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Abstract

This study presents the first geochemical, mineralogical and petrological data on the mafic and
ultramafic rocks of Texenna (Lesser Kabylia, north-eastern Algeria) with the aim of constraining their
tectonic setting in the context of the Maghrebide belt. The magmatic-sedimentary complex of
Texenna comprises serpentinite, metabasites (metagabbro, metadolerite and metabasalt with
pillow-lava structures), and oceanic metasediments (radiolarite and calcschists). Serpentinites consist
mainly of mesh textures and large bastites of lizardite, Cr-spinels altered to “ferritchromit” and
chlorite, with chrysotile and chlorite veins. Their features are very similar to those of serpentinites
collected from the seafloor. Pillow-lava metabasalts contain mineral assemblages of albite, epidote,
chlorite, actinolite and titanite, and, despite metamorphism, have preserved many of the pillow-lava
microstructures (former glassy, variolitic and spherulitic zones; former devitrification spherulites and
gas vesicles; pseudomorphs after phenocrysts and microliths). Metadolerites and metagabbros have
sometimes preserved their magmatic plagioclase, but are generally transformed into an assemblage
of albite, calcic amphiboles, chlorite, epidote and titanite, a mineral assemblage typical of the static
greenschist-facies hydrothermal metamorphism of an oceanic crust. Some deformation in the
conditions of phengite-bearing greenschist-facies metamorphism is linked to the tectonic

emplacement of the ophiolites in their current setting during the Maghrebide orogeny.
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Geochemically, the whole-rock compositions of the serpentinites indicate a harzburgite protolith,
while the metabasites are tholeiitic and show the N-MORB signature for the pillow lavas and T-MORB
to E-MORB affinities for the intrusive rocks (metadolerites and metagabbros). These results
demonstrate for the first time that the magmatic-sedimentary complex of Texenna belongs to a true
ophiolitic slice and indicate that the sedimentary cover of the Maghrebian Flysch domain was
deposited over a true oceanic rather than a thinned continental crust. The Texenna ophiolites show
analogies with many other ophiolites in the Western Mediterranean region, indicating that they
represent remnants of the ancient oceanic lithosphere of the western Tethys (i.e., Maghrebian

Tethys Ocean) that formed between Africa and lberia during the Middle-Late Jurassic.

Keywords: Ophiolites, Maghrebian Flysch, Texenna, Maghrebide belt, Algeria, Western Tethys.

Introduction

Ophiolites are geological markers of prime importance for understanding the geodynamic evolution
of orogenic belts (e.g., Furnes and Safonova, 2019). They often occur in suture zones that mark the
closure sites of the ancient oceanic domain. In the southern part of the circum-Mediterranean Alpine
belt, the Maghrebide chain would be such a suture zone, resulting from the Cenozoic collision of
fragments of the AlKaPeCa microcontinent (i.e., Alboran, Kabyle, Peloritan and Calabrian blocks) with
Africa, respectively at the origin of the internal (i.e., northern) and external (southern) zones of the
chain (Durand-Delga and Fontobé, 1980; Bouillin, 1986). The suture zone is underlined by
allochthonous flysch deposits (Frizon de Lamotte et al.,, 2011), with slices of mafic rocks with
ophiolite affinities (Fig. 1), well known in the Rif (Morocco) and Sicily (e.g., Durand-Delga et al.,
2000). Similar mafic rocks have been reported at the base of the Maghrebian flysch, in various
localities of northern Algeria, both in Greater Kabylia (Chellata massif) and Lesser Kabylia (Texenna,
Moul Ed-Demamene massif, Fedj el Mekta’) (Durand-Delga, 1948, 1949, 1950, 1954, 1955; Coutelle
and Gélard, 1968; Bouillin, 1974, 1986; Bouillin and Hernandez, 1975; Bouillin et al., 1977). In the
Texenna region, in particular, an association of mafic and ultramafic rocks occurs beneath the
Maghrebian flysch nappes at the southern front of the internal zones of Lesser Kabylia (Durand-
Delga, 1949, 1950, 1955; Bouillin et al., 1977). The occurrence near Texenna of serpentinites,
metagabbros, pillow lavas and radiolarites likely represents the only complete ophiolite suite of the
Maghrebian flysch suture zone (Bouillin, 1986). However, the last studies carried out on this
formation date back to the 1970s (e.g., Durand-Delga, 1971; Bouillin et al.,, 1977), so that new
investigations are necessary to better characterize the only ophiolite suite known to date in the

Algerian part of the Maghrebide chain.
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Major and trace element geochemistry of ophiolitic mafic rocks provides important clues for
unravelling the tectonic setting of ophiolites. Furthermore, immobile element geochemistry is an
important tool for investigating ophiolitic rocks, since ophiolites experience intense alteration and
metamorphism before, during and after being involved in orogenic processes (e.g., Pearce, 2014).
Very little geochemical data are available for the mafic rocks associated with the Maghrebian flysch
zone. Durand-Delga et al. (2000) presented a few geochemical analyses of Jurassic basic rocks
associated with the Maghrebian flyschs of the Rif (Morocco) and Sicily (Italy), indicating their E-MORB
affinity. Roman'ko et al. (1998) gave geochemical composition of basalt from Moul Ed-Demamene
massif (Lesser Kabylia, Algeria). However, no geochemical analysis has been published for the mafic
and ultramafic rocks of the Texenna region. In addition, although petrographic descriptions of the
Texenna rocks have already been made using a polarizing optical microscope (Durand-Delga, 1955,
1971; Bouillin et al., 1977), a detailed petrological study remains necessary to decipher the formation

of these magmatic rocks and their metamorphic evolution.

The purpose of this paper is to present the first mineralogical, petrological and geochemical data on
the mafic and ultramafic rocks of Texenna and to discuss their geodynamic implications in the

context of the Maghrebide chain.

Regional geology

Maghrebide chain

The Maghrebide chain, which extends in northern Morocco and Algeria (Fig. 1), includes three main
parallel tectonic domains, from north to south (for a recent review, see Leprétre et al., 2018): (i) the
internal zones, belonging to the AlKaPeCa microcontinent; (ii) the Maghrebian flysch nappes,
consisting of remnants of the Ligurian-Maghrebian Tethys oceanic basin; and (iii) the external zones,
interpreted as the North-African palaeomargin inverted during the Cenozoic collision. The ophiolitic
rocks studied here are in the vicinity of the Maghrebian flysch units, which, depending upon their
position within the initial basin, are traditionally divided into two main stratigraphic sequences
(Bouillin et al., 1970): the Mauretanian series, originally close to the southern margin of the AlKaPeCa

microcontinent and the Massylian series, near the African palaeomargin.

Internal zones
In the study area (Fig. 2a), the internal zones consist of two metamorphic groups (Bouillin et al.,

1977): a retro-metamorphosed lower group composed of gneiss and white-micaschist, and an upper
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group with granulite-facies rocks, including garnet-kyanite “leptynites” (i.e., leucocratic gneiss),

garnet pyroxenites, metagabbros and forsterite marbles.

In various places near Texenna, the Kabyle basement contains intercalations of pyroxenite,
amphibolite and layered metagabbro, from a few centimetres to a metre in thickness (Bouillin et al.,
1977; Dijellit, 1987). Their mineralogical assemblages, essentially anhydrous, are dominated by
pyroxenes with oriented granoblastic texture, and were formed under granulite- and/or amphibolite-
facies metamorphic conditions. A layered metagabbro, dated by the U-Pb method on titanite,
provided ages at 315 and 239 Ma (unpublished data), and seems therefore linked to the Hercynian
orogeny. Peridotite meter-thick levels, with olivine + Cpx + Opx # plagioclase * spinel, were also
observed along the thrust that separates the Kabyle basement from the Texenna ophiolites (Fig. 2).
Subject to a petrological and geochemical study in progress, these peridotites also seem to be linked
to the Kabyle basement. These mafic and ultramafic rocks of the basement contrast with those of the
Texenna ophiolites by their high-grade anhydrous metamorphism and their probable Hercynian age,

and are therefore not considered in this study.

The Kabyle metamorphic basement is overlain by the so-called “Dorsale calcaire” (Raoult, 1974),
which consists of unmetamorphosed sediments, of either Palaeozoic (Baudelot et al., 1981) or Upper
Jurassic to Lutetian age, interpreted as deposited along the passive margin between the AlKaPeCa
continent and the Ligurian Tethys by several authors (e.g., Bouillin, 1992). Two kilometres northeast
of the gorge of Oued Djendjene, Silurian graptolitic shales lie unconformably on the Kabyle basement
(Durand-Delga, 1955), which is also unconformably overlain by the much more recent clastic deposits
of the Oligo-Miocene Kabyle unit (Djebel el Kelaa; Fig. 2a) dated from Late Oligocene to Burdigalian
(Bouillin, 1979).

