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Abstract

The Moroccan Anti-Atlas orogenic belt encloses several Precambrian inliers comprising two
major Neoproterozoic ophiolitic complexes: the Sirwa and Bou Azzer ophiolites. These
ophiolites expose crustal and mantle units, thrusting over fragments of a long-lived intra-
oceanic arc system. We present a detailed geochronological and petro-geochemical study of
three mafic/ultramafic units of these two ophiolites: the Khzama sequence (Sirwa ophiolite)
and the Northern and Southern Ait Ahmane sequences (Bou Azzer ophiolite). The
crystallization of layered metagabbros from the Bou Azzer ophiolite (North Ait Ahmane
sequence) has been dated here at 759 + 2 Ma (U-Pb on zircons). This new age for the Bou
Azzer ophiolite is similar to the formation of the Sirwa ophiolite (762 Ma) and suggests that
both units formed during the same spreading event. Metabasalts of the three units show
tholeiitic signature but with variable subduction-related imprints marked by LILE
enrichments, HFSE depletions and variable Ti contents, similar to modern back-arc basin
basalts (BABB). Their back-arc origin is also supported by the geochemical signature of
ultramafic units showing very low contents in major and trace incompatible elements (Al,Os:
0.12-1.53 wt%, Ti: 3.5-64.2 ppm and Nb: 0.004-0.10 ppm), attesting of a highly refractory
protolith. This is in agreement with the high Cr# (0.44-0.81) and low to intermediate Mg#
(0.25-0.73) of their constitutive Cr-spinels. Dynamic melting models suggest that these
serpentinites experienced intense and polyphased hydrous melting events, strongly influenced
by supra-subduction zone SSZ-fluid influx and subduction-related melt percolation. Being
particularly affected by these SSZ-melt/rock interactions and closer to arc units to the south,
the Sirwa ophiolite and the South Ait Ahmane unit of the Bou Azzer ophiolite likely represent
an early stage of the arc-back-arc system, which has been more influenced by the magmatic
products of the arc activity compared to the North Ait Ahmane unit of the Bou Azzer

ophiolite.



Keywords: Neoproterozoic, SSZ, ophiolite, back-arc, U-Pb dating, serpentinite, West

African Craton.

1. Introduction

Due to lithosphere recycling induced by plate tectonics, no oceanic lithosphere older than 220
Ma remains in place nowadays (Muller et al., 2008). Ophiolites are therefore the only
available objects to investigate older oceanic lithosphere. A recent census by Furnes et al.
(2015) highlights a great abundance of Neoproterozoic and early Cambrian ophiolites
worldwide, mostly dated from 850 Ma to 500 Ma, testifying of a peculiar geodynamic activity
at that time, marked by the demise of the Rodinia supercontinent and the further assembly of
Gondwana. Most of these ophiolites are interpreted as remnants of supra-subduction
lithosphere (e.g. Dilek and Furnes, 2011; Stern et al., 2012). They expose in places complete
vertical sections of supra-subduction lithosphere, poorly accessible on modern active systems.
Back- or fore-arc basins remnants can provide key information about the tectonic regime of
the overriding plate (Heuret and Lallemand, 2005) and therefore, new insights into subduction
dynamics. Therefore, these Neoproterozoic ophiolites offer unique opportunities to study
crustal production, subduction zones dynamics (Triantafyllou et al., 2016, 2018; Walsh et al.,
2012) and oceanic hydrothermal activity (Hodel et al., 2017, 2018), associated to this critical

period of the Earth’s history (e.g. Stern, 2005).

Recent ocean drilling campaigns emphasized the geochemical heterogeneity of supra-
subduction systems and the diversity of igneous processes depending on arc vicinity, slab
dynamics, mantle enrichment and melting process (Hochstaeder et al., 2001; Tollstrup et al.,
2010; Reagan et al., 2017). These new views on modern subduction systems reveal that
deciphering a geodynamic context with geochemical discrimination tools applied to

metabasaltic ophiolitic rocks can be difficult (see MacLeod et al., 2013 for the debate on the



Oman ophiolite). Hence, by exposing both mafic and ultramafic lithologies of a given
lithosphere section, ophiolites are prime targets to understand subduction systems and explain

their geochemical diversity.

The Moroccan Anti-Atlas hosts several Neoproterozoic inliers (erosional windows)
comprising ophiolitic sequences that offer a unique opportunity to study these particular
subduction settings (Bousquet et al., 2008). In the present study, we focus on the two main
ophiolitic sequences exposed in the Anti-Atlas: the Sirwa ophiolite (e.g., Chabane, 1991; El
Boukhari et al., 1992; Admou and Juteau, 1998), dated at 762 + 2 Ma by Samson et al.
(2004), and the Bou Azzer ophiolite (e.g. Leblanc, 1975; Bodinier et al., 1984; Naidoo et al.,
1991; Ahmed et al., 2005, 2009). The age of the Bou Azzer ophiolite is still debated (EI Hadi
et al., 2010), the most commonly quoted age being a Rb/Sr age of 788 + 10 Ma (Clauer,

1976), obtained on hornsfel pelites collected close to meter-thick mafic sills.

Only a few studies treat of the ultramafic lithologies of these ophiolitic sequences (Leblanc,
1975; Ahmed et al., 2005; Gahlan et al., 2006; Hodel et al., 2017, 2018) and their petrology
along with their geochemistry remain poorly constrained. Here we present a detailed
petrological study of the ultramafic and the mafic units coupled with a geochronological study
of the constitutive mafic rocks of the Sirwa and Bou Azzer ophiolites in order to better

constrain their age and origin.

2. Geological context

The Moroccan ophiolites are part of the Precambrian basement cropping out in the central
Anti-Atlas mountain range (Gasquet et al., 2005). These Precambrian inliers are exposed
between two major fault zones (the South Atlas Fault, SAF and the Anti-Atlas Major Fault,
AAMF), testify to the intense tectonic history that affected the northern margin of the West

African Craton (WAC; Fig. 1a) during the Pan-African orogeny. Ophiolitic assemblages are



exposed in two inliers: the Sirwa window to the west (Fig. 1b) and the Bou Azzer-El Graara

inlier to the East (Fig. 1b).
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Figure 1: Simplified geological maps. (a) Location of the studied area in relation to the West African Craton (WAC). Green
parts represent the Pan-African orogenic belt. (b) Schematic map of the Precambrian inliers exposed in the Moroccan Anti-
Atlas mountain belt (modified after Gasquet et al., 2008; basemap is Aster GDem 2.0 topographic data) showing the Sirwa

and the Bou Azzer - El Graara inliers to the W and the E, respectively.

Both inliers consist of several stacked tectonic blocks interpreted as dismembered parts of a
Cryogenian (middle Neoproterozoic) oceanic supra-subduction system (e.g. Leblanc, 1975;
Saquaque et al., 1989; Bodinier et al., 1984; Bousquet et al., 2008; Walsh et al., 2012; EI Hadi
et al., 2010; Soulaimani et al., 2018). These units were molded along the AAMF (Fig. 1b),
surrounded and locally unconformably overlain by the Ediacaran (late Neoproterozoic)
volcano-clastic deposits of the Ouarzazate Supergroup and late Ediacaran to Early Cambrian
clastic sediments (Leblanc, 1981). Both inliers show strong field and petrological similarities

that can be summarized as follows:

(1) Neoproterozoic intra-oceanic arc remnants. They consist of meta-volcanic and -plutonic
units, heterogeneous in composition (mafic to felsic), which are affected by a polyphased

intrusive and deformation history.



In the Sirwa inlier, the Iriri-Tachakoucht-Tourtit arc complex is composed of andesitic to
dacitic gneisses (Tachakoucht formation, Fig. 2a), intruded by hornblenditic magmas and
hornblende gabbro dikes (mafic intrusions of Iriri, Fig. 2a). The contact between these
intrusive bodies and the gneisses consists of leucocratic horizons, produced by the partial
melting of the host gneiss. The orthogneiss of the Tachakoucht formation yields protolithic
ages comprised between 735 £ 7 Ma and 725 + 7 Ma (Thomas et al., 2002; Triantafyllou et
al., 2016). The leucocratic horizons produced by their localized partial melting induced by the
Iriri intrusions are younger, between 651 + 5 Ma and 641 + 5 Ma (see zircons’ metamorphic
overgrowths in, Thomas et al., 2002; Triantafyllou et al., 2016). The Iriri-Tachakoucht-Tourtit
complex appears to be the product of several successive magmatic episodes with an intra-

oceanic arc geochemical signature (Thomas et al., 2002; Triantafyllou et al., 2016; 2020).

