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Abstract The Socotra Island belongs to the southern rifted margin of the Gulf of Aden and occupied in Neoproterozoic times a key position to constrain the age and the nature of the largely hidden Neoproterozoic rocks of the Arabian plate. Our integrated field, petrographic, geochemical and geochronological study in the Neoproterozoic rocks recognises three main successive events: (a) high-temperature ductile deformation and metamorphism forming probably in a compressive or transpressive regime; (b) mafic to intermediate intrusions as Y. Denèle : S. Leroy UPMC Univ Paris 06, UMR 7193, ISTEP, 75005 Paris, France Y. Denèle Géosciences Montpellier, UMR CNRS 5243, Université Montpellier II, Place Bataillon, 34095 Montpellier, France E. Pelleter IFREMER, Centre de Brest, BP70, 29280 Plouzané, France R. Pik CRPG, Nancy-Université CNRS, 54501 Vandœuvre-lès-Nancy, France J.-Y. Talbot CREGU, 54501 Vandœuvre-lès-Nancy, France K. Khanbari Geological Survey, Sanaa, Republic of Yemen Y. Denèle (*) GET, Université de Toulouse-CNRS-IRD-OMP, 14 Avenue E. Belin, 31400 Toulouse, France e-mail: [email protected]



vertical sheets, kilometre-scale gabbro laccoliths, mafic dike swarm and lavas which present mainly a depleted arc signature with some evidences of evolution from an enriched-arc signature; (c) felsic intrusions mainly composed of highly potassic calc–alkaline and pinkish granites dated between 840 and 780 Ma. Relationships between the various petrographic types and U–Pb data suggest that these events occurred during a relatively short time span (80 Ma at max). Earlier high-temperature–low-pressure metamorphism stage as well as geochemical signature of mafic rocks show that development of Cryogenian formations of Socotra were controlled successively by an Andean-arc and a back-arc setting. These features cannot be easily reconciled with those of the Arabian–Nubian shield to the west of Socotra and of the Mozambique Belt to the south. We propose that the Socotra basement was developed at an active margin close to the India block in Cryogenian times. Keywords Neoproterozoic . East African–Antartic Orogen . Arabian–Nubian shield . Socotra Island . Andeantype arc . Back-arc basin



Introduction The East African–Antartic Orogen (EAAO, Fig. 1a), one of the hugest orogen of the Earth history, extends over 8,000 km from Egypt to the north to Antarctica to the south (Stern 1994; Meert 2003; Jacobs and Thomas 2004, 2010). The EAAO corresponds to a N–S Neoproterozoic collision zone between proto-East Gondwana represented by the current Arabia, Somalia, Pakistan, India and Madagascar and the proto-West Gondwana represented by the East Saharian, Congo and Tanzania cratons (Meert 2003; Collins and Pisarevsky 2005; Collins 2006). This
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orogen presents a great complexity due to the fact that east and west Gondwana did not exist as Neoproterozoic supercontinents in their own right, but correspond to an accretion of various terranes which gathered during the Neoproterozoic time (see Collins and Pisarevsky 2005, and references therein). The northern part of the EAAO corresponds to the Arabian– Nubian shield (ANS, Fig. 1b) dominated by juvenile midNeoproterozoic (Cryogenian) island-arc terranes associated to microcontinental blocks such as the Afif-Abbas composite terrane and the Al Mahfid gneiss terrane (e.g. Stern 1994; Whitehouse et al. 1998, 2001; Johnson and Woldehaimanot 2003; Meert 2003; Collins and Pisarevsky 2005), both bounded by sutures zones with ophiolites. ANS is characterised by mild accretion at low-to-medium metamorphic grade (Stern 1994; Shackleton 1996) which occurred between 700 and 600 Ma (Nehlig et al. 2002, references therein), and by a final stage of post-orogenic extension marked by late calc–alkaline and alkaline igneous activity and by formation of metamorphic core complexes (Blasband et al. 2000; Greiling et al. 1994; Avigad and Gvirtzman 2009) which began around 600 Ma (Johnson and Woldehaimanot 2003). By contrast, the southern part of the EAAO shows high-grade rocks of Ediacaran–early Cambrian age and is devoid of accreted juvenile Neoproterozoic arc formations (Jacobs and Thomas 2004; Bingen et al. 2009). This part of the orogen seems to represent a continent–continent collision zone which occurred during the final accretion of various Gondwana blocks (Muhongo and Lenoir 1994; Jacobs et al. 1998; Kröner et al. 2001; Jacobs and Thomas 2004). There is lack of magnetic data for the period between 1 Ga to 820 Ma to identify clearly the eastern limit of the EAOO and of the composites terranes of the ANS (Li et al. 2008). For instance, new models of late Mesoprotezoic reconstruction proposed that the ANS microcontinental blocks were either placed adjacent to northeast India (e.g. Li and Powell 2001), adjacent and outboard of the Congo–São Francisco cratons (Collins and Pisarevsky 2005), or between India and Sahara (Li et al. 2008). The Socotra Island (Yemen, Fig. 1b) have occupied, prior to the Oligo-Miocene Gulf of Aden opening (e.g. D’Acremont et al. 2006; Leroy et al. 2010a), a key position between the proto-East Gondwana, the high-grade rocks of the EAAO and the ANS (Fig. 1a). It corresponds, together with the basement of Mirbat in Oman, to the only kilometre-scale outcrop of Neoproterozic rocks in the eastern part of the Arabic plate (Fig. 1b). In this way, the study of the Socotra Neoproterozoic rocks should allow the specification of the boundaries of the various domains of the EAAO and their geological histories. We investigate the Neoproterozoic basement of Socotra and propose, based on an integrated field, petrographic, geochemical and geochronological study, that it corresponds to a well-preserved Cryogenian arc that may have formed above an active margin of the Indian proto East Gondwana block.



