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summary

Our understanding of the Earth’s interior is limited by the access we have of its deep
layers, while the knowledge we have of Earth’s evolution is restricted to harvested
informations from the present state of our planet. We therefore use proxies, physical
and numerical models, and observations made on and from the surface of the Earth.
The landscape results from a combination of processes operating at the surface and in
the subsurface. Thus, if one knows how to read the landscape, one may unfold its
geological evolution.

In the past decade, numerous studies have documented km-scale upward and
downward vertical movements in the continental rifted margins of the Atlantic Ocean
and in their hinterlands. These movements, described as exhumation (upward) and
subsidence (downward), have been labelled as “unpredicted” and/or “unexpected”.
‘Unpredicted’ because conceptual, physical, and numerical models that we dispose of
for the evolution of continental margins do not generally account for these relatively
recent observations. ‘Unexpected’ because the km-scale vertical movements occurred
when our record of the geological history is insufficient to support them. As yet, the
mechanisms responsible for the km-scale vertical movements remain enigmatic.

One of the common techniques used by geoscientists to investigate the past kinematics
of the continental crust is to couple ‘low-temperature thermochronology’ and ‘time-
temperature modelling’. In Morocco alone, over twenty studies were conducted
following this approach. The reason behind this abundance of studies and the related
enthusiasm of researchers towards Moroccan geology is due to its puzzling landscapes
and complex history. In this Thesis, we investigate unconstrained aspects of the km-
scale vertical movements that occurred in Morocco and its surroundings (Canary Islands,
Algeria, Mali, and Mauritania).

The transition area between generally subsiding domains and mostly exhuming
domains, yet poorly understood, is discussed via the evolution of a profile, running
across the rifted continental margin (chapter 2). Low-temperature thermochronology
data from the central Morocco coastal area document a km-scale exhumation between
the Permian and the Early/Middle Jurassic. The related erosion fed sediments to the
subsiding Mesozoic basin to the northwest. Basement rocks along the transect were
subsequently buried between the Late Jurassic and the Early Cretaceous. From late
Early/Late Cretaceous onwards, rocks present along the transect were exhumed to their
present-day position.
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The post-Variscan thermal and geological history of the Anti-Atlas belt in central
Morocco is constrained with a transect constructed along strike of the belt (chapter 3).
The initial episode occurred in the Late Triassic and led to a km-scale exhumation of
crustal rocks by the end of the Middle Jurassic. The following phase was characterised
by basement subsidence and occurred during the Late Jurassic and most of the Early
Cretaceous. The basement rocks were then slowly brought to the surface after
experiencing a km-scale exhumation throughout the Late Cretaceous and the Cenozoic.
The exhumation episodes extended into the interior of the African tectonic plate,
perhaps beyond the sampled belt itself.

Exhumation rates and fluxes of material eroded from the hinterlands of the Moroccan
rifted margin were quantified from the Permian (chapter 4). The high denudation rates,
obtained in central Morocco during the Early to Middle Jurassic and in northern
Morocco during the Neogene, are comparable to values typical of rift flank, domal, or
structural uplifts. These are obtained in central Morocco during the Early to Middle
Jurassic and in northern Morocco during the Neogene. Exhumation rates for other
periods in northern to southern Morocco average around ‘normal’ denudation values.
Periods of high production of sediments in the investigated source areas are the
Permian, the Jurassic, the Early Cretaceous, and the Neogene

The Phanerozoic evolution of source-to-sink systems in Morocco and surroundings is
illustrated in several maps (chapter 5). Substantial shifts in the source areas were
evidenced between the central and northern Moroccan domains during the Middle-Late
Jurassic and between the Meseta and the Anti-Atlas during the Early-Late Cretaceous.

Finally, the mechanisms responsible for the onset and subsistence of the unpredicted
km-scale vertical movements are discussed (chapter 6). We propose that a combination
of the large-scale crustal folding, mantle-driven dynamic topography, and thermal
subsidence, superimposed to changes in climates, sea level and erodibility of the
exposed rocks, were crucial to the timing, amplitude, and style of the observed vertical
movements.

The km-scale vertical movements will continue to be studied for years to come.
Expectantly, this Thesis will deliver sufficiently robust grounds for further elaborated
and integrated studies.
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Samenvatting

Ons begrip van het binnenste van de aarde wordt beperkt door de toegang die we ertoe
hebben, terwijl ons beeld van haar evolutie beperkt is tot de huidige staat. We moeten
vertrouwen op proxy’s, fysische en numerieke modellen en observaties op het
aardoppervlak. De topografie is zo'n proxy, omdat dat het resultaat is van de combinatie
van processen aan de oppervlakte en in de ondergrond. Dus wanneer iemand het
landschap kan lezen, kan men de geologische evolutie ervan herlezen.

In het afgelopen decennium hebben talrijke studies de opwaartse en neerwaartse
verticale bewegingen in de continentale riftmarges van de Atlantische Oceaan en hun
achterland op een schaal van kilometers gedocumenteerd. Deze bewegingen,
omschreven als opheffing (omhoog) en daling (naar beneden), zijn aangemerkt als
‘onvoorspelbaar’ en/of ‘onverwacht’; ‘onvoorspelbaar’ omdat de conceptuele, fysische
en numerieke modellen die we gebruiken voor de evolutie van continentale marges
deze relatief recente waarnemingen over het algemeen niet bevatten; 'onverwacht'
omdat de verticale bewegingen onvoldoende verklaard worden door onze geologische
geschiedenis. Vooralsnog blijven de mechanismen die verantwoordelijk zijn voor deze
verticale bewegingen op een schaal van kilometers enigmatisch.

Een van de gebruikelijke methoden die door geowetenschappers worden gebruikt om
de kinematiek van de continentale korst te onderzoeken is thermochronologie bij lage
temperatuur in combinatie met tijd-temperatuurmodellering. In Marokko alleen al
werden ongeveer twintig studies uitgevoerd met gebruikmaking van deze benadering.
De reden voor deze overvloed aan studies en het daaraan verbonden enthousiasme
over de Marokkaanse geologie is te danken aan de raadselachtige landschappen en
complexe geschiedenis. In dit proefschrift onderzoeken we onbekende aspecten van de
verticale bewegingen die zich op een schaal van kilometers hebben voorgedaan in
Marokko en omstreken (de Canarische Eilanden, Algerije, Mali en Mauritanié).

Het overgangsgebied tussen stijgende en dalende domeinen wordt beschreven aan de
hand van de evolutie van de Sidi Ifni-doorsnede die over de verschoven continentale
marge loopt (hoofdstuk 2). Lage-temperatuurs thermochronologiegegevens uit het
kustgebied van de Anti-Atlas documenteren een opheffing op een schaal van kilometers
tussen het Perm en het Vroeg/Midden Jura. De daarmee samenhangende erosie voedde
sediment aan het dalende Mesozoische bekken in het noordwesten. Sokkelgesteente
langs de doorsnede werd begraven tussen het Laat Jura en het Vroeg Krijt. Vanaf het
Vroeg/Laat Krijt werd het gesteente dat aanwezig is langs de doorsnede opgeheven tot
zijn huidige positie.
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De post-Hercynische thermische en geologische geschiedenis van de Anti-Atlasgordel
wordt vastgelegd door een doorsnede langs de as van het gebergte (hoofdstuk 3). De
eerste episode vond plaats in het Laat Trias en leidde tot een opheffing van
korstgesteente op een schaal van kilometers tegen het einde van het Midden Jura. De
volgende fase resulteerde in daling van de sokkel gedurende het Late Jura en het
grootste deel van het Vroeg Krijt. Het sokkelgesteente werden vervolgens langzaam
naar de oppervlakte gebracht gedurende een opheffing op een schaal van kilometers in
het Laat Krijt en het Cenozoicum. De opheffingsfasen strekten zich uit tot in het midden
van de Afrikaanse tektonische plaat en misschien buiten de bemonsterde gordel zelf.

De opheffingssnelheden en sedimentaanvoer zijn gekwantificeerd vanaf het Perm
(hoofdstuk 4). De hoge denudatiesnelheden zijn vergelijkbaar met waarden die
geassocieerd worden met riftflanken en thermisch aangedreven koepelvormige of
structurele opheffingen. Dergelijke snelheden worden gezien in de Anti-Atlas tijdens het
Vroeg Jura en in de Hoge Atlas en Rif tijdens het Neogeen. Opheffingssnelheden voor
andere perioden in de Meseta, Hoge Atlas, Anti-Atlas en het Reguibatschild zijn
gemiddelden rond de normale denudatiewaarden. Periodes van hoge
sedimentproductie in de onderzochte brongebieden zijn het Perm, het Jura, het Vroeg
Krijg en het Neogeen

De Phanerozoische evolutie van bron-bekken systemen in Marokko en omgeving wordt
geillustreerd in verschillende kaarten (Hoofdstuk 5). Aanzienlijke veranderingen van
brongebieden zijn aangetoond tussen de Anti-Atlas en Meseta-domeinen vanaf het
Midden tot Laat Krijt en tussen de Meseta en Anti-Atlas vanaf het Vroeg tot Midden/Laat
Krijt

Tot slot worden de structuren die verantwoordelijk zijn voor het ontstaan en het
voortzetten van de onvoorspelbare verticale bewegingen op een schaal van kilometers
geanalyseerd (hoofdstuk 6). We stellen een combinatie voor van grootschalige
korstvervouwing, door de mantel aangedreven dynamiek in topografie, en thermische
bodemdaling, bovenop op het klimaat, zeeniveau en erodeerbaarheid van het
blootgestelde gesteente, droegen bij aan de timing van verticale bewegingen, patronen
en amplitudes zoals waargenomen in Marokko en omstreken.

De verticale bewegingen op een schaal van kilometers zullen nog vele jaren bestudeerd
worden. Hopelijk levert dit proefschrift een solide basis voor een verdere uitwerking en
geintegreerde studies.
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Introduction



Chapter 1

1.1. Scope of the Thesis

The present-day landscape is the result of a finite amount of processes operating at the
surface and in the subsurface of the Earth. These processes are numerous, complex,
and, perhaps more importantly, not fully understood. One of the challenges in
geoscience over the last decades has been to define and quantify evolution of
continental margins (fig. 1.1).

NORTH AMERICA

Early Jurassic
- Break up -

Latitude [°]

Longitude [°]

Figure 1.1. Morphology of the Central Atlantic seafloor and conjugate margins (data:
GEBCO_2014_1D). Simplified plate tectonic evolution is after Stampfli and Borel (2002).

In the case of passive rifting (Allen and Allen, 2013), existing models state that the rift
zone and flanks are characterised by lithospheric stretching, high surface heat-flow,
seismic activity, negative Bouguer anomalies, thermal anomaly at depth, and may be
affected by volcanism and flank uplift. The latter occurs along the footwall of faults of
the rift. Syn-rift flank uplift may extend over 100 km into the unstretched crust, reaching
up to 1 km in elevation and leading to intensified erosion (e.g. Allen and Allen, 2013).
Lithosphere kinematic models characterise the post-rift stage by slow cooling following
the continental break-up and thermal contraction (i.e. thermal subsidence). As observed
by Japsen et al. (2012a), the continental crust adjacent to passive margins have
frequently been described as shoulder uplifts during their syn-rift stage and as
tectonically quiescent during their post-rift stage. Furthermore, this assumed inactivity
agrees with most conceptual, physical, and numerical models that we dispose of for the
evolution of passive margins (reviewed in Watts, 2012).

Continental passive margins and their hinterlands, especially in the Atlantic realm, are
the locus of a significant amount of studies that evidence pre-, syn-, and post-rift
episodic km-scale upward (i.e. exhumation) and downward (i.e. subsidence) movements
(e.g. Green et al.,2018). Pre-rift exhumation episodes are recorded in the vicinity of the
future Atlantic Ocean (e.g. Juez-Larre and Andriessen, 2006; Ruiz et al., 2011; Jelinek et
al,, 2014; Japsen et al., 2016a). Syn-rift exhumation episodes have been described in the

3



Introduction

Atlantic rift flanks (e.g. Oukassou et al., 2013; Jelinek et al., 2014; Wildman et al., 2015;
Japsen et al,, 2016a), while syn-rift subsidence episodes have been documented in
fewer places (e.g. Juez-Larre and Andriessen, 2006; Ghorbal et al.,, 2008). Post-rift km-
scale vertical movements have been documented along the North (e.g. Japsen et al.,
2006; Japsen et al., 2016a;b), Central (e.g. Bertotti and Gouiza, 2012; Amidon et al.,
2016) and South (e.g. Jelinek et al., 2014; Wildman et al., 2015) Atlantic margins. Beyond
the Atlantic realm, Australian margins have experienced similar movements (e.g.
Tassone et al., 2012).

Although all the above mentioned studies were keen to investigate the exhumation
episodes, very few focused on the subsidence events. The latter are important because
in many places thick sediment series have been deposited and then removed. This
impacted not only the thermal history of the substratum, but also the source-to-sink
systems fed by the removal of these sequences. Moreover, a link must exist between
domains undergoing coeval opposite vertical movements. As several studies conducted
in the margins of the Central Atlantic have already proposed (e.g. Bertotti and Gouiza,
2012), anomalous vertical movements in the exhuming domain are coeval to excessive
downward movements in the subsiding domain.

Exhumation and subsidence episodes occur in regions characterised by both stretched
and non-stretched lithosphere, demonstrating that other processes extrinsic to the
rifting are at work, or that the effects of the rifting and drifting outreached their margins.
Several authors have qualitatively tested aspects of these vertical movements with
numerical models (e.g. Leroy et al., 2008; Gouiza, 2011; Yamato et al.,, 2013). However,
to better constrain the models, a quantification of these movements over geological
time and, more importantly, at the scale of the margin is required.

Vast regions along rifted continental margins are characterised by the exposure of pre-
rift rocks (e.g. in Norway, Canada, Greenland, Morocco, Mauritania, Brazil, Australia...).
Low-Temperature Thermochronology (LTT) and time-Temperature (t-T) modelling
techniques provide understanding of the thermal history of geologically ill-constrained
areas characterised by no or little sedimentary records (e.g. Gallagher et al., 1998;
Ghorbal et al., 2008; Japsen et al., 2009; Teixell et al., 2009; Japsen et al., 2012b; Jelinek
et al, 2014). These techniques are commonly employed as proxies to reconstruct
vertical movements (e.g. Teixell et al, 2009). Recent Ph.D. dissertations nicely
elaborated on the LTT method (Sehrt, 2014; Leprétre, 2015; Doménech, 2015). Because
the LTT ages record the cooling of rock samples, they are linked either to thermal
relaxation and/or exhumation (also called denudation; e.g. Pagel et al.,, 2014). Hence,
LTT ages are recorded shortly after magmatic events, during/after processes linked to
the creation of topography (e.g. orogenies, shoulder uplift, thermal doming), and/or
during processes leading to enhanced erosion (e.g. climatic and sea level changes).

LTT has been used in many regions around the globe, resulting in very dense data sets
for regions characterised by puzzling landscapes such as the elevated continental
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Chapter 1

passive margins (e.g. Japsen et al.,, 2012a), the Himalaya and Alps mountains, and
Morocco for instance. Over thirty LTT and time-Temperature (t-T) modelling studies
have been conducted in Morocco and its surroundings. There, the large majority of the
produced LTT ages spanned the period between the Variscan and Atlas orogenies (ca.
300-40 Ma). They were described as resulting from vertical movements, and have
sometimes been labelled as km-scale “unexpected” exhumation and “unpredicted”
subsidence episodes, remaining enigmatic to-date (fig. 1.2; e.g. Ghorbal et al., 2008).

The elements of the above-described exhumation and subsidence episodes that are yet
to be investigated are: The link between the onshore and offshore movements, their
extent away from the rifted margin, their rates, the resulting source-to-sink systems,
and the responsible mechanism(s). This Thesis is a contribution to bridge these gaps in
our knowledge of the Moroccan, NW African, and Central Atlantic geological evolutions.
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Figure 1.2. Summary of the unexpected km-scale vertical movements observed in the Central
Atlantic margins and their adjacent continental crusts (after Gouiza et al., 2010). A), B), and
C) Pre-, Syn- and post-rift situations, respectively. MOR: Mid-Oceanic Ridge (spreading
centre); COTZ: Continent-Ocean Transition Zone.



Chapter 1

1.2. Thesis Outline

This Thesis is composed of seven chapters, starting in the introduction with a general
definition of the km-scale vertical movements and followed by the geological history of
Morocco (and by extension, of its surroundings: The Central Atlantic Ocean, Algeria,
Mauritania, and Mali) (fig. 1.3).

Chapter 2 examines the link between the onshore and offshore domains, along the Anti-
Atlas coastline, in the Sidi Ifni area. The basement of the rifted margin is outcrping in the
Anti-Atlas belt, and has mostly been subsiding since the Late Triassic. We use LTT,
seismic, and borehole data, as well as new age control on Mesozoic sediments to
document the post-Variscan geological evolution of a transect defined across the rifted
margin.

Chapter 3 focuses on the landward extent of the vertical movements along the Anti-
Atlas. The Anti-Atlas belt extends over more than 600 km, from the Atlantic margin in
the west to the interior of the African plate in the east. Along the axis of the belt,
Precambrian crystalline basement rocks are outcropping, which allows for the
investigation of the thermal history far away from the coast by performing LTT and t-T
modelling. Paleo-temperature transects running parallel to the Anti-Atlas trend were
then built and used to described the landward wavelength of these movements.

Chapter 4 provides the rates of the vertical movements documented with t-T modelling.
For this, all t-T modelling best-fit curves are digitized and temperature-to-depth
conversion is applied. The exhumation and subsidence rates were then used as input for
interpolation at the scale of the margin, in order to quantify the volume of rocks that
were eroded during several exhumation episodes.

In chapter 5, we have compiled new findings with an extensive review of existing data
in order to build ten source-to-sink maps, from Permian to Neogene. Emphasis is placed
on Jurassic and Cretaceous periods. The maps contain well data, outcrop spatial
distribution, lithofacies from onshore and offshore basins, provenance study analyses,
relevant palaeontological data, and exhumed domains.

In chapter 6, we discuss several aspects of the investigated vertical movements;
knowledge which we acquired from the Moroccan rifted margin and adjacent
continental crust. In this chapter, we also venture into the complex and elusive task of
constraining the mechanism(s) responsible for the vertical movements.
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Chapter 1

1.3. Geography and geological history of Morocco

1.3.1. Geography of Morocco

The Central Atlantic continental margins extend from Morocco to Guinea in the east and
Canada to the USA in the west (fig. 1.1; Davison, 2005; Withjack and Schlische, 2005).
Morocco, located in Northwest Africa, is characterised by a ‘triple junction’ offshore
Agadir (e.g. Michard et al., 2008) between the Central Atlantic Ocean, the West African
Craton, and the Atlas orogenic system. The relief (fig. 1.4) varies from high mountainous
regions (Rif and Atlas belts), level high grounds (Hauts Plateaux and Ouarzazate basin),
old elevated massifs (Central Massif, Rehamna, Jebilets, Massif Ancient, Anti-Atlas, and
Ougarta), non-elevated coastal plains (Meseta, Souss Basin, Tarfaya Basin, and Dakhla
Basin), and the Saharan domain (south of the Anti-Atlas) marked by ergs, regs (Reguibat
Shield), and sabkhas (salt flats). The Moroccan geology (fig. 1.5) was defined by major
events from the Precambrian to the present-day (fig. 1.6).

1.3.2. Geology of Morocco: Pre-rift

The Central Atlantic pre-rift period of Morocco is characterised by the Eburnean and
Panafrican orogenies during the Paleoproterozoic and Neoproterozoic (Piqué et al,
2006), respectively. These orogenies deformed the oldest sediments of Morocco and
the crystalline basement of the Western African Craton, and are exposed in the Reguibat
shield, Mauritanides, and in the core of the Anti-Atlas. Marine-dominated
sedimentation occurred during the Early Palaeozoic and deposits are preserved and
exposed in the Meseta massifs, Anti-Atlas, and Tindouf basin (Michard et al., 2008).

The Late Palaeozoic Variscan orogeny (fig. 1.6; basin inversion, crustal folding, intense
thrusting, nappe structures, granitic intrusion...) affected the Palaeozoic cover and
Precambrian basement of the Meseta, High Atlas, and Anti-Atlas (e.g. Michard et al,,
2010). It was followed in Late Permian to Middle Triassic by post-orogenic collapse (or
peneplanation of the belt) constrained in Morocco by the Variscan unconformity (e.g.
Frizon de Lamotte et al.,, 2004).
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Chapter 1

1.3.3. Geology of Morocco: Syn-rift

Morocco experienced two nearly synchronous episodes of rifting during Triassic and
Jurassic times: The Central Atlantic (ca. 230-190 Ma; Labails et al.,, 2010; Frizon de
Lamotte et al., 2015) and Atlasic (ca. 240-185 Ma, aborted; Piqué et al., 2006; fig. 1.6)
rifts. The orientation of the Central Atlantic rift is partly inherited from Variscan
structures, as rift structures occurred over and parallel to the trend of the Palaeozoic
belt. The Atlasic rift belongs to the Tethysian realm and is oriented at ca. 45° to the
Central Atlantic rift (fig. 1.5). In the rift zones, grabens and half graben were filled-up
with syn-rift deposits in the Doukkala, Argana/Essaouira-Agadir, Tarfaya coastal basins
and High/Middle Atlas basins. At ca. 201 Ma, the Central Atlantic Magmatic Province
(CAMP; figs. 1.5 and 1.6) is characterised by the emplacement of mafic dykes and sills,
followed by flood basalts dated until ca. 190 Ma (e.g. Davies et al., 2017).

1.3.4. Geology of Morocco: Post-rift

The onset of drifting marking the break-up of Pangaea occurred at the beginning of the
Jurassic. The precise age is debated between 190 and 170 Ma (e.g. Labails et al., 2010;
Davison, 2005). The development of the Moroccan passive margin during the Jurassic
and Early Cretaceous witnessed the accumulation of marine and neritic sediments in the
present-day offshore, coastal, High/Middle Atlas, and Settat Plateau (Meseta). The Peri-
Atlantic Alkaline Pulse (PAAP) is recorded by plutons and flood basalt in the conjugate
margins of the Central and South Atlantic oceans, between 125 and 80 Ma (Matton and
Jebrak, 2009; Montero et al., 2016). The Richat structure in Mauritania and some
carbonatites in the Mauritanides are manifestations of the PAAP. Some of the Canaries
Island seamounts (fig. 1.4) have been dated between 142 and 91 Ma (van den Bogaard,
2013), overlapping with the timing of the PAAP activity.

The opening of the South Atlantic at ca. 85 Ma led to the African and European plate
convergence from the Late Cretaceous to the present-day, and may be responsible for
folding and basin inversion in the High and Middle Atlas and in the Rif chains (Guiraud,
1998). The ongoing Atlas orogenesis that peaked in the Eocene is characterised by the
deformation and surrection of the Rif, Middle and High Atlas, and of the Anti-Atlas to
some extent (Michard et al., 2008). Finally, the Cenozoic volcanism (Missenard and
Cadoux, 2011) and surface uplift have been interpreted as associated to a mantle
anomaly (Zeyen et al., 2005; Teixell et al., 2005; Missenard, 2006). They are observed
along two axes, from the Canary Islands to the Siroua massif (Anti-Atlas), and from the
latter to the Rif belt.
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Figure 1.5. Geological map of Morocco and its surroundings (after Hollard et al., 1985).
CAMP: Central Atlantic Magmatic Province; PAAP: Peri-Atlantic Alkaline Province.
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The Sidi Ifni transect across the
rifted margin of Morocco

Abstract: The occurrence of km-scale exhumations during syn- and post-rift stages has
been documented along Atlantic continental margins, which are also characterised by
basins undergoing substantial subsidence. The relationship between the exhuming and
subsiding domains is poorly understood. In this study, we reconstruct the evolution of a
50 km long transect across the Moroccan rifted margin from the western Anti-Atlas to
the Atlantic basin offshore the city of Sidi Ifni. Low-temperature thermochronology data
from the Sidi Ifni area document a ca. 8 km exhumation between the Permian and the
Early/Middle Jurassic. The related erosion fed sediments to the subsiding Mesozoic
basin to the NW. Basement rocks along the transect were subsequently buried by 1-2
km between the Late Jurassic and the Early Cretaceous. From late Early/Late Cretaceous
onwards, rocks present along the transect were exhumed to their present-day position.*

" The abstract and parts of the chapter are published in the African Journal of Earth Sciences:
R.Charton, G.Bertotti, A.Arantegui, and L.Bulot, 2018. The Sidi Ifni transect across the rifted
margin of Morocco (Central Atlantic): Vertical movements constrained by LTT.
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2.1. Introduction

In the Atlantic realm, the link between the generally exhuming onshore and subsiding
offshore domains is rarely investigated. At the same time, “km-scale” syn- and post-rift
vertical movements are currently being documented in nearly all Atlantic passive
margins. The proposed numerical models (e.g. Yamato et al., 2013) for the evolution of
passive margin are fairly general and still unable to provide predictions by which they
can be tested against observations from natural systems. This is partly due to the fact
that most of these enigmatic vertical movements are documented onshore using Low-
Temperature Thermochronology (LTT), without any attempt to link them to the
movements in offshore areas. These observations require an integrated analysis of the
entire system from the exhuming domain (source) to the subsiding region (sink) to fully
understand the tectonics involved.

In this chapter, we construct a 50 km long transect across the Moroccan rifted margin
(fig. 2.1) from the western Anti-Atlas to the offshore passive margin basin, that we call
the Sidi Ifni transect. The coexistence of Mesozoic sediments and regional
unconformities in the study area (fig. 2.2) makes it a key transition between the
generally subsiding offshore and exhuming Anti-Atlas (e.g. Gouiza et al., 2017a).
Expanding on an existing LTT data base and using new and robust stratigraphic ages of
the Mesozoic sediments, we present a reconstruction of syn- and post-rift vertical
movements along the Sidi Ifni transect.

2.2. Present-day architecture of the Sidi Ifni transect

The Sidi Ifni transect (figs. 2.1 and 2.3) is composed of the Sidi Ifni dome in the onshore
domain and the Atlantic continental shelf, slope, and abyssal basin in the offshore
domain.

The Precambrian basement is composed of Neoproterozoic granites and metamorphic
rocks (Pan-African orogeny; e.g. Thomas et al., 2004). These rocks are partially covered
by autochthonous Late Neoproterozoic and Palaeozoic sediments (e.g. Michard et al.,
2008), and were deformed during the late Palaeozoic Variscan orogeny (e.g. Burkhard
et al., 2006). The pre-Mesozoic basement outcropping onshore is affected offshore by
NW and SE dipping normal faults, which bound syn-rift half grabens.
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Figure 2.1. A) Simplified geological map of the Sidi Ifni area (after Hollard et al., 1985) and
LTT data localisation (Sebti, 2011, Ruiz et al., 2011; Sehrt et al., 2017; present study).
Bathymetry contour lines are every 50 m. Syn-rift offshore normal faults are from Le Roy
and Piqué (2001). C: Cenozoic; M: Mesozoic; €: Cambrian; pE: Precambrian; AFT: Apatite
fission track ages; AHe: (U-Th)/He dating on apatites. B-D) Geological cross-section of the

Sidi Ifni area (after Yazidi et al., 1986, 1991) onto which we projected LTT ages.
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Figure 2.2. A) Stratigraphic log of the Ifni-1 (IF-1) well (after well report). Neritic: Neritic
clastics and sandstones (continental for the Triassic), Carbonate: Limestones/dolomites,
Salt: Salt and other evaporites. B) Simplified geological map of the Sidi Ifni Margin with
highlight on Mesozoic sediments (after 1/100000 geological maps of Tiznit and Sidi Ifni;
Yazidi et al., 1986; 1991). J?: Middle? Jurassic fluvial red conglomerates and red/pink/grey
coarse to very coarse sandstones; MJ: Intertidal fine clastics and shallow marine carbonates
identified as Middle Jurassic (Arantegui et al., 2016, Arantegui, 2018). C-E) Cross-sections
illustrating the geometry of the contact between the Sidi Ifni basement rocks and the
Mesozoic sediments (based on field work and Google Earth investigations).
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On the continental shelf, the Ifni-1 well shows ca. 2 km thick Mesozoic sediments (fig.
2.2A), comprising the syn- and post-rift packages. The syn-rift Permian?-Triassic
sediments are truncated by the Middle Jurassic sediments close to the shoreline.
Westwards, Lower Jurassic platform sediments thin into basinal facies (Hafid et al,
2008), while they are also truncated near the coast by Middle Jurassic sediments, and
are missing in Ifni-1 well (fig. 2.2). The well traversed the Middle Jurassic, which starts
with a section of mixed carbonates and clastics.

