resetting, started from
~50-60Ma onward.
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Fig. 5.11a - Time-temperature paths based on AFT and AHe data with FT radial plot and MTL
distribution for the Jebilet Hills. Paths in the black part of the diagram are acceptable with
Goodness of Fit (GOF) in the interval 65 and 85%. Paths in the grey area have GOF>85%. The thick
solid line is the best path identified by the modeling procedure. The apatite Partial Annealing Zone
(PAZ) and Helium Partial Retention Zone (HePRZ) for the same sample are indicated by light bands
on the diagram. Boxes representing the geological constraints adopted are shown in the Fig. 5.10 and
discussed in the text.

Within the uncertainty of the modeling, the Tertiary cooling appears to occur in two stages.
An early exhumation phase may occurred from Late Cretaceous to Paleocene-Eocene
between ~70±10°C and 50°C with a cooling rate of 4°C.Myr-1 and the ‘second one’, which
seem to describe a more irregular cooling from 60±10°C to the surface condition with a rate
of ~ 2°C.Myr-1, started during Late Oligocene-Early Miocene. If true, those two stages of
cooling could be separated by a short period of heating in early Neogene times.

5.4.2.2. The North Sub-Atlas zone
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Time-temperature paths reconstructed for the North Sub-Atlas zone are similar to those of
the Jebilet Hills (Fig. 5.11b). Subsidence started in the Late Triassic and caused maximum
heating to 120-130ºC about 160-170Ma. The cooling phase that followed brought the
measured samples close (<2km) to the Earth’s surface at ~130Ma.

Fig. 5.11b - Time-temperature paths based on AFT and AHe data with FT radial plot and MTL
distribution for the Northern Sub-Atlas zone. Paths in the black part of the diagram are acceptable
with Goodness of Fit (GOF) in the interval 65 and 85%. Paths in the grey and blueish areas are
respectively based on two set of AHe data (1-4 and 4-7) and both have GOF>85%. The thick solid
line is the best path identified by the modeling procedure. The apatite Partial Annealing Zone (PAZ)
and Helium Partial Retention Zone (HePRZ) for the same sample are indicated by light bands on the
diagram. Boxes representing the geological constraints adopted are shown in the Fig. 5.10 and
discussed in the text.

Within the errors, cooling rates varied between 1.3 and 5.7°C/Myr with a mean value of
~3°C/Myr and reaching a maximum value of ~25°C/Myr during the Late Jurassic (150160Ma). Between 90-40Ma rocks from the northern sub-Atlas domain were heated again
but maximum temperatures were <70ºC, sufficient to induce complete AHe resetting but
not to cause significant fission track annealing. Shortly after having reached the deepest
level, the samples were gradually cooled to surface temperatures but with two different
cooling patterns. Cooling of the Paleozoic rocks at 90Ma started earlier than the Trias
sediments (~40Ma) located 2 km further south. This suggests that the two sampled units are
located on different ‘blocks’ separated by a fault actives between the Late Cretaceous and
the Neogene. However, ‘Tertiary’ cooling rates observed in the NSA (Fig. 5.11b) are in the
range of 1-1.7°C/Myr.
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5.4.2.3 The Ourika-Oukaimeden vertical profile
All t-T paths (Fig. 5.11c) indicate that sampled rocks were still at temperatures 110-130°C
until 10-40Ma and with a rather recent cooling. Obtained modelled cooling paths differ
from sample to sample, but in general cooling rates of 4-6°C/Myr are observed which are
roughly comparable to exhumation rates (130m/Myr) derived from the AER (Fig. 5.7),
assuming a geothermal gradient of ~25-30°C/Km. Sample OU.05.07 situated at the lowest
altitude of the vertical profile documents the highest average cooling rate (~12°C/Myr).
On the basis of the t-T paths (Fig. 5.11) and the AER of the Figure 5.7, four important
movements in the exhumation of the entire Oukaimeden Massif are distinguished. By
considering the present maximal topography of 3500m, exhumation probably started in
Middle Eocene (~45Ma) in the southern block (hanging wall, OU.05.1-5) and, later, in Late
Oligocene (~25Ma) in the northern block (OU.05.6-7). Both blocks started to cool with a
similar rate of 1°C/Myr. Then, ~1000m of vertical shift that presently separats both blocks
(hanging and foot wall) occurred between the Late Oligocene and the Early-Middle
Miocene. At this period of time, the hanging wall started to cool with a higher rate
(~6°C/Myr). In Late Miocene, the exhumation rate of the northern block (Fig. 5.7)
increases reaching >0.18 km/Myr which is corresponding to the rate value of the 6°C/Myr
(with a geothermal gradient of 25-30°C/km) observed for the southern samples (Fig. 5.11c).
In the last 10 Ma, the two blocks cooled through the HePRZ at the same rate (6-7C.Myr-1),
as the AER of the AHe ages is constant. Absence of offset between the AHe ages of the two
blocks (Fig. 5.7) suggests that during the last 10 Ma, both Oukaimeden blocks seems to
experiment a same phase of uplift. The uplift of the entire massif could result of either a
later stage of tectonic at larger scale than the massif itself or to a generalized erosional
phase that occurred from post-Miocene times onward.
Despite a modelled path which predicts a limited exhumation between the Eocene and the
Plio-Quaternary, the vertical profile presented in Figure 5.7 documents a vertical shift of
~1000m between the samples (OU.05.06-07) of the northern block and the rest of samples
located on the southern block.
The vertical shift then corresponds to the vertical displacement accommodated by the
Ourika fault that bounds the two blocks. Therefore, we do believe that more than one
tectonic stage is needed to initiate such a difference in vertical movements of the two
blocks and to explain the vertical shift observed.
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Fig. 5.11c - Time-temperature paths based on AFT and AHe data with FT radial plot and MTL
distribution for the Oukaimeden vertical profile. Paths in the black part of the diagram are
acceptable with Goodness of Fit (GOF) in the interval 65 and 85%. Paths in the grey area have
GOF>85%. The thick solid line is the best path identified by the modeling procedure. The apatite
Partial Annealing Zone (PAZ) and Helium Partial Retention Zone (HePRZ) for the same sample are
indicated by light bands on the diagram. Boxes representing the geological constraints adopted are
shown in the Fig. 5.10 and discussed in the text.
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5.4.2.4 The Toubkal Massif
Time-temperature paths from the Toubkal massif (Fig. 5.11d and 5.11e) can be divided to
two groups:
i)

Samples from the northern (TO.04.01-02) and southern (TO.04.10) margin of
the domain document two events of subsidence/exhumation (almost
comparable to the thermal histories of the Jebilet hills and NSA), the first
during the Mesozoic, and the second, after the Cenomanian-Turonian
(100±10Ma) from the Late Cretaceous onward. The samples first experienced
heating between 200-150Ma reaching a temperature of at least ~110°C.
Subsequent cooling followed between 155Ma and 135Ma (Late Jurassic to
Early Cretaceous) at maximum rates of 30°C/Myr. The second heating phase
started at roughly 100-50Ma. Maximum temperatures reached were
insufficient for total AFT annealing or even severe partial annealing, but high
enough to fully reset AHe ages. Final cooling for the marginal samples started
to occur from 80Ma onwards (at rates of 4-6°C/Myr).

ii)

Samples from the central parts (TO.04.03-09) of the Massif have younger
ages (<100Ma), documenting only post-Cenomanian signals. AHe and AFT
low-thermal chronometers recorded therefore only the later stage of
heating/cooling observed all over the margins of the Atlas system. One may
deduce that total resetting or absence of the previous record is either due to an
important phase of burial/heating reaching >110°C during the postCenomanian period or to a significant phase of erosion following the Tertiary
exhumation. Samples TO.04.07-09 (Fig. 5.11e) started already to cool since
the Late Cretaceous (<85Ma) with mean rates ranging from 1.5°C/Myr to
3°C/Myr. Samples from the axial region bounded by the TNTF and the SAF
(zone of the highest peaks) must have heated or remained at depths until 3515Ma as they yield younger (<30Ma) AFT and AHe ages. The samples
(TO.04.03-06) finally exhumed with cooling rates between 4-9°C/Myr.

