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Abstract

The sedimentological analysis of the lower Cretaceous red deposits in the Boumalne Dades region (Central
High Atlas) presented in this article is based on field observations associated with sedimentological
methods (morphoscopy, exoscopy, and mineralogy determination of clays) conducted to investigate the
paleo-environment of this study area. The analysis of the surface of the quartz grains with a binocular
magnifier and scanning electron microscopy (SEM), allowed us to reconstruct their formation
environment. Exoscopic analysis allowed the characterization of a mixture of quartz morphotypes. The
results obtained reveal numerous indications of short- and long-distance transport, which reflect different
environments (continental to marine environment). The paleoenvironments of the units revealed by
sedimentology are essentially continental with marine influences. Specifically, an alluvial fan is recorded
at the base of the Ifezouane Formation at unit 1 and a fluvial meandering medium (unit 2) at the top of the
same formation; the deposits of the Aoufous Formation correspond to a floodplain at the base (unit 3) and
a playa at the top (unit 4).

Keywords: Infra-Cenomanian, Sedimentology, Stratigraphic, Ifezouane, Aoufous, exoscopy,
Morphoscopy, Mineralogy, Ait Ibrirene, Central High Atlas.

Introduction

The Atlas Mountains of Morocco have a complex sedimentary tectonic history, from formation
of basins during the Mesozoic with filling by carbonates and sediments (Laville et al., 1992),
and followed by a Cenozoic structural inversion (Mattauer et al., 1977; Dominique Frizon de
Lamotte et al., 2009). The Jurassic and Cretaceous, mostly continental and generally azoic
series (red beds), are located in the High Atlas range (Fig. 1).

This study concentrates on the Infra-Cenomanian series deposited in the Moroccan Central
High Atlas basin, between Boumalne Dades and M'Semrir. The studied series is poorly dated,
but Upper Cenomanian or Lower Turonian ages have been inferred based on paleontological
and sequence stratigraphic considerations (Martill,, 2011). The Cretaceous marine
transgression proceeds through successive steps from the Albian to the Turonian (Abioui et al.,
2019). Stratigraphic, sedimentologic, petrographic, and structural studies of the Upper
Mesozoic have recently been carried out in the Dades Valley and Jbel Istifane (Benvenuti et al.,
2017a; Moratti et al., 2018). We have here carried out a sedimentological study (through field
missions, morphoscopy, exoscopy, and mineralogical determinations of clays) of the Ait
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Ibrirene series, to contribute to the understanding of the geological and paleoenvironmental
history of the Moroccan Lower Cretaceous (Infra-Cenomanian series). In the study area, the
section was studied from the base to the top of the sedimentary series. Several samples with
details allowed us to identify the facies and sedimentary figures, and to highlight different
discontinuities, to track the evolution over time and space of the Infra-Cenomanian series of the
Ait Ibrirene (Central High Atlas).

Location and Geological setting

Geographically, the Ait Ibrirene region is located in the southeast of Morocco at the southern
foot of the Central High Atlas (Fig. 1). The region is situated in the province of Tinghir on the
south side of the Central Atlas Mountains (Fig. 1), between approximately N31°35' and N30°0'
and W6°30' and W05°95'. Ait Ibrirene is located about 150 km ENE of the city of Ouarzazate,
following the national road N10 towards the city of Boumalne.
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Figure 1. A) Morocco map, B) Structural sketch map of the study area (Teson, 2006). C) Location of
the study area in Southern Morocco and schematic geological map (Teson, 2006)




Geopersia 2022, 12(2): 265-285 267

The Moroccan High Atlas corresponds to a structural domain consisting of an
intracontinental range (Gauthier, 1952; Mattauer et al., 1977) and the narrowest mountain in
the world which extends in a WSW and ENE direction from Agadir to Tunisia over a distance
0f 2000 km and a width that varies from 60 to 80 km (Studer, 1980). It is the centerpiece of the
Atlasic domain (Michard, 1976) which has the following structural units: 1) the Eastern High
Atlas to the east of the Tamlelt massif, 2) the Western High Atlas to the west of the ancient
massif of the Marrakech High Atlas, and 3) the Central High Atlas that extends between the
first two (Choubert et al., 1956; Michard, 1976). The Central High Atlas is the highest mountain
belt in Morocco and constitutes a barrier that separates the Saharan domain in the south from
the Rifain and Mesetian domains in the north. Structurally, this domain consists of plateaus
reaching 2500 m on average with peaks reaching more than 4000 m. The study area is part of
the southern edge of the High Central Atlas. The region is characterized by a Hercynian
basement and partially covered by Mesozoic to Cenozoic terrains (Benvenuti et al., 2017a;
Hindermeyer et al., 1977; Massironi et al., 2007). To the north, the Ouarzazate basin is flanked
by the marginal thrust belt of the sub-Atlas zone, with outcrops dominated by rocks of late
Cretaceous to Neogene age (Gauthier, 1957) (Fig. 2). This range of the central High Atlas
comprises Paleozoic-age bedrock covered by a Meso-Cenozoic-age cover. In the Boumalne
Dades region, this cover is formed by marine and continental sediments that represent well-
defined paleo geographic and structural domains. They are characterized by two parts: the lower
part consisting of Meso-Cenozoic formations represents the filling of basins developed during
the rifting phase of the Atlas (Mattauer, et al., 1977; Laville, et al., 1991); the upper part of the
Meso-Cenozoic terrain represents either the cover of the High Atlas or the filling of the
Ouarzazate basin.

The regional geology of Dades consists of three units mainly from north to south: The High
Atlas, the Ouarzazate basin and the Anti Atlas (Fig. 2). Many authors (e.g., Ferrandini et al.,
1985; Ettachfini and Andreu, 2004; Lézin et al., 2012; Andreu et al., 2013; Essafraoui et al.,
2015; Lebedel et al., 2015) showed a deepening of a part of the High Atlas to the northeast,
during the Cenomanian-Late Turonian period. The stratigraphic indications of the Infra-
cenomanian are rare. A single fossil record of Cenomanian lamellibranchs was cited by
Gauthier, 1960 near Tinghir. Vertebrate assemblages of Cretaceous units (Ifezouane, Aoufous,
formations), in order to be consist, we are based in some investigation and comparison, that
allowed by (Cavin et al 2010), about the age of the red beds, in the High Atlas Mountains of
Morocco.

Material and Methods

The database used in this study includes geological and sedimentological data (field mission
collection and laboratory sample processing). Over twenty samples were taken from the studied
sections of the Infra-Cenomanian series. The sample sediments were sieved using a 50 pm mesh
sieve after washing, to remove organic matter that could mask to the grain surface. The sample
was then attacked with 10% hydrochloric acid (HCI) to destroy the carbonates, then rinsed with
distilled water and placed in the oven at 110 °C for drying (Krinesley et al., 1968). The raw
sample was washed with distilled water and dried following treatment with HCl. The
granulometric fraction between 300 and 500 um was selected. Then, the images acquired by
scanning electron microscopy (SEM) were analyzed at magnifications typically between X500
and x400. The section studied in the Ait Ibrirene region displayed facies of the Infra-
Cenomanian series (heterogeneous deposits comprising conglomerates, sandstone, silt, clays,
etc.) which is characterized by several indices of a continental and playa environment. The
nomenclature of facies in this study is comparable to that established by (Miall 1977; 1978;
1985; 2006).
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Figure 2. A) Map of the Infra-Cenomanian series. B) sectionl of Ifezouane formation, C) section2 of
Aoufous formation

Field descriptions of lithofacies, including particles size, color, composition, and tracking of
sequential stratigraphic key surfaces were also conducted. The final product of this last step
underwent: 1) The field work aims to determine the deposition patterns by carrying out research
and the identification of lithology and sedimentary structures. 2) morphoscopic analyses of
quartz grains using a binocular magnifier; observations were made on a small but representative
number of samples, with 30 to 40 grains studied per sample (Le Ribault, 1974; 1975; Péttijohn,
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1949; Cailleux 1947; Legigan, 2002), 3) exoscopy analyses of quartz grains; the exoscopy of
quartz consists in studying their superficial aspects with a scanning electron microscope (Vega3
Tiscan), 4) The clays were studied mainly by X-ray diffraction. First, all samples were dried at
40°C for 48 h. Then, 15-30 g of crushed sample were taken, and distilled water was poured into
a 1000-2000 cc polyurethane beaker and placed on a magnetic stirrer (Fig. 3). Hydrochloric
acid (10%) was added by jet and the solution stirred so that the local concentration was not too
high. After centrifuging the <2 pm particles, the clay paste of the centrifuging base was spread
on a grooved glass slide. The clay paste must be well homogenized before removing it from the
base because the particles are separated (by size and density) during centrifugation. This
segregation may correspond to mineralogical segregation, which may distort the proportions of
the different minerals in the sample (Stoll et al., 1964; Pomerol and Odin, 1974; Reynolds,
1985; Wilson, M.J., 1987, Drits et Plancon, 1994; Bouchet et al., 2000; Plangon et Drits, 2000;
Hubert et al; 2009). The procedure for processing clay involves: 1) crushing the sample, 2)
performing a HCI test, 3) non-carbonate/carbonate separation, 4) mixing in H2O/HCI in an
agitator, 5) washing with H2O until maintained in suspension, 6) pipetting the 2 um fraction,
7) centrifugation, and 8) spreading/orienting the 2 um paste.

Results
The series studied within the Ait Ibrirene area (Fig. 3) consists of alternating detritus beds

(conglomerates, sandstone, clay, and silt), passing to small limestone banks, greenish clays, and
organic matter in the upper part, and follows the last marine Apto-Albian series.
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Figure 3. Stratigraphic log of the series studied with deferential units and sample locations
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Table 1. Description and interpretation of the sedimentary facies identified in the basin and their
correspondence with those of (Miall, 1985; 2006)

Facies characteristics interpretation
Conglomerates
F1: Gms Heterogeneous conglomerate without granoclass Debris flows, gravity flow deposits
F2a: Gm Uncoated conglomerate, no cobble nesting. Fluvial deposits
F2b - Gm Low-matrix co.nglomerat.es. with pebbles of Channel bottom deposits
different origins
Sandstones
F3:Sm Solid sandstone, fine with parallel bedding Gravity Flow Deposits
Horizontal beds, rides, dolomitisation
F4: Sh Sandstone with very fine to medium parallel plan and silicification are interpreted as
before.
F5:Gm Solid sandstone, coarse with interlaced lamination. Characteristics of braid flows
Silto-clay
F6: Fs Laminated to solid siltstone Over bank deposit
F7:Fm Massive or rolled argillites Over Bank Deposit or Abandoned
Channels
F8 : Fa Greenish clay with soft and fragile black organic Greenish massive argilities showing
’ matter spots.
F9: M Azo Greenish Marl Supratidal medium

The series is subdivided into two formations: The Ifezouane Formation (units 1 and 2), and
Aoufous Formation (units 3 and 4).

The Ifezouane Formation: is formed by two units, the first unit (unit 1) is characterized by
the superposition of detrital beds arranged by increasing grain size and increasing bed thickness.
The second unit (unit 2) belongs to the top of this formation, and is characterized by a clayey
dominance with emersion figures (desiccation cracks, roots traces, crusting, etc.) intersected by
conglomerate channels of increasing granulometriy.

The Aoufous Formation is formed by two units: unit 3 is characterized by small sandstone
banks and an abundance of clay and silt. Unit 4 is characterized by evaporate clays with minor
gypsum, organic matter, and limestone.

The first unit (unit 1) at the base of the series is characterized by a detrital formation,
continental, formed by alternating conglomerates (f1: GMS) (Miall, 2006), clays (f6: fs), and
sandstones (f3: SM) (Miall, 1985, 2006) (Figs. 4, 5, 6). A conglomerate facies with pebbles of
different sizes with different origins, and poorly sorted, and disorganized deposits were found
at the top of unit 1 (Fig. 5SA). Alluvial fans are characterized by a bed thickness unit coarsening
upward sizes as defined by Marchi et al., 2000, Davoudi et al., 2019. Unit 1 is also characterized
by thicker conglomerate beds at the base, alternating with thinner clay and sandstone beds.
These deposits are dominated by river flow units (Fig. 4f) showing channelized conglomerates
and sandy channels with cross-stratification (Fig. 4B), and strong amalgamation in the proximal
zone. Moreover, the vertical evolution of facies demonstrated a sequence with coarsening s
Based on some studies (Marchi et al., 2000, Davoudi et al., 2019), this unit 1 corresponds to an
alluvial fan (Fig. 5) that is also well characterized by a high-energy environment attested by the
presence of different sandbanks with interleaved stratification, asymmetric current ripple marks,
and fluvial conglomerates (improperly classified as debris flows). From this interpretation, we
can conclude that this unit attributable to an alluvial fan (Figs. 4, 5). Indeed, the sedimentary
structures (Figs. 4, 5) recorded in the facies show that they were exposed to gravity flows within
an alluvial fan. These results found are compared to that of Miall, 2006. The red sandstone facies
reappears as an oblique-bedded bar and terminates at a level of the river channels and overflow
lobes. This level probably corresponds to the peak of the Ifezouane Formation, as previously
revealed in the work of Dubar 1948. By these architectural facies characteristics, we can deduce
that this depositional environment is comparable to model 1 of Miall 1996, 2016.
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Figure 4. A) Panoramic view of the Ait Ibrirene Section. B, C) Sandstone facies with sedimentary
structures. D) Alternating sandstones and clays. E) Sandblasted with rides. F) Sandblasted with
interleaved laminations. G) Conglomerate
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Ifezouane
Formation

‘Criss-crossed lamindtien

Figure 5. Facies and sedimentary structures found in unit 1. A) Conglomerates with angular pebbles,
badly sorted and of different origins, B) Polygenic conglomerate with cross-stratifications, lenticular
form, C) Sandstone beds with Interlinked lamination and Parallel lamination

The second unit (unit 2) is characterized by an alternation of conglomerates (F2: Gm), clays
(F7: Fm), and sandstone facies (F4: Sh) (Miall, 2006) that are organized in meter- to centimeter-
thick beds. The macroscopic analysis of these beds shows the increase in granulometry and the
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size of the sequence (Fig. 6), from the base to the top of this unit. Among the sedimentary
structures (Lenticular structure, interlinked lamination, and parallel (Miall 1985 and 2006),
herringbone cross-bedding) (Figs. 6A, 6B), linguoid ripples occur at the bottom of the channel,
coarse sediment deposits reflect the migration and aggravation of the meander, and the strata
were deposited in oblique beds during channel migration (Fig. 6). Traces of bioturbation
(burrows) are observed in fine deposits (Fig. 6¢). The top of this sequence consists of fine clay-
silt facies, with traces of roots and fissures of desiccation. From this interpretation, and
description and based on some studies (Delfaud, 1984), we can conclude that unit 2 records a
meandering-type fluvial system. This tatter is similar to those of model 2 of Miall, 1996, 2016.
Unit 3 is part of the Aoufous Formation in the studied series (Infra-Cenomanian) (Figs. 7) with
a thickness of about 31 m of detritus facies consisting mainly of sandstones, clays, and silts.
These facies are organized in a positive sequence, with fining upward beds sizes and
characterized by sedimentary successions with oblique and horizontal lamination, alternating
sandstones (F5: Gm), and clays (F7: Fm). Fine terrigenous facies are abundant within the unit
and the footprint of pedogenesis is relatively strong with an intense presence of traces of roots
(Purser, 1980). The thickness of the beds increases with decreasing particle sizes, and this set
begins with clay facies and sandstone beds (Fig. 7). From this description, we can conclude that
this unit is characterized by overbank deposits that formed in a flood plain (Fig. 7). In order to
be consist, we are based in some investigation and comparison, that allowed by (Farrell, 1987,
Miall, 2016).

Unit 4 of the Aoufous Formation is composed of clays (yellowish, red, and discolored) (Fig.
8B), marl, and gypsum (Fig. 8 A) with thin beds interspersed with fine sandstone. The whole
unit is surmounted by evaporated marls with a whitish color (F9:M), and organic matter is
consolidated in the sandstone beds (F8: Fa) (Figs. 8C and D) and iron oxides (Fig. 8c).

Unit2:
Ifezouane
Formation
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Figure 6. Meandering river sequence encountered in Unit 2. A) Lenticular structure in the sandstone

beds. B) Interlinked lamination and Parallel lamination in the sandstone beds. C) Ride of courant and
Bioturbation structure in the sandstone bank, D) Channel structure in the sandstone beds
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Unit 3 :
Aoufous
Formation

Stratigraphic

- Red Clay® -

Figure 7. A) discontinuity, B) Alternating clay, marl, sandstone, C) marl, D) Marl and gypsum

This unit rests on thick clay beds with fine facies, followed by another deposit of clay and
silt interspersed with fine sandstone benches (Figs. 8). The presence of the sandstone deposits
also shows that the latter were shallow (Liu and Wang, 2001). From this interpretation and
description, we can conclude that this unit is characterized by playa deposits (Figs. 8).

The vertical succession of lithofacies makes it possible to distinguish two formations. The
first Ifezouane formation indicates an evolution beginning with the recurrence of the terrigenous
sediments of an alluvial plain. The second Aoufous formation was followed by the varicolored
gypsiferous marls of a playa. The lower units of the Dades Valley Ait Ibrirene region are capped
in basalts placed recently dated to the Middle Aptian by Moratti et al., 2018. In this region,
these basalts are stratigraphically located under the Ifezouane Formation. Therefore, the first
Cretaceous transgression appears younger on the southern edge of the central High Atlas.

Morphoscopic

Using the analysis morphoscopy proposed by (Cailleux 1943), it allows us to calculate the
relative percentages of the different types of grains of quartz in these four units’ study in the
Infra-cenomanian series. Three categories of grain were recognized: not worn, dull blunt and
round matt (Table. 2 and Figs. 3, 9).

Table 2. Table percentage of morphoscopy results
Characters  S1 S2 S3  S4 S5 S6 S8 S9 S10 S11 S12 S13 S14
Not worn 36 56 56 60 38 48 50 34 28 24 14 08 03
Dull blunt 64 36 34 34 50 36 28 46 42 58 64 66 69
Round matt 0 8 10 6 12 16 22 20 20 18 22 26 28
Rock unit Ul U2 U3 U4
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Unit4:
Aoufous
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Figure 8. Lithology of Unit 4 of the Ait Ibrirene series (formation Aoufous). A Marl and gypsum, B)

clay red and clay discolored, C, D) Consolidated organic matter, E) Kerkoub, F) Progradation of the
sediments
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Figure 9. Histograms showing the percentages of different forms of quartz grains in the samples from

Infra-Cenomanian series
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The morphoscopic study from the base to the top of unit 1 (Fig. 9 and Table 2, samples S1,
S2, S3, S4) revealed a significant percentage 64% of dull blunt grains, with not-worn grains
comprising 36% of the assemblage and a very low percentage of rounds matt. The two types of
quartz grains show two origins identified from a nearby source, and also indicate river transport
and a high-energy environment. A vertical evolution is remarkable from the base to the top
since the grains have an abundance of not worn grains; the latter are characterized by an angular
shape and generally have a proximal origin, as previously stated by Fournier et al., 2012 in their
study. These characteristics reflect deposition in an alluvial fan. Sample 8, on the other hand,
collected at the summit level of the Ifezouane Formation (unit 2), shows a decrease in the
percentages of not worn grains (50%), and an increase in the proportions of dull blunt grains
(36%). The dominance of dull blunt grains indicates a medium transport in a fluvial
environment, as defined by Legigan, 2002 in their study. This highlights the influence of short-
distance aquatic transport and corresponding fluvial dynamics.

The proportion of dull blunt grains is very high (S1), with a very low percentage of the other
elements (round matt and dull blunt grains). The morphoscopic analysis of quartz grains from
the samples in this unit shows a decrease in the percentage of dull blunt grains. The proportion
of unworn grains decreases from the base to the top of unit 2 (Fig. 3). Their percentages indicate
that those grains have undergone short-range transport in a fluvial environment, as shown by
(Krinesley et al., 1968) in their study.

The morphoscopic study of quartz grains in units 3 and 4 from the base to the top of the
stratigraphic log of the Aoufous Formation (Fig. 9 and Table 2) shows dominance of round matt
grains (S10, S11, S12, S14). The proportion of the round matts is high relative to the base of
the studied series (Fig. 13, Table 2) with minor associations of dull blunt and not worn grains.
This large percentage of round matt grains compared to the other units indicates a low energy
environment as previously determined by Legigan, 2002 and Le Ribault, 1974. The analysis of
the results obtained shows that grain transport occurred over a very long distance in an aquatic
environment (EL konty et al., 2021). These characteristics indicate a calm and marine
environment, corresponding to a flood plain and playa environment, as previously stated by
Krinsley and Donahue, 1968 in their study. The variations of the grains indicate a change in
sediment transport conditions between the base and the top of the studied formations.

Exoscopy

The exoscopic analyses consisted of studying the quartz grains with an SEM to determine their
sedimentary histories and identify the micro-characteristics of variable origins (alteration,
continental or aquatic transport, chemical, mechanic, biological) which progressively modified
their surface (Le Ribault, 1977, Legigan, 2002). The tests carried on the surfaces of these grains
have made it possible to identify various figures that can be related either to the primary crystal
lattice of the quartz, or to the virulent actions associated with the weathering environment.
Quartz grains underwent a complex evolution before their period of immobilization. Other
grains have the shock (V) which attests to a fluvial mobilization.

The results obtained by exoscopy at the base of the Ifezouane Formation, in unit 1 (Fig. 10)
show that the first generation of conchoidal breaks was affected by mechanical wear which
produced fractures. These grains underwent strong stirring during transport, which gave the
grains an angular form, and many increasing traces of shocks v. These characteristics indicate
a high-energy fluvial environment (Flageollet, 1981, Liu et al., 2001).

A strong polishing of the edges of the breaks and strong desquamation with the release of
scales, of which a very small number remains trapped in the depressions, can be observed in
the upper part of unit 2 (Fig, 15). Micro-fractures and large conchoidal breaks with pronounced
concavity on the surface of the quartz grains evolving in a fluvial medium also indicate a high
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a medium energy environment (Fig. 11), as defined by (Le Ribault, 1975; Liu et al., 2001) in
their study.

- Conchoidal breakage
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Figure 11. Exoscopy of the samples taken of the unit 2 Ifezouane formation
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Remains of a stack of amorphous silica films covering the surface of the grains can be seen
in unit 3 (Fig. 12), except at the level of the zones of contact with the other grains. Additionally,
the medium of evolution corresponds to a chemical alteration within the host rock, with the
formation of soil in places (Fig. 12), based on the study of Le Ribault, 1975; Liu et al., 2001.
The interpretation of the results obtained by the exoscopic analysis of unit 4 (Fig. 13) is marked
by the presence of dissolution at the level of the traces of shocks, peeling off the edges, and
depressions. The grains affected by high wear have developed rounded contours (medium to
lower energy) and underwent the dissolution of a large part of the silica film at the level of
marine water circulation, and the distributed scales on the grain surface indicate the
immobilization and small mechanical impact marks, indicating low energy transport) (Fig
13). Based on the study by Liu et al., 2001, the presence of sandstone deposits also shows that
it is a shallow playa-type environment, based on the study of (Liu and Wang, 2001).

According to these exoscopic studies, the chronological evolution of grain environments in
this area was determined by the treatment of the quartz grain. The grains of the section at the
base of the studied series indicate a fluvial environment. The grains at the top of the series often
point to a confined silica-saturated environment specified by intercalations of phases of
immobilization, traces of dissolution and strong polishing, and some traces of the remainder of
films evidencing a playa environment.

Clay Mineralogy

To establish the paleo-environment of the Ait Ibrirene Infra-Cenomanian series, the inherited
and contemporary influences of the repository must be distinguished. For this, the mineralogy
of the study area on the south side of the Central High Atlas was determined alongside
investigating the vertical evolution of clay mineralogy processions of this study area.

Dissolution of silica
Silica film Conchoidal breakage | —Scales Rounded contour
SEM HV: 10.0 kV WD: 9.34 mm ] VEGA3 TESCAN|  SEM HV: 10.0 kv WD: .16 mm VEGA3 TESCAN
View field: 513 ym Det: SE 100 pm View field: 525 ym Det: SE 100 pm
SEM MAG: 539 x SM: RESOLUTION CAC-Cadi Ayyad University SEM MAG: 527 x SM: RESOLUTION CAC-Cadi Ayyad University

Figure 12. Exoscopy of the samples taken of the unit 3 Aoufous formation
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Figure 13. Exoscopy of the samples taken of the unit 4 Aoufous formation

The identified clays consist of seven species, five of which are simple (chlorite, illite,
smectite, kaolinite, and vermiculite (Hubert et al., 2009). Among the minerals associated with
clays, quartz, and oxides appear at certain levels. Variations in the relative proportions of these
minerals allowed the identification of several distinct mineralogical zones from the bottom to
the top of the studied series (Fig. 14).

From the base to the top of the Ifezouane Formation (units 1 and 2), the clays are represented

by illite (38 - 50%) and smectite (45 - 22%). Illite remains the dominant clay mineral. Smectite
and kaolinite show significant variations. Chlorite and irregular interstratified minerals are
poorly represented. Kaolinite is the most abundant in a hot and humid climate (Dunoyer de
Segonzac, 1969), as runoff or drainage ensures the mobilization of ions.
From a mineralogical point of view, unit 3 is characterized by the development of smectite
(88%), which develops at the expense of illite (90%), kaolinite (60%), and chlorite (20%) (Fig.
14). The clay fraction in unit 4 is characterized by the simultaneous disappearance of illite, and
by the development of smectite at the base of the Infra-Cenomanian series, in favor of kaolinite
and illite; this reflects the establishment of a sedimentary model in a restricted range, testifying
to the isolation of the medium, and favoring the confinement of water in a hot and arid climate
(Hubert, 2008) (Fig. 14).

The smectites represent around 22% of the clay assemblages at the bottom of the Infra-
Cenomanian series and reach 60% at the top of this series. On the other hand, at the top of this
series, illite and kaolinite represent 5% and 10% of the clay fraction, respectively. The
important illite inputs at the base of unit 1 are suggestive of active erosion resulting from the
instability of the reliefs in the basin. However, the decrease in the proportions of illite towards
the top of the studied series (unit 4) (Fig. 15) indicates the start of the stabilization of the reliefs.
The important proportion of illite in this unit would therefore largely result from mechanical
erosion from the adjacent domain (Anti Atlas) (Wurster and Stets, 1982).
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Discussion

In summary, we have characterized our depositional environments based on field data
(sedimentological, stratigraphic, and lithostratigraphic studies). A detailed analysis of some
sedimentary figures and structures characteristic of the Infra-Cenomanian Formation, supported
by analyses carried out in the laboratory, sufficiently correlated with the field data; the results
on the depositional environment of the Infra-Cenomanian Formation (alluvial fan, floodplain,
major bed environments) correlate with previous research on the same series studied in the
Moroccan High Atlas (Essafraoui, 2015; Benvenuti et al., 2017; Charriere and Haddoumi,
2016). Although a comparison of the Infra-Cenomanian has been made between the two regions
— the Central High Atlas and Western High Atlas — a similar series can also be found farther
eastward in Algeria, in the Bechar region (Benyoucef et al., 2012; 2014).

Our study shows that the Infra-Cenomanian Formation consists of two detrital formations:
The Ifezouane Formation, comprising clays, sandstone, and conglomerate beds, and the
Aoufous Formation, mostly composed of sandstone, silt, clays, marl, and some gypsum
interlayers. This series has not been studied in detail before, although our results are correlated
by previous studies of red beds in the Central and Eastern High Atlas (Ferrandini et al., 1985;
Rhalmi, 2000; Ettachfini and Andreu, 2004; Lezin et al., 2012; Andreu et al., 2013; Essafraoui
etal., 2015; Lebedel et al., 2015). Finally, the depositional facies show that there is a succession
of stages from the base to the top of the studied section. From the base upward, there is a
progressive evolution of a proximal fluvial environment (Ifezouane Formation); the top of the
section is characterized by an entirely plain and playa depositional environment (Aoufous
Formation). This series consists of a large detrital group (Ifezouane Formation), covered by
another more or less marine group (Aoufous Formation). This Infra-Cenomanian series ends
with carbonate beds. The clay and conglomerate beds are limited by several meters-thick
sandstone beds. The results of the sedimentological, morphoscopic, exoscopic, and
mineralogical clay analyses of the continental deposits from the Infra-Cenomanian in the Ait
Ibrirene region indicate that the medium of deposit has clearly changed over time. In the present
study, two models (Figs. 16 and 17) are proposed to account for the depositional environments
of the different units studied. The deposition environments changed from a proximal alluvial
fan system to a braided river one, and then to a meandering system. These environments
eventually evolved to an alluvial plain associated with a coastal plain with playa lakes.

The section begins with coarse-grained fluvial deposits, these continental deposits then
become finer-grained to the top (mostly red claystone hosting marine green marlstone beds). In
the figure of correlations (Fig. 18), the Ifezouane and Aoufous Formations, forming the Ait
Ibrirene section (in the Central High Atlas) laterally correspond to the Tinghir and Tadighoste
section in the others studied (El Ouali et al., 2021).

Figure 16. Depositionl model corresponding to an alluvial cone system with Gravity Flow
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Figure 17. Deposition model corresponding to the coastal plains associated with playas
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Figure 19. schematic representation of the paleogeographical environments of the Infra-Cenomanian in
the Ait Ibrirene region

These formations are formed by a sandstone ensemble (Ifezouane Formation), covered by an
alternation of red clays, green marls and gypsum (Aoufous Formation).

Conclusion

In this manuscript, sedimentological and lithostratigraphic analyses were combined with
macroscopic, morphoscopic, and exoscopic analyses of clays and quartz grains to track the
paleoenvironmental evolution of the sedimentary formations of the Ait Ibrirene region. These
formations are overlain by the so-called Infra-Cenomanian’ series. The latter consist of a basal
big sandstone set (Ifezouane Formation), overlain by versicolor alternations (Aoufous
Formation). The results show that the sediments were deposited in a continental environment,
more precisely in a river system which changed over time. First, the sediments were raised in a
proximal system (alluvial fan), then moved to a meandering river system which subsequently
developed into a flood plain, and finally converted into a playa environment (Fig. 19).

Acknowledgements

The authors are very grateful to the anonymous reviewers for their valuable comments and
suggestions and to the journal editor for a careful review of the article which helped to present
work lucidly.

Funding
No specific funding has to be declared for this work.

Declarations
Competing interests The authors declare that they have no competing interests.

References

Andreu, B., Lebedel, V., Wallez, MJ., Lézin, C., Ettachfini, El, M. 2013. The upper Cenomanian-lower
Turonian carbonate platform of the Pre-african Trough, Morocco: Biostratigraphic, paleoecological
and paleobiogeographical distribution of ostracods. Cretaceous Research, 45: 216-246.



Geopersia 2022, 12(2): 265-285 283

April, R.H, 1981. Trioctahedral smectite and interstratified chlorite/smectite in Jurassic strata of the
Connecticut valley. Clays and Clay Minerals, 29(1): 31-39.

Benvenuti, M., Moratti, G., Rook, L. 2017a. Tectono-stratigraphic revision of the Ait Kandoula
Formation (Middle Miocene- Pliocene), western Ouarzazate Basin (Southern Morocco), in the frame
of fossil vertebrate record. Maroc. (Research in Paleontology and Stratigraphy),126 (1): 51-64.

Benvenuti, M., Moratti, G., Algouti, A., 2017b. Stratigraphic and structural revision of the upper Mesozoic
succession of the Dades Valley, eastern Ouarzazate basin (Morocco). J. Afr. Earth Sci. 135: 54-71.

Benyoucef, M., Meister, C., Bensalah, M., Malti, FZ. 2012. La plateforme pré africaine (Cénomanien
supérieur-Turonien inférieur) dans la région de Béchar (Algérie): stratigraphie, pal€oenvironnements
et signification paléo biogéographique. Revue de Paléobiologie, 31 (1) : 205-218.

Benyoucef, M., Meister, C. 2015. Lithostratigraphic evolution, facies analysis and depositional
environment of the Cenomanian-lower Turonian in the Guir area, Southwestern Algeria. Cretaceous
Research, 53: 68-88.

Bouchet, A., Meunier, A., Sardini, P. 2000. Minéraux argileux : structure cristalline, identification par
diffraction de rayons X. Bull. Centre Rech. Elf Explor. Prod., Mém., 23, 163 p. + CDR de
démonstration.

Cailleux, A. 1943. Distinction des sables marins et fluviatiles. Bull. Soc. Géol. France, 5éme série,
(XIID), pp.125 138.

Cavin, L., Tong, H., Boudad, L., Meister, C., Piuz, A., Tabouelle, J., Le Loeuff, J. 2010. Vertebrate
assemblages from the early Late Cretaceous of southeastern Morocco: an overview. Journal of
African Earth Sciences, vol. 57 (5): 391-412.

Charriére, A et Haddoumi, H. 2016. Les Couches rouges continentales jurassico-crétacées des Atlas
marocains (Moyen Atlas, Haut Atlas central et oriental) : bilan stratigraphique, paléogéographies
successives et cadre géodynamique. Boletin geologico y minero. 127 (2-3) : 407-430.

Choubert, G. Marcais, J. 1956. Les grands traits de la géologie du Maroc. Introduction géologique au
lexique stratigraphique du Maroc. Notes et Mém. Serv. Géol. Maroc, n°134.

Davoudi, Azam., Khodabakhsh, Saeed., Rafiei, Behrouz., 2020. Alluvial fan facies of the Qazvin Plain:
paleoclimate and tectonic implications during Quaternary. Geopersia, 10 (1) : 65-87.

Delfaud, J., 1984. Le contexte dynamique de la sédimentation continentale. Mode¢les d’organisation,
Bull. Centres Rech. Explor. Prod. Elf-Aquitaine, Pau, 8 (1) :27-53.

Dominique Frizon de Lamotte., Pascale Leturmy., Yves Missenard., Sami Khomsi., et al. 2009.
Mouvements verticaux mésozoiques et cénozoiques dans le systéme de 1'Atlas (Algérie, Maroc,
Tunisie) : un apergu. Tectonophysique, 475 (1) : 9-28.

Dunoyer de Segonzac G. 1969. Les minéraux argileux dans la diagenése. Passage au métamorphisme.
Mém. Serv. Carte Géol. Als. Lor.29. Strasbourg, 230 p .

Drits, V.A., Plangon, A., 1994. Expert system for structural characterization of phyllosilicates: II.
Application to mixed-layer minerals. Clay Minerals, 29 (1): 39-45.

EL konty, 1., Algouti, A., Algouti Ab. 2021. The detritic series of the Upper Cretaceous region of
Boumalne Dades (upper Central Atlas (Morocco): Sedimentary and paleo environmental evolution.
The 2nd International and 5th National Conference on Conservation of Natural Resources and
Environment Watershed Management Research Center University of Mohaghegh Ardabili, Ardabil,
[ran.

El Ouali, M., Kabiri, L., Essafraoui, B., Charroud, A., Krencker, F. N., Bodin, S. (2021). Stratigraphic
and geodynamic characterization of Jurassic—Cretaceous “red beds” on the Msemrir—Errachidia E—
W transect (central High Atlas, Morocco). Journal of African Earth Sciences, 183: 104330.

Essafraoui, B., Ferry, S., Grosheny, D., Icame, N., El Aouli, E.H., Masrour, M., Bulot, L., Geraud, Y.,
Aoutem, M. 2014. Sequence stratigraphic architecture of marine to fluvial deposits across a passive
margin (Cenomanian, Atlantic margin, Morocco, Agadir transect). Carnets de Géologie, Article sous
presse.

Ettachfini, E1 M. 2006. La transgression au passage du Cénomanien au Turonien sur le domaine
atlasique marocain. Stratigraphie intégrée et relations avec 1“éveénement océanique global. These
d’Etat Es-Sciences, Université Chouaib Doukkali. El Jadida, Maroc, 311p.

Ettachfini, E1 M., Andreu, B. 2004. Le Cénomanien et le Turonien de la Plate-forme Préafricaine du
Maroc. Cretaceous Research, 25: 277-302.



284 El konty et al.

Fabuel-Perez, 1., Hodgetts, D., & Redfern, J. 2009. A new approach for outcrop characterization and
geostatistical analysis of a low-sinuosity fluvial-dominated succession using digital outcrop models:
Upper Triassic Oukaimeden Sandstone Formation, central High Atlas, Morocco. Aapg
Bulletin, 93(6): 795-827.

Farrell, K. M. 1987. Sedimentology and facies architecture of overbank deposits of the Mississippi
River, False River region, Louisiana. In Ethridge, Recent Developments in Fluvial Sedimentology,
volume 39 of Special Publications, pages 111-120. SEPM Society for Sedimentary Geology.

Flageolet, J. C. (1981). Aspects morphoscopiques et exoscopiques des quartz dans quelques sols
ferrallitiques de la région de Cechi (Cote d'Ivoire). Cahiers ORSTOM, Série Pédologique, 18: 111-121.

Gauthier, H. 1952. Ait Ouglif -Boumalne -Tinghir: vallée du Dadeés et bordure du Haut Atlas; de Tinghir
aux Ait Puritane. In: Dubar G. (ed.): Haut Atlas central. 19°™ Congré. Géol. Int.

Grosheny, D., Chikhi-Aouimeur, F., Ferry, S., Benkherouf-Kechid, F., Jati, M., Atrops, F., Redjimi-
Bourouiba, W. 2008. The upper Cenomanian-Turonian of the Saharan Atlas (Algeria). Bulletin de la
Société géologique de France, 179: 593-603.

Grosheny, D., Ferry, S., Jati, M., Ouaja, M., BenSalah, M., Atrops, F., Chikhi-Aouimeur, F., Benkerouf-
Kechid, F., Negra, H., Ait Salem, H. 2013. The Cenomanian-Turonian boundary on the Saharan
Platform (Tunisia and Algeria). Cretaceous Research, 42: 66-84.

Hubert, F. 2008. Modélisation des diffractogrammes de minéraux argileux en assemblage’s complexes
dans deux sols de climat tempéré. Implications minéralogique et pédologique. Université de Poitiers.
205p.

Hubert, F., Caner, L., Meunier, A., Lanson, B. 2009. Advances in the characterisation of soil clay
mineralogy using X-ray diffraction: from decomposition to profile fitting. Uropean Journal of Soil
Science, 60: 1093-1105.

Hindermeyer, J., Gauthier, H., Destombes, J., Choubert, G., Faure-muret, A. 1977. Carte géologique du
Maroc, Jbel Saghro-Dades (Haut Atlas central, sillon sud-atlasique et Anti-Atlas oriental) - Echelle
1/200 000. Notes et Mém. Serv. Géol. Maroc, 161.

Krinsley, D.H. and Donahue, J. 1968a. Environmental interpretationof sand grainsurface textures by
electron microscopy. Geological Society of America Bulletin, 79: 743748.

Krinesley, H. D., Donahue, J. 1968b. Method to study surface textures of sand grains, a discussion.
Sedimentology, 10: 217-221.

Lanson, B., Sakharov, B.A., Claret, F., Drits, V.A. 2009. Diagenetic smectite-to-illite transition in clay-
rich sediments: A reappraisal of X-ray diffraction results using the multi-specimen method.
American Journal of Science, 309: 476-516.

Laville, Edgard., Pique, ALAIN. 1991. La Distension crustale atlantique et atlasique au Maroc au debut
du Mesozoique; le rejeu des structures hercyniennes. Bulletin de la Société géologique de
France, 162(6): 1161-1171.

Lebedel, V., Lézin, C., Andreu, B., Wallez, M J., Ettachfini, El M., Riquier, L., 2013. Geochemical and
palaeoecological record of the Cenomanian-Turonian Anoxic Event in the carbonate platform of the
Preafrican Trough, Morocco. Palacogeography, Palacoclimatology, Palacoecology, 369: 79-98.

Lézin, C., Andreu, B., Ettachfini, El M., Wallez, M.-J., Lebedel, V., Meister, Ch., 2012. The Upper
Cenomanian-Lower Turonian of the Preafrican Trough, Morocco. Sedimentary Geology, 245-246: 1-16.

Legigan, Ph. 2002. Application de I’exoscopie des quartz a’ la reconstitution des environnements
Sédimentaires. Pp. 859-877 in : Géologie de la préhistoire : Méthodes, Techniques, Application.
L’association pour I’étude de I’environnement géologique de la préhistoire, Paris.

Le Ribault, L. 1974. Exoscopie et endoscopie des quartz d'origine détritique. Pétrolgia. Milano, vol.
XXX (1), pp- 373-416.

Le Ribault, L. 1975. L’Exoscopie, Méthode et Applications (Notes et mémoires de la Compagnie
Francaise de Pétroles, No. 12).

Liu, YH., Wang XJ. 2001. Spike-frequency adaptation of a generalized leaky integrate-and-fire model
neuron. Journal of computational neuroscience, 10(1): 25-45.

Marchi, L., Brochot, S. 2000. Les cones de déjection torrentiels dans les Alpes francaises. Morphométrie
et processus de transport solide torrentiel. Revue de géographie alpine, 88(3): 23-38.

Martill, DM, Ibrahim, N., Brito, PM, Baider, L., Zhouri, S., Loveridge, R., Hing, R. 2011. Un nouveau
plattenkalk Konservat Lagerstitte dans le Crétacé supérieur de Gara Sbaa, au sud-est du



Geopersia 2022, 12(2): 265-285 285

Maroc. Recherche sur le Crétacé, 32 (4): 433-446.

Massironi, M., Algouti, A., Benvenuti, M., Dal-Piaz, G. Vo. 2007. Carte Géologique du Maroc au
1/50.000, feuille Boumalne, Maroc : Notice explicative, Notes et Mém. Serv. Géol. Maroc,
521(bis): 1-80.

Mattauer, M., Tapponnier, P., Proust, F. 1977. Sur les mécanismes de formation des chaines
intracontinentales. L’exemple des chaines atlasiques du Maroc. Bull. Soc. géol. Fr., (7), XIX, 3: 521-526.

Miall, A. D. 1985. Architectural-Element Analysis: A New Method of Facies Analysis Applied to
Fluvial Deposits. Earth-Science Rev., (22): 261-308.

Miall, A. D. 2006. The Geology of Fluvial Deposits, Sedimentary Facies, Basin Analysis, and Petroleum
Geology. 4th correcte printing, Springer.

Michard, A. 1976. Eléments de géologie marocaine. Rabat : Notes et Mém. Serv. géol. Marco, 252: 408 pp.

Moratti, G., Benvenuti, M., Santo, A.P., Laurenzi, M.A., Braschi, E., Tommasini, S., 2018. New 40
Ar-39 Ar dating of Lower Cretaceous basalts at the southern front of the Central High Atlas,
Morocco: insights on late Mesozoic tectonics, sedimentation and magmatism. Int. J. Earth Sci. 107:
2491-2515.

Mrabet, A., Le Ribault, L., 1978. Analyse exoscopique des séquences sableuses du barrémien
(formation boudinar) de la Tunisie centrale.

Péttijohn, F. 1949. Sedimentary Rocks—Happer Fréres. Sedimentology. With, 177.

Pomerol, B., Odin, G.S., 1974. Sur l'altération expérimentale d'une phyllite (la glauconite), lors de
l'attaque acide destinée a mettre en solution les éléments des carbonates. Bull. Soc. Geol. France, (7),
16 (3): 324-331.

Plancon, A., Drits, V.A., 2000. Phase analysis of clays using an expert system and calculation programs
for X-ray diffraction by two- and three-component mixed-layer minerals. Clays and Clay Minerals,
48: 57-62.

Purser B.H. 1980., Sédimentation et diagenese des carbonates néritiques récents. t.1, pub.Inst. Fr. Petrol,
366 p.

Reynolds, R.C., Jr, 1985., Newmod: A computer program for the calculation of one dimensional patterns
of mixed-layered clays. Hanover, NH.

Rhalmi, M., Pascal, A., Chellai, E H., 2000. Litho-biostratigraphie, diagenése et paléogéographie au
Cénomanien supérieur-Turonien inférieur des bassins sud-atlasiques marocains. Géologie Alpine, t.
76: 135-149.

Studer, M. 1980. Tectonique et pétrographie des roches sédimentaires, éruptives et métamorphiques de la
région de Tounfite-Tirrhist (Haut Atlas central, Maroc). Thése 3™ cycle, Univ. Neuchatel, 102 p.
Stoll, J.M., Lucas J., Millot, G., Wey, R., 1964. Contribution a I'étude des méthodes pratiques d'examen
aux rayons X des minéraux phylliteux. Influence du mode de séchage et de la saturation pars des ions

potassium. Bull. Ser. Carte géol. Als. Lorr., 17 (4): 235-246.

Seilacher, A. 2007. Trace fossil analysis. Springer, Berlin, p 226.

Teson, Eliseo et TeixelL, Antonio. 2008. Sequence of thrusting and syntectonic sedimentation in the
eastern Sub-Atlas thrust belt (Dades and Mgoun valleys, Morocco). International Journal of Earth
Sciences, 97(1): 103-113.

Wilson, M.J., 1987. A handbook of determinative methods in clay mineralogy. Blackie (edit.), Glasgow
and London, 308 p.

Waurster, P. Stets, j. 1982. Sedimentation in the Atlas Gulf II: Mid-Cretaceous events. In. Geologyof the
Nort hwest African Continental Margin. Springer-Verlag(Ed.), 439-459.

@ @ This article is an open-access article distributed under the terms and conditions of
the Creative Commons Attribution (CC-BY) license.



