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ABSTRACT

The subsidence evolution of the Tethyan Moroccan Atlas Basin, presently inverted as the
Central High Atlas, is characterised by an Early Jurassic rifting episode, synchronous with
salt diapirism of the Triassic evaporite-bearing rocks. Two contrasting regions of the rift
basin - with and without salt diapirism - are examined in order to assess the effect of salt
tectonics in the evolution of subsidence patterns and stratigraphy. The Djebel Bou Dahar
platform to basin system, located in the southern margin of the Atlas Basin, shows a Lower
Jurassic record of normal faulting and lacks any evidence of salt diapirism. In contrast, the
Tazoult ridge and adjacent Amezrai basin, located in the centre of the Atlas Basin, reveals
spectacular Early Jurassic diapirism. In addition, we analyse alternative Central High Atlas
post-Middle Jurassic geohistories based on new thermal and burial models (GENEX® 4.0.3
software), constrained by new vitrinite reflectance data from the Amezrai basin. The
comparison of the new subsidence curves from the studied areas with published subsidence
curves from the Moroccan Atlas, the Saharan Atlas (Algeria) and Tunisian Atlas show that
fast subsidence peaks were diachronous along the strike, being younger towards the east from
Early — Middle Jurassic to Late Cretaceous. This analysis also evidences a close relationship

between these high subsidence rate episodes and salt diapirism.

Keywords: High Atlas rifting, Thermal model, Subsidence analysis, Geohistory, Atlas

diapiric province.
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INTRODUCTION

Subsidence patterns of the Atlas Jurassic rift basin that extends from offshore
Morocco to Tunisia is extensively reported in the literature (Bracene et al., 2003; Ellouz et
al., 2003; Patriat et al., 2003; Zuhlke et al., 2004) (Fig.1). However, only a few studies
correspond to the Central High Atlas in Morocco (Poisson et al., 1998; Ellouz et al., 2003;
Lachkar et al., 2009) and these are mostly localised along the margins of the Atlas Fold Belt
abutting stable areas. As such, these studies do not take into consideration the influence of the
extensive salt diapirism that is focused towards the centre of the rift basin. This is an
important limitation since diapirism in the Central High Atlas has long been acknowledged
(Laville, 1988; Bouchouata, 1994; Bouchouata et al., 1995; Ettaki et al., 2007; Ibouh et al.,
2011; Michard et al., 2011). Saura et al. (2014), based on integrated structural and
stratigraphic work, interpreted the Central High Atlas to represent an extensive diapiric
province punctuated by ENE-WSW structural highs representing diapiric walls with the
intervening synclines being minibasins that were active during Early and Middle Jurassic
times and thus partly synchronous to extensional tectonics.

In this study, we evaluated the subsidence history during the Early and Middle
Jurassic within the Central High Atlas of Morocco and the influence of the interaction
between both tectonic- and salt-tectonic driven subsidence patterns. We revisited the inverted
Atlas rift basin to analyse and compare subsidence curves from different tectonic domains
within the basin, i.e. from the fault domain and unstable domain of the rift basin (Fig. 2).

In the fault domain, a system of normal faults and tilted blocks developed and
controlled the formation of the carbonate platform and the transition to more basinal settings.
In this context we analysed the subsidence evolution of the Djebel Bou Dahar area (Fig. 2), a
superbly exposed, well-known and well-constrained example of a Lower Jurassic carbonate

platform that developed on top of a basement high controlled and bounded by normal faults
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(Verwer et al., 2009; Merino-Tomé et al., 2012). In contrast to the periphery of the Central
High Atlas basin, the unstable domain of the basin is characterized by the growth of salt
diapiric structures, considered to be partially contemporaneous with the activity of normal
faults at depth (Malaval et al., 2014; Saura et al., 2014). To date we have made a detailed and
integrated structural and stratigraphic study of 7 salt diapirs in this setting. Of these, the
Tazoult diapir presents an excellent case study of a diapir structure due to the combination of
good exposure, high topographic erosional relief (i.e. < 1.5 km) and very good lateral
continuity of key units flanking the diapiric core.

The post-Middle Jurassic evolution of the Central High Atlas rift basin remains less
well constrained due to the scattered nature of the post-Middle Jurassic sedimentary record,
which generally crops out within isolated outliers and also along the external areas of the
present Atlas Mountains. New vitrinite reflectance data permit thermal modelling of the
Tazoult-Amezrai area, providing key information to decipher the post-Middle Jurassic
evolution of the area, currently hindered by the absence of sedimentary record.

Together, the subsidence results from the centre and periphery of the Central High
Atlas Rift basin are compared to previous studies both in the same region and with other
diapiric regions extending from the Atlantic margin in Morocco to Algeria and Tunisia (Fig.

1),

1. The Central High Atlas

1.1. Post-Variscan evolution of the Central High Atlas

The current structure of the Central High Atlas (CHA) in Morocco, as well as its high
elevation, is interpreted as the result of the Tertiary tectonic inversion of the Mesozoic Atlas

rift basin (e.g., Beauchamp et al., 1999; Frizon de Lamotte et al., 2000; Teixell et al., 2003;
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Arboleya et al., 2004). The CHA Mesozoic rift basin was located in the South Tethyan
passive margin and developed in the context of the opening of the Atlantic Ocean (Ellouz et
al., 2003). Most authors consider the basin to be an example of multi-rift processes, with
distinct rift episodes in both the Triassic and Jurassic (i.e. Fig. 3). The first rift phase (phase
1) of the Central High Atlas basin, considered to represent the eastern propagation of the
central Pangea breakup, is characterised by Upper Triassic continental arid red bed deposits
(Oujidi et al., 2000; Courel et al., 2003) and the local development of thick evaporitic
successions. Both accumulated in fault-controlled depocentres that occur from the Atlantic
Moroccan margin in the west to Algeria and Tunisia in the east (Le Roy & Piqué, 2001;
Ellouz et al., 2003; Laville et al., 2004; Frizon de Lamotte et al., 2008; Gouiza et al., 2010).
Exposed examples of the NE-SW trending normal fault-bound Triassic rift basins only crop
out in the Marrakech High Atlas (Fig.1). Based on a detailed structural analysis of around
200 km of the Tizi n’Test fault zone, Domenech et al. (2014) determined a highly fragmented
fault zone, where the faults controlling the opening of the Triassic basin were arranged as a
wide deformation band. Both symmetric and asymmetric grabens would compose an
extensional basin including a paleohigh that separated the Atlantic and the Tethyan domains.
These grabens were bounded by high angle normal faults with a dominant dip slip movement
and reveal clear thickness variations within the half graben fills that are up to 2 km thick
(Baudon et al., 2009; Domenech et al., 2014). In the Late Triassic-Early Jurassic climatic
setting (Courel et al., 2003; Turner & Sherif, 2007) evaporite deposition is, based on the
current distribution of salt diapiric structures, thought to have occurred in the basin centre
perhaps controlled by topography inherited by the rift. These evaporites were followed by a
marine transgression during the Early Jurassic (Hettangian?-early Sinemurian), associated

with sedimentation reflecting arid conditions (Wilmsen & Neuweiler, 2008; Lachkar et al.,
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2009). It was during the Early Jurassic that the Central and Eastern High Atlas rift basin
changed into marine conditions.

The second rift phase (phase 2) is thought to be the post-Hettangian reactivation of the
Late Permian-Late Triassic western Tethyan rift (i.e., Frizon de Lamotte et al., 2008; Frizon
de Lamotte et al., 2009). A review of the literature indicates that the precise timing of the
Early Jurassic rift and post-rift phases is contestable (Fig. 3). Some authors indicate
Sinemurian and Pliensbachian ages for phase 2, followed by a post-rift stage characterised by
low subsidence rates linked to thermal subsidence (but may include some subsidence peaks),
(i.e. Ellouz et al., 2003; Frizon de Lamotte et al., 2009; Lachkar et al., 2009). In contrast,
Brede et al. (1992), Laville (2002) and Laville et al. (2004) proposed that phase 2 terminated
in the earliest Jurassic and was followed by a post-rift stage during the middle and late Early
Jurassic, with only local and low activity of extensional pre-existing faults (Fig. 3).
According to these authors, from Toarcian to Bajocian-Bathonian (?), the region was under a
transtensional regime with development of deep troughs and coeval volcanic intrusions. The
differences in proposed time for the rifting stage in the Central High Atlas (from Early to
Middle Jurassic) are associated with the almost lack of normal faulting cutting post-Lower
Jurassic strata. Along with the lack of observed normal faulting affecting post-Lower Jurassic
units, the Central High Atlas was characterised by significant salt diapiric activity, recently
described by Saura et al. (2014), although it had been shown with a variable degree of detail
in earlier studies (Bouchouata et al., 1995; Michard et al., 2011). According to Saura et al.
(2014), the diapiric activity in the Central High Atlas covers a time range from Pliensbachian
up to Callovian times and is thus partially coeval to major rifting phases during the Jurassic.

