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Abstract 

This study characterizes the depositional environment and climate evolution from the late 

Permian to the early Middle Triassic, based on detailed sedimentological and palaeosol 

analysis. Sequence stratigraphy and palaeoenvironmental reconstructions were used to define 

the Permian-Triassic (P-T) evolution of the High Atlas basins as well as to make a 

comparison with European basins. 

The late Permian in Morocco is dominated by distal fluvial fan environment, under arid 

to semi-arid paleoclimate conditions. Above the P-T unconformity (BS1), the Lower Triassic 

deposits, record a similar climate evolution from arid to subhumid conditions. In the Argana 

Basin, the Early Triassic starts by an aeolian deflation lag, followed by stacked debris flow 

lobes and sheetflood ephemeral alluvial fan deposits, showing immature to locally mature 

calcretes. The Marrakech High Atlas basins are further characterized by well-developed 

aeolian dunes in alluvial fan environment. These arid environments evolve through time from 

proximal to distal deposits,  as a retrogradational trend, until well-developed floodplain or 

lacustrine deposits under semi-arid to subhumid climate (maximum flooding surface, MFS). 

From MFS, the evolution from distal to proximal environments, testified the progradational 

trend  which is capped by a newly defined angular unconformity (BS2). Above this 

tectonically induced BS2, the sedimentary section, dated as Anisian is characterized by 

palaeoenvironments that include meandering river fluvial packages deposited in a semi-arid 

floodplain.  

Basin configuration, border fault direction, palaeoenvironments and palaeocurrents 

recorded in the Argana Basin confirm an independent system, separate from the Marrakech 

High Atlas (MHA) area during the Triassic. Above BS1, remnant topographies resulted in 
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discrete catchment and discrete drainage systems are evidenced by palaeocurrent and 

palaeowind measurements controlled by border faults. Palaeoenvironment reconstructions 

show that the MHA was made up of numerous independent basins during the Early Triassic 

and the remnant topographies are progressively infilled until BS2. After the BS2, the palaeo-

drainage became axial and basins were probably connected in the MHA. Above the P-T 

unconformity, a common climate evolution is observed in Morocco during the Lower Triassic 

until BS2, which could correspond to the European Hardegsen unconformity. The 

sedimentation record shows a similar change in climate and geodynamics to that recorded 

from both Europe and Morocco. 

Keywords 

Permian-Triassic unconformity; Palaeosol analysis; Alluvial fan; Aeolian and lacustrine; 

Marrakech High Atlas; Argana. 
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1. Introduction 

The Permian-Triassic (P-T) boundary is an important time interval that has been intensely 

studied across the world to document changes in climatic, biotic and environmental 

conditions, especially on terrestrial successions. This transition contains the P-T mass 

extinction that was the most devastating biocrisis of life on Earth, both in terrestrial and 

marine ecosystems (Burgess et al., 2014; Erwin, 1994; Meijer, 2007). Distinct perturbations 

are related to a major climate change as, (1) prominent negative carbon-isotope excursion 

(Baud et al., 1996; Galfetti et al., 2007; Payne et al., 2004; Shen et al., 2023), (2) terrestrial 

spore-pollen assemblages, (3) ammonoid distribution patterns and (4) high diversity in plant 

ecosystems (Galfetti et al., 2007; Rees, 2002).  

At the scale of the western European peri-Tethyan basins, the late Permian is 

characterized by warm and semi-arid climatic conditions (Schneider et al., 2006) and an 

unconformity is observed almost everywhere between the Permian and Triassic, except in the 

central part of the Germanic Basin (e.g., Bourquin et al., 2011). During the Induan, all intra-

belt basins were under erosion and sediment was only preserved in the northern domain under 

similar climatic conditions as during the latest Permian (the central part of the Germanic 

Basin; e.g., Ravidà et al., 2022; Schneider et al., 2020). Mesozoic sedimentation began in the 

early Olenekian; with ephemeral fluvial systems indicating arid climatic conditions during 

this period (e.g., Bourquin et al., 2009, 2007). At the top of the Early Triassic, another 

tectonically induced, often angular, unconformity is observed: the Hardegsen unconformity, 

which is dated as intra-Spathian (Geluk and Röhling, 1997; Szurlies, 2007, 2004) and is 

especially found in northern European basins. This tectonic activity created new source areas 

and a new fluvial style, with marine influences at the distal part of the systems (Bourquin et 
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al., 2011). Both at the end of the Olenekian (Spathian) and during the Anisian, the presence of 

palaeosols, micro- and macrofloras indicate less arid conditions throughout this domain. 

Although it is considered that the Triassic red-beds record the early stages of the rifting, 

preceding the opening of the Central Atlantic Ocean (Domènech et al., 2015; El Arabi et al., 

2006; Le Roy and Piqué, 2001; Olsen et al., 2003), the timing and basin evolution 

(independent or connected basins) is still unknown. Our aim is to define more precisely the 

evolution of the High Atlas basins from the P-T unconformity to the early Middle Triassic. 

Within the High Atlas, the Permian and Triassic sedimentation settled in a terrestrial 

environment and formed thick red siliciclastic series. The present study, based on a detailed 

sedimentological and palaeosol analysis, defines for the first time the palaeoenvironment and 

climate evolution from the late Permian to early Middle Triassic in the Marrakech High Atlas 

(MHA) and Western High Atlas (WHA) basins (Fig.1A). Based on the sequence stratigraphy, 

the study also attempts to make a regional correlation between the MHA and Argana basins, 

in order to understand the geodynamic evolution of the High Atlas basins. Moreover, a 

comparison between these Moroccan basins and European basins allows discussing the 

climate and geodynamic evolution of the western peri-Tethyan domain during the end of the 

Palaeozoic to the beginning of the Mesozoic. 

2. Geological setting 

In Morocco, P-T basins were developed in a transtensional rift system, before the 

opening of the Central Atlantic Ocean (Beauchamp, 1988; Beauchamp et al., 1999; 

Domènech et al., 2015; Frizon de Lamotte et al., 2009; Laville et al., 2004; Laville and Piqué, 

1991; Manspeizer, 1988; Manspeizer et al., 1978; Missenard et al., 2007; Stets and Wurster, 

1982). The Permian and Triassic basins overlie the deformed Variscan basement, represented 

by Precambrian volcanic rock, Cambrian series granitoids and metamorphic rocks, and 
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Carboniferous mudstones. This basement is affected by NNE-SSW to NW-SE and E-W folds 

(Cornée, 1989; Jenny, 1983; Laville, 1980; Ouanaimi and Petit, 1992). Triassic sedimentation 

was controlled by both dip-slip and strike-slip synsedimentary faulting, reactivated from 

Hercynian faults (Baudon et al., 2009; El Arabi, 1988; El Arabi et al., 2003; Laville and Petit, 

1984; Laville and Piqué, 1991). 

During the Permian to Early Jurassic, the MHA and Argana basins (Fig. 1B) were 

separated by the “Massif Ancien” High (Domènech et al., 2015; Fabuel-Perez et al., 2009; 

Ouanaimi, 1989). The Argana Basin, oriented NNE-SSW, was controlled by normal NE-SW 

system faults and E-W transform faults (Baudon et al., 2009; Ellouz et al., 2003; Medina, 

1994; Oliva-Urcia et al., 2016; Proust et al., 1977). Extrusive basaltic volcanism, associated 

with the Central Atlantic Magmatic Province (CAMP) (Fig. 1C), is associated with the border 

fault zones. Dated as Early Jurassic, this basalt represents an important stratigraphic marker 

across Morocco (Aït Chayeb et al., 1998; Bertrand et al., 1982; Blackburn et al., 2013; De 

Pachtère, 1983; Marzoli et al., 2004).  

The Permian-Lower Triassic red-bed series of the studied interval, in the Argana Basin, 

are defined as (Fig. 1C): (1) the Ikakern Formation (Fm) is divided into the t1 and t2 units, (2) 

the Timezgadiwine Fm is divided into the t3, t4 and t5 units (Tixeront, 1974, 1973). The t2 

Unit (Fig. 1C) is dated from vertebrate remains as late Permian (Lopingian) (Jalil and Dutuit, 

1996; Jalil and Janvier, 2005). It is characterized by mainly very fine sandstones, mudstones, 

and interbedded subordinate conglomerates to pebbly coarse sandstones, attributed to a 

meandering fluvial environment (Tourani et al., 2000). Above the P-T angular unconformity 

(Baudon et al., 2009; Duffaud et al., 1966; Tixeront, 1973), the first Mesozoic deposits (t3 

Unit, Fig. 1C), tentatively dated from tetrapod footprints as Early Triassic (Olenekian) 

(Tourani et al., 2010), are characterized by interbedded conglomerates and cobbly coarse- to 
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fine-grained sandstones attributed to proximal braided rivers (Tourani et al., 2000). The 

overlain t4 Unit (Fig. 1C) is also dated Olenekian at its base from tetrapod footprints (Klein et 

al., 2010). Above this level, the t4 Unit (Fig. 1C) is dated Anisian from charophytes and 

ostracods (Medina et al., 2001), vertebrate remains (Jalil et al., 2009) and tetrapod footprints 

(Klein et al., 2011). This unit is composed of siltstones with interbedded conglomerates and 

sandstones, interpreted as meandering rivers (Tourani et al., 2000). 

Within the MHA basins, Biron (1982) established the stratigraphic nomenclature of the 

Permian and Triassic units (Fig. 1C). The lower and upper parts of the Permian successions 

are respectively composed of the Anrar Conglomerate Fm or F1 Unit and the Cham-el-Houa 

Siltstone Fm or F2 Unit. Using radiometric dating, Van Houten (1977) attributes a Cisularian 

age, i.e., early Permian, to the F1 Unit (Fig. 1C), while Biron (1982) considers the F1 and F2 

units as early Permian. However, more recently, the F1 Unit is dated as late Permian 

(Lopingian), using zircon geochronology (Perez et al., 2019). The F2 Unit (Fig. 1C), 

attributed to a braid-plain that evolved vertically to anastomosing river deposits (Benaouiss 

and Courel, 1993), is considered as late Permian by correlation with the t2 Unit of the Argana 

Basin (El Arabi et al., 2006). Above the P-T unconformity, the Mesozoic Timalizène 

Conglomerate Fm or F3 Unit (Fig. 1C), is considered as fluvial deposits (Biron, 1982). The 

F3 Unit is overlain by the Ramuntcho Siltstone Fm (Mattis, 1977) or the Anouffig Siltstone 

Fm (F4 Unit, Biron, 1982). There is controversy in the literature concerning the interpretation 

of the depositional environment for this unit. Different environments suggested are (a) river / 

floodplain (Mattis, 1977) and (b) tidal-flat environment (Petit and Beauchamp, 1986) with 

burrows and rare molds of littoral marine bivalves (Beauchamp and Petit, 1983; Biron, 1982). 

The F4 Unit (Fig. 1C) is dated by palynomorphs, as Middle Triassic (Anisian) (El Arabi et al., 

2006). 
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3. Methodology 

Three sections were studied in detail, from southwest to northeast, one in the Argana 

Basin (Irerhi section) and two within the Marrakech High Atlas (Tanoumri and Aït Tamlil 

sections) (Fig. 1B). To interpret the depositional environment, a detailed sedimentological 

study was performed including (1) facies, (2) facies association, (3) palaeocurrent, (4) 

palaeosol and (5) burrow analyses. The architectural elements and their large-scale bed 

relationships, both vertically and horizontally, were defined. Subsequently the architectural 

elements according to facies associations, palaeocurrent measurements and identification of 

unconformities were used to characterize and reconstruct the depositional environment 

evolution for each section. This was used to define stratigraphic cycles based on the sequence 

stratigraphy, i.e. progradation and retrogradation, which reflect control by accommodation, 

climate combined with variations in sediment supply (for continental deposits, e.g., Bourquin 

et al., 2009, 1998; Currie, 1997; Olsen, 1995). The climatic evolution was based on 

sedimentological and palaeosol criteria. Pedogenic calcretes and soil types were defined from 

Esteban and Klappa (1983), Mack et al. (1993), Retallack (1988), Sheldon and Tabor (2009), 

Tabor and Montañez (2004), and Wright and Tucker (1991). Alonso-Zarza (2003) reviewed 

and specified the palaeoenvironmental significance of these soils. The palaeosol classification 

used is based on those of Mack et al., (1993) and Tabor and Montañez (2004). The 

stratigraphic cycles combined with climate evolution made it possible to propose correlations 

and to discuss the importance of the unconformities at the Morocco High Atlas scale. All 

these data were compiled into palaeoenvironmental reconstructions, including palaeocurrent 

and palaeowind directions at the scale of the MHA that allowed discussion of the evolution of 

the depositional environment, through time and space, in relation to climate. By suggesting a 

correlation with European basins, it then becomes possible to discuss tectonic and climate 

controls at the scale of the western peri-Tethyan domain. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

4. Sedimentological analysis and depositional environments 

Thirty-one facies were identified in the sedimentological study of the High Atlas basins: 

eight conglomerate, thirteen sandstone, four mudstone, four carbonate, and two heterolithic 

facies (Table 1). The 16 facies associations, including bioturbation and palaeosol descriptions, 

were used here to define 11 depositional environments ranging from alluvial to lake or aeolian 

(Table 3). Results are presented for the three sections: the Irerhi section (30° 49' 55.35"N, 9° 

5' 35.87"W) in the Argana Basin and the Tanoumri (31° 21' 50.04"N, 7° 44' 13.02"W) and 

Aït Tamlil (31° 28' 23.04"N, 6° 53' 52.38"W) sections in the MHA basins (Fig. 1B).  

4.1. Facies associations and depositional environments of the Argana Basin 

In the Argana Valley, the Upper Permian t2 Unit, the regional unconformity between the 

t2 and t3 units, and the Lower Triassic t3 and t4 units are well exposed in the Irerhi area 

(Figs. 1, 2, 3, and 4A).  

4.1.1. Late Permian depositional environments 

Only the unit immediately below the top P-T unconformity was examined in this study. 

The upper part of the t2 Unit (Fig. 2) is mainly composed of the fine-grained sediments (Fsm 

facies, Table 1) that are modified by soils (Pv, Pc, Table 2) and interbedded with sandy facies. 

These sandy beds, up to 40-cm thick and 50-m long, are composed of horizontal laminations 

and current ripples (respectively Sh and Sr facies, Table 1). The facies association (Sh, Sr, 

Table 3) characterizes sandstone bodies with a flat base and irregular top. They are interpreted 

as terminal splays bodies, i.e., deposited by frontal sheetflood events in the fluvial fan 

environment (Fisher et al., 2008, 2007; Nichols and Fisher, 2007). This facies association is 

typical of distal fluvial fans in arid to semi-arid alluvial plains (named FF, Table 3). The 

palaeocurrent measurements, from parting lineation structure, reveal locally a NW-SE current 

direction, and a NW direction from current ripple laminations.  
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4.1.2. Lower Triassic depositional environments 

The t3 Unit is approximately 11-m thick, and rests in angular unconformity on the t2 Unit 

(Figs. 2, 3A, 3B). The first t3 Unit deposits are composed of quartzite ventifacts  

characterized by very coarse pebbles to fine cobbles (DL facies, Table 1). These are aligned 

horizontally just above the Permian unconformity and form a bed of ventifacts up to 18 cm 

thick (Figs. 2, 4B and K). This facies association is characterized by an aeolian deflation lag 

surface and represents desert pavement, named RE facies association (Table 3). 

Above this regional deflation surface (Fig. 2) recognized in several localities in the 

Argana Basin, the facies association (up to 1.8 m thick) is composed of a stacked bed up to 

1.5m of sandstones and conglomerates (the Sm and Gmm facies, respectively, Table 1) that 

may contain ventifacts in the first 80 cm of the succession. This facies association is 

interpreted as debris flow lobes and characterizes the proximal alluvial fan deposits (AFp 

facies association, Table 3, and Fig. 4B). These deposits are overlain by three facies 

associations: one composed of conglomerates (G/S, Ga, Sm facies, Table 1), one composed 

mainly of sandstones (Sm, Sp, Sh, Sr facies, Table 1) and a last one composed of siltstones 

(Fm, Fsm facies, Table 1) beds (Fig. 2). The conglomerate facies association is mainly 

composed of gravely to sandy lobes, 40 to 80-cm thick and with a lateral extent of more than 

1 km, stacked into units that are 1.25 to 2.5-m thick. These deposits characterize sheetflood 

from med-alluvial fan environments with an ephemeral stream named AFm1, (Table 3, and 

Fig. 4C) and are associated with calcisols, classified as Pc-IV or Pc-V based on the scheme of 

Machette (1985), which attests to an arid climate condition (Table 2). The Ga facies, 

interpreted as antidune backsets (Table 1) and recorded an up-fan palaeocurrent towards the 

north (Fig. 2), suggesting deposition from an alluvial fan flowing southward. The sandy facies 

association, composed beds that are between 70 cm and 1 m thick and extending up to 50 m 

with a generally flat base, show pedogenic features of Pc soil (Table 2) with horizontal 
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rhizoliths and locally covered by a carbonate horizon, i.e. stage V in Machette (1985). This 

facies association represents sandflat beds of a distal alluvial fan environment, named AFd 

(Table 3). Palaeocurrents, measured from the Sp facies, are oriented to the NW direction (Fig. 

2). At the top of the t3 Unit, the AFd is interbedded with floodplain deposits (FP facies 

association, Table 3), displaying only the Fm facies (Fig. 2), where poorly drained soils (Pg, 

Table 2) attest to a subhumid climate. The upper part of the t3 Unit is characterized by 

conglomerates (Gt and Gp facies, Table 1), with 45 cm-thick sets of cross bedding and up to 

1.80 m-thick cosets (Fig. 2). The base is generally flat to slightly erosive and the top is 

irregular and the palaeocurrent measurements indicate a flow direction mainly towards the NE 

and NW (Fig. 2). These stacked facies are typical of widespread braided streams and is named 

the RB facies association (Table 3, and Fig. 4A). 

It is possible to observe a clear evolution from an arid climate to subhumid conditions 

within this section, with a less arid condition around 6m on the measured section (Fig. 2) from 

the base; this allows the t3 Unit to be divided into two subunits. The t3a Subunit (Fig. 2) is 

characterized by alluvial fan deposits (AFp, AFm1 and AFd) within an arid alluvial plain with 

ventifacts (Fig. 4K) at the base (DL, Table 1), often reworked by mass flow (Gmm, Table 1 

and Fig. 4B) and interpreted as desert pavement (RE, Table 3). The overlying t3b Subunit 

(Fig. 2) displays more a humid condition, a semi-arid climate, with floodplain (FP) and distal 

alluvial fan deposits (AFd) that evolve vertically to a braided river (RB). 

Conformable on the t3 Unit, the t4 Unit can be also subdivided into two subunits, named 

t4a and t4b respectively (Fig. 2), separated by an angular unconformity that is well-marked by 

a white soil surface (Pg soil, Table 2, Figs. 3C and 4D). According to the ages on each side of 

the discordance (Fig. 2), the base of the t4a Subunit is Lower Triassic (Klein et al., 2010), its 

upper part is Middle Triassic (Medina et al., 2001) and the t4b Subunit is Middle Triassic at 
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its base (Jalil et al., 2009) and at 45 m above the angular unconformity (Klein et al., 2011). 

The discordance is assigned to the early-Middle Triassic transition. The t4a Subunit has silty 

sandstone at the base (Sr, Sh facies, Table 1), with sets up to 1.5 m thick and extending more 

than 800 m, characterized by slightly inclined beds (3°). These facies are overlain by 3.5 m of 

siltstones to fine sandstones (Sr, Sl facies, Table 1) interbedded with fine-grained sediments 

(Fm facies, Table 1). This subunit displays root traces and mottling, characteristic of poorly 

drained soils (Pg, Table 2 and Fig. 4D) typical of humid conditions. This facies association is 

interpreted to sandy sheetflood deposits and corresponds to a distal alluvial fan in a subhumid 

context (named AFd, Table 3 and Fig. 4E). 

4.1.3. Basal part of Middle Triassic depositional environments 

The t4b Subunit rests unconformably on the t4a Subunit (Figs. 3C and 4D). This 6 m 

thick interval (Fig. 2) is mainly composed of a silty claystone facies (Fsm, Table 1) with 

calcic vertisols (Pv soil, Table 2) and rare interbedded micro-conglomerate facies 

(Gmi, Table 1). The lenticular shape of Gmi facies, up to 15 cm thick and 30 m length, is 

comprised of reworked carbonates from the floodplain, during the degradation-aggradation 

phases (Marriott and Wright, 2006; Smith and Kitching, 1997). The Pv soil characterizes a 

contrasting dry/wet climate favouring the degradation-aggradation of the floodplain, recorded 

by the Gmi facies. This facies association is typical of a floodplain in a semi-arid climate 

condition (FP facies association, Table 3).  

4.2. Facies associations and depositional environments of the Marrakech High Atlas 

basins 

In the MHA basins (Fig. 1B) the Lower Triassic succession (F3 Unit) rests 

unconformably on the Permian strata (F2 Unit; Figs. 5A, 5B, 5D to 5F), on either Palaeozoic 

or Precambrian crystalline rocks. Two sections have been described in the MHA basins 
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(Fig. 1B): one in the western part, i.e., Tanoumri section, and the other in the eastern part, i.e., 

Aït Tamlil section. 

4.2.1. Tanoumri section 

The Tanoumri section is located in the western part of the MHA, to the south of 

Marrakech (Figs. 1B, 5A, 5B, and 6). 

Upper Permian depositional environments 

The uppermost part of the F2 Unit (Fig. 6), mainly characterized by fine-grained facies 

(Fsm, Table 1), up to 4 m thick, is modified by cracking horizon, wedge-shaped peds, 

slickensides horizon, and centimetre-sized carbonate nodules typical of calcic vertisols (Pv, 

Table 2). The wedge-shaped slickensides and up to 1 cm carbonate nodules in mudstone host 

rock, are interpreted as calcisols (Pc, Table 2). Mainly mottled Fsm facies with root traces 

characterize hydromorphic soils (Pg, Table 2). Thin sandy bodies are interbedded up to 35 cm 

thick and extend up to 70 m, mainly composed of Sp, Sr and more rarely of Sh and Sm (Table 

1 and Fig. 4F). These deposits characterize terminal splays with palaeocurrents oriented in a 

NNW to NNE direction. At the top of the F2 Unit, laminated carbonate facies are interbedded 

with brecciated claystone (C/C facies; Table 1; Figs. 4G, H, and I) up to 30 cm thick. This 

facies association is typical of a distal fluvial fan (FF) that evolves locally to a pond or 

shallow lake (PA; Table 3; Fig.4G, 4H, and 4I) with a slightly saline mudflat containing 

tabular-prismatic gypsum crystals (Benison and Goldstein, 2001; Mees et al., 2012). As 

attested by the soil developments, the climate was arid to semi-arid under contrasting dry/wet 

seasons, with dominant wet seasons towards the top.  

Lower Triassic depositional environments 
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In the Tanoumri section, the F3 Unit (Figs. 5 A, 5B, and 6) rests on the F2 Unit by 

angular unconformity (Fig. 4F), and reveals conglomerates (DL, Gmm, GP, Gh, Gm, Ga, G/S, 

Table 1), sandstones (St, Sp, Sh, Shg, Sl, Sm, Sq, Ad, Ah, Ar, Table 1), carbonates (C/S, Cpa, 

Cpe, Table 1) and very rare fine-grained materials (Fsm, Table 1).  

This Triassic succession starts with monogenic conglomerates (quartzite pebbles), 

horizontally aligned (Figs. 4J, and 6), forming a pebble- and cobble-sized ventifacts horizon 

(DL facies, Table 1). This horizon of wind-polished stones represents a deflation lag surface 

of desert pavement (RE, Table 3; Fig. 4J, and 4K). The ventifacts can be reworked by the 

superimposed Gmm facies in a silty matrix-supported (Table 1 and Figs. 4J, 4M). These 

deposits are overlain by Gmm, G/S, Ga, Gm, and Ar facies. The Gmm facies (Table 1 and 

Figs. 4J, 4M) is characterized by ventifacts reworked by mass flow and forming levees or 

lobes in proximal alluvial fan (AFp, Table 3). The Gm facies is composed of pebbles and 

cobbles clast- to matrix-supported with erosive base, interpreted as lag or gully-fill deposits 

(Table 1 and Figs. 4L, 4M). The planar gravelly-sandy couplets, showing imbricated gravel 

fabric and structureless to laminated sandstone (G/S, Table 1 and Fig. 4L) and  sandy-pebbles 

with simple planar cross bedding, under upper-flow-regime sheetflood, that forms backset 

wedges or antidunes (Ga, Table 1 and Figs. 4L, 4M).. The sheetflood sequences can be 

capped by inversely graded ripples cross-laminated sandstone, these wind ripples are 

interpreted as simple aeolian drift (Ar facies, Table 1 and Figs. 4L, 4M). All these previous 

facies represent mid-alluvial fan deposits dominated by ephemeral sheetflood events (AFm1, 

Table 3).  The palaeocurrent measurements from imbrications (noted “imbr” Fig. 6) are 

characterized by radial dispersion in time and space and display an angle of dispersion of 80° 

(from N30 to N310). The backsets give an upfan direction towards N100 to N190 (Ga, Fig. 

6), which implies a flow of alluvial fans towards N280 to N10. The aeolian drift facies (Ar, 

Fig. 6) give an upfan direction towards N170 to N200. Consequently, the synthesized currents 
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of the alluvial fans were towards a NNE to W direction (N30 to N280), with a dispersion 

angle of 110°. Above AFm1, a stream flow and then aeolian dunes and a sand sheet (Ad and 

Ah facies, Table 1) are observed. Gravely or sandy facies (St, Sp, Sh, Sr and Sm facies, Table 

1) with a thin coarse base (Gp, Gh facies, Table 1) up to 12.5 m-thick, characterizes more 

distal mid-alluvial fan deposits, named AFm2 in this work (Table 3). The stream flows are 

mainly composed of 2D/3D bedforms and gravely or sandy bars. Carbonate accumulations are 

common within AFm2, in mainly sandstone host rocks with circular to ovoid carbonate 

nodules shape and in the conglomerate host rocks (6 to 7.5 m and 11.2 to 11.5 m levels, Fig. 

6) with calcite under-coated gravel, both characterizing immature calcisols (Pc palaeosol, 

stage II of Machette (1985), Table 2). The 18 m level of figure 6 shows the second horizon of 

ventifacts composed of quartz pebbles (DL, Table 1) and it represents a well-extended 

deflation lag surface or desert pavement named reg deposits in this section (RE). Well sorted 

sandstones and solitary large-scale planar cross-bedded bedform that is about 0.25 to 1.20 m 

thick (Ad, Table 1) are deposited on the DL facies and are interpreted as aeolian dunes (Ad, 

Table 1 and Fig. 7A, and 7B). The interbedded horizontally or low angle laminated 

sandstones, with well sorted and well rounded quartz, are up to 6 m thick and 2 km long, they 

represent aeolian sandsheet deposits (Ah, Table 1 and Fig. 7A) that. This facies association 

attributed to erg deposits is named ER (Table 3). The bounding surfaces between the 

individual sets of cross-strata are slightly dipping towards stoss side (Fig.7A). The 

palaeowind direction, from the aeolian dunes, is towards the WNW to NW (Fig. 6). The 

palaeowind direction was slightly oblique in comparison with the expansion direction of the 

alluvial fan deposits. The sandy ER facies association is more and less continuous laterally 

and overlies the fan sedimentation. Towards the west, 2 km from the Tanoumri section, the 

aeolian dunes and sand sheets evolved into grouped wedge-shaped cross-bedding and reveal 

similar dip directions of the foresets, and characterized grouped crescentic aeolian dunes 
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(Figs. 7C, and 7D) similar to those described in Spalletti et al., (2010), These facies 

associations from 0 to 28.5 m (F3a Subunit, Fig. 6), with only a few calcisols (Pc-II) 

characterize the proximal alluvial fan (AFp) at the base of the F3a Subunit and the mid-

alluvial fan depositional environment, from the proximal (AFm1) to distal position (AFm2) 

within an erg environment (ER) in the arid alluvial plain. 

From 28.5 to 35 m (Fig. 6) a new facies association appears, mainly composed of sandy 

facies (Sp, Sl, Sm and Shg) up to 1 m-thick, that displays flat based beds deposited by 

sheetflood events (sandflat bedforms), slightly modified by calcretes as circular to ovoid 

carbonate nodules (palaeosol Pc-II, Table 2) and by gleyed or mottled silty- or sandy-clay and 

carbonate beds, with redoximorphic concentrations (Pg hydromorphic soils, Table 2 and Fig. 

4N, 4O, and 4P) and Fsm facies with laminar carbonates of mature calcisols (noted Pc-IV to 

VI, Fig. 6). This facies association represents distal alluvial fan deposits (AFd; Figs. 4N, and 

4O) in a subhumid setting as shown by the palaeosol developments (AFd; Table 3). The AFd 

facies association is progressively vertically interbedded with carbonate facies (Cpa, Cpe 

facies, Table 1) and sandstone beds (Sq facies, Table 1). The carbonates of the Cpa facies are 

massive to laminated carbonates, with desiccation cracks and micritic intraclasts (Fig. 4O, and 

4Q) typical of a phreatic setting (Alonso-Zarza, 2003). The depositional setting of these 

carbonates is characterized by a low energy lake margin (Alonso-Zarza and Wright, 2010) 

and is typical of palustrine carbonates with diversified paedogenic processes that introduce 

later transformations (roots, desiccation and paedogenic remobilizations, Freytet, 1984) (Cpe, 

Fig. 4R). The paedogenic carbonates (Cpe), interbedded with palustrine carbonates (Cpa), 

show paedogenic structures like alveolar-septal (Fig. 8A), vertical desiccation cracks and 

sparitic-coated grains that leads to the formation of calcisols (stages IV to VI in Machette 

1985, Table 2). The associated sandstone beds (Sq, Table 1) are composed of sub- to rounded 

quartz grains with a polished and gleaming surface, and have no ocher yellow to reddish hue 
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(Fig. 8B). This characteristic suggests no pedogenetic influence (Ernest et al., 2019). The Sq 

facies characterizes aeolian grains reworked by the waves. This facies association (named PA, 

Table 3, and Fig. 4O) represents palustrine deposits with some sandstone beds, characterizing 

reworked aeolian deposits in waves along a lake. Interbedded with PA, a new facies 

association appears to be characterized by well (Gh, Sl facies) to moderately sorted (Gp 

facies) material and sub-angular to rounded intra- and extraclasts and two slightly opposite 

directions of bedding (Fig. 6, 8C, 8D, and 8E). This facies association, associated with the 

development of paedogenic calcrete (PC-III, Table 2), is up to 4-m thick and is characterized 

by a 200 m to 1 km lenticular shaped extension, with a flat base and convex top. It is 

interpreted as a gravel lake shoreline or berm, deposited at the marginal lake, along the distal 

fan (named Bm, Table 3, and Fig. 8 C). The beach face is characterized by Gh, Sl facies, fine 

material and low-angle foresets (Fig. 8C and 8D). The backshore is characterized by Gp 

facies, coarse material and relatively high-angle foresets (Fig. 8C and 8E). The berm deposits 

(Bm) are characterized by algal mats structures (AM, Table 1, and Fig. 8F), similar to those 

described by Chu et al. (2017, 2015), Paul et al. (2011), and Schieber et al. (2007). Two 

palaeocurrent directions are defined: one towards the NNE (dispersion angle of 100°) 

recorded by a relatively high-angle bedding with medium-sized pebbles (Gp), and a second 

palaeodirection, towards the SSE, measured from the relatively low-angle interbedded fine 

pebble bedding (Gh) and from imbricated pebbles. This shoreline butte is sometimes emerged 

by the lake in humid conditions (Blair, 2000). The Tanoumri berm (Bm, Table 3) may be 

comparable to the shoreline butte of Manly Lake in Death Valley (Blair, 2000). The Tanoumri 

section shows two to three berms depending on the WSW-ENE position of the section. The 

Bm and PA facies associations of lacustrine shoreline and palustrine environments associated 

with Pg and Pc-III to VI soils (Table 2) attest to a subhumid climate. 
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Consequently, the F3 Unit is subdivided in two subunits (Fig. 6). The F3a Subunit is 

mainly composed of a mid-alluvial fan within an arid alluvial plain (AFm1 and AFm2), with 

desert pavement deposits (RE) and with increasingly developed erg deposits (ER). The 

palaeocurrent direction is towards the NNE to W and the palaeowind direction is towards the 

WNW to NW (Fig. 6). The F3b Subunit (Fig. 6) is characterized by a distal alluvial fan 

(AFd), within a palustrine environment (PA) and a well-developed berm at the top, within a 

semi-arid to subhumid climate evolution (Fig. 6). 

The F4 Unit covers the F3 Unit, and it can be divided in two subunits named F4a and F4b 

from the base to top (Fig. 6). The F4b Subunit rests unconformably on the F4a Subunit with 

an angular unconformity (named BS2) that is well-defined on the outcrops (Fig. 5C). The F4a 

Subunit is mainly characterized by fine-grained sediments (Fm, Fl and mainly Fsm facies, 

Table 1) with fine to medium-grained sandstones to siltstones (Sp, Sh, Sr facies, Table 1) that 

are interbedded. The sandy to silty beds, up to 1.5 m-thick and more than 100 m long, display 

a flat base and a convex to irregular top (Fig. 8G) and local burrows (Sb2 Taenidium Barretti 

from Baucon et al. (2014), Buatois and Mángano (2004), and Gibert and Saez (2009), Table 

1, Fig. 8H). The Fsm facies, with scattered carbonate nodules and mottling (Pg soil, Table 2, 

Fig. 6), represents alluvial plain deposits under a subhumid climate. This facies association 

(named FF, Table 3, and Fig. 8G) characterizes the terminal splays bedforms, flowing towards 

the NNE to NNW (Fig. 6), within a subhumid alluvial plain. These deposits evolve vertically 

to braided river deposits, and are called the RB facies association (Fig. 6). 

 

Basal part of Middle Triassic depositional environments 

The F4b Subunit rests unconformably on the F4a Subunit. The 9 m thick studied interval 

of the F4b Subunit (Fig. 6) displays fine-grained sediments, pedogenically altered (Fsm, 
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Table 1) and are interbedded with massive and monogenic conglomerates, mainly composed 

of reworked carbonate pebbles to granules (Gmi, Table 1). The facies association (Fsm, Gmi) 

represents floodplain deposits (FP, Table 3) interbedded with conglomerates massive and 

showing an erosive base of lag deposits (Gm, Table 1), followed by trough cross-bedded 

conglomerates, and formed by 3D dunes migration (Gt, Table 1).The sandstone part displays 

planar cross-bedding from 2D dunes migration (Sp, Table 1) and finally ripple cross-

laminated sandstone (Sr, Table 1), associated sometimes with Scoyenia burrow (Sb1, Table 1; 

Frey et al., 1984; Gibert and Saez, 2009; Hasiotis, 1997). The Gm, Gt, Sp and Sr facies 

association up to 2.5 m-thick and more than 1 km long laterally represents point bar deposits 

of meandering river (named RM, Table 3).. The floodplain and meandering fluvial facies 

association with reworked calcretes (Gmi facies) and Pv soils (Table 2) characterizes a semi-

arid climate.  

4.2.2. Aït Tamlil section 

The Aït Tamlil section is located in the eastern part of the MHA (Figs. 1B, 5D to 5F, 8I 

to 8Q, and 9). 

Upper Permian depositional environments 

In this section, the top of the upper Permian (F2 Unit; Fig. 9) is mainly characterized by 

sandstones (Sp, Sm, Sh, Sr; Table1) and fine-grained facies (Fm, Fl, Fsm; Table1) with 

several 4 cm- to 1m-thick conglomerates (Gp, Gh; Table1). The conglomerate and sandstone 

facies associations are 20 cm- to 1.70 m-thick and 15 to 100 m long, with a main 

palaeocurrent oriented to the SE (Fig. 9). Locally, some Sr facies display a palaeocurrent 

oriented to the N220 (Fig. 9) and they represent a 1.70 m-thick lateral splay that is oblique to 

perpendicular to the main current. These facies associations, displaying fining-upward 

sequences from terminal or lateral splays within alluvial plain deposits with calcic soils (Pv, 
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Pc-IV), are typical of a medial to distal fluvial fan (FF facies association, Table 3), 

characterizing thin broad and shallow distributary channels evolving into terminal splays 

deposits, within an arid to semi-arid climate (Fig. 9). The main stream flow is towards the SE. 

Lower Triassic depositional environments 

The F3 Unit (Fig. 9) rests in angular unconformity on the Permian strata (Fig. 5F, BS1). 

Up to 41.5 m thick, it is mainly composed of conglomerates (Gt, Gp, Gh, G/S, Ga, Table 1) 

and sandstone (Sg/S, Sm, Sp, Sh, Sr, So, Table 1) with aeolian (Ar, Ad, Ah, Table 1) and 

some mudstones and sandstones facies (Fm, Fl, Fsm, Sp, Sr, Sh, Table 1). Within this part of 

the section, the facies association is mainly characterized by med-alluvial fan depositional 

environments, from a proximal (AFm1, Table 3) to distal position (AFm3, Table 3) within an 

erg environment (ER, Table 3), and with some distal alluvial fan deposits (AFd, Table 3). The 

first Triassic bed, up to 1.5 m thick, is composed of reworked aeolian quartz (Gp, Sh facies 

with rounded quartz). The med-alluvial fan deposits (AFm1; Table 3; Fig. 9) are mainly 

composed of G/S, Ga, and Gm facies characterizing sheetflood events with planar gravelly-

sandy couplets (G/S) and wedge-planar sandy-pebbles (Ga), with upfan wind sand (Ar). The 

more distal environment to AFm1, named AFm2 (Table 3; Fig. 9) is composed of mixed 

gravely stream flow deposits (Gt, Gp, Gh facies) evolving to sandstone facies (Sh, Sr, Sp, 

Sm). These med-alluvial fan deposits (AFm1, AFm2) are interstratified with aeolian sand 

sheets (Ah) or simple aeolian dunes (Ad) up to 40 cm-thick and up to 10 m long (ER; Table 3; 

Fig. 9), generated by a wind direction oriented towards the SW (Fig. 9). 

From around 19 m (F3a-F3b boundary), the mature soils (Pc-IV) are increasingly 

developed (Fig. 8I and 8J) and we find a third facies association (AFm3) mainly composed of 

sandy couplets of Sg/S facies, up to 80 cm-thick, capped by Sm facies typical of sheetflood 

events (Fig. 9). This facies association (Table 3) represents the most distal med-alluvial fan 
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system with mature soils (Pc-IV, Table 2). This succession is capped by oolitic lacustrine 

deposits represented by superimposed L1 and L2 facies associations (Table 3, Fig. 8K), at the 

top of the F3b Subunit. L1 represents the lacustrine deposits characterized by interstratified 

oolitic limestone COl and COr facies (Table 1, Figs. 8K, 8L and 8M). The COl facies (Table 

1) is a bed up to 3 m-thick and extending hundreds of meters, with a flat to undulatory base 

and a flat top (Figs. 8K and 8L). It is associated with algal mat structures or small 

stromatolites (AM, Table 1, Fig. 8N) (Buatois et al., 2013; Chu et al., 2015; Paul et al., 2011) 

and glistening/blunt to rounded quartz (Figs. 8K, and 8O). The lenticular COr facies (Figs. 

8K, and 8M) displays laminated limestone with wave and current ripples (current towards a 

N110-120 direction) (Fig. 9) that revealed a N25 direction of the lake shoreline. The L1 facies 

association is characterized by a lack of mud cracks which supports a subaqueous deposition 

and it is interpreted as interstratified oolitic shoal and shoreface lobes (Milroy and Wright, 

2002, 2000; Palermo et al., 2008; Voigt et al., 2011). The L2 facies association is represented 

by oolitic sandstones (So facies, Fig. 8O), the beds are up to 3 m thick and extend 40 m 

laterally, the base is flat and the top is irregular to convex. This stacked So facies is 

interstratified with Sh and Sr lithofacies to form lobes up to 5 m thick. The sorting planar 

stratification allows this facies association to be attributed to planar bed conditions produced 

by swash-backwash processes in foreshore lobes (Milroy and Wright, 2000; Palermo et al., 

2008; Voigt et al., 2011). This F3b succession, from 19 m (Fig. 9), displays calcitic laminar 

horizons with sometimes deformed shape (Table 2, Stage IV of Machette, 1985). These thick 

mature soils (Pc-IV, Fig. 8J) are formed by repeated erosion, sedimentation, reworking and 

renewed calcrete formation (Alonso-Zarza et al., 1998), under a semi-arid climate. From 

33.75 to 40.50 m (Fig. 9), the sandstone and mudstone host rocks show root traces and 

mottled horizons, associated to redoximorphic concentrations (Pg soils, Table 2 and Fig. 8K 

within AFd facies association).  The mainly poorly drained soils (Pg), indicating a rise in the 
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ground water level and water-logging, attested to by redoximorphic alterations (Gleization) 

(Retallack, 2001; Tabor et al., 2006; Tabor and Montañez, 2004), within a subhumid alluvial 

plain (Fig. 9). 

As a result, the F3 Unit can be subdivided in two subunits. The lower part of the F3 Unit 

association (F3a Subunit, Fig. 9), until around 19m, represents a med-alluvial environment 

with an ephemeral stream within an arid alluvial plain. The palaeocurrents were oriented 

towards the N100-230 with a dispersion angle of 130° (Fig. 9). The upfan currents (Fig. 9) 

were oriented in a N300-315 direction, measured from the backsets (Ga) and aeolian drift (Ar) 

lithofacies. The prevailing wind was towards the SW (Fig. 9) generating simple aeolian 

dunes. The F3b Subunit also represents a med-alluvial to distal fan system, evolving towards 

the top to a distal alluvial fan (AFd). The F3b preferential palaeocurrents were towards the 

ESE to SE, measured from the planar cross-bedding of the gravel bars (Gp facies). However, 

the planar cross-beddings of the backsets (Ga facies) give upfan currents towards the WNW.   

These deposits evolve to the F4 Unit which is divided into two subunits: F4a and F4b 

(Fig. 9), separated by an angular unconformity (Figs. 5F, and 8P). The F4a Unit, 29 m-thick, 

mainly consists of mudstones (Fm facies) with stromatolites (AM facies) and scattered 

oolites, and a few sandstone beds (Flo facies). Some lenticular oolitic beds are concentrated at 

the base of this interval and are more or less absent thereafter. These laterally extensive 

mudstone successions are interpreted as a coastal plain or strand plain (Milroy and Wright, 

2002, 2000) and are attributed to the L3 facies association (Table 3; Figs. 8P, and 9). The F4a 

Subunit evolves vertically to the St, Sm and Sr facies, which characterize bedload sandy 

bedforms attributed to a med-alluvial fan (AFm2 facies association; Table 3 and Fig. 9). 

Basal part of Middle Triassic depositional environments 
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The F4b Subunit rests in angular unconformity on the F4a Subunit (Figs. 5F and 8P). The 

12 m studied interval of the F4b Subunit (Fig. 9) displays meandering river and floodplain 

deposits (RM, FP facies association; Table 3, and Fig. 8Q) under a semi-arid climate, with the 

same facies and facies association as the F4b Subunit in the Tanoumri section (Fig. 6). The 

difference lies in the thickness of the sedimentary bodies, which are thicker in the Aït Tamlil 

section. The palaeocurrent of the meandering river is mainly to N210 (Fig. 9). 

5. Depositional environment evolution and sequence stratigraphy from the Permian-

Triassic unconformity to the Middle Triassic 

In the High Atlas, an angular unconformity (named BS1) is observed everywhere 

between the Permian and Triassic successions (Baudon et al., 2012). The upper part of the 

Permian in the Argana (t2 Unit) and MHA (F2 Unit) basins is illustrated by three sections 

(Irerhi, Tanoumri and Aït Tamlil; Figs, 1B, 2, 3, 5, 6, and 9). During the late Permian, these 

three sections show distal fluvial fan deposits (FF) with calcisols (Pc-II, Pc-IV soils, rarely 

Pc-VI), calcic vertisols (Pv soil) and hydromorphic soils-gleying (Pg soil) which are typical of 

a semi-arid climate. Unlike the other sections, Tanoumri displays an interbedded palustrine 

deposit (PA). However, the palaeoenvironmental evolutions from the Lower to Middle 

Triassic succession through the three basins are different. 

5.1. Argana Basin 

The base of the t3 Unit, overlies the P-T unconformity (Fig. 1C) is characterized by a 

widespread palaeo-desert pavement induced by a long hiatus in sedimentation (Durand and 

Bourquin, 2013), overlain by mainly alluvial fan deposits dated as Olenekian (Klein et al., 

2010; Tourani et al., 2010). These first depositional environments, i.e., the t3a Subunit (Fig. 

2), reflect arid conditions as indicated by the ephemeral stream evolving from proximal to 

med-distal alluvial fan, associated with mature paedogenic calcretes (Pc). The t3b Subunit is 
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characterized by distal alluvial fan and floodplain deposits with mixed hydromorphic soils-

gleying (Pg soil) and mature calcretes (Pc-V), with semi-arid/subhumid climate evolution The 

upper part of the t3b Subunit displays well-extend braided river deposits, overlain by the 

distal alluvial fan of the t4a Subunit. This Subunit, dated as Olenekian, shows an evolution to 

a more humid climate with the development of only hydromorphic soils-gleying (Pg soil) 

(Fig. 2). Moreover, the Lower Triassic succession, i.e., the t3a, t3b and t4a subunits, is 

characterized by a general retrogradational trend until a maximum flooding surface (MFS) 

and progradational trend that ends with a regional unconformity between the t4a and t4b 

subunits (named BS2, Fig. 2). The maximum flooding is characterized by well-extended 

floodplain deposits at the Argana Basin scale. The 6 m lowermost part of the t4b Subunit, 

dated as Anisian, characterizes the beginning of a new retrogradational trend displaying 

floodplain deposits with calcic vertisols formed under seasonally dry conditions in a semi-arid 

climate evolving to pond environments which outcrop above the upper limit of Irerhi section 

(outside the scope of this study).  

5.2. Marrakech High Atlas basins 

In the MHA, the evolution of the palaeoenvironment from the Lower to early Middle 

Triassic is illustrated using the Tanoumri and Aït Tamlil sections (Figs. 1B, 1C, 5, 6, and 9).  

5.2.1. Tanoumri section 

Above the P-T unconformity (BS1, Fig. 6), the Triassic series begins with widespread 

palaeoreg deposits as observed in the Argana Basin, overlain by med-alluvial fan deposits 

with interbedded dunes and interdunes and thin alluvial plain deposits characterized by 

immature calcisols. Above a second level of palaeo-desert pavement deposits, the aeolian 

bedforms are more developed than the med-alluvial fan. These deposits (F3a Subunit, Fig. 6) 

attest to a period of arid climate conditions interbedded with a long sedimentation hiatus, 
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without any vegetation, as indicated by the palaeoreg developments. Above F3a, the F3b 

Subunit is composed of a distal alluvial fan and displays hydromorphic soils-gleying and 

mature calcic soils in a semi-arid/subhumid climate evolving to palustrine deposits and 

shoreline lake deposits. These deposits characterized the maximum rise of the water table, and 

evolved vertically to distal fluvial fan, associated with hydromorphic soils-gleying in a 

subhumid climate (F4a Subunit). An angular unconformity (named BS2, Fig. 5C, 6) tops the 

F4a Subunit. Consequently, the Lower Triassic succession, i.e., F3a, F3b and F4a, is 

characterized by a general arid retrogradational trend, from proximal alluvial fans to 

lacustrine-palustrine distal environments and a semi- arid to subhumid progradational trend. 

This part of major cycles ends with the angular unconformity between the F4a and F4b 

subunits (Fig. 6). The maximum flooding is characterized by lacustrine shoreline deposits. 

The progradational trend is characterized by an evolution from lacustrine to fluvial deposits 

always in subhumid climate conditions. The F4b Subunit, attributed to the Middle Triassic, 

exhibits a meandering system with a well-developed floodplain showing calcic vertisols under 

seasonally dry conditions in a semi-arid climate. This lowermost part of the Anisian age 

displays relatively a proximal to medial fluvial system, and evolves to pond deposits from 

other field work data outside the scope of this study, in a new retrogradational cycle.  

5.2.2. Aït Tamlil section 

In the Aït Tamlil section, above the P-T unconformity (BS1, Figs. 5F and 9), the lower 

part of the F3 Unit (F3a Subunit, until 18.5 m) is mainly characterized by med-alluvial fan 

deposits interbedded with aeolian and alluvial plain deposits without a palaeosol at the base 

and with immature calcisols in its upper part. This depositional environment attests to an arid 

climate. These deposits evolve vertically to a med-alluvial fan with rare aeolian deposits and 

then to a distal alluvial fan with mature and immature calcisols, hydromorphic soils, oolitic 

shoal and shoreface lobe deposits from a lacustrine environment (F3b Subunit). This 
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evolution and palaeosol developments attest to semi-arid to subhumid climate conditions. The 

F4a Subunit is characterized by a vertical evolution from a coastal plain and then to med-

alluvial fan deposits limited at their top by a tectonically-induced angular unconformity (BS2, 

Fig. 5F). As a result, the Lower Triassic succession, i.e., the F3a, F3b and F4a subunits, is 

characterized by a general retrogradational and progradational trend that ends with the BS2 

unconformity (Fig. 9). The maximum flooding is characterized by oolitic shoal and shoreface 

lobes. The F4b Subunit shows the beginning of a new retrogradational trend from a floodplain 

with meandering rivers to pond deposits under a semi-arid climate. 

6. Correlation and palaeoenvironmental reconstruction in the High Atlas basins 

6.1. Correlation between the Argana and Marrakech High Atlas basins 

Based on the depositional environments and the unconformities identified in this work, a 

correlation between the Argana Basin and the MHA basins is established. During the late 

Permian (t2/F2 units), the basin is filled by distal fluvial fan deposits as terminal splays 

interbedded within floodplain deposits where the palaeosols indicate a semi-arid to arid 

climate under contrasting dry/wet seasons. In the Argana Basin, the fluvial fan systems flow 

to the NW while in the MHA basins the palaeocurrents flow to the NNW or to the NE, in the 

Tanoumri area, and to the SE and rarely to the SW in the Aït Tamlil area, attesting to 

independent basins in the High Atlas during the late Permian. The angular unconformity 

above the late Permian overlain by the flat Triassic series indicates that these Permian basins 

were tilted then eroded.  

Above the P-T unconformity (BS1, Figs 2, 3, 5, 6, and 9), in the High Atlas basins, the 

depositional environments are always characterized by arid environments that evolve 

vertically to semi-arid/subhumid conditions. Based on the boundary surfaces, the climate 

evolution and the available biostratigraphic constraints figure 10 proposes a correlation 
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between High Atlas three basins. The first Triassic sediments are preserved as a palaeoreg 

surface (ventifacts) and a few ephemeral med-alluvial fan deposits (t3a Subunit, Fig. 2) in the 

Argana Basin whereas in the MHA basins, during this arid episode, an ephemeral alluvial fan 

within erg deposits and sometimes palaeo-desert pavement surfaces are preserved (F3a 

Subunit, Figs. 6, 9, 10). During this episode, in the Argana Basin, the series are thinner and 

without aeolian dune preservation, this could indicate more sedimentation gap with probably 

more desert pavement deposit preservation (Fig. 10). The depositional environments evolve 

progressively to semi-arid/subhumid climate conditions  in the Argana (t3b and t4a subunits) 

Basin and in the MHA (F3b and F4a subunits) basins (Fig. 10). In these three areas, we 

observed a retrogradational trend until a well-extended floodplain (Argana) or lake deposits 

(Marrakech High Atlas) which mark a maximum flooding episode (denoted MFS, Figs. 2, 6, 

9, and 10). The progradational trend is marked by a large extension of the fluvial or alluvial 

deposits (Fig. 10), until an angular unconformity between the Lower and Middle Triassic 

(BS2, Figs 2, 6, and 9). Above this unconformity, the climate becomes semi-arid and the 

alluvial plain with meandering river to pond deposits is recorded in the Argana and High 

Atlas basins (t4b and F4b respectively, Fig. 10). 

6.2. Palaeoenvironmental reconstructions in Marrakech High Atlas basins  

The Argana Basin seems to be separated from the MHA basins, by a topographic high 

“Massif Ancien” (Fig. 1B) during the Triassic (Domènech et al., 2015; Mader and Redfern, 

2011; Ouanaimi, 1989; Perez et al., 2019; Van Houten, 1977). The Triassic history of the 

MHA basins is more complex. From the sedimentological analysis of the Tanoumri and Aït 

Tamlil areas, four palaeoenvironmental reconstructions can be established for the Early 

Triassic (Fig. 11), to show the evolution of these two disconnected basins during the Early 

Triassic. Within the Tanoumri area, the palaeoenvironmental reconstruction during the arid 

period (Fig. 11A, 11B) can be used to show alluvial fan deposits located to the SE along N30 
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normal faults that evolve into erg deposits towards the NW with well-developed aeolian dunes 

(Fig. 7). The alluvial fan displays currents mainly towards the NNE to W (N30 to N280) 

(Figs. 6 and 11B). After a well-extended second palaeo-desert pavement (middle part of the 

F3a Subunit, Figs. 6), the aeolian deposits are more developed in this area. The aeolian dunes 

were deposited by the dominating winds blowing towards the NW to WNW (Figs. 6 and 

11B). The sedimentary basin was limited, in the NW part, by a N70 border fault called the 

Anrar Fault (Vogel et al., 1980). The overlying depositional environment dominated by semi-

arid/subhumid climate conditions (Figs. 6 and 11C) shows the following changes in the 

depositional profile: (1) a distal alluvial setting, (2) hydromorphic soils-gleying and mature 

calcic soils, (3) a palustrine and gravel lake shoreline with local lacustrine deposits. Around 

the lacustrine environment, the palaeocurrents are mainly oriented towards the NNE at the 

backshore and towards the SSE at the beach face. The estimated coalesced fans size is 

approximately 5 km wide. 

Within the Aït Tamlil area (Figs. 9 and 11A), the arid period (F3a Subunit, Fig. 11D) is 

characterized by fans flowing towards the ESE up towards the SW, converging to the erg 

depocenter in the SE. The main blowing winds record a SW palaeocurrent direction. The 

sedimentary basin was limited, in the SE part, by a N70 border fault called the Tizi-n-

Iblouzene Fault (Jenny, 1983; Jenny et al., 1989). The fan systems are represented by a flat 

base and convex top shape that is well exposed in the Aït Tamlil outcrops. The overlying 

semi-arid/subhumid period (F3b Subunit, Fig. 11E) is characterized by the drainage of the 

alluvial fan towards the SW to ESE. In the more distal zone, in the SE part of the basin, the 

distal alluvial fan evolved into extended lake facies. The lacustrine shoreline was elongated 

along a NE-SW direction, as attested to by wave and current ripples. Within the Aït Tamlil 

area, 10 km wide coalesced fans and a simple 70 to 500 m wide fan are observed.  
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In these two areas (Tanoumri and Aït Tamlil) above the well-extended lake, fluvial to 

alluvial deposits (F4a Subunit, Figs. 6, 9, and 10) prograde in the basin with basically the 

same palaeocurrent direction as the underlying alluvial fan deposits (Fig. 11). The 

sedimentation boundaries of the F4a Subunit in these two areas are unknown due to the post-

Triassic erosion and therefore cannot be mapped in the MHA. 

In the Argana and MHA basins, an angular unconformity (BS2) is observed at the top of 

the fluvial to alluvial deposits of t4a/F4a subunits (Figs. 2, 6, 9, and 10). As a result, the basal 

part of the Middle Triassic deposits, i.e., Anisian t4b/F4b subunits, rest unconformably on the 

t4a/F4a subunits. In the Argana Basin, the Anisian axial drainage was parallel to the N-S 

border fault (Fig. 3A). In the Tanoumri and Aït Tamlil areas, the Anisian deposits (F4b) 

represented an axial floodplain, where the rivers flowed towards the SW to WSW and towards 

the N210 (SW to SSW), respectively (Figs. 6, and 9). These palaeocurrents are oblique to 

parallel to the N70 border fault, limiting the Tanoumri Basin at its NNW part (Figs. 11B, 

11C) and the Aït Tamlil Basin at its SSE part (Figs. 11D, 11E). The meandering rivers of the 

two basins flowed more or less parallel to the N70 axial valley. This change in palaeo-

drainage, from transverse during the Early Triassic to axial during the Middle Triassic, is 

possibly related to a tectonic movement induced by the BS2 angular unconformity. 

Consequently, after the BS2 unconformity, the Aït Tamlil and Tanoumri basins may have 

been connected and together could have formed a large basin; however these basins still seem 

to be disconnected from the Argana Basin by the "Massif Ancien" high (Fig.1B). Moreover, 

F4 Unit is only characterized by fluvial system without any tidal influence in accordance with 

Mattis (1977). 

To conclude, during the Early Triassic, the Aït Tamlil and Tanoumri areas were two 

distinct basins (Fig. 1B) until the upper F4a Subunit. In the F4b Subunit, the basins became 
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connected (during the Anisian). The Argana Basin remains disconnected from the MHA 

basins throughout the Early and Middle Triassic. 

7. Discussion 

Comparison with European basins 

To compare with the northwestern peri-Tethyan domain, figure 12 proposes a correlation 

between Moroccan and certain European basins. Almost everywhere in Europe, except in the 

central part of the Germanic Basin, a more or less angular unconformity is observed between 

the Permian and Triassic (Fig. 12). Induan sediments are only preserved in some parts of the 

Germanic Basin and record the same semi-arid climate condition of the late Permian (e.g., 

Bourquin et al., 2011; Ravidà et al., 2022). Mesozoic sedimentation at the European scale 

began in the early Olenekian. During this period, (e.g., Bourquin et al., 2011; Galán-Abellán 

et al., 2013; Linol et al., 2009; Ravidà et al., 2022), palaeoenvironments were composed of 

either poorly preserved palaeo-desert pavement or reg deposits (i.e., Devon, SE France, 

Balearic Islands) or regs and aeolian dunes (e.g., France, Germanic Basin, Iberian Range), 

with sometimes, in the central part of the Germanic Basin, a playa-lake without evaporites 

(e.g., Bachmann et al., 2010). This playa-lake is controlled by a water supply coming from the 

adjacent relief (Bourquin et al., 2006; Péron et al., 2005). The Lower Triassic deposits record 

arid climate condition in the Moroccan basins, i.e., the t3a and F3a subunits, and could be a 

time equivalent of the arid climate condition described in European basins considered as 

Olenekian in age (Fig. 12). In Europe, the Olenekian arid deposits evolve vertically into well-

developed fluvial deposits recording a semi-arid environment with the first occurrence of 

palaeosol developments dated as Spathian in the Germanic Basin (Szurlies 2007; Fig. 12). At 

the margin of this basin or in some other basins, a major hiatus of sedimentation is observed, 

sometimes underlined by palaeosol developments (i.e., Paris Basin, Balearic Islands, Fig. 12). 
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However, in southern Europe, Olenekian arid conditions continue until the late Spathian (e.g., 

Iberian Range; Galán-Abellán et al., 2013). The Spathian deposits with palaeosol 

developments could be equivalent to the t3b, t4a and F3b, F4a subunits in the High Atlas (Fig. 

10), which display a similar evolution to semi-arid conditions  (Fig. 12). 

In Europe, an erosional unconformity, called the Hardegsen unconformity, is observed 

almost everywhere (Fig. 12) and is dated as intra-Spathian in the Germanic Basin (Geluk and 

Röhling, 1997; Szurlies, 2007). Above this unconformity, the Anisian-Ladinian deposits 

evolve vertically to fluvial deposits recording a semi-arid climate which transitions to open 

marine sedimentation during the Muschelkalk Sea transgression in distal areas (e.g., Bourquin 

et al., 2011; Lloret et al., 2021; McKie and Shannon, 2011). In northern European basins, 

multiple unconformities are observed during this period and the Anisian-Ladinian deposits are 

characterized by fluvial with some aeolian deposits in separated basins episodically connected 

to the marine base level, with land-locked playa or evaporite salinas (e.g., McKie and 

Shannon, 2011). The BS2 unconformity observed in Moroccan basins could be the time 

equivalent of the unconformities observed in European basins, i.e., late Olenekian-early 

Anisian (Fig. 12). 

Tectonic control 

In the northwestern and southwestern peri-Tethyan domain, the P-T transition is characterized 

by an angular unconformity, classically attributed to a final orogenic collapse phase (Burg et 

al., 1984; Leleu et al., 2016; Lorentz and Nicholls, 1976; Ménard and Molnar, 1988; Redfern 

et al., 2010) or regional uplift, preceding Triassic rifting and the break-up of Pangea related to 

the opening of the Tethys and Atlantic Oceans (Charton et al., 2020; Ziegler and Dèzes, 

2006). However, the angular nature of the Base Triassic unconformity (Baudon et al., 2012) 

and the Lower Triassic by-pass through the continental domain and the change in the fluvial 
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network between the Permian and Triassic indicate a period of relief rejuvenation during the 

late Permian (Bourquin et al., 2011; Ravidà et al., 2022). Moreover, in the northern European 

domain where a transition is observed with Induan sediment preservation (Bourquin et al., 

2011; McKie and Shannon, 2011; Scholze et al., 2017), a late Permian to Early Triassic 

extension and fault block rotation have been observed and attributed to an early rifting 

episode (Eide et al., 2018; McKie and Shannon, 2011). In Moroccan basins, the P-T 

unconformity is also a matter of debate (Baudon et al., 2012), from relaxation or collapse of 

the chain (Saber et al., 2007) or pronounced crustal thinning and regional uplift before 

Triassic rifting (Manspeizer et al., 1978). Like in Europe, this P-T unconformity can be 

interpreted to have created topography with different sedimentation areas: desert pavement 

deposits in the high topographies (Argana basin) and desert pavement and aeolian dune 

preservations in the low topographies (Tanoumri, Aït-Tamlil basins) overlain by fluvial-

lacustrine deposits. These topographies seemed to be progressively infilled until a new period 

of structural re-organisation, in the upper Early Triassic, recognized in Europe, i.e., the 

Hardegsen unconformity, as well as in High Atlas basins. This intra-Spathian unconformity 

observed in the northwestern peri-Tethyan domain (Fig. 12) is attributed to a significant 

structural reorganization linked to the onset of extensional tectonics and the ongoing break-up 

of Pangea (e.g., Galán-Abellán et al., 2013; Geluk, 2005; Geluk and Röhling, 1997). This 

tectonic phase could be the time equivalent of the BS2 unconformity recorded in the 

Moroccan basins of the High Atlas, defined for the first time in this Gondwana domain. In the 

European domain, this structural reorganization leads to new source areas and a new fluvial 

style under marine influences at the distal part of the system ( e.g., Bourquin et al., 2011; 

Galán-Abellán et al., 2013). In Moroccan basins, this unconformity led to a restructuration of 

the Triassic basins with a change in the palaeo-drainage (Figs. 6, 9). Based on this study, 

integrated with previous tectonic studies (Arboleya et al., 2004; Baudon et al., 2009; 
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Beauchamp, 1988; Beauchamp et al., 1996; Domènech et al., 2018, 2015; El Arabi et al., 

2006b, 2003; Frizon de Lamotte et al., 2015, 2009; Laville et al., 2004; Leleu et al., 2016; 

Missenard et al., 2007; Moragas et al., 2017; Oliva-Urcia et al., 2016; Redfern et al., 2010), 

several composite basins have been recognized in the MHA; they were probably connected 

during the early Middle Triassic after the BS2 unconformity. It appears that the Argana Basin 

was always separated from the MHA basins, where the t4 Unit records an extension of 

sedimentation across the entire Argana Basin (Leleu et al., 2016). This extension is the intra-

t4 Unit and begins above the BS2 unconformity and can be compared to the reorganization of 

sedimentation in the MHA basins. 

Climate 

The late Permian strata is characterized in the Argana Basin by palaeosols representing a 

paleolatitudinal transect of ~ 5°N with an estimated MAP (Mean Annual Precipitation) 

average of 27 ± 5 cm, which indicates that these were the driest conditions (Tabor et al., 

2017). This study, in the MHA and Argana basins, reveals vertic calcisols, calcic vertisols and 

occasionally hydromorphic soil-gleying thereby indicating an arid to semi-arid climate. 

During the Early Triassic, it is considered that cooler phases occurred in the early 

Smithian, with a period of extreme warmth in the middle or late Smithian associated with 

ecological changes in the floral composition and a high faunal taxonomic turnover in the 

ocean (e.g., Goudemand et al., 2019; Romano et al., 2013). A new cooler episode 

characterized the beginning of the Spathian with palaeosol developments and preservation of 

footprints in the Central Pangea (e.g., Romano et al., 2013). This Smithian Triassic global 

warming is characterized by exceptionally high values (Péron et al., 2005; Sun et al., 2012). 

During the basal part of the Early Triassic, i.e., Induan, when sediments are preserved they 

reflect the same semi-arid condition as observed in the late Permian. This Induan age is 
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claimed to be missing in the three sections, and the early Lower Triassic (t3a and F3a 

subunits) started with a very hot climate condition with widespread palaeoreg and aeolian 

preservation. These desert sedimentary facies are observed in Europe and Morocco and are 

probably considered as middle to late Smithian age. 

As a result, during the Early-Middle Triassic, the climate evolution in the northwestern 

and southwestern peri-Tethyan domain is from a semi-arid, i.e., Induan, to arid, i.e., Smithian, 

and semi-arid environment, i.e., Spathian.  

8. Conclusion 

The late Permian, Early Triassic and basal part of the Middle Triassic represent the 

studied age range, in Irerhi section (Argana Basin, t2 Unit, t3a, t3b, t4a, and t4b subunits) and 

in Tanoumri and Aït Tamlil sections (Marrakech High Atlas basins, F2 Unit, F3a, F3b, F4a, 

and F4b subunits). According to new sedimentological data, the Upper Permian to Lower 

Triassic deposits are characterized by changes in the (1) environments, i.e., respectively 

fluvial fan in t2 / F2 units and palaeoreg with ventifacts, followed by proximal to med-alluvial 

fan deposits in t3a / F3a subunits that are associated to well-developed aeolian dunes (F3a), 

(2) palaeocurrent directions i.e., drainage direction changes by 10° to 15° depending on the 

basin, induced by P-T angular unconformity (BS1), and (3) palaeosol types i.e., respectively 

mainly vertisols and hydromorphic soils-gleying involving an arid to semi-arid climate within 

the late Permian (t2 / F2 units) and calcisol / aridisol formed in an arid climate during the 

early Lower Triassic (t3a / F3a subunits). These arid depositional environments evolve 

vertically to more humid conditions within the distal-med-alluvial fan and well-developed 

floodplain or lacustrine deposits (t3b and t4a / F3b and F4a) with vertisol, mature calcretes 

and hydromorphic soil-gleying. Moreover, in the three sections, the same evolution from a 

retrogradational and then progradational trend is observed. Its upper part displays well-
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extended fluvial or alluvial fan deposits, and ends by a tectonically induced angular 

unconformity (named BS2), identified for the first time. Above the BS2 unconformity, the 

depositional environments dated as Anisian (t4b / F4b subunits) are characterized by a 

meandering river in a semi-arid floodplain. The palaeoenvironmental reconstructions, show 

that sedimentation in the High Atlas were recorded in numerous independent Lower Triassic 

basins. Above the P-T boundary and remnant topographies, different sedimentation areas are 

observed with only reg deposits in the high topographies (Argana Basin) and reg deposits and 

aeolian dunes in the low topographies (Tanoumri, Aït Tamlil basins), associated with 

ephemeral alluvial fan deposits with various transverse palaeocurrent and oblique palaeowind 

directions, controlled by N70 border faults. In Tanoumri Basin, the fans palaeocurrent 

directions are towards the NNE to W and palaeowind towards the NW to WNW. In Aït 

Tamlil Basin, the alluvial fans flow towards the ESE up towards the SW and the blowing 

winds are to SW direction. These arid deposits are overlain by fluvial and lacustrine 

sediments in more humid climate conditions (F3b subunit). After the BS2 angular 

unconformity, an axial palaeo-drainage is observed and the Aït Tamlil and Tanoumri basins 

were probably connected but always disconnected from the Argana Basin.  

Compared with Western Europe, the arid climate period recorded in High Atlas Lower 

Triassic (t3a / F3a subunits) corresponds to the early Olenekian (Smithian), whereas the semi-

arid to subhumid period (t3b, t4a / F3b, F4a) corresponds to the late Olenekian (Spathian), 

and the BS2 unconformity could correspond to the Hardegsen discontinuity. These results 

show the same climate evolution in western terrestrial Tethys basins, i.e., North Gondwana 

and European, reflecting a global climate evolution. Moreover, the tectonically induced 

unconformities observed in these two areas have called into question the timing of the rifting 

in Morocco and Europe related to the opening of the Atlantic Ocean. 
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Figure captions 

Figure 1: Location of the study areas. (A) Triassic outcrops throughout the High Atlas 

mountain range: WHA = Western High Atlas, MHA = Marrakech High Atlas, CHA = Central 

High Atlas, EHA = Eastern High Atlas and MA = Middle High Atlas (Modified after 

Beauchamp, 1988; Laville and Piqué, 1991). (B) The areas in pink indicate Permian and 

Triassic outcrops. The white colour covers the Palaeozoic and post-Triassic outcrops 

(Benaouiss et al., 1996). Arrows indicate the location of the three sections (Irerhi in Argana 

Basin, Tanoumri and Aït Tamlil in MHA Basin). (C) Generalized lithostratigraphic column of 

the Argana Basin (t1 to t8 Units) and the Marrakech High Atlas basins (F1 to F6 Fm). The 

studied interval is from the uppermost part of the t2 and F2 units to the lowermost part of the 

t4 and F4 units, respectively. The numbers 1 to 15 refer to the dating levels: (1) Jalil and 

Dutuit (1996), Jalil and Janvier (2005); vertebrate remains, late Permian; (2) Tourani et al., 

(2010); tetrapod footprints, Olenekian (Early Triassic); (3) Klein et al., (2010), tetrapod 

footprints, Olenekian (Early Triassic); (4) Jalil et al., (2009), vertebrate remains, Middle 

Triassic; (5) Klein et al., (2011), tetrapod footprints, Middle Triassic; (6) Medina et al., 

(2001), charophytes and ostracods, Anisian (Middle Triassic); (7) Jalil (1999), vertebrate 

remains, Carnian (Late Triassic); (8) Jalil (1999) and  Khaldoune et al., (2017), vertebrate 

remains, Carnian (Late Triassic); (9) Weems and Lucas (2015), conchostracan, uppermost 

Norian (Late Triassic); (10) Blackburn et al., (2013), zircon geochronology, end-Triassic; (11) 

Van Houten (1977), radiometric dating, Permian (Lower Permian); (12) Perez et al., (2019), 
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zircon geochronology, late Permian; (13) El Arabi et al., (2006), pollens, Middle Triassic 

(Middle Anisian); (14) Biron and Courtinat (1982), pollens, Late Triassic (Middle Carnian); 

(15) Cousminer and Manspeizer (1976), pollens, Late Triassic (Middle Carnian) and (16) 

Marzoli et al., (2004), radiometric dating, Lower Jurassic.  

Figure 2: Sedimentological log, palaeosols, palaeocurrents, depositional environments, 

stratigraphic cycles and climate conditions of the Irerhi section in the Argana Basin. See 

Tables 1 to 3 for the facies, palaeosol, and environment codes and their description. 

Figure 3: Irerhi area to the north of Argana village. (A) Geological map around the Irerhi 

section. (B) Details of the SB1 unconformity. (C) Details of the SB2 unconformity, 

highlighted by a white surface (Pg soil, see Table 2). See Figure 2 for the stratigraphic 

position of the unconformities.  

Figure 4: Representative examples of facies and facies association types encountered in the 

late Permian to Early Triassic series, in the Argana and MHA basins. (A) Subunits, Braided 

River (RB) and SB2 unconformity, in the Irerhi section. (B) and (C) respectively zooms of 

proximal alluvial fan (AFp) and med-alluvial fan (AFm1). (D) SB2 unconformity between t4a 

and t4b subunits, underlined by white hydromorphic soil (Pg). (E) Distal alluvial fan (AFp) 

characterizing t4a Subunit. (F) to (R) Tanoumri section in MHA basins. (F) SB1 

unconformity between the late Permian (F2 Unit) and Early Triassic (F3 Unit). (G) to (I) late 

Permian palustrine deposit (PA) in the F2 Unit, composed of the C/C facies with stacked 

laminated carbonate (1) and brecciated claystone (2). (J) Lowermost part of the F3a Subunit, 

showing SB1 unconformity, palaeoreg deposit (RE) and proximal alluvial fan deposits (AFp). 

(K) Ventifacts from the base of F3a and t3a subunits, bars represent 1 cm. (L) and (M) 

illustrate the main facies of the med-alluvial fan deposits (AFm1). (N) Representative facies 

types from the distal alluvial fan (AFd) of the F3b Subunit. (O) Palustrine deposits (PA) 
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overlying by the distal alluvial fan (AFd) of the F3b Subunit; (P) Zoom of the gleyed 

mudstone, indicating the hydromorphic soil-gleying (Pg), see (O) for location; (Q) Close up 

view of the Cpa facies with various types of desiccation and root cracks which lead to 

intraclasts of brecciated facies, see (O) for location; (R) Pedogenic carbonates (Cpe) in the 

F3b Subunit, palaeosols (Pc-IV/Pc-VI) with prismatic carbonate nodules (P) horizon, hard and 

deformed carbonate horizons. See Tables 1, 2 and 3 for the meaning of the codes, the blue 

hammer is 28 cm length, the brown one is 33 cm length, and the stick is 1 m length.  

Figure 5: (A) Geological map of the Permian and Triassic outcrops in the Marrakech High 

Atlas MHA (redrawn from Biron 1982) with the location of the Tanoumri section (white star). 

(B) Picture showing the details of the angular unconformity between the F2 (late Permian) 

and F3 (Lower Triassic) units. (C) Picture showing the details of the angular unconformity 

(SB2, yellow lines) between the Lower Triassic F4a Subunit and early Middle Triassic F4b 

Subunit in the Tanoumri section, white lines represent stratification. (D) Geological map of 

the Aït Tamlil area, Permian and Triassic outcrops (age code pt, i.e., purple and yellow color). 

(E) Zoom view of synthetic geological map around the studied zone and the location of the 

Aït Tamlil section (white star). (F) The Aït Tamlil outcrop view showing the unconformities 

between the late Permian F2 Unit and Lower Triassic F3 Unit (SB1) and between the F4a/F4b 

Middle Triassic subunits (SB2). See Figure 1B for the location of Tanoumri and Aït Tamlil 

sections. 

Figure 6: Sedimentological log, palaeosols, palaeocurrents, depositional environments, 

stratigraphic cycles and climate conditions of the Tanoumri section in the Marrakech High 

Atlas basins (MHA). See Tables 1 to 3 for the facies, palaeosol and environment codes and 

their description. See Fig. 2 for legend. 
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Figure 7: Aeolian facies in the Tanoumri section, (A) aeolian dunes and sandsheet, the white 

arrows indicate the boundary surfaces, (B) zoom view of the area in the black box in (A), (C) 

and (D) grouped aeolian dunes, the cross-section is slightly perpendicular to oblique to the 

direction of the current in (C), and parallel to the direction of the current in (D).  

Figure 8: Common types of facies and facies association in the Tanoumri and Aït Tamlil 

sections within MHA basins, from the Early Triassic to early Middle Triassic. Tanoumri 

section: (A) Pedogenic carbonate (Cpe) in the F3b Subunit, white arrows indicate the 

laminated carbonate, black arrow shows the alveolar septal structure associated to vertical 

desiccation (red arrow); (B) Zoom of Sq facies, well sorted and sub-to rounded quartz, 

associated to the brecciated facies of the Fig. 4Q; (C) The middle and upper part of the F3b 

Subunit, display the berm deposits (Bm) with wedge-planar foresets (Gh, Sl facies) of more 

sandy beds (D, black arrows indicate the continuous calcite coating particles) and pebbly beds 

(E, black arrows indicate calcite cement). (F) close up view of interstratified algal mats (AM); 

(G) Distal fluvial fan distributary system (FF), showing a flat sheet bed of the F4a Subunit; 

(H) Zoom showing Sb2 cylindrical burrow (Taenidium Barretti). Aït Tamlil section: (I) 

Different units and subunits of the Aït Tamlil section. (J) Zoom of the stacked Pc-IV calcretes 

in the lower part of the F3b Subunit; in med-alluvial fan (AFm1/AFm2), see location in (I). 

(K) Distal alluvial fan (AFd) deposits overlaying by lacustrine facies associations (L1/L2) of 

the F3b Subunit, see location in (I) and see details in L to N; (L) and (M) Lacustrine deposits 

(L1), respectively the oolitic shoal with COl and COr facies; (N) White arrows indicate the 

associated algal mats to COl or COr facies; (O) Oolitic sandstone lobes (L2), the black arrows 

point to glistening quartz grains, the blue arrows show ooliths in a sandy facies; (P) 

Lacustrine deposits (L3) of the F4a Subunit, separated from the F4b Subunit by the SB2 

unconformity; (Q) Meandering river (RM) and floodplain (FP) deposits of the F4b Subunit. 
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The Fsm facies is associated to Pv soils with carbonate nodules and slickensides (white 

arrows). See Tables 1, 2 and 3 for the meaning of the codes.         

Figure 9: Sedimentological column, palaeosols, palaeocurrents, depositional environments, 

stratigraphic cycles and climate conditions of the Aït Tamlil section in the Marrakech High 

Atlas basins. See Tables 1 to 3 for the facies, palaeosol and environment codes and their 

description. See Fig. 2 for legend. 

Figure 10: Stratigraphic correlation of the late Permian - Lower Triassic - early Middle 

Triassic deposits showing sedimentary architectures, depositional environments and climate 

conditions within (1) Irerhi section in Argana Basin, (2) Tanoumri and (3) Aït Tamlil sections 

in Marrakech High Atlas (MHA) basins. See the location of the sedimentological sections in 

Figure 1B.  

Figure 11: Palaeogeography of the Marrakech High Atlas basins during the Lower Triassic 

(especially F3a and F3b subunits). (A) Location of the MHA sections on the geological map. 

(B to E) Palaeoenvironmental reconstruction of the Lower Triassic in the Tanoumri section (B 

and C, respectively for arid and semi-arid/subhumid climates) and in the Aït Tamlil section (D 

and E, respectively for arid and semi-arid/subhumid climates). See Figures 6, 9 and 10 for the 

sedimentary details and stratigraphic position of F3a and F3b subunits. See Table 3 for the 

facies association codes. 

Figure 12: Simplified stratigraphic logs of the Upper Permian - Lower Triassic - Middle 

Triassic series in Europe (Bourquin et al., 2011), in Argana and MHA basins (This study). 

Note that dashed zones represent a sedimentary hiatus, and unconformities are shown as 

sinuous lines. The absolute time scale is taken from the international Commission on 

Stratigraphy (Gradstein et al., 2008). 
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Table captions 

Table 1: Lithofacies of the Irerhi, Tanoumri and Aït Tamlil sections (modified after Miall, 

1977, 2006; Postma 1990; and new codes). 

 Table 2: Typology, lithology, and interpretation of the various palaeosols. Codes with capital 

letter "P" which indicates "Palaeosol" and lowercase suffix letter designating the type of 

paleosol: "c" for calcisol; "v" for vertisol and "g" for gleysol. 

 Table 3: Facies associations, sedimentary architectures, and depositional environments of the 

late Permian, Early Triassic, and early Middle Triassic, in the Argana and Marrakech High 

Atlas basins. See Table 1 for the facies codes and depositional processes.  
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Table 1: Lithofacies of the Irerhi, Tanoumri and Aït Tamlil sections  

F

acies 

Code 

Lithofacies Sedimentary structures Interpretation 

Conglomerates 

G

m 

Dominant 
quartzite and 
subordinate quartz 
fine pebbles to fine 
cobbles, moderately 
to poorly sorted, 
clast- to matrix-
supported  

Massive, ungraded.  
Irregular beds with erosive base, 
up to 80 cm-thick and m-length. 

Lag deposits in 
troughs: gully-fill deposits. 

G

mi 

Very fine to 
fine carbonate 
pebbles (glaebules) 
to granules, few 
millimetric bone 
fragments, 
moderately sorted, 
clast- to matrix-
supported 

Massive monogenic 
conglomerates. 
Beds with slightly erosive base, 
up to 30 cm-thick beds and up 
to 100 m-length.  

Mass flow deposits of 
reworked calcrete 
intraclasts, formed during 
floodplain degradation-
aggradation phases, related 
to fluctuated ground water 
level.  

G

mm 
Sub-angular to 

sub-rounded 
granules, pebbles, 
cobbles, poorly 
sorted, matrix- to 
clast- supported 

Massive to weak grading, 
chaotic pebbles or imbricated 
texture with subordinate sandy 
to silty intercalations (Sm). 
Beds with flat to irregular base, 
cm- to 1.5 m-thick. 

Debris to mud flow, 
hyperconcentrated flow, 
forming levees or lobes, 
interstratified in proximal 
alluvial fan.  

G

h 
Sub-angular 

gravels to pebbles, 
moderately to 
poorly sorted, 
matrix- to 
clast-supported 

Horizontal bedding to Low 
angle (< 15°) cross-strata, with, 
few clast imbrications. 
Beds up to 50 cm-thick and 
dam-length. 

Stream flow, upper 
flow regime sheetflooding 
or decrease of sediment 
supply, plan-beds. 

G

t 
Sub-rounded 

gravels to pebbles, 
moderately to 
poorly sorted, 
matrix-supported 

Fining-up sequences with 
trough cross-bedding. 

Erosional base. 

3D dunes migration.  

G

p 
Sub-angular 

gravels, moderately 
sorted, matrix -
supported 

Planar cross-bedding. Migration of 2D dunes 
Gravel bars.  
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G

a 

Sandy fine to 
coarse pebbles 

 

 

 

Simple planar cross-
bedding, individual laminae dip 
is from 8 to 18°, with some 
imbrications. 
Beds with sharp planar base and 
top, 15 to 50 cm-thick and 1 to 6 
m-length. 

 

 

 

Antidunes (or 
backsets) migration under 
upper-flow-regime sheet 
flood.  

Sandstones 

S

m 

Medium to 
fine-grained sand, 
moderately sorted 

Massive, dewatering 
structure or faint lamination. 
Sharp basal boundary. 

Deposition from rapid 
sedimentation, 
hyperconcentrated flows 
and/or destruction of 
primary structures by 
bioturbations, liquefaction. 

Sl Coarse, 
medium to fine-
grained-sand 

Low-angle (< 15°) cross-
bedded sandstone. 

Humpback or washed-
out sand flat of higher 
stream power. 

Sr Medium, fine 
to very fine-grained 
sand 

Ripple cross-laminated 
sandstone. 

Current ripples, 
migrating under lower 
flow regime. 

S

h 

Medium to 
very fine-grained 
sand, moderately to 
poorly sorted 

Horizontally laminated 
sandstone, sometimes with 
parting lineation and flute casts.  

Plane-bed from fast, 
shallow flow in upper flow 
regime.  

S

p 

Medium to 
fine-grained sand 

Planar cross-bedded 
sandstone. 

2D dunes migration. 

St Coarse, 
medium to fine-
grained sand 

Trough cross-bedded 
sandstone. 

3D dunes migration. 

S

hg 

Medium-
grained sandstone 
and subordinate 
micro-conglomerate 

Mottled horizontally 
bedded sandstone, massive 
upper part with infra-millimetric 
to 2 cm carbonate nodules and 
topped by mm to cm laminar 
carbonate. Subordinate cm-thick 
microconglomeratic beds. 

Distal sand flat deposited 
by sheet flooding with the 
development of mottling 
and carbonate nodules 
attesting the rising of the 
ground water. 
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S

g/S 

Very coarse-
grained sand with 
dispersed gravels, 
poorly sorted, 
matrix –supported, 
alternate with 
medium to fine 
sandstone beds 

Alternations between 
planar-stratified coarser and 
finer sandstones 
Beds of 10-25 cm-thick.  

Coarse-fine planar-
stratified couplets (Planar 
gravely sandstone/medium 
to fine sandstone couplet) 
deposited by upper-flow 
sheet-flooding. 

S

o 

Oolitic 
medium-grained 
sandstone 

Sandstone with scattered 
ooliths, wave/current ripples, 
with sometimes rootlets. 
Beds with flat base and irregular 
convex surfaces at the top, of 5 
to 3 m-thick and 40 m- length. 

Oolitic sandstone 
lobes built under wave 
effect, foreshore side 
lobes. 

S

q 

Medium-
grained sand, well 
sorted, micritic to 
sparitic cement.  

Quartz grains are sub-to 
rounded shape, polished and 
gleaming surfaces, with sharp to 
diffuse contact with interbedded 
pedogenic and palustrine 
carbonates.  

Reworked and brewed 
eolian quartz grains by the 
margin-lake waves.  

S

b1 

Medium to 
fine-grained 
sandstones 

Sedimentary structure 
disturbed by vertical to 
horizontal burrows 
characterized by lined and 
unbranched trace; scratchs are 
main features as external 
ornamentation consisting of 
short longitudinal ridges. Their 
fills composed of chevron-
laminated to meniscate 
sediment. 

Typical of subaqueous 
environment attributed to 
Scoyenia characterizing 
the change in sediment 
consistency during a 
hiatus.  

S

b2 

Fine siltstone to 
sandstones 

Sedimentary structure 
disturbed by curved cylindrical 
burrows, unlined and 
unbranched. The burrow fill is 
compartmentalized and shows 
arched menisci.  

Taenidium Barretti.  

D

L 

Quartzite or 
Quartz, coarse 
pebbles to fine 
cobbles, moderately 
to well sorted 

Monogenic conglomerates, 
with mainly quartzite clasts (2 
to10 cm) and some quartz clasts 
(1.5 to 3 cm), horizontally 
aligned. Clasts are composed of 
ridges and facets with 
sometimes smaller-scale pits 
and grooves. Facet angles from 

Deflation lag surface, 
clasts are shaped by the 
erosive action of 
windblown sand forming 
ventifacts or wind-polished 
stone. Ventifacts are often 
reworked by debris flows 
as levees or lobes.    
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the horizontal are 38° – 55°. 
Beds with sharp basal boundary 
up to 40 cm-thick.  

A

d 

Medium to 
fine-grained sand, 
well sorted 

Solitary tabular cross-
bedded sandstone with foresets 
dipping 28 – 30° and inverse 
graded laminae.  
Beds are 25 to 120 cm-thick and 
2.5 to 30 m-length.  

Aeolian dunes: grouped 
tabular cross-bedded sets, 
mostly similar dip 
direction of foresets. 

A

h 

Medium-
grained sand, well 
sorted, well rounded 
quartz 

Horizontally or low angle 
laminated sandstone with 
inverse graded laminae. 

Dry interdune deposits or 
aeolian sand sheet 
deposited under an upper 
flow blowing wind or 
characterizing a decrease 
sand supply. 

A

r 

Medium-
grained sand, well 
sorted, well rounded 
quartz 

Inversely graded ripples 
cross-laminated sandstone, that 
form inclined foresets of 25°. 
Beds of few cm to 30 cm-thick 
and 1 to 3 m- length.  

Wind ripple, interpreted as 
aeolian drift deposit in 
some sections  

A

M 

Sandstones and 
gravel 

Fine wavy laminations, 
dark in color, forming bands 
mm to cm and extend over 30 
cm, some grains are trapped and 
upright. Up to three sets of 
tapered cracks with < 1mm to 6 
mm width indicate multiple 
shrinkage cracks.  

 

Algal mats, stromatolites.  

Carbonates  

C

pa 

Carbonate 
beds, micrite to 
microsparite 

Massive to crudely 
laminated carbonates with often 
horizontal desiccation cracks or 
isolating elongated, rounded or 
angular micritic fragments 
formed by a network of 
desiccation cracks (brecciation). 
Beds of up to 20 cm-thick, 
frequently interstratified with 
Cpe. 

 

Carbonate of a lake-
margin: the original 
lacustrine carbonate is 
modified by desiccation 
cracks.  

C Carbonate Massive to crudely Pedogenic carbonates at 
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pe beds, micrite to 
microsparite 

laminated carbonate with 
alveolar-septal structures, 
vertical desiccation cracks, 
sparitic coated grains.  
Beds of up to 20 cm-thick, 
frequently interstratified with 
Cpa. 

the top of the nodular 
horizons, vadose setting.  

C

Ol 

Oolitic 
limestone, sand-
sized, well-rounded 
and spherical ooids 

Horizontally to very low 
angle laminated or massive with 
some algal mat structures and 
glistening/blunted to rounded 
quartz grains. 
Beds of 3m-thick and about 100 
m-length.  

Oolitic shoal. 

C

Or 

Oolitic 
limestone: oolitic 
grainstone and 
oosparite, sand-
sized, well-rounded, 
well-sorted and 
spherical ooids 

Wave, current ripples or 
laminations with some algal mat 
structures. 

Lenticular beds up to 40 
cm-thick and tens of meters in 
length. 

Oolitic lobes, shoreface 
side lobes. 

Heterolithic 

C/

C 

Interbedded 
carbonate and clay 
intraclasts  

Laminated carbonate (light 
brown micrite, microsparite) 
and dark brown brachiated 
claystone fabric, sparitic 
desiccation cracks. 
Beds of up to 30 cm-thick. 

Lacustrine carbonate of 
lake margin subject to 
pedogenic processes 
during aerial exposure 
phases.  

G

/S 

Interbedded of 
very fine to medium 
pebble, angular to 
sub-angular, poorly 
sorted, matrix and 
clast-supported and 
pebbly medium to 
coarse sandstone 

Alternations of planar-
stratified coarser and finer 
grains with imbricated gravel 
fabric. Sandstone beds are 
structureless at the base (Sm) 
and laminated at the top (Sh). 
Beds of 3 to 40 cm-thick. 

Coarse-fine planar-
stratified Couplets (Planar 
gravel/sand couplet) 
deposited by upper-flow 
sheet flooding. 

 

 

 

 

Mudstones 

F

m 

Mudstone  Massive. Deposition from 
suspension load.  
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Fs

m 

Fine silt, silty- 
or sandy- clay 

Pedogenically altered. Overbank and/or 
waning flow deposits in 
standing water-bodies or 
abandoned watercourses. 

Fl Fine silt, silty- 
or sandy- clay 
interbedded with 
beds of fine to 
medium sand 

Massive or horizontally 
laminated mudstone interbedded 
with massive, horizontally or 
ripple cross-laminated sandstone 
sometimes bioturbated. 

Deposition from 
suspension alternating with 
overbank or waning flood. 

Fl

o 

Fine silt to silty 
claystone 
interbedded with 
lenses of fine to 
medium sand and 
containing scattered 
oolites 

Massive and crudely 
laminated with scattered ooliths 
and locally wave ripples, some 
stromatolithes.  

Coastal plain. 
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Table 2: Typology, lithology, and interpretation of the various palaeosols.  

C

ode 

Lithology Interpretation 

P

c 

Calcretes developed in 

mudstone, sandstone or 

conglomerate host rock, and 

characterized by upward-

increasing carbonate content. 

In mudstone host rock, 

three horizons from the base to 

top are recognized: 

-wedge-shaped slickensides 

(Bss) 

-up to 1 cm carbonate nodules 

(Bk) 

-a gradual base and abrupt top 

of carbonate cemented 

siltstones associated 

sometimes to the scattered 

carbonate nodules (Bkm). 

 

- Calcisol (Tabor et al., 2006) 

- Aridisol (Soil survey Staff, 2022; Tabor and 

Montanez, 2004) and as:  

- Type H of Tabor and Montanez (2004). 

The progressive transition from nodular to 

massive and laminar calcretes indicates the 

decrease of the sedimentation rate (Alonso-Zarza 

et al., 1999; Wright and Marriot, 1996). 

These calcretes are typical of semi-arid 

climate where type I to VI of Machette, 1985 

characterized stages of development in 

increasingly dry seasons. 
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In sandstone or 

conglomerate host rock: only 

Bk/Bkm horizons are present 

showing several calcitic shapes 

which characterize six stages 

(PC-I to PC-VI): 

- Stage I: with only micritic 

filaments (Pc-I), 

- Stage II: circular to ovoid 

carbonate nodules shape (Pc-

II), 

- Stage III: coalescing nodules 

into vertical prism and 

carbonate matrix (Pc-III),  

- Stage IV: laminar horizons, 

sometimes with deformed 

shape (Pc-IV),  

- Stage V: laminar carbonates 

and coated carbonate 

fragments (Pc-V),  

- Stage VI: thick hard pan and 

brecciation (Pc VI). 
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P

v 

Clay soils with carbonate 

nodules (stages II and III). 

The lowermost part of the 

profile displays local laminated 

mudstones associated sometimes 

to burrows (tubules: mm to 1 cm 

long). 

 

In clay soils characterised by 

the non-cumulative (simple) 

palaeosols: The aggregated 

mudrock consists from the top to 

base: 

- cracking upper horizon (H3), 

- wedge-shaped peds or 

aggregates with clay-skin 

coatings and slickensides 

horizon (H2), 

- carbonate in the lowest 

horizon (H1) (nodules <1cm to 

6 cm in diameter). 

- Vertisols (e.g., Retallack, 1988; Smith and 

Kitching, 1997; Tabor and Montanez 2004, 

Marriott and Wright 2004, Marriott et al., 2005; 

Marriott and Wright, 2006),  

- Vertisols type G (Tabor and Montanez, 

2004) 

- Calcic vertisols (Marriott and Wright, 2006; 

Gastaldo et al., 2020) 

Geomorphologic setting is mainly flat 

regions but the gentle slopes are possible 

(Retallack 1997). The Gmi facies, which covers 

the profile, records the degradation-aggradation 

phases in the floodplain. 

90% of vertisols form in dry tropical to 

subtropical environments and 70% in the semi-

arid tropics (Caudill et al., 1996).  

Vertisols occur in subhumid – semi-arid 

climates with a pronounced dry season according 

to Geibler and Freiberg (1998), and semi-arid to 

arid climate according toTabor and Montanez 

(2004). 
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In cumulative palaeosols, the 

horizons are not separated but 

cumulated as H2-H1 or H3–H2. 

 

In some case the Pv soil is 

overlain by Gmi facies that can 

completely remove the horizon 

H3. 

P

g 

Root traces, mottled 

horizons, Fe-oxide nodules and 

slickensides, mainly identify in 

the Fsm facies and subordinately 

in the Fm, Fl and Sr facies. 

Gleyed or mottled horizon 

shows abundant redoximorphic 

concentrations (grey, yellow and 

reddish-brown) and reductions 

with gleyed matrix colours.  

Hydromorphic soils-gleying (Retallack, 

1988; Tabor and Montanez 2004). 

Gleyed matrix is induced by gradual 

depletion of Fe – (Mn) under evidence of periodic 

water-logging, anoxic conditions and 

mobilization (Soil Survey Staff, 1975). Episodic 

water-logging is from flooding events proximal to 

stream corridors (Tabor et al, 2006). 

They occur in tropical, humid climate, with 

high rates of chemical weathering, according to 

Tabor and Montanez (2004). 
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Table 3: Facies associations, sedimentary architectures, and depositional environments of 

the Permian-Early Triassic-early Middle Triassic, in Argana and MHA basins.  

Facies 

Associations 

Sedimentary 

architecture 

Depositional environment 
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Journal Pre-proof



 

FF: 

Gp, Gh, Sm, 

Sh, Sp, Sr, Pg, 

Fl, Fm, Fsm, Pv, 

Pc, Pg, Sb2 

 

Extensive flat sheet 

bodies of mainly fine to 

medium-grained sandstones 

to siltstones with sharp base 

and flat to undulatory top 

(Sm, Sh, Sp, Sr), more 

rarely conglomerate (Gp, 

Gh) with erosive base, 

evolving vertically: 

- to mudstones (Fl, Fm or 

Fsm) with paleosol (Pg, Pv, 

Pc-II and -IV) 

 

Isolated or 

amalgamated beds of 0.1 to 

dam-thick and of dam to 

600 m-length. 

Sb2 (Taenidium 

Barretti) is the common 

bioturbation. 

Distal fluvial fan 

distributary system (e.g., 

Arzani, 2005; Tooth, 2000, 

2005; Fisher et al., 2007,  2008; 

Cain and Mountney, 2009; van 

Toorenenburg et al., 2016) , 

commonly named frontal splay 

characterized by frontal 

sheetflood events, recording 

paleocurrent oriented to the 

main stream flow which grade 

into floodplain deposits (Fm, Fs, 

Fsm) which can develop sols 

and nodules attesting the rising 

of the ground water, in poorly 

drained alluvial soils (e.g., 

Kraus and Aslan, 1993) and 

under arid to semi-arid climate 

from paleosol analysis (Table 

2).  
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FP: 

Fl, Fm, Fsm, 

Fv, Gmi, Sr, Pv, 

Pc, Pg 

Interbedded of: 

- extensive mudstone beds, 

few cm to 10 m-thick, 

frequently massive (Fsm) 

and laminated (Fl) and 

rarely massive (Fm, Fsm) 

- very-to fine-grained 

sandstone and siltstone, 

sheet-like with a lateral 

extent of more than 100 m 

characterized by rippled 

laminations (Sr) of about 20 

to 60 cm-thick. 

Primary structures can be 

disturbed by mottled 

horizons (Pg) or by intense 

pedogenic features (Pv or 

Pc-II, -IV and -V). The Pv 

soil is sometimes covered by 

intraformational 

conglomerates (Gmi) with 

carbonate nodules clasts. 

Floodplain deposits with 

extensive unconfined sheetflood 

typical of overbank deposits 

(e.g., Nanson and Croke, 1992; 

Smith, 1993; Jorgensen and 

Fielding, 1996; Bridge, 2003; 

Tooth, 2005) and mainly 

carbonate soils that attest the 

seasonal dry climate with 

contrasting seasons wet/dry (Pv) 

to the immature or strongly 

developed aridisols (Pc-II to -V, 

Machette, 1985). Pg 

hydromorphic soils-gleying 

(e.g., Kraus, 1999) is 

subordinate. The Pv soil 

associated with Gmi facies 

formed during floodplain 

degradation-aggradation phases 

(e.g., Smith and Kitching, 1997; 

Marriott and Wright 2006). 

The FP characterized distal 

zone within either arid or semi-

arid climate. 
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AFp: 

Gmm, Sm 

Matrix- to clast-

supported conglomerates 

(Gmm) with flat to irregular 

base grading vertically to 

sandstones (Sm). 

Sometimes, the basal part 

can contain locally 

ventifacts. 

Isolated or stacked beds 

of 40 cm to 1.5m-thick. 

Proximal alluvial fan with 

hyperconcentrated flow and 

debris flow lobes (e.g., Blair & 

McPherson 1994; Blair and 

McPherson 1998; Muravchik et 

al., 2014; Ezquerro et al., 2019). 
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AFm1:  

G/S, Ga, 

Gm, Gmm, Sm, 

Ar, Ah, Pc-II, 

Pc-IV 

Pc-V 

 

Planar-interstratified 

beds of sandy and very fine 

to medium pebble (G/S), 3 

to40 cm-thick associated to 

backsets or antidunes (Ga), 

15 to 50 cm-thick and 1 to 6 

m-length, with sharp and 

planar contacts with: 

- local gully-fill deposits 

(Gm) up to 40 cm thick with 

low-relief scours (up to 10 

cm) 

- occasionally Sm and 

subordinate debris flow 

deposits (Gmm). 

- Pc soils (stage II, mainly 

IV, rarely V)and sometimes 

interbedded and aeolian 

deposits: 

- planar-cross 

bedded medium-grained 

sandstone (Ar); 25° dip   

foresets, few cm- to 30 

cm-thick and 1 to 3 m-

length, 

- horizontally or low 

angle laminated 

sandstone (Ah), 10 to 50 

Med-alluvial fan 

characterizes by mainly 

sheetflood gravelly-sandy 

couplets of ephemeral streams 

(e.g., Muravchik et al. 2014; 

Blair, 1987; Chamyal et al., 

1997; Sohn et al., 1999; Mather 

and Hartley 2005; Ezquerro et 

al., 2019). 

The Pc soils indicating 

either semi-arid or more arid 

climate. 

The association with Pc-II 

soil (Table 2) and aeolian 

deposits attest arid climate 

condition. 
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AFm2: 

Gt, Gp, Gh, 

St, Sp, Sh, Sr, 

Sm, Ar, Ad, Ah, 

Pc-II  

Simple to composite 

gravely-pebbly to sandy 

bedload bodies with flat to 

slightly irregular base (Gp-

Gh, Gh low angle-Sh, Gp-

Sh, Gp-Sp-Sh, Gp-St, Gp-

Sm, Gh-Sp-Sh-Sr, Gt-Sm, 

Gt-Sm-Sh-Sr, Gp-Sp-Sh, 

Sm-Sh, Sh-Sr or stacked Sp 

associations) up to 2 m-

thick, associated sometimes 

with: 

- planar-cross bedded 

medium-grained sandstone 

(Ar); 25° dip foresets, few 

cm- to 30 cm-thick and 1 to 

3 m-length (Ar) and 

- Pc soil of stage II.  

AFm2 can be associated 

with Ad and/or Ah facies 

(ER facies association) 

Med-alluvial fan 

dominated by stream flow with 

2D/3D type bedforms as gravely 

or sandy bars interstratified or 

isolated (e.g., Makhlouf et al. 

2010; Blair 1987) with Pc soils 

indicating either semi-arid or 

more arid climate. 

The upfan wind sandstone 

or aeolian drift with opposite 

wind flow direction and arid soil 

attest arid-alluvial plain 

AFm3: 

Sg/S, Sm, 

Stacked of planar-

stratified sandy couplets 

Med-alluvial fan deposits 

characterize mainly by the 
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Pc-IV (Sg/S), 20 to 80 cm-thick 

sometimes, with 

occasionally massive 

sandstones (Sm) associated 

with mature soil Pc-stage 

IV. 

sheetflood sandy couplets with 

mature soil that attest semi-arid-

alluvial plain (e.g., Chamyal et 

al., 1997; Sohn et al., 1999). 

AFd: 

Sm, Sp, Sh, 

Sl, Shg, Sr, Fl, 

Fm, Fsm, Pc, Pg 

Interbedded of: 

- mainly superposition of 

medium to fine sandy sheet 

(Sm, Sp, Sh, Sl, Shg, Sr) 

with flat base and generally 

undulating to rippled top, up 

to 1.30 m-thick, 10 m to 

100s m-length 

- mudstones (Fl, Fm, Fsm) 

with Pc and Pg soils. 

Distal alluvial fan 

deposits, the sandy sheet floods 

are locally interstratified within 

alluvial plain facies (e.g., Miall 

1996 ; Blair, 2000; Mather & 

Hartley, 2005; Ezquerro et al., 

2019) composed of unmodified 

to modified soils Pc or 

hydromorphic soil (Pg, Table 2) 

which attest either arid or 

subhumid climate. 

d
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l 

A
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A

F
d
) 

 

R

E:  

D

L 

Quartzite or quartz pebbles 

to cobbles aligned on more or 

less continuous surface clasts, 

sharp base and extended to 100 

m.  

Reg deposit or desert pavement, 

the wind-blow abrasion winnowed the 

fine fraction and shape ventifacts or 

wind-polished stone (e.g., Durand and 

Bourquin, 2013). 

A
eo
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a
n

  
d
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E

R:  

A

d, Ah 

Either: 

- solitary tabular cross-bedding 

sandstone (Ad), sets are  

25 to 120 cm thick and cosets 

are 0.50 to 3 m thick and 30 m 

to 2 km extent. 

- horizontally or low angle 

laminated sandstone (Ah),  

60 cm -3m thick and more than 

200 m of extent, 

Or interstratified Ad and 

Ah facies, up to 6 m-thick and 2 

km-length. The base is 

frequently lined by less than 3 

cm rich quartz ventifacts. 

Erg deposits: the dune deposits 

(Ad) can alternate with aeolian sand 

sheet deposits (Ah) representing the dry 

interdune and attest of a high regime 

wind blowing or a decrease of sand 

supply (e.g., Clemmensen and 

Abrahamsen, 1983; Spalletti et al, 2010; 

Brookfield and Silvestro, 2010).  

P

A :  

C

pa, 

Sq, 

Cpe, 

C/C, 

Pg 

Three facies associations 

can be observed: 

- undulatory massive or 

laminated carbonates with 

horizontal desiccation cracks 

and micritic intraclasts (Cpa) 

interbedded, with diffuse 

contact, with sub- to rounded 

polished and gleaming quartz 

Palustrine depositional 

environment (e.g., Méndez-Bedia et al., 

2020; Alonso-Zarza and Wright 2010a; 

Alonso-Zarza 2003), i.e., margin lake 

deposits, composed by either:  

- interbedded palustrine carbonate and 

sandstone beds characterizing reworked 

and brewed aeolian quartz grains by the 

margin-lake waves. This lake-margin 
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(Sq), with Pg soil, 

- interbedded of carbonate with 

horizontal desiccation, rounded 

or angular micritic fragments 

cracks formed by network of 

desiccation cracks (Cpa) and 

pedogenic carbonate (Cpe), with 

Pg soil and composed from the 

base to top: 

- isolated nodular calcretes 

(3 cm in diameter) are 

formed in red mudstones, 

30 to 50 cm-thick, 

- vertically elongated 

carbonate nodules (5 to 20 

cm in length, 2 to 6 cm in 

diameter), 15 to 40 cm-

thick, 

- hard and massive 

limestone bed intensely 

brecciated, up to 20 cm 

thick. 

- locally (in Tanoumri F2 

deposits records expansion-contraction 

of the lake.  

- or the water table favored the 

development of palustrine carbonates 

between maximum and minimum lake 

level in a phreatic setting (Alonso-

Zarza and Calvo, 2000), i.e. from 

maximum lake level to landward the 

pedogenic development are active 

forming pedogenic calcretes (Cpe) 

(e.g., Alonso-Zarza 2003; Alonso-

Zarza and Wright 2010) at the top of 

the nodular horizons. The setting is 

vadose (e.g., Wright and Tucker 1991). 

Locally, the distal fluvial fan 

evolves to an alluvial plain with pond 

or shallow lake deposits of slightly 

saline mudflats. During aerial exposure 

phases, palustrine deposits develop in 

distal zone of fluvial distributary 

system. 
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Unit) stack of interstratified 

laminated carbonate and 

brecciated claystone, with 

epigenesis of gypsum crystals 

by calcite (C/C), up to 30 cm-

thick. 

 

L

1:  

C

Or, 

COl, 

AM 

Planar-laminated and rarely massive 

structure overlain by undulating cross-ripple 

lamination (COl, COr), few glistening and 

blunted to rounded quartz grains are 

dispersed, and Algal mats (AM). 

Oolitic shoal or 

shoreface lobes (e.g., 

Milroy and Wright 2000; 

2002; Palermo et al. 

2008; Voigt et al. 2011). 

O
o
li

ti
c 

sh
o

re
li

n
e 

la
k
e 

(L
) 

L

2:  

S

o, Sh, 

Sr 

Up to 5 m thick olitic sandstone (So) 

interstratified with sandstones (Sh, Sr). 

Foreshore lobes 

formed under wave 

effect (e.g., Milroy and 

Wright 2000; 2002; 

Palermo et al. 2008 ; 

Voigt et al. 2011) 

L

3:  

Mainly mudstones (Flo) and subordinate 

sandstones (Sh, Sr) with scattered ooliths, 

Coastal plain or 

strand plain (e.g., 
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Fl

o, Sh, 

Sr, 

Fm 

 

wave ripples and stromatolithes in mudstones 

(Fm). 

Milroy and Wright 2000; 

2002; Palermo et al. 

2008 ; Voigt et al. 2011) 

B

m:  

G

p, Gh, 

Sl, 

AM, 

Pc-III 

Interfingering wedge-planar foresets of 
sandy and pebbly beds, mainly composed of 
polygenic to monogenic, intra- and extra-
clasts conglomerates (Gp, Gh low angle) with 
sub-angular to rounded and well- to 
moderately sorted material, imbrications and 
sandstones (Sl). Calcite cement, local 
occurrence of algal mats structures (AM) and 
of Pc- III soils. 

Beds with flat and sharp base and convex 
top bedform, up to 4 m-thick and hundred 
meters to 1 km of extension.  

Gravel lake 

shoreline or berm 

(shoreline butte), 

deposited along distal fan 

and emerged by the lake 

in humid conditions 

(e.g., Blair 1999a, 1999b, 

2000). 
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R

B: 

G

t, 

Gp 

Conglomerate beds are mainly 

monogenic conglomerate, with few 

imbricated pebbles with low-relief erosive 

base and more or less irregular top The 

common facies associations are: stacked 

Gt, Gt, Gp, and stacked Gp. 

Beds up to 4.2 m-thick and hundred 

meters of extension. 

Braided rivers: channel 

and bar bedforms (e.g., Miall, 

1977, 1978, 1996; Medici et 

al., 2015; Mukhopadhyay et 

al., 2016). 

 B
ra
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ed

 r
iv
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 (

R
B

) 

 

R

M -Gm, 

Gt, Sp, 

Sr, Sb1 

Sandstone sheets are 1 to 2 

m-thick and more than 40 m-

wide,  

Composed of coarse to 

medium-grained sandstone, 

moderately sorted (Gm, Gt, Sp 

and Sr), Epsilon cross bedded. 

Scoyenia (Sb1) represents 

the common associated 

bioturbation. 

Meandering river: point bar 

deposits in the meandering system 

(e.g., Gugliotta et al 2018; Ghazi and 

Mountney, 2009; Viseras et al., 

2006). 
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Highlights  

 The late Permian, Lower to early Middle Triassic sedimentation through the 

Argana and Marrakech High Atlas basins. 

 Evolution from aeolian, alluvial fan, lacustrine to meandering rivers deposits under 

change climate conditions. 

 P-T and Lower-early Middle Triassic angular unconformities associated to 

direction drainage change.  

 Comparison with European basins reveals similar unconformities and a similar 

climate evolution. 
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