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ABSTRACT

U-Pb dating and Hf isotopic analyses of detrital zircon grains from Cambrian-Devonian strata
in the Moroccan Mesetas were undertaken in order to constrain its Paleozoic paleogeographic
evolution. In this work, we analyzed 12 Late Devonian-Late Carboniferous samples of syn-
collisional detrital rocks from the Western and Eastern Moroccan Mesetas. All our samples
present significant Ediacaran (ca. 620 Ma) and Rhyacian (ca. 2.1 Ga) detrital zircon

populations, suggesting that the West African Craton remained the main source of sediments



for northern Morocco at least until the Late Carboniferous. Locally, a Stenian-Tonian (ca. 1.0
Ga) detrital zircon population is also present, probably fed from intermittent and distant
source areas located in NE Africa (e.g. Sahara Metacraton). The collisional evolution started
with the approach of an Avalonian promontory to the northern Gondwana continental margin
(latest Devonian - earliest Carboniferous), after the closure of the Rheic Ocean. This process
entailed the former subduction of the Rheic oceanic lithosphere underneath the Avalonian
continental terrane and the formation of a magmatic arc in the upper plate. In this scenario,
the first syn-collisional sediments (Tournaisian; Tiflet and Deb2au- Mekkam areas) are
characterized by a Devonian detrital zircon population (ca 3:2 Ma), presumably derived
from the magmatic arc, and an increasing number of Mascnroterozoic dates, putatively also
sourced from the continental crust of the Avalonian t=rrae. After the initial collision, only
the Visean samples located in areas close to th2 e.-o*c terrane (e.g. Ben Slimane area)
displayed a minor Avalonian component. Fir.ally, the Late Carboniferous samples from the
Jerada area recorded an important Miau'e Carboniferous (ca. 330 Ma) detrital zircon
population, probably sourced from Ve-iscan granitoids emplaced in the Eastern Moroccan
Meseta and attesting to crustal ‘hickening and subsequent thermal maturation of the

Gondwana continental criist > *)is area.
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magmatic arc.



1. INTRODUCTION

The study of syn-orogenic sediments is key to understanding collisional
processes and orogenesis. In this regard, the age and distribution of syn-orogenic basins have
traditionally been used to constrain the temporal and spatial evolution of the ongoing
collision. Furthermore, the composition of the detrital fraction of syn-orogenic sediments can
help to clarify which rocks were exhumed as a consequence of underthrusting (and/or
extensional deformation) and concomitant mountain building/erosion. The possibility of
dating some of the minerals included in the detrital fraction of 5,-urogenic sediments has
introduced a new dimension to the study of orogenesis anc' pa ~ogeotectonic reconstructions.
Thus, the systematic dating of minerals, especially zirzcn, .5 now used to track the
continental terranes involved in collision, the succesve :»put from originally deeper - and

older - sources, and the contribution of syn-ca.iisicral neo-formed magmatic sources.

The Late Paleozoic Variscar “elt constitutes an excellent opportunity to
evaluate the role of systematic syn-c.u *anic sediment detrital zircon dating in elucidating
orogenic evolution (e.g. Pastor-Galai =t al., 2013a, 2013b; Pereira et al., 2012, 2020a). This
orogen resulted from Devonia.-Fcrmian complex collision between Gondwana and
Laurussia, with a numbe * o1 peri-Gondwanan terranes also involved in the process (e.g.
Franke et al., 2017; Matte, 2001; Simancas et al., 2005). In the Moroccan transects of the
Variscan orogen, detrital zircon investigations have been focused on the pre-orogenic
evolution (e.g. Abati et al., 2010; Accotto et al., 2019, 2020; Avigad et al., 2012; Ghienne et
al., 2018; Letsch et al., 2018; Pérez-Caceres et al., 2017), but to date, no data have been
reported on the syn-orogenic sediments, with the exception of a recent work on the Eastern
Moroccan Meseta (Accotto et al., 2020). The present work provides a wide-scale study of U-

Pb geochronological and Hf isotope detrital zircon analyses carried out on syn-collisional



Late Devonian-Late Carboniferous samples from the Western and Eastern Moroccan

Mesetas.

2. GEOLOGICAL SETTING
The Paleozoic successions of northwestern Africa (Figure 1A) crop out in

different domains of the Moroccan Mesetas and surroundings (Figure 1B), having been
variably affected by the Variscan orogeny. These domains are 22na ated by putative regional
fault zones, the paleogeographic importance of which is ur.clecr and controversial (e.g.
Hoepffner et al., 2006; Michard et al., 2010a, 2010b; <*mdncas et al., 2009, 2010). The
Rabat-Tiflet Fault Zone (RTFZ; Figure 1B) separates the Moroccan Mesetas domains from
the Sehoul Block, located to the north and cha ac.~"ized by a Cambrian siliciclastic
succession affected by Caledonian penet. ~ti* e deformation and intruded by Devonian
granites (Michard et al., 2010b; Simanc.< et al., 2005; Tahiri et al., 2010). Due to this
Caledonian deformation, which dZ! nc* affect any other domain of the Moroccan Variscides,
the Sehoul Block is considereu 0 be part of an exotic Avalonian promontory (Simancas et
al., 2005), juxtaposed to th= 1v"~coccan Mesetas during the Carboniferous. South of the RTFZ,
the Western Moroccan 1."eseta (WMM) is divided into three subdomains, namely the Coastal
Block to the west, the Central Zone, and the so-called “Nappe Zone” to the east, separated by
the Western Meseta Shear Zone (WMSZ) and the Smaala-Oulmeés Fault Zone (SOFM),
respectively (Figure 1B; Michard et al., 2010b). Eastwards, the Tazekka-Bsabis-Bekrit Fault
Zone (TBBFZ) juxtaposes the WMM to the Eastern Moroccan Meseta (EMM). Finally, the
South Meseta Fault Zone (Hoepffner et al., 2006) separates the Moroccan Mesetas from the
Southern Zone, and, further south, the South Atlas and the Tizin’Test Fault Zones represent

the limit of the Gondwanan foreland (Anti-Atlas; Michard et al., 2010b).
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Figure 1: A) Schematic map of NW Africa and Iberia showing the location of the northern
Moroccan Variscides (rectangle); SPZ: South Portuguese Zone; OMZ: Ossa-Morena Zone;
M: Mauritanides; Cl1Z: Central Iberian Zone; B) Geological map of the northern Moroccan
Variscides (after Hoepffner et al., 2006; Michard et al., 2010b). RTFZ: Rabat-Tiflet Fault
Zone; WMSZ: Western Meseta Shear Zone; SOFZ: Smaala-Oulmes Fault Zone; TBBFZ:
Tazekka-Bsabis-Bekrit Fault Zone; TTFZ: Tizin’Test Fault Zone; SMFZ: South Meseta Fault
Zone; SAFZ: South Atlas Fault Zone. C) Schematic geological map of part of the Western
Moroccan Meseta (after Becker and El Hassani, 2020) with lo~2tio: of the studied samples.
D) Schematic geological map of part of the Eastern Moroccai, Meseta (after Muratet, 1988)

with location of the studied samples.

The igneous Precambrian basemert o, the riorthern Moroccan Variscides crops
out in the WMM in relatively small and isolai. 1 areas of the Central Zone and Coastal Block
(e.g. El Haibi et al., 2020; El Houicha et ai.. 2018; Ouabid et al., 2017; Pereira et al., 2014,
2015; Tahiri et al., 2010). This baser.znt .- covered by a thick, more or less continuous,
passive margin succession that is ex,.2sed in large areas of the WMM, and in more scarce and
relatively small inliers of the =M™ (Figure 1). The Cambrian-Silurian succession is mainly
terrigenous, with the exc zpun of local Lower Cambrian limestones in the WMM (Michard
et al., 2010b and referenc. s therein); in the Coastal Block, this siliciclastic succession shows
interbedded rift-related Cambrian-Ordovician basaltic lenses (Pouclet et al., 2018). During
the Devonian, a carbonatic platform developed in the WMM (Michard et al., 2010b and
references therein), while sedimentation in the EMM continued to be mainly terrigenous
(Hoepffner, 1987; Marhoumi et al., 1983). The metamorphism affecting the whole Paleozoic
succession is generally of low- to very low-grade and the tectonic deformation seems to

increase eastwards (Hoepffner et al., 2006).