Here, in tectonostratigraphic terms we recognise three distinct domains in the Central
High Atlas basin within the Jurassic rift phase (phase 2) (Fig. 2): a stable domain bounding

the basin (i.e. the Saharan craton to the south; Warme, 1988; Laville, 1988); a fault block
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domain, that appears to lack salt tectonics and an unstable domain with elongated ridges
cored shales and evaporites that are interpreted as Jurassic aged diapiric structures (i.e. Saura
et al. 2014). The latter domain has a complex palaeogeography and subsidence history
reflecting the localised influence of salt diapirism.

In this overall setting, shallow water Lower Jurassic carbonate platforms nucleated
both along the basin margin, and along localised tectonic/salt tectonic highs. Deeper basinal
areas and troughs/minibasins experiencing higher subsidence rates were filled with deep-
water limestones and marls. Major tectonic reorganisation in the Central High Atlas occurred
during the late Bathonian, when carbonate platforms were progressively overlaid by deltaic
and continental sediments (Ellouz et al., 2003).

During Late Jurassic and Early Cretaceous, an important magmatic activity occurred
in the Central High Atlas. This was recorded by the emplacement of igneous bodies dated up
to 150 Ma in the cores of ridges (now defined as diapirs by Saura et al. (2014)) and the local
deposition of lava flows dated up to 110 Ma (Frizon de Lamotte et al., 2008; Charriére et al.,
2011; Michard et al., 2011). During this period, continental red beds were deposited,
followed by deposition of Upper Cretaceous carbonates. In contrast to the Jurassic
succession, Cretaceous strata show relatively uniform thickness distribution along the High
Atlas (Gouiza et al., 2010), recording a more uniform subsidence distribution during post-rift
conditions (Ellouz et al., 2003). The post-rift stage lasted up to the onset of the inversion of
the Atlas range that possibly started during the Late Cretaceous, although this is contested

(Frizon de Lamotte et al. 2009; Frizon de Lamotte et al., 2011; Babault et al., 2013).
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1.2. Djebel Bou Dahar area
The Djebel Bou Dahar (DBD hereafter) carbonate platform is located in the southern

margin of the Early Jurassic rift basin, around 275 km eastward from the Tazoult area, in the
called fault block domain (Fig 2). The DBD platform is flanked by two east-west trending
synclines with thick successions, that represent Lower and Middle Jurassic depocenters (i.e.
the Djebel Oukhasas syncline in the north and the Beni Bassia syncline in the South) (Du
Dresnay, 1976). In contrast to the widespread development of salt diapirs in the Central High
Atlas Basin, salt diapir activity is absent in the DBD tectonic block. Here extensional
tectonics controlled platform-basin evolution during the Sinemurian to Early Bajocian
(Merino-Tomé et al., 2012) (Fig. 4).

The DBD platform is a relatively narrow elongated platform that developed on a fault
block, and locally sits directly on metamorphic basement. The carbonate nucleated during the
Early Jurassic (Hettangian?-Early Sinemurian), when marine transgression was recorded in
the CHA rift basin. The platform started as a broad, shallow-water carbonate system and
evolved, from middle Sinemurian to the end of the Pliensbachian, into a high-relief isolated
platform that developed around the footwall uplift of a rotating fault-block (Merino-Tomé et
al., 2012). Excellent exposure, limited tectonic deformation and preservation of many aspects
of the platform-to-basin morphology and stratal patterns allows for reconstruction of several
continuous platform-to-basin profiles at different key stages of the evolution of the platform
(e.g. Kenter & Campbell, 1991; Verwer et al., 2009, Merino-Tomé et al., 2012). The platform
and coeval basinal deposits are divided into six sequences (Sequence I-VI in Fig. 4; Merino-
Tomé et al., 2012) and palaeobathymetric criteria are discernible for each sequence in
platform and basin locations that allow for a well-constrained understanding of subsidence
profiles (Fig. 4). The platform drowned in the Toarcian, and its slopes are onlapped by
Toarcian, Aalenian and lower Bajocian shales and, limestone—marl alternations and dark lime

mudstones, representing deep-water pelagic and hemipelagic sediments. These accumulated
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in palaeo-water depths exceeding the storm wave base and the base of the photic zone. This
facies association makes for some uncertainties in understanding subsidence patterns during

this time interval.

1.3. Tazoult-Amezrai area

The Tazoult salt diapir and Amezrai minibasin are located in the central part of the
Central High Atlas rift basin (Figs. 1 and 2). The Amezrai minibasin is bounded to the north
by the NNE-SSW trending Tazoult diapiric ridge (salt wall of 22 km in length) and to the
south by the Jbel Azourki diapiric structure (Bouchouata, 1994; Bouchouata et al., 1995;
Saura et al., 2014). In this study area it is possible to differentiate between Jurassic diapiric
deformation and later Alpine deformation, due to the presence of Middle Jurassic age units,
which fossilize movement on diapirs in the area (Fig.5). In addition to the structural analysis
of Saura et al. (2014), understanding of the diapiric movement is constrained by the detailed
sedimentological studies (i.e. Grélaud et al., 2014, Joussiaume et al., 2014). The extensive
and well-preserved halokinetic strata on the flanks of the Tazoult diapir document the timing
of diapir activity, that ranges from Pliensbachian to Bajocian, lasting at least 15-20 My.

Detailed 3D structural reconstruction work indicates that both the Tazoult and the Jbel
Azourki diapiric structures are controlled at depth by normal faults. These constrain the
extent of the Amezrai minibasin, and although there is no direct evidence of these faults at
the surface, the Azourki welds are notably segmented along strike and closely mimic patterns
associated with the segmented normal faults (Saura et al., 2014) (Fig. 5). This minibasin is
filled with shallow marine deposits that range from Pliensbachian to Bajocian age. The
lowermost part of the sedimentary succession comprises Pliensbachian shallow marine
platform carbonates (Jbel Choucht and Aganane formations), overlain by the mixed

siliciclastic-carbonate deposits of the Zaouiat Ahancal Group (from base to top: Amezral,
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Tafraout and Aguerd-n’Tazoult formations) (Jossen & Couvreur, 1990; Bouchouata, 1994,
Bouchouata et al., 1995; Joussiaume et al., 2014). In turn, the Zaouiat Ahangal Group is
overlapped by Aalenian to Bajocian shallow marine limestones of the Bin el Ouidane Group
(Fig. 5). These deposits are relatively layer-cake, and appear to fossilize diapiric activity on
the Tazoult ridge and subsidence of the adjacent minibasin (i.e. Saura et al, 2014, their Fig.

5).

2. Method and data

2.1. Subsidence analysis

Subsidence analysis has been performed using GENEX® 4.0.3 software in two
sections of the Djebel Bou Dahar platform (Fig. 4) and in two sections of the Tazoult-
Amezrai area (Fig. 5). The software calculates total and tectonic subsidence through time,
based on backstripping analysis (Steckler & Watts, 1978). The subsidence analysis is
performed using formation ages, formation thicknesses, lithology percentages, sedimentary
environments and palaeobathymetry estimations, together with porosity/depth curves that are
established by the software. GENEX® does not apply corrections that consider eustatic
variations, thus the results should be interpreted while taking this assumption into account.

Platform top and basin data have been used to determine subsidence histories in
Djebel Bou Dahar locality (see location in Fig. 4). In the Djebel Bou Dahar platform section,
an erosional event has been defined between 195.3 and 187.3 Ma (Table 1). The amount of
erosion is the difference between the present-day thicknesses of sequences | and Il in the
basin and platform sections, assuming that they were deposited as constant thickness units
from basin to platform (see details of platform evolution in Merino-Tomé, 2012). The
palaeobathymetry estimation for sequences Il to VI is based on facies analysis integrated

with restored platform and slope geometries, although decompaction was not considered (Fig.
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4 and Table 1). Less constrained palaeobathymetric estimations correspond to the Toarcian
and Aalenian, when the platform was drowned in response to the Toarcian OAE event.
Condensed pelagic deposits and hard grounds typify the platform top sedimentation during
Toarcian and Early Aalenian times, while pelagic sedimentation occurred in the nearby
basinal areas, indicating that water depths exceeded the depths of the lower boundary of the
photic zone and the base of storm waves. In the absence of good palaeontological or
sedimentological criteria, the values of 100 m water depth for the platform top, and 715 m for
the nearby basin section have to be considered as minimum values during the Toarcian and
Aalenian periods.