Flysch domain

Cretaceous turbidite sequences (“flyschs”) are widespread in the region of Texenna, where they form
the Massylian and Mauritanian units. According to Bouillin et al. (1977), the Mauritanian flysch of
Djebel Es-Sendouah is in continuity with the Texenna green rocks and the overlying radiolarites and
carbonate rocks. It is composed of interbedded thick layers of slightly metamorphosed lustrous
pelitic schists and quartzitic sandstones. Some unmetamorphosed Mauritanian flysch (“Flysch de
Guerrouch”) outcrops in the western and northern part of the study area (Fig. 2a). Further south,
some Albian-Aptian flysch in 10-cm thick layers, of Massylian affinity, are overlain by Albian-
Cenomanian shales with microbreccias and black phtanites. A tectonic contact separates the
Mauritanian flysch of Djebel Es-Sendouah (Mauritanian flyschs) from the Massylian flysch (Bouillin et
al., 1977).
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The occurrence in the region of Texenna of large undeformed and unmetamorphosed klippes of
Mauritanian flysch (“Flysch de Guerrouch”) over the Kabyle basement and its Oligo-Miocene cover,
have led Andrieux and Djellit (1989) and Andrieux et al. (1989) to suggest an internal origin of the
“Flysch de Guerrouch”, from basins located north of the Kabyle domain (“ultra” flysch). However, this
hypothesis has been challenged, spurring intense debates during the 1970s-1980s (e.g., Coutelle and
Delteil, 1989; Bouillin, 1989).

External Zones
The Tellian units belong to the external zones and are exposed to the south of the Flysch domain; in
the studied area, they correspond to the mid-Tellian units of Wildi (1983). The sedimentary
sequence, which ranges in age from Triassic to Lutetian (Paleogene) (Bouillin, 1979), includes Triassic
sandstones, Jurassic carbonate rocks, conglomerates and microbreccias of the Upper Cretaceous,
and finally black marls with yellowish “balls” of the Upper Cretaceous, Palaeocene and Eocene
(Bouillin, 1979). Finally, the region is characterized by large exposures of the Triassic complex

composed of red clays, evaporites and mafic vein rocks (“ophites”: Durand-Delga, 1955).

Ophiolitic complex of Texenna

Ehrmann (1946) was the first to report on the Tamesguida geological map at 1/50 000 the
occurrences of mafic and ultramafic rocks in the region of Texenna. Durand-Delga (1949, 1950, 1955)
included these rocks in the Precambrian basement of Lesser Kabylia. Later, by re-examining in detail
the outcrops of Texenna, he recognized the possible ophiolitic nature of the mafic-ultramafic
complex, affected by a low-grade metamorphism, which he referred to as "Sendouah-Tabellout unit"
and placed at the base of the Cretaceous Massylian flysch (Durand-Delga, 1971). Bouillin et al. (1977)
reinvestigated the magmatic complex of Texenna and the overlying series, and concluded that the

magmatic complex of Texenna could be considered as the upper part of an ophiolitic series.

The magmatic-sedimentary complex of Texenna crops out discontinuously over an area of
approximately 21 km? (14 km x 1.5 km). It extends from the Es-Sendouah massif in the northwest to
Dra-El-Fertasa in the southeast, through the village of Texenna, following the tectonic contact line
between the Kabyle basement and the Flysch domain (Fig. 2a, b). At the top of the Es-Sendouah
massif, brecciated serpentinites are crosscut by metadolerite veins (Fig. 3a), which in turn form sill-
like bodies, a few cm to several m thick, interspersed between calcschist and radiolarite layers near
the village of Texenna. Further SSE, Bouillin et al. (1977) and Djellit (1987) subdivided the volcano-
sedimentary complex of Texenna into two units: (1) The lower unit is composed of layered igneous

rocks showing variable textures (aphyric, porphyritic and coarse-grained); this unit begins with
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pillow-lavas associated with recrystallized radiolarites, followed by igneous beds of metabasalts,
metadolerites and metagabbros with calcschist intercalations. (2) The upper unit consists of quartzo-
pelitic layers, pillow-lavas and dolerites; these rocks are overlain by an alternation of limestone and
lustrous calcschist layers, 1 cm to 10 cm thick. These two units, totalling 500 m in thickness, are well
exposed in the Tabellout massif, at Djebel Dra-El-Fertasa and in the gorge of Oued Djendjene (Fig. 3e-
h).

The magmatic complex of Texenna is overlain by carbonate rocks and radiolarites of presumed Upper
Jurassic-Berriasian age, in turn overlapped by Cretaceous pelites and quartzites of the Mauretanian
flysch (Bouillin et al., 1977; Bouillin, 1979). All these formations, which are overthrust by the high-
grade basement of the internal zones of Lesser Kabylia, are overturned. They are all schistosed and
metamorphosed, in particular the magmatic rocks of the Texenna complex which have undergone a

greenschist-facies metamorphism (Bouillin et al., 1977).

Material and methods

About 100 samples were collected along a NW-SE profile from Djebel Es-Sendouah to the gorge of
the Djendjene valley (Fig. 2a). Many outcrops located in the Djendjene valley to the southwest of the
Tabellout dam are now under water, but were surveyed before the impoundment; on the other
hand, the dam worksite has revealed new outcrops. Eighteen samples were selected for detailed
mineralogical and geochemical analyses (see details on the techniques in Sections 2 and 3 of the
Supplementary materials [SM]). The investigated rocks comprise ultramafic rocks (serpentinite),
metabasites (metagabbro, metadolerite and metabasalt with some pillow-lava structures), and
metasediments (radiolarite and calcschists). Thin sections were investigated under the SEM and at
the electron microprobe. Representative microprobe analyses of the various minerals are reported in
Tables A—F in SM. Serpentinite samples were also characterized by X-Ray powder diffraction (XRPD:
Fig. A in SM). Fifteen samples were selected for whole-rock analyses of major, trace and rare earth
elements (REE), using the ICP-AES and ICP-MS methods (see Section 3 and Table G in SM). In order to
unravel the P-T conditions during the tectonic emplacement, the thermodynamic modelling of a P-T
pseudosection was carried out for a foliated metabasite, using the Thermocalc software with an

upgraded version of the thermodynamic dataset of Holland and Powell (2011) (Section 5 in SM).

Results
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Field occurrence, petrology and mineral chemistry

Serpentinites

Small outcrops of serpentinite are scattered in the Sendouah-Tabellout unit. The main outcrop is
located in the northeast, at Es-Sendouah crest, and is associated with metadolerites. The
serpentinites extend over 700 m in length for a maximum width of 50 m; they are generally compact,
sometimes brecciated, dark green to green-black in colour, contain whitish veins of chrysotile and
are crosscut by metadolerite dykes, 10 to 20 cm thick (Fig. 3a-b). Several serpentinite lenses are also
visible on the southern slope of the Tabellout Massif, about 3 km to the SSE of Texenna (Fig. 23; e.g.,
36°38'27.9"N-5°48'6.3"E; 36°38’17.9"N-5°48'15.9"E). Durand-Delga (1955, pp. 80-83) reported a few
other occurrences that are no more visible, mostly along the SW tectonic contact with the
Cretaceous flysch: at ca. 36°38’52”N-5°47'34"E; 36°37'31.6"N-5°48'46.3"E (a 200-m long level on the
southern bank of Oued Djendjene); 36°37'11.3"N-5°49'21.8"E (a meter-thick lens along the contact
with the flysch); and in the vicinity of 36°35'29”N-5°53'26"E.

Under the optical microscope and the scanning electron microscope (SEM), these rocks generally
show mesh textures resulting from the serpentinization of olivine grains, large “bastites” formed at
the expense of pyroxene, pseudomorphs after Cr-rich spinel and small veins of chrysotile scattered in

the rock (Fig. 4).

The mesh texture consists of cells about 0.5 mm in diameter, with a discontinuous edge rich in tiny
crystals of magnetite enveloping one or more concentric layers of serpentine towards the nucleus,
where no relict olivine has been observed (Fig. 4b). The serpentine is here almost Al- and Ca-free and
of fairly homogeneous composition (Table A in SM), despite changes in the intensity of the
backscattered electrons (BSE) (Fig. 4b), which seem to be linked to slight variations in the H,0O and Fe
contents (rim vs. core in Table A). When calculated on the basis of 3 cations, in order to be compared
with Sii(Mg, Fe),04 of the former olivine, the serpentine composition is on average Sii.337:0.069
Alo.047:0.018 Cro.001:0.000 Mg1.484:0.083 F€0.118:0.007 MNo.002:0.000 Ca0.0070.002 Nao.002:0.002 Ko.002:0.001 (Sample
Serp2); the higher values of Si and Mg (Xug = Mg/[Mg+Fe+Mn] = 0.926+0.005) compared to a
common olivine can be explained by the concomitant crystallisation of magnetite, which contains
only traces of Si and Mg (Sio.oos Tio.ooo Cro.oo1r Fe**1.986 Fe2*0.992 MNo.oo2 Mgo.0os Oa). XRPD analyses of

serpentinite shows that serpentine is predominantly lizardite (Fig. A in SM).

