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Ordovician stratigraphy and benthic community replacements in the eastern Anti-Atlas, Morocco

The Anti-Atlas contains a thick, volcanic-free Ordovician succession, originally deposited in a passive-margin basin. Three main sedimentary packages are bounded by major unconformities: (i) the Tremadocian-Floian Lower Fezouata and Upper Fezouata formations, which unconformably overlie a palaeorelief of Cambrian rifting volcanosedimentary complexes, and is subsequently overlain by a Dapingian paraconformable gap; (ii) the Darriwilian-Katian Tachilla Formation and First Bani and Ktaoua groups, the latter unconformably overlain by a Hirnantian glaciogenic succession; (iii) subsequently infilled with deposits of the Second Bani Group. Due to the scarcity of carbonate interbeds for etching analyses, lthe global Ordovician chart is interpolated on the basis of microphytoplancton (acritarchs and chitinozoans), regional graptolites and brachiopods. The Ordovician counter-clockwise rotation of Gondwana led its Moroccan margin from mid-to high-latitude positions, leading to the onset of a siliciclastic, wave-and storm-dominated platform. Flooding surfaces are marked by shelly silty carbonate interbeds that reflect the episodic development of echinodermbryozoan meadows during Katian times; in areas protected from siliciclastic input, they reached massive and bedded bioaccumulations (Khabt-el-Hajar Formation). The Hirnantian glaciation controlled the incision of numerous tunnel channels, infilled with both alluvial-to-fluvial sediments and glaciomarine diacmictites. The Hirnantian

Introduction

In the Anti-Atlas Ranges of Morocco, the Ordovician rocks occupy approximately 24,000 km 2 of surface exposures (Fig. 1A-B) and host one of the most productive sedimentary metalliferous deposits in NW Africa [START_REF] Agard | Fer. Géologie des gîtes minéraux marocains[END_REF][START_REF] Destombes | Sur la présence du Llanvirn à minerai de fer oolithique dans l'anticlinal de Tiflet (Maroc)[END_REF][START_REF] Destombes | Les gisements de minerai de fer sédimentaire oolithique de la bordure S de l'Ougnate et du Maïder[END_REF][START_REF] Destombes | Les minerais de fer oolithiques: idées actuelles sur leur structure et leur genèse[END_REF]Destombes , 1985a;;[START_REF] Destombes | Carte métallogénique du Maroc[END_REF][START_REF] Destombes | Cambrien et Ordovicien[END_REF][START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF][START_REF] Raddi | Le fer oolithique d'Imi n'Tourza au sud du J. Saghro[END_REF]. Largely due to their economic importance, these ironstones have ceaselessly been the focus of continuing mapping programs and associated research projects.

About three decades ago, [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] summarized what was known at that time about the Ordovician stratigraphy (Moroccan Program of Geological Mapping at 1/200,000 scale) and basin evolution history in the Anti-Atlas. Since them, the huge work fostered by the Moroccan Geological Survey has been progressively improved by the subsequent programs of geological mapping at 1/100,000 and 1/50,000 scales. Data acquired during the last decades have provided important information about the Ordovician fossil record and represent the basis for comparisons with neighbouring margins of Gondwana and other continents based on chronostratigraphical, biogeographical, sedimentological and sequencestratigraphical correlations.

The Ordovician of the eastern Anti-Atlas contains three major gap-bounded, volcanicfree sedimentary packages: (i) the Tremadocian-Floian Lower Fezouata and Upper Fezouata formations, which unconformably overlie a palaeorelief of Cambrian rifting volcanosedimentary complexes, and is subsequently overlain by a Dapingian paraconformable gap; (ii) the Darriwilian-Katian Tachilla Formation and First Bani and Ktaoua groups, the latter unconformably overlain by a Hirnantian glaciogenic succession; and (iii) the Second Bani Group that infills the former glaciogenic palaeorelief.

Due to the virtual lack of igneous rocks and the scarcity of carbonate interbeds, mapping and correlation of the Ordovician have traditionally relied on lithostratigraphical comparisons along a 1,000 km-long transect from Tan-Tan (western edge of the Anti-Atlas) to Erfoud (eastern edge). It seems timely to review the stratigraphical nomenclature established over the past three decades in order to provide a convenient synthesis, from which to develop local and basin-wide correlations. We provide below an overview of the Ordovician strata from the eastern Anti-Atlas and adjacent areas. Major mappable lithostratigraphical units are reviewed and placed in a regional geodynamical and sequence context.

Geological setting and tectonostratigraphical units

The Proterozoic basement of the Anti-Atlas lies along the northern margin of the West African craton [START_REF] Ennih | The boundaries of the West African craton, with special reference to the basement of the Moroccan metacratonic Anti-Atlas belt[END_REF]. The inliers of the High Atlas and the Anti-Atlas inliers are crosscut by two major fault networks, the so-called South Atlas and Anti-Atlas Major Faults (SAF and AAMF in Fig. 1B): the former crosscuts longitudinally the High Atlas, whereas the latter exemplifies a Neoproterozoic ophiolite-bearing transect, representative of the Pan-African orogenic suture [START_REF] Michard | The Variscan belt[END_REF]. The end of the Pan-African orogeny was succeeded by the onset of a latest Ediacaran-Cambrian rift, known as the Cambrian Atlas Rift (Álvaro et al. 2014a, b;[START_REF] Pouclet | Review of the Cambrian volcanic activity in Morocco: geochemical fingerprints and geotectonic implications for the rifting of West Gondwana[END_REF], which evolved during Ordovician times into a passive-margin basin.

Geographically speaking, the Anti-Atlas is subdivided into the western, central and eastern Anti-Atlas, the latter including the Jbel Saghro, the Jbel Ougnate and the Tafilalt district.

In contrast, from a geological point of view, several works suggest distinguishing the eastern Anti-Atlas as westerly bounded by the Anti-Atlas Major Fault, as a result of which, a part of the El Graara massif (including the Bou Azzer-El Graara inlier) would be included in the eastern Anti-Atlas. In this work, we consider the eastern Anti-Atlas as including the Ordovician exposures flanking the Jbel Saghro, the Jbel Ougnate and the scattered outcrops that punctuate the Tafilalt district (1/200,000 maps of [START_REF] Destombes | Notice explicative de la carte géologique du Maroc au 200.000e "Todhra-Maïder[END_REF]Destombes , d, 1987Destombes , 2006a;;[START_REF] Raddi | Carte géologique du Maroc au 1/50 000. Feuille Oukhit[END_REF][START_REF] Raddi | Carte géologique du Maroc au 1/50 000[END_REF]Álvaro et al. 2014c, d;Benharref et al. 2014a, b, c) (Fig. 1B-C). In the eastern Anti-Atlas, Ordovician rocks are well exposed, easily accessible, fossiliferous and relatively undisturbed by tectonism. These advantageous attributes make this region a key area for the study of the Ordovician stratigraphy and fossil record in Northwest Africa.

A mid-latitude passive-margin basin

After the end of the Pan-African Orogeny, a syn-rift megasequence comprises the Cambrian Taroudant, Tata, Feijas Internes and Tabanite groups. These volcanosedimentary complexes infilled the accommodation space generated during a ca. 55.6 m.y.-rifting episode, known as the Cambrian Atlas Rift. A network of narrow, interconnected rifting branches was episodically generated, bounded by disconnected shoulders that were locally tilted and uplifted during synrifting pulses.

The beginning of rift geodynamics is diachronous throughout the Anti-Atlas but extended across the Ediacaran-Cambrian boundary interval. During Cambrian times, the Atlas Rift recorded the onset of (half-)grabens and horsts forming a linear SSW-NNE trending belt, up to 400 km long and interrupted by a series of major en echelon extensional faults [START_REF] Soulaimani | L'extension continentale au Néoprotérozoïque supérieur-Cambrien inférieur dans l'Anti-Atlas (Maroc)[END_REF][START_REF] Pouclet | Geodynamic evolution of the northwestern Paleo-Gondwanan margin in the Moroccan Atlas at the Precambrian-Cambrian boundary[END_REF][START_REF] Pouclet | Review of the Cambrian volcanic activity in Morocco: geochemical fingerprints and geotectonic implications for the rifting of West Gondwana[END_REF][START_REF] Álvaro | The Great Atlasian Reef Complex: an early Cambrian subtropical fringing belt that bordered West Gondwana[END_REF]. The resulting accommodation space was controlled by extensional rift pulses that led to (i) sharp changes in lithology and facies thickness; (ii) episodic deposition of conglomerates and breccias along rift flanks; (iii) local tilting and uplift along rift shoulders associated with subaerial exposure, development of hydrothermally induced metal ore deposits and local stratigraphic gaps; and (iv) deposition of deeper water facies along the axes of rift branches [START_REF] Álvaro | Botoman (Lower Cambrian) turbid-and clear-water reefs and associated environments from the High Atlas, Morocco[END_REF][START_REF] Álvaro | Paleoenvironmental significance of Cambrian hiatal shell accumulations in an intra-cratonic aborted rift, Atlas Mountains, Morocco[END_REF][START_REF] Álvaro | Late Ediacaran syn-rift/post-rift transition and related fault-driven hydrothermal systems in the Anti-Atlas Mountains, Morocco[END_REF][START_REF] Álvaro | Rift, pull-apart rift, and continental drift crossword puzzles across the lower-middle Cambrian transition of Iberia and Morocco[END_REF][START_REF] Álvaro | Syn-rift unconformities punctuating the lower-middle Cambrian transition of the Atlas Rift, Morocco[END_REF]. Several major unconformities punctuate the Cambrian volcanosedimentary complexes of the Atlas Rift, marking (i) a pre-rift unconformity at the base of the Adoudou Formation; (ii) a syn-rift unconformity marking the top of the Taguedit Bed (Tabia Member, Adoudou Formation), which represents a sharp change from extensive faultcontrolled hydrothermal activity, carbonate production and phosphogenesis followed by sealing of the palaeorelief by microbial carbonate-dominated platforms (Tifnout Member, Adoudou Formation); (iii) the hiatal shell accumulations of the Brèche à Micmacca Member (Jbel Wawrmast Formation) overlying a low-angle unconformity locally affected by karstification; and (iv) a Furongian break-up unconformity that marks the rift/drift turnover [START_REF] Álvaro | Late Ediacaran syn-rift/post-rift transition and related fault-driven hydrothermal systems in the Anti-Atlas Mountains, Morocco[END_REF]Álvaro et al. 2014a, b;Álvaro & Vicaïno 2018) (Fig. 2). The Azlag Formation (Tabanite Group) marks the end of Cambrian sedimentation in the Anti-Atlas, excluding a tectonically depressed area of the central Anti-Atlas (El Graara massif), where lies the Jbel Lmgaysmat Formation (Tabanite Group). The latter comprises a 10 cm-thick shelly siltstone that has yielded Furongian trilobites and brachiopods [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF][START_REF] Destombes | Découverte du Cambrien supérieur en Afrique (Anti-Atlas central, Maroc)[END_REF]Álvaro et al. 2007a).

Throughout the Anti-Atlas, the Cambrian/Ordovician or Tabanite/Fezouata contact is represented by both paraconformities and angular discordances. The Tremadocian Lower Fezouata Formation occurs unconformably overlying either the Jbel Afraou, Bailiella, Azlag or Jbel Lmgaysmat formations of the Tabanite Group. As a result, the erosive gap involved at this break-up unconformity varies throughout the region from part of the Furongian to the Drumian-Guzhangian-Furongian time span. The rift/drift unconformity is marked in the Anti-Atlas by generalized uplift, tilting, subaerial exposure and erosion, which led to the sedimentation of the breccias and conglomerates that characterize the lower member of the Lower Fezouata Formation [START_REF] Álvaro | The Furongian break-up (rift-drift) transition in the Anti-Atlas, Morocco[END_REF]) (Fig. 2). The latter may represent a lag interval of latest Furongian alluvial-to-fluvial deposition [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF]Destombes 2006b) before final drowning of the entire Atlas Rift and the onset of the Anti-Atlas passive-margin basin.

The Cambrian evolution of the Atlas Rift recorded an episodic volcanism, which ranged from rift tholeiites to subsidiary sub-alkaline and alkaline magmatism that ended during Guzhangian times. The Atlas Rift was somewhat geodynamically connected to the Ossa-Morena Rift, which recorded a common (although diachronous) late Ediacaran-Terreneuvian arc-rift transition and a late Furongian rift-drift shift (Álvaro et al. 2014b;[START_REF] Pouclet | Review of the Cambrian volcanic activity in Morocco: geochemical fingerprints and geotectonic implications for the rifting of West Gondwana[END_REF].

During Ordovician times, a SW-NE-trending depositional trough developed in the Anti-Atlas that experienced enhanced axial subsidence in a depocentre located close to the Zagora-Foum Zguid area (central Anti-Atlas). Although the Ordovician history of the Anti-Atlas is characterized by relative tectonic quiescence, by comparison with the Cambrian rifting history, the Ordovician succession is punctuated by two major, laterally extensive gaps, marking a Dapingian hiatus and a Hirnantian glaciogenic gap. The Ordovician represents over 41.2 m.y. of continuous sedimentation, (i) regionally preceded by major episodes of tilting and shoulder uplift of a graben-to-halfgraben framework recording the dynamic geological history from the initial (rift-to-drift) breakup unconformity; (ii) punctuated by the Dapingian hiatus related to non-deposition and/or erosion; and (iii) the final post-glacial Silurian sealing of an inherited glaciogenic palaeorelief (Fig. 2). Palaeomagnetic [START_REF] Smith | Estimates of the Earth's spin (geographic) axis relative to Gondwana from glacial sediments and palaeomagnetism[END_REF][START_REF] Evans | True polar wander and supercontinents[END_REF]) and palaeoenvironmental (e.g., Destombes 1968a, b, 1981, 1987, 2006a, b;[START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF][START_REF] Destombes | The Ordovician-Silurian boundary in Morocco[END_REF][START_REF] Ouanaimi | Le passage Ordovicien-Silurien à Tizi n'Tichka (Haut Atlas, Maroc): variations du niveau marin[END_REF][START_REF] Hamoumi | Upper Ordovician glaciation spreading and its sedimentary record in Moroccan north Gondwanan margin[END_REF][START_REF] Álvaro | Evaporitic constraints on the southward drifting of the western Gondwana margin during Early Cambrian times[END_REF][START_REF] Nielsen | Ordovician sea level changes: a Baltoscandian perspective[END_REF], 2014c, d, 2016a;[START_REF] Sutcliffe | The development of an atypical Hirnantia-brachiopod Fauna and the onset of the glaciation in the Late Ordovician of Gondwana[END_REF]Ghienne et al. 2007a;Le Heron 2007;Le Heron et al. 2007, 2008;[START_REF] Le | First-order reconstructions of a Late Ordovician Saharan ice sheet[END_REF][START_REF] Loi | The Late Ordovician glacio-eustatic record from a high-latitude storm-dominated shelf succession: the Bou Ingarf section (Anti-Atlas, Southern Morocco)[END_REF][START_REF] Videt | Biostratigraphical calibration of third order Ordovician sequences on the northern Gondwana platform[END_REF][START_REF] Clerc | Subglacial to proglacial depositional environments in an Ordovician glacial tunnel valley, Alnif, Morocco[END_REF]Benharref et al. 2014a, b, c;[START_REF] Ravier | Porewater pressure control on subglacial soft sediment remobilization and tunnel valley formation: a case study from the Alnif tunnel valley (Morocco)[END_REF] evidence indicates for the Anti-Atlas a counter-clockwise drift towards South Polar positions from a latest Ediacaran-Cambrian Epoch 2 arid subtropical (10-30º) setting to a Late Ordovician (50-70º) subpolar palaeolatitude.

Lithostratigraphical chart

The Ordovician lithostratigraphical units erected by Destombes (1962aDestombes ( , 1963aDestombes ( , b, 1971) ) and [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] in the vicinity of Zagora (Jbel Bani, central Anti-Atlas) are recognisable in the Tafilalt district. Some differences are remarkable, such as the relative thickness increase in the Middle-Upper Ordovician sandstone and quartzite interbeds, reflecting a palaeogeographical transect from deeper (depocentre in the Zagora-Foum Zguid area) to shallower (Ougnate and Tafilalt) settings of the passive-margin basin. Thus the Ordovician is comparable formation-by-formation from Zagora to Erfoud. The only significant (at formation scale) lateral facies change is the sudden increase in Katian carbonate production (Khabt-el-Hajar Formation) recorded in the vicinity of Erfoud, by comparison with the coeval shaledominant Upper Ktaoua Formation (Destombes 1987;Álvaro et al. 2007;Jiménez-Sánchez et al., 2015;Villas & Colmenar, this vol.).

Four major, laterally extensive, sandstone/quartzite packages can be traced for about 400 km (Fig. 2). These are the Darriwilian Tachilla Formation (a major marker bed for mapping due to its dark reddish colour), the Darriwilian-Sandbian First Bani Group (subdivided in the central Anti-Atlas into five formations), the Upper Tiouririne Formation and the Amouktir Member (Upper Formation of the Second Bani Group). Between them, shale-dominated landscapes form the plains and jbel flanks of the Anti-Atlas orography. The absence of Ordovician fan-shaped aprons and megadebris-flow deposits in the Anti-Atlas led to the identification of its exposures as representative of a marine platform with no significant break slopes and slope-related deposits, which are incompletely recognized in the High Atlas [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF][START_REF] Ouanaimi | The Atlas-Meseta Red Beds basin (Morocco) and the Lower Ordovician rifting of NW-Gondwana[END_REF].

Feijas Externes Group [START_REF] Choubert | Sur la stratigraphie de l'Ordovicien marocain[END_REF] In the Anti-Atlas, a shale-dominated unit is sandwiched between the weathering-resistant, sandstone/quartzite packages of the Cambrian Tabanite and Middle-Ordovician First Bani groups. The Feijas Externes Group forms the plains and flanks of jbels between Akka and Alnif, and mainly consists of monotonous shales with sandy intercalations exhibiting locally glauconitic and ironstone interbeds. The total thickness ranges from a few tens of metres in the northern Jbel Ougnate to about 1100 m in the Zagora-Foum Zguid depocentre. Destombes (1962aDestombes ( , b, 1963aDestombes ( , b, 1971) ) and [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] subdivided the group into four units, named Lower Fezouata and Upper Fezouata (grouped in a single formation by Gutiérrez Marco & Martin 2016 andMartin et al. 2016a, b in the depocentre, due to their homogeneous lithological features, but still used as distinct mappable formations in the geological maps of the Tafilalt district by Álvaro et al. 2014c, d andBenharref et al. 2014a, b, c), Zini (recognized in the surroundings of Zagora and in the vicinity of its homonymous jbel, southwestern Anti-Atlas) and Tachilla formations.

Lower Fezouata Formation. This unit is a shale-dominated succession, blue-green in colour, with sandy and glauconitic interbeds in its upper part. As stated above, it unconformably overlies either the Jbel Afraou, Bailiella, Azlag or Jbel Lmgaysmat formations, and ranges in thickness from zero (Jbels Tachilla and Ouarzemine in the northwestern Anti-Atlas, and northern Saghro, Maïder and northern Jbel Ougnate in the eastern Anti-Atlas) to 400 m (Zagora-Foum Zguid depocentre). The base of the formation comprises lag deposits (marking a transgressive surface), rich in ferrigenous breccia, conglomerate and sandstone, broadly up to 1 m thick throughout the Anti-Atlas. In the vicinity of Foum Zguid, this unit can reach 10 m of thickness and has been mapped as an informal lower member (Destombes 1985c;[START_REF] Destombes | Découverte du Cambrien supérieur en Afrique (Anti-Atlas central, Maroc)[END_REF] representing the incision of alluvial-to-fluvial sedimentary systems [START_REF] Álvaro | The Furongian break-up (rift-drift) transition in the Anti-Atlas, Morocco[END_REF]).

In the Jbel Ougnate and the Tafilalt district, the Lower Fezouata Formation unconformably overlies the Azlag Formation (Destombes 1960a, b). Its contact is both paraconformable and discordant, the latter representing onlapping geometries of Ordovician shales sealing an inherited palaeorelief topped by Cambrian quartzites (Tazoult n'Ouzina and Jbel Zorg; Álvaro et al. 2014c). Throughout the Tafilalt district, two members can be distinguished in the Lower Fezouata Formation, from bottom to top: (i) a set of conglomerates and sandstones, up to 1 m thick in Tazoult n'Ouzina; and (ii) a monotonous shaly succession, up to 400 m thick, locally glauconitic and comprising centimetre-to-decimetre sandstone interbeds.

Upper Fezouata Formation. The formation is subdivided into two members: (i) a cartographically significant greenish package, approximately 20 m thick, composed of glauconitic and ferruginous conglomerates and sandstones rich in glauconitic peloids, iron-rich ooids and hematite cement (Fig. 3A-B), and broadly cropping out in the southern Jbel Saghro, southern Maider and Tafilalt district; and (ii) a package of variegated alternations of shales and sandstones, 300-400 m thick [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF]. The formation either conformably overlies the Lower Fezouata Formation (e.g., in the Tafilalt district) or unconformably overlies the Jbel Afraou and Bailiella formations (e.g., in the northern Jbel Ougnate; Destombes 1962b; [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF][START_REF] Choukri | Climatic and tectonic control of Ordovician sedimentation in the western and central High Atlas (Morocco)[END_REF][START_REF] Choukri | L'Arénig-Llanvirn du Haut Atlas occidental et central (Maroc). Environnements sédimentaires, paléogéographie et contrôle de la sédimentation[END_REF]. Both the Lower Fezouata and Upper Fezouata formations are absent in the southwestern area of the Anti-Atlas (Jbels Tachilla and Ouarzemine; Fig. 2), and the latter reaches a thickness maximum (600-700 m) along the Akka-Tata transect.

Tachilla Formation. This unit, up to 1200 m thick in the Jbels Tachilla and Ouarzemine (south of Agadir), is a key cartographic marker throughout the Ordovician of the Anti-Atlas. It consists of ochre-to-blackish, ooidal sandstones rich in iron oxyhydroxides (Fig. 3C-D) with subsidiary green shale interbeds bearing centimetre-thick carbonate nodules. The base of the formation is represented by an erosive paraconformity, whereas its top is conformable. In the Jbels Tachilla and Ouarzemine, the Tachilla Formation is paraconformably overlying the Tabanite Group. In the eastern Anti-Atlas, the formation ranges from 20 m in the northern Tafilalt to 200 m in the southern Maïder district and the Jbel Ougnate.

First Bani Group ('Bani Quartzites' by [START_REF] Choubert | Sur la stratigraphie de l'Ordovicien marocain[END_REF]; 'Quartzites of First Bani' by [START_REF] Choubert | Histoire géologique du domaine de l'Anti-Atlas (Géologie du Maroc, fascicule 1, 2 e partie)[END_REF] The group forms the most extensive Ordovician sandstone package throughout the Anti-Atlas and accounts for the main relief of the 450 km-long Jbel Bani. It consists of an alternation of variegated sandstones and shales, with common iron ooidal interbeds in its lower part. The Tachilla/First Bani transition is gradual and marked by a progressive enrichment in the sandstone/shale ratio, whereas the top of the group is sharp and marked by the abrupt occurrence of decametre-thick shales. The formation exhibits a gradual increase in thickness from the northern Tafilalt district to the Zagora-Foum Zguid depocentre, ranging from 15 to 700 m (Destombes 1987(Destombes , 2006a, b), b). Although this group was originally subdivided in the central Anti-Atlas into five formations [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF], its lithostratigraphical subdivision becomes ambiguous northeasternward. [START_REF] Destombes | Notice explicative de la carte géologique du Maroc au 200.000e "Todhra-Maïder[END_REF]Destombes ( , 1987Destombes ( , 2006a, b) , b) described it as a single unit in the 1/200,000 Tafilalt-Taouz sheet and the eastern margin of the 1/200,000 Todhra-Ma'der sheet maps. Álvaro et al. (2014c) and Benharref et al. (2014c) have subdivided the group, in the Tafilalt district, into the Taddrist, Guezzart, Bou-Zeroual, Ouine-Inirne and Izegguirene formations based on the sandstone/shale ratio characterized by the presence/absence of distinct sedimentary structures.

Ktaoua Group [START_REF] Choubert | Histoire géologique du domaine de l'Anti-Atlas (Géologie du Maroc, fascicule 1, 2 e partie)[END_REF] The toponymy originally referred to the shaly plains and jbel flanks cropping out in the surroundings of Tagounite, central Anti-Atlas. It is sandwiched between the weatheringresistant sandstone-quartzite packages of the First and Second Bani groups. After several subdivisions, [START_REF] Destombes | L'Ordovicien au Maroc. Essai de synthèse stratigraphique[END_REF] and [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] finally subdivided the group into three formations highlighting the presence of an intermediate sandstone-dominant package (Upper Tiouririne Formation) separating two shale-dominant units (Lower Ktaoua and Upper Ktaoua formations). [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] suggested a lateral change of the Upper Tiouririne Formation, to the east of Erfoud, into the 'Khabt-el-Hajar bryozoan limestones', which are distinguished below as a separate formation. The total thickness of the group attains its maximum close to the Ktaoua plain, with about 350 to 400 m.

Lower Ktaoua Formation. This unit is a shale-dominated succession with subsidiary sandstone interbeds and carbonate nodules and concretions parallel to stratification (Fig. 4A). In the Zagora-Foum Zguid depocentre, the base is marked by the occurrence of conglomeratic sandstones rich in ferrugineous ooids. The members distinguished by [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] in the type area cannot be followed northeasternwards. In the Tafilalt district, Destombes (1987) distinguished three members, in ascending order: (i) the shale-dominated Jbel Bou-Isidane Member, (ii) the shale/sandstone alternations of the Jbel Tiberguent Member (Fig. 4B), and (iii) the heterolithic (sandstone-dominant) Jbel Tafersikt Member. However, the latter was exclusively recognized on jbel summits and, in some cases, will be reported below as the Alnif Member (Upper Formation of the Second Bani Group). A minor sandstone-dominant member, known as the "Middle Tiouririne sandstones" has been used in some maps of the depocentre due to its characteristic fossil content. Only the Jbel Bou-Isidane and Jbel Tiberguent members, reported as (informal) lower and upper subunits were mapped in the 1/50,000 maps of the Tafilalt district (Álvaro et al. 2014c, d;Benharref et al. 2014a, b, c).

Upper Tiouririne Formation. The presence of significant sandstone-dominated packages marking the middle part of the Ktaoua Group is not clear in the Ktaoua plain and westwards. In contrast, it is distinguishable in the Maider and Tafilalt districts and, to the west of Tagounite, these sandstone packages served to Destombes (1985) to define the Rouïd Aïssa Formation.

There, this mappable sedimentary package is represented by a thick succession (150-300 m) of sandstone beds and interbedded shales, calcareous siltites and carbonate nodules parallel to stratification. Due to changes in the sandstone/shale ratio from Zagora to Tafilalt, the base is not clearly distinguished northeasternwards. In the vicinity of Alnif, Álvaro et al. (2007b) suggested the presence of a phosphatic limestone infested with the brachiopod Rafinesquina pomoides to mark the base of the formation (Fig. 4C). This horizon can be followed in the Tafilalt district, where the formation contains common cobble-to pebble-sized conglomeratic intervals rich in shelly accumulations (Fig. 4D-G); its top is characterized by the presence of sandstone packages with sigmoidal cross-stratified sets, episodically encrusted by ooidal hardgrounds rich in iron oxyhydroxides (e.g., summit of Jbel Adrar; Álvaro et al. 2014b;[START_REF] Colmenar | [END_REF]: fig. 5a-b).

Upper Ktaoua Formation. This unit is incompletely preserved in the Tafilalt district due to its upper erosive contact with the Second Bani Group. Where present, it can reach up to 80 m of thickness and consists of monotonous shales episodically punctuated by decimetre-thick, orthoceratid-rich calcareous siltstones (Fig. 4H) and sandstones, and scattered centimetre-thick carbonate and phosphatic nodules, parallel to stratification and rich in orthoconic nautiloids.

One marker bed is recognizable close to the top of the formation, the so-called "Ouzregui bed", whose name is derived from the abundance of the trilobite species Flexicalymene ouzregui. Khabt-el-Hajar Formation. To the North-East of Erfoud, some limestone/shale alternations (Fig. 5A), informally named 'Bryozoan Limestones' and up to 40 m thick, were reported by Termier & Termier (1950a, b) and Destombes (1962a). They were mapped and formally erected by [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] as the Khabt-el-Hajar Formation. Several logs were reported by Destombes (2006a) illustrating the presence of some angular discordances and 'ravinement surfaces' representing, in fact, erosive surfaces (one of them marking the base of the formation) and onlapping geometries of bryozoan-and echinoderm-rich limestone lenses (Fig. 5B-C). The top of the formation is marked, in its northeasternmost outcrop (Destombes 2006a), by a barren ironstone interval, 3 m thick, which may represent either the Second Bani Group or a Silurian basal lag. Geometrically, the Khabt-el-Hajar Formation unconformably overlies a sandstone package assigned to the Upper Tiouririne Formation by Destombes (2006a), and is unconformably overlain by the above-reported, condensed ironstone level, which is subsequently onlapped by Silurian shales (Destombes 1987(Destombes , 2006a)).

Second Bani Group ('Sandstones of the Second Bani' by [START_REF] Choubert | Sur la stratigraphie de l'Ordovicien marocain[END_REF] 'Sandstones of the Second Bani or Beni Selmane' by [START_REF] Choubert | Histoire géologique du domaine de l'Anti-Atlas (Géologie du Maroc, fascicule 1, 2 e partie)[END_REF] Although originally erected in the vicinity of Zagora, where a Lower Formation was distinguished, the Second Bani Group is only represented in the eastern Anti-Atlas by its upper formation [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF].

Lower Formation. In the Zagora-Foum Zguid depocentre, the heterolithic Lower Formation, up to 120 m m thick, consists of conglomerates, sandstones and shales commonly separated by scouring surfaces. According to [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF], its base is conformable and located at the occurrence of ooidal limestone nodules and centimetre-thick layers, whereas its top is marked by the glaciogenic unconformity that marks the base of the Upper Formation (Loi et al.

2010).

Upper Formation. This formation was formally subdivided close to Alnif by [START_REF] Villas | Biostratigraphic control based on brachiopods of the latest Ordovician glaciogenic unconformity in Alnif, eastern Anti-Atlas, Morocco[END_REF] and Álvaro et al. (2007b). Its three-fold subdivision (Alnif, Tamekhart and Amouktir members) has been followed in the 1/50,000 geological sheets of the Tafilalt district (Álvaro et al. 2014c, d).

Several apparently diachronous unconformities had been traditionally recognized at the top of some jbels of the Ktaoua Group marking the base of variegated conglomerates.

According to their scouring position, these conglomerates received different lithostratigraphical names, such as 'Conglomérat d'Alnif' or 'Conglomérat d'Amessoui' (incising the Lower Ktaoua Formation in the vicinity of the eponymous village and jbel, respectively ;[START_REF] Destombes | Notice explicative de la carte géologique du Maroc au 200.000e "Todhra-Maïder[END_REF]Destombes , c, d, 2006b;;[START_REF] Hamoumi | Upper Ordovician glaciation spreading and its sedimentary record in Moroccan north Gondwanan margin[END_REF][START_REF] Choukri | Climatic and tectonic control of Ordovician sedimentation in the western and central High Atlas (Morocco)[END_REF] [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] or glaciomarine diamictites [START_REF] Villas | Biostratigraphic control based on brachiopods of the latest Ordovician glaciogenic unconformity in Alnif, eastern Anti-Atlas, Morocco[END_REF]. All these apparently diachronous unconformities represent indeed one single glaciogenic erosive unconformity that can be laterally correlated. After mapping in detail this unconformity and its stratigraphical contacts, the overlying Upper Formation (Second Bani Group) is clearly recognizable, on the basis of its deeply erosive lower boundary and the distinct glaciogenic features of its lower part (Álvaro et al. 2007b, 2014c, d;Benharref et al. 2014a, b, c).

The Alnif Member of the eastern Anti-Atlas represents a discontinuous unit, which comprises the Alnif Conglomerate sensu [START_REF] Destombes | Notice explicative de la carte géologique du Maroc au 200.000e "Todhra-Maïder[END_REF], up to 80 m thick, conformably overlain by an upper package of lenticular sandstones, up to 10 m thick (Fig. 5D-G). The Alnif Member is overlain by a claystone-dominant diamictite, named 'argiles microconglomératiques' by [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] owing to the presence of scattered quartz granules and pebbles 'floating' in a clayey matrix (Fig. 5H), and Tamekhtart Member by [START_REF] Villas | Biostratigraphic control based on brachiopods of the latest Ordovician glaciogenic unconformity in Alnif, eastern Anti-Atlas, Morocco[END_REF]; its thickness is highly variable (up to 100 m) and influenced by the bedrock palaeorelief inherited from the aforementioned erosive unconformity. Finally, the uppermost Amouktir Member, 30-60 m thick, is a stratigraphical unit resistant to weathering, composed of sandstone/shale alternations that pass upward into conglomerates (Fig. 5I), and ends at the occurrence of Silurian graptolite-bearing black shales.

Biostratigraphical scale

The global chronostratigraphical subdivisions defined by the International Subcommission on Ordovician Stratigraphy (ISOS) are mainly based on the first occurrence datum (FAD) of particular species of graptolites and conodonts. Due to the unsuitable environments for the life and preservation of key graptolites and the scarcity of carbonate interbeds for dissolution to yield conodont elements, leading to rare references of Ordovician conodonts in the Anti-Atlas [START_REF] El Bourkhissi | Primeros conodontos ordovícicos del Anti-Atlas (Marruecos)[END_REF][START_REF] Lehnert | Conodonts from the Lower Ordovician of Morocco -contributions to age and faunal diversity of the Fezouata Lagerstätte and peri-Gondwana biogeography[END_REF], the global chronostratigraphy of the Ordovician chart erected by the ISOS is interpolated in the Anti-Atlas on the basis of (i) microphytoplancton (acritarchs and chitinozoans; Elaouad-Debbaj 1984a, b, 1986, 1988a, b;[START_REF] Soufiane | Quelques assemblages de Chitinozoaires de l'Ordovicien du Maroc, Bassin de Tadla[END_REF][START_REF] Paris | The Ordovician chitinozoan biozones of the Northern Gondwana Domain[END_REF][START_REF] Paris | Chitinozoan biostratigraphy and palaeogeography[END_REF][START_REF] Paris | Palaeobiodiversification of Ordovician chitinozoans from northern Gondwana[END_REF][START_REF] Paris | Chitinozoans and Late Ordovician glacial events on Gondwana[END_REF][START_REF] Paris | Correlation of Ordovician regional chitinozoan biozonations[END_REF][START_REF] Paris | Chitinozoan-based calibration of Early-Mid Ordovician transgression events on northern Gondwana[END_REF][START_REF] Bourahrouh | Biostratigraphy, biodiversity and palaeoenvironments of the chitinozoans and associated palynomorphs from the Upper Ordovician of the Central Anti-Atlas, Morocco[END_REF][START_REF] Nowak | Palynomorphs of the Fezouata Shale (Lower Ordovician, Morocco): Age and environmental constraints of the Fezouata Biota[END_REF][START_REF] Tessitore | La biostratigraphie des chitinozoaires dans le décryptage de la glaciation fini-ordovicienne sur les marges gondwaniennes[END_REF][START_REF] Lefebvre | Age calibration of the Lower Ordovician Fezouata Lagerstätte, Morocco[END_REF], graptolites [START_REF] Gutiérrez-Marco | El Ordovícico Medio del Anti-Atlas marroquí: paleodiversidad, actualización bioestratigráfica y correlación[END_REF], Gutiérrez-Marco & Martin 2016;[START_REF] Lefebvre | Age calibration of the Lower Ordovician Fezouata Lagerstätte, Morocco[END_REF], brachiopods [START_REF] Havlíček | Heterorthidae (Brachiopoda) in the Mediterranean Province. Sborník Geologických Vӗd[END_REF][START_REF] Havlíček | Brachiopodes de l'Ordovicien du Maroc[END_REF][START_REF] Villas | Biostratigraphic control based on brachiopods of the latest Ordovician glaciogenic unconformity in Alnif, eastern Anti-Atlas, Morocco[END_REF][START_REF] Colmenar | [END_REF] and, in its Katian part, by bryozoans (Jiménez-Sánchez et al. 2015a, b, 2016). The finest Ordovician zonation of the N African-SW European margin of Gondwana, based on chitinozoans, includes 26 biozones with an average duration close to 2 m.y. per zone. This biozonation can be tentatively correlated to the South Polar regional scale erected for the Ordovician, which includes several stages defined in Bohemia and Iberia (Gutiérrez-Marco et al. 2015, 2017b) (Fig. 6).

Tremadocian-Floian

The Lower Fezouata and Upper Fezouata formations are highly fossiliferous and have yielded acritarchs (Deunff 1968a, b), graptolites [START_REF] Destombes | Sur la présence de Dictyonema dans le Trémadoc de l'Anti-Atlas (Maroc)[END_REF], trilobites [START_REF] Choubert | Découverte du Trémadoc dans l'Anti-Atlas (Maroc)[END_REF]Destombes 1985b, c, d;[START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] and echinoderms [START_REF] Ubaghs | Rhopalocystis destombesi n.g., n.sp. Eocrinoïde de l'Ordovicien inférieur (Trémadocien supérieur) du Sud marocain[END_REF]Lefebvre & Fatka 2003). The scarcity of conodonts precluded any direct correlation with global Tremadocian horizons, but the presence of acritarchs and the graptolite Rhabdinopora flabelliformis has traditionally allowed the identification of the Tremadocian in the Anti-Atlas. [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF] and Destombes (2006a, b) reported an assemblage of graptolites sampled in the Upper Fezouata Formation cropping out in the Jbel Bou Legroun The chitinozoan clavata (pars), pissotensis and ponceti zones have been recognized in the First Bani Group [START_REF] Paris | The Ordovician chitinozoan biozones of the Northern Gondwana Domain[END_REF], ranging as a whole from the early late Darriwilian to the earliest Sandbian (less than 3 m.y.; [START_REF] Videt | Biostratigraphical calibration of third order Ordovician sequences on the northern Gondwana platform[END_REF].

Sandbian-Katian

In the central Anti-Atlas, the deunffi and dalbyensis chitinozoan zones were reported by Elaouad-Debbaj (1986) in the Assif bou Zeggarh Member of the Lower Ktaoua Formation, whereas, in the Amouguer Member of the same formation, the author recognized the fistulosa/barbata zones. As a result, the Lower Ktaoua Formation ranges in age from the early Sandbian to the mid Katian. The Upper Tiouririne Formation has yielded chitinozoans [START_REF] Bourahrouh | Biostratigraphy, biodiversity and palaeoenvironments of the chitinozoans and associated palynomorphs from the Upper Ordovician of the Central Anti-Atlas, Morocco[END_REF]) of the fistulosa/barbata and nigerica (pars) zones, pointing to a midearly late Katian age. The overlying Upper Ktaoua Formation has been assigned, based on chitinozoans, to the nigerica (pars) Zone (Elaouad-Debbaj 1984a;[START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF][START_REF] Paris | The Ordovician chitinozoan biozones of the Northern Gondwana Domain[END_REF][START_REF] Samuelsson | Micropalaeontology of a Moroccan Ordovician deposit yielding soft-bodied organisms showing Ediacara-like preservation[END_REF][START_REF] Bourahrouh | Biostratigraphy, biodiversity and palaeoenvironments of the chitinozoans and associated palynomorphs from the Upper Ordovician of the Central Anti-Atlas, Morocco[END_REF]), and correlated with the well J1-81A of NE Lybia [START_REF] Molyneux | Late Ordovician Palynomorphs[END_REF][START_REF] Paris | Late Ordovician and Early Silurian chitinozoans from central and southern Cyrenaica[END_REF]).

In the vicinity of Alnif and in Tizi-n'Rsas (Al Atrous sheet, Tafilalt district), some calcareous siltstones marking the Lower Ktaoua/Upper Tiouririne transition are rich in brachiopods, which have allowed recognition of the Tafilaltia destombesi, Drabovinella, Svobodaina feisti and Heterorthis alternata brachiopod biostratigraphically significant) associations [START_REF] Villas | Biostratigraphic control based on brachiopods of the latest Ordovician glaciogenic unconformity in Alnif, eastern Anti-Atlas, Morocco[END_REF]Álvaro et al. 2007b;[START_REF] Colmenar | [END_REF].

Regarding the bryozoan-rich Khabt-el-Hajar Formation, [START_REF] Havlíček | Heterorthidae (Brachiopoda) in the Mediterranean Province. Sborník Geologických Vӗd[END_REF][START_REF] Havlíček | Brachiopodes de l'Ordovicien du Maroc[END_REF], [START_REF] Termier | Un échinoderme encroûtant de l'Ashgill (Ordovicien supérieur) du Tafilalt (Sud marocain): Herpetocystis destombesi nov. gen. nov. sp[END_REF], Destombes (1985cDestombes ( , 2006a, b) , b) and Le Menn & Spjeldnaes (1986) reported the presence of endemic trilobites, brachiopods and echinoderms, associated with undetermined conulariids, nautiloids, gastropods and bivalves. The authors claimed that the presence of some Telychian graptolites in marlstone interbeds, reported in older papers, should be ruled out. In addition, the record of the upper Katian brachiopods Paucicrura catalanica, Drabovia sp. and Streptis? sp. (Jiménez-Sánchez et al. 2015a;Villas & Colmenar this vol.), as well as of some biostratigraphically significant trilobites (such as Brongniartella platynota marocana, Mucronaspis termieri) and bryozoan species in the formation, have recently constrained the duration of episodes of carbonate productivity. Fenestrates (e.g., Enallopora lineata), cryptostomates (e.g., Graptodictya meneghinii, Ptilodictya exilis, Stellatodictya valentinae and Ulrichostylus radiatus) and trepostomates (e.g., Anaphragma mirabile, Cyphotrypa magna, Dekayia minima, Diplotrypa languedociana, Homotrypa miqueli, Monotrypa jewensis, Prasopora falesi and Trematopora sardoa) of the Khabt-el-Hajar Formation, also occur in the Glauzy and Gabian formations of the Montagne Noire, the Maciurru and Punta S'Argiola Members of the Domusnovas Formation and the units c and e of Sardinia, the La Peña Member (Cystoid Limestone Formation) of the Iberian Chains, and the Uggwa Formation of the Carnic Alps. Outside the Mediterranean margin, some of these species also occur in the Jövi and Oandu stages (DI-III) and the Kegel Limestone of Estonia, the horizons BI and BII of the Volkhov and horizons BI to BIII of the Lynna Formation in the Leningrad region (Russia); and in the Richmondian and Mohawkian Series of USA. This biostratigraphic control and that provided by the Kralodvorian brachiopod and trilobite species listed above allowed [START_REF] Havlíček | Heterorthidae (Brachiopoda) in the Mediterranean Province. Sborník Geologických Vӗd[END_REF][START_REF] Havlíček | Brachiopodes de l'Ordovicien du Maroc[END_REF], Destombes (1985c, 2006a, b), Jiménez-Sánchez et al. (2015a, b, 2016) and Villas & Colmenar (this vol.) to date the Khabt-el-Hajar Formation as late Katian.

Hirnantian

The Jbel Bou Ingarf section of east Zagora provides a complete Late Ordovician chitinozoan succession (Elaouad-Debbaj 1987;[START_REF] Paris | Chitinozoans and Late Ordovician glacial events on Gondwana[END_REF] of the Katian-Hirnantian boundary interval and the Hirnantian. Some taxa, such as Armoricochitina nigerica, Calpichitina lenticularis, Jenkinochitina lepta, Lagenochitina prussica and Ancyrochitina longispira, occur both in the Upper Ktaoua and the Lower Second Bani formations, whereas other taxa (such as Ancyrochitina merga, Plectochitina sylvanica, Spilachitina debbajae) are restricted to the Upper Ktaoua Formation. The latter assemblage is characteristic of the merga Zone [START_REF] Paris | The Ordovician chitinozoan biozones of the Northern Gondwana Domain[END_REF]).

Based on the presence of an indeterminate species of the brachiopod genus Hirnantia in the Lower Formation (Second Bani Group) of the laterally equivalent Aït Issioul section, West of Tagounite, Destombes (1985cDestombes ( , 2006b)), [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF], [START_REF] Loi | The Late Ordovician glacio-eustatic record from a high-latitude storm-dominated shelf succession: the Bou Ingarf section (Anti-Atlas, Southern Morocco)[END_REF] and Videt et al. (2010) placed tentatively the Katian-Hirnantian boundary within this formation. However, Colmenar et al. (this vol.) has noted the presence of late Katian trilobites in the lower part of this formation at the Aït issoul section, some metres below an undoubtely Hirnantian brachiopod assemblage.

The Tamekhtart and Amouktir members of the Upper Formation have yielded A. nigerica, C. lenticularis, Spinachitina cf. fragilis and Tanuchitina elongata (Elouad-Debbaj 1984), which [START_REF] Paris | Chitinozoans and Late Ordovician glacial events on Gondwana[END_REF] referred to the elongata Zone. In addition, the Eostropheodonta jebiletensis brachiopod association has been reported in the Amouktir Member, which represents the Aphanomena (=Eostropheodonta)-Hirnantia Community [START_REF] Rong | Ecostratigraphy and community analysis of Late Ordovician and Silurian in southern China[END_REF][START_REF] Wang | Community paleoecology as a geologic tool: the Chinese Ashgillian-Eifelian (latest Ordovician through Devonian) as an example[END_REF]Colmenar & Álvaro 2005).

Control of sequence framework on the replacement of benthic communities

The Ordovician of the Anti-Atlas comprises the sedimentation of a siliciclastic-dominant platform with subsidiary episodes of reefal-free carbonate productivity. The distal slope-apron and deep basinal deposits of this platform are absent in the Anti-Atlas, and may be placed throughout the northern High Atlas and Coastal meseta outcrops. The Ordovician exhibits the superposition of several orders of sea-level fluctuations. Changes in the rate of subsidence, driven by thermal cooling, global eustatism, sediment loading and/or local tilting were probably responsible for sequence and cyclic sedimentation. Tilting led to the record of low-angle discordances and onlapping features, which change laterally into paraconformities over larger areas. The recorded sequence stratigraphic architecture exerted a primary control on the fossil record, mainly as a result of the onset of sharp environmental changes on flooding surfaces and the erosive role played by scouring surfaces capped by shoaling complexes.

In the Zagora-Foum Zguid depocentre, six Tremadocian-Floian third-order sequences were recognized by [START_REF] Loi | The Late Ordovician glacio-eustatic record from a high-latitude storm-dominated shelf succession: the Bou Ingarf section (Anti-Atlas, Southern Morocco)[END_REF] and [START_REF] Videt | Biostratigraphical calibration of third order Ordovician sequences on the northern Gondwana platform[END_REF] (O1 to O6 in Fig. 7). Although a direct correlation of these six sequences with other Ordovician sequence frameworks is not available (for comparison, see e.g., [START_REF] Ross | Ordovician sea-level fluctuations[END_REF], 1995 for Laurentia;[START_REF] Nielsen | Ordovician sea level changes: a Baltoscandian perspective[END_REF] for Baltica; Ghienne et al. 2007b for the Ougarta Range of Algeria; [START_REF] Videt | Biostratigraphical calibration of third order Ordovician sequences on the northern Gondwana platform[END_REF] for the Armorican Massif), some of them can be identified in the Anti-Atlas, such as the Ceratopyge Regressive Event of Baltica (tenellus graptolite Zone), identified in the Anti-Atlas by the O2 sequence boundary. In the Tafilalt district, the Lower Fezouata/Upper Fezouata contact is well marked by the abundance of glauconitic ironstones, separating two successions of four-order shoaling-upward parasequences (O6 in Fig. 7) in a wave-dominant tide-modulated platform with predominance of offshore clayey substrates (Álvaro et al. 2014c, d;[START_REF] Allaire | Morphological disparity and systematic revision of the eocrinoid genus Rhopalocystis (Echinodermata, Blastozoa) from the Lower Ordovician of the central Anti-Atlas (Morocco)[END_REF][START_REF] Saleh | Storm-induced community dynamics in the Fezouata Biota (Lower Ordovician, Morocco)[END_REF]. About 200 taxa have been reported from these two formations, mainly controlled by the exceptional preservation conditions of the Fezouata Biota [START_REF] Gaines | Preservation of giant anomalocaridids in silica-chlorite concretions from the Early Ordovician of Morocco[END_REF]Lefebvre et al. 2016a[START_REF] Lefebvre | Age calibration of the Lower Ordovician Fezouata Lagerstätte, Morocco[END_REF]; see list in Annex 1), the taphonomic conditions of which were virtually controlled by external climatic forcing [START_REF] Saleh | Orbital control on exceptional fossil preservation[END_REF]. The most representative benthic communities include non-reefal algae, bryozoans, cnidarians, echinoderms (Crinoidea, Diploporita, Edrioasteroidea, Eocrinoidea, Rhombifera, Soluta, Somasteroidea and Stylophora) and sponges, which are associated with brachiopods, molluscs (bivalves, rostroconchs, paragastropods, gastropods and tergomyans), hyoliths, annelids, cycloneuralia, lobopodians, arthropods (agnostoids, radiodonts, trilobites and other euarthropods) and problematica.

The Dapingian gap is marked by the absence of representative fossils in the Anti-Atlas. This paraconformity is sealed by the Darriwilian-Sandbian-Katian First Bani and Ktaoua groups. In some areas of the Anti-Atlas, such as in the Tachilla and Ouarzemine jbels of the western Anti-Atlas, the Darriwilian sedimentation occurs directly sealing an inherited palaeorelief formed by Miaolingian strata; the corresponding Miaolingian-Dapingian gap should be associated with a Dapingian event responsible of uplift, tilting and erosion (Fig. 2).

Although no geodynamic explanation has yet been advanced for this gap, a possible distal influence of the Mid-Late Ordovician Sardic Phase may be recorded in this margin of Gondwana. The Sardic Phase has been reported in the eastern branch of the Variscan Ibero-Armorican Arc (Sardinia, Pyrenees, Montagne Noire and Mouthoumet massif of Occitan Domain in South France, and Briançonnais in the Alps), but is virtually absent in the western branch or Iberian Massif (e.g., [START_REF] Stampfli | Paleozoic evolution of pre-Variscan terranes: from Gondwana to the Variscan collision[END_REF][START_REF] Casas | Ordovician deformations in the Pyrenees: new insights into the significance of pre-Variscan ("Sardic") tectonics[END_REF][START_REF] Oggiano | Multiple early Paleozoic volcanic events at the northern Gondwana margin: U-Pb age evidence from the Southern Variscan branch (Sardinia, Italy)[END_REF][START_REF] Minzoni | Transtensional tectonics played a key role during the Variscan cycle in the Sardinia-Corsica massif[END_REF]Zubriggen 2015;Álvaro et al. 2016b).

The Darriwilian-Katian sedimentary package of the Anti-Atlas comprises the conformable Tachilla Formation and the First Bani and Ktaoua groups, which represent seven (O8 to O15 in Fig. 7) third-order sequences. They consist of interfingering sandstone-and shale-dominant rock packages, subdivisable into four-order parasequences dominated by shallowing-upward trends from deeper water (offshore) sediments shoaling, through aggradation and progradation, to shoreface/foreshore deposits. Some tops show evidence of fluvial point-bar migration and subaerial exposure and widespread precipitation of hematite crusts [START_REF] Colmenar | [END_REF]. Carbonate production was not laterally persistent in the eastern Anti-Atlas (Álvaro et al. 2007b;[START_REF] El Maazouz | Différentiation paléogéographique à l'Ordovicien supérieur dans le Tafilalt (Anti-Atlas oriental, Maroc) sous l'interaction de la glaciation et de la tectonique[END_REF], except in an area protected from persistent siliciclastic input. To the north of Erfoud, the Khabt-el-Hajar Formation consists of two successive marlstone-limestone units shallowing upward into mixed siliciclastic-limestone packages [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF].

Most of the sandstone/shale alternations and sandstone packages reported in the Tachilla Formation and the First Bani and Ktaoua groups form coarsening-upwards parasequences indicative of shoaling and/or upwards increase in energy level. They reflect the interplay and feedback between (i) changes in third-order accommodation potential, (ii) episodic progradation of terrigenous wedges, and (iii) distal production of temperate-water (bryonoderm) carbonate shelly factories rich in trepostomate and fenestrate bryozoans. The carbonate production during the HST was less resilient to terrigenous poisoning and was susceptible to localized nucleation of bryozoan-pelmatozoan meadows and thickets. Nearly all the silty and skeletal limestones that occur as decimetre-scale interbeds are inferred to represent stacking of mineralized hardgrounds and increased content of reworked phosphate nodules and crusts, indicating increased sediment starvation.

Darriwilian-Katian benthic communities comprise arthropods (aglaspidid and chelionellid euarthropods, ostracods and trilobites), brachiopods, echinoderms (Asteroidea, Coronata, Crinoidea, Diploporita, Edrioasteroidea, Eocrinoidea, Ophiuroidea, Rhombifera, Soluta and Stylophora), hyoliths, molluscs (bivalves, gastropods, rostroconchs and tergomyans), conulariids, paleoscolecidans, cornulitids, paropsonemid eldonioids, machaeridians and agglutinated problematic tubes (see list in Annex 1). [START_REF] Colmenar | [END_REF] As stated above, major flooding surfaces reflect the episodic development of echinoderm-bryozoan meadows in outer-platform settings. In the eastern Atlas Basin, some bryozoan thickets flourished locally on Katian silty carbonates of the Ktaoua Group (Álvaro et al. 2007b, 2014a, b;Benharref et al. 2014a, b, c). The onset of echinoderm-bryozoan meadows and mud-mounds had been previously reported in Libya [START_REF] Buttler | Late Ordovician bryozoans from carbonate buildups, Tripolitania, Libya[END_REF][START_REF] Buttler | Bryozoan mud-mounds from the Upper Ordovician Jifarah (Djeffara) formation of Tripolitania, north-west Libya[END_REF], the Iberian Peninsula (Vennin et al. 1998;[START_REF] Jiménez-Sánchez | The upper Katian (Ordovician) bryozoans from the Eastern Iberian Chains (NE Spain)[END_REF], 2010;[START_REF] Jiménez-Sánchez | The bryozoan dispersion into the Mediterranean margin of Gondwana during the pre-glacial Late Ordovician[END_REF][START_REF] Jiménez-Sánchez | Palaeogeographical patterns in Late Ordovician bryozoan morphology as proxies for temperature[END_REF] and Sardinia [START_REF] Conti | Upper Ordovician bryozoans from Sardinia[END_REF]). The bryozoan assemblages of the upper Katian Khabt-el-Hajar Formation display a diversity close to that documented in the Iberian Chains [START_REF] Jiménez-Sánchez | The upper Katian (Ordovician) bryozoans from the Eastern Iberian Chains (NE Spain)[END_REF], 2010;[START_REF] Jiménez-Sánchez | The bryozoan dispersion into the Mediterranean margin of Gondwana during the pre-glacial Late Ordovician[END_REF] and Sardinia [START_REF] Conti | Upper Ordovician bryozoans from Sardinia[END_REF] The benthic communities that characterize the Katian-Hirnantian transition cannot be studied in the eastern Anti-Atlas due to the absence of the Lower Formation of the Second Bani Group. In the eastern Anti-Atlas, the Upper Ktaoua Formation is unconformably overlain by the Upper Formation of the Second Bani Group, locally forming distinct tunnel channels (Destombes 2006a, b;Álvaro et al. 2007b, 2014a, b;[START_REF] Loi | The Late Ordovician glacio-eustatic record from a high-latitude storm-dominated shelf succession: the Bou Ingarf section (Anti-Atlas, Southern Morocco)[END_REF][START_REF] Videt | Biostratigraphical calibration of third order Ordovician sequences on the northern Gondwana platform[END_REF]Benharref et al. 2014a, b, c;[START_REF] Colmenar | [END_REF]) (Fig. 2).

Finally, the Hirnantian glaciation has developed two incisions in the Anti-Atlas, (i) the onset of glacial channels from Alnif to the Tafilalt district, subsequently infilled by the alluvialto-fluvial Alnif Conglomerate and the Tamekhtart glaciomarine diamictites, and (ii) a second erosive (Amouktir Member) capped by marine, fossiliferous strata rich in brachiopods (sequence O16 in Fig. 7). The subsequent palaeorelief was finally sealed by Silurian strata (Álvaro et al. 2014c, d;Benharref et al. 2014a, b, c).

Concluding Remarks

The Ordovician sediments of the eastern Anti-Atlas are punctuated by three major [START_REF] Colmenar | [END_REF], typical of the Aphanomena (=Eostropheodonta)-Hirnantia Community [START_REF] Rong | Distribution of the Hirnantia fauna and its meaning[END_REF][START_REF] Rong | Ecostratigraphy and community analysis of Late Ordovician and Silurian in southern China[END_REF][START_REF] Wang | Community paleoecology as a geologic tool: the Chinese Ashgillian-Eifelian (latest Ordovician through Devonian) as an example[END_REF].

Apendix Click here to access/download supplementary material (not datasets) APPENDIX.docx

  ; 'Conglomérat d'Imzizoui' (incising the Upper Tiouririne Formation at the homonymous jbel; Destombes 2006a, b; El Maazouz & Hamoumi 2007); some conglomeratic beds forming the top of the Jbel Tafersikt Member (Lower Ktaoua Formation; Destombes 2006a), and the 'Argiles microconglomératiques'

(

  NW Rissani), Taklimt, Aroudane and Zorg. Subsequently, based on graptolites, Gutiérrez-Marco & Martin (2016) recognized throughout the central and eastern Anti-Atlas the Anisograptus matanensis-Rhabdinopora flabelliformis anglica, 'Adelograptus' tenellus, Aorograptus victoriae, Araneograptus murrayi, Hunnegraptus copiosus, ?Cymatograptus protobalticus, ?Baltograptus jacksoni and Baltograptus minutus zones plus the 'Azygograptus interval', the succession of which represents the Tremadocian (Tr2-Tr3) and Floian (Fl1-Fl3) stage slices of Bergström et al. (2009). According to these authors, the base of the Lower Fezouata Formation does not coincide with the base of the Tremadocian, despite earlier studies reporting a Cambrian-Ordovician boundary age (Destombes 1971). Recently, some strata of the Fezouata Konservat-Lagerstätte in the Tizig Zaouine section (north of Zagora) and the Adrar-Zouggar borehole (about 3 km SW of Zagora) have yielded a Tremadocian (Tr3 stage slice of Bergström et al. 2009) age, including the messaoudensis-trifidum acritarch assemblage of the upper Tremadocian-lower Floian (Cooper et al. 1995; Servais & Molyneux 1997), and the paschaensis-symmetrica and brevis chitinozoan-based zones (Nowak et al. 2015, 2016). Based on conodonts, Lehnert et al. (2016) recognized the Tremadocian (Tr3 stage slice) Paraoistodus proteus and the Floian (Fl1 slice) Prioniodus oepiki zones. A recent biostratigraphical reappraisal for the oldest Fezouata Biota by Lefebvre et al. (2018) clearly confirms the late Tremadocian age of the Lagerstätte strata, being mainly correlated with the Paroistodus proteus biozone of conodonts, and with the 1-2 subassemblage of the messaoudensis-trifidum acritarch assemblage. Darriwilian Destombes et al. (1985) initially proposed four trilobite, two brachiopod and one echinodermbased zones for the Tachilla Formation and the First Bani Group, which were subsequently assigned to the Fennian (pars), Oretanian and Drobotivian stages of the Mediterranean Province by Gutiérrez-Marco et al. (2003, 2017b). The regional stages represent the global Darriwilian Stage. These authors tentatively located the Middle-Upper Ordovician boundary below the FAD of the trilobite Marrolithus cf. bureaui Oehlert, about 20 m above the base of the Izegguirene Formation of the First Bani Group.

  recognized in the Katian of the Tafilalt district, four types of brachiopod-dominant shell accumulations: (i) lag concentrations, interpreted as indicators of erosive surfaces; (ii) event concentrations representing either single or amalgamation of multiple reworking pulses; (iii) hydraulic simple and composite concentrations marking the top of shoal complexes; and (iv) hiatal or condensed concentrations on maximum flooding surfaces.

  , only surpassed in the southwestern Mediterranean region in the southern Montagne Noire (Ernst & Key 2007). Recent taxonomic studies on the bryozoans of the Khabt-el-Hajar Formation (Jiménez-Sánchez et al. 2015a, b) have identified 21 species of 12 trepostomate genera and 15 species of 13 cryptostomate, fenestrate and trepostomate genera (Jiménez-Sánchez et al. 2016) adapted to offshore-dominated, marly substrates. Many of these species exhibit significantly larger body sizes than congeneric species from lower latitudes. Based on autozooecial sizes, many of them may be examples of subpolar gigantism (Jiménez-Sánchez et al. 2016). A complete biogeographical study of mid-high latitude bryozoans from the Mediterranean region (Carnic Alps, Iberian Chains, Libya, Montagne Noire, Morocco and Sardinia) was made by Jiménez-Sánchez & Villas (2010) and Jiménez-Sánchez et al. (2016), who concluded that the Moroccan-Libyan transect plot close to the remaining high-latitude Mediterranean assemblages. Bryozoans that invaded the Mediterranean margin of Gondwana, during the late Katian transgression, although preserving Baltic affinities, developed an independent faunal signal, denoting clear environmental differences from those in subtropical palaeocontinents, from which they came. A distinct Mediterranean biogeographic unit (extending from what is now Syria to NW Argentina; see original definition by Spjeldnaes 1961), postdating the Boda Event and characterized by Avalonian-Baltic affinities with low diversity and marked endemism, emerged at subpolar latitudes. The extinction of several bryozoan genera in tropical seas, simultaneously with their immigration into the Mediterranean cool waters, is consistent with the onset of a late Katian global warming (Boda event) (Taylor & Ernst 2004; Fortey & Cocks 2005; Jiménez-Sánchez & Villas 2010).

  unconformities: (i) a Furongian break-up unconformity marking the end of the Cambrian Atlas Rift and the development of a passive margin devoid of volcanism; (ii) a Dapingian unconformity that separates a Tremadocian-Floian sedimentary package (Lower and Upper Fezouata formations) from a Darriwilian-Katian sedimentary package (Tachilla Formation and First Bani and Ktaoua groups); and (iii) the Hirnantian incision of tunnel channels and glaciogenic (both continental and glaciomarine) imprint. The final sealing of the Hirnantian palaeorelief was achieved during Silurian times. Except the Katian Khabt-el-Hajar Formation, erected in the vicinity of Erfoud, the Ordovician lithostratigraphy was originally defined in the Zagora-Foum Zguid depocenter. The Ordovician is dominated by terrigenous deposits sedimented at mid-to high latitudes. Despite the presence of scattered episodes of shelly carbonate production, only a proximal area close to Erfoud has recorded the onset of bryozoan-echinoderm meadows and thickets (Khabt-el-Hajar Formation) that allow identification of the Katian Boda event in this segment of the Gondwanan margin. Due to the palaeolatitudinal position of the Anti-Atlas Basin during Ordovician times, carbonate production was scattered and mainly associated with the record of shelly pavements. Key conodonts and graptolites have not been recovered to recognize the global chronostratigraphic subdivision erected by the International Subcommission on Ordovician Stratigraphy. The thinnest Ordovician zonation of the N African-SW European margin of Gondwana, based on chitinozoans, includes 26 biozones with an average duration close to 2 m.y. per biozone. This chitinozoan scale is the standard in Morocco, to which the stratigraphic ranges of graptolites, trilobites, brachiopods and other taxa are referred. The chronostratigraphical regional South Polar scale, defined in Bohemia and Iberia, is applicable in the Anti-Atlas.
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 2 Figure 2. Stratigraphical chart of the Miaolingian-Hirnantian in the Anti-Atlas with setting of main gaps; abbreviations of Hirnantian glacial tunnels: Ad-Adrar (Merzouga sheet), Am-Amessoui, Ar-Aroudane, Im-Ti-Imzizoui-Timzizouit, Ti-Taouirt n'Irjdelen, TR: Tizi n'Rsas;modified fromÁlvaro et al. (2014c, d),Benharref et al. (2014a, b, c) and[START_REF] Álvaro | The Furongian break-up (rift-drift) transition in the Anti-Atlas, Morocco[END_REF].

Figure 3 .

 3 Figure 3. Field aspect of the Feijas Externes Group in the Tafilalt district. A. Centimetre-scale glauconitic sandstone/siltstone alternations rich in hematite cement, forming the basal part of the Upper Fezouata Formation, South of Jbel Ouzina. B. Thin-section photomicrograph (parallel light) of clast-supported glauconitic-quartz sandstone cemented with hematite; detail of previous picture; scale = 1 mm. C. Three shallowing-upward cycles (tops arrowed) forming the Tachilla Formation, North of Jbel Ouzina. D. Thin-section photomicrogrpah of a clast-to cement-supported ironstone with scattered ooids from the Tachilla Formation; detail of previous image; scale = 1 mm.

Figure 4 .

 4 Figure 4. Field aspect of the Ktaoua Group in the Maider-Tafilalt district. A. Claystonedominated succession with scattered metre-scale carbonate concretions of the Lower Ktaoua Formation, close to Alnif; scale = 1 m. B. Channels interbedded in the shales of the Lower Ktaoua Formation showing angular cobble clasts embedded in a brachiopod shell matrix, reflecting high-energy episodes, close to Alnif. C. Phosphatic layer marking the Lower Ktaoua/Upper Tiouririne contact at Alnif. D. Coquina on a silty carbonate surface with branching bryozoans (b), orthoceratids (o), tentaculitids (te) and trilobites (tr), from the Upper Tiouririne Formation at Jbel Aroudane; scale = 4 cm. E. Channel interbeds of the Upper Tiouririne Formation with superposed scouring surfaces and granule-to-boulder clasts, close to Alnif. F. Thin-section photomicrograph (parallel light) of a bryozoan floatstone with disarticulated echinodermossicles and brachiopods, embedded in a silty carbonate matrix; Upper Tirouririne Formation at Jbel Aroudane; scale = 1 mm.G. Coquina of disarticulated echinoderm plates from the top of the Upper Tiouririne Formation at Tizi n'Rsas. H. Thin-section photomicrograph (parallel light) illustrating the traditional orthoceratid-rich carbonate siltstone
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that punctuate the monotonous shales of the Upper Ktaoua Formation, Jbel Aroudane; scale = 1 mm. Lithostratigraphy after Destombes (in Destombes et al.1985). Chitinozoan zonation updated from [START_REF] Paris | The Ordovician chitinozoan biozones of the Northern Gondwana Domain[END_REF][START_REF] Paris | Correlation of Ordovician regional chitinozoan biozonations[END_REF] in Gutiérrez-Marco et al. (2015, 2017b). Graptolite zones after [START_REF] Destombes | Lower Palaeozoic rocks of Morocco[END_REF], Álvaro et al. (2007b, 2014c, d), Ghienne et al. (2007a), [START_REF] Loi | The Late Ordovician glacio-eustatic record from a high-latitude storm-dominated shelf succession: the Bou Ingarf section (Anti-Atlas, Southern Morocco)[END_REF], Benharref et al. (2014a, b, c), [START_REF] Colmenar | [END_REF], and [START_REF] Álvaro | The Furongian break-up (rift-drift) transition in the Anti-Atlas, Morocco[END_REF].

graptolites (Gutiérrez-Marco et al.), molluscs (Ebbestad et al.), trilobites (Gutiérrez-Marco et al. this vol.), and problematica (agglutinated tubes by Muir et al.).

The Lower Fezouata and Upper Fezouata formations contain about 200 taxa that have been reported in the so-called Fezouata Biota ( [START_REF] Lefebvre | Les gisements à échinodermes de l'Ordovicien supérieur de l'Anti-Atlas oriental (Maroc): un patrimoine scientifique exceptionnel à préserver[END_REF], 2015b;Lefebvre et al. 2016b, c;Vaucher et al. 2016[START_REF] Allaire | Morphological disparity and systematic revision of the eocrinoid genus Rhopalocystis (Echinodermata, Blastozoa) from the Lower Ordovician of the central Anti-Atlas (Morocco)[END_REF][START_REF] Saleh | Storm-induced community dynamics in the Fezouata Biota (Lower Ordovician, Morocco)[END_REF][START_REF] Saleh | Orbital control on exceptional fossil preservation[END_REF] In the Khabt-el-Hajar Formation, a complete assemblage of bryozoans has been described by Jiménez-Sánchez et al. (2015a, b, 2016), including cryptostomates (Graptodictya, Ptilodictya, Stallodictya and Ulrichostylus), fenestrates (Enallopora) and trepostomates (Anaphragma, Aostipora, Atactoporella, Calloporella, Cyphotrypa, Decayia, Diplotrypa, Eridotrypa, Heterotrypa, Homotrypa, Monotrypa, Monticulipora, Parvohallopora, Prasopora, Radiotrypa and Trematopora); associated with trilobites (Brogniartella and Mucronaspis; Destombes 1985cDestombes , 2006a, b;, b;Le Menn & Spjeldnaes 1986) and brachiopods (Drabovia and Paucicrura; [START_REF] Havlíček | Heterorthidae (Brachiopoda) in the Mediterranean Province. Sborník Geologických Vӗd[END_REF][START_REF] Havlíček | Brachiopodes de l'Ordovicien du Maroc[END_REF]Villas & Colmenar this vol.) The Katian-Hirnantian boundary lies within the Lower Formation of the Second Bani Formation. Its latest Katian part has yielded brachiopods (Dalejina, Destombesium, Eostropheodonta and Hirnantia), trilobites (Actinopeltis, Cekovia, Dreyfussina, Mucronaspis and Onnia) and diploporite echinoderms (Herpetocystis and Magrebocystis). In contrast, the Hirnantian part contains a diversified Hirnantia fauna including brachiopods (Arenorthis, Clarkeia, Dalejina, Destombesium, Eostropheodonta, Fehamya, Hirnantia, Horderleyella, Kinnella, Plectothyrella and 'Resserella'), trilobites (Calymenella and Mucronaspis), gastropods (Tritonophon, Radvanospira and Sinuites), bivalves (Ambonychia, Cleionychia, Cyrtodonta, Dzeruska, Modiolopsis and Nuculites); echinoderms including Diploporita (Magrebocystis), Stylophora (Anatifopsis, Barrandeocarpus?, Enoploura? and Nanocarpus) and undetermined asterozoans and crinoids; cornulitids (Cornulites) and some bryozoans (Destombes 2006a, b;Álvaro et al. 2014a, b;[START_REF] Colmenar | [END_REF][START_REF] Gutiérrez-Marco | Cornulitids (tubeworms) from the Late Ordovician Hirnantia fauna of Morocco[END_REF]Ebbestad et al. this vol.;Colmenar et al. this vol.).

Boulders included in the glaciogenic sediments of the Alnif Member have yielded a redeposited fauna from the underlying Ktaoua Group, including allochthonous esthonioporine, trepostome and rhabdosemine bryozoans [START_REF] Ernst | Bryozoan fauna of the Upper Ordovician (Katian) of Alnif, Morocco[END_REF], brachiopods (e.g., Destombesium akkaensis and Eostropheodonta? tafilaltensis; [START_REF] Colmenar | [END_REF], bivalves, gastropods, echinoderms, cornulitids and orthoconic nautiloids mainly sourced from the Upper Tiouririne Formation. Finally, the Tamekhtart Member of the Upper Second Bani Formation has yielded brachiopods (Arenorthis, Destombesium and Eostropheodonta) and undetermined bryozoans, bivalves and trilobites. Sandstone interbeds of the Amouktir Member are locally rich in the brachiopods Eostropheodonta, Hirnantia, Kinnella and Plectothyrella; the latter represents the