The studied samples were collected in the Upper Devonian — Upper
Carboniferous successions from different parts of the Moroccan Mesetas (Figure 1C and D,
Figure 2, and Table 1 for coordinates). These successions are described in detail in the

following subsections.

2.1.Ben Slimane area
The Lower-Middle Devonian succession of the C astal Block and Central
Zone of the WMM is mainly characterized by limestones depwsited in a shelf (Zahraoui,
1991). Locally, the carbonate succession changes latera'.v tv carbonatic olistoliths or

turbiditic sandstones and shales, deposited in deeper v vir onments.

At Middle Devonian time, the Ccosta! Block and Central Zone regions were
affected by a general uplift, which culmi ate J in the emersion of some areas and the
subsidence of others (see subsection 2.2\ during the Famennian. Thus, in the subsident Ben
Slimane area (Figure 1C), transgressi' ‘e .urbiditic sandstones, shales and deltaic quartzitic
sandstones (Piqué, 1979, 1984: Zan.aoui, 1991) directly overlay the Lower-Middle Devonian
carbonatic sequence. The tu "id tic sedimentation continued until the Tournaisian with local
hiatus (Figure 2; Zahrao'n, 2991). A new subsiding phase started at Late Visean time (lzart,
1991) with the deposition of fossiliferous sandstones and shales with limestone intercalations

(Destombe, 1987; Zahraoui, 1991).

The Triassic succession, characterized by red shales, conglomerates and
basaltic lavas, unconformably overlays the Late Visean sediments (Figure 2; Destombe,

1987).
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(Destombe, 1987; Piqué, 1984; Zahraoui, 1991), Sidi Bettache area (Beauchamp and lzart,
1987; Cailleux et al., 2001; Chakiri and Tahiri, 2000; Cdzar et al., 2020; El Wartiti, 1994;
Izart, 1991; Kharbouch, 1994; Piqué, 1984; Razin et al., 2001; Vidal, 1989), Oulmes area (El
Hassani et al., 2002; Izart et al., 2001; Kaiser et al., 2007), Tiflet area (Cdzar et al., 2020; El
Hassani, 1991, 1987; Kharbouch, 1994), and Jerada area (El Hadi et al., 2006; Hoepffner,

1989; Horon, 1952; Médioni, 1979, 1977; Muratet, 1988). Not to scale.

2.2.Sidi Bettache area
The Sidi Bettache area (Figure 1C) attests an allegedly p ill-wart basin opened at Famennian-
Tournaisian time (Piqué, 1979, 1984) in a regional cu.tra_tive context (Fadli, 1990;
Hoepffner, 1987; Piqué, 1979; Rolin et al., 198%). e opening of the basin triggered the
deposition of turbiditic sequences domina’cu by Juartzitic sandstones, conglomerates, and
shales (Piqué et al., 1989), which trarsgressively overlie the Lower-Middle Devonian
limestones (Figure 2; Destombe, 19'¢7;. _ocally, along the main faults bounding the Sidi
Bettache basin, limestone olistchi s were deposited (Piqué et al., 1989), while gabbroic dikes
and, in a lesser amount, dolerite 'avas were emplaced (Figure 2; Kharbouch, 1994;

Kharbouch et al., 1989; \iqu:., 1979).

Most of the Lower Visean succession, characterized by turbiditic deposits of sandstones and
shales, was eroded during a period of subaerial emersion (lzart and Vieslet, 1988), with
Middle-Upper Visean turbiditic sandstones, shales, and greywackes transgressively resting on
the Tournaisian-lowermost Visean succession (Figure 2; Bouabdelli, 1989; Izart, 1991;
Termier et al., 1975; Verset, 1983, 1985). Nonetheless, a recent review of the
micropaleontological content of the Visean succession suggests that the Lower-Middle

Visean sediments are absent in the Sidi Bettache basin (Cozar et al., 2020).



The terrigenous sedimentation continued in the Serpukhovian-Middle Bashkirian
(corresponding to the former Namurian) with the deposition of turbiditic shales, greywackes,
and carbonatic sandstones (Beauchamp and lzart, 1987; Chakiri and Tahiri, 2000; lzart, 1991,
Piqué, 1984; Zahraoui, 1991). The Middle Bashkirian-Kasimovian (corresponding to the
former Westphalian) is characterized by the deposition of alternating conglomerates and
fossiliferous black limestones deposited in a lacustrine environment (Cailleux et al., 2001,

Piqué, 1984).

The Permian succession, characterized by red conglomerates, sha:<s, and sandstones with
intercalations of volcanic ashes and rhyolitic lavas (EI Wa.titi, 1994), unconformably
overlays the Middle Bashkirian-Kasimovian rocks (F gu. » 2). Finally, Triassic red shales and
basaltic lavas unconformably overlay the Permiar aid pre-Permian successions (EI Touhami,

1993).

2.1. Oulmes area
The Oulmes are- is part of a structural high separating the Sidi Bettache and

Fourhal areas (Khouribga-G.!mas area in Figure 1C). The Upper Devonian succession is
characterized by alte. it of fossiliferous nodular limestones and shales, dated at the
Frasnian-Famennian (Kaiser et al., 2007), passing upward to Upper Famennian quartzitic
sandstones (Figure 2). During the Tournaisian, the deposition of shales was acompaigned by
local olistoliths of Middle Devonian limestones and beds of turbiditic sandstones (lzart et al.,
2001). The Upper Visean- Serpukhovian shales with lenses of sandstones directly rest on the
Tournaisian succession and are unconformably overlain by Permian continental
conglomerates (El Hassani et al., 2002; lIzart et al., 2001). The entire Upper Devonian-

Carboniferous succession is cross-cut by basic and acid dykes (lzart et al., 2001; Kharbouch,



1994; Kharbouch et al., 1985) and intruded by Late Carboniferous-Permian granitoids (lzart
et al., 2001). The Triassic red shales and basaltic lavas unconformably overlie the Permian

conglomerates.

2.2. Tiflet area

To the south of the RTFZ, the Upper Famennian-Upper Visean succession of
the Bou Regreg corridor (Figure 1C) unconformably overlies th . Lower Devonian
succession, the latter being characterized by black shales and 'ac < fossiliferous limestones
of Lochkovian-Emsian age (Alberti, 1969; El Hassani, 7 49.1,. Fhe Famennian period is
characterized by deposition of conglomerates (Figure ?) v.ith Ordovician-Devonian clasts
(Lecointre and Delepine, 1933), dated by stratig ar.n‘c correlation with similar conglomerates
cropping out in the Rabat area containing .nu rbeYded arkoses and shales with Famennian
fossil plants (EI Hassani, 1991 and references therein). The sedimentation continued with
sandstones and shales interbedded v it'i ..;;oradic lenses of limestones containing Tournaisian
fauna (Figure 2; Lecointre and " 'apine, 1933). Upwards, a 400 m-thick succession of
sandstones and shales with abui Jant limestone lenses was dated as Lower Visean (lzart and
Vieslet, 1988; Lecoirtre "nd Delepine, 1933), although recent studies have re-dated it as
Upper Visean based on = review of their foraminiferal content (Cozar et al., 2020). The entire
Upper Devonian-Tournaisian succession is intruded by Permian basic dykes (Figure 2;
Cailleux et al., 1983; Kharbouch, 1994). The Upper Visean sequence, characterized by oolitic
limestones with conglomeratic lenses, unconformably overlies the Tournaisian (-Early

Visean?) succession (El Hassani, 1991).



In this area, there is no record of Middle-Upper Carboniferous rocks, and the
Triassic red shales and basalts unconformably overlie the Upper Visean succession (El

Hassani et al., 2002).