Bastites are generally 1 to 4 mm in size, but can reach 1 cm according to Durand-Delga (1955). They
are mainly made of serpentine, but also contain chlorite and a Ca-rich and Al-poor clinoamphibole
(i.e., tremolite: [Sizsa Aloas]t [Alo2s Tioos Cro.or Mgs.is Fe**151]c [Mnoos Caroo Naoosls [Naocos Kooa]a 022

[OH1.99 Fo.01]), arranged in parallel grooves (dashed line in Fig. 4c). The overall composition of bastite,
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obtained by scanning during analysis (see 2 in SM) and calculated on the basis of 4 cations (Si1.714
Alg 188 Cro.019 Tio.002 Mg1.757 Feo.137 Mno.go1 Cao.177 Nao.oos Ko.oo2), can be compared with some Al-rich Ca-
bearing orthopyroxene (ideally, Si>«x [Al, Cr]lx [Mg, Fel,xy Cay Og), stable at elevated temperatures.
The Ca-rich tremolite-bearing grooves are probably derived from clinopyroxene lamellae exsolved

during the cooling of such a high-T orthopyroxene protocrystal.

Former spinel crystals have been altered into the so-called “ferritchromit” and are surrounded by a
chlorite corona (Fig. 4d). Tiny areas in these “ferritchromit” pseudomorphs are rich in Cr-magnetite
(shown in white in Fig. 4d), which, being mixed with its matrix, only gave imprecise microprobe
analyses (“Cr-magnetite” in Fig. 5e). Other inclusions are made of Al-rich and Si-poor chlorite
(corundophyllite in Fig. 5f). Such a “ferritchromit” would in fact consist of a complex cryptocrystalline
association of Cr-magnetite, chlorite and lizardite (Mellini et al., 2005). The overall composition of
one of these “ferritchromit” grains (Fig. 5b; “bulk” in Table B of SM), obtained by scanning at the
microprobe, corresponds quite exactly to a combination of Cr-magnetite (70 mol% of theoretical
CrosiFe®*119Fe?*10004), chlorite (22 mol%) and serpentine (8 mol%), the relative amounts of which can
vary, thus explaining the concentric chemical variations of the pseudomorph (Fig. 4d). The Mg-rich
chlorite coronae around the former spinel grains present, from the matrix inwards, a progressive
zoning with a not surprising decrease in Si (from 6.87 to 6.00 atoms per formula unit [apfu]) and
increases in Al (from 2.69 to 4.15 apfu) and Cr (0.08 to 0.15 apfu), ranging from penninite to
clinochlore end-members (triangles in Fig. 5f; Table D in SM), according to Hey’s (1954)
nomenclature; some chlorite included in the former spinel even reaches the composition of a
corundophyllite, particularly poor in Si and rich in Al (Fig. 5f). This microstructure can be explained by
chemical gradients and exchanges between the former Cr-rich spinel and its serpentine-rich matrix,
Al being released from the spinel to form chlorite, while some Si and H,O from the matrix

contributed to the spinel replacement.

Finally, numerous veinlets filled with serpentine (likely chrysotile), tremolite and/or chlorite (close to

the former spinel), crosscut the former microstructures (Fig. 4a, d).

The normative mineralogy of the peridotite protolith could be estimated by the least-square method,
using the bulk-rock chemical analyses of the serpentinite samples (Table G in SM). The result yields
an Opx-rich peridotite, with (in mol%) 53.2 + 8.8 [1 o] olivine, 40.1 + 3.9 Opx, 2.4 + 2.9 Cpxand 4.3
2.2 spinel, which projects into the harzburgite field of Le Bas and Streckeisen (1991) (Fig. 6). Although
this normative mineralogy only gives an approximate picture of the protolith, the composition of
which could have been modified during serpentinization, it clearly indicates that the original

peridotite was a spinel harzburgite, which is corroborated by the low Ca content of the rocks and the
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abundance of bastite pseudomorphs after Opx. Most of the serpentinite samples described by

Durand-Delga (1955) are rich in bastite and also derive from harzburgite.

XRPD spectra of serpentinite samples Serp7, Serp17 and Serp18 (Fig. A in SM) show a predominance
of lizardite against antigorite, reflecting an hydrothermal serpentinization at low temperature (<350
°C: Reynard, 2013). This serpentinization frequently preserved microstructures inherited from the
harzburgite protolith, like the mesh texture after olivine grains, bastite after Opx enclosing former
Cpx exsolution lamellae and pseudomorphs after Cr-rich spinel grains. Commonly, these
microstructures are almost intact, being affected only by the formation of veinlets linked to some

brittle deformation of the serpentinite (Fig. 4d).

Metadolerites and metagabbros
Metadolerites occur in the form of thin dykes that crosscut the Es-Sendouah serpentinites (Fig. 3a)
and sills or dykes intrusive into the calcschists (Fig. 3c). They range from a few meters to several tens
of meters in length with a thickness up to a few meters. The metadolerites are green to green-yellow
and are penetrated by whitish and greenish veins. They frequently retained the doleritic texture of
the protolith, showing mme-sized tabular crystals of plagioclase arranged in a matrix mainly consisting
of clinoamphiboles (Fig. 7d-e). Other metabasites have also partially retained their magmatic
doleritic texture (e.g., Mb11: Fig. 7a-c), but instead of occurring in the form of sills or dykes, they
belong to larger masses of metabasites. These rocks, referred to as metagabbros, are common in

Oued Missa and Tabellout massif areas (Fig. 2a).

The metadolerites may have preserved their primary plagioclase crystals (e.g., sample Md4: Fig. 7d-
e), the magmatic origin of which is attested by their subhedral tabular forms, their zoning with An-
rich cores (Md4: Angs to Anag, from core to rims; Fig. 5d), as well as their double Carlsbad-albite twins
(the Carlsbad-twin planes are visible as longitudinal grooves in Fig. 7d-e). Overgrowths of andesine-
oligoclase (Anss-17: blue areas in Fig. 7e) may have formed at least partially during metamorphism. In
most cases, however, the former magmatic plagioclase was completely transformed by
“saussuritization” into albite (Angs-»s) associated with some epidote (sample Mb11; Fig. 7a-c).
Epidote, common in the most altered samples, shows a ferric molar fraction (Xz>* = Fe®* / [Fe®* + Al +
Cr]), that ranges from 0.15 to 0.32 with an average of Xi.>* = 0.28, X=>* of 1/3 corresponding to the

epidote s.s. end-member.

The interstices between the former plagioclase laths are mostly filled with amphibole in the less
metamorphosed samples (e.g., Md4; Fig. 7e), or with amphibole, chlorite and titanite in the more
altered ones (e.g., Mb11; Fig. 7b-c). In the most preserved metadolerites, calcic amphiboles, which

replaced the former clinopyroxene of the protolith, show a trend of composition varying between
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actinolite, magnesiohornblende, up to ferro-pargasite and Ti-rich pargasite (Fig. 5a-c), preferentially
located in the vicinity of plagioclase, which would have facilitated the pargasitic substitution
(Na.1AlY,1Si.1) by providing Al and Na. On the other hand, actinolite dominates in the most altered
samples, where it replaces magnesio-hornblende on the crystal edges (Fig. 7c). Chlorite is
predominantly pycnochlorite (Fig. 5f). The accessory minerals are chlorapatite, fluorapatite,
ilmenorutile and ilmenite frequently surrounded by titanite coronae. Veinlets are filled with albite,

epidote (Fig. 7a), rarely with potassium feldspar (Orge-g7), calcite and dolomite.

Although the normative mineralogy of the original gabbros and dolerites may be distorted by
changes in rock composition during metamorphism, the calculation of the C.I.P.W. norm, applied to
bulk-rock compositions (Table G in SM), reveals that the gabbroic protoliths were close or slightly
above the “critical plane of silica undersaturation”, with a magmatic paragenesis of Pl + Cpx + Ol
Opx. The average normative composition is in fact typical of an olivine-tholeiite composition (in
wt.%): 58.3 Pl (Ans1AbsOrs) + 16.3 Cpx + 14.8 Ol + 2.3 Opx + 2.9 llm + 1.5 Mag + 0.3 Ap + 0.1 Chr + 3.5

water.