LGZ01  MESOL SE
. Pal
NW 10km Lkm
IF-1* L, ‘
0 Y \ o
= = . N I
1 \' S o

1SP-83-07 line |

1 Cross-section

Figure 2.3. The Sidi Ifni transect: Composite cross-section running through the Sidi Ifni area,
based on the interpretation of the 2D seismic line SP-83-07 from Gouiza (2011) and from
the geological map from Hollard et al. (1985). The seismic line ends ca. 10 km before the
shoreline. The gap (dashed line in figure 2.1A) was interpolated from the seismic
interpretation and the geological map, the LTT ages are projected. * IF-1 is projected on the
basement high at 2 second (TWT). ** The well report does not document Lower Jurassic
sediments but only Triassic and Middle Jurassic. C: Cenozoic;, M: Mesozoic (K: Cretaceous; J:
Jurassic; Tr: Triassic); P: Permian; €: Cambrian; pE: Precambrian.

Mesozoic sediments in contact with Palaeozoic and Precambrian rocks are exposed
along a narrow NE-SW oriented domain along the coastline (fig. 2.2B). Intertidal fine
clastics and shallow marine carbonates exposed along Craima Beach were mapped by
Yazidi et al. (1986) as Lower to Middle Cretaceous red sandstones with conglomerate
interbeds, bituminous marls and limestones with Natica and Ampulina, overlying red
conglomerates. The age was originally established on poorly preserved ostracods. These
sediments have been re-dated using benthic foraminifera, green algae, gastropods and
bivalves as Middle Jurassic (fig. 2.2E; Arantegui 2018). In the north of the present study
area, outcrops are mapped as Lower Cretaceous red conglomerates, sandstones and
grey and pink argillaceous sandstones overlain by Middle Cretaceous dolomites,
limestones and marly limestones with trigoniids, alectryonids and nerineids (Yazidi et al.,
1991). The great resemblance in facies and fauna with the study area of Arantegui
(2018) strongly suggests a generalized misdating of the Mesozoic outcrops in the Sidi
Ifni area. Underlying undated sediments stratigraphically conformable are fluvial clastics
(figs. 2.2C, D and E), and will be considered in this work as Middle Jurassic. Based on
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field observations, their architecture shows alluvial fans downlapping on basement
rocks laterally associated to alluvial plain deposits.

Offshore, undifferentiated Upper Jurassic/Lower Cretaceous neritic clastics overly the
Upper Jurassic carbonate platform, and are referred to as the ‘Sables de Tan-Tan’
Formation (e.g. Choubert et al., 1966; Martinis and Visintin, 1966). Finally, the Lower
Cretaceous reflections in line SP-83-07 are interpreted as up-dip truncations close to the
seabed in the continental shelf domain. The Cretaceous sediments drilled in Ifni-1 are
neritic clastics and carbonates. The Middle Cretaceous (Aptian-Albian) to Cenozoic
sediments are only preserved close to the shelf edge and further offshore, while the
Late Cretaceous sediments are not recorded in the study areas.

2.3. LTT and time-Temperature modelling: Methods and results

The samples MESO1 and LGZ01 were collected from a granite of the Precambrian
basement and the Middle Jurassic conglomerate of Lgezira beach, respectively (fig. 2.4).
Apatite crystals within these samples were analysed for apatite fission tracks (AFT) and
(U-Th)/He (AHe). The AFT measurements (table 2.1) were carried-out at Dalhousie
University (Halifax, Canada) by B.Louis, and ages were calculated using the external
Detector method (Gallagher et al., 1998). The method is described in Louis (2015). The
AHe analyses (table 2.2) were conducted in Dalhousie University (Halifax, Canada) by
R.Kislitsyn, based on K.Farley’s technique summarized in Farley (2002).

The two samples produced Triassic AFT ages (206.1+10.3 and 214.3+8.8 Ma) and
Cretaceous mean AHe ages (100.2+6.0 and 98.6+5.9 Ma). The abundance of confined
tracks between 12-14 um (fig. 2.4) is the results of long residence above the Apatite
Partial Annealing Zone (APAZ; Bigot-Cormier, 2002) and is compatible with rapid cooling
through the APAZ (e.g. Ghorbal et al., 2008). The dispersion of AHe single grain ages
suggests a partial opening of the He system (Rougier et al., 2013) between ca. 170 and
60 Ma for MESO1 and between 140 and 50 Ma for LGZ01.
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Figure 2.4. Sampled outcrops (left panel), track length distribution (central panel), and radial plots
(bivariate scatterplots; right panel). Radial plots were made with RadialPlotter with Linear
Transformation (Vermeesch, 2009). sd: Standard deviation; a: Error with 1o (Ma) (with precision
given by 1/ a); x2: Chi-square probability. A) Precambrian granite of the Sidi Ifni area exposed in
a riverbed close to the city of Mesti, where MESO1 was sampled. B) Middle Jurassic red beds (or
older; Arantegui, 2018) lying unconformably on the Proterozoic basement, located north of the
Lgzira village, and where LGZ01 was sampled.

U ps[x105trun'2] p[x105trcm'2] pd[x105trcm'2] P(xz) AFTAgestlc  MTLt1lo  Sdwvm Dpar  Stdppar

SRS N ooml () . ) %  Ma Wl o ] )

MED1 26 251 224(1430) 219(1399) 11.4(6234) 25 206.07+10.29 11.38:0.85 1.93 21 223 0.82
LGD1 36 329 2.933(2518) 2.86(2455) 11.8(6234) 8.5 214.2748.85 11.77#0.31 198 105 2.3 0.92

Table 2.1. Apatite Fission track results. n is the number of analyzed apatite crystals. ps is the
density of spontaneous tracks, p; is the density of induced tracks, and py is the density of fossil
tracks. ns, n, and ny are the number of tracks used for the density calculation. P(x2)% is the Chi-
square probability; samples pass the Chi-square test when P>5%. AFT ages are central ages with
error #10. M, is the mean track lengths with error +10 and standard deviation SAtMTL. nTL is the
number of measured track lengths. Dpar is the diameter of etched spontaneous tracks measured
parallel to the c-axis and is associated to its standard deviation SdtDpar. Zeta ({)=362.3 is the
correcting factor defined by Fleischer and Hart (1972); 0({)=8.6 is the zeta uncertainty (Traditional
calibration; Hurford, 1990).
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) u Th  "“an eU He Radius Mass Unoorrected Corrected
SampleAIQuots 1ol lopm] [ppm] - [ppm] fmoll [uml  [ugl HeagerioMal 0 Heagerio[Mel
MED1_| 218 331 133 15 295 219 405 1.9 73.0+4.4 0.65 113.046.8
MED1_II 189 29.0 95 1.5 256 308 540 45 48.5+2.9 0.73 66.6+4.0
MBED1_lIl 15.0 245 85 16 20.7 118 420 2.0 52.043.1 0.65 79.7+4 .8
ME1_IV 195 247 95 13 252 645 520 3.7 124.5+7.5 0.72 172.6+10.4
ME1_V 211 341 126 16 290 6.8 35.0 1.0 40.8+2.5 0.59 69.244 .2
MED1 Mean 20.0 31.5 11.0 44.5 100.2+6.0
LGD1_| 242 271 274 11 306 255 440 2.6 58.9+3.5 0.68 87.045.2
LG201_1I 469 594 436 1.3 60.8 345 40.0 1.6 64.4+3.9 0.64 100.746.0
LG201_1I 325 556 307 17 454 742 455 3.1 96.045.8 0.68 140.548.4
LGD1_IV 248 270 245 11 311 852 570 59 84.845.1 0.75 113.546.8
LGD1_V 210 300 269 14 280 115 410 2.3 33.2+2 0.65 51.1£3.1
LGZ201 Mean 29.9 39.8 306 45.5 98.6+5.9

Table 2.2. Result of apatite (U-Th)/He analyses. Five aliquots from each sample were analyzed.
AHe ages are corrected using the Ft factor based on crystal geometries. eU: Effective uranium.
Mean concentrations, radius, and ages are used as input in t-T modelling.

The time-Temperature (t-T) paths were obtained by modelling AFT lengths, Dpar, and
AFT/AHe ages with the inverse modelling software HeFTy (Ketcham, 2005; table 2.3 and
fig. 2.5). HeFTy runs a Monte Carlo algorithm that generates t-T paths that match to a
certain extent (Goodness Of Fit, GOF) the input data. In the present study we use AFT
models (composed of the AFT single-grain age data and the confined track lengths) and
AHe models (composed of the mean AHe corrected age, the chemical composition, and
radius of the apatite crystal). Paths are considered ‘acceptable’ when the GOF for the
AFT model is between 5 and 50%, and ‘good” when higher than 50%. The ‘best fit’ path
has the highest GOF for both AHe and AFT models.

Five constraints were imposed to the different models. Constraint a (300-260°C/300-
295 Ma) is based on the end of the Palaeozoic low-grade metamorphism documented
by Ruiz et al. (2008) in the western Anti-Atlas (note that the authors described it from
330 to 300 Ma, which is on the edge of our modelling window). Constraint b (200-160
Ma) is based on the Jurassic sediments lying on Palaeozoic and Precambrian rocks in the
onshore Sidi Ifni area (Arantegui, 2018). Importantly, the constraint is set at surface
temperature for the granitic boulder (30-10°C), and close to surface temperatures for
the sampled granitic (60-20°C). We assume that the latter must have been protected
from Jurassic erosion by the Precambrian (and Palaeozoic?) rock column sitting on top
of it. The constraint ¢ (110-50°C/AHe age + 10 Ma) is based on the produced AHe ages
forits time component and the temperature range is based on the closure temperatures
proposed by Shuster et al. (2006) for the AHe system. Constraint d (30-10°C/10-0 Ma) is
based on the fact that the samples were collected at the surface. Constraint e (300-
10°C/300-170 Ma) is based on the fact that, prior to deposition, we lack geological
evidences of the source provenance. The large constraint e allows the realisations to be
at surface as well as at buried temperatures before the deposition of the granitic
boulder.
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A. Parameters AFT
Annealing model — Ketcham et al., 2007
C-axis projection — Ketcham et al.,, 2007, 5.0M
Model c-axis projected lengths —yes

Default initial mean track length — From Dpar (um)
Length reduction in standard — 0.893

Kinetic parameter — Dpar (um)

Population number —one

Length Data

Goodness of fit method — Kuiper’s Statistic

Age Data
Uncertainty mode — 1 SE (o)

B. Parameters He Apatite

Model parameters

Calibration — Shuster et al.,, 2006 (Durango Apatite)
Stopping distances — Ketchamet al., 2011

Alpha calculation — Redistribution

Data

Age to report — Corrected

Age alpha correction — Ketcham et al., 2011

C. Inverse modeling
Search Method — Monte Carlo
Acceptable Path (GOF) - 0.05
Good Path (GOF) - 0.5
Subsegment spacing — Random
Ending condition — Path tried = 7000000
Segment parameters
Path between constraints - Monotonic consistent

Halve - 2 times
Randomizer style - Episodic
No imposed maximum dt/dt

Table 2.3. Input parameters used for both simulations, which are performed with the HeFTy
software (version 1.8.2; Apatite to Zircon; Ketcham, 2005). A) Parameters used for the AFT
models. Cf irradiation, see Donelick and Miller (1991); Dpar is the diameter of etched spontaneous
tracks measured parallel to the c-axis and is used as a proxy for the chemical composition of
apatite and therefore for the annealing properties (Donelick et al., 1999); Kuiper’s statistic, see
Press et al. (1992); SE stands for standard error. B) Parameters used for the AHe models. C)
Parameters used in the inverse modelling.

24



Chapter 2

MESO1 - Mesti LGZ01 - Lgezira
Granite (B)

(A)

Granitic boulder

o

T[°C

~— Best Fit

~ 7 BestFit
Good Fit (GOF>0.5)
Acceptable Fit (GOF>0.05)

Good Fit (GOF>0.5)
Acceptable Fit (GOF>0.05) 200

tT paths
Acc: 7344 G: 1275
Best-fit GOF
It e AFT age: 0.98 Track length: 0.83  AHe age: 0.99
T T T T 300 = T T T T T
300 200 100 Time [Ma] 0 300 200 100 Time [Ma] 0

T paths
Acc: 29796 G: 8678

Best-fit GOF
AFTage:0.97 Track length: 0.97  AHe age: 0.99

~—~ Weighted average ~—~ Weighted average

200 4+ Good Fit constraint points 200f s« Good Fit constraint points
Acceptable Fit constraint points “-* Acceptable Fit constraint points
Weighted average GOF Weighted average GOF
AFTage:0.95 Track length: 0.94  AHe age: 0.34 e AFT age:0.44  Track length: 0.46  AHe age: 0.0
300 T T T T T 300 T T T T
300 200 100 Time [Ma] 0 300 200 100 Time (Ma) 0
l:l Constraints (user defined time/temperature windows) APAZ

Figure 2.5. Results of t-T modelling for A) MESO1 and B) LGZ01. Results are displayed with up to
200 curves for both good and acceptable goodness of fit (GOF) and the best-fit t-T path (upper
panels) or with the constraint points and the weighted average (lower panels). Forward modelling
was used to reproduce the weighted average curves in order to obtain their GOF values. See
modelling parameters in table 2.3. Acc: Acceptable paths; G: Good paths. APAZ: Apatite Partial
Annealing Zone.

The thermal modelling results are characterised by two cooling events, of significantly
different amplitudes, separated by a heating phase. The heating phase, although guided
by constraint ¢, is supported by the generation of acceptable and good paths in both
simulations. Results for both samples are very similar (fig. 2.5). The best-fit t-T path of
MESO1 shows a cooling event ending in the Early/Middle Jurassic (cooling of 250+10°C
between ca. 300 and 180 Ma), a subsequent heating to a temperature of ca. 50-60°C at
the Early to Late Cretaceous boundary (heating of ca. 10°C between ca. 180 and 100
Ma), followed by the second and last cooling episode (cooling of ca. 30+10°C between
100 and 0 Ma). The timing of heating and cooling episodes obtained from the granitic
boulder is similar, but this sample reached a higher temperature (of ca. 70°C) during the
heating episode.

Between the two samples, the weighted averages are nearly identical, with a Permian
to Early/Middle Jurassic cooling episode, Late Jurassic to Early Cretaceous heating
episode, and Late Cretaceous to present-day cooling episode. However, the two
samples are characterised by different temperature maxima and minima during each
phase. At 170 Ma, temperatures are 20°C cooler in the boulder, while the boulder
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reached temperatures ca. 10°C higher than the granite sample at 100 Ma. We used the
forward modelling option of HeFTy in order to obtain the GOF of the weighted averages
(fig. 2.5). While the AFT and AHe data of MESO1 are reproduced, the GOF value of the
LGZ01 AHe age is 0. When we increase the temperatures of ca. 10°C at 95 Ma, the
forwarded paths yield GOF values significantly higher, especially with LGZ01, for which
the AHe age GOF value reached 0.98. We thereafter use the weighted average results
to describe the evolution of the Sidi Ifni transect, with 10°C added at ca. 95 Ma for
LGZ01.

Previous LTT and t-T modelling studies carried-out in the Sidi Ifni area (figs. 2.2A and 2.6;
Sebti et al., 2009; Sebti, 2011; Ruiz et al., 2011; Sehrt et al., 2017) concluded that a
Carboniferous-Early Cretaceous km-scale exhumation (8-6 km) was followed by a post-
rift subsidence (1-2 km) during the Late Cretaceous, and by an exhumation (2-2.5 km)
during the Cenozoic. Our best-fit results show similar trend and amplitudes as the
previous studies in the Sidi Ifni area (fig. 2.6 and references therein), with two cooling
episodes separated by a heating event; the timing, however, is significantly different.
The main reason lies in the age of the Mesozoic sediments used to constrain the curves,
which were assumed to be Early Cretaceous but have now been shown to be Middle
Jurassic (Arantegui, 2018). It is worth noting that three of the best-fit curves from Sebti
(2011) also show the post-Variscan exhumation ending during the Jurassic. However,
the related exhumation was interpreted as ending in the Early Cretaceous because of all
the other modelled t-T paths (see original models for good and acceptable realisations).
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Figure 2.6. Best-fit (dashed) and weighted average t-T paths of MESO1 compared to the
best-fit t-T paths obtained in previous studies for samples of the Precambrian basement of
the Sidi Ifni area.
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2.4. Post-Variscan evolution of the Sidi Ifni transect

Integrating results from LTT and t-T modelling with the backstripping of Ifni-1 well
(Gouiza, 2011), we reconstructed the evolution of the Sidi Ifni transect (fig. 2.7). In this
part, we convert the temperatures obtained from the weighted average curves to
depths, using a geothermal gradient of 25°C/km and a surface temperature of 20°C; (e.g.
Sehrt et al., 2017). Following the Variscan orogeny (fig. 2.7A), during the Permian, a
major exhumation (ca. 7.5 km) occurred in the (present-day) onshore domain. Although
offshore Permian sediments are undifferentiated from the base of the syn-rift
sediments, we consider the western part of the transect to have started subsiding during
the Permian.

During the Triassic and Early/Middle Jurassic, the upward movement of the eastern part
of the transect continued (ca. 1 km, using the above-mentioned geotherm), persisting
until ca. 180 Ma (fig. 2.7B). The exhumation ended either 15-10 Myr after the
continental breakup (Early Jurassic; ca. 195-190 Ma; Sahabi et al., 2004; Labails et al.,
2010; Lundin and Doré, 2017) or 10-5 Myr before the continental breakup (Middle
Jurassic; ca. 175-170; Klitgord et al., 1986; Davison, 2005; Gouiza et al., 2010), as the
onset of drifting in the Central Atlantic is still debated. The related denudation event
shed important volumes of sediments to the west, as attested by the sediments
accommodated by the SE dipping normal faults (Le Roy and Piqué, 2001).

During the Middle Jurassic, erosion caused an unconformity which can be followed in
the present day offshore domain above the Triassic and merges onshore with the
unconformity above the Palaeozoic/Precambrian. We consider that the Early/Middle
Jurassic exhumation episode in the western Anti-Atlas affected also the previously
subsiding domain, reaching at least the vicinity of Ifni-1 well. Erosion affected the
Palaeozoic series and the Sidi Ifni granite (fig. 2.7C), until the exhumation ended in the
Early/Middle Jurassic. The sampled granitic boulder provenance may be the western
Anti-Atlas, as both samples share a similar t-T evolution.

During the Late Jurassic to the Early Cretaceous (fig. 2.7D), important subsidence
(between ca. 0.6 and 2 km) occurred in the offshore and onshore domains. Related
sediments are characterised by neritic clastics and carbonates (Ifni-1) and by a fluvial
dominated environment (Sehrt et al., 2017). This event is recorded in the Ifni-1 well by
an acceleration of the total subsidence rates, from ca. 0.02 to 0.03 km/Myr (Gouiza,
2011). A concurrent subsidence episode is observed in the entire Anti-Atlas (Gouiza et
al., 2017a).
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Figure 2.7. Conceptual model of the geological evolution of the Sidi Ifni transect; A) Situation
at the end of the Variscan orogeny to E) present-day architecture of the Sidi Ifni margin
simplified from figure 2.3. Vertical movements estimated from t-T modelling results of
MESO1 and LGZ01 and backstripping of the Ifni-1 well (in Gouiza, 2011). The description of
each stage is in the text. Horizontal scale is for B) to E) (no vertical exaggeration). B:
Undifferentiated basement offshore and Precambrian/Palaeozoic basement onshore; T:
Triassic/Permian; J: Lower, Middle, and Upper Jurassic; K: Cretaceous. Thickness in the
offshore domain is here estimated from Ifni-1 well, hence no Early Jurassic at the well
position was considered.
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Subsidence ended between the Early and Late Cretaceous around 100 Ma and was
followed by exhumation from the Late Cretaceous onwards (between ca. 1 and 2 km).
The lack of Upper Cretaceous sediments in the Ifni-1 well and up-dip truncations of the
Lower Cretaceous reflections indicate that the Late Cretaceous to Cenozoic exhumation
reached the present-day offshore domain (fig. 2.7E) and that Lower Cretaceous deposits
reached farther east into the western Anti-Atlas.

The Cenozoic exhumation in the Sidi Ifni area is overall fairly gentle, with a slight
acceleration in the last 10-20 Myr (fig. 2.5). The surface expression of the exhumation
was investigated by Westaway et al., (2009). They recognised, with field reconnaissance
and uplift modelling, that the presently exposed part of the transect has undergone over
200 m of uplift since the Pliocene. Several uplift phases are ascribed to the total motion,
and have induced a general tilting of the landscape towards the offshore domain.

2.5. Conclusions

The t-T modelling results constrained by Middle Jurassic stratigraphy preserved along
the coast allowed the reconstruction of the geological evolution of the Sidi Ifni transect.
Results indicate the exhumation of the onshore domain of the transect by ca. 7.5 km
between the end of the Variscan orogeny and the Early/Middle Jurassic. Erosion
affected the Palaeozoic series and eventually reached the Precambrian basement.
Eroded material was routed to the subsiding Mesozoic basin to the northwest. Rocks
along the transect were subsequently buried to a depth of 0.6 to 2 km during the Late
Jurassic and the Early Cretaceous. The burial event is documented in the offshore well
(IF-1) by an acceleration of the total subsidence rates. From the late Early/Late
Cretaceous onwards, the onshore transect rocks were exhumed by 1 to 2 km, while the
Lower Cretaceous deposits in the continental shelf were exposed and eroded (truncated
reflections).
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Post-Variscan evolution and
thermal history of the Anti-Atlas

Abstract: The Anti-Atlas belt of Morocco extends ENE-WSW, over more than 600 km,
from the Atlantic margin in the west to the interior of the African plate in the east. It
exhibits Precambrian rocks outcropping as basement inliers and surrounded by marine
Ediacaran—Cambrian sequences around the axis of the mountain range. The belt, which
has for a long time been interpreted as of Variscan age, is now revealed to have
experienced major vertical movements through Mesozoic and Cenozoic times. Thereby,
the Anti-Atlas domain appears to be affected by two episodes of exhumation separated
by an episode of subsidence. The initial episode occurred in the Late Triassic and led to
the exhumation of 7.5-10.5 km of crustal rocks by the end of the Middle Jurassic (ca.
160-150 Ma). The following phase resulted in 1-3 km of basement subsidence and
occurred during the Late Jurassic and most of the Early Cretaceous. The basement rocks
were then slowly brought to the surface after experiencing 2-3.5 km of exhumation
throughout the Late Cretaceous and the Cenozoic. The timing of these episodes of
exhumation and subsidence coincides with major tectonic and thermal events in
relation with the evolution of the Atlantic and Tethys Oceans, indicating that the effects
of their rifting and drifting extended beyond their presumed margins.*

" The abstract and parts of the chapter are published in the International Journal of Earth
Sciences: M.Gouiza, R.Charton, G.Bertotti, P.Andriessen, and J.E.A.Storms, 2017. Post-Variscan
evolution of the Anti-Atlas belt of Morocco constrained from low-temperature geochronology.
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3.1. Introduction

The Precambrian and Palaeozoic domains of the Anti-Atlas were recognised as relatively
stable with no major post-Variscan vertical movements (Choubert and Margais, 1952;
Michard, 1976; Guiraud et al.,, 1987, 2005; Malusa et al., 2007; Michard et al., 2008).
Various studies were conducted in the Anti-Atlas and its surroundings, using Low-
Temperature Thermochronology (LTT) and time-Temperature (t-T) modelling
techniques (fig. 3.1 and references therein). A post-Variscan exhumation (in the sense
of England and Molnar, 1990; i.e. an erosional unloading) and post-Early Cretaceous
subsidence episodes are recognised and modelled in the western (Ruiz et al.,, 2011;
Sebti, 2011; Sehrt, 2014) and central Anti-Atlas (Oukassou et al., 2013), but not in the
eastern Anti-Atlas (Malusa et al., 2007).
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Figure 3.1. Geological map of the Anti-Atlas (modified and simplified from Hollard et al.,
1985; Soulaimani et al., 2014) with LTT sample location with references therein. WAA, CAA,
and EAA: Western, Central, and Eastern Anti-Atlas, respectively; C: Cenozoic (Siroua
Volcanism; ca. 10-5 Ma); M: Mesozoic (CAMP related Dykes; ca. 200-195 Ma); Pal:
Palaeozoic; pE: Precambrian.

Previous studies focused on one or several neighbouring basement outcrops (fig. 3.1),
but none reconstructed the thermal history of the entire belt. The aim of this chapter is
to unravel the thermal history of the Anti-Atlas from the end of the Palaeozoic to the
present-day.
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Twelve samples from the Precambrian basement of the Anti-Atlas (fig. 3.1) were
collected along a ca. 600 km long WSW/ENE transect (fig. 3.2A). Apatite Fission Tracks
(AFT) and (U-Th)/He (AHe) ages were extracted, interpreted and used for t-T modelling
with regional constraints.
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Figure 3.2. Geological cross-sections of the Anti-Atlas built from the geological map
(including cross-sections; Hollard et al., 1985) and published cross-sections (see references
thereafter). The position of the cross-sections and the LTT ages are shown on the map.
Elevation profiles extracted from Google Earth; vertically exaggerated 10 times for A to E
and 40 times for F and G. Cross-sections A, B, F, and G are parallel to the trend of the belt;
Cross-sections C, D, and E are perpendicular to the trend of the belt. A) Cross-section from
the Ifni inlier to the Ougnat inlier (after Soulaimani et al., 2008, Raddi et al., 2007). *LTT
ages from chapter 2. B) Cross-section between the Souss and Ouarzazate basins;, CHA:
Central High Atlas. C) Cross-section along the western Anti-Atlas; WHA: Western High Atlas
(after Soulaimanietal., 2008). D) Cross-section along the central Anti-Atlas (after Missenard
et al. 2008; Balestrieri et al., 2009). E) Cross-section along the eastern Anti-Atlas (after
Jossen and Filali Moutei, 1988; Robert-Charrue 2006; Malusa et al., 2007, Soulaimani et al.,
2008; Raddi et al., 2007). F) Cross-section along Tarfaya Basin and Bas Braa (after
Soulaimani et al., 2014). G) Cross-section along the Sidi Ifni continental shelf and the Ifni
inlier (after Sebti, 2011).
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3.2. Geological setting of the Anti-Atlas

The Moroccan Anti-Atlas is located northwest of the Saharan domain. The WSW/ENE
oriented belt extends over 700 km and has a mean elevation of 1500 m (figs. 3.1 and
3.2). It is bounded by the Triassic-Jurassic inverted rift of the High Atlas fold and thrust
belt in the north, the Ougarta orogen in the east (in Algeria), and the Central Atlantic
Ocean in the west. Surrounding low-lying and level high ground areas are the Souss and
Ouarzazate basins separated by the Siroua Plateau in the north, the Palaeozoic unfolded
succession of the Tindouf basin in the south, the Cretaceous-Neogene Hamada du Guir
basin in the east, and the Meso-Cenozoic Tarfaya basin located on the south-western
side (fig. 3.1). Topographically, we describe the Anti-Atlas as a bulge plunging to the
south, south-west and north-east under piles of rather weakly deformed Upper
Palaeozoic to Cenozoic sediments.

The basement of the belt (figs. 3.2 and 3.3) is composed of Precambrian
metamorphosed rocks marked by the Neoproterozoic Pan-African orogeny (see Thomas
et al., 2004 and Soulaimani et al., 2014 for the geological history of the Anti-Atlas). One
tectonic feature remaining from this period is the Anti-Atlas Major Fault (AAMF; figs. 3.1
and 3.2). The ESE-WNW oriented AAMF is a Proterozoic sinistral strike-slip (Choubert
and Faure-Muret, 1971; Ennih and Liegeois, 2001) and was interpreted as the relic of a
Lower Neoproterozoic basin, which was thrusted during the Pan-African orogeny
(Hefferan et al., 2000; Ennih and Liégeois, 2001). The AAMF subdivides the Precambrian
of the belt into two distinct domains (Choubert and Faure-Muret, 1974). South of the
AAMF, the basement consists of Eburnean Palaeoproterozoic schist and granitic
intrusions and of Neoproterozoic shallow-water series, which were folded and
metamorphosed during the Pan-African Orogeny (Walsh et al., 2002; Thomas et al.,
2002; Gasquet et al.,, 2008; Soulaimani et al., 2014). North of the AAMF, the domain is
mainly Neoproterozoic in age, with ophiolites and island arc-related gneiss and
intrusions accreted during the climax of the Pan-African orogeny (D’Lemos et al., 2006;
El Hadi et al.,, 2010; Hefferan et al., 2014; Soulaimani et al., 2014).

The Anti-Atlas basement is covered by Late Neoproterozoic and Palaeozoic sediments
(Fabre, 1988; Michard et al., 2008), deposited during and after the peneplanation of the
Pan-African belt (e.g. Beuf et al,, 1971; Fabre, 2005). The km-thick marine Palaeozoic
sedimentation of the Anti-Atlas basin thins towards the east (e.g. Michard et al., 2008),
as the sag basin is then connected to the Rheic ocean. From the Carboniferous to Early
Permian, Gondwana converged towards Laurussia (Soulaimani et al, 2014 and
references therein) and the subsequent Variscan orogenesis eventually led to the
accretion of Pangaea. Folding and deformation of the Anti-Atlas occurred between the
Late Carboniferous and the Early Permian (e.g. Bonhomme and Hassenforder, 1985;
Michard et al., 2008). The Variscan tectonic in the entire Anti-Atlas is referred to as a
thick-skinned basement inversion (Piqué et al.,, 1987; Helg et al.,, 2004; Burkard et al.,
2006; Michard et al., 2010) with the exception of the westernmost Anti-Atlas, which is
characterized by thin-skinned tectonic (fig. 3.2A; west of the Bas-Drda and Ifni

35



Anti-Atlas

Precambrian outcrops, along the western margin; Hoepffner et al., 2005; Burkhard et
al, 2006). The Variscan chain was peneplained prior to the Mesozoic (Variscan
Unconformity; Frizon de Lamotte et al,, 2013; Soulaimani et al., 2014). Several other
unconformities are recognised in the surroundings basins within the Meso-Cenozoic
sequences (fig. 3.3). Most of the Mesozoic sedimentary rocks are missing in the Anti-
Atlas (figs. 3.1, 3.2, and 3.3). However, a significant amount of poorly dated infra-
Cenomanian (e.g. Choubert et al., 1966) fluvial sediments are exposed around the
western Anti-Atlas (figs. 3.4A and C).

