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ABSTRACT

The systematic acquisition of U-Pb geochronological data from detrital zircon grains has become an essential
tool in tectonic studies focused on reconstructing the pre-Variscan geography of the northern Gondwanan
passive margin. New detrital zircon ages for 16 samples from the Cambrian-Lower Devonian succession of the
Moroccan Mesetas (northern Morocco) are reported here. The results, combined with previously published data,
reassert the strong West African Craton affinity of the Paleozoic sedimentary rocks, characterized by dominant
Cadomian/Pan-African (c. 850-540 Ma) and Eburnean (c. 2.2-1.9 Ga) detrital zircon populations and a minor
Leonian/Liberian (c. 2.5 Ga) population. Primary sources of these zircon grains are well established as the West
African Craton located just to the south, but also in the Precambrian basement that locally crops out in the
Moroccan Mesetas themselves. During the Cambrian-Early Ordovician, erosion preferentially dismantled
Cadomian (c. 590-540 Ma) arc-derived rocks of the Gondwanan continental margin, while later, the slightly
older Pan-African (c. 650-600 Ma) basement became the main sediment source. In the studied samples, irreg-
ularly present minor detrital zircon populations suggest additional sediment provenance from secondary sources
such as: (i) remote northeastern African cratons (e.g, Saharan Metacraton and/or Arabian-Nubian Shield) that
likely could have provided the c. 1.1-0.9 Ga and, possibly, the c. 1.9-1.7 Ga zircon grains, and (ii) rift-related
Cambrian-Early Ordovician volcanic centers in the Moroccan Mesetas that supplied heterogeneously distributed
— although locally dominant in small areas — sedimentary detritus before rift abortion and burial underneath the
overlying passive margin sedimentary succession.

1. Introduction

superposed tectonics. In Europe, detrital zircon geochronology formed
the basis of a good number of studies (e.g., Braid et al., 2011; Eckelmann

The systematic U-Pb dating of detrital zircon grains is a powerful
tool that, in the last decades, has been widely applied in sediment
provenance studies and paleogeographic reconstructions (e.g., Fedo
et al., 2003; Gehrels, 2012). These studies have been fundamental in the
recognition of the terranes involved in pre-Alpine orogenies, whose
present—day field relationships are often complex and/or obliterated by
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et al., 2014; Fernandez-Suarez et al., 2014; Franke and Dulce, 2017;
Gutiérrez-Alonso et al., 2015; Linnemann et al., 2004; Nance et al.,
2008; Pereira et al., 2017; Pereira et al., 2012; Pérez-Caceres et al.,
2017; Shaw et al., 2014) and provided a better understanding of the late
Paleozoic Variscan belt. The Variscan orogen formed by the closure of
the Rheic Ocean and the subsequent collision between the Gondwanan
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and the Laurussian supercontinents, involving several minor peri-
-Gondwanan terranes (e.g., Franke et al., 2017; Matte, 2001; Simancas
et al., 2005).

The southward along—strike extension of the European Variscan belt,
partially obliterated by younger orogenic systems (e.g., Alpine Betic-Rif
belt, Fig. 1A), crops out in northern Morocco and western Mauritania. In
Morocco, the areas affected by the Variscan orogeny are collectively
referred to as the “Moroccan Variscides”, and have been mainly inves-
tigated from stratigraphic and tectonic points of view (e.g., El Hassani
et al., 2003; Hoepffner et al., 2006; Michard, 1976; Michard et al.,
2010b; Michard et al., 2010a; Michard et al., 1989; Pique, 1994; Piqué,
2001; Piqué, 1981; Piqué and Michard, 1989; Simancas et al., 2009;
Simancas et al., 2005; Tahiri, 1991; Villeneuve et al., 2010; Walliser
et al., 2000; Walliser et al., 1995). The use of detrital zircon geochro-
nological data has been recently incorporated into the study of this part
of the Variscan belt (Abati et al., 2010; Accotto et al., 2019; Accotto
et al., 2020; Accotto et al., 2021; Accotto et al., in press; Avigad et al.,
2012; El Houicha et al., 2018; Gartner et al., 2017; Gartner et al., 2018;
Ghienne et al., 2018; Letsch et al., 2018; Pérez-Caceres et al., 2017).
Nevertheless, most of these works are focused on very localized areas,
while most sectors remain unsampled. Furthermore, a regional-scale
correlation among samples, especially for lower-middle Paleozoic rocks,
is still missing.

The northern Moroccan Variscides are traditionally divided into
several domains (Fig. 1B) separated by fault zones, whose paleogeo-
graphic importance is still a matter of debate (e.g., Hoepffner et al.,
2006; Michard et al., 2010a; Michard et al., 2010b; Simancas et al.,
2009; Simancas et al., 2010). These domains are: the Caledonian Sehoul
Block, the Western Moroccan Meseta (WMM), subdivided into Coastal
Block, Central Zone and Nappe Zone (see Section 2.1), the Eastern
Moroccan Meseta (EMM; see Section 2.2), the Southern Zone, and the
Anti-Atlas foreland. With the exception of the Sehoul Block, all of the
domains of the northern Moroccan Variscides are considered to have
belonged to the northern Gondwanan passive margin during Cam-
brian-Early Devonian times. This is based on stratigraphic similarities
and the absence of ophiolite and/or high-pressure metamorphic belts
separating the different domains (e.g., Michard et al., 2010b; Simancas
et al., 2005). In this context, systematic geochronological detrital zircon
studies are an important tool to decipher putative differences between
the domains and shed light on the paleogeographic importance of their
tectonic boundaries, i.e., their influence on the source to sink detrital
sediment routing systems.

In this study, we collected 16 upper Cambrian-Lower Devonian
(meta)sandstone samples from different areas of the Moroccan Mesetas
(WMM and EMM,; Fig. 1) and carried out U-Pb geochronological ana-
lyses on detrital zircon grains in order to investigate the detrital sources
that controlled the sedimentation in this part of the northern Gond-
wanan passive margin. To do so, we have also considered previously
published data on other coeval samples of the region, as listed in Table 1.

2. Geological setting
2.1. The Western Moroccan Meseta

The igneous Paleoproterozoic-Ediacaran basement of the northern
Moroccan Variscides (Fig. 1) crops out locally in the WMM at El Jadida
(Coastal Block; El Haibi et al., 2020; El Houicha et al., 2018), Tiflet
(Central Zone; El Haibi et al., 2021; Tahiri et al., 2010), Rehamna
(Central Zone; Baudin et al., 2003; Pereira et al., 2015), and Goaida
areas (Nappe Zone; Ouabid et al., 2017). The unconformable Cam-
brian-Lower Devonian sedimentary succession is represented by silici-
clastic  passive  margin  deposits, locally intruded by
Cambrian-Ordovician magmatic rocks (Pouclet et al., 2018, and refer-
ences therein), and followed by a Devonian mainly carbonatic sequence.
Local differences are shown in Fig. 2 and described in the following
subsections. After Late Devonian time, the synorogenic succession
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mainly comprises siliciclastic turbiditic rocks with a few carbonatic in-
tercalations of early Carboniferous age. Unconformable late Carbon-
iferous-Permian sedimentary sequences deposited in continental basins
developed locally. The Paleozoic succession was intruded by upper
Carboniferous-Permian Variscan dykes and granitoids (e.g., El Hadi
et al., 2006a, and references therein; Kharbouch, 1994; Kharbouch et al.,
1985), and unconformably overlain by post-orogenic Triassic volca-
no-sedimentary rocks (Destombes, 1987).

The Paleozoic succession of the WMM was deformed by late
Carboniferous Variscan folding, coeval to low-— to very low-grade
metamorphism (Hoepffner et al., 2005; Michard et al., 2010b).