Pillow lavas
Stacks of pillow lavas are observed in the gorge of the Djendjene valley, near the Tabellout water
dam (e.g., 36°36'49.1"N-5°51'00.7"E), where they extend horizontally over 1.2 x 1 km? (Fig. 2a), with
a thickness from a few to ~25 meters. They are interlayered in places with cm- to m-thick radiolarite
and calcschist beds. Because of deformation, the pillows are ellipsoidal (Fig. 3g) and their size varies
from a few decimetres to 1.5 metre. They are well recognizable by their concentric structure and the
occasional presence of a variolitic zone (Fig. 3h; e.g., 36°36'58.1"N-5°51'11.4"E). Their core is
massive, grey and may contain partly-saussuritised plagioclase phenocrysts, whereas the rims are

commonly schistose, aphyric and greenish (Fig. 3e).

These metabasalts exhibit a hydrous greenschist-facies metamorphic paragenesis, made of albite,
epidote, chlorite, actinolite, titanite and apatite (Fig. 7f-k). They ordinarily do not show relicts of the
magmatic assemblage, but instead have commonly preserved microstructures that make it possible
to recognize the typical original features of an unmetamorphosed pillow basalt, like the one dredged

at the Southwest Indian Ridge and shown in Figure B (in SM):

(i) Textural zoning: The detailed study of a section through a pillow shows several concentric zones
(Fig. 7f): (a) A thin outer zone with microcrystalline interstitial texture, consisting predominantly of
chlorite and minor amounts of epidote and titanite (Z1 in Fig. 7f); (b) variolitic zones, composed of
chlorite, actinolite and epidote (Z2 in Fig. 7f), grading into epidote, albite and actinolite (Z3 in Fig. 7f);

(c) an inner zone, where epidote with inclusions of albite is dominating (Z4 in Fig. 7f). These zones
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probably correspond to the classical concentric zoning that frequently characterizes unaltered pillow

lavas, with glassy, variolitic and spherulitic zones (Fig. B in SM).

(ii) Magmatic flow: Trails of micro-crystals, especially of titanite, visible in the Z; outer zone, close to

the surface of the pillow and subparallel to it, could be the vestiges of magmatic flow (1 in Fig. 7g).

(iii) Phenocrysts: Polycrystalline clusters of epidote show regular external shapes (2 in Fig. 7g-h),
which strongly suggest that they are pseudomorphs after mm-sized phenocrysts of An-rich
plagioclase, transformed into epidote during metamorphism. Some porphyritic pillow lavas contain
still-preserved zoned plagioclase phenocrysts, ranging in size from a few to ~10 mm. In sample Pil13,
these incompletely-saussuritised phenocrysts still show a clear chemical zoning between the

apparent centre (Anzs) and the rims (Ana).

(iv) Devitrification spherulites: The greenish varioles visible to the naked eye appear as globular
epidote clusters with many albite micro-inclusions under the microscope (3 in Fig. 7g-k). We interpret
them as deriving from devitrification spherulites of the basaltic protolith (see, e.g., Arndt and Fowler,
2004), for the following reasons: (a) These globules increase in size and density from the pillow edge
(21), where they are isolated within chlorite (3 in Fig. 7g), towards the centre of the pillow, where
they become contiguous (3 in Fig. 7i) and finally merge (3 in Fig. 7j); this reflects a common feature of
the devitrification spherulites, which are progressively less abundant towards the glassy quenched
crust (Fig. B). (b) Albite micro-inclusions are often aligned and sheave-shaped inside each epidote
globule, similarly to the common fibroradiate microstructure of former spherulites (3 in Fig. 7i). (c)
Irregular thin coronae of the same Ep+Ab association almost completely surround some
pseudomorphs after plagioclase phenocrysts (3 around 2 in Fig. 7h), which finds a simple explanation
by considering that devitrification commonly initiates on the surface of pre-existing plagioclase
crystals (Fig. B). (d) Deuvitrification spherulites in basaltic rocks are essentially made of
cryptocrystalline plagioclase, which indeed should evolve into Ep+Ab during low-grade

metamorphism.

(v) Microliths: In the inner zone of the pillow (Z4), tabular 0.1-mm sized albite microcrystals could

derive from former plagioclase microliths (4 in Fig. 7j).

(vi) Gas vesicles: Some 0.1-mm spherules behaved like microgeodes, filled with concentric micro-
layers of epidote (Pil15: Xg>* = Fe3* / [Fe®* + Al + Cr] = 0.326 + 0.011), clinozoisite/epidote (Xg>* =
0.23-0.13) and chlorite (5 in Fig. 7k). In some samples (e.g., Pil13), eye-shaped vacuoles of several
mm are now filled, at the margins, with concentric euhedral growth zones evolving from epidote
(Xe>* = 0.32) to clinozoisite (Xe** = 0.11) and, towards the centre, with chlorite that occupies most of

the cavity. All are certainly derived from gas vesicles in the basalt protolith.
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In most metabasalts, plagioclase is almost pure albite (Abss7:1.1), but its composition also extends in
the oligoclase range, up to Anys when plagioclase saussuritization was incomplete (e.g., Pill3; red
squares in Fig. 5d). Epidote is close to the epidote s.s. end-member (typically, Xe>* = 0.32); it is
homogeneous in all sites except in the former gas vesicles (see above). Amphibole is most commonly
actinolite or magnesio-hornblende (Fig. 5b), and chlorite ranges in composition essentially from
ripidolite to pychnochlorite (Fig. 5f). Titanite is common and often occurs as coronae around relict
ilmenite. Fluorapatite, subhedral magnetite and chalcopyrite have been observed. A few scarce
euhedral crystals of spinel, whose chemical composition varies between Al-chromite and picotite
(sample Pil13: Fig. 5e; Table B in SM), are corroded and surrounded by coronae of Al-rich Cr-bearing

chlorite (Pil13 in Table D; ripidolite in Fig. 5f), similarly to what is observed in serpentinites.

The major-element composition of the pillow lavas (Table G in SM) is highly variable, and the
calculation of their C.I.P.W. norm gives irregular results. The normative composition of feldspars in
particular is erratic and more often Ab-rich than An-rich (Ans7:16 Abs7:18 Ores3), which is manifested in
the rocks by the changing behaviour of the original plagioclase phenocrysts, sometimes preserved
and quite sodic (Pil13) or sometimes replaced by epidote pseudomorphs and thus initially Ca-rich
(e.g., Pil16). Such characteristics, in particular an enrichment in Na, can be attributed to some
submarine weathering of the pillow lavas, which would therefore deserve the name “spilites” rather

than “metabasalts”.

Foliated metabasites

In some foliated and banded metabasites (Fig. 71), the deformation has destroyed all traces of
the magmatic microstructures, making it difficult to diagnose what the original rock was,
except when a transition with an undeformed metabasite is observed, which is sometimes the
case in the vicinity of pillow lavas (Fig. 3e). These metabasites generally consist of a fine-
grained assemblage of clinoamphibole (actinolite to magnesio-hornblende), chlorite
(pychnochlorite), Fe**-rich epidote, albite (typically, Aboos 966) sometimes coexisting with
oligoclase, titanite, calcite, with some accessory minerals like apatite and magnetite
surrounded by hematite. In one sample (Pill4), small crystals of phengite
(MsseCelzFeCelsPg3Mrgs), with a significant phengitic Sis Al jAIVL (Mg, Fe).1 substitution
(S8i=6.525 £0.101 [1 o] apfu), were observed.

Variations in the relative abundance of these minerals and grain size determine the banding.
Fairly homogeneous ribbons, rich in calcite, in epidote (Fig. 71) or more rarely in dolomite or

quartz, seem to result from the transposition parallel to the foliation of early veinlets. In the
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transposed veins of epidote, the latter is truncated and its gaps filled with albite and/or calcite
(Fig. 71). On the other hand, late veinlets of microcline intersect the foliation.

Radiolarite and calcschist
Metasediments, made up of metaradiolarites and calcschists, overlie stratigraphically the pillow-
lavas. The gradual transition between these two formations is best seen on both sides of the gorge of
Djendjene river where alternating layers of metaradiolarites, lavas and calcschists are observed (Fig.

3f).