In the Bou Azzer inlier, these arc remnants form a discontinuous strip along the southern
border of the inlier and are mainly exposed within the Bougmane (Fig. 2b, south of the
ophiolitic sequences) and Tazigzaout complexes (outside the area covered by the map in Fig.
2b). These highly metamorphosed complexes are composed of mafic gneisses (amphibolite)
as well as granitic orthogneiss and granodioritic augen gneisses (see Triantafyllou et al.,
2018). Triantafyllou et al. (2018, 2020) show that the Bougmane complex consists of 760-740
Ma heterogeneously mingled felsic-mafic orthogneiss intruded by several bodies of 710-690
Ma hornblendites, hornblende gabbros and garnet leucosomes. Garnet reaction zones form at
the contact between different hornblende gabbro intrusions as a consequence of dehydration
and dehydration melting under high pressure (garnet-present) granulite grade conditions
(~800°C, 10 kbar; Triantafyllou et al., 2018). These reactions induced by contact
metamorphism are responsible for the formation of garnet-bearing leucosomes during
incipient partial melting of hornblende-rich rocks. As well as for the Iriri-Tachakoucht-Tourtit

arc complex of the Sirwa inlier, the geochemical and isotopic studies of D'Lemos et al. (2006)



on the Tazigzaout complex and of Triantafyllou et al. (2018, 2020) on the Bougmane complex
have shown that all these rocks are the product of a polyphased magmatic activity from a

magmatic arc system located in an intra-oceanic domain.

(2) Dismembered ophiolitic sequences (main topic of this study). They are both stacked via
early south dipping faults on the southern arc complexes previously described, the Iriri-
Tachakoucht-Tourtit complex for the Sirwa sequence and the Bougmane complex for the Bou

Azzer sequences.

The Sirwa ophiolitic sequence displays metagabbroic rocks, associated with several
metabasaltic clusters interpreted as the remnants of a sheeted dyke complex (El Boukhari et
al., 1992, Admou and Juteau, 1998). Ultramafic units are poorly exposed. They consist of
small lenses of strongly deformed serpentinized spinel-harzburgites and dunites, locally
associated with pyroxenites (Chabane, 1991; ElI Boukhari et al., 1992). This ophiolitic
sequence is extensively tectonized, marked by tectonic contacts between most of its ophiolitic
terms (see Fig. 2 in Triantafyllou et al., 2020). Three major tectonic slices were recognized in
the studied area, whose sole appears systematically represented by soft serpentinite bands.
These sliced and stacked units were subsequently dismembered and verticalized via sinistral
transpressive deformation occurring during syn- to late-orogenic shearing along the Anti-

Atlas Major Fault (Triantafyllou et al., 2012; Triantafyllou et al., 2020).

Geochemical studies carried out on the metabasaltic rocks of the Sirwa ophiolite show an SSZ
(supra-subduction zone) affinity (e.g., El Boukhari et al., 1992) The intra-oceanic nature of
this SSZ is supported by their highly positive éNd signatures (+7.5 to +8.8; Triantafyllou et
al., 2020) which reflect an old depleted mantle source (but recently refertilized by subduction
fluids and melts) without assimilation of WAC-derived continental material. The formation of
this oceanic lithosphere was dated at 762 = 2 Ma on ophiolitic plagiogranite dikes (U-Pb on

zircon, Samson et al., 2004).



The Bou Azzer ophiolite was described in detail for the first time by Leblanc (1975). Here,
we focus on the North and South Ait Ahmane sequences, close to the eponym locality. It
consists of a strongly tectonized and dismembered ophiolitic assemblage exposed in the inner
part of Bou Azzer inlier (Fig. 2b). The architecture of the Bou Azzer ophiolite has been
studied in detail by El Hadi et al. (2010). These authors showed that the ophiolite has been
structured as a complex anticlinal-shaped structure resulting from its evolution through
subduction to collisional tectonics (see also Bousquet et al., 2008 and Admou et al., 2013, for
more precise descriptions of the Bou Azzer ophiolite structure). The mantle section is the
most represented (~ 70% of the sequence, Fig. 2b) with serpentinites deriving from spinel-
harzburgites and rare dunitic lenses. These largely dominant residual lithologies are
associated with rare occurrences of pyroxenites and chromite pods. Mafic units are mainly
metagabbros (layered and isotropic). Isotropic metagabbros are strongly deformed and
retrogressed to amphibolite. Layered gabbros are marked by planar variations in modal
proportions that are transposed in the main foliation trend (Figs. 3a, b). Metabasalts are
exposed as metric dykes and/or undistinguished massive units. Ductile deformation is also
marked in the form of boudinaged dykes along with a slight foliation subparallel to boudins.
These metabasaltic massifs are interpreted as the relics of the sheeted dykes complex and as
pillow lavas occasionally capping ophiolitic sequence (Leblanc, 1975, 1981). The basaltic

lavas present a SSZ affinity (Bodinier et al. 1984; Naidoo et al., 1991) and as for the Sirwa
ophiolitic basalts, their Nd isotopic signature shows positive values (¢éNd ranging from +6.3

and +8.1; Triantafyllou et al., 2020) in agreement with a juvenile mantle source. The Bou
Azzer ophiolite was described either as a fragment of a back-arc lithosphere (Bodinier et al.,
1984; Triantafyllou et al., 2018) or as a fore-arc (Naidoo et al., 1991). The only petro-
geochemical study conducted on the Bou Azzer serpentinites concerns the discovery of a

fossil black smoker type hydrothermal system in the North Ait Ahmane unit (Hodel et al.,



2017, 2018). Other studies carried out on these ultramafic rocks investigated spinels
chemistry in serpentinites (Ahmed et al., 2005, 2009; Gahlan et al., 2006; Hodel et al., 2017).
These studies tend to confirm the SSZ affinity of these oceanic remnants. The age of this
section of oceanic lithosphere is still debated. No robust igneous age is available yet. ElI Hadi
et al. (2010) proposed an age of 697 + 6 Ma (U-Pb on zircons) for a gabbroic rock belonging
to the Bougmane complex that they interpreted as belonging to the ophiolitic sequence based
on their tectonic model. However, these rocks were recently re-interpreted as the root of the
Bougmane arc complex based on their geochemical signature, the nature of its constitutive
lithologies and, its high grade metamorphic evolution (up to granulite facies; Triantafyllou et
al., 2018, 2020). The 697 = 8 Ma age obtained by El Hadi et al (2010) is equivalent, within
errors, to the 710-690 Ma ages obtained for hornblendites and related rocks of the Bougmane
complex (D'Lemos et al., 2005; Triantafyllou et al., 2018). We consider that the sample dated
by EI Hadi et al. (2010) does not constrain the timing of oceanic spreading as represented by
the Bou Azzer ophiolite at Ait Ahmane but rather characterize the second igneous phase of

the Bougmane oceanic arc (Triantafyllou et al., 2018).

(3) Late Cryogenian dioritic, granodioritic to granitic intrusions cutting across the ophiolitic
units were described in both Sirwa and Bou Azzer inliers. Their emplacement ages were
constrained with U-Pb geochronology on magmatic zircon grains and range between 660 and
640 Ma (Inglis et al., 2004; El Hadi et al., 2010; Walsh et al., 2012; Blein et al., 2014;

Triantafyllou et al., 2016).
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Figure 2: (a) Simplified geological map and cross section of the Sirwa ophiolite (Khzama sequence) modified from

Triantafyllou et al. (2016). (b) Simplified geological map and cross section of the Ait Ahmane sequences of the Bou Azzer



ophiolite and associated plutono-metamorphic (intra-oceanic arc) units to the south (combining field information of this
study and from Admou et al., 2013). Background gray scale images for are grayscale SPOT images product (CNES) and
elevation profiles were extracted from Aster Gdem v2 topographical data. KMZ versions of these maps including samples
locations have been generated using Geolokit app (Triantafyllou et al., 2017) and can be found in the Supplementary

Materials 1.

3. Field relations and samples description

Representative samples of metabasalts, metagabbros (mafic units) as well as serpentinized
peridotites (ultramafic units) were collected from both the Sirwa and Bou Azzer ophiolites

(see Fig. 2a, b).

For the Sirwa ophiolite, sixteen serpentinites, four metagabbros and nine metabasalts samples
were collected in the Khzama area. The Khzama serpentinites were sampled in two ultramafic
massifs located northward of the Amassine village (SRW series) as well as two other massifs
exposed on both sides of the Tourtit village (KK series). Most of the metabasaltic and
metagabbroic rocks were sampled in the western Amassine valley. Additional mafic samples
were collected from both central and eastern valleys of the area to ensure representativity and

coverage on the Sirwa ophiolitic sequence (Fig. 2a).

Two main mafic-ultramafic assemblages were recognized and sampled in the Bou Azzer
ophiolite (Fig. 2b): (i) the Northern Ait Ahmane unit is located in the central part of the Bou
Azzer-El Graara inlier. It is bordered by isotropic metagabbroic and metabasaltic units to the
North and by isotropic and layered metagabbros as well as metabasalts and the intrusive Ait
Ahmane quartz-diorite to the South (Fig. 2b); (ii) The Southern Ait Ahmane unit consists of
an alignment of small dismembered serpentinite lenses outcropping to the south of the inlier
into Upper Cryogenian volcano-sedimentary formations (Admou et al., 2013). We discarded
serpentinites displaying obvious alteration features in the field and conducted our sampling

campaign away from zones were carbonation and/or hydrothermal overprint have been



described by Hodel et al. (2017, 2018) for the North Ait Ahmane unit. Nine metabasalts and
seven metagabbros were sampled in the Northern Ait Ahmane area. The North Ait Ahmane
ultramafic unit was already sampled by Hodel et al. (2018) who studied variously
hydrothermalized serpentinites and associated massive magnetite veins. We sampled five
additional serpentinites from this unit. Sixteen serpentinites, two metabasalts and one
metagabbro were also sampled in the Southern Ait Ahmane unit following a N-S profile (Fig.
2b). All the analytical methods and protocols are detailed in the appendices (see A.l. for

Analytical methods).

