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Abstract

Detrital zircon U-Pb age distributions in Mesozoic and Cenozoic rocks from the
External Rif and Maghrebian Flysch Complex (including the so-called Mauretanian
internal flysch units) are very similar, strongly suggesting that the External Rif and the
entire Maghrebian Flysch Complex were part of the same NW African paleomargin.

These patterns include scarce Paleozoic zircon grains that show influence from the



Sehoul block. Neoproterozoic and Paleoproterozoic grains are abundant with a
dominant Ediacaran zircon population at ca. 590 Ma, which could have been sourced
from the Variscan Moroccan Mesetas, the northern components of the West African
Craton, or from Triassic sediments from the Central High Atlas and Argana basins.
Mesoproterozoic zircon ages between 1.1 and 1.6 Ga were also observed (15 % in the
combined age spectra), the nearest sources for these being in the central part of the West
African Craton. Transport of the Mesoproterozoic grains to the NW African
paleomargin requires northward-directed fluvial systems parallel to the Central Atlantic
continental margin of Africa. In contrast, samples from the Internal Rif or Alboran
Domain are different to those from the External Rif and Maghrebian Flysch Complex,
especially in the scarcity of Mesoproterozoic zircons, suggesting that the Alboran

Domain was not a source area for zircons found in the NW African paleomargin.

1. Introduction

The Rif Belt (North Western Africa, Fig. 1A and B) is a key area for
understanding the relationship between the Central Atlantic and Neotethys oceans, and
the closure of the Neotethys, which culminated in formation of the Western
Mediterranean area and related Alpine orogenic belts. The U-Pb age of zircon grains
from detrital deposits can provide valuable insights into orogenic evolution by
constraining the maximum depositional age for these sedimentary units and informing
‘source to sink’ provenance.

However, these studies are scarce in the Rif belt area and existing work utilized
a limited sample set. For example, Pratt et al. (2105) studied two samples from the Rif

Belt and Marzoli et al. (2017) analysed a small number of samples from the Triassic



rocks of the High Atlas. In this paper we present U-Pb zircon ages for seventeen
samples of sedimentary quartzite from the Rif Belt (NW Africa), obtained using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). These data allow
us to gain insights into the source areas and paleogeography of the different domains

during orogenic belt evolution.

2. Geological setting

The Rif Belt and the Betic Cordillera form the southern and northern branches of
the Gibraltar Arc, respectively, and together with the Tell and Calabrian-Peloritan Arc,
constitute the extension of the Alpine orogenic belt in the southern part of the Western
Mediterranean area (Fig. 1A). The Gibraltar Arc formed by several processes that
include: i) closure of the Ligurian-Maghrebian Neotethys ocean; ii) spreading of the
present-day Western Mediterranean oceanic crust; iii) collision of exotic continental
terranes against the paleomargins of NW Africa, Iberian Peninsula and Apulia; iv)
convergence between the African and Eurasian plates (Dewey et al., 1989; Jolivet et al.,
2003; Chalouan et al., 2008).

Three main structural domains form the Rif Belt (Fig. 1B), from south to north:
(i) the External Rif, (ii) Maghrebian Flysch Complex, and (iii) the Internal Rif or
Alboran Domain (Fig. 1B). Each domain consists of tectonic complexes of stacked

units.

2.1 The External Rif



The lithologic units in the External Rif are interpreted as being the product of
deformation and partial metamorphosis of the NW African paleomargin, overthrust by
the Maghrebian Flysch Complex and the units of the Internal Rif. This region is
primarily comprised of Mesozoic and Cenozoic sediments, and includes minor mafic
and ultramafic bodies (Lespinasse, 1975; Asebriy, 1984; Ciszak et al., 1986; Asebriy et
al., 1987; Ciszak, 1987; Kuhnt and Obert, 1991).

The rocks of the External Rif (Figs. 2 and 3) are grouped into two structural
units: the Sub-Rif units and Pre-Rif units (Asebriy et al., 1987). The Pre-Rif units, to the
south of the Rif Belt, comprise the outermost zone of the External Rif, with a frontal
fold-and-thrust belt including a series of thin Jurassic and Lower Cretaceous
successions detached from the Paleozoic basement (“Rides Prérifaines”, see Michard,
1976; Ben Yaich, 1991; Favre, 1992). The “Rides Prérifaines” are overthrust by a
sedimentary complex composed of Paleozoic to Cenozoic blocks in a matrix of
Tortonian marls (“Nappe Prérifaine”, Levy and Tilloy, 1952; Vidal, 1971; Leblanc,
1975-1979; Bourgois, 1977; Suter, 1980; Feinberg, 1986; Kerzazi, 1994) (Fig. 3).

The Sub-Rif units (Asebriy et al., 1987) include the so-called Intra-Rif and
Meso-Rif zones as defined by Durand-Delga et al. (1962, see Chalouan et al, 2008). The
Sub-Rif units are composed of diagenetic to low-grade metamorphic rocks deformed
under ductile to brittle conditions (Andrieux, 1971; Frizon de Lamotte, 1985; Michard
et al., 1992; Asebriy, 1994; Asebriy et al., 2003; Azdimousa et al., 1998, 2007) (Figs.
1B and 2). In the eastern Rif Belt, the Sub-Rif units comprise several groups of tectonic

units, from bottom to top: i) Temsamane units; ii) Tanger-Ketama unit; iii) Aknoul units

(Fig. 2).

2.1.2 The Temsamane units



The Temsamane units comprise the basement of the Eastern Meseta and its
Mesozoic cover, and have been affected by Alpine metamorphism and deformation to
form a fold-and-thrust stack. The Alpine ductile deformation generated a strong planar-
linear fabric with an ENE-WSW trending stretch lineation under a WSW sense of
shearing (Frizon de Lamotte, 1985, 1987a, b; Jabaloy et al., 2015; Azdimousa et al., in
press).

The uppermost Temsamane unit is the so-called Ras Afraou unit, which is
composed of chloritoid-bearing black schists usually attributed to the Paleozoic (See
Negro, 2005; Azdimousa et al., 2007, in press, and Negro et al., 2007, and references
therein), and is covered by whitish marbles attributed to the Jurassic (see Jabaloy et al.,
2015) (Fig. 4).

The lithological succession below the Ras Afraou unit begins with Paleozoic
dark schists and quartzites (Fig. 4). A nearly continuous layer of Triassic metabasites,
metamorphosed to greenschists facies, overlays the Paleozoic rocks, and these are in
turn covered by Jurassic calcitic and dolomitic marbles. Moving up section, there are
Berriasian-Barremian whitish phyllites and shales, alternating with marbles which are
overlaid by Aptian-Lower Albian black phyllites and shales alternating with quartzites
(Azdimousa et al., 2007) (Fig. 4).

Negro (2005) and Negro et al. (2007) estimated the metamorphic P-T
conditions of the chloritoid-bearing black schists of the Ras Afraou unit at 350 + 30 °C
and 7-8 kbars. The Temsamane units outcrop in the southern part of the belt and
experienced lower P-T conditions ranging from late diagenesis in the south, to epizone
in the north (Jabaloy et al., 2015). “°Ar/**Ar radiometric ages on white micas indicate
Chattian to Langhian ages for the metamorphism (Monie et al., 1984; Negro et al.,

2008; Jabaloy et al., 2015).