Metaradiolarites, called “jaspéroides” by Durand-Delga (1955), deposited as 1- to 10-cm thick
varicoloured beds. Reddish to greenish beds consists of quartz, ankerite (Cals2Mgs32SdisRds;)
commonly concentrated in veinlets with nuclei of Fe-bearing dolomite (Cals3sMgsa3SdsRds,), oxidized
botryoidal pyrite, minute inclusions of clay, apatite and TiO,. Whitish beds are composed of
microcrystalline quartz with chalcedony cement. No radiolarian fossils were found in our samples
due to intense recrystallisation. However, further west, in the Col de Chellata massif (Fig. 1), Gélard
(1969) reported on the discovery in a red radiolarite layer of 21 radiolarian species of Late Jurassic
(Kimmeridgian) age. This layer is located at the base of the Mauretanian flysch, in the same

stratigraphic position as the Texenna metaradiolarites.

The calcschist beds range in thickness from a few decimetres to a few metres. Sample Cal consists of
quartz, calcite (CalssMgs,Sdo), dolomite (CalsiMgsssSds), chlorite, fluorapatite, hematite and white

mica (Msg3CelsoFeCel,PgsMrg;) with a significant phengitic substitution (Si = 6.654 + 0.052 [1 o] apfu).

Geochemistry

Most of the studied rocks have undergone a greenschist-facies metamorphism implying selective
element mobility, especially for K, Na and the large ion lithophile elements (LILE: Cs, Rb, Ba, Sr....).
For this reason, we use high field strength elements (HFSE: Ti, P, Zr, Y, Nb, Th...), some transition
metals (e.g., Ni, Co, Cr, V) and rare-earth elements (REE) in our geochemical and petrogenetic
interpretations (Table G in SM), since these elements are identified as almost immobile during rock

weathering and metamorphism in general, especially in the case of ophiolites (Pearce, 2014).

Loss-on-ignition (LOI) values of the serpentinite samples range from 11.8 to 13.6 wt.%. These
elevated values are indeed due to hydration during serpentinization. The analysed serpentinites are
highly magnesian (32.16-36.48 wt.% MgO) and have moderate Feiw: concentrations ranging from
7.68 to 8.45 wt.% of Fe,0s. Their Mg number [Mg# = 100 x Mg?* / (Mg* + Fe?)] is elevated and varies
from 90 to 92, which is typical of upper mantle peridotites. The Al,O; and CaO concentrations are

very low, ranging from 1 to 3.22 wt.% and from 0.04 to 1.54 wt.% respectively, in accordance with
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the absence of plagioclase and the low amount of clinopyroxene in the harzburgite protolith (Fig. 6;

see above).

Metabasites show a wide range of LOI value (from 1.18 to 7.81 wt.%), which is lowest in
metadolerites and highest in metabasites with pillow-lava structures. This shows that the latter have
undergone an intensive alteration, as also indicated by the normative calculation (see above). The
metabasites have low SiO; and low to moderate TiO, contents, ranging from 44.6 to 49.2 wt.% and
from 1.05 to 2.17 wt.%, respectively. The MgO concentrations range from 3.47 to 9.29 wt.%, with the
lowest concentrations observed in the pillow lavas (3.47 to 3.81 wt.%). These low values do not
result from magmatic differentiation, but are rather due to the stronger alteration of the pillow-lava
samples. The metabasites display moderate Fe (7.41-11.75 wt.% of Fe;0Os) and CaO (8.89-12.93
wt.%) contents and high Al,0; (13.95-17.65 wt.%).

On the Zr/Ti vs. Nb/Y diagram (Pearce, 1996), the metabasites have basaltic subalkaline compositions
(Fig. 8a). Their tholeiitic nature is suggested by the Zr-P,0Os diagram (Floyd and Winchester, 1975)
used for distinguishing between alkaline and tholeiitic affinities (Fig. 8b), and by Zr-Y, La—Yb and Th—
Yb diagrams (Ross and Bédard, 2009) used for discriminating calc-alkaline and tholeiitic rocks (Fig. 8c-
e). In these latter three diagrams, some samples are plotted in the transitional field, a word used
here for rocks that plot at the tholeiitic/calc-alkaline boundary on the AFM diagram (Ross and

Bédard, 2009).

Chondrite-normalized REE patterns of the metabasites vary between two extremes (Fig. 93, c, e). The
patterns of the metagabbro Mb9 and metadolerite Md5 show erratic variations probably due to
important secondary alteration and will not be considered hereafter. Pillow-lavas have nearly flat to
weakly depleted REE patterns with Lan/Ybn ranging from 0.66 to 0.97 (Fig. 9a), whereas metagabbros
are enriched in Light REEs (LREE) with Lan/Ybn ranging from 2.18 to 2.24, and show flat High REE
(HREE) profiles (Fig. 9e). The REE patterns of metadolerites are comparable to those of pillow lavas,
but with a slight enrichment in LREEs (Lan/Ybn between 1.07 and 1.66: Fig. 9¢). Thus, the REE patterns
of pillow-lavas, metadolerites and metagabbros are similar to those observed respectively in normal
middle-ocean ridge basalts (N-MORBs), transitional T-MORBs and enriched E-MORBs (e.g., Gale et al.,
2013).

The same characteristics are shown in the N-MORB-normalized trace-element patterns (Fig. 9b, d, f),
in which pillow-lava samples are very close to 1 (with a slight Nb-Ta depletion) indicating their N-

MORB affinity whereas the metagabbros show E-MORB patterns.

Discussion
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Petrogenetic evolution of the Texenna ophiolites

Protoliths and geodynamic context
As pointed out above, the REE and multielement patterns of the Texenna metabasites correspond
mainly to N-MORB for the pillow lavas, T-MORB for the metadolerites and E-MORB for the
metagabbros. We use hereafter some discrimination diagrams to further refine the type of oceanic

environment in which the rocks studied were formed.

In the V vs. Ti discrimination diagram (Shervais, 1982), most Texenna metabasic rocks plot in the
MORB/back-arc basin basalt (BABB) fields (Ti/V = 18-48; Fig. 10a). On the Nb-Zr-Y diagram
(Meschede, 1986), the pillow lava samples plot in the field of N-type MORB, metadolerites in within-
plate tholeiites (WPT) and volcanic-arc basalt (VAB) fields, whereas metagabbros plot in E-MORB field
(Fig. 10b). All the samples plot in the oceanic basalt domain of the La/10-Y/15—Nb/8 discrimination
diagram of Cabanis and Lecolle (1989) (Fig. 10c), which defines also the pillow lava samples as N-
MORB, the metagabbros as E-MORB and the metadolerite rocks as E-MORB falling between the
pillow lavas and the metagabbros (Fig. 10c). The same results are seen in the Th-Ta—Hf/3 diagram of
Wood (1980), where pillow-lava and Md6 metadolerite samples plot in N-MORB field, and other
metadolerites and metagabbros in E-MORB field (Fig. 10d).

In recent years, powerful diagrams to fingerprint tectonic settings of ophiolites have become
available (Pearce, 2008, 2014). These include the Th/Yb vs. Nb/Yb diagram where rocks from mid-
ocean ridge and ocean island basalts (OIB) are plotted diagonally along a MORB-OIB array, and the
Nb/Yb vs. TiO,/Yb diagram, which allows discriminating between different types of MORBs. In the
Th/Yb vs. Nb/Yb diagram, the Texenna mafic rocks plot within the MORB-OIB array (Fig. 10e),
whereas in the Nb/Yb vs. TiO,/Yb diagram pillow lavas are clearly N-MORB in character and
metagabbros are E-MORB (Fig. 10f).

Discrimination diagrams corroborate an oceanic crust affinity of the studied metabasites, with N-
MORB signature for the pillow lava samples, T-MORB for metadolerites and E-MORB for
metagabbros. Furthermore, the association in the Texenna area of serpentinite, metagabbros,
metadolerites, pillow lavas, radiolarites and calcschists is indeed typical of ophiolites, formed in an
oceanic environment. Following the classification scheme of Dilek and Furnes (2011, 2014), these
may be classified as subduction-unrelated ophiolites that evolved during rift drift and seafloor

spreading.

Greenschist-facies hydrothermal oceanic metamorphism
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Despite complete serpentinization, Texenna serpentinites very commonly show microstructures
inherited from the original peridotites, such as serpentine pseudomorphs after olivine (i.e., mesh
texture) and pseudomorphs after orthopyroxene (i.e., bastite), in which even traces of former
exsolution lamellae are still visible. Their mineralogical composition is characterized by lizardite in
both mesh textures and bastites, magnetite, “ferritchromit” with chlorite coronae replacing former
Cr-spinel, and small veins of chrysotile and chlorite. All these textural and mineralogical features, in
particular the alteration of Cr-spinel (e.g., Burkhard, 1993; Mellini et al., 2005; Kapsiotis et al., 2007),
are well documented in ophiolite serpentinites. They are also typical of the ocean floor serpentinites,

the hydrothermal serpentinization of which occurs in the range of 300-500°C (Mével, 2003).

