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A B S T R A C T

This study combines several provenance tools, analysis of published structural and geodynamic data, integrated 
with Low-Temperature Thermochronology (LTT) and time-Temperature Modelling (tTM) to reconstruct the 
evolution of source-to-sink systems feeding the Essaouira-Agadir Basin (EAB) during the Jurassic (Toarcian, 
Bathonian, and Kimmeridgian) and Lower Cretaceous (Hauterivian and Barremian).

LTT and tTM define timing and rate of subsidence and exhumation of the hinterland and allows modelling of 
the predicted age and lithology of eroding rock units from the most-likely source locations through time. 
Extrapolation of predicted surface geology allows recognition of the lithology of sedimentary overburden in the 
hinterland, much of which has been subsequently eroded and is not preserved in the modern surfical geological 
record.

Heavy mineral, petrography and detrital zircon data analysis was carried out on fluvial and shallow marine 
sandstones sampled from Jurassic and Cretaceous sections across in the EAB. The results document changing 
sediment source terrains through time. In the Early and Middle Jurassic, the heavy mineral and detrital zircon 
signature correlates with a Palaeozoic source, suggesting provenance was dominantly from erosion of Cambrian 
and Ordovician sandstone in the Central and Western Anti-Atlas. From the Late Jurassic to Early Cretaceous, the 
heavy mineral and zircon signatures have a strong affinity with Triassic sediments. This indicates a provenance 
switch to the exhuming West Moroccan Arch (MAM and Western Meseta), interpreted to have been largely 
covered by Triassic continental red beds at the time.

The results help in predicting sediment delivery offshore, into the deep-water basin, where sandstones are a 
target for hydrocarbon exploration. Defining timing of input, location and composition helps to de-risk explo-
ration. All the intervals examined contained discrete fluvial systems entering in the EAB, suggesting multiple 
periods of clastic delivery. Results suggest the Middle Jurassic and Hauterivian and Barremian intervals offer the 
optimum time for delivery of coarse clastics to the shelf margin, and potentially into the deep basin. The source 
to sink maps developed in this study further characterize these systems, their provenance and timing.

1. Introduction

Morocco, located in North-West Africa along the Central Atlantic 
margin, was the theatre of several oceanisation, convergence, orogenic 
and collision events throughout its long geological history (c.f., Michard 

et al., 2008a; b for a complete geological history of Morocco, used here 
throughout this introduction). This resulted in the creation of a complex 
and geologically rich country where crop out quartzite of Archean age, 
Quaternary sandstones and varied rocks of almost all ages in between. 
After the peneplanation of the Variscan orogeny which sealed the 

* Corresponding author. North Africa Research Group, The University of Manchester, UK.
E-mail addresses: emmanuel.roquette@gmail.com (E. Roquette), aude.duvalarnould@gmail.com (A. Duval-Arnould), orrin.bryers@postgrad.manchester.ac.uk
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Pangaea super-continent (Variscan unconformity dated to the Late 
Palaeozoic), Morocco was located at the forefront of the Pangea 
mega-plate breakup.

Only the Atlantic N-S rift belt resulted a complete oceanisation, 
separating Northern Morocco from its conjugate margin: Nova Scotia. 
On the newly formed Atlantic shelf, the Essaouira Agadir Basin (EAB) 
formed at the connection between the Central Atlantic and High Atlas 
rifts. The EAB and its neighbouring regions recorded the extensive 
deposition of Triassic salt and continental facies followed by the Jurassic 
transgression and the establishment of open marine conditions. In the 
Upper Cretaceous and Cenozoic, continental scale orogenesis resulted 
from the African-European (Alpine) convergence and Morocco was once 
again thoroughly transformed. The compression created several WSW- 
ENE oriented mountain belts (the Anti-Atlas, High Atlas, Meseta, Mid-
dle Atlas and Rif) along with several sedimentary basins, partly reac-
tivating and reversing normal faults created during the Mesozoic rifting 
(Fig. 1).

Consequently, unravelling sedimentary sources, basins, and sedi-
ment pathways at periods predating the Alpine convergence is chal-
lenging as significant differences with modern times are expected. This 
difficulty is increased by the recently unravelled post-rift thermal his-
tory of the margin which, far from undergoing slow thermal relaxation 
and subsidence, recorded abrupt and important (km-scale) denudation 
and burial cycles throughout the Mesozoic (e.g., Bertotti and Gouiza, 
2012; Gouiza et al., 2018).

Throughout this time, there are several potential candidate hinter-
lands, include the Anti-Atlas, the so-called West Moroccan Arch (as 
defined in Frizon de Lamotte et al., 2008; i.e., parts of the High 
Atlas/MAM and the Western Meseta; Fig. 1). Their exhumation/subsi-
dence histories (e.g., Gouiza et al., 2017) controlled the source, 
composition, grain-size, and volume of heterogeneous detritus delivered 
to the EAB along different pathways of sediment supply.

Most of the Late Triassic to Late Cretaceous stratigraphy in the EAB 

(Fig. 2) was deposited in a marine environment and from the Jurassic, 
relative sea level remained high. There are however five discrete re-
gressions between the Jurassic and Lower Cretaceous, associated with 
progradation of fluvial systems into the basin (e.g., Charton et al., 
2021b). These represent times of potential delivery of significant clastic 
input across the shelf and ultimately into the deep basin, and thus offer 
sandstone reservoir targets. They also record geodynamic changes 
within the hinterland. These intervals were sampled for heavy mineral 
analysis, detrital zircon dating and petrographic provenance analysis 
(Fig. 3). The dataset is complimented by a meta-analysis of geodynamic 
data from the surrounding hinterland, compiling time-temperature 
models with paleogeology modelling.

2. Geological setting

Following the collapse of the Variscan orogenic chain, Triassic to 
Early Jurassic extension opened three rift basins in Morocco: The Central 
Atlantic, Middle Atlas and High Atlas rifts (Michard et al., 2008a; b; 
Fig. 1). Late Triassic to Early Jurassic clastics were deposited exten-
sively, resting unconformably on folded Palaeozoic to Precambrian 
basement (Piqué and Laville, 1996). A drainage divide was in the 
Western High Atlas cutting the Massif Ancien de Marrakech (MAM) 
between the Tizi N Test valley and the Oukaimeden Basin, separating the 
Atlantic and Tethyan domains (Beauchamp, 1988; Fabuel-Perez et al., 
2009; Domènech et al., 2018; Ellouz et al., 2002). The EAB and Western 
MAM were located on the eastern Central Atlantic margin, and a sink for 
post-rift detrital sediments during the Mesozoic. The Middle and High 
Atlas are associated with the Tethyan domain (Frizon de Lamotte et al., 
2008) and remained active rift basins until the Middle Jurassic 
(Ambroggi, 1963; Ellouz et al., 2002), and were inverted in the Cenozoic 
(e.g., Piqué et al., 2007; Leprêtre et al., 2015, 2018).