During the Triassic, the Anti-Atlas was located east of the NE-SW oriented Central
Atlantic rift and south of the ENE-WSW oriented High Atlas rift (Sahabi et al., 2004,
Michard et al.,, 2008). The troughs were filled with rift-related sediments, recognised
around the Anti-Atlas in the subsurface of the north Tarfaya (e.g. El Amra-1 well; Olsen,
1997; Michard et al., 2008) and Souss (e.g. EGA-1 well; Frizon de Lamotte et al., 2000;
Sebrier et al., 2006) basins, as well as in outcrops north of the Siroua Massif (Chevalier
et al,, 2001; El Arabi et al,, 2003 and references therein). The Central Atlantic Magmatic
Province (CAMP; ca. 200-195 Ma) sills and SW-NE oriented dykes are exposed in the
mountainous and central part of the belt (fig. 3.4D; e.g. Sebai et al., 1991; Marzoli et al.,
1999; Knight et al.,, 2004).

The onset of drifting in the Central Atlantic, between 190 and 170 Ma (debated, see
review in Michard et al., 2008; Labails et al,, 2010), marked the separation between
North America and North-West Africa. After the CAMP event, the extension in the High
Atlas rift basin stopped, resulting in an aborted rift (e.g. Michard et al., 2008). From the
Bathonian to the Early Cretaceous, northern Morocco witnesses the denudation of the
so-called West Moroccan Arch (e.g. Choubert and Faure-Muret, 1971; Ghorbal et al.,,
2008; Frizon de Lamotte et al., 2009), to which the Anti-Atlas was supposedly attached.
The Upper Jurassic and Lower Cretaceous siliciclastic sediments deposited in the Atlantic
basins (e.g. Jenny et al., 1981; Ranke et al.,, 1982; Abou Ali et al., 2004; Davison, 2005;
Hafid et al.,, 2008; Haddoumi et al., 2008; Wenke, 2014) are likely, at least partially,
sourced from this ‘arch’ (Ghorbal et al., 2008). In the eastern Central Atlantic margins,
the Late Cretaceous starts with a major transgression that lasted from the Cenomanian
to the Turonian (e.g. Schlanger and Jenkyns, 1976; Haq et al., 1987). Some authors
assume that the inundation reached the Anti-Atlas (fig. 3.4E; e.g. Ghorbal et al., 2008;
Ruiz et al., 2011; Sehrt, 2014) and perhaps covered it completely (Frizon de Lamotte et
al., 2009; Guimera et al., 2011).

Early studies conducted in the Tarfaya basin (Martinis and Visintin, 1966; Choubert et
al., 1966) observed that the Cretaceous sequences were not tectonically deformed, but
display a gentle dip towards the Atlantic Ocean. Albian fossils were found above the
“Sables de Tan-Tan” Formation, which is composed of 1-4 km of undifferentiated
clastics.
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Figure 3.3. Simplified stratigraphic columns and dominant lithologies of the different regions
of the Anti-Atlas and surrounding the belt, modified from the following studies. A) Anti-Atlas
after Michard et al. (2008). B) Tarfaya basin after Ranke et al. (1982); Souss basin after
Samaka and Bouhaddioui (2003); Ouarzazate basin after Ellero et al. (2012). C) Draa
Hamada after Leprétre et al. (2015) and Guerrak (1989); Guir Hamada after El Youssi (1993)
and Robert-Charrue and Burkhard (2008).

The thickest interval of this formation were traversed onshore by exploration wells at
the western edge of basin and were attributed to the Early Cretaceous. The limit
between the Tarfaya basin and the Anti-Atlas is described as a tectonic one (Martinis
and Visintin, 1966).
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Figure 3.4. A) Undifferentiated infra-Cenomanian (Yazidi et al., 1991) lying with
unconformity on the Precambrian basement (Plll: Proterozoic), located north of the Lgezira
village (see the previous chapter for re-dating of these redbeds to the Jurassic) B)
Precambrian outcrops of the Anti-Atlas (Kerdous inlier) in which MOR210-06 was sampled.
C) Undifferentiated clastic infra-Cenomanian overlying the Variscan Palaeozoic sediments.
D) CAMP Zguid dyke, south of the Saghro Precambrian dome (or inlier), crosscutting a
syncline of the Anti-Atlas Palaeozoic. E) Eastern termination of the belt, plunging under the
Cenomanian to Cenozoic Guir Hamada. B-E) Google Earth scenes with vertical exaggeration
of 3 (positions on cross-sections in figure 3.2).
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In North-West Africa, the Late Cretaceous and Cenozoic are marked by the
Alpine/Atlasic orogenies. The convergence between the African and European plates
started in the Late Cretaceous, resulting from the South Atlantic opening (Piqué et al.,
2002; Rosenbaum et al, 2002 and references therein). Collision and related
deformations occurred in the Eocene, and are still on-going (reviewed in Michard et al.,
2008 and Frizon de Lamotte et al., 2009).

Inherited faults from the Late Neoproterozoic were reactivated during the Cenozoic
horizontal shortening event (Soulaimani et al., 2014 and references therein) as they
involve Palaeozoic, Mesozoic, and Cenozoic rocks (Choubert, 1952). The most striking
result of the Alpine collision in Morocco is the High Atlas rift inversion, culminating at
4167 m (Toubkal Massif). In the Anti-Atlas, deformation is considered to be mild with
long wavelength crustal folding (Choubert and Marcais, 1952; Hoepffner et al., 2005;
Frizon de Lamotte et al., 2000; Helg et al., 2004; Guimera et al., 2011).

3.3. LTT method and results

As revealed by figure 3.1, sampling from previous works is covering the mountainous
domain from west to east. Despite the extensive amount of studies, LTT data is lacking
for an important surface of the belt. The samples (table 3.1) and their locations were
targeted for their apatite crystal content, i.e. targeting the crystalline basement (figs.
3.4 and 3.5B).

Fission tracks and (U-Th)/He dating methods, with apatites and zircons, are applicable
together for the investigation of the cooling of rocks between ca. 40 and 250°C. This
range is likely matching the temperature window of the Anti-Atlas thermal history from
the Variscan to the present day, because the Palaeozoic cover is of low-grade
metamorphism (i.e. <300°C; e.g. Ruiz et al., 2008).

3.3.1. Analytical methods

The samples were processed at the mineral separation laboratory of the VU University
of Amsterdam. Samples were crushed, and minerals were sieved to conserve only the
apatite fraction size and sorted according to their density. For the AFT analyses, the
apatites obtained from the separation were polished, irradiated, and etched in acid,
enabling fission tracks to be measured under a microscope. For the AHe analyses, two
to four apatites were manually selected from each sample in a two-step process that
involves Helium extraction and mass spectrometer measurements. The samples were
processed and analysed for AFT and (U-Th)/He. The mineral separation, AFT, and AHe
methods are detailed in the following paragraphs.
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Anti-Atlas Samples Latitude [Dec] Longitude [Dec.] Hevation[m] AFTage[Ma] AHeage[Ma]
MOR210-06 29.58162 -9.17497 1090 135.2 7.7 109.8 +10.7
Western MOR210-07 29.70680 -8.96750 1045 1295 9.8 -
MOR210-08 30.02728 -8.59041 1807 - 96.8 19.6
MOR210-09 30.19866 -7.80825 1822 922 39 690 6.6
MOR210-10 30.28485 -7.79115 1780 947 4.1 69.7 6.7
Central MOR210-11 30.47779 -7.37185 1568 799 7.7 493 48
MOR210-12 30.45819 -7.35064 1550 875 139 -
MOR210-13 31.01398 -6.43273 1284 98.1 153
MOR210-14 31.22250 -5.76013 1831 213.3 +16 427 +4.1
Exstern MOR210-15 31.19869 -5.75257 1987 160.3 6.5 112.0 +10.8
MOR210-16 31.57646 -4.77030 941 156 6.9 35.8 134
MOR210-17 31.52191 -4.77644 974 177 +10.7 471 4.6

Table 3.1. Location, description, and LTT results (AFT: Apatite fission tracks; AHe: (U-Th)/He dating
on apatite) of the collected samples.

In order to extract apatite grains, the rock samples were split into small pieces using a
large hydraulic rocksplitter. The pieces were then crushed in a jaw-crusher, then in a
disk mill. The crushed samples were sieved in a sieve machine to separate the fraction
smaller than 250 um, which is deslimed in a wet sieve system to remove everything that
is less than 32 um and dried in the oven at 50°C. The obtained 250-32 um powder was
further processed by heavy liquid and overflow centrifuge to separate the minerals
based on their densities. Since the average apatite density is around 3.19 g/cm?, grains
with densities lower than 3.12 and higher than 3.33 g/cm® were separated from the rest.
Finally, the latter fraction (3.12 < p < 3.33 g/cm3) went through a Frantz magnet to
separate magnetisable and non-magnetisable minerals. At this stage, the non-
magnetisable fraction contains mostly apatites.

Apatite crystals were mounted in epoxy along with six zircon minerals aligned along a
diagonal. The mounts were grinded and polished to reveal the internal surface of the
apatites and then exposed to 5.5 M NHO? for 20 seconds at room temperature to reveal
fission tracks caused by the spontaneous fission of “**U. The external detector method
was applied by placing low U micas on top of the apatite mounts, and the samples were
sent to the FRM Il research reactor in Garching (Germany) for irradiation, along with
dosimeter glasses, CN-5, of known uranium content for the determination of the
thermal neutron flux. After irradiation, the mica sheets were removed from the apatite
mounts and the dosimeter glasses, and etched for 12 min and then 25 min in acid
solution, 48% HF, at room temperature to make the induced tracks visible under an
optical microscope. Fission track densities, lengths and Dpar were measured in apatite
grains with internal surfaces parallel to the C-axis, using 1520x magnification with a 100x
dry objective and the FTStage 4 upgrade program (Dumitru, 1993). Dpar, which
represents the long axes of FT etch-pits, is a rough proxy for the chemical composition

’ Samples were collected and analysed by Mohamed Gouiza.
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of apatite and therefore for the annealing properties (Donelick et al., 1999). Since the
2°U/?U ratio is constant, the number of induced tracks is proportional to the
concentration of ***U in the apatites and applied thermal neutron flux. The confined
track lengths were measured in every sample for their important insights in thermal
history (Laslett et al., 1982; Gleadow et al., 1986; Green et al., 1986; Barbarand et al.,
2003; Tello et al., 2006). Fish canyon tuff and Durango apatites were used as age
standards to determine the Zeta factor (Hurford and Green, 1983) of our apatites, from
which finally, pooled AFT ages were calculated. Following the method described in
Gallagher et al. (1998), fission track ages have been calculated with the TRACKKEY
software (Dunkl, 2002), using a zeta value of 358 + 10 for apatite and CN-5 glass.

Two to four apatites crystal (aliquots) of each sample were hand-picked to obtain the
best suitable aliquots to be dated. (U/Th)He dating was accomplished at the noble gas
laboratory of the VU University of Amsterdam, through a two-step process that involves
Helium extraction and the determination of U and Th concentrations using ICP-MS
technique. First, each single apatite crystal went through a Helium extraction line
equipped with a laser and mass spectrometer. The apatite crystal is heated by laser up
to 950°C to release the He, which was then expanded into the mass spectrometer,
where He abundance was measured as counts per second and converted to ccSTP using
an internal standard. After He extraction, the apatite crystal was unloaded and cleaned
in a 7 ml Teflon beaker filled with MilliQ water. The sample was spiked with calibrated
2°Th-"U solution (***U/**°Th = 0.96) and dissolved by adding ten drops of HNO3 and
ten drops of concentrated HF. The beaker was placed on a hotplate at 120°C for 48
hours. Finally, the solution was transferred to an ICP-MS tube for determination of the
U and Th concentrations. The effective uranium concentration (eU; Shuster et al., 2006;
Flowers et al., 2009), which has an influence on the He closure temperature, is
calculated as:

eU =[U] +0.235 x [Th]

3.3.2. LTT results

The AFT ages are between 213.3416 and 79.9+7.7 Ma in the eastern and central Anti-
Atlas, respectively (table 3.2).

The produced ages are between ca. 80-100 Ma in the central Anti-Atlas (MOR210-09,
10, 11, 12, and 13), ca. 130-135 Ma in the western Anti-Atlas (MOR210-06 and 07), and
ca. 150-210 Ma in the eastern Anti-Atlas (MOR210-14, 15, 16, and 17). AFT ages become
younger towards the central Anti-Atlas (fig. 3.2A).
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x10° (x10° x10°
Samples n ‘[)tsr(an'z]) ng [Tr(:mz]) n; ‘[::r(an'z]) Ny P()f)% mﬁges +10[Ma] ['\: n-I::i +1o[um] 5[1:]:]1 nn I[:E:; Sdppar
MOR210-06 25 6.615 917 5.482 760 6.3265 13062 100 135.2 7.7 1247 178  0.241 54 2.04 0.27
MOR210-07 16 5.748 447 4.977 387 6.3265 13062 100 129.5 9.8 1294 149 0.26 32 175 0.2
MOR210-09 20 13.694 2014 16.699 2456 6.3265 13062 89.21 92.2 3.9 12.04 153 0.15 102 173 0.19
MOR210-10 15 12.943 1819 15369 2160 6.3265 13062 53.31 947 4.1 1269 156 0.15 105 1.88 0.21
MOR210-11 13 0.247 203 0.348 286 6.3265 13062 100 79.9 7.7 - - - 3 - -
MOR210-12 15 21.974 1637 28257 2105 6.3265 13062 99.63 875 3.9 1234 1.39 0.13 118 1.84 0.17
MOR210-13 26 8.492 918 9732 1052 6.3265 13062 9215  98.1 53 12.5 1.26 0.14 85 1.93 0.31
MOR210-14 20 5.926 611 3.094 319  6.3265 13062 99.97 2133 16 13.07 1.35 0.26 26 - -
MOR210-15 15 33.682 3130 23502 2184 6.3265 13062 70.21 160.3 6.5 12.81 1.15 0.28 132 2.52 0.24
MOR210-16 17 20.729 2181 14.865 1564 6.3265 13062 99.75 156 6.9 1245  1.16 0.12 95 217 0.21
MOR210-17 25 6.095 935 3.846 590  6.3265 13062  99.99 177 107 1356  1.02 0.15 44 -

Table 3.2. Apatite Fission track results. n is the number of measured apatite crystals; ps is the
density of spontaneous tracks; p; is the density of induced tracks, and pd is the density of fossil
tracks in track/cm’; ns, n;, and ny are the number of tracks used for the density calculation. P(x2)%
is the chi-squared probability ((P > 5%) is a pass). AFT ages are pooled ages; the error is +10 in
million years; MTL stands for mean track lengths and associated to it are the error +10, the
standard deviation SdtM+, both in um; ny, is the number of measured track lengths. Dpar is the
diameter of etched spontaneous tracks measured parallel to the c-axis and is associated to its
standard deviation Sdtp,q.. Zeta (()=358 and is the correcting factor defined by Fleischer and Hart
(1972); 0(7)=10 is the uncertainty in zeta (Traditional calibration; Hurford and Green, 1983).

Single grain ages are clustered around the central age of each sample (fig. 3.5A), with
reasonable standard deviations of less than 12%. Every sample passed the chi-squared
test (>5%), which indicates that all samples are characterised by a single age population.
The Mean Track Lengths (MTL) range from 11.38 to 13.56 um and the associated errors
are ranging from 0.26 to 1.78 um (table 3.2 and fig. 3.5). The MTL of all samples show
no correlation with the AFT ages (fig. 3.5B) and the MTL range is characteristic of slow
cooling of rocks through the Apatite Partial Annealing Zone (APAZ; Gleadow et al., 1986).
On the other hand, the distribution of the track lengths (TL) for the central and eastern
Anti-Atlas is characterised by a fairly narrow Gaussian distribution and abundant long
tracks (fig. 3.5A), and suggests a rapid cooling through the APAZ and a long residence
time in shallow depths (shallower than the APAZ) or close to the surface (Bigot-Cornier,
2002; Ghorbal et al., 2008).

The corrected AHe ages range from 3573.11+536.29 to 27.23+2.62 Ma (table 3.3). In
each sample several aliquots are analysed, which allows for a qualitative check on the
reproductivity of the age. AHe ages and results were only considered when at least two
aliquots within one sample displayed similar ages, with a difference not greater than 10
Myr (ca. average dating error of our aliquots). 70% of our aliquots replicate within the
average error. Aliquots that do not replicate are MOR210-06_II, MOR210-10 _lll,
MOR210-16_I, MOR210-17_1, and all the aliquots from the samples MOR210-07 and
MOR210-13, which are therefore discarded (table 3.3).
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Figure 3.5. A) Track length distribution (left panel) and radial plot (right panel) for 8 out of
12 samples; B) Mean track length (MTL) as a function of apatite fission tracks ages (AFT).
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. CQrystal CQrystal Unocorrected Corrected Reproducible
Sample Aliquots length [mm]  radius [mm] Th/U He age [Ma] +10[Ma] R factor He age [Ma] +10[Ma] ages
MOR210-06_| 200.84 62.97 0.11 84.91 8.26 0.77 109.8 10.7 .
MOR210-06_I1 160.92 49.05 3.21 2506.64 376.22 0.70 3573.1 536.3 X
MOR210-06_lI1 170.00 71.00 2.21 89.76 11.15 0.78 115.8 14.4 .
MOR210-06_IV 152.87 57.00 1.45 81.95 10.19 0.73 111.6 13.9 .
MOR210-07_1I 216.93 75.76 0.82 125.09 12.24 0.80 156.3 15.3 X
MOR210-07_lI 175.88 39.99 1.44 44.40 4.29 0.66 67.4 6.5 X
MOR210-07_III 152.56 37.77 1.22 76.56 7.78 0.64 119.7 12.2 X
MOR210-08_I 95.62 24.45 0.79 47.15 4.69 0.49 96.8 9.6 .
MOR210-08_II 131.52 28.16 0.03 65.39 6.58 0.56 116.2 11.7 .
MOR210-08_lIII 88.81 26.61 1.14 39.66 4.22 0.51 78.3 8.3 X
MOR210-09_I 315.64 154.00 0.01 65.83 6.35 0.89 73.7 71 .
MOR210-09_II 234.88 85.41 0.10 56.93 5.47 0.82 69.0 6.6 .
MOR210-09_1IlI 225.59 60.58 0.03 53.32 5.41 0.77 69.0 7.0 .
MOR210-10_I 203.78 51.73 0.05 51.27 4.93 0.74 69.7 6.7 .
MOR210-10_1I 207.49 70.33 0.06 56.61 5.43 0.79 71.5 6.9 .
MOR210-10_IlI 343.96 77.98 0.17 24.66 2.37 0.82 29.9 29 X
MOR210-10_IV 207.49 61.04 0.07 59.93 5.81 0.77 77.8 75 .
MOR210-12_1I 166.18 44.79 0.05 34.45 3.35 0.70 49.3 4.8 .
MOR210-12_11I 162.00 66.84 28.00 41.30 5.91 0.75 55.3 7.9 .
MOR210-12_IV 119.76 57.09 40.66 35.37 3.91 0.70 50.9 56 .
MOR210-13_1I 209.92 67.94 0.41 114.18 10.99 0.78 145.7 14.0 X
MOR210-13_lI 120.22 45.30 1.03 81.73 7.95 0.67 121.2 11.8 X
MOR210-13_IlI 133.68 42.70 0.60 35.50 3.40 0.67 52.9 5.1 X
MOR210-14_I 180.10 47.11 4.41 31.35 3.01 0.70 451 4.3 .
MOR210-14_lI 122.08 39.46 2.88 30.22 3.20 0.63 476 5.0 .
MOR210-14_1lI 125.79 46.19 297 28.75 2.80 0.67 42.7 4.1 .
MOR210-15_1I 206.56 56.86 1.04 84.19 8.13 0.75 112.0 10.8 .
MOR210-15_11 161.07 60.81 1.05 85.48 8.23 0.75 113.8 11.0 .
MOR210-16_I 258.08 57.33 0.82 20.78 2.00 0.76 27.2 26 X
MOR210-16_11 240.93 80.93 1.09 37.64 3.63 0.81 46.3 45 .
MOR210-16_IlI 179.64 46.30 1.05 28.33 2.70 0.70 40.4 3.8 .
MOR210-16_IV 240.91 33.32 1.16 22.49 2.14 0.63 35.8 3.4 .
MOR210-17_I 187.99 43.17 3.01 51.59 4.99 0.68 75.7 7.3 X
MOR210-17_1I 176.39 50.83 2.95 33.65 3.27 0.71 47.1 4.6 .
MOR210-17_llI 154.57 53.49 2.65 36.84 3.55 0.72 514 5.0 .

Table 3.3. Result of the (U-Th)/He analyses. Uncorrected AHe ages are corrected using an Ft factor
(all sample but MOR210-08: Farley, 2000). The age replication is explained in the text (e yes; x
no). Bold AHe ages are displayed in table 3.1.

Poor AHe age replication within the same sample could be attributed to analytical errors
during the He extraction, or more likely to the presence of undetected fluid and/or
mineral inclusions in the analysed apatite aliquots. After this step, the corrected AHe
ages are between 115.80+£10.68 to 35.78+3.41 Ma in the western and eastern Anti-
Atlas, respectively. Overall, the AHe ages of the selected aliquots seem to become
younger towards the east (fig. 3.2A). The eU (effective uranium) of the analysed apatite
crystals are between 0.04 and 79.14 ppm (fig. 3.6). In all three geographic domains of
the Anti-Atlas we qualitatively observe weak positive correlations between the eU and
the AHe ages (fig. 3.6). This may result from several cooling and heating episodes, as
already interpreted in areas of NW Africa by previous authors (e.g. Leprétre et al., 2015;
2017).
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Published AFT ages produced from the Anti-Atlas (Malusa et al., 2007; Ghorbal, 2009;
Sebti et al., 2009; Ruiz et al., 2011; Sebti, 2011; Oukassou et al., 2013; Sehrt, 2014) are
between 238+42 and 88+3.9 Ma (Malusa et al., 2007), and corrected reproducible AHe
ages range from 148.1+1.5 (Ruiz et al., 2011) to 36.1+1.6 Ma (Ghorbal, 2009). With the
error bars, our radiometric ages fall within these ranges.

250 - = MOR210-06 °MOR210-09 +MOR210-14
= (A) amor210-07 | |(B) emor210-10 | |(C) +MOR210-15
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Figure 3.6. Corrected AHe ages v. effective uranium concentration plots for the A) Western,
B) Central, and C) Eastern Anti-Atlas.

3.3.3. LTT temporal/spatial distributions in the Anti-Atlas

LTT systems (Zircon Fission Tracks, ZFT; Zircon (U-Th-Sm)/He, ZHe; AFT; AHe) and their
related ages produced in the Anti-Atlas can be separated into time periods (fig. 3.7).
These periods slightly overlap but remain consistent: ZFT from 400 to 250 Ma (closure
temperatures of the system: 270-210°C; Brandon et al., 1998), ZHe from 280 to 180 Ma
(200-160°C; Reiners et al., 2005), AFT from 230 to 90 Ma (120-70°C; Green et al., 1989),
and AHe from 200 to 20 Ma (110-50°C; Shuster et al., 2006). Therefore, the first-order
trend we could infer from figure 3.7 is a fairly continuous cooling between the Variscan
and the present day.

AFT ages become younger towards the north of the central Anti-Atlas and towards the
west of the eastern Anti-Atlas (fig. 3.7). In the central Anti-Atlas, the range of AFT ages
from Oukassou et al. (2013) (ca. 180-130 Ma) compares to the ones from the rest of the
belt (average of ca. 150 Ma), which is not the case for our results that are somewhat
younger (ca. 100-80 Ma). Similar younger AFT ages were produced by Malusa et al.
(2007) in the northern edge of the eastern domain (fig. 3.7).

Figure 3.7 shows available corrected and reproducible AHe ages. Considering the error
bars, AHe ages are between ca. 200 and 100 Ma in the western, ca. 150 and 40 Ma in
the central, and ca. 125 to 20 Ma in the eastern Anti-Atlas. The trend we observed in
our data set is therefore representative. Overall, the collected samples show younger
AHe ages towards the East.
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Figure 3.7. LTT data from the Anti-Atlas (references in figure 3.1). The elevation plot (bottom
plot) is made from the point extraction from a DEM (SRTM 90m, NASA) of the Anti-Atlas
reliefs. Timing of the geological events (right panel) are from Michard et al. (2008). CA:
Central Atlantic; CAMP: Central Atlantic Magmatic Province.

3.4. Modelled Meso-Cenozoic thermal history of the Anti-Atlas

3.4.1. t-T modelling: procedure and parameters

The t-T paths modelled from measured AFT lengths and ages are obtained with the
inverse modelling HeFTy software (version 1.8.2; Apatite to Zircon; Ketcham, 2005). The
software uses a Monte Carlo algorithm that generates t-T paths that match, to a certain
extent (Goodness of Fit based on the Kolmogorov-Smirnov test, GOF), the inputs we
implemented. In the present work we use AFT models (composed of the AFT single-grain
age data and the confined track lengths) and AHe models (composed of the AHe
uncorrected age, the chemical composition, and size of the apatite crystal). When the
average GOF for the fission track length distribution, AHe age, and AFT age model is
between 5 and 50% paths are labelled ‘acceptable’, and ‘good’ when higher than 50%.
The ‘best fit’ realisation is a non-unique solution as it has the highest GOF of 10°
iterations, but other runs may have different best-fit paths.
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A Parameters AFT
Annealing model —Ketcham et al., 2007
G-axis projection —Ketcham et al., 2007, 5.0M
Model c-axis projected lengths—yes
Default initial mean track length — From Dpar (um)
Length reduction in standard —0.893
Kinetic parameter —Dpar (um)
Population number —one
Length Data
Goodness of fit method —Kuiper’s Satistic
Age Data
Uncertainty mode—1 SE(0)

B. Parameters He Apatite
Model parameters
Calibration —Shuster et al., 2006 (Durango Apatite)
Sopping distances—Ketcham et al., 2011
Alpha calculation — Redistribution
Data
Ageto report —Corrected
Age alpha correction —Ketcham et al., 2011

C Inverse modeling
Search Method —Monte Carlo
Acceptable Path (GOF)- 0.05
Good Path (GOF)- 0.5
SQubsegment spacing—Random
Ending condition —Path tried =1000000
Segment parameters
Path between constraints - Monotonic variable
Halve - 2 times
Randomizer style - Bpisodic
No imposed maximum dt/dt

Table 3.4. HeFTy (version 1.8.2) parameters commonly used in each simulation presented in this
chapter. A) Parameters used for the AFT models. Cf irradiation, see Donelick and Miller (1991);
Dpar is the diameter of etched spontaneous tracks measured parallel to the c-axis; Kuiper’s
statistic, see Press et al. (1992); SE stands for standard error. B) Parameters used for the AHe
models. C) Parameters of the inverse modelling. GOF stands for Goodness of Fit.

The models are constrained between ca. 120 and 40°C by the AFT and AHe data; above
and below these temperatures there are almost no thermal signals recorded in the LTT
data. For the same reasons, the LTT results give insights into the cooling/heating events
from the present day to the measured ages. Therefore, outside these time and
temperature frames the modelling depends solely on ‘boxes’. Geological and
radiometric constraints, or boxes, are user-defined t-T windows that guide the tested t-
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T curves. We consider 72% of the results from the AFT measurements as analytically
reliable for t-T modelling, as 50-200 confined tracks are generally considered reliable
(e.g. Laslett et al., 1984; Gallagher et al., 1998; Tagami and O’Sullivan, 2005; Donelick et
al., 2005; Balestrieri et al., 2009; Jelinek et al., 2014). We therefore run models with the
AFT results of samples characterised by an ny_higher than 50 (table 3.2).

Last, only the couples AFT/AHe were considered, and therefore MOR210-13 is not
further used. Six samples were used for t-T modelling, which yielded AFT ages with more
than 50 MTL and producible AHe ages (MOR210-06, 09, 10, 12, 15, and 16). Modelling
parameters are listed in table 3.4.