Even though the pre-Late Cretaceous signal is not conserved in the Axial zone of the Atlas
belt this does not mean that vertical movements during the Late Trias and the Early
Cretaceous were absent. It may be possible that both the axial zone and the margin samples
experienced comparable phase of heating and cooling during the Late Trias-Early
Cretaceous period.
Nevertheless the main information is that during the late Tertiary times, cooling or
exhumation of the axial region was younger and more intense than the rest of the Atlas belt
system.
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Fig. 5.11d - Time-temperature paths based on AFT and AHe data with FT radial plot and MTL
distribution for the northern flank of Toubkal Massif. Paths in the black part of the diagram are
acceptable with Goodness of Fit (GOF) in the interval 65 and 85%. Paths in the grey area have
GOF>85%. The thick solid line is the best path identified by the modeling procedure. The apatite
Partial Annealing Zone (PAZ) and Helium Partial Retention Zone (HePRZ) for the sample are
indicated by light bands on the diagram. Boxes representing the geological constraints adopted are
shown in the Fig. 5.10 and discussed in the text.
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Fig. 5.11e - Time-temperature paths based on AFT and AHe data with FT radial plot and MTL
distribution for the southern flank of Toubkal Massif. Paths in the black part of the diagram are
acceptable with Goodness of Fit (GOF) in the interval 65 and 85%. Paths in the grey area have
GOF>85%. The thick solid line is the best path identified by the modeling procedure. The apatite
Partial Annealing Zone (PAZ) and Helium Partial Retention Zone (HePRZ) for the same sample are
indicated by light bands on the diagram. Boxes representing the geological constraints adopted are
shown in the Fig. 5.10 and discussed in the text.
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5.4.2.5 The Siroua Plateau
Time-temperature paths for Siroua plateau samples (Fig. 5.11f) point to a major cooling and
heating phase in the Jurassic to Early Cretaceous and a Tertiary phase more limited in
magnitude.
Heating began between ~200 and 150Ma reaching final temperatures high enough to reset
pre-Mesozoic AFT ages. The age for attaining maximum depths and/or for the onset of
exhumation vary for samples of the Siroua (Fig. 5.11f), but the best constrained modeled
curve (SI.04.04) shows a peak temperature at 150Ma, and immediates cooling afterwards.
Cooling occurred mainly from 150 to 115 Ma at rates of ~4°C/km and rocks were at the
surface around 100 Ma age. Following the Late Cretaceous reheating phase that reached a
maximal temperature of 70±10°C, cooling took place at rate of 1°C/Myr around 60±10Ma.
The observed late stage Mio-Pliocene cooling is based upon the AHe analysis of the
northern samples (SI.04.01-02) with rate ranging between 1°C/Myr and 1.5°C/Myr in the
Neogene. During this time span the southern samples (SI.04.04-05) were already near or at
the surface temperature.