4. Petrography and mineral chemistry

4.1 Mafic units

Metagabbroic units from the Khzama (Sirwa) and Ait Ahmane (Bou Azzer) ophiolitic units
consist of amphibolites with fine- to medium-grained equigranular, granoblastic texture.
Isotropic as well as layered metagabbros were observed in both units. The latter are
characterized by centimetric to pluri-centimetric layering with variable plagioclase-amphibole

modal proportions (Fig. 3a).

The Khzama metagabbros are made of tschermakitic amphibole (Mg# > 0.53, Si <6.5 apfu,
see table X) and retrogressed andesine-oligoclase plagioclase (xAb ~ 60-80 mol %; xAb =
Na/[Na + Ca + K] on molar basis) with accessory titanite-ilmenite, clinozoisite, apatite and
occasional carbonate and quartz. The Ait Ahmane metagabbros share numerous
petrographical similarities with the Khzama samples (Fig. 3a, b). They contain calcic
amphibole with tschermakitic to Mg-hornblende composition (Mg# > 0.51, xSia ranging
between 6.2 and 7.5 apfu; Leake et al., 2004) with few brownish cores with pargasitic
composition (see Supplementary Material 2 for EPMA analyses). Retrogressed plagioclases

range from andesine to albite compositions (48 < xAb < 91 mol %). Accessory phases are



titanite, apatite, zircon and magnetite. Few metagabbros show relics of higher-grade pressure-
temperature conditions marked by garnet pseudomorphosis (now totally retrogressed in
chlorite-amphibole assemblage; Fig. 3b) along with amphibole cores with pargasitic

compositions.

Figure 3: (a) Microphotograph of melanocratic layer in L72 layered metagabbro used for U-Pb dating (hornblende +
retrogressed plagioclase + accessory apatite and titanite) (b) Microphotograph of L68 isotropic metagabbro showing relics
of high grade paragenesis (i.e. pargasite and see dashed pink line for garnet pseudomorphosis). (c) High resolution scan of a
thin section portion of a South Ait Ahmane serpentinite showing the dark lizardite/chrysotile nodules in clearer antigorite (in
plane-polarized light). The yellow rectangle corresponds to the zoomed view on the photomicrograph to the right (in d). (d)

Photomicrograph of a dark lizardite nodule in clearer interpenetrated antigorite blades. Note the presence of calcite in the



left down corner. (e, f) Photomicrographs of a North Ait Ahmane serpentinite displaying a pseudomorphic
lizardite/chrysotile mesh texture with abundant magnetite concentrated in mesh rims (e in plane-polarized light and f in
cross-polarized light). Abbreviations correspond to: Hbl: hornblende, Plg: plagioclase, Ttn: titanite, Ap: apatite, Chl: chlorite,

Liz: lizardite, Atg: antigorite, Ctl: chrysotile, Spl: spinel, Mgt: magnetite, Cal: calcite.

4.2 Ultramafic units

Serpentinites from the Khzama unit display a non-pseudomorphic texture, composed of
interpenetrating antigorite blades (serpentinites varieties were determined using RAMAN
spectroscopy, see Appendix A.1.1) (Fig. 3c, d). Some bastites (serpentinized pyroxenes) are
sometimes recognizable through preserved original cleavages, often highlighted by
alignments of magnetite grains. A darker phase occurring between antigorite blades is
composed of a lizardite/chrysotile assemblage (Fig. 3c, d). In few samples, this
lizardite/chrysotile assemblage forms circular nodules that reach several hundreds of
micrometers in diameter (Fig. 3c, d). Given the degree and texture of serpentinization, it is

almost impossible to determine the modal composition of the former peridotite.

Serpentinites from the South Ait Ahmane unit display similar petrographic characteristics to
those from the Khzama unit. They are also mainly composed of interpenetrated antigorite
blades (Fig. 3c, d) but lizardite/chrysotile darker nodules are much more present, even at the
macroscopic scale (measuring from 0.5 to 4 mm, Fig. 3c, d). When compared to the
serpentinites from the two other units, they are richer in carbonate phases (Fig. 3d).
Carbonates are frequently associated with chrysotile in late veins or form patches into the

antigoritic matrix (Fig. 3d).

Finally, serpentinites from the North Ait Ahmane unit display a pseudomorphic texture with a
serpentine mesh formed after olivine retrogression (Fig. 3e, f) and bastites formed after

orthopyroxene (about 10 to 20 % of the modal composition).



Spinel is the only pristine mineral preserved from serpentinization in all the studied ultramafic
rocks. Spinel grains are very weakly altered in the Khzama and South Ait Ahmane
serpentinites despite the fact that antigorite is the largely dominant serpentine variety reported
in these serpentinites. Spinel grains are euhedral to subhedral. They are rimmed by a thin
ferritchromite and/or Cr (+Ni)-bearing magnetite aureole (Fig. 4a, b). The degree of alteration
is much more variable in the North Ait Ahmane serpentinites, mainly due to the intense
hydrothermal activity that affected these serpentinites (Hodel et al., 2017, 2018). For mineral
chemistry, we only considered the less affected samples and analyzed only the preserved

spinel cores of the least altered grains (Fig. 4c).
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Figure 4: BSE (Back Scattered Electron) images of euhedral to subhedral spinel grains partially altered to ferritchromite and
Cr(Ni)-rich magnetite (a) from the Khzama serpentinites (b) from the South Ait Ahmane serpentinites and (c) from the North
Ait Ahmane serpentinites.

Unaltered spinel cores show intermediate to high Cr# (Cr# = Cr/[Cr+Al] = 0.44-0.81) and low
to high Mg# values (Mg# = [Mg/(Mg+Fe®")] = 0.25-0.73) (Fig. 5a, see also Supplementary
material 3). Spinels from the Khzama serpentinites display a narrow Cr# and Mg# range,
varying from 0.68 to 0.81 and 0.26 to 0.57, respectively. Spinels from the South and North
Ait Ahmane units present more variable compositions with Cr# and Mg# ranging from 0.44 to

0.79 and 0.34 to 0.73, respectively. For the three units, these compositions point to a highly



depleted protolith (more than 25 % of melt extraction in most cases; Arai, 1994) hence,
corresponding to the composition of spinel found in subduction related peridotites (Fig. 5a).
Spinels from Ait Ahmane serpentinites have very low TiO, contents (<0.1 wt%) consistent
with a highly depleted precursor while the spinels from the Khzama serpentinites are
characterized by higher TiO, contents (0.10-0.26 wt%), reflecting prior-serpentinization

melt/rock interactions, i.e. refertilization processes (Fig. 5b).
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Figure 5: Spinel compositions in serpentinites from the Ait Ahmane (Bou Azzer) and Khzama (Sirwa) complexes (104 grains of
23 samples). (a) Compositional relationship between Cr# (= Cr/[Cr + Al]) and Mg# (= Mg/[Mg + Fe2+]) of spinels in the Ait
Ahmane and Khzama serpentinites. Only primary cores analyses are represented here and have been considered for
petrogenetic interpretations. (b) Compositional variations of Cr# vs TiO, (wt. %) content in spinels (after Pearce et al., 2000).
Abyssal peridotites field is from Warren (2016), SSZ (Supra Subduction Zone) peridotites field is from Ishii et al. (1992) and

Parkinson and Pearce (1998). Partial melting trend is from Arai (1994).

5. Whole-rock chemistry

5.1. Metabasalts

Major and trace elements concentrations measured on mafic rocks are provided in

Supplementary material 4.



Major elements. Metabasaltic samples from the Khzama and Ait Ahmane ophiolitic units are
subalkaline basalts and basaltic andesites (SiO, content 47 — 54 wt%; median value at 50.3
wt%; Na,O + K,0 < 5.9 wt%; median at 4.6 wt%). They show tholeiitic affinity with only a
few samples displaying a calk-alkaline signature (FeO*/MgO ranges between 0.9 to 2.6 wt%;
median at 2.1 wt%). Subalkaline signature is also confirmed by their low Nb/Y ratios (< 0.26;
Winchester and Floyd, 1977) except for one sample (AH25). The Ait Ahmane metabasalts
show relatively low TiO, contents which typically corresponds to an arc-related Ti-poor lavas
signature. The Sirwa metabasalts show higher Ti values pointing to a transitional composition

between MORB and back-arc mafic lavas.

Trace element. Two types of metabasalts were distinguished based on their REE patterns.