2.1.1. The Coastal Block

The Cambrian succession of the Coastal Block is characterized by
siliciclastic deposits locally intruded by basalts and andesites (e.g., Oued
Rhebar - c. 40 km SW of Rabat — and Sidi Said Maachou —c. 35 km E of E1
Jadida — volcanic centers; Pouclet et al., 2018, and references therein).
The siliciclastic succession records an increase of grain size from a
predominance of shales in the early-middle Cambrian (“Schistes a Par-
adoxides”) to mainly sandy sediments, which culminate in late Cambrian
with the deposition of a thick and continuous level of quartzitic micro-
conglomeratic sandstones and arkoses (“El Hank” Formation; Fig. 2;
Cailleux, 1994, and references therein; Destombe and Jeannette, 1966).
The base of the Ordovician is marked by a transgression. After a basal
level of conglomerates and greywackes, the succession is mainly char-
acterized by shales with an increase of sandy and microconglomeratic
layers deposited at middle-late Ordovician time (Destombe and Jean-
nette, 1966; Ouanaimi et al., 2016). The Silurian succession is very
similar in all of the Moroccan Mesetas and characterized by black shales
with graptolites (Destombe and Jeannette, 1966; Zahraoui, 1994, and
references therein). A particularity of the Coastal Block is the presence of
a few carbonatic layers, which are more common upwards and appear
interbedded with the shales. The deposition of shale continued during
the Early Devonian with an increase in carbonatic beds, indicating the
establishment of a carbonatic platform in this part of the Gondwanan
passive margin.

2.1.2. The Central Zone

No Cambrian rocks have been dated until now in the studied areas of
the Central Zone (Oued Akreuch, Ezzhiliga and Oulmes areas). The
Paleozoic succession (Fig. 2) started with the deposition of Ordovician
shales with sandy and/or conglomeratic intercalations, more common
during the Middle-Late Ordovician (e.g., El Hassani, 1991; Tahiri and El
Hassani, 1994). In the northwestern sector of this zone, close to the
Coastal Block (e.g., Oued Akreuch area), basaltic and gabbroic in-
tercalations are also common (El Hadi et al., 2014; El Hassani, 1991, and
references therein). The Silurian is represented by black shales with
graptolites and carbonatic beds, which are more common in late Silurian
time (El Hassani, 1991, and references therein). The Lower Devonian
deposition records the establishment of a carbonatic platform in the
western sectors (e.g., Oued Akreuch area), and more subsiding condi-
tions in the eastern sectors, which resulted in the prevalence of turbiditic
deposits (e.g., Ezzhiliga and Oulmes areas; Bhija et al., 1999; Razin et al.,
2001; Tahiri, 1991, and references therein).

2.1.3. The Nappe Zone

The Nappe Zone corresponds to the easternmost part of the WMM,
and is characterized by Variscan thrust tectonics (Michard et al., 2010b,
and references therein), particularly in the eastern part of the zone
(Azrou-Khenifra areas; Fig. 1C; Hoepffner et al., 2006).

To the southeast, the Khenifra nappe is made up of an upper Cam-
brian-Upper Ordovician succession of turbiditic shales, sandstones and
subordinate conglomerates, followed by the Silurian black shales with
graptolites and by Lower Devonian turbidites (Bouabdelli and Pique,
1996).

In the Azrou area, three para—autochthonous units, characterized by
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Fig. 1. Schematic geological maps of the Paleozoic inliers and structural domains in northern Morocco. A) Location of northern Morocco; IM. Iberian Massif; BR.
Betic-Rif Belt; M: Mauritanides. B) Northern Moroccan Variscides (modified from Hoepffner et al., 2006; Michard et al., 2010b). C) Detail of the northern Western
Moroccan Meseta (modified from Arboleya et al., 2004; Becker and El Hassani, 2020; Charriere, 1989). D) Detail of the Oujda-Zekkara area (modified from Muratet,
1995). 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. Stars indicate the location of the samples studied in this work (in red) and other

Cambrian-Lower Devonian samples already published (in blue; see references in the Figure legend).

Table 1
Previously published results used in this work.
Original sample code ~ Codes used Age References
in this work
COASTAL BLOCK
15DL12 15DL12 upper Cambrian Letsch et al.
(2018)
NF01 NFO1 Upper Ordovician Ghienne et al.
(2018)
NAPPE ZONE (KHENIFRA AREA)
15DL6 15DL6 upper Cambrian-Lower  Letsch et al.
Ordovician (2018)
NAPPE ZONE (AZROU AREA)
AZR2 AZR2 Upper Ordovician Accotto et al.

(2019)

AZRA4, AZR5, AZR6 AZR D Lower Devonian

NAPPE ZONE (SEFROU AREA)

SF1, SF2, SF3 Sefrou Lower-Upper Accotto et al.
Ordovician (in press)
NAPPE ZONE (TAZEKKA AREA)
TAZ2, TAZ3 TAZ_O-A Upper Ordovician Accotto et al.
(2019)
TeB1, TeB2, TeB3, TAZ_O-G Upper Ordovician Ghienne et al.
Tf1, Tf2, Tf3, Tf4, (2018)
Tf5, Tf6
TAZ5, TAZ6 TAZ_S Silurian Accotto et al.
(2019)
EASTERN MOROCCAN MESETA (OUJDA AREA)
0ouJ2, 0uJ3 Oujda Upper Ordovician Accotto et al.

(2019)

an Upper Ordovician-upper Carboniferous succession, are overlain by
an allochthonous nappe of Lower-Upper Devonian rocks (see sketched
structural relationships in Fig. 2; Bouabdelli et al., 1989). We only
collected samples from the basal section of the Eastern (Upper Ordovi-
cian-lower Carboniferous) and Central (Lower Devonian-Visean) par-
a—autochthonous units. The Eastern unit is characterized by Upper
Ordovician turbiditic microconglomeratic to shaly rocks, followed by a
monotonous succession of Silurian black shales. The increase of carbo-
natic layers interbedded with the shales marks the establishment of an
Early Devonian carbonatic platform (Bouabdelli, 1982). In contrast, the
corresponding Lower Devonian succession in the Central unit is char-
acterized by siliciclastic deposits, while the carbonatic sedimentation
started at Middle Devonian time (Walliser et al., 2000).

Towards the northeast, in the Sefrou and Tazekka areas, sedimen-
tation was characterized by shales and sandstones throughout the
Cambrian-Devonian period (Charriere, 1990, and references therein;
Hoepffner, 1987, and references therein). There is no evidence of car-
bonatic sedimentation during the Silurian, although in the Sefrou area,
the stratigraphic sequence is incomplete (Charriere, 1990). In the
Imouzzer area, a few kilometers SW of Sefrou, Middle-Upper Devonian
carbonatic olistoliths were observed (Charriere, 1990).

2.2. The Eastern Moroccan Meseta

The Paleozoic rocks of the EMM (Fig. 1B, D) crop out in relatively
small inliers below the Mesozoic-Cenozoic cover. The lower Paleozoic
succession is a monotonous succession of shales, sandstones, and grey-
wackes (Fig. 2), attributed to the Cambrian-Ordovician (Desteucq and

Fournier-Vinas, 1981; Hoepffner, 1989; Hoepffner, 1977; Rauscher
et al., 1982), and overlain by Silurian black shales. The Lower Devonian
is composed of siliciclastic sediments (mainly shales with a few sandy
lenses that become more common during the Middle-Late Devonian and
Tournaisian), representing a a deepening of the depositional environ-
ment, in contrast with the coeval carbonatic platform that characterized
most of the WMM. An upper Visean-Kasimovian succession uncon-
formably overlies the Famennian-Tournaisian rocks (Meédioni, 1979,
and references therein); this second synorogenic succession is consti-
tuted by upper Visean volcano-sedimentary layers followed by silici-
clastic turbidites and continental (limnic facies) sediments (e.g., Jerada
area; Berkhli et al., 1999).

Variscan metamorphism in the EMM is generally of low- to very
low-grade (except in the Midelt and northern Tamlet areas; Hoepffner,
1989) and deformation is variable: in some areas, the Paleozoic suc-
cession recorded both Eovariscan (intense recumbent folding) and
Variscan (upright folding) deformational events (e.g., Debdou-Mekkam
areas; Accotto et al., 2020), while others were only affected by the
Variscan tectonic phase (e.g., Jerada, Oujda, Beni Snassen areas;
Fig. 1B). The EMM was also intruded by upper Carboniferous-Permian
granitoids (El Hadi et al., 2006a, and references therein).

3. Samples and methods

We collected 16 sandstone samples in different areas of the Western
and Eastern Moroccan Mesetas (Fig. 1C and D). The location of the
samples and other details are synthetized in Table 2. Age assignement
(Fig. 2 and Table 2) is based on the geological data available in the
sampling sites (local biostragraphic studies and/or geological maps; see
specific references for each sample in Section 4).