5.5. Thermal impact of the volcanic and magmatic
events on the data
In order to derive from thermal models, the vertical movements that occurred in the High
Atlas system, an important issue is to identify the possible volcanic and magmatic events
that may tamper the heating and cooling paths considering theirs significant thermal
impacts to the upper crust.
In Morocco, several magmatic activities occurred during the Mesozoic and the Tertiary.
Pertaining to the Central Atlantic Magmatic Province (CAMP), the first and major basaltic
flow is contemporaneous with the Triassic-Jurassic boundary (Marzoli et al., 2004, 2008)
and occurred in an extensional tectonic regime related to the opening of the Central Atlantic
(Frizon de Lamotte et al., 2008; Bertrand et al., 1982). 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 (Meddah et al., 2007). In Morocco, best preserved CAMP flood
volcanics outcrop on the Central High Atlas (Youbi et al., 2003; Madeira et al., 2003). This
magmatic event is dated at 201-197Ma with a main age of 199.1 ± 1Ma (Verati et al., 2007)
pre-dating the thermal resetting of the low-temperature thermochronology ages obtained in
this PhD study on pre-Mezozoic basement, which are all younger than 170Ma. In addition
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 (Huppert and Sparks, 1988;
Juez-Larré and Ter Voorde, 2009). Therefore, influence of this thermal event on the
resetting of AFT and AHe thermochronometers used in this study seems limited or even
insignificant regarding the obtained ages.
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Fig. 5.11f - Time-temperature paths based on AFT and AHe data with FT radial plot and MTL
distribution for the Siroua Plateau. Paths in the black part of the diagram are acceptable with
Goodness of Fit (GOF) in the interval 65 and 85%. Paths in the grey area have GOF>85%. The thick
solid line is the best path identified by the modeling procedure. The apatite Partial Annealing Zone
(PAZ) and Helium Partial Retention Zone (HePRZ) for the same mineral are indicated as light grey
bands in the diagram. Boxes representing the geological constraints adopted are shown in the Fig. 11
and discussed in the text.
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The second magmatic event is characterized by numerous stratified intrusions emplaced
during Middle Jurassic-Early Cretaceous times (Zayane et al., 2002) and dated at 160119Ma (Hailwood and Mitchel, 1971). The Jurassic intrusions outcrop in the Central High
Atlas (Fig. 2.17), where they occupy NE-SW trending ridges controlled by sinistral eastwest strike slip faults (Laville, 1985). The emplacement of this intraplate magmatism
is globally contemporaneous with moderate synschistous deformation, developed during a
post-Bathonian-pre Early Cretaceous crustal shortening (Laville and Piqué, 1992). Those
intrusions include homogeneous facies that consist either of mafic rocks (troctolites,
gabbros), intermediate rocks (diorites, monzodiorites) or felsic rocks (syenites), and
heterogeneous facies that corresponds to mixing products between intermediate and felsic
magmas (Zayane et al., 2002). Finally, a secondary paragenesis was developed during
hydrothermal alteration (Zayane et al., 2003; Bougadir, 1998; Laville et al., 1994). Lowtemperature thermochronological measurements performed on the Jurassic felsic rocks
yield ages that range respectively from 92 to 76 Ma for the AFT and from 43.1 to 25.3 Ma
for the AHe ages (Barbero et al., 2007). Paleozoic rock of the Central High Atlas located
less than 60 km north of the Middle Jurassic-Early Cretaceous intrusions (Fig. 2.18b) yields
AFT ages of 270±20Ma (Barbero et al., 2007). The low-temperature thermochronology
results provided by those authors show clearly that no influence of thermal resetting can be
argued for basement rocks located at more than 60 km far from the Middle Jurassic-Early
Cretaceous magmatic intrusions. Furthermore, absence of partial annealing of the AFT age
(242 ± 20Ma) performed on the Jurassic red beds (Fig. 2.18b, Tizi n’Isly syncline)
deposited in the main rift basin contemporaneously to or slightly post-dating the intrusion
of the magmatic rocks comfirms the previous assumption and prevents from any regional
hydrothermalism effect on the low-temperature thermochronology data. In addition, twodimensional numerical models studying the impact of rift-associated magmatism on the
thermal field of the upper crust have shown that the thermal disturbance caused by
magmatic body has a spatial dimension in the same order of magnitude as the magmatic
body itself, and ceases in a few Myrs (Fjeldskaar et al., 2008).
Taking these observations together, it seems geologically reasonable to assume that all
basement rocks sampled in the High Atlas of Marrakech (located some ~200km further
west) or even in the Skoura Massif (see Barbero et al., 2007) were not in prima facie
thermally affected by any heating related directly to the emplacement of those intrusive
cores. However, this observation does not totally exclude the thermal influence of other
lithospheric or asthenospheric processes acting at larger scale that may perturb crustal
isotherms in this time span.
From Tertiary onwards, two other magmatic events have been identified in the Central
High Atlas. The Eocene and Neogene-Quaternary alkaline rocks are distributed along NESW trending zones (Bouabdeli, 1987). It is suggested that their emplacement is related to a
N-S regional shortening, attributed to the Africa-Europe convergence. Eocene alkaline
magmatism (Fig. 2.17) is located in the Taourirt and Tamazert Massifs (Central High Atlas)
and, is dated at 44±4Ma by Rb-Sr and 42±3Ma by K-Ar methods (Tisserant et al., 1976).
The Neogene to Quaternary magmatism is aligned along the NE-SW Transmoroccan
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lineament and is found in three main Moroccan volcanic provinces, i.e, Oudja Mountains,
Middle Atlas and Siroua Plateau. Considering the present interest of this study, only the
Siroua volcanism is detailed. Volcanic complex of the Siroua shows two periods of activity
dated by K-Ar method. First volcanic activity is dated at 11-10 Ma with basic to
intermediate lavas and the second occurred between 8.5 and 2Ma with peralkaline to
phonolite intrusions (Ibhi et al, 2001; Berhamna, 1989).The temporal geochemical
evolution from Middle Jurassic-pre Early Cretaceous transitional to late Cenozoic-Neogene
alkaline magmatism reflects the progressive uplift of the High Atlas fold belt (Zayane et al.,
2002).
Concerning the Eocene event, Barbero et al. (2007) argued that no distant effect of the
Paleogene magmatism has been detected on their apatite fission-track and (U-Th)/He
measurements realized on samples located at less than 50km far from the Eocene alkaline
rocks. Considering the large distance (>200km) separating our transect (in the High Atlas
of Marrakech) with the Eocene alkaline magmatism and the non-existent of other
Paleogene magmatic source at proximate distance to our studied area, one can easily deduct
that all samples measured in the Ancient Massif were not thermally affected by this
magmatic event.
A question remains about the thermal influence of the Siroua volcanism on the
measurements realized on samples located in the Siroua Plateau, south of the SAF. All AFT
ages measured (in this study) on the Siroua Plateau yield ages older than 140Ma except the
sample (SI.04.01) that documents a fission-track age slightly younger (~100Ma). However,
the entire set of samples from this area presents long tracks in their length distributions
suggesting no significant partial annealing related to the Neogene volcanism. This contrasts
with the AFT age (26.9±2.6Ma) obtained by Missenard et al. (2008) on a sample (Miss 02
SA, Fig. 5.8) located near the Siroua Volcano. This result of Missenard et al. (2008)
confirms the short distant thermal effect that could have such a volcanic activity
rejuvenating the AFT age by partial or even total annealing of the fission tracks of the
surrounding rocks. Futhermore in a more general statement, the authors proposed an
increase of the geothermal gradient up to the value of 60°C/km for the entire region south
of the SAF during the Mio-Pliocene Siroua volcanic activity. However, it seems doubtful
that the geothermal field of this vast region was altered because of the Siroua volcanic
activity (Balestrieri et al., 2009). Concordantly to that, if we assume as proposed by
Missenard et al. (2008) that the geothermal gradient of 60°C/km was reached during the
Neogene, then all AHe dating performed on granite samples (in the Siroua Plateau) will be
totally reset and will yield therorically ages younger than 11 Ma considering the ~1000m of
Mio-Pliocene sediments covering the granite (Missenard et al., 2008). The results of such a
hypothesis are at odds with the AHe ages presented in this thesis (Table 5.5B).
Taking all these observations together, there is no evidence that the low-temperature
thermochronometrical ages presented in this work have been thermally resetted by the
solely influence of magmatic or volcanic events. However, the repeated magmatic and
volcanic activities that occurred in Morocco from Late Triassic times onward have
probably modified the geothermal field of the Atlas region, mainly if considering the
different extensive and compressive contexts experienced. The difficulty to accurately

127

Chapter 5
estimate the geothermal gradient in the various geological settings may account for the
major source of error in the coming interpretations of this work. To avoid too much
speculation of this parameter, we generally adopted a constant geothermal gradient of 2530°C/km.

5.6. General pattern of the age data in the High Atlas
Mts
In absence of thermal resetting effect due to magmatic or volcanic events, heating of the
pre-Mesozoic basement rocks is mainly consequence of thermal effect caused by the
infilling of the basin with sediments known as the thermal blanketing effect. In rifting
context, crustal thinning causes the thermal resetting of the basement rocks in addition to
the sediment burial. In contrast, erosion of the sedimentary covers mainly controlled by
tectonic or thermal anomaly uplift provokes the cooling.
Integrating AFT and AHe age data in thermal models, we derive to a concise
exhumation/subsidence history for the High Atlas Mountains (Fig. 5.12) and distinguish at
the utmost four main stages: i) a post-Triassic subsidence, ii) pre-Late Cretaceous
exhumation, iii) Late Cretaceous-Paleogene subsidence and, finally, iv) Late CretaceousPaleogene to Present exhumation. These are nearly identical to the phases identified in the
Western Meseta (see Chapter 4).
Pre-Cenomanian-Turonian vertical movements occurred in a context of extension and
transpression in the Atlas region. Pre-Late Jurassic subsidence is contemporaneous with the
period of rifting in the Central Atlantic and Alpine Tethyan Realms (Stampfli and Borel,
2002) and subsequent Mesozoic exhumation is mainly post-rift. This new observation
strongly indicates that the region covered by our transect shows significant vertical
movements before the Late Cretaceous. Therefore this finding that is at odds with the
acknowledged concepts of ‘Terres des Almohades’ (Choubert and Faure-Muret, 1960-62;
Du Dresnay et al., 1971, 1973) or ‘Moroccan Arch’ (Medina, 1995), reveals that the Atlas
of Marrakech was not an ‘emergent and stable’ area during the entire Mesozoic times.
The two last stages of vertical movements taking places after the Cenomanian-Turonian
marine transgression, occurred in a context of African-Eurasian plate convergences (Laville
et al., 1977; Dutour and Ferrandini, 1985; Görler et al., 1988; Fraissinet et al., 1988;
Medina and Cherkaoui, 1991; El Harfi et al., 1996; Morel et al., 1993, 2000; Gomez et al.,
2000; Frizon de Lamotte et al., 2000), responsible for the formation of the Atlasic orogeny.
The results, presented in this work, provide new insights and understanding in the still
ongoing discussion concerning the timing of onset shortening and building of the Atlas. As
documented by the exhumation observed in the model t-T paths and in concordance with
the time interval estimated by Mattauer et al. (1977), Laville and Piqué (1992), and Laville
(2002), the onset of contraction in the High Atlas of Marrakech started as early as Late
Cretaceous in some area of the High Atlas of Marrakech. A second stage covering a larger
part of the Atlas system is recorded during the Eocene (Beauchamp et al., 1996, 1999).
However, the present high topography of the High Atlas belt is mainly inherited from a
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principal shortening stage during the Early-Middle Miocene (Görler et al., 1988) and
followed by an important post-Late Miocene uplift (Frizon de Lamotte et al., 2000; Gomez
et al., 2000; 2002).