In the EAB, Permian to Triassic syn-rift continental red beds and 
evaporites of the Argana Formation (Beauchamp, 1988; Mader and 

Fig. 1. Simplified geological map of the Essaouira-Agadir Basin (EAB) and hinterlands (modified from Saadi et al., 1985). 1: Rehamna, 2: Jebilets, 3: Tichka Massif, 
4: Ouzellarh/Siroua region, 5: Souss Basin, 6: Ifni, 7: Kerdous, 8: Igherm, 9: Agadir-Melloul, 10: Zenaga, 11: Saghro, and 12: Ougnat (6 through 12 are the Anti-Atlas 
so-called inliers). ‘MAM’: Massif Ancien de Marrakesh, ‘SAF’: South Atlas Front, and ‘AAMF’: Anti-Atlas Major Front. The West Moroccan Arch, present during some 
part of the Mesozoic history of the area, was composed of present-day MAM and Western Meseta (i.e., numbers 1 through 4).
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Redfern, 2011; 2017) have been encountered at depth by exploration 
wells, and form outcrops along the basin edge. These were capped by the 
Central Atlantic Magmatic Province (CAMP) basalts and followed by 
Jurassic and Cretaceous passive margin sediments, dominantly shallow 
marine carbonates, marls, and mudstones, but containing discrete in-
tervals of marine and fluvial sandstones (Adams, 1979; Frizon de 
Lamotte et al., 2008, Duval-Arnould et al., 2021, 2024, this special 
issue).

The Lower Jurassic (Arich Ouzla Formation; Fig. 2) comprises 
carbonate-dominated lithologies, deposited on a carbonate ramp that 
developed during the Sinemurian and Pliensbachian (Duval-Arnould, 
2019). The overlying Toarcian Amsittène Formation comprises conti-
nental siliciclastics, consisting of red fluvial conglomerates, sandstones, 
silts and mudstones, the latter interpreted as lacustrine, lagoonal 
(Ambroggi, 1963) or flood plain deposits (Ouajhain et al., 2011). In 
places the base is erosive, cutting down into the underlying Arich Ouzla 
Formation. This unconformity shows signs of exposure and kar-
stification (Duval-Arnould, 2019). The clastics are overlain by late 
Toarcian peritidal carbonates, recording deepening and return to marine 
conditions (Fig. 2).

Most of the Middle Jurassic Ameskhoud Formation (Aalenian- 
Bathonian) is dominated by siliciclastics in the southern part of the EAB, 
evolving from shallow marine to fluvial, while the northern part (Jbel 
Amsittène) records dominantly shallow marine conditions 
(Duval-Arnould, 2019). The Ameskhoud Formation is divided into a 
lower and upper member. The lower member is characterized by san-
dy/silty dolomites with an upward gradual increase in sandstones and 
siltstones beds, highlighting an increasing terrestrial influx and the 
transition from a marine to a high-energy continental environment. The 
upper member comprises red mudstones with root traces, cut by chan-
nels containing coarse sandstone. This depositional environment is 
interpreted to be continental fluvial, episodically subjected to tidal in-
fluence (Duval-Arnould, 2019). The Middle Jurassic stratigraphy is well 
exposed along the Imouzzer anticline, below the main Upper Jurassic 
transgressive sequence.

The Ameskhoud Formation is overlain by the Upper Jurassic (Cal-
lovian) Ouanamane Formation, which at the base contains silty dolo-
mites and oolitic grainstones. Two distinct thick limestones units, 
formed of reefal buildups, develop, one toward the end of the Callovian 
and the other in the Oxfordian (cf. Duval-Arnould et al., 2024, this 
special issue). In the northern part of the basin, the Callovian is domi-
nated by peritidal carbonates, followed by deposition of mixed shoreface 
sediment in the middle to upper Oxfordian.

During the Kimmeridgian (Imouzzer Formation; Fig. 2) red mud-
stones and marls alternate with dolomitic horizons. The north and very 
south of the basin record important sabkha evaporites, while the centre 
of the basin contains thick red marls and dolomitic carbonates, indica-
tive of an intertidal environment (Duval-Arnould, 2019). To the north-
east, in the Imi N’Tanoute region, the most proximal facies is exposed, 
with thick continental braided fluvial sandstones, illustrating an 
east-west proximal to distal trend (Duval-Arnould, 2019).

Lower Cretaceous sediments in the EAB were deposited on a gently 
dipping shelf, which inherited its paleo-topography from the underlying 
Upper Jurassic carbonate ramp (Butt, 1982; Nouidar and Chellai, 2000; 
Rey et al., 1986a; Luber, 2017). The Hauterivian is characterized by 
shallow marine carbonates and mudstones of the Tamanar Formation 
(Rey et al., 1988). They are overlain by the Talmest Formation, which 
contains fluvio-deltaic red sandstones (Rey et al., 1986b), thickening to 
the west, where they are exposed (Wurster and Stets, 1982; Ferry et al., 
2007). Co-eval fluvial red beds are also exposed along the northern 
bounding faults of the High Atlas, east of Imi N’Tanoute.

The Late Barremian Bouzergoun Formation contains marginal 
marine-littoral sandstones, vari-coloured mudstones, dolomites and 
interbedded thin limestones (Rey et al. 1986). A forced regression is 
recorded in the latest Barremian (Luber, 2017, Jaillard et al., 2019a, 
2019b; Giraud et al., 2020; Bryers et al., 2024, this special issue; see also 

Fig. 2. Stratigraphy with Formation names of the EAB (from Charton et al., 
2021b and references therein).
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Fig. 3. Synthetic logs, in time, for the northern and southern parts of the EAB and location of the sampled fluvial systems. Section names: (a) MTAOS: Arich Ouzla 
Saline (b) MTAEH: Assif El (c) MTIMTW: Imi N’Tanoute West (d) MTIMT: Imi N’Tanoute, (e) MTAS: Assaka Hade.

Fig. 4. Gross depositional environment maps for the Essaouira-Agadir Basin during the Jurassic and Cretaceous. Jurassic maps modified from Duval-Arnould (2019); 
shelf break position based on Tari et al. (2012). Cretaceous maps from Bryers et al. (2022) and published field studies (Duffaud, 1966; Rey et al., 1988; Ettachfini, 
2004; Ferry et al., 2007).
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discussion in Luber et al., in revision, this special issue), associated with 
an important increase in siliciclastic input and a progradation of the 
shoreline toward the shelf-edge (Figs. 3 and 4).

In summary, five terrestrial dominated intervals (Fig. 3), associated 
with regressions, are preserved as fluvial sections in the basin, in the 
Toarcian (Lower Jurassic), Middle Jurassic, Kimmeridgian (Upper 
Jurassic), Hauterivian and Barremian (Lower Cretaceous; Fig. 4). These 
intervals were sampled for provenance analysis.

3. Sampling locations

3.1. Arich Ouzla Saline: Toarcian (Lower Jurassic)

Toarcian fluvial systems of the Amsittène Formation are exposed in 
the western part of the Jbel Amsittène, northwest of the Arich Ouzla 
Saline (a salt mine on the western termination of the Jbel Amsittène 
anticline). Samples (MTAOS) were taken from the lower part of the 
formation, from a conglomeratic fluvial channel a few metres above an 
angular unconformity (see Fig. 5).

3.2. Assif El Hade Middle Jurassic

Fluvial red beds of the Middle Jurassic Ameskhoud Formation were 
sampled in Assif El Hade, on the northern flank of the Imouzzer anticline 
(Fig. 6). Samples (MTAEH): were taken from coarse sandstones 
approximately 8m above the top of the underlying Tamarout Formation. 
Samples were analysed for detrital zircon dating and heavy minerals 
analysis.