Most of the samples are quartzites or quartzitic sandstones, with
90-99% of quartz grains of variable size: c. 0.05 mm in samples AKR1,
EZ2, and AZR10, c. 0.1-0.3 mm in samples AKR1, AKR2, EZ1, EZ6,
AZR10, and AZR1, and c. 0.4-1.0 mm in samples EZ4, EZ5, AZR10, and
AZR7. The quartz grains are usually sub-rounded and muscovite and/or
oxides can be observed in fractures or interstitial positions. Samples EZ7,
OU5, and AZR11 are sandstones with abundant sub-rounded quartz
grains (diameters varying between c. 0.05 and c¢. 0.25 mm) and abun-
dant phyllosilicates and oxides. Finally, samples MAN 1, OUJ5, and
OUJ6 are greywackes characterized by a fine-grained matrix, embed-
ding c. 0.3-1.0 mm quartz grains, oxides, and phyllosilicates, as well as
shale, sandstone, plagioclase, and volcanic fragments.

3.1. U-Pb analyses

Each sample consisted of c. 4-5 kg of rock, which was mechanically
smashed with a jaw-crusher and sorted by sieving in the laboratories of
the University of Granada (Spain). Zircon grains were separated from
the 0.3-0.05 mm fraction using magnetic separation and, finally,
handpicking. The grains were then mounted in epoxy discs, polished,
cleaned, gold—-coated, and imaged by cathodoluminescence (CL) using a
Mira3 Field Emission SEM instrument at the John the Laeter Centre
(JALC) of the Curtin University (Perth, Australia) and a Carl Zeiss SIGMA
HD VP Field Emission SEM at the School of GeoSciences of the Univer-
sity of Edinburgh (United Kingdom). A selection of CL images for each
sample is presented in Appendix A, together with a brief description of
the detrital zircon grains in each sample.

The U-Th-Pb analysis of most of the detrital zircon grains was
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Fig. 2. Schematic stratigraphic columns of the middle Cambrian-Lower Devonian successions of the northern Moroccan Variscides cropping out in the studied areas
(Bouabdelli et al., 1989; Cailleux, 1994; Charriere, 1990; Choubert et al., 1978; El Hassani, 1991; Hoepffner, 1989; Horon, 1952; Marhoumi et al., 1989; Razin et al.,
2001; Tahiri, 1991; Tahiri, 1994; Vidal and Hoepffner, 1979). Stars indicate the approximate location of the studied samples (in red) and other samples already

published (in blue; see references in the Figure legend). Not to scale.

performed at the JALC GeoHistory Facility (Curtin University, Perth,
Australia) using laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS; Table 2). Nevertheless, because of the great vari-
ability of grain size in a few samples, sensitive high-resolution ion
microprobe (SHRIMP) and secondary ion mass spectrometry (SIMS)
techniques were performed (Table 2), at the JALC and the University of
Edinburgh, respectively. These analytical methods, standard zircons,
and references to the methodologies are explained in Appendix B and
the results can be found in Appendix C.

LA-ICPMS, SHRIMP, and SIMS results were then combined to yield a
sufficient number of data for statistical analysis (Vermeesch, 2004).
Discordance levels were calculated following Spencer et al. (2016) (see
Appendix B), and data with levels exceeding +10% were discarded.

The statistical analyses were performed on 2°°Pb/2%8U dates for ages
younger than 1.5 Ga and 2°Pb/2°Pb dates for older grains (Spencer
et al.,, 2016). Kernel Density Estimators (KDE) and histograms were
prepared using the DensityPlotter 8.4 software (Vermeesch, 2012) and
applying a KDE bandwidth and a histogram bin width of 30 Ma in graphs
including all the data, or 5 Ma in diagrams showing only data in a
limited time span (Figs. 3 and 4). Each detrital zircon population was
defined by choosing age intervals that were statistically (i.e., peaks in the
KDE diagrams) and geologically (i.e., ages of the main geological events;
see legend in Fig. 1 and section 5 for discussion) meaningful. The mean
ages of the populations were calculated using the mixture-modelling
tool in DensityPlotter 8.4. All the errors are expressed at 1o level. The

youngest detrital zircon populations were calculated using the Isoplot
software (Ludwig, 2003) taking into account the youngest cluster of at
least 4 grains with overlapping 26 uncertainties (Dickinson and Gehrels,
2009).

3.2. Hf isotopes analyses

Due to the peculiar U-Pb results obtained in sample AZR10 (see
Section 4), Hf analyses were performed on the detrital zircon grains of
this sample with concordant U-Pb results and sizes > 50 um. These
analyses were performed at the GeoHistory Facility, JALC (Curtin Uni-
versity, Perth, Australia) using a Resonetics resolution M—50A excimer
laser, coupled to a Nu Plasma II multi—collector inductively coupled
plasma mass spectrometer (LA-MC-ICPMS). The detailed analytical
methods, reference materials, data reduction, and references to the
methodology are described in Appendix B. Full results are listed in Ap-
pendix D. Statistical analysis was performed using an Excel® worksheet
and errors are expressed at 2¢ level.

4. Results
4.1. El Mansouria area (Coastal Block, WMM)

One hundred and nineteen zircon grains from a lower Ordovician
(Destombe, 1987) sample (MAN1) were analyzed by LA-ICPMS,



C. Accotto et al.

Table 2

Precambrian Research 365 (2021) 106366

List and details of the studied samples. (*) total number of analyses performed vs concordant results (in bold).

Sample IGSN (IEACC) Location (UTM, WGS84) Lithology Stratigraphic age U-Pb geochronology
Zone X (mE) Y (m N) Method Analyses (*)
COASTAL BLOCK (EL MANSOURIA AREA)
MAN1 0040 298 658014 3735681 Greywacke Early Ordovician LA-ICPMS 120/109
OUED AKREUCH AREA
AKR1 0038 29S 704231 3757672 Quartzitic sandstone Middle Ordovician LA-ICPMS 150/124
AKR2 0039 29S8 704321 3757780 Quartzitic sandstone Early Ordovician LA-ICPMS 150/130
EZZHILIGA AREA
EZ1 0032 29S8 733796 3682713 Quartzitic sandstone Late Ordovician LA-ICPMS 42/30
SHRIMP 50/36
EZ2 0033 298 733776 3682624 Quartzitic sandstone Late Ordovician LA-ICPMS 75/68
EZ4 0034 29S8 737693 3682341 Quartzitic sandstone Middle-Late Ordovician LA-ICPMS 165/156
EZ5 0035 29S8 737554 3682849 Quartzitic sandstone Late Ordovician LA-ICPMS 180/167
EZ6 0036 29S8 739164 3684150 Quartzitic sandstone Late Ordovician LA-ICPMS 150/135
EZ7 0037 29 735286 3683869 Quartzitic sandstone Early Devonian LA-ICPMS 99/86
SIMS 40/35
OULMES AREA
ou5 0031 298 777396 3715910 Sandstone Early Devonian LA-ICPMS 150/135
KHENIFRA AREA
AZR10 0029 308 233758 3633628 Quartzitic sandstone Early-Middle Ordovician LA-ICPMS 120/97
AZR11 0030 308 252046 3643326 Sandstone Cambrian-Ordovician LA-ICPMS 78/67
SIMS 47/44
AZROU AREA
AZR1 0023 308 295882 3705386 Quartzitic sandstone Late Ordovician LA-ICPMS 100/90
SIMS 31/31
AZR7 0028 30s 271772 3695342 Quartzitic sandstone Early Devonian LA-ICPMS 168/146
ZEKKARA AREA
ouJs 0021 308 574362 3821747 Greywacke Cambrian-Ordovician LA-ICPMS 145/143
ouJé6 0022 308 574362 3821747 Greywacke Cambrian-Ordovician LA-ICPMS 150/144

yielding 120 ages, 109 of which were concordant (Fig. 3A). The main
detrital zircon age populations obtained in this sample are:

e Cambrian-Ordovician (c. 537-450 Ma, n = 40, 36.7% of the data)
with a Cambrian mean age (506.6 + 0.7 Ma) and peaks at c. 460, 505
(main peak) and 530 Ma.

e Cryogenian-Ediacaran (c. 660-551 Ma, n = 50, 45.9% of the data)
with a late Ediacaran mean age (596.5 + 0.8 Ma) and peaks at c. 575,
580 (main peak), 600, 630, and 660 Ma.

e Rhyacian-Orosirian (c. 2096-2010 Ma, n = 12, 11% of the data) with
an early Orosirian mean age (2048.7 £+ 5.0 Ma).