5.6.1. Timing and Magnitude of the main vertical movements in
the High Atlas of Marrakech
5.6.1.1. Triassic-Middle Jurassic subsidence
Triassic to Jurassic heating is recorded by all samples (Fig. 5.12) from the Jebilet Hills
domain, the northern Subatlas zone, the Toubkal northern and southern flank and, at the
southern termination of the transect, from the Siroua plateau. On the whole Atlas system,
maximum temperatures of >120±10°C were reached for these samples completely resetting
the AFT ages. Assuming a geothermal gradient of 25-30ºC/km, this suggests a subsidence
of > 4 to 5 km. This amount of subsidence determined for the Massif Ancient is confirmed
by the amount of Triassic and Early Jurassic sediments deposited on its western and eastern
sides, reaching respectively a thickness of > 4000m (Choubert and Faure-Muret, 1962; Du
Dresnay, 1971; Stets, 1992) and 1000m (Faure-Muret, 1990). Therefore, the total
annealing of the AFT ages of the basement rocks can be expnained by the deposition of >
4km of Triassic to Middle Jurassic sediments at this time span. This arises some discussion
as most paleogeographic reconstructions claim that this Atlas region was emerged since
Jurassic times (see Michard, 1976).
The Mesozoic subsidence documented along the transect is coeval with the development of
the rifting in the Atlas (Choubert and Faure-Muret, 1962; Du Dresnay, 1971; Mattauer et
al., 1977; Laville, 1988; Laville and Piqué, 1992; Warme, 1988; El Kochri and Chorowicz,
1986). Subsidence in the Atlas troughs were facilitated by the existence of a complex fault
pattern (APTZ) inherited from the Hercynian (Laville and Petit, 1984; Beauchamp, 1988;
Piqué et al., 2000). At this time, the APTZ developed under a NW-SE tensional field was
separating the highly deformed Western Meseta domain (including the Jebilet and the
NSA) from the almost undeformed Saharian domain to which the Siroua Plateau was
attached (Hoepffner et al.2005 and Chapter 2 reference therein).
Considering the important role played by the TNTF (major fault of the APTZ) during the
Paleozoic times and further during the Tertiary inversion of the Atlas rift, an interesting
point would be to investigate on its function during the Mesozoic times contemporaneously
to the rifting phase. In figure 5.13 a, we report fission track ages of samples located north
and south of the TNTF as a function of the distance to TNTF. In the three others diagrams
(Fig. 5.13 b-d) the reported ages correspond respectively to the termination of the
subsidence, the onset and ending of the exhumation derived from the best t-T paths (Fig.
5.12). The mean error of each set of AFT ages (Fig. 5.13a) located north and south of the
TNTF are represented by the grey squares. Total fission-track annealing for samples located
in the same zone (north or south of the TNTF) seems contemporaneous at certain time (t)
and thus allow to predict the positions of the apatite PAZ (simplified by not considering the
variation of topography), north and south of the TNTF, at this same instant (t) using the
mean error envelopes based on the errors values of the measured AFT ages (Fig. 5.13a).
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Fig. 5.12 - Regional time-Temperature paths compiled from all samples on same domains (Fig.
5.11) on basis of the constraints assumed in the Fig. 5.10. The black t-T paths are the good paths
with GOF >85% compiled from all samples in each Atlasic domains. The greys paths are the assumed
Mesozoic vertical movements annealed during Tertiary times. The restoration in time and temperature
of paths during the Mesozoic times is derived uing t-T data of surrounding samples from the same
domains. Dashed lines are t-T path derived from published data from the Meseta domain by Ghorbal
et al. (2008). 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
apatite PAZ and HePRZ for the same mineral are indicated grey bands on the diagram.
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Late Triassic to Jurassic subsidence appears to have ended in the northern (170-145Ma)
than in the southern (150-135Ma) wedge of the Atlas belts (Fig. 15.3 a-b). The time, at
which such temperatures of total AFT annealing (>110°C) were reached, is roughly Middle
Jurassic (~170±15Ma) and Late Jurassic (~145±15Ma) north and south of the TNTF (Fig.
5.13c), respectively. The difference between AFT ages obtained from samples situated
north and south of the TNTF is interpreted to reflect the time of tectonic activity of the
TNTF. Furthermore, timing of the vertical motion of the TNTF documented by the AFT
data is concordant with field observations of Quarbous et al. (2003), Proust et al. (1977)
and Petit (1976). Those authors argued that this Hercynian N 70° fault zone, an important
branch of the Atlas Paleozoic Transform Fault or APTZ (Hoepffner et al., 2006 and
reference therein) delimiting the Western Meseta domain in the north from the ‘stable’
African Craton in the south, document dextral strike-slip and normal activities during this
time.The synsedimentary activity of the TNTF is also shown by the facies distribution and
the lateral thickness changes of the sedimentary sequences (observed in the surrounding
area) confirmimg the interpretation based on the AFT ages and thermal modelling.
Subsidence in this region was transtensive and was mainly controlled by synsedimentary
normal and N70°E transcurrent faults. Maximal subsidence was reached during the
Bathonian; a period of time characterized by maximal crustal thinning (Hailwood and
Mitchell, 1971).

5.6.1.2. Middle-Late Jurassic to Early Cretaceous exhumation
The entire Atlas region from the Northern Sub-Atlas zone to the Siroua Plateau documents
a Middle-Late Jurassic to Early Cretaceous cooling from >120±10°C to the surface
temperature. The cooling rate changed through the time with a rapid phase until the Late
Jurassic followed by a significant decrease between end-Late Jurassic and Early
Cretaceous.
In addition to the thermal relaxation of the isotherms due to the crustal thinning, the cooling
phase may also be related to an important period of erosion causing the unroofing and the
exhumation of the Pre-Mesosoic basement rocks (Stets, 1992; Frotzheim et al., 1988)
producing a large package of detritic sediments. Such sediments are observable in the
Northern and Southern Sub-Atlas zones as well as in the surrounding foreland basins (as
the Ouarzazate and the Haouz Basins) and are characterized by syntectonic unconformities
and asymmetrical growth strata (Haddoumi et al., 2002). The numerous dinosaur tracks
which were found in these strata indicate that they correspond to the Upper Jurassic and
part of the Lower Cretaceous.
The Middle-Late Jurassic to Early Cretaceous exhumation occurred in a post Atlas rifting
period. In detail, exhumation of the external margins started roughly between 170Ma and
135Ma and stoped at 160-110Ma. However, exhumation appears to be diachroneous across
the High Atlas with an ealier initiation of exhumation in the N at (170-145Ma) followed
somewhat later in the S (150-135Ma). In addition exhumation ceased earlier in the north
wedge of the Marrakech High Atlas than in the south (Figs. 5.12 & 5.13d). We attribute this
to differential movement across the TNT fault zone since the Bathonian (Mattauer et al.,
1977; Frotzheim et al., 1988; Stets, 1992).
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From a structural point of view, the exhumation of the High Atlas of Marrakech occurred
contemporaneously to deformations of the plutonic alkaline bodies (Zayane, 1992)
emplaced in the Central High Atlas during the Middle-Late Jurassic. This argues for a
strong transpression with sinistral component in the Atlasic troughs along N 70°E faults
(Laville, 1988). Present lack of Mesozoic sediments in the High Atlas of Marrakech can be
therefore related to this tectonic activity.
In a word, erosion of the Mesozoic sediments and exhumation of the Paleozoic basement in
the Marrakech Atlas and, folding and general decollement of the Mesozoic cover (at the
level of the Upper Triassic sequences) in the Central Atlas occurred contemporaneously
during the Late Jurassic-Early Cretaceous.