Arab J Geosci (2012) 5:903–924 Fig. 1 a Reconstitution of the late Neoproterozoic EAAO (modified„ from Jacobs and Thomas 2004). EF European fragments, M Madagascar, S hypothesis for the paleoposition of the Socotra Island at the end of the Neoproterozoic. b Geological map of the Arabian– Nubian schield (modified from Whitehouse et al. 1998; Nehlig et al. 2002; Johnson and Woldehaimanot 2003)



Geological setting The Socotra Island belongs to the southern rifted margin of the Gulf of Aden which is an active oceanic basin (Leroy et al. 2004). The Gulf of Aden forms by the split away of Somalia plate to the south and Arabian plate to the north resulting from an oblique rifting characterised by a N20° E-striking extension and a N70° E-oriented rift (Bellahsen et al. 2006; Autin et al. 2010). Rifting history started around 35 Ma and oceanic accretion is recorded since 17.6 Ma along the whole Gulf of Aden, sensu stricto (e.g. Leroy et al. 2010a, b; Leroy et al. this volume). The Gulf of Aden rifting is expressed in two different ways in the Socotra Island: a western domain made up of two well-expressed Oligo-Miocene tilted blocks (Razin et al. 2010; Fig. 2) and an eastern domain composed of a single and huge tilted block formed by the Haggier 1,500-m high mountains (Fig. 2). These two domains are separated by a NE–SW transfer fault zone dipping toward the northwest. The hanging wall of the transfer zone corresponds to the tilted blocks bounded by N110° E normal faults and possess a Quaternary relief lower than the footwall which is the main basement outcrop of the Island (Fig. 2). Three main basement outcrops can be observed in the island (Fig. 2), which correspond to three basement highs located at the head of tilted blocks. The Qalansya and the Sherubrub areas are located in the western part of the island and both represent respectively ca. 65 and 50 km2. The most voluminous basement outcrop, the Mont Haggier basement high representing ca. 580 km2 is located at the eastern part of the island. The Neoproterozoic basement of Socotra displays a great variety of metamorphic, plutonic and volcanic rocks previously studied by Beydoun and Bichan (1970). They have evidenced that the oldest part of this basement is made of amphibolite facies meta-sediments and meta-igneous rocks which have been intruded by synkinematic granites and late-kinematic gabbros. Postkinematic igneous activity gave rise to a sequence of volcanic rocks, hornblende/biotite and peralkaline granites, gabbros and minor intrusions, which make up the bulk of the Haggier mountains. At the footwall of the major tranfer fault of Socotra, Beydoun and Bichan (1970) have evidenced an association of bedded mudstones, sandstone and tuffs belonging to the Hadibo series. Beydoun and Bichan (1970) proposed that: (a) metamorphic events and synkinematic plutonic rocks are Precambrian in age, (b) the
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Fig. 2 Geological and topographic map of Socotra. Topographic contours have been realised by using the SRTM data (2001). Oligo-Miocene structures are from Razin et al. (2010)