2.3. Jerada area
Unlike the WMM, where the Devonian period was characterized by a
carbonatic platform that was progressively fragmented, the EM, .« (Figure 1D) experienced
more or less continuous sedimentation (e.g. Debdou and Mek,am inliers) with a Devonian-
Tournaisian thick siliciclastic turbiditic succession of sh: les, greywackes, and sandstones
(Figure 2; Hoepffner, 1989), intensely deformed by a Tou'/naisian-Early Visean tectonic
event induced by the collision between the nortter:1 margin of Gondwana and an Avalonian

promontory (inferred as the eastern prolorya’ion 2f the Sehoul Block; Accotto et al., 2020).

After this tectonic even., sedimentation resumed during the Late Visean with
the deposition of basal conglomerates ir relatively small and fragmented basins, local and
subordinate carbonatic platforr deposits, and a thick volcano-sedimentary sequence with
rhyolites, andesites, and tutic (1-art, 1991; Kharbouch et al., 1989; Médioni, 1979). The
Serpukhovian-Middie Jasi.wIrian succession in the Jerada area (Figure 2) is characterized by
shales and sandstones, (Chellai et al., 2011; Muratet, 1988), typical of deltaic environments
(1zart, 1991). Deltaic sedimentation continued during the Middle Bashkirian-Kasimovian, but
the environment became progressively more lacustrine, accompanied by deposition of fluvial

conglomerates and coal levels (Figure 2; Chellai et al., 2011).

After a Late Carboniferous Variscan tectonic event responsible for open ENE-
WSW trending folds (e.g. Hoepffner, 1989; Horon, 1952), Triassic red shales, basalts, and

limestones unconformably overlay the Paleozoic succession (Figure 2; Muratet, 1988).



3. SAMPLES AND METHODS

This study is based on the U-Pb and Hf isotopic analysis of 12 samples

collected in different areas of the Moroccan Mesetas (Figures 1 and 2). The samples are listed

in Table 1, together with their location, lithology, stratigraphic age, as well as the number and

kind of analyses carried out.

IGSN Location (UTM, NDAS83) 'J-Pb geochronology Hf
Sample Lat. (m Long. (M Lithology Age isotope
(IEACC)  Zone N)( Ig) ( Method  Analyses (*) analyses
BEN SLIMANE AREA
BES1 0009 295 3720500 674467 Quartzitic “ise LA-ICPMS  150/120 107
sandstone
BES? 0010 295 3724273 67igay Qv Fan~mian  LA-ICPMS  180/156 .
sandstone
Quartzi ¢ . SHRIMP 52/41
SKH1 0011 29S 3748316 678921 sand< .one Visean LA-ICPMS 104/95 90
SIDI e, TACL. 'E AREA
. . SHRIMP 52/42
ROM1 0012 29S 37122830 719745 J ‘ndstone Visean LA-ICPMS 114/88 -
. SIMS 28/26
0 -
AOU1 0013 29S 3736131 70868 Sandstone Visean LA-ICPMS 84/72
OULMES AREA
ou1l 0014 30S 3731845 24430, Sandy shale Late Visean LA-ICPMS 124/104 -
OU4 0015 295 3716170  777a3g  Quaraitic Famennian  LA-ICPMS  150/134 -
sandstone
TIFLET AREA
TIF1 0016 29S 377261, 750380 Sandstone Tournaisian LA-ICPMS 100/73 66
TIF2 0017 29S 275,717 750354 Sandstone Tournaisian LA-ICPMS 120/89 88
JERADA AREA
Serpukhovian-
ouJ1i6 0018 30S 3796135 587342 Sandstone Mid. LA-ICPMS 150/128 128
Bashkirian
Mid. SIMS 70/58
ouJ18 0019 30S 3796505 587288 Sandstone Bas_hklrle_ln LA-ICPMS 50/46 46
-Kasimovian
Mid.
ouJ19 0020 30S 3796474 587262 Sandstone Bashkirian LA-ICPMS 130/120 106
-Kasimovian

Table 1: List of samples and analyses carried out; (*) number of analyses and number of

concordant results (in bold).



In the Ben Slimane area (Figure 1C), sample BES2 is a Famennian (Upper
Devonian; Figure 2) white quartzitic sandstone collected a few kilometers north of Ben
Slimane. At the microscope scale, it is composed of more than 90% of quartz grains with
diameters between ca. 0.25 and 0.1 mm, not particularly rounded. Rare interstitial
phyllosilicates are present. Samples BES1 and SKH1 are Visean (Figure 2) white quartzitic
sandstones collected in Ben Slimane and along the coast, north of Ben Slimane. Both samples
are characterized at the microscopic scale by more than 90% of angular quartz grains with

diameters between ca. 0.2 and 0.1 mm. Interstitial phyllosilica*2= a ~ very rare.

From the Visean succession of the Sidi Bet.ache area we collected two
samples (Figures 1C and 2). Sample ROM1 was sampleu 2 few Kilometers West of the city of
Rommani. This sample is a reddish sandstone ch>racterized by abundant quartz grains (about
75%) with very variable diameters from ca. 0.5 to 0.3 mm. Interstitial phyllosilicates and
Fe-oxides are also frequent. Sample AOU.. was collected about 7 km SE of the city of Ain El
Aouda and it is a reddish Late Visear. canJstone made up of =~ 70% of fine-grained quartz (ca.

0.05 mm in diameter) and abundent chyllosilicates and Fe-oxides.

Sample OU4 wa. collected about 14 km North of the city of Oulmes (Figure
1C). Itis a quartzitic an isto ie of Famennian age (Figure 2) composed of = 70% of quartz
grains, mainly rounded ~».d with a diameter between ca. 0.25 and 0.1 mm. Interstitial
phyllosilicates and oxides are frequent. Sample OU1 was collected about 30 km SW of
Meknes (Figure 1C), along the road connecting this city with Oulmes. It is an Upper Visean
(Figure 2) sandy shale with a very heterogeneous texture characterized by zones with a fine-
grained matrix (less than 0.03 mm); other portions of the sample are made up of =~ 80% of
angular quartz clasts of ca. 0.05 mm in diameter, together with frequent interstitial

phyllosilicates and Fe-oxides.



The two samples from the Tiflet area, TIF1 and TIF2, were collected 2 km
East of Tiflet, along the Tiflet river (Figure 1C). They are Tournaisian sandstones (Figure 2)
characterized by medium-sized (ca. 0.2-0.05 mm) grains of quartz (ca.70%), and abundant

phyllosilicates and Fe-oxides.

Samples OUJ16, OUJ18, and OUJ19 were collected about 10 km East of
Jerada (Figure 1D), in the southern flank of the Jerada synform. Sample OUJ16 is a
Serpukhovian-Middle Bashkirian sandstone (Figure 2) characterized by a very variable grain-
size. The matrix is mainly composed of 70% of rounded quar’z g 1ins with diameters of ca.
0.05 mm, interstitial phyllosilicates, and oxides. The clast. rep esent about 30% of the
sample, have diameters of 0.3-0.8 mm, and comprise vai.able lithologies (e.g. angular quartz
grains, quartzitic sandstones, volcanic rocks, and ¥nl.ated shales). Samples OUJ18 and
OUJ19 were both collected from sandstone la,=rs within the Middle Bashkirian-Kasimovian
succession (Figure 2), being OUJ18 stratiy. +ohically younger than OUJ19. They are both
composed of abundant (ca. 65-70%) >are or less rounded quartz grains with diameters
varying between 0.05 and 0.2 mn. r ~vilosilicates and oxides are also frequent, together with

scarce glauconite.

For earh camp e, 4-5 kg of rock were collected and processed at the University
of Granada (Spain). The “eparation processing of the detrital zircon grains included
mechanical smashing with jaw- and ring-crusher, sorting with sieving, manual panning, and
handpicking. A Mira3 VP-FESEM instrument at the John de Laeter Centre (JALC) of Curtin
University (Perth, Australia), and a Carl Zeiss SIGMA HD VP Field Emission SEM at the
School of GeoSciences of the University of Edinburgh (United Kingdom) were used to obtain
cathodoluminescence (CL) images of the zircon grains. A selection of these CL images is
presented in Appendix A. Most of the detrital zircon grains were analyzed using laser

ablation inductively coupled plasma mass spectrometer (LA-ICPMS) at the JALC GeoHistory



Facility. Nevertheless, in some samples, the size of the zircon grains was very variable and
sensitive high-resolution ion microprobe (SHRIMP) and secondary ion mass spectrometry
(SIMS) analyses were performed to grant a statistically significant number of results in each
sample (Vermeesch, 2004). SHRIMP measurements were carried out at the JALC, while
SIMS analyses were performed at the University of Edinburgh. A more detailed description

of the analytical methods can be found in Appendix B.