Fig. 5.13 - Age offset between the zones situated north and south of the TNTF. (a) AFT ages
with 2σ error (from table 1-6), (b) at the termination of the subsidence, (c) at the start of the
exhumation, (d) at the ending of the exhumation. Ages reported on panels b, c and d are
derived from modeled time-Temperature paths (Fig. 5.11). The estimated apatite PAZ is indicated
by the grey bands on the diagrams. Black solid line represents the position of the Tizi-n’test fault
(TNTF). The cross-bared zone represents the Atlas region where no pre-Late Cretaceous AFT ages
have been measured. AFT ages should be read on the vertical axis on the left hand side of the diagram
and distance should be read on the horizontal axis.

Exhumation of the Marrakech Atlas yielded by low-temperature thermochronology
produced a large package of detrital sediments deposited in the adjacent basins, in the
western part of the High Atlas and in the Atlantic basins. This interpretation that considers
the High Atlas of Marrakech as the local source land, is argued by the presence of relative
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immature clasts found in Late Jurassic-Early Cretaceous red bed sediments (e.g., Amrhar,
1995).
At the time of upward movements in the Marrakech Atlas, the adjacent Atlantic realm
(Froitzeim et al., 1988; Stets, 1992) and its western continuation, the Alpine Tethys
(Stampfli and Borel, 2002) are the only tectonically active regions. The oceanic accretion in
the Central Atlantic caused the eastward drift of Africa, inducing new intracontinental
stresses in the northern part of the Africa plate. As a result, the crustal weakness zones were
reactivated in this new stress, creating the exhumation recorded in the Marrakech Atlas.
However, at the end of this tectogenesis, the Atlas region is not characterized in significant
relief considering the following deposition of Cenomanian-Turonian marine sediments in
the entire area.

5.6.1.3. Post-Early Cretaceous subsidence
Marine conditions prevailed until the Turonian as evidenced by the presence of shallow
marine carbonate rocks unconformably overlying: i) basement rocks and Trias sediments in
the Siroua plateau and the southern flank of the Toubkal Massif and ii) Late-Jurassic-Early
Cretaceous sandstones in the Jebilet and in the Northern Sub-Atlas zone. From Turonian
onward, the Atlas experienced subsidence. Differencial burial is observed along the transect
between the margins and the axis of the High Atlas Mountains.
The external zones of the Atlas belt (Jebilet, Northern Sub-Atlas and Siroua) experienced
less than 2.5km subsidence, enough to total reset AHe ages. The amount of subsidence is
compatible with the deposition of >2000m-thick package sediments between the end of the
Early Cretaceous and the Late Cretaceous-Paleocene (Beauchamp et al., 1999). Samples
situated north of the TNTF (Fig. 5.12) started to subside roughly at 100±10Ma and reached
maximum depths of ~2-2.5km. For most of the samples in this northern region, subsidence
ended before the Paleocene (~70Ma). However some areas, for example the Kik plateau,
continued to subside until the Late Eocene (~40Ma).
South of the SAF zones (Fig. 5.12), the Siroua Plateau and southern toe of the Toubkal
Massif experienced less than ~2km subsidence between the Cenomanian-Turonian and the
Middle Paleocene. The southern flank of the Toubkal massif subsided from surface
conditions (as attested by the presence of Cretaceous limestones) to ~4-5 km depth (causing
total resetting of both AFT and AHe ages) at 85Ma.
Subsidence in the axial region of the Atlas belt is more difficult to constrain because of the
absence or just sparse remnant outcrops of Late Cretaceous sediments and therefore,
obscuring thermal reconstitution before the Cenozoic (Fig. 5.12).
However, if we assume that the central region of the Toubkal Massif was near to Earth’s
surface in the Cenomanian-Turonian times as observed along its both north and south
flanks, then a pre-Neogene subsidence of more than 5-6km is needed to completely erase
both AFT and AHe previous record (Fig. 5.12).

5.6.1.4. Late Cretaceous to Present exhumation
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The amount of Late Cretaceous to present exhumation quantified by the AFT and AHe
data, is less at the flanks (<2.5km) than in the axial zone (~5-6km) of the Atlas belt.
The upward movement is first documented by samples from the southern flank of the
Toubkal massif which started to exhume from ~5km depth to roughly 2.5-3km between
85Ma and 70Ma (Fig. 5.12). This was followed, at 70-60 Ma, by upward movements in the
Jebilet, Northern Sub-Atlas zone and Siroua Plateau. Samples from these domains
experienced only a limited Paleocene exhumation of ~1km before Late Paleocene marine
sediments unconformably covered, for example, the uppermost Cretaceous units of the Kik
Plateau. However, roughly at 60Ma, the Siroua plateau and the Jebilet Hills started their
final exhumation phase.
At about 40 Ma exhumation is recorded everywhere in the Atlas belt. AFT and AHe ages
suggest that in the Axial Zone final exhumation does not take place before the OligoMiocene. A minimum exhumation of 5-6 km is calculated for this axial region.
During the last 20Ma, the Atlas domains display upward displacements varying from less
than 0.5km at the flanks to ~6km in the axial zone of the belt.
We consider that the Late Cretaceous to Present uplift coincides with the building of the
High Atlas. The uppermost Cretaceous consists of terrigenous red beds, indicative for the
beginning of the Atlasic shortening to some authors (Laville et al., 1977; Frotzheim et al.,
1988; Amrhar, 1995). Upper Paleogene to lower Quaternary continental deposits are loaded
in the adjacent basins (Ouarzazate, Souss, Haouz and Tadla-Bahira) during the Late
Eocene, Early-Middle Miocene and from Late Miocene onward, contemporary with the
main episodes of tectonic deformation and uplifts documented by fieldworks and lowthermal dating, respectively. Evidence of compressional deformation and uplift are
essentially preserved in the Northern Sub-Atlas zone and plains bordering the High Atlas
(Montbaron, 1982; Görler et al., 1988; Fraissinet et al., 1988; Morel et al., 1993; El Harfi
et al., 1996).