In the Tazoult-Amezrai area, all of the exposed formations were deposited in shallow
marine environments (here, considered within palaeo-water depths from 0 to 30 m) (Table 2).
It should be noted that the values of palaeobathymetry from shallow marine depositional
environments show an error which is much smaller than the values set in deep water
environments (Dupré et al., 2007; Lachkar et al., 2009; Xie & Heller, 2009), thus the errors
linked to palaeobathymetry estimation can be considered as minimal.

The less constrained input from the Tazoult-Amezrai case study is the thickness of
lower Jurassic sedimentary units in the central part of the Amezrai minibasin. The section
through the studied area (Fig. 5) displays a conservative thickness of the lower Jurassic
sedimentary units and, therefore, an underestimate of thickness is expected in the central part
of the Amezrai minibasin (Amezrai section, Table 2). This source of error should be
considered in the resulting subsidence evaluation. Additionally, no Hettangian-Sinemurian
strata are exposed in the area (but they do occur as inclusions within the diapirs), although the
Sinemurian Bou Imoura Fm. is exposed 20 km to the north, where it reaches a thickness of
€.1000 m (Grélaud et al., 2014). Given the above considerations, the subsidence history in

this case study can only be accurately shown from the beginning of the Pliensbachian.
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Erosional events have not been identified in the Tazoult-Amezrai area, however, in the
Tazoult ridge section a non-depositional event is defined between 175 and 171.1 Ma (Hiatus
in Table 2) whereas the sedimentary record is continuous from the Early to the Middle

Jurassic in the Amezrai section (Table 2).

2.2. Thermal model
The thermal models presented in this study have been calculated with GENEX®

software using data from Tazoult-Amezrai area (Amezrai section, Table 2). The input data
for this modelling are: geological events such as deposition of the sedimentary units
(including ages, thicknesses and lithological composition) and erosional events (including
ages and amount of eroded deposits), petrophysical properties of the sedimentary units (in the
present study we used the default properties established by the software), and thermal
parameters (paleo heat flow). The output of this modelling is the thermal history of each
sedimentary unit and of the entire sedimentary record. Consequently, we obtain the evolution
of temperature and evolution of the maturity of organic matter in the studied basin.

From field outcrops and structural and sedimentological studies, we have defined the
geological events from Pliensbachian to Bajocian in the Amezrai section (Table 2), which do
not include any quantified erosional event. In contrast, in our modelling process the surface
heat flow prior to the onset of sedimentation (paleo-heat flow) and potentially post-Bajocian
eroded deposits are undetermined parameters. The calibration of these parameters is based on
the comparison between reflectance vitrinite data obtained from samples collected in the
Tazoult-Amezrai area and the theoretical reflectance vitrinite curves calculated by the
software. In this case, GENEX® calculated two different vitrinite reflectance curves:
Easy%Ro curve, based on Sweeney and Burnham (1990) and Sweeney et al. (1990), and

IFPRo reflectance curve, that is constructed using a global database.
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Twenty-seven vitrinite samples have been collected throughout the Tazoult-Amezrai
area (Figs. 5 and 6), with the most continuous sampling along the Aguerd-n’Tazoult
Formation, the uppermost part of the mixed siliciclastic-carbonate succession. Generally, the
vitrinite reflectance values range from 0.81 to 1.98%. Nevertheless, some of the samples
show anomalously high values of vitrinite reflectance reaching a reflectance of 3.05% (e.g.,
ES 797). These samples were collected not far to those diapiric structures (i.e. < 200 m) that
are intruded by Middle-Late Jurassic igneous bodies and their emplacement has had a
significant thermal imprint on the obtained vitrinite reflectance values (Fig. 6).

From the entire vitrinite dataset, we selected samples that are located closest to the
case study stratigraphic section as constraints on the thermal modelling. The presence of
diapir structures produces thermal anomalies due to the high thermal conductivity of the salt
(Petersen & Lerche, 1996; Magri et al., 2008). Because of the potential impact of diapirs in
the thermal field, we only use the Amezrai minibasin section and associated vitrinite samples
to carry out the thermal modelling. The thermal model is constrained by 14 samples (black
samples in Fig. 6), with a reflectance mean value of 1.53%, with absolute values that
progressively decrease towards the top of the succession (i.e. to 1.21%), showing a good fit

with their relative stratigraphic position (Fig. 6).

3. Early-Middle Jurassic 1D subsidence curves

3.1. Subsidence evolution of the Djebel Bou Dahar carbonate platform
As introduced earlier, the well-preserved carbonate platform-top to basin profiles of

the Djebel Bou Dahar platform (Fig. 4) reveal stratal geometries, that have undergone
relatively little deformation and allow reconstruction of primary carbonate platform-basin
relief (platform slope height from basin floor areas) throughout its evolution (Verwer et al.,

2009; Merino-Tomé et al., 2012). Subsidence analyses have been performed in two locations:
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platform top and basin. The platform top subsidence curve (Fig. 7a) shows two short episodes
of subsidence (Early Sinemurian and Late Pliensbachian, respectively), separated by a period
of mild uplift during the time in which normal faults were active (Late Sinemurian — Early
Pliensbachian). This was followed by a period of quiescence around the end of the Toarcian-
Bajocian (i.e. Middle Jurassic). The first subsidence event occurred during Early Sinemurian
(deposition of sequences I and 1) with a tectonic subsidence rate of 0.03 mm yr™* and the rate
of total subsidence is around 0.05 mm yr™. The second step of subsidence occurred at rates
up to 0.04 mm yr during the Late Pliensbachian (deposition of sequences V and V1). The
total subsidence rates are also low, but slightly higher than tectonic subsidence rates, reaching
values up to 0.05 mm yr* (Fig. 7a).

The subsidence curve of the basin area shows a unique subsiding event spanning
between the Sinemurian and Pliensbachian periods (~17 Myr), followed by a stage of almost
no subsidence during the Toarcian and Aalenian periods (~12 Myr) (Fig. 7). The Sinemurian-
Pliensbachian period shows tectonic subsidence rates of 0.03 mm yr' and the total
subsidence is around 0.05 mm yr, increasing slightly up to 0.06-0.08 mm yr™ for both
tectonic and total subsidence from the Early-Late Sinemurian boundary onwards (Sequence
Il base), coinciding with the onset of the southwards tectonic rotation of the DBD block and
renewed extensional fault activity. The close parallel evolution of both tectonic and total
subsidence curves indicates that most of this subsidence is tectonic, as proved by the

syndepositional activity of the normal faults bounding the basin (Merino-Tomé et al., 2012)

(Fig. 7).

In the platform domain, the subsidence model includes the thickness of sequences I
and Il (Lower Sinemurian), equivalent to those measured in the basin. During the

sedimentation of these two units during early Sinemurian times, the first step of subsidence
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occurred at rates of 0.05 mm yr™*, which showed a uniform distribution across the entire DBD
platform. A major erosion surface is present between sequences Il and V (Late Sinemurian-
Early Pliensbachian), related to the uplift of the footwall of the DBD fault block and
southward tilt due to the activity of the N-dipping bounding normal fault (Merino-Tomé et
al., 2012). As a result of this local erosion, the subsidence curve corresponding to the
platform top shows a limited uplift from Late Sinemurian to Early Pliensbachian. This uplift
is coeval to the increase in subsidence rates in the basin area. During Toarcian and Aalenian,

a ceasing of the subsidence is recorded in the entire area.

3.2. Subsidence evolution in the Tazoult ridge and Amezrai basin; High Atlas diapiric
province.

The previous section examined the timing and rates of subsidence from the flanks of
the High Atlas basin during the Early Jurassic. This allows us to establish base line
subsidence rates and the timing of rift and post rift subsidence phases for phase 2 rifting in
the absence of diapiric processes. This section aims to establish the subsidence of the
southern flank of the Tazoult ridge and the centre of the adjacent Amezrai basin that are
impacted by diapiric processes.

The Tazoult ridge and the Amezrai basin subsidence curves both show a similar trend,
but they are different in terms of the rates and amounts of total subsidence (Fig. 8). Both
sections show a significant subsidence event from the Sinemurian-Pliensbachian boundary at
~190 Ma to the end of the Aalenian at ~170 Ma, with two rapid periods of subsidence
separated by a period of lower subsidence rates during Late Pliensbachian and Toarcian times
(Fig. 8).

The first tectonic subsidence event that can be constrained in the Tazoult diapir flank

occurred in the Early Pliensbachian (deposition of Jbel Choucht and Aganane formations) at
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rates of 0.15 mm yr™. From Late Plienshachian to Toarcian, the subsidence rate decreased to
0.01 mm yr, reaching a period of quiescence, lasting for about 4 Myr in the Toarcian-
Aalenian transition. This quiet period encompassed the deposition of Tafraout and lowermost
Aguerd-n’Tazoult formations in the central part of the basin. The final period of rapid
tectonic subsidence occurred from the Aalenian to Bajocian periods, attained rates of 0.27
mm yr?, and was synchronous with deposition of the upper Aguerd-n’Tazoult and Bin el
Ouidane 1 formations (Figs. 5 and 8). The total subsidence rates of the same periods are 0.22,
0.09 and 0.74 mm yr* respectively.