3.3. Imi N’Tanoute West: Kimmeridgian (Upper Jurassic)

The sampled section (MTITW) is exposed north of the Argana valley 
along the N8 road between Imi N’Tanoute and Argana. The section has a 
complete succession from the red, sand-rich Kimmeridgian down to the 
Oxfordian dolomitic limestones. The Kimmeridgian contains red marls 
with root structures and evaporitic horizons, intercalated with cross- 
bedded sandstones and conglomerates. Samples were taken from a 
section which exposed stacked channels with lateral accretion bars 
comprising coarse sandstones (Figs. 3–6).

In the northern part of the basin, the upper Jurassic is dominated by 

Fig. 5. Synthetic logs of Arich Ouzla Saline (MTAOS) and Assif El Hade (MTAEH) outcrops, modified from Duval-Arnould (2019). For details of lithology, sedi-
mentary structures, fossil content, biostratigraphy, and depositional environments, see Duval-Arnould (2019) and Duval-Arnould et al. (2021).
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peritidal carbonates until the deposition of mixed shoreface sediment in 
the middle to upper Oxfordian. During the Kimmeridgian, the Imouzzer 
Formation comprises red mudstones and marls alternating with dolo-
mitic horizons. The north and very south of the basin record important 
evaporites deposited in a sabkha environment, while the centre of the 
basin contains thick red marls and dolomitic levels indicative of an 
intertidal environment (Duval-Arnould, 2019).

To the northeast, the Imi N’Tanoute region contains the most prox-
imal equivalent of the Imouzzer Formation and records continental 
deposits with braided fluvial sandstones. A strong east-west proximal to 
distal trend is observed (Duval-Arnould, 2019).

3.4. Imi N’Tanoute: Hauterivian (Lower Cretaceous)

Samples (MTIMT) were taken from a roadside section exposed 1 km 
east of Toztane village along the P2032 road to Tabia. The section shows 

the transition between the Talmest and Tazought formations. Fluvial 
channels of the Talmest formation comprises coarse sandstones with 
cross stratifications, interbedded with red siltstones and mudstones. 
Samples were taken from the coarse sandstones from a channel a few 
meters below the contact with the overlying marls and limestone of the 
Tazought Formation (Fig. 2).

During the Hauterivian, the very low sea level allowed continental 
settings to prograde within the EAB. The Lower Hauterivian, charac-
terized by the reef deposits of the Tamanar Formation, is delimited by 
two regional unconformities (Rey et al., 1988) and overlain by the 
shallower Talmest Formation. The Talmest Formation is comprised of 
westward thickening meandering to fluvio-deltaic red sandstones (Rey 
et al., 1986b) and is discussed by Ferry et al. (2007) who assume that 
fluvial deposits to the east grade westward to coastal plain, the shallow 
marine environment (near Tamanar, a locality situated near the coast 
between Agadir and Essaouira). Exposure of red beds in the western part 

Fig. 6. Synthetic logs of the Upper Jurassic Kimmeridgian Imouzzer Fm at Imi N’Tanoute West (MTIMTW) and the Early Cretaceous Hauterivian Talmest Formation 
at Imi N’Tanoute (MTIMT). For details of lithology, sedimentary structures, fossil content, biostratigraphy and depositional environments, see Duval-Arnould (2019)
and references therein.
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of the basin is limited (Wurster and Stets, 1982). Fluvial red beds are 
exposed along the northern bounding faults of the High Atlas, east of Imi 
N’Tanoute. New evidence suggest that the Upper Hauterivian red de-
posits are fluvial to the east and grade westward to marine deposits (see 
Bryers et al., this special issue).

3.5. Barremian

The “Barremian-Aptian” sandstone unit (e.g., Luber, 2017) has been 
re-dated as late Barremian and is clearly ammonite-bearing marine de-
posits to the west (Jaillard et al., 2019). Neritic channels with fluvial to 
tidal influence of Barremian age are exposed across a large area 
(numerous exposures over an area of approximately 1000 km2). The 
sedimentary datasets, collected by Luber et al. (2017) and coded MTTN, 
MTAS, MTAZ, MTDAN, MTWB, MTTK, MTMH, MTTM, MTAD, MTAO, 
MTTZ, and MTIMT, have their position detailed in Table 1.

4. Methods

4.1. Low-Temperature Thermochronology

The record of exhumation and subsidence of the hinterland source 
areas can be ascertained from analysis of Low-Temperature 

Thermochronology data (LTT) and resulting time-Temperature Model-
ling (tTM). Increasing temperature in a sample thermal history, in the 
absence of any igneous activity, is associated with burial, and decreasing 
temperature with exhumation (i.e., erosion of overburden; Fig. 7).

A large amount of thermochronology analysis has been published in 
the potential source domains over the last 20 years (see Charton et al., 
2021a for a summary). Charton (2018) highlights that all but two of the 
tTM studies compiled in his meta-analysis recorded erosional exhuma-
tion. The only observed exceptions were samples from the Toubkal 
Massif, where tectonic exhumation created significant elevation was the 
preferred scenario (Ghorbal, 2009), and samples from the Canaries 
Islands, where episodes of regional heating, likely associated with the 
island volcanism, reset parts of the fission track ages (Wipf et al., 2010). 
This view is consistent with other previous studies which highlight that 
1) samples in the Anti-Atlas in the vicinity of magmatic intrusions did 
not have LTT ages reset (Oukassou et al., 2013) and 2) thermal subsi-
dence following rifting does not affect the unstretched continental crust 
adjacent to rift zone/rifted margins (negligible thermal relaxation; 
Gallagher et al., 1998).

The depth-converted tTM dataset data published in Charton et al. 
(2021a) was used for the modelling. Datasets were averaged in each of 
the six studied hinterland domains to obtain a single burial/exhumation 
history for the: Western, Central and Eastern Anti-Atlas, MAM and 
Western Meseta (Jebilets and Rehamna).

Sixteen tTM models were compiled (Fig. 8; see Table 2 and refer-
ences therein), the slope gradient calculated. Each point displays the 
exhumation or burial through time in the different terrains. Thermo-
chronology data is subject to large margins of error due to a modelling 
process, which is based on a limited number of data points (Charton, 
2018; Malusà and Fitzgerald, 2019). While error margins preclude 
definitive interpretations for individual samples, clusters of consistent 
data points provide confidence that the observed trends reflect a 
regional behaviour.

4.2. Modelling source terrain geology through time

Using depth converted temperature paths, the composition and age 
of surface geology through time can be modelled (for detail of methos 
see Roquette et al.,2024; this special issue)). LTT datasets often record 
periods of subsidence (sedimentation) followed by exhumation 
(erosion) during which the overburden previously deposited is removed 
(Figs. 7–9).

During the first part of the cycle, sediments are deposited on top of 

Table 1 
Outcrops name, code, and coordinates of Barremian samples. Names that are 
marked with a “*” are merged and labelled as BFS in Tables 5 and 6 of this work 
(BFS standing for Barremian Fluvial Sections).