Both types occur in the Sirwa and the Ait Ahmane ophiolitic massifs:

(i) The first type is characterized by relatively low REE contents (6 to 15 times the chondritic
values; median at 8), flat MREE to HREE pattern ([Dy/Yb]n median at 0.99; Fig. 6a) and flat
to depleted LREE profiles ([La]n values range from 6.4 to 9.1) comparable to N-MORB
signature. They are enriched in LILE (Large lon Lithophile Elements: Cs, Rb, Ba, Th)
compared to NMORB reference value ([Ba]n.nmvors and [Th]nnmore ranging from 12.3 to
49.0 and 1.6 to 3.0, respectively with median values at 13.9 and 2.5) (Fig. 6b). Sr contents are
variable but correlated with Eu variations and reflecting plagioclase fractionation. HFSE
(High Field Strength Elements) concentrations are low compared to NMORB. Along with the
REE signature described above, these rock analyses are consistent with a mantle source
strongly depleted in incompatible elements and/or affected by high degrees of mantle melting.
Their Th/Nb ratios are comprised between 0.03 and 0.42, similar to the expected N-MORB

value (~0.04; Sun and McDonough, 1989).

(i1) The second type is marked by higher REE abundances (15 to 35 times the chondritic

values; median at 22), patterns showing significant fractionation between MREE and HREE



([Dy/YDb]n median at 1.34) and generally higher LREE content ([La]n range from 19.3 to
82.4; Fig. 6¢, d). These REE signatures are very comparable to island arc tholeiitic basalt
patterns (Fig. 6¢). The N-MORB-normalized multi-elements patterns (Fig. 6d) show higher
values in incompatible elements than for type-1 metabasalts. Enrichments in LILE elements
are variable but mostly above MORBs ([Ba]nnwors and [Th]n.nmors ranging from 1.2 to
158.4 and 1.6 to 21.4, respectively with median values at 20.2 and 6.0). Most samples show
negative anomalies in Nb-Ta ([Nb]n.nwvors Values vary between 0.9 and 3.3) and slight
negative anomalies in Zr-Hf ([Zr]n.nmors Values: 0.7 — 2.2). The Th/YD ratio is a useful proxy
to quantify the amount of slab-derived component into depleted MORB mantle (Pearce and
Stern, 2006). Both types of metabasalts show a strong influence of subduction component to
the MORB array (ranges of Th/Yb: 0.07 — 1.07 for Nb/Yb: 0.6 — 3.4; range of Ti/Yb: 1208 -

4227 and Zr/Yb: 11 — 56 for La/Yb: 0.7 — 4.9; see Fig. 7a, b, c).
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Figure 6: (a, c) Chondrite-normalized REE patterns of the Khzama and the Ait Ahmane metabasalts. Chondrite values are
from Barrat et al. (2012). (b, d) NMORB-normalized multi-element patterns for the Khzama and the Ait Ahmane
metabasalts. NMORB values are from Sun and McDonough (1989). IAT (Island Arc Tholeiite) and BABB (Back-Arc Basin
Basalts) compositions are from PetDB (https://www.earthchem.org/petdb) and boninites compositions are from the

GEOROC database (http://georoc.mpch-mainz.gwdg.de).
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Figure 7: Th/Yb, Ti/Yb and Zr/Yb versus Nb/Yb or La/Yb diagrams for the Ait Ahmane and Khzama metabasalts. Note the
departure from the mantle array indicating the presence of a subduction component (higher Th/Yb, lower Ti/Yb and Zr/Yb;
see text for details). Fields of 1zu-Bonin-Mariana (IBM) volcanic front (red) and back-arc (blue), rear arc (green) and forearc
(vellow) basalts composition are gathered from PetDB (https://www.earthchem.org/petdb). Percentages of subduction
contamination are from Pearce (2008). The mantle array extends from below normal-mid ocean ridge basalt (N-MORB)
through intraplate basalts to ocean island basalts (OIB). Light grey dots are MORB values gathered from PetDB

(https://www.earthchem.org/petdb).

5.3. Metagabbros

Major elements. Metagabbros in Khzama and Ait Ahmane ophiolitic sequences show
relatively low SiO, (41.8 — 51.1 wt.%) contents, high MgO (median at 11.6 wt.% and range
between 7.04 and 24.6 wt%) and CaO (10.1 — 19.9 wt.%) contents along with relatively low

TiO, contents (0.72 wt.% TiO,, in average).

Trace element. Two types of metagabbros can be distinguished (Fig. 8): (i) Type 1
metagabbros have only been observed in the northern Ait Ahmane ophiolitic sequence. They
show relatively high content in incompatible elements (REE concentrations are 16 to 27

chondritic values). REE patterns are relatively flat with a slight depletion in LREE ([La/Sm]y



ranging between 0.41-0.69; [Gd/Yb]n between 1.06 — 1.18) (Fig. 8a). Their trace elements
composition is very similar to N-MORB, with relative enrichment in Cs, Rb, Ba, Nb and Pb
(Fig. 8b). They show typical gabbro signature from the middle to upper crustal section of
oceanic crust (see comparison with Samail ‘high-gabbros’ on Fig. 8a). (ii) Type 2
metagabbros are marked by lower abundances in REE and other incompatible elements (REE
between 0.1 and 1 time chondritic values; Nb: 0.01-2.95 ppm, Zr: 0.01-0.05 ppm, Y: 0.03-
0.19 ppm) (Fig. 8). REE patterns show strong LREE depletion relative to MREE ([La/Sm]y
ratios ranges between 0.18 and 0.83) and flat MREE-HREE trends ([Gd/Yb]y ratios between
0.85 and 1.17; Fig. 8a). Slight positive Eu anomalies ([Eu/Eu*]y : 1.03 to 1.72) are correlated
with Sr contents and attributed to plagioclase accumulation. Type 2 metagabbros show typical
cumulative signature, similar to those from the Samail lower to middle crust gabbros (Fig.

8a).

The layered metagabbro dated in this study (sample L72, see section 6) belongs to the type 1
group. Both type 1 and type 2 metagabbros from the Sirwa and the Bou Azzer ophiolite show
oceanic-like signature, attesting of their genetic link with the ophiolitic sequence. Moreover,
they display different geochemical signature compared to mafic rocks forming the oceanic arc
complex to the south (e.g. Bougmane complex in Bou Azzer and Iriri complex in Sirwa;
Triantafyllou et al., 2018). Specifically, type 1 and type 2 ophiolitic metagabbros are
characterized by rather low La/Yb ratios (mean value at 0.42 and range between 0.17 and
0.70) compared to their arc-related counterpart (mean value at 1.68 and range from 1.05 to

3.1).
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Figure 8: (a) Chondrite-normalized REE patterns and (b) N-MORB-normalized multi-element patterns for the Khzama and of
the northern Ait Ahmane metagabbroic rocks. Dated layered metagabbro (sample L72) is represented to show its NMORB
affinity. Chondrite and NMORB normalizing values are from Barrat et al. (2012) and Sun and McDonough (1989)
respectively. Samail ophiolites’ (Oman) low and upper crust gabbro fields are from Pallister and Knight (1981) and Kelemen
et al. (1997). Median composition of Pacific Oceanic Ridge Basalt (red dashed line) is calculated based on PetDB

(https://www.earthchem.org/petdb) database.

5.3. Serpentinites
Major and trace elements concentrations measured in ultramafic rocks are provided in

Supplementary material 5.

Major elements. All the analyzed serpentinites show high LOI (Loss On Ignition) values,

from 11.3 to 12.9 wt%, reflecting the high degree of serpentinization. Whole-rock major



oxides contents were recalculated on a volatile-free basis in order to compare our results with
the compositions reported for other serpentinites and variously serpentinized peridotites in the

literature (Figs. 9 and 10).
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Figure 9: MgO/SiO, vs. Al205/SiO, ratios for the Khzama and Ait Ahmane (South and North) serpentinites. The pink domain
corresponds to the North Ait Ahmane variously hydrothermalized serpentinites of the Hodel et al. (2018) study. Data for
abyssal peridotites are from Snow and Dick (1995), Casey (1997), Niu (2004), Paulick et al. (2006), Godard et al. (2008),
Augustin et al. (2012), Boschi et al. (2013), Andreani et al. (2014), Chen et al. (2015). Data for SSZ (Supra Subduction Zone)
peridotites are from Ishii et al. (1992), Parkinson and Pearce (1998), Pearce et al. (2000), Savov et al. (2005, 2007), Marchesi
et al. (2006, 2009) Kodoldnyi et al. (2012). Mantle array is from Jagoutz et al. (1979) and Hart and Zindler (1986). Primitive

mantle values are from McDonough and Sun (1995).
Most of the analyzed serpentinites plots slightly under the mantle array (Jagoutz et al., 1979;
Hart and Zindler, 1986) in a MgO/SiO, versus Al,03/SiO; diagram (Fig. 9). Such feature is
usual for highly serpentinized peridotites. It is explained either by Mg loss during low
temperature seafloor alteration (Snow and Dick, 1995; Niu, 2004; Kodolanyi et al., 2012;
Deschamps et al., 2013) or by Si addition through fluid/rock interactions (e.g., Bach et al.,

2004; Harvey et al., 2014; Boschi et al., 2013; Malvoisin, 2015). Nonetheless, this alteration



signature is not dramatic in our samples, making reasonable to use MgO and SiO,
concentrations as fertility indicators for their ultramafic protoliths. Most of the Khzama and
Ait Ahmane serpentinites display a rather narrow range of high MgO/SiO, and low
Al,O5/SIO; ratios varying from 0.96 to 1.08 and 0.03 to 0.016 respectively, characteristic of
highly depleted peridotites. Three samples from the Khzama and the North Ait Ahmane units
stand out by showing higher Al,O3/SiO, (0.034 for the sample from Khzama and 0.023 and
0.028 for the samples from Ait Ahmane) for similar MgO/SiO, (0.94 for the sample from
Khzama and 0.98 for the samples from Ait Ahmane) testifying to a less depleted (or more

refertilized) protolith for these three samples.