Scattered grains yielded middle Orosirian (n = 2, ¢. 1940 Ma) and
Neoarchean—early Rhyacian (n = 5, c¢. 2720-2260 Ma) ages. The
youngest detrital zircon population of this sample comprises 28 dates
and yielded a middle Cambrian age (505.8 + 0.9 Ma, MSWD = 0.95).

4.2. Oued Akreuch area (Central Zone, WMM)

Almost 150 LA-ICPMS analyses were carried out on detrital zircon
grains from each Ordovician (El Hassani, 1991) sample from Oued
Akreuch (143 grains in AKR1 and 149 grains in AKR2), yielding 124 and
130 concordant results, respectively (Table 2). The age distribution is
statistically identical in both samples, and the results have been com-
bined in Fig. 3B. The main detrital zircon age populations are as follows:

e Late Tonian-Ediacaran (c. 856-543 Ma, n = 125, 49.2% of the data)
with a late Cryogenian (639.2 + 0.4 Ma) mean age. Main peaks
appear at c. 600, 635 and 650 Ma. Secondary peaks are at c. 550, 620,
and 670 Ma, while dates between c. 856 and c. 706 Ma appear more
scattered.

e Stenian-early Tonian (c. 1119-891 Ma, n = 22, 8.7% of the data)
with an early Tonian mean age (974.3 &+ 1.4 Ma).

e Orosirian-Statherian (c. 1929-1766 Ma, n = 19, 7.5% of the data)
with a late Orosirian mean age (1836.0 + 3.7 Ma).

e Rhyacian-Orosirian (c. 2188-1941 Ma, n = 53, 20.8% of the data)
clustered in two peaks with Rhyacian (2143.5 + 3.4 Ma) and early
Orosirian (2018.1 + 3.2 Ma) ages.

e Neoarchean-Siderian (c. 2770-2404 Ma, n = 19, 7.5% of the data)
with a late Neoarchean mean age (2587.2 + 2.9 Ma).

Scattered grains yielded Cambrian (c. 525-487 Ma, n = 2), Sta-
therian-Ectasian (c. 1707-1200 Ma, n = 6), Rhyacian (c. 2366-2225
Ma, n = 7), and Paleoarchean (c. 3437 Ma, n = 1) ages. The youngest
detrital zircon population of the two samples is late Ediacaran (549.6 +
2.1 Ma, MSWD = 0.59) and comprises 5 dates.

4.3. Ezzhiliga area (Central Zone, WMM)

In this area, five Middle-Upper Ordovician samples and one Lower
Devonian (Razin et al., 2001) sample were collected (Fig. 3C and D). Six
hundred and sixty—two LA-ICPMS and SHRIMP analyses were carried
out on a total of 628 zircon grains from the five Ordovician samples. Of
these, 592 yielded concordant dates. All the Ordovician samples show
statistically identical results and, accordingly, they have been plotted
together (Fig. 3C). The following detrital zircon age populations have
been found:

e Cambrian—Ordovician (c¢. 539-476 Ma, n = 16, 2.7% of the data)
with a Cambrian mean age (519.9 + 1.3 Ma) and a peak at c. 535 Ma.

o Late Tonian-Ediacaran (c. 853-541 Ma, n = 332, 56.1% of the data)
with an Ediacaran mean age (627.0 &+ 0.3 Ma) and a main peak at c.
620 Ma. Second-order peaks appear at c. 560, 590, 630, and 650 Ma,
while data between c. 853 and c. 694 Ma are more scarce and
scattered.
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DETRITAL ZIRCON POPULATIONS (Figures 3 and 4):

[ | Cambrian-Ordovician (540-450 Ma)
[ Cryogenian-Ediacaran (700-540 Ma)
|| Stenian-Tonian (1080-850 Ma)

[ | Orosirian-Statherian (1950-1750 Ma)
[ | Rhyacian-Orosirian (2220-1950 Ma)
|| Neoarchean-Siderian (2750-2350 Ma)

Age acromyms (Figures 3 and 4): Or. Ordovician
Cm: Cambrian
Ed.: Ediacaran
Cry: Cryogenian
To: Tonian

Fig. 3. KDE (black lines) and histograms (grey bars) showing the U-Pb results in the 0-3600 Ma and 440-870 Ma (in the blue boxes) intervals. (A) El Mansouria area
(Coastal Block, WMM); (B) Oued Akreuch area (Central Zone, WMM); Ordvician (C) and Devonian (D) samples from Ezzhiliga area (Central Zone, WMM); (E) Oulmes
area (Central Zone, WMM). Color bars indicate the most common detrital zircon populations recognized in all the samples.

e A very minor Stenian-Tonian population (c. 1049-875 Ma, n = 11,
1.9% of the data), mainly concentrated in samples EZ1, EZ5, and
EZ6. The mean age is early Tonian (991.7 £ 2.3 Ma).

e Orosirian-Statherian (c. 1902-1716 Ma, n = 21, 3.5% of the data)
with an early Statherian mean age (1815.8 + 3.5 Ma).

e Rhyacian-Orosirian (c. 2210-1926 Ma, n = 150, 25.3% of the data)
with a late Rhyacian mean age (2069.3 + 1.1 Ma).

o Siderian—early Rhyacian (c. 2478-2291 Ma, n = 27, 4.6%) with a
Siderian mean age (2411.7 + 2.7 Ma).

Scattered grains in the Ordovician samples yielded Calymmian—-
Stenian (c. 1584-1195 Ma, n = 14) and Archean (c. 3608-2514 Ma, n =
21) ages. The youngest detrital zircon population of the combined group
of Ordovician samples is early Cambrian (534.4 + 1.9 Ma, MSWD =
0.43) and includes 9 dates.
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Fig. 4. KDE (black lines) and histograms (grey bars) showing the U-Pb and Hf (red dots) results in the 0-3600 Ma and 440-870 Ma (in the blue boxes) intervals. (A-
B) Khenifra area (Nappe Zone, WMM); (C) eHf versus age plot in the Khenifra area [CHUR: Chondritic Uniform Reservoir (lizuka et al., 2015); DM: depleted mantle
(Chauvel et al., 2008)1; Ordvician (D) and Devonian (E) samples from Azrou area (Nappe Zone, WMM); (F) Zekkara area (EMM). Color bars indicate the most
common detrital zircon populations recognized in all the samples. Legend as in Fig. 3.

One hundred and thirty-six detrital zircon grains from the Devonian
(Razin et al., 2001) sample EZ7 were analyzed using LA-ICPMS (99
grains) and SIMS (37 grains) techniques. These analyses yielded a total
of 121 concordant results (Table 2 and Fig. 3D), clustered at the
following ages:

e Late Tonian-Ediacaran (c. 845-553 Ma, n = 40, 33.1% of the data)
with a Cryogenian mean age (660.1 £+ 0.6 Ma) and multiple peaks at
c. 610, 630, 645, 665, 695, 725, and 795 Ma.

e Stenian-Tonian (c. 1133-858 Ma, n = 33, 27.3% of the data) with a
late Stenian mean age (1017.6 + 1.0 Ma) and a main peak centered at
c. 1050 Ma.
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e Orosirian-Statherian (c. 1925-1740 Ma, n = 15, 12.4% of the data)
clustered in two peaks at 1749.2 + 8.9 Ma and 1901.9 + 3.0 Ma
(main peak).

e Rhyacian-Orosirian (c. 2117-1947 Ma, n = 17, 14% of the data) with
alate Rhyacian mean age (2067.3 + 1.8) and a main peak centered at
c. 1995 Ma.

e Neoarchean (c. 2774-2600 Ma, n = 8, 6.6% of the data) with a mean
age of 2662.2 + 2.3 Ma.

Scattered data yielded Cambrian (c. 526-451 Ma, n = 2), Calym-
mian-Stenian (c. 1424-1222 Ma, n = 3), Siderian (c. 2467-2325 Ma, n
= 2), and Mesoarchean (c. 2986 Ma, n = 1) ages. The youngest detrital
zircon population in this sample includes 4 dates and yielded an Edia-
caran age (604.5 + 1.8 Ma, MSWD = 1.52).