3.4.2. t-T modelling constraints

Based on the radiometric results and geological observations documented in the Anti-
Atlas belt and the surrounding domains, we use three constraints to guide the different
t-T models in HeFTy: Two geological and one radiometric (constraint a: CAMP dykes;
constraint b: infra-Cenomanian undifferentiated sediments; constraint ¢: AHe ages).
Despite the fact that Variscan metamorphism is fairly well constrained for both time and
temperature (fig. 3.8A) in the Anti-Atlas (Ruiz et al., 2008), the produced LTT results have
little to no information concerning times before 200 Ma. We arbitrarily defined the
modelling frame at 240-0°C/220-0 Ma, which take into account the CAMP dykes and
undifferentiated Mesozoic sediments geological constraints.

Constrain a is based on the Foum Zguid and Igherm CAMP related dykes (figs. 3.1, 3.2,
and 3.4D), outcropping in the Anti-Atlas. The most recent dating displays an age of
196.9+1.8 Ma (“°Ar/*°Ar age on plagioclase; Sebai et al., 1991). They are separated from
the Precambrian samples selected for modelling by less than 100 km with no visible
major faults on the geological map. Given their extent, these dykes were emplaced and
exhumed to their present elevations together with the surrounding host granitic and
sedimentary rocks. The emplacement history of the dykes was constrained by the work
of Touil et al. (2008) and Silva et al. (2004, 2010). The analysis of geo-thermometer and
geo-barometer showed that these dykes were emplaced at temperature of ca. 600-
800°C and pressure of 2 to 3 kbar. Assuming an average density of 2700 kg/m? for the
continental crust, Silva et al., (2010) calculated an emplacement depth of 8 to 11 km for
the Zguid dyke. ' Considering thermal gradients between 20 and 35°C, a surface

" We learned after the publication of Gouiza et al. (2017a) that the geo-barometer method used
in Silva et al. (2010) cannot be reliably used with intrusive rocks (pers. comm. P.Silva). This means
that our samples could have been at 8 to 11 km in depth 200 Ma ago, as well as at
shallower/deeper depths. Using a different or modified constraint would most likely impact the
gradients of the t-T realisations. In this Thesis, however, we use the constraint g as defined in
Gouiza et al. (2017a).
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temperature of 20°C, and a lithostatic density of 2700 kg/mg, we estimate that the host
rocks of the Igherm dyke were at depths of ca. 7.6 to 11.3 km. Considering the
metamorphism experienced by the presently outcropping Palaeozoic rocks (Ruiz et al.,
2008), the temperature likely did not reach more than 300°C. Therefore, we consider a
low thermal gradient of 25°C/km. For the constraint @, we hence estimate the
temperature range for the host rocks of both dykes between 170 to 240°C at 210-190
Ma.

Constraint b is based on the Mesozoic sediments overlying the Precambrian and
Palaeozoic of the Anti-Atlas. Infra-Cenomanian” sediments are lying unconformably on
basement rocks in the vicinity of samples collected in the western and central parts of
the belt (figs. 3.4A and C; Choubert, 1952; Robert-Charrue 2006; Zouhri et al., 2008;
Ghorbal, 2009; Sebti et al., 2009; Ruiz et al., 2011; Sebti, 2011; Oukassou et al., 2013;
Sehrt, 2014). A fairly thick package (ca. 1 km offshore Tarfaya; Davison, 2005) of clastics
sediments is recognised offshore, on the seismic lines and in the wells, as Upper Jurassic
and Lower Cretaceous sediments (e.g. the Tan-Tan and Boujdour Deltas; DSDP 397;
Puerto Cansado 1 well). Other undifferentiated early Mesozoic rocks are exposed in the
Tarfaya Basin, on the Siroua Massif at both Souss and Ouarzazate basin sides (Hollard et
al.,, 1985). The occurrence of these Mesozoic passive margin clastics, overlying
Palaeozoic and Precambrian rocks, is diagnostic for a major regression and/or
exhumation that took place in the Moroccan western margin, characterised by the
broad erosion of the so-called ‘Anti-Atlas Arch’ (Frizon de Lamotte et al., 2008 and
references therein). The timing of the exhumation remains uncertain. In a recent
provenance study, a section of Lower Cretaceous clastic sediments in the north Tarfaya
Basin was investigated (geochemical, Nd-Sr isotopic, Ali et al., 2014). The clastics were
found to be sourced from the Reguibat Shield, but not from the Anti-Atlas. However,
this study regarded part of the Lower Cretaceous sediments (ca. 80 m out of up to 2 km;
Arantegui, 2018). In the eastern termination of the belt, a fairly large area of Middle
Cretaceous rocks is exposed (Cenomanian; Benyoucef, 2012; Benyoucef et al., 2015). In
the absence of provenance studies carried out in these sediments, we assume that the
eastern Anti-Atlas was the source of the Guir Hamada Cenomanian redbeds. Finally, the
Anti-Atlas basement was previously modelled to be at/close to the surface by previous
t-T modelling studies (Ghorbal, 2009; Ruiz et al., 2011; Oukassou et al., 2013).

" The Jurassic age of the redbeds along the shoreline in the western Anti-Atlas (Arantegui,
2018) was evidenced after the publication of Gouiza et al. (2017a). However, the choices we
made timing-wise for the constraint b are extremely relevant in the light of this re-dating.
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As our samples are distant of several tens of kilometres from these sediments, we
cannot guide our modelling to surface temperatures only. For constraint b we consider
that the basement samples were close to the surface (20-60°C) in the Anti-Atlas possibly
from the Early Jurassic to the end of the Early Cretaceous (180 to 100 Ma).

Constraint ¢ is between the Early Cretaceous and the Eocene (140-40 Ma) to enable the
t-T paths to re-enter the APAZ and He-PAZ (40-120°C). This box is necessary because our
sensitivity modelling experiments showed that HeFTy tends to only generate paths in
shallow temperature between the Early Cretaceous and the present-day, ignoring the
AHe ages. This method was used in previous works in the Anti-Atlas, for t-T modelling,
by adding AFT, AHe, ZFT, and ZHe ages as constraints (Ruiz et al., 2011; Sehrt, 2014;
Coutand, pers. com.).

The constraints in published studies of the Anti-Atlas are compared with those of this
chapter (fig. 3.8). The CAMP Dyke constraint is centred on equivalent temperature to
the ‘ZHe’ boxes used by Sehrt (2014) for the western Anti-Atlas. The constraints for
Jurassic/Cretaceous presence close to the surface have been used similarly for the
western and central Anti-Atlas, but not in the eastern part of the belt (fig. 3.8C). The
radiometric constraint (AHe) does not compare with previous constraints in the central
and eastern Anti-Atlas, but is not incompatible with Late Cretaceous burial constraint
(Sehrt, 2014) in western Anti-Atlas (fig. 3.8A). In the central Anti-Atlas (fig. 3.8B), some
samples were thought to be close to the surface in the northernmost central Anti-Atlas
during the Triassic (Ghorbal, 2009), which are equivalent to one constraint added in t-T
modelling of the Meseta basement rocks (Ghorbal et al., 2008). Unlike the Meseta (e.g.
Ghorbal et al., 2008) the basement rocks of the Anti-Atlas are not thought to have been
at the surface during the Triassic. However, Triassic sediments are found on top of the
basement north of the Siroua (Chevalier et al., 2001). Sedimentological (Baudon et al.,
2009), structural (EI Arabi et al., 2003), and radiometric (e.g. Ghorbal, 2009) analyses
also suggest that the basement rocks of the Siroua and Massif Ancien were forming a
relief during the deposition of these sediments. ZHe ages were produced in the western
Anti-Atlas, and are between 248.4+19.9 and 192.8+15.4 Ma in Ruiz et al. (2011), and
287.3+4 and 87+2 Ma in Sehrt (2014; fig. 3.7). The presence of sampled rocks at surface
temperature during the Triassic is therefore incompatible with ZHe ages.

3.4.3. t-T modelling results

HeFTy succeeded in finding t-T paths that honour the AFT/AHe results (figs. 3.9 and
3.10). The results indicate a common trend, marked by two cooling and one heating
episodes. A steep cooling gradient is observed in all the models, especially in MOR210-
06, 12, and 16. A Cretaceous heating and a final Late Cretaceous to present-day cooling
episodes are present in every model.
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Figure 3.9. Results of thermal history modelling for samples from the Anti-Atlas granitic
basement; WAA, CAA, and EAA: Western, Central, and Eastern Anti-Atlas, respectively. 50
good (if possible), 150 acceptable, and the best-fit (highest Goodness of Fit; GOF) t-T curves
are displayed. See parameters in table 3.4. It: Number of iteration for the inverse modelling;
A: Acceptable paths; G: Good paths.*

" The modelling was performed by Mohamed Gouiza.
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The first cooling event brought the Anti-Atlas sampled basement from high
temperatures of 240-190°C to lower temperatures of 60-25°C. It started by the end of
the Triassic (210-190 Ma) and ended at variable times in the different domains of the
belt. Since our modelling experiments only capture the post-Triassic evolution of the
Anti-Atlas, this cooling could have initiated much earlier than illustrated in our models,
as suggested in figure 3.7. The best-fit t-T paths show a rapid initial cooling phase that
ended around 180-150 Ma. After this first cooling event, the basement rocks of the
western and central Precambrian domes were heated again and reached temperatures
ranging between 85 and 115°C around 120-105 Ma (figs. 3.9A-D). However, in the
eastern Anti-Atlas, the basement remained stable at around 40°C from 170 to 110 Ma,
before experiencing a rapid (112-103 Ma) 40°C heating event (fig. 3.9E), while the
easternmost sample underwent a slow and prolonged (160-80 Ma) heating event of only
15°C (fig. 3.9F). The final cooling phase, which placed the basement rocks at surface
temperature (ca. 20°C), was much slower than the older modelled cooling phase and
lasted longer (ca. 120 Ma) in all the examined samples.

0
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S b N
- EAA P —
7 ~--" C
100 A
150 - N
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200
a
250
APAZ
300 Mesozoic | Cenozoic
I I I |\ I | I | I ll‘\
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Figure 3.10. Weighted average curve from t-T modelling results shown in fig. 3.9; WAA, CAA,
and EAA: Western, Central, and Eastern Anti-Atlas. See parameters in table 3.4.

3.4.4. t-T modelling: Comparison with literature

Our model best-fit paths, displayed in figure 3.11, show many similarities with those of
the literature. They illustrate a thermal evolution, which is also characterised by two
cooling periods separated by a heating event in the western and central Anti-Atlas (figs.
3.11A and B), and by a continuous cooling phase in the eastern Anti-Atlas (fig. 3.11C).
Importantly, the Cenozoic temperature evolution is fairly identical between all curves,
and should be considered as robustly constrained in HeFTy by the AFT/AHe data.
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Figure 3.11. Best fit curves of t-T models from the literature (thin lines) and our

simulations (thick blue lines) for the regions investigated in the present work: A) Western
Anti-Atlas; B) Central Anti-Atlas; C) Eastern Anti-Atlas. Grey envelopes are framing the best-
fit models from the literature (see references in the figure).
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However, major discrepancies are observed in the timing and rates of each thermal
event. For instance, Ruiz et al. (2011) predicted the heating event in the western
Precambrian domes to be 50 to 60 Myr younger than in our models (fig. 3.11A). In the
eastern domain Malusa et al. (2007) obtained a post-Variscan thermal evolution
characterized by a continuous slow cooling during the Mesozoic and high cooling rates
during the Cenozoic, and no heating event as showed in our models (fig. 3.11C).

In the central Anti-Atlas during the Late Jurassic/Early Cretaceous, our best-fit results
show greater heating of the rocks than in the literature (up to 100°C against 60°C,
respectively). The discrepancies between the different thermal histories result mainly
from the different constraints imposed on the models. Although, our models account
for both AFT and AHe data, most of the published t-T paths rely solely on FT data (except
Sehrt, 2014). Moreover, all the published models ignore the nearby CAMP dykes, which
are documented to be emplaced at 8 to 11 km in depth by the end of the Triassic (Touil
et al. 2008; Silva et al. 2010).

3.5. Geological evolution and thermal transects of the Anti-Atlas

We built several Anti-Atlas paleo-temperature transects oriented WSW-ENE (fig. 3.12).
The sample locations were orthogonally projected to a line running parallel to the Anti-
Atlas trend with an angle of 27° with the 27N degree line of latitude (fig. 3.12A). In the
following sections, we also develop on supporting geological evidences documented in
the Anti-Atlas or in its surroundings.

3.5.1. Palaeozoic basin, Variscan orogeny, and pre-rift stage

The basement rocks are overlain with a marked unconformity by Late Neoproterozoic
sediments and volcanics and Cambrian sediments (fig. 3.3; ca. 600-510 Ma; Michard et
al., 2008). This requires the Precambrian basement to be at or close to surface
temperatures at the beginning of the Palaeozoic. The Anti-Atlas was then characterised
during that time by a fairly continuous sedimentation, reviewed by several authors (e.g.
Choubert, 1952; Piqué, 2001; Burkhard et al.,, 2006; Michard et al., 2008). U-Pb
provenance study on zircon showed that the Hoggar (Tuareg Shield, SE Algeria) was a
likely source of the siliciclastic Cambrian sediments (Avigad et al., 2012). Soulaimani et
al. (2014) suggested that a source of Cambrian to Devonian Anti-Atlas sediments was
located in the south, and therefore could be the Reguibat shield. In the eastern Anti-
Atlas, the heating of Devonian rocks was estimated to reach temperatures comprised
between 120 and 310°C with conodont colour alteration index (CAl of 3 to 5, Belka,
1991).

The Palaeozoic series thickness is estimated to be about 10 km in the western to central
Anti-Atlas and decreases down to 4 km toward the eastern part (e.g. Faik et al., 2001;
Michard et al.,, 2008). The end of the Palaeozoic, from Late Carboniferous to Early
Permian, is characterized by the inversion and folding of the Anti-Atlas basin (Variscan
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orogeny). Soulaimani et al. (2014) estimated a temperature range for the basement
rocks of the Anti-Atlas during the folding of the Palaeozoic series (330-310 Ma) based
on ZFT, K/Ar, and “°Ar-**Ar from the western Anti-Atlas. Temperatures of the basement
at the base of the Palaeozoic series were comprised between 230 and 300°C, which are
high enough to reset the ZFT system (Pagel et al., 2014), and within the estimation of
Ruiz et al. (2008) from illite crystallinity of 300+20°C for the upper part of the basement
(epizone). In the central and eastern Anti-Atlas, the metamorphic zones of the lower
most Palaeozoic sediment were estimated to anchiozone/epizone (~200-300°C) and
anchiozone/diagenetic zone (~100-250°C), respectively (illite crystallinity; Ruiz et al.,
2008). The basement rocks are usually described as of low to medium metamorphism
grade (150-300°C; Buggisch and Fltgel, 1988; Soulaimani, 1998; Ruiz et al., 2008). The
above-mentioned temperatures are reported onto the first paleo-transect (fig. 3.12B).

At 300 Ma, Precambrian outcrops were therefore at temperatures of more than ca. 200,
150, and 120°C, for the western, central, and eastern Anti-Atlas, respectively (fig. 3.12B).
The relief of the belt during the Variscan mountain building was likely higher than the
actual one (exceeding several km high according to Burkhard et al., 2006), perhaps with
a similar bulge shape (fig. 3.2A). During the Carboniferous, the Tindouf basin was likely
fed by terrestrial sediments sourced from the Anti-Atlas (Cozar et al., 2014).

Little is known of the Permian and Early Triassic in Morocco. The few outcrops mapped
as Permian are concentrated in the Meseta and western High Atlas, and are composed
of terrestrial sediments (Broutin et al., 1998). The basement of the Anti-Atlas and its
Palaeozoic cover might have started to move upward as early as the Permian/Early
Triassic. The Variscan unconformity is well known across Morocco (figs. 3.3B) as a
Variscan/undifferentiated Triassic contact in the Meseta, Souss, and Tarfaya basins;
Variscan/Middle Cretaceous contact in the Tindouf and Quarzazate basins and Guir
Hamada, and suggests that the Variscan chain was partially peneplained prior to the
Late Triassic (fig. 3.12C; reviewed in Michard et al., 2008).

3.5.2. End of Triassic to Jurassic cooling episode

The end of Triassic to Middle Jurassic thermal episode is characterised by cooling rates
between 3 and 7°C/Ma. We interpret this cooling event as related to crustal
exhumation/denudation. This exhumation extended beyond the Anti-Atlas senso stricto.
into the interior of the African Continent, i.e. over >600 km (figs. 3.12E and F). Indeed,
we have no evidence for an eastern termination of this exhumation in the Anti-Atlas.
One Early Jurassic AFT cooling age (175+7.5 Ma) was produced from the Ougarta
mountains in Algeria (Akkouche, 2007), 250 km southwest of our easternmost sample.
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Figure 3.12. Palaeo-temperature transects of the presently outcropping rocks from the

Precambrian Anti-Atlas. A) DEM (SRTM 90m, NASA) map with the projection line; B-K) 300-
20 Ma temperature transects. The error bars were provided by the envelopes of the
realisations with a good GOF.
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figure 3.12 but are not discussed in the text of this chapter.
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In the Tarfaya basin, Ranke et al. (1982) documented that towards the top of the Middle
Jurassic, the number of sand layers is increasing. They concluded that these layers were
likely fed by the erosion of a ‘rising hinterland’ in the south (Reguibat Shield) and east
(Anti-Atlas). We consider that throughout the Jurassic, the Palaeozoic series covering
the Anti-Atlas were partially eroded, feeding clastic sediments in the Tarfaya and Souss
basins.

Redbeds and sandstones are recognised in the Lias and Dogger (fig. 3.3) of the Souss
basin (e.g. well EGA-1; Samaka and Bouhaddioui, 2003), Essaouira-Agadir Basin (Duval
Arnould, pers. com.), and Central High Atlas (e.g. Allain Ronan et al., 2004). The source
of these sediments appears to be the Anti-Atlas, eroding the basement and its
Palaeozoic cover.

3.5.3. Late Jurassic to Early Cretaceous subsidence

Results show a widespread heating event starting in the Late Jurassic (figs. 3.12F, G, and
H). The Anti-Atlas was completely to partially covered by sediments, while the
depocenter of this subsidence event was located in the north of the central Anti-Atlas
and west of the eastern Anti-Atlas. Considering a temperature gradient of 25°C/km, we
obtain a depth of ca. 1-3 km to be consistent with our results. Considering that the
studied rocks were at ca. 1 km depth in the previous period, the sediment column should
have been at most 2 km in the central Anti-Atlas. Burial gradients are between 0.1 and
1°C/Ma, which translates into a subsidence rate of up to 0.04 km/Myr (using the thermal
gradient of 25°C/km).

The subsidence of the Anti-Atlas basement was coeval with the post-rift phase of the
Central Atlantic. The increase of subsidence towards the central domain resembles the
evolution of the High Atlas trough, with a Mesozoic depocenter located in the central
part of the rift system (Ellouz et al., 2003; Barbero et al., 2007; Gouiza et al., 2010). Ruiz
et al. (2011) proposed that a basin developed in the late Early Cretaceous; with the
basement rocks located at +1 km in depth (ca. 50°C) and was also proposed in previous
studies (Guiraud et al., 2005; Swezey, 2009; Soulaimani et al., 2014).

3.5.4. Late Early Cretaceous to present-day exhumation

Our samples yielded Late Cretaceous AFT ages in the central Anti-Atlas, in line with
previous works (e.g. Malusa et al., 2007; Ghorbal, 2009). This implies that these rocks
were buried deeper than elsewhere in the belt, during the Early Cretaceous, as apatites
of these samples must have re-entered the total annealing zone. The t-T modelling
results show that after the Late Jurassic-Early Cretaceous subsidence the sampled Anti-
Atlas basement rocks were exhumed (figs. 3.12H to K).

The early Late Cretaceous is characterised by a major transgression and lasted from the
Cenomanian to the Turonian (Schlanger and Jenkyns, 1976; Luning et al., 2004). The
widespread occurrence of Cenomanian-Turonian outcrops, recognised in the north and
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south of the eastern Anti-Atlas with similar facies (Guimera et al.,, 2011) and in the
Tarfaya, Souss, and Ouarzazate basins are evidences of this transgression. The thickness
of the Upper Cretaceous marine sediment is ca. 1 km offshore Tarfaya (Davison, 2005;
well 51A-1), less than 1 km in the Ouarzazate and Souss basin (Missenard, 2006), and
the Palaeogene is lacking. Therefore, the thickness of both series could have been
greater. The presence of Cenomanian clastic sediments in the Guir Hamada was recently
confirmed by extensive paleontological works (e.g. Benyoucef et al.,, 2012, 2015).
Sauropod and Crocodilian ichnofacies showed that an emerged land was nearby these
sediments, which according to our modelling results, was the Anti-Atlas. Therefore, the
belt was surrounded by immersed areas. We estimate the cooling rate between 0.5 and
0.7°C/Ma. This is an order of magnitude lower than the previous Jurassic exhumation.

Given that at least two important sandstone layers are observed throughout the
Palaeozoic column (fig. 3.3), the sediments resulting from the erosion of Anti-Atlas
contain, a priori, apatite crystals. If basement rocks of the Anti-Atlas and its cover were
at the surface during the Palaeogene/Neogene, assuming the western, central, and
eastern Anti-Atlas as potential sources, the related terrestrial sediment in the Tarfaya
basin would have apatites bearing AFT ages of early Late Cretaceous (ca. 100-80 Ma), as
well as older AFT ages ranging from ca. 120 to 220 Ma (fig. 3.7). Sehrt (2014) investigated
the north Tarfaya basin and obtained seven AFT ages ranging from 91.6+16.2 to
237.2+35.8 Ma for Miocene and Pliocene sandstones (ca. 92, 104, 142, 142.5, 145, 183,
and 237 Ma). We submit that the entire Anti-Atlas (western and central parts at least)
was a sedimentary source for the Neogene sandstones of the north Tarfaya basin.

The thickness of missing sediments deposited before the onset of the plate convergence
in the north central Anti-Atlas is ca. 2 km. The thickness of Precambrian/Palaeozoic rocks
remaining atop the samples by the end of the Middle Jurassic is ca. 1 km. Once both
thicknesses are added, we suggest that the Anti-Atlas must have been exhumed by 3
km. This does not account for surface uplift, which has to bring these rocks at ca. 1.5 km
in elevation. Overall, if the Alpine deformation is mild, the vertical movements occurring
during that event are more significant than previously thought.
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3.6. Conclusions

The analytical and numerical analyses of new AFT and AHe ages shed light on the Anti-
Atlas thermal and geological evolution. The sampled basement rocks were at/close to
the surface during the end of the Neoproterozoic to the Early Cambrian. They
underwent burial and heating due to the marine and clastic sedimentation (Anti-Atlas
Palaeozoic basin) until the onset of the Variscan orogeny, which resulted in shortening
and folding of the Palaeozoic series. The Variscan relief was peneplained prior to the
Triassic.

The acceleration of the exhumation occurred near the Triassic/Jurassic boundary. The
presently exposed basement rocks were exhumed from ca. 8-11 km in depth, from the
end of the Triassic to the Middle Jurassic. The western termination of the exhumation
was not constrained. However, one AFT age collected further into the interior of the
African plate suggests that the exhumation extended farther east of the Anti-Atlas, i.e.
>600 km.

The Palaeozoic cover was partially eroded, indicating that the Anti-Atlas was most likely
the source of terrestrial sediments shed to surrounding basins: Tarfaya
(onshore/offshore), Souss/Essaouira-Agadir, and north Ouarzazate/Central High Atlas
basins. Subsidence started in the Anti-Atlas at the end of the Jurassic, and lasted until
the Early Cretaceous. The depocentre was located in the centre and north of the eastern
Anti-Atlas, where the AFT ages were reset. We estimate the thickness of the
sedimentary column to be ca. 2 km, decreasing to ca. 1 km towards the north-eastern
and the south-western edges of the belt.

The Anti-Atlas samples were exhumed from the late Early Cretaceous to the present-
day, starting around the beginning of plate convergence between the Eurasian and
African plates. The exhumation first occurred in the centre of the belt and reached the
edges during the Late Cretaceous. The western and central Anti-Atlas parts were
sourcing sediments deposited in the north Tarfaya Basin during the Neogene.
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A quantitative study of Post-
Variscan vertical movements in
Morocco

Abstract: We use t-T modelling results from Morocco and its surroundings to define and
guantify exhumation events from the Permian to the Neogene. High denudation rates
comparable to values typical of rift flank, domal or structural uplifts are only obtained in
the Anti-Atlas (0.1 km/Myr) during the Early to Middle Jurassic and in the High Atlas (0.1
km/Myr) and Rif (up to 0.5 km/Myr) during the Neogene. Exhumation rates for other
periods in the Meseta, High-Atlas, Anti-Atlas, and Reguibat shield are around 0.04+0.02
km/Myr. We then present a series of exhumation maps from which we extract erosion
patterns and volumes. Estimates of eroded volumes from Permian onwards are
between ca. 15x10° and 2x10° km® in the Reguibat Shield and Meseta, respectively.
Periods of high production of sediments in the investigated source areas are the
Permian, the Jurassic, the Early Cretaceous (Berriasian to Barremian), and the Neogene.*

" Parts of this chapter will be submitted to Basin research: Charton, R., Bertotti, G., Storms, J.E.A.,
and Redfern, J., to be submitted. Exhumation rates and volumes of eroded material linked to the
Post-Variscan vertical movements in Morocco and surroundings.
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4.1. Introduction

Continental passive margins, especially in the Atlantic realm, are the locus of a
significant amount of studies that evidenced unpredicted pre-, syn-, and post-rift
episodic km-scale upward (exhumation) and downward (subsidence) movements (e.g.
Green et al.,, 2018). These events occur in regions characterised by both stretched and
non-stretched lithosphere, demonstrating that other processes, extrinsic to the rifting,
are at work. Several authors have qualitatively tested these vertical movements with
numerical models (e.g. Leroy et al., 2008; Gouiza, 2011; Yamato et al.,, 2013), but to
better constrain these models we still lack a quantification of these movements over
geological time and at a large scale.

Low-Temperature Thermochronology (LTT) and time-Temperature (t-T) modelling
studies conducted in Morocco and surroundings document km-scale vertical
movements, occurring in the period between the Variscan and Atlas orogenies*. The
Central Atlantic rifting occurred between the Late Triassic and the Early Jurassic (e.g.
Labails et al., 2010). Consequently, the documented vertical movements are labelled as
pre-, syn-, and post-rift km-scale exhumation and subsidence episodes. Because the LTT
data record the cooling of rock samples, they are linked to thermal relaxation or erosion
(or denudation; e.g. Pagel, 2014). Hence, LTT ages are observed shortly after
magmatism events, during/after processes linked to the creation of topography (e.g.
orogenies, shoulder uplift, thermal doming), and/or during processes enhancing erosion
(e.g. climatic and sea level changes).

In Morocco, the large majority of the LTT ages were described as resulting from
“unexpected” vertical movements and remain to-date enigmatic (e.g. Ghorbal et al,,
2008). The t-T modelling studies using the produced ages as inputs have failed to
reconstruct a unique time-constrained geological history for the Phanerozoic at the
scale of the Moroccan passive margin. Instead authors obtained contemporary opposite
vertical movements in neighbouring areas. This is the case for instance of the Anti-Atlas
and High Atlas/Meseta massifs, which were source areas at different times for the
terrestrial material delivered to coastal basins (e.g. Gouiza et al., 2017a).

Moreover, the west Moroccan offshore Mesozoic basins have potential petroleum
systems (Davison, 2005), however, to date hydrocarbon exploration has mostly been
unsuccessful. To address this, post-Variscan and pre-Atlas orogenies source-to-sink
systems need to be better defined and quantified.

" Please note that the introduction of this Thesis (chapter 1) includes the geological history of
Morocco.
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In this chapter, we quantify the pre-, syn-, and post-rift km-scale vertical movements
occurring since the end of Variscan in Morocco and surroundings. First, we digitize all
available t-T modelling results. We then convert these thermal evolutions to vertical
movements  with  geologically-constrained  geotherms (temperature-to-depth
conversion). This allows calculations of denudation rates for seven periods, which are
presented in a series of interpolated contour maps. Finally, we extract the volumes of
eroded material and compare them to estimations of deposited sediments along the
rifted margin of Morocco.

4.2. Vertical movement databases

4.2.1. LTT database

Low-Temperature Thermochronology (LTT) is a set of widely used chrono-
thermometers, which allow for the reconstruction of the cooling history of apatite
and/or zircon bearing rocks (e.g. Green et al., 1986; Farley, 2000). In Morocco and its
surroundings, at least 31 LTT studies were conducted and published (or submitted) in
the last 25 years (table 4.1). This allows for the development of an extensive database
of 529 (U-Th)/He ages from apatite crystals (AHe) out of 150 samples, 312 Apatite
Fission Track (AFT) ages, 225 (U-Th)/He ages from zircon crystals (ZHe) out of 66
samples, and 59 Zircon Fission Track (ZFT) ages. The spatial distribution of the samples
(fig. 4.1) highly depends on the lithology of considered areas, as rock samples must
contain either apatite or zircon crystals. For this reason, only Precambrian crystalline
basement rocks, meta-psammites within the otherwise marine meta-pellite dominated
Palaeozoic column, Meso-Cenozoic clastic sediments, and dykes/sills of all ages could be
analysed for LTT in Morocco.