All the raw U-Pb results are listed in Appendix . Concordant (with a
discordance level < 10%) *®Pb/*8U dates were used for grair s with ages younger than 1.5
Ga; for older grains °’Pb/?°®Pb concordant dates were use'. dt 2 to the significant increase in
error on 2°°Pb/?®U dates for > 1.5 Ga zircon grains. K.en .~ Density Estimators (KDE) and
histograms of the concordant dates were made using DensityPlotter 8.4 (Vermeesch, 2012)
applying a KDE bandwidth of 25 Ma and histc 1ram bin of 20 Ma. Mean ages of the detrital
zircon populations were calculated applyn._ the mixture modelling tool in DensityPlotter 8.4
(Vermeesch, 2012) to groups of date: ~or.cidered statistically (i.e. peaks in the KDE plots)
and geologically (i.e. ages of the na.~ geological events) meaningful. The ranges of dates
used to calculate the mean agos o< each population are detailed in section 4 (Results). The
youngest age population:, w. ve calculated by using a weighted mean and assessed by the
mean square weighted de "iation (MSWD) within the software Isoplot (Ludwig, 2009, 2003)
and IsoplotR (Vermeesch, 2018). Errors of mean ages and weighted mean ages are expressed

at 1o level.

Hf isotope analyses were run on those samples characterized by determinant
detrital zircon populations (Carboniferous, Devonian, and Mesoproterozoic) in order to
discriminate juvenile mantle-derived from recycled crustal-derived primary magmatic

sources. These analyses were carried out at the JALC on samples BES1, SKH1, TIF1, TIF2,



0OuUJ16, OUJ18, and OUJ19 (Table 1). The details of the analytical methods are described in

Appendix B, while the results are listed in Appendix D. Errors are expressed at 2c level.

4. RESULTS

4.1Ben Slimane area

One hundred and eighty LA-ICPMS analyses were performed on detrital
zircon grains from Famennian sample BES2, yielding 156 cor.cvaant results. The KDE
diagram in Figure 3A shows an important Cryogenian-Ediica: in population with an
Ediacaran mean age of 612.8+0.6 Ma (age range: ca. 721-212 Ma, n=98, 62.8% of the data).
A second detrital zircon population yielded a Rhyaci«n n.~an age of 2062.7+2.2 Ma (ca.
2207-1932 Ma, n=37, 23.7% of the data). A few _>2dered data have Archean-Rhyacian,
Orosirian-Tonian, and Cambrian ages. T, = ¥ oungest detrital zircon population of this sample

defines an Early Cambrian age (538.9+..0 Ma, MSWD=1.38) and includes 4 dates.
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Figure 3: U-Pb and Hf results in the Ben Si.mane area. A and B) Kernel Density Estimates
(KDE, black lines), histograms (gre* p.-<), and pie-charts (colors correspond to the different
ages of the detrital zircon popule:ions as in legend; white represents scattered data) showing
the detrital zircon age distribuw.~n of Famennian (A) and Visean (B) samples. C) ey values
versus U-Pb ages for the Ber, Slimane samples (BES1 and SKH1); CHUR: Chondritic
Uniform Reservoir (Boiv.er et al., 2008); NC: new crust (Dhuime et al., 2011); dotted lines
indicate the TNC new crust ages of the bulk crust (*"*Lu/*""Hf = 0.015). Colors indicate the

different detrital zircon populations used in the text.

The plot in Figure 3B represents a combination of the results from the two
statistically identical Visean samples (BES1 and SHK1). Two hundred and fifty-four LA-
ICPMS analyses were carried out on the two samples, yielding 215 concordant results. On
sample SHK1, 52 SHRIMP measurements were also run, giving 41 concordant dates.

Furthermore, 197 Hf isotope analyses were performed on detrital zircon grains from both



samples, the results of which are shown in Figure 3C. The most outstanding feature of the
resulting KDE/histogram plot (Figure 3B) is a Cryogenian-Ediacaran peak, which includes
35.2% of the data (n=90, ages from ca. 711 to 547 Ma) and yields an Ediacaran mean age of
615.9+0.5 Ma. The g values associated with this population (n=71) show considerable
variability (-19.8 and +13.1). Second-order peaks gave Tonian-Stenian (1002.7+1.1 Ma, ca.
1072-887 Ma, n=46, 18% of the data) and Rhyacian-Orosirian (2094.4+2.5 Ma, ca. 2224-
1932 Ma, n=38, 14.8% of the data) mean ages; both of these populations are characterized by
mostly positive eys values, with a few scattered strongly negati~~ o..2s (30 ey values between
-26.9 and +8.9 for the Tonian-Stenian population, and 28 riata from -16.8 to +9.9 for the
Rhyacian-Orosirian one). Minor detrital zircon populatinn: are clustered at 1260.8+2.5 Ma
(ca. 1322-1206 Ma, n=12, 4.7%; 11 ey values betwe~.n -2 3 and +7.8), 795.6+2.3 Ma (ca.
852-764 Ma, n=9, 3.5%; 7 eps values between -6. ' 2ad +11.3), 498.8+0.9 Ma (ca. 538-450
Ma, n=20, 7.8%; 14 eys values between - 7.4 iund +6.1), and 397.3+1.1 Ma (ca. 419-370 Ma,
n=10, 3.9%; 7 eus values between -3.4 «~d +6.7). A few scattered dates have Archean-
Rhyacian, Orosirian-Calymmian, ~nd <*enian ages. The youngest detrital zircon populations
of the Visean samples are Late =diacaran (BES1: 578.3+1.8 Ma, MSWD=1.32, n=6) and
Early-Middle Ordovician /Sr{2+: 470.0£2.3 Ma, MSWD=1.30, n=5); nonetheless, the
youngest detrital zircor ~opulation of the combined two Visean samples is Early Devonian

(409.7+1.6 Ma, MSWD=0.85, n=5).

4.2 Sidi Bettache area
The results from the two Visean samples (ROM1 and AOUL1) are represented
in Figure 4. One hundred and ninety-eight LA-ICPMS analyses were carried out, together
with 52 SHRIMP and 28 SIMS measurements, which yielded a total of 228 concordant

results. The most important detrital zircon population is Cryogenian-Ediacaran (ca. 686-543



Ma), which yielded an Ediacaran mean age of 618.6+0.5 Ma (n=94, 41.2% of the data).
Another significant peak corresponds to the Rhyacian-Orosirian (ca. 2193-1902 Ma)
population, with a mean age of 2052.3+3.4 Ma (n=49, 21.5% of the data). Minor detrital
zircon populations gave Statherian (1784.6+6.2 Ma, ca. 1824-1689 Ma, n=13, 5.7% of the
data) and Tonian (748.0+1.8 Ma, ca. 808-716 Ma, n=10, 4.4% of the data) mean ages.
Scattered data have Paleoarchean-Rhyacian, Calymmian-Tonian, and Cambrian-
Carboniferous ages. The youngest detrital zircon populations in these two samples are Late
Ediacaran (AOU1: 583.7£1.7 Ma, MSWD=0.85, n=6) and Lat~ De ‘onian (ROM1: 373.6+1.9
Ma, MSWD=1.32, n=4). If the two statistically identical stm'es are considered together as
representative of the Visean succession in the area, the \7oongest detrital zircon population is

Late Devonian (373.6+£1.9 Ma, MSWD=1.32, n=4).
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Figure 4: Kernel Density Estimates (KDE, black lines), histograms (grey bars), and pie-
charts (colors correspond to detrital zircon populations as indicated legend in Figure 3; white
represents scattered data) showing the detrital zircon age distribution of two Visean samples

(ROM1 and AOU1) from the Sidi Bettache area.