2.1.2 The Tanger-Ketama unit

The Tanger-Ketama unit includes two different types of substratum below the
Lower Cretaceous rocks (see Chalouan et al., 2008; Vazquez et al., 2013). In the
western and central outcrops of the unit, the Lower Cretaceous sediments cover ~500 m
of Jurassic carbonate and pelitic sedimentary rocks (Asebriy et al., 1992, Asebriy, 1994)
(Fig. 4). The Jurassic succession includes Sinemurian massive limestones, covered by
ammonite-rich marly limestones (Ammonitico Rosso facies, Pliensbachian), silty marls
(Toarcian), hemipelagic limestones rich in filaments (Aalenian), and Posidonomya
marls. Up section, there is the “ferrysch” (an Amazigh word for a rhythmic deposit of
alternating marls and sandstones) of Callovian to Oxfordian age, overlain by Tithonian-
Berriasian pelagic limestones (Asebriy et al., 1992, Asebriy, 1994).

In the eastern outcrops, the Lower Cretaceous sedimentary rocks overlay the
ultramafic rocks of the Beni-Malek massif, which consist of partially serpentinised
spinel lherzolites (Michard et al., 1992). Michard et al. (1992), Chalouan et al. (2008),
and Vazquez et al. (2013) interpreted the Beni-Malek ultramafic body as a sliver of
serpentinized mantle, exposed on the sea floor during rifting in a non-volcanic
continental margin.

Covering both substrates, there is a succession of carbonate shales with
limestones and sandstones dated as Berriasian-Hauterivian. Further up section there is a
500 metre thick sequence of Aptian-Lower Albian dark shales and thick quartzitic
turbidites (the so-called Black Flysch, see Frizon de Lamotte, 1985, and also Asebriy et
al., 1992, Azdimousa et al., 1998; 2003) (Fig. 4). Uppermost Albian marls and

spongolites are preserved to the north of the outcrops (Asebriy et al., 1992).



The Upper Cretaceous to Neogene succession of the Tanger-Ketama Unit is
called the Tanger Unit when it is partly detached from the underlying Lower Cretaceous
rocks. The Tanger succession begins with about 50 meters of Uppermost Albian green
pelites, followed by about 600 m of Late Cretaceous to Paleocene pelitic and carbonate
formations (see Zaghloul et al., 2005, and references therein) (Fig. 4). The succession
continues with ca. 50 m of Late Paleocene-Early Eocene marls with black flint, covered
by ca. 100 m of Middle Eocene to Middle Miocene marls and turbiditic sandstones
(Zaghloul et al., 2005) (Fig. 4). The same Upper Cretaceous to Neogene succession
corresponds to the so-called Aknoul unit when it is completely detached from the
Tanger-Ketama unit on top of the Cenomanian pelites and slides on top of both the

Tanger-Ketama and the Temsamane units.

2.2 The Maghrebian Flysch Complex

The Maghrebian Flysch units extend from the Betic Cordillera to the Rif, Tell,
Sicily, Calabria and the southern-central Apennines (e.g. Guerrera et al. 2012, and
references therein). The successions of the Maghrebian Flysch are mainly made up of
turbiditic siliciclastic (and subordinately carbonate) sandstones interlayered with clays,
deposited in a very deep marine environment (slope/rise and abyssal plain). The age of
these successions ranges between Early Cretaceous and Early Burdigalian. The
successions are systematically detached from their original substratum, oceanic crust
represented by Middle-Upper Jurassic basalts with E-MORB tendency, associated with
Middle-Upper Jurassic radiolarites (Durand Delga et al., 2000).

Based on the proximity to the North African paleomargin, tectonic-

paleogeographic nomenclature frequently used for the Maghrebian Flysch units



separates the “external units” or “Massylian units” from the “internal units” or
“Mauretanian units” near the Alboran Domain paleomargin. In the eastern and central
Rif, they include: i) an external Massylian unit (Chouamat-Meloussa unit), related to ii)
the external Numidian Fm or Numidian sandstones, and separated from iii) the internal
Mauretanian units (Tisiren and Beni Ider units) (see Bouillin et al., 1970; Esteras et al.,
2004; Durand Delga, 2006; Chalouan et al., 2008; Guerrera et al., 2012; Guerrera and
Martin-Martin, 2014, and references therein),

The Massylian Flysch units are represented by the Chouamat-Meloussa
succession, a thin tectonic sequence thrusted over the Tanger-Ketama unit. The
Chouamat-Meloussa succession begins with a 700 m thick Aptian-Albian siliciclastic
flysch, followed upward by thin black cherts and calcareous microbreccias
(Cenomanian-Turonian), in turn overlain by Senonian pelites and microbreccias (Fig.
4).

The Numidian Formation is essentially a > 1 km thick succession of Latest
Oligocene to Aquitanian ultra-mature quartz arenites associated with mainly kaolinitic
pelites (Guerrera, 1981-1982; Guerrera and Puglisi, 1984; Fildes et al., 2010; Guerrera
et al., 1993, 2012). It is considered to be the detached Cenozoic part of the Massylian
succession (Esteras et al., 2004; Guerrera et al., 2012, and references therein) (Fig. 4).
The Numidian sandstones were deposited by high-density turbidity currents and sand
flows within enormous sand-rich deep clastic systems, located in the continental rise of
the North African paleomargin (Pendon, 1977; Didon and Hoyez, 1978; Martin-Algarra,
1987; Hoyez, 1989; Guerrera et al., 2012). This turbiditic succession is overlain by
brownish supra-Numidian clays dated as Latest Aquitanian-Middle Burdigalian

(Guerrera et al., 2012).



The internal Mauretanian strata include the Upper Jurassic to Lower Cretaceous
Tisiren unit. The Tisiren succession is composed of, from bottom to top, thin Upper
Jurassic radiolarites, marly limestones (Preflysch I, Berriasian-Valanginian),
siliciclastic layers interlayered with Hauterivian-Barremian black shales related to a
turbiditic episode (Sandstone episode I, see Durand Delga et al., 1999), a dominantly
pelitic sequence (Preflysch Il, Barremian-Early Aptian) and a new turbiditic episode
(Sandstone episode 11, Late Aptian-Middle Albian) (Fig. 4). The Mauretanian Beni Ider
Unit is also found in the western Rif. It represents the detached upper part of the Tisiren
unit and is formed of Upper Albian to Middle Burdigalian rocks with fragments of

rocks and fossils indicating proximity to the Internal Alboran Domain.

2.3 The Internal Rif or Alboran Domain

The Internal Rif is part of the Alboran Domain according to Balanya and Garcia-
Duefias (1987). This Internal Rif has been interpreted as part of an allochthonous terrane
formed by a stack of hinterland metamorphic units (Andrieux et al., 1971; Balanya and
Garcia-Duefias, 1987) that underwent subduction-collision processes (e.g. Azafion and
Crespo-Blanc, 2000; Faccenna et al., 2004; Michard et al., 2006; Booth-Rea et al.,
2007). Similar exotic terranes are recognised in the Algerian Kabylides, Peloritan
Mountains of Sicily, and in Calabria, and were supposedly part of the same continental
domain (AlKaPeCa; Bouillin, 1984) before being deformed and dispersed. The initial
location of AlKaPeCa is controversial as this domain may correspond to either a distal
part of the Iberian margin (e.g. Chalouan et al., 2008), or an isolated microcontinent

within the western Tethys (e.g. Guerrera et al., 2012).