Hadibo series is late pre-Cambrian and (c) the peralkaline granites are Early Paleozoic. The reconstruction of the Gulf of Aden shows that the Socotra Island has occupied, prior to the Oligo-Miocene rifting, a position close to the Precambrian Mirbat and Al Halaaniyat Islands outcrops in Oman (Fig. 1b, e.g. D’Acremont et al. 2006; Leroy et al. 2010a). Gass et al. (1990), based on few geochemical and Rb/Sr whole-rock ages ranging from 850±27 to 706±40 Ma, proposed that Precambrian rocks of Oman lie within the Pan-African domain s.l. and are not part of an older basement such as that identified in eastern Saudi Arabia (Afif and Al-Mahfid Terranes, Fig. 2b). Mercolli et al. (2006) defined four units in the Neoproterozoic basement of Mirbat. The Juffa group corresponds to alternation of paragneisses, amphibolites and few meta-ultramafic lenses. U–Pb ages on zircon and Pb–Pb ages on garnet clustering around 815 Ma are interpreted as the age of the metamorphism in amphibolite facies (Mercolli et al. 2006). The Sadh Group corresponds to two types of orthogneisses dated by U–Pb in situ method on magmatic looking zircons at 816±12 and 799±5 Ma (Mercolli et al. 2006). The Tonalite Group including 3-km scale calc–alkaline plutons was dated by U–Pb in situ method around 780–790 Ma (Mercolli et al. 2006). Finally, the Granite Group comprises: (a) different types of dikes and small bodies of granite dated by step leaching Pb/Pb on garnet between 770 and 750 Ma, (b) two small granitic



plutons without precise ages, (c) basaltic to rhyolitic Shaat Dike Swarm without precise age.



Petrographic and microstructural study of the Socotra basement The Neoproterozoic basement of Socotra displays a great variety of metamorphic, plutonic and volcanic rocks. A preliminary map of the various lithological formations was performed by Beydoun and Bichan (1970). We have completed and modified this map for the three principals inliers of Neoproterozoic rocks by field study and satellite images (Figs. 2 and 3). This section describes the different lithological formations of the Socotra basement. The metamorphic basement The metamorphic basement corresponds to an alterning of quartzites, paragneisses, micaschists, orthogneisses and orthoamphibolites. Paragneisses and red or white quartzites crop out on large kilometre scale area. Orthogneisses and orthoamphibolites are observed as metre to hectometre-scale lenses (Fig. 4a) or boudins in paragneisses and quartzites. Finally micaschists are only locally observed. Micaschists consist of quartz, biotite, muscovite and locally andalusite. Paragneisses display paragenesis of
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Fig. 3 Detailed geological map of the Sherubrub area



quartz, alkali feldspar, plagioclase, biotite, muscovite, sillimanite and locally relictual andalusite (Fig. 4b). These two-mica schists and paragneisses seem to be derived from the same metapelitic protolith affected by different grades of metamorphism. Paragneisses show frequently evidences of partial melting and correspond to metatexites (Fig. 4b), with 30% max of leucosomes. In two areas, migmatites are strongly evolved and correspond to diatexites (e.g. Mehnert 1968), which contain an important amount of cordierite. Orthogneisses are composed mainly by porphyric alkali feldspar, quartz and biotite (= augengneisses). Amphibolites correspond to former sills of mafic rocks (Fig. 4a), probably gabbros as shown by observations of relictual orthopyroxene and plagioclase laths (Fig. 4c), affected by a hightemperature–low-pressure (HT–LP) metamorphism with neo-formation in the amphibolites facies of Hb + Ep + Ab and coeval deformation. Rocks of the metamorphic basement show a well-defined foliation associated to multi-scale folding. Foliations and contact between the different metamorphic formations are generally steeply dipping and oriented on average at ca. N80° E. Syn-kinematic neo-formed sillimanite which replaces andalousite observed as relic in paragneisses (Fig. 4b), and spectacular anatexis phenomena with leucocratic/melanocratic banding paralell to the foliation show that an important HT–LP metamorphism under amphibolite facies conditions affected the oldest rocks of Socotra during the main deformation event. The volcanic series To the south of the Mont Haggier area, the metamorphic unit is overlain by an association of pyroclastic and effusive



rocks belonging to the Southern Haggier volcanic series. Contact between these two units is subhorizontal and devoid of evidence of deformation. The effusive rocks correspond to an alterning of rhyolitic, andesitic, dacitic and basaltic lavas. Pyroclastic rocks, together with thin lava flows, are mainly located to the west of the volcanic formation (Beydoun and Bichan 1970) and show an alternation of breccias (Fig. 4d), agglomerates and tuffs (Fig. 4e). Although volcanic rocks are devoid of evidence of deformation and of large metamorphism overprint, we observed locally at the base of the volcanic complex some evidences of HT metamorphic overprint marked by replacement in basaltic lava of pyroxene minerals by hornblende. At the footwall of the transfer fault, close to Hadibo, we have observed very peculiar yellowish basalt (sample SP15A, localization in Fig. 2) with a doleritic texture. This basalt (Fig. 4f) is intruded by the Haggier pink granite (see below). Relationships between this basalt and the Southern Haggier volcanic series are difficult to determine. The mafic to intermediate plutonic sheets To this group belong several hectometre to metre-thick sheets of tonalites, granodiorites and diorites that have intruded the metamorphic basement in Qalansya, Haggier and Sherubrub areas, and that were successively deformed under amphibolite facies conditions. We studied in detail this group in the western part of the Qalansya basement high, where we observed on a 100-m long banks along the road, several sheets of more or less differentiated plutonic rocks on a short distance (Fig. 5a). Petrographically fine-grained tonalites and medium to
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Fig. 4 Field photographs, microphotographs (scale bar 2 mm); a orthoamphibolitic boudins in white quartzites (Sherubrub area); b Bt + Sil + Afs ± And (see Whitney and Evans 2010 for mineral abbreviations) paragenesis in migmatitic paragneiss (metatexite) at the contact between leucosom and melanosom (plane polarised light); c Gabbro meta-