In the Amezrai basin, the first constrained Early Pliensbachian tectonic subsidence
event occurred at rates of 0.17 mm yr™ (Fig. 8). These rates are similar to those reported for
the Tazoult diapir (Fig. 8). The following two periods, show comparable trend with the
Tazoult section, but with higher tectonic subsidence rates of 0.06 mm yr™* and 0.32 mm yr™,
respectively during the late Pliensbachian-Toarcian and Aalenian. Total subsidence rates
display the same trend, changing from 0.38 to 0.19 and finally to 0.98 mm yr™.

Major differences between Tazoult and Amezrai subsidence curves occurred during
Late Pliensbachian times, when the rapid deposition of the mixed carbonate-clastic Amezrai
Formation occurred in the basin centre. It was the deposition of this unit that appears to have
triggered the development of allochthonous salt sheets in both Tazoult and Jbel Azourki salt

walls (Fig. 4) (Saura et al., 2014).

4. Tazoult-Amezrai thermal modelling

To ascertain the post-Middle Jurassic geological history of the study region is not
straightforward due to the general scarcity of sedimentary record in the Central High Atlas.
However, scattered synclines from the external parts of the Atlas (Ouaouizaght, louaridene

and Aghzif-Nadour synclines) show concordant thin and probably condensed Upper Jurassic-
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Lower Cretaceous red beds successions with thickness up to 1800 m (Ellouz et al., 2003;
Haddoumi et al., 2010). Apatite fission track dating along the Imilchil transect indicates more
than 1.5 km of sedimentary burial after the emplacement of the Middle-Late Jurassic volcanic
intrusions (Barbero et al., 2007) (Fig. 9).

Contrarily, the Anoual and Ait Attab synclines show a sedimentary succession
punctuated with unconformities or periods of potential non-deposition (sedimentary hiatus),
which are diachronous through synclines (Haddoumi et al., 1998; Haddoumi et al., 2008).
Oxfordian to Kimmeridgian and Valanginian to Barremian in the Anoual syncline and
Bajocian and Barremian in the Ait Attab.

In our work we use these data to constrain ages of post-Middle Jurassic deposition to
build two models: one with concordant sedimentation and one involving potential large-scale
vertical uplift events occurring during the Late Jurassic and Lower Cretaceous periods as
suggested by authors working in this region.

This second model involving vertical motions of the West Moroccan Arch and
extending eastward within the Central High Atlas during Upper Jurassic and Lower
Cretaceous times has been postulated by Frizon de Lamotte et al. (2009). This large-scale
thermal doming has been recorded using thermochronology on Palaeozoic samples from the
surrounding Moroccan Meseta and the Anti Atlas (Ghorbal et al., 2008; Missenard et al.,
2008; Balestrieri et al., 2009; Saddiqi et al., 2009; Ruiz et al., 2011; Domenech, 2015) (Fig.
9). Local sedimentary hiatus, like the ones described in the syncline bordering the Central
High Atlas, are used by these authors to reinforce Late Jurassic-Early Cretaceous widespread
uplift interpretation

In the next sections we constrict the undetermined parameters (paleo-heat flow and
additional sedimentation) for the two contrasting proposed scenarios for the post-Middle

Jurassic evolution of the Central High Atlas. 1) Thermal models with sedimentation during
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Upper Jurassic and Lower Cretaceous times and 2) Thermal models considering Late
Jurassic-Early Cretaceous exhumation in the Central High Atlas. These scenarios provide two

end-members for the unconstrained part of the evolution of the Tazoult-Amezrai area.

4.1. Thermal models with sedimentation during Early Jurassic and Late Cretaceous times

Numerous thermal models have been made to test different possibilities for both heat
flow estimations during rift and post-rift periods. Post-rift heat flow has been set at 60
mW/m? in agreement with thermal models and present-day heat flow regional data in the
Central High Atlas (Rimi et al., 2005; Zeyen et al., 2005). Heat flow during rifting (paleo-
heat flow), as well the total duration of it, however, is more complex to define and we can
only put certain limits to try to constrain the observed data. For this reason, we show the
following 6 models (Fig. 10): a) short rifting event (189 to 182.7 Ma) and low paleo heat
flow (70 mW/m?) based on the thermal models of Sachse et al. (2012) in the Middle Atlas; b)
short rifting event (189 to 182.7 Ma) and higher paleo heat flow (105 mW/m?) according to
the higher value compiled in rifted basins (Allen and Allen, 2005), as well as to the mean
value of heat flow calculated in the eastern arm of the East African Rift System, dominated
by volcanics (Morgan 1983); c) short rifting event (189 to 182.7 Ma) and very high paleo
heat flow (120 mW/m?) based on the highest value in basins with deep lithosphere
involvement (Allen and Allen, 2005); d) e) and f) long rifting event (189 to 140 Ma) and
paleo heat flows of 70, 105 and 120 mW/m?, respectively. All models include Alpine
inversion of the Central High Atlas divided in two steps, from 80 to 35 Ma (35% uplift and
erosion) and from 35 to 0 Ma (65% of uplift and erosion), based on published works about
Central High Atlas inversion (Fraissinet et al., 1988; Gorler et al., 1988; Teixell et al., 2005;

TesOn & Teixell, 2008; Teson et al., 2010).
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The models using paleo heat flow values of 70 mW/m? are considered to be a minimum result
with maximum additional sedimentation (burial), whereas, the very high value of 120 mW/m?
is considered as maxima with minimum burial. The long period of rifting includes rifting and
post-rift period, which is characterised by continuous intrusions of volcanic and subvolcanic
rocks within the Central High Atlas crustal levels and thus potentially increasing the paleo
heat flow up to the early Lower Cretaceous at about 140 Ma (e.g., Frizon de Lamotte et al.,
2008; Charriere et al., 2011; Michard et al., 2011). One important result is that all models
required additional sedimentary burial to fit the reflectance of vitrinite curve (Fig. 10). This
additional burial would consist of post-Bajocian sediments completely eroded during the
Alpine compression (from 80 Ma to present-day).

The models with the lower rifting paleo heat flow values (models a and d) need additional
sedimentary burial ranging from 2400 to 2200 m. Intermediate paleo-heat flow models (b and
e) need 2000 to 1200 m of extra burial whereas high paleo-heat flow models (c and f) still
need between 1700 and 800 m of post-Bajocian extra burial. Although all presented models
are geologically possible, we use in our work the intermediate paleo-heat flow models with
105 mW/m?, corresponding to the maximum value documented in rift basins (Allen and
Allen, 2005), to get the minimum amount of post-Bajocian extra burial and a geohistory
(burial history plot) with minimum values of subsidence during rift and post-rift periods for
both scenarios with sedimentation and with uplift and erosion during the Late Jurassic and

Early Cretaceous periods.
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4.2. Thermal models considering Late Jurassic-Early Cretaceous exhumation in the Central
High Atlas basin

Numerous pointers suggest Late Jurassic-Early Cretaceous uplift in NW Morocco,
mostly along the Western Moroccan Arch (parallel to the Jurassic Atlantic Moroccan margin)
and Anti-Atlas domain (parallel to the southern border of the Jurassic Atlas rift basin), based
on thermochronological studies (Ghorbal et al., 2008; Saddiqi et al., 2009; Ruiz et al., 2011;
Domeénech, 2015) (Fig. 9). The inferred spread of such uplift inside the Jurassic Atlas rift
basin has been associated with the massive post-rift magmatic event (see the review in Frizon
de Lamotte et al., 2015). The ending of this thermally-related uplift could range from 140 to
110 Ma (Frizon de Lamotte et al., 2008). Nonetheless, no direct indications are available in
the central part of the Central High Atlas, where younger preserved sediments are Callovian
in age (~163.5 Ma).