The Alboran Domain is composed of a lower Sebtide/Alpujarride Complex
affected by HP-LT Alpine metamorphism, an upper Ghomaride/Malaguide Complex,
which underwent diagenesis to very low grade Alpine metamorphism, and a set of
sedimentary Frontal Units. The lower Sebtide/Alpujarride Complex comprises a mostly
metapelitic Paleozoic basement covered by a Permian-Early Triassic Meta-detrital Fm
of quartzites and phyllites, followed up section by a Middle-Late Triassic Meta-
carbonate Fm of calcitic and dolomitic marbles. The upper Ghomaride/Maléaguide
Complex is composed of, from bottom to top, Paleozoic basement of Late Ordovician
phyllites with interleaved quartzite and meta-conglomerates, Silurian phyllites including
carbonate beds and black graptolite-bearing cherts, Early Devonian pillow basalts, black
cherts and limestones, Devonian distal calci-turbidites, and unconformable
Carboniferous pelites graywackes and conglomerates with Culm facies. The Paleozoic

basement is covered by a Mesozoic-Cenozoic sedimentary succession.

3. Sampling localities

Seventeen samples from the Rif chain were studied, including seven samples
from the Temsamane units: one sample from the upper Ras Afraou unit (Ri35), and six
samples from the Aptian-Lower Albian quartzites (TEM5, TEM6, TEM7, BMK3, Ri66,
and Ri68) (see Table 1). There also are five samples from the Tanger-Ketama unit: two
from the Jurassic sandstones from the “Ferrysch”, two from the Aptian-Lower Albian
Black Flysch, and one from the Middle Eocene to Middle Miocene rocks of the Tanger
unit.

There are three samples from the Maghrebian Flysch units: two from the Lower

Cretaceous Mauretanian Tisiren unit, (Ri111 and Ri117, Table 1), and one from the
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Numidian Fm. (Ri64, Table 1). For comparison, we have processed two samples from
the Alboran Domain: Ri119 (Table 1) from the Paleozoic basement of the South
Federico Unit of the Sebtide/Alpujarride Complex, and Ri121 (Table 1) from a
sandstone within the Carboniferous rocks of the Akaili tectonic unit of the

Ghomaride/Malaguide Complex.

4. Analytical Methods

4.1 Mineral separation and Cathodoluminescence images

Zircons were separated using standard heavy-liquid and magnetic techniques in
the Department of Geodynamics of the University of Granada. Grains were handpicked
and mounted in epoxy, polished, cleaned and gold coated for cathodoluminescence (CL)
imaging on a Mira3 FESEM instrument at the John de Laeter Centre (JALC), Curtin
University, Perth, Australia. Representative CL images (Fig. 5) display lower-U regions
as brightly illuminated regions and higher-U regions as dark, or even black, poorly

illuminated regions.

4.2 LA-ICPMS methods

LA-ICP-MS data collection was performed at the GeoHistory Facility, JALC,
Curtin University, Perth, Australia. Following two cleaning pulses and 30 s of baseline
acquisition, individual zircon grains (mounted and polished in 1” epoxy rounds) were
ablated for 30 s using a Resonetics RESOlution M-50A-LR, incorporating a Compex

102 excimer laser, with a 33 um diameter laser spot, 7 Hz laser repetition rate, laser
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energy of 1.8 J cm-2. The sample cell was flushed with ultrahigh purity He (350 mL
min-1) and N2 (3.6 mL min-1), both of which were passed through an inline Hg trap.
High purity Ar was used as the plasma gas (flow rate 1 L min-1). Isotopic intensities
were measured using an Agilent 7700 quadrupole ICP-MS and following elements were
monitored for 0.03 s each: 28Si, 2°Si, 49Ti, %1Sr, 147Sm, 202Hg, 294Pb, 20%Ph, 207Ph, 208pPp),
232Th, and 28U. International glass standard NIST 610 was used as the primary standard
to calculate elemental concentrations (using 2°Si as the internal standard element and
assuming 14.76% Zr in unknowns) and to correct for instrument drift.

The primary age reference used in this study was GJ-1 (609 Ma; Jackson et al.,
2004), with 91500 (1062.4+0.4 Ma; Wiedenbeck et al., 1995), Plesovice (337.13+0.37
Ma; Slama et al., 2008) and OGC (3465.4 + 0.6 Ma; Stern et al., 2009) used as
secondary age standards. 2°Ph/2*8U and 2’Ph/?%Pb ages calculated for all zircon age
standards, treated as unknowns, were found to be within 3% of the accepted value. The
time-resolved mass spectra were reduced using the Trace Elements and
U_Pb_Geochronology3 data reduction schemes in lolite (Paton et al, 2011 and
references therein).

Errors cited for individual analyses are at the 2¢ level. Dates for which the
concordant values were > 110% or < 90% were considered to be excessively discordant
and were not considered in the age discussion or plotted on the Wetherill Concordia
diagrams. However, they are listed on Tables 2-5 (See Supplementary material).
Weighted mean values for ages are based on pooled analyses and are provided at the
95% confidence level. Ages in the text and figures are quoted as 2°°Pb/?*8U dates for

zircons younger than 1500 Ma and as 2°’Pb/?®Pb dates for zircons older than 1500 Ma.

5. Results
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The CL images for representative zircon grains from each sample are provided
in Fig. 5. The U-Pb data for individual samples (Tables Al to A4 in Supplementary
material), representative Concordia plots, and youngest zircon populations are in the
Supplementary material (Figs. Al to A8 in the Supplementary material), while their

probability density plots age given in Figures 6 to 12 below.

5.1 Temsamane units

5.1.1 Lower Cretaceous quartzites alternating with dark phyllites

Six samples of quartzite from this unit were analysed (TEM5, TEM6, TEM7,
BMKS3, Ri66, and Ri68, Table 1). The separated zircons show a variety of morphologies
and textures, but CL images show that most zircon grains have continuous oscillatory
zoning (Fig. 5). There are also some structureless grains, grains with sector zoning, and
grains with cores overgrown by low or high U rims (Fig. 5).

All six samples from the Aptian-Lower Albian quartzites (Fig. 6, and Table Al
in Supplementary material) and the combined data for the Temsamane units (807 U-Pb
dates) show a very similar pattern of zircon age distribution (Fig. 7) with very scarce
Mesozoic zircon grains. There are only two Middle-Upper Triassic grains (samples
BKM3 and Ri68: 234 + 3 Ma and 227 + 10 Ma respectively). There are 57 Paleozoic
grains (between 6 and 10 % on each sample), including 16 Upper Ordovician to
Devonian (ca. 360-460 Ma), and 33 Cambrian to Middle Ordovician zircon grains (ca.
540-460).

Neoproterozoic dates are the most abundant, representing 45 to 60 % of all
analysed grains. Most are Ediacaran with several peaks at ca. 556 and 597 Ma (Fig. 7).

All samples contain between 10 and 19% Mesoproterozoic zircon grains, and from 18

13



to 27% Paleoproterozoic zircon grains (Fig. 7). There are also Neoarchean (2.5%),
Mesoarchean (2%), Paleoarchean (~0.2%) and Eoarchean (~0.1%) dates (Fig. 7).