4.1 Oulmes area

One hundred and fifty LA-ICPMS analyses were carried out on the detrital
zircon grains from Famennian sample OU4, which yielded 134 concordant results (Figure
5A). Three detrital zircon age populations can be identified in this sample, clustered at
Cryogenian-Ediacaran (626.8+0.5 Ma, ca. 717-549 Ma, n=73, 54.5% of the data), Tonian-
Stenian (1010.6£1.7 Ma, ca. 1078-923 Ma, n=13, 9.7% of the data) and Rhyacian-Orosirian
(2049.415.6 Ma, ca. 2133-2002 Ma, n=14, 10.4% of the data). Furthermore, twelve dates
yielded Cambrian-Devonian ages, although they do not define 2 neJX in the KDE diagram.
Scattered dates gave Archean-Siderian, Orosirian-Stenian, anu Tonian ages. The youngest

detrital zircon population includes 5 dates that define » ! a.~ Ediacaran age of 558.7+1.7 Ma

(MSWD=1.04).
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Figure 5: Kernel Density Estimates (KDE, black lines), histograms (grey bars), and pie-
charts (colors correspond to detrital zircon populations as in legend indicated Figure 3; white
represents scattered data) showing the detrital zircon age distribution of a Famennian (A,

OU4) and a Visean (B; OU1) sample from the Oulmes area.

One hundred and twenty-four LA-ICMPS analyses were run on detrital zircon
grains from the Visean sample OU1, yielding 104 concordant dates (Figure 5B). The main

detrital zircon age populations observed in this sample are Cryogenian-Ediacaran (ca. 685-



543 Ma), with an Ediacaran mean age of 619.8+0.4 Ma (n=53, 51% of the data), and
Rhyacian-Orosirian (ca. 2144-1940 Ma), with an Orosirian mean age of 2044.1+1.8 Ma
(n=23, 22.1% of the data). A few scattered dates yielded Paleoarchean-Rhyacian, Statherian-
Tonian, and Late Devonian ages. The youngest detrital zircon population gave a Late

Ediacaran mean age of 561.9+1.5 Ma and includes 4 dates (MSWD=1.20).

4.2 Tiflet area

The KDE diagram and histogram in Figure 6A ~ho'v the results of the two
Tournaisian samples (TIF1 and TIF2). Two hundred anA twe. .y LA-ICPMS analyses were
carried out on detrital zircon grains from those sampi.<. 152 of which yielded concordant
results. Together with the U-Pb analyses, 154 H ico*ope analyses were performed. The
results are shown in Figure 6B. Forty perren. 01 the data are included in a Cryogenian-
Ediacaran detrital zircon population (55 dates from ca. 713 Ma to ca. 544 Ma), which has an
Ediacaran mean age of 614.5+0.4 Ma .. is characterized by a wide range of gys values
(between -37.7 and +11.9, n=64). Secondary detrital zircon populations yielded Devonian
(383.2£0.6 Ma, ca. 415-36" Ma n=15, 9.3% of the data; 15 ey values from -10.6 to +1.9),
Stenian-Tonian (1005 72.1.3 Va, ca. 1058-970 Ma, n=13, 8% of the data; 11 gy values
between -14.1 and +7.0;, and Orosirian-Statherian (1783.1+3.9 Ma, ca. 1814-1747 Ma, n=10,
6.2% of the data; 8 ey values between -17.0 and +3.2) mean ages. Minor populations are
clustered around 1357.2+2.9 Ma (Calymmian, ca. 1433-1280 Ma, n=8, 4.9% of the data; 8 eus
values between -5.4 and +7.7) and 2097.7+£4.0 Ma (Rhyacian, ca. 2177-1965 Ma, n=11, 6.8%
of the data; 11 ey values from -17.6 to +5.0). Scattered data have Mesoarchean-Rhyacian,
Orosirian, Statherian-Calymmian, Ectasian-Stenian, Tonian, Cambrian-Ordovician, and
Carboniferous ages. The youngest detrital zircon populations are Late Ediacaran in TIF1

(620.0£1.5 Ma, MSWD=1.4, n=6) and Late Devonian in TIF2 (374.0+1.5 Ma, MSWD=0.88,



n=4). Combining both samples, the youngest detrital zircon population is Late Devonian and

corresponds to the youngest detrital zircon population in TIF2.
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Figure 6: U-Pb and Hf results in the Tiflet area. A) k~rnei Density Estimates (KDE, black
lines), histograms (grey bars), and pie-charts (cc10’s correspond to detrital zircon populations
as indicated legend in Figure 3; white represonts <cattered data) showing the detrital zircon
age distribution of two Tournaisian samples \TIF1 and TIF2). B) gy values versus U-Pb ages
for samples TIF1 and TIF2; CHUR: C’.~dritic Uniform Reservoir (Bouvier et al., 2008);
NC: new crust (Dhuime et al., 20 1); dotted lines indicate the TNC new crust ages of the
bulk crust (*"°Lu/*""Hf = 0.015,. Colors indicate the detrital zircon populations described in

the text (see Figure 3 for lege nd).

4.3 Jerada area
One Serpukhovian-Middle Bashkirian (OUJ16) and two Middle Bashkirian-
Kasimovian samples (OUJ18 and OUJ19) were collected in this area. The results are shown
in Figure 7A, where all the concordant data have been plotted together, being the three
samples statistically identical and representative of the Middle Carboniferous succession in

this area. Three hundred and thirty LA-ICMPS analyses were carried out, with 294



concordant results, 280 of which were then analyzed for Hf isotope signature (Figure 7B).
Due to the variable size of zircon grains in sample OUJ18, 70 additional SIMS analyses were
run on this sample to reach a statistically representative number of data points; 58 of the
SIMS analyses gave concordant dates. The most important detrital zircon age population in
these samples is Cryogenian-Ediacaran, which yields a mean age of 615.3+0.3 Ma (dates
from ca. 685 to 543 Ma, n=129; 36.6% of the data); one hundred and three of these zircon
spots were analyzed for Hf isotopes and yielded eys values varying between -30.1 and +9.0.
Nineteen percent of the data (n=66) are clustered at Rhyacian-"ros.vian ages (ca. 2218-1900
Ma) with a mean age of 2076.6+2.5 Ma and a considerablr va tapility in ey values (-16.9 to
+5.9, n=58). Another important detrital zircon population ielded a Late Visean mean age
(331.8+£0.3 Ma, dates from 351 to 297 Ma, n=52, 14.5% ~fthe data). The ens values of this
Carboniferous population are variable betweer -- & and +9.5 (n=44). Minor populations gave
Cambrian (508.1+£1.0 Ma, ca. 538-478 M.a. r =14, 4% of the data; 8 ey values from -12.2 to
+10.9), Late Tonian (754.0£1.4 Ma, ca. 796-702 Ma, n=12, 3.4% of the data; 8 eys values
from -14.5 to +11.3), Early Toniar (9.71.5+1.1 Ma, ca. 1077-851 Ma, n= 33, 9.4% of the
data; 19 ey values between -1< 7 and +12.2), and Orosirian (1847.8.8+9.5 Ma, ca. 1895-1811
Ma, n=8, 2.3% of the data’ ¢ -, values between -17.0 and +3.2) mean ages. Very scattered
data yielded Mesoarcheon-hyacian, Statherian-Stenian, Tonian, and Middle Devonian ages.
The youngest detrital zircon populations in the three samples are Serpukhovian-Middle
Bashkirian (OUJ16: 323.0+1.5 Ma, MSWD=1.4, n=4; OUJ18: 322.0£2.5 Ma, MSWD=0.35,
n=4) and Visean (OUJ19: 339.3+0.7 Ma, MSWD=1.32, n=7). Combining the three samples,
the youngest detrital zircon population includes 6 dates and yields an Early Bashkirian mean

age (316.6+0.9 Ma, MSWD=1.25).
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Figure 7: U-Pb and Hf results in the Jerada area. A) Kernel De<iny Estimates (KDE, black
lines), histograms (grey bars), and pie-charts (colors correcpo: 1 to detrital zircon populations
as in legend indicated Figure 3; white represents scattereu Yata) showing the detrital zircon
age distribution of Serpukhovian-Middle Bashkirian {OcC 116) and Middle Bashkirian-
Kasimovian (OUJ18 and OUJ19) samples. B) z, *7=.ues versus U-Pb ages for samples
0OuUJ16, OUJ18, and OUJ19; CHUR: Chond itic Uniform Reservoir (Bouvier et al., 2008);
NC: new crust (Dhuime et al., 2011); ac*ted lines indicate the TNC new crust ages of the
bulk crust (*"°Lu/*""Hf = 0.015). C~lo.~ ndicate the detrital zircon populations described in

the text (see Figure 3 for legen..