Khzama and Ait Ahmane (North and South units) serpentinites are Al-poor (0.12-0.69 wt%
for most of the samples and 1.02-1.53 wt% for the three samples that display higher
Al,03/SiO; ratios mentioned above, Fig. 10a). They show a wide range of MgO content (from
42.13 to 45.63, 41.61 to 45.73 and 41.84 to 43.73 wt% for the Khzama, South Ait Ahmane
and North Ait Ahmane respectively), possibly reflecting either diverse protolith fertility or
Mg loss during low temperature seafloor alteration (e.g., Snow and Dick, 1995; Niu, 2004).
FeOrotar IS highly variable (7.31-13.72 wt%, 6.32-10.22 wt% and 9.52-13.56 wt% for
Khzama, South Ait Ahmane and North Ait Ahmane respectively). Hodel et al. (2017, 2018)
showed that the hydrothermal activity affecting the North Ait Ahmane serpentinites led to an
important iron mobilization in the serpentinites (see pink domain in Fig. 10b), involved in the

precipitation of massive magnetite veins in cracks (see also Gahlan et al., 2006).

Whole-rock CaO content is known to be strongly affected by the serpentinization and
associated carbonation reactions (Miyashiro et al., 1969; Coleman and Keith, 1971; Janecky
and Seyfried, 1986; Palandri and Reed, 2004; lyer et al., 2008). The carbonation of the South
Ait Ahmane antigoritic serpentinites (Fig. 3d) results in high to very high CaO concentrations

(0.04-7.64 wt%, Fig. 10c). The serpentinites from the Khzama and North Ait Ahmane units,



which do not exhibit petrographic evidence of carbonation, show lower CaO concentrations,
comprised between 0.03 and 0.96 wt%. These latter values are consistent with the
harzburgitic and dunitic nature of their protolith. SiO, contents are also variable (42.31-45.00
wit%, 40.67-47.06 wt% and 43.50-44.77 wt% for Khzama, South Ait Ahmane and North Ait

Ahmane, respectively, Fig. 10d).
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Figure 10: Bulk-rock major oxides contents vs. MgO content (wt%) diagrams for the Khzama and Ait Ahmane (South and
North) serpentinites. Element concentrations are recalculated on a LOI-free basis. (a) Al203 vs. MgO; (b) FeO vs. MgO, (c)
CaO vs. MgO and (d) Si0O2 vs. MgO contents. The pink domain corresponds to the North Ait Ahmane variously
hydrothermalized serpentinites of the Hodel et al. (2018) study. Data for abyssal peridotites are from Snow and Dick (1995),
Casey (1997), Niu (2004), Paulick et al. (2006), Godard et al. (2008), Augustin et al. (2012), Boschi et al. (2013), Andreani et
al. (2014), Chen et al. (2015). Data for SSZ peridotites are from Ishii et al. (1992), Parkinson and Pearce (1998), Pearce et al.
(2000), Savov et al. (2005, 2007), Marchesi et al. (2006, 2009), Kodoldnyi et al. (2012). Primitive Mantle (PM) values are

from McDonough and Sun (1995).

Trace element. Serpentinites from the three units display low to very low incompatible

element concentrations such as Ti (3.52 to 64.25 ppm; Fig. 11a), REE (rare earth element,



YREE ranging from 0.045 to 1.38 ppm and Yb from 0.006 to 0.041 ppm, Figs. 11b and 12)

and HFSE (e.g. Nb: 0.004-0.099 ppm, Fig. 11).
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Figure 11: Plot of the whole-rock (a) Ti vs. Nb and (b) Yb vs. Nb contents for the Khzama and Ahmane serpentinites. The pink
domain corresponds to the North Ait Ahmane variously hydrothermalized serpentinites of the Hodel et al. (2018) study.

References for the compiled data from abyssal and SSZ peridotites and serpentinites are the same as for the Figure 10.

The serpentinites of the Khzama ophiolitic complex exhibit very low concentrations of
incompatible trace elements (e.g., Ti: 14.34-64.25 ppm and Nb: 0.005-0.044 ppm and Yb:
0.009-0.039 ppm, Fig. 11). They are characterized by low REE contents (XREE ranging from
0.178 to 0.686 ppm, Fig. 12a) and slightly concave, U-shaped, REE pattern, showing slightly
higher LREE (light rare earth elements) and HREE (heavy rare earth elements) compared to
MREE (medium rare earth elements) (Fig. 12a). A slight positive anomaly in Eu (Eu/Eu* =
1.13-7.22 times the chondrite) is generally observed for these serpentinites (Fig. 12a).
Extended trace element concentrations normalized to the primitive mantle reveal a very weak
fractionation between LREE and HFSE, i.e. concentrations of HFSE (high field strength
elements, Nb, Ta, Zr, Hf) are close to those of the neighboring REEs (La/Nb and Nd/Zr,
respectively between 1.08-18.64 and 0.43-6.43 times the values of the primitive mantle (Fig.

12b). Multi-elemental spidergrams are rather flat, besides a strong positive anomaly in Pb



(Pb/Ce ratio between 6.80 and 7290 x PM) and another one, more variable and moderate, in U

(U/Th between 2.77 and 157 x PM, Fig. 12b).

The serpentinites of the South Ait Ahmane Unit are characterized by very low contents in
incompatible trace elements (e.g., Ti: 3.52-41.70 ppm, Nb: 0.004-0.077 ppm and Yb: 0.006-
0.040 ppm, Fig. 11) similar to the Khzama serpentinites. They show low and more variable
REE concentrations relative to the Khzama ones (XREE = 0.045-0.693 ppm, Fig. 12c). They
also present slightly concave (U-shaped) REE spectra, except for one sample showing
important L-MREE enrichment and for two others showing important LREE and variable Eu
enrichments (Fig. 12c), similar to these reported by Hodel et al. (2018) for hydrothermalized
serpentinites from the North unit. Apart from these two last samples, extended trace element
concentrations normalized to the primitive mantle reveal a very weak fractionation between
LREE and HSFE (Figs. 12d and 14), as evidenced by the low La/Nb and Nd/Zr ratios,
respectively comprised between 0.64-6.33 and 0.85-16.78 x PM (Fig. 12d). Samples AH03
and L53 with marked LREE enrichments show La/Nb and Nd/Zr ratios of 26.46 and 13.07 x
PM and of 21.4 and 22.4 x PM, respectively. Similar to the Khzama serpentinites, the South
Ait Ahmane serpentinites are notably enriched in Ba (Ba/Th ratios between 12.34 and 446 x
PM), in U (U/Th between 1.92 and 516 x PM), in Pb (Pb/Ce ratio between 56.93 and 3637 x
PM) (Fig. 12d). These samples also display a marked positive anomaly in Sr (Sr/Nd ratio

between 0.59 and 121 x PM; Fig. 12d).
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Figure 12: (a, ¢, e) Chondrite-normalized REE patterns of the Khzama and of the Ait Ahmane serpentinites. Chondrite values
are from Barrat et al. (2012). (b, d, f) Primitive mantle-normalized multi-element patterns of the Khzama and the Ait
Ahmane serpentinites. Primitive mantle values are from McDonough and Sun (1995). Data for abyssal peridotites and
serpentinites are from Niu (2004), Paulick et al. (2006), Godard et al. (2008), Augustin et al. (2012), Boschi et al. (2013),
Andreani et al. (2014), Chen et al. (2015). Data for SSZ peridotites and serpentinites are from Parkinson and Pearce (1998),

Pearce et al. (2000), Savov et al. (2005, 2007) and Kodoldnyi et al. (2012).