Produced AHe, AFT, ZHe, and ZFT ages (table 4.1) are between 0 and 396 Ma, 0 and 497
Ma, 18 and 1195 Ma, and 18.6 and 585 Ma, respectively (null ages were produced from
borehole samples). The analysed samples for fission tracks offer one pool- or central-
age, whereas for the (He-U)/Th system up to ten ages are produced for each considered
samples. For the latter system, a median age is calculated. Median AHe ages are
between 0 and 283 Ma and median ZHe ages are between 18.5 and 979 Ma (table 4.1).
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Locations References Stratigraphic AHe [Ma] AFT [Ma] ZHe [Ma] ZFT [Ma] T t-T modelling
age of sample (a/n) (n) (a/n) (n) (n) Software
Ketama/ Flysch ~ Azdimousa et al., Meso 13-20 4 failed x
zones 1998 . B (5) B test 3
& Nd'mggfg etal, Pal. 1‘11137) - (149) 2 HeFTy
Internal Zone
Romagny et al., Pal 7-21 2 aTat
2014 al (45/11) - . .
. . 15-20 15-46 13-21 50-59
Canary Islands (Spain) Wipf et al., 2010 Meso.-Ceno. 6/2) 3) 6/3) 3) - -
Barbero etal. Pal. - 2(71(; - -1 AFT-Sohve
Eastern Meseta 174-198
El Haimer, 2014 Pal. - - - - - -
(2)
Gho;tz).’:(\)l ;t al., Pal. 51(—323 1:18) R R 1 HeFTy
Central Massif
Barbero et al., Pal B 202-239 - - 5 HeFTy
2011 : (7)
. 81-113 185-228 Gallagher et al.
Sabbil, 1995 Pal. - @1 - ©) 4 (1993) model
o Ghorbal et al., 15-253 143-147
% Rehamna 2008* Pal. @106) @) 3 HeFTy
= Saddiqi et al. 148-153
. Pal. - - - 2 AFT-Sol
g 2009" a ) ove
a -
s Mansour, 1991 P€-Pal. 1o 2(17? - -
Ghorbal, 2009* Pal. (1 ‘I‘t(;/zt(; 155-1 (63:; 3 HeFTy
Jebilet:
ebliets Saddigi et al., pa 186-203 s AFTSome
2009* : (6) B
El Haimer, 2014*  PE-Pal. - 276'3(153) - -
" Barbero et al., 25-135 76-242
Central High Atlas 2007+ Meso.-Ceno. ©13) 6) 2 AFT-Solve
. Barbero et al., 143
Skoura Massif 2007 Pal. ) - -
Ghorbal, 2009*  Pal.-Meso. 1;‘1';21) 142’1(523) 2 HeFTy
Northy -Atl
orthern Sub-Attas Balestrieri et al ., Meso ; 72-185 a R
2009* ) 2)
Missenard et al., Pe 9-27 R ~
P 2008* (10)
Z 9-125 9-134
Ghorbal, 2009* PE 14 HeFT
5 Eastern (64/17) () Y
T Precambrian MAM  Balestrieri et al ., PE-Pal.- 20-86 R _
(Toubkal/ 2009* Meso. (@)
Oukaimeden) X . 6-12
El Haimer, 2014’ PE ©12) - - -
Domenech 3-11 20-709 r
Verdaguer, 2015* Pe (33/11) (65/23) - 3 Qrat
! . 2-9 65-78
Western Palagozoic T Heimer, 2014 pal. (812) (5) N - 1 HeFTy
MAM Domenech Pal-Meso } 66-439 : . R
\erdaguer, 2015* i i (100/19)

Table 4.1. LTT and t-T modelling studies carried out in Morocco and neighbouring countries. t-T
(n): Number of t-T models. a: Number of aliquots (crystals) and n: Number of rock samples
(aAHe=529; nAHe=150; nAFT=312; aZHe=225; nZHe=66; nZFT=59; total t-T = 117). PE:
Precambrian, Pal: Palaeozoic, Meso: Mesozoic, Ceno: Cenozoic. *Studies conducted in several
regions (regions as defined here). **AFT ages were digitized from figure 4a of Martin-Monge et

al., 2016. ***Other modelling results are available, but were not preferred in the cited works.
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Locations References Stratigraphic AHe [Ma] AFT [Ma] ZHe [Ma] ZFT [Ma] tT t-T modelling
age of sample (a/n) (n) (a/n) (n) (n) Software
" 319-358
Sebti et al., 2009 PE (10) - -
) 58-148 121-173 193-248
Ruiz et al., 2011 PE (5/5) (10) (414) - 5 HeFTy
Sebti, 2011 PE - 169"1559) - - 4 HeFTy
. 49-236 120-218 87-362 287-331
Westorn A Al Sehrt, 2014 PE (35/12) @1) (24/8) ) 14 HeFTy
1= *
(Bas Draa / tfni / Se?‘:'eﬁf)” PE-Pal. - 9'1(79-; 5(91-3/%1) 258'(41%3) 6 HeFTy
Kerdous / Igherm) 113-248
Lepretre, 2015* PE (1411 - - - il QTQt
Gouiza et al., 67-156 129-135
2017a* pe ©12) ) - -t HeFTy
Sehrt et al., 2017a Same as Sehrt, 2014
@
©
Z Charton et al., 67-173 206
) 2018* pe 1) 1) - - HeFTy
< Missenard et al., Pe R 26-87 R R R _
2008* (4)
" 36-152 96-147 i .
Contal Al Ghorbal, 2009 PE (24/5) ) 4 HeFTy
entral Anti-Atlas -
Balest t al. 66-212
(Agadi-Melloul /g & Pe - © - - 2 HeFTy
Zenaga / Siroua /
Ouzellarh / Bou Oukaszsoz?ltget al, pe . 134‘1791 . 306'3‘20 2 HeFTy
pezen 36-143 © ©
Lepretre, 2015 PE 1) - - - - -
Gouiza et al., 30-146 87-98
2017a* Pe (13/4) (5) ) ) 3 HeFTy
Malusa et al., PE-Pal.- } 88-239 R :
Eastern Anti Atlas 2007 Meso. (10) 3 Hef Ty
(Saghro/Ougnat)  Gouiza et al., 27-114 156-213
20172 pe (1214) @) - -2 HeFTy
Ougarta (Algeria) Akkouche, 2007 Pal. - 1(715; - - - -
63-142 176-181
Sehrt, 2014* Meso. - - 1 HeFT
@ @ Y
Anti-Atlas Coastal margin Sehrt et al., 2017b Same as Sehrt, 2014
Charton et al., 51-140 214
2018 Meso. (5/1) ™) - - 1 HeFTy
Sehrt, 2014*  Meso.-Ceno. 73(';(;2) 92’(21:;7) 48'1(;%5) 404'5(855) 1 HeFTy
Tarfaya Basin Sehrt, 2014*  Pe-Pal- 0-185 0-147 ) Her
(wells) Meso.-Ceno. (51/21) (27) ) ety
" 14-185 107-175
Lepretre, 2015’ PE (4311) (13) - - 3 QTQt
Lepretre et al.,
Western Reguibat 2015* Samelaslispiele 201
Shield Gouiza et al., Pe 1-119 45-102 R 117-159 R _
2017b (12/5) 17) )
Lepretre et al.,
- 2017 Same as Lepretre, 2015
[]
< Lepretre et al., 92-149 139-256 o
o 2013 Pe (5/1) @) - -4 HeFTy
el 38-396 150-202
S * . - s
®  CentralReguibat  -oPTelr® 2015 Pe (2013) @) 8 aTat
@ Shield (Mauritania) ~ Bradley et al., pe 170 ]
2015 ° 1) - - :
Lepretre et al.,
2017* Same as Lepretre, 2015
. 32-384 237-497 i .
Eastern Reguibat Lepretre, 2015 pe (38/6) 8) 2 arat
hield (Algeri R
Shield (Algeria/Mau.) Lepretre ‘it al, Same as Lepretre, 2015
2017
A Martin-Monge et 106-397** R
Taoudeni Basin al., 2016 PE-Pal. - 5) - - -

Table 4.1. (continued)
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Figure 4.1. Location of LTT samples and t-T modelling (see references in table 4.1).

4.2.2. t-T modelling database

LTT studies often use the produced cooling ages and fission track density and length as
inputs for t-T inverse modelling (e.g. Pagel, 2014). Such modelling allows for testing
several t-T paths by guiding the model realisations with user-defined constraints. The
method provides a comprehensive representation of the t-T path of the analysed

sample, highlighting cooling and heating event(s).

From the 31 LTT studies considered in the present study, 22 performed t-T modelling
(see appendix for details), resulting in 117 t-T models (fig. 4.1). The programs that were
used in these studies for the inverse modelling of LTT data are HeFTy (Ketcham, 2005),
AFT Solve (Ketcham et al., 2000), and QTQt (Gallagher, 2012). See Vermeesch and Tian
(2014) for a comparison of HeFTY and QTQt softwares. The outputs are ‘acceptable’,
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‘good’, ‘best-fit’, and ‘weighted average’ paths for HeFTy/AFTSolve or ‘probability’
range, ‘maximum likelihood’ and ‘expected’ paths for QTQt. We digitized the weighted
average/expected curves when available (fig. 4.2; else the best-fit/maximum likelihood
curves) using WebPIotDigitizer*.

The conclusion that was reached in nearly all t-T studies was that the considered
samples, with cooling ages younger than their stratigraphic ages, recorded vertical
movements. This means that cooling and heating events can be translated to
exhumation and subsidence, respectively. The exceptions to this general conclusion are
the results from samples collected in the Canary Islands (Wipf et al., 2010) and in the
Siroua massif (e.g. Ghorbal, 2009), for which a Cenozoic thermal event is assumed to
reset the LTT ages.

4.2.3. t-T modelling geological constraints

The external geological constraints added to t-T modelling between 300 and 0 Ma are
reviewed in this section. In the study area, two types of geological constraints are used:
1) where sediments are overlying the sampled basement, a constraint is added at
surface temperatures (ca. 10-40°C) for the time of deposition; 2) where the age and
temperatures of the emplacement or metamorphism of the sampled basement are
known, a corresponding constraint is implemented. In the case of detrital
thermochronology, the stratigraphic age of the sampled sediments is used as a
constraint, which is a similar approach to the first type.

In the Rif belt, Pliocene sediments and Miocene “°Ar/**Ar and K-Ar radiometric dating
were used as geological constraints (Romagny et al., 2014; Azdimousa et al., 2013). In
the Meseta, constraints based on the Variscan granite emplacements and Permian,
Triassic, and Cenomanian sedimentary records in the basins surroundings the Variscan
massifs were added to the t-T modelling (Saddigi et al., 2009, Ghorbal et al., 2008;
Barbero et al., 2011). In the Variscan High Atlas (Massif Ancien), Triassic and poorly
dated Early Cretaceous sediments overlying Precambrian basement rocks allowed
authors to add related constraints to the models (Ghorbal, 2009; Balestrieri et al 2008;
Barbero et al., 2007; Domenech et al., 2016). In the Central Anti-Atlas, emplacement
data from the Jurassic intrusive rocks served as a constraint (Barbero et al., 2007). In the
Tarfaya basin, Sehrt et al. (2017b) used the Aptian and Albian stratigraphic age of
sampled sediments for the t-T modelling.

" Ankit Rohatgi (https://automeris.io/WebPlotDigitizer/)
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Figure 4.2. Digitized t-T modelling weighted averages, best-fit curves, and acceptable
envelops (grey area) for HeFTy results or expected curves, maximum likelihood curves and
limits of 20 confidence level (grey area) for QTQt results (see references in table 4.1). t-T
results for borehole samples from Sehrt (2014), as well as results from El Haimer (2014) and
Barbero et al. (2007), for which only envelopes were published, are not digitized.
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In the Reguibat Shield, a constraint at surface temperatures was defined for the
Early/Middle Cretaceous, as sediments (poorly dated) are exposed in the Tarfaya and
Tindouf basins (Leprétre et al.,, 2013; 2015; 2017). In the eastern Reguibat Shield, the
poorly dated Upper Cretaceous sediments of the Reggane basin were used as a
constraint (Leprétre et al., 2017). Overall, these studies used the geological constraints
fairly consistently. However, the t-T models of the Anti-Atlas show major discrepancies
(Gouiza et al., 2017a; fig. 4.2D). One of the aspects of the modelling, to which these
discrepancies can be attributed, is the use of different geological constraints. The
Variscan metamorphism (Ruiz et al., 2011, Charton et al.,, 2018, Malusa et al.,, 2007) and
the emplacement of the CAMP dykes (Gouiza et al., 2017a) were used as constraints.
The Triassic sediments in the north of the belt (Ghorbal, 2009), Middle Jurassic
sediments (Charton et al.,, 2018), poorly dated terrestrial Infra-Cenomanian sediments
in the western, central, and eastern Anti-Atlas (e.g. Ruiz et al., 2011; Oukassou et al.,
2013) and Cenomanian fluvial sediments overlying the Variscan basement on the
eastern Anti-Atlas (Gouiza et al,, 2017a) were used as evidences of the presently
outcropping Anti-Atlas basement rocks being close to surface temperatures.

Despite the classical use of an Early Cretaceous modelling constraint in Morocco, less
and less of the Lower Cretaceous terrestrial beds are still considered as such around the
Anti-Atlas (reviewed in Gouiza et al., 2017a; Charton et al, 2018). In the eastern part of
the belt, the extensive paleontological work conducted by Benyoucef and co-authors
showed that the red beds are Cenomanian (e.g. Benyoucef et al., 2015). In the central
Anti-Atlas, no recent study on the local undifferentiated clastics has been conducted,
but the only time constraint is the Cenomanian limestones positioned above in the
stratigraphic column (e.g. Fetah et al., 1990). The clastics could hence be Cenomanian
in age, similarly to the eastern Anti-Atlas. Finally, in the western Anti-Atlas, Arantegui
(2018) shows with new biostratigraphy control that the local redbeds, also mapped as
Lower Cretaceous, are in fact Bathonian (Middle Jurassic) or older. Overall, this
invalidates the use of an Early Cretaceous constraint guiding basement rocks of the Anti-
Atlas close to surface temperatures. In this Thesis, we consider the other modelling
constraints used in Anti-Atlas as valid.

4.3. Exhumation and subsidence rates

4.3.1. t-T result selection and depth conversion

In order to quantify volumes of eroded material on the top of the presently exposed
rocks in the study area, we apply a temperature-to-depth conversion. We applied five
conditions to select representative and valid t-T curves, resulting in a total of 56 selected
t-T curves (detailed in table 4.2). We consider that modelling results have to i) start
before 20 Ma (about the size of youngest considered period), ii) be based on HeFty, AFT
solve or QTQt results, iii) if different models using the same LTT data exist, be from the
most recent realizations (e.g. in Leprétre et al., 2013 and Leprétre, 2015), iv) should be
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based on one sample and not several as for vertical profiles (justified by the fact that we
are interested in punctual measurements), and v) be compatible with the geological
history of each region as discussed in the previous part.

40
e Geotherms Geotherm evolution
(see text) —— RIF, Meseta, Anti-Atlas, and Coastal basins
_ 35 Rift zone Reguibat r
g (HArift) —— High Atlas
O
£ 3 yYariscan I
2 orogeny Rift flanks Present day geotherms
2 (CATift) (zarhloule, 2004)
©
25 A -
Intra-continental Mature passive \
domain margin (CA)
20 T T T T T
300 250 200 150 100 50 Time [Ma] 0

Figure 4.3. Geothermal gradients used for the depth conversion of the t-T curves.
Geotherms: Geothermal gradients documented in literature, from present-day or recent
settings similar to ones in Moroccan geological past. See description of the geotherms
considered as analogues in the text.

To achieve the temperature-to-depth conversion (fig. 4.4), we use three different
geotherms based on the location of the selected t-T curves (fig. 4.3) and keep the
surface temperature constant at 20°C. The considered geothermal gradients are based
on several studies, which serve as analogue for past geodynamic setting in Morocco.
Luth and Willingshofer (2008; after several authors) obtained geothermal gradients of
23-35°C/km for the Alps. According to these values, we considered a geotherm of
29°C/km for the Variscan orogeny. The geotherm in the rift zone of the East African Rift
system is ca. 40°C/km (van der Beek et al.,, 1998) and between 25 and 32°C/km in the
Rio Gande Rift (Bridwell, 1976). We consider a geotherm of 34°C/km as representative
for the High Atlas Rift zone. The flanks of the East African Rift systems display geothermal
gradients between 25 and 30°C/km (van der Beek et al., 1998) and we use 27.5°C/km as
an analogue for the Central Atlantic/High Atlas rift flanks.
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t-Tmodelling studies

t-Tmodels Failed to meet conditions  t-depth models

Comments

M=117) i i ivoov (n=56)

Sabil, 1995 4 . 4 . . . 0 Program: Gallagher et al, 1993
Barbero et al., 2007 3 t-T: no best-fit or weighted average
Malusa et al., 2007 3 3 Anti-Atlas: no Mesozoic vertical movements
Ghorbal et al., 2008 4 4 Al condiitions are met

Balestrieri et al., 2008 2 0 Anti-Atlas: EQretaceous exnumation
Ghorbal , 2009 23 1 18 t-T: younger than 20Ma; Anti-Atlas: EQret. exhumation
Saddiqi et al., 2009 4 4 Al condiitions are met
Barbero et al., 2011 5 5 Al condiitions are met
Ruizet al., 2011 5 0 Anti-Atlas: ECretaceous exhumation
Sebti, 2011 4 0 Anti-Atlas: EQretaceous exhumation
Azdimousa et al., 2013 2 1 . 1 t-T: younger than 20Ma
Leprétre et al., 2013 4 4 0 t-T: corrected modelsin Lepretre, 2015
Oukassou et al., 2013 2 2 0 Anti-Atlas: EQretaceous exnumation
BHaimer, 2014 1 t-T: no best-fit or weighted average
Romagny et al., 2014 2 1 . 1 t-T: younger than 20Ma
Sehrt, 2014 24 .14 2 t-T: results from wells; Anti-Atlas: EQret. exhumation
Domenech, 2015 3 3 0 t-T: modelled for vertical profiles
Leprétre 2015 14 . 1 13 Anti-Atlas: EQretaceous exhumation
CGouizaet al., 2017a 6 . . 6 All conditions are met
Charton et al., 2018 2 . . . 2 All condiitions are met

Table 4.2. Selection of t-T (t-T) models for temperature-to-depth conversion and for exhumation
and subsidence rate calculations. Conditions: The t-T modelling results had to i) start before
20Ma, ii) be based on HeFty, AFT solve or QTQt results, iii) for different models based on the same
LTT data, be from the most recent and published realisations, iv) should be based on one sample
(as opposed to vertical profiles), and v) be compatible with the geological evidences discussed in

the text.

Lastly, Zarhloule (2004) obtained present-day values from Moroccan Passive margin of
20 to 35°C/km. As an analogue for the post-rift Moroccan passive margin at 80 Ma
(mature passive margin) and for intra-continental domain of the Reguibat Shield, we
considered a geotherm of 24°C/km. The selected geotherms take into account the
thermal relaxation that follows after the rift-related heating phase.

To quantify a depth range in the temperature-to-depth conversion, we used two
constant geotherms of 20 and 40°C/km. Both values are realistic, given the present day
values of geothermal gradients in Morocco and of the used analogues. The low and high
constant geotherms applied to the digitized temperature ranges yield the maximum and
minimum depths, respectively (dashed lines; fig. 4.4).
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4.3.2. Vertical movement rates

The vertical movements and their rates documented by the analyzed samples can be
quantified from the depth-converted curves (fig. 4.4). Thus, exhumation and subsidence
rates (km/Myr) were calculated. We define seven periods of time for these calculations
(periods a to g), resulting in seven vertical movement rates for each curves (figs. 4.5 and
4.6): Permian (a; 299-252Ma), Triassic (b; 252-201Ma), Early to Middle Jurassic (c; 201-
163Ma), Late Jurassic to Early Cretaceous (d; 163-125Ma), Cretaceous (e; 125-66Ma),
Palaeogene (f; 66-23Ma), and Neogene (g; 23-0Ma). The calculated subsidence and
exhumation rates range from -0.09 to 0.49 km/Myr. Figures 4.5 and 4.6 show the
calculated motion rates with a spatial or temporal horizontal axes, respectively. In the
following, we describe the evolution of the rates as illustrated by figure 4.5.
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Figure 4.5. Exhumation and subsidence rates calculated from the 56 selected depth
converted curves of figure 4.4 using the variable geotherms shown in figure 4.3. The seven
defined periods a to g span between 300 and O Ma. The combined error bars are extracted
from the results of rate calculations using a constant geotherm of 20°C/km and a surface
temperature of 20°C. Mes: Meseta, HA: High Atlas; AA: Anti-Atlas; CB: Coastal Mesozoic
basins; RS: Reguibat Shield. North and South are only marked for period g because Morocco
has been significantly rotated since the Permian (e.g. Scotese, 2012).

During the Permian (period a), sampled basements in the Meseta and the Anti-Atlas
were strongly exhumed (0 to 0.12 km/Myr), while those of the Reguibat Shield were
stable (ca. -0.01 km/Myr). During the Triassic (period b), the exhumation in the Meseta
and the Anti-Atlas slows down (0.01 to 0.05 km/Myr). The High Atlas and most of the
Meseta and Reguibat samples are subsiding (0 to -0.08 km/Myr). In the Early to Middle
Jurassic (period ¢), the presently exposed Variscan rocks of the Anti-Atlas are greatly
exhumed (0 to 0.16 km/Myr). For this region, we observe an acceleration of the
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exhumation from the Triassic to the Jurassic with the highest rates recorded in the
Mesozoic. Concomitantly, the surrounding massifs of the Anti-Atlas were mostly
subsiding in the north (0 to -0.09 km/Myr), and mildly exhuming in the south (0 to 0.06
km/Myr). The Late Jurassic to Early Cretaceous period (d) is marked by the subsidence
of the Anti-Atlas (O to -0.05 km/Myr), whereas the sampled basement of the Meseta,
the Reguibat shield, and the High Atlas to some extent, were exhuming (0 to 0.09
km/Myr). During the Cretaceous (period e), the exhumation in the Meseta, the High
Atlas, and the Reguibat Shield regions slows down, and all areas are rather stable (weak
exhumation and subsidence) with motion rates between ca. 0.03 and -0.03 km/Myr. The
exhumation is renewed in the Anti-Atlas during the Palaeogene (period f; 0.01 to 0.03
km/Myr), while other areas remain characterised by exhuming and subsiding domains.
Finally, the Neogene (g) period was characterised by exhumation with a significant
acceleration trend; generally, below 0.10 km/Myr, they reach 0.20 km/Myr in the High
Atlas and 0.49km/Myr in the Rif belt.
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Figure 4.6. Evolution of the calculated exhumation and subsidence rates of basement rocks
for the last 300 Ma in the A) Meseta, B) High Atlas, C) Anti-Atlas, and D) Reguibat Shield.
Periods as defined in the text and rates as presented in figure 4.5.

4.4. Exhumation maps and eroded material fluxes

In the following section, we estimate the volumes of material that have been removed
through time. We first build seven exhumation maps (fig. 4.8), using the calculated
subsidence/exhumation rates as recorded by LTT. We also take into account simplified
stratigraphy columns of the Permian to Neogene onshore and offshore basins in the
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study area (fig. 4.7). We then calculate volumes of material removed per million years,
from these maps for the considered regions of Morocco and surroundings.

4.4.1. Interpolation of the exhumation rates and limitations

Data points for of the exhumation maps consist of the exhumation and subsidence rates
calculated above with variable geotherms. For the computation of ranges of the
volumes, we use rates obtained from the temperature ranges converted to depth with
constant geotherms.

We added synthetic points on the basis of the stratigraphy columns, which are compiled
in figure 4.7. For each preserved sedimentary basin, up to four points were created. If
sediments were deposited during one of the selected periods and are still preserved in
a basin, we attribute a rate of -0.011 km/Myr to all the synthetic points of this basin.
When sediments are not recorded in a basin, because they were not deposited or not
preserved, we attribute to synthetic points a rate of 0 km/Myr.

The Continental-Ocean Boundary (COB; Miles et al., 2012) is implemented as a line and
is used to yield synthetic exhumation/subsidence rates. Before the Jurassic, the COB has
not yet been created in Morocco. Nevetheless, for the Permian and Triassic (periods a
and b), we consider a similar position for the line to yield synthetic rates. For the
Permian, the COB line is attributed an exhumation rate of 0.1 km/Myr. This is to account
for the collapse (peneplain) of the Variscan chain, which is documented in Morocco
between the Carboniferous and the Triassic (e.g. Michard et al., 2008). Exhumation rates
during post-orogenic collapses have been used or documented between 0.15 and 0.7
km/Myr (e.g. Clift et al.,, 2004; Mazzoli et al., 2010; Casini et al.,, 2015). We consider in
this study a lower exhumation rate of 0.1 km/Myr, comparable to the highest rate we
calculated for the Permian (period a). From Triassic onwards (periods b to g), we
attributed to the COB line a subsidence rate lower than -0.01 km/Myr (-0.011 km/Myr).
This is equivalent to adding many synthetic points with subsiding rates, as above-
defined, in the slope or basinal domains.
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Figure 4.7. Simplified stratigraphic columns. The hatched parts highlight continental facies
and/or coarse to very coarse deposits. Below uncoformity surfaces are the name of the
corresponding Variscan/Precambrian basement (MS: Meseta, HA: High Atlas, AA: Anti-
Atlas, and RS: Reguibat shield basements). The seven selected periods (a to g) are shown on
the left. *Late Cretaceous in the Tindouf basin is present in the eastern and western parts,
but not in its central part (Hollard et al., 1985).
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For the interpolation of the exhumation (and subsidence) rates, we use the nearest
neighbour algorithm (available in Surfer version 8; Golden Software, Inc.). This algorithm
is simple to implement, its interpolation grid can be extended to the study area
completely, and allows for the implementation of faults. The interpolation grid extends
from 0 to -18°W and 20 to 36°N (112x100 lines with fixed spacing) and ends at the COB
in the west. For the Triassic, Palaeogene, and Neogene, the Atlas system faults are added
as boundaries.

The Nearest Neighbor is fairly simple, but as such it has some limitations as it gives better
results with regularly spaced data points. In addition, the algorithm does not extrapolate
the rates above and below their values. The interpolated rates are calculated from the
closest data/synthetic points. When located exactly in the middle between two points,
the lowest value will be attributed to the interpolated rates, which is most likely
responsible for artefacts observed in the maps (fig. 4.8). These artefacts are expressed
as areas with important changes of rates over short distances.
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Figure 4.8. Exhumation maps for the seven selected periods (a-c on this page and d-g on the
next one) after geological record (fig. 4.7) and vertical movement rates (fig. 4.5). We define
three domains in the exhumation maps: A subsiding domain with rates <-0.011 km/Myr, a
stable domain characterised by rates between -0.01 and 0.01, and an exhuming domain
with rates > 0.011 km/Myr. Note that the western boundary is the Continent-Ocean
Boundary (COB).
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Figure 4.8. (continued)
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4.4.2. Eroded material fluxes and associated uncertainties

Volume calculations of eroded material per million years (km>/Myr; eroded material
flux) are performed with Surfer software between the interpolated surface and a plane
characterised by a null motion rate (0 km/Myr). The eroded material fluxes computed
here are an estimation of the amount of eroded material per million years, above the
samples exposed at the surface today. They are however not sediment fluxes. Indeed,
LTT data does not take into account the lithology of the overburden, and hence its
erodibility (Flowers and Ehlers, 2018). In other words, the calculated volume of material
removed from the source areas will ultimately not be equal to the volume of material
deposited in the sink areas. The volumes are calculated for three regions of interest: The
Meseta, the High Atlas, the Anti-Atlas, and the Reguibat Shield (table. 4.3).

Periods [-]
a b c d e f g
21601 1804 22771 15711 5480 11579 28769
Interpolation Grid 23653 3805 29275 19355 6923 14025 33463 *
Eroded 20686 1879 14561 9623 3421 6935 17020  **
material flux
[km®/Ma] Meseta & High Atlas 2318 115 571 745 180 161 1304
Anti-Atlas 3579 675 8061 1020 929 1343 3030
Reguibat Shield 1782 588 11486 8226 1583 7653 10886
H H 6 6 6 6 6 6 6
Surface area Exhuming domain 1.6 10 0.9 10 1.2 10 1.2 10 0.6 10 1.010 1.310
km? i )
km’] Subsiding domain 0.7 10° 1.4 10° 1.110° 1.110° 1.7 10° 1.310° 1.010°

Table 4.3. Eroded material fluxes and surface areas from Permian (a) to Neogene (g). The ranges
of our results are provided with the presented workflow, but with constant geotherm of 20°C/km*
and 40°C/km**. We also estimate the error of our findings between 20 and 10%.

The calculated volumes of eroded material for the seven exhumation maps range from
7.6x10° to 0.7x10° km® for the Jurassic and Triassic, respectively (fig. 4.9 and table 4.3).
For the considered regions, the eroded material fluxes are between ca. 600 and 11,000
km?/Ma for the Reguibat Shield, ca. 700 and 8,000 km?®/Ma for the Anti-Atlas, and ca.
100 and 2,300 km?®/Ma for the Meseta and High Atlas massifs (fig. 4.9).