Metadolerites, metagabbros and pillow lavas are weakly deformed since they have preserved their
magmatic microstructures, only intersected by fractures filled with albite, epidote and/or calcite.
Their mineral assemblages, with albite, chlorite, epidote, titanite and actinolite, are typical of
greenschist-facies metamorphic alteration of basic rocks. Thompson (1991), in particular, described
such alteration of pillowed basalts in the dredged metabasalts from the ocean floor. Furthermore,
most of the chlorites from the Texenna metabasites plot in the field corresponding to greenschist-
facies seafloor hydrothermal alteration in the Si vs. Fe/(Fe+Mg) diagram (Fig. 5f; see Nimis et al.,

2004, and references therein).

In summary, many rocks of Texenna, either serpentinites, metabasites or pillow lavas, have
preserved the original texture of their protolith and are therefore weakly deformed. The magmatic
minerals of the protoliths were very generally replaced by low-grade greenschist-facies hydrous
metamorphic assemblages, accompanied by secondary mineral precipitation in veins and fractures.
These features are typical of hydrothermal oceanic metamorphism, during which strain is reduced to
fracturing, under temperatures in the range of 300-500°C (Hekinian, 1982; Mével, 2003). The
abundance of carbonates, both in metasediments (calcschists and ankerite-bearing radiolarites) and
as veinlets in metabasites, indicates that this hydrothermalism occurred above the carbonate

compensation depth.

Metamorphism and deformation related to the Maghrebide orogen
Some of the Texenna metabasites are deformed, showing prominent banding and foliation (see
above). The foliation of these rocks is sub-parallel to the foliation in the neighbouring geological
formations, such as the Kabyle basement, the associated calcschists and the Massylian flysch, so the
deformation appears to be related to the tectonic emplacement of these units, well after the oceanic
hydrothermal metamorphism. The mineralogy of these metabasites is not fundamentally different

from that of undeformed metabasites, metamorphosed under greenschist-facies hydrothermal
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oceanic conditions. One notable difference, however, appears to be the presence of phengite (Pil14),
also observed in some calcschists (sample Cal); this relatively high-P mineral cannot have formed

under sub-surface conditions during the hydrothermal oceanic metamorphism.

Specifying the P-T conditions of this metamorphism is not as simple as it seems. While modelling a P-
T pseudosection requires ideally a homogeneous rock that has reached equilibrium, most of these
rocks are banded and may have preserved minerals from the oceanic hydrothermal metamorphic
stage and even from the magmatic protolith, like ilmenite in the core of titanite crystals; they are
also crosscut by late calcite and feldspar veinlets, which have modified the bulk composition. We
have chosen to model a P-T pseudosection for the Pil1l4 metabasite, derived from pillow lavas but
strongly deformed and foliated during this metamorphism. The chemical composition used for the
modelling, including the Fe3* content, was obtained from the molar modal quantities of the minerals
in the rock, calculated by the least-square method from the bulk-rock and mineral compositions, and
from which apatite and calcite, not taken into account in the model, were subtracted. Low albite (Ab)
was considered in addition to plagioclase (Pl), since the “peristerite” miscibility gap can occur in such
a low-grade metamorphism. Details on the thermodynamic database and solid-solution models are

given in Section 5 of the SM.

The P-T conditions of the metamorphism related to deformation should correspond to one of the
fields where the minerals ubiquitous in the rock are stable (Ab, Ep, Chl, Act/Hbl, Tnt, Ms/Ph,
thematite), i.e., in the vicinity of the low-P—low-T / high-P-high-T diagonal of the P-T pseudosection
(Fig. 11). Glaucophane-bearing high-P—low-T fields should be excluded, since this mineral was never
observed, as well as the low-P-high-T fields in which epidote is absent and plagioclase too An-rich
(Anz1-35) relative to the real values. Because of the banding and heterogeneity of the rock, the use of
isopleths is somewhat hazardous. However, the Si-in-phengite isopleths (Si = 6.525 + 0.101 [t10])
make it possible to better specify the P-T domain for this metamorphism (Fig. 11). The stability of
some Kfs predicted by the model is in agreement with the presence of late veinlets of K-feldspar. It
therefore appears that the metamorphism linked to the tectonic emplacement of the Texenna
ophiolites in the Maghrebide chain occurred under low-grade greenschist-facies conditions, following

a medium geothermal gradient that is not linked to a subduction zone.

Comparison with other ophiolites of the western Mediterranean region

Numerous ophiolitic outcrops occur in the Alpine orogen of the Western Mediterranean region, e.g.,
in the Alps, in North-eastern Corsica, in the Northern and Southern Apennines, in Sicily, in the Rif

(Morocco) and in the Betic Cordillera (southern Spain) (Principi et al., 2004; Bortolotti and Principi,
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2005; Guerrera et al., 2005). These ophiolites are considered to represent the records of the Jurassic
Western Tethys Ocean, and are characterized by the following features (Principi et al., 2004): (i)
Middle-Late Jurassic age; (ii) MORB signature of the mafic rocks; (iii) reduced and thin ophiolitic
successions; (iv) exposure of serpentinites at the base of sedimentary-volcanic covers; and (v)
widespread presence of radiolarites above the magmatic section. It is prominent to note that all of

these features can be seen in the Texenna volcano-sedimentary complex.

Recently, ophiolite slivers with gabbros, altered basalts and oceanic sediments have been discovered
in the core of the external zones of the Central Rif belt in Morocco, far from the Maghrebian Flysch
suture zone (Benzaggagh et al., 2014; Michard et al., 2014). These rocks define two major lineaments
in the Mesorif (Michard et al., 2018; Fig. 1): (i) The Mesorif suture zone (MSZ) shows slivers of
serpentinites, metagabbros, metabasalts, associated with oceanic metasediments. A gabbro of the
MSZ gave a radiometric age of 190 Ma (Michard et al., 2018). (ii) The Mesorif Basalts—Breccias
lineament (MBB), composed of Kimmeridgian—Berriasian basalt flows and carbonates breccias, is

more external and parallel to the MSZ.

The metabasic rocks of Alpine ophiolites of the Western Mediterranean region show compositions

from N-MORB to E-MORB:

(a) In the Chenaillet ophiolitic complex (Ligurian-Piemonte zone in the Western Alps), the mafic rocks
are predominantly N-MORB (Chalot-Prat, 2005) and this complex, as well as other Western Alpine
ophiolites exposed in NW ltaly, is considered as the testimony of a segment of an axial volcanic ridge

in a slow-spreading ridge within a restricted ocean basin (Balestro et al., 2019; Chalot-Prat, 2005).

(b) Two groups of ophiolites are distinguished in Corsica (Saccani et al., 2008): (i) a most prevalent
group with N-MORB affinity and (ii) a group with T-MORB composition restricted to Santo di Tenda,
Nebbio and upper part of Balagne units. The N-MORB group is considered to have been formed in
the central part of the ocean after the onset of the oceanic spreading, whereas the T-MORB rocks
would have originated in the ocean-continent transition zone during the first stage of oceanic

spreading.

(c) The metabasites of the ophiolitic sequences of the Calabrian Arc (Southern Apennines) have N-

MORB (Sansone et al., 2011) to T-MORB tholeiitic affinities (Liberi et al., 2006).

(d) In Sicily and Moroccan Rif, the metabasites show E-MORB characteristics (Durand-Delga et al.,
2000) and are thought to be formed in a rift environment during the initial stage of oceanisation

(Durand-Delga et al., 2000).



577
578
579
580
581
582

583
584
585
586
587
588
589
590
591

592
593
594
595
596
597
598
599
600
601
602
603

604

605
606
607
608

(e) The metabasites of the Betic ophiolites show mainly E-MORB or T-MORB affinities (Bodinier et al.,
1987; Puga et al., 2011). They are interpreted as formed in ultraslow-spreading ridge environment,
during the initial stages of oceanisation, and are classified as “continental margin ophiolites” (Puga et
al.,, 2017). The Betic oceanic sector was located at the westernmost end of the Western Tethys
Ocean. However, a few authors proposed a continental setting for the metabasic igneous rocks of the

Betics (e.g., Gomez-Pugnaire, 2019, and references therein).