The samples collected in the North Ait Ahmane unit attest of the geochemical heterogeneity
of the serpentinites from this unit. They are also characterized by low to very low
incompatible trace elements contents (e.g. Nb: 0.006-0.099 ppm and Yb: 0.006-0.041 ppm,
Fig. 11) and variable REE contents (XREE = 0.11-1.38 ppm, Fig. 12¢). Based on HREE, we
distinguish two types of serpentinite protolith, also noticeable in the previous sampling of
Hodel et al. (2018) (Fig. 12e): (1) concave patterns and very low HREE contents and (2)
convex patterns showing higher HREE concentrations. Based on LREE patterns, several
subsets are identified (Fig 11e): Sample L37 display a strongly LREE-depleted spoon-shaped
REE pattern (ZREE = 0.11 ppm, Fig. 12c), with convex HREE pattern similar to those
noticed above. Inversely, sample L34A shows the same REE element pattern than the
serpentinites belonging to the nearby fossil hydrothermal system described by Hodel et al.
(2018), i.e. a strong LREE enrichment (La/Yb ratio of 50.87 times the chondrite) and a
marked positive Eu anomaly (Eu/Eu* = 5.38 times the chondrite) (Fig. 12e). For this sample,
high La/Nb of 37.44 times the primitive mantle values suggest that hydrothermal processes
likely led to amagmatic LREE enrichment (e.g., Hodel el al., 2018, Fig. 12f, see further
discussion). Finally, the samples L32, L34B and L36 display important enrichments in L-

MREE and flatter REE patterns (Fig. 12f).

6. In situ U-Pb dating

Zircons and apatites were extracted from the metagabbroic unit of the Northern Ait Ahmane
ophiolitic unit (sample L72: UTM29N-WGS84: X 731998 m — Y 3373222 m). Sample L72
consists of a layered metagabbro exposed as a pluri-metric tectonic slice intercalated within
the serpentinite units (see location on Fig. 2b). It is part of the type 1, N-MORB-like
metagabbro previously described (see Fig. 8). Zircon and apatite crystals were extracted via
heavy liquid (Methylene lodide), magnetic separation and manual hand-picking. Optical

cathodoluminescence images (CL, see Appendix Al for imaging conditions) were captured to



select the location of the spots for LA-ICP-MS analyses (see Appendix Al for analytical
methods and procedure). The full U-Pb isotopic dataset and calculated ages can be found in
Supplementary material 6. Concordia diagrams and calculated ages have been produced using

IsoplotR (Vermeesch, 2018).

6.1. Zircon U-Pb age

Zircon grains are 50 to 120 um long, prismatic and colorless showing euhedral to subhedral
shape with rounded edges. They are relatively homogeneous in terms of luminescence. They
show occasional oscillatory zoning (Fig. 13b) suggesting magmatic crystallization (Corfu et
al., 2003). They do not show any evidence for inheritance from older cores. This magmatic
origin is confirmed by the high Th/U ratios with an average value of 0.23 in contrast with low
Th/U ratios attributed to metamorphic zircons (e.g., Hoskin and Schaltegger, 2003). Their
general low contents in U and Th (hence, Pb) are consistent with crystallization in a mafic
magma (Kydonakis et al., 2014). The isotopic data plot in a concordant to discordant position
in a Tera-Wasserburg concordia diagram (Fig. 13a), due to the presence of variable amounts
of common Pb within the zircon grains. They define a lower intercept date of 745.9 + 7.4 Ma
(MSWD=1.3, n=32). We refined these data by selecting U-Pb analyses showing more 95% of
concordance (n=15). Plotted in a Wetherill Concordia diagram, these data yield a well-

constrained concordant age of 758.7 £ 2.1 Ma (MSWD=0.75).

6.2. Apatite U-Pb age

Apatites are 40 to 90 um long and colorless showing subhedral shape with rounded edges.
They show a homogeneous luminescence pattern (Fig. 13d). Under the microscope, apatite
typically occurs at grain joints between amphibole and plagioclase (Fig. 3a). The 2-sigma
ellipses are widely spread (MSWD = 3, n = 30, Fig. 13c). Uncorrected isotopic data are

aligned in Tera-Wasserburg diagram yielding a lower intercept date of 659 + 7 Ma (Fig. 13c).
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Figure 13: (a) Tera—Wasserburg and Wetherill Concordia (embedded) U-Pb diagram for zircons extracted from L72
metagabbro. The latter yields a concordant age at 758.7 + 2.1 Ma (MSWD = 0.75). (b) Optical CL (cathodoluminescence)
microphotographs of analyzed zircons. (c) Tera—Wasserburg U-Pb diagram for apatites extracted from L72 metagabbro.

Lower intercept yields an age at 659 + 7 Ma (MSWD = 3). (d) Optical CL microphotographs of the analyzed apatite grains.



7. Discussion

7.1 Regional significance of the Ait Ahmane ophiolite U-Pb zircon and apatite ages

The age of the Anti-Atlas ophiolitic complexes and by extension, of the Neoproterozoic
oceanic spreading that precedes the Pan-African orogeny in the Anti-Atlas, has been debated
in the past. The Sirwa ophiolite has been dated at 762 + 2 Ma using U-Pb method on zircon
grains from a plagiogranite (Samson et al. 2004). Concerning the Bou Azzer ophiolite, the
first proposed age for the oceanic crust was determined ca. 788 + 10 Ma (Clauer, 1976) using
Rb-Sr method on sedimentary sequence in direct contact with intrusive mafic rocks from the
ophiolitic sequence, and therefore, interpreted as metamorphic age due to the emplacement of
the mafic magmatic rocks. El Hadi et al. (2010) dated metagabbroic units at 697 + 8 Ma (U-
Pb on zircons) and interpreted this date as the age of the Bou Azzer ophiolite. These ones are
exposed in the Bougmane complex located to the southern part of the Bou Azzer inlier and
disconnected from the ophiolitic units. Moreover, Triantafyllou et al. (2018) dated similar
metagabbroic rock associated to mafic granulite in the Bougmane complex at 706 = 9 Ma.
These authors showed that they were formed in the lower crust of a thick oceanic arc and that
they are consequently not directly related to the evolution of the SSZ spreading system.

Hence, this metagabbroic rock do not belong the Bou Azzer ophiolite.

Our study provides an U-Pb age for the Ait Ahmane sequence obtained on zircon from a
layered metagabbro, which provides an age at 759 = 2 Ma (Fig. 13a). This metagabbro is part
of the ophiolitic sequence (Fig. 2b) as attested by its NMORB chemical signature (also
showing LILE enrichment, Fig. 8), its structural position between metabasalts and
serpentinites and the absence of granulite-grade recrystallization. We interpret this date as the

crystallization age for this metagabbro protolith. This new age is in agreement with previous



Rb-Sr dating (Clauer, 1976). It thus constitutes the best estimate of the age of the Bou Azzer

ophiolite.

Our study also provides a U-Pb date of 659 + 7 Ma for apatite grains extracted from the same
layered metagabbro (sample L72, Fig 13c). As apatite closure temperature for Pb diffusion is
low (375-550°C), U-Pb ages from apatite can be interpreted as cooling ages and/or resetting
during a thermal event (e.g. Cherniak et al., 1991; Chamberlain and Bowring, 2001; Schoene
and Bowring, 2007; Cochrane et al., 2014). Hence, this age could be interpreted: (i) as a reset
of the U-Pb isotopic chronometer during the 650-660 Ma arc magmatic pulse marked in the
area by the emplacement of numerous dioritic intrusions within the ophiolitic sequence; or (ii)
as the early retrograde stage following the amphibolitisation of these ophiolitic gabbroic units.
659 Ma closely corresponding to the age of intrusive diorites into the Bou Azzer ophiolitic
sequence, we suggest that this age represents thermal resetting of the apatite in the
metagabbro during the last magmatic pulse affecting the Anti-Atlasic supra-subduction

system (Triantafyllou et al., 2020).

These new ages suggest that both Bou Azzer and Sirwa ophiolites were formed during the
same oceanic spreading event between 760 and 730 Ma, concurrently with the first built-up
stage of an intra-oceanic arc recorded in Tachakoucht, Tazigzaout, Bougmane complexes
(with oldest magmatic ages constrained at 743 Ma, 753 Ma and 755 Ma; e.g. Thomas et al.,

2002; D'Lemos et al., 2006; Admou et al., 2013).

7.2 Magma heterogeneities representative of back-arc magmatism

After describing the Bou Azzer (Leblanc, 1975) and the Sirwa (Chabane, 1991) sequences as
oceanic lithosphere remnants, previous studies suggested on the basis of the composition of
mafic lavas that these ophiolitic sequences were related to the Anti-Atlasic subduction zone

bordering the WAC and associated volcanic arcs (e.g., Naidoo et al., 1991; Bodinier et al.,



1984; Triantafyllou et al., 2016, 2018, 2020). Field observations and magnetic geophysical
survey (Soulaimani et al., 2006; Hefferan et al., 2014; Triantafyllou et al., 2016, 2018, 2020)
demonstrated that the main structures accommodating the Cryogenian ophiolite and arc
accretions are dipping to the north with a southward vergence. Accordingly, from a
geometrical point of view, the arc complexes being located to the south of the dismembered
ophiolite, the latter consequently represents the back-arc domain (Fig. 2a, b). In parallel, fore-
arc basalt such as those from the lzu-Bonin system are extremely homogeneous, depleted in
incompatible trace-elements compared to MORBs and are characterized by very low Th/Yb
and Nb/Yb ratios (Reagan et al., 2010; Hickey-Vargars et al., 2018). They usually alternate
with boninitic lavas having basic to intermediate SiO, contents (typically 50-60 wt.%) with
elevated MgO (>10 wt%) (Reagan et al., 2017; Woelki et al., 2018). Such geochemical
signatures have not been found in the Anti-Atlas ophiolites, supporting the idea that they

originate from a back-arc setting.