4.4. Oulmes area (Central Zone, WMM)

From the Lower Devonian (Kaiser et al., 2007) sample OU5, 148
detrital zircon grains were separated and 150 analyses were carried out,
135 of which yielded concordant results (Fig. 3E). The main detrital
zircon age populations recognized in this sample are as follows:

e Late Tonian-Ediacaran (c. 862-552 Ma, n = 74, 54.8% of the data)
with an early Ediacaran mean age (627.0 + 0.3 Ma). This population
is characterized by a main peak at c. 635 Ma and second order peaks
at c. 565, 590, 610, 660, and 675 Ma; data between c. 862 and c. 692
Ma show a more scattered pattern.

e Stenian-Tonian (c. 1101-922 Ma, n = 9, 6.7% of the data) with a late
Stenian mean age (1006.2 + 2.1 Ma).

o A few Orosirian—Statherian dates (c. 1883-1824 Ma, n = 4, 3% of the
data) peaked at 1852.1 + 5.5 Ma (Late Orosirian).

e Rhyacian-Orosirian dates (c. 2198-1984 Ma, n = 25, 18.5% of the
data) characterized by a Rhyacian mean age (2107.6 + 2.0 Ma).

Scattered grains yielded Cambrian (c. 510 Ma, n = 1), Statherian—
Stenian (c. 1711-1163 Ma, n = 9), Orosirian (c. 1922 Ma, n = 1), and
Mesoarchean-Rhyacian (c. 2810-2236 Ma, n = 12) ages. The youngest
detrital zircon population in this sample includes 6 dates that define a
Late Ediacaran age (562.9 + 1.5 Ma, MSWD = 0.75).

4.5. Khenifra area (Nappe Zone, WMM)

From the Cambrian-Ordovician (Verset, 1985) sample (AZR11)
collected in this area, only 78 detrital zircon grains could be analyzed
with LA-ICPMS, yielding 67 concordant results. Other 47 grains, smaller
in size, were analyzed with SIMS, having obtained 44 concordant results
(Table 2). Combining all the concordant data (Fig. 4A), the following
detrital zircon age populations have been recognized:

e Late Tonian-Ediacaran (c. 797-550 Ma, n = 60, 54.1% of the data)
with a late Ediacaran mean age (630.9 + 0.4 Ma). Multiple peaks are
distributed along the c. 550-690 age interval, and several scattered
data are older than c. 728 Ma.

e Orosirian-Statherian dates (c. 1827-1761 Ma, n = 6, 5.4% of the
data) peaked at 1777.5 + 4.9 Ma (Late Orosirian).

e Rhyacian-Orosirian (c. 2199-1907 Ma, n = 26, 23.4% of the data)
with a late Rhyacian mean age (2057.2 + 1.5 Ma).

Scattered data yielded Cambrian-Late Ordovician (c. 528-483 Ma, n
= 2), late Statherian-late Tonian (c. 1624-905 Ma, n = 12, partially
clustered at 1358.5 + 2.6 Ma), and Mesoarchean-late Siderian (c.
2864-2371 Ma, n = 5) ages. The youngest detrital zircon population in
this sample is Late Ediacaran in age (551.6 + 1.6 Ma, MSWD = 0.09) and
comprises 4 dates.

One hundred and twenty zircon grains from the Ordovician (Verset,
1985) sample (AZR10) were separated and analyzed, yielding 97
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concordant U-Pb ages. With the exception of two Silurian-Lower
Devonian (c. 434-412 Ma) and two Cryogenian-early Ediacaran (c.
669-622 Ma) scattered grains, all the data are clustered in a late
Cambrian peak (531.5 + 0.3 Ma; Fig. 4B). More careful observation of
the detrital zircon spectrum shows the following age distribution:

e Among the Cambrian-Ordovician dates (c. 541-448 Ma, n = 66, 68%
of the data), 50 of them are peaked at c. 524 Ma, while the other 16
are clustered around c. 479 Ma. The ey values associated with these
ages are mainly positive and clustered between ey c. + 5 and + 11
(Fig. 4C), with only a few sub-CHUR values (down to -5.6).

e The Ediacaran dates (c. 593-541 Ma, n = 29, 29.9% of the data) peak
at 569.2 + 0.6 Ma. The corresponding ey values are clustered be-
tween c. 0 and + 5, with a few negative values (down to c. -25).

Excluding two Silurian-Lower Devonian zircon grains (which are
considered insignificant for the statistical analysis and the geological
interpretation), the youngest detrital zircon population of this sample
includes 4 dates that define an Early Ordovician age (472.3 &+ 1.6 Ma,
MSWD = 0.876).

4.6. Azrou area (Nappe Zone, WMM)

One hundred and thirty detrital zircon grains were separated from
Ordovician (Bouabdelli et al., 1989) sample AZR1. One hundred of these
grains were analyzed by LA-ICPMS; due to the small size of some of the
zircons in this sample, 31 SIMS analyses were additionally performed in
the 30 remaining grains. In total, we obtained 121 concordant results
(90 LA-ICPMS and 31 SIMS), shown in Fig. 4D. The main detrital zircon
age populations are as follows:

e Late Tonian-Ediacaran (c. 828-541 Ma, n = 63, 52.1% of the data),
with a mean age of 631.3 + 0.5 Ma (early Ediacaran) and peaks
distributed along the c¢. 665-540 Ma interval, as well as scattered
dates older than c. 680 Ma.

e Orosirian-Statherian (c. 1883-1765 Ma, n = 6, 5% of the data),
peaked at 1854.1 + 9.9 Ma (late Orosirian).

e Rhyacian-Orosirian (c. 2195-1973 Ma, n = 28, 23.1% of the data)
with an Orosirian mean age (2081.4 + 2.5 Ma).

Scattered grains yielded Cambrian-Early Devonian (c. 538-415 Ma,
n = 2), Statherian-Stenian (c. 1745-1067 Ma, n = 8, partially clustered
around 1371.6 + 3.2 Ma), and Archean-Siderian (c. 3335-2302 Ma, n =
13) ages. The youngest detrital zircon population in this sample is late
Ediacaran (542.4 4+ 1.8 Ma, MSWD = 1.15) and includes 4 dates.

From the Devonian (Bouabdelli et al., 1989) sample AZR7, we
analyzed 153 zircon grains, yielding 168 analyses, 146 of which were
concordant (Fig. 4E). These data can be grouped into 3 detrital zircon
age populations:

e Cryogenian-Ediacaran (c. 692-546 Ma, n = 82, 56.2% of the data)
with an Ediacaran mean age (617.6 + 0.3 Ma). These dates are
clustered at c¢. 625 Ma (main peak), 550, 590, 610, and 655 Ma
(secondary peaks).

e Orosirian-Statherian (c. 1911-1851 Ma, n = 5, 3.4% of the data)
peaked at 1877.4 + 5.6 Ma (Late Orosirian).

e Rhyacian-Orosirian (c. 2243-1955 Ma, n = 32, 21.9% of the data)
with a mean age of 2086.7 + 0.7 Ma (Late Rhyacian).

One zircon grain has a Cambrian date (c. 497 Ma), while scattered
data yielded late Orosirian-late Tonian (c. 1814-795 Ma, n = 16) and
Mesoarchean-Rhyacian (c. 3064-2296 Ma, n = 10) dates. The youngest
detrital zircon population is late Ediacaran (554.2 + 1.5 Ma, MSWD =
1.66, n = 4).
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4.7. Zekkara area (EMM)
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Nevertheless, in a few cases, the delay between MAD and TAD is reduced
to just a few tens of millions of years (e.g., sample MAN1, Coastal Block)
or even less (sample AZR10, Khenifra area, and samples OUJ5 and
0UJ6, Zekkara area), suggesting some magmatic activity in the region at
Cambrian-Ordovician time, although its relevance, as discussed in sec-
tion 5.4.1, was probably minor and local.