To sum ur, L:yogenian-Ediacaran and Rhyacian-Orosirian populations are
always present in the stua’ed Upper Devonian to Carboniferous samples, though at very
different percentages. The Cryogenian-Ediacaran population encompasses 35-65% of the
data, while the Rhyacian-Orosirian one represents 5-20% of the data. Taking into account all
of the samples, up to seven minor detrital zircon populations can be defined: Orosirian-
Statherian (ca. 1950-1750 Ma), Calymmian-Ectasian (ca. 1430-1200 Ma), Stenian-Tonian
(ca. 1080-850 Ma), Tonian-Cryogenian (ca. 850-700 Ma), Cambrian-Ordovician (ca. 540-450
Ma), Devonian (ca. 420-360 Ma), and Carboniferous (ca. 350-300 Ma). The distribution of

these populations in each area is summarized in Table 2.



SIDI

BEN SLIMANE BETTACHE OULMES TIFLET JERADA
SERPUKHOVIAN
FAMENNIAN VISEAN VISEAN | FAMENNIAN VISEAN | TOURNAISIAN BASHKIRIAN
CARBONIFEROUS ca. 330 Ma
ca. 350-300 Ma 14.8%
: e —4.81+95
DEVONIAN ca. 40(0) Ma ca. 385 Ma
ca. 420-360 Ma 3.9% 9.:3% ;
enp -3.4 1 +6.7 et —10.6/+1.9
CAMBRIAN- ca. 500 Ma ca 510 Ma
ORDOVICIAN 7.8% 4.0%
ca. 540-450 Ma e 7.4 1 +6.1 eur—12.2/+10.9
CRYOGENIAN- ca. 615 Ma ca. 620 ca. 615 Ma ca. 615 Ma
EDIACARAN Caéglg(y'\"a 35.2% ca.620Ma | ca 630 Ma Ma 40.1% 36.6%
8% 41.2% 54.5%
ca. 700-540 Ma e -19.8/ +13.1 51.0% | en—37.7/+11.9 eur—30.1/ +9.0
TONIAN- ca. 795 Ma 750 M ca. 750 Ma
CRYOGENIAN 3.5% ca. 2% a 3.4%
ca. 850-700 Ma e 8.9/ +11.3 a7 o145/ +11.3
STENIAN- ca. 1000 Ma ca 1010 Ma ca. 1005 Ma ca. 970 Ma
TONIAN 18.0% o ! 8.0% 9.4%
ca. 1080-850 Ma et —26.9 1 +8.9 : 141/ +7.0 en—19.7/ +12.2
CALYMMIAN- ca. 1260 Ma ﬂ* a. 1355 Ma
ECTASIAN 4.7% | 4.9% -
ca. 1430-1200 Ma e 0.3/ +7.8 ' ey -5A4/477
OROSIRIAN- ca. 1785 Ma ca. 1785 Ma ca. 1850 Ma
STATHERIAN g ‘ 6.2% 2.3%
ca. 1950-1750 Ma : F~ eu—9.9/+8.0 e —17.0/ +3.2
RHYACIAN- ca. 2065 Ma ca. 2095 Ma ca. 2055 Ma ca. 2050 Ma ca 2045 ca. 2100 Ma ca. 2075 Ma
OROSIRIAN 14.8% Ma 6.8% 18.7%
23.7% 21.5% 10.4% A
ca. 2220-1950 Ma en—16.8/+9.9 2o1% | ey-17.6/+5.0 en—16.9/+5.9

Table 2: Summary of the detrital zircon populat cns identified in each area, with approximate

mean ages, percentage of occurrence, ans., w ien available, range of ey values.

5.

DISCUSSION

5.1 Maximum depositi.na! ages

The youaect detrital zircon population in a sample is often used to define the

maximum depositional age (MDA) of the rock (see Dickinson and Gehrels (2009) for

methodology, and Sharman and Malkowski (2020) for discussion). This kind of data might

be particularly useful to constrain the true depositional age (TDA) of the sediment, generally

inferred either from the fossiliferous/palynological content or regional stratigraphic

correlation. TDA can be coeval or younger than MDA (e.g. Sharman and Malkowski, 2020)

depending on the geodynamic and geographic setting in which the sediment was deposited.



All of the studied samples have MDA spanning from Late Ediacaran (ca. 585
Ma) to Late Carboniferous (ca. 315 Ma), which are coherent with the TDA based on
palynomorphs/paleontological studies and/or regional stratigraphic correlation (Destombe,
1987; El Hassani, 1991 and references therein; Horon, 1952; Izart, 1991 and references
therein; Kaiser et al., 2007; Muratet, 1988; Vidal, 1989; Zahraoui, 1991 and references
therein). When considering groups of samples with similar TDA (see section 4; Figure 2), the
Late Ediacaran youngest detrital zircon populations are replaced by Devonian to Late
Carboniferous ones, thus suggesting that Devonian-Carbonifer2'ts , ragmatic rocks supplied
detritus to all the Moroccan Mesetas, although in certain a’eas their impact is not noticeable
in single samples. Our data show the necessity of exha''su ‘e sampling and data density when
trying to approximate MDA to TDA, especially in sv1-u.1genic settings, where high
variability in the detrital zircon content is expe i Zue to a combination of neo-formed with

mixed and recycled sources.

5.2 Provenance of pre-Devoniz.: delrital zircon grains

Geochronological stuuies on detrital zircon grains from Late Ediacaran-Early
Carboniferous samples of the Mcu.occan Variscides have been carried out by several authors
(Abati et al., 2010, 2012° Ac-otto et al., 2019, 2020; Avigad et al., 2012; Ghienne et al.,
2018; Letsch et al., 2018; Pérez-Caceres et al., 2017) with the aim of finding out the main
sources of sediments that fed the northern Gondwanan margin during the Paleozoic. All of
these authors agreed that the main source area of sediments in the Moroccan Variscides is the
West African Craton (WAC; Figure 8), based on: (i) the recurrent presence of important
Cryogenian-Ediacaran (ca. 0.6-0.75 Ga) and Paleoproterozoic (ca. 2.0 Ga) detrital zircon
populations, which can be related to the Cadomian/Pan-African and Eburnean orogenic
cycles, respectively (Nance et al., 2008 and references therein); and (ii) the absence of a

significant Mesoproterozoic population, which is otherwise very common in areas affected by



the Grenville orogeny (1.3-0.9 Ga; Ernst et al., 2008), such as Amazonia, Avalonia, and
Baltica/Laurentia (Figure 8), and in some European Variscan zones fed from the Arabian-

Nubian shield and/or the Saharan Metacraton (e.g. Bea et al., 2010; Ferndndez-Suérez et al.,

2014).
|Early Carboniferous Ages (in Ga) of the main plutonic and volcanic events
WAC (West 0.75-0.54  SM (Sahara 12-05
(\ )/\ Africag Craton): 54915 1.286 Metacraton): %% ; 2
> ) 95-2. 0-2.
& J t/7 \ 36-305 |
e Laurussm . ANS (Arabian- 1.2-0.5
N ' BA AV (Avalonia):  0.38 -235  Nubian Shield): 2.2-1.6
& / YL « 0F "5 27-23
"a,,/\éD Paleo Tethys R0 31-29
=T "~ 7 LA(Laurentia): 0.6-04
\Q\Q cD (Cadomph03)-0gp  aurentar Q8-
AN 5-3 : 8g§ 24-16
9-0. 3.0-26
ANS 225-1.15
TS (Tuareg 09-05
_ AM (Araze~ia): 0.9- 0.6 Shield): 22-16
A | S 15-1.0 30-25
" Gondwana 22-15 b (paltica) 065045
™M (Moroccan Mesetas) 325-24

Figure 8: Paleogeographic reconstrurtior, of Gondwana and Laurussia at Early Carboniferous
time (after Murphy et al., 2016 ar.a , ~terences therein; Nance et al., 2012 and references
therein). Ages of the main mcan.tic events are from Abati et al. (2010), Bea et al. (2010),
Cambeses et al. (2017) a"w 21erences therein, Linnemann et al. (2011) and references
therein, Marzoli et al., (2z017) and references therein, Nance et al. (2008), Pereira et al. (2012,
2017), and Santos et al. (1987). The red star indicates the approximate location of the studied

area.