The youngest population in four of these six samples is placed at the Ediacaran-
Cambrian boundary (ca. 538-561 Ma). In the other two samples, the youngest
population is either Ediacaran (ca. 561 Ma) or Cambrian (ca. 524 Ma) in age (Fig. A2 in

the Supplementary material).

5.1.2 Black schists and quartzites of the upper Ras Afraou unit (Sample Ri-35)
Approximately 250 zircon grains with different textures and morphologies were
handpicked from the Ri-35zircon concentrate. From the CL imaging, most of these
zircons show continuous oscillatory zoning (Fig. 5). There are also some composite
grains with cores overgrown by wide rims and some zircons with sector zoning (Fig. 5).
One hundred and fifty one analyses were performed on 148 zircons yielding 129
concordant ages ranging from 200 to 3009 Ma (Fig. 8, and Table Alin the
Supplementary material). The distribution of concordant dates contrasts to that obtained
on the Temsamane units described above with Mesozoic (8%), Paleozoic (57%),
Neoproterozoic (18%), Mesoproterozoic (2%), Paleoproterozoic (12%), Neoarchean
(2%) and Mesoarchean (1%) grains in 5 key populations at ca. 243, 270, 320, 583 and
2140 Ma (Fig. 8). The youngest zircon grain from this quartzite has a 2°°Pb/2%U date of
200 £ 7 Ma (Table Al in Supplementary material) and the youngest zircon population
comprises eight dates with a 2%Pb/2%U age of 243 + 3 Ma (MSWD = 1.02 and

probability = 0.41) (Fig. A3 in Supplementary material).

5.2 Tanger-Ketama unit

14



5.2.1 Jurassic sandstones from the “Ferrysch”

The CL images indicate that samples Ri102 and Ri107 contain zircon grains that
have either continuous oscillatory zoning, sector zoning or are structureless (Fig. 5).
There are also some composite zircons with partially resorbed cores overgrown by
younger rims. The cores are structureless or display either oscillatory or sector zoning,
and the rims are structureless or have weak oscillatory zoning (Fig. 5).

Ri102 and Ri107 (Fig. A8, and Table A2 in the Supplementary material) yield
223 concordant zircon ages ranging from 261 Ma to 3005 Ma with Paleozoic (10%),
Neoproterozoic (45%), Mesoproterozoic (15%), Paleoproterozoic (24%), Neoarchean
(5%) and Mesoarchean (1%) grains (Fig. 9). The youngest 2°°Pb/?38U zircon date is 261
+ 28 Ma (Table A2 in the Supplementary material). The zircon age distribution is
similar to the previously described Lower Cretaceous rocks of the Temsamane units
(Fig. 9). There is a dominant Ediacaran population at ca. 591 Ma with a lower
percentage of Cryogenian-Tonian grains, and an important component of

Mesoproterozoic zircon grains (15%) (Fig. 9).

5.2.2 Lower Cretaceous quartzites of the Black Flysch

The zircons from samples Ri43 and Ri114 show the same structures in CL
images as those previously described from the Jurassic samples: grains with either
continuous oscillatory zoning, sector zoning, or no zoning (Fig. 5). There are also some
composite zircons with partially resorbed cores overgrown by low or high U rims (Fig.
5).

The two samples from the Aptian-Lower Albian quartzites of the Black Flysch
(Fig. 9, and Table A2 in the Supplementary material) yielded 275 concordant zircon

ages ranging from 21 and 3244 Ma, with Cenozoic (0.4%), Mesozoic (0.4%) Paleozoic
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(9%), Neoproterozoic (40%), Mesoproterozoic (15%), Paleoproterozoic (30%),
Neoarchean (3%), Mesoarchean (2%), and Paleoarchean grains (0.4%) (Fig. 9). The
youngest zircon from this sample has a 2°°Pb/%8U date of 21 + 6 Ma (Table A2 in the
Supplementary material). The detrital zircon age distributions are very similar to the
previously described ages patterns with a dominant Ediacaran population with a peak at
ca. 597 Ma, and secondary Mesoproterozoic (at ca. 1181 and 1445 Ma) and

Paleoproterozoic peaks (at ca. 1871, 1980 and 2114 Ma, Fig. 9).

5.2.3 Sandstones with Middle Eocene to Middle Miocene ages from the Tanger unit
Sample Ri63

Approximately 60 zircons with different textures, morphologies, sizes and
colours were handpicked from the zircon concentrate of this sandstone. These zircons
mainly show continuous oscillatory zoning (Fig. 5) although there a few composite
grains with a partially resorbed core overgrown by a rim (Fig. 5).

Fifty five analyses were performed on 48 zircons, 46 of which yielded
concordant or nearly concordant dates ranging from 413 to 2590 Ma (Fig. 10, and Table
A2 in the Supplementary material). The populations are Paleozoic (9%), Neoproterozoic
(41%), Mesoproterozoic (15%), Paleoproterozoic (31%) and Neoarchean (4%) and
cluster in three main groups at ca. 627, 1041 and 1945 Ma (Fig. 10). The youngest
zircon of this quartzite has 2°°Pb/*8U date of 413 + 17 Ma (Table A2 in the
Supplementary material) and the youngest zircon population composed of four dates has
a 2%°Ph/Z8U mean age of 598 + 11 Ma (MSWD = 1.3 and probability = 0.29) (Fig. A6 in

the Supplementary material).

5.3 Maghrebian Flysch units
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5.3.1 Lower Cretaceous Sandstones from the Mauretanian Tisiren Unit

Two samples from the Tisiren Flysch were processed (Ri11l and Ri117).
Sample Ri117 contains abundant zircon grains that show either continuous oscillatory
zoning or sector zoning in CL images (Fig. 5), however some grains are structureless.
There are also partially resorbed cores overgrown by mainly thin low or high U rims
(Fig. 5). On the other hand, sample Ri111 had scarce zircon grains and the CL images
show only zircon grains with continuous oscillatory zoning (Fig. 5). No inherited cores
were distinguished (Fig. 5).

The two samples (Fig. 11, and Table A3 in the Supplementary material) yielded
138 concordant ages ranging from 293 to 2772 Ma, with Paleozoic (7%),
Neoproterozoic (48%), Mesoproterozoic (15%), Paleoproterozoic (28%), and
Neoarchean (2%) dates. They are grouped into four main populations at ca. 528, 599,
2103 and 2188 Ma (Fig. 11). These samples also have a similar age distribution to the
previously described Mesozoic samples from the Temsamane and the Tanger-Ketama

units.

5.3.2 Latest Oligocene to Aquitanian quartzite arenite from the Numidian Fm
Sample Ri64

The CL images show that most zircons from Ri64 have continuous oscillatory
zoning and only a few grains display sector zoning or are structureless (Fig. 5). There
are also some composite zircons with partially resorbed cores overgrown by thick rims
(Fig. 5).

One hundred and fifty analyses were performed on 140 zircons, all of which

yielded concordant or nearly concordant dates (Fig. 10 and Table A3 in the
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Supplementary material). These dates range from 347 Ma to 2888 Ma, are Paleozoic
(5%), Neoproterozoic (49%), Mesoproterozoic (9%), Paleoproterozoic (31%),
Neoarchean (5%) and Mesoarchean (1%) in age, and cluster in five main populations at
ca. 597, 656, 1744, 1893 and 2054 Ma (Fig. 10). The youngest 2°Pb/?3U zircon date is
347 + 6 Ma (Table A3 in the Supplementary material) and the youngest zircon
population, comprising 14 dates, has a 2°Pb/?®U age of 597 + 3 Ma (MSWD = 1.18

and probability = 0.29) (Fig. A6 in the Supplementary material).

