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Abstract — Cavallina

The High Atlas is an orogenic system resulting from the Cenozoic-Recent tectonic inversion of
Triassic-Jurassic rift systems. Its present setting derives from a long and complex tectono-
sedimentary evolution related to the Early Mesozoic opening of the Atlantic Ocean (pre-orogenic
period) and, then, to the Cenozoic convergence between the African and European plates which led
to a full tectonic inversion. The WSW-ENE trending chain is bounded by the North Atlas Fault to
the north and the South Atlas Fault to the south, that represented the master faults of the rifted basins
during the pre-orogenic period, then reactivated in inversion during the orogenic period. Early
Jurassic syn-rift carbonate platforms, related to a marine ingression, were replaced in the Middle
Jurassic-Late Cretaceous by post-rift fluvial and lacustrine environments. The related continental
successions, regionally known as Couches Rouges, are not unanimously interpreted in the frame of
the tectono-sedimentary evolution of the High Atlas. According to some authors they record
localized early compressive-transpressive stages of deformation, others refer them to a period of
tectonic quiescence.

This study illustrates a revised stratigraphy, facies analyses and paleodrainage reconstruction of the
Guettioua (Bathonian) and Jbel Sidal Formations (Barremian), that represents the fluvial units of
the Couches Rouges, outcropping at the core of several syncline basins throughout the Central High
Atlas. The aim is to understand if there was a tectonic forcing on the development of the Middle
Jurassic — Lower Cretaceous fluvial systems.

The sedimentological characters observed in the two fluvial formations suggest that they have been
deposited by wide ephemeral fluvial systems, characterized by a high variable discharge. The
reconstructed paleogeography, based on paleodrainage analysis, shows the fragmentation of the
fluvial systems in several drainage basins, separated by local thresholds, uplifting during the
sedimentation. Our reconstruction suggests that the post-rift fluvial systems were controlled by the
presence of topographic highs in the area of the High Atlas of Marrakech, in the axial part of the
chain and at its southern front, next to the South Atlas Fault. This conclusion, together with
structural data and tectonic observations collected in some of the study areas, supports the idea that,
from the Middle Jurassic, the Central High Atlas were affected by early compressive-transpressive
stages of deformation.
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1. Introduction

The river drainage at different scales reflects the interplay of climate and tectonic movement, a
condition making its changes on the long term a direct evidence of topographic changes
(Waheed and Wells, 1990; Najman et al., 2003). The paleodrainage patterns represent a proxy
of the uplift history of the orogenic belts, indicated by geomorphic and sedimentary lines of
evidence, the latter providing important information about the mode and the timing of crustal
deformation (Howard, 1967; Cox, 1989; Clark et al., 2004). Such record may be investigated
through different methods ranging from facies and paleocurrent analyses (Haisheng et al.,
2008; Ielpi and Ghinassi, 2014), petrographic and quantitative provenance analyses of
sedimentary sequences (Vezzoli and Garzanti, 2009), to morphological drainage pattern

analysis (Clark et al., 2004).

In this work, we approached the reconstruction of the paleocurrent patterns in the Middle
Jurassic — Lower Cretaceous fluvial successions of the Central High Atlas (CHA, southern
Morocco) from a sedimentary geology perspective, for checking the hypothesis of a

predominant tectonic forcing on the development of fluvial systems at a regional scale.

The studied continental successions, indicated as Couches Rouges in the literature (Haddoumi
et al., 2010 for a review), attest to a long Late Mesozoic regressive phase debated in the frame
of the tectono-sedimentary evolution of the Central High Atlas. According to some authors, this
continental stratigraphic interval records localized (Choubert and Faure Muret 1960-1962;
Mattauer et al., 1977; Studer and Du Dresnay, 1980; Monbaron, 1982; Laville, 1985, 1988,
2002; Laville and Piqué, 1992; Piqué et al., 1998; Cavallina et al., 2017, 2018; Torres-Lopez et
al., 2018) to widespread (Benvenuti et al., 2017; Moratti et al., 2018) early compressive-
transpressive stages of crustal deformation. Other authors refer these successions to a period of
tectonic quiescence, during which the sedimentation was mainly controlled by sea-level
variations (Beauchamp et al., 1999; Frizon de Lamotte et al., 2000, 2008, 2009; Teixell et al.,
2003; Teson and Teixell, 2008). Finally, crustal uplift and syn-depositional deformation during
this span of time have been also referred to halokinesis related to the mobilization of the
Triassic evaporites along pre-existing rift faults (Ettaki et al., 2007; Saura et al., 2014; Ibouh
and Chafiki 2017; Moragas, 2017; Vergés et al., 2017; Moragas et al., 2018; Torres-Lopez et
al., 2018).



The main aims of the study are:

1) to revise the stratigraphic framework of the fluvial units of the Couches Rouges (Guettioua
and Jbel Sidal Formations), based on standard sedimentary facies analysis method, recognition
of Unconformity Bounded Stratigraphic Units (UBSU, Salvador 1994) and comparison with
previous studies (Table 1, 2, 3, 4; Termier, 1941; Bourcart et al., 1942; Choubert et al., 1959;
Hyndermeyer et al., 1977; Ferrandini and Le Marrec., 1982; Saadi et al., 1985; Milhi et al.,
1993; Hadri et al., 2001; Zouibaa, 2003; Haddoumi et al., 2010)

2) to reconstruct the evolution of the paleo-drainage through time in relation to possible

tectonic forcing associated with an incipient uplift and denudation of the Central High Atlas.



2. Geological Setting
2.1 Study Area

The study areas pertain to a wide territory in the central-southern part of Morocco, partially
coincident with the CHA Mountains (Fig. 1). In detail, the study areas extend in a WSW-ENE
direction, from the High Atlas of Marrakech to the West, to the towns of Errachidia and
Tizi’n’Isly, respectively to the E and to the NE (Fig. 1).

The Middle Jurassic — Lower Cretaceous continental beds (Couches Rouges; Fig 1b) are largely
exposed at the core of synclines located in the axial portion and at the northern front of the
CHA (Jenny et al., 1981; Sohuel, 1987, 1996; Haddoumi et al., 2002, 2008, 2010; Charricre
and Haddoumi, 2016, 2017), and recently recognized also along the southern front, facing the

Ouarzazate Basin (Benvenuti et al., 2017; Cavallina et al. 2017, 2018; Moratti et al., 2018).

In this wide sector of the High Atlas chain, we have selected and studied 15 zones with
excellent exposures of the Couches Rouges, grouped in four distinct sectors (Fig. 1b): 1) the
High Atlas of Marrakech, to the west, including the syncline basins of Ait Ourir, Jbel Igoudlane
and Adrar Aglagal; 2) the western sector of the Atlas of Beni Mellal, to the North-West,
characterized by the Iouaridéne, Guettioua, Ait Attab and Ouaouizaght synclines; 3) the eastern
sector of the Atlas of Beni Mellal, to the North-East, with the Tilougguit, Tagleft, Tizi’n’Isli,
Naour and Imilchil synclines; 4) the south-eastern front of the CHA including the synclines of

Toundoute, M’semrir, the Dades Valley and the Goulmima anticline.

2.2 The Mesozoic tectono-stratigraphic evolution of the Central High Atlas

The Moroccan High Atlas is an orogenic system considered to be the result of the Cenozoic-
Recent tectonic inversion of Triassic-Jurassic rift systems (Frizon de Lamotte et al., 2008). Its
present structure derives from a long and complex tectono-sedimentary evolution related to the
Mesozoic continental rifting of Pangea and subsequent opening of the Atlantic and NW Tethys
oceans (pre-orogenic period, Mattauer et al., 1977; Giese and Jacobsagen, 1992; Laville and
Piqué, 1992; Frizon de Lamotte et al., 2008, 2009) and, then, to the Cenozoic convergence
between the Africa and Europe plates which led to a full tectonic inversion of the rifted basins
(orogenic period; Mattauer et al., 1977; Frizon de Lamotte et al., 2008, 2009). The WSW-ENE
trending chain is bounded by the North Atlas Fault to the north and the South Atlas Fault to the



south, referred to as the master faults of the rifted basins active during the pre-orogenic period,
then accommodating the inversion during the orogenic period (Frizon de Lamotte et al., 2008,
2009). This intracontinental chain is subdivided in three domains: Western High Atlas, Eastern

High Atlas, and Central High Atlas (CHA), the latter being the study area of the present work.

In the Moroccan Atlas system, located at the NW margin of the African craton, since the Late
Permian (Fig. 2a), crustal extension gave rise to several rifted basins, filled during the Triassic-
Earliest Jurassic (Fig. 2b) by continental clastic sediments, evaporites and basalts (El Arabi,
2007; Frizon de Lamotte et al., 2008). During the Early and the initial Middle Jurassic, regional
marine ingressions (Fig. 2¢) led to the development of syn-rift carbonate platforms (Frizon de
Lamotte et al., 2000, 2008, 2009) followed, in the advanced Middle Jurassic (Fig. 2d), by post-
rift fluvial and lacustrine environments (Choubert and Faure-Muret, 1960-1962; Haddoumi et
al., 2002, 2008, 2010; Charriere et al., 2005; Charriére and Haddoumi 2016, 2017). Continental
deposition, represented by the Guettioua, louaridéne and Jbel Sidal formations, lasted up to the
Lower Cretaceous, shortly interrupted by the Aptian marine transgression (Fig. 2e), testified by
shelfal carbonates of the Ait Tafelft Formation (Haddoumi et al., 2002, 2008, 2010; Charri¢re
et al., 2005) and apparently recorded only on the northern front of the CHA (Sohuel, 1987,
1996).

Continental-transitional settings reestablished during the Albian-Cenomanian (Fig. 2f) as
indicated by fluvial-coastal deposits occurring all over the CHA, though referred to different
formations. On the northern slopes of the CHA, the Ouaouizaght Formation consists of fluvial
sandstones grading upward to sabhka gypsum and mudstones (Monbaron, 1981, 1982; Sohuel
1987). On the southern front, a fluvial complex widely exposed along the southern front of the
CHA and regionally known as Kem Kem beds (Sereno et al., 1996; Ettachfini and Andreu,
2004; Cavin et al., 2010) includes the Ifezouane (fluvial sandstones) and the Aoufous (coastal
mudstones and gypsum) Formations. The deposition regionally continued during the Late
Cenomanian-Turonian in shallow carbonate ramps represented by the Akrabou Formation to
the south and by the Ait Attab Formation to the north, hinting to a new transgressive stage
affecting the CHA realm (Ettachfini and Andreu, 2004; Ettachfini et al., 2005).

Together with the sedimentary dynamic, the Moroccan Atlas domains were also affected by
magmatic events around the Triassic-Jurassic transition (200-195 My), and the Middle Jurassic-

Early Cretaceous (170-110 My; Westphal et al., 1979; Marzoli et al., 1999, 2004, 2011;



Martins et al., 2008, 2010; Verati et al., 2007; Frizon de Lamotte et al., 2009; Bensalah et al.,
2013; Whalen et al., 2015; Moratti et al., 2018).

The first event was related to the evolution of the Central Atlantic Magmatic Province
(CAMP), one of the largest igneous provinces on Earth, originated from mantle upwelling
impinging at the base of the continental lithosphere of the Pangea at ca 200 Ma. This
determined continental breakup and sea floor spreading leading to the formation of the Central
Atlantic Ocean (Marzoli et al., 1999, 2004, 2011; Hames et al., 2000; McHone, 2003; Knight et
al., 2004; Verati et al., 2007; Frizon de Lamotte et al., 2008; Martins et al., 2008; Merle et al.,
2011; Blackburn et al., 2013). The CAMP is recorded in the CHA by basaltic lava flows, sills
and dykes, interbedded between the Triassic evaporites and the Lower Jurassic limestone. The

event is dated to 200-195 Ma (Marzoli et al., 1999; Verati et al., 2007).

The second event was likely related to the Peri-Atlantic Alkaline Pulse (PAAP) (Matton and
Jébrak, 2009), following the CAMP magmatism, and consisting of transitional to alkaline
magmas emplaced all around the Central and South Atlantic oceans. In the CHA it consists of
basaltic lava flows, interbedded in the studied continental successions, and subvolcanic
intrusive complexes. Old K-Ar datings (e.g., Hailwood and Mitchell, 1971; Smith and
Pozzobon, 1979; Westphal et al., 1979) result in two groups of ages: 175-155 Ma and 135-110
Ma (Ibouh and Chafiki, 2017, for a review).

The lava flows associated with this second event may be particularly significant for the
stratigraphic constraint of the Couches Rouges. Unfortunately, few *°Ar/*Ar new datings are
available (Moratti et al., 2018, and references therein) and up to now datings have been referred
to stratigraphic location of basaltic lava flows within the continental succession (Bensalah et

al., 2013).
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Fig. 1: a) Geographic location of the High Atlas chain and of the study area (black rectangle) b)
Schematic geological map of the study area (modified from Carte Géologique du Maroc, 1985)

reporting the Middle Jurassic — Lower Cretaceous units outcropping in the different basins. The blue
sectors indicate the three regions selected in this study: the High Atlas of Marrakech, the Atlas of Beni

Mellal and the south front of the Central High Atlas.



Fig. 2: Paleogeographic maps showing the paleogeography from the late Permian to the late Albian.

The red rectangle approximately identifies the studied area. The maps are from volumes 2, 3 and 4 of
the PALEOMAP PaleoAtlas for ArcGIS (Scotese, 2014a, b, ¢, d). Absolute age assignments are from
Gradstein, Ogg & Smith (2008).



23 Stratigraphy and chronostratigraphic calibration of the Couches Rouges

The Couches Rouges include the coarse-grained, fluvial Guettioua and Jbel Sidal formations,
separated by the fine-grained, lacustrine Iouaridéne Formation (Fig.3). These continental red
beds are well exposed on the axial zone and along the northern slopes of the CHA, at the core
of wide syncline basins separated by narrow anticlines. On the southern front of the Central
High Atlas, they outcrop along strongly deformed areas, close to the South Atlas Fault: the
Toundoute area, the Dades Valley and the Goulmima anticline (Fig.1b).
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Fig. 3: Stratigraphic column synthetizing the Middle Jurassic — Upper Cretaceous successions of the
Central High Atlas.

The paucity and/or lack of fossil remains having a biostratigraphic significance (Charriére and

Haddoumi, 2017) makes a fine chronostratigraphic calibration of this succession difficult.

In general terms, the Couches Rouges rest over Lower Jurassic-Bajocian marine-transitional
deposits and are sealed by the Aptian Ait Tafelt Formation at the northern front of the Central
High Atlas, thus, the continental interval is limited between the Middle Jurassic and the Early
Cretaceous (Fig.3).



Some microfossil taxa, mainly charophytes and ostracods, allow to approximately define the
timing of the continental deposition. Bathonian-?Callovian microfossil assemblages have been
recognized in the Guettioua Formation. The Upper Jurassic, mainly the Kimmeridgian, is
recorded in the lower part of the Iouaridéne Formation whereas the Barremian is documented
by ostracod assemblages in the upper strata of this formation. The Barremian has been
documented also in the overlying Jbel Sidal Formation (Haddoumi et al., 2002, 2008, 2010;
Charriére et al., 2005; Charriére and Haddoumi 2016, 2017).