Outcrop name Outcrop code Latitude Longitude

Tiskatine North* MTTN 30,84342 − 9,67121
Assaka* MTAS 30,81406 − 9,77168
Aziar North* MTAZ 30,80863 − 9,61164
Aziar* MTDAN 30,76080 − 9,58976
West Barrage/Akerkaou* MTWB 30,75538 − 9,75881
Barrage* MTBR 30,75895 − 9,68653
Tinkert* MTTK 30,73577 − 9,63322
Mahmout* MTMH 30,72021 − 9,80223
Tamri* MTTM 30,70460 − 9,82758
Addar* MTAD 30,60226 − 9,71919
Aouerga* MTAO 30,59358 − 9,64122
Tamzergout* MTTZ 30.55127 − 9.55678
Imi N’Tanout MTIMT 31.18658 − 8.76268
Imi N’Tanout West MTIMTW 31,11199 − 8,95662
Arich Ouzla Saline MTAOS 31,16529 − 9,69876
Assif El Hade MTAEH 30,72833 − 9,46454

Fig. 7. Methodology to estimate the top part of the basement that was eroded away and the depth of basement/thickness of Mesozoic overburden. At times T1, T2 
and T3, a is the thickness of basement, b: is the thickness of overburden and c is the age of the overburden sediments.
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older rocks. When the region experiences exhumation, and denudation 
resumes, those sediments are gradually eroded. Once the overburden is 
completely eroded, erosion of the older strata resumes. Often, in cycles 
of subsidence and exhumation, the “ephemeral” overburden is totally 
eroded or found in isolated remnants, not preserved in the source area, 
and thus could not be predicted by observing the present-day geological 

record. It can only be identified and reconstructed using the thermal 
history to estimate the timing and thickness of deposition. Constraining 
this “ephemeral overburden” is critical, as a source region could, during 
such a cycle, be entirely or partly covered by lithologies mostly or 
entirely absent from the modern-day rock record.

4.3. Heavy mineral analysis

Samples were crushed using a jaw crusher. To minimize the number 
of broken grains, jaws were brought closer stepwise starting at a spacing 
of 2 cm. Between each step, the product was sieved at 1 mm and only the 
coarser fraction was re-crushed.

Samples were dry sieved at 250 μm and wet sieved at 30 μm. Six 
grams of crushed and sieved (30–250 μm) samples were agitated in 25 
ml test tubes with 20 ml of lithium heteropolytungstate (LST, density 
2.86 g/cm3). Samples were left for decantation for 3 h after which the 
bottom centimetre of each tube was frozen using liquid nitrogen. The 
bottom centimetre (heavy fraction) was recovered, mounted on glass 
slides, and imaged using QEMSCAN. Identified grains were then indi-
vidually counted manually from the QEMSCAN maps.

On each QEMSCAN mount, all heavy minerals were individually 

Fig. 8. Mean time-depth plots converted from tTM for the main candidate source terrains, with ages of key inflection points shown (data extracted from Charton 
et al., 2021a). Depth converted thermochronology data is averaged with 1 sigma error. Grey dashed line = time intervals of interest.

Table 2 
Reference of LTT datasets used to constrain burial and exhumation patterns on 
Fig. 6.

Region time-Temperature Models from LTT studies

Western Anti- 
Atlas

(Charton et al., 2018; Gouiza et al., 2017; Leprêtre, 2015; Ruiz 
et al., 2011; Sebti, 2011; Sehrt, 2014)

Central Anti- 
Atlas

(Balestrieri et al., 2009; Ghorbal, 2009; Gouiza et al., 2017; 
Oukassou et al., 2013)

Eastern Anti- 
Atlas

(Barbero et al., 2007; Gouiza et al., 2017; Malusà et al., 2007)

MAM/High 
Atlas

(Balestrieri et al., 2009; Barbero et al., 2007, 2011; Domènech, 
2015; Ghorbal, 2009)

Western Meseta (Ghorbal, 2009; Ghorbal et al., 2008; Sabil, 1995; Saddiqi et al., 
2009; Sebti et al., 2009)
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counted, and percentages given thereafter are calculated based on 
mineral counts.

The QEMSCAN is unable to identify polymorphs of grains. Therefore, 
anatase and rutile could not be differentiated, and both are presented 
together as titanium oxides. Heavy mineral data was acquired for 
Toarcian, Middle Jurassic, Kimmeridgian, and Barremian samples. The 
small sample size did not allow for analysis of the Hauterivian sample.

4.4. Laser ablation U-Pb analysis of zircon

Five outcrops throughout the basin were selected for detrital zircon 
U-Pb analysis (Roquette et al.,2024). For each, samples were crushed 
and sieved at 30–500 μm. Heavy minerals were concentrated using a 
shaking table and magnetic minerals were removed using a Frantz 

magnetic separator. Zircons were concentrated using diiodomethane 
(3.3 g/cm3) and concentrates were hand-picked, mounted in epoxy 
disks, polished, and imaged using cathodoluminescence to select laser 
spots. The separation, mounting and analysis of the zircon grains was 
conducted at the British Geological Survey (NERC Isotope Geosciences 
Laboratories, Keyworth).

U-Pb analyses were carried out using a multi-collector Nu Plasma HR 
mass spectrometer with a New Wave 193SS solid state laser, typically 
using a 20–25 μm laser spot, and fluence of c. 2 J/cm2. Laser spots were 
selected on core and rim of grains (though the latter were rarer) 
depending on the pristineness of the grain. Three standards (Plešovice 
zircon (Sláma et al., 2008), 91500 (Wiedenbeck et al., 1995), and GJ-1 
(206Pb/238U 602.3 ± 1Ma, 207Pb/206Pb 609.2 ± 0.7Ma; in-house 
ID-TIMS) were regularly analysed to correct the instrument mass bias 

Fig. 9. Temperature evolution based on published time-temperature models for the studied periods (Charton et al., 2021a). Location of sampled coeval fluvial 
systems denoed by yellow star. See Table 2 for references.
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and depth dependent inter-element fractionation of U and Pb. The 
91500 standard was used as primary throughout, yielding a weighted 
average 206Pb/238U age of 1063.9 ± 2.13 Ma (n = 108). Secondary 
standards Plešovice and GJ-1 gave weighted average 206Pb/238U ages of 
338.3 ± 1.0 Ma (n = 79) and 602.9 ± 1.9 Ma (n = 107) respectively. 
Data was reduced using Iolite (Paton et al., 2010, 2011) and plotted 
using IsoplotR (Vermeesch, 2018).

For grains >1200 Ma in age, 207Pb/206Pb ages were used, with a 
discordance limit of ±10%. For grains <1200 Ma, 206Pb/238U ages were 
used, with a discordance limit of ±5%. Data tables and interpretations 
are supplied as supplementary data and are available at following url: 

https://bit.ly/2Zq6nBW.
Detrital zircons were recovered from Toarcian, Middle Jurassic, 

Hauterivian and Barremian samples. In total 175 zircon grains were 
dated, sampled from the Lower Jurassic Toarcian (n = 57), Middle 
Jurassic Bathonian (n = 46) and Lower Cretaceous Hauterivian (n = 72). 
The limited zircon recovery did not allow for analysis of the Kimmer-
idgian sample.

Table 3 
Model input parameters. Values were extracted from Fig. 8 using methodology presented in Roquette et al.,2024, this special 
issue). a = thickness of basement to reconstruct, b = thickness of sediment in the ephemeral overburden and c = age of those 
sediments. *Pink = basement exposed, light green = expected overburden moderate confidence, dark green = expected 
overburden high confidence).
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Fig. 10. Modelled age of the hinterland geology for each of the studied time intervals. Erosion values, age and thicknesses of Mesozoic sediments detailed in Table 3. 
GB = Ghost Basin.
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5. Results

5.1. Hinterlands exhumation and burial

During the Toarcian (Fig. 9; 180Ma map) denudation occurred across 

the entire Anti-Atlas belt. The Western Meseta was a thermally stable 
domain, while the MAM was subsiding, along with parts of the Central 
Anti-Atlas (Siroua region).