5.4 Alboran Domain

5.4.1 Paleozoic basement of the South Federico Unit of the Sebtide/Alpujarride
Complex
Sample Ri119

Approximately 370 zircons with different sizes, colours, textures and
morphologies were handpicked from the Ri119 zircon concentrate. From the CL
images, these zircons mainly show grains with continuous oscillatory zoning and, to a
lesser extent, complex grains with partially resorbed cores overgrown by high or low U
rims (Fig. 5). There are also a few grains with sector zoning (Fig. 5).

One hundred and forty five zircons were analysed and 141 of 155 analyses
yielded concordant or nearly concordant dates between 298 and 3189 Ma (Fig. 12 and
Table A4 in the Supplementary material). The dates obtained are Paleozoic (28%),
Neoproterozoic (41%), Mesoproterozoic (12%), Paleoproterozoic (14%), Neoarchean
(4%) and Mesoarchean (1%) and cluster in two main populations at ca. 532 and 992 Ma
(Fig. 12). The youngest zircon of sample Ri119 has a 2°°Pb/?*®U date of 298 + 9 Ma

(Table A4 in the Supplementary material) and the youngest zircon population has a
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206pp/238Y mean age of 353 + 6 Ma (MSWD = 1.4 and probability = 0.24) (Fig. A8 in

the Supplementary material).

5.4.2 Carboniferous sandstone within the Akaili tectonic unit of the
Ghomaride/Malaguide Complex.
Sample Ri121

From the zircon concentrate of this sandstone, ~ 370 zircons with different
morphologies, sizes, colours and textures were handpicked. Zircon CL images show
continuous oscillatory zoning and, less frequently, partially resorbed cores overgrown
by thick low or high U rims (Fig. 5). There are also a few grains with sector zoning
(Fig. 5).

One hundred and fifty five analyses were performed on 145 zircons, 144 of
which yielded concordant or nearly concordant dates ranging between 303 and 2790 Ma
(Fig. 12, and Table A4 in the Supplementary material). These dates are Paleozoic
(33%), Neoproterozoic (40%), Mesoproterozoic (2%), Paleoproterozoic (19%) and
Neoarchean (4%), and form three main populations at ca. 488, 595 and 2062 Ma (Fig.
12). The youngest zircon 2°°Pb/?%8U date is 303 + 8 Ma (Table A4 in the Supplementary
material) and the youngest zircon population (made of four dates) has a 2°°Pb/*8U mean
age of 330 £ 4 Ma (MSWD = 0.45 and probability = 0.72) (Fig. A8 in the

Supplementary material).

6. Discussion
The studied samples can be grouped into several categories based on similar
detrital age patterns: i) Mesozoic samples from the External Zones and the Maghrebian

Flysch, ii) Cenozoic samples from the Tanger unit and the Numidian Fm, and iii)
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samples from the Internal Rif or Alboran Domain. One exception is sample Ri35 from

the Ras Afraou unit that will be discussed separately.

6.1 Mesozoic samples from the External Zones and the Maghrebian Flysch

The similarity in the detrital age distribution for all Mesozoic samples is
noteworthy; particularly for the ubiquitous scarcity of Mesozoic grains (see Fig. 6, 9
and 11). Only three of the samples from the Temsamane, Tanger-Ketama and ‘internal’
Mauretanian Tisiren Unit contain zircons younger than Paleozoic (sample BKM3: one
Triassic grain at 234 + 3 Ma; sample Ri68: one Triassic grain at 227 + 10 Ma; sample
Ri43: one Cenozoic grain at 21 + 6 Ma, and another Triassic grain at 247 + 8 Ma). The
abundance of Paleozoic grains usually ranges between 7 and 10% in the combined age
spectra, and these are essentially Cambrian in age, with scarce Permian to Ordovician
dates. The presence of several Devonian grains is a common feature in most samples.
Neoproterozoic grains are most abundant, representing 40 to 51% of the grains in the
combined age spectra. Most of them are Ediacaran and grouped into a main population
with a main peak at ca. 590-599 Ma. There are also a few Cryogenian-Tonian grains.
All samples have Mesoproterozoic zircon grains (15% in the combined age spectra)
with several peaks (Figs. 6, 9, and 11). The samples all contain Paleoproterozoic zircon
grains (23 to 30% in the combined age spectra), with Orosirian and Rhyacian secondary
populations. All samples also contain a few Neoarchean grains (2 to 5%) and in several
samples there are scarce Mesoarchean, Paleoarchean, and Eoarchean grains.

The zircon age distributions in the Mesozoic samples are in agreement with
those determined by Pratt et al. (2015) on two samples: sample RF3 from the same
Lower Cretaceous quartzitic succession of the Tanger-Ketama unit, and sample RF4

from the Lower Cretaceous Tisiren Flysch. In both studies, the same dominant
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Ediacaran population at ca. 597 Ma was recognised. There are also two small
populations at ca. 1181 and 1445 Ma (Stenian and Calymmian respectively), although
the results presented here do not replicate the small Tonian-Stenian population at ca.
1000 Ma noted by these authors. Furthermore, a Paleoproterozoic population, also
described by Pratt et al. (2015), has been recognised in this work, ranging from ca. 1800

to 2200 Ma with several peaks at ca. 1871, 1980 and 2114 Ma.

6.2. Potential source areas for the different zircon age populations from the Mesozoic

rocks of the External Rif and the Maghrebian Flysch Complex.

This work did not yield any Jurassic or Cretaceous dates in the total population
of 1443 concordant-nearly concordant grains (Fig. 13). However, zircons with those
ages are present in the Middle Jurassic to Early Cretaceous alkaline magmatism from
the High Atlas region (Hailwood and Mitchell, 1971; Rahimi et al., 1997; Armando,
1999; Lhachmi et al., 2001; Zayane et al., 2002; Haddoumi et al., 2010; Bensalah et al.,
2013). The lack of Jurassic to Cretaceous grains indicates that the source alkaline
magmatic bodies were not exposed at the surface at this time, and thus they could not
provide any zircon for the Mesozoic sediments of the External Rif and the Maghrebian
Flysch. This is in agreement with the restored cross sections of the High Atlas
suggesting that the Cretaceous rocks were post-rift sediments and covered the
sedimentary infilling and igneous bodies of the Jurassic rifting (Arboleya et al., 2004).

There are Upper Ordovician to Devonian zircon grains (ca. 360-460 Ma: (see
Figs. 6, 9 and 11) probably derived from Avalonian terranes, where the rifting of
Avalonia from Gondwana and later collision of Avalonian with Laurentia and Baltica

was recorded (e.g. Sdnchez Martinez et al., 2007, 2012). The Late Devonian grains (ca.
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380-360 Ma) can be linked to granitoids like the Rabat granitoids (Tahiri et al. 2010)
that are part of the Sehoul Block, an Avalonian terrane thrusting over the Moroccan
Mesetas (Simancas et al., 2005; Tahiri et al., 2010) (Fig. 13). They are also present
within several samples from the Paleozoic Moroccan Mesetas (Accotto et al., 2018). In
addition, zircons with similar dates in the SW Iberian Massif are attributed to a cryptic
Rheic volcanic arc in Iberia (Pereira et al., 2012; Pérez-Céceres et al., 2017), that could
be hidden below the thrust surface of the Avalonian terranes (i.e. the Sehoul Block) at
present. Pratt et al. (2015) studied the Middle Jurassic Bou Rached sandstones in the
Middle Atlas and found a significant population of Ordovician-Devonian zircons. They
also suggested a probable origin from the Sehoul block and proposed that the zircons
were stored in Carboniferous-Triassic strata in Morocco. Accotto et al. (2018) have
recently confirmed this hypothesis. Data from Marzoli et al. (2017) from the Uppermost
Triassic (Rhaetian, ca. 202 Ma) series of Central High Atlas and Argana basins also
agree with the previous interpretation, as they found that samples interlayered with the
Lower CAMP basalts contained Upper Paleozoic grains.