The top of the Guettioua Formation and the base of the Jbel Sidal Formation are locally marked
by two basaltic units, named B1 and B2 (Haddoumi et al., 2002, 2010; Bensalah et al., 2013),
erupted in the second stage of magmatic activity in the CHA recorded by transitional to
alkaline magmas of the PAAP (Matton and Jébrak, 2009). The first one has been
radiometrically dated to the Middle Jurassic, the second one is referred to the upper part of the
Lower Cretaceous, according to the Barremian reference for the Jbel Sidal Formation exposed

in the Ait Attab and Ouaouizaght synclines (Haddoumi 2002, 2010).

In Table 1-4, the rock-stratigraphy proposed in the present study for the Couches Rouges is
compared with that established in existing geological maps and previous studies (Termier,
1941; Bourcart et al., 1942; Choubert et al., 1959; Hyndermeyer et al., 1977; Ferrandini et al.,
1982; Saadi et al., 1985; Milhi et al., 1993; Hadri et al., 2001; Zouibaa, 2003; Haddoumi et al.,
2010)
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Table 3: Correlation panel for the eastern sector of the High Atlas of Beni Mellal, between the
stratigraphy defined in this study and the stratigraphy defined in previous geological maps
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The following sections summarize the features of the Couches Rouges described in literature,
such as the location of major outcrop, thicknesses, paleo-environmental reference, and the

available chronostratigraphic calibration.

2.3.1 The Guettioua Formation

The Guettioua Formation, the lowest lithostratigraphic unit of the Couches Rouges, is
composed of fluvial reddish-brownish, cross-stratified to massive, sandstone and conglomerate,
alternated with massive and pedogenized mudstone. It is referred to an alluvial plain with
gravelly-sandy paleo-channels and adjacent areas of flood expansion. The thickness of this unit
varies in the region from a minimum of 10-20 meters in the Ait Ourir area to a maximum of
400 meters in the M’semrir syncline. The conglomerate fraction is characterized by clast
compositions including carbonates derived from the denudation of the Early and Middle
Jurassic marine limestone, forming the shoulders of the synclines. Mudstone bears paleo-soil
horizons, dinosaur foot-prints and scattered skeletal remains (Monbaron, 1981, 1982;
Monbaron et al., 1999; Montenat et al., 2005). In the Ait Attab, Ouaouizaght and Naour
synclines, it is capped by basalt lava-flows ascribed to the B1 (Jenny et al., 1981; Saadi et al.,
1985; Sohuel, 1987, 1996; Benvenuti 2009, 2010; Haddoumi et al., 2010; Charriére and
Haddoumi, 2016).

This formation has been recognized by the authors in almost all the basins considered in the
present study (except for the Tasgimouth syncline basin, in Ait Ourir, Pan.l), resting

unconformably over Lower-Middle Jurassic continental to marine strata.

Chronostratigraphic calibration

The Guettioua Formation in the eastern sector of the CHA overlies the Tilougguit Formation,
that bears a shallow marine molluscan fauna ascribed to the early Bathonian (Sohuel 1996,
Charriere and Haddoumi, 2016). In the Iouaridéne syncline the base of the homonym
formation, overlying the Guettioua Formation, yielded charophytes dated to the Bathonian-
Callovian transition (Sohuel, 1987, 1996; Haddoumi et al., 2010). These biostratigraphic data

indicate a Bathonian age for the Guettioua Formation.

This Middle-Jurassic stratigraphic attribution is confirmed by K/Ar dating of B1 basalt, at the

top of the formation in the Ait Attab and Ouaouizaght synclines. Two basaltic lavas were dated
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to the Aalenian-Bajocian, respectively 173+/-4 and 169+/-9 My (Westphal et al., 1979; recently
recalculated by Moratti et al., 2018, to 173 and 170 respectively, with the decay constants of
40K reported in Steiger and Jiger, 1977). However, these datings are not consistent with the
Bathonian age suggested by the biostratigraphic data. The inconsistency of the results could be
due to the K/ Ar method, which uses model ages unable to correctly detect disturbances in the

isotopic system (Moratti et al., 2018).

232 The Iouaridéne Formation

This formation, in the mid portion of the Couches Rouges, is composed of lacustrine reddish to
brownish-greenish mudstone, marls and evaporites subdivided in two lithological parts. The
lower one is composed of reddish to orange mostly massive mudstone with subordinate marls
and siltstone containing dinosaur foot prints, ripple marks and mud cracks; the upper part is
made of massive dark brownish-greenish mudstone, subordinate siltstone and, locally at the
top, evaporites (Jenny et al., 1981; Monbaron, 1981; Sohuel, 1987, 1996; Haddoumi et al.,
2010).

It represents ephemeral, playa-like, lacustrine paleo-environments, characterized by periods of
high evaporation with the deposition of gypsum layers and periods of desiccation, pointed out
by the mud cracks and the dinosaur foot prints (Dutuit and Ouazzou, 1980; Ishigaki, 1989;
Nouri et al., 2001; Boutakiout et al., 2008; Ishigaki and Matsumoto, 2009; Haddoumi et al.,
2010; Charriere and Haddoumi, 2016). Its maximum thickness is several hundred-meters,
exposed in the western sector of the High Atlas of Beni Mellal, while, in the westernmost

outcrops (Ait Ourir and Jbel Igoudlane synclines), it forms thinner successions, up to 50-60 m.

This formation is apparently not recognized in some areas of the axial CHA such as in the
Adrar Aglagal and in the eastern sector of the High Atlas of Beni Mellal (Haddoumi et al.,
2010). Along the southern front of the CHA it is lacking or represented by lithologically
different equivalents such as in the Dades River valley (Benvenuti et al., 2017). The Iouaridéne
Formation overlies the Guettioua Formation with the exception of the Tasgimouth syncline (in
the Ait Ourir area, Tab.5) and the southern front of the Ait Attab syncline where it lies directly

over the marine-transitional Lower to Middle Jurassic units.
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Chronostratigraphic calibration

Ostracod and charophyte assemblages, collected in the western sector of the High Atlas of Beni
Mellal (Charriére et al., 2005; Mojon et al., 2009; Haddoumi et al., 2010), suggest a time-
transgressive onset of deposition: from the Bathonian-Callovian transition in the southernmost
outcrops (louaridéne and Guettioua synclines), to the Oxfordian?-Kimmeridgian in the
Ouaouizaght syncline, to the Hauterivian?-Lower Barremian in the northernmost basins (Ait
Attab syncline; Haddoumi et al., 2010; Haddoumi and Charricre, 2016). Furthermore, in the Ait
Attab syncline, marine microfossils dated to the Lower-Upper Barremian, have been found at

the top of the Iouaridéne Formation (Haddoumi et al., 2010).

In the Dades Valley and in the Tagleft syncline, in a stratigraphic interval referable to the
Iouaridéne Formation for its stratigraphic position and for its sedimentological characters, have
been found relics of plants. They are represented by an assemblage of ferns and microphyllous
conifers (Benvenuti et al., 2017) comparable to fossil floras known from the Iberian Peninsula
(Dieguez et al., 2010) and England (Seward 1894-1895) ascribed to the Early Cretaceous (i.e

Berriasian-Albian).

233 The Jbel Sidal Formation

The Jbel Sidal Formation, at the top of the Couches Rouges, is composed by fluvial reddish-
yellowish sandstone and mudstone with intervening conglomerate in lenticular beds and
dolomites at the top, anticipating the marine marls and limestone of the overlaying Ait Tafelt
Formation (Sohuel 1987; Sohuel, 1996; Haddoumi et al., 2010). Its thickness is variable

between 100-200 meters and more than 500 meters.

It rests over the previous formations with high relief erosional surfaces and angular
unconformities. In Ouaouizaght and Ait Attab synclines, the base is characterized by the
presence of B2 basalts. The geographic distribution includes wide exposures in the High Atlas
of Marrakech, over the louaridéne Formation (Ait Ourir and Jbel Igoudlane synclines) or
directly over the Guettioua Formation (Adrar Aglagal syncline). It crops out extensively in the
western sector of the High Atlas of Beni Mellal (Iouaridéne and Ouaouizaght synclines),
lacking in the Guettioua syncline. It is not reported in previous studies in the eastern sector of

the High Atlas of Beni Mellal.
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Along the southern front of the CHA, it has been recognized in the Dades Valley (Benvenuti et
al., 2017; Moratti et al., 2018) and, in this study, in the lower part of a fluvial succession
previously referred to the Ifezouane Formation, cropping out at the core of the Goulmima

anticline (Tab.4).

Chronostratigraphic calibration

An ostracofauna referred to the transition from early to late Barremian (Mojon et al., 2009;
Haddoumi et al., 2010) has been found at the base of the Jbel Sidal Formation in the Ait Attab
syncline. The Ait Tafelt Formation, representing the top of the unit in the northern outcrops, is
the expression of the Aptian transgression (Andreu et al., 2003; Mojon et al., 2009; Haddoumi
et al., 2010). The Jbel Sidal Formation is thus ascribed to the Barremian-Early Aptian.

This age is also confirmed by the K/Ar dating of the B2 basaltic lava flow at the base of this
unit in the Ouzoud syncline, at the south of the Ait Attab syncline: 125+/-2 Ma (Westphal et
al., 1979; recalculated to 128+/-2 Ma by Moratti et al., 2018), Barremian. A basaltic lava flow
outcropping in the Jbel Istifane area (east to the Dades Valley) at the top of the Jbel Sidal
Formation, has been recently dated through the *°Ar/*Ar method to 119.24+/-0.62 Ma (Aptian;
Moratti et al., 2018), confirming a Barremian age for the Jbel Sidal Formation also at the

southern front.

17



3. Facies Analysis of the upper Mesozoic continental formations of the Central High Atlas

13 facies have been defined and synthetized in table 5

3.1 Facies

3.1.1 Nodular gypsum (Facies G1)

Description

Nodular anydritic gypsum in thin tabular layers, up to 5-10 cm, occurring in specific intervals

of the Adrar Aglagal continental succession

Interpretation

This facies attests to sulphate precipitation followed by subsequent diagenetic modification

3.1.2 Massive to laminated mudstone (Facies M 1)

Description

Massive to planar laminated red to greenish mudstone. In places, mudstone is mottled and
contains carbonate nodules (caliche), up to 2-3 cm in diameter. It is prevalently arranged in
thick tabular beds (M1,), forming lenses or drapes (M1y,) when found inside paleo-channels

(Fig. 4a, c, ¢; Se; Fig. 7a, b, c, d, e).

Interpretation

The massiveness of this facies suggests a bulk deposition from suspension settling whereas
planar lamination hints to the traction by weak currents. By the fact, due to diagenetic
transformations obliterating mostly through compaction the primary structures (Zavala et al.,
2017), massive mudstones are normally referred to sediment settling in stagnant water.
Nevertheless, sedimentologic studies on the marine mudstone fabric (Schieber, 2016),
including graded and laminated structures (Lazar et al., 2015), demonstrated that mud
deposition is commonly related to density currents such as hyperpycnal flows. This suggests
that also in subaerial flow expansion areas, such as floodplains and floodbasin, a great amount
of muds may be delivered by fluidal flows. Mottling and caliche nodules hint to modification

due to soil development, marking prolonged periods of non-deposition. The deposition and
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preservation of in-channel mud (Mlyp) is due to rapid waning of high magnitude flood, a
possible evidence of alluvial settings characterized by a variable regime of discharge
(Williams, 1971; Abdullatif, 1989; Singh and Bhardway, 1991; Singh et al., 1993; North and
Taylor, 1996; Shukla et al., 2001; Billi, 2007; Nichols and Fisher, 2007; Allen et al., 2011,
2014; Plink-Bjorklund and Birgenheier, 2013; Plink-Bjorklund et al., 2014; Plink-Bjorklund,
2015).

3.1.3 Massive marl and calcisiltite with plant remains (Facies Csl)

Description

Yellowish to greenish marls to calcisiltites in dam-m lenticular beds. Normally structurelles, it

could contain plant remains and coal (Fig. 4b).

Interpretation

Sediment settling from suspensions in small ephemeral ponds, developing in period of wet

climate, favoring plant and coal accumulation.

3.1.4 Calcisiltite and calcareous sandstone with fossils (Facies Cs2)

Description

White to yellowish calcisiltite to calcareous sandstone in dam-m tabular beds, structureless,

locally containing remains of shells (fragments of gastropods).

Interpretation

Sediment transport in high energy flows, in coastal paleo-environment

3.1.5 Massive siltstone (Facies S1)

Description

Massive, locally nodular, red-yellowish to greenish, siltstone to fine-grained sandstone in
tabular (S1a) to lenticular (S1p) beds up to 20-30 cm. At the top of the beds, occasional mud

cracks burrows and roots traces may be present. Locally, soft-sediment deformation structures
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as convolute bedding with vertical or overturned limbs have been observed (Fig. 4c, d, e; 7a, b,

c,d, e).

Interpretation

Deposition from sediment laden flows through massive settling due to high deposition rate
(HDR). Occasional nodularity may indicate post-depositional modification due to bioturbation
or pedogenic processes. Mud cracks and trace fossil record non-deposition and subaerial
exposure. Commonly in terrestrial settings such traces affect flood plain mudstones (Hasiotis,
2004), but they could also occur in channels on accretion sets, indicating that the channels
remained dry for relatively long periods between the floods (Uba et al., 2005; Saez et al., 2007;
Plink-Bjorklund and Birgenheier, 2013; Plink-Bjorklund, 2015). The convolute bedding is a
result of pore fluid expulsion generated during late flood stages (McKee et al, 1967; Tunbridge,
1981), or during rapid sediment loading (HDR) (Singh and Bhardwaj, 1991).

3.1.6 Rippled sandstone (Facies S2)

Description

Planar to trough-cross laminated well sorted fine to medium-grained sandstone, in centimeter-
thick lamina-sets. Locally it shows a climbing attitude, with partial or total preservation of the

stoss side of the bedforms (Fig. 4f, g).

Interpretation

Unidirectional flows in subcritical, or lower flow, regime (LFR) determining the formation of
current ripples. The stoss side preservation, has been interpreted as the result of climbing
ripples, forming when sediment fall-out rates exceed bedforms migration rates (HDR) (Allen,

1966, 1984).
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3.1.7 Planar laminated sandstone (Facies S3)

Description

Planar to very low-angle (up to 5°) laminated red to yellowish medium to fine sandstone in
decimeter to meter thick tabular beds. Locally, the base of the beds may present groove casts

(Fig. 4h, 1; 5d; 7b, c, d).

Interpretation

Upper plane beds in critical flow regime conditions. Experimental work shows that planar
laminations can form due to very low-angle bedforms migration (McBride et al., 1975; Bridge,

1978; Bridge and Best, 1988; Cheel, 1990; Best and Bridge, 1992).

3.1.8 Graded sandstone (Facies S4)

Description

Grey siltstone to medium sandstone, organized in mm-cm composite layers with a light gray
coarser portion at the base, grading upward in a dark grey finer portion to the top. The layers

are horizontal to low angle inclined (Fig. 5a).

Interpretation

The composite layering is the result of flow bipartition (Fisher, 1983) due to the entering of a
subaerial confined to poorly-confined flow in water. Passing from confined conditions to
unconfined ones the sedimentary load settles down, similar to a turbidity current, with the

coarser and heavy portion at the base.

3.1.9 Low angle cross stratified sandstone (Facies S5)

Description

Low angle (>5°, <25°) trough-cross stratified red to yellowish fine sandstone to pebbly
sandstone in wide plane-concave beds up to 2-3 meters thick. Soft-sediment deformation
structures such as overturned cross-strata are locally observed in this facies (Fig. 4g; 5b, ¢, d;

7d).