In the Middle Jurassic (Fig. 9; 169Ma map), denudation within the 
Anti-Atlas decreases, while the Western Anti-Atlas continues to record 

Fig. 11. Synthetic stratigraphic chart of the hinterland geology of the EAB through time: Anti-Atlas (Gasquet et al., 2005; Thomas et al., 2004), MAM and High Atlas 
(Beauchamp et al., 1999; Rey et al., 1986b; Saadi et al., 1985; von Rad et al., 1982; Wurster and Stets, 1982), and Western Meseta (Hoepffner et al., 2005; Piqué and 
Michard, 1989; Saadi et al., 1985).
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exhumation and denudation. The Central and Eastern Anti-Atlas shows a 
transition to a more stable situation. In the Western Meseta, exhumation 
starts in the Middle Jurassic. The central MAM is still subsiding, whilst to 
the north and south it becomes more “stable”.

In the Kimmeridgian (Fig. 9; 153Ma map), the Western Anti-Atlas 
consistently records exhumation, but the Central Anti-Atlas begins to 
subside. All 8 data points from the Western Meseta continue to record 
exhumation. Exhumation is recorded in the northern part of the MAM, 
but the behaviour of the rest of the massif remains unclear.

During the Early Cretaceous, the Western Anti-Atlas is slowly 
exhuming. The Hauterivian (Fig. 9; 142Ma map) data still indicates 
exhumation within the MAM. The Central Anti-Atlas (in Zenaga, Agadir- 
Melloul and south of the Siroua regions) begins to subside. The Eastern 
Anti-Atlas is also exhuming.

During the Late Barremian (Fig. 9; 125Ma map), the Western Meseta 
and MAM are the only domains recording regional exhumation. No clear 
evidence of exhumation is visible in the Western Anti-Atlas (data from 
the Kerdous inlier indicates the massif is stable). Subsidence is still 
recorded in the Central Anti-Atlas (Igherm, Agadir-Melloul and Zenaga 
regions), and the Eastern Anti-Atlas was dominantly stable.

Source terrain modelling of the age and thicknesses of possible 
overburden were interpreted from the LTT/tTM datasets (Fig. 9) from 
Charton et al., (2021a), using the methodology detailed in Roquette 

et al.,2024, this special issue). The obtained values used for the 
modelling are displayed in Table 3. A synthesis of the expected over-
burdens at each interval of interest is presented in Figs. 10–12.

The datasets allow reconstruction of the source terrain geology 
during each period for the Western Meseta (Jebilets and Rehamna 
massifs), the MAM, and the Western, Central and Eastern Anti-Atlas 
(Fig. 10).

The results show that the Proterozoic inliers, exposed today across a 
large part of the Anti-Atlas, were likely not exposed during the Jurassic 
and Lower Cretaceous. They were buried below thick Palaeozoic and 
Mesozoic sediments in the Jurassic, and by an additional thickness of 
Lower Cretaceous sediments in the Hauterivian and Barremian. The 
MAM and Western Meseta remained covered by Mesozoic overburden 
for most of the studied time interval, with Palaeozoic basement only 
being exposed in the Rehamna Massif in the Barremian (Figs. 10–12).

Estimation of surface lithology associated with each time unit in the 
geological model were based on extrapolation of know lithologies from 
nearby outcrops and palaeogeography/Gross Depositional Element 
maps (Fig. 7), with control from literature review, geological maps, and 
outcrop studies. A summary synthetic lithostratigraphic chart of the 
estimated lithologies for each source terrain is shown in Fig. 11.

LTT data indicates deposition of latest Permian overburden in the 
Western Meseta (Rehamna). Remnants of clastic-rich continental 

Fig. 12. Modelled overburden lithologies. (a) representation: the ages and thicknesses of unpreserved overburden taken from LTT/tTM datasets, between t1 and t2, 
an overburden was deposited, t2 being the maximum of thickness. Between t2 and t3, erosion removed part or all the overburden present at t2. (b) Expected li-
thologies within unpreserved overburdens in the EAB’s hinterland at intervals of interest, see text for details and references. Dark background = basement exposed, 
light green = overburden predicted by tTM but within a 1σ margin of error, dark green = overburden predicted by tTM (confident).
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Permian rocks are also preserved in the Jebilets, MAM, Argana and 
within narrow isolated basins (Hoepffner et al., 2005; Domeier et al., 
2021; El Wartiti et al., 1990).

Lower to Upper Triassic sedimentation extended from the MAM 
corridor into the Argana Basin, and EAB. It was dominated by silici-
clastics, sandstones and conglomerates and associated fines (mudstones 
and siltstones). This interpretation is based on Triassic sediments that 
outcrop in the Agana Basin (Mader et al., 2017), and intra montane rift 
basins in the Atlas/MAM (e.g. Oukaimeden basin, Tizi N Test basin) 
(Fabuel-Perez et al., 2009; Le Roy and Piqué, 2001), published data from 

exploration wells and published regional paleogeographic re-
constructions (Beauchamp, 1988; Frizon de Lamotte et al., 2008; 
Medina, 1995). Frizon de Lamotte et al. (2008) predict the sedimenta-
tion of conglomerate and clastics across the entire Western Meseta, 
however, no remnants are preserved today. Triassic siliciclastics are 
predicted to transition laterally towards the west into finer grained 
units, such as the alternation of mudstones, siltstones and sandstones 
recorded in the DA8 well (Doukkala basin, Le Roy and Piqué, 2001). The 
Triassic of the EAB is capped by evaporites, though the extent of this 
facies to the east is uncertain (Le Roy and Piqué, 2001; Medina, 1991; 
Sahabi et al., 2004, Figs. 10 and 11), but according to Hafid (2000), 
Triassic evaporites did not extent eastward further than Imi N’Tanout.

During the Triassic-Jurassic transition, extensive tholeiitic flood 
basalts from the Central-Atlantic Magmatic Province (CAMP) were 
emplaced around the MAM region, dated to 200 ± 3 Ma (Schlische et al., 
2013). The MAM was undergoing subsidence at this time (Fig. 9f) and 
while not preserved, CAMP basalts are expected to have been deposited 
widely across the region, with a calculated average thickness of 225 ±
75 m (based on 150m thick basalts in the Argana basin (west of the 
MAM) and 300m in the Central High Atlas (Le Roy and Piqué, 2001; 
Marzoli et al., 2019). Tholeiitic basalts are also documented in the 

Table 4 
Abundance of iron oxides and dolomite in heavy mineral suites.

Sample 
Location

Age Iron oxides +
dolomites in heavy 
mineral condensate 
%

Number of HM grains 
identified (excluding 
FeOx and dolomite)

BFS Barremian 62.4% 1200
MTIMTW Kimmeridgian 71.6% 275
MTAEH Middle 

Jurassic
71.2% 177

MTAOS Toarcian 83.4% 106

Table 5 
Identification of heavy minerals grains present on QEMSCAN maps (iron oxides and dolomite fragment are ignored, see text for details.

MTAOS - Toarcian MTAEH - Middle Jurassic MTIMTW - Kimmeridgian BFS - Barr.