The Cambrian to Middle Ordovician zircon grains (ca. 540-460) (Figs. 6, 9 and
11) can be related to the magmatic events developed in the northern margin of
Gondwana and associated to the opening of the Rheic Ocean that are represented in
widespread magmatic bodies in the Iberian Peninsula (e. g. Talavera et al.; 2013),
although there are scarce equivalents in the Variscan Moroccan Mesetas (see Letsch et
al., 2018). However, there are sources of Cambrian zircons farther south, in the Lower
Cambrian magmatic rocks (e.g. the Jbel Boho rocks in the Anti-Atlas, Benaouda, 2015),
or in the Derraman Peralkaline Felsic Complex within the Mauritanides (see Bea et al.,

2016) (Fig. 13).
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A dominant Ediacaran zircon population, with a main peak ca. 590 Ma,
represents the Cadomian and Pan-African orogenic events and characterizes the
Neoproterozoic zircon group (40 to 51 % in the combined age spectra). This dominant
Pan-African population is present in the rocks of the Sehoul Block, Bou Regreg
Corridor (Tahiri et al., 2010), and both Variscan Moroccan Mesetas (Ouabid et al.,
2017; Accotto et al., 2018; Letsch et al., 2018) (Fig. 13). It is also present in the
northern components of the West African Craton: Anti-Atlas, Ediacaran sedimentary
cover of the Reguibat Shield, Mauritanides, and the western margin of the Taoudeni
Basin (see Gartner et al., 2017 and references therein) (Fig. 13). This population is also
dominant in the Triassic sediments from the Central High Atlas and Argana basins
(Marzoli et al. 2017). Therefore, the sources for this Ediacaran zircon population most
probably were the Variscan Mesetas and the NW African Craton (Fig. 13).

Zircon grains with ages between 750 and 900 Ma are scarce (28 grains), in
contrast to the 52 zircon grains with Tonian-Late Stenian ages(ca. 900-1050 Ma). A
similar distribution of Neoproterozoic-Stenian zircon grains is also observed in the
Triassic rocks of the Central High Atlas basin (Marzoli et al. 2017), and in the Paleozoic
rocks from the Moroccan Mesetas, where the Tonian-Late Stenian zircons can reach
even 24-31% of the total sample (Accotto et al., 2018). The Tonian grains are also
present in the Paleozoic sediments from the Central Iberian, West Astur-Leonian and
Cantabrian zones of the Iberian Massif (Bea et al., 2010; Diez Fernandez et al., 2010;
Cambeses, 2015, among others). This Tonian population is usually related to the
Grenville orogeny and can be sourced from Avalonian, Baltic, or Amazonian terranes.
Alternatively, Bea et al. (2010) proposed that these grains were derived from the
Saharan metacraton and, most probably, from the Arabian-Nubian shield, and

incorporated to the sediments of the northern Gondwana terranes. We propose a similar
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origin for the Tonian-Late Estenian grains, which were incorporated within the
Paleozoic rocks of the Variscan Moroccan Mesetas (see Accotto et al., 2018), later
eroded, and deposited in the Riffian paleomargin.

In NW Africa, there is a distinctive and characteristic gap of zircon ages
between 1.1 and 1.6 Ga (see Gartner et al., 2017, and references therein, but also Letsch
et al., 2018) (Fig. 13). However, 15% of all the ages in the combined age spectra from
this work are of this age, to the extent that there are secondary Stenian (Ri43, 1181 Ma),
Ectasian (Ri102, ca. 1213 Ma) and Calymmian populations in several samples (Fig. 13).
The nearest sources with Neoproterozoic sediments with significant Mesoproterozoic
zircon populations have been studied by Gartner et al. (2017) and include part of the
cover of the Reguibat shield, the Mauritanides, and the western margin of the Taoudeni
Basin (Fig. 13). Therefore, in order to explain these secondary populations, the zircons
must have been transported from the Reguibat massif and other central components of
the West African Craton, towards the Mesozoic African paleomargin (Fig. 13).

The proportion of Paleoproterozoic zircon grains (23 to 30% in the combined
age spectra) is higher than the proportion of Mesoproterozoic grains, with the
previously mentioned Orosirian and Rhyacian secondary populations representing the
Eburnian-Birimian orogenic cycles (1.78-2.35 Ga, see Abati et al., 2010, and references
therein). This population can be found in the Middle Jurassic of the Middle Atlas and in
the Cretaceous sediments of the Riffian paleomargin (Pratt et al., 2015), but also in all
the components of the West African Craton and, the Anti-Atlas, the Sehoul Block and
Bou Regreg Corridor (Gértner et al., 2017), and within the basement of the Moroccan
Mesetas (Pereira et al. 2015) (Fig. 13). We can therefore interpret this population as

having been sourced from one of these regions (Fig. 13).
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6.3 Ras Afraou unit sample Ri35

The Ras Afraou unit is commonly attributed a Paleozoic age, but the dates
obtained here on sample Ri-35 (from the black schists and quartzites of the upper Ras
Afraou unit) not only yielded a zircon population distribution that starkly contrasts all
other analysed samples, but one that also calls the Paleozoic age into question (see Figs.
4, and 8). The youngest zircon population in the Ras Afraou sample is Mesozoic in age,
(243 = 3 Ma; MSWD = 1.02 and probability = 0.41) (Middle Triassic, Anisian) (Fig. A3
in the Supplementary material), and the youngest 2°Pb/2*8U zircon date of this quartzite
IS 200 £ 7 Ma (Uppermost Triassic). These data discount the idea that the Ras Afraou
black schists and quartzites are Paleozoic in age. Therefore, we propose a Mesozoic or
younger age for these rocks, and possibly a Cretaceous age by correlation with the
Albian-Lower Aptian black facies from the rest of the Temsamane and Tanger-Ketama
units.

Another noticeable difference between this sample and others studied is the
presence of two populations in sample Ri35 at ca. 270 Ma (Upper-Middle Permian) and
ca. 320 Ma (Lower Carboniferous) that are absent in the Mesozoic Riffian samples
(Figs. 6, 7, and 8). Furthermore, Ri35 has an Ediacaran zircon population (ca. 583 Ma)
but it is not the dominant population as is the case in the previously described samples
(see Figs. 6, 7, and 8). In addition, the Mesoproterozoic grains (2%) are nearly absent in
Ri35, in contrast with the Mesozoic Riffian samples, where 15% of the grains are this
age (see Figs. 6, 7, and 8).