In terms of detrital zircon populations, the magmatic input of Cambrian-
Ordovician Rheic Ocean rifting (Linnemann et al., 2008; Nance et al., 2012, 2010) in the
Moroccan Variscides was scarce or negligible (Accotto et al., 2019, 2020; Ghienne et al.,
2018; Letsch et al., 2018), except in a few, very localized areas (Letsch et al., 2018). In our

samples, Cambrian-Ordovician zircon grains are rare (0-8% of the data). Cambrian mafic



magmatic rocks are known in the Coastal Block (Pouclet et al., 2018), but they are restricted
to volcanic focuses with limited spread. Therefore, we can infer that the Moroccan Variscides
were only partially affected by the magmatism related to the Cambrian-Ordovician rifting,
probably because of their more inland position in the Gondwana margin than other regions,
such as the Ossa-Morena and Central Iberian Zones (Figure 1A), where this kind of
magmatism was ubiquitous and Cambrian-Ordovician detrital zircon grains are usually
present in syn-orogenic rocks (Martinez Catalén et al., 2008; Pastor-Galan et al., 2013b;

Pereira et al., 2020Db).

A Stenian-Tonian (ca. 1.0 Ga) detrital zircc » poulation is identified in the
Moroccan Variscides (up to 30% of the data) althoug'r it ’s not present everywhere. This
population was found in Ediacaran-Late Devonian sumples from the Anti-Atlas (Avigad et
al., 2012) and the Moroccan Mesetas (Accottu et al., 2019, 2020; Ghienne et al., 2018). To
explain the occurrence of these ages, the su «rce of which is unknown in the WAC (Figure 8),
a distal and probably intermittent NE .“fr.2an source (namely the Sahara Metacraton; Figure

8) was invoked.

5.3 Source evoluuon guring Late Devonian-Carboniferous time
In this study, we analyzed two Famennian samples (BES2 and OU4 in the Ben
Slimane and Oulmes areas, respectively), which have the same detrital zircon populations as
those described by other authors in the Moroccan Variscides (Abati et al., 2010, 2012;
Accotto et al., 2019, 2020; Avigad et al., 2012; Letsch et al., 2018; Pérez-Céceres et al.,
2017), thus suggesting that in Late Devonian times, this part of the northern margin of

Gondwana was still mostly fed by the WAC (Eburnean and Cadomian/Pan-African



orogenies), together with some minor and distant NE African (ca. 1.0 Ga) sources recorded in

the Oulmes area (Figure 9A).

Slightly younger samples (Tournaisian) collected in the Tiflet area (TIF1 and
TIF2) show a Devonian detrital zircon population, which could not have be supplied by the
WAC. Very similar results were described by Accotto et al. (2020) in the Debdou-Mekkam
area (EMM), and were interpreted as coming from a Devonian magmatic arc (Pereira et al.,
2012), formed along the margin of an Avalonian terrane (e.g. S'mancas et al., 2005) during
the closure of the Rheic ocean and the first collisional stages 'etw 2en this terrane and
northern Gondwana (Tournaisian-Early Visean; Accotto e. al., 2020). This hypothesis is
reinforced by the presence of Mesoproterozoic detrite( zi.con grains in these samples, which
was also attributed to the approaching Avalonian hlock. Interestingly, the Tiflet area samples
yielded a bimodal Mesoproterozoic detrital zi. ~on population with peaks at ca. 1.0 and 1.35
Ga, which can be related to Grenvillian sou ces (e.g. Ernst et al., 2008). Because of the
location of the Tiflet area (i.e. very c'c<e .o the RTFZ separating the Moroccan Mesetas from
the Caledonian Sehoul Block; Fiqure 1C), we claim that Tournaisian sedimentation in this
area was partially fed from th. < e, 2tic terrane (Figure 9B), which delivered zircon grains of
Mesoproterozoic (Grenv’ili.Y orogeny) and Devonian (magmatic arc) ages; additionally, the
WAC would have proviat d the Cryogenian-Ediacaran and Paleoproterozoic detrital zircon
grains. The similarities between the Tournaisian samples from Tiflet and Debdou-Mekkam
areas also extend to the Hf isotope data (Figure 6B; Accotto et al., 2020). Actually, the
Devonian gy range in the Tiflet samples (-10.6 to +1.9) is similar to that of sample MIM2 (-6
to 0) in the Debdou-Mekkam area. The new crustal ages (Tnc; Dhuime et al., 2011) of the
Tiflet samples range from ca. 1.0 to 2.0 Ga, which suggests that these zircon grains formed
from partial melting of Mesoproterozoic and Paleoproterozoic crust, supporting the

hypothesis of Avalonian sources for the Devonian detrital zircon population. Furthermore,



the Stenian-Tonian and Ectasian detrital zircon populations are characterized by mostly
positive eys values (-5.4 to +7.7, with the exception of only one more negative value at -14.1),
a range compatible with that seen in the Debdou-Mekkam area (ca. -5 to +5; Accotto et al.,
2020) and some Avalonian terranes (ca. -5 to +7; Henderson et al., 2018 and references
therein). These mostly positive data might indicate that the magmas in which the zircon
grains formed were generated from Late Paleoproterozoic-Mesoproterozoic crust. Based on
these similarities and assuming that the Debdou-Mekkam region was a fore-arc basin located
at the front of the Avalonian promontory (Accotto et al., 2020}, ‘ve ~an infer that the
Tournaisian sediments in the Tiflet area might have been c'epcsited in an analogous context
but in a more lateral position with respect to the fronta' nicmontory. Moreover, the Devonian
detrital zircon population in the Tiflet samples (ca. 3¢5 1.*a) is slightly older than in the EMM
(ca. 376 Ma), which might support an eastwar-i 1, *0vation of the Avalonian promontory, as

well as the accompanying magmatic arc, 'n !_ate Devonian times.

After the initial collisiz be*ween Gondwana and Avalonia (Late Tournaisian-
Early Visean; Accotto et al., 202(1), .= detrital zircon spectra in younger syn-orogenic
sediments are characterized b’ a mix of Gondwanan (WAC) and non-Gondwanan
(Avalonian-Grenvillian) sou-ces (Figure 9C). This is particularly noticeable in a couple of
samples from the Alborar Domain (Rif, Figure 1B) published by Azdimoussa et al. (2019),
and in the Visean samples from the Ben Slimane area (BES1 and SKH1). All these samples,
in fact, are characterized by a significant number of Mesoproterozoic dates. In particular, our
samples include almost 5% of Ectasian (ca. 1.2-1.35 Ga) ages and, moreover, an Early
Devonian (ca. 400 Ma) population that was not recorded in the Famennian sample (BES2).
When looking at the Hf isotope signature, the ens values of the Devonian and Ectasian detrital
zircon populations are very similar to those described in the Tiflet area. Therefore, we

conclude that these zircon grains might have been sourced from the erosion of the Avalonian



promontory already accreted to the northern Gondwana margin or its lateral continuation
offshore of the Atlantic Moroccan coast. In this regards, further south in the Oulad Dlim
Massif (SW Morocco), the existence of non-Gondwana-derived rocks with a Silurian-

Devonian (Caledonian) tectono-magmatic imprint (Bea et al., 2020; Gértner et al., 2013)

suggests that the Rheic Ocean suture might be located close to the Atlantic coastline.