Nb. of grains % Nb. of grains % Nb. of grains % Nb. of grains %

Zircon 1 0.9% 5 2.8% 11 4.0% 97 8.1%
Tourmaline 0 0.0% 13 7.3% 27 9.8% 61 5.1%
Amphiboles 8 7.5% 1 0.6% 4 1.5% 15 1.3%
Pyroxenes 4 3.8% 1 0.6% 7 2.5% 5 0.4%
Garnet 3 2.8% 5 2.8% 18 6.5% 42 3.5%
Apatite 2 1.9% 6 3.4% 50 18.2% 139 11.6%
Cr-Spinel 8 7.5% 26 14.7% 1 0.4% 4 0.3%
Olivine 1 0.9% 8 4.5% 10 3.6% 10 0.8%
TiO2 79 74.5% 112 63.3% 147 53.5% 827 68.9%
TOTAL 106 100.0% 177 100.0% 275 100.0% 1200 100.0%

Table 6 
QEMSCAN data of heavy mineral mounts. For each sample, the “total vol%” column indicates the percentage of total mineral content of the 
mount; corrected values indicate the relative abundance of each heavy minerals after removal of dolomite, iron oxides and light minerals. (FeOx 
+ Dol)/Heavy mineral is the ratio to the total amount of heavy minerals (including chlorite, dolomite and iron oxide).
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Doukkala Basin (west of the Western Meseta) where they are inter-
bedded with Hettangian-Sinemurian evaporites.

Gross depositional environment models predict a mix of carbonates, 
siliciclastics and mudstones deposited within continental to lagoonal/ 
outer shelf environments (Frizon de Lamotte et al., 2008). Throughout 
the West Moroccan Arch, Lower to Middle Jurassic sediments are either 
not exposed or have been eroded.

In the Late Jurassic, the deposits across the Central Anti-Atlas and 
MAM are expected to be continental conglomerates, sandstones, and 
mudstones (Frizon de Lamotte et al., 2008; Charton et al., 2021a). The 
location of the Upper Jurassic palaeo-shoreline is unknown in the 
Western Anti-Atlas and marine incursions are possible.

5.2. Provenance analyses

5.2.1. Heavy mineral analysis
Fluvial samples were affected by dolomitization where iron oxide 

minerals can be found, contributing up to 83.4% of the heavy mineral 
suite extracted from the Toarcian sample (Tables 4–6). Nine types of 
heavy minerals were identified: zircon, tourmaline, amphibole, pyrox-
ene, garnet, apatite, chrome-spinel olivine, and titanium oxides (Table 4
and Fig. 13). QEMSCAN volumetric proportions of the complete mineral 
content of heavy mineral mounts is provided in Table 6. The heavy 
mineral content is dominated in all samples by titanium oxide 
(53–75%), with a minor population of pyroxenes (less than 4%) and 
olivines (less than 5%).

The Toarcian (Lower Jurassic) fluvial sandstone sampled from the 

Arich Ouzla saline is dominated by titanium oxides (74.5%), chromium 
spinels (or Cr-spinels, 7.6%) and amphiboles (7.6%). The sample has no 
tourmaline and a very low yield of apatites (1.9%) and other accessory 
minerals (garnet 2.8%, olivine 0.9%, pyroxene 3.8% and zircons 0.9%).

In the sample Bathonian interval at Assif El Hade, Imouzzer anticline, 
the heavy mineral yield is also dominated by titanium oxides and Cr- 
spinels, but amphiboles are almost absent (0.6%). Tourmaline, absent 
in the Toarcian sample, accounts for 7.3% of the total in the Middle 
Jurassic. The sample also has important populations of apatites (3.4%), 
zircons (2.8%) and olivines (4.5%)

The Kimmeridgian displays an increase in the population of apatites 
(18.2%) and tourmalines (9.8%), and near absence of Cr-spinel (0.4%). 
Secondary populations of zircons (4%) and garnet (6.6%) are present.

Late Barremian samples are dominated by populations of zircon 
(8.1%), tourmaline (5.1%) and apatite (11.6%). Garnets account for 
3.5% and amphiboles (1.3%), olivines (0.8%), pyroxene (0.4%) and Cr- 
spinels (0.3%) remain almost absent.

Overall, the heavy mineral record shows an increase in apatite, 
tourmaline and zircon, and a decrease of Cr-spinel and amphibole up-
wards through the Jurassic to Lower Cretaceous stratigraphy.

5.2.2. Detrital zircons
In total 175 zircon grains were sampled and dated, from the Lower 

Jurassic (Toarcian; n = 57), Middle Jurassic (Bathonian; n = 46) and 
Lower Cretaceous (Hauterivian; n = 72). The results for the Barremian 
are presented in this special issue (Roquette et al.,2024). All samples 
display the characteristic northern West African Craton (WAC) detrital 

Fig. 13. Detrital zircon data (Kernel Density Plots) and heavy mineral assemblages (pie diagrams); The highlighted dominant age bands (grey bars) are Paleo-
proterozoic Eburnean-Birimian orogeny (2.3-1.7 Ga), Pan-African orogeny (0.8-0.54 Ga), and Variscan (0.36-0.25 Ga). Meso-Neoproterozoic around 1 Ga, Neo-
proterozoic peak also evident in Toarcian and Middle Jurassic samples. NVA=No Variscan Age. The compilation of detrital data for the Barremian is presented in 
Roquette et al.,2024) (this special issue; c.f., references therein).
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zircon signature. Peaks can be associated with the following orogenic 
events and main episodes of zircon formation: the Paleoproterozoic 
Eburnean-Birimian orogeny (2.3-1.7 Ga), which impacted the Reguibat 
Shield and formed the basement of the Anti-Atlas mobile belt (Boher 
et al., 1992; Gasquet et al., 2008a) and Moroccan Meseta (El Houicha 
et al., 2018); and the Neoproterozoic Pan-African orogeny (0.8-0.54 Ga) 
(Gasquet et al., 2008a; Soulaimani et al., 2018). This latter peak being 
dominant in all samples (Figs. 13 and 14).

In addition to the Eburnean signal, the Toarcian and Middle Jurassic 
samples have two secondary peaks: an important Meso-Neoproterozoic 
around 1.0 Ga, and a Variscan peak between 0.36 and 0.25 Ga. 
Jurassic samples also have a few grains indicating Paleoproterozoic to 
Archean ages. The Variscan population was limited in the Hauterivian 
sample, with rare grains associated with the Variscan Orogeny. It re-
cords the Eburnean and Pan-African populations, with rare Meso-
proterozoic grains and 2 grains of ~2500 Myr age. The Barremian has a 
similar signature and contains the same rare zircons of Mesoproterozoic 
and ~2500 Myr age. No Variscan aged grains were detected.

6. Provenance of clastic sediments in the EAB

6.1. Permian and Triassic

At the end of the Variscan cycle, large amounts of sediment were 
eroded from the uplifted orogenic belt (estimated volume of c. 1.2 × 106 

km3 in Morocco, Charton et al., 2021a). Permian basins were a sink for 
deposition of continental clastics in the Western Meseta and possibly 
other regions (e.g., MAM, Anti-Atlas), although in the latter no Permian 
record remains. The extent of Permian deposits is poorly constrained, 
but the conglomerates and sandstone found in remnant outcrops indi-
cate that at the time, Variscan granite bearing terranes (MAM and/or 
Western Meseta) were important sources of sediments (Perez et al., 
2019).