Besides provided ranges for the rates and volumes, we assess the error bar of the
presented workflow. LTT analyses in Morocco have typically 10% error for (U-Th)/He
system, while the FT system error depends on the operator, but is also ~10% (estimation
made from the dataset gathered in this study). The t-T modelling has a large temporal
and thermal uncertainty associated to all realisations (e.g. good and acceptable
envelopes for HeFTy) and increases with time (fig. 4.2). Other factors such as the
selection of t-T modelling curves and geotherms, plus the fact that we assume a
constant surface temperature, are impacting the error bar. Another source of
uncertainty lies in the use of non-restored base maps for the exhumation maps because
extents of some areas are likely to be different (in the High Atlas before the recent
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orogeny for instance). The use of a null motion rate for the created synthetic points also
introduces an error, as non-recorded sediments might have been eroded (i.e.
subsidence rate) or never deposited (i.e. null or exhumation rate). Last, the errors
associated to the interpolation method and volume calculations are also difficult to
guantify. Overall, we estimate the error of our method to 20% for Permian and Mesozoic
(periods a to e) and to 10% for Palaesogene and Neogene (periods fand g).

O Meseta/High Atlas Massifs
[0 Anti-Atlas
[ Regubat Shield

)

Permian Triassic E./M. Jurassic L.Ju./E.Cret. Cretaceous f Palaeogene Neogene
]300 252Ma] 1252-201Ma) 1201-163Ma) ]163 125Ma) 1125-66Ma) 166-23Ma) g 123-0Ma]

Eroded material flux [km3/Myr]

Figure 4.9. Estimated eroded material flux for the three main sediment sources
(Meseta/High Atlas, Anti-Atlas, and Reguibat Shield) for the seven defined periods (a-g). The
eroded material flux is obtained with variable geotherms (fig. 4.3), while the ranges are
given by calculations done with two constant geotherms of 20 and 40°C/km. See the text for
a estimation of the error bar associated to our workflow.

4.5. Exhumation and subsidence evolution

4.5.1. Phanerozoic exhumation and subsidence patterns

The exhumation maps (fig. 4.8) show the pattern of erosion in the continental Moroccan
margin between the Permian and the present-day. During the Permian (period a),
erosion occurred in the remnants reliefs of the Variscan chain (e.g. Lorenz, 1988; Voigt
et al,, 2010), located mostly in the Meseta and Western Anti-Atlas. Known Permian
basins are the Eastern Meseta, Doukkala and Argana Valley basins. From the
interpolated area, we estimate the volume of produced sediments to be about 1.0x10°
km?, of which only little is preserved today. Subsiding domains predicted by the t-T
modelling results are the Central and Eastern Reguibat Shield.

During the Triassic (period b) the northern Meseta (ca. 6,000 km?), the Anti-Atlas (ca
35,000 km?), and the Reguibat Shield (ca. 30,000 km?) were being eroded. A large
portion of the Meseta subsided, which could mean that it was part of the Central Atlantic
and/or High Atlas rift zones. According to the stratigraphic columns, most Moroccan
basins contain Triassic sediments; except the Tindouf, the Taoudeni, and the Guir
Hamada basins. The Central Atlantic and Atlas rift zones were subsiding, except parts of
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the Massif Ancien. This massif is described as a structural relief sourcing Triassic
sediments to the Argana and Oukaimeden valley (e.g. Baudon et al,, 2012). The t-T
modelling results do not cover the time before 200 Ma in the Central and Eastern Anti-
Atlas (Gouiza et al., 2017a), but red clastics overlying the Precambrian basement in the
northern Central Anti-Atlas are mapped as Triassic. There, no recent study on these
sediments has been conducted, however, basaltic flows covering them have yielded
ages of 205.9+7.9 and 207.8+6.5 Ma (Fiechtner et al,, 1992), suggesting that these
deposits are indeed Triassic. In turns, this means that while the core of the Anti-Atlas
was exhuming, its northern counterpart was subsiding (including Souss and Ouarzazate
basins).

The Jurassic period (period ¢) is marked by enhanced erosion in the Anti-Atlas and
Reguibat Shield, and to some extent in the Meseta. We estimate the production of
sediment by erosion to be 0.9x10°km?. From the seven selected periods, it is the most
active one in terms of eroded material flux for the Anti-Atlas. It is likely that the Anti-
Atlas was a bulge as exhumation rates are higher in the central part. Middle Jurassic
redbeds are recorded in the onshore basins north and west of the Anti-Atlas (Tarfaya,
Agadir-Essaouira, Central High Atlas, Ifni Margin, and Souss basins; fig. 4.7). In the basins
south and east of the Anti-Atlas, no Jurassic sediments are recognised. This supports the
idea of exhuming Anti-Atlas and Reguibat Shield, linked by an exhuming or stable
Tindouf area. From the Middle to Late Jurassic, our results show a shift in the areas of
sediment production, from the Anti-Atlas to the Meseta.

The exhumation of the Meseta massifs (ca. 750 km?/Ma) from Late Jurassic to Early
Cretaceous (period d) was first described in Ghorbal et al. (2008). The preserved onshore
basins of the Meseta do not record Middle/Upper Jurassic sediments, excepted the
coastal Doukkala basin. This suggests that a surface larger than that of the presently
outcropping basement was being eroded. Although most vertical movement rates are
negative in the Anti-Atlas, one is positive in the western part of the belt (fig. 4.8D). This
could be due to a t-T modelling inconsistency or it could be a remnant, non-structural,
relief from the previous period. A sedimentary provenance study was conducted in the
north Tarfafa Basin for lower Cretaceous to Cenozoic sediments (Ali et al., 2014). Their
results showed that the Lower Cretaceous sediments were sourced from the Reguibat
Shield, while upper Cretaceous sediments were sourced from both the Reguibat Shield
and the Anti-Atlas. In turns, it suggests that the one positive vertical movement rate
calculated for the western Anti-Atlas is wrong, and that the t-T modelling results for that
specific sample are inconsistent. The Reguibat Shield witnessed substantial erosion (ca.
8,200 km?®/Ma). It appears that the source area of the sediments deposited in the
Boujdour and Tan-Tan deltas is the Reguibat Shield, with over 700,000 km? of eroded
material during the Jurassic/Cretaceous period.

In the late Early to Late Cretaceous period (period e), subsiding domains are the
dominant feature in the study area. This period is characterised by a rise in the sea level
(Cenomanian-Turonian transgression; e.g. Piqué et al.,, 2006), which reached the interior
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of Morocco and Algeria (e.g. Late Cretaceous deposits in the Guir Hamada; e.g.
Benyoucef et al,, 2015). It appears to have partially submerged the Reguibat shield,
Tindouf basins (except its central part), and the borders of the Anti-Atlas. The Anti-Atlas
erosion (ca. 900 km*/Ma) starts in its centre, and later extents to the eastern and
western regions.

Finally, the Palaeogene and the Neogene (periods fand g) periods are characterised by
the Atlas orogeny, which is expressed by high exhumation rates in the High Atlas, Rif,
and also Anti-Atlas and Reguibat Shield. We estimate the volume of eroded material
from the studied area during the Palaecogene and Neogene to ca. 0.5x10° and 0.7x10°
km?, respectively.

4.5.2. Eroded material fluxes vs. sedimentation rates

We compare the total eroded volume rates to the study of Helm (2009; fig. 4.10). This
study considered several segments along the western African margin, including the
Moroccan segment. The sedimentation rates in the offshore domain and the coastal
basins are obtained from nine interpreted seismic profiles perpendicular to the coast,
and extended by extrapolation and/or well control to the basin (using DSDP wells). The
obtained volumetric rates, from the Triassic to the Neogene, were then adjusted for
sediments with a terrestrial source. It is important to note that the resolution is not
identical between the two studies; moreover, the defined periods are also not
systematically concordant.

— Eroded material flux (study area)

= Total sedimentation rates in Atlantic offshore/coastal
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Figure 4.10. Comparison of the total eroded material flux to sedimentation rates in
Moroccan offshore and coastal basins (after Helm, 2009).

This comparison shows that the siliciclastic volumes deposited in the offshore/coastal
basins and the eroded volume of material from the interpolation grid are of the same
order of magnitude (fig. 4.10). Volumes are even similar during the Triassic, early Early
Cretaceous, Cretaceous, Palaeogene, and Neogene. It is overall a fairly good match,
except for the rates during the Jurassic period. According to our results, between 10,000
to 30,000 km3/l\/|yr of material were eroded, while the offshore seems to record about
1000 to 2000 km*/Myr of siliciclastic sediments. To explain this discrepancy, we make
the hypothesis that the erosion, occurring in the Reguibat Shield, Anti-Atlas, Tindouf,
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and Meseta removed fine-grained and/or carbonated meta-sediments from the top of
the Palaeozoic pile. Hence, little coarse terrestrial material would be recorded in the
basins, were platform limestones are dominant.

4.6. Conclusions

We have used t-T modelling results from Morocco and its surroundings as a proxy for
defining and quantifying exhumation events from the Permian to the present-day. We
then presented a series of exhumation maps from which we extracted erosion patterns
and volumes. This allowed us to elaborate on the possible responsible mechanism(s) of
these vertical movements. The presented findings have implications for the evolution of
the Central Atlantic passive margins and for our understanding of the Permian to
Neogene Moroccan source-to-sink systems.

The reconstructed evolution of vertical movements and erosion at the scale of the
passive margin can be divided into 3 areas: The Reguibat Shield, the Anti-Atlas, the
Meseta, and the High Atlas.The Reguibat Shield is marked by subsidence from the
Permian to the Triassic, and exhumation from the Jurassic onwards for most of the
massif (0.01-0.06 km/Myr; ca. 1,400,000 kmg). We infer that the Reguibat shield was the
only source of sediments for the Boujdour and the Tan-Tan Cretaceous deltas, offshore
Tarfaya basin.

The sampled Anti-Atlas basement rocks were deeply buried in the Permian and were
exhumed between the Triassic and the Middle Jurassic (0.01-0.16 km/Myr; ca. 300,000
km?). Subsidence during the Late Jurassic/Early Cretaceous was followed by a final
exhumation from the Late Cretaceous onwards (0.01-0.05 km/Myr; ca. 180,000 kmg).
Moreover, the spatial distribution and the high values of exhumation rates suggest
structural or domal uplift in the Early/Middle Jurassic, with higher reliefs in the Central
Anti-Atlas.

The presently outcropping Variscan rocks in the Meseta and High Atlas were close to
the surface during the Permian/Late Triassic, followed by subsidence until the Middle
Jurassic, exhumation in the Late Jurassic/Early Cretaceous (exhumation rates: 0.01-
0.09km/Myr; eroded material: Ca. 28,000 km3), renewed subsidence during the Late
Cretaceous and a finally exhumation during the Cenozoic (0.01-0.20 km/Myr; ca. 37,000
km?). There, the subsidence event synchronous to the rifting brought the samples from
close to the surface down to 4 km, suggesting that the Central Atlantic and/or the High
Atlas rift zone(s) extended over nearly the entire Meseta.
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A qualitative study of the
Phanerozoic source-to-sink
systems of Morocco

Abstract: We constructed 10 paleo- erosional and depositional maps, which we called
“source-to-sink” maps. They cover the period between the Variscan and the present-
day. The maps are based on the six following databases: 1) geological maps, 2) outcrop
and fossil data, 3) well data, 4) paleo-geography and depositional environment maps, 5)
provenance analysis, and 6) exhumation rates. The prevailing objective was to illustrate
and discuss changes in the Permian to Neogene source-to-sink systems and the
dynamicity of their components.*

" Parts of this chapter will be submitted to Earth Science reviews: Charton et al., in preparation.
Post-Variscan source-to-sink systems of Morocco and surroundings: A qualitative study.
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5.1. Introduction

Source-to-sink studies encompass the investigation of the exhumation history of the
hinterland (‘source’), the spatial distribution of fluvial and coastal deposits (‘to’), and the
architecture of continental traps, shallow and deep marine depocenters (‘sink’; e.g.
Allen, 2008; Semme et al., 2009; Helland-Hansen et al., 2016). Analyses of this kind take
into account geological surface processes, such as erosion, transportation, and
deposition. Underlying mechanisms for the onset of source-to-sink systems are
controlled by tectonic, eustatic, and/or climatic changes (e.g. Wells et al., 2017). The
combination of state of the art sedimentary, stratigraphic, geochronology, provenance,
palaeontology, Low-Temperature Thermochronology (LTT), and numerical analyses
allows for building strong cases of integrated source-to-sink studies (e.g. Helland-
Hansen et al.,, 2016). Sediment fluxes may be quantified by inverting the amount of
deposited sediments in the sink, the erosion rate in the source, and other techniques
that investigate the paleo drainage system (e.g. Wold and Hay, 1990; Gallagher et al,,
1998; Barnes and Heins, 2008; Matenco et al.,, 2013). The sediment routing is an
important parameter in dynamic systems, as it defines where the sediments will be
delivered. From these notions, it seems evident that sediment budgets and pathways
are crucial for hydrocarbon exploration.

Source-to-sink studies also have their limitations depending on, for instance, the spatial
and temporal resolutions of each component, or simply on the quality of the
sedimentary record. The creation of relief in the hinterland has sometimes been
disregarded (see Helland-Hansen et al., 2016), despite the fact that the vertical motion
rate, timing, extent, and the erodibility of the source areas are major parameters that
significantly impact the sedimentary record in the basins.

Between the Variscan and Atlas orogenies, Morocco and surrounding areas have
witnessed major geological events'. To illustrate these events, reconstructions of the
Moroccan past, at various scales and within different fields of geosciences, have been
carried out in several studies in the past decades (e.g. Ranke et al., 1982; Le Roy et al.,
1997; Nemcok et al., 2005; Sibuet et al., 2012). These works presented depositional
environments, structural, and/or geographic, paleo-maps based on extensive data
collections.

Using the knowledge gathered hitherto in this Thesis, we construct 10 “source-to-sink
maps”, which account for the timing, extent, and strength of exhumation episodes
documented with LTT and t-T modelling studies (chapters 2, 3, and 4). Using geological
maps and several other databases (well, outcrop, fossil, and provenance data) and
previous reconstructions as the basis for our maps, we also reconstructed the gross
depositional environments. The maps presented in this chapter illustrate the source,

’ Chapter 1 includes the geological history of Morocco.
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transitional, and sink domains from Permian to Neogene, while also including simplified
structural framework. The aim of these maps is not to accurately define the paleo-
drainage systems, as the resolution of our datasets is too coarse, but to illustrate the
dynamicity of the source-to-sink systems and of their components during the
Phanerozoic in Morocco and surroundings, i.e. in post-orogenic, syn-rift, and post-rift
settings. This chapter should hence be considered as a background study, creating an
opportunity for future definition and quantification of sediments pathways and fluxes
along the entire Moroccan rifted margin and into the interior of its adjacent continental
crust.

5.2. Data used to construct the source-to-sink maps

We digitized the geological map of Morocco at 1:1,000,000 (Hollard et al., 1985). It
resulted in widespread constraints for our maps, with the exception of the Permian, for
which only very little sediments remain in the basins and even less are exposed. Several
“updates” of the stratigraphy were brought to this map, especially around the Anti-Atlas
(see chapters 2, 3, and 4) and in the Central High-Atlas. In the latter, the so-called
“Couches Rouges” terrestrial redbeds comprised between Middle Jurassic and middle
Cretaceous (Aptian) marine carbonates (Charriere and Haddoumi, 2016) have
historically been attributed to the Middle and Late Jurassic (Hollard et al., 1985). Recent
biostratigraphy work constrained the ages of the redbeds indeed to the Middle and Late
Jurassic, but also to the Barremian (Early Cretaceous; reviewed in Charriere and
Haddoumi, 2016). For neighbouring regions not covered by the Moroccan map, we
digitized the map of NW Africa compiled by the UNESCO in 1990, for which no changes
were made.

The outcrop and fossil data in Morocco is extensive, as suggested by the title of the
recent special edition on Morocco from the journal “Geologues” (Number 194,
septembre 2017): “Le Maroc, paradis des geologues”. Therefore, we selected outcrop
and fossil data from relevant publications to be used in this chapter (table 5.1).

The well database (fig. 5.1) is composed of DSDP and IODP well reports, confidential well
reports and completion logs granted by the “Office National des Hydrocarbures
Marocain” (ONHYM), detailed well data from published works (notably Michard et al.,
2008), and limited well data such as total depth, reached formation, or stratigraphy only
in other published studies or company reports.
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Figure 5.1. Location of boreholes in Morocco and surrounding NW African countries (non-
exhaustive).

Furthermore, the present review was carried out within the North Africa Research
Group (NARG), in which several other Ph.D. projects on the Moroccan geology are
conducted. Some of these projects (Luber, 2017; Arantegui, 2018; Duval-Arnould, in
prep.; Wang, in prep.) investigated the sedimentary records of the western High Atlas
and north Tarfaya Basin. These works provide valuable high-resolution facies analysis,
biostratigraphy, and regional reconstructions.

" The complete list of the references for the well database will be delivered upon request to the
author.
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We used several types of paleo-reconstructions as the basis for depositional
environments and general tectonic regime. The majority of the maps used in this
chapter focused on depositional environments, paleogeography, tectonic plate
reconstruction, and more local structural/stress maps (table 5.1). In some cases, we
modified them according to new evidence (outcrop, fossil, and/or well data) published
after these reconstructions. Sedimentary provenance analysis conducted in Morocco
and surroundings for the Permian to Neogene periods are scarce; three investigated the
provenance with detrital zircon U-Pb (Pratt et al., 2015; Marzoli et al., 2017; Domenech
et al, in review), one study used traced elements and radiogenic Nd-Sr isotopes (Ali et
al., 2014), and one produced detrital LTT ages (Sehrt, 2014). Nonetheless, more studies
documented paleo-current directions in fluvial systems (e.g. Brown, 1980; Baudon et al.,
20009).

As reviewed in the fourth chapter of this Thesis, numerous t-T modelling studies have
been conducted in Morocco and surroundings. They yielded insights on the timing,
location, and amplitude of exhumation and subsidence episodes affecting the presently
exposed Precambrian/Variscan basement rocks. Geostatistics allowed us to interpolate
vertical movement rates at the scale of the rifted margin of Morocco and to extend it
over several 100s of km into the interior of the African tectonic plate. We use the results
of these interpolations to constrain the source domains, while modifying their extent
based on the control points described above.
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Map

Qutcrop Data

Fossil data

Permian
(fig. 5.2)

Triassic
(fig. 5.3)

Early Jurassic
(fig. 5.4)

Middle Jurassic
(fig. 5.5)

Late Jurassic
(fig. 5.6)

(early) Early
Cretaceous
(fig. 5.7)

middle Qretaceous
(fig. 5.8)

(mid-late) Late
Qetaceous
(fig. 5.9)

Palaeogene
(fig. 5.10)

Neogene
(fig. 5.11)

Wititi et al., 1990 | Central Massif
Chalouan et al., 2008 | Rf basin

Brown, 1980 | Arganavalley
Chalouan et al., 2008 | Rf basin

Seineret al., 1998 | Canary Islands
Sanderset al., 2015 | Rf basin
Merino-Tomeet al., 2017 | Eastern High Atlas

Quajhain et al., 2011 | Essaouira-Agadir basin
Charriere and Haddoumi, 2016 | Central High Atlas
Merino-Tomeet al., 2017 | Central High Atlas
Benvenutiet al., 2017 | Quarzazate basin

Seiner et al., 1998 | Canary Islands
Mekahli and Benhamou, 2004 | Eastern High Atlas
Quajhain et al., 2011 | Essaouira-Agadir basin
Charriére and Haddoumi, 2016 | Central High Atlas
Benvenutiet al., 2017 | Ouarzazate basin

Seiner et al., 1998 | Canary Islands
Aietal., 2014 | Tarfayabasin
Charriére and Haddoumi, 2016 | Central High Atlas
Benzaggagh, 2016 | Rf basin

Seineret al., 1998 | Canary Islands
Aquit et al., 2013 | Tarfayabasin
Benyoucef et al., 2015 | Quir Hamada

Choubert et al., 1966 | Tindouf basin
Chalouan et al., 2008 | Rf basin
Aquit et al., 2013 | Tarfayabasin

Arabetal.,, 2015 | Rfbasin

Trappe, 1991 | Ouarzazate basin
Chalouan et al., 2008 | Rf basin

Doubinger, 1956 | Central Massif
Broutin et al., 1989 | Arganavalley

Chalouan et al., 2008 | Rf basin
Kammerer et al., 2011 | Arganavalley
Lagnaoui et al., 2016 | Arganavalley

Jenny and Jossen, 1982 | Central High Atlas
Lee, 1983 | Central High Atlas
Beauvais, 1986 | Eastern High Atlas
Bourillot et al., 2008 | Central High Atlas

Monbaron and Taquet, 1981 | Central High Atlas
Mahammed et al., 2005 | Eastern High Atlas
Haddoumi et al., 2015 | Central High Atlas
Qukassou et al., 2016 | Middle Atlas

Curribaneet al., 2000 | Essaouira-Agadir basin
Nouriet al., 2011 | Central High Atlas
TouriaHssaida et al., 2014 | Rf basin

Monbaron, 1978 | Middle Atlas
Middlemiss, 1980 | Essaouira-Agadir basin
Benest, 1985 | Rif basin
Btachfini et al., 1998 | Doukkalabasin

Dhondt et al., 1999 | Tarfayabasin
At Boughrouset al., 2007 | Quir Hamada
Cavinet al., 2010 | Kem Kem beds
Ibrahim et al., 2014 | Kem Kem beds
Benzaggagh et al., 2017 | Rf basin

Andreu and Tronchetti, 1994 | Middle Atlas
Dhondt et al., 1999 | Tarfayabasin
Ambroggi and Lapparent, 1954 | Essaouira-Agadir basin
Mulder et al., 2000 | Essaouira-Agadir basin
Rage and Wouters, 1979 | Settat basin
Hill et al., 2008 | Taoudeni basin

Tabuceet al., 2005 | Quarzazate basin
Jouveet al., 2005 | Settat basin
Geffney et al., 2006 | Rf basin
Adad et al., 2007 | Kem Kem beds
Hill et al., 2008 | Taoudeni basin
Zouhriet al., 2014 | Dakhlabasin
Gingerich and Zouhri, 2015 | Tarfayabasin
Marivauxet al., 2017 | Dakhlabasin

Dartevelle, 1937 | Canary Islands
Ennouchi, 1954 | Rf
Chevalier and Choubert, 1962 | Safi basin
Koeniguer, 1967 | Dakhla
Rage, 1976 | Middle Atlas
Best and Boekschoten, 1981 | Porto Santo
Saint Martin, 1990 | Rf
Blain et al., 2013 | Hauts Plateaux

Table 5.1. References used in this chapter to construct the source-to-sink maps.
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Map Paleo-reconstruction* Provenance strudy
Permian Broutin et al., 1998 | Meseta -
(fig. 5.2) Blouzet al., 2003 | Atlas Systems
Chopinet al., 2014 | Atlas Systems
Triassic Rankeet al., 1982 | Tarfayabasin Baudon et al., 2009 | Massif Ancien
(fig. 5.3) Le Roy, 1997 | Atlantic Shelf Domenech et al., in review | Massif Ancien
Brahim et al., 2002 | Atlas Systems
Leleuet al., 2016 | Morocco
Benvenutiet al., 2017 | Massif Andien
Early Jurassic Lavilleand Pique, 1992 | Atlantic Domenech et al., in review | Western High Atlas
(fig. 5.4) Blouzet al., 2003 | Atlas Systems
Bmiet al., 2009 | Rf basin
Sbuet et al., 2012 | Atlantic
Middle Jurassic Blouzet al., 2003 | Atlas Systems Sets, 1992 | Massif Andien
(fig. 5.5) Nemcok et al., 2005 | Morocco Pratt et al., 2015 | Middle Atlas
Late Jurassic Rankeet al., 1982 | Tarfayabasin Sets, 1992 | Rehamna
(fig. 5.6) Blouzet al., 2003 | Atlas Systems
Nemdok et al., 2005 | Moroocco
Sbuet et al., 2012 | Atlantic
(early) Early Sbuet et al., 2012 | Atlantic Aliet al., 2014 | Tarfayabasin
Qretaceous Aouiet al., 2012 | Ageria Leprétre, 2015 | Reguibat Shield
(fig. 5.7) Yeet al., 2017 | Reguibat Shield Pratt et al., 2015 | Rf basin
Luber, 2018 | Essaouira-Agadir basin Luber, 2018 | Essaouira-Agadir basin
middle Qretaceous Yeet al., 2017 | Reguibat Shield Alietal., 2014 | Tarfayabasin
(fig. 5.8) Pratt et al., 2015 | Rf basin
Essafraoui et al., 2015 | Massif Ancien
Meister et al., 2016 | Kem Kem beds
(mid-late) Late Rankeet al., 1982 | Tarfayabasin Aietal., 2014 | Tarfayabasin
Cretaceous Brahim et al., 2002 | Atlas Systems
(fig. 5.9) Sbuet et al., 2012 | Atlantic
van den Bogaard, 2013 | Canary Islands
Yeet al., 2017 | Reguibat Shield
Palaeogene Rankeet al., 1982 | Tarfayabasin -
(fig. 5.10) Brahim et al., 2002 | Atlas Systems
van den Bogaard, 2013 | Canary Islands
Neogene Rankeet al., 1982 | Tarfayabasin Aietal., 2014 | Tarfayabasin
(fig. 5.11)

Table 5.1. (continued). * Including paleogeography, depositional environment, and stress /

structural maps.
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5.3. Source-to-sink maps

The presented maps are defined according to the geological time chart division (with a
strong focus on the Cretaceous and Jurassic periods). The time-windows covered by the
maps are as follow: Permian (300 to 252 Ma; fig. 5.2), Triassic (252 to 201 Ma; fig. 5.3),
Early Jurassic (201 to 174 Ma; fig. 5.4), Middle Jurassic (174 to 163 Ma; fig. 5.5), Late
Jurassic (163 to 145 Ma; fig. 5.6), (early) Early Cretaceous (145 to 125 Ma; fig. 5.7),
middle Cretaceous (125 to 90 Ma; fig. 5.8), (mid-late) Late Cretaceous (90 to 66 Ma; fig.
5.9), Palaeogene (66 to 23 Ma; fig. 5.10), and Neogene (23 to 0 Ma; fig. 5.11).

Four types of depositional environments are described in this work: Terrestrial,
transitional, shallow marine, and marine. For most of the control points, the
environments were already interpreteded in the associated study (table 5.1). In other
instances, we interpreted the depositional environment based on lithology and/or fossil
data. In the following maps, the transitional environments usually suggest a coastal
situation, but may account for areas characterised by the fluctuation between shallow
marine and terrestrial environments.

The exhumation pattern recognised here is already described in the fourth chapter, and
the depositional environment and structural reconstructions are well described in the
literature (table 5.1). Therefore, in the following text, we focus on the changes that
occurred from one period to another, as well as on the source-to-sink systems. We used
the results of sedimentary provenance and paleo-current studies as a proxy for the
source-to-sink systems, illustrated with black arrows in our maps.

From the Permian to the Triassic (figs. 5.2 and 5.3), the source area shifted from most
of the domain affected by the Variscan orogeny to part of it: The Meseta, the Anti-Atlas,
and the eastern Reguibat Shield. The presence of transitional depositional environments
is another important change, resulting from marine incursions from the Tethysian realm
as far as the Tarfaya basin (e.g. Ranke et al., 1982; Scotese, 2012; Leleu et al., 2016). The
erosion that occurred in the Anti-Atlas during the Triassic is supported by provenance
and paleo-current evidences in the Massif Ancien (Brown, 1980; Baudon et al., 2009;
Domenech et al., in review) evidencing a drainage divide perpendicular to the Anti-Atlas
trends.

From the Triassic to Jurassic (figs. 5.3 and 5.4) the marine domain steadily covered the
Atlas and Central Atlantic rifted domains. There are no significant changes in source
areas, excepted for the western Reguibat Shield, where the exhumation starts in the
Early Jurassic. The recent provenance study of Marzoli et al. (2017) shows that
sediments above the CAMP basalts in the western High Atlas have been sourced from
the Meseta domain.

The Early and Middle Jurassic epochs (figs. 5.4 and 5.5) are fairly similar in terms of
depositional environments and the exhumation patterns are identical as they originate
from the same “exhumation” map. The Late Jurassic epoch (fig. 5.6) however shows a
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major shift in the sediment source areas: The Anti-Atlas is no longer an active source
while the Meseta is strongly exhumed. It is worth noting that a high-resolution clay
mineralogy study was carried out in folded Jurassic sediments of the Essaouira-Agadir
Basin (Ouajhain et al., 2011). The study shows a clear shift of sediment source lithology
or area between the Middle and Late Jurassic, passing from a chlorite-dominated
assemblage to a illite-dominated assemblage. It is possible that the Early to Middle
Jurassic erosion of the Anti-Atlas reached the Precambrian, hence cutting through the
metamorphosed Palaeozoic series, and eventually sourcing chlorites to surrounding
basins.