As a whole, the geochemical signatures of mafic rocks from the Ait Ahmane and Khzama
ophiolitic sequences are heterogeneous, in line with the magma heterogeneity that
characterize back-arc environments (e.g., Shinjo et al., 1999; Taylor and Martinez, 2003;
Pearce et al., 2005; Tian et al., 2008; Bézos et al., 2009). Indeed, geochemical heterogeneity is
one the hallmarks of BABB (Back-Arc Basin Basalts) due to their inherited MOR-like
signature coupled with variable amount of subduction component imprint (e.g. Pearce et al.,
2005; Pearce & Stern 2006). The parental magmas of metabasalts from the Anti-Atlas
ophiolites appear to have been variously impacted by subduction related processes. They
show geochemical signatures ranging from LREE depleted to LREE enriched composition,
which are always accompanied by a negative Nb anomaly (Fig. 6). They also display various
incompatible element abundances such as Ti and Zr (Ti/Yb and Zr/Yb ranging from 1208-

4227 and 11-56 respectively), which when high fall in the MORB array and when low sign a



SSZ setting (Fig. 7b, c). Finally, they also show LILE enrichments (Fig. 6) and high and
variable Th/Yb ratios (0.06-1.07) for quite low Nb/Yb (0.60-3.41) compared to MORBs,
reflecting that up to 4% of a slab-derived component enriched their mantle source (Fig. 7).
Regarding metagabbros, in Ait Ahmane, some trace-element rich metagabbros display N-
MORB fingerprints similar to upper crust gabbroic rocks of the Samail ophiolite, while others
are much more depleted similarly to lower gabbros of the Samail ophiolite (Fig. 8). This
likely reflects magmatic differentiation processes. These metagabbros can therefore derive
similarly from upper and lower crust section in Ait Ahmane. In either case, they are
characterized by low Th/Yb ratios (0.01-0.04), which suggest a depleted mantle
decompression melting without major subduction component. Such MORB-like magmas
devoid of Nb-Ta anomalies, i.e. not influenced by subduction components, are common in

back-arc domains worldwide (Taylor and Martinez, 2003; Pearce et al., 2005).

Hence, this geochemical heterogeneity of mafic lithologies and the association of both
MORB-like and subduction related melts tend to confirm that the Khzama and Ait Ahmane
oceanic lithosphere were formed in a back-arc environment (e.g. Shinjo et al., 1999; Taylor

and Martinez, 2003; Pearce et al., 2005; Tian et al., 2008).

7.3 Origin of the variably depleted signature of the Anti-Atlas serpentinites

Ultramafic units of the Moroccan Anti-Atlas ophiolites remain poorly constrained in terms of
geochemistry. Through this study, we challenged to study the geochemical signature of
serpentinites in order to decipher their primary chemical signal, and thus to constrain the

magmatic history of these mantle rocks.

7.3.1 Serpentinization imprint and exclusion of hydrothermalized samples



Given this petrogenetic purpose, a sorting was necessary to dissociate magmatic vs.
hydrothermal geochemical imprints in order to discard samples for which pristine magmatic

signature is not well preserved.

It has been shown that LREE and, in a lesser extent, MREE (particularly Eu) can be strongly
affected — enriched relatively to HREE — by hydrothermal processes involving hot acidic
fluids, as those encountered in black smoker type hydrothermal systems for instance (e.g.
Paulick et al., 2006; Craddock et al., 2010, Andreani et al., 2014; Hodel et al., 2018).
However, LREE and MREE enrichments in depleted ultramafic rocks also often result of
melt-rock reaction or refertilization processes before serpentinization (e.g. Navon and Stolper,
1987; Verniéres et al., 1997; Godard et al., 2000, 2008; Bodinier and Godard, 2003; Saka et
al., 2014; Warren, 2016). A relevant way to discriminate a magmatic or hydrothermal origin
for L-MREE enrichments in serpentinized peridotites is to consider their HFSE contents.
Indeed, these latter are not — or very slightly — mobilized during serpentinization and
hydrothermal processes (You et al., 1996; Kogiso et al., 1997; Niu, 2004; Paulick et al., 2006;
Deschamps et al., 2013). Thus an important fractionation between LREE and HFSE signs a
hydrothermal (i.e. aqueous) imprint, while unfractionated HFSE and LREE contents reflect
magmatic processes involvement (e.g. Niu, 2004; Paulick et al., 2006, Hodel et al., 2018; Fig.

14).

Hodel et al. (2018) previously shown that most of the serpentinites of the North Ait Ahmane
unit displayed important LREE enrichments and strong LREE vs. HFSE fractionation (Figs.
12 and 14), as a result of intense hydrothermal alteration. Two other serpentinite samples
from the North Ait Ahmane unit (samples L34A and L36) display similar geochemical
signature, attesting a potential link with this episode. Other serpentinites from the South Ait
Ahmane unit (samples AHO01B, AHO03, L50 and L53) and from the Khzama unit (sample

SHO09 and KK14A) also show LREE enrichments and important LREE vs. HFSE fractionation



reflecting a probable hydrothermal origin for these signatures as well (Fig. 14). Setting aside
these samples, L-MREE enrichments noticed for most of the Khzama and the Ait Ahmane
serpentinites studied here (U-shaped REE patterns, Fig. 12a, c, e) are almost always
accompanied by HFSE enrichment testifying of their magmatic origin (Figs. 12 and 14). We
therefore excluded all the samples showing hydrothermal geochemical imprint of our
following magmatic investigations (samples L34A, L36, AHO1B, AHO03, L50, L53, SH09 and

KK14A).
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Figure 14: Primitive Mantle (PM) normalized Nb vs La contents of the Khzama and the Ait Ahmane serpentinites allowing to
decipher between hydrothermal and magmatic processes to explain LREE enrichments in most of the serpentinites from the
three units (U-shaped REE patterns, Fig. 12a, c, e). Legend for the North Ait Ahmane serpentinites analyzed by Hodel et al.
(2018) is the same as in Figure 12. Primitive mantle values are from McDonough and Sun (1995). Compilation used for

abyssal and SSZ peridotites and serpentinites is the same as for previous figures.

7.2.2 Multiple stages of mantle partial melting and liquid extraction



Both Khzama and Ait Ahmane serpentinites show very low Al,O3 contents (Figs. 9 and 10),
together with intermediate to high spinels’ Cr# and low to high Mg# ratios (Fig. 5a)
suggesting a highly depleted ultramafic protolith. These proxies attest of a partial melting
ranging from 25 % to more than 35 % for the precursor of the Khzama and Ait Ahmane
serpentinites (Fig. 5a). Such extreme melting degrees are not compatible with MOR-like dry
decompression melting (e.g., Dick and Bullen, 1984; Ishii et al., 1992; Arai, 1994; Warren,
2016). They are nowadays considered as being one of the hallmarks of the supra-subduction
environments, where peridotites experience intense and/or multiple flux melting episodes
(Bizimis et al., 2000, Barth et al., 2008, Ulrich et al., 2010, Uysal et al., 2012, 2016). Low
incompatible trace elements (Ti, Nd and Yb) and REE contents also fit with these commonly

reported for SSZ fresh and serpentinized peridotites (Figs. 11 and 12).

To better constrain partial melting and fluid-melt-rock interaction processes, we performed
partial melting modeling using REE compositions of the serpentinites via closed- and open-
dynamic melting reactions (see equilibrium equations reviewed in Zou, 2007) (Fig. 15). These
melting models are non-modal dynamic melting. Porosity value (¢) has been set to 1% and
corresponds to the proportion of melt trapped in the residue composition (e.g. Uysal et al.,
2012). Starting mantle composition is DMM (Depleted MORB Mantle; after Workman and
Hart, 2005), which reproduces typical compositional range of depleted peridotite composition
formed in abyssal context (see Fig. 11 in the review paper of Warren et al., 2016) after 10-
17% of partial melting of non-depleted Primitive Mantle (PM) (e.g., Uysal et al., 2016; Hao et
al., 2016). Models’ parameters and partition coefficients are presented in Supplementary

material 7.

Here we used HREE (Yb, Lu) concentrations to constrain partial melting degree for the
studied serpentinites; MREE and LREE being strongly affected by metasomatism and

magmatic refertilization processes (modal and cryptic, Navon and Stolper, 1987; Godard et



al., 1995; Vernieres et al., 1997; Warren and Shimizu, 2010). Based on HREE abundances,
two groups have therefore been identified (group A and group B, respectively marked by high
and low HREE; Fig. 15). Group A serpentinites result of F: 15% partial melting in a closed
dynamic model (see gray lines in Fig. 15a) while group B serpentinites are residues after
higher partial melting degree (F: 18-19%; Fig. 15b, c). The group B could be divided in two
subgroups, B1 and B2, based on HREE contents. Group B1 REE patterns are well clustered,
while HREE from B2 group serpentinites show more spread values, probably due to the slight

influence of melt-rock interaction discussed in the next section.