In the Triassic, the onset of extensional tectonics, leading to the 
breakup of Pangea, saw the development of intra-montane basins that 
contain up to 1200 m of Middle/Upper Triassic clastic-rich sediments, 
deposited above Palaeozoic basement across the MAM and Western 
Meseta regions. Those sediments are the product of erosion of Permian 
and Palaeozoic terranes of the Anti-Atlas, which formed the southern rift 
shoulder of the newly formed High Atlas and Central Atlantic rifts. An 
unknown terrain was the source of Archean zircons, which also 
contributed to the sediment supply (Domènech et al., 2018). The 
Triassic-Jurassic transition is marked by the deposition of widespread 
tholeiitic flood basalts across the MAM and Western Meseta regions.

6.2. Jurassic

Lower-Middle Jurassic source terranes are recognised both south 
(Anti-Atlas) and east of the EAB (Central Anti Atlas - Siroua). Modelled 
LTT data derived exhumation/subsidence maps reveal that the High 
Atlas continued to subside during the Jurassic, with the Anti-Atlas, 
forming the rift shoulder, undergoing exhumation and erosion. The 
reconstructed surface geology for the Central and Western Anti-Atlas 
suggests that dominantly Cambrian to Ordovician terranes were being 
eroded. Despite the low zircon yield, samples from both the Lower and 
Middle Jurassic show strong affinity with known zircon populations 
from those formations. Both samples had grains within the 0.95 to 1.28- 
Ga age range (Figs. 13 and 14) that correlate with Ordovician (Perez 
et al., 2019) and Cambrian strata (Avigad et al., 2012). LTT data sug-
gests the Western Meseta was stable at this time.

Jurassic samples also record 3 grains of Variscan age (Fig. 13), a 
source for which is not known from outcrop in the Anti-Atlas. Permian 
outcrops in the MAM that have been sampled have a significant Variscan 
peak, the result of weathering of MAM or Mesetian granites (Perez et al., 
2019). The thickness and extent of Permian basins in Northwest Africa is 
poorly constrained, with only remnants remaining. However, they are 
expected to have been deposited widely across the region, as the product 
of post-orogenic peneplanation of the Variscan mountain belt. Charton 
et al. (2021a) estimates the volume a sediment eroded during the 
Permian at c. 1.2 × 106 km3. Part of this volume would have been 
transported out of the region, possibly to the Reguibat Shield, but much 
was deposited in unpreserved Moroccan basins that probably covered 
the Central Anti-Atlas (Siroua), the margins of the MAM and Western 
Meseta. These were subsequently exhumed and eroded in the Jurassic 
(Charton et al., 2021a), allowing the recycling of Variscan aged zircons 
into Lower and Middle Jurassic sandstones. Given the dominance of the 
0.95- to 1.28-Ga age range (Fig. 13), the dominant source terrain is 
interpreted to be the Ordovician and Middle Cambrian sediments 
exposed in the Central and Western Anti-Atlas, with overlying Permian 
rocks possibly from the MAM and Western Meseta adding a small 
contribution. This interpretation is supported by the heavy mineral 
assemblages.

The Lower and Middle Jurassic samples are characterized by their 
relatively high abundance of Cr-spinel and amphibole. The Central and 
Western Anti-Atlas are predicted to have had a thick Palaeozoic sedi-
mentary cover during this time, with the CAMP dykes/basalts as 
candidate igneous source (i.e., linked to the preserved Zguid and Igherm 
CAMP dykes; CAMP in Morocco dated at around 201 Ma; e.g., Marzoli 
et al., 2019, Fig. 15). In both samples, Cr-spinel minerals are 

Fig. 14. Lower and Middle Jurassic detrital zircon age spectrum from samples in the EAB (analytical data from this study), showing a strong corelation with 
published datasets from the most-likely Palaeozoic source, the Cambrian and Ordovician from the Anti-Atlas. Cambrian data from Avigad et al. (2012), Ordovician 
data from Perez et al. (2019). Signatures: A = Variscan, B= Pan-African, C = Meso-Neoproterozoic, and D = Eburnean.
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Fig. 15. Reconstructed palaeoenvironments, expected lithologies in possible source domains for each studied time interval (Toarcian, Middle Jurassic, Kimmer-
idgian, Hauterivian and Late Barremian (125 Ma is the transition with the Aptian)). Arrows indicate most likely provenance pathways; dashed arrows mark other 
possible contributions.
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significantly more abundant than both olivine and pyroxenes, despite 
pyroxene and olivine being almost two orders of magnitude more 
abundant in common ultramafic rocks. Cr-spinel is a more stable min-
eral, that degrades less easily than olivine and pyroxenes, and as such 
the increased ratio is interpreted to be an indicator of weathering during 
transport. This is more evidence for reworking of a sediment source 
composed of older sandstones, ultimately derived from mafic or ultra-
mafic rocks (Garzanti and Ando, 2019). The main candidates are the 
Cambrian/Ordovician sandstones found in the Bou-Azzer region of the 
Anti-Atlas (its S-Western-most inlier).

The combined dataset suggests the best candidate for the Toarcian 
and Middle Jurassic samples are Palaeozoic (Cambrian/Ordovician) and 
Permian sedimentary units (mudstones, sandstones, and carbonates) 
derived from the Central and Western Anti-Atlas (Fig. 15).

All the studied intervals contain intervals with fluvial sandstones, 
supporting the potential to deliver sand into the EAB, and through to the 
continental margin. The Toarcian and Middle Jurassic sandstones were 
sourced from the erosion of Ordovician and Cambrian sandstone in the 
Anti-Atlas. Other source lithologies, such as limestones and mudstones, 
were largely dissolved or disaggregated during weathering and trans-
port and provide little contribution to the coarse clastic sediment supply.

The timing of intervals with increased sand content are interpreted to 
reflect sequential erosion of the hinterland. An example would be the 
unroofing of mudstone-rich Lower Ordovician rocks in the Anti Atlas, 
exposing Upper Cambrian sandstones to erosion, decreasing the sand/ 
clay ratio during the Middle Jurassic, compared to the underling more 
mudstone dominated Toarcian.

In the Upper Jurassic sediments, the source location changes from 
the Anti-Atlas to the West Moroccan Arch. This was dominantly covered 
by Triassic sandstones in the Rehamna (north of the Western Meseta), 
sandstones, basalts and evaporites in the Jebilets (south of the Western 
Meseta) and sandstones, basalts, mudstones and limestones in the MAM. 
The Western Meseta remained a dominant regional source of sands 
during the Upper Jurassic with most of its products of erosion likely 
being shed offshore towards the west (Fig. 15).

Data suggests that the EAB was supplied largely from the erosion of 
the West Moroccan Arch during the Upper Jurassic, Hauterivian and 
Barremian. Unroofing of the Triassic, being more sand prone than the 
Jurassic, increased the sand/clay ratio throughout this period.

The actual routing systems of sediments to the deep-water basin 
during the Toarcian is unknown and sands could have been trapped on 
the shelf in a coastal mixed system. Reconstructions suggest that the 
Middle Jurassic was more clastic-rich and sediment supply may have 
prograded closer to the shelf margin (Charton et al., 2021b and refer-
ence therein). During that period, basin-ward tilting of the 
region-initiated salt movement in the offshore basin (Tari et al., 2014) 
and sands might have been channelised or accumulated within proximal 
salt-controlled mini-basins.