The significantly different zircon age population distribution pattern for the Ras
Afraou black schists could indicate the presence of a local source. We interpret this
local source in terms of the geometry of the Riffian paleomargin, where the Temsamane

domain had a proximal location (see Azdimousa et al., 2007; Jabaloy et al., 2015), the
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thick successions of the Tanger-Ketama domain were in a more distal location (see
Chalouan et al., 2008; VVazquez et al., 2013), and the Ras Afraou domain was located in
the transition between both. Vazquez et al. (2013) proposed the existence of a major
normal fault in this transitional domain. The erosion of Paleozoic successions in the
fault scarp could provide the local detritus source and explain the abundance of

Paleozoic zircon grains over the Ediacaran grains in sample Ri35.

6.4 Cenozoic samples from the External Rif and the Maghrebian Flysch

Sample Ri63 from the Middle Eocene to Middle Miocene sandstones of the
Tanger unit yielded 46 concordant dates ranging from 413 to 2590 Ma (Fig. 10, and
Table A2 in the Supplementary material), with three main populations at ca. 627, 1041
and 1945 Ma (Fig. 10). This age distribution contrasts with that of the Mesozoic rocks
from the same unit by the presence of a well-defined Tonian-Stenian population at ca.
1041 Ma.

Sample Ri64, from the Latest Oligocene to Aquitanian quartz arenite from the
Numidian Fm, yielded 140 concordant analyses (Fig. 10, and Table A3 in the
Supplementary material), ranging from 347 Ma to 2888 Ma. The age distributions are
Paleozoic (5%), Neoproterozoic (49%), Mesoproterozoic (9%), Paleoproterozoic (31%),
Neoarchean (5%) and Mesoarchean (1%), and cluster in five main populations at ca.
597, 656, 1744, 1893 and 2054 Ma (Fig. 10).

The clastic supply for the Numidian Fm is now nearly unanimously interpreted
as being of African provenance (see Fornelli et al. 2015). Nevertheless, this southern
provenance has traditionally been controversial and northern (European) provenance
has also been proposed (Parize et al., 1986; Yaich et al., 2000; Boukhalfa et al., 2009;

Riahi et al., 2010; Fildes et al., 2010), although this too has been contested (Thomas et

26



al., 2010a, 2010b; Guerrera et al., 2012; Alcala et al., 2013, Fornelli et al., 2015). The
age distribution obtained in this work for the Numidian Fm is similar to that obtained on
the Tanger unit, suggesting that both Cenozoic turbiditic successions had the same
source areas in NW Africa, the Tanger unit probably being in a more proximal setting
than the Numidian Fm. Moreover, the U-Pb zircon data (Fig. 10) are similar to
populations described by Fornelli et al. (2015) on two samples from the Numidian Fm

in the south Apennines (56 concordant ages), but with a Langhian depositional age.

6.5 Albordn Domain

Two samples from the Internal Rif or Alboran Domain (Ri119 from the
Sebtide/Alpujarride and Ri121 from Ghomaride/ Malaguide), provide different age
distribution patterns (see Fig. 12). Sample Ri119 yielded two main populations at ca.
532 and 992 Ma while Ri121 showed three main populations at ca. 487, 595 and 2062
Ma, lacking the Tonian-Stenian peak at around 1000 Ma (Fig. 12). However, both
samples have common features that differentiate them from samples related to the NW
African paleomargin (Fig. 12), primarily the scarcity of Mesoproterozoic zircons. In
addition, there is a secondary Variscan population near 340 Ma, and another population
of Neoarchaean zircons at ca. 2600 Ma. These samples also contain the youngest zircon
population which points to a Carboniferous maximum depositional age (353 + 6 Ma for
Ri 119 and 330 + 4 Ma for Ri121) (Fig. 12). Furthermore, the age distribution patterns
for these two samples (Fig. 12) are different to those from the External Rif and
Maghrebian Flysch Complex (Fig. 10), suggesting that the Alboran Domain was not the
source area of the sediments for both paleogeographic domains, or the so-called

Mauretanian Flysch.
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6.6 Paleogeographic and tectonic implications

The studied Jurassic-Cretaceous samples have a very similar U-Pb detrital zircon
age distributions, with the exception of Ri35 from the Ras Afraou unit. These patterns
are also similar to those of samples from the Rif Belt studied by Pratt et al (2015).
Furthermore, they have a different age pattern to those of the Albordn Domain (Figs. 12
and 13), suggesting a common location in the NW African paleomargin for all these
samples, including the Tisiren unit.

The U-Pb detrital zircon age distribution from this work raises a major question
regarding the traditional paleogeographic interpretation of the Mauretanian Flysch,
commonly interpreted to have been located in the slope-basinal paleomargin of the
Alboran Domain at the conjugate margin of the Ligurian-Maghrebian Neotethys (e.g.
Chalouan et al., 2008; Guerrera et al. 2012). The presence of NW African zircons within
these Mesozoic sediments and contrasting zircon age population patterns relative to the
Alboran Domain does not support this interpretation. The U-Pb detrital data can only be
explained if the Tisiren succession was in the African Paleomargin during the Lower
Cretaceous, as proposed recently by Pratt et al. (2015), forming part of the same
turbiditic fan systems that sourced the Massylian Flysch.

The composite U-Pb detrital zircon age data for all Jurassic-Cretaceous samples,
including samples RF3 and RF4 from Pratt et al. (2015) shows a dominant population at
ca. 600 Ma, originating during the Pan-African orogeny and sourced in the Northern
part of the West African Craton and the Sehoul block as previously discussed (see Fig.
13). It also includes secondary populations of Mesoproterozoic zircons at ca. 1000,
1200 and 1500 Ma that can only have been sourced from the Reguibat and other central
components of the West African Craton (see Gértner et al., 2017). In order to transport

these Mesoproterozoic grains to the Neotethyan paleomargin of the Rif, the existence of
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northward-directed fluvial systems, parallel to the Central Atlantic continental margin
of NW Africa, are required (Fig. 13). Low-temperature thermochronological studies on
the Central Atlantic margin through the Western Moroccan Meseta, High-Atlas, Anti-
Atlas and Reguibat shield, but also in the East America conjugate margin, demonstrate
the existence of km-scale vertical movements during Jurassic-Early Cretaceous times
(see Gouiza et al., 2018, and references therein). Subsidence movements were related to
deposition of Mesozoic sediments that were later eroded during the subsequent uplift
events (Gouiza et al. 2018). Davison (20055), Gouiza (2011) and Gouiza et al. (2018)
propose that the eroded sediments were probably routed to the Atlantic margin, but
results from this study strongly suggest that fluvial systems routed at least part of the
sediments to the Riffian paleomargin. They are probably now preserved in the fluvial
Cretaceous deposits of the Hamadas that cover part of the West African Craton (Zouhri

et al., 2008, their Figure 7.3).

7. Conclusions

Detrital zircons from 17 samples from the External Rif, the Maghrebian Flysch
Complex and the Internal Rif or Alboran Domain were studied in this work. The data
include 12 samples with 1443 concordant and nearly concordant dates from Mesozoic
rocks of the External Rif and the Maghrebian Flysch Complex (including the so-called
Mauretanian internal flysch units) that have similar U-Pb detrital zircon age
distributions. These patterns indicate that all the domains of the External Rif and the
entire Maghrebian Flysch Complex were part of the same NW African paleomargin.
Sample Ri35 from the so-called Paleozoic from the Ras Afraou unit, has a very different
age spectra that we interpret as indicating a local source, and that includes one youngest

Mesozoic zircon population (243 £ 3 Ma; MSWD = 1.02 and probability = 0.41)
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indicating a Mesozoic or younger age for these Ras Afraou rocks. We propose a likely
Cretaceous age for these rocks using correlation to the Albian-Lower Aptian black
facies from the rest of the successions of the External Rif.