In Th/Yb vs. Nb/Yb diagram, the Texenna pillow lavas, with N-MORB affinity, lie mainly within the
Chenaillet and most of the Corsica mafic rocks array (Fig. 12), whereas metagabbros and
metadolerites show affinities with mafic ophiolitic rocks of the Rif, Sicily, the Betics and with the
recently studied metabasites of Eastern Elba Island (Northern Apennines, Italy; Bianco et al., 2019)
(Fig. 12). Finally, the Kimmeridgian—Berriasian basalts of the MBB and the gabbros of the MSZ of the
Central Rif belt in Morocco show E-MORB affinities and differ from the Texenna metabasites, in the
Th/Yb—Nb/Yb discrimination diagram (Fig. 12). The gabbros of the MSZ plot between E-MORB and
OIB, while basalts of the MBB plot above the MORB-OIB array, with high Th/Yb ratios probably due to

interaction of these basalts with crustal rocks of the African palaeomargin (Benzaggagh et al., 2014).

The Texenna serpentinites share the same features as many Alpine ophiolitic serpentinites, like those
at Chenaillet (Thiéblemont et al.,, 2019): high serpentinization degree; lizardite as serpentine
polymorph; alteration of Cr-spinel to “ferritchromit” surrounded by chlorite coronae; harzburgite
protolith. On the other hand, the studied serpentinites differ notably from the Collo peridotites and
serpentinites, which crop out within the metamorphic basement of Lesser Kabylia not far from the
Texenna area. Collo ultramafic rocks are much less serpentinized than those of Texenna, with
antigorite instead of lizardite as the dominant serpentine polymorph; they display anhydrous mineral
assemblages, unaltered Cr-spinels and their protolith is lherzolitic (Laouar et al., 2017). Collo
ultramafic rocks belong to Alpine-type peridotites that were emplaced within an orogenic setting
(Bouillin and Kornprobst, 1974; Laouar et al., 2017) and are similar to other peridotite massifs of the
Western Mediterranean region: Lherz (Pyrenees); Lanzo massif (ltalian Alps); Ronda (Betic

Cordillera); and Beni Bousera (the Moroccan Rif).

Geodynamic implications

This study demonstrates for the first time that the Texenna rocks belong to a true ophiolitic slice.
Contrary to what has been suggested by some authors, the Maghrebian Flysch suture zone is marked
by outcrops of ophiolites, as any other suture zone of the Circum-Mediterranean Alpine Belts, and

the sedimentary cover of the Flysch domain was here deposited over a true oceanic rather than a



609
610
611
612
613

614
615

616
617
618
619
620

621
622
623
624

625
626
627
628
629
630
631
632
633
634
635
636
637

638
639
640
641

thinned continental crust. The Texenna ophiolites show analogies with other ophiolites from the
Western Mediterranean region, indicating that they are remnants of the ancient oceanic domain
formed in the southwestern part of the Western Tethys (Fig. 13a), more precisely in the Maghrebian
Tethys ocean that developed between Africa and Iberia during the Middle-Late Jurassic (e.g.,

Fernandez, 2019).

The Texenna metabasites show T-MORB to E-MORB affinities for the metadolerites and metagabbros

and N-MORB signature for the pillow lavas. This can be interpreted in two ways:

(a) The pillow lavas and the intrusive rocks are coeval and were emplaced in the same area, which is
supported by the association of N-MORB to E-MORB basalts in modern ultraslow-spreading ridge,
such as the Southwest Indian Ridge (Standish et al., 2008). This however seems contradictory with
the harzburgite composition of the serpentinite protoliths, which would rather indicate a formation

at a fast-spreading ridge.

(b) The intrusive rocks are not coeval with the extrusive igneous rocks (i.e., the pillow lavas). The
gabbros and dolerites may have emplaced at an early stage of oceanic accretion, which could explain
their enriched geochemical signature. After the onset of oceanic spreading, basaltic magmas with an

N-MORB affinity would have produced the pillow lavas observed.

The latter scenario, proposed for the Betic ophiolites (Puga et al., 2011), would apply well to the
Texenna ophiolites; it is similar to the tectonic models of the Alpine Tethys evolution developed by
Balestro et al. (2019) and of the Mesozoic margin evolution of the Maghrebian Tethys invoked by
Michard et al. (2020) for the Rif belt (Morocco). According to this model, the Alpine Tethys was
formed in four stages between the Middle Jurassic to Early Cretaceous involving seafloor spreading
of a narrow ocean basin: (1) emplacement of gabbro bodies and dolerite dykes in the upper mantle
peridotites; (2) extensional deformation, upper mantle exhumation-denudation and doming; (3)
eruption of basaltic lavas into the exhumed peridotites and gabbroic plutons and (4) deposit of
pelagic sediments (radiolarites, marble and calcschist). The emplacement of the intrusive rocks
(gabbros, dolerites) in the Texenna complex would correspond to the phase 1 of this model, in
accordance with their E-MORB affinity and association with serpentinite in the field. The pillow lavas
emplacement is likely related to phase 3, which would explain their N-MORB composition. Finally,

the overlying radiolarites are linked to phase 4.

Bouillin (1992) proposed that the Texenna rocks were close to a NW-SE Jurassic transform fault that
brought the Lesser Kabylia basement, to the NE, into direct contact with the Maghrebian oceanic
basin, to the SW (Fig. 13b). This hypothesis elegantly accounts for (a) the apparent dextral shift

between the continental basements of Lesser and Greater Kabylias, (b) the absence near Texenna of
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the “Dorsale calcaire”, considered elsewhere as the remnant of the former southern passive margin
of the Kabyle microcontinent, and (c) the thrusting of the Lesser Kabylia basement directly upon the
ophiolites (Bouillin, 1992). This NW-SE transform fault would be one of the many later proposed by

Schettino and Turco (2011) in their palaeogeographic reconstruction of the western Tethys (Fig. 13a).

The Maghrebide orogeny partly deformed, metamorphosed and dismembered the ophiolites of
Texenna, the original sequence of which is hardly recognizable, with serpentinites, on the one hand,
and pillow lavas and metasediments, on the other hand, unclearly concentrated on the SW and NE

edges, respectively, of the tectonic slice.

Ophiolitic outcrops are much less common in the Maghrebide chain of North Africa than in other
regions. A possible reason for the extreme scarcity of ophiolite remnants in the Maghrebian Flysch
suture zone is the fact that the basement of the Maghrebian Flysch nappes is rooted deeply beneath
the internal zone. Furthermore, the geological formations at the front of the internal zones are highly
dilacerated and dismembered, which led to the dispersion in the suture zone of the different units of

the ophiolitic sequence into slivers, separated by long distances.

These ophiolite slivers were often considered in ancient literature as part of the metamorphic
basement, like the Texenna rocks, long regarded as belonging to the Kabyle basement. Since the
suture(s) zone(s) of the Maghrebide chain is(are) usually outlined by Triassic outcrops, they were also
frequently mistaken for Triassic "ophites" (e.g., Ben Yaich et al., 1989). The mafic and ultramafic
rocks that crop out in the core of the external zones of the Central Rif belt, supposed until recently to
be basement units or Triassic ophites, have been recognized as part of Middle-Upper Jurassic
ophiolite slivers, defining a second suture zone within the Maghrebide chain, between the Intrarif
and Mesorif (External Zones, Morocco) (Benzaggagh et al., 2014). A major challenge for the future is
therefore to investigate magmatic-sedimentary associations, very little studied so far, which could

reveal new sutures in the Maghrebide chain.

Conclusions

(1) An association of mafic and ultramafic rocks occurs beneath the Maghrebian flysch nappes at
the southern front of the internal zones of Lesser Kabylia, in the Texenna region (NE Algeria).
This association includes serpentinite, metagabbro, metadolerite, metabasalt with pillow-lava
structures, and oceanic metasediments (radiolarite and calcschists).

(i) Serpentinites are mainly composed of lizardite pseudomorphs after olivine and

orthopyroxene, with small veins of chrysotile and chlorite scattered throughout the rocks.
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Metadolerites and metagabbros have sometimes preserved their magmatic zoned plagioclase
(labrador to andesine), but are generally transformed into an assemblage of albite,
actinolite/magnesio-hornblende, epidote, chlorite and titanite, in the same way as the
metabasalts, which furthermore commonly show inherited microstructures typical of pillow
lavas (concentric former glassy, variolitic and spherulitic zones; recrystallized devitrification
spherulites; epidote pseudomorphs after plagioclase phenocrysts; gas vesicles filled with
epidote and chlorite). The greenschist-facies static metamorphism that affected the Texenna
metabasites and serpentinites is typical of hydrothermal alteration of ocean floor rocks at
slow-spreading ridges. After the oceanic hydrothermal metamorphism, the Texenna
ophiolites underwent some deformation accompanied by greenschist-facies phengite-bearing
metamorphism, linked to the tectonic emplacement of the ophiolites in their current setting
during the Maghrebide orogen.