In the Late Jurassic, numerous salt withdrawal mini-basins are 
documented offshore (Tari et al., 2014; Muniz-Pichel et al., 2019). 
Diapir flank stratigraphic traps have been one of the main plays targeted 
by offshore exploration (e.g., wells RAK-1 and FA-1). However, due to 
the limited number of wells, control on offshore Jurassic stratigraphy 
remains poor. Only 3 wells within the Safi, Agadir or Tafelney basins 
have crossed the entire Lower Cretaceous stratigraphy and reached the 
Jurassic.

During the Upper Jurassic, from the Kimmeridgian onwards, 
modelling suggests a source shift. The relative vertical movements of the 
Anti-Atlas and West Moroccan Arch reverse. Exhumation in the Anti- 
Atlas gradually decreases, with subsidence recorded in the Central 
Anti-Atlas in the region of Siroua, Zenaga and north of the Agadir- 
Melloul inliers (Fig. 1), while exhumation and denudation is recorded 
in the Western Meseta and MAM. In the Western Anti-Atlas, although 
exhumation slows, it is still modelled to be eroding.

No detrital zircons were acquired from the Upper Jurassic sample. 
Results from the heavy mineral analysis show that Cr-spinels and 

amphiboles are almost absent, while tourmalines and apatites, which 
were absent from the Lower Jurassic, become prominent. The Anti-Atlas 
paleo-geology, at this time, is modelled to have been almost entirely 
covered by Palaeozoic and younger sedimentary rocks. In other words, 
the Anti-Atlas region in the Upper Jurassic is still locally undergoing 
exhumation: it is the Variscan Belt cover, made at the time of Palaeozoic 
and younger sediments, that is being eroded, leading to the absence of 
zircons in the resulting deposits in the EAB. The increase in apatite, 
zircon, and tourmalines at the expense of Cr-spinel and amphibole 
cannot be directly corelated to a specific igneous candidate source. The 
LTT modelling and palaeogeology reconstruction does not suggest sig-
nificant unroofing to expose basement in the Anti-Atlas, and the change 
in heavy mineral assemblage is interpreted to indicate a change in 
provenance between the Anti-Atlas and the Meseta massifs (e.g., Char-
ton et al., 2021a). Overall, the heavy mineral data is inconclusive, with 
no candidate source identified, but the LTT-identified exhumation 
(Charton et al., 2021a) and the denudation modelling suggest a change 
to a possible source contribution from the Western Meseta and MAM, 
although additional input from the Western Anti-Atlas cannot be ruled 
out.

6.3. Lower Cretaceous

The Hauterivian was a time of subsidence within the Central Anti- 
Atlas. The Western Meseta is modelled to have been largely covered 
by Triassic siliciclastics, and the MAM by Triassic clastics and volcanics, 
and Upper Jurassic sediments. No heavy mineral data was acquired from 
the Hauterivian section. The Hauterivian detrital zircon spectrum re-
cords exclusively Pan-African and Eburnean populations and no other 
diagnostic populations. Hauterivian and Barremian samples contain no 
zircons in the 0.95- to 1.28-Ga age range (Fig. 13) that characterize 
Ordovician/Cambrian strata, indicating that Palaeozoic sediments were 
no longer providing a significant source to the EAB.

The sampled Hauterivian intervals have a strong detrital zircon 
geochronology affinity with Triassic sediments, that are modelled to 
have covered the MAM and parts of the Western Meseta and were 
sourced from WAC-derived terranes with rare Variscan populations. 
Triassic sediments do sometimes contain an Archean zircon population, 
but they are not continuously recorded (Domènech et al., 2018; Marzoli 
et al., 2017; Perez et al., 2019).

Barremian tTM modelling shows that the Western Moroccan Arch 
region is exhuming at that time and is therefore a possible source 
candidate (Jaillard et al., 2019; Roquette et al.,2024; this special issue), 
but the dataset presented here does not allow discrimination between 
the MAM and Western Meseta (Fig. 15).

The Barremian detrital zircon age spectrum is very similar to the 
Hauterivian, however the large dataset (Roquette et al. 2021a) does also 
record a trace population of Variscan and Mesoproterozoic zircons. This 
corelates with the age distribution of the large sample sets published for 
Triassic age sandstones (Domènech et al., 2018). Heavy mineral data 
was analysed for the Barremian samples, and the composition supports 
sediment recycling, suggesting a similar source to that identified for the 
Kimmeridgian. Petrography of the Barremian samples (Roquette et al. 
2021a) reveals rock fragment populations of limestones, sandstones and 
volcanics, that do not correlate with the modelled MAM overburden at 
the time. All the data supports a Triassic source, most probably from the 
Western Meseta (i.e., northern part of the West Moroccan Arch).

DSDP wells from leg 50 (Vincent et al., 1980), described with their 
stratigraphic logs are in or near the studied region, namely 415 (offshore 
Agadir), and 416 (further north and offshore Casablanca). Well 416 
traversed an important section of Hauterivian clastics, more important 
than the Barremian one. This well is located west of the Western 
Mesetian massif of the Rehemna and other Variscan massifs further 
north. The hinterland there shows important exhumation in the Early 
Cretaceous, with some very strong exhumation rates for and around the 
Hauterivian (Charton et al., 2021a). At the well location of 415 however, 
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the well terminated in the Albian.
The latest Barremian corresponds to the strongest regression of the 

shoreline (Luber, 2017; Luber et al., this special issue), and is the most 
promising candidate for the delivery of sand to the offshore slope/basin, 
sourced from erosion of Triassic and older rocks that covered the MAM 
(Fig. 16).

7. Conclusions

A combination of several provenance tools, along with published 
structural and geodynamic data allowed to reconstruct the evolution of 
the source-to-sink systems associated with the Essaouira-Agadir Basin 
during the Jurassic (Toarcian, Bathonian, and Kimmeridgian) and Lower 
Cretaceous (Barremian).

Low-Temperature Thermochronology data highlights areas under-
going exhumation or burial. We calculate the amount of erosion and 
reconstruct the sedimentary sections of basins eroded. Many are 
ephemeral intervals that were totally eroded after deposition and are 
absent from the modern geology. Reconstructions based on Low- 
Temperature Thermochronology and predicted eroded sections were 
corelated with heavy mineral and detrital zircon data from samples of 
fluvial sandstones taken from all five intervals in the sink, the EAB. This 
has highlighted the reorganisation of sediment sources through time, 
with provenance mainly from the Central and Western Anti-Atlas during 
the Toarcian and Middle Jurassic, changing to the West Moroccan Arch 
(= MAM and Western Meseta) during the Upper Jurassic to Lower 
Cretaceous.

The Lower/Middle Jurassic shares a common signature with the 
detrital zircon population of Palaeozoic sediments from the Anti-Atlas, 
while the Lower Cretaceous samples have a stronger affinity with 
Triassic sediments of the West Moroccan Arch.

All the time intervals studied have sandstones being eroded in the 
hinterland and deposited in the EAB, suggesting possible clastic delivery 

to the offshore, however, the Middle Jurassic and Late Barremian are 
more clastic rich.
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Piqué, A., Michard, A., 1989. Moroccan Hercynides: a synopsis. The paleozoic 
sedimentary and tectonic evolution at the northern margin of west Africa. Am. J. Sci. 
289, 286–330.
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