5.6.2. Vertical movements and horizontal deformation in the
Atlas system
The main stages of vertical movements documented by the AFT and AHe data obtained
from thermal modelling seem to fit the timing of the main regional geological events
recorded in this NW Africa corner since the Late Hercynian orogeny.
Although the pattern of vertical movements from Late Trias to Early Cretaceous are in
agreement with the regional constraints related to rifting context in the surrounding regions.
In contrast, the complexity of the Atlas system from Late Cretaceous onward requires more
attention in order to be able to distinguish minor and major vertical movements that
contributed to the building of intraplate orogenic belt.
As already stated in many studies (Mattauer et al., 1977; Frotzheim et al., 1988; Laville
and Piqué, 1992; Beauchamp et al., 1996; Beauchamp et al., 1999; Gomez et al., 2000;
Frizon de Lamotte et al., 2000; Laville 2002) and confirmed by the above presented t-T
paths, Atlas building occurred in more than one uplift stage.
In figure 5.14, all major fault systems are plotted from north to south. The timing of activity
of each fault zone is reported between the Late Cretaceous and the Present. Estimations of
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the vertical shifts for each fault are based on the difference of vertical movements
documented by its adjacent blocks. Only for the fault zones NJF, NAf and AAMF situated
at the borders of the Atlas system, vertical shifts have been defined using all
sedimentological informations available in the literature (see subchapter 5.2).
The fault systems seemed kinematically active during four periof of times (Fig. 5.14): i)
Late Cretaceous-Early Paleocene; ii) Middle-Late Eocene; iii) Late Oligocene-Middle
Miocene, and finally; iv) Late Miocene to Present. However all faults were not activated
simultaneously during the Atlas building (Fig. 5.14). In fact, the greatest amount of
displacement recorded at the initial stage of the Atlas building along the southern flank of
the Toubkal Massif migrated northward progressively with time to the axis of the belt. The
sequence of thrusting of fault activities revealed by the AFT results describe a break-back
thrust sequence (Morley, 1988), abandoning progressively the older faults localized at the
southern margin of the belt in favor of new active faults situated closer to the axis (Fig.
5.15). However if referring to the AHe data, more than one fault was activate
simultaneously at certain tectonic periods (Fig. 5.15), describing therefore a kinematic
model of out-of-sequence thrusting (Morley, 1988; McClay, 1992; Boyer, 1992; Storti et
al., 2000).

5.6.2.1. Late Cretaceous to Paleocene-Early Eocene period
During the Late Cretaceous to Paleocene, vertical movements and active faults are firstly
observed in the toe of the Toubkal Massif along its southern flank (see Fig. 5.14 and 5.15)
and afterwards in the flanks of the Atlas belt (NJF and AAMF). At this time, the amount of
vertical shift for faults (Fig. 5.14) is limited, never exceeding 1000m with a maximal rate of
0.05mm/Myr over 10Ma. At the same time of the faults activity in the High Atlas, the Late
Cretaceous sediments are tilted and unconformably covered by marly limestones dated
Paleocene-Eocene. Laville (2002) observed in the Central High Atlas a major
unconformity, Early Eocene sediments overlying the Toundount nappe and the Senonian of
the Ouarzazate basin. These observations indicate a tectonic event in the Atlas system postLate Cretaceous but pre-Early Eocene (Froitzheim, 1984; Herbig, 1988).
Contemporaneously, after being covered by shallow water during the early Late Cretaceous
due to sea transgression, the Cenomanian-Turonian carbonates deposited in the Anti Atlas
domain were subsequently eroded during Senonian-Cenozoic times (Zhouri et al., 2008).
This mode of faulting (break-back sequence) observed in the High Atlas is acknowledged
to be generated by compressional strains oblique to the main trend of the belt (Ellis et al.,
1995, 1998; Hoffmann-Rothe et al., 2004). We argue therefore that WNW-ESE to NW-SE
compression event (Brede et al., 1992) is responsible for the incipient tectonic deformation
and exhumation documented in the High Atlas with inversion of the NE-SW fault and
dextral strike-slip motion along the ENE-WSW faults.
However, the Late Cretaceous-Paleocene deformation did not result in significant relief,
and the High Atlas domain was still partly submerged by shallow water seas until the late
Middle Eocene (Tabuce et al., 2005).

5.5.2.2. Middle Eocene to Late Eocene – (?)Early Oligocene period
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From Middle to Late Eocene, vertical displacements in the northern side of the Atlas belt
are still mainly accommodated by the NJF. At the southern flank, the fault activities
migrated slowly towards to axial zone. At this time maximal vertical shift accommodated
by the faults does not exceed the values reached during the previous contraction stage.
This period of fault activities supplied in the High Atlas a package of Oligocene continental
sediments (conglomerate, sandstone) covering unconformably the Eocene series (Lutetian)
(see Fraissinet et al., 1988; El Harfi, 2001). More precisely, in the Ouarzazate basin the
earliest onset of continental sedimentation during this contractional stage is Late Eocene
(Hadida Fm) (Teson and Teixell, 2008).

Fig. 5.14 - Chronology of the fault activities along the High Atlas invistigated transect. The grey
bands in the diagram represent the main contractional periods defined in the literatures based on
structural studies (see chapter 2 and Fig. 2.16). Black and grey oblongs represent the timing of
activity for each fault. Name of the fault can be read from the top of the diagram. Estimated vertical
throws of each fault are reported in the oblongs by the white numbers (see text and Figs. 5.7 & 5.8).
Rate of displacements for each period of fault activity is reported on the left side of the corresponding
faults. Relevant part of the geological time scale is give. A, B and C correspond to the Oukaimeden
Fault, the Meltsen Fault and the Ourika Fault, respectively and are the eastern continuation of the
TNTF.

In the southern limb of the High Atlas chain, sedimentary sequences of Jurassic and
Cretaceous were forming nappes that have been interpreted as gravitationally moving
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southward over the Triassic evaporites layers (Laville et al., 1977; Görler et al., 1988). But
along our transect (Missenard, 2006) and also observed eastward (Teixell et al., 2003;
Hafid et al., 2005; El Harfi et al., 2006), the southern margin of the chain developed a thinskinned tectonic style.
These tectonic activities have been link to a main N-S to NNE-SSW compressive trend in
the High Atlas from Middle-Late Eocene to Early Oligocene (Ait Brahim et al., 2002) and
constitute the start of the relief building, modestly contributing in the orogen to the present
topography.

Fig. 5.15 - End-member mode of thrust sequences in the Southern flank of the Toubkal Massif
from Late Cretaceous onwards in five subsequent evolution stages at 70Ma, 50Ma, 40Ma, 30Ma
and 10Ma. The periods of time represent roughly 4 main tectonic stages of compression as reported
in the diagram of the Fig. 5.14 (NB: for more clarity we added an extra step at 50Ma). Black solid and
dashed lines represent respectively active or inactive fault. The Number 2, 3, 4 and 5 correspond to
the name of the fault using same nomenclature that in the Fig. 5.8A. AFT ages of each block are
derived from the Fig. 5.8.