In the Visean samples from the Sidi Bettache (ROM1, AOU1) and Oulmes
areas (OU1), the influence of Avalonian sources seems to be mnor as compared to the Ben
Slimane area. In this regard, dates between ca. 1.6-1.05 Ga ar : sc. rce and very scattered in
samples ROM1, AOU1 and OU1; combining the data of tl ase .hree samples (Figures 4B and
5), the Mesoproterozoic data represents ca. 6% of the da.>s, although the rather scattered
distribution precludes the individualization of any’ detrital zircon population of that age.
Therefore, the influence of the Avalonian pro..*antory in the Sidi Bettache and Oulmes areas
appears to be minor with respect to the Be:. Slimane, Tiflet, and Debdou-Mekkam areas,
probably due to the longer distance f~zm e exotic block. Furthermore, since these Visean
samples postdate the Eo-Variscar: cu!lision between the Avalonian promontory and
Gondwana, part of the Mesof.“ow-0zoic zircon grains might have been recycled from
previous syn-orogenic sedin 2nts of Tournaisian-Early Visean ages deposited in areas close to

the Avalonian terrane (i.e Tiflet area; Figure 9C).
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Figure 9: Evolutionary sketches showing the variation in detrital zircon sources in the
Moroccan Mesetas. (A) Cambrian-Late Devonian, (B) Tournaisian, and (C) Visean-

Kasimovian time.

The Late Carboniferous samples from the Jerada area (OUJ16, OUJ18, and
0OUJ19) are characterized by detrital zircon spectra similar to older samples (i.e. Ordovician)
from the Oujda EMM area (Accotto et al., 2019). Besides the Cryogenian-Ediacaran and
Paleoproterozoic detrital zircon populations, the Oujda and Jer7 da samples are characterized
by Stenian-Tonian dates clustered at ca. 0.95-0.97 Ga and ref 'ese ting 5-9% of the data. This
similarity might suggest that the sources, at least in the eac*ern part of the EMM, did not
change during the Ordovician-Carboniferous period. "t 1s therefore plausible that the
influence of the Avalonian promontory as a sourr~ or sediments only embraced the EMM to
the Debdou-Mekkam area, while eastwards. ti.» Oujda-Jerada region could have not received
this input and represents a stable part of th. aorthern Gondwana margin. Actually, the eastern
part of the EMM (Beni Snassen, Ouiz: and Jerada areas) was not deformed during the initial
collision between Avalonia and Gornd'wana (Accotto et al., 2020), and was principally fed by
(primary or recycled) WAC s2urc=s during all of the Paleozoic and, to a lesser extent, by NE-

African sources (e.g. Sarara ietacraton, Figure 8).

The Late Zarboniferous samples from the Jerada area are also characterized by
ca. 15% of the data clustered in a Middle Carboniferous (ca. 330 Ma) detrital zircon
population, with gys values ranging from -10 to +10, and Tnc from ca. 1.5 to 0.5 Ga. Variscan
granitoids of Middle Carboniferous age are known in the EMM (e.g. Tarilest, Tanncherfi, and
Merguechoum; El Hadi et al., 2006) and they probably represent the source of the detrital
zircon grains with this age found in our samples. The crustal thickening originated by the
collision between Avalonia and Gondwana (Accotto et al., 2020) probably induced an

increase in the temperature within the Gondwanan crust, which, in turn, gave way to several



middle Carboniferous igneous rocks, later exposed and partially eroded at Late Carboniferous

times.

6. CONCLUSIONS
1) The systematic dating and Hf-isotopic characterization of Late Devonian-
Late Carboniferous samples collected in several areas of the Moroccan Mesetas have allowed
us to identify the influence of an allochthonous Avalonian pro~:~nwry that approached and
collided with the northern margin of Gondwana at Late Tcurn isian-Early Visean time
(Accotto et al., 2020). This Avalonian terrane is repres2nie ™ by the Sehoul Block, though it

probably continues southwards offshore the Atlantic .oa.*line.

ii) Before Late Devonian time, _2diments in the Moroccan Variscides were
sourced from the West African Craton, wiu. a secondary and intermittent input from the

distant Sahara Metacraton.

iii) The approachn. and collision of the Avalonian promontory was recorded
in Tournaisian samples from the Tiflet (this study) and Debdou-Mekkam (EMM; Accotto et
al., 2020) areas, both ~he-acti.rized by a considerable number of Late Devonian (ca. 385-375
Ma) and Mesoproterozc:. (ca. 1.6-1.0 Ga) zircon grains. The influence of this exotic terrane
continued after its initial collision with Gondwana, delivering Devonian and Mesoproterozoic
detrital zircon grains during the Visean in the adjacent areas to the Sehoul Block or its lateral

prolongation offshore along the Moroccan Atlantic coastline.

iv) Among the Carboniferous samples analyzed, only those from the Ben

Slimane are characterized by Mesoproterozoic and Devonian detrital zircon ages, while the



samples from the Sidi Bettache, Oulmes, and Jerada areas did not recorded these dates or

contain only a few (probably recycled) Mesoproterozoic grains.

v) The Late Carboniferous Jerada samples are characterized by a noteworthy
Middle Carboniferous detrital zircon population sourced from syn-orogenic granites cropping
out in the EMM and attesting the Early Variscan thickening and subsequent thermal

maturation of the Gondwanan crust.
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asimovian LA-ICPMS 50/46
OUJI9 0020  30S 379641 587262 Sandstone  Md- Bashkirian-— oo s 130/120 106

Kasimovian



SIDI

BEN SLIMANE BETTACHE OULMES TIFLET JERADA
SERPUKHOVIAN
FAMENNIAN VISEAN VISEAN | FAMENNIAN  VISEAN | TOURNAISIAN
_BASHKIRIAN
ca. 330 Ma
CARBONIFEROUS
- - - - - - 14.8%
ca. 350-300 Ma
eni—4.8 1 +9.5
ca. 400 Ma ca. 385 Ma
DEVONIAN ] son ] ) ] 0.3% ]
ca. 420-360 Ma
€t 3.4/+6.7 Elf -10.6/+1.9
B ca. 510 Ma
CAMBRIAN- ca. 500 Ma
ORDOVICIAN - 7 8% - ; - - 4.0%
ca. 540-450 Ma enr—T.4 1 +6.1 ey —12.2/+10.9
o ca. 615 Ma ca. 615 Ma
CRYOGENIAN- ca. 615 Ma ca. 615 Ma ca620Ma | caobi"wa  ca 620 Ma
EDIACARAN 35206 40.1% 36.6%
62.8% ' 41.2% 54.5% 51.0%
ca. 700-540 Ma 6108/ +13.1 eni—37.7/+11.9 |  &y-30.1/+9.0
ca. 750 Ma
TONIAN- ca. 795 Ma ca "50Ma
CRYOGENIAN - . ; - - 3.4%
3.5% .
ca. 850-700 Ma 6-8.0/ +113 e —145/+11.3
¥, ca. 1005 Ma ca. 970 Ma
STENIAN- ca. 1000 Ma ca. 1010 Ma
TONIAN ; . ; - 8.0% 9.4%
18.0% 9.7%
ca. 1080-850 Ma 6269/ 45 i —14.1/+7.0 | ey —19.7/+12.2
R ca. 1355 Ma
CALYMMIAN- ca. 1200 M2
ECTASIAN ; 47 - ; - 4.9% -
ca. 1430-1200 Ma 6 03/478 enr—5.4 1 +7.7
ca. 1850 Ma
OROSIRIAN- ca. 1785 Ma ca. 1785 Ma
STATHERIAN - - ; - . 2.3%
5 704 6.2%
ca. 1950-1750 Ma 6, 00/4+80 | ew-17.0/+32
ca. 2100 Ma ca. 2075 Ma
RHYACIAN- ca. 2065 Ma ca. 2095 Ma ca. 2055 Ma | ca. 2050 Ma  ca. 2045 Ma
OROSIRIAN 14.8% 6.8% 18.7%
23.7% : 21.5% 10.4% 22.1%

ca. 2220-1950 Ma

ens—16.8/+9.9

et —17.6/ +5.0

enr—16.9/+5.9
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HIGHLIGHTS

o Robust detrital zircon ages for Late Paleozoic metasediments of the Moroccan Meseta
o The West African Craton was the main sediment source in the Moroccan Variscides

o Avalonia and Devonian arc provided additional detritus after Rheic ocean closure