5.2. Main sediment source: West African Craton affinity

Provenance studies supported by statistical analysis of detrital zircon
age distribution are based on the comparison among age spectra of
detrital samples and those of potential source areas (e.g., Fedo et al.,
2003, and references therein). In the case of the Moroccan Variscides,
the typical age spectrum of the West African Craton (WAC; Fig. 5) ac-
cords quite well with the patterns found in Ediacaran to Carboniferous
metasedimentary rocks (e.g., Abati et al., 2010; Accotto et al., 2019;
Accotto et al., 2020; Accotto et al., 2021; Accotto et al., in press; Avigad
et al., 2012; El Houicha et al., 2018; Ghienne et al., 2018; Letsch et al.,
2018). This source area (WAC) 1is characterized by late
Tonian-Ediacaran (c. 750-540 Ma) and Rhyacian-Orosirian (c.
2.2-1.95 Ga) ages (Fig. 5), which are related to the Cadomian/Pan-
—African and Eburnean orogenies, respectively (Nance et al., 2008, and
references therein). Furthermore, Neoarchean-Paleoproterozoic ages (c.
2.5 Ga) are also common in the WAC and have been generally associated
with the Leonian-Liberian orogenies (Hurley et al., 1971; Nance et al.,
2008, and references therein). On the contrary, Mesoproterozoic
magmatic sources are common in Baltica, Laurentia, Avalonia,
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Amazonia and other Grenvillian terranes (Ernst et al., 2008), but absent
in the WAC and the Tuareg Shield.

Fig. 6 shows a comparison between all the detrital zircon age spectra
from lower Cambrian-Lower Devonian detrital metasedimentary rocks
described in this work and in previous studies carried out in the
Moroccan Mesetas (Accotto et al., 2019; Accotto et al., in press; Ghienne
et al., 2018; Letsch et al., 2018). This comparison clearly demonstrates
that the main detrital zircon populations in all of the samples are
consistent with those that characterize the WAC, supporting a WAC af-
finity for the studied rocks. The general lack of Mesoproterozoic detrital
zircon grains can also be taken as evidence of WAC and/or Tuareg Shield
provenance. Furthermore, our new data are also consistent with the
detrital zircon spectra from other Neoproterozoic-Lower Paleozoic
rocks from the High Atlas and Anti-Atlas (Abati et al., 2010; Avigad
et al., 2012; Perez et al., 2019), unanimously supporting the common
interpretation that the WAC was the main source region for the sedi-
ments deposited in this part of the northern passive margin of
Gondwana.

The (meta)igneous rocks that constitute the Precambrian basement
of the Moroccan Mesetas (Fig. 1) could have also been the source of
detrital zircon grains found in the overlying Paleozoic sedimentary
succession. Though very small and scarce, some outcrops have revealed
the existence of Eburnean (Pereira et al., 2015) and Cadomian (El Haibi
et al., 2020; El Haibi et al., 2021; El Houicha et al., 2018; Letsch et al.,
2018; Ouabid et al., 2017; Tahiri et al., 2010) basement in the Western
Meseta. This basement might have been exposed and prone to erosion
during the earliest Paleozoic rifting, prior to be covered by the passive
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margin sediments. In particular, two metarhyolites from the Khenifra
area yielded protholith ages of c. 564 Ma and c. 570 Ma (Letsch et al.,
2018), in agreement with the c. 570 Ma detrital zircon population found
in the nearby Cambrian-Ordovician samples AZR10 and AZR11 re-
ported here (Fig. 4A and B).

5.3. Discriminating between Pan-African and Cadomian sources

The late Tonian-Ediacaran detrital zircon population is related to
both the Cadomian (590-545 Ma; Linnemann et al., 2008, and refer-
ences therein) and Pan-African (760-555 Ma; Hefferan et al., 2014, and
references therein) orogenies, which partially overlap in time and space.
The Pan-African orogeny is commonly considered responsible for the
subduction- and collision-related tectonic events that assembled
northern Africa during the Neoproterozoic, while the Cadomian orogeny
refers to the Andean-type tectonic setting that was active along the
northern Gondwana margin during Ediacaran time. In the detailed KDE
plots shown in Fig. 6B, it can be observed that the highest peaks of the
Late Tonian-Ediacaran population (green background) in the Lower
Ordovician samples (AZR11, MAN1, OUJ5 and OUJ6, and AZR10)
appear at c. 590 and c. 555 Ma, i.e., the period of time when the two
orogenies overlapped. In contrast, in the Middle Ordovician-Lower
Devonian samples, despite the presence of second—- and/or third-order
peaks at 590-555 Ma, the highest peaks are slightly older (c. 650-600
Ma). Accordingly, we suggest that during the early Paleozoic (Cambrian
to Early Ordovician), the Moroccan Meseta sediments were sourced
from both Cadomian and Pan-African rocks, i.e., from the neighboring
and recently active subduction-related continental margin. Later, from
Middle Ordovician time onwards, continued subsidence at the
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continental now passive margin led to the burial of the remaining
Cadomian magmatic arc, displacing the main sediment source to inland
and more stable areas of the WAC, where Pan-African older rocks
cropped out.

5.4. Minor detrital zircon populations and secondary sediment sources

5.4.1. Cambrian—Ordovician magmatism

Despite the predominance of Paleozoic sediments with WAC affinity
in the Moroccan Mesetas, the occurrence of minor detrital zircon pop-
ulations suggests the influence of additional secondary incomes from
other terranes and/or local magmatic sources.

In this regard, the presence and distribution of a Cam-
brian-Ordovician (c. 525-480 Ma) detrital zircon population in the
Moroccan Mesetas deserves some consideration. All of the available
tectonic reconstructions consider that a Cambrian-Ordovician rifting
episode followed the cessation of the Cadomian subduction, giving way
to a new Wilson cycle during which the Rheic Ocean developed (Fig. 5; e.
g., Cambeses et al., 2017; Nance et al., 2012; Nance et al., 2010). This
rifting episode is well recognized in the Variscan massifs of central and
southern Europe, where it is characterized by thick Cam-
brian—Ordovician sedimentary successions accompanied by rift-related
magmatic rocks (e.g, Alvaro et al., 2018, and references therein; Lin-
nemann et al., 2007, and references therein; Montero et al., 2009;
Sanchez-Garcia et al., 2003; Sanchez-Garcia et al., 2019). Detrital zircon
grains of Cambrian-Ordovician age are also relatively common in the
lower-middle Paleozoic (meta)sedimentary rocks of these regions (e.g,
Bahlburg et al., 2010; Drost et al., 2011; Kosler et al., 2014; Lin et al.,
2019, 2016; Linnemann et al., 2008; Pastor-Galan et al., 2013b; Pereira
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etal., 2012; Shaw et al., 2014; Strnad and Mihaljevic, 2005; Szczepanski
et al., 2020; Talavera et al., 2012; Zak and Slama, 2018).

In northern Morocco, Cambrian-Ordovician rifting seems to have
aborted before reaching the oceanic phase (Bernardin et al., 1988; Ouali
et al., 2003; Piqué, 2003; Piqué, 1979; Piqué et al., 1995; Piqué and
Michard, 1989). The paleogeographic reconstructions of this rift extend
it from the western part of the Anti-Atlas to the northern part of the
Coastal Block with a broadly NNE-SSW trend (Fig. 7; e.g., Alvaro et al.,
2014; Bernardin et al., 1988; Ezzouhairi et al., 2008; Ouali et al., 2003;
Piqué, 2003; Piqué et al., 1995; Piqué and Michard, 1989; Pouclet et al.,
2018, and references therein). In the Anti-Atlas, Pouclet et al. (2018,
and references therein) recognized 6 magmatic pulses related to the
aborted rift, the youngest of which (c. 500-497 Ma) also affected the
Western Moroccan Meseta in the northern part of the Coastal Block (El
Hadi et al., 2006a) and the southern part of the Central Zone (Khenifra
area; Fig. 7; Ouabid et al., 2020; Ouali et al., 2003). Nevertheless,
Cambrian-Ordovician detrital zircon grains are not common in the
Cambrian-Devonian rocks of the Moroccan Mesetas, where they have
been only reported locally and, except for an isolated case in the Khe-
nifra area (sample 15DL6 by Letsch et al., 2018), in limited percentages
(less than 5% of the data; Fig. 7; Accotto et al., 2019, Accotto et al., in
press; Ghienne et al., 2018).