Depositional environments in the Essaouira-Agadir basin change from fluvial to lagoonal
during the Early Jurassic, from continental/transitional to shallow marine in the Middle
Jurassic, and remained on the shelf during the Late Jurassic (Duval-Arnould, in prep.). In
the Sidi Ifni area, Arantegui (2018) documented a Bathonian (Middle Jurassic) age for
the shallow marine and lacustrine deposits (more details in chapter 3).

During the Middle Jurassic (fig. 5.5), provenance studies carried out on Jurassic
sediments evidenced a transport of sediment from the Meseta to the Middle Atlas (Pratt
et al., 2015), and from the Anti-Atlas to the Essaouira-Agadir basin (Stets, 1992). The
Meseta is also a documented source area during the Late Jurassic, as suggested by
paleo-currents measured in the western High Atlas (Stets, 1992).
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Figure 5.2. Permian map. * Simplified source-to-sink systems evidenced with
provenance study or paleo-currents. WAC: Western African Craton
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Figure 5.3. Triassic map. * Simplified source-to-sink systems evidenced with provenance
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Early Jurassic
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Figure 5.4. Early Jurassic map. * Simplified source-to-sink systems evidenced with
provenance study or paleo-currents. CAMP: Central Atlantic Magmatic province.
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Middle Jurassic
174-163 Ma
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Figure 5.5. Middle Jurassic map. * Simplified source-to-sink systems evidenced with
provenance study or paleo-currents.
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Late Jurassi
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Figure 5.6. Late Jurassic map. * Simplified source-to-sink systems evidenced with

provenance study or paleo-currents.
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Figure 5.7. (Early) Early Cretaceous map. * Simplified source-to-sink systems evidenced
with provenance study or paleo-currents.
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Figure 5.8. Middle Cretaceous map. * Simplified source-to-sink systems evidenced with
provenance study or paleo-currents.
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(mid-late) Late Cretaceous
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Figure 5.9. (mid-late) Late Cretaceous map. * Simplified source-to-sink systems
evidenced with provenance study or paleo-currents.
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Palaeogene
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Figure 5.10. Palaeogene map. * Simplified source-to-sink systems evidenced with
provenance study or paleo-currents.
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Neogene
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Figure 5.11. Neogene map. * Simplified source-to-sink systems evidenced with
provenance study or paleo-currents.
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The transition between the Jurassic and Cretaceous (fig. 5.6 and 5.7) is fairly
monotonous. The coastline shifted towards the north in the Middle Atlas/Rif areas, and
towards the west in the Tarfaya basin. The latter change was accompanied by the onset
of large Early Cretaceous deltaic systems (Tan-Tan and Boujdour deltas). The entire
Reguibat Shield was an active source of sediments since the Early Jurassic. This suggests
that an acceleration of the exhumation or a change in eroded lithologies in the Reguibat
Shield must have occurred in the earliest Cretaceous, supplying the siliciclastics to the
Tan-Tan and Boujdour deltas. It is likely that the erosion in the Reguibat Shield reached
the granitic basement at the end of the Jurassic, with a prior removal of the Variscan
meta-pelites from the Early Palaeozoic basin.

In the Late Jurassic and Early Cretaceous, it is unknown if the Tindouf basin was also
sourcing sediments to the Tarfaya deltas, as no AFT ages were produced. Nevertheless,
values of vitrinite reflectance from the Silurian (Kuuskraa and Moodhe, 2013) suggest
that there is a missing layer that was deposited and subsequently eroded between the
Carboniferous and the Late Cretaceous (values are too high for the preserved
overburden). As most of the Anti-Atlas and the central Reguibat Shield were subsiding
during the Late Jurassic/Early Cretaceous epochs, we assume that the Tindouf basin
missing layer was deposited then.

The Cretaceous (figs. 5.7, 5.8, and 5.9) is characterised by another post-Variscan shift in
sediments source areas. In Morocco, widespread coarse sediments are described in the
Early Cretaceous (e.g. Davison, 2005; Frizon de Lamotte et al., 2009). During the Middle
Cretaceous, the central Anti-Atlas became an active source area and the Meseta
exhumation slowed down significantly (chapter 4). At the end of the Cretaceous, the
entire Anti-Atlas s.s. was sourcing sediments to surrounding basins, and most of the
Meseta and High Atlas domains were subsiding.

In the north Tarfaya basin, Arantegui (2018) shows that the undifferentiated early Early
Cretaceous clastic succession is characterised by fluvial and tidal flat environments, with
conglomerates at the base in contact with Cambrian metamorphosed sediments. The
study further provides an updated biostratigraphy of the Aptian-Albian (Middle
Cretaceous) transitional to shallow marine deposits. The mean paleo-current direction
for the fluvial unit indicate a transport direction towards the northwest.

The transition from shallow marine to continental deposition environment between the
Early and the Middle Cretaceous in the Essaouira-Agadir basin is characterised by a
general paleo-current direction towards the west (Luber, 2018). In the Late Aptian and
Albian times, the area was drowned once again with the establishment of shallow
marine conditions.

Cenomanian-Turonian (Middle Cretaceous) carbonate platform with low detrital influx
was prevailing in the Central High Atlas, while in the Atlantic domain the Turonian
organic-matter rich black shales were deposited in a relatively deeper marine
environment (Wang, in prep.).
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Provenance studies suggest that only the Reguibat Shield and Mauritanides were
sourcing clastic sediments to the north Tarfaya basin during the Early Cretaceous, while
the Anti-Atlas was part of the in the siliciclastic supply to the coastal basin from Late
Cretaceous onwards (Ali et al., 2014). Pratt et al. (2015) collected Albian sediments
deposited in the Rif basin, and traced the provenance to two sources: A Mesetian one
and a presently unknown (i.e. eroded) source area.

During the Palaeogene (fig. 5.10) most of the study area was emerged. Epicontinental
basins developed around the exhuming massifs of the Meseta and the High Atlas, and
shallow marine setting persisted in the Tarfaya basin. The dinosaurs are gone:
Paleontological evidences are remains of fishes, lizards, and mammals (whales,
turtles...).

The Neogene period (fig. 5.11) shows only minor differences with the present-day
situation, as nearly all of Morocco is emerged. Important sediment source areas are the
Meseta, the High Atlas, the Anti-Atlas, and the Reguibat Shield. Some shallow marine
sinks were developed in the North Tarfaya southern Settat, and Gharb basins, and along
the Mediterranean coast in the Rif domain.

5.4. Limitations

Data quality, data density, and temporal resolution are very variable across the “source-
to-sink” maps. This leads to variable robustness of the presented maps, which
complicates the comparisons from one to another. Dating is the primary uncertainty, as
several Phanerozoic layers are undifferentiated in Morocco and surroundings (e.g.
Hollard et al., 1985). This is for instance the case of Permo-Triassic, Middle to Late
Jurassic, and Early to Middle Cretaceous redbeds (“Continentale Intercalaire”), all three
more or less widely mapped in the study area, but their ages are weakly constrained.
These layers may be intercalated by dated marine sequences or magmatic intrusions,
but the biostratigraphic or geochronologic studies are generally local and extrapolation
still has to be made for similar but non-constrained facies.

The Permian map remains the most speculative as it was constrained with very limited
amount of data. While the Neogene is a data rich time interval and the corresponding
maps is better constrained. Another limiting aspect is introduced by the definition of the
time-windows that each map covers. Indeed, the temporal resolution of the Permian
and Triassic maps is coarse, as they encompass ca. 50 Myr, compared to the short
Middle Jurassic interval (ca. 11 Myr). It is also important to note that the Triassic map is
mostly composed of Late Triassic data, as Early and Middle Triassic times are rarely
documented in the stratigraphy of Morocco. Indeed, the faults and stresses are rift
related, and therefore most likely Late Triassic. The Triassic sediments are mapped as
undifferentiated Triassic or as Late Triassic and the CAMP dykes and sills occurred in the
lattermost Triassic. However, the exhumation rates were calculated for the entire
Triassic, which might introduce a bias in the map.
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Moreover, our “source-to-sink” maps are using the present-day geography and geology
as base maps. In other words, this means that the maps are unrestored. This should
definitely be taken into account when reading them and discussing implications for the
Atlas and Rif belts, for which Cenozoic upheaval was mostly caused by N-S compression
(e.g. Michard et al., 2008). Our overall message is that the Permian and Triassic maps
are the least constrained among the constructed paleo-maps.

5.4. Conclusions

In this chapter, we constructed 10 paleo- structural, erosional, and depositional maps
from Permian to the present-day, which we called “source-to-sink” maps.

During the Permian, terrestrial basins were located in the Meseta and were sourced
with eroded material of the Variscan chain. In Morocco, our data collection from the
Permian is scarce, and yet scarcer in Moroccan surroundings.

In the Triassic, the deposition occurred in manier places. Active sedimentary source
areas were the Central Massif (northern Meseta), the (western) Anti-Atlas, and the
(central) Reguibat Shield. Terrestrial/transitional environments covered the High Atlas,
the Meseta, and the Tarfaya basins as well as part of the Reguibat Shield.

Throughout the Jurassic, shallow marine and marine environments are well recognised.
Active sedimentary source areas were the Anti-Atlas, the Reguibat Shield, and the
Meseta massifs. A substantial shift of source area was evidenced from the Anti-Atlas to
the Meseta/High Atlas at the transition between the Middle and the Late Jurassic (ca.
163 Ma).

In the Cretaceous, terrestrial environments are covering a substantial portion of the
study area, especially between 145 and 125 Ma. Another considerable shift of source
area was evidenced from the Meseta/High Atlas to the Anti-Atlas at the transition
between the early Early and the middle Cretaceous (ca. 125 Ma).

Last, during the Cenozoic, almost all presently outrcopping basement areas were
sourcing material to the coastal and foreland basins.
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Discussion: Vertical movements
and underlying mechanisms

Abstract: The potential mechanisms responsible for the onset and continuation of the
km-scale unpredicted vertical movements are discussed in this chapter. The different
compilations and comparisons of data hitherto gathered show that low-temperature
thermochronology ages related to rifting, if ever present, have been overprinted by
post-rift events. The mechanisms previously proposed for the Moroccan case account
for local to regional observations. However, not all of these poposed mechanisms
account for the large-scale and more general observations. On the other hand, recent
studies have submitted that mantle-driven dynamic topography should be considered
as a general underlying cause for both upward and downward movements observed in
many places of the world. However, this process does not take into account the local
and regional observations. We argue that a combination of large-scale crustal folding,
mantle-driven dynamic topography, and thermal subsidence, was instrumental to the
exhumation and subsidence episodes. Moreover, these large-scale episodes were
superimposed by changes in climates, sea level, and erodibility of the exposed rocks,
overall contributing to the vertical movement timings, patterns, and amplitudes
observed in Morocco and its surroundings.
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6.1. Introduction

One of the characteristics of the km-scale unpredicted exhumation and subsidence
episodes occurring in Morocco that remains unconstrained is the triggering process(es).
In this chapter, we discuss the possible mechanisms responsible for the onset and
persistence of these movements.

First, we elaborate on the rifting and drifting tectonics. We secondly examine the
dataset of Low-Temperature Thermochronology (LTT) ages in Morocco and
surroundings to possibly define trends that are expected along passive margins. Third,
we review the processes that were proposed for Morocco as likely candidates to explain
the observed exhumation and subsidence episodes. Fourth, we elaborate on the
tectonic implications of the results obtained hitherto in this Thesis and compare them
to published data, which includes the comparison of the present-day architecture and
evolution of the Sidi Ifni transect to other segments across the Moroccan rifted margin,
the wavelengths of vertical movements from the Anti-Atlas to the rest of Morocco, and
the exhumation and subsidence rates to instances in the literature where the
mechanisms are known. Last, we compile and compare different proxies for tectonic,
climate, and eustatic changes.

6.2. Expected tectonic evolution along a rifted passive margin

Several types of rifts and passive margins exists (e.g. Allen and Allen, 2013). These types
may be categorised in several fashions, based on their geodynamic context, volcanic
activity, width, or other aspects. We will focus on the tectonics expectedly involved in
the case of the Central Atlantic rifting and drifting (fig. 6.1).

The rifting of the Central Atlantic is considered as passive (e.g. Tankard and Welsink,
1989) and asymmetric (e.g. Piqué and Laville, 1996; Gouiza, 2011). The early Mesozoic
rifting was characterised by a wide rifted zone (Frizon de Lamotte et al, 2015),
important terrigenous inputs, salt sedimentation, and by the Central Atlantic Magmatic
Province (CAMP; e.g. Michard et al., 2008).

115



Mechanisms

Yield Stress [MPa]

0 (A) I ~Range for
£ Low-Temperature * rigid D Upper Crust
= Thermochronology Continental Crust [] Lower Crust
E‘ ductile ] Oceanic Crust
[ Mantle Lithosphere
30 rigid [ ] Astenosphere
[ syn-Rift sediments
ductile [ ] Post-Rift sediments
* Unstretched crust
*’ Predicted vertical movements
60 Pre-Rift (Permian/Early Triassic)
flank uplift

passive rifting

0
(D) Heat Flow [mW/m?] é (F)/\ Thermal uplift [m] § 3
— see Watts, 2012 ~ | see Leroy et al., 2008 ' |
& g
< g L
S g $ on
e - : Ca”"i‘pM L
30 Time since rifting [Ma] o Time since rifting [Ma] o
0 T T T 200 0 T T T 200
T . o " o
Subsidence [km] N Thermal subsidence[km]
asthenosphere E) see Leeder, 2006 e G)\3 see Watts, 2012 g
upwelling —_r 00qc. 8
increasingt— | / 45000,
- 500%\_
§ depth of
60 \?‘ isotherms N
Time since initiation of rifting [Ma]
200 0 T T T 200"
0
(H) Source
— h
£
=1
°
3 S<_  Thermal g
subsidence after Helland-Hansen
30 astenosphere etal, 2016

upwelling

s) L

Salt mobilisation; |-

60 Early Post-Rift (Middle Jurassic)
after Hafid, 2008

S

0 ! Distan::e [km] ! 100

~100-200 km
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mobilisation, respectively.
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Passive rifting develops in an extensional geodynamic context, with extension driven by
plate movements (e.g. Michon and Merle, 2003). It has been suggested that passive
rifting is characterised by lithospheric stretching, asthenosphere upwelling, high surface
heat-flow (fig. 6.1D), seismic activity, negative Bouguer anomalies, normal faults
reaching deep within the continental crust, and thermal anomalies at depth (e.g.
Huismans and Beaumont, 2011; Allen and Allen, 2013). Asymmetric rifts, which may lead
to mantle exhumation along a detachment fault, are characterised by simple shear and
high extension rates (Michon and Merle, 2003). It was also evidenced that asymmetric
rifts can result from rift zone migration (for details, see Brune et al.,, 2014). The adjacent
unstretched continental lithosphere (rift flanks) may be affected by small scale
convection, volcanism, and uplift (fig. 6.1B; e.g. Olsen, 1995; Allen and Allen, 2013).
Predicted syn-rift vertical movements are: Substantial and rapid subsidence in the rift
zone (fig. 6.1E; McKenzie, 1978) and uplift or no motions in the rift flanks (Olsen, 1995;
Huismans and Beaumont, 2011).

The passive margin of northwest Africa is a rifted, mature, fairly narrow, sediment-
nourished margin (e.g. Michard et al., 2008). It is considered as non-volcanic, or magma-
poor, as the continental margin lacks seaward dipping reflectors (e.g. Contrucci et al.,
2004; Biari et al., 2017).

Rifted magma-poor continental margins are characterised by seaward dipping normal
faults and a break-up unconformity (e.g. Paton et al.,, 2017). The predicted post-rift
vertical movement in rifted margins is a slow and continuous subsidence (fig. 6.1E;
McKenzie, 1978), linked to thermal cooling of the lithosphere (fig. 6.1.G; e.g. Bertotti,
2001; Watts, 2012). The adjacent unstretched continental lithosphere is assumed as
tectonically quiescent in most models of passive margins evolution (reviewed in Watts,
2012). However, some studies have shown that post-rift uplift and exhumation can be
predicted in the unstretched lithosphere adjacent to rifted margins (fig. 6.1F; Leroy et
al., 2008; Yamato et al,, 2013). The modelled vertical movements were explained as
resulting from asthenosphere upwelling or thermal induced flexural response of the
lithosphere.

Source-to-sink systems may result from the erosion of the unstretched lithosphere if its
surface resides above sea level (e.g. Martinsen et al., 2010; Helland-Hansen 2016; fig.
6.1H). The so-called ‘passive-margin sands’ are a product example of such systems (e.g.
Garzanti et al,, 2014). Finally, the sedimentary overburden in a sediment-rich margin,
alongside other processes, is susceptible to trigger salt mobilisation and local uplifts (fig.
6.1G; e.g. Pichel et al., 2017).
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6.3. LTT age patterns: A link with rifting or drifting processes?

The LTT ages produced in Morocco and its surroundings are perhaps related to cooling
or heating events related to the rifting or drifting processes. Assuming that such signals
were not superimposed by other processes, a clear pattern is expected to emerge from
spatial and temporal distributions of the LTT ages (fig. 6.2 and 6.3). During the Triassic,
two distinct rifts developed in Morocco: The Central Atlantic and High Atlas rifts. If linked
to rifting processes, produced ages closed to the rifted areas should record cooling ages
from Triassic to Early Jurassic times with overall older ages away from the rift zone.
Indeed, it has been demonstrated that LTT ages may be affected or reset by heat fluxes
in the rifted areas or their vicinity (e.g. Moore et al., 1986; Rohrman et al,, 1994).
Moreover, flank uplift would generate exhumation and consequently LTT systems would
record cooling in the unstretched crusts along the rifted areas.
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Figure 6.2. Temporal distribution of LTT ages produced in Morocco and surrounding (plotted
in bins of 20 Myr). See all references in table 4.1. Results of thermochronology on A) apatite
and B) zircon crystals.
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If LTT age patterns were linked to post-breakup uplift in the unstretched lithosphere
(e.g. Leroy et al.,, 2008), one would expect Middle/Late Jurassic to Early Cretaceous ages
along the rifted continental margin of the Central Atlantic. Away from the margin, given
the assumed tectonic inactivity in the models, no particular trend or pattern is expected.
Thus, the rift-related age pattern should prevail.

From 1125 LTT ages produced in Morocco and surroundings (fig. 6.2), 65% belongs to
the post-Variscan and pre-Atlas orogeny period, characterised by the pre-, syn-, and
post-rift stages of both the Central Atlantic and Atlas rifts. For the remaining data, 27%
belongs to the period of Atlas deformations (ca. 40-OMa), 5% to the Variscan (ca. 300-
350 Ma) and 3% is older than the Variscan. These cooling ages clearly show that
widespread cooling events took place before, during, and after the rifting stages.

The spatial distribution of the cooling ages may be observed in figure 6.3. Some areas
seem to be characterised by specific age patterns. For the AHe and AFT systems,
Cenozoic ages are concentrated close to recent mountains (Rif, Atlas) or in the Canary
Islands. Mesozoic and Palaeogene AHe ages were produced for all Variscan massifs. As
observed for the Anti-Atlas belt in chapter 3, there is a trend with younger AHe ages
towards the northeast. In the Reguibat Shield, AFT ages are becoming significantly older
(Palaeozoic) towards the northeast. This pattern is not applicable to the Anti-Atlas, as its
western and eastern terminations are characterised by Permian to Jurassic AFT ages.
There, AFT ages are becoming younger towards the centre of the belt.

LTT on zircons was somewhat less applied in studies conducted in Morocco (figs. 6.3C
and D). While most of the ZFT ages record a Variscan signal, ZHe ages are for their
majority Permian or younger. No clear age patterns are distinguished within these data
sets.

We also constructed a transect running perpendicular to the Continental-Oceanic
Boundary (COB), projecting orthogonally all available FT ages and the calculated (U-
Th)/He median ages onto it (fig. 6.4). We aim to see if there are cooling age patterns
that could be explained by processes intrinsic to the Central Atlantic rifting, even though
they are not visible on a map view. In that case, we should observe cooling ages of rifting
ages at the continental-oceanic boundary, and older ages away from the boundary, until
a threshold distance where they are not reset anymore.
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(A) (U=Th)/He Apatite

(C) (U<Th)/He Zircon
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Figure 6.3. LTT cooling ages spatial pattern superimposed to the DEM (data:
GEBCO_2014_1D).
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The AFT ages seem to become older south-eastwards away from the Continental-
Oceanic Boundary (COB), as observed by Leprétre et al. (2017). However, this trend
seems to exist only because of few cooling ages produced in the Reguibat Shield. We do
not observe such patterns in the other basement areas of Morocco (fig. 6.4). Similarly,
the AHe, ZFT, and ZHe systems do not show clear temporal trends away from the COB,
which may be due to a lack of data. Therefore, we cannot conclude here that the cooling
ages and patterns are related to the rifting. It is also observed for AFT and AHe ages that
few data points seem to be older than the rifting age, up to 800-900 km away from the
COB (figs. 6.4A and B).

Additionally, it has been demonstrated for the AFT system that Mean Track Length
(MTL) vs AFT age plots (fig. 6.5; sometimes called ‘boomerang plots’; Gallagher and
Brown, 1997) yield insights into the cooling history. Therefore, cooling events evidenced
with this method (cluster of long MTL) may display a temporal link to the rifting, as
exemplified in the Brazilian (Cogné et al., 2011) and Indian rifted margins (Campanile,
2007). In the Moroccan dataset however, there is no ‘boomerang’ curve nor a clear
temporal link between long MTL (ca. 13-15 um) and the timing of rifting.
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Figure 6.5. MTL vs AFT age plot for Morocco and its surroundings.

The distribution of the cooling ages without general temporal and spatial patterns, and
the absence of ‘boomerang curve’, suggest that the processes intrinsic to rifting and/or
drifting might have little to do with the vertical movement timings and patterns in
Morocco or that they were superimposed by other events that occurred during the post-
rift stage.
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6.4. Vertical movements: Proposed mechanisms

Unexpected vertical movements are labelled as such because our record of the
geological history is not sufficiently detailed to provide concomitant and adequate
geological processes supporting their occurence. The proposed mechanisms must
account for several observations: km-scale subsidence and exhumation on a fairly large
scale, not restricted to the hinterlands of the margins (e.g. exhumation of the Hoggar
Massif in Algeria; English et al.,, 2016), and in multiple episodes (e.g. Reguibat Shield;
Leprétre et al.,, 2015).

Studies have argued that these episodic exhumation and subsidence events can be
explained in terms tectonic plate motions and driving forces (e.g. Green et al., 2018) or
lithospheric folding of the continental margin (e.g. Japsen et al., 2012). Mantle-driven
dynamic topography has also been proposed as a candidate for the initiation and
preservation of these vertical movements (e.g. Hoggard et al.,, 2016; see Miller et al.,
2018, for a recent review).

Numerical modelling studies show that post-rift changes in mantle convection (e.g.
Yamato et al.,, 2013) or thermally induced flexural response of the lithosphere (Leroy et
al.,, 2008) eventually lead to uplift in the rifted margin hinterlands. However, these
modelled mechanisms only account for the post-rift tectonics along a rifted continental
margin, and thus cannot be used to test the observed pre- and syn- rift movements
observed in Morocco.

In Morocco, previous authors have tentatively associated the upward movements
evidenced via time-Temperature (t-T) modelling to the Variscan chain erosion for the
pre-rift exhumation (e.g. Ruiz et al., 2011), to the uplifted rift shoulders for the syn-rift
exhumation (e.g. Oukassou et al., 2013), and to intra-plate horizontal crustal stresses
related to the South Atlantic opening and drifting for the late post-rift exhumation (e.g.
Michard et al., 2008a; Ghorbal et al., 2008; Gouiza et al., 2017a).

Some authors (e.g. Frizon de Lamotte et al., 2009; Ruiz et al., 2011; Oukassou et al.,
2013; Soulaimani et al., 2014) suggested that the Variscan belt was the so-called
‘uplifted shoulder’ of the Central Atlantic and High Atlas rifts from the end of the Triassic
to the Early Jurassic. Triassic red beds in the Bechar Basin (Fabre, 2005) and offshore
Atlantic margin (e.g. Ifni-1; Abou Ali et al., 2004; Hafid et al., 2006), and a lack of Triassic
sediments and heating events at 200 Ma in the western Anti-Atlas thermal history
models (see argument in Soulaimani et al.,, 2014), are elements that support that
conclusion. Moreover, rift uplifted shoulders are described as regional features with
elevated areas up to one hundred kilometres away from the rift margin (e.g. Buck, 1986;
Allen and Allen, 2013). Contrariwise, the absence of Triassic to Jurassic sediments in the
Tindouf, Anti-Atlas, and Guir Hamada basins led Fabre (2005) to propose an isostatic
rebound due to the removal of thick layers of CAMP basalts due to erosion.
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Gouiza (2011) showed with lithospheric modelling that the rifting kinematics were not
sufficient to explain km-scale vertical movements in the rift flanks during and after the
rifting. Moreover, Ruiz et al. (2011; see references therein) demonstrated that the
uppermost isotherms within the lithosphere of the Anti-Atlas are not much affected by
thermal perturbations occurring close to the lithosphere-asthenosphere boundary or
deeper. Doménech (2015) argues that the post-rift thermal relaxation of the lithosphere
could not entirely explain the observed cooling in t-T modelling results, and hence that
exhumation must have occurred.

Syn-sedimentary folding and faulting documented in the Jurassic and Cretaceous of the
western High Atlas suggest that regional E-W shortening supported the vertical
movements (Bertotti and Gouiza, 2012). Other non-Atlasic compressional structures
have been observed onshore in the Missour basin (Beauchamp et al., 1996), Essaouira-
Agadir basin (Fernandez-Blanco and Gouiza, 2015), and Central High Atlas (Calvin et al.,
2017). Offshore, in the passive margin, Late Cretaceous compressional structures have
also been interpreted on seismic profiles, near Safi (Dunlap et al., 2013), Essaouira
(Neumaier et al., 2015), and Tan-Tan (Abou Ali et al., 2004). However, they have been
attributed to the Atlasic shortening. Shortening directions inferred in the
abovementioned studies are between E-W and NNW-SSE. In the Tarfaya basin, Jurassic-
Cretaceous “tectonic movements” were described and attributed to the motions of an
east-bounding fault (Choubert et al,, 1966). This fault was said to be a tectonic limit
between the Anti-Atlas and the basin. Nonetheless, it is hard to resolve if this inferred
post-rift and non-Atlasic shortening is the cause of the vertical movements or merely
the consequence of adjacent areas being uplifted by other mechanisms.

Based on a careful analysis of the terraces in the Anti-Atlas coastal area, Westaway et
al. (2009) concluded that the observed Neogene uplift was climate driven. In the interior
of the Anti-Atlas and High Atlas, other authors tentatively associated the uplift to a large
mantle anomaly (Teixell et al., 2003; Oukassou et al., 2013), resulting from the Moroccan
Hot Line (Arboleya et al, 2004; Teixell et al., 2005; Missenard, 2006; Babault et al., 2008;
Frizon De Lamotte et al., 2009).

Downward movements, also obtained with t-T modelling, were solely explained in terms
of sedimentation, of which deposits are now eroded from the sampled basement areas
(e.g. Ghorbal et al., 2008; Leprétre et al.,, 2013). To evidence that modelled heating
events can be described in terms of sedimentary loading, Sehrt (2014) calculated
subsidence rates from t-T models converted to depth. He then made a comparison to
rates obtained from seismic interpretations in the north Tarfaya basin and observed that
they were comparable.
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6.5. Characteristics of the upward movements: Insights from this Thesis

6.5.1. Link between offshore rifted and onshore non-rifted domains

Five cross-sections, perpendicular to the Moroccan rifted margin across offshore and
onshore Atlantic basins, are compared to the present-day Sidi Ifni transect (chapter 2).
To compare the geological evolutions, we use published t-T models and subsidence
curves along these transects (fig. 6.6).

The Doukkala, Rabat Offshore, and Essaouira transects (figs. 6.6A, B and C, respectively)
all depict a Triassic or Jurassic unconformity over the basement, onshore as well as
offshore, and a relatively thick Mesozoic sedimentation (up to 2-3 km). The Upper
Cretaceous reflections are truncated at the present-day continental shelf edge (Hafid et
al., 2008), which is attributed to Cenozoic tectonics. In the Meseta and High Atlas, LTT
studies and t-T models have documented a similar kinematic evolution of vertical
movements (e.g. Ghorbal et al.,, 2008, Domeénech et al, 2016). The presently
outcropping Variscan rocks in the Meseta were close to the surface during the
Permian/Late Triassic, followed by subsidence until the Middle Jurassic, exhumation in
the Late Jurassic/Early Cretaceous, renewed subsidence during the Late Cretaceous and
a final exhumation in the Cenozoic.

Both Anti-Atlas sections (figs. 6.6D and E) show a fairly thick Mesozoic package (between
2 and 5 km) at the western flank of the belt, with two to three unconformities: One
following the Variscan folding, onr within the Jurassic, and one at the base of the
Cenozoic. In the Anti-Atlas, Gouiza et al. (2017a) and this study document a similar
thermal evolution, although different from the one described in the Meseta (e.g.
Ghorbal et al., 2008).