This variability in partial melting degree along with the highly depleted character of the
Khzama and Ait Ahmane serpentinites attests of their complex magmatic history. They both
suggest that these residues were affected by at least two partial melting events. For both
scenarios, high degrees of partial melting (sum of F of two melting episodes ranging between:
20 and 33%) are in agreement with those recorded by spinel composition (Fig. 5) and major

elements bulk-rock composition (Figs. 9 and 10).
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Figure 15: Closed- and open-dynamic melting model of a Depleted MORB Mantle (DMM) protolith. Modeled patterns are

compared to REE composition of Ait Ahmane and Khzama serpentinites. Black dashed line is for DMM starting composition

(after Workman and Hart, 2005). Grey lines in (a), (b) and (c) are for closed-system non-modal dynamic melting (porosity ¢ =

1%). Green to blue lines in (a) and (b) are for open-system non-modal dynamic melting (@ = 1% and SSZ-fluid influx B from

0.1 to 1% after Eiler et al., 2000; 2007). Pink to red lines in (c) are for melt-rock mixing model between a flux molten residue

and an IAB (X from 0.1 to 1%). See sections 7.2.2 and 7.2.3 and Supplementary material 7 for more details about the model's

parameters.

7.2.3 Interaction between SSZ fluid-melt-mantle rocks



Most of the studied serpentinites show enrichments in LREE and/or in MREE contents that
are not predicted by classic closed system melting models (Verniéres et al., 1997; Godard et
al., 2000, 2008; Bodinier and Godard, 2003 and see gray lines in Fig. 15). LREE-MREE
enrichments producing the U-shaped REE patterns of the Khzama and the Ait Ahmane being,
in most cases, accompanied by HFSE enrichments (Fig. 14), they likely originate from
magmatic (refertilization/enrichment) processes in an open system. Similar concave REE
patterns are commonly reported for heavily depleted peridotites and ophiolitic serpentinites
from subduction contexts and are interpreted as resulting of intense and/or multiple hydrous
partial melting associated with refertilization or metasomatic processes involving subduction
related LREE-rich melts (Prinzhofer and Allégre, 1985, Gruau et al., 1998, Dubois-Cote et al.,
2005, Barth et al. 2008, Ulrich et al., 2010, Uysal et al., 2012, 2015, 2016). In addition, high
Ti content (up to 0.26 wt% TiO,, Fig. 5b) in spinels from the Khzama serpentinite comforts
post/syn-melting melt-rock interaction involving melts derived from the subduction system, as
commonly observed for peridotites in supra-subduction (SSZ) environment (e.g., Bizimis et
al., 2000; Pearce et al., 2000; Ulrich et al., 2010; Uysal et al., 2015, 2016) (Fig. 5b). Such
melt/rock interaction processes are also corroborated by the REE patterns of these Khzama
serpentinites, which display the strongest LREE-MREE enriched, U-shaped REE patterns (see

modeling approach below).

To reproduce LREE and MREE signature, we also performed open-system dynamic melting
model with the same parameters described in section 7.2.2. We used DMM as protolithic
composition too but using a subduction component (SSZ-fluid gathered and compiled from
Eiler et al., 2000; 2007) as influx material quantified by the parameter B (expressed in %; see
green to blue lines in figure 15a, b). The group Al serpentinites (North Ait Ahmane unit only)
show a convex HREE pattern and a strong bend of MREE to LREE pattern (centered on Eu;

Fig. 15a). This group is well modelled using such a flux dynamic melting (Fig. 15a) with



melting degree comprises between 15 and 16 % and variable SSZ-fluid influx value (B)
ranging from 0.1 to 1.0%. The group B1 (North and South Ait Ahmane) and B2 (South Ait
Ahmane and Khzama) serpentinites are marked by a smoother and concave HREE pattern
resulting from a REE enrichment affecting both L- and MREE (and even HREE for Khzama
samples) (Fig. 15c). For the B1 group serpentinites, dynamic melting model predicts a higher
partial melting degree ranging from 18 to 19% and similar influx B value of 0.5 to 1.0%.
Nonetheless, for some samples, higher content in MREE to HREE (Gd to Er) relative to the
fluid-only dynamic model could be better explained by a slight interaction with a melt as
shown in Figure 15c. The B2 group serpentinites are well modelled using a flux dynamic
melting (Fig. 15c), with high melting degree and moderate proportions of subduction
component influx similar to B1 group (F: 19% and B: 0.5 - 1.0%, see blue dashed line on Fig.
15¢) subsequently affected by melt-rock interactions with 0.1 to 1.0% (parameter X) of
percolating arc-related basalts (see pink to red dashed lines on Fig. 15c; we here used a
median of 1AB gathered from PetDB; in Supplementary material 7). We also compared with
averaged boninitic and BABB available but IAB composition fit better. Group B2
serpentinites composition could thus be reasonably explained by a combination of subduction
influx during the melting event and by subsequent melt-rock interactions with percolating arc
related basalts, as recorded by high Ti contents of the Khzama serpentinites spinels and

moderate values for the other serpentinite samples (Fig. 5b).

7.4 Conclusions

Our new geochronological data confirms the petrogenetic link between the Sirwa (762 + 2

Ma, Samson et al., 2004) and the Bou Azzer ophiolites (759 + 2 Ma, this study). These



ophiolites probably represent different relics of a same oceanic lithospheric plate, formed
synchronously with the first building stage of the Moroccan Anti-Atlas intra-oceanic-arc.
Considering an ocean-ward subduction geometry, which is nowadays rather consensual, the
northern location of the Anti-Atlas ophiolites relative to these arc complexes supports the
fact that they formed in a back-arc basin (Fig. 16). The back-arc setting of the three studied
ophiolites is also supported by the coexistence of MOR-like and SSZ-related mafic
lithologies. Neither boninitic magmatism nor subduction channel melange, nor high to ultra-
high pressure-low-temperature relics (which are common in fore-arc domains) have been
described so far in the arc-related units in Sirwa and Bou Azzer inliers, discarding their
formation in a fore-arc setting.

Regarding ultramafic rocks, their very low major and trace incompatible element contents,
along with high Cr# for low to intermediate Mg# in their constitutive Cr-spinel, denote that
these rocks endured high partial melting degrees, which are incompatible (or at least, very
uncommon) with dry MOR-like melting. These observations combined to REE melting
modelling approach reveal that the Khzama and the Ait Ahmane serpentinites precursor
experienced a polyphased open-system melting history, strongly influenced by SSZ-fluid
influx and subduction-related melts percolations.

The variability of the geochemical signatures of mantle rocks between the studied ophiolitic
units can be used as a tracer of refertilization intensity, and hence as a marker of vicinity to
the sub-arc mantle region (e.g. see Tollstrup et al., 2010°s equivalent approach for mafic
rocks). Here, the Khzama ophiolitic sequence, is highly affected by SSZ metasomatism and
IAB percolation as denoted by Ti-enriched spinels and modelled REE patterns. Similar IAB
percolation is also characteristic for the South Ait Ahmane unit but is very uncommon in the
North Ait Ahmane ones. In addition, both Khzama and South Ait Ahmane units are
geometrically closer to their associated arc complexes (Iriri-Tachakoucht and Bougmane

complexes, respectively) compared to the North Ait Ahmane unit. All these observations



argue that both Khzama and South Ait Ahmane units were likely formed synchronously
during an early spreading stage in the back-arc region. This scenario predicts that their
mantle section would be closer to the sub-arc region where intense arc magma production
and slab-derived metasomatism prevail. In turn, the northern Ait Ahmane unit likely formed
during a later stage of the back-arc spreading, hence being less affected by slab- and sub-arc-
derived influxes (Fig. 16.

Future studies should focus on improving the petrochronological records in each of
ophiolitic sequence to testify our geodynamic model and to better constrain the timing and

evolution of intra-oceanic arc-back-arc systems.
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Figure 16: (a) Earth's paleogeography ca. 780 Ma, while Rodinia initiates its break-up (after Li et al., 2008). The WAC and the
associated Cadomian mobile belt southward were located near the South Pole. Red dot represents the approximate location
of the Anti-Atlasic subduction zone. Abbreviations are for: IND: India; A: Australia; SI: Siberia; NC: North China; SC: South
China; EA: East Antarctica; L: Laurentia; K: Kalahari; R: Rio de la Plata; C: Congo;, AM: Amazonia; B: Baltica; WAC: West
African Craton. (b) Schematic geodynamic model that we propose for the Anti-Atlas ophiolites genesis, i.e. an intra-oceanic
back-arc basin. Khzama and Southern Ait Ahmane units being more affected by SSZ-melts percolations and being closer to
arc remnants, they likely originate from an earlier stage of the back-arc domain development compared to the North Ait

Ahmane unit.
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Highlights

e Magmatic age of the Bou Azzer ophiolite (Moroccan Anti-Atlas) is 759 + 2 Ma

e Sirwa and Bou Azzer ophiolites originate from a same intra-oceanic back-arc system

e Both ophiolites recorded multiple arc-back-arc evolution stages