In the new data reported here, the Cambrian-Ordovician detrital
zircon population is generally scarce, except in a few Lower-Middle
Ordovician samples from the Coastal Block (MAN1), Khenifra (AZR10),
and Zekkara (OUJ5 and OUJ6) areas (Fig. 7). In the first two cases, the
samples were collected c¢. 10-15 km from the Oued Rhebar and Bou
Acila volcanic centers (Pouclet et al., 2018, and references therein),
respectively. In the Oued Rhebar sector, acid to intermediate tra-
chyandesites (El Hadi et al., 2006b) yielded a geochronological age of
507 £ 5 Ma (U-Pb on magmatic zircon grains; El Attari et al., 2019),
perfectly coincident with the average age of the Cambrian peak found in
MANT1 (c. 507 Ma, 36.7% of the data). In the Bou Acila sector, at least
two magmatic events imprecisely dated, but separated by lower
Cambrian limestones, were recognized (Morin, 1960; Ouali et al., 2003;
Pouclet et al., 2018; Verset, 1988). Interestingly, Letsch et al. (2018)
published data from a sample of this sector (15DL6, Figs. 6 and 7), which
depicts a single late Cambrian (c. 488 Ma) detrital zircon peak; this
sample suggests that at least one magmatic pulse in the Bou Acila sector
occurred at late Cambrian time. Furthermore, detrital zircon ages from
nearby sample AZR10 show a main peak at c. 524 Ma (52% of the data)
and a minor one at c. 479 Ma (16% of the data) (Fig. 6B), both char-
acterized by positive ey values clustered between +5 and +11 (Fig. 4C).
These peaks can be tentatively related to other magmatic pulses of the
Bou Acila volcanic center. The positive eys values seem to confirm the
juvenile nature of some of the magmas associated with the rifting
episode.

In both the Coastal Block and Khenifra samples, however, the overall
imprint of Cambrian magmatism might have been limited, since almost
coeval samples collected c. 40 km away from the Oued Rhebar (AKR1
and AKR2, Lower-Upper Ordovician) and Bou Acila (AZR11, Cam-
brian-Ordovician) volcanic centers, as well as a slightly younger sample
located very close to the Oued Rhebar sector (NFO1, Upper Ordovician,
Ben Slimane area; Ghienne et al., 2018) contain only a couple of scat-
tered Cambrian grains or none at all (Fig. 6B).

In the Eastern Moroccan Meseta, no Cambrian-Ordovician volcanic
centers have been reported until now, but the samples from Zekkara
(OuJ5 and OUJ6, Fig. 1D, 1B and 7) yielded 20.6% of Cam-
brian-Ordovician ages (mean age c. 499 Ma), suggesting that at least
one magmatic source of that age existed in that area. Nevertheless, other
Late Ordovician samples from the nearby Oujda area (15 km NE from
Zekkara) only yielded 1.9% of Cambrian ages (Accotto et al., 2019),
which points to a very local influence of any Cambrian-Ordovician EMM
magmatic source.

The occurrence of Cambrian-Ordovician detrital zircon grains
sensibly decreases in Middle Ordovician-Silurian samples (<5% of the
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data), while in the Lower Devonian ones almost no Cam-
brian-Ordovician detrital zircon ages have been found (Fig. 6B). These
data suggest, therefore, that shortly after rift abortion (Bernardin et al.,
1988; Ouali et al., 2003; Piqué, 2003; Piqué, 1979; Piqué et al., 1995;
Piqué and Michard, 1989) and a brief erosional phase, the volcanic
centers in the Moroccan Meseta were probably covered by the passive
margin sedimentary sequence, mainly fed by erosion of the WAC and
partial recycling of older sedimentary rocks.

5.4.2. Stenian—early Tonian detrital zircon ages

Another minor detrital zircon population already discussed by
several authors in the northern Moroccan Variscides is the Stenian—early
Tonian one (c. 1.0 Ga). This population was described in middle
Cambrian rocks from the Anti-Atlas (Avigad et al., 2012), a Lower
Ordovician rock from the Coastal Block (WMM; sample NF01; Fig. 6A;
Ghienne et al., 2018), Lower-Middle Ordovician and Upper Ordovi-
cian-Silurian rocks from the Middle Atlas (WMM,; Fig. 6A; Accotto et al.,
2019, Accotto et al., in press; Ghienne et al., 2018), Upper Devonian
rocks from the Central Zone (WMM; Accotto et al., 2021), and Upper
Ordovician (Fig. 6A), middle-upper Carboniferous rocks from the EMM
(Oujda and Jerada areas; Accotto et al., 2019; Accotto et al., 2021).
Among the samples analyzed in this study, we have identified the c. 1 Ga
detrital zircon population in two Middle Ordovician rocks from the Oued
Akreuch area (AKR1 and AKR2, 8.7% of the data), five Ordovician (EZ1,
EZ2, EZ4, EZ5, and EZ6, 1.9%) and two Lower Devonian rocks from the
Ezzhiliga (EZ7, 26.4%) and Oulmes (OUS5, 6.7%) areas. In the remaining
samples, Mesoproterozoic ages are absent or represented by scarce and
scattered grains that cannot be considered as a proper detrital zircon age
population (Table 3).

Stenian—early Tonian sources are virtually unknown in the WAC and
Tuareg Shield, although recent work (El Bouougri et al., 2020) pointed
out the existence of limited early Tonian (c. 883 Ma) magmatic activity
in the Anti-Atlas related to an incipient phase of Rodinia breakup.
Nevertheless, even if this event was sufficiently widespread to provide
zircon grains to the Moroccan Mesetas, it could only explain the youn-
gest dates within the Stenian—early Tonian detrital zircon population
found in our samples.

Ages ranging from c. 1.3 to c. 0.9 Ga are typical of the Grenvillian
terranes (Ernst et al., 2008) that, before the opening of the Rheic Ocean
at Cambrian—-Ordovician time (Nance et al., 2012; Nance et al., 2010),
were relatively close to the northern Gondwanan margin (e.g, Ama-
zonia). Nevertheless, these terranes are also characterized by other
Mesoproterozoic sources in the range 1.7-1.1 Ga (Fig. 5). Interestingly,
detrital zircon age distributions compatible with Amazonian sources
were found in Neoproterozoic metasedimentary rocks overlying the
western WAC in Mauritania (Fig. 1A; Bradley et al., 2015). In contrast,
all of the Neoproterozoic-Carboniferous metasedimentary rocks
sampled from the Anti-Atlas (e.g., Abati et al., 2010; Avigad et al., 2012)
and further north in the High Atlas (Perez et al., 2019) and Moroccan
Mesetas (Accotto et al., 2019; Accotto et al., 2021, Accotto et al.,in press;
El Houicha et al., 2018; Ghienne et al., 2018; Letsch et al., 2018; this
work), did not record Mesoproterozoic ages older than c. 1.1 Ga (except
for a very few scattered grains, e.g., AZR11 and AZR1; Fig. 6A). There-
fore, it is very unlikely that Amazonian (c. 1.7-0.9 Ga) sources could
have supplied the c. 1.0 Ga detrital zircon population, episodically found
in the northern Moroccan Variscides. As an exception, a statistically
significant number of detrital zircon grains yielded dates between c. 1.7
and 1.1 Ga in a few lower Carboniferous samples from the Mohammedia
(Coastal Block), Tiflet (northern Central Zone), and Debdou-Mekkam
(EMM) areas (Fig. 1; Accotto et al., 2020, Accotto et al., 2021). In these
specific cases, the authors invoked an Avalonian (Amazonia—derived)
source only available since the early Variscan (Tournaisian—early
Visean) collision.

To explain the occurrences of c. 1.0 Ga detrital zircon ages in the
pre—collisional succession of the northern Moroccan Variscides, several
authors (Accotto et al., 2019; Accotto et al., 2021; Accotto et al., in press
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i; Avigad et al., 2012; Ghienne et al., 2018) suggested northeastern Af-
rican sources (e.g., Saharan Metacraton, Arabian-Nubian Shield; Fig. 5).
These sources were first called to explain the presence of Stenian-early
Tonian detrital zircon populations in Ordovician-Devonian samples
from Lybia (Meinhold et al., 2011). The age spectra of our samples
containing the c. 1.0 Ga detrital zircon population are compatible with
such a northeastern African sources (Fig. 6A).