5.5.2.3. Late Oligocene to Early-Mid Miocene period
During Late Oligocene to Middle Miocene, faults located near to the axis of the Atlas belt
were active. Fault activities recorded between the North Sub-Atlas zone and the south flank
of the Toubkal are contemporaneous to the vertical movement observed there. However,
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maximal vertical shifts and highest slip rate values for the faults are recorded along the
TNTF and the SAF bordering the central region of the belt, revealing at this time the
highest amount of exhumation (Fig. 5.14).
We assume that this period of tectonic activity is generally related to a NNE-SSW to NESW compression documented in the High Atlas (Ait Brahim et al., 2002). This main
direction of compression is consistent with the 70° to 90°E-trending left-lateral and
N150°E-trending right-lateral strike slip faults together with the 120°E-trending reverse
faults observed in the Eocene and pre-Eocene units (e.g., Ait Brahim et al., 2002) sealed by
continental molasses, post-dating this deformation event (Giese and Jacobshagen, 1992;
Piqué et al., 1998b; Sabaoui, 1998). These clastic deposits are preserved mainly in residual
foreland basins fringing the chain (namely the Souss, Ouarzazate and Tadla-Bahira basins)
but also in the core of the mountain belts as isolated outcrops (‘Rocher de la Cathédrale’ in
the Central High Atlas; Morel et al., 1999; Teixell et al., 2003) or as uplifted basin (Haouz
basin).
The Early Miocene corresponds also to the period at which exhumation of the Northern
Sub-Atlas zone becomes different (in intensity, rate and timing) from exhumation in the
Jebilet. This difference in the thermal history, from Miocene onward, contrasts with the
roughly common thermal evolution experienced by those two areas since Late Triassic.
Therefore, since early Neogene the northern Atlas margin is composed of two topographyic
highs (Jebilet and NSA) separated by the Haouz basin where uplift is less pronounced.

5.5.2.4. Late Miocene to Present period
From Late Miocene onward, the highest amount of exhumation is recorded south of the
TNTF in the axial zone. The TNTF fault recorded more than 1000m of vertical shift at this
time. However, exhumation is not restricted to the central region. In the north, along the
NJF and the NAf upward movements are documented by AHe ages and sedimentological
studies. Progressive unconformities are visible in the Mio-Pliocene molasses and the PlioQuaternary conglomerates (Dutour and Ferrandini, 1985; Petit et al., 1985; Aït Brahim,
1991; Morel et al., 1993; Medina, 1994). These formations and the Quaternary terraces
show inverse component in the N70°E to N90°E-trending fault, a right-lateral strike-slip
motion for the NE-trend faults and left-lateral strike-slipcomponent for the NW-SE faults
(Fraissinet et al., 1988; Morel et al., 2000). Movements along these structures are
consequences of the N140°E to N160°E compressive stress that occurred in the High Atlas
of Marrakech since Late Miocene to Present times (Ait Brahim et al., 2002). This ultimate
and major tectonic event is contemproraneous with the strong uplift of the Atlas chains and
the folding of its foreland (Ait Brahim et al., 2002).

5.7. Discussion
5.7.1. From Late Trias to Early Cretaceous times
The High Atlas of Marrakech and the Jebilet Hills is commonly regarded as a part of
Triassic-Jurassic subaerial land raising between the Atlantic and the Atlas rift basins,
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classically referred in the literature as “Terres des Almohades” (Choubert and FaureMuret, 1962; Michard, 1976) or West Moroccan Arch (WMA: Medina, 1995; Missenard et
al. 2006). Contrastingly, we might infer from the pre-Late Jurassic heating (>100°C) which
affected the pre-Mesozoic basement and the Triassic rocks of the entire studied area that the
southern part of the WMA subsided significantly during the Late Triassic-Middle Jurassic
and exhumed from Middle Late Jurassic to Early Cretaceous (Figs.5.16-17A). This
conclusion was also reached independently by the work of Saddiqi et al. (2008) on the
Jebilet Hills and by Balestrieri et al. (2009) on the Marrakech High Atlas (MHA).
The new data presented in this study offer a new and better constraint on the thermal
history of this region and consequently on the vertical movements experienced by the
sample rocks (Fig.5.16). Along the entire transect, basement rocks which were at the
surface or shallow surface during the Triassic times, were heated over 120°C. Considering
a geothermal gradient of 25-30°C/km, this would suggest 4-5km-thick sedimentary burial
before the end of Middle Jurassic (165Ma). However, if we consider that the geotherm was
may be steeper during the Mesozoic times due to the huge CAMP magmatism and the
crustal thinning experienced during the rifting by the Atlas domain, a geothermal gradient
of 40°C/km as proposed by Sadiqqi et al. (2008) could have been limited the subsidence to
<3.5km.
In detail, we see that the samples located north of the TNTF attained the annealing
temperature at 170-145Ma earlier than those located in the south (150-135Ma) of this major
fault zones. Concordantly, exhumation started and finished earlier in this northern part of
the transect than in the southern part (Fig.5.13). This allows a better constraint on the nature
of the sediment removed on each part of the transect and argues for the important role
played by pre-existing Hercynian features (such the TNTF) at this time span. The >3km
burial here restored is comparable to the contemporaneous deposits in the Atlas basins
where >3.5km of Triassic-Liassic and Dogger sediments have been deposited along the
border of the Central High Atlas (Ellouz et al., 2003).
Following the subsidence, an important exhumation occurred in the Middle-Late Jurassic to
Early Cretaceous times. Consequence of this exhumation also supported by the fissiontrack data of Balestrieri et al. (2009), is that a very active erosion of the Triassic-Jurassic
cover and the underlying basement occurred along the entire transect. The exhumation of
the MHA is coeval with the emersion of most of the Atlas domain, which was covered by
widespread red beds of Late Jurassic-Early Cretaceous age, partly sourced from the rising
MHA (Chariere et al., 1999, 2005). Spatial extension of the Late Jurassic-Early Cretaceous
sediments produced by the MHA is observable as far west as the Atlantic basins (Amrhar,
1995).
To conclude, the AFT and AHe data obtained on basement rocks from the southern part of
the WMA show that this Moroccan region was not stable during the Mesozoic. The MHA
recorded a subsidence that is coeval the Late-Triassic-Middle Jurassic rifting and was
probably affected by transtensive movements observed in the rest of the Atlas domains
(Mattauer et al., 1977; Warms 1988; Souhel et al. 1993; Canerot et al., 1996). Exhumation
in the MHA yielded by our low-temperature thermochronology data is contemporaneous to
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the important teconogenesis argued by Laville and Fedan (1991) and, Beauchamp et al.
(1996, 1999).

Fig. 5.16 - Elevation profile and Low-T ages from the Jebilet to the Siroua Plateau. 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.
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According to those authors, a pre-Cretaceous transpressional component resulting in
folding, cleavage and erosion of Jurassic igneous and sedimentary rocks occurred in the
High Atlas, certainly before the deposition of the marine Cretaceous sequences. Since the
Cretaceous transgression covered at least parts of the Atlas domain, it is clear that the
orogenesis (i.e. the uplift of the Atlas mountain range) did not immediately follow its
tectogenesis (Laville et al., 1991) (Fig. 5.17 A-B).