In all the samples, there are Paleozoic (scarce ones), Neoproterozoic (with a
dominant Ediacaran zircon population with a main peak ca. 590 Ma), and
Paleoproterozoic zircon grains (23 to 30% in the combined age spectra) that were likely
sourced from the Variscan Moroccan Mesetas, northern components of the West
African Craton, or from Triassic sediments from the Central High Atlas and Argana
basins. However, there are also Mesoproterozoic zircon ages between 1.1 and 1.6 Ga
(15 % in the combined age spectra) for which the nearest sources was in the central part
of the West African Craton (Reguibat shield, the Mauritanides, and the western margin
of the Taoudeni Basin). Transport of the Mesoproterozoic grains to the NW African
paleomargin required northward-directed fluvial systems parallel to the Central Atlantic
continental margin of Africa.

Two Cenozoic samples from the External Rif and the Maghrebian Flysch show
similar age patterns to those of the Mesozoic samples, while two samples from the
Internal Rif or Alboran Domain are different to those related to the NW African
paleomargin, especially in the scarcity of Mesoproterozoic zircons. This suggests that
the Alboran Domain did not form part of the source areas for both the External Rif and

the Maghrebian Flysch Complex.
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Figure and Table captions

Figure 1.- A) Tectonic sketch of the western Mediterranean Sea, and B) Tectonic map
of the Rif Chain. Squares indicate regions expanded in Figures 2 and 3.

Figure 2.- Geological map of the eastern Rif Chain with sample locations.

Figure 3.- Geological map of the western Rif Chain with sample locations.

Figure 4.- A) Lithological columns of the studied successions in the External Domain
and Maghrebian Flychs. All lithological columns have the same vertical scale.
Temsamane and Ras Afraou successions are modified from Azdimousa et al.
(2007). For the Tanger-Ketama successions, the Ketama unit is modified from
Frizon de Lamotte (1985), while the Tanger unit is modified from Zaghloul et al.
(2005). For the Maghrebian Flysch succesions: the Chouamat-Meloussa unit
succession is modified from Andrieux (1971), the Tisiren unit succession is
modified from Durand-Delga et al. (1999), and that of the Numidian Fm is
modified from Vera 2004.

Figure 5.- Cathodoluminescence images of representative dated zircons of the samples
from the Rif belt.

Figure 6.- U-Pb age probability plots of the individual samples from the Lower
Cretaceous rocks of the Temsamane units. Ellipses represent 26 uncertainties.

Figure 7.- U-Pb age probability plots of the combined samples from the Lower
Cretaceous rocks of the Temsamane units. Ellipses represent 2¢ uncertainties.

Figure 8.- U-Pb age probability plots of sample Ri35 from the black schists and
quartzites of the upper Ras Afraou unit.

Figure 9.- U-Pb age probability plots of the individual samples from the Mesozoic

rocks of the Tanger-Ketama unit. Ellipses represent 2c uncertainties.
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Figure 10.- U-Pb age probability plots of the individual samples from the Cenozoic
samples. Ellipses represent 2c uncertainties.

Figure 11.- U-Pb age probability plots of the individual samples from the Mesozic
samples from the Tisiren unit. Ellipses represent 2 uncertainties.

Figure 12.- U-Pb age probability plots of the individual samples from the Internal Rif
or Alboran Domain. Ellipses represent 2¢ uncertainties.

Figure 13.- Tectonic map of north-westernmost Africa showing the northern part of the
West African Craton (WAC) and the adjoining fold belts (modified from
Michard et al., 2008). To the right, we have added the probability plots from the
samples from the Internal Rif or Albordn Domain, the Mesozoic samples
(including those from Pratt et al., 2015), and the Cenozoic samples from the
External Rif and Maghrebian Flysch Complex (MPZ = Mesoproterozoic
zircons). The areal distribution of sediments with significant Mesoproterozoic
zircons and the available data of the zircon record from the main geological
components of the West African Craton, Anti Atlas and Sehoul Block are

modified from Gértner et al. (2017)
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Table 1

SAMP | UTM X v Unidad Rocks Str_atigraph Tectonic unit
LES | zone ic Age or Complex
449 | 3884 | Temsaman | Sandst | Aptian- Temsamane
TEMS | 30N 558 | 713 | e Units ones Albian units
451 | 3883 | Temsaman | Sandst | Aptian- Temsamane
TEM6 | 30N 427 | 617 | e Units ones Albian units
467 | 3888 | Temsaman | Sandst | Aptian- Temsamane
TEM7 | 30N 172 | 868 | e Units ones Albian units
435 | 3880 | Temsaman | Sandst | Aptian- Temsamane
BMK3 | 30S 893 | 434 | e Units ones Albian units
459 | 3894 | Temsaman | Sandst
Ri35 30N 349 | 139 | e Units ones Paleozoic? [ Ras Afrou unit
460 | 3890 | Temsaman | Sandst | Aptian- Temsamane
Ri66 30N 641 | 657 | e Units ones Albian units
459 | 3886 | Temsaman | Sandst | Aptian- Temsamane
Ri68 30N 972 | 465 | e Units ones Albian units
Tanger-
381 | 3842 | Ketama Sandst | Middle-Late
Ri102 | 30N 348 | 244 | Unit ones Jurassic Ketama unit
Tanger-
381 | 3841 | Ketama Sandst | Middle-Late
Ri107 | 30N 411 | 511 | Unit ones Jurassic Ketama unit
Tanger-
294 | 3893 | Ketama Sandst
Ri63 30N 608 | 248 | Unit ones Eocene Tanger unit
Tanger-
350 [ 3858 | Ketama Sandst | Aptian-
Ri114 | 30N 763 | 139 [ Unit ones Albian Ketama unit
Tanger-
335 | 3872 | Ketama Sandst | Aptian-
Ri43 30N 575 987 [ Unit ones Albian Ketama unit
369 [ 3871 | Maghrebian | Sandst | Aptian-
Ri111l | 30N 201 | 345 | Flyschs ones Albian Tisiren unit
351 | 3893 | Maghrebian | Sandst | Aptian-
Ri 117 | 30N 128 | 248 | Flyschs ones Albian Tisiren unit
435 | 3846 | Maghrebian | Sandst
Ri64 | 30N 676 [ 379 [ Flyschs ones Aquitanian | Numidian Fm
325 | 3893 | Alboran Sandst | Carbonifero | Sebtides/Alpuja
Ri119 | 30N 689 | 075 [ Domain ones us rrides
327 | 3889 | Alboran Sandst | Carbonifero | Ghomarides/Ma
Ri121 | 30N 557 | 339 [ Domain ones us laguides
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Highlights

+ Detrital zircon U-Pb age from the External Rif and Maghrebian Flysch samples
are very similar

» The whole Maghrebian Flysch Complex were part of the NW African
paleomargin

» The so-called Mauretanian internal flysch was not related to the Alboran domain

+ Part of the zircons of the Rif belt were sourced from the central West African
Craton
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