In order to check the effects of this presumed Late Jurassic exhumation in the
geohistory of the Tazoult-Amezrai study region, we ran a new set of models, assuming a few
undetermined parameters to fit results with the reflectance of vitrinite data: a) long duration
(189-140 Ma) and elevated heat flow (105 mW/m?) followed by heat flow of 60 mW/m?; b)
170 to 163.5 Ma sedimentation with average rates equal to previous Early-Middle Jurassic
rates (0.22 mm.yr) amounting to 1430 m; c) inferred uplift from 163.5 to a maximum
younger age of 129.4 Ma (first dated Cretaceous deposition preserved in most external Atlas
basin domains, although some of the synclines contain older deposits with an age between
Middle Jurassic to Barremian), that would imply an erosion equivalent to a previously
deposited 1.43 km of Middle-early Late Jurassic deposition in the centre of the Central High
Atlas basin; d) deposition of an unknown thickness of Cretaceous sediments to be determined
during the modelling; e) Alpine inversion of the Central High Atlas in two steps from 80 to

35 Ma (35% of uplift) and from 35 to 0 Ma (65% of uplift).
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The model results indicate that about 1600 m of Cretaceous burial is needed to fit the
reflectance of vitrinite data for chosen parameters (Fig. 11a). Extending the 105 mW/m? to
110 Ma would reduce the Cretaceous amount of burial to 1200 m (Fig. 11b). Yet, the
geohistory for this second scenario, characterized by Late Jurassic and Early Cretaceous
uplift, shows a more intricate history and is not easy to associate it with geological

observations within the study area, but is also shown in the geohistory plots (Fig. 12).

4.3. Central High Atlas geohistory

Results of the subsidence analysis of the Amezrai basin have been coupled to the
results from thermal modelling in order to build a complete geohistory for this part of the
Central High Atlas (Fig 12). From all the thermal models that have been presented above, we
selected the model with a long high thermal event of 105 mW/m? (Fig. 10e) and 1200 m of
additional deposition at a roughly continuous sedimentation from the Upper Jurassic to the
onset of the Alpine inversion (80 Ma), as was proposed in the subsidence models of Ellouz et
al. (2003) for several locations in the Central High Atlas.

As shown in Fig. 12, the Amezrai basin shows that the peak of organic matter
maturity was reached during the Late Cretaceous. The Lower Jurassic deposits (Jbel
Choucht-Aganane and Amezrai formations) would have entered into the gas window during
Middle Jurassic times, and then became over mature during Upper Jurassic and Lower
Cretaceous times. In contrast, the Middle Jurassic sediments (Tafraout, Aguerd-n’Tazoult and
Bin el Ouidane 1 formations) came into the oil window (vitrinite reflectance between 0.7 and
1.3%) early after their deposition and remained between the oil and gas windows up to the
end of the continuous subsidence period (Upper Jurassic to Lower Cretaceous), preceding the

basin inversion and exhumation starting in the latest Cretaceous.
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Figure 12 also shows the evolution of the base of the analysed sedimentary succession
(base of Joel Choucht Fm., grey line) for the second tectonic scenario, characterized by Late
Jurassic-Early Cretaceous uplift of the western domain of the Central High Atlas as

previously discussed.

5. Discussion

5.1. Rifting subsidence evolution of the Central High Atlas
The Central High Atlas underwent Triassic rifting (phase 1) and Lower Jurassic

rifting (phase 2) as shown in Fig. 3. The lack or non-observation of Triassic rift deposits in
both the study area and the Middle Atlas does not permit to model this first rift phase (Fig.
13). Thus, this Triassic rift phase 1 is only indicated in the Ait Chedri Tizgui onshore locality
in the Atlantic Moroccan Atlas (ACT in Figs. 1 and 13). This locality subsided ~3.4 km
during the Triassic, as also evidenced in its continuation in the Agadir Basin (Zuhlke et al.,
2004) and in the offshore seismic lines (Hafid et al., 2008; Tari & Jabour, 2013). The Ait
Chedri Tizgui in the Atlantic Atlas shows a rather continuous sedimentation from the Jurassic
to present day, consistent with a passive margin setting (ACT in Fig. 13). The Triassic rift
phase 1 is also recorded in well-developed half graben structures with thick siliciclastic
sedimentary successions in several localities of the Western High Atlas (e.g., Baudon et al.,
2009; Redfern et al., 2010; Doménech et al., 2014).

Conversely, the subsidence curves for the Lower Jurassic rift phase (phase 2) can be
calculated all around the Central High Atlas and the Middle Atlas. During rift phase 2, the
Lower Jurassic basin geometry comprised a number of NE-SW oriented tectonic highs
separating deeper basins (Fig. 2). The compartmentalization between tectonic highs and

basins is mostly indicated by changes in sedimentary facies and thicknesses owing to the
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scarcity of normal faults cutting Jurassic sediments. This is due to the existence of Upper
Triassic evaporitic mobile rocks that constitute a decoupling layer between basement faults
and Jurassic stratigraphy at depth. Subsidence histories were complex, depending on this
paleogeography and thus published subsidence analyses may show local rather than rift basin
scale results (e.g. Poisson et al., 1998; Bracene et al., 2003; Ellouz et al., 2003; Patriat et al.,
2003; Lachkar et al., 2009). Therefore, the comparison of subsidence curves from the Central
High Atlas with other curves from the Central High Atlas can help to better understand the
tectonic framework of the rift basin in which the Djebel Bou Dahar and the Tazoult-Amezrai
localities are placed.

We first compare our results with subsidence curves derived from the margins of the
Central High Atlas rift basin (High Plateau and Missour Basin; Ellouz et al., 2003) (HP and
MB, respectively in Figs. 1 and 13). These curves are relatively smooth and show low
subsidence rates (< 0.02 mmyr™) during the Jurassic and through the Cretaceous and
Palaeogene periods, exemplifying the stable domain of the rift basin (Fig. 2). In contrast,
subsidence curves from the centre of the rift basin tend to show a short period of rapid
subsidence during the Lower Jurassic (Sinemurian-Pliensbachian), followed by slower
subsidence rates that may continue until the uppermost Middle Jurassic in the High Atlas
locality comprising the Foum Zabel (Lachkar et al., 2009), the High Atlas Border (Ellouz et
al., 2003), the Djebel Bou Dahar basin and the Amezrai basin curves (FZ, HAB, Djebel Bou
Dahar and Amezrai in Fig. 13).

The comparison between Djebel Bou Dahar subsidence curves with those presented in
the Rich region about 100 km to the west of the study area by Lachkar et al. (2009) and
Quiquerez et al. (2013), is important to better constrain the Early Jurassic rift phase along the
Fault Domain on the southern border of the Central High Atlas basin (see location in Figs. 1

and 2). Lackhar et al. (2009) presented three different tectonic subsidence curves from the
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Rich transect where carbonate platforms developed on top of an extensional system. These
subsidence curves correspond to three faulted blocks showing differential subsidence
evolution from the margin to the inner part of the basin (Fig. 14). The Djebel Bou Dahar
platform top subsidence curve is comparable to the Boutazart curve (Fig. 14). This latter
curve corresponds to the shallower part of the rift basin in the Rich transect. Both, the Djebel
Bou Dahar and Boutazart subsidence curves, show a similar evolution corresponding to
platform settings (Fig. 14). During the Late Sinemurian and Pliensbachian periods, the
Boutazart section records a tectonic quiescence period with tectonic subsidence rates lower
than 0.008 mmyr-1 (Lachkar et al., 2009), whereas in the DBD platform, the top curve shows
a period of mild uplift followed by a renewed subsidence stage (0.04 mmyr™). The
differences between both localities are interpreted as a result of a different range of normal
fault activity, being more intense in the DBD area.

Subsidence curves obtained using data from more basinal settings in the Rich transect
(Foum Zabel and Guerss curves in Fig. 14) also show trends that are different to the Djebel
Bou Dahar basin curve. The Foum Zabel section shows a period of low tectonic subsidence
(0.01-0.03 mmyr-1) during the Early Sinemurian, followed by a very high subsiding episode
(average rate of 0.50 mmyr-1) from late Sinemurian to the end of Pliensbachian times. The
Guerss section (central part of the basin) shows a maximum tectonic subsidence during the
Early Sinemurian, with tectonic subsidence rates ranging from 0.17 to 0.77 mmyr-1 (Lachkar
et al., 2009). Both sections differ from the continuous subsiding curve (0.06 mmyr-1) of the
Djebel Bou Dahar basin section, in terms of rates and timing of maximum subsidence. The
substantial larger tectonic subsidence rates for the deep marine basins in the Rich transect,
compared to the well-constrained Djebel Bou Dahar transect is the consequence of applying
significantly larger paleobathymetric estimations in the former locality (Dupré et al., 2007;

Lachkar et al., 2009; Xie & Heller, 2009).
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All analysed subsidence curves, nonetheless, indicate a rifting episode from
Sinemurian to Pliensbachian times with a diachronous fault activity, as pointed out by the
subsidence variations through time. This Sinemurian to Pliensbachian time range, shorter
than the rifting phase reported in the Middle Atlas by Zizi (1996), is in agreement with
observed tectonostratigraphic relationships reported by Poisson et al. (1998) from Tinjdad
area (see location in Fig. 1) where Toarcian marls fossilised pre-Toarcian normal faults.
Generally, the tectonic subsidence rates recorded in the faulted domain are lower in the
shallower areas of DBD and Rich transect (< 0.1 mmyr™), whereas the tectonic subsidence
rates reached high values in the basinal domain (up to 0.7 mmyr™). High subsidence rates
were also recorded in the HAB curve described by Ellouz et al. (2003), which corresponds to
the northern border of the Central High Atlas basin (Fig. 13).