5.7.2. From Late Cretaceous to Present times
As already stated, subsequent to the rather comparable thermal evolution of all Atlasic
domains from Late Triassic to Early Cretaceous, the major thermal evolution of the various
domains started to vary from Late Cretaceous onward.
Since Late Cretaceous, amounts of exhumation vary throughout the entire Atlasic domain.
Low thermochronology ages obtained in this investigation for each Atlasic domain,
document temporal and spatial variations of vertical motions along the Atlas transect,
providing constraints on the evolution of the orogen through the time (Fig. 5.16).
The distribution of AFT and AHe ages along the transverse running from north to south of
the Marrakech High Atlas (Fig. 5.16) led to distinguish three regions that have probably
experienced a different thermal evolution after Late Cretaceous times. In general, the data
presented along the profiles are in agreement with the AFT ages found by Missenard et al.
(2008) and Balestrieri et al. (2009). However some misfit with the AFT ages of Balestrieri
et al. (2009) is observable in the southern flank of the Toubkal Massif, where the authors
found older ages on similar rocks separated however by series of faults. Although, all
results presented by these authors and in this investigation show clearly that vertical
movementsand amounts of shortening were more important in the High Atlas of Marrakech
than in the Central High Atlas regarding those provided by Barbero et al. (2007).
The three regions constituted by the Jebilet and the Northern Sub-Atlas in the north, the
Toubkal Massif in the axis and the Siroua Plateau in the south of the Atlas belt (Figs. 5.1617B), respectively, are distinct from each other by difference in their: i) amplitude of
exhumation; ii) mean topography, and; iii) tectonic features.
The amount of vertical movements determined in both external regions of the Atlas belt,
from Late Cretaceous onward, attest for a maximal burial (<2.5km), rejuvenating the AHe
ages and preserving the pre-Early Cretaceous AFT ages. Consequently, an exhumation of
<2.5km is assumed for those external regions. In contrast, the zone situated in the axis of
the Atlas belt (Toubkal Massif) shows higher amount of exhumation (>4-5km) after a
probable burial in Late Cretaceous totally annealing pre-Early Cretaceous AFT and AHe
data record.
In detail, following the Late Jurassic-Early Cretaceous the entire Atlas system experienced
a subsidence allowing the deposition of >2000m-thick package sediments (with alternation
of continental and marine units) between the end of the Early Cretaceous and the Late
Cretaceous-Paleocene (Beauchamp et al., 1999). After they attained the temperature of
~60°C, samples located at the margins of the belts started to exhume already in Senonian
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times regarding the t-T paths. Tectonic shortening in the Senonian seems to be local
(mainly in the edges) and led to minor folding due to syn-sedimentary inversion of faults,
with development of breccia along the faults and unconformity at the bottom of the
overlying Eocene strata, or to syn-sedimentary synclines filled by evaporates as in the
Tadla Basin (Frizon de Lamotte et al., 2008).The beginning of exhumation in those regions
seems to correspond to a period of oblique tectonic (Braun, 1993; Braun and Beaumont,
1995; Ellis et al., 1995, 1998) in the High Atlas, a probable consequence of the progressive
change in the Africa movement (relative to fixed Europe) from Eastward to Northward
(Rosembaum et al., 2002). Maximal exhumation does not exceed 1000m at this time span.
After a quiet tectonic period ongoing from Middle Paleocene to Middle Eocene (except in
southern part of the belt), a generalized exhumation started to occur in all zones of the
Marrakech High Atlas. This period of exhumation corresponds to the beginning of the
orogenic relief (first Atlas tectonic event), which contributes to the present topography
(Frizon de Lamotte et al., 2000). The shift in AFT and AHe data located on both sides of
the TNTF and the SAF clearly dated this episode of tectonic activity. Using the AER based
on those low-temperature thermochronology results, ~1000m of inversion is quantified for
each fault zone at this time.
Along the transect, series of vertical movements derived from the AFT and AHe data
indicate important period of uplift from Early-Middle Miocene onwards. Those uplift
periods are also supported by the AFT results presented by Balestrieri et al. (2009) and
Missenard et al. (2008). The first period corresponds mainly to the exhumation of the axial
zone of the Marrakech High Atlas and the second one indicates the upward movement of
the entire belt.
The ‘first Neogene event’ provided by the AFT and AHe data seems to be Early-Middle
Miocene. It is roughly contemporaneous to the ‘second Atlas tectonic event’ known as the
major crustal shortening period (Frizon de Lamotte et al., 2000; 2008) and documents
>4000m uplift of the axial region of the High Atlas of Marrakech in <10Ma. The ‘second
Neogene event’ is post-Miocene to Late Pliocene in age and seems to occur along the entire
Atlas system with roughly 1000m uplift. This last uplift period in the High Atlas of
Marrakech which yields comparable value and occurs in same period of time than the uplift
observed in the Middle Atlas (Babault et al., 2008), could correspond to the uplift of the
entire chain caused by a thermal anomaly located beneath the High Atlas (Teixell et al.,
2003; Missenard et al., 2006; Fullea et al., 2007).
To conclude, this chronological study permits to identify the different compressional (at
local and large scale) and uplift events in the High Atlas of Marrakech. Four periods of
compression seem observable during the Late Cretaceous, the Late Eocene, the Miocene
and the Plio-Quaternary, but only the two latter contributed significantly to the present high
relief observed in this region, the first by crustal tectonic shortening and the more recent in
times by asthenospheric processes.
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5.8. Conclusions
(U-Th)/He and AFT dating performed on the High Atlas of Marrakech yield new
chronological insights on evolution of the Atlas domain, from rifting to intraplate belt
building.
Data of this study are the first dense AHe and AFT data set from the continental High Atlas
orogen covering a large transect (>200km) and combining horizontal and vertical sampling
profiles. Due to the dense sampling coverage, the results obtained using the powerful
combination of apatite (U-Th)/He and AFT analysis and t-T modeling reveal two main
stages of subsidence/exhumation, one from the Late Triassic to Early Cretaceous and
another from Late Cretaceous to Neogene.
The first Late Trias and Early Cretaceous stage of vertical movements proves that the entire
Atlas of Marrakech, regarded to be stable and emergent since Permian by the Moroccan
Arch Concept, experienced subsidence contemporaneous or slightly older than the Central
Atlantic and the Alpine Tethys rifting and exhumation during the post-rift stage (Stampfli
and Borel, 2002) with the occurrence of a large thick sandstone package (~ 500 m)
deposited in the adjacent areas.
The second stage of subsidence/exhumation occurred in the context of African-Eurasian
plate convergences (Laville et al., 1977; Dutour and Ferrandini, 1985; Görler et al., 1988;
Fraissinet et al., 1988; Medina and Cherkaoui, 1991; El Harfi et al., 1996; Morel et al.,
1993, 2000) from Late Cretaceous to Present. AFT and AHe data revealed four main stages
of tectonic activities and exhumations in the Atlas building in the Late Cretaceous, the Late
Eocene, the Early Miocene and the Late Miocene-Present times. Although only the two
latter stages seem to significantly contribute to the present high topography of the
Marrakech High Atlas., documenting a larger regional scale effect of thermal mantle
anomaly during Mio-Pliocene times (last 10Ma).

Fig. 5.17 - Restoration of upper crustal profile in the Atlas System from Middle Trias to
Present. A: From rifting to post-rift vertical movements (p. 144). B: vertical movements related
to the Atlas belt building (p. 145). The points are the locations of the AFT and AHe samples
analyzed in this study. Their progressive insertions in the sketch and their vertical movements in the
times are derived from modeled t-T paths based on AFT and AHe data regarding their present
topography position. Evolutions of Fault systems and paleoaltitudes are obtained from the literature
and geological maps. Altitude of topography and magnitude of vertical displacements should be read
on the vertical axis on the right hand side of the sketches. The dashed line used as reference is the
present sea level considered fix through the time. Recent topography is represented on each restored
section in order to shown the amount of vertical throws for each sample compared to their present
position.
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