21



Interpretation

The facies is referred to 3D-dunes migration in channelized flows. The low angle lee-sides
attest to bedform development under a flow regime intermediate between subcritical and
supercritical (the washed-out dune stage, Simons and Richardson, 1963;; Coleman, 1969,
Bronley, 1991; North and Taylor, 1996, Knighton, 1998; Brierley & Fryirs, 2005), in which the
high velocity of the current in shallow channels joined to high sediment rate, prevents the
formation of classic LFR bedforms. Overturned cross-strata point to partial liquefaction and
deformation of water-saturated sediments under the influence of lateral shearing. The latter
occur in association with rapid increases in bottom shear resulting from highly turbulent flow in

transcritical flow conditions (Stear, 1985; Singh and Bhardwaj, 1991).

3.1.10 High angle cross stratified sandstone (Facies S6)

Description

High-angle (>25°) planar to trough-cross stratified medium sandstone to pebbly sandstone in

plane-concave 50-150 cm thick beds (Fig. 5d; 7d).

Interpretation

Downstream migration of 2D and 3D dunes in channelized flows in subcritical regime. The
development of planar or through-cross stratification depens on the flow velocity and give

information on the shape of dune crests, linear in 2D dunes and sinuous in 3D dunes.

3.1.11 UFR sandstone (Facies S7)

Description

Brownish to yellowish fine sandstone to pebbly sandstone characterized by cross-bedding due
to sinusoidal low-angle bedforms, scour and fill structures and sigmoidal cross strata (Fig. Se;

6b; 7d).
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Interpretation

The variety of sedimentary structures ascribed to this facies is referred to Froude transcritical
and supercritical flow conditions. Scour and fill structures indicate initial erosion by water
currents characterized by high velocities (UFR) followed by sediment aggradation and infilling
of the scour features (HDR) (Kennedy, 1963; Leopold et al., 1966; Foley, 1978; Alexander et
al., 2001; Cartigny et al., 2014; Plink-Bjorklund, 2015); The sinusoidal low-angle laminations,
also referred to as antidunes, form at flow velocities and Froude numbers higher than that
required for plane bed deposition, and migrate downstream, related to stationary waves, or
migrate upstream, depending on flow velocities (Middleton, 1965; Simons et al., 1915; Allen,
1966, 1984; Middleton and Southard, 1984; Cheel, 1990; Alexander et al., 2001); the sigmoidal
cross strata have been linked to the transition from dune to plane bed deposition, related to
Froude numbers just below what is needed for UFR plane beds (Bridge, 1981; Bridge and Best,
1988) or to chute and pool migration (Cartigny et al., 2014).

3.1.12 Massive sandstone with scattered pebbles (Facies S8)

Description

Structureless or graded, moderately sorted, medium sandstone to pebbly sandstone
characterized by the presence of scattered pebbles, mudclasts, and caliche clasts. It is found

commonly at the bases of the channels and above minor internal erosion surfaces (Fig. 7d).

Interpretation

This facies has been interpreted as channel lag deposits. The pebbly fraction accumulated
during the erosive, rising stage of floods, when large blocks of the river banks collapsed. The
thick-soft sediment clast conglomerates is linked to UFR flow conditions and rapid lowering of
water level during the waning stage of floods, where the banks are overlain by, or contain,
muddy sediment and paleosols: when UFR conditions occur, the banks are undercut and
develop shear cracks, whereby part of the bank slumps (Coleman, 1969; Gohan and Parkash,
1990; Singh et al., 1993; North and Taylor, 1996; Gibling and Tandon, 1997; Ghinassi et al,
2013; Bjorklund, 2015).
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3.1.13 Graded conglomerate (Facies C1)

Description

Moderately sorted pebbly sandstone to conglomerate in dm-m thick tabular layers,
characterized by rhythmic sorting and grain size. Very well sorted divisions, with open-work
texture, are alternated to moderately sorted conglomerate and poorly sorted, matrix supported
conglomerate or sandstone. The clasts are well-rounded to sub-rounded, up to 20-30 c¢cm in

diameter (Fig. 6a, c, d, e; 7d).

Interpretation

Transport and deposition by unconfined to poorly confined flows, intermediate between
selective and mass flows (Benvenuti and Martini, 2001). The rhythmicity between matrix rich
and well sorted or openwork beds is the result of alternance between UFR, LFR and HDR
conditions. . According to some authors, this alternance develop in different depositional
events: the openwork levels result from avalanches, along the slope of the bars, of sediments,
previously selected by bedforms migrating on fluvial bars in UFR (Smith, 1972). The matrix
rich levels are due to settling and infiltration of sands during low stage (LFR) or develop in
HDR condition, that prevents the sorting (Smith, 1974; Steel and Thompson, 1983; Carling,
1990; Rust, 1984). Other authors refer therhythmic variations of texture to a dynamic sorting of
bedload during single depositional events (Iseya and Ikeda, 1987) or to infiltration of sandstone
in sorted gravel bedss, due to backflows in UFR, forming the matrix rich levels (Anketell and
Rust, 1990).
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Gl Nodular gypsum

MI Massive to laminated mudstone

Csl Massive marls and calcisiltites with plant remains
Cs2 Calcisiltites and calcareous sandstone with fossils
S1 Massive siltstone

S2 Rippled sandstone

S3 Planar laminated sandstone

S4 Graded sandstone

S5 Low angle cross stratified sandstone

S6 High angle cross stratified sandstone

S7 UFR sandstone

S8 Massive sandstone with scattered pebbles

C1 Graded conglomerate

Table 5: facies names and short description
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Fig. 4: a) Detail of facies M1, rich in carbonates nodules (caliches), indicated by the black arrows.
Guettioua F. in Adrar Aglagal syncline b) Detail of facies Csl, showing trace fossils of plants.
Guettioua F. in "Msemrir syncline c) Alternation between facies S1,, in cm-dm tabular beds, and M1..
Guettioua F. in Adrar Aglagal syncline d) Detail of facies S1 showing, at the top of the bed, abundant
vertical terrestrial trace fossils, indicated by the black arrows. Jbel Sidal F. in Jbel Igoudlane syncline
e) Facies S1 showing soft-sediment deformation, put in evidence by the black lines. Jbel Sidal F. in Jbel
Igoudlane syncline f) Plan view of 3d ripples of facies S2. Jbel Sidal F. in Ouaouizaght syncline g)
Alternation between facies S2 and facies S5, the latter one showing a climbing attitude. Some structures
have been indicated with black lines. Jbel Sidal F. in Goulmima antycline h) plan-parallel lamination of
facies S3. Guettioua F. in M’semrir syncline i) groove casts at the base of a bed of facies S3. Guettioua

F. in Jbel Igoudlane syncline.
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Fig. 5: a) detail of facies S4, showing rhythmicity between coarser and lighter sandstone and finer and
darker one in low angle cross stratified beds. Gettioua F. in Tilouigguit syncline b) plan view of facies
S35. Some structures have been put in evidence by black lines. Jbel Sidal. F. in Goulmima anticlyne c)
facies S5, showing overturned cross-stratification, indicated by the black arrow. Jbel Sidal F. in
Goulmima antycline d) amalgamated sandstone with alternating facies S3, S5 and S6. Black and blue
lines put in evidence the sedimentary structures. Jbel Sidal F. in Adrar Aglagal e) Scour and fill
structure (facies S7). The scour is indicated by the dashed line, the internal concentric lamination by the

black lines. Jbel Sidal F. in Jbel Igoudlane.

Fig. 6: a) Graded pebbly sandstone of facies Cl. At the base of the bed, scattered pebbles and mud
clasts are indicated by the black arrows. The light blu triangle symbolized the Fining Upward trend of
the bed. Guettioua F. in Ouaouizaght syncline b) sigmoidal cross stratification (facies S7). Some lamina
has been put in evidence with black lines. Guettioua F. in M’semrir syncline c) facies CI, showing
rhythmicity in sorting and grain size. Jbel Sidal F. in Adrar Aglagal d) Facies Cl: detail of the
alternation between coarser and finer portions. The coarser ones are indicated by black arrows.
Guettioua F. in Adrar Aglagal e) detail of openwork structures in facies Cl, indicated by black arrows.
Jbel Sidal F. in Adrar Aglagal.
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3.2 Facies Associations

3.2.1 Facies Association 1 (FAT)

It is composed for the most part of the alternation of facies M 1. and facies S1,, associating with
subordinate S2, S3 and locally Cs1, Cs2 and S4, giving rise to three possible associations (Fig.
7a).

FAla: M1, S1, associated with S2 and S3 stacked in tabular beds or in lenticular beds with a
plan-convex geometry. It records an area of flood expansions in which Facies M1, represents
the muddy background deposition occasionally interrupted by deposition from sandier overland
flows, expressed by facies Sl,, S2 and S3. At the base of the Adrar Aglagal continental
succession, this association also include the facies G, indicating sulphate precipitation in
periods of high evaporation. The subaerial exposure in dry seasons allowed pedogenic

modification outlined by mottling and caliche nodules common in facies M 1..

FAly: M1y, S1, associated with Cs1, S2, S3 and S4 stacked in tabular beds or in channelized
bodies (CS1 and S4). In this case the flood basin must have been affected by stagnation of

water during wet periods, allowing the developing of ponds and ephemeral lakes.

FAl.: M1, S1,associated with Cs2, S2, S3 and in tabular beds. The presence of shells remains

(Cs2) indicate the proximity of a more stable aquatic environment, as a lake or the sea.

3.2.2 Facies Association 2 (FA2)

FA2 is formed by facies M1, in alternation with facies S1, S2, S3 and subordinate S5, S6, S7,
forming tabular beds at the outcrop scale, from decimeter to 5 m thick. The vertical stacking of
muddy and sandy facies outlines three common patterns: (FA2,) facies M1, and S1, alternate
rhythmically; (FA2p) sandy facies form coarsening and thickening upward (CU-TK) sequences
(Fig. 7b); (FA2) sandy facies stack into fining and thinning upward (FU-TH) sequences (Fig.
7¢). These patterns are interpreted as the record of distinct sub-environments of a floodplain
where facies M1, is the background deposition from muddy overbank flows. Major floods from
adjacent channel belts determined the development of crevasse complexes expanding over the

floodplain. CU-TK sequences hint to crevasse lobe progradation whereas FU-TH is interpreted
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as the filling of the channels feeding the lobes. Pedogenic features attest to periods of soil

development related to reduced or absent sediment supply.

3.2.3 Facies Association 3 (FA3)

FA3 is composed of facies M1, S1, S8 and occasional S2, S3, S5, S6, S7 stacked in
channelized bodies up to 5-10 m thick and several hundred meters wide (100<W/T<1000,
Broad Sheets; Gibling, 2006) (Fig. 7d, e). The architecture of the channel fills outlines two

common patterns:
FA3.: M1, S1, S2, S3, S5, S6, S8 organized in horizontal, aggradational sets

FA3y: 15-25° sloping beds of facies M1y in alternation with S1p and S8 forming heterolithic

accretion sets (Fig. 7d, e).

These associated facies record broad and shallow fluvial channel fills. In channel fill type (b)
the accretions sets are referred to bar forms; the presence of in-channel mudstones (facies M1y),
in places pedogenized, testifies the periodic deactivation of fluvial processes during dry

periods.

3.2.4 Facies Association 4 (FA4)

FA4 is composed for the most part of the facies S5, locally presenting overturned cross-
stratification, and subordinate facies M1y, (forming etherolithic channel infill), S1 (occasionally
forming convoluted beds), S2, S3, S6 and S7. These facies are stacked in horizontal,
aggradational sets contained within plane-concave bodies up to 5-10 m thick and around 100
meters wide (15<W/T<100, narrow sheets; Gibling, 2006), (Fig. 7d). Single channel bodies are

frequently amalgamated, forming thick sandstone bedsets up to 15-20 meters.

3.2.5 Facies Association 5 (FAS)

FAS5 is composed of facies C1 and subordinate, S5 and S8 composing aggradational sets in
lenticular, erosive, amalgamated bodies up to 10-20 m thick and around a hundred meters wide

(15<W/T<100, narrow sheets; Gibling, 2006) (Fig. 7d), recording multistorey, broadly
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channelized, fluvial channel bodies. The conglomerates or pebbly sandstones filling the

channels testify to a short transport distance from the sediment source areas.

3.2.6 Facies Association 6 (FA6)

FAG6 it is composed by the association of facies M1y, S1p, S8, and subordinate S2, S5 and S6.
The sandstone facies are arranged in 20°-30° sloping accretion sets, contained in channelized
bodies up to 10 m thick and around 50-100 meters wide (5<W/T<15, Broad Ribbons, Gibling,
2006). The sedimentary structures show paleocurrent directions diagonal to perpendicular to
the axe of the paleo-channels, testifying the in-channel lateral to diagonal migration of
accretion sets (Panels in attachment). This facies association is referred to the migration of

lateral to diagonal bars in channels characterized by high-sinuosity.

3.2.7 Facies Association 7 (FA7)

FA7 consists of facies S6, in alternation with facies S5 and C1 and subordinate S2, S8 and S7,
composing dm-m thick aggradational to very low angle (<10°) accretion sets, in plane-concave,
erosive, amalgamated bodies up to 15-20 m thick and around 50-100 meters wide (5<W/T<I5,
Broad Ribbons; Gibling, 2006) (Fig. 7g). This facies association is referred to the development

of multistore fluvial channel bodies.
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Fig. 7: a) Facies Association 1, composed by the alternation between facies M1, and S1.. Jbel Sidal F.
in louaridene syncline b) Pattern b of the Facies Association 2: Facies M1,, S1, and S3 are stacked in a
coarcening and thickening upward sequence. Guettioua F. in Adrar Aglagal syncline c) Pattern c of the
Facies Association 2, overlain by Facies Association 3. Facies M1,, S1, and S3 arranged in a fining
and thinning upward sequence. Jbel Sidal F. in Adrar Aglagal syncline d) Sketch of the Facies
Associations 3 to 7, expressing the different types of channel, geometry and infill e) Pattern b of the
Facies Association 3, composed by the alternation of the facies M1, and S1,1n low angle accretion sets.
Guettioua F. in Adrar Aglagal f) Facies Association 6, showing high angle accretion sets. Guettioua F.
in Guettioua syncline g) Facies Association 7 showing sandstone facies in amalgamation, forming a

channel complex. Guettioua F. in Adrar Aglagal.
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4. A case Study: the paleodrainage record of the Upper Mesozoic fluvial succession in the
Adrar Aglagal syncline and its implication in the tectono-sedimentary evolution of the

Central Atlasic System.

This chapter illustrates the results of a stratigraphic, sedimentologic and structural study of the
continental succession exposed at the core of the Adrar Aglagal syncline, located in the

southern part of the High Atlas of Marrakech (Fig. 1).

The studied succession, composed by fluvial conglomerates, sandstones and mudstones, is the
local expression of the Upper Mesozoic continental complex, comprising the fluvial units of the
Couches Rouges (the Guettioua and Jbel Sidal formations) and a fluvial Cretaceous succession
interpreted as the local equivalent of the Ouaouizaght/Kem Kem beds (Ifezouane and Aoufus
Formations) (Fig. 8). These red beds attest to a Middle Jurassic-Early Cretaceous regressive
phase debated in the frame of the tectono-sedimentary evolution of the Central High Atlas.
Indeed, the significance of this long phase of continental deposition is relevant to discussions

on the stages of build-up of the Atlas Mountains.

The main aims of this study are: 1) to revise the stratigraphic framework of the Adrar Aglagal
continental succession, based on standard sedimentary facies analysis method and recognition
of Unconformity Bounded Stratigraphic Units (UBSU; Salvador, 1994); and 2) to restore the
evolution of paleo-drainage patterns through time to understand if there is a tectonic forcing in

the organization of the fluvial systems.

The sedimentological and stratigraphic analysis, integrated with high-resolution field mapping
of the area, is exploited for reconstructing the tectono-stratigraphic evolution of this portion of
the Central High Atlas. Despite the limited extension of the study area, its evolution in terms of

successive steps of drainage development may have wider implications.
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Fig. 8: Stratigraphic scheme comparing the Late Mesozoic successions of the northern and southern
front of the Central High Atlas (CHA) with the units defined in the Adrar Aglagal area. UMc = Upper
Mesozoic continental succession. Data for the section relative to the northern front of CHA are from:
Jenny et al. (1981), Sohuel (1987), Jenny (1988), Charriere et al. (2005), Ettachfini et al. (2005),
Haddoumi et al. (2010). Data for the section relative to the southern CHA are from: Jenny et al. (1981),
Hindermeyer et al. (1977), Ettachfini and Andreu (2004), Cavin et al. (2010). Modified from Benvenuti
etal (2017).
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4.1 Study area

The Adrar Aglagal syncline is located at the southern front of the Central High Atlas, about 150
km southeast from Marrakech (Fig. 9). This area is characterized by a Lower Jurassic — Lower
Cretaceous marine-continental succession, detached over Triassic deposits (e.g., Saadi et al.,
1985) (Fig. 9d). Marine-transitional limestones, dolomites and gypsum (here named Lower
Jurassic marine-transitional succession, LJm), outlining a regressive trend (Courtinat and
Algouti, 1985), form the limbs of the syncline. The continental clastic, mostly fluvial,
sediments (here named Upper Mesozoic continental succession, UMc) crop out at its core
(Figs. 9c¢, 10a). This succession, previously referred to the Early and Middle Jurassic (Saadi et
al., 1985) or to the early Jurassic-late Cretaceous (Termier, 1941; Choubert, 1959), has been
revised through a high-resolution field mapping on a surface of about 60 km?. The resulting

map and two geological sections have been synthesized in Fig. 10.

We subdivided the succession by means of Unconformity Bounded Stratigraphic Units (UBSU;
Salvador, 1994), defined on the base of the recognition of erosional and angular unconformities
at the base of each unit. The studied succession, 500-600 m thick, consists of five stratigraphic
units (UMC1-UMCS5), with distinctive sedimentological features interpreted for their
paleoenvironment meaning. Three stratigraphic sections have been measured, covering all the
succession, to describe in detail the defined units. Other stratigraphic and sedimentological data

have been taken throughout the Adrar Aglagal relief and its surrounding.
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Fig. 9 a) Geographic location of Morocco (in red) b) Schematic map of northern Morocco showing the
location of the studied area (red star). WHA = Western High Atlas, CHA = Central High Atlas, EHA =
Eastern High Atlas c) Schematic geological map of the Central High Atlas (modified from Saadi et al.,
1985) with location of the Adrar Aglagal syncline (ved rectangle). The main synclines filled with late
Mesozoic continental Red Beds (J1, J3, C) are indicated. NAF = North Atlas Fault, SAF = South Atlas
Fault d) Detail of the studied area and its surroundings, showing the main detachment at the base of the
Adrar Aglagal Lower Jurassic — Lower Cretaceous succession onto the Triassic basement. See Fig. 9c

for the legend (modified from Saadi et al., 1985).
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4.2 Stratigraphy of the Adrar Aglagal Upper Mesozoic continental succession
4.2.1 UMcl

This unit is up to 200 m thick, well exposed in the Ounila and Ouwawriykt river valleys (Fig.
10a) where it rests above a low angle unconformity over the Lower Jurassic gypsum and

mudstone (Fig. 11a).

Composed exclusively of FAl, (Fig. 7), this unit formed in a flood basin, dominated by
terrigenous sedimentation, with periods of bottom exposure and soil development. Common
mottling suggests alternating arid periods, with the oxidation of iron minerals, and humid
periods, causing reduction (and the green color) of the sediments. Gypsum layers are present in
two intervals within this unit, hinting to sulphate precipitation in periods of high evaporation
and reduction of terrigenous supply. This was possibly due to pulses of aridity and/or tectonic
subsidence, determining high accommodation in the basin and sediment starving. The gypsum
was possibly sourced by dissolution of the underlying gypsum at the top of the Lower Jurassic
marine transitional succession. This is also supported by the common occurrence of satin-spar
gypsum veins in the background mudstone. At the top, a deep paleosol, characterized by
intense mottling and caliche nodules, testifies to a long period of decreased sediment supply

and subaerial exposure.

This unit shows significant lithological similarities with the Azrif Formation of the Jbel
Igoudlane syncline (Jenny et al., 1981), located 30 km to the north-northwest of the study area,
on the northern front of the Central High Atlas (Fig. 9¢). The Azrif Formation is referred to as
the continental equivalent of the Bajocian carbonate platforms, outcropping more to the east

(Jenny et al., 1981; Frizon de Lamotte et al., 2000, 2008, 2009).

4.2.2 UMc2

This unit, up to 100 m thick, rests above a high relief erosional surface, deep up to 20 m, on the
previous unit, outlining an ENE-WSW trending paleo-valley, visible in the Ouwawriykt river

valley.

This unit is composed of FA2, FA3, FA4 and FA7 (Fig. 7), stacked in three fining and thinning
upward sequences (Figs. 11b, 12). At the top of each sequence, intense mottling and caliche

nodules mark pedogenic modifications, recording periods of subaerial exposure.
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The first sequence is composed by FA7 passing laterally to FA2, indicating multistore channels
and the related floodplain. The second sequence results from the alternation of FA2 and FA3,
representing wide channels and their overbank deposits. The third sequence is mainly
composed by FA4 passing vertically to FA2 recording the progressive switching off of a

poorly-confined fluvial system.

The clast composition (observed in conglomerate facies) shows significant variations in this
unit. Carbonate and dolomite clasts, derived from the Lower Jurassic units, are abundant in the
first sequence and become rare at the top of the unit. Here, red sandstones and basalt clasts

from Triassic deposits and metamorphic clasts from Paleozoic basement are dominant (Fig.

12).

This unit shows lithological similarities with the Guettioua Formation, that represents the first
fluvial system of the Couches Rouges and includes carbonate clasts derived from the
denudation of Lower and Middle Jurassic marine limestones (Jenny et al., 1981). In this area,
an equivalent of the Iouaridéne lacustrine formation has not been found, but it cannot be

excluded that a fluvial equivalent could be represented by the upper part of UMc2 (Fig. 8).

4.2.3 UMc3

UMCc3 is up to 300 m thick and it has an angular unconformity on UMcl and UMc2 (Fig. 11c,
d). In the southeastern part of the area it directly overlies the Lower Jurassic marine-transitional
succession (Fig. 10). It is exposed all over the study area, forming the top of the topographic

highs in the southeastern and western sectors of the syncline.

The unit consists of FA2, FA3 and FA4 (Fig. 7) and is subdivided into three (UMc3a-c) fining
upward sequences (Fig. 12).

UMCc3. is made of FA4, outlining wide paleochannels filled by very coarse conglomerates (up
to 40-50 cm diameter in the southernmost part of the area). FA4 passes upwards to FA2 that
outlines the progressive switching off of the channels and the predominance of unconfined
flows to the top. UMc3p consists of FA3 stacked in thick amalgamated sand bodies, alternated
to FA2, testifying the reactivation of fluvial sedimentation in an alluvial plain dominated by

poorly-confined flows. To the top, FA2 dominates hinting to frequent avulsion processes.
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UMCc3. is composed by an alternation of FA2, FA3 and FA4, testifying the migration of broad

and shallow channels in an alluvial plain.

The clast composition of the conglomerates of this unit shows the gradual decrease of the
Lower Jurassic carbonate and dolomite clasts (still present in the first sequence) and the
concurrent increase of clasts from the Triassic basalts, the Triassic red sandstones, and

Paleozoic basement (Fig. 12).

This unit is referred to as the local equivalent of the Jbel Sidal Formation, the second fluvial

unit of the Couches Rouges (Andreu et al., 2003; Mojon et al., 2009) (Fig. 8).

4.2.4 UMc4

This unit is 50 m thick and crops out at the top of the Adrar Aglagal relief, resting on UMc3

with an erosional surface, and outlining 10 meters deep, E-W trending, paleo-valley.

This unit is formed by the vertical stacking of FA4 (Fig. 7), recording the infill of the paleo-
valley by poorly-confined gravel-rich flows (Fig. 12). This unit represents the reactivation of
fluvial-alluvial deposition, starting with the incision of a paleo-valley and successive infill by

coarse sediments, indicating the proximality of the source of sediment supply.

The clast composition shows the dominance of Paleozoic and Triassic clasts, whilst the Jurassic

carbonates are missing (Fig. 12).

This unit, for its stratigraphic position and its sedimentological features, could be a local

equivalent of the Albian-Cenomanian Ifezouane Formation (Fig. 8).

4.2.5 UMc5

UMCcS is 35 m thick being the topmost deposit of the studied succession exposed at the summit

of the Adrar Aglagal and erosively overlying UMc4 (Fig. 11e).

This unit is composed by FAS and FA2 (Fig. 7), the latter one dominating at the top. This unit
testifies for the development of fluvial systems characterized by wide and poorly-confined

paleochannels, filled by sandy deposits, passing upwards to a muddy alluvial plain.
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This unit is tentatively referred to the Cenomanian (cf., Termier, 1941; Choubert, 1959),
representing a possible equivalent of the Aoufous Formation, farther to the east recording the
fining of a sedimentary complex characterized at the base by the fluvial sandstones of the

Ifezouane Formation (Cavin et al., 2010) (Fig. 8).
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Fig. 11 a) Panoramic view of the syntectonic progressive unconformities between the upper part of the
Lower Jurassic marine-transitional succession, UMcl and UMc2. The blue line outlines the
unconformity at the base of UMc3, the white lines identify the bedding attitude b) Panoramic view of
the low-relief erosional surface at the base of UMc2 (black line) and its internal subdivision (orange
lines) in three FU sequences (light blue triangle). The blue line represents the unconformity at the base
of UMc3 c) The northern limb of the Adrar Aglagal syncline, showing on the left UMc3 unconformably
on UMcl and UMc2 (blue line) d) Panoramic view of the southern portion of the studied area, showing
the main unconformity (blue line) between UMc3 and the underlying units. The white lines identify the
bedding attitude e) View of the top of the Adrar Aglagal mountain showing UMc5 over UMc4.

4.3 Paleocurrent analysis

The axes of the paleochannels, together with the paleoflow directions measured in the in-
channel deposits of unit UMc2, point to an ENE direction in the first sequence, gradually
passing to a NNE directed paleo-drainage towards the third sequence (Fig.12). This feature
hints to a quite well confined fluvial system that during this stage flowed to depocentres located

northward.

Unit UMc3 shows a variation throughout its stratigraphic architecture. In the first sequence the
paleochannel orientation and the paleoflow indicators, together with the grain-size fining from
south to north, testify to a still persistent NNE flow direction. In the second and third
sequences, although the paleochannels develop in a north-south direction, the paleocurrent
pattern is more dispersed with paleoflow directions towards the north, and some towards west

and southwest (Fig. 12), hinting to a less confined fluvial system.

Unit UMc4 records a return to more confined fluvial transport as indicated by a persistent

WNW direction (Fig. 12) attested by the channel orientation and the paleoflow indicators.

Finally, unit UMc5 marks a return to a predominant NNE-SSW direction of the paleochannels
apparently not confirmed by paleocurrents measured on the in-channel structures, pointing to a
westward flow direction (Fig. 12). In this case the discrepancy of the paleocurrent indicators
may indicate dispersion within broad channels by bedforms migrating diagonally in respect

with the predominant channel orientation.
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Fig. 12. a) Stratigraphic sections of the Upper Mesozoic continental succession in the Adrar Aglagal
Syncline. Rose diagrams represent the paleo-currents taken from: 1) lower flow regime (LFR)
sedimentary structures (in blue), 2) critical to transcritical or upper flow regime (UFR) sedimentary
structures (in yellow), 3) axes of paleochannels and paleovalleys. Compositional diagrams show the
variations of sediment source in the development of the succession. b) Location of the stratigraphic
sections (a-b, c-d and e-f) and the average trend of the measured paleocurrents (modified from Google

Earth).

4.4 Structural features

The syncline is an open double-plunging fold, whose flanks show syntectonic progressive
unconformities outlined by the wedging of strata of the LIm2-3, UMcl and UMc2 with dips
decreasing from the oldest to the youngest unit towards the core of the syncline (Figs. 10, 11a,
d). This architecture is sealed by the angular unconformity at the base of UMc3 (Figs. 10, 11a,
c, d), well exposed in the northwestern and southeastern portion of the studied area, where
UMc3 lies on all the previous units (Figs. 10, 1lc, d). A progressive synsedimentary
deformation thus happened before deposition of UMc3 and was possibly tied to a folding of the
syncline along a NE-SW axis. In the SE-NW direction syntectonic progressive unconformities
develop until UMc4, that forms a large fold with a NW-SE axis at the core of the syncline (Fig.
10).

The northern limb of the syncline is affected by a SSE-verging thrust, compatible with a o
oriented NNW-SSE. This structure brings a thrust anticline made of Jurassic carbonates (LJm1
and LJm2) directly over LIJm3 and UMcl. LIm3 evaporites are intensely deformed by folds
and reverse faults, and UMcl presents sub-vertical to overturned beds (Figs. 10, 13c, 14c). To
the west, the thrust is sealed by UMc3 (Figs. 10a, b, d; 13a, b, d), testifying that it was active
before its deposition. Just south of the thrust, UMc3a deposits are affected by open WSW-
ENE-trending folds, that point to a reactivation of the NNW-SSE shortening direction, though
the thrust remained blind (Figs. 10, 13).

Open symmetric folds, observed at the cartographic scale, affect the studied succession and the
intervening unconformities (Fig. 10, map and cross-sections). The collected data have been
reported in stereographic projections, subdivided according to the affected unit (Fig. 14a). They
identify two main axes (NE-SW and NW-SE, hinting to o1 directed NW-SE and NE-SW

respectively), recurrent in the whole succession up to UMc3, and sub-parallel to the major axes
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of the syncline. Folds with NW-SE axis affect the uppermost unit, Umc4, in the core of the
syncline (Figs. 10a, 14a), testifying the activity of the NE-SW shortening direction. The NE-
SW o1 also led to the slight refolding of the previous axis of the syncline (Fig. 10a).

Some mesoscopic folds and faults also affect the succession. Mesoscopic folds have been
detected at three sites of measurements (Fig. 10a). At Site 1 folds with axes oriented NE-SW
and a vergence to the NW, affect UMc2 and UMc3 and the intervening unconformity (Fig. 14a,
b). At Site 2, minor open symmetric folds with axes oriented N-S affect UMc2 (Fig. 14a). At
Site 3, UMc3 is slightly deformed, by open symmetric folds with axes oriented ENE-WSW
(Fig. 14a). The lower part of the studied succession, up to the first sequence of UMc3, is also
affected by mesoscopic reverse faults, some of which showing evidence of synsedimentary
deformation. This evidence consists of faults whose throws tend to reduce or disappear
upsection, or, in other cases, faults are sealed by overlying sediments. At site 8, ENE-WSW-
trending reverse faults in UMc3a dislocate alternated fine sandstone-mudstone levels by 20 cm.
Towards the top the dislocation tends to reduce and is sealed by the overlying deposits (Fig.
14d). Structural data on mesoscopic faults have been collected at 5 sites of measurements (Sites
4-8, Fig. 10a) and reported on stereographic projections (Fig. 14a). Kinematic indicators consist
of frictional-wear striae created during the differential sliding between fault blocks along the
fault zone. No clear indication of synsedimentary striation was found. Fault slip data that
allowed calculating the paleo-stress direction are present only at sites 7 and 8. In the other cases
we have considered the detected faults as pure reverse faults to approximate the paleo-stress.
The data collected at the mesoscopic scale evidence two main stresses, oriented NW-SE and
NE-SW (Fig. 14a), responsible for the observed structures and the main folds of the syncline

basin.

The presence of macro and mesostrucures, namely the about E-W fold south of the main thrust,
the N-W verging folds at site 1, and the buried fault at site 8 (Figs. 10a, 14b,d), at the base of
UMCc3, whose axis is compatible with a NW-SE shortening direction, could be explained in a
context of continuous synsedimentary tectonic activity. The deformation was not entire at the
time of deposition of UMc3, but it still affected the sedimentary processes during the

deposition of the basal portion of this unit.

The time of activation of the NE-SW oriented o1 is debatable, but the bedding attitude of units
UMc1-UMc4 in the E-W direction and the large fold with NW-SE axis affecting UMc4 at the

core of the syncline point to activity during its deposition.
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We also notice that the oldest unit (UMcl) has suffered the strongest deformation, being
affected by folds and faults pointing to both main paleo-stresses. A certain amount of this
deformation could be due to decollement by the weak gypsum layers of LJm3. Nevertheless,
strongly deformed gypsum levels are confined to this unit only in correspondence to the thrust
affecting the syncline to the north (Fig. 9a, ¢). In the other areas of outcrop, deformation of
LJm3 deposits is framed in a coherent pattern with the lower and upper units, where we did not

observe any flow or decollement structure.
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Fig. 13: Panoramic views of the northwestern part of the studied area, showing the thrust affecting
LIm2-UMc?2 units, sealed by UMc3. a) View of the thrust from the east (31°19°43" N, 7°06°43" W). b)
View from north (31°20°39°" N, 7°08°30°" W) of the western sector of the thrust. c) detail of Fig. 9a
showing the folded and steepened bedding of LJm3 and overturned bedding of UMcl (31°20°07"" N,
7°07°01°" W). d) View from west (31°20°15°" N, 7°09°36°" W) of the western part of the thrust. e)
Geographic location of the panoramic views (modified from Google Earth). Black lines: stratigraphic
contacts;, Blue line: main unconformity at the base of UMc3; Red line: thrust (triangles on the

hangingwall); white lines: bedding.
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Fig. 14: a) Stereographic projections (lower hemisphere, Schmidt net) reporting the axis of megascopic
folds on LJm, UMcl, UMc3 and UMc4, the axis orientation of the mesoscopic folds and the fault planes
taken at sites 1 to 8 (location in Fig. 10a). The arrows indicate the paleo-stresses that caused the
deformations: same colors are used for similar stress orientations. In red the sites in which sealed
structures have been detected. Points indicate orientation of fold axes,; ciclographic lines indicate fault
planes (small lines indicate the pitch measured on the fault plane); triangle, diamond and square
respectively indicate the orientation of o;, 02 and o3 calculated through the inversion method of Angelier
and Mechler (1977). b) Mesoscopic fold affecting UMc2, UMc3 and the intervening unconformity at
site ST1 (black line). c) Panoramic view of the northern part of the study area, the CHA axial zone in
the background, annotated for the thrust bringing LJm2 over the younger units. d) Mesoscopic reverse
fault affecting the upper part of UMc3a at site STS. The throw along the fault diminishes toward the top,
where younger beds seal the fault. (Thick orange line: stratigraphic contact; thin orange lines: bedding;

red line: reverse fault; red arrow indicates movement of the hangingwall).

4.5 Discussion

The presented data suggests a syn-depositional development of the syncline hinting to active
tectonics during the late Mesozoic. The following points illustrate the lines of evidence for a

discussion on this aspect.

4.5.1 The paleocurrent pattern

The fluvial systems succeeded in the development of the succession record an overall paleo-
drainage sourcing from the southern and attracted to the northern quadrants (Figs. 12b, 15). A
correlation between the successive paleovalley axes and the syncline trends, suggests a tectonic
control on the fluvial orientation and sediment dispersion, in the lower part of the succession,
also supported by structural data. The dispersion of paleocurrent directions indicative of the
variable confinement of the system, represents a further datum for assessing the changing rates

of the syndepositional deformation.
In this perspective:

a) During the deposition of UMc2 the paleo-drainage is parallel to the NE-SW trending

syncline axis hinting to a paleo-valley funneled along the structural trend. In this stage a NW-
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SE o1 affected the area controlling the fold growth and consequently the fluvial valley

orientation and its filling.

b) The following UMc3 initially records a paleodrainage still confined, directed to the NNE
(UMc3.) and positively associated to a low dispersion of the paleocurrent pattern suggesting
that the NW-SE o1 was still active. The paleo-current pattern in UMc3p.c characterized by high
dispersion, is referred to an acme of the tectonic subsidence that favored a fining of the

sediment supply and the final filling of the paleo-valley.

c¢) In the upper part of the succession, a confined river in a NW-SE trending valley (UMc4) that
evolves in less confined systems (UMc5) suggests a dynamic similar to the one described for
UMCc3. The NW-SE trend of the UMc4 valley fits exactly with the second axis of the syncline,
supporting the hypothesis of a NE-SW o active during this stage. Deformation may have
reached its maximum intensity with the deposition of UMcS5, characterized by high dispersion

rate in the paleocurrent pattern together with the absence of well-developed fluvial incisions

4.5.2 The composition of sediment supply

The clast composition of the conglomerates shows the progressive decrease of carbonate clasts
coming from the Lower and Middle Jurassic formations and the concurrent increase of clasts
deriving from the Triassic and Paleozoic successions (Figs. 12, 15a). Such a clast-
compositional trend, firstly, points to exposure of the Lower and Middle Jurassic carbonates
since the deposition of UMc2 and, secondly, indicates that progressively deeper crustal levels
were eroded within an ongoing crustal uplift as coherently supported by the structural and
paleo-drainage data. During the development of UMc2, such an actively uplifting sediment
source may be identified in the Marrakech High Atlas, considered to have been uplifted and
exposed in several inversion phases, starting from the Middle/Late Jurassic (Leprétre et al.,
2018, and references therein). This would also fit to a more north-northwestern location of the
studied area, since the Adrar Aglagal syncline is part of the Mesozoic inlier detached to the
south (Jenny et al., 1981; Saadi et al., 1985) and overthrust onto the Subatlas zone and the
Ouarzazate Basin during the Cenozoic compressional phases tied to Africa-Europe

convergence (e.g., Frizon de Lamotte et al., 2008).
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4.5.3 Tectono-stratigraphic evolution of the Adrar Aglagal Syncline

The presented data allow to reconstruct a tectono-stratigraphic evolution of the succession

summarized in three main stages (Fig. 15b):

1) The first stage (Bathonian to Hauterivian?) includes the tectono-depositional events that
resulted in the deposition of UMcl and UMc2, controlled by crustal shortening along a o
oriented NW-SE. The deposition of UMcl attests to the progressive development of a
continental basin anticipated by the restricted setting recorded by the underlying LJm3
evaporite-bearing unit. The mud-dominated deposition of UMcl suggests high rates of tectonic
subsidence culminating in folding of the related deposits. The successive deep incision of
UMcl in a period of reduced tectonic activity led to the formation of a NE-SW trending paleo-
valley filled with the UMc2 deposits under renewed growth of the syncline. NW-SE o1, at the
end of deposition of UMc2, culminated with activation of the thrust in the northwestern sector
of the area, that led to overlap of the LJm succession over UMcl and UMc2. The erosional
truncation of the uplifted and inclined UMc2 strata indicates tectonic quiescence before

deposition of the overlying UMc3.

2) The second stage (Barremian), includes the tectono-depositional events recorded in unit
UMc3. After valley incision within UMc2 deposits, the early confined filling represented by
UMc3, is referred to renewed shortening with o1 oriented NW-SE that continued to be active
until the deposition of the fan-related UMc3p.-c units. The following tectonic quiescence allowed

the renewed fluvial incision of this unit before deposition of UMc4.

3) The third stage (Albian-Cenomanian), resulted in deposition of UMc4 and UMc5, controlled
by crustal shortening where o1 rotated to a NE-SW direction. Similar to previous stages, UMc4

filled a relatively confined paleovalley parallel to the rotated axis of the syncline being replaced

by fan deposits of UMcS5.
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Fig.15: a) Stratigraphic scheme of the Adrar Aglagal continental succession: the paleo-drainage and
clast composition variation from the base to the top of the succession is shown b) Tectono-sedimentary
model of the Adrar Aglagal syncline basin showing the section view and the planview of the syncline
during three evolution stages. The red arrows indicate the main active stress (continuous line = certain

data; dashed line = uncertain data), the blue arrows indicate the main axes of the paleo-drainage.
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4.5.4 Regional implications

The tectono-stratigraphic evolution reconstructed in the study area bears a significance beyond
the case of localized relief uplift and denudation. It extends to a portion of the Central High
Atlas axial zone the evidence of crustal uplift active during the late Mesozoic recognized in
earlier studies (Choubert and Faure-Muret, 1960-1962; Mattauer et al., 1977; Studer and du
Dresnay, 1980; Laville, 1988, 2002; Laville and Piqué, 1992) and being presently reconsidered
across the Moroccan Atlasic domain (Gouiza, 2011; Bertotti and Gouiza, 2012; Saura et al.,
2014; Benvenuti et al., 2017; Vergés et al., 2017; Fekkak et al., 2018; Moratti et al., 2018). The
Moroccan Atlas system thus resulted from both Mesozoic (pre-collisional) and Cenozoic
(collisional) stages of mountain building. The Mesozoic geodynamic setting including the
northern margin of the Africa plate, though not prone to orogenic processes, favored diffuse
uplift associated with contractional structures. Such deformation was a consequence of the
opening and successive spreading of the Central Atlantic and of the NW Tethys oceans
following continental rifting of Pangea, with convergent intraplate stresses propagation in the
intervening African margin (Benvenuti et al., 2017; Moratti et al., 2018). This caused incipient
inversion of the rifting structures, relief formation and development of a dynamic regional
drainage pattern during the late Mesozoic. Renewed tectonic inversion induced by the Africa-
Europa plates collision during the Cenozoic was superimposed on the previously formed

structural setting.
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5. The Guettioua and Jbel Sidal Synthems in the Central High Atlas: stratigraphy and

paleodrainage analysis

The following is a regional synthesis along a W-E transect, at the CHA northern and southern
front respectively, of the stratigraphic and sedimentological features of the Guettioua and Jbel
Sidal Formations, beeing the lower and the upper fluvial units of the Couches Rouges. The two
formations have been redefined as synthemes through the recognition of Unconformity

Bounded Stratigraphic Units (UBSU, Salvador 1994).

The stratigraphic sections, the paleocurrent measurements and the revised geological maps
have been reported in panels 1, 2, 3 and 4 (in attachment). The stratigraphic and

sedimentological features have been sythetized in Tables 6 and 7.

5.1 The Guettioua Synthem
5.1.1 The lower boundary

In the High Atlas of Marrakech region and from north to south, this synthem rests angularly
over different units. In the Ait Ourir synclines, it overlies Lower Jurassic limestone, mudstones
and gypsum (LJm), referred to a supra-tidal to intertidal coastal paleo-environment (Ferrandini
et al., 1982; Bah, 1993; Hadach et al., 2015). In the Igoudlane syncline it rests unconformably
on a succession including Lower Jurassic marine and lacustrine limestone, marl, gypsum,
siltstone (Sinemurian Ait Ras and Imi-n-Ifri Fs, Pliensbachian — Toarcian Ait Chitachen F.) and
Middle Jurassic coastal mudstone, siltstone and, subordinate, sandstone (Bajocian Azrif F; Fig.
16a; Jenny et al., 1981; Saadi et al., 1985). In the Adrar Aglagal syncline it rests
unconformably over a Lower Jurassic succession (LJm) composed by limestone, marl and
gypsum, also ending with the Bajocian Azrif Formation (Jenny et al., 1981; Courtinat and

Algouti, 1985; Cavallina et al., 2018).

In the western sector of the Atlas of Beni Mellal this synthem is reported to be over the
Bajocian marine limestones. In the Ouaouizaght syncline it rests on the marine-transitional
mudstones, dolomites and sandstones of the lower Bathonian Tilougguit Formation (Bourcart et
al., 1942;Sohuel, 1996; Haddoumi, 2010) recording coastal intertidal and subtidal paleo-
environments (Jenny et al., 1981). In the High Atlas of Beni Mellal region from west to east

this synthem is unconformably over Lower-Middle (Bajocian) Jurassic marine carbonates of
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the Bin El Ouidane-Tanant formations (Jenny et al., 1981; Monbaron, 1982; Jenny, 1985, 1988)
in the Iouaridéne syncline, and apparently also in the Ait Attab and Guettioua synclines, as
reported in previous studies (Saadi et al., 1985). The revision done in this study suggests that in
these two synclines the synthem is erosively over the Lower Bathonian Tilougguit Formation
made of lacustrine-coastal mudstone, sandstone and limestone (Souhel, 1987; Fig. 16b). Also in
the Ouaouizaght syncline and in the eastern sector of the High Atlas of Beni Mellal (Tilougguit,
Tagleft, Tizi’n’Isly, Naour and Imilchil synclines) the Tilougguit Formation represents the base

over which the Guettioua synthem deposited (Saadi et al., 1985; Zouibaa et al., 2003).

Along the southern front of the CHA, from west to east, the Guettioua synthem is directly or
partially over the Tilogguite-equivalent deposits basing on the following considerations. In the
structurally complex Tondout area, a revision (Benvenuti, 2010, Panel 4) of the Mesozoic
successions ascribed to the Triassic-Early Jurassic in previous studies (Allain et al., 2008)
suggests that the Guettioua-equivalent deposits rest over an alternance of limestone, mudstone
and sandstone lithologically equivalent to the Tilougguit Formation. In the Dades River valley
a similar revision (Benvenuti et al., 2017; Moratti et al., 2018) of a continental succession
ascribed to the Late Cretaceous (Hyndermayer et al., 1977) indicated that Guettioua-equivalent
deposits rest partially over uppermost Lower Jurassic coastal limestone and mudstone
(Toarcian-Aalenian Tafraout Formation) and over a Tilougguit-equivalent succession. Farther
to the east, in the wide Goulmima anticline, the synthem again overlies a lateral equivalent of

the Tilougguit F (Oued Ziz Formation; Hadri, 2001).

5.1.2 The upper boundary

Along the same geographic gradient, the Guettioua synthem is angularly overlain by the
?Upper Jurassic-Lower Cretaceous lacustrine Iouaridéne Formation in the Ait Ourir, Igoudlane,
Iouarideéne, Guettioua, Ait Attab and Ouaouizaght synclines (Saadi et al., 1985; Andreu et al.,
2003; Haddoumi et al., 2010). Elsewhere, the capping deposits are ascribed to different units.
In the Adrar Aglagal (Cavallina et al., 2018) and Goulmima (Papini et al., in prep.) synclines
the Guettioua synthem is overlain by fluvial deposits referred to as the Jbel Sidal Synthem. In
the Tondoute area, Dades River valley and Tagleft syncline, the capping deposits are
floodplain-lacustrine brownish mudstone possibly representing a local equivalent of the

Iouaridéne Formation (Benvenuti, 2010; Benvenuti et al., 2017; Moratti et al., 2018). In the
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Tilougguit, Tizi’'n’Isli, Imilchil and M’semrir synclines, capping deposits are missing due to
erosion or non-deposition (Saadi et al., 1985; Milhi et al., 1993; Zouibaa et al., 2003), whereas,
in the Naour syncline, the Guettioua synthem is overlain by the Aptian marine limestone of the

Ait Tafelft Formation, attesting to a quite large hiatus (Zouibaa et al., 2003).

5.1.3 Stratigraphic and sedimentological features

In the High Atlas of Marrakech (Pan. 1), the Guettioua Synthem presents variable thick
successions (from 10 to 110 m), showing an internal organization in three sequences. From

north to south:

Ait Ourir.

10 to 50 m thick successions. The coarse facies show a polygenic composition with carbonate
clasts coming from the Lower Jurassic limestones, basaltic and red sandstone clasts coming

from the Triassic units.

e Gaol: composed by floodplain facies associations (FA2). Mudstone dominated, with a
coarse vs fine-grained ratio (C/F) around 25/75, the sandstone fraction is stacked in thin tabular

to plane-concave beds.

e Gao2: composed by broad multistory channels (FAS), amalgamated in beds up to 5 m, and,

subordinate, FA2. The coarse portion is dominating (C/F ratio around 80/20).

e Gao3: composed by broad sheets (FA3), amalgamated in beds up to 2-3 m, and floodplain
(FA2) deposits in alternation (C/F ratio around 40/60).

This tripartition, showing a CU passing upward to a FU trend, has been observed only in the
Adenndim syncline (pan.la, section Ci-C»), interpreted as the axial part of the system. The
other observed areas (pan.la, sections Ai-A> and B1-B2) show only Gao2 and record only few

meters of the entire succession.

Jbel Igoudlane.

110 m succession, showing a FU, passing upward to a CU trend (Pan.1b, section K;-K>). The

coarse facies show a high percentage of carbonate clasts.

60



e Gyl: composed by the alternation of floodplain (FA2) deposits and sandstone narrow sheets
(FA4) in amalgamated beds up to 5-8 m. Mudstone is dominating over sandstone (C/F around

35/65).

e G2: composed by the alternation of floodplain deposits (FA2) and broad sheets (FA3), the
latter amalgamated in bed up to 5 m. C/F ratio around 50/50.

e Gy3: composed by the alternation of floodplain (FA2) deposits and conglomerate narrow

sheets (FAS), amalgamated in beds up to 3 m. C/F ratio still around 50/50.

Adrar Aglagal

40-60 m successions, showing a FU, passing upward to a CU trend (Pan.lc, sections Mi-M
and M3-My). At the top of each sequence, intense mottling and caliche nodules mark pedogenic
modifications, recording periods of bottom exposure. The coarse facies show a high percentage
of carbonatic clasts at the base passing upward to a high percentage of Triassic and

methamorphic clasts.

e Gaal: composed by multistorey broad ribbons (FA7), up to 10-15 m, passing laterally to
floodplain deposits (FA2). The C/F ratio is around 80/20 in the axial part (section Mi-My),
laterally decreasing (50/50 in section M3-Ma).

e Gaa2: composed by the alternation of floodplain deposits (FA2) and broad sheets (FA3),
amalgamated in beds up to 3-5m. The C/F ratio is around 35/65.

e Gaa3: only preserved in the axial section (section Mi-Mz) is mainly composed by broad
multistorey channels (FAS), up to 5 m, passing vertically to floodplain deposits (FA2). C/F

ratio is around 65/35.

In the western sector of the High Atlas of Beni Mellal, the Synthem presents quite thick
successions, with variable thickness (from a minimum of 70 m in the Ait Attab syncline to a
maximum of 500 m in the Guettioua syncline). The successions show an internal tripartition in
three FU sequences with an overall CU trend, except for the Ait Attab succession, where it

shows a low thick succession with a FU trend (Pan. 2).
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Iouaridéne:

100 m succession, showing a CU trend (Pan. 2a, section O1-O3). The coarse facies show a high

percentage of carbonatic clasts:

e Gil: mudstone dominated (C/F ratio 75/25), composed by floodplain deposits (FA2),
dominant at the base, in alternation with occasional broad sheets (FA3.), up to 3-5 m, in the

upper part.

e G12: is composed by the alternation of sandstone narrow sheets (FA4), amalgamated in beds

up to 6-8 m, and floodplain deposits (FA2). It is coarse dominated (C/S ratio 65/35).

e Gi3: is composed by multistorey broad ribbons (FA7), up to 8-10 m, passing laterally to
floodplain deposits (FA2). C/F ratio 80/20.

Guettioua:

500 m succession, showing a CU trend (Pan. 2b, section Qi-Q2). The coarse facies show a high

percentage of carbonatic clasts:

e Ggl: is composed by floodplain deposits (FA2) with C/F ratio around 50/50. The sandstone

are stacked in tabular beds, up to 5 m.

e Gg2 is composed by sandstone narrow sheets (FA4), in amalgamated beds up to 5 m
dominating at the base, and isolated broad sheets (FA3p) in alternation with floodplain facies

(FA2) to the top.

e Gg3 is composed by low sinuosity broad ribbons (FA6), up to 10 m, grading upward to
isolated broad sheets (FA3p) and floodplain deposits (FA2) in alternance. The C/F ratio is
around 50/50.

Ait Attab

The succession shows a variable thickness: 80 m at the northern flank, diminishing to the south

until it completely disappears at the southern flank.

It is composed by the alternation of floodplain deposits (FA2) and broad sheets (FA3),
amalgamated in beds up to 3-5 m, in a FU trend. It is mudstone dominated (C/F ratio 30/70)
(Pan. 2c, section Ri-R»).
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Ouaouizaght:

The succession shows a variable thickness: up to 180 m on the western flank, its thickness

diminishes to the east until it disappears completely.

It is composed_by the alternation between floodplain (FA2) and broad sheets (FA3), in
amalgamated beds up to 10-20 m at the top of the succession, showing a CU trend. C/F ratio
around 50/50 (Pan. 2d).

In the eastern sector of the High Atlas of Beni Mellal, the Synthem presents thick successions,
with constant thickness (150-200 m). The successions show an overall CU trend, subdivided in

three FU sequences in the Tilougguit syncline (Pan. 3).

Tilougguit

150-200 m succession, showing an internal tripartition in three sequences, showing an overall

CU trend (Pan. 3a, section Ui-U»)

e Grl: it is composed by terminal fan deposits (FA1,) only, showing a FU trend. Mudstone

dominated (C/F ratio around 15/85), the sandstone is stacked in dm-m tabular beds.

e G12: it is composed by terminal fan deposits (FAly) only, showing a FU trend. Mudstone
dominated (C/F ratio around 20/80), the sandstones are stacked in very wide lenticular beds,

isolated to amalgamated (at the base) up to 4-5 m thick.

e Gr3: it is composed by broad sheets (FA3), amalgamated in beds up to 6-8 m, and
subordinate floodplain deposits (FA2). Sandstone dominated (C/F ratio around 60/40).

Tagleft

150 m thick succession, composed by terminal fan deposits (FA1, and FA1lp) at the base (C/F
around 20/80) passing upward to broad sheets (FA3) and sandstone narrow sheets (FA4; Fig
15¢), amalgamated in sandstone bodies up to 3-4 m, in alternation with floodplan deposits

(FA2) (Pan. 3b).
Imilchil

200 m succession, mudstone dominated (C/F around 10/90), composed by terminal fan deposits

(FAT) at the base, alternating to the top with floodplain deposits (FA2), with tabular sandstone
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bodies up to 1-2 m thick and rare, small, paleo-channels filled with mudstone to fine sandstone

(Fig. 16d; Pan. 3c).
Naour

Up to 150-200 m, mudstone dominated (C/F ratio around 20/80) succession, composed by
terminal fan deposits (FA1), passing upward to, rare, sandstone narrow sheets (FA4), in

amalgamated beds up to 5 m, alternating with floodplain deposits (FA2) (Pan. 3d).
Tizi’n’Isly

Mudstone dominated (C/F ratio around 10/90) succession, up to 150-200 m, composed by the
alternation of terminal fan deposits (FA1l) and floodplain deposits (FA2), with tabular
sandstone bodies up to 1 m thick (Pan.3d).

In the southeastern front of the Central High Atlas, the Guettioua Synthem presents successions

variable for thickness and stratigraphic features (Pan. 4)
M’semrir:

Up to 450-500 m succession, internally subdivided in 4 sequences, showing an overall CU
trend (Pan. 4a, sections W1-W2 and W3-W4). The lithological composition of these deposits is

carbonatic.

e Gml is composed by terminal fan deposits (FA1lp) only, mudstone dominated (C/F ratio

10/90), showing a CU trend.

e Gm2 is composed by broad sheets (FA3) at the base, stacked in beds up to 10m, passing
upward to terminal fan deposits (FAly) showing a FU trend. It is mudstone dominated (C/F
ratio around 30/70). In the southern section, the paleo-channels are filled by fine to medium
sandstone or even mudstone (W1-W>), while in the northern section, in the channel fill, we have

also found pebble sandstone to microconglomerate (W3-Wa).

e Gwm3 is composed of floodplain deposits (FA2) and broad sheets (FA3) in alternation,
showing a FU trend, ending in the southern section with terminal fan deposits (FAlp). It is
mudstone dominated (C/F is around 30/70 in the southern section Wi-W> and 40/60 in the
northern one W3-Wy).
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e Gwm4 outcrops only at the core of the syncline, resting unconformably over Gm3 (Fig. 16¢). It
is composed by floodplain deposits (FA2) and broad sheets (FA3), in amalgamated beds up to
5-10 m. C/F ratio around 55/45.

Goulmima:

Around 80 m thick succession, subdivided in two FU sequences. The coarse facies present a

high percentage of carbonatic clasts (Pan.4b, sections X1-X2 and X3-X4).

e Ggl: composed by broad sheets (FA3), in amalgamated beds up to 10 m, grading upward to
floodplain deposits FA2. The succession is coarse dominated (C/F ratio 65/35) and shows a FU

trend.

e Gg2: composed by broad ribbons (FA3), in amalgamated beds up to 10-15 m, grading
upward to floodplain deposits (FA2). The succession is coarse dominated (C/F ratio 70/30) and
shows a FU trend.

Toundoute:

The succession, up to 150-200 m, shows a FU trend. The coarse facies present conglomerate
and sandstone derived mostly from volcanic and crystalline rocks and subordinately from

dolomite and limestone.

It is composed by conglomerate narrow sheets (FAS), at the base, and broad sheets (FA3) at the
top, amalgamated in beds up to 5 m, in alternation with flood plain deposits (FA2). It presents a

C/F ratio around 40/60 (Pan. 4c).

Dades Valley:

Thick succession (up to 250 m), showing a general FU trend. The coarse facies present
conglomerate and sandstone derived mostly from volcanic and crystalline rocks and

subordinately from dolomite and limestone.

It is composed by conglomerate narrow sheets (FAS) at the base and broad sheets (FA3) at the
top, amalgamated in thick beds up to 10-15 m, in alternation with flood plain deposits (FA2). It
presents a C/F ratio around 45/55 (Pan. 4c).
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5.1.4 Paleodrainage

In the High Atlas of Marrakech, the Guettioua synthem shows paleodrainage directions towards
N, in Ait Ourir, and NE, in Jbel Igoudlane and Adrar Aglagal, with low to high dispersion in

the paleo-current direction (Pan. 1; Tab. 6)

- Ait Qurir: Gaol- no detected; Gao2- NNW, high dispersion; Gao3- N, moderate dispersion
(Pan. 1a).

- Jbel igoudlane: Gyl- NE, moderate dispersion; Gj2- ENE low dispersion; Gyj2- NNE, low
dispersion (Pan. 1b)

- Adrar Aglagal: Gaal- NE, low dispersion; Gaa2: NE, high dispersion; Gaa3: NE, low

dispersion (Pan. 1c).

In the western sector of the High Atlas of Beni Mellal it shows NE and ENE directed

paleodrainage, presenting low to very high dispersion (Tab. 6; Pan2).

- Jouaridéne: Gil- NNE, High dispersion. Gi2: ENE, moderate dispersion. Gi3: ENE,

moderate dispersion (Pan. 2a)

- Guettioua: Ggl- no detected; Gg2- ENE, very high dispersion; Gg3- NE, high dispersion
(Pan. 2b).

- Ait Attab: because of the rareness of the sedimentary structures it was not possible to
measure paleo-current directions in this section. The axes of the paleo-channels record a paleo-

drainage along a NE-SW axe (Pan. 2c¢).

- Ouaouizaght: ENE, very high dispersion (Pan.2d)

In the eastern sector of the High Atlas of Beni Mellal, it presents a paleodrainage still directed
to NE, presenting a high to very high dispersion (Tab. 6; Pan.3).

- Tilougguit: Grl- NE, very high dispersion; Gt2: NE, high dispersion; Gt3: NE, low

dispersion (Pan. 3a).

- Tagleft: ENE, very high dispersion rate (Pan. 3b).
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- Imilchil: NE, high dispersion (Pan. 3c).
- Naour: NNE, high dispersion (Pan. 3d).

- Tizi’n’Isli: NE, high dispersion (Pan.3d).

At the southern front of the Central High Atlas the paleodrainage presents variable directions,

with low to high dispersion (Tab. 6; Pan.4).

- M’semrir: Gm1- NNW high dispersion; Gm2- NW on the southern flank of the syncline, NE
on the northern flank, high dispersion; Gm3- NNW on the southern front, ENE at the northern

front, high dispersion; Gm4 NE, moderate dispersion (Pan. 4a).
- Goulmima: Ggl- NNW, low dispersion; Gg2: NNW, low dispersion (Pan.4b).
- Toundouet: NNE, low dispersion (Pan.4c)

- Dades Valley: SSE, low dispersion (Pan.4c)

67



Guietliobiags

Glettioua

Tileugguit

e ——

-

Glliettielal

Gllilettielia




Fig. 16: panoramic view of the Guettioua Synthem in the Central High Atlas. a) The Guettioua Synthem
unconformably overlying the Azrif F. in the Jbel Igoudlane area. Base of the section K;-K, (Pan. 1) b)
The Guettioua Synthem unconformably overlying the Tilougguit Formation in the Guettioua Syncline c)
The Guettioua Synthem in the Tagleft syncline, the white arrow indicates an isolated paleo-channel
(narrow sheet, FA4) d) The Guettioua Synthem in the Imilchil syncline, composed by terminal fan
deposits (FAI) only e) Gy4 filling an erosive paleo-channel eroded in the overlied Gu3, at the top of the

M’semrir succession. To the top, Quaternary alluvial fan deposits.
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Tab. 6: stratigraphic and sedimentological features of the Guettioua Synthem in all the studied

outcrops.
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5.2 The Jbel Sidal Synthem
5.2.1 The lower boundary

In the High Atlas of Marrakech, from north to south: in the Ait Ourir area it rests
unconformably over a mudstone dominated succession (up to 50 m), recognized in this study as
the local expression of the louaridéne Formation and previously generically referred to as
“Dogger” (Ferrandini et al., 1982; Hadach et al., 2015, 2018); in the Jbel Igoudlane it rests
unconformably over a thick succession of the Iouaridéne Formation (Saadi et al., 1985); in the
Adrar Aglagal syncline it rests directly over the Guettioua F. at the core of the syncline, over
the Azrif F. and the below formations (LJm) in the southeastern front of the structure, while in
the northwestern part of the area it seals a thrust that brings the Lower Jurassic carbonates over
the Azrif F., outlining a strong angular unconformity and a huge stratigraphic hiatus (Cavallina

etal., 2018).

In the western sector of the High Atlas of Beni Mellal, in the Iouaridéne, Ait Attab and
Ouaouizaght synclines, it unconformably overlies the Iouaridéne F, presenting in this area very
thick successions, up to several hundred meters thick (Saadi et al., 1985). The synthem is

lacking in the Guettioua Syncline, due to erosion or non-deposition.

In the southern front it rests over a local equivalent of the Iouaridéne lacustrine formation in the
Dades River Valley (Benvenuti, 2010; Benvenuti et al., 2017; Moratti et al., 2018), while in the
Goulmima anticline it overlies in unconformity the deposits of the Guettioua Synthem (Papini

et al., in prep.). Apparently lacking in the Toundoute area and in M’semrir syncline.

5.2.2 The Upper Boundary

To the top it sharply passes to the Aptian-Albian marls, dolomites and limestone of the Ait
Tafelt Formation in the northern outcrops (Ait Ourir, Jbel Igoudlane, Ait Attab and
Ouaouizaght; Ferrandini et al., 1982; Saadi et al., 1985), except for the Iouaridéne syncline

where the capping is missing, due to erosion or nondepostition.

At the southern front (Adrar Aglagal and Dades Valley), it is overlied in unconformity by
fluvial successions referred to the Albian-Cenomanian, Ifezouane and Aoufous Formations

(Benvenuti et al., 2017; Cavallina et al., 2018); in the Goulmima anticline it is overlied by a
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mudstone-gypsum succession, possibly representing a continental equivalent of the Ait Tafelt

F. (Papini et al., in prep.).

5.2.3 Stratigraphic and sedimentological features

In the High Atlas of Marrakech, the Jbel Sidal Synthem presents successions variable for
thickness and stratigraphic features (Pan. 1)

Ait Ourir:

The successions show variable thickness, from a maximum of 180 m in the Adenndim syncline

to a minimum of 100 meters in the other synclines.

It is composed by alternating floodplain deposits (FA2) and paleochannels (FA3, FA4 and
FA7) forming a FU sequence (Tab.1a). The base is coarse-grain dominated (60/40 to 75/25 C/F
ratio), with broad ribbons (FA7), forming amalgamated sandstone beds up to 10-15 m. To the
top the mudstone becomes dominant (40/60 to 20/80 C/F ratio) and the coarse-grain facies are
organized in narrow sheets to broas sheets (FA4 and FA3), up to 3-5 m, or in tabular beds

(FA2) (Pan. 1a; Tab. 7).

Jbel Igoudlane:

Very thick succession, up to 500 m, composed by sandstone narrow sheets (FA4), in
amalgamated beds up to 5-15 m (Fig. 17a), and floodplain deposits (FA2) in alternation, it is
sandstone dominated at the base (C/F ratio around 55/40), mudstone dominated to the top (C/F
ratio around 40/60), presenting an overall FU trend (Pan. 1b; Tab.7).

Adrar Aglagal:

Up to 300 m, it is subdivided in three FU sequences (Pan.1c; Tab.7).

- JSaal: conglomerate narrow sheets (FAS), in 5-8 m thick amalgamated beds dominant at the

base (C/F ratio around 80/20), passing upward to floodplain deposits (FA2; C/F ratio 30/70).

- JSaa2: conglomerate narrow sheets (FAS) at the base and broad sheets at the top (FA3), in
alternation with floodplain deposits (FA2). C/F ratio 85/15. The coarse-grain facies are stacked

in amalgamated bodies up to 5-10m).

72



- JSaa3: Similarly to the previous sequence it shows a FU trend with FAS5 dominating at the

base grading upward to FA3 and then FA2. C/F ratio 85/15

In the western sector of the High Atlas of Beni Mellal, the Jbel Sidal Synthem presents

successions variable for thickness and stratigraphic features (Pan. 2)
Iouaridene:

Up to 400 m, the succession is mudstone dominated (C/F ratio around 80/20), composed by
terminal fan deposits (FAl. passing upward to FAl:) and subordinate broad sheets (FA3,,
composed only by the finest facies: M1 and S1) and floodplain deposits (FA2), filling a NE-SW
oriented paleo-valley. It shows a FU trend: the base is composed by FA2 and rare FA3, passing
upward to a succession completely composed by the repetition of FAl. ending at the top with

FAl. (Pan. 2a; Tab.7).
Ait Attab:

100-200 m succession, composed by floodplain deposits (FA2) in alternation with sandstone
narrow sheets (FA4), in amalgamated beds up to 10-20 m. It shows a fining upward trend
(Pan.2c¢): it is sandstone dominated at the base (C/F around 60/40) and mudstone dominated at

the top (C/F around 30/70) (Tab.7).

Ouaouizaght:

The Jbel Sidal succession is up to 300 m in the axial part of the syncline, around 200 at the
western front. It shows an overall FU trend, internally subdivided in two FU sequences

(Pan.2d; Tab.7).

- JSoul, outcropping only on the western front, is sandstone dominated (C/F 75:25),
composed by the alternation of sandstone narrow sheets (FA4), composing thick amalgamated

beds up to 10 meters, and floodplain deposits (FA2).

- JSou2, outcropping both on the axial and in lateral portion of the structure, presents a
variable thickness: 100 m to the west, 200 m along the axis of the syncline. It is mudstione
dominated (C/F 35/65), composed by floodplain deposits (FA2) and narrow sheets (FA4)
forming amalgamated sandstone bodies up to 5-8 m (Fig. 17b). To the top FAl. is also present,

testifying a transgressive trend that continues up to the Ait Tafelt Formation.
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In the southern front of the CHA, the Jbel Sidal Synthem presents successions variable for

thickness and stratigraphic features (Pan. 4)
Goulmima:

The thickness varies from south to north from around 50 m to more than 100 m. It is composed
by the sandstone narrow sheets (FA4), in amalgamated bed up to 15-20m (Fig. 17c¢), and,
subordinate, floodplain daposits (FA2), forming an overall FU sequences (Pan.4c). The
succession is sandstone dominated (C/F ratio 95/5) (Pan. 4b; Tab. 7).

Dades Valley:

Up to 100 m succession composed by two FU cycles, showing conglomerate narrow sheets at
the base (FAS) passing upward to sandstone narrow sheets (FA4) alternating with floodplain
deposits (FA2). C/F ratio around 50/50. The sheets are amalgamated in beds up to 5-10 m thick
(Tab.7).

5.2.4 Paleodrainage

In the High Atlas of Marrakech the Jbel Sidal Formation shows paleodrainage direction
towards S and W, in Ait Ourir, and NNE, in Jbel Igoudlane and Adrar Aglagal, with low to

very high dispersion in the paleo-current direction (Pan. 1; Tab. 7)

- Ait Ourir: WNW in tha Ouanina syncline, SSE in the Tasgimouth syncline, SSW in the
Tafilelt and Adenndim synclines, WSW in the Jbel Sour. High dispersion (Pan. 1a).

- Jbel Igoudlane: NNE. Very high dispersion (Pan. 1b)

- Adrar Aglagal: N. Low to very high dispersion (Pan. Ic)

In the High Atlas of Beni Mellal it presents direction toward SSW (in Ait Attab and
Ouaouizaght synclines) and NW (in the upper part of the Ouaouizaght succession). The
dispersion is low to very high (Pan 2; Tab. 7).

- louaridéne: NE-SW (axis of the paleovalley), direction not detected (Pan. 2a)

- Ait Attab: SSW. Low dispersion (Pan. 2c¢).
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- Ouaouizaght: lower portion- WSW, high dispersion; upper portion — WNW, very high
dispersion (Pan. 2d).

In the southern front of the CHA, the paleodrainage presents variable directions with low to

very high dispersion.
- Goulmima: N. Very high dispersion (Pan. 4b).

- Dades Valley: SSE. Low dispersion (Pan. 4c).
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Fig. 17: panoramic view of the Jbel Sidal Synthem in the Central High Atlas a) outcrops of the upper
portion of the synthem in the Jbel Igoudlane syncline, showing sandstone narrow sheets (FA4) in a thick
amalgamated body b) the lower part of the synthem in the QOuaouizaght syncline, showing the
alternance between sandstone narrow sheets (FA4) and floodplain mudstone (FA2) c¢) the Jbel Sidal

synthem at the core of the Goulmima anticline, showing sandstone narrow sheets (FA4) in amalgamated

beds.
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Tab.7: Stratigraphic and sedimentological features of the Jbel Sidal Synthem in all the studied outcrops.
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6. Discussion

The presented data open to a range of aspects stimulating a potentially wide discussion that we

limited to two main points.

1) Since the research has been aimed at recovering information on the regional dynamics of
fluvial systems from the sedimentary record, a first point deals with the depositional model for

the fluvial dispersal suggested by the facies analysis.

2) The second point stresses the occurrence of a dynamic relief between the Middle Jurassic

and the Early Cretaceous in the CHA, suggested by two lines of evidence.

e The first concerns the topographic picture that emerges from tracing at a regional scale the

unconformities delimiting the Guettioua and the Jbel Sidal synthems.

e The second relies on the reconstruction of the paleo-drainage patterns obtained by the

paleocurrent dataset.

Both these points support the hypothesis of diffuse vertical movements in the CHA reasonably
related to crustal deformation active during the Middle Jurassic-Lower Cretaceous. A

discussion on the mechanisms forcing such a deformation goes beyond the aim of this study.

6.1 Depositional model of the fluvial systems

The late Mesozoic fluvial successions of the CHA, including the Guettioua and Jbel Sidal
synthems, have been generically referred in the literature to deposition in meandering and
braided rivers (Jenny et al., 1981; Souhel 1987, 1996; Haddoumi et al., 2002, 2008, 2010;
Charriere et al., 2005; Charriere and Haddoumi, 2016, 2017). Nevertheless, facies analysis
carried out in the present study suggests that the studied successions escape the classical facies

models established for braided and meandering fluvial systems (Miall, 1978, 2010).
Arguments supporting this conclusion are briefly summarized as follows:

1) The relatively abundance of sedimentary structures diagnostic of high flow velocities (UFR)
and high deposition rate (HDR), compared to the paucity of structures related to subcritical
flow conditions (LFR), suggests transport and deposition mostly by flood pulses heavily

charged with sediment.

78



2) Most of the paleo-channels bearing the described facies, are characterized by a stratal
architecture dominated by very low angle-to aggradational accretion sets (FA3-FA4-FAS),
rather than by the classic cross-stratified barforms which typify the braided and meandering
channels (Miall, 1978, 2010; Lunt et al., 2004; Ghinassi et al., 2013). The high flow velocities
and deposition rates, suggested by the described facies and their associations, prevented the
formation of high angle accretion sets commonly recognized in meandering and braided

channel fills.

3) Excluding FA6 and FA7, hinting to relatively deep channels not much represented in the
studied successions, the dominant geometry of the paleochannels is expressed by a high W/T

ratio (FA3-FAS5) indicative of shallow and poorly-confined flows.

4) The infill of the paleochannels commonly presents in-channel mud layers and heterolytic
infill, consisting of alternating sandstone and mudstone or, even, in-channel paleosols,

indicating significant breaks of the fluvial activity.

5) The high amount of muddy and sandy floodplain deposits (FA1 and FA2) in alternation to
the channel fills (FA3-FA7) contrasts with the typical architecture of braided systems
characterized by thick amalgamated conglomerate/sandstone bodies. In the studied cases,
deposition outside the channels related to crevassing occurred at frequency comparable to that

of in-channel aggradation.

These features depict ephemeral fluvial systems characterized by a variable discharge
analogous to the seasonal rivers presently occurring in a wide range of geomorphic settings
(Plink-Bjorklund, 2015). The rivers recorded by the studied successions were active only
during wet periods, when large sediment-laden flood flows favor the development of the
depositional features described above. During dry periods, a low base flow with limited or null
sediment transport brings to an almost total deactivation of the channels undergoing

pedogenetic modification of their sediment infill.

These rivers, characterized by discontinuous discharge, frequent avulsions and high
sedimentary rates, are frequently associated to areas of flood expansions giving rise to fan
shaped planforms. The latter may find convergence with alluvial depositional systems in the
literature termed as: fluvial fans (Ventra and Clarke, 2019), megafans (Leyer et al., 2005) and
distributary fluvial systems (DFS, Nichols and Fisher, 2007). Actively subsiding basins may

represent a setting for the occurrence of these systems (Ventra and Clarke, 2019).
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Our facies reconstruction emphasizes the sedimentological features of the proximal fluvial
feeder of DFS, not described in the existing models (Nichols & Fisher, 2007), and represented
by channel fills confined in paleo-valleys. The geographic distribution of the proximal valley
tracts outlines quite well a paleo-topography with thresholds separating distinct catchments

opening into medial and distal zones where fluvial fans developed.

In fig. 18 we propose a schematic model for the studied fluvial systems, that combines the
fluvial distributary system model, elaborated by Nichols and Fisher (2007), with the proximal
fluvial feeder described in the studied succession. The reconstructed fluvial model is
subdivided in four areas, each one with typical features such as the occurrence of paleo-valleys,
the thickness of the deposits, the coarse-grain/fine-grain ratio, the grade of strata amalgamation,
the geometry of the channels, the grain-size of the channel-fill, the dispersion of the

paleocurrent directions (Tab. 6, 7, 8).

- |Proximal Zone: amalgamated pebbly
and sandstone channel deposits, :
alternating with subordinate floodplain |-
mudstone filling paleo-valleys.

Proximal-Medial Zone: stacked
sandstone deposits in amalgamated
channels, alternating with subordinate
floodplain mudstone.
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Medial-Distal Zone: isolated sandy/muddy
channel deposits with floodplain mudstone
and sheet sandstone and siltstone
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Fig. 18 Model for the fluvial systems represented by the CHA fluvial successions. Modified from Nichols
and Fisher, 2007.
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Proximal zone Successions related to paleo-valley fills, variable thickness, medium
to high C/F ratio, medium to very high amalgamation of the
sandstone bodies, broad ribbons to narrow sheets, coarse grain
channel-fill (conglomerate to pebbly sandstone), low to high

dispersion in the paleo-current directions.

Proximal-medial Lacking paleo-valleys, medium thickness of the successions, high to
zone medium C/F ratio, medium to very high amalgamation of the
sandstone bodies, broad ribbons to broad sheets, paleo-channels filled
with fine to coarse sandstone, low to very high dispersion rate. This

portion is quite similar to a braid plain.

Medial-distal zone | Lacking paleo-valleys, medium to thick successions, low C/F ratio,
low to medium amalgamation of the sandstone bodies, narrow sheets
to broad sheets, paleo-channels filled with mudstone to medium
sandstone, high to very high dispersion rate. This portion is similar to

a meandering or anostomozing fluvial system.

Distal zone Lacking paleo-valleys, very thick successions, low to very low C/F
(terminal fan) ratio, low to very low sandstone amalgamation, narrow sheets to
broad sheets (or absence of paleo-channels), mudstone to fine
sandstone infill of the paleo-channel (where they are present), high to

very high dispersion rate.

Tab. 8. Sedimentological and stratigraphic features, from proximal to distal zone, of the reconstructed

Sfluvial model.

6.2 Evidence of a dynamic relief in the Middle Jurassic-Early Cretaceous CHA domain

6.2.1 The unconformable contacts of the Guettioua and Jbel Sidal synthems

When traced from the western to the eastern sectors of the CHA, the lower unconformity
bounding the Guettioua synthem clearly illustrates an overall topographic gradient with the
more elevated areas located in the High Atlas of Marrakech, where the synthem rests over

Lower Jurassic limestone, and more depressed areas progressively moving toward east. Along
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this direction the Guettioua synthem is unconformably over the Bajocian limestones and then
over the lower Bathonian coastal deposits (Tilougguit Formation) pointing to an attraction of
the drainage toward coastal and possibly marine areas eastward. From west to east along the
southern front of the CHA, the Guettioua-equivalent deposits, differentiated in the Upper
Mesozoic continental successions through recent stratigraphic revisions (Benvenuti, 2010;
Benvenuti et al., 2017; Moratti et al., 2018; Papini et al., in prep.), rest over mixed carbonate-
clastic strata ascribed to the lower Bathonian Tilougguit Formation. In this reconstruction the
Guettioua fluvial setting developed over pre-existing coastal environments established in the
present southern foreland of the CHA. This conclusion suggests that a depressed area flooded
by marine ingressions, already existed between the Anti-Atlas and an embryonic CHA during

the late Mesozoic.

Through the tracing of its lower bounding unconformity, the Jbel Sidal synthem outlines a
significantly different paleogeographic scenario. This unit rests unconformably over the
Iouaridéne Formation at the northern front (Ait Ourir, Jbel Igoudlane, louaridéne, Ait Attab,
Ouaouizaght), documenting the fluvial occupation of previously subsiding areas that
accommodated thick lacustrine successions. At the southern front of the chain, Jbel Sidal-
equivalent deposits directly overlay the Guettioua-equivalent strata, (Adrar Aglagal and
Goulmima; Cavallina et al., 2018; Papini et al., in prep.) or rest over louaridéne-equivalent
fluvio-lacustrine facies (Dades; Benvenuti et al., 2017), outlining an articulated topography

with irregularly distributed highs and lows on this side of the chain.

6.2.2 The paleodrainage evolution (Figs. 19, 20)

The Guettioua Synthem (Bathonian):

The paleodrainage pattern reconstructed for the Guettioua synthem. shows an overall WSW-
ENE direction, subparallel to the CHA trend, in agreement with the land-sea gradient and the
facies distribution (tab. 6 and 7) discussed above. Nevertheless, some of the studied successions
records N-S paleo-drainage directions that are transversal to the CHA trend that, joined to the
facies features and distribution, attest to the fragmentation of the coeval drainage system in

different hydrographic basins, separated by topographic highs and thresholds.
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The Atlas of Marrakech was a topographic high, possibly inherited from the West Moroccan
Arch referred to as a relief already emerged in the Early Jurassic (Jabour et al., 2004; Frizon de

Lamotte et al., 2008).

To the north the Ait Ourir sections record a drainage trend from south to north within the cyclic
stack of the Guettioua strata. The terminal fan, represented by Gaol sequence (tab. 6), is
unconformably overlain by the paleovalley facies of the Gao2 sequence, documented in all the
Ait Ourir synclines. The uppermost Gao3 sequence composed of proximal-distal facies
confirms that the fluvial system flowed transversally to the CHA trend, towards N, possibly
opening beyond the North Atlas Fault towards a depressed area. Within a relatively constant
drainage orientation the facies architecture reflects pulses of DFS progradation and
backstepping forced by relative base-level and /or sediment supply variations.

In the Adrar Aglagal and Jbel Igoudlane the Guettioua strata record a NE-trending drainage
documented by the infill of two symmetric paleo-valleys. The facies architecture suggests an
early retrogradation of the system (Gaal — proximal zone — to Gaa2 — medial distal- and Gyl —
proximal/proximal medial — to Gy2 — proximal medial) and then a progradation (Gaa3 —

proximal medial — and Gy3 — proximal/proximal medial).

Along the High Atlas of Beni Mellal the Guettioua synthem records the medial (Iouaridéne,
Guettioua, Ait Attab and Ouaouizaght) to distal (Tilougguit, Tagleft, Naour, Tizi’'n’Isli and
Imilchil) zones of the DFS sourcing in the High Atlas of Marrakech. The facies architecture,
showing an internal tripartition with a general CU trend, testifies the progressive progradation

of the fluvial system (tab. 6; Fig. 19).

At the southern front the fluvial systems show even more evidence of a fragmentation in
separated paleodrainage basins:

- In the Toundoute and Dades River valley, the Guettioua synthem represents the proximal-
medial zone of a fluvial fan, flowing respectiveley, to the NE in the Toundout area and to the
SSE in the Dades River Valley, possibly responding to early activation in the South Atlas Fault
area.

- In the ‘Msemrir area, the Guettioua Synthem presents two different paleo-drainage
directions, recording two different systems: a terminal fan, flowing northward, is progressively
attracted in a fluvial fan directed to the ENE. This latter becomes dominant in the upper part of

the succession, possibly responding to the coeval uplift of a topographic high located to the
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northwest. The synsedimentary character of this uplift is also testified by the progressively
coarser grain of the fluvial in-fill (CU trend) in the upper part of the succession.

- In the Goulmima anticline the Guettioua Synthem represents the proximal to medial portion
of a fluvial fan, flowing northward, possibly responding to the early reactivation of the South

Atlas Fault.

Proximal to medial-distal
tracks of the fluvial systems ‘
v - N

= Uncertain data

D Terminal Fan

Structural limits
of the Central High Atlas

Goulmima

Z ™ Adrar Aglagal
Marrakech )
High Atlas

Tondoute 2 =
i Anti Atlas

Fig. 19 Paleogeographic reconstruction of the CHA during the Bathonian, based on
paleodrainage record. In grey the area characterized by a higher elevation. In black the

synclines in which the Guettioua Synthem is not recorded.

The Jbel Sidal Synthem (Barremian)

The paleocurrent dataset allows to reconstruct a drainage pattern, during the Barremian,
showing high variability along the CHA and significant modifications in respect with the
scenario recorded by the Guettioua Synthem.

Along the west-east gradient the paleocurrent data point to a WSW-directed paleodrainage in
the Ait Ourir area represented by facies indicative of DFS proximal to proximal-medial zone

(Tab. 7). This system should have been fed by a topographic high separating this area from the
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adjacent Jbel Igoudlane. In the latter, as well as in the southern Adrar Aglagal, the related
deposits recording the deposition in a DFS proximal to distal zone, show a paleodrainage
directed to NNE. These two systems, probably coalescent, may have converged in the
Iouaridéne syncline feeding a terminal fan (Tab. 7). Basing on the paleocurrent pattern the
Iouaridéne syncline attracted also the Jbel Sidal rivers sourcing to NE, represented by facies
typical of DFS proximal-medial to medial-distal zones and crossing the Ait Attab and the
Ouaouizaght areas (Tab. 7). In the Ouaouizaght syncline the SW-directed system is overlain by
a NW-directed one recorded by facies of the DFS medial-distal zone (cf Sohuel, 1997). This
younger system records an apparently local but significant change of the paleo-hydrography
during the Barremian, suggesting uplift to the SE due to a possible tectonic pulse. All the Jbel
Sidal successions on the northern front of the CHA present a FU trend, representing a
transgressive trend, causing the backstepping of the fluvial systems and culminating with the

overlying marls and limestone of the Ait Tafelt Formation.

Finally, to the south, in the Goulmima anticline and in the Dades River valley, the Jbel Sidal
Synthem, similarly to the Guettioua Synthem, represents the proximal-medial zone (Tab. 7) of
fluvial fans with paleodrainage directed perpendicular to the axis of the Atlas system (North
directed in the Goulmima anticline; South directed in the Dades Valley). To the top, the
continental sedimentation continues with the Ifezouane and Aoufous F., testifying that this
sector of the chain was not affected by the Aptian marine ingression recorded at the northern

front, possibly because of higher elevation on the sea level.
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Fig. 20. Paleogeographic reconstruction of the Central High Atlas during the Barremian,
based on paleodrainage evidence. In grey the area characterized by a higher elevation. In

black the synclines in which the Jbel Sidal Synthem is not recorded.
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6.Conclusions

The reconstructed paleogeographic frameworks for the Guettioua and the Jbel Sidal Synthems,
contextualized in the Middle Jurassic-Lower Cretaceous deposition, record a dynamic paleo-
geography.

During the Bathonian the CHA shows a paleodrainage system subparallel to the chain, with an
overall ENE direction, at the northern front, and drainage transversal to the chain at the
southern front, outlining a complex paleo-geography and testifying the presence of topographic
high in the High Atlas of Marrakech, in the axial portion of the chain and next to the southern
structural limit of the chain (the South Atlas Fault). After the deposition of the Guettioua
Synthem, only the northern fluvial systems evolved in the lacustrine sedimentation represented
by the louaridéne Formation, testifying the presence of topographic highs separating the
Central High Atlas in different sectors. During the Barremian, the paleogeographic framework
changed again with the onset of new thresholds in the High Atlas of Marrakech and the
development of a WSW oriented paleo-drainage testifying the uplift of the northeastern sector.
The reconstructed scenario, consisting in a dynamic paleogeography in which the
paleodrainage appears fragmented in several small basins, could not be explained in a tectonic
quiescent context or with generalized regional tilting or tectonic uplift. The development of
separate basins in the CHA during the Mesozoic has been tied to either transpressional
inversion of preexisting normal/transtensional faults (e.g., Mattauer et al., 1977) or to
prolonged salt tectonics evolving from a first active phase to passive diapirism (Vergés et al.,
2017). The salt tectonic model (Ettaki et al., 2007; Saura et al., 2014; Ibouh and Chafiki 2017,
Moragas, 2017; Vergés et al., 2017; Moragas et al., 2018; Torres-Lopez et al., 2018) that
defines the CHA as a major diapiric province during Jurassic times could explain the
development of some separate paleodrainage basins. But not all the recognized tresholds
corresponds to areas in which the Triassic salts are exposed (cfr El Arabi, 2017). Furthermore,
the southern studied areas (Adrar Aglagal, Msemrir, Dades Valley and Goulmima), present
evidence of a synsedimentary tectonics that can not be linked to diapirism (Benvenuti et al.,
2017; Cavallina et al., 2018; Papini et al., in prep.) and indicate early compressive-transpressive
stages of deformation, as already recognized in other parts of the CHA (Laville, 1988, 2002;
Laville and Piqué, 1992). Our data point to a dynamic evolution of the paleogeography during
this span of time that should be understood in the framework of a regional tectonics in which

the Central High Atlas may represent a transfert zone linked to the opening of the Atlantic
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system to the west and the Tethys Ocean to the north and east, causing a transtensive to

transpressive tectonics, locally mobilizing salt diapirs.
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Appendix.: methods

The methodologies adopted in this study refers to standard descriptive approaches to the clastic

sedimentary successions.

The continental deposits have been described in terms of sedimentary facies analysis (Bosellini
et al., 1989; Nichols, 2009).

e Twelve facies have been distinguished and qualitatively described for their physical
characters (lithology, textural features, clast shape, color and sedimentary structures) and
interpreted as the record of specific sedimentary processes. The acronyms: UFR (critical to
transcritical flow or upper flow regime sedimentary structures), LFR (lower floe regime
sedimentary structures) and HDR (High deposition rate sedimentary structures) have been used
to describe facies related to a transport by water current.

e The facies described have been grouped in 7 facies associations. Each facies association
corresponds to a depositional element of specific systems, Associations 1 and 2 represent
floodplain and crevasse splays whereas, Associations 3 to 7 testify to different type of channels,
distinguished on the base of their width (W) vs thickness (T) ratio, their gross (broad ribbons,
narrow sheets, broad sheets, see Gibling, 2006) and internal (aggradational to low and middle
angle accretions sets, see Plink-Bjorklund, 2015) geometry.

e We subdivided the succession by means of Unconformity Bounded Stratigraphic Units
(UBSU; Salvador, 1994), defined on the base of the recognition of erosional and angular
unconformities at the base of each unit. The defined UBSU, representing a group of Facies
Associations, correspond to the regionally defined units of the Couches Rouges.

e The studied successions have been represented through the elaboration of stratigraphic
sections in which facies, facies associations, formations, sedimentary structures and
paleocurrent plot have been reported (Pan.1, 2, 3 and 4). We described the defined units in
terms of: thickness, coarse-grain vs fine-grain abundance in the sedimentary record,
amalgamation/thickness of the coarse-grain facies, geometry of the channels, grain of the
channel fill, dispersion of the paleocurrent directions, in order to understand the position of the

succession in a proximal-distal gradient.

Paleocurrent analysis, aimed at reconstructing the evolution of the paleodrainage through time,
has been carried out on the fluvial deposits. We collected most of the measures along the

stratigraphic sections, though, we compared them with other paleocurrent measures taken

89



throughout the studied areas. The measures taken have been processed through the Grapher8
software, getting rose diagrams. Measures have been taken on the lee side of fluvial
sedimentary structures as dunes and ripples. We also measured the axes of paleo-channels and
paleo-valleys detected in the field. The measurements have been subdivided into different rose
diagrams on the base of what kind of sedimentary structure has been taken as paleo-drainage
indicator, separating measures taken on high angle planar to trough cross stratified beds,
interpreted as the result of dunes or ripple migration in a lower flow regime (here named LFR
sedimentary structures) and measures taken on low angle cross stratified beds, interpreted as
the result of bed forms migrations in a Froude critical to transcritical flow or upper flow regime
(here named UFR sedimentary structures) (Cartigny et al., 2014; Plink-Bjorklund, 2015).
Measures taken on LFR sedimentary structures are considered more reliable, while the
measures taken on UFR sedimentary structures could show a high dispersion rate in the flow
directions, due to the high turbulence of the flow that also allows up-stream migration. For the
tectonic correction of the paleo-drainage measurements, necessary in case of particularly
deformed successions, we used an analogical corrector of paleo-currents. This instrument,
designed and built as part of this work, consists of two bound rotating plans. The lower plan
must be oriented like the layering of the rock in which the measures are taken, the other one
must be oriented as the sedimentary structure that we are going to measure as paleo-drainage
indicator. Finally, the lower plan must be reported to the horizontal, so that the upper plan
would return to the original (pre-deformation) orientation. At this point, it is sufficient to
measure, with the geological compass, the upper plan, to obtain the original orientation of the

sedimentological structure and, consequently, the direction of the paleo-drainage.

In the Adrar Aglagal syncline we performed a structural analysis of deformations affecting the
continental deposits, such as folds and faults. Fault planes sometimes are affected by kinematic
indicators such as frictional-wear striae on the rock surface. We elaborated the fault slip data
through the inversion method of Angelier and Mechler (1977) to reconstruct the orientation of
paleo-stress fields. The orientation of minor fold axes also allowed an estimation of paleo-stress
fields. The structural data have been summarized through stereographic projections (lower
hemisphere, Schmidt stereonet) obtained with the “Fault” software of Caputo and Caputo

(1988) and the “Dips 5.1” software of Rocscience.
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