The differences in post-Variscan thermal evolutions of the Meseta/High Atlas and Anti-
Atlas highlight several shifts of source areas for the sediments delivered to the Atlantic
and coastal basins between the Middle and Late Jurassic and between the Early and Late
Cretaceous.
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Figure 6.6. Present-day 2D architecture of the Moroccan passive margin (central panels),
selected subsidence and backstripping curves (left panels), and t-T modelling (right panels)
results. A to F) Rabat, Doukkala, Essaouira, Sidi-Ifni, North Tarfaya, and Dakhla transects,
respectively. Note that cross-sections ‘a’ and ‘c’ are in time. See location map for
orientation. C: Cenozoic; K: Cretaceous; J: Jurassic; T: Triassic; B: Basement (Palaeozoic and
Precambrian). The letters “J” and “K” are shown on the sections only if the Jurassic or
Cretaceous are locally undifferentiated. The t-T best-fit results of samples 1/6, TO.04.01 and
MA29 are from Ghorbal et al., 2008, Ghorbal, 2009 and Sehrt et al., 2017a, respectively.
The t-T weighted average results of samples LGZ01/MESO1 and SC12 are from the present
work and Leprétre et al.,, 2015, respectively. The subsidence curves from wells SW3
(synthetic), JRP-1 and IF-1/TT-1 are from Gouiza et al., 2010, Bouatmani et al., 2007 and
Gouiza, 2011, respectively.
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Finally, the Dakhla section (fig. 6.6F) shows that no sediments are preserved prior to the
Early Cretaceous (Ranke et al, 1982; Saddigi et al., 2015) west of the
Mauritanides/Reguibat Shield. The thickness of the Cretaceous deposits may have
reached 2 km, unconformably overlain by Palaeocene sediments (Ranke et al., 1982).
The documented kinematic evolution (e.g. Leprétre et al. 2015) is also different from
those of other segments, showing subsidence from the Permian to the Triassic and
exhumation from Jurassic onwards for most of the Reguibat Shield, with locally shorter
and milder exhumation and subsidence episodes (e.g. Leprétre et al., 2015).

The insights obtained from the cross-sections, subsidence analyses, and onshore
thermal history give us the opportunity to link the onshore and offshore domains. It is
clear that strong exhumation episodes in the hinterland are expressed in the sinks by
normal to excessive subsidence rates, as if it was echoing a flexural response of the crust
or lithosphere. The link between exhumation and excessive subsidence episodes may
be evidenced during the Triassic in the Essaouira and north Tarfaya transects (figs. 6.6C
and E), during the Early to Middle Jurassic in the Doukkala (fig. 88) and north Tarfaya
transects, and during the Early Cretaceous in the Essaouira transects (Bertotti and
Gouiza, 2012). Moreover, in all transects except the Dakhla one, subsidence recorded
by LTT and t-T modelling can be linked to sediments preserved in the offshore and
coastal basins. It is therefore not surprising to observe sediments truncated in the shelf
or coastal domains (e.g. Late Cretaceous in the Meseta and Reguibat Shield regions and
Early Cretaceous along the western Anti-Atlas). Finally, it is worth noting that the non-
preserved sediments may not be linked to one specific hinterland kinematic. Instead,
they are linked to stable areas during the Permian, Mesozoic subsidence and
exhumation episodes in the Dakhla transect (fig. 6.6F), and exhumation in the Rabat (fig.
6.6A) and Essaouira transects during the Late Cretaceous/Palaeogene transition.

Furthermore, we propose that the observed syn-rift exhumation is not linked to rift
shoulder uplift, for two reasons: i) The Permian to Jurassic exhumation started in the
Anti-Atlas and Reguibat Shield before the initiation of rifting (see chapter 5); and ii) Late
Triassic sediments are well represented east of the Atlantic faults in many basins (e.g.
Rabat: Hafid et al., 2008; Doukkala: Gouiza et al., 2010; offshore Sidi Ifni: Chapter 2) and
south to the rift related faults (Souss basin: Samaka and Bouhaddioui, 2003). This
process has previously been discarded for the post-rift km-scale exhumation in elevated
continental passive margins, as the area undergoing exhumation extends far beyond the
scale of flank rift uplift (e.g. Japsen et al., 2012; Green et al., 2018). In general, the role
of the faults seems to be limited to the subsidence episodes.
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6.5.2. Exhumation and subsidence wavelengths

The vertical movement half wavelengths can be estimated from the evolution of
subsidence and exhumation observed along a cross-section trending perpendicular to
the strikes of the Jebilets Massif, High Atlas, Anti-Atlas, and Reguibat Shield (fig. 6.7).
The half wavelengths, expressed as the distance between null points, are between ca.
50 and 600 km for the exhuming domains, and ca. 40 and 200 km for the subsidence
wavelengths.

The Tindouf basin remains fairly unconstrained in terms of vertical movements and
therefore these wavelengths should be carefully considered, especially before the Late
Cretaceous. Nevertheless, the longest half wavelength is observed during the syn-rift
stage for the Reguibat Shield to Anti-Atlas area. In general terms, the half wavelengths
shorten towards the north, up to the Atlantic basin, where subsidence prevails in all
illustrated periods. The vertical movements favoured the transgression or regression of
the sea, with positive feedback on the associated motion rates, assuming that these
movements were not triggered by sea level changes.

As a reminder, our results from the Anti-Atlas in chapter 3 suggested pre-, syn-, and
post-rift exhumation episodes with an inland half wavelength reaching over 600 km. The
other half wavelengths (fig. 6.7) appear, however, fairly “small” to be explained by
mantle driven dynamic topography (wavelengths of >1000 km; e.g. Mller et al., 2018).

Proposed mechanisms in Morocco for the positive and negative vertical movements, as
reviewed in the previous sections, are large-scale processes (see Teixell et al.,, 2009).
These processes may act at wavelengths from one to several hundreds of kilometres
(e.g. Sengor, 2003; Babault et al,, 2008; Frizon de Lamotte et al., 2009). The proposed
processes for the exhumation episodes with matching half wavelengths are rift flank
uplifts (however discarded in the previous section), mantle driven doming, lithospheric
flexure, crustal-scale folding, and erosional unloading. For the subsidence episodes,
while sedimentary loading was the only process proposed, tectonic subsidence regimes
have likely enhanced the downward movements. These may be explained in terms of
crustal thinning (rift zone), thermal cooling (old rift), lithospheric flexure, and crustal-
scale folding (see Teixell et al., 2009).

128




Chapter 6

NNW Present Day SsE
High Atlas
P A Anti-Atlas

Reguibat Shield

Jebilets

)
300 km Neogene
+
=>- ol
Atlasic
phase Palaeogene

- 'IL — 1 I <
AA e

Late Cretaceous

Early atlasic phase

+A_
n _‘_
Middle Cretaceous
mmm .
AA S,
Late Jurassic/Early Cretaceous
I -
Early/Middle Jurassic
Rift Zone === ==F
AA -
Triassic
letzone --- -- :
Permian
- 11 1 Vertical +
’ T AA j | Movements -
Vertical movements Stratigraphy cross-section
stable [ ] Cenozoic
—— exhumation [ Cretaceous
—— subsidence B Jurassic
—
1000 km —— nullpoint I Triassic
ﬁ — constrained (ch.4)| [l Palaeozoic cover
- = = unconstrained [ Precambrian basement
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6.5.3. A semi-quantitative comparison of vertical movement rates

Positive and negative vertical movements may be caused by numerous mechanisms
were review in Teixell et al. (2009). One important aspect of these movements, which
in turn also allows for comparison with our results, is their motion rate. The vertical
movement rates considered in the following tables are from the chapter 4 of this Thesis
(tables 6.1 and 6.3) and from literature (tables 6.2 and 6.4). In the latter, we selected
rates with well-constrained triggering and/or supporting mechanisms.

The calculated exhumation rates in chapter 4 are characterised by mean values between
0 (0.0002) and 0.11 km/Myr, with an overall mean of 0.034 km/Myr. Relatively high
exhumation values are between ca. 0.09 and 0.2 km/Myr. When compared to
exhumation rates in the literature, the obtained rates are comparable to erosional
unloading, mantle upwelling, rift flank uplift, magmatic arc, orogens, and crustal folding
(table 6.2; see reference therein). For obvious reasons we rule out magmatic arc as a
candidate for the observed movement and the rift flank uplift was previously discarded
(see argument in a section 6.5.1). Values for forebulge and core complex settings have
been documented with rates >0.5 km/Myr (e.g. Michel et al., 2017), and are thus
consider as unlikely candidates.

However, it is worth noting that the presented values are not only dependent on the
tectonic processes, but also on the erodibility of the rocks at the surface and on the
climate. The last two parameters are not constrained in this Thesis, and it is hence
difficult to fully discriminate the exhumation mechanisms solely based on the rates.

The subsidence rates calculated from now eroded basins are compared to total
subsidence rates in known tectonic settings (tables 6.3 and 6.4). The calculated
subsidence rates are characterised by mean values between 0 (-0.0005) and -0.31
km/Myr, with an overall mean of -0.016 km/Myr. Relatively high subsidence values are
between ca. 0.05 and 0.09 km/Myr. When compared to exhumation rates in the
literature, the obtained rates are comparable to rates observed for thermal subsidence
and crustal folding (table 6.4; see reference therein). They are however lower by one to
two orders of magnitude than rates documented for basins developing in rift zone and
foredeep settings.

Even though these basins have developed as epicontinental basins in unstretched
continental crust, their proximity with the continental margin of the Triassic rifts
suggests that thermal subsidence might be a good candidate for the downwarps.
Cambrian rifting structures, which affected the Anti-Atlas, High Atlas, and coastal
Meseta (e.g. Javier Alvaro, 2013), characterises the basement of the Central Atlantic
passive margin hinterlands as an old rift.
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Exhumation rate [km/Mal (log scale)
This Thesis Jo.001 001 Jo.1 1
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(Permian period from chapter 4) [ g s
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Syn-Rift [ High Atlas
(Triassic period from chapter 4) Anti-Atlas
Reguibat Shield
Meseta
Pre-Atlasic postrif [ igh atias
(Jurassic to Cretaceous periods from chapter 4) * Anti-Atlas *value obtained by Sehrt, 2014

Reguibat Shield

Meseta

Syn-Atlasic postrift [ g Attas

(Cretaceous to Neogene periods from chapter 4) Anti-Atlas

Reguibat Shield

Table 6.1. Exhumation rates from chapter 4 of this Thesis, for which the mechanisms are
unknown. The white dots show the mean average exhumation rates.

Exhumation rate [km/Ma] (log scale)
Processes References |0.001 lo.01 lo.1 |1
SQummerfiled et al., 1999; Braun,

Frosona nioadnd 2002, Braun and Robert, 2005; [

(orogenicooliapse) Strobl et al, 2012

Swell Karlstromet al., 2012; Vogl et al.,
2014 B

(mantle upwelling)

Rt flanks Oslen, 1995; Foster and Geadow, BN
(flexural rebound) 1992, 1996
A L
(magmaticaddition) Rusmoreet al., 2005
Orogen Bnsele, 1992; Vernon et al., 2008;
o iy Brnieetal 2005 Quert o, I
2016; Gemignani et al., 2017
Normal fault/core complex Ernst et al., 1997; Rnget al., 1999; _
(tectonicexhumation) Mazzoli et al., 2014
Forebulge Cederbom et al., 2004; Whipple, _ I
(flexure/rebound) 2009; Michel et al., 2017
Antiform Burget al., 1997; Weisheit et al., _
(crustal folding) 2014; Tanet al., 2017 _

Table 6.2. Exhumation rates from literature where the mechanisms are known (see
references therein).

The crustal folding is also a suitable candidate, given that syn-sedimentary
compressional structures were observed in many preserved basins (see section 6.4).
Moreover, the relatively high exhumation rates are comparable to crustal folding rates.
Together, they support the idea that large-scale crustal folding affected the study area
during the syn- and post-rift stages.
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Subsidence rate [km/Ma] (log scale)
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Table 6.3. Subsidence rates from chapter 4 of this Thesis, for which the mechanisms are unknown.
The white dots show the mean average subsidence rates.

Subsidence rate[l|<m/Ma] (log scale)
-0.1

Processes References |-0.001 |-0.01 |1
ourited w9 pogoni ; I
(thermal subsidence) Doglioni et al., 1998; Watts, 2012

Snform Bouatman & al. 2007; Oveis ot I

(crustal folding) al., 2007; Vincent et al., 2010
Foredeep Doglioni et al., 1999; Leeand _

(flexural subsidence) Wagreich, 2017

Rift zone Binsele, 1992; Davisand Green, _

(crustal thinning) 1997

ottty PeRdet L, 1986: Mil, 2014 | lrgledfestures  tnsentiesturss

Table 6.4. Total subsidence rates (i.e. including sedimentation) from literature where the
mechanisms are known (see references therein).

Nevertheless, caution should be used with such comparison, as it was very recently
shown by Green et al., (2018) that the thermal histories derived from LTT might be
erroneous. The models often show continuous cooling and heating phases (as
exemplified for Morocco in this Thesis), while the sedimentary records suggest in
general a rather episodic evolution. Therefore, the obtained rates in chapter 4 may have
to be corrected in this regard, leading to higher rates for narrower periods.
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6.6. Compilation of tectonic, climatic, and eustatic proxies vs. this Thesis

We compiled different tectonic, climatic, and eustatic proxies into figure 6.8, to
gualitatively discriminate these processes. We observe that the exhumation episodes
that marked the Moroccan geological history are caused by a combination of factors
including landmass position (paleo-latitude) and hence climate, peneplanation of the
Variscan chain (erosion>uplift), thermal mantle anomaly (CAMP, PAAP, Cenozoic
volcanism), global sea level drop, and far-field stress.

There is a match between tectonic events and calculated volumes of eroded material
(from chapter 4; figs. 6.8A and B). As the Atlas orogeny evolves, these volumes increase,
which could also be linked to Tertiary volcanism. The observed Early/Middle Jurassic
enhanced erosion starts at the end of the Central Atlantic and Atlas rifting,
concomitantly to the CAMP dykes intrusion. Two long CAMP related dykes are present
in the Central Anti-Atlas (Foum Zguid and Igherm dykes; e.g. Silva et al., 2010; Touil et
al., 2008), which could explain a domal uplift of the Anti-Atlas, supposedly due to a
CAMP related mantle anomaly. Changes in sea level correlate well with the calculated
volumes of eroded material (fig. 6.8C), as rises and drops are matching low and high
erosion, respectively. Paleo-latitudes are a key factor in paleo-climates studies (van
Hinsbergen et al., 2015), although they cannot directly be used as paleo-climate proxies.
However, since the Permian, the highest latitudes (fig. 6.8D) were reached during the
Jurassic and the Paleogene/Neogene, which are the periods characterised in our model
by enhanced erosion in the Anti-Atlas and Reguibat Shield.

We also compare full spreading rates at the Atlantic Mid Oceanic Ridges (MOR,; fig. 6.8E)
to the obtained eroded material volumes (chapter 4), as one may expect enhanced
erosion during or immediately after a peak in these accretion rates. We observe two
peaks for the Central Atlantic MOR (around 150 Ma and from 40 Ma onwards) and one
significant peak for the South Atlantic MOR (from ca. 110 to 80 Ma). However, we
cannot establish a direct link with the increase in volumes of eroded material.

Finally, we used the dynamic topography model of Barnett-Moore et al. (2017), which
was applied to North Africa for the Mesozoic-Cenozoic period. From 230 to ca. 80 Ma,
the northernmost and southernmost points of Morocco have experienced a very similar
evolution, but their evolution diverge from 80 Ma onwards (fig. 6.8F). Indeed, after 80
Ma the south part experienced an increased dynamic topography of up to 200 m while
the north part shows a negative dynamic topography.
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Figure 6.8. Permian to Neogene evolution of A) major tectonic events in the Atlantic realm
and Morocco (see references in figure 3); B) volumes of eroded material per million year for
the Meseta/High Atlas, Anti-Atlas, and Reguibat Shield (chapter 4); C) see level (l Snedden
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Mosar et al., 2002; ° Torsvik et al., 2001); F) and dynamic topography of three points in
Morocco (from the GPlates website, after model Cls oflo Barnett-Moore et al., 2017)

134



Chapter 6

Enhanced erosion during the Jurassic was driven by the positive dynamic topography,
CAMP dyke emplacements, and onset of seafloor spreading; three processes that may
be linked. Furthermore, a low sea level and a position at a relatively similar latitude as
present-day may explain this exhumation event. At the contrary, when the volumes of
eroded material are the lowest during the Late Cretaceous, the period is characterised
by a high sea level, small values of dynamic topography, and lower paleo-latitude than
the Jurassic and Palaeogene periods. The occurrence of the PAAP at ca. 100 Ma (e.g.
Maton and Jébrak, 2009), assuming an associated mantle anomaly, shows that mantle
anomalies may not always trigger large-scale denudation events, but that other
circumstances have to be gathered.

6.7. Conclusions

The different compilations and comparisons of data from this Thesis and from the
literature let us speculate on the processes driving the vertical movements, remaining
however, not fully ascertained. Rifting LTT patterns, if they existed, have clearly been
overprinted by post-rift events, without a frank temporal or spatial configurations. Some
LTT ages retain a Variscan signal, especially on zircon crystals, and the AHe system seems
particularly well suited to study the Atlasic orogen. However, the AFT system shows
widespread ages from Palaeozoic to Neogene.

The proposed mechanisms in Morocco account for local to regional observations. In
general, however, they do not account for large scale and more general observations
(km-scale subsidence and exhumation, fairly large scale, not restricted to the
hinterlands of the margins, and multiple episodes), which we consider as a requirement
to explain these movements. On the other side, recent studies assuming mantle driven
dynamic topography as an underlying cause for both upward and downward
movements (e.g. Muller et al., 2018) seem to not take into account the local and regional
observations.

The comparison of the Sidi Ifni transect to other transects along the rifted margin of
Morocco highlights changes in the architecture of the offshore Mesozoic deposit. We
show here that the above-defined segments along the margin underwent significantly
different kinematic evolutions, with specific vertical movement patterns and links
between the hinterland and basins.

Finally, the wavelength evolution and motion rates suggest large-scale crustal folding,
affecting both exhuming and subsiding domains with higher-frequency where the
continental lithosphere was affected by Cambrian and/or Triassic rifting. Furthermore,
we assume that it is the combination of the large-scale crustal folding, mantle-driven
dynamic topography, to some extent, and thermal subsidence, superimposed to
climate, sea level and erodibility of the exposed rocks (see Flowers and Ehlers, 2017),
that contributed to the vertical movement timing, patterns, and amplitudes.
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7.1. Summary of this Thesis

Throughout this Thesis, we have investigated the vertical movements that occurred in
the geological past of Morocco and its surroundings.

The transition area between generally subsiding domains and mostly exhuming domains
has been described via the evolution of the Sidi Ifni transect, running across the rifted
continental margin (chapter 2). Low-temperature thermochronology data from the
Anti-Atlas coastal area document a km-scale exhumation between the Permian and the
Early/Middle Jurassic. The related erosion fed sediments to the subsiding Mesozoic
basin to the northwest. Basement rocks along the transect were subsequently buried
between the Late Jurassic and the Early Cretaceous. From late Early/Late Cretaceous
onwards, rocks present along the transect were exhumed to their present-day position.

The post-Variscan thermal and geological history of the Anti-Atlas belt was constrained
with transects constructed along strike of the belt (chapter 3). The initial episode
occurred in the Late Triassic and led to a km-scale exhumation of crustal rocks by the
end of the Middle Jurassic. The following phase resulted in basement subsidence and
occurred during the Late Jurassic and most of the Early Cretaceous. The basement rocks
were then slowly brought to the surface after experiencing a km-scale exhumation
throughout the Late Cretaceous and the Cenozoic. The exhumation episodes extended
into the interior of the African tectonic plate, perhaps beyond the sampled belt itself.

The exhumation rates and material eroded flux from the hinterlands of the Moroccan
rifted margin have been quantified since the Permian (chapter 4). High denudation rates
comparable to values typical of rift flank, mantle driven doming, or structural
(faulting/folding) uplifts. These were obtained in the Anti-Atlas during the Early to
Middle Jurassic and in the High Atlas and Rif during the Neogene. Exhumation rates for
other periods in the Meseta, High-Atlas, Anti-Atlas, and Reguibat shield average around
normal denudation values. Periods of high production of sediments in the investigated
source areas are the Permian, the Jurassic, the Early Cretaceous, and the Neogene.

The Phanerozoic evolution of source-to-sink systems in Morocco and surroundings were
illustrated in several maps (chapter 5). Substantial shifts in source areas were evidenced
between the Anti-Atlas and Meseta domains from the Middle to Late Jurassic and
between the Meseta and Anti-Atlas from the Early to Middle/Late Cretaceous.

Finally, the mechanisms responsible for the onset and upkeep of the km-scale
unpredicted vertical movements have been reviewed (chapter 6). We proposed that a
combination of the large-scale crustal folding, mantle-driven dynamic topography, and
thermal subsidence, superimposed to changes in climates, sea level and erodibility of
the exposed rocks, contributed to the vertical movement timing, patterns, and
amplitudes observed in Morocco and its surroundings.
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7.2. Further investigation

7.2.1. Low-temperature thermochronology

There remain many places in Morocco and in its surrounding where Low-Temperature
Thermochronology (LTT) studies could be undertaken. For example, the basement
outcrops in the Ougarta, Béchard, and Haut Plateaux regions have very little to no LTT
data.

As we have conducted for the Anti-Atlas, an along strike LTT transect of the High Atlas
would surely bring insights into the evolution of this inverted rift. Precambrian outcrops
may be sampled in the east of Morocco or in Algeria. The western termination of the
Massif Ancien in the western High Atlas has not yet seen a study applying the AFT/AHe
couple.

Neighbouring countries (Algeria, Mali, and Mauritania) have fairly small databases of LTT
ages. Many opportunities exist, in terms of exposure of crystalline basement, to explore
the vertical movements ever further away from the rifted margin.

Cores from wells that reached the crystalline basement in shallow onshore basins (<2-3
km deep) could yield insights into the evolution of the Meseta, Souss, Ouarzazate, and
of the rims of the Tindouf and Taoudeni basins. Moreover, the rifted continental
basement below the passive margin could be sampled in structural highs, such as
offshore Sidi Ifni (IF-1 well). Potential targets for new LTT data are of little interest
without robust dating of sedimentary successions around the sampled grounds.

Sampling the CAMP dykes for LTT analyses would allow a high-resolution study on the
exhumation. For this the dykes must contain apatite and or/zircon crystals, have their
emplacement temperatures fairly precisely constrained, and be overlain by well-dated
sediments. If these conditions are met, at least four well-defined time-temperature
constraints can be defined within 200 Myr (emplacement, LTT ages, sediments, and
present-day). CAMP dykes are exposed in the study area in the Anti-Atlas, Tindouf basin,
Béchar, Ougarta, Reguibat Shield, and Taoudeni basin.

Furthermore, it would be interesting to redesign the time-temperature modelling from
published works in the light of new sediment dating (i.e. geological constraint). This
would bring more control points for the interpolation of our exhumation maps and
would surely improve the results presented in chapter 4.

7.2.2. Evidencing eroded km-thick basins

From an academic and industrial point of view, it would be interesting to investigate
further the subsidence episodes documented by LTT. Indeed, it remains uncertain
whether or not the heating phases inferred from time-temperature modelling can
actually be translated in subsidence related to sedimentation.
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To evidence that these now-eroded basins existed, one may measure the dip of the
termination of the sedimentary units around basement outcrops (onlapping or
truncated) and to project them onto the older area. One may also sample sediments for
diagenesis analysis (e.g. XRD) along a transect that traverses an area of substantial
subsidence evidenced by LTT (e.g. during the Early Cretaceous in the central Anti-Atlas).
If sediments were indeed deposited over the presently exposed basement, the results
should display an increase of diagenesis towards basement, and that cannot be
explained with the preserved overburden. Following this line of reasoning, existing
metamorphism studies could be used to compare the maximum burial reached by
Palaeozoic meta-sediments and the estimated overburden.

7.2.3. Landscape Evolution Models

The distribution of eroded sediments in the continental rifted margin is controlled by
the drainage systems, which connect the exhuming and the subsiding domains. Most of
these systems are not preserved, resulting in a lack of data for their size, sediment
fluxes, and entry-point position.

Important and interesting progresses have been made in numerical models of
geomorphology. Paleo-altimetry and sediment routing may be approached with
process-based numerical models generally called Landscape Evolution Model (LEM).

A next step for the understanding and quantification of the Moroccan Phanerozoic
source-to-sink systems is to apply these models to cases along the Atlantic rifted margin.
Moreover, tectonic, climatic and eustatic scenarios may also be tested.

7.2.4. Remote sensing in the Tindouf basin: Short Wavelength IR (SWIR)

Large regions of Africa have been left untouched by any kind of LTT studies, either
because they are fairly remote or for the absence of apatite and or zircon crystals in the
exposed rocks. The western termination of the Tindouf basin shows a great exposure of
Devonian and Carboniferous meta-sediments, with little to no vegetation, and is far
from dense road networks.

However, the kinematic evolution of this basin is key for source-to-sink systems as it
connects two major source areas, the Anti-Atlas and the Reguibat Shield, and stretches
out over 100,000 km?. If this basin was a source area during one or several periods of its
Phanerozoic history, then substantial volumes of eroded material must have been
exported.

One should begin with a feasibility study of using SWIR as a proxy for remote
investigation of the thermal maturity of largely exposed sedimentary layers. The SWIR
may be used to estimate the lllite Spectral Maturity (e.g. Doublier et al, 2010),
somewhat similar to Illite Crystallinity, which is a proxy for thermal maturity. The initial
plan could be to calibrate the SWIR scenes from ASTER products with SWIR
measurements, lllite Crystallinity (with XRD), and Vitrinite Reflectance from hand
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samples collected in the north Tarfaya and western Tindouf basins. It is worth noting
that the temperature range for the application of this paleo-thermometer is relevant to
this survey.

7.2.5. Salt mobilisation

The results from the investigation of the timing and evolution of salt-cored anticline in
the Essaouira-Agadir basin (Hafid et al., 2011; Kluge, 2016) are comparable to that of
studies conducted in the central High Atlas (e.g. Saura et al., 2014; Moragas et al., 2017)
and offshore Essaouira (Pichel et al., 2017). The first mobilization of Triassic salt in these
basins occurred in the Early-Middle Jurassic (fig. 7.1).

The proposed mechanisms for the halokinesis are usually a combination of differential
loading, modification of the heat gradient, heterogeneity of the salt-substratum (e.g.
basement faults), compressional or extensional forces, and slope instability (e.g. Alsop
et al,, 1996; Fort et al,, 2004). No consensus has yet been proposed for the triggering
mechanism(s) in the Moroccan salt basins. One puzzling trait of this system is the lack
of documented diapirism in the Souss and Ouarzazate basins.

However, the Early to Middle Jurassic epochs are characterized by an important
exhumation of the Anti-Atlas (this Thesis). It is therefore possible that this exhumation
was associated to surface uplift, inducing an steepening of the slopes of the salt basin
substratum, north of the belt. This new relief would eventually lead to lateral fluxes of
salt, onset of gravitational forces deforming Jurassic sediments (fig. 7.1), and when
associated with normal rift faults creating buttresses along which the salt bodies would
start their ascension. Moreover, the production of material from the Anti-Atlas may
have triggered differential loading of detritic sediments in the High Atlas basin, induced
by the distribution of the entry-points. This hypothesis remains very speculative, but
could be tested with tailored finite element models.
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Figure 7.1. Comparison of salt activities in the salt basins of Morocco. Pal. (+): Palaeozoic
and older, T: Triassic, J: Jurassic, C: Cretaceous, and Ceno: Cenozoic. The Jurassic shelf
margin is after Hafid et al., 2010. Salt bodies distribution in the offshore domain is after
Pichel (in preparation).

7.2.6. Hydrocarbon exploration

Regarding hydrocarbon exploration in the Moroccan offshore, a future application of
our results is to use the ‘source-to-sink” maps presented in chapter 5 as gross
depositional environment maps in the exploration of the shelf, slope, and deep basin.
Furthermore, a next step forward could be to accurately predict the reservoir
distribution in the Moroccan Atlantic offshore and coastal basins with stratigraphic
modelling (e.g. Delft3D; Dionisos).

The required inputs have been partially gathered in this Thesis: Hinterland exhumation
history, eroded material fluxes, nature of the eroded material, and possible entry points.
Other inputs, all within our reach (literature and wells reports), are: Subsidence history
of the preserved basins, climatic evolution, sea level curve, and base surface for the
sedimentary system to build on.

Last, there are established relationships between the sediment provenance and
reservoir quality (e.g. Rossi et al, 2002). Provenance studies have been and are
conducted in Morocco (see chapter 5; Roquette, in progress). Their results, combined
with our source-to-sink maps, will help to further integrate this notion in the Moroccan
offshore and onshore plays.
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