(ii1) Whole-rock compositions of the serpentinites indicate a harzburgite protolith, whereas the
metabasic rocks are tholeiitic and show N-MORB signature for the pillow-lavas and from T-
MORB to E-MORB affinities for the intrusive rocks (metadolerites and metagabbros). This
duality is common among the ophiolites of the western Mediterranean region.

(iv) This study demonstrates for the first time that the Texenna rocks belong to a true ophiolitic
slice, and indicates that the sedimentary cover of the Maghrebian Flysch domain was
deposited over a true oceanic rather than a thinned continental crust, as several researchers
often suggest. The Texenna ophiolites represent a fragment of the ancient oceanic
lithosphere (Maghrebian Tethys Ocean) that formed between Africa and lberia-AlKaPeCa

during the Middle-Upper Jurassic.
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Figure Captions

Fig. 1. Betic-Maghrebian Chain (modified from Chalouan et al., 2008) with the location of mafic rocks

with ophiolite affinities associated to the flysch zone.

Fig. 2. Geological overview of the Texenna region (Lesser Kabylia). (a) Geological map compiled from
Durand-Delga (1955), Andrieux and Djellit (1989) and original geological survey; So: stratification in
flysch and sediments; Si: foliation or schistosity in metamorphic rocks. (b) Panoramic view from
36°39'33”"N-5°46’25"E, before the filling of the Tamellout dam, showing the contacts between the
Kabyle basement (KB), the ophiolite complex (Sendouah-Tabellout Unit: STU) and the flysch domain
(FD).

Fig. 3. Outcrop photographs of the Texenna ophiolite complex. (a) Metadolerite vein crosscutting the
serpentinite. (b) Chrysotile veinlets in serpentinite. (c) Metadolerite dyke inside calcschists. (d)
Metagabbroic rock mainly composed of chlorite (Chl), epidote (Ep) and actinolite (Act), intersected
by whitish veins of calcite (Cal) and quartz (Qz). (e) Pillow lava showing a massive nucleus of
porphyritic metabasalt, surrounded by greenish, aphyritic and schistose rims. (f) Alternating layers of
radiolarite and metabasalt on top of the pillow lavas. (g) Pillows with deformed ellipsoidal shapes. (h)
Pillow lava with external chlorite-rich and variolitic zones. Outcrops are at Djebel Es-Sendouah (a-b),

Tabellout (c-d) and Oued Djendjene gorge, near the Tabellout water dam (e-h).

Fig. 4. Petrology and microstructures of serpentinite. (a) Serpentine (Srp) mesh texture, bastite and
altered chromite (Chr). (b) Detail of the mesh microstructure showing cells derived from olivine
grains, with an edge rich in tiny crystals of magnetite (Mag) enveloping concentric layers of
serpentine. (c) Detail of the bastite microstructure showing tremolite (Tr) grooves in serpentine
(dashed arrow), interpreted as former Cpx lamellae exsolved in the Opx protocrystal. (d) Altered

chromite grains surrounded by a chlorite (Chl) corona, and intersected by late veinlets of tremolite
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and/or chlorite. BSE images (a-c) and (d) composite EDS elemental map of Fe (red), Cr (green) and Al

(blue).

Fig. 5. Mineral compositions in serpentinites and metabasites. (a-c) Calcic clinoamphiboles in the
metabasites, following the nomenclature of Hawthorne et al. (2012). (d) Feldspars in the
metabasites. The inset rectangle shows the composition profile A-B across a magmatic plagioclase in
metadolerite Md4; the red line indicates the position of the Carlsbad twin plane on this profile,
whose position is shown in Figure 7d-e; chemical analyses are given in Table C of SM (2: rim, core,
rim). (e) Composition of Cr-spinels and their pseudomorphs, in serpentinites and metabasalts. (f)
Compositions of chlorites from serpentinites and metabasites in the classification diagram of Hey

(1954). “Sea floor hydrothermally altered rocks” from Nimis et al. (2004).

Fig. 6. Ol-Cpx—Opx normative molar composition of the studied serpentinites, following the

nomenclature of Le Bas and Streckeisen (1991).

Fig. 7. Petrology and microstructures of the metabasites. (a-c) Greenschist-facies metabasite, with
albite (Ab), epidote (Ep), actinolite (Act), hornblende (Hbl), chlorite (Chl) and titanite (Tnt), showing
the preserved doleritic texture of the gabbroic protolith crosscut by albite and epidote veins. (d-e)
Metadolerite, showing the still-preserved magmatic laths of plagioclase in a matrix of actinolite (Act)
and pargasite (Prg); A—B: composition profile across plagioclase (see Fig. 5d). (f-k) Microstructures of
the pillow lavas (see text for the meaning of the Z1-Z4 and 1-5 labels; to be compared with Fig. B in
SM); (f) pillow zoning (Z1, chlorite-rich outer zone after glassy crust; Z2 and Z3, variolitic zones, rich in
former devitrification spherulites; Z4, internal massive zone); (g) preserved magmatic flow in the
outer zone; (h) epidote pseudomorph after plagioclase phenocrysts; (j) epidote+albite association
after devitrification spherulites, around former plagioclase microliths; (k) microgeode after gas
bubble, filled with epidote, clinozoisite and chlorite. (1) Deformed metabasite, with early transposed
veins of calcite (Cal) and truncated epidote (Ep+Ab), and late veins of K-feldspar (Kfs). SEM images (a,

¢, d, g-j, 1) and composite BSE and EDS elemental maps of Al, Ca, Fe, and Ti (b, e-f, k).

Fig. 8. Geochemical discrimination diagrams of the metabasites. Red squares: pillow lava samples
(Pil12-13-14-15); green diamonds: metadolerite samples (Md4-5-6); blue circles: metagabbro
samples (Mb9-10-11); ppm means pg/g. (a) Zr/Ti vs. Nb/Y diagram (Pearce, 1996). (b) P2Os vs. Zr
diagram (Floyd and Winchester, 1975). (c) Zr vs. Y; (d) La vs. Yb and (e) Th vs. Yb diagrams (Ross and
Bédard, 2009).

Fig. 9. REE and trace-element patterns for the metabasites. (a, ¢, ) Chondrite-normalized REE
patterns and (b, d, f) N-MORB-normalized incompatible-element patterns. (a, b) Pillow lavas; (c, d)

metadolerites; (e, f) metagabbros. The normalizing values for chondrites and N-MORB are from Sun
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and McDonough (1989) and Gale et al. (2013), respectively. N-MORB and E-MORB compositions are
from Gale et al. (2013).

Fig. 10. Tectonic setting discrimination diagrams. Red squares: pillow lava samples (Pil12-13-14-15);
green diamonds: metadolerite samples (Md4-5-6); blue circles: metagabbro samples (Mb9-10-11).
(a) Ti vs. V diagram of Shervais (1982). (b) Zr/4—2Nb-Y discrimination diagram of Meschede (1986);
WPA: within-plate alkali basalts; WPT: within-plate tholeiites; VAB: volcanic-arc basalts. (c) Y/15-
La/10-Nb/8 discrimination diagram of Cabanis and Lecolle (1989). (d) Th—Hf/3-Ta discrimination
diagram (Wood, 1980). (e) Th/Yb vs. Nb/Yb and (f) TiO,/Yb vs. Nb/Yb diagrams (Pearce, 2008).

Fig. 11. P-T pseudosection modelled for the composition of the Pill4 metabasite. The minerals are
listed in decreasing order of abundance, those in brackets being in negligible quantity (< 2 vol.%).
Since the sample was subjected to deformation and metamorphism during the emplacement of the

ophiolites in the Maghrebide belt, the model applies to this episode.

Fig. 12. Th/Yb vs. Nb/Yb diagram showing the compositional fields of some ophiolites of the Western
Mediterranean region. (1) Kimmeridgian—Berriasian basalt flows of the Mesorif Basalts—Breccias
lineament (MBB) and (2) Bou Adel gabbros of the Mesorif suture zone (MSZ) (Morocco) (Benzaggagh
et al., 2014); (3) Metabasites of the Betic ophiolites (Puga et al., 2011); (4) Metabasites of Eastern
Elba Island (Northern Apennines, Italy) (Bianco et al., 2019); (5) Metabasic rocks of the Chenaillet
ophiolitic complex (Western Alps) (Chalot-Prat, 2005); (6) Metabasic rocks of Alpine Corsica

ophiolites (Saccani et al., 2008).

Fig. 13. The western Tethys at the Upper Jurassic. (a) Palaeogeographic reconstruction after
Schettino and Turco (2011). NPF: North Pyrenean Fault; GiF: Gibraltar Fault; red lines: middle-ocean
ridges; orange lines: rifts. (b) Schematic reconstruction of the north-tethysian margin of the Kabylias

after Bouillin (1992).
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