morphised in the amphibolite facies (planar-polarised light, Mont Haggier area); d pyroclastic basaltic breccia; e basaltic tuff with breccia levels (planar polarised light); f intrusive contact of the Haggier pink granite in the doleritic basalt SP15A



coarse-grained granodiorites are composed of 30–40% of plagioclase, 30–40% of quartz, 10–25% of alkali felspar and 10% of mafic minerals (green hornblende and biotite). We have observed also magnetite, zircon, apatite and sphene. Diorites are fine to medium-grained and composed of 40–60% of plagioclases, 30–40% of green hornblende. We have observed also quartz and accessory minerals corresponding mainly to magnetite, allanite, zircon, apatite



and sphene. Locally, these rocks are affected by intense metamorphic recrystallisation under amphibolite facies conditions as shown by the growth of secondary hornblende, albite and epidote (a and b in Fig. 5b). Emplacement of diorites, tonalites and granodiorites occurred probably by successive pulses as shown by the sharp contacts between the different sheets of these rocks (c and d in Fig. 5b). We observed also sometimes mingling
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Fig. 5 a Geological transect representing the studied area which correspond to a single bank and location of the photographs B. b Field photographs or microphotographs (scale bar 2 mm) or field sketch: a hornblende-bearing medium-grained diorites with stretching lineation;



b schematic illustration of microphotograph a; c alternating of sheets of tonalites and diorites; d straight contact between tonalites and granodiorites; e mingling between dioritic and granodioritic magmas; f vertical stretching lineation in diorites
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between diorites and granodiorites suggesting that emplacement of successive pulses occurred rapidly (e in Fig. 5b). These diorites and granitoids display a discrete steeply dipping foliation oriented N80° E and a subvertical stretching lineation marked by disposition of neo-formed hornblende grains along their long axis (b and f in Fig. 5b). Dikes of microgranite, aplite and basalt have later intruded the sheets of mafic to intermediate plutonic rocks. The layered gabbros Two-kilometre scale bodies of layered gabbros occur in Socotra. The Haggier layered gabbros intruded the metamorphic basement, covers ca. 40 km2 of low rusty-looking hills to the E–SE of Hadibo. These gabbros are devoid of any solid-state deformation and present a magmatic layering (Fig. 6a) with a rhythmic alternation of pyroxene and plagioclase-rich layers. These layers vary from a few millimetres, where individual bands can be traced over a distance of several metres, to several centimetres in thickness. Petrographically, medium to coarse-grained gabbros show a cumulate texture and consist of 60–80% of zoned labradorite and 40–20% of mafic minerals (Fig. 6b). Mafic minerals consist of clinopyroxene, orthopyroxene and more rarely olivine replaced by hornblende and locally by chlorite and tremolite–actinolite that attests that a middle-grade metamorphic event, followed by a lowgrade event, have affected these gabbros. Accessory minerals correspond mainly to magnetite. Fig. 6 Field photographs or microphotographs (scale bar 2 mm): a Haggier layered gabbro; b Cpx + Pl + Ol layered gabbro (planar-polarised light, Mont Haggier area); c intrusion of granodiorites sills in the Sherubrub gabbros; d schematic illustration of photograph c
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The Sherubrub gabbros cover a surface of ca. 6 km2 in the western part of the area and show the same petrographic characteristics as the Haggier layered gabbros. These gabbros are locally associated with intermediate rocks as tonalites and granodiorites and present magmatic layering (Fig. 6c, d). Granites There are 2-km scale bodies of granitic rocks crop out in Socotra: the Sherubrub pluton and the Mont Haggier pluton. The Sherubrub pluton and its satellites cover half the Sherubrub area on ca. 25 km2. It is made up mainly of pink medium-grained hypersolvus granite which contains 40% of quartz, 30% of microcline, 20% of perthitic orthoclase, biotite and green hornblende (Fig. 7a, b). Accessory minerals correspond mainly to magnetite, zircon, apatite and euhedral sphene. Myrmekite is generally abundant at the contact between plagioclase and Kfeldspar. Many metre- to hectometre-scale enclaves and raft of country rocks have been observed in this granite (Fig. 7c). We also found in the Sherubrub pluton some bodies of grey and medium-grained granite (Fig. 3). The pluton is associated in its periphery with a spectacular swarm of pegmatites which are intrusive in paragneisses and gabbros (Fig. 7d). The Sherubrub pluton shows sharp and subvertical contacts with it country rocks. Microstructural study indicates that the Sherubrub granites present a progressive evolution from the core of the pluton
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Fig. 7 Field photographs or microphotographs (scale bar 2 mm): a Sherubrub granite with weak sub-solidus deformation (crossed polars); b protomylonitic microstructure in Sherubrub granite (crossed polars); c amphibolitic rafts in pinkish Sherubrub granite; d pegmatite swarm in gabbros at the periphery of the Sherubrub granite; e quartz, zoned plagioclase and biotite in the Northern Haggier biotite granite (crossed polars); f texture of the Haggier pink granite (planar-polarised light)



911



where sub-solidus deformation occurred (Fig. 7a) to the contact where high-temperature solid state deformation occurred (protomylonites) and where we have measured sub-vertical E–W foliation planes (Fig. 7b) The Mont Haggier pluton consists of two major facies covering ca. 250 km2. The Northern Haggier biotite granite covers ca. 60 km2 around Hadibo. It corresponds to a light grey and medium-grained granite which contains 40% of quartz, 20–30% of zoned plagioclase, 20–30% of myrmekitic alkali felspar and 10% of biotite and green hornblende (Fig. 7e). Accessory minerals correspond to apatite, zircon, magnetite and other opaque minerals. Granite is associated with many mafic enclaves. Locally, granites are more leucocratic and present rare muscovite. Microstructural study indicates that the Northern Haggier biotite granite has suffered a very weak solid-state deformation marked by internal deformation and reorientation of quartz grains (Fig. 7e).The Haggier pink granite covers ca. 200 km2 in the centre of the Haggier basement high and can be studied



on a natural vertical cross-section of 1,500 m. This granite is pinkish to reddish (Figs. 7f and 8a) and generally coarsegrained. Quartz (~30%) and perthitic alkali feldspar (~60%) with subordinate albite grains are the main components. We observed also rare arfvedsonite (Fig. 8b), zircon, monazite and magnetite. The Haggier pink granite is generally devoid of internal deformation, even though few thinsections display quartz grains deformed under hightemperature conditions (chessboard texture, Fig. 8c). The eastern contact of the Haggier pink granite with the layered gabbros, which correspond to the bottom of the pluton, is diffuse, characterised by spectacular magmatic “breccias” (Fig. 8a), and dip moderately at map scale. Magmatic “breccias” are characterised by strongly angular and numerous enclaves of gabbro in granites showing that the gabbros were crystallised at the time of granite intrusion. The southern and western limits of the pluton show sharps and subvertical contacts with the Southern Haggier volcanic series that may be followed for several kilometres. Study of



912 Fig. 8 Field photographs or microphotographs (scale bar 2 mm): a magmatic breccia with element of gabbro in Haggier pink granite matrix; b Arfvedsonite (blue) in the Haggier pink granite (planar-polarised light); c chessboard texture in quartz of the Haggier pink granite (crossed polars); d Basaltic dike intrusive in the northern Haggier Bt granite; e doleritic texture in basaltic dikes formed mainly by hornblende and plagioclase; f rhyolitic dikes intrusive in the Haggier layered gabbros
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the various contacts suggests that the pluton were developped mainly in the Southern Haggier volcanic series at the top of the Haggier layered gabbros. Finally, we observed from top to bottom of the batholith, an evolution of the texture of the granites, coarse-grained in the major part of the outcrop, and fine-grained in the western part of the Mont Haggier area close to the contact with the Cenozoic and Mezosoic series. The Haggier dike swarm A spectacular amount of dikes has been observed in the Mont Haggier area. We have not performed an exhaustive mapping of these dikes. Only the largest ones have been represented on the petrographic map (Fig. 2). We distinguish three generations: (a) dikes of microgranites, (b) basaltic and andesitic dikes, (c) dacitic and rhyolitic dikes.



Dikes of pink to red and fine-grained granite are clearly associated with the pink Haggier granite intrusion and are ubiquous to the west and to the north of this intrusion. Metre to hectometre-scale microgranitic dikes presents a microgranular porphyric texture with the same mineral association as the Haggier pink granite. While measurements of dikes of pinkish microgranites show some disparities (Fig. 9a), a major family can be easily identified, oriented on average around N33° E and subvertical. Numerous volcanic dikes are intrusive in all the formations of the Mont Haggier area. The pink Haggier granite is devoid of mafic dikes and is only cut by numerous rhyolitic dikes. Mafic dikes are homogeneously oriented (mean at N59° E, Fig. 9b) and correspond dominantly to basaltic dikes, rich in green hornblende and plagioclase, with a doleritic texture (Fig. 8d, e). Rhyolitic dikes (Fig. 8f) are homogeneously oriented (mean at N41° E,
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Fig. 9 Stereogramms of dikes orientation in the Mont Haggier area (Schmidt lower hemisphere), a dikes of pinkish microgranite (36 measurements), b rhyolitic dikes (33) c basaltic dikes (17)



Fig. 9c) and display a microlithic–porphyric texture with orthoclase megacrysts.



Major and trace elements Several mafic and felsic rocks from Mont Haggier, Sherubrub and Qalansya basement were sampled for whole-rock analysis (Table 1). Mafic rocks were picked up at Mont Haggier and Qalansya areas whereas analysed felsic rocks were selected from Mont Haggier and Sherubrub samples. Mafic rocks According to geochemical data, mafic rocks from Socotra Island suffered different degrees of alteration. The Haggier layered gabbros are the least altered rocks with loss on ignition (LOI) below 1.6 wt.%. Most basaltic dikes belonging to the Haggier dike swarm (SP10 and SP18), basaltic lava (S20) and tuff (SP16B) from the Southern Haggier volcanic series are significantly altered with LOI up to 3.8 wt.% (Table 1). Diorites (CS14A and CS18A) from the mafic to intermediate plutonic sheets of Qalansya are almost fresh rocks (LOI=2.01 and 0.98 wt.%). The yellowish basalt croping out in the northern part of the Mont Haggier area is highly altered (SP15A: LOI=5.99 wt.%). Major elements composition of volcanic and subvolcanic rocks from Mont Haggier are in good agreement with those of basalts, basaltic andesites and andesites (Table 1), even though MgO and CaO concentrations are significantly low most likely due to strong differentiation process. According to the SiO2 vs. K2O diagram (Fig. 10), three volcanic and subvolcanic rocks (SP10, SP16bB and SP18A) are calc– alkaline in composition whereas the yellowish basalt



SP15A belongs to the high-K calc–alkaline to shoshonitic field. However, due to high LOI values, such discrimination should be used with caution. For example, sample S20 falls in the arc tholeiites series field most likely due to large-ion lithophile element (LILE) leaching during alteration process. Diorites of Qalantsya are calc–alkaline (CS18A) or high-K calc–alkaline (CS14A) in composition. Mafic to intermediate rocks from Mont Haggier show a wide range of Al2O3 (13.52–26.32 wt.%), Fe2O3 (2.71–13.99 wt.%), CaO (5.20–14.78 wt.%), MgO (2.43–7.55 wt.%), TiO2 (0.18–2.56 wt.%) and Mg# (17–56) reflecting difference between gabbro cumulates and non-cumulative rocks. Mafic to intermediate rocks from Qalansya display almost homogeneous geochemical composition except for SiO2 (49.38 vs. 54.55 wt.%) and Fe2O3 (8.48 vs. 11.15 wt.%). According to trace elements data, two different signatures can be distinguished from non-cumulative rocks (Fig. 11a, c; Table 1). The first signature recorded in the basalt SP15A and in the diorites of Qalansya is characterised by low Nb and Ta negative anomalies (LaN/NbN =3–4) indicative of suprasubduction setting and by low LILE and LREE enrichment (e.g. Ce/Yb7) and shows significant enrichment in LILE and LREE (e.g. Ce/Yb >>15) characteristic of volcanic arc basalts. In Fig. 11d, the first group belongs to the arc calc–alkaline basalts field and the second group plots in the transitional arc basalts field and is close to arc tholeiite basalts (i.e. immature arc basalt) and back-arc basalt field. Gabbro cumulates (Fig. 11a, b) are geochemically related to the second group as underlined by chondrite-normalised rare earth elements diagram (Fig. 11b) which emphasises an evolution by fractional crystallisation process. As a consequence, major and trace
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Table 1 Major and trace elements compositions of selected magmatic rocks from Socotra island. < D.L. below detection limit. Mg#=100×MgO/ (MgO + FeOTotal), on a molar basis Sample SP10 SP16B SP18 S20 Location Haggier Haggier Haggier Haggier Basaltic Lithology Mafic Mafic Mafic lava dike tuff dike % SiO2 Al2O3 Fe2O3t MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total ppm As Ba Be Bi Cd Co Cr Cs Cu Ga Ge Hf In Mo Nb Ni Pb Rb Sb Sn Sr Ta Th U V W Y Zn Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE Mg# Ce/Yb LaN/NbN



S1 Haggier Gabbro cumulate



CS48A Haggier Gabbro cumulate



S2 Haggier Gabbro cumulate



S5 Haggier Gabbro cumulate



SP15A Haggier Altered basalt



CS14A CS18A SP3 SP8B CS45B CS1A Qalansya Qalansya Haggier Haggier Haggier Haggier Diorites Diorites Bt Bt Bt Bt Granite Granite Granite Granite



48.92 14.31 13.03 0.32 2.86 8.33 3.61 0.98 2.33 0.37 3.76 98.82



55.04 13.52 11.59 0.26 2.43 6.42 4.06 0.91 2.15 0.33 3.17 99.88



51.82 14.60 13.99 0.25 3.07 6.69 3.86 0.82 2.52 0.36 1.37 99.35



59.86 10.64 11.21 0.24 2.89 5.20 2.66 0.37 1.86 0.86 3.40 99.18



48.09 26.32 2.71 0.04 3.70 14.78 2.13 0.17 0.20 < D.L. 1.20 99.34



50.94 23.26 4.10 0.06 3.66 12.78 2.70 0.55 0.51 < D.L. 1.55 100.11



49.63 21.08 5.53 0.08 7.55 11.95 2.81 0.17 0.18 < D.L. 1.44 100.41



51.10 17.30 7.80 0.13 6.72 10.68 3.02 0.45 0.90 0.10 1.37 99.57



49.11 15.31 8.86 0.13 3.15 6.01 4.05 3.68 2.46 1.37 5.99 100.13



49.38 16.94 11.15 0.20 4.08 6.92 4.48 1.68 1.76 0.66 2.01 99.26



54.55 17.21 8.48 0.13 4.40 7.33 4.36 1.35 1.45 0.32 0.98 100.55



71.67 13.89 2.15 0.11 0.53 1.27 5.04 3.03 0.37 0.10 0.67 98.83



75.11 12.88 1.99 0.07 0.08 0.34 5.25 3.31 0.16 0.06 0.29 99.55



73.68 11.72 3.47 0.07 0.05 0.29 4.31 4.43 0.25 < D.L. 0.41 98.68



72.45 14.34 1.90 0.08 0.43 1.42 5.14 3.20 0.36 0.07 0.66 100.03



3 210 1.4 < D.L. 0.3 27.7 18 1.9 29 20.4 1.7 4.99 0.10 0.8 4.0 10 8 22 0.2 2.1 240 0.36 2.01 1.01 280 0.42 44.5 130 182 13.2 33.1 4.96 23.86 6.73 2.34 7.91 1.25 7.89 1.55 4.41 0.65 4.23 0.64 112.8 17 8 3.4



3 225 < D.L. < D.L. < D.L. 23.5 15 4.0 12 19.4 1.5 4.88 < D.L. 0.7 4.0 8 11 19 0.7 1.7 222 0.35 1.96 0.77 240 0.60 40.0 126 184 14.5 33.4 4.95 23.28 6.48 2.21 7.43 1.19 7.15 1.42 3.91 0.55 3.73 0.57 110.8 17 9 3.7



4 224 < D.L. < D.L. 0.2 28.5 18 0.8 23 24.1 1.9 4.97 0.11 1.1 4.0 7 5 16 0.2 2.0 289 0.35 1.87 0.62 289 < D.L. 45.0 131 190 12.5 30.2 4.92 23.66 6.94 2.41 8.10 1.31 8.01 1.60 4.47 0.65 4.29 0.65 109.6 17 7 3.2



2 76 2.6 < D.L. 0.2 16.4 0 0.3 8 23.2 2.6 9.65 < D.L. 0.6 7.7 < D.L. 15 5 0.8 2.4 161 0.63 3.18 1.22 71 0.74 58.4 161 467 22.3 55.5 8.38 39.40 10.52 3.24 11.16 1.67 10.14 2.02 5.70 0.83 5.71 0.91 177.4 20 10 2.9



< D.L. 77 < D.L. < D.L. < D.L. 15.0 211 0.3 38 18.5 0.9 0.36 < D.L. 0.6 0.3 73 4 3 < D.L. < D.L. 607 0.02 0.17 0.06 45 < D.L. 4.0 20 14 1.8 3.9 0.55 2.57 0.69 0.44 0.76 0.12 0.75 0.15 0.40 0.06 0.38 0.06 12.6 56 10 6.9



< D.L. 133 < D.L. < D.L. 0.1 18.2 88 1.0 24 18.5 1.0 0.72 < D.L. 2.9 0.7 30 4 13 0.1 1.0 544 0.05 0.36 4.91 102 0.33 7.2 35 25 2.8 6.4 0.92 4.31 1.13 0.60 1.29 0.21 1.28 0.26 0.70 0.11 0.67 0.10 20.8 46 10 4.1



< D.L. 85 < D.L. < D.L. 0.1 40.5 165 0.4 108 16.6 0.9 0.28 < D.L. 0.0 0.2 122 1 2 < D.L. < D.L. 566 0.02 0.14 0.06 50 < D.L. 3.6 39 9 1.4 3.0 0.42 1.97 0.56 0.43 0.63 0.11 0.67 0.13 0.36 0.05 0.34 0.05 10.1 56 9 7.5



< D.L. 142 0.5 < D.L. < D.L. 38.1 123 1.5 78 18.5 1.3 1.64 < D.L. 0.4 1.4 50 3 10 < D.L. 0.6 404 0.11 0.78 0.18 172 < D.L. 14.8 68 68 4.8 11.4 1.64 7.64 2.17 0.92 2.41 0.41 2.51 0.51 1.42 0.21 1.41 0.21 37.6 45 8 3.5



4 1338 2.7 < D.L. 0.2 21.3 27 2.6 61 25.8 1.6 8.77 < D.L. 0.6 14.0 16 40 47 0.4 3.2 1484 0.81 18.78 3.96 207 0.33 25.8 171 406 139.0 307.7 38.00 141.20 21.76 5.14 11.94 1.39 6.12 0.90 2.21 0.29 1.74 0.25 677.6 25 176 10.1



< D.L. 670 1.4 < D.L. < D.L. 24.7 < D.L. 0.5 154 20.4 1.4 4.49 < D.L. 0.7 5.8 < D.L. 6 40 < D.L. 3.0 610 0.51 2.73 0.86 181 < D.L. 39.7 115 192 40.1 98.9 13.80 60.51 12.24 3.70 9.86 1.35 7.67 1.42 3.82 0.54 3.50 0.53 258.0 26 28 7.0



< D.L. 669 1.0 < D.L. 0.2 25.2 52 0.6 55 20.6 1.2 3.21 < D.L. 0.4 2.3 35 8 21 < D.L. 1.1 823 0.20 4.48 1.38 184 < D.L. 16.3 105 136 22.6 47.3 6.28 26.73 5.32 1.77 4.26 0.57 3.14 0.57 1.52 0.22 1.37 0.21 121.8 33 35 9.8



< D.L. 821 2.3 < D.L. < D.L. 1.5 6 1.0 < D.L. 21.1 1.7 7.47 < D.L. 0.4 9.5 < D.L. 9 56 < D.L. 2.6 184 0.80 5.04 1.35 14 < D.L. 43.1 70 289 32.7 76.4 10.14 41.52 8.70 1.90 7.43 1.19 7.32 1.44 4.25 0.67 4.61 0.72 199.0 19 17 3.5



< D.L. 816 2.3 < D.L. 0.2 0.7 6 0.7 < D.L. 22.2 1.8 10.35 0.12 0.6 7.5 < D.L. 8 55 < D.L. 3.0 29 0.68 5.64 1.38 2 < D.L. 46.3 76 416 32.2 74.5 9.78 40.09 8.62 1.06 8.07 1.33 8.15 1.62 4.74 0.74 5.16 0.84 196.9 4 14 4.3



2 307 8.1 0.4 0.7 < D.L. 4 1.1 26 31.9 2.4 21.28 0.25 1.5 27.6 < D.L. 52 104 0.5 15.3 11 2.32 13.97 2.83 1 0.94 119.1 314 755 63.0 153.7 20.86 87.48 20.87 3.03 20.33 3.37 20.63 4.18 12.27 1.95 14.02 2.24 427.9 1 11 2.3



< D.L. 744 2.3 < D.L. < D.L. 1.4 6 1.3 17 20.3 1.7 6.29 < D.L. 0.7 10.3 < D.L. 11 66 0.1 3.8 176 1.04 7.28 1.52 14 0.22 55.6 66 240 26.4 70.4 10.27 43.52 10.15 2.00 9.20 1.50 9.29 1.86 5.36 0.83 5.49 0.82 197.1 18 13 2.6



Arab J Geosci (2012) 5:903–924



915



SSP4 SP8A SP11 S17 Haggier Haggier Haggier Haggier Pinkish Felsic Felsic Felsic Granite dike dike dike



SA7 SA10 SA11 CS85B3 Haggier Haggier Haggier Haggier Pