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Abstract

U-Pb geochronology of magmatic and detrital zirc@¢dsnaga and Bou Azzer-El Graara inliers,
Anti-Atlas Belt, Morocco) and a reassessment of plublished constraints suggest a revised
stratigraphic framework for the lower Anti-Atlas [grgroup. Five, major unconformity-bounded
lithostratigraphic packages are here distinguistieel:two lower units of Paleoproterozoic age are
named the Tasserda-Taghatine Group (2030-1706 Mh)hee Oumoula (Mimount) Formation (ca.
1745-1650 Ma); the third unit of Paleoproteroza@id\teoproterozoic age (ca. 1650 to > 883 Ma) is
the Tizi n'Taghatine Group; the fourth and fifthitsnof Neoproterozoic age are the ca. 883 Ma
Tachdamt and the ca. 700 Ma Bleida formations. iltafibns of this revised stratigraphic
framework include: 1) the Tasserda-Taghatine Groight be linked to the post-orogenic collapse
after the Eburnean Orogeny; 2) the Tizi n'Taghat@Breup might be ca. 1.1 Ga in age based on
proposed correlation with the Taoudeni Basin swgioasin Mauritania; 3) the Bleida Formation
likely reflects deposition in the foreland basirttee early stage of the Pan-African Orogeny; 4) the
Oumoula (Mimount) Formation, Tizi n'Taghatine Grougnd Tachdamt Formation potentially
record extensional events within the Nuna/Columbhiad Rodinia supercontinents; 5) the
provenance of the lower Anti-Atlas Supergroup (ldase our new detrital zircon dating) is mainly
from the West African craton along with possiblenirioutions from other cratons such as
Amazonia and the Sahara Metacraton; 6) the floahlb@&equence of the Tachdamt Formation
likely belongs to the ca. 885-883 Ma intraplatedgla-Taifast Large Igneous Province (LIP) event
defined by previously dated dykes in the Iguerdd &aifast inliers; and 7) the 1650 Ma Zenaga
LIP can be potentially linked with LIP magmatismBaltica and Laurentia.

Key Words. Morocco; Anti-Atlas Belt; Proterozoic; lower Apn#itlas Supergroup; U-Pb

geochronology

Highlights

» The Taghdout mafic sill of the Ifzwane Suite yielden age of 1676 + 37 Ma
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» The maximum depositional age of the lower Anti-Atl&upergroup ranges from 2049 Ma
(bottom) to 700 Ma (top) and the provenance is igdiom the WAC

» A new 5-part lithostratigraphic framework for theoferozoic lower Anti-Atlas Supergroup of
the Anti-Atlas Belt is proposed

» The 1650-1640 Ma Zenaga and 885-883 Ma Iguerda3idifiPs provide important stratigraphic
constraints

» Correlation between the lower Anti-Atlas Supergraand the Taoudeni Basin succession in

Mauritania
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1. Introduction

Substantial advances in the understanding of tbegieal evolution of several major Precambrian
accretionary orogens of North America and Baltidaffman, 1988; Chacko et al., 2000; Corrigan
et al., 2005, 2009; Pehrsson et al., 2013; Bogdambd\al., 2008; 2016) have been made in recent
years. However, there is still a fundamental gafhenknowledge of Precambrian orogenic belts in
Africa. Much of the uncertainty about the accresignhistory of the Precambrian African orogens
stems from the limited database of reliable radibimeages on structurally important units,
combined with a lack of detailed studies using mmod&nematic analysis in these deformed regions
as well as of cutting-edge research using sedinw@nd sequence stratigraphy.

One of the crucial Neoproterozoic African orogesexposed in the Anti-Atlas Belt of Morocco
located in the northern part of the West Africaraton (WAC, Fig. 1). Extensive outcrops of the
Neoproterozoic Pan-African Belt and underlying Bpleterozoic foreland (Michard et al., 2008;
Gasquet et al., 2008; Soulaimani et al., 2018 afetences therein) are well exposed and have been
studied for a long time (e.g. Choubert, 1963). Trawally, the Precambrian of the Anti-Atlas Belt
has been divided into three broad lithosomes (€lgoubert, 1963): the P | (Archean to
Paleoproterozoic), P Il (early and middle Neoprazeic), and P 11l (late Neoproterozoic) (Fig. 2).
This lithostratigraphic subdivision has recentlgbehallenged (Walsh et al., 2002; 2012; Thomas
et al., 2002; 2004; Michard et al., 2008; Gasquetale 2008; Youbi et al.,, 2013). In the
conventional interpretation, the oldest, Paleopoateic rocks (Pl) of the Anti-Atlas Belt are
subdivided into a series of complexes (e.g. theagarand Kerdous complexes in the Siroua and
Kerdous basement inliers, respectively). The rafiihe P Il lithosome deposited on this basement
have collectively been called thenti-Atlas Supergroupwithin which there are four groups of
volcano-sedimentary units (e.g. Lkest-Taghdout, Baaer, Iriri, and Saghro groups) and they are
conventionally inferred to be Neoproterozoic in .agarious intrusive suites are also recognized
(e.g. Ifzwane and Toudma Suites). These volcanorsgdary units have been related to the earliest

passive margin, oceanic, and island-arc settindgls inferred ages between ca. 800 and 660-640

5
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Ma. The earliest Pan-African deformation at 660-84# resulted from closure of the ocean basin,
SW-directed thrusting, and accretion of the islantfemnants.

Recent studies provided new structural, geochraicdd and geochemical data, however many
critical questions about the accretionary histofytlte Anti-Atlas Belt are still debated (e.qg.
Soulaimani et al., 2018 and references thereimh Suiestions include the age of obducted oceanic
crust segments (Siroua and Bou Azzer El Graaraotites), relationship between arc terranes to
the north with ophiolites and an associated blusscacies belt to the south, the age and nature of
the basement in these terranes, the degree ofaattmm of Neoproterozoic magmas with the
basement, and the timing of accretion of theseames to the West African Craton. Finally,
discrimination between the post-Eburnean sedimgnsarccession, recently dated to be late
Paleoproterozoic in age (Ikenne et al., 2017; Smalai et al., 2019; Youbi et al., 2019; this work),
and the Neoproterozoic sedimentary sequence (Lelslad Moussine-Pouchkine, 1994; Bouougri
and Saquaque, 2004; Blein et al., 2014a,b; Soutaimi@aal., 2018; Youbi et al., 2018) remains
uncertain.

The lower Anti-Atlas Supergroup of the Anti-Atla®IB (Lkest-Taghdout GroupensuThomas et

al., 2004; Figs. 1D, 2 and 3) is one of the mogidrtant Proterozoic lithostratigraphic units on the
WAC, yet with poor age constraints. It consists eafially of basalts, quartzites, and
stromatolitic/oolitic carbonates, intruded by dakeidyke swarms and sill complexes (Ifzwane and
Toudma Suites). The lower Anti-Atlas Supergroup wesviously thought to be ca. 1000-800 Ma
in age on the basis of (1) stromatolites charastterfor the Neoproterozoic carbonate successions
(Choubert, 1962), and (2) the Rb/Sr age of theamtrihetamorphosed host rocks associated with
mafic dykes (789 + 10 Ma) in the Tachdamt Subintiéthe Bou Azzer El Graara Inlier (Clauer,
1976; Cahen et al., 1984).

The present study is based on field observationk reew U-Pb ages for igneous zircons from
dolerite sill intruding carbonates from the lowentAAtlas Supergroup in the Zenaga Inlier and

detrital zircon grains from four samples from tbevér, middle, and upper parts of the lower Anti-

6
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Atlas Supergroup in the Zenaga and Bou Azzer Elafarainliers. We propose a new
lithostratigraphy for the Proterorozoic lower Aitilas Supergroup of the Anti-Atlas Belt based on
a discussion of our data in combination with thevmusly published data (Abati et al., 2010;
Walsh et al., 2012; Letsch, 2018; Bouougri et2020) and constrain the provenance for the five,
major unconformity-bounded packages of the supeggro

2. Geological background

2.1. TheWest African Craton

The West African Craton (WAC, Fig. 1) extends asrasrthwestern Africa, and consists of two
Archean basement shields, the Reguibat Shieldamdtnth and the Leo-Man Shield to the south.
The Archean nuclei (3.5-2.7 Ga in age) of thesesldbiare juxtaposed against an array of
Paleoproterozoic domains (2.35-2.00 Ga in age) maueof greenstone belts and regions of
extensive tonalite-trondhjemite-granodiorite (TT@lutons, which are overlain by Meso- to
Neoproterozoic and younger sedimentary basins. I8mabhsement inliers are composed of
Paleoproterozoic rocks: the Kayes and Kedougou-#feninliers to the west, and those of the Anti-
Atlas Belt to the north (Ennih and Liégeois, 2088ati et al., 2012). The WAC remained largely
stable since 2 Ga (Schofield et al., 2006; Jesgtelll., 2016). The basement of the WAC has
evolved through several major orogenic cycles:Rateoarchean Leonian cycle (several episodes
between 3.40 and 3.10 Ga with uncertain chronolagjated to continental accretion; e.g.
Thiéblemont et al., 2004; Koffi et al., 2020), thiberian cycle (2.85-2.70 Ga; Key et al., 2008;
Koffi et al., 2020), the Paleoproterozoic Eburnead Birimian cycles (2.15-2.07 Ga and 2.27-1.96
Ga, respectively; Abouchami et al., 1990; Bohenlet 1992; Egal et al., 2002; Schofield et al.,
2006; Baratoux et al., 2011; Grenholm et al., 20MxFarlane et al., 2019) and the late
Neoproterozoic Pan-African orogenic event (885-M#) Thomas et al., 2002; 2004; Gasquet et
al., 2005; 2008; Walsh et al., 2012; Youbi et 2018). The WAC hosts four major intracratonic
basins: the large central Taoudeni Basin and thalenmTindouf and Volta basins, to the north and

southwest, respectively, and the Gourma aulacogémet east (Moussine-Pouchkine and Bertrand-
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Sarfati, 1978; Villeneuve, 2005; Deynoux et al.0@0Lottaroli et al., 2009). These basins comprise
mostly Mesoproterozoic-Neoproterozoic to Devoniarniferous sediments. The WAC is
surrounded by Pan-African belts, including the Br&aharan and Anti-Atlas belts (Ennih and
Liégeois, 2008; Lieégeois et al., 2013; Toummitalet2013; Brahimi et al., 2018).

Early compilations of WAC lithostratigraphy suggastan absence of Mesoproterozoic events or
rocks, indicating a tectonically quiescent peri@iween 1.7 and 1.0 Ga (e.g. Ennih and Liégeois,
2008 and references therein). The lack of detzitabns of that age in the pre-Cryogenian strata is
considered characteristic of sediments sourced thenWAC (e.g. Abati et al., 2010; Gartner et al.,
2013; 2017; 2018). However, recent studies in thrthern WAC (El Bahat et al., 2013; Kouyaté et
al., 2013; Soderlund et al., 2013; Youbi et al.120lkenne et al., 2017) demonstrated important
intraplate magmatic events based on dating of nibfies by the U-Pb method on baddeleyite and
zircon. Six distinct events are distinguished tigtmaut the inliers: ca. 2040 Ma Tagragra of Tata,
1750 Ma Tagragra of Akka, 1650 Ma Zenaga, 1416—138Bas Draa, and 885-883 Ma Iguerda-
Taifast events, and 612-600 Ma pulse of the Cetdamdtus Magmatic Province (CIMP; Walsh et
al., 2002; Gasquet et al., 2004; El Bahat et 8132 Kouyaté et al., 2013; Soderlund et al., 2013;
Youbi et al., 2013; El Bahat et al., 2017; Ikennhele 2017; Bouougri et al., 2020 ; Youbi et al.,
2020). Re-Os geochronology of the sedimentary ssooe of the Atar Group in the Taoudeni
Basin of Mauritania indicated depositional agesynag from 1109 + 22 to 1105 + 37 Ma (Rooney
et al., 2010). These Mesoproterozoic ages arercoed by the study of microfossils (Beghin et al.,
2017) and chemostratigraphy (Kah et al., 2012).eRtg, Baratoux et al. (2019) identified four
new magmatic events 1.79-1.76, 1.58, 1.53, and-@.81 Ga in the southern WAC that add
additional evidence for Mesoproterozoic mafic istwe activity on this craton. Ar-Ar ages of ca.
1.24 Ga for the 1575 and 1520 Ma dyke swarms ansidered to record a thermal overprint
(Tapsoba et al., 2018).

2.2. The Anti-Atlas Belt



189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

The ENE-WSW trending Anti-Atlas Belt (800 km longda200 km wide) of Morocco is the most
important segment of the Neoproterozoic Pan-AfriCeagen in the northern part of the WAC (Fig.
1D). The Precambrian basement crops out in seeeoaional inliers (“boutonniéres” in French),
containing Late Ediacaran and younger units (BaaDifni, Kerdous, Tagragra of Akka, Tagragra
of Tata, Igherm, Siroua, Zenaga, Bou Azzer, Sagand, Ougnat; Fig. 1D) and distributed along
two major fault systems (South Atlas Fault, SAF amdi-Atlas Major Fault, AAMF; Fig. 1D).

The Anti-Atlas Belt contains the Paleoproterozoasdment (affected by the Eburnean Orogeny)
unconformably overlain by the lower Anti-Atlas Suvgp@up (= Lkest-Taghdout Groupensu
Thomas et al., 2004; = Tizi n'Taghatine GrasgnsuBouougri and Saquaque, 2004), which is in
turn unconformably overlain by the Ouarzazate Synperp related to the Pan-African Orogeny.
The two major periods of tectonothermal activitgs@ciated with crustal accretion, have been
recognized during the Proterozoic (Fig. 2) in thdiAdtlas Belt and are described below.

()The Paleoproterozoic Eburnean Orogeny (2.20-2G% Abouchami et al., 1990; Boher et al.,
1992; Egal et al., 2002; Schofield et al., 2006raBzux et al., 2011; McFarlane et al., 2D1Bhe
Paleoproterozoic basement rocks are found exclys&®/ of the AAMF (Choubert, 1963), but
they may also constitute the basement to the Panaif Orogen to the NE (Ennih and Liégeois,
2001; Liégeois et al., 2006; Gasquet et al., 200Be Paleoproterozoic basement is composed of
metasedimentary rocks, granites, paragneissesnamatites, with U-Pb zircon ages ranging from
2200 to 2030 Ma (e.g. Ait Malek et al., 1998; Wadshal., 2002; Thomas et al., 2002; Gasquet et
al., 2004, 2008; O’Connor, 2010).

(i) The Neoproterozoic Pan-African Orogeny (8858-38a). The Neoproterozoic sequences of the
Anti-Atlas Belt are composed of units that wereadlved in the Pan-African Orogeny and the
unconformably overlying post-collisional volcanadsgeentary rocks of the Ouarzazate Supergroup,
which are a part of the Central lapetus Magmatavidce (CIMP; Doblas et al., 2002; Maloof et
al., 2005; Gasquet et al., 2005, 2008; Ernst andb¥a2017; Tuduri et al.,, 2018; Youbi et al.,

2020). The Neoproterozoic rocks underlying the Qazate Supergroup are subdivided into the

9
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lower units (Lkest-Taghdout, Bou-Azzer, and Irirogps), affected by all Pan-African orogenic
events, and the upper units (Saghro and Bou Satigg), only affected by the latest stage of the
Pan-African Orogeny (e.g. Walsh et al., 2002; Therataal., 2004; Gasquet et al., 2005; 2008;
Alvaro et al., 2014).

The lower Anti-Atlas Supergroup consists essentiafl basalt, quartzite, and stromatolitic/oolitic
carbonate, cut by undated dolerite dyke swarmssdhdomplexes (Thomas et al., 2004; Bouougri
and Saquaque, 2004). It marks the onset of a pefiodting at the northern portion of the WAC
during the late Neoproterozoic. The rifting culntedhwith the opening of an oceanic basin on the
northern edge of the WAC. The relics of the oceanist (Bou-Azzer Group) are preserved in the
Bou-Azzer and Siroua inliers as highly shearedcallioonous ophiolite complexes (El Hadi et al.,
2010; Blein et al., 2014a and references therding ophiolitic assemblage is mainly made up of
ultramafic rocks (serpentinites with few chromitedp), but also includes mafic meta-cumulates,
meta-basaltic sheeted dykes, and, to a smallentexidlow lavas (Leblanc, 1975, 1981; Admou
and Juteau, 1998). Their geochemical signature® poiemplacement in a supra-subduction zone
(Bodinier et al., 1984; Naidoo et al., 1991; Ahnetdhl., 2005; Hodel et al., 2017; Triantafyllou et
al., 2019; 2020). Dating of plagiogranite intrusan the Siroua Inlier indicated formation of an
oceanic crust at ca. 760 Ma (U-Pb zircon age; Samesal., 2004). Given the absence of reliable
radiometric data on the age of the lower Anti-At&gergroup, ca. 760 Ma was considered as the
minimum age of its formation. The rifting might @ssociated with the late Neoproterozoic
extension within the supercontinent Rodinia (Gasa@teal., 2008). Following the opening of the
ocean basin, a subduction phase was initiated léimd-arc development (the Iriri Group in the
Siroua Inlier; Thomas et al., 2002; Triantafyll@915; 2016). The cores and overgrowths of zircon
grains from the Iriri Group migmatite yielded twe-Bb SHRIMP ages at 743 = 14 and 663 + 13
Ma, respectively (Thomas et al., 2002). The oldgr abtained from the cores is interpreted as the
age of crystallization and emplacement of the migmgrotolith in an island-arc setting, whereas

the younger age is thought to represent the timingphiolite obduction and arc accretion to the

10
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northern edge of the WAC in association with thgiaral metamorphism and the main orogenic
event in the Anti-Atlas Belt (Thomas et al., 2002).

The development of the Anti-Atlas Belt oceanic aommplexes occurred during three magmatic
flare-ups at ca. 750, 700, and 650 Ma that wermrspersed with an early major tectonic episode
between 730-700 Ma (Triantafyllou et al., 2018; @022 garnet Sm-Nd date of 647.2 £ 1.7 Ma
was recently obtained for the Tasriwine ophiolitenplex in the Siroua Inlier (Inglis et al., 2016).
This age is more than 15 million years younger tthanprevious age estimate by Thomas et al.
(2002). North of the AAMF in the eastern Anti-Atl&lt (Figs. 1D and 2), the oldest rocks are
thick deposits of basalt and turbidite of the Sagf@roup, interpreted as either a distal-slope
equivalent of the upper part of the lower Anti-Atl&upergroup, deposited between the WAC to the
south and an island arc (Saquaque et al., 1989m@bcet al., 2002), or slivers of the stretched
Eburnean crust (Hindermeyer, 1953; Ouguir et 81961 Fekkak et al., 2001; 2002; Massironi et al.,
2007; Schiavo et al., 2007; Michard et al., 2017).

Preliminary detrital zircon data reported by Liéigeet al. (2006) and summarized in Gasquet et al.
(2008) suggest that the sediments of the SaghragGrothe Kelaa Mgouna section were derived
from sources ranging in age from about 880 to 65 Mhe later post-collisional, extensional stage
(605-542 Ma) is characterized by molasse deposifaod magmatism of the Ouarzazate
Supergroup, which was followed by the foreland digwment in the Saharan cratonic basin to the
south (Taroudant and Tata groups; e.g. Doblas.ef@02; Maloof et al., 2005; Gasquet et al.,
2005, 2008; Hefferan et al., 2014; Karaoui et 2014; 2015; Tuduri et al., 2018; Geyer and

Landing, 2006; 2020; Youbi et al., 2020).

2.3. Thelower Anti-Atlas Supergroup
Since our study is focused on the lower Anti-ARagpergroup, we will give here an updated review
of its lithology, stratigraphy, and nomenclaturdneTlower Anti-Atlas Supergroup, known in the

Anti-Atlas literature as the Taghdout (Lkest/TiziTaghatine) Group, contains a sedimentary
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succession deposited along the northern margirh@fWAC (e.g. Thomas et al., 2002, 2004;
Bouougri and Saquaque, 2004; Alvaro et al., 20T4e lower part of the lower Anti-Atlas
Supergroup shows a progressive change of sedingeataes from SW to NE representing a broad
proximal to distal trend: conglomerates, sandstoaerd quartz sandstones predominate in the Ifni
and Kerdous inliers, while quartz sandstones, caatss, shales, turbidites, and basaltic lava flows
(the so called “Série des Calcaires et Quartzites& Choubert, 1962) developed in the Igherm,
Siroua, Zenaga, and Bou Azzer El Graara inliersuBgri and Saquaque, 2004; Thomas et al.,
2004; Alvaro et al., 2014). The scarcity of struatistudies combined with modern sedimentology
and sequence stratigraphy to test correlations dmivihe groups in different inliers has led to a
proliferation of synonymous names in the lithosgratphic terminology: e.g. the Jbel Lkest Group
in the Kerdous Inlier (Hassenforder, 1987; O’'Conra@10), the Bleida-Tachdamt or Bleida Group
in the Bou Azzer El Graara Inlier (Leblanc and Msinse-Pouchkine, 1994; Blein et al., 2014a), and
the Taghdout Group (= Tizi n'Taghatine) in the Zgamanlier (Thomas et al., 2002, 2004; Bouougri
and Saquaque, 2004). Correlation between thesepgréwecently combined into the Lkest-
Taghdout Group, equivalent to the lower Anti-AtBispergroup; Gasquet et al., 2008; Alvaro et al.,
2014) is both lithostratigraphic and structural.eTanly lithostratigraphic correlation linking the
Siroua-Zenaga and Bou Azzer El Graara inliers wapgsed by Bouougri and Saquaque (2004)
who considered the section of the Tizi n'Taghatmeuntain pass as a stratotype for the group
named after this locality. Although their lithostgraphy requires revision, we will refer to ittinis
work. Two reasons motivated this choice: (1) thiedaamples of this study are from the same area
that Bouougri and Saquaque (2004) focused on, ahdhé Siroua-Zenaga and Bou Azzer El
Graara inliers are the only areas where modernreedology and sequence stratigraphy were
applied (Fig. 1D). However, we will use the name tbé lower Anti-Atlas Supergroup (an
equivalent of the Lkest-Taghdout Group) becaugbpagh the latter group is widely known in the
literature (Gasquet et al., 2008; Alvaro et al.1£)) it combines genetically unrelated sequences

deposited in superimposed sedimentary basins amifferent tectonic settings with long-lasted
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hiatuses along unconformities. Five, major uncanfty-bounded lithostratigraphic packages are
further here distinguished: the lower Tasserda-atigh Group, the second Oumoula (Mimount)
Formation, the third Tizi n'Taghatine Group, theufih Tachdamt Formation, and the uppermost
Bleida Formation.

For a long time, until 2013, available data on lineer Anti-Atlas Supergroup suggested that the
continental passive margin developed during theidrorbetween about 1000 Ma (based on
stromatolite morphology pointing to a Neoproterazage; Choubert, 1963) and ca. 787 Ma (Rb-Sr
isochron age of contact metamorphism of the hatsr@associated with mafic dykes at Tachdamt;
Clauer, 1976; Cahen et al., 1984). However, thggecanstraints are still debated (Gasquet et al.,
2008; Alvaro et al., 2014; Ikenne et al., 2017; IS8woani et al., 2018; 2019; Youbi et al., 2019).
There are too few reliable geochronologic age caimgs to tightly constrain the age of the lower
Anti-Atlas Supergroup. It unconformably overliesetlicburnean basement, including the post-
tectonic 2032 + 5 Ma Azguemerzi granodiorite of Benaga Inlier, and in turn is unconformably
overlain by the subhorizontal volcanic and sediragnsuccession of the Late Ediacaran (ca. 606-
541 Ma) Ouarzazate Supergroup (Figs. 6A, B). TheetoAnti-Atlas Supergroup records a low-
grade tectonometamorphic event related to the FaoaA Orogeny dated at 663 + 13 Ma (Thomas
et al., 2002) and 647.2 + 1.7 Ma (Inglis et al.1@0in the Siroua Inlier. Consequently, the
depositional age of the lower Anti-Atlas Supergraam be broadly bracketed between 2032 + 5
Ma and 663 + 13/ 647.2 + 1.7 Ma.

The lower Anti-Atlas Supergroup sediments are ohti by abundant dolerite and gabbro dykes
and sills, also found as dyke swarms and sill cexgs in the Paleoproterozoic basement of the
Zenaga (Fig. 4) and several other inliers (e.geitgh Tagragra of Akka, Tagragra of Tata, Kerdous,
and Bas Dréaa). These rocks have been collectiva@lgdc the Ifzwane Suite in the Zenaga and
Siroua inliers (Thomas et al., 2004), and the Toaidnite in the Kerdous Inlier (Thomas et al.,

2004; O’Connor, 2010).
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Letsch (2018) showed that the quartzites of the &dint Formation gensuThomas et al., 2002)
and the Oumoula FormatioegnsuBouougri and Saquaque, 2004), overlying the basahonate-
guartzite-metapelite units near the Town of Taghddihe northern margin of the Zenaga Inlier
(see Thomas et al., 2002), do not contain detzitalons younger than ca. 1987 Ma (Benziane,
2007; Walsh et al., 2012) and ca. 1809 Ma (Abadilt2010), respectively. Neoproterozoic detrital
zircon grains only appear in the overlying formatiamf the Saghro and Bou Salda groups of the
Siroua Inlier (Abati et al., 2010). Detrital zircorirom the Mimount and Oumoula formations
display exclusively Paleoproterozoic ages, sugggstica. 1890 Ma maximum depositional age for
the upper parts of the formations. In the Ifniénjidetrital zircons from quartzites of the uppartp
of the Lkest Group (the basal group of the loweti#\tlas Supergroup) exhibit two main clusters
in distribution of SHRIMP?*’Pb7°Pb ages, 2060-1890 and 1810-1640 Ma (Schulte ,e2Gi6).
The maximum depositional age is given by a weiglateerage’®’Pb/°%Pb date of 1744 + 26 Ma

based on four youngest concordant grains.

3. Sampling and Analytical Procedures

3.1. Sampling

In order to investigate the maximum depositionad af the lower Anti-Atlas Supergroup of the
Anti-Atlas Belt, we collected five samples from twey inliers within the Anti-Atlas Orogen
(Zenaga and Bou Azzer El Graara) for geochrono#@igiovestigation. The Taghdout sill that
intruded to the lower part of the lower Anti-Atl&sipergroup in the Zenaga Inlier was sampled for
geochemistry and zircon U-Pb geochronology: samplé was collected at the centre of the sill
and herein dated at 1676 + 37 Ma and sample TAZas1 the margin of the sill. Four
metasedimentary samples were collected for dewzitebn U-Pb geochronology: one sample from
metasiltstones of the Tasserda Formation of thead@@ninlier and three samples from the

Agoummy, Tachdamt, and Bleida formations of thedownti-Atlas Supergroup in the Bou Azzer
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Inlier (Figs. 3, 4, and 5). Sample site locatica$rief description of the samples, and their ages

provided in Table 1.

3.2. Analytical procedures

3.2.1. Whole-rock geochemistry

Elemental concentrations of whole rocks were olethiat “Service d'Analyse des Roches et des
Minéraux” at the Geochemical and PetrographicaleResh Center in Nancy (SARM laboratory-
CRPG-CNRS, Nancy, France). To avoid contaminattomshing and pulverizing were undertaken
using agate mills. Powders were treated with LiB@issolved with HN@ and analyzed and
calibrated with international geostandards (BaB&tN, Basalt BR, Dolerite WS-E, Microgabbro
PM-S). Major and trace elements were analyzed usithgctively coupled plasma atomic emission
spectroscopy (ICP-AES) and Inductively Coupled M&@psctrometry (ICP-MS), respectively. The

analytical procedures are described in detailtat/#ffielium.crpg.cnrs-nancy.fr/ISARM/.

3.2.2. U-Pb Geochronology

Zircon grains from all studied samples were sepdrdtom 3-5 kg of crushed rocks using
conventional heavy liquid and magnetic separatemtiques (jaw crusher, disk grinder, Wilfley
table, Frantz isodynamic magnetic separator, andsitye separation using bromoform and
methylene iodide) at the Centro de Pesquisas Geoldgicas, Universidade de Sédo Paulo (CPGeo-
USP), Brazil. About 20 to 100 zircon grains froncleasample were mounted in epoxy resin,
polished to approximately half of mean grain thiegs for further imaging with transmitted light
and cathodoluminescence to resolve internal gragxtute. After coating with Au,
cathodoluminescence (CL) images of zircon graingewabtained using a Quanta 250 FEG
scanning electron microscope equipped with Mono GlL&athodoluminescence spectroscope
(Centaurus) at the Centro de Pesquisas Geocronakgif the University of Sdo Paulo (CPGeo-

USP), Brazil. The conditions used in CL analysisenas follows: 6QuA emission current, 15.0 kV
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accelerating voltage, fm beam diameter, 203 acquisition time, and a resolution of 1024 x 884

pixels.

3.2.2.1 Sensitive High Resolution lon Microprobe (SHRIMP I1) analysis

Igneous zircon grains from the dolerite sample TAnt detrital zircon grains from the quartzite
samples BA21 and BA24 were analyzed by the U-Ptomo technique using a SHRIMP Il at
CPGeo-USP following the analytical procedures oflins (1998). The crystals were mounted,
together with the TEMORA-2 reference zircon (Blatkal., 2004), in epoxy and polished to expose
the interior of the grains. Correction for commadn Was made based 6ffPb measured, and the
typical error for the?®Pb*®U ratio was less than 2%; uranium abundance andb tHffos were
calibrated against the TEMORA-2 reference mateaat] the ages were calculated using Isoplot®
version 3.0 software application (Ludwig, 2003)tdEs are reported as Heviations and ages have
been calculated at the 95% confidence level.

3.2.2.2 Laser Ablation Inductively Coupled Plasma M ass Spectrometry (LA-ICP-MS) analysis
U-Pb analyses of detrital zircon grains from thengles TG-15-1 and ALBL29 were performed
using a Neptune multicollector inductively coupleidsma mass spectrometer (MC-ICP-MS) and
an Analyte G2 excimer laser ablation (LA) systenCRiGeo-USP, Brazil. The U-Pb analysis was
performed in the following order: two blanks, twd26 NIST standard glasses, three external
standards, 13 unknown samples, two external stdadand two blanks. An interpolation of the
four blank measurement sequences, using the bnagkatthod with two blanks before and two
after the samples, was subtracted from all therseveasured masses (202, 204, 206, 207, 208, 232,
and 238). The®*U isotope was not measured, but calculated usimg réfative abundance
238Y/2=137.88. The*Hg interference orf*Pb was corrected usinfHg and assuming
201Hg/%Hg = 4.350360. Using the partially correct®@bFPb ratio as an estimate for the age
and the equations of Stacey and Kramers (1975)2%®bF%Pb, 2°’Pb/*Pb, and?**PbF**Pb

relative abundances were calculated and correatedcdmmon (non-radiogenic) Pb fraction.
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Bracketing measurement of unknowns with NIST-612ndard glasses (two measurement
sequences before and after) was used to convertotiaé Pb, Th, and U signals to ppm
concentrations.

A final bracketing (with three measurements betord two after unknown) with the GJ-1 reference
zircon (Jackson et al., 2004) was used to cortecetfect of the instrumental fractionation on four
ratios (°°Pb®U, ' PbF*U, 2'PbPPb, and?®Pb/*?Th) before they were used to calculate the
respective ages. Errors in all arithmetic operatiarere algebraically propagated. Least squares
fitting was used for the best line fit and all ttiata are reported at the level calculated with
Isoplot 3.70 (Ludwig, 2008). A U-Pb analysis is cordant when it overlaps with the Concordia
within uncertainty. So, it seems to be appropratexclude results with a low level of concordance
(PbF®U age FPO'PbF*%Pb age x 100), but very large errors that overlih the Concordia from
interpretation. Thus, an interpretation with regpecthe obtained ages was done for all grains
within the concordance interval of 90-110 #8%b/**®%U age /*°'Pb/ **Pb age x 100) which is
often used (e.g. Spencer et al., 2016). Discordaatyses were generally interpreted with caution.
Analyses with discordance of more than 10% wereadded. For zircons younger than 1300 Ma,
2%pp2Y ages were preferred, while for older zircons ¥HEb/°®Pb ages were used. The detrital
zircon age distribution by probability density waerformed using the AgeDisplay application (an
EXCEL workbook to evaluate and display univariag®chronological data using binned frequency

histograms and probability density distributiorSk¢ombe, 2004).

4. Results

4.1. The Great Mafic Sill of the Ifzwane Suite at Taghdout Town

4.1.1. Field observations

The Taghdout sill was collected near Taghdout Tax@n 9 km NW of Tazenakht City (Table 1 and
Figs. 3 and 4), from a 227 m thick, well-preservedssive sill belonging to the Ifzwane Suite

(dolerite dyke swarm and sill complex of the Zen&geer, of likely multiple ages as discussed in
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section 2.1). The sill intruded into the lower paftthe lower Anti-Atlas Supergroup (Fig. 6C),
which mainly consists of carbonate and mixed silastic-carbonate sequence of the Ifrane-n-
Taghatine Formation (Bouougri and Saquaque, 20048.sill can be traced in outcrops for more
than one km in length and has thick chilled margihsarble grading away from the intrusion into
carbonate host rock (Figs. 3, 4, and 6D). The valhg new samples were used in this study: TA1
(centre of the sill) and TA2 (border of the silipin the Taghdout sill of the Zenaga Inlier.

4.1.2. Petrographic features

Fresh samples of the Taghdout sill are dark-grey,doe to widespread hematitic alteration the
rock appears reddish. However, the original texamd primary igneous mineralogy are usually
well preserved. The texture varies from a coarséngd doleritic texture in the centre of the slkt
fine-grained, microlitic porphyric texture at thertder of the sill (Fig. 7).

The primary igneous minerals consist of clinopyrexgaugite and locally pigeonite), very rare
orthopyroxene, plagioclase, and oxides. Apatite aimdon are present as accessory minerals;
amphibole and, more rarely, biotite are found atbpyroxene crystals or as irregular patches in the
groundmass. Although tholeiitic mafic rocks are grafly characterized by low alkaline content
(NaO+K;0), granophyric quartz/K-feldspar mesostasis waeoied in coarse-grained portions of
the sill, consistent with the examples previoustgatibed in literature (e.g. Fodor, 2009; Block et
al., 2015). The secondary mineral assemblage iesladbite, chlorite, actinolite, epidote, titanite,

calcite, and quartz, which is characteristic f@& tjieenschist facies of metamorphism.

4.1.3. Geochronology: U-Pb dating of the Great Taghdout sill

The zircon grains from the sample TA1 range inflbrigpm 120 to 15Qum. Cathodoluminescence
(CL) images (Figure S1 of supplementary data) stimt most zircons are stubby sub-euhedral to
euhedral, with a typical oscillatory zoning withanlarge uniform central zone, followed by much
finer, poorly resolvable oscillatory zoned bandem® grains lack any zoning (Figure S1 of

supplementary data). We analyzed 18 spots on t8rzigrains (Table S1 of supplementary data).
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High Th/U ratios (between 1.18 and 3.38) suppamiegmatic origin for the zircons (Fig. 8) (cf.
Moller et al., 2003; Hoskin and Schaltegger 200Bnkmann et al., 2007). Most of the analyzed
spots with high U and Th concentrations show ewdeior significant Pb loss. On the Wetherill
diagram, these thirteen analyses are aligned adodigcordia that shows two intercepts with the
concordia (Fig. 9A): an upper intercept with an afj@639 + 34 Ma and a lower intercept with an
age of 688 + 65 Ma. The age of 1639 + 34 Ma isrprted to reflect the time of magmatic
emplacement of the sill, whereas the 688 + 65 Maiaghought to correspond to the time of a
metamorphic and /or thermal overprint event. Howetleese intercept ages have a very high Mean
Square Weighted Deviation (MSWD = 6.8), making thige poorly constrained. In contrast,
analyses with low Th and U concentrations (Th <1@@th, spots 2.1, 7.1, and 13.1) produced
nearly concordar®’Pb°Pb ages. We therefore calculated the weighted mearage® PbfPb
age for those spots characterized by low Th andngentrations, obtaining a mea#Pb/°Pb age

of 1676 + 37 Ma (n = 3, MSWD = 3.1; Fig. 9B).

4.1.4. Geochemical characteristics

The major and trace element composition of preWostidied and new samples (TA1l and TA2)
are listed in Table 2. On the total alkali versilisa diagram (Fig. 10A), the studied samples TAl
and TA2 and the ca. 1.6 Ga doleritic dykes and pileviously analyzed by Youbi et al. (2013) plot
in the subalkaline basalt field. These additionaledtes are: DZ 36 (dated at 1640 + 2 Ma and
1641 + 3 Ma; Kouyaté et al., 2013) and DZ 40 (daed656 + 9 Ma; Kouyaté et al., 2013) of the
Zenaga Inlier (close to Tazenakht City), and datedyke (AMHAO69 dated at 1654 + 16 Ma;
Kouyaté et al., 2013) from the Agadir Melloul Inlid his subalkaline affinity is also evident from
Nb/Y ratios that are below 0.67 (cf. Pearce and niCa®73; Winchester and Floyd, 1977).
Addittionaly, their non-orogenic tholeiitic charactis shown in the Ti vs. V diagram of Shervais
(1982) (Fig. 10B) with the data plotting exclusiyelithin the Continental Flood Basalt (CFB) and

Mid-Ocean Ridge Basalt (MORB) fields (20 < V/Ti Q)5 When plotted on a multi-element
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variation diagram (spidergram; Fig. 11), the datikes display patterns similar to some
continental tholeiites such as those of the Ceratlntic Magmatic Province (CAMP) with a
moderate enrichment in large-ion lithophile elemsghiLE) and distinct positive Pb and negative
Nb anomalies (Bertrand et al., 1982; Youbi et 2003; Marzoli et al., 2004, 2019; Tegner et al.,
2019). Nb anomalies have been related to crustalotnation or the influence of a subduction
zone, which was either active during magma germratir earlier metasomatized lithospheric
mantle with which asthenospheric magma interactathg ascent (e.g. Thompson et al., 1982;
Dupuy and Dostal, 1984; Coish and Sinton, 1992;ai3oet al., 2005). Furthermore, the negative
Nb anomaly is accompanied by negative P anomaly;gattern is similar to some low-Ti CFB
tholeiitic magmas contaminated by continental criisis and the relatively high Ti/V ratios (see
Fig. 10B) point to a non-orogenic origin of the mamagmas, which were contaminated with
continental crust during magma ascent/emplacentieenirfe, 1997; Hafid, 1999; Hafid et al., 2001,
El Aouli et al., 2004; 2010; El Bahat et al., 20Y&ubi et al., 2013; El Bahat et al., 2017).

4.2. Geochronology: Detrital Zircon Study of the lower Anti-Atlas Supergroup

4.2.1 Metasiltstone of the Tasserda For mation: sample TG-15-1

The sample TG-15-1 (Table 1) is purple, coarsenghuartz-rich metasiltstone collected from the
Tasserda Formation near the village of Taghadags(RB and 4). The Tasserda Formation consists
of thick- to medium-bedded quartz arenites with fdvannels filled with conglomerates. The main
mineral components of siltstone are quartz andsfeld embedded in a sericite-rich matrix (Fig.
12A).

The zircon grains of this sample exhibit mean leagind widths of 120 and 60 um, respectively. In
most cases, they are sub-euhedral to euhedrabpesfihe internal texture of zircon grains shows
oscillatory concentric, sector, and banded zonkigure S2 of supplementary data). The Th/U ratio
ranges from 0.03 to 1.15 (Fig. 8). About 83 % af #malyzed zircons have Th/U ratios larger than
0.1, potentially indicating that they were deriviedm intermediate to felsic igneous rocks (cf.

Moller et al., 2003; Hoskin and Schaltegger 2008nkemann et al., 2007). The other 17 % have a
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Th/U ratio below 0.1 and could be of metamorphigiar From the total of 99 measured spots, 74
yielded less than 10 % discordant ages (Table S2mblementary data). About 99 % of the zircon
population is of Paleoproterozoic age (26 % areaRian and 73 % are Orosirian), ranging from
2294 + 32 Ma to 1831 + 35 Ma, with a prominent paakround 2022 Ma and three minor peaks at
about 2294, 2142, and 1870 Ma. One remaining aisakgpresenting 1% of the concordant ages of
this sample, yielded an age of 2653 + 32 Ma (F&8A,1B). The dominance of the Paleoproterozoic
ages indicates that almost all of the detrital@irgrains were derived from the Paleoproterozoic
(Eburnean) crust. The seven youngest zircon grgalded a concordia age of 2049.3 + 4.6 Ma,
which constrains the maximum depositional age efftasserda Formation (Fig. 13A, B).

4.2.2. Quartzites of the Agoummy Formation: sample BA21

The sample BA21 (Table 1) is a medium-grained gitartollected from the Agoummy Formation
at the Tachdamt section (Figs. 3 and 5). The AgowrRormation consists of thick- to medium-
bedded quartzites with few conglomerates nestetiamnels.

The quartzites are dominated by quartz that is ipanbrounded. Some quartz grains show
overgrowth rims. The rock is moderately sorted vatatrix that consists of silt-sized quartz and
mica minerals such as sericite. Intergranular vaids filled with secondary Fe-Ti oxides (Fig.
12B).

Zircons from this sample have a mean length andhwad 110 and 70 pum, respectively. Zircon
grains are mainly sub-rounded to rounded in shajple some euhedral crystals (Figure S3 of
supplementary data). Most of them show oscillatooyping, suggesting that they are of igneous
origin. This is corroborated by their Th/U ratienging from 0.19 to 1.50 (Fig. 8). The internal
textures include oscillatory zoning, planar zonibgnded zoning, and a minor portion with sector
zoning. A total of 55 spots have been analysed I€T&3 of supplementary data), of which 50
yielded 90 to 110% concordant ages. About 84% aleoproterozoic (Statherian - 4%, Orosirian -
24%, Rhyacian - 54%, and Siderian - 2%), 12% of aages are Neoarchean and 4% are

Mesoarchean (2869 + 8 Ma and 2857 + 32 Ma). Theahs®@an ages range from 2735 + 11 to
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2531 + 18 Ma, while the Paleoproterozoic ages ranga 2498 + 14 to 1786 £ 20 Ma. The
probability-density plot is dominated by peaks at 2205, 2080, 2035, and 1812 Ma. The six
youngest grains, ranging from 1834 + 24 Ma to 1¥8® Ma, combined yield a concordia age of
1818 + 6.4 Ma (MSWD = 1.5; probability = 0.22), whi likely represents the maximum
depositional age for the Agoummy Formation (FigC1B).

4.2.3. Quartzites of the Tachdamt Formation: sample ALBL 29

The sample ALBL29 (Table 1) is a medium- to coagsmned, poorly sorted quartz arenite from
the lowermost part of the Tachdamt Formation atBlegda section (Figs. 3 and 5). This formation
consists of basaltic lava flows and interbeddectamic breccias, lapilli tuffs, and volcanoclastic
sediments. The mineral assemblage mainly condigfgartz with a small amount of feldspar and a
matrix of silt-sized quartz and mica minerals (RigC).

Zircon grains from this sample exhibit a mean langihd width of 160 and 90 um, respectively.
The grains are sub-rounded and euhedral (Figuref Sdpplementary data). The internal textures
predominantly show concentric zoning, with few gealacking any zoning. The Th/U ratio ranges
from 0.01 to 1.26, with a dominant population delly igneous origin (98%; 0.1 to 1.26) and a
minor population with a potentially metamorphic gini (2%; 0.01 to 0.1; Fig. 8). Out of 96
measured spots (Table S4 of supplementary datayie@®ed less than 10% discordant ages (Fig.
14A, B). About 54% of the ages are MesoproteroZ@ialymmian - 22%, Ectasian - 17%, and
Stenian - 17%), 41.3% of the ages are Paleopraigr¢3iderian - 4%, Rhyacian - 8%, Orosirian -
18%, and Statherian - 11%), 2% of the ages are md&mpzoic (Tonian), 1% of the ages are
Mesoarchean, and 1% of the ages are Neoarcheamrddean and Mesoarchean ages are each
represented by one analysis at 2577 = 53 and 2948 Ma, respectively. Paleoproterozoic ages
range from 2482 + 66 to 1603 + 175 Ma with two pnoemt peaks at ca. 1978 and 1752 Ma. The
Mesoproterozoic ages range from 1572 = 55 to 1042 #Ma with four prominent peaks at ca.
1525, 1280, 1208, and 1060 Ma. The Neoproterozgécad 822 + 6 Ma is only 92% concordant

and has a very low Th/U ratio of 0.01 indicatingngooverprint of the zircon grain. This grain is
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therefore not used to calculate a maximum depaaitage. The inferred maximum age of
deposition is set by a concordia age derived froenyioungest population of concordant grains at
1060 = 5.5 Ma (four grains), and 930 + 12 Ma, a%0€oncordant single grain analysis with a
Th/U ratio of 1.10 (Fig.14A, B).

4.2.4. Metasandstone of the Bleida Formation: sample BA24

The sample BA24 (Table 1) is a fine-grained, moedyasorted metasandstone from the middle
part of the Bleida Formation (Figs. 3 and 5) atBheida section. The Bleida Formation consists of
up to 600 m thick siliciclastic deposits interbeddeith volcanoclastics. The sample contains
guartz, plagioclase, and lithic fragments with xabearing clays, sericite, muscovite, and chlorite
The grains are subangular to subrounded indic#iiaigthe sediment is immature (Fig. 12D).

The zircon grains of this sample exhibit a meamtlerand width of 125 and 85 um, respectively,
and most of them are sub-rounded to sub-angulahape. The internal texture of the zircons
revealed by CL images comprise concentric and seotang, and some unzoned grains (Figure S5
of supplementary data). The Th/U ratio ranges fb&8 to 1.31, indicating a magmatic origin of
the zircon grains (Fig. 8). Of 44 measured spo#bld S5 of supplementary data), 40 yielded less
than 10% discordant ages. A total of 93% exhibée&proterozoic ages (Siderian - 7%, Rhyacian -
49%, and Orosirian - 37%), Mesoarchean, Mesoprotécp and Neoproterozoic populations are
each 2%. The Mesoarchean is represented by onef&$52 + 7 Ma, while the Paleoproterozoic
ages range from 2487 + 6 to 1841 £+ 12 Ma with aloennent peak at ca. 2075 Ma and three minor
peaks at ca. 2158, 1960, and 1852 Ma. The only Meserozoic age is 1276 + 14 Ma and the
Neoproterozoic age is 977 + 10 Ma. Two youngesingraoverlapping within errors, give a
concordia age of 1855 + 6.5 Ma (Fig. 14C, D).

In summary, the inferred maximum depositional apesed on concordia diagrams for the
sedimentary succcesion of the lower Anti-Atlas 3gpmup are 2049.3 + 4.6 Ma Ma for the

Tasserda Formation, 1818 * 6.4 Ma for the Agoummyrfation, 1060 + 5.5 Ma for the Tachdamt
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Formation, and 1855 + 6.5 Ma for the Bleida ForomatiTable 1). However, the latter formations

could be younger (see Section 5.3)

5. Discussion

5.1 The 1.68-1.64 Ga Zenaga Event

The SHRIMP U-Pb geochronologic data for the Greaghbout sill presented here shows a
weighted mean averag® Pbf*Pb age of 1676 + 37 Ma interpreted to date the nadigm
emplacement of the sill (Fig. 9B). This age is &mwithin error to those obtained for other
dolerite dykes and sills in the studied area (Zaniajer), as well as in other inliers of the Anti-
Atlas Belt (e.g. Agadir Melloul Inlier). Kouyaté el. (2013) obtained ages of 1640 = 2 Ma and
1641 + 3 Ma (U-Pb baddeleyite) on the sill (DZ 3&hich intrudes the Eburnean basement in the
Zenaga Inlier (Fig. 4). They also obtained an dgk666 + 9 Ma (U-Pb baddeleyite) on another sill
(DZ40), which is connected to a sill intruding th@wvermost part of the lower Anti-Atlas
Supergroup of the Zenaga Inlier (the Tasserda-Tagh&roup) and an age of 1654 + 16 Ma (U-Pb
baddeleyite) on a large NE-trending dyke, whichssonts the Eburnean basement of the Agadir
Melloul Inlier. More recently, Youbi et al. (2019pated two sills intruding quartzites of the Lkest
Group (equivalent of the Oumoula Formation) in Kerdous Inlier. One of the sills yielded an
upper intercept date of ca. 1640 Ma, constraingtl Vid-TIMS data for three zircon grains. LA-
ICP-MS data for the same sample yielded a weigimtean averag® Pb/°®Pb age of ca. 1650 Ma,
identical within analytical uncertainties to the-TDMS date. Only a single baddeleyite grain has
been analyzed from the second sill, producing alaimrystallization age of ca. 1650 Ma. All of
these ages overlap within error with the newly oiatd age from this study.

These ca. 1.68-1.64 Ga ages match the Rb-Sr ddted) were obtained for granitic rocks from the
Anti-Atlas Belt; the Timrharbine granite (Zenagdidn), Tasserhert granite (Kerdous Inlier), and
Oued Chaiba granite (Bas Draa Inlier) dated at 16580, 1680 + 35, and 1640 + 32 Ma,

respectively (Charlot, 1976; 1982). This suggest®weent of bimodal magmatism during the late
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Paleoproterozoic, post-dating the ca. 2.04 Ga Taaraf Tata LIP extensional event (Kouyaté et
al., 2013; Youbi et al., 2013), and confirms théypyclic character of magmatism in the Anti-Atlas
Belt, previously inferred in Kerdous and Tagragfakka inliers (Gasquet et al., 2004; Barbey et
al., 2004). These ca. 1650 Ma ages are interptetbdlong to a single LIP event, which is termed
the Zenaga Event (Kouyaté et al., 2013; Youbi eR8l13; Ernst, 2014).

Globally, magmatism at ca. 1640-1656 Ma is alsceoled on other cratons (Fig. 15). In eastern
and southwestern Greenland, the Melville Bugt dglarm extends for about 1000 km and is
precisely dated at 1622-1635 Ma by the U-Pb mefi6d2 + 3, 1629 + 1, 1632 £ 1, and 1635 £ 3
Ma; Halls et al., 2011). Following upon previousriwamn the ca. 1630 Ma Melville Bugt dyke
swarm along the NW coast of Greenland, Klausen Migson (2019) confirmed its proposed
continuation to the SE Greenland, indicating arraaxtinary >2000 km long Trans-Greenlandic
dyke swarm of Laurentia. This correlation was noltydased on the swarm’s continuous pattern,
but also on a matching 1630 + 4 Ma U-Pb baddelegife determination (Klausen and Nilsson,
2019) and similar whole-rock compositions as wedl distinctive outcrop characteristics. In
Laurentia, the bimodal Narakay Volcanic Complextlie Dease Arm of the Great Bear Lake,
associated with deposition in the intracontinertatnby Bay Basin, NWT, Canada, yielded TIMS
U-Pb zircon age of 1663 =+ 8 Ma (Bowring and Ro§85).

Corresponding magmatism on Baltica includes thd & Ga NW-trending dyke swarms of Hame,
Sipoo, and Suomenniemi and the related rapakinigraomplexes exposed in the Svecofennian
Domain of the Fennoscandian Shield in southeadaifin(Vaasjoki et al., 1991; Salminen et al.,
2017). The most extensive of these dyke swarnteid642 + 2 Ma Hame diabase dyke swarm (U-
Pb ID-TIMS baddelleyite age; Salminen et al., 2017)

In Southern Siberia, the Nersa Sill Complex from Biryusa Block of the Irkutsk Promontary has
a 1641 £ 8 Ma U-Pb baddeleyite age (Ernst et 8lL62 Other potential matches are rejected. The
Khibelen dykes of the Baikal Uplift, Siberia havel@74 + 29 Ma Sm-Nd pyroxene, plagioclase,

and whole-rock isochron age (Gladkochub et al.,020However, the Khiblelen dykes are on a
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trend from the SW-trending Chaya dyke subswarmciwhias a 1752 + 3 Ma U-Pb baddeleyite age
(Gladkochub et al. 2010; Ernst et al. 2016), antheacChaya and Khibelen dykes likely represent a
single ca. 1750 Ma swarm. The type section forBady Riphean, a major Russian stratigraphical
division, in the South Urals Mountains, southeaatiBa, contains poorly-dated trachybasalts of the
Navysh Subformation of the Ai Formation, which weere originally thought to be of similar age.
However, based on more recent high-precision SHRWAPb zircon dating these volcanics are
1752 £ 11 Ma in age (Krasnobaev et al., 2013aubhkov et al. 2014).

5.2. Stratigraphic Implications Arising From the U-Pb Dating of the Great Taghdout Sill

Based on the previously published data, the agheotower Anti-Atlas Supergroup is bracketed
between ca. 2032 and 647 Ma (see section 2.3.)néeU-Pb SHRIMP zircon age of 1676 + 37
Ma obtained for the herein named Taghdout sill ges a new constraint on the minimum age for
the lowermost part of the lower Anti-Atlas Supengpoin the Zenaga Inlier. The Taghdout sill
intrudes into the lower Anti-Atlas Supergroup arsd cdonsequently younger than the intruded
sedimentary rocks (that is the Tasserda and Ifrafmaghatine formations) and most likely older
than the unconformably overlying Oumoula Formatidhe new age indicates that the lowermost
part of the lower Anti-Atlas Supergroup was likelgposited during the late Paleoproterozoic (2.03-
1.64 Ga). It could potentially be related to extensduring the post-Eburnean orogenic collapse
and if so should be close in age to ca. 2.0 Gaontrast, the much younger ca. 1.67 Ga Taghdout
sill, likely related to the ca. 1.65 Ga Zenaga LifPa part of the mantle plume event/s that occurre
at the late stage of the Nuna / Columbia supementiassembly (Fig. 15).

The new 1676 + 37 Ma age for the sill in the Zehder is equivalent within uncertainty to the ca.
1706 = 7 Ma age obtained for mafic intrusions ccafiing basal quartzites in the Igherm Inlier
(Ikenne et al., 2017) and the ca. 1650 Ma age@fthick sills intruding the basal part of the lower
Anti-Atlas Supergroup in the Kerdous Inlier (Youst al., 2019). Together, these ages indicate
associated extension. Therefore, the post-Eburhedns of one billion years on the WAC is no

longer valid and the pre-Pan-African sediments ammbmatic events are preserved along the
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northern margin of the craton. The 1640-1680 Més ($tudy; Youbi et al., 2019) and the ca. 1706
Ma (Ikenne et al., 2017) magmatic events indichtd extension predated deposition of the thick
guartzites of the Oumoula Formation, but postdaecumulation of the Tasserda and Ifrane-n-
Taghatine formations. Further geochronological wisrkequired to determine whether the ca. 1650
Ma, ca. 1676 Ma, and ca. 1706 Ma intrusions repiteseparate intraplate events on the WAC or
belong to a single long-lived 1.70-1.65 Ga LIP ewaross the WAC and potentially representing
an event extending into Baltica and Laurentia (Ef). Regardless, all these ages for mafic siés ar
additional evidence that the lower part of the lowanti-Atlas Supergroup has an upper

Paleoproterozoic age and, therefore, nearly otierbijears older than previously thought.

5.3. Constraints From Detrital Zirconson the Depositional Age of the L ower Anti-Atlas
Supergroup

The youngest detrial zircons from the sample TGt1(Bhe Tasserda Formation) are ca. 2049 Ma
old (Fig. 13A, B), providing a maximum depositiorae for the formation. This is in agreement
with the geological context of the lower Anti-Atl&upergroup: (i) the age of the succession is
bracketed between 2032 £ 5 Ma and 647 + 2 Math{@)1676 + 37 Ma Taghdout sill indicates that
the intruded sedimentary rocks (that is the Tassardl Ifrane-n-Taghatine formations) are older
than 1676 £ 37 Ma, consistent with the minimum agestraints of ca. 1650 Ma in the Kerdous
Inlier (Youbi et al., 2019) and ca. 1710 Ma in tgherm Inlier (Ikenne et al., 2017).

The six youngest zircon grains in the sample BARE (Agoummy Formation) yielded a late
Paleoproterozoic concordia age of 1818 + 6.4 Mg.(EBC, D), providing the maximum age for
deposition of this formation. The U-Pb detritalcoin data obtained from this sample are consistent
with the U-Pb zircon data for quartzites of the Mumt Formation in the Siroua Inliesgnsu
Thomas et al.,, 2002), which is the stratigraphiciegent of the Oumoula Formatiorsgnsu
Bouougri and Saquaque, 2004) of the lower Anti-&t&upergroup. For the Mimount Formation,

Abati et al. (2010) obtained LA-ICP-M&Pb/°%b zircon ages from ca. 2936 to ca. 1809 Ma, with
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major peaks at ca. 2200 and 2086 Ma and a numbamafr peaks (ca. 2005, 1950, and 1818 Ma).
The youngest zircon in the Oumoula Formation gaerecordant age of 1809 + 15 Ma (Abati et
al., 2010), while the youngest population age is X218 Ma, providing a maximum age for
deposition of the Oumoula Formation. For the Mimiokbarmation, Walsh et al. (2012) obtained a
range of SHRIMPPbf°Pb zircon ages from about 2182 to 1987 Ma, withagompeak at ca.
2050 Ma. The similarity between detrital zircon atdjstribution in our sample BA21 from the
Agoummy Formation and that of the Mimount FormatiorAbati et al. (2010) and Walsh et al.
(2012) indicates a similar provenance for the Mimtgeg Oumoula) and Agoummy formations.

The lack of ca. 1.67 Ga zircon grains in samplemfthe Mimount and Agoummy formations is
worth a note given the prominence of the 1650 Maaga event (see Section 5.1). However, mafic
melts are usually poor in zircons; this may expthgir relative absence in these formations.

The youngest detrital zircon grains from the Tachd&ormation which overlap within errors are
ca. 1060 Ma old (Fig. 14A, B). However, there ame tyounger single zircon grains with ages at
930 + 12 and 822 + 6 Ma. The latter age has a adaocce of only 92% and a very low Th/U ratio,
therefore the maximum age of sedimentation is caim&d by ca. 1060 Ma and ca. 930 dates,
consistent with ca. 883 Ma U-Pb SHRIMP zircon afggstwo tuff horizons interbedded in the
basal part of the Tachdamt Formation in the Sirnligr (Youbi et al., 2018, Bouougri et al.,
2020). The youngest concordant zircon dates thatlay within errors in the sample BA24 from
the Bleida Formation yield a concordia age of 1856.5 Ma. The two youngest zircon grains
provide dates at 1276 + 14 Ma and 977 + 10 Ma (K, D). However, Letsch (2018) reported a
pronounced bimodal age distribution for a greywaitken the Bleida Formation in the Bou Azzer
Inlier with a major Paleoproterozoic population dked at ca. 2060 Ma) and a minor
Neoproterozoic one (with a prominent mode at cQ.[d9); the latter defines, along with the 697.3
+ 2.2 Ma maximum depositional age of the metasittstfrom the most basal part of the Bleida

Formation (Bouougri et al., 2020), a Cryogenian mmaxn depositional age for this formation
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705 (although the minimum depositional age is youngg@ant883 Ma). These data imply a significant
706 hiatus (697 to <883 Ma) in time of deposition begwe¢he Tachdamt and Bleida formations.

707 Both the Bleida and Tachdamt formations contain dgesterozoic detrital zircon ages (Fig. 14),
708 however these ages are less abundant in the Blemdaation, suggesting a change in the
709 provenance consistent with a major hiatus in theetof deposition for these units. Importantly,
710 detrital zircon ages indicate that the provenanoe the lower Anti-Atlas Supergroup was
711 overhelmingly Paleoproterozoic and Mesoproteroroi@ge with a much smaller contribution from
712  Archean and Neoproterozoic sources.

713 5.4 Interpretation of Detrital Zircon Age Clusters

714  Four major detrital zircon age clusters have bdaaioed in this study: 3.0-2.4, 2.3-1.74, 1.7-1.4,
715 and 1.25-0.95 Ga (Fig. 16). The few Archean zirgoains, forming a poorly defined cluster, were
716 likely derived from the Reguibat and Leo-Man shee{Rocci et al., 1991; Thiéblemont et al., 2004;
717 Key et al., 2008; Koffi et al., 2020). The secomdster (2.30-1.74 Ga) reflects contribution from
718 mafic and felsic magmatic intrusions emplaced duyriime Eburnean Orogeny and its aftermath
719 along the northern margin of the WAC (Abouchamakt 1990; Boher et al., 1992; Egal et al.,
720 2002; Schofield et al., 2006; Kouyaté et al., 20¥8ubi et al., 2013 Baratoux et al., 2011; 2019;
721 McFarlane et al., 2019). The third cluster (1.7-G&) is likely linked to the emplacement of dykes
722 and sills accompanying the protracted rifting arte tbreakup of the Nuna / Columbia
723 supercontinent (Youbi et al., 2013; Evans et &13). Zircons of the fourth cluster (1.25-0.95 Ga)
724 are common in the early Neoproterozoic sedimentacks. It is thought that these zircons were
725 derived from the 1.25-0.95 Ga Grenvillian arcs @rét al., 2008) that underwent uplift and erosion
726 during and in the aftermath of the amalgamatiothefRodinia supercontinent, and they may have
727 been transported for thousands of kilometres inthdesupercontinent by rivers (Rainbird et al.,
728 1997). Interestingly, metamorphic and intrusivetsinith these ages are common in the Sunsas
729 Orogen (e.g. Sadowski and Bettencourt, 1996; Sagitas, 2008), which borders the Andean side

730 of the Amazonian Craton (Fig. 17), and the Svecargran Orogen of the northwestern part of
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Baltica (e.g. Andersson et al., 2007; Christoffeble, 1999; Cosca et al., 1998) that were adjacent
to the WAC in the Rodinia supercontinent configianat

5.5. Speculations on the Provenance and Paleogeogr aphic Reconstruction

The main feature of our detrital zircon populatioiss the general absence or scarcity of
Mesoproterozoic ages (Figs. 13 and 14), which isistent with the earlier studies that argued for a
tectonomagmatically quiescent period between ¢aatd 1.0 Ga (e.g. Ennih and Liégeois, 2008).
The absence or scarcity of Mesoproterozoic agedéas considered diagnostic in distinguishing
the WAC provenance as a possible source (e.g. NandeMurphy, 1994; Fried| et al., 2000;
Linnemann et al., 2004; Abati et al., 2010; Bahipat al., 2010; Gartner et al., 2013, 2016, 2017).
How could this be reconciled with the U-Pb geocltogical evidence for major mafic magmatic
events at ca. 1.75, 1.65, and 1.41-1.38 Ga (e.gbivat al., 2013) ? The simplest explanation i$ tha
the mafic magmatism does not produce a significkttital zircon population, and hence these
major LIP events are not reflected in the detdtedon record.

Samples from the upper part of the lower Anti-Ati&apergroup (the Tachdamt and Bleida
formations) contain Mesoproterozoic detrital zirso€onsidering that in most reconstructions of
the Nuna-Columbia and Rodinia supercontinents Atim@zonian Craton and Baltica were adjacent
to the WAC (e.g. Hoffman, 1991; Dalziel, 1991, 199%Veil et al., 1998; Evans, 2013; Li et al.,
2013; Johansson, 2009; 2014; Merdith et al., 2G¥) had their sources of Mesoproterozoic
zircons far from their borders with the WAC (Figs)1 both of these cratons could have been
potential sources of detrital zircons as long a®ray-distance fluvial transport was involved.
However, the Amazonian Craton (Tassinari and Maaanh999) is characterized by a continuous
range of Mesoproterozoic ages since it undergovneraklate Paleoproterozoic to Mesoproterozoic
orogenic events, and igneous and metamorphic wititsthe ages ranging from 2000 to 1000 Ma
are common there (e.g. Santos et al., 2000; Tasshal., 2000). While the sample ALB29 is
indeed characterized by a continuous range of Meseq@zoic ages, the sample BA24 has only

few Mesoproterozoic zircons. Tantalizingly, similailo the sample ALB29 range of
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Mesoproterozoic detrital zircon ages was obsereedhie ca. 1.1 Ga Polissya Series in the western
part of the Ukrainian Shield (SW part of Baltica(®atia); Shumlyanskyy et al., 2015) that was
positioned adjacent to the WAC in the configuratainFig. 15, but equally lacks sources for the
Mesoproterozoic detrital zircons. A long-distan@nsport from NW Baltica has thus been inferred
for this mode in detrital zircon ages based on ¢bmbined ages and Hf isotope systematics.
Mesoproterozoic detrital zircon ages were also fourthe Neoproterozoic sedimentary units in the
Mauritanides and in the Taoudeni Basin (Straath01,1; Nicoll et al., 2010; Bradley et al., 2015;
see for compilation Gartner et al., 2017), indiogti long-distance fluvial transport of
Mesoproterozoic zircons in the aftermath of ther@ilee Orogeny (cf. Rainbird et al., 1997).

5.6. Refining Proterozoic Stratigraphy of the Anti-Atlas Belt

Figure 18 shows a tentative correlation of the lowmti-Atlas SupergroupsgnsuThomas et al.,
2004) among the Anti-Atlas inliers. Based on ounayeochronologic data and on published U-Pb
geochronology, as well as on lithostratigraphy, ps@pose to abandon the Lkest-Taghdout Group
name since it combines genetically unrelated ssowes deposited in different, superimposed
basins recording different tectonic settings andcketed by long-lasted hiatuses. Instead, we
propose to use the lower Anti-Atlas Supergrouphashighest stratigraphic hierarchy unit for the
Proterozoic, pre-Pan-African successions of the-Atlas Belt that can be further subdivided in
five unconformity-bounded lithostratigraphic units.

(1) The lower lithostratigraphic unit is Paleoprotoic in age (ca. 2030-1706 Ma) and comprises
the Tasserda and Ifrane-n-Taghatine formations,edahere the Tasserda-Taghatine Group. Our
maximum depositional age for the Tasserda Form&&@049 Ma) agrees well with the only other
detrital zircon study for the Tasserda and IfranBaghatine formations by Letsch (2018), who
inferred <2038-1975 Ma maximum depositional agettiis succession. The lower group is herein
related to the Eburnean Orogen collapse at caGa.@nd deposition in extensional intracratonic

basins.
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(2) The second lithostratigraphic unit is also Bpteterozoic in age (ca. 1745-1650 Ma) and
comprises the Oumoula (= Mimount) Formation. In tme Inlier, the stratigraphic equivalent of
the lower Anti-Atlas Supergroup, the “Groupe desafzites” (Jeannette et al., 1981), consists of
guartzites and metasiltstones that have been sdedivnto three units that unconformably overlie
the Eburnean basement. U-Pb dating of the Eburbasement in this inlier yielded 2042 + 5 Ma
and 2026 £ 7 Ma ages for the Alouzad and Sahelitgsgarrespectively (Schulte et al., 2016). The
detrital zircons from the Ifni Inlier quartziteseyiled ages ranging between ca. 2020 and 1745 Ma
with no evidence of the Mesoproterozoic ages (Bareiet al., 2016). We tentatively correlate the
Ifni Inlier succession with the Oumoula Formatioaseéd on a similar detrital zircon distribution
patterns.

In the Agadir Melloul and south Siroua inliers, gteatigraphic equivalents of the lower Anti-Atlas
Supergroup are the Iguiguil-Tizi n'Taghatine andmfdmad formations, that both unconformably
overlie the Eburnean granites and diorites with2c@4-2.03 Ga U-Pb zircon ages (Choubert et al.,
1992; Blein et al., 2014b). The Iguiguil-Tizi n’Tlagtine Formation (Fig. 18) contains the Jbel
Iguiguil quartzites that are sedimentologically g@mto the quartzites of the Oumoula Formation
(sensuBouougri and Saquaque, 2004) and Mimount FormggensuThomas et al., 2002; 2004).
The Ahmamad Formation (Fig. 18) consists of quesszand locally developed carbonate rocks
exposed along the strike-slip faults in the sowttera part of the Azaghar-lzazen Inlier (Blein et
al., 2014b and references therein). Both the Igligmi n'Taghatine and Ahmamad formations
appear to have a similar age, although spatial ¢anattural) relationships are not clear (Choubert
et al., 1992; Blein et al., 2014b). The Ahmamadnfatron is similar to the Oumoula Formation in
Jbel Iguiguil. The Iguiguil-Tizi n'Taghatine Formai is intruded by 570 + 7 Ma dyke swarms and
sill complexes of dolerites and gabbros (U-Pb zirage; Blein et al., 2014b).

The Agadir Melloul Inlier has several ridges witlkeanly vertical conglomeratic quartzite beds

sandwiched in Paleoproterozoic granites. Detritalon dates from the quartzites yielded the major
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peak at ca. 2.0 Ga and the youngest ages at c&.71@a (Soulaimani et al., 2019), similar to the
distribution trend shown by detrital zircons fronetthe Oumoula Formation.

In the Kerdous Inlier, the stratigraphic equivalentthe lower Anti-Atlas Supergroup is the Jbel
Lkest Group and includes the whole section of thdI™ quartzites in the Anzi District
(Hassenforder, 1987; O’Connor et al., 2010). Thekthhematite-rich quartzite sequence is not
subdivided because of its monotonous nature anththkeof preservation of original textures due to
extensive recrystallization, however it seems toespond to the same depositional facies as the
Oumoula FormationsgnsuBouougri and Saquaque, 2004) and Mimount FormgiensuThomas

et al.,, 2002; 2004) quartzites. The great thickradsthis formation and its homogeneity imply a
constant supply of sediment sustained for a longo@eof time balanced by a continuous
subsidence. Letsch (2018) constrained the maximepogitional age for the quartzite to be 1780
Ma based on U-Pb LA-ICP-MS detrital zircon data. Wded above (Section 5.2.), Youbi et al.,
(2019) recently dated two mafic sills emplaced ithie quartzite. One of the sills yielded an upper
intercept date of ca. 1640 Ma, constrained by IDtFIdata on three zircon fractions. LA-ICP-MS
data for the same sample yielded a weighted mearage’’’Pbf*Pb date of ca. 1650 Ma,
identical within analytical uncertainties to the-TDMS date. Only a single fraction of baddeleyite
has been analyzed from the second sill, indicaisgnilar crystallization age of ca. 1650 Ma.

The unconformably bounded Oumoula Formation is thmasketed in age between ca. 1745 and
1650 Ma (Fig. 18). The data suggest that thereamaonounced change in the provenance across
the unconformity between the Oumoula and the uwihgyl Tasserda-Taghatine Group.
Furthermore, the underlying units show a differ&intictural pattern from the Oumoula Formation
in the Zenaga Inlier (cf. Choubert et al., 1951alidars, 1988; Letsch, 2018), suggesting that they
were deposited in different basins. Discontinuaggibution of the lower group formations and the
Oumoula Formation, combined with geochemical contiposof the 1.75-1.64 Ga mafic dykes and
sills akin to continental flood basalts (Sectioh.4.), indicate deposition of the Oumoula Formation

at ca. 1.75-1.64 Ga in the compartmentalized eidrakbasins (rifts).
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(3) The third lithostratigraphic unit is Paleopmateoic to Neoproterozoic in age (< ca. 1706-1640
Ma to > ca. 883 Ma). It incorporates the Ifarkh3irsal, Wanimzi, Tamgarda, Agoummy, and Imi
n-Tizi formations. This lithostratigraphic unit isamed here the Tizi n'Taghatine Group. Our
detrital zircon ages for the Agoummy Formation padevthe first maximum depositional age for
this succession (<1818 Ma), but unfortunately ksloot improve independent age constraints for
this group. Ca. 1650 Ma sills and dykes that irgrtlte underlying Oumoula Formation, but not the
Tizi n'Tghatine Group provide the maximum depositib age and ca. 883 volcanics in the
unconformably overlying Tachdamt Formation set timnimum depositional age for this
succession. The succession was likely depositetthenintracratonic basin related to the rifting
within the assembling Rodinia supercontinent.

(4) The fourth lithostratigraphic unit is the ca838Ma Tachdamt Formation. The Tachdamt
Formation consists of a succession of basaltic feoves interbedded with subordinate pyroclastic
rocks. Youbi et al. (2018) and Bouougri et al.,1202020) dated two tuff horizons, interbedded in
the basal part of the Tachdamt Formation in theugirnlier, at 885 £ 5.9 Ma and 883 + 2.3 Ma (U-
Pb SHRIMP on zircon). The NE30°-trending Iguerdddst mafic dyke swarm in the Zenaga and
Iguerda-Taifast inliers and the coeval volcanicshef Tachdamt Formation are part of the ca. 885-
883 Ma Iguerda-Taifast Large Igneous Province (lihPhe Anti-Atlas Belt of Morocco (Kouyaté
et al., 2013; Soderlund et al., 2013; Youbi et2013, 2018; Bouougri et al., 2020), related to the
rifting within the Rodinia supercontinent. The fation was likely deposited in the rift basin at the
late stage in the assembly of the supercontinedtrfry but it remains uncertain whether this basin
evolved into a passive continental margin settilog@ the northern margin of the WAC. Similar-
age LIP events have been recognized in the soupaetrof the WAC (Baratoux et al., 2019), and
on the Tarim Terrane of North China (Wang et @012 Zhang et al., 2019) and the Congo Craton
(Armstrong et al., 2005; Johnson et al., 2007).

(5) The uppermost unit, the ca. 700 Ma Bleida Faionas characterized by fine-grained and thin-

bedded siliciclastic turbidites, interbedded witinar basaltic lava flows, exhalative facies (jasper
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and ironstone), and black shales. Depositionahgetf the Bleida Formation and the minimum age
of its detrital zircons point to deposition in adtand basin developed in the lead of the ca. @iD-6
Ma Pan-African Orogeny (Thomas et al., 2004; Bouieigal., 2020).

5.7. Potential correlation with the Taoudeni Basin succession in Mauritania

Our study indicates that the lower Anti-Atlas Sugeup records Mid-Proterozoic protracted and
episodic deposition in intracontinental basins dgwed in association with extension and LIPs
events on the WAC. Considering that these condititikely linked to far-distant tectonic stresses
and emplacement of mantle plumes, could also htieetad other parts of the WAC, we explore
here correlation with another Mid-Proterozoic basm the WAC, the Taoudeni Basin, located
approximately 500 km to the south of the Anti-AtBelt (Fig. 1). It contains three unconformity-
bounded successions in the ascending order: the Btaa, and Assabet el Hassiane groups.

The lower part of the sedimentary fill of the TaendBasin, the Hodh Supergroup (Super-groupe
du Hodh), is subdivided into the three unconforaibgind groups: the Char, Atar, and de '’Assabet
el Hassiane (Moussine-Pouchkine and Bertrand-$aff@97; Benan and Deynoux, 1998). The
mixed carbonate-siliclastic Char Group was depdsitea fault-bounded, compartmentalized basin
developed on the deeply weathered Eburnean basemiténaeolean and fluvial redbeds grading
upsection to tidally influenced, marine siliciclasend carbonate deposits with some evidence
(halite pseudomorphs, mudcracks and mudchips,a&si cracks) for warm and arid climate. The
depositional and tectonic setting of the Char Graugimilar to that of the Tasserda-Taghatine
Group (lithostratigraphic unit 1 in the Anti-Atldelt). Similarly, both successions carry detrital
zircons with youngest ages corresponding to therdain basement with an additional contribution
in case of the Zenaga Inlier of the Anti-Atlas Belt slightly younger, ca. 2042-1975 Ma
provenance (Bradley et al., 2015; Straathof, 2QJtsch, 2018; this study). We provisionally
correlate these successions and link the develdpofetheir corresponding basins to the post-

Eburnean orogen collapse.
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We recognize no correlative stratigraphic inteimathe Taoudeni Basin to the ca. 1745-1650 Ma
Oumoula Formation (lithostratigraphic unit 2 of tAati-Atlas Belt), which we link to extension
and LIP emplacement on the WAC at the final stagthe assembly of the Nuna supercontinent.
Importantly, ca. 1750 and 1650 Ma mafic magmatiinked with deposition of the Oumoula
Formation, was not so far recognized in the TaouBasin and the surrounding Reguibat Craton.
The next potentially correlative stratigraphic s in the Anti-Atlas Belt and the Taoudeni Basin
are the Tizi n'Tghatine (lithostraigraphic unit 8hd Atar groups, respectively. Both are mixed
carbonate-siliciclastic successions deposited tmagnatonic basins in warm and arid climate
(Leblanc and Moussine-Pouchkine, 1994; MoussinezRkine and Bertrand-Sarfati, 1997). Our
youngest detrital zircon ages for the Agoummy Fdioma(ca. 1818 Ma) correspond well with the
youngest detrital zircon ages reported for the Mewup (1804 + 33 Ma, Straathof, 2011; Nicoll et
al., 2010; Bradley et al., 2015). Re-Os isochroesagr black shales from the Atar Group yielded
the late Mesoproterozoic depositional age (11062+Hvia, 1109 + 22 Ma, and 1105 + 37 Ma;
Rooney et al., 2010). These Mesoproterozoic agescanfirmed by the study of microfossils
(Beghin et al.,, 2017) and chemostratigraphy (Kahalet 2012). Carbonates of the the Tizi
n'Tghatine Group have highly negative to near Zendon isotope values (-5.0 to +1.5 %o; Alvaro
et al., 2014). In comparison, carbonates of the &mup show large carbon isotope oscillations
from -6.0 to +4.0 %o (Fairchild et al., 1990; Shieldt al., 2007; Kah et al., 2012) that are
characteristic of the latest Mesoproterozoic tdyddeoproterozoic seawater.

It is uncertain whether there is a stratigraphiciveglent of either the ca. 883 Ma Tachdamt
Formation / Bleida formation (lithostratigraphicitsn4 and 5) in the Taoudeni Basin, but the
siliciclastic Assabel el Hassiane Group yieldedngmst ages for detrital zircons of 952 + 38 Ma
and 965 + 29 Ma (Straathof, 2011; Bradley et &15), which are consistent with the youngest
ages for detrital zircons from the Tachdamt Forarafisee Fig. 18). More importantly, both the
Tachdamt Formation and the Assabel el HassianepGsbhaw influx of Mesoproterozoic detrital

zircons in the aftermath of the Grenville Oroge8imilar pattern for the Laurentia has been related

36



910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

to giant fluvial systems that delivered materiabnfr the Grenville Orogen inside the Rodinia
supercontinent (Rainbird et al., 1997, 2012; Radhkind Young, 2009). Kuznetsov et al. (2017)
suggested the Rodinia supercontinent configuratiotged by continental arcs and with
predominantly internal runoff that seems to fit Mielthe detrital zircon patterns of the WAC.

6. Concluding remarks

The main conclusions of our study are summarizéaie

(1) The lower Anti-Atlas Supergroup was consideasda late Neoproterozoic passive continental
margin sequence deposited during rifting and brneako the northern margin of the WAC,
culminating with opening of an oceanic basin betwé#se northern edge of the WAC and an
unknown terrane at ca. 760 Ma. Based on U-Pb genology data (this work and literature data)
and lithostratigraphic constraints, we propose av nighostratigraphic framework for the
Proterorozoic lower Anti-Atlas Supergroup of the tiditlas Belt. U-Pb geochronologic data
indicate that deposition of the lower Anti-Atlasg@ugroup lasted from the middle Paleoproterozoic
to late Neoproterozoic with significant hiatusesngl unconformities. Five major, unconformity-
bounded lithostratigraphic units are distinguisimedhe lower Anti-Atlas Supergroup. The lower
unit is the ca. 2030-1706 Ma Tasserda-Taghatineigsemd comprises the Tasserda and Ifrane-n-
Taghatine formations. The second unit is the cd511650 Ma Oumoula (Mimount) Formation.
The third unit is Paleoproterozoic to Neoproterozaiage (the ca. 1706-1640 Ma to > ca. 883 Ma
Tizi ‘n'Taghatine Group that incorporates the Ifaskn-Tirsal, Wanimzi, Tamgarda, Agoummy,
and Imi n-Tizi formations. The fourth unit is the&.c883 Ma Tachdamt Formation and the
uppermost unit is the ca. 700 Ma Bleida Formation.

Using this lithostratigraphic framework in combiioat with ages of LIPs on the WAC and herein
developed correlation with the Taoudeni Basin sssioa highlights protracted and yet episodic
mid-Proterozoic sedimentation in intracratonic hasin the WAC in association with extensional
events and far-distance plate-boundary stressdslak@ged from the early stage in the Nuna /

Columbia assembly to the early stage in the breafupe Rodinia supercontinent. Deposition of
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the Tasserda-Taghatine Group is potentially linkedhe post-Eburnean orogenic collapse. The
Oumoula (Mimount) Formation might reflect the immatinental extension within the Nuna
/Columbia supercontinent in response to either1@0 Ma or 1650 Ma LIP event. The Tizi
‘n'Taghatine Group might be correlative to the &al Ga Atar Group (Taoudeni Basin). The
Tachdamt Formation records rifting within the Rodisupercontinent, but it is uncertain whether
this event led to the development of the passiveimental margin along the northern boundary of
the WAC. Finally, the Bleida Formation depositedthe foreland basin records the early stage in
the assembly of the Gondwana supercontinent. Th&€WédAmed the core of the Nuna / Columbia
supercontinent and transited to the Rodinia supdireent directly unaffected by the supercontinent
breakup and subsequent assembly.

(2) The maximum depositional age and provenanceheflower Anti-Atlas Supergroup are
constrained by new detrital zircon ages from tiveelp middle, and upper parts of the sedimentary
successions at the Zenaga and Bou Azzer El Graleasi The inferred maximum depositional
ages are: ca. 2049 Ma for the Tasserda Formateon 818 Ma for the Agoummy Formation, ca.
1060 Ma for the Tachdamt Formation, and ca. 700ftathe Bleida Formation. Four detrital
zircon age clusters have been defined in this stwaly3.0-2.4, 2.3-1.74, 1.7-1.4, and 1.25-0.95 Ga.
The provenance of detrital zircon was mainly on WAC (that is the Reguibat and Leo-Man
shields), but other cratons such as Amazonia, ¢éaland the Sahara Metacraton (Hoggar, Mali)
cannot be excluded as possible subsidiary sousaes aimportantly, we find that subsequent to the
Grenville Orogeny, long-distance transport by falvisystems delivered onto the WAC
Mesoproterozoic zircons either from FennoscandiBalfica or Sunsas Belt of Amazonia (see Fig.
15). Transport from either of these two areas megugiant fluvial systems directed inward of the
Rodinia supercontinent.

(3) The Tachdamt Formation (lithostratigraphic uBitconsists mainly of a succession of basaltic
lava flows. A ca. 885 Ma mafic dyke swarm in thenZga and Iguerda-Taifast inliers and the

coeval volcanics of the Tachdamt Formation constitu LIP in the Anti-Atlas Belt of Morocco,
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named the Iguerda-Taifast LIP. Similarly aged L##& occur on other cratons such as the Tarim
Terrane (North China) and Congo Craton (CentraicAjrand might reflect rifting at the late stage

in the assembly of the Rodinia supercontinent.
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Figure captions
Fig. 1. (A) Location of Northwestern Africa; (B) Geologicenap of Northwestern Africa (after
Thiéblemont, 2016 and Brahimi et al., 2018); (CktDbution of main tectonic elements (after

Brahimi et al., 2018); and (D) Geological map dof #hnti-Atlas Belt in southern Morocco showing
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the studied area in the Zenaga and Bou Azzer Ehr@ranliers (after Gasquet et al., 2008).

Abbreviations: G.- Groups; J.- Jbel; Paleoprotle®aroterozoic; T.-Tizi

Fig. 2. Generalized lithostratigraphic column for the AAtlas Pan-African orogen. After Thomas
et al., (2004), modified by Gasquet et al., (20B808) and Youbi et al., (2013), and taken from
Youbi et al., (2013). The conventional viewpoinsheeen that there is a gap in magmatic activity
between 1.7 and 1.0 Ga in the Anti-Atlas Belt (M@sterozoic gap). However, this interpretation
was challenged with the results of Youbi et al.1@0 El Bahat et al. (2013), Kouyaté et al. (2013),
Soderlund et al. (2013), which all indicated impattintraplate magmatic events at ca. 1.75, 1.65,
and 1.38-1.41 Ga. See the text for more explanatiote that this figure is the outdated correlation
scheme for the Anti-Atlas Belt since it uses owdatchronology of the Anti-Atlas cover
successions. Abbreviations: PI (XI), PII (XII), BRIl (XII-1Il) and PIII (XIIl) are the classical
stratigraphic symbols used on Anti-Atlas geologitalps (Choubert, 1963). Adoud.- Adoudounien
(or Adoudounian); Calc. Sup.- “Calcaires Supérisui@pper Limestones) ; Cambr.- Cambrian;
HKCA- High-K calc-alkaline (granitoids); L. d. VinLie de Vin (wine-coloured) ; Paleoproteroz.-

Paleoproterozoic.

Fig. 3. Lithostratigraphic subdivision, sequence strapbsa and paleogeographic data for the
lower Anti-Atlas Supergroup (modified after Bouougnd Saquaque, 2004). We use the name of
the Ifrane-n-Taghatine Formation instead of thehBagit Formation to ovoid confusion with the
widely used name of the group - “the Taghdout Gteniphe Zenaga Inlier. Abbreviations: systems
tracts consist of (LST) lowstand system tracts, T)T&ansgressive system tracts, and (HST)

highstand system tracts. U1 to U5 are unconforsiif¥s1 to DS5 are depositional systems.

Fig. 4. Geology of the Zenaga Inlier (modified after Chettp 1963; Ennih and Liégeois, 2001;

Thomas et al., 2002; Kouyaté et al., 2013; Youlalet2013). The Taghdout Group corresponds to
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the lower Anti-Atlas Supergroup (Thomas et al.,£20Mnset shows a rose diagram that summarizes
mafic dyke trends measured from the map and Gdeafth; n is the number of measurements. The
U-Pb ages obtained in this study are indicated waskerisks; other age constraints are from

literature (Kouyaté et al., 2013; Youbi et al., 2p1

Fig. 5. Simplified geological map of the Bou Azer-El Gradnlier showing the main lithotectonic
units. The localities (Tachdamt and Bleida) merdtbnn the text are indicated, as well as the
location of samples used for U-Pb detrital geocblogy (after Blein et al., 2014a). The Bleida

Group corresponds to the lower Anti-Atlas Supergr(Biein et al., 2014a)

Fig. 6. (A) General view of the unconformity between theuEhean basement and the overlying
guartzites of Oumoula Formation (O Fm.) of the lowati-Atlas Supergroup at Tizi n'Taghatine

locality. The Eburnean basement (EB: gneiss antstsghs crosscut by pegmatite dyke (PE). The
arrow indicates the road from Taliwine to Tazenakdgologists are Fida Medina, Maria Giuditta
Fellin, Claudio Faccenna, and Riccardo Lanari; YBw of the unconformity between the schists
of the Bleida Formation (B Fm.) and the overlyingjoanic rocks of the Ouarzazate Supergroup
(OS); (C) View of the Taghdout sill (TS) crosscudtithe mixed siliciclatic-carbonate succession of
the Ifrane-n-Taghatine Formation (IT Fm.) in thendga Inlier near the Taghdout Town. Note
hornfels (h) at the baked margin of the sill. Thare-n-Taghatine Formation is overlain by thick
guartzites of Oumoula Formation (O Fm.); and (Djdiled view of the upper contact between the
Taghdout dolerite sill (TS) and limestones of thearde-n-Taghatine Formation (IT Fm.)

transformed into hornfels.

Fig. 7. Thin-section photomicrographs of the Great Taghddlu (A) coarse-grained dolerite in the
centre of the sill with plagioclase (Pl) and cligogxene (Cpx) minerals and oxides (Ox), crossed

nicols; (B) fine-grained, microlitic porphyric taxe at the border of the sill with microlites (tiny
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crystals) of plagioclase (Pl) and clinopyroxene XCminerals and oxides (Ox). Epidote (Ep) is

filling vesicles; crossed nicols.

Fig. 8. Th/U ratios versus concordant U-Pb ages of ignemasdetrital zircon grains of the lower

Anti-Atlas Supergroup.

Fig. 9. Zircon U-Pb SHRIMP geochronology: (A) Wetherillmmmrdia plots of U-Pb zircon data for
the Taghdout sill (sample TA) of the Zenaga Inli&) Weighted mean averad®Pb?°Pb age of

analysis with low Th and U concentrations (spois 2.1, and 13.1).

Fig. 10. (A) Total alkali vs. silica (TAS) diagram for tleemical classification and nhomenclature
(after Le Bas et al., 1986). Subalkaline vs. all@keries boundary (dotted line) is from Irvine and
Baragar (1971). (B) Ti vs. V variations in sampfesm the Zenaga, Agadir Melloul, Iguerda-
Taifast, and Tagragra of Akka inliers including rfodatasets reported by Mortaji (1989,
unpublished thesis), Hafid (1999, unpublished ®)edilafid et al., (2001) and EI Aouli et al.,
(2010); diagram is after Shervais (1982). The swidiamples TA1 (centre of the sill dated at 1676
+ 37 Ma; this work) and TA2 (border of the sill)cathe 1.6 Ga dolerite dykes and sills from the
Zenaga and Agadir Melloul inliers collected by Kat& et al., (2013) are also shown on this

diagram.

Fig. 11. Primitive mantle-normalized trace element ‘spidang’ for the dated mafic sill and dykes
of the Zenaga and Agadir Melloul inliers. Primitigeantle values used for normalization are from

Sun and McDonough (1989).

Fig; 12. Thin section photomicrographs of the sedimentamEes. (A) Metasiltstones of the

Tasserda Formation: sample TG-15-1; purple, cogramed and quartz-rich metasiltstone with
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guartz (Qz) and feldspar (Pl) embedded in a serrath matrix (Mx); crossed nicols. (B) Quartzites
of the Agoummy Formation: sample BA21, with quagtains that are mostly subrounded. (C)
Quartzites of the Tachdamt Formation: sample ALBL2®&h a mineral assemblage comprised
mainly of quartz (Qz) associated to a small amadiféldspars (PI) with a matrix (Mx) of silt-sized

guartz and mica minerals. (D) Metasandstone oBlke&la Formation: sample BA24, fine-grained,
moderately sorted metasandstone with quartz (Qayigrlase (Pl), and lithic fragments in mica

matrix (Mx).

Fig. 13. U-Pb ages for detrital zircon grains from samfi&15-1 (metasiltstones of the Tasserda
Formation) and BA21 (quartzites of the Agoummy Fation) of the lower Anti-Atlas Supergroup.

(A) and (C) are concordia diagrams; (B) and (D) @enbined binned frequency and probability
density plots of detrital zircon grains. Abbrewiats: Conc.-Concordance; Decay-const. errs.-

Decay-constant errors

Fig. 14. U-Pb ages for detrital zircon grains from sampd8L29 (quartzites of the Tachdamt
Formation) and BA24 (metasandstone of the Bleidamiation) of the lower Anti-Atlas
Supergroup. (A) and (C) are concordia diagrams;a) (D) are combined binned frequency and
probability density plots of detrital zircon graimsbbreviations: Conc.-Concordance; Decay-const.

errs.- Decay-constant errors

Fig. 15. Paleomagnetically and geologically informed re¢arcdion of WAC, Amazonia, and

Baltica cratons (SAMBA connection) along with Lantie and Siberia in the core of the Nuna
supercontinent (modified after Evans and Mitch@D11); additional ca. 1640-1680 Ma dyke
swarms include the 1641 + 8 Ma Nersa sill compleSauthern Siberia (U-Pb baddeleyite TIMs
age; Metelkin et al, 2011; Ernst et al., 2016),3.63t 2.7 to 1622.1 + 3.2 Ma Melville Bugt dykes

of western Greenland (U-Pb baddeleyite TIMS agdisH al., 2011; Klausen and Nilsson, 2019),
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Ross, 1985), and 1642 + 2 Ma dyke swarms of HamppoS and Suomenniemi of the
Fennoscandian Shield in southeast Finland (U-PBINDS baddelleyite age; Vaasjoki et al., 1991;
Salminen et al., 2017). Star locates mantle pluemdre, proposed for the Melville Bugt swarm by

Klausen and Nilsson (2019).

Fig. 16. Age compilation for detrital zircon grains fromufosamples collected from the lower Anti-
Atlas Supergroup in the Zenaga and Bou Azzer Ebfaranliers. Ages older than 1.7 Ga indicate
the West African provenance (modified from Linnemaat al., 2010 and Abubaker et al., 2017).

See the text for more explanation. Abbreviationsn€-Concordance

Fig. 17. Distribution of U-Pb ages for detrital zircon graianalyzed in this study from the lower
Anti-Atlas Supergroup in the Zenaga and Bou AzzeGEaara inliers (all grouped together) and
potential sources compiled from the literature. yGstripes: detrital zircons; black stripes: zircons
from magmatic rocks. Detrital zircon data souré®dgenees (Margalef et al., 2016); Lybia (Altumi
et al., 2013); Algeria, Ahaggar (Linnemann et 2011); Meguma, Ganderia, and Avalonia detrital
zircons (Fyffe et al.,, 2009; Gartner et al.,, 20H&nderson et al., 2016; Murphy et al., 2004a,
2004b; Waldron et al., 2009 and references thergini-Atlas and Sardinia Cambrian (Avigad et
al., 2012); Anti-Atlas Neoproterozoic (Abati et,a2010; Karaoui et al., 2015). Anti-Atlas mafic
rocks (Youbi et al., 2013 and references theréitgdified after Linnemann et al., (2011), Pratt et
al., (2015), and Marzoli et al., (2017), and refees therein. Abbreviations: ANS = Arabian—
Nubian Shield; CAMP-Central Atlantic Magmatic Pnoge; Camb.-Cambrian; Dev.- Devonian;

Jur., Jurassic; Neoprot.- Neoproterozoic; Ord.-diclan; Sil.-Silurian

Fig. 18. A tentative correlation scheme of the lower Antla& Supergroup and its stratigraphic

equivalents in the Anti-Atlas inliers. Ul to U8 awaconformities. U-Pb geochronology data are
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from (1) this study, (2) Letsch (2018), (3) Youbia¢, (2018) and Bouougri et al., (2018; 2020), (4
Abati et al., (2010), (5) Walsh et al., (2012), (B)omas et al., (2002), (7) Soulaimani et al.,
(2013a), Hafid et al., (2013), Blein et al., (201,4(8) Soulaimani et al., (2019), (9) Walsh et al.,
(2002), (10) Ikenne et al., (2017), (11) Ait Malekal., (1998), (12) Youbi et al., (2019), (13)

Benziane et al., (2016), and (14) Schulte et2016).

Table captions

Table 1. Site location and summary of the data for the isthdamples. The names of units and

formations are sensu Bouougri and Saquaque (2004).

Table 2. Representative whole-rock major and trace elergeathemical data for dykes and sills
from the Zenaga, Agadir Melloul, Iguerda-Taifastgd & agragra of Akka inliers including the dated
dykes, samples TAl from the Zenaga Inlier (167674V&; this work), DZ 36 (1640 £ 2 Ma and

1641 + 3 Ma; Kouyate et al., 2013) and DZ 40 (16365Ma; Kouyaté et al., 2013) from the Zenaga
Inlier (Kouyaté et al, 2013), and AMHAO069 (1654 & Ma; Kouyaté et al, 2013) from the Agadir

Melloul Inlier. The geochemical data are from unimited theses (Hafid, 1999; Mortaji, 1989) and
published papers (Hafid et al., 2001; EI Aouli &f 2010; Youbi et al., 2013). F@3= total Fe

expressed as Kes. Loss-on-ignition (L.O.l.) determined by sampleigi loss at 100C.

Appendix: Supplementary data

Figure S1 of supplementary dataCathodoluminescence (CL) images of zircon graibgioed

from the sample TA 1 showing their internal texiuspots (yellow circles), and apparent ages in

Ma (1o error).
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Figure S2 of supplementary dataCathodoluminescence (CL) images of zircon graibgioed
from the sample TG-15-1 (metasiltstone of the Tiaesd-ormation) of the lower Anti-Atlas
Supergroup showing their internal texture, laseotsp(yellow circles=concordant ages; red
circles=discarded ages due to high discordanceoakliTh/Pb contents), and apparent ages in Ma

(1o error).

Figure S3 of supplementary dataCathodoluminescence (CL) images of zircon graibgioed
from the sample BA21 (quartzites of the Agoummyriation) of the lower Anti-Atlas Supergroup
showing their internal texture, laser spots (yelloveles=concordant ages; red circles= discarded

ages due to high discordance and/or U/Th/Pb cas)tearid apparent ages in Ma @rror).

Figure $4 of supplementary dataCathodoluminescence (CL) images of zircon graibgioed
from the sample ALBL29 (quartzites of the Tachdakurmation) of the lower Anti-Atlas
Supergroup showing their internal texture, lasetsgyellow circles=concordant ages; red circles=
discarded ages due to high discordance and/or BbTkbbntents), and apparent ages in Ma (1

error).

Figure S5 of supplementary dataCathodoluminescence (CL) images of zircon graibgioed
from the sample BA24 (metasandstone of the BleidamBtion) of the lower Anti-Atlas
Supergroup showing their internal texture, las@tsgyellow circles=concordant ages; red circles=
discarded ages due to high discordance and/or Bbrkhbntents), and apparent ages in Ma (1

error).

Table S1 of supplementary data. SHRIMP zircon U-Th-Pb datathe Taghdout Sill (Sample

TAL).
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Table S2 of supplementary data. LA-ICP-MS zircon U-Th-Pb addor the sample TG-15-1

(metasiltstone of the Tasserda Formation) of teetoAnti-Atlas Supergroup.

Table S3 of supplementary data. SHRIMP zircon U-Th-Pb datahe sample BA21 (quartzites of

the Agoummy Formation) of the lower Anti-Atlas Sug@up.

Table $4 of supplementary datd A-ICP-MS zircon U-Th-Pb data for the sample ALBL29

(quartzites of the Tachdamt Formation) of the lofeti-Atlas Supergroup.

Table S5 of Supplementary dataSHRIMP zircon U-Th-Pb data for the sample BA24

(metasandstone of the Bleida Formation) of the tofwei-Atlas Supergroup.
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Table 1. Site location and summary of the dataHerstudied samples. The names of units and foomstre sensu Bouougri and Saquaqgue (2004).

Sample ID  Coordinates (GPS WGS84) Inlier/ Subinlier  thalogy Units/Formations/Suites ~ Methodes/ Mineral Nembf spots  U-Pb zircon Age (Ma)
BA24 N 30°237.90", W 6°3033.40"  DOUAZZEr El Fine-grained sandstone ~ JPPE" UnivBleida SHRIMPIlZircon 44 spots 1855 £ 6.5 - 977 + 10
Graara/Bleida Formation
ALBL29 N 30°20119.28", W 6°244g.70" D0U Azzer El Medium to coarse-grained Middle Unit/Tachdamt  \ \p yis/7icon 96 spots 1060 + 5.5 - 930 + 12*
Graara/Bleida quartzite Formation
BA21 N 30°29'11.40", W 6°52'44.00" DOY AZZ8r El Medium-grained quartzite ~0W&" UNVAGOUMMY ooV ibiizincon 55 spots 1818 + 6.4*
Graara/Tachdamt Formation
Coarse-grained to a fine-
TAL N 30°36'43.6", W 7°17'13.4" Zenaga grained microlitic porphyriclfzwane Suite SHRIMPII/Zircon 18 spots 1676 + 37**
dolerite
TG-15-1 N 30°3511.76" W 7°2006.92"  Zenaga Purple coarse-grained andLower UnitTasserda | \ \op yisiziccon 99 spots 2049.3 £ 4.6*

quartz rich metasiltstone  Formation

* U-Pb detrital zircon, maximum depositional age

** U-Pb age emplacement

SHRIMPII: Sensitive High Resolution lon Microprobe

LA-ICP-MS: Laser Ablation Inductively Coupled Plaarass Spectrometry

ID: Identification

GPS WGS84: The Global Positioning System (GPS) theesVorld Geodetic System (WGS84) as its refereocedinate system.



Table 1. Site location and data summary of thestigated samples. The names of Units and Formagimnsensu Bouougri and Saquaque (2004).

Sample ID Coordinates (GPS WGS84) Inlier/ Subinlier Lithology itdfFormations/Suites ~ Methodes/ Mineral ~ Number oftspo U-Pb zircon Age (Ma)
BA 24 N 30°23'7.90", W 6°30'33.40" 2?:;;/2‘;;5; Fine-grained sandstone l;g:an?;t%r:]itlBleida SHRIMPII/ Zircon 44 spots 1957 + 63*
ALBL29  N30°2019.28" W 6°2448.70" bow 22 ElL g"f;it‘;:r;%i‘tzgarse'grai”ed;";?g]';s niTachdamt | aicpmsizicon 96 spots 1060 + 5.5+
BA 21 N 30°29'11.40", W 6°52'44.00" Zcr):a/:;/f;c?damt g"f;it‘;:r'gr:iat:‘m ll;cc))‘:vn?;tllJor::t/ Agoummy SHRIMPII/ Zircon 54 spots 1818 + 6.4*

Coarse-grained to a fine-
TA 1 N 30°36'43.6", W 7°17'13.4" Zenaga grained microlitic Ifzwane Suite SHRIMPII/ Zircon 18 spots 1639 + 34 **
porphyric doleritie

Purple coarse-grained andower Unit/Tassarda

TG-15-1 N 30°3511.76", W 7°2006.92"  Zenaga quartz rich siltstor Formatior

LA-ICP-MS/Zircon 99 spots 2047 £9.7*

* U-Pb detrital zircon, maximum depositional age

** U-Pb age emplacement

SHRIMPII: Sensitive High Resolution lon Microprobe

LA-ICP-MS: Laser Ablation Inductively Coupled Plaarass Spectrometry
ID: Identification

GPS WGS84: The Global Positioning System (GPS) theesVorld Geodetic System (WGS84) as its refereocedinate system.



Table 2. Representative whole-rock major and tedement geochemical data for dykes and sills flioendenaga, Agadir Melloul, Iguerda-Taifast, andragoa of Akka inliers including

the dated dykes, samples TAl from the Zenaga I(1&T6 + 37 Ma; this work), DZ 36 (1640 + 2 Ma a1 + 3 Ma; Kouyaté et al., 2013) and DZ 40 (1&365Ma; Kouyaté et al.,
2013) from the Zenaga Inlier (Kouyaté et al, 20B3)d AMHA069 (1654 + 16 Ma; Kouyaté et al, 2013)nfrthe Agadir Melloul Inlier. The geochemical date from unpublished

theses (Hafid, 1999; Mortaji, 1989) and publishaggrs (Hafid et al., 2001; El Aouli et al., 201@ubi et al., 2013). Fe203t= total Fe expressed@9B. Loss-on-ignition (L.O.1.)
determined by sample weight loss at 100

Sample TA1l TA2 DZ36 Dz40 AMHA69 ZEN-4 ZEN-13 ZEN-1 ZEN-11 IT-5 IT-7  T412 IT-13 NC40 NC379 NC31l4aMor NC 361
. Agadir lguerda- Iguerda- Iguerda- Iguerda- Tagragra Tagragra of Tagragra ¢ Tagragre
Inlier Zenaga Zenaga Zenaga ZenagaMeIIouI Zenaga Zenaga Zenaga Zenag aifast Taifast Taifast Taifast of Akka Akka Akka of Akka
Latitude N 30°36'43.6" 30°36'43.7"
Longitude W  7°17'13.4"  7°17'13.3"
. . N50°- N30°-
Orientation N45° N45° N125° N140° N170° N125° N85° N170° NOO° N30° N45° N110° N50°-N110° N30°-N160° N160°
1640 + 2/
Ages (Ma) 1676 + 37 1641 + 3 1656 +9 1654 + 16
. . Kouyaté Kouyaté Kouyaté Hafid Hafid Hafid Hafid Hafid Hafid Hafid Hafid  Mortaji Mortaji Mortaji Mortaji
Reference (this work)  (this work)
(2013)  (2013) (2013)  (1999) (1999) (1999) (1999) (1999) (1999) (1999) (1999) (1989) (1989) (1989) (1989)
Si02 49.31 49.73 50.66 50.84 45.78 48.56 49.71 48.38 48.30 49.12 49.98 49.00 47.98 50.85 47.58 44.35 49.18
TiO2 1.64 1.58 0.85 0.73 0.79 2.66 2.09 1.98 1.64 2.05 2.52 2.17 2.06 0.91 1.93 2.86 2.99
AI203 13.79 13.48 14.55 14.61 13.73 13.58 14.08 13.97 13.97 13.50 13.67 13.06 13.20 14.72 13.62 15.25 12.75
Fe203t 14.51 14.35 10.27 9.78 9.50 14.43 14.83 13.71 13.16 15.17 15.02 14.87 15.54 12.60 15.63 16.53 16.06
MnO 0.23 0.23 0.16 0.18 0.25 0.17 0.19 0.16 0.20 0.26 0.17 0.23 0.26 0.19 0.20 0.18 0.12
MgO 6.34 6.68 7.31 7.55 9.87 6.61 5.76 6.55 7.73 5.28 5.24 5.91 6.24 6.69 6.29 5.95 5.21
CaO 6.70 6.20 10.01 11.27 12.18 8.71 8.51 10.18 10.34 8.52 6.98 10.04 8.40 7.22 8.82 7.16 4.36
Na20 3.26 4.06 2.17 1.94 2.49 2.40 2.59 1.86 2.10 2.46 2.45 1.91 2.73 3.36 2.04 2.58 2.63
K20 0.96 0.32 0.74 0.62 0.29 0.54 0.78 0.32 0.64 1.15 1.79 0.36 0.95 0.14 0.77 1.04 1.31
P205 0.14 0.19 0.07 0.08 0.06 0.24 0.33 0.18 0.15 0.43 0.36 0.19 0.17 0.14 0.24 0.69 0.50
L.O.l 2.47 3.04 2.48 2.38 4.37 2.35 2.18 2.67 2.02 1.46 1.73 2.07 1.99 3.67 2.69 3.80 5.00
Total 99.34 99.84 99.49 100.25 99.68 100.25 101.05 99.96 100.25 99.40 99.91 99.81 99.52 100.49 99.81 100.39 100.11
\% 343.24 317.91 240.00 233.70 223.00 326.90 317.14 306.30 332.92 290.97 339.52 400.00 413.57 278.00 367.00 189.00 367.00
Cr 18.95 18.83 307.70 410.10 802.70 189.80 96.76 197.10 181.59 114.14 126.86 113.12 180.31 139.00 114.00 180.00 118.00
Co 51.53 54.75 46.00 44.67 57.36 43.13 50.47 40.43 55.85 44.43 46.07 44.10 43.62 57.00 54.00 46.00 46.00
Ni 39.42 37.22 143.00 185.20 178.30 117.00 69.71 94.16 121.74 44.20 64.28 79.64 92.72 55.00 95.00 109.00 65.00
Zn 126.00 158.84 90.36 92.06 228.20 150.20 152.60 119.80 161.27 131.25 129.48 134.44 155.27 116.00 153.00 62.00
Rb 35.95 8.84 26.89 20.34 10.88 16.85 20.90 8.44 19.70 63.40 68.05 24.02 45.85 10.00 43.00 29.00 81.00
Sr 192.75 220.51 215.20 196.60 191.10 391.10 410.50 269.90 256.15 372.90 370.30 253.56 200.55 593.00 185.00 247.00 120.00
Y 23.11 23.50 16.27 14.16 12.11 28.80 30.91 27.12 22.87 37.00 28.97 29.81 28.79 19.46 30.85 41.74 26.22
Zr 88.44 93.50 69.43 56.11 40.35 15190 123.40 87.81 75.23 142.31 178.72 111.29 108.45 122.00 293.00 167.00
Nb 6.80 7.02 4.56 3.64 2.99 13.10 7.60 4.62 3.77 8.57 15.77 7.74 8.29 10.00 36.00 20.00
Ba 238.53 148.42 146.60 342.30 43.29 169.70  482.90 70.51 113.54 762.92 700.14 224.48 425.88 103.00 274.00 528.00 418.00



La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Th

Ta
Hf

Sc
Ga
Pb
Cs

8.50
20.35
2.87
13.34
3.65
1.36
3.98
0.66
4.27
0.89
2.38
0.34
221
0.34
279.90
0.28
0.81
0.51
2.45
48.93
20.82
4.00
0.87

9.31
22.54
3.24
15.24
4.05
131
4.24
0.69
4.38
0.93
241
0.34
2.26
0.36
20.75
0.32
0.92
0.54
2.65
48.88
19.25
4.47
0.45

9.45
20.54
2.51
11.26
2.74
0.87
2.81
0.47
2.87
0.57
1.61
0.24
1.62
0.25
67.27
0.53
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DZ36

DZ40

AMHAB9

ZEN-4

IT-12

IT-13

NC40

NC379

NC314aMor

NC 361

Inlier
Zenaga
Zenaga

Zenaga
Zenaga
Agadir Melloul

Zenaga

Zenaga
Zenaga
Zenaga

Iguerda-Taifast
Iguerda-Taifast
Iguerda-Taifast

Iguerda-Taifast

Tagragra of
Akka

Tagragra of
Akka

Tagragra of
Akka

Tagragra of
Akka

Latitude N Logitude W  Orientation
30°36'43.6" 7°17'13.4"
30°36'43.7" 7°17'13.3"

N45°
N30°

N125°

N140°

N170°

N125°
N85°
N170°

NOO®

N30°

N45°

N50°-N110°

N50°-N110°

N30°-N160°

N30°-N160°

Ages (Ma__ Reference
(thisk)

1639 +34 Ma
(this work)
Kouyaté
(2013)

1640 + 2 Ma/
1641 £3 Ma

1656 + 9 M3 vaté (2013)

Kouyaté |

1654 + 16 Ma 2013)

Hafid  (1999)

Hafid (1999)
Hafid (1999)
Hatid (1999)

Hafid (1999)
Hafid (1999)
Hafid (1999)
Hafid (1999)
Mortaji (1989)
Mortaji (1989)
Mortaji (1989)

Mortaji (1989)

Sio2
49.31
49.73

50.7

TiO2 AI203 Fe203t MnO MgO CaO Na20 K20 P20®.L. Total

1.64
158

0.85

50.8 0.73

458

0.79

486 2.66
49.7 2.09 14.08
484 198 1397
483 164 1397

49.1

50

49

48

2.05

252

217

2.06

091

1.93

2.86

299

13.79
13.48

14.55

14.61

13.73

13.58

135

13.67

13.06

13.2

14.72

13.62

15.25

12.75

14.51
14.35

10.27

13.16

15.17

15.02

14.87

1554

12.6

15.63

16.53

\

Cr

Co

Ni

n

Rb

Sr

Y oz

Nb

Ba

La Ce Pr

Nd Sm Eu Gd

Tb Dy

Ho

ErTm Yb Lu

Cu

u

Th

Ta  Hf

850 20.35 287 13.34 365 136 3.98 0667 4289 238 034 221 0.34 279.90 0.28 0.81 051
9.31 2254 324 1524 4.05 131 424 069 438 0931 2034 226 036 2075 032 092 054

143 9036 269 2152 163 6943 456 1466 .45 9205 251 113 274 087 281 047 287 057 161 024 125 6727 053 1.69 0.36

777 168 206 954 229 0.78 242 039 2449 0139 021 138 022 6043 041 133 028

Sc

Ga

Pb

Cs

2.45 48.98220. 4.00 0.87
265 48.88 19.25

2

161

249 029 006 4376899 223 8027 57.4 1783 2282 109 1911 121 4035 299 9432 382 892 124 645 184 068 211 035 214 043 119 0184 1018 1933 0.14 037 023 116

023 6.34 670 3.26 0.96 0.14472.99.34 34324 18.95 51.53 39.42 126.00 35.95 192.75 23.Bl448 6.80 238.53
023 668 620 4.06 032 0.19 3.04 4938791 1883 54.75 37.22 158.84 8.84 220.51 2350 93.502 14B.42
016 7.31 10 217 074 007 29849 240 307.7 46
978 0.18 755 113 194 0628 238 1003 2337 410.1 447 1852 92.06 20.3 196.6 14@115 3.64 3423
95 025 987 122
1443 017 661 871 2440.024 235 1003 3269 189.8 43.1 117 1502 16.9 3911 28891 131 169.7
14.83 0596 851 259 078 0.33 218 1011 317.1 96.76 505 69.71.61520.9 4105 30.9 1234 7.6 4829
1371 0.1656.10.2 186 0.32 0.18 267 99.96 306.3 197.1 404 94.16 118.84 2699 27.1 87.81 4.62 7051
0737103 21 064 015 202 1003 3329 1816 559 121.7 161®7 256.2 229 7523 377 1135
026 528 852 246 1.18®. 146 994 291 1141 444 442 1313 634 3729 37 142.37 8%2.9
0.17 524 698 245 17923173 99.91 3395 1269 46.1 6428 1295 681 3703 29 17858 700.1
023 591 10 191 0.36 0.18907 99.81 400 1131 441 7964 1344 24 2536 298 1113 72245
026 624 84 273 0095 0.172499 99.52 413.6 180.3 436 9272 1553 459 200.6 28.8 108.89 4259
019 669 722 336 0.B114 3.67 1005 278 139 57 55 10 593 195 103
0.2 629 882 204 0.7W24 269 99.81 367 114 54 95 116 43 185 30.9 122 10 274
018 595 7.16 25841069 3.8 1004 189 180 46 109 153 29 247 417 293 36 528
012 521 436 26311305 5 100.1 367 118 46 65 62 81 120 262 167 20 418

16.06

188 509 5.75

257 631 6.45
89 231 318
806 199 275

26.1 594 776

309 701 892
784 214 323
838 218 3.28
105 27.8
979 282
31.8 70.

189 45.1

26 6.44 221 661 1.07 568
269 6.117 2.(6.1 099 575 1.16

124 381
335 732 1.96

3

9

7.46 242
163 456 1.68
153 444 153
134 361 134
172 526 152 549
402 875 187 793

27@6 232 694

6.89 1.06

719 1.05

596 0.96

553 0.93

57

3.35

5.65

7.94

555

1268 0.37 239 035 2264 054 177 082 3.86 321

3 044

141 3.666 03.34 0.51
118 2@@2 253
1.13 3.045 02.68

1.198 346 2.77

1.99 201 037
297 2.82 0.46
4.35 412 067
255 204 036

1068 0.25 0.79

733

0.37 20.24

0.4 2007

15

148

33

18

0.4

165

0.18

042 1826 0.21

17 048

3.65 1

064 059

0.8 0.59

3.99

4.92

3.36

3.29

39

28.4

38.6

411

16.9

155

13.6

21

27 039 6131 047 242 0.24 3.037 4219
142 455 1587 40.84 502 103 266 039 245 036 6813 0.24 0.89 0.199 2296 185

1385 0.67 405 083 224 032 188 029 0.25 1485 195

218

223

19.1

18.8

4.435 0.
8.1606 1.17
16.8485 0.
8.7784 03

7.07 1.05
965 115
542 0.73
555 121

85 7.09

6.98 1.39

552 141

5.9 2
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West
Africa

1 Zenaga sills and dykes
including the Taghdout sill

2 Agadir Melloul dykes
3 Melville Bugt dykes

4 Suomenniemi, Hame
& Sipoo dykes

5 Nersa sills
6 Narakay volcanics

Proto-Amazonia
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Highlights

» The Taghdout mafic sill of the Ifzwane Suite yieldn age of 1676 + 37 Ma

» The maximum depositional age of the lower Anti-AtBupergroup ranges from 2049 Ma
(bottom) to 700 Ma (top) and the provenance is lgdom the WAC

»A new b5-part lithostratigraphic framework for theroferozoic lower Anti-Atlas
Supergroup of the Anti-Atlas Belt is proposed

»The 1650-1640 Ma Zenaga and 885-883 Ma Iguerda3t@iflPs provide important
stratigraphic constraints

» Correlation between the lower Anti-Atlas Supergrand the Taoudeni Basin succession

in Mauritania
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