The spatial and temporal distribution of samples containing Sten-
ian-early Tonian dates is highly irregular, and the statistical relevance of
this population is also variable (Fig. 6A). In most cases, grains of this age
represent less than 10% of the data, but can locally reach c. 25% (e.g,
sample EZ7 from this work and the Ordovician samples from the
Tazekka area in Accotto et al., 2019). This irregularity contrasts with
other northern Gondwanan terranes cropping out in central and north-
western Iberia, where the c. 1.0 Ga detrital zircon population is very
common and represents 30-50% of the data (Bea et al., 2010; Fernan-
dez-Suarez et al., 2014; Gutiérrez-Alonso et al., 2015; Pastor-Galan
et al., 2013a; Shaw et al., 2014; Talavera et al., 2012). Accordingly, we
suggest that at Ordovician—Early Devonian time, the Moroccan Mesetas
belonged to the northern Gondwana passive margin, but in a more
western and distal position than the current central/northwestern Ibe-
rian terranes (Fig. 5), and, hence, the sedimentary influx from north-
eastern African primary sources was distant and intermittent.

The c. 1.0 Ga detrital zircon grains found in northern Morocco might
have been fed from intermediate sedimentary repositories such as the
lower Paleozoic, North-directed Gondwanan super—fan system proposed
by Meinhold et al. (2013). Nevertheless, the high proportion of c. 1.0 Ga
zircon grains found in some samples (e.g., sample EZ7 from this work
and the Ordovician samples from the Tazekka area in Accotto et al.,
2019) suggests a rather direct primary source.

5.4.3. Orosirian-Statherian detrital zircon ages

The Orosirian-Statherian (c. 1.95-1.75 Ga) detrital zircon popula-
tion found in NW Africa is considered by several authors to be related to
the last pulses of the Eburnean orogeny (e.g., Abati et al., 2012; Bessoles,
1977; Ghienne et al., 2018). Nevertheless, magmatic rocks related to this
orogeny show ages not younger than c¢. 1.95 Ga (Rb/Sr, Sm/Nd, and U/
Pb methods; Abouchami et al., 1990; Ait Malek et al., 1998; Boher et al.,
1992; Hirdes et al., 1992; Liégeois et al., 1991; Schofield et al., 2006).
Statherian (c. 1.75 Ga) bimodal dykes were described and dated in the
Anti-Atlas, and considered to be the only remnants of a large igneous
province developed during the breakup of the Nuna/Columbia super-
continent (Gasquet et al., 2004; Lama et al., 1993; Youbi et al., 2013)
during the vanishing stages of the Eburnean orogeny. However, it is
unlikely that volumetrically small dyke intrusions could have produced
the amount of Orosirian-Statherian detrital zircon grains found in our
samples (up to 12.4% of the data in sample EZ7; Table 3) and in other
Paleozoic samples from the northern Moroccan Variscides (e.g., Abati
et al., 2010; Accotto et al., 2019; Accotto et al., 2020; Accotto et al.,
2021; Accotto et al., in press; Avigad et al., 2012; Ghienne et al., 2018;
Letsch et al., 2018).

Recent U-Pb dating on zircon grains in charnockites from the
Mazagan escarpment, offshore the western Moroccan coast, highlighted
crystallization ages varying from c. 1.95 to c. 1.75 Ga (Kuiper, 2019;
Kuiper et al., 2019; Kuiper et al., 2021). These ages are compatible with
those found in detrital samples from the northern Moroccan Variscides,
including those studied in this work. However, the available data on the
Mazagan escarpment are still scarce and, even if it is possible that at
least part of the Orosirian-Statherian zircon grains were sourced in this
terrane, the uncertainty still remains.

Other Orosirian-Statherian sources are known in Amazonia, Lau-
rentia, and Baltica (Fig. 5; Linnemann et al., 2011, and references
therein; Nance et al., 2008). However, as previously discussed for the
provenance of the Stenian-early Tonian detrital zircon population (see
Section 5.4.2), we exclude these terranes as possible sources because
they would have provided also zircon grains in the range 1.75-1.2 Ga,
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which are generally absent in our samples. Alternatively, northeastern
African sources (e.g., Tuareg Shield, Saharan Metacraton, Arabian-Nu-
bian Shield; Fig. 5) might have provided both the Stenian—early Tonian
and Orosirian-Statherian detrital zircon grains. If this was the case, we
would expect a simultaneous occurrence of both detrital zircon age
populations, something that does not always occur (Table 3 and
Fig. 6A).

To conclude, based on the data available we cannot define a unique
source for the Orosirian-Statherian detrital zircon grains found in our
samples and other rocks from the northern Moroccan Variscides (e.g.,
Abati et al., 2010; Accotto et al., 2019; Accotto et al., 2020; Accotto
et al., 2021; Accotto et al., in press; Avigad et al., 2012; Ghienne et al.,
2018; Letsch et al., 2018). Nonetheless, admitting that both the WAC
and northeastern African cratons (e.g., Saharan Metacraton) were the
source of sediments on the passive margin of northern Gondwana during
the Paleozoic, it is possible that the 1.95-1.75 Ga detrital zircon grains
were actually sourced from different areas.

5.5. Relevance of the tectonic boundaries within the Moroccan Mesetas

The Moroccan Mesetas have been historically divided into several
domains separated by fault zones (see Section 1, Fig. 1B). The tectonic
relevance and significance of these boundaries is still under debate (e.g.,
Hoepffner et al., 2006; Michard et al., 2010b; Michard et al., 2010a;
Simancas et al., 2010; Simancas et al., 2009).

According to some authors (e.g., Hoepffner et al., 2006, and refer-
ences therein; Michard et al., 2010a, and references therein, Michard
et al., 2010b), the faults bounding the different domains in the Moroccan
Mesetas accommodated tens to hundreds of kilometers of displacement
related to an important E-W oriented Variscan shortening. Nevertheless,
the stratigraphic similarities between the Paleozoic successions within
the Moroccan Mesetas and the Anti-Atlas (Piqué, 1994) suggest that
there was a paleogeographic continuity between these regions.
Furthermore, within the Moroccan Mesetas, our data on detrital zircon
grains in the Cambrian-Lower Devonian successions from different
areas also support this paleogeographic continuity. In particular, if the
easternmost parts of the Moroccan Mesetas were located in a more
eastern position, as suggested by Michard et al. (2010b, and references
therein), we would expect an increase of Stenian—early Tonian detrital
zircon ages there. Nevertheless, the presence and distribution of these
NE African sources is highly irregular and does not show a systematic
eastward increase. Similarly, other minor detrital zircon populations
found in samples from diverse areas and with different ages do not seem
to be geographically controlled. The internal boundaries within the
Moroccan Mesetas, therefore, seem to have had a limited effect on
sedimentation in the different domains. Nonetheless, further tecto-
no-metamorphic studies are needed to better constrain the tectonic
relevance of the intra-Mesetas fault zones.

6. Conclusions

New U-Pb geochronological data on detrital zircon grains from 16
Cambrian-Lower Devonian samples from different zones of the Moroc-
can Mesetas show homogeneous age-frequency distributions. This
similarity points to paleogeographical irrelevance of the proposed tec-
tonic boundaries between the different zones/domains (with the
exception of the Caledonian Sehoul Block) usually considered in the
Moroccan Variscides, in accordance with other geological evidence
(comparable stratigraphic successions, absence of ophiolite and/or
high—pressure metamorphic belts). The main detrital zircon populations
common to our samples have late Tonian-Ediacaran (c. 850-540 Ma)
and Rhyacian-Orosirian ages (c. 2220-1950 Ma), which suggest that the
West African Craton was the main source of sediments for this part of the
northern Gondwanan margin at early-middle Paleozoic time. Particu-
larly, the Cadomian orogen (c. 590-540 Ma) constituted the main source
during the Cambrian-Early Ordovician sedimentation, while erosion of



C. Accotto et al.

slightly older Pan-African basement (c. 650-600 Ma) prevailed from the
Middle Ordovician onwards. This change in the main sediment source
during the Ordovician can be explained in terms of the progressive
dismantling and burial of the Cadomian arc-related rocks at the conti-
nental margin, shifting the main source region to older areas located
inland of the West African Craton.

The presence of additional minor detrital zircon populations suggests
sediment income from other secondary sources such as Cambrian-Lower
Ordovician rift-related local volcanic centers and northeastern African
basement (e.g., Saharan Metacraton and Arabian-Nubian Shield).

7. Data availability

Supporting data related to this work include cathodoluminescence
images (Appendix A), analytical methods (Appendix B), U-Pb data
(Appendix C), and Hf data (Appendix D), and they are available at the
Mendeley Data repository (doi: 10.17632/vw94rkbx75.1; https://doi.
org/10.17632/vw94rkbx75.1)
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