The Amezrai basin subsidence curve is nevertheless the most distinctive in the Central
High Atlas basin showing very rapid overall subsidence rates up to 0.98 mmyr™ during Early
to lowermost Middle Jurassic times, even when using low values of paleobathymetry (Figs. 8
and 13). Given the well-documented diapiric structures in this area, we interpret that this fast
subsidence event was related to a combination of both normal faulting and diapiric salt
withdrawal from the basin centre, coeval with salt extrusion along the salt walls that
characterised the Tazoult and Jbel Azourki ridges (e.g., Saura et al., 2014) (Fig. 5). Here,
there is a good match in time between the onset of the second period of rapid subsidence in
the Amezrai minibasin (i.e. Late Pliensbachian-Aalenian) and the initiation of inflation of the
Tazoult and Azourki allochthonous salt bodies adjacent to the Amezrai minibasin (Fig. 13).

Quantification of fault activity and salt withdrawal during the Lower Jurassic
subsidence phase is not straightforward due to the lack of outcrops with which to estimate the
thickness variation of the ductile evaporite-bearing unit. However, the high tectonic and total

subsidence rates (0.32 and 0.98 mmyr”, respectively) (Fig. 13), compared to purely

This article is protected by copyright. All rights reserved.



extensional tectonics recorded in the Djebel Bou Dahar or other areas of the basin margin,
strongly suggest a salt tectonics contribution, as has been reported in other salt basins
worldwide (Wilson et al., 1989; Hodgson et al., 1992; Dupré et al., 2007; Hudec et al., 2009).
In this scenario, the active interaction between sedimentation and salt movement could lead
to cyclic acceleration of local sedimentation rates, salt withdrawal and creation of

accommodation, resulting in the observed increase in the subsidence rate.

5.2. Post-rift evolution of the Central High Atlas

The post-Middle Jurassic evolution of the Central High Atlas rift basin remains less
well constrained, due to the scattered nature of its younger sedimentary record, which
generally crops out within isolated outliers and also along the marginal areas of the present
Atlas Mountains. The thermal and burial models for the Tazoult-Amezrai basin transect,
allow us to infer some key elements of the post-Middle Jurassic evolution of this area. We
discuss two potential geohistory models for the Central High Atlas rift basin (Tazoult ridge
and Amezrai minibasin) in which results are directly constrained by our thermal study based
on reflectance of vitrinite data: our preferred model, characterised by a roughly continuous
but small sedimentary record from Late Jurassic to Late Cretaceous and an alternative model
characterized by Late Jurassic-Early Cretaceous uplift event.

The results from our first set of models show that whatever is the amount of heat flow
applied and its duration the Tazoult-Amezrai area needed an extra burial ranging from 800 to
2400 m. Considering the model from Fig. 10e with a heat flow of 105 mW/m? from 189 to
140 Ma (selected for geohistory plots), the additional sedimentary burial is of 1200 m.

Other localities around the Central High Atlas show burial histories that are directly
comparable to the results presented here. Ellouz et al. (2003) reported c. 1800 m of post-

Bajocian deposits in the northern border of the Central High Atlas. Apatite fission track data
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(Barbero et al., 2007) also indicate a significant overburden of more than 1500 m in the
Imilchil transect to the east of the study area, as well as a continuous exhumation starting in
the latest Cretaceous. Haddoumi et al. (2002) and Haddoumi et al. (2010) also described
several hundred metres of Upper Jurassic to early Upper Cretaceous aged “couches rouges”
(i.e. red beds) cropping out in the Ouaouizaght syncline (located near HAB in Fig. 1). These
sedimentary sequences display growth patterns with ages ranging from late Bathonian to late
Barremian and thus pointing to a probable diapiric evolution persisting from Late Jurassic to
middle Early Cretaceous (~167 to 127 Ma). Using illite “crystallinity” analysis, Brechbiihler
et al. (1988) determined a 6 km thick sedimentary pile of post-Toarcian sediments in the
Errachidia-Midelt transect, located 162 km eastward of the Tazoult-Amezrai area. In
summary, post-Middle Jurassic burial seems generalised in the Central High Atlas
sedimentary basin.

The alternative scenario proposing the western segment of the Tethyan Atlas as
uplifted after Middle Jurassic times (e.g., Beauchamp et al., 1999; Frizon de Lamotte et al.,
2008) has also been tested by means of thermal modelling and the results included in the
geohistory plots (Figs 11 and 12). This model, however, has been constructed assuming two
consecutive poorly constrained subsidence-uplift events from the Late Jurassic to present day.
In our study, the fit of this scenario with the thermal modelling has been obtained by applying
around 1.43 km of deposition followed by the same amount of erosion during the Late
Jurassic-Early Cretaceous event and around 1.6 km (same amount of sedimentation and
erosion) during the Alpine event. Hence, although presented results provide a suitable fit with
the reflectance of vitrinite thermal data, the complexity of the geological processes involved
in such a model as well as the lack of match with the geological observations in the Central
High Atlas basin strongly suggest that the widening of the uplift and exhumation along the

West Moroccan Arch was not reaching the study area.
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5.3. Along-strike subsidence variations of the Atlas from Morocco to Tunisia
The Atlas system can be divided into two major domains: the Atlantic and the

Tethyan provinces having different subsidence histories (Le Roy et al., 1998; Le Roy &
Piqué, 2001; Frizon de Lamotte et al., 2008; Frizon de Lamotte et al., 2011) (Fig. 15). The
Atlantic domain, corresponding to the Western Atlas and offshore Morocco, is characterised
by a major Triassic rifting stage inferred to have evolved into a drift stage from the Early
Jurassic to the Late Cretaceous (Hafid, 2000; Zihlke et al., 2004; Hafid et al., 2008) (Ait
Chedi Tizgui; ACT in Fig. 15). In the Central Atlas (Tethyan domain), a distinct second rift
phase occurred during Lower Jurassic times (Figs. 3, 13, 14 and 15).

The analysis of the variations of the subsidence history along the axis of the Atlas rift
system in the Tethyan domain is not intended to be conclusive and only aims to give some
thoughts about these variations from Morocco to Tunisia, based on available subsidence
studies when integrated with our studies. It is important to realise during this evaluation that
subsidence curves are strongly influenced depending on used data, methodology and on their
tectonic locations, so that direct comparisons are not always forthright. Despite these
potential complications, we contrast three different subsidence analyses along the strike of
the Atlas basin: the total and tectonic subsidence curves for the Amezrai basin in the west
(Central High Atlas in Morocco; CHA), the total subsidence curve from the Bled Chetihat
basin in the Saharan Atlas in Algeria (SA in Fig. 15), and the tectonic subsidence curve of the
Gabés Basin in the Tunisian Atlas (Bracéne et al., 2003; Patriat et al., 2003) (GB in Fig. 15).

The subsidence history of the Bled Chetihat basin in the Saharan Atlas comprises the
complete Jurassic, Cretaceous and Palaeogene successions (Bracéne et al., 2003). The total
subsidence curve shows a regional period of fast subsidence, in different steps, from Lower
Jurassic to middle Cretaceous times, followed by a period of slow subsidence in order to
reach the upper part of the Oligocene. During late Oligocene this time, the top of the Upper

Triassic unit reached its maximum depth at > 6 km below sea level, just before the onset of
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exhumation (Fig. 15). The Triassic top is located at depths of 4.2 km, at present elevated
during the Atlas tectonic inversion (Bracéne et al., 2003; their Fig. 13). Interpreted seismic
lines in the western Saharan Atlas show the deepest synclines that are still located at depths
of ~6 km (Bracene et al., 2003; their Fig. 16).

Subsidence analysis shows low subsidence rates of 0.05 mm yr-1 in Early and Middle
Jurassic times, followed by a period of larger subsidence (up to 0.20 mm yr-1) during Late
Jurassic and Early Cretaceous times. This second period of fast subsidence is synchronous to
diapiric growth and salt withdrawal from basins, which probably increased subsidence rates
(Fig. 15). Afterwards, the subsidence curve shows a slow period of subsidence up to the late
Oligocene prior to widespread uplift during the Neogene and the main inversion in the late
Lutetian (discussed but not shown in the SA subsidence curve of Bracéne et al., 2003) (Fig.
15).The subsidence histories of Chotts, Gabés and Hammamet basins in southern Tunisia
have been analysed by Patriat et al. (2003) (see their Fig. 11). These authors divide the
subsidence history into three main events, evolving from rifting to compression, as displayed
in the tectonic subsidence curve for the Gabés Basin (GB in Fig. 15). The Lower Jurassic to
Aptian-Albian boundary main rifting period is characterised by a long and constant
subsidence with low rates of about 0.02 mm yr. Furthermore, the Aptian to Late Cretaceous
transition period is characterised by variable subsidence among different basins that is
attributed to the important role of active halokinesis, working since Aptian times (Perthuisot,
1981; Snoke et al., 1988) or even older (Boukadi & Bedir, 1996). Starting in the Paleocene,
inversion tectonics affected specific structures in southern Tunisia, as clearly imaged in
seismic lines showing a major Oligocene post-folding unconformity. Patriat et al. (2003)
concluded that salt diapirism rejuvenation and reactivation were also common during this

phase of shortening, spanning from the Eocene to present day (Fig. 15).
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The comparison among selected subsidence curves from the Tethys domain shows
diachronous highest rates of subsidence as well as maximum burial, becoming younger
towards the east (Fig. 15). In the Central High Atlas (Amezrai basin), the highest rates of
tectonic and total subsidence occurred during the Early and Middle Jurassic. The maximum
burial, according to the presented geohistory model, was achieved during the Late Cretaceous
with maximum thicknesses of almost 5.5 km. In the Saharan Atlas in Algeria (Bled Chetihat
basin), the fastest and maximum subsidence (> 4 km) occurred during the Early Cretaceous
whereas rifting ended during the Middle Jurassic. The maximum burial recorded in the Bled
Chetihat basin was attained during the late Oligocene with maximum thicknesses of almost
6.2 km. In the Tunisian Atlas (Gabés Basin), showing a maximum subsidence of 3.5 km, the
tectonic subsidence displays a long-lasting and smooth curve up to present day. The highest
rates of tectonic subsidence roughly coinciding with the Early-Late Cretaceous boundary,
seems related to the Sirt rifting in Libya that also affected the eastern margin of Tunisia
(Frizon de Lamotte, 2009 and references therein).

The diachronism between extension and diapirism compared to the subsidence curves
may strongly indicate that peaks of fastest subsidence in Morocco and Algeria must be
related to salt withdrawal from beneath the studied locations during diapirism stages.
Although in Tunisia the rifting phase is longer and high subsidence rate peaks are partially
coeval to the extension, diapirism cannot be ruled out as additional subsidence mechanism as

would be suggested by the large amount of diapiric structures described for the area.

CONCLUSIONS

Twenty-seven new measurements of vitrinite reflectance data have been obtained in
the central part of the Central High Atlas with values ranging from 0.81 to 1.98% for most of

the samples, which show a good fit with their relative Lower Jurassic stratigraphic positions
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in the Tazoult ridge and the Amezrai minibasin. High values up to 3.05% are calculated close

to diapiric structures intruded by Upper Jurassic gabbro bodies.

Subsidence curves in the non-diapiric and marginal Djebel Bou Dahar platform and
adjacent basin during Sinemurian and Pliensbachian periods show similar long-term and low-
rate tectonic and total subsidence of around 0.06 and 0.08 mm yr™, respectively. The roughly
parallel evolution of both total and tectonic subsidence curves indicates the tectonic influence
in total subsidence of the platform-basin system, as corroborated by the syndepositional

activity of outcropping normal faults.

Subsidence curves in the diapiric Tazoult salt wall and Amezrai minibasin reveal
higher rates than in the Djebel Bou Dahar marginal carbonate platform. The SE flank of the
Tazoult salt wall subsided tectonically at rates of 0.15 mmyr™ during the early Pliensbachian,
decreasing to 0.01 mmyr™ through the late Pliensbachian-Toarcian and increasing again to
0.27 mmyr™ in Aalenian times. For the same periods of time, the total subsidence rates were
0.22, 0.09 and 0.74 mmyr™, respectively. Higher rates of tectonic subsidence characterise the
sinking evolution of the Amezrai minibasin involving 0.17 mmyr™?, 0.06 mmyr* and 0.32
mmyr, respectively, for the same periods of time as set forth in the Tazoult salt wall. The
equivalent total subsidence rates were 0.38, 0.19 and 0.98 mmyr™, respectively. For the two

first periods of time, the rates are two-fold their equivalent in the Tazoult salt wall.
Larger amounts of subsidence in the Tazoult salt wall and the Amezrai minibasin

point to a combination of normal fault extension and salt withdrawal from beneath the

minibasin as triggering mechanisms in front of the single normal fault extension for the non-
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diapiric Djebel Bou Dahar marginal platform and basin domain where both tectonic and total

subsidence rates were one order of magnitude smaller.

Numerous thermal models have been made to test alternative evolutions for both
paleo heat flow estimations during rift and post-rift periods from which six are presented. All
these models need extra burial to fit the reflectance of vitrinite curve ranging from 800 to
2400 m. In order to build geohistory plots we use in this work the model with paleo heat flow
of 105 mW/m? from 189 to 140 Ma (Sinemurian-Pliensbachian to earliest Cretaceous) and
post-rift paleo heat flow set at 60 mW/m? up to present day. For the chosen values, the
needed extra burial is about 1200 m in the scenario with a roughly continuous sedimentation
during Late Jurassic and Cretaceous times.

An alternative scenario with Late Jurassic-Early Cretaceous exhumation event has
been proposed by other authors as a consequence of the widening of the West Moroccan
Arch. We model this alternative scenario, which implies about 1.4 km of extra burial prior to
the Late Jurassic-Early Cretaceous exhumation phase followed by around 1.6 km of extra
burial preceding the Alpine inversion of the Atlas in order to reproduce the observed thermal

maturation in the Tazoult-Amezrai region.

Subsidence curves from different localities of the Atlas Tethyan domain reveal that
the fastest subsidence episodes and the maximum burials reached become younger from west
to east. The comparisons among subsidence curves, timing of extension and salt diapirism
evidence the close link between diapirism and high subsidence rate periods along the Tethyan

domain of the Atlas system.
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TABLES

Table 1. List of stratigraphic units defined in the Djebel Bou Dahar area (Fig. 4) with their corresponding base
and top ages (Merino-Tomé et al., 2012), thicknesses, lithology percentages and bathymetry estimations.

Table 2 List of stratigraphic units defined in the Tazoult-Amezrai area with their corresponding base and top
ages (Bouchouata et al., 1995; Fadile, 2003), thicknesses, lithology percentages and bathymetry estimations,
according to the interpreted sedimentary environment.

FIGURE LEGENDS

Fig. 1 Sketch map (Modified from Saura et al. 2014) showing the Atlas system extending from Morocco to
Tunisia. Red box (Tazoult-Amezrai) and black box (Djebel Bou Dahar) show our study areas, and star symbols
indicate the location of published subsidence studies.

Fig. 2 Paleogeographic map of the Central High Atlas basin for Late Pliensbhachian-Toarcian times (based on
Milhi et al., 2002 and Pierre et al., 2010) including the locations of diapiric structures (coloured in pink). The
location of these structures is based on Saura et al. (2014) and reference therein. Black symbols show the
location of subsidence curves presented in this work.

Fig. 3 Chart showing the timing of the Atlas rift according to different authors. The shown timings span from
the Atlantic margin (west) to the Tunisian Atlas (east). The time scale is according to Gradstein et al. (2012).

Fig. 4 a) Geological map and restored cross section (A’-A) from Djebel Bou Dahar platform modified after
Merino-Tomé et al. (2012). The location of the studied stratigraphic sections is indicated in both images. b)
Stratigraphic sections showing the outcropping succession in both locations. The basin section shows a very
continuous sedimentary record whereas the platform section shows a distinct angular unconformity between
sequences I-11 and V. ¢) Field picture of the Djebel Bou Dahar area showing the geometry of the carbonate
platform in the slope domain.

Fig. 5 a) Google Earth image of the Tazoult - Amezrai area overlain with simplified geological map of the
Tazoult diapir and the Amezrai minibasin (modified after Saura et al.,2014), with the location of the collected
vitrinite samples (colour dots) and detailed stratigraphic logs (roman numerals) carried out by Joussiaume et al.
(2014) and Malaval et al., (2014). b) Stratigraphic sections showing the succession outcropping in the studied
area and the thickness variation from the Tazoult diapir flank to the centre of the Amezrai minibasin. Time scale
according to Gradstein et al. (2012). c) Cross-section across the Amezrai area (A-A’) with the projection in the
stratigraphic position of the collected vitrinite samples. The thinning on the diapir flanks is well constrained and
observed at outcrop, whereas thicknesses of units in the core of the minibasin are not well constrained and are
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likely conservative. d) and e) interpreted field pictures showing halokinetic geometries and the upper part of the
outcropping sedimentary succession, respectively.

Fig. 6 Summary of the Tazoult and Amezrai stratigraphic logs showing the position of the collected samples.
Numbers correspond to vitrinite reflectance values (%) and associated standard deviation for each sample.
Locations of samples are shown in Figure 5. The right-hand list shows vitrinite reflectance values of samples
coming from other localities of the area. Star symbols mark the anomalous results interpreted to reflect
proximity (i.e. < 200 m) to igneous bodies that intruded the diapiric structures (see location map in Fig. 5). The
two sample pictures show the difference between a non-altered (GM 824) and altered sample (ES 797) due to
magmatic intrusions.

Fig. 7 Plots of total and tectonic subsidence curves from Djebel Bou Dahar platform and basin sections (see
location in Fig.4). Triassic rifting has not been modelled due to data being unavailable. Stratigraphic units
according to logs in Fig. 4 projected on top of plots together with age of recorded normal fault activity (Merino-
Tomé et al., 2012). The timing of normal faulting is considered in this study as the age range of the Lower
Jurassic (phase 2) rifting. Time scale according to Gradstein et al. (2012).

Fig. 8 Plots of total and tectonic subsidence curves from Tazoult ridge (a) and Amezrai basin (b) sections (see
location in Fig. 5). Triassic and very early Lower Jurassic subsidence evolution is not modelled due to the lack
of data. Subsidence curves from early Bajocian times result from the data obtained in burial models.
Stratigraphic units according to logs in Fig. 5 projected on top of plots. Time scale according to Gradstein et al.
(2012).

Fig. 9 Sketch map (Modified from Saura et al. 2014) showing the Moroccan Atlas system. Red box (Tazoult-
Amezrai) and black box (Djebel Bou Dahar) show our study areas, and star symbols indicate the location of
published thermochronology studies. Thick discontinuous line shows the boundary of the West Moroccan Arch
from Frizon de Lamotte et al. (2009).

Fig. 10. (Next page) Thermal model plots based on the present-day Amezrai stratigraphic section showing:
calculated vitrinite reflectance profiles (IFPRo and Easy%Ro) resulting from a short period of high heat flow
occurrence (from 189 to 182.7 Ma) with heat flow of 70 mW/m? (a), 105 mW/m? (b) and 120 mW/m? (c). Plots
d), e) and f) correspond to models with a long period of high heat flow occurrence (from 189 to 140 Ma) with
heat flow of 70 mW/m?, 105 mW/m2 and 120 mW/m?, respectively. Dashed curves correspond to models with
no additional burial and solid lines correspond to models with additional burial. The burial required to fit curves
with analysed samples is detailed in each plot, and have been applied with a homogeneous sedimentation from
169 Ma to 80 Ma. All models include a period of low thermal conditions of 60 mW/m?.

Fig. 11. a) Thermal model for alternative scenario with Late Jurassic-Early Cretaceous exhumation showing
calculated vitrinite reflectance profiles (IFPRo and Easy%Ro). The models assume: a) long high heat flow event
of 105 mW/m? from 189 to 140 Ma resulting in 1600 m of extra burial during the early Upper Cretaceous; b)
extra-long heat flow event of 105 mW/m? from 189 to 110 Ma resulting in 1200 m of extra burial.

Fig. 12 a) Burial history plot and temperature evolution for the Amezrai minibasin; b) Burial history plot and
reflectance vitrinite isolines for the Amezrai minibasin. Blue band highlights the stratigraphic unit containing
our vitrinite reflectance dataset (Aguerd-n’Tazoult Fm.). Grey line shows the path of the base of the Jbel
Choucht-Aganane Fm. according to the Upper Jurassic-Lower Cretaceous uplift model. Time scale according to
Gradstein et al. (2012).

Fig. 13 Comparison of total subsidence curve of Amezrai minibasin with subsidence curves from other localities
in the Moroccan Atlas (Time scale according to Gradstein et al., 2012). The map shows the subsidence rate
through time for each plotted location.

Fig. 14 Interpretation of the Rich transect including four different faulted blocks and the location of the three
sections used to perform the subsidence analysis in the area (modified from Lachkar et al., 2009); plots show the
average tectonic subsidence curve, including subsidence rates, from Boutazart, Foum Zabel and Guerss sections,
respectively, presented by Lachkar et al. (2009) and the obtained tectonic subsidence curves from our study in
the Djebel Bou Dahar area. Lower Jurassic rifting stages proposed by Lachkar et al. (2009) (early and climax
stages) are plotted together with the timing of normal fault activity in DBD (Merino-Tomé et al., 2012).
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Fig. 15 Subsidence curves and tectonic stages from West High Atlas (Zihlke et al., 2004), Central High Atlas
(this study), Algeria (Bracene et al., 2003) and Tunisia (Patriat et al., 2003). Diapirism (pink bar) is associated
with different stages. Amezrai minibasin total subsidence is compared with Bled Chetihat and Ait Chedri Tizgui
curves, and the Amezrai tectonic curve is compared with the Gabés basin tectonic curve. The map shows the
ages of the main peak of subsidence in each locality and the age of diapirism.

Age Age ; Lithology (%) ;
Djebel Bou Dahar | Base Top Thlc(krz)e 5568 - - Eﬁsmﬂr]rtwae% Bath(;r/nn;etry
(Ma) (Ma) Sand ‘ Silt ‘ Shale ‘ leestone‘ Marls ‘ Dolostone
Basin section

Aalenian 172,2 170 100 - 90 10 --- ? 520
Toarcian 1822 172,2 119 43 7 50 Basin 610
Drowning 183,2 182,2 0 --- - Drowning 715
Sequence VI 186 183,2 57 58 42 Basin 500
Sequence V 187,3 186 18,5 65 35 Basin 430
Sequence IV 190,8 187,3 37,3 79 21 Basin 210

Sequence 111 195,3 190,8 76,2 99 1 Distal ramp 0

Sequence land Il 2005 1953 226,7 1 65 2 32 Lagoon to 0

intertidal
Platform section

Aalenian 1722 170 35 - 90 10 --- ? 100
Toarcian 1822 1722 0,5 - @ 7 50 Condense 100
Drowning 183,2 182,2 0 --- - Drowning 100

Sequence VI* 186 1832 1347 39 S”‘fra“da' 0 0

agoon
Sequence V* 1873 186 55,3 90 S”"I’ra“da' e 0
agoon
Erosion 195,3 187,3 -111 --- - Supratidal <0
Sequence | and 2005 1953 226,6 1 64 1 3 Supratidal to 0

1n* lagoon

* remnant % corresponds to early cemented lithologies
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Amezrai area Q&?si ?ge Thicknesses Lithology (%) Sedimentary | Bathymetry
P (m) i i Environment (m)
(Ma) (Ma) Sand Silt Shale | Limestone | Marls Dolostone
Tazoult ridge
section
Binel Ouldane 1606 169 50 50 Intertidal 15
BIFEY (2)“'da”e 170 169.6 40 60 Intertidal 15
Bin el Ouidane 170.7 170 690 5 5 75 15 Shallow 30
1 platform
Aguerd 1711 1707 176 - 5 65 30 Supratidal to 10
n'Tazoult intertidal
Hiatus 175 1711 0 10 - 40 40 Intertidal to 20
subtidal
Amezrai 185 175 775 15 15 25 25 20 Supratidal to 10
intertidal
Lagoon &
JbeLC:nZ‘;th I 189 185 470 5 70 25 Shallow 30
g Platform
Boulmoura 1953 189 80 20 Shallow 30
platform
Ait Bou Oulli 201.3 1953 -—- --- -—- 10 20 70 Supratidal 0
Amezrai section
Bin el 2“'da”e 169.6 169 50 50 Intertidal 15
B (2)“'da”e 170 169.6 40 60 Intertidal 15
BinelOuidane 1757 179 693.8 —~ 5 5 75 15 Shallow 30
1 platform
Aguerd 1722 1707 7132 -5 65 30 Supratidal to 10
n'Tazoult intertidal
Tafraout 1745 1722 2568 0 10 - 40 40 Intertidal to 20
subtidal
Amezrai 185 1745 17489 15 15 25 25 20 Supratidal to 10
intertidal
Lagoon &
Jbeic;nc::]‘;ht I 189 185 906.9 5 70 25 Shallow 30
g Platform
Boulmoura 1953 189 80 20 Shallow 30
platform
AitBouOulli  201.3  195.3 10 20 70 Supratidal 0
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A-A’ (N-S) Restored cross-section at Bajocian time (After platform drowning)
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Tazoult diapir
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Interpreted Rich transect during Pliensbachian
(from Lachkar, et al., 2009)
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