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Abstract

Detailed facies association observations are crucial for interpretations and calibrations of
depositional environments of shallow marine deposits, which in turn, are fundamental for
reconstruction of a relative sea level curve. An important aspect of basin evolution is flexural
isostasy, which affects the accommodation space available in the basin, which therefore can
have feedback on the relative sea level curve reconstructed. To investigate these processes, the
Ktawa Group of Late Ordovician age in the Central Anti-Atlas (South Morocco) was studied.
The group is composed of shallow marine siliciclastic sediments dominated by storm-wave
action. Detailed sedimentology, stratigraphy and subsidence analysis were conducted through
this field-based study. Two possible depositional models were reconstructed for the Lower
Ktawa Formation (older formation in the Ktawa Group) based on two different hypotheses on
facies associations. These hypotheses are either a ramp-like setting deposited during a
regression, or a bimodal setting composed of a ramp deposited during a forced regression
followed by a barrier-lagoon system formed during the transgression. Furthermore, the Lower
Ktawa lowstands could be deposited as megalobe geometries prograding toward the North (+/-
45°). Each megalobe may have been emplaced in the depression and accommodation space
created by the deposition and isostatic adjustment of the previous megalobe. This emplacement
progressively shifted toward the East, until the deposition of the Rouid-Aissa Formation
(overlying the Lower Ktawa Formation). The Rouid-Aissa Formation deposits would show a
proximal-to-distal trend from the West to the East relatively. A ca. 90° shift in the proximal-
to-distal trend between the Lower Ktawa and Rouid-Aissa Formations is observed. This shift
might be induced by tectonic influence. Finally, the Ktawa Group (Sandbian-Katian) was
deposited prior to the Late Ordovician glaciation maximum (Hirnantian). Lowstands observed
in the field of the Ktawa Group were interpreted as likely driven by allocylic glacio-eustasy
with autocyclicity in the emplacement of megalobes. This thesis combines the above data to
gain a new understanding of the sedimentology and stratigraphy of the Ktawa Group in the

Central Anti-Atlas.
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CHAPTER ONE

1.1. Introduction

The depositional environments interpreted from ancient facies associations of shallow
marine siliciclastic deposits, for example those formed on passive margins, are critical for the
reconstruction of a relative sea level curve. This sea level curve is useful for regional to global
correlations with other basins, and gives information on the paleoclimate, such as ice sheet
formation, paleogeography and emergence of the continents, and possible habitable
environments for life. Detailed facies association recognition is essential for the calibration of
the paleo-bathymetry of basins, i.e., the depositional environment at that time. The
interpretation and stacking pattern of facies associations also has implications the sequence
stratigraphy of that particular environment, but also in correlations with the larger basin

structure, and furthermore other coeval basins in marine settings (Catuneanu et al., 2009).

Here, the Ktawa Group was investigated in detail through a field-based study on
sedimentology, stratigraphy and subsidence analysis in the Anti-Atlas (Jbel Bani cliff, South
Morocco, Fig. 1.1A and B). Sediments composing the group were deposited in a shallow
marine siliciclastic environment, dominated by storm-wave action (Alvaro etal., 2022, Cocco
et al., 2023, Dabard et al., 2009, Destombes, 1985, Dietrich et al., 2019, Ghienne et al., 2007,
Loi et al., 2010, Marante, 2008, Meddour, 2016, Vidal et al., 2011, Videt et al., 2010).

Storm-wave-dominated environment shape deltas in large features (ca. 100s of km, Lin
and Bhattacharya, 2021, Patruno and Helland-Hansen, 2018, Proust et al., 2018), where
constant reworking shapes the shoreline and enables transport offshore (Driscoll and Karner,
1994, Hampson and Premwichein, 2017, Mitchell et al., 2012). Hummocky-Cross
Stratifications (HCS) sedimentary structures are characteristics of storm reworking (e.g. Jelby
et al., 2020). Storm-wave reworking can build barrier systems and protect the back-barrier from
storm-wave action. A protected to restricted environment is then important for the thrive of

bioturbation (Dashtgard et al., 2021, Dillenburg et al., 2009).

The Ktawa Group was deposited close to the South Pole in the Late Ordovician times
during Sandbian to Katian (ca. 459 to 446 Ma, Fig. 1.1.C, Cocks and Torsvik, 2021,
Destombes, 1985, Loi et al., 2010, Torsvik and Cocks, 2013), prior to the Late Ordovician
glaciation (Hirnantian, ca. 445.2 Ma). The onset of the Early Paleozoic glaciation was as early

as Middle Ordovician (Pohl et al., 2016). The glaciation and changes in volumes of ice masses
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Figure 1.1: Geological context of the Ktawa Group in the Anti-Atlas, South Morocco. (A)
Simplified geological map with characteristics features of southern Morocco and western
Algeria (modified from Ghienne et al., 2007, Hollard et al., 1985, Ennih and Liégeois,
2001), with zoom in (B) Detailed geological map of the Jbel Bani cliff in the Central Anti-
Atlas, including field-based stratigraphic profiles location (modified from Choubert et al.,
1970, Choubert et al., 1989, Ennadifi, 1971). Background Digital Elevation Model: NASA
(2019). (C) Paleogeographic reconstruction of Gondwana during Late Ordovician (450
Ma, Katian, modified from Cocks and Torsvik, 2021)

inland influenced the global relative sea level as well as sediment transport (Semme et al.,

2009).
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Furthermore, the Ktawa Group was deposited on the northern giant platform of North
Gondwana (Fig. 1.1.C). As sediments deposit on a platform, several factors control the
accommodation space available in the basin. These include local subsidence, global sea level
variations and sediment supply, but also the compaction of sediments, isostatic adjustment due
to a sedimentary load, river avulsion or piracy (Jankowski et al., 2017, Milliman et al., 1989,
Polanco et al., 2024, Steckler et al., 2022, Syvitski et al., 2022). Megalobe of subaqueous deltas
prograding and depositing sediments in shallow marine environments would create depression,
i.e. accommodation space, on the side of the load after isostatic adjustment (Reynolds et al.,

1991).

1.2. Outline of the thesis

The aim of this thesis is to investigate the deposits from a shallow marine siliciclastic
platform in order to unravel the depositional environments, sediment dynamics, flexural to
subsidence isostasy due to a sedimentary load, and to correlate these data and observations to
other studies along a large and wide platform. We investigated the Lower Ktawa and Rouid-
Aissa deposits, siliciclastic shallow marine sediments deposited on the northern passive margin
of Gondwana during Early Sandbian to Katian (ca. 459 to 446 Ma). The deposits encompass
offshore to storm-wave-dominated shoreface and tidal to river mouth environments.
Depositional models were extrapolated from the stacking patterns, which lead to the
reconstruction of relative sea level (RSL) curves. A composite RSL curve was extrapolated for
the Lower Ktawa and Rouid-Aissa Formations to enable correlations to local, regional, and
global studies. These were used to unravel the onset of the Late Ordovician glaciation prior to
the Hirnantian maximum (ca. 445.2 Ma) in the study area. Finally, a study on the subsidence
of the Lower Ktawa is used to investigate the isostatic adjustment of a sedimentary and how
accommodation space created can control the emplacement and location of the next

sedimentary load.

Chapter 2 is under submission in Sedimentology. This chapter focuses on the Lower
Ktawa Formation, previously described in the literature as mudstone-dominated (Destombes,
1985). Detailed stratigraphic profiles were logged in the field, where seven sandstone-
dominated packages were recognized outcropping in the mudstone-dominated background,
which were defined as members. Grain-size, sedimentary structures, and ichnology were
compiled in order to interpret facies associations. From the stacking pattern (i.e. genetic units),

a typical sequence was interpreted for the Lower Ktawa deposits. Facies associations were
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interpreted as depositional environments in order to reconstruct a depositional model for these
deposits. However, two facies associations (out of eight) can be interpreted as two depositional
environments (lower shoreface or lagoonal, shoals or barrier). This leads to two depositional
models: a ramp-like setting and a bimodal setting including a barrier-lagoon system. Depending
on the depositional model, the locality of the MRS will change and to some extent, change the
reconstructed RSL curve. Finally, this chapter highlights the South-to-North prograding trend
of the Lower Ktawa deposits, where sediments are deposited as megalobes shapes prograding

toward the North.

Chapter 3 focuses on the sedimentology of the Rouid-Aissa Formation, which is
sandstone-dominated, and overlies the Lower Ktawa Formation. Focus is put on the description
of the facies associations recognized in the field. Proximal-to-distal trend of the deposits was
interpreted as West to East, from changes in facies associations, thinning and fining trends of
sandstones bodies. Regional tectonics is discussed in regard of whether tectonics might have
an influence and control on the change of the proximal-to-distal trend between the Lower

Ktawa and Rouid-Aissa Formations.

Chapter 4 investigates correlations from local to regional and global scales. From the
seven sandstone members recognized, six 3™ order RSL cycles were interpreted after
biostratigraphic calibrations and correlations of members. RSL curves were reconstructed for
the Lower Ktawa and Rouid-Aissa Formations, extrapolated from depositional environments
interpreted from facies associations. A composite RSL curve was reconstructed for the Ktawa
Group. The curve was compared to the global RSL curve, geochemical proxies (6'#*0 and 5'*C),
and regional studies (i.e. Ougarta, Hoggar, Armorican Massif, and Sardinia) to investigate the
recognition of glacially induced events in the study area (e.g. Guttenberg Isotopic Carbon
Excursion, Kope, Waynesville, and Whitewater). The deposition of the Ktawa Group

lowstands (i.e. sandstone members) was likely driven by allocyclic, glacially related, eustasy.

Chapter 5 investigates the isostatic adjustment of sedimentary loads and resulted seabed
morphology. The Lower Ktawa deposits are taken as the sedimentary load. Each member
embedded in a RSL cycle was extrapolated as a megalobe shape (or a channel-complex)
prograding toward the North. The Flex3D Matlab code was used to unravel the flexural isostasy
due to deposition of each megalobe. After isostatic adjustment of each megalobe,
accommodation space and depressions of the seabed are created on each side laterally of the

megalobe. These are compared to the emplacement of the subsequence megalobe. The
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accommodation space created on the sides of the megalobes after isostatic adjustment would
control the emplacement of the subsequent megalobe. Furthermore, after deposition of the
second member, the South-to-North prograding megalobes shift toward the East of the studied
region. Hence, the deposition of the Lower Ktawa megalobe was likely driven by allocyclic
eustasy related to glacial events, where the locality of the sediment and megalobe emplacement
was likely influenced by autocyclicity of accommodation space created by flexural isostatic

adjustment.
Chapter 6 outlines the main conclusions and outlook of this study.
References

Alvaro, J. J., Benharref, M., Destombes, J., Gutiérrez-Marco, J. C., Hunter, A. W., Lefebvre,
B., Van Roy, P. & Zamora, S. 2022. Ordovician stratigraphy and benthic community
replacements in the eastern Anti-Atlas, Morocco.

Catuneanu, O., Abreu, V., Bhattacharya, J., Blum, M., Dalrymple, R., Eriksson, P., Fielding,
C. R., Fisher, W., Galloway, W. & Gibling, M. 2009. Towards the standardization of
sequence stratigraphy. Earth-Science Reviews, 92, 1-33.

Choubert, G., Destombes, J., Faure-Muret, A., Gauthier, H., Hindermeyer, J., Hollard, H. &
Jouravsky, G. 1970. Carte géologique de I’ Anti-Atlas central et de la zone synclinale
de Ouarzazate: feuilles Ouarzazate-Alougoum et Telouet sud. Notes et Mém. Serv.
Géol. Maroc, 138.

Choubert, G., Faure-Muret, A. & Destombes, J 1989. Carte géologique du Maroc, Zagora-
Coude du Dra-Hamada du Dra (pp). Echelle 1/200 000. Notes Mém. Serv. Mines Carte
géol. Maroc.

Cocco, F., Loi, A., Funedda, A., Casini, L., Ghienne, J.-F., Pillola, G. L., Vidal, M., Meloni,
M. A. & Oggiano, G. 2023. Ordovician tectonics of the South European Variscan
Realm: new insights from Sardinia. International Journal of Earth Sciences, 112,321-
344.

Cocks, L. R. M. & Torsvik, T. H. 2021. Ordovician palacogeography and climate change.
Gondwana Research, 100, 53-72.

Dabard, M.-P., Guillocheau, F., Loi, A., Paris, F. & Ballévre, M. 2009. Evolution de la plate-
forme paléozoique centre-armoricaine de 1'Ordovicien au Dévonien. /2eme Congres

Frangais de Sédimentologie, 65, 5-102.

20



CHAPTER ONE

Dashtgard, S. E., Vaucher, R., Yang, B. & Dalrymple, R. W. 2021. Hutchison medallist 1.
Wave-dominated to tide-dominated coastal systems: a unifying model for tidal
shorefaces and refinement of the coastal-environments classification scheme.
Geoscience Canada, 48, 5-22.

Destombes, J. 1985. Lower palaeozoic rocks of Morocco. Lower Palaeozoic of north-western
and west-central Africa, 91-336.

Dietrich, P., Ghienne, J.-F., Lajeunesse, P., Normandeau, A., Deschamps, R. & Razin, P. 2019.
Deglacial sequences and glacio-isostatic adjustment: Quaternary compared with
Ordovician glaciations. Geological Society, London, Special Publications, 475, 149-
179.

Dillenburg, S. R., Hesp, P. A., Angulo, R. J., Souza, M. C. D. & Lessa, G. C. 2009. The
Holocene barrier systems of Paranagua and northern Santa Catarina coasts, southern
Brazil. Geology and geomorphology of Holocene coastal barriers of Brazil, 135-176.

Driscoll, N. W. & Karner, G. D. 1994. Flexural deformation due to Amazon Fan loading: A
feedback mechanism affecting sediment delivery to margins. Geology, 22, 1015-1018.

Ennih, N. & Liégeois, J.-P. 2001. The Moroccan Anti-Atlas: the West African craton passive
margin with limited Pan-African activity. Implications for the northern limit of the
craton. Precambrian Research, 112, 289-302.

Ghienne, J. F., Le Heron, D. P., Moreau, J., Denis, M. & Deynoux, M. 2007. The Late
Ordovician glacial sedimentary system of the North Gondwana platform. Glacial
sedimentary processes and products, 295-319.

Hampson, G. J. & Premwichein, K. 2017. Sedimentologic character of ancient muddy
subaqueous-deltaic clinoforms: Down Cliff Clay Member, Bridport Sand Formation,
Wessex Basin, UK. Journal of Sedimentary Research, 87, 951-966.

Hollard, H., Choubert, G., Bronner, G., Marchand, J. & Sougy, J. 1985. Carte géologique du
Maroc, scale 1: 1,000,000. Serv. Carte géol. Maroc, 260.

Jankowski, K. L., Toérnqvist, T. E. & Fernandes, A. M. 2017. Vulnerability of Louisiana’s
coastal wetlands to present-day rates of relative sea-level rise. Nature Communications,
8, 14792.

Jelby, M. E., Grundvag, S. A., Helland-Hansen, W., Olaussen, S. & Stemmerik, L. 2020.
Tempestite facies variability and storm-depositional processes across a wide ramp:
Towards a polygenetic model for hummocky cross-stratification. Sedimentology, 67,

742-781.

21



CHAPTER ONE

Lin, W. & Bhattacharya, J. P. 2021. Storm-flood-dominated delta: a new type of delta in stormy
oceans. Sedimentology, 68, 1109-1136.

Loi, A., Ghienne, J.-F., Dabard, M.-P., Paris, F., Botquelen, A., Christ, N., Elaouad-Debbaj,
Z., Gorini, A., Vidal, M. & Videt, B. 2010. The Late Ordovician glacio-eustatic record
from a high-latitude storm-dominated shelf succession: The Bou Ingarf section (Anti-
Atlas, Southern Morocco). Palaeogeography, Palaeoclimatology, Palaeoecology, 296,
332-358.

Marante, A. 2008. Architecture et dynamique des systemes sédimentaires silico-clastiques sur
la" plate-forme géante" nord-gondwanienne: ['Ordivicien moyen de l'Anti-Atlas
marocain. Bordeaux 3.

Meddour, A. 2016. Les séries de I'Ordovicien moyen et supérieur de l'Anti-Atlas oriental
(Maroc): stratigraphie, sédimentologie et paléogeographie des systemes de plate-
forme silico-clastique. Bordeaux 3.

Milliman, J. D., Broadus, J. M. & Gable, F. 1989. Environmental and economic implications
of rising sea level and subsiding deltas: the Nile and Bengal examples. Ambio, 340-345.

Mitchell, N. C., Masselink, G., Huthnance, J. M., Fernandez-Salas, L. M. & Lobo, F. J. 2012.
Depths of modern coastal sand clinoforms. Journal of Sedimentary Research, 82, 469-
481.

NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team (2019).
ASTER Global Digital Elevation Model V003 [Data set]. NASA EOSDIS Land
Processes Distributed Active Archive Center.
https://doi.org/10.5067/ASTER/ASTGTM.003

Patruno, S. & Helland-Hansen, W. 2018. Clinoforms and clinoform systems: Review and
dynamic classification scheme for shorelines, subaqueous deltas, shelf edges and
continental margins. Earth-Science Reviews, 185, 202-233.

Pohl, A., Donnadieu, Y., Le Hir, G., Ladant, J. B., Dumas, C., Alvarez-Solas, J. &
Vandenbroucke, T. R. 2016. Glacial onset predated Late Ordovician climate cooling.
Paleoceanography, 31, 800-821.

Polanco, S., Blum, M., Salles, T., Frederick, B. C., Farrington, R., Ding, X., Mather, B.,
Mallard, C. & Moresi, L. 2024. Flexural isostatic response of continental-scale deltas
to climatically driven sea level changes. Earth Surface Dynamics, 12, 301-320.

Proust, J.-N., Pouderoux, H., Ando, H., Hesselbo, S. P., Hodgson, D. M., Lofi, J., Rabineau,

M. & Sugarman, P. J. 2018. Facies architecture of Miocene subaqueous clinothems of

22



CHAPTER ONE

the New Jersey passive margin: Results from IODP-ICDP Expedition 313. Geosphere,
14, 1564-1591.

Reynolds, D. J., Steckler, M. S. & Coakley, B. J. 1991. The role of the sediment load in
sequence stratigraphy: The influence of flexural isostasy and compaction. Journal of
Geophysical Research: Solid Earth, 96, 6931-6949.

Semme, T. O., Helland-Hansen, W. & Granjeon, D. 2009. Impact of eustatic amplitude
variations on shelf morphology, sediment dispersal, and sequence stratigraphic
interpretation: Icehouse versus greenhouse systems. Geology, 37, 587-590.

Steckler, M. S., Oryan, B., Wilson, C. A., Grall, C., Nooner, S. L., Mondal, D. R., Akhter, S.
H., Dewolf, S. & Goodbred, S. L. 2022. Synthesis of the distribution of subsidence of
the lower Ganges-Brahmaputra Delta, Bangladesh. Earth-Science Reviews, 224,
103887.

Syvitski, J., Anthony, E., Saito, Y., Zainescu, F., Day, J., Bhattacharya, J. P. & Giosan, L. 2022.
Large deltas, small deltas: Toward a more rigorous understanding of coastal marine
deltas. Global and Planetary Change, 218, 103958.

Torsvik, T. H. & Cocks, L. R. M. 2013. Gondwana from top to base in space and time.
Gondwana Research, 24, 999-1030.

Vidal, M., Loi, A., Dabard, M.-P. & Botquelen, A. 2011. A Palaeozoic open shelf benthic
assemblage in a protected marine environment. Palaeogeography, Palaeoclimatology,
Palaeoecology, 306, 27-40.

Videt, B., Paris, F., Rubino, J.-L., Boumendjel, K., Dabard, M.-P., Loi, A., Ghienne, J.-F.,
Marante, A. & Gorini, A. 2010. Biostratigraphical calibration of third order Ordovician
sequences on the northern Gondwana platform. Palaeogeography, Palaeoclimatology,

Palaeoecology, 296, 359-375.

23






CHAPTER TWO

Sedimentary facies and shelf morphology of the Late
Ordovician Ktawa Group (Morocco): shoreface or
barrier-lagoon within a siliciclastic storm-dominated

platform?

Déborah Caroline Stella Harlet '.2, Guilhem Amin Douillet !, Chloé Bouscary 3.4, Pierre

Dietrich *, Jean-Frangois Ghienne ¢, Philippe Razin 7, Fritz Schlunegger '

! Institut fiir Geologie, Universitdt Bern, Bern, Switzerland

2 iCRAG, University College Dublin, Dublin, Ireland

* GFZ Potsdam, Helmholtz-Zentrum Potsdam, Potsdam, Germany

4 Liebniz Institute for Applied Geophysics - LIAG, Hannover, Germany
> CNRS, Géosciences Rennes, Université de Rennes 1, Rennes, France
¢ CNRS, ITES, Université de Strasbourg, Strasbourg, France

7 ENSEGID, Université Bordeaux Montaigne, EA 4592, Pessac, France



CHAPTER TWO

Abstract

The Lower Ktawa Formation in the Central Anti-Atlas (Morocco) exhibits Late Ordovician
deposits from the northern rim of the Tindouf basin. They record a series of regression-
transgression cycles within a shallow marine, storm-dominated, siliciclastic platform. These
cycles exhibit variations from offshore to tidal/river mouth environments, which are related to
glacial events during the early phases of the Late Ordovician glaciation. Up to 7 sequences
spanning ca. 10 Myr have been recognized in the form of sandstone-rich units defined as
“members”.

Most members record thick coarsening-upward and thin fining-upward trends. They contain a
variety of event-related beds and hummocky-cross-stratification emphasizing the influence of
storm-wave action. The coarsening upward sequences are often interrupted by packages of
intensely bioturbated material, which are usually topped by amalgamated HCS sandstones.
This configuration is thought to record a bimodal coast, with the passage from an open-coast,
storm-wave-dominated environment during sea level fall, to a lagoon-barrier system during
lowstand and sea level rise. Alternatively, these horizons of bioturbated sandstones might
develop within a purely open-coast system, whereby particular conditions would allow
bioturbation rates to overtake the sediment input and preservation rates, in a lower shoreface
environment. The two contrasted interpretations for the bioturbated sandstones imply a position
of the Maximum Regressive Surface at the base of the bioturbated sandstones for a barrier-
lagoon system, or within the base of amalgamated sandstones in an open-coast setting.

Two members differ significantly in terms of facies association, preserving coarse-grained,
bioturbated, cross-bedded and rhythmically bedded sandstones. They are understood as tidal to
river-mouth deposits deposited within channel belt systems reflecting major drops in relative
sea level.

The progradation direction is interpreted as roughly South to North, based on the symmetry of
facies associations and architecture along the semi-3D West-East transect, as well as lateral

thinning trends of members.
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2.1. Introduction

Siliciclastic coasts dominated by
waves and storm processes represent about
20 to 30%
coastlines (Davidson-Arnott, 2011). These

of the worldwide modern

sandy coasts display a large variety of
morphologies, such as beach ridges in the
open coast and strand plains, barriers and
lagoons, spits, longshore bars etc. Their
occurrence, formation and evolution
through time and space are controlled by a
combination of sediment supply and
availability, transport energy of waves, and
variations of relative sea level (RSL)
(Anderson et al., 2016, Dillenburg et al.,
2009, Dominguez and Da Silva Pinto
Bittencourt, 1996, Fraser et al., 2005, Hein
et al., 2013, Otvos, 2012, Otvos and Carter,
2013, Tamura, 2012). The morphology and
evolution of modern coasts is largely
influenced by glacio-eustatic and glacio-
isostatic RSL changes linked to the Last-
Glacial-Maximum (Meijer, 2002). Whereas
the impacts of these variations on the
coastal morphologies can be quantified for
short timescales (Lerma et al., 2019,
Masselink et al., 2022), the stratigraphic
architectures and sediment-facies changes
that arise from RSL fluctuations over
millions of years can only be accessed from
the sedimentary record. In order to better

understand the long-term evolution of

siliciclastic storm dominated platforms, one

must therefore combine information from
the large-scale architecture, with detailed
sedimentary facies analysis.

Here, we take advantage of a large-
scale outcrop (100s km in length, 100s m in
thickness) in the Central Anti-Atlas in
southern Morocco that offers a continuous
exposure on a wave- and storm-dominated
siliciclastic succession (Fig. 2.1). The
deposits of the Ktawa Group (also "Ktaoua"
in e.g. Choubert, 1942, Colmenar et al.,
2022, Destombes, 1985, Gutiérrez-Marco
et al.,, 2022, Loi et al., 2010, Meddour,
2016), early Late Ordovician in age, and
deposited on the northern passive margin of
Gondwana (Cocks and Torsvik, 2021,
Destombes, 1985) were investigated. The
goal is to determine in detail the lateral
variations of facies associations, which are
combined with data about the large-scale
stratigraphic architecture, and the long-term
evolution through time, yielding new
information that will challenge commonly

accepted depositional models.

2.1.1. Storm-wave imprint

Siliciclastic, storm-dominated
environments have been described and
documented at a high level of details from
the Ordovician in Morocco and over the
entire  northern Gondwana platform
(Chacrone et al., 2004, Destombes, 1985,

Loi et al., 2010, Razin et al. 2020). Such
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Figure 2.1: Location of the studied area. (A) Paleogeographic reconstruction of
Gondwana during the Late Ordovician (Katian, 450 Ma, modified from Cocks and
Torsvik, 2021). (B) Simplified geological map of southern Morocco and western Algeria,
highlighting the Late Ordovician deposits South of the Atlas Mountain Range (modified
from Ghienne et al., 2007, Hollard et al., 1985). (C) Detailed geological map of the Jbel
Bani cliff between the localities of Tissint and Tagounite, including location of profiles
(Choubert et al., 1970, Choubert et al., 1989, Ennadifi, 1971). Background Digital
Elevation Model: NASA (2019). (D) Aerial photograph of the Jbel Bani with emphasis on
the Lower Ktawa Members (location: orange star on map C).

sedimentary successions have

characteristic organizations of mudstones

and intercalated sandstone beds

(e.g.
Dashtgard et al., 2021, Ghienne et al., 2007,
Hampson, and Storms, 2003, Keen et al.,
2012), the latter exhibiting distinctive
known  as

sedimentary  structures

Cross
Stratifications -HCS and SCS- (Cheel et al.,
1993, Dott Jr and Bourgeois, 1982, Harms
et al., 1975, Jelby et al., 2020, Myrow and
Southard, 1996). HCS/SCS are traditionally

Hummocky and Swaley

interpreted as sedimentary structures built

from sand reworked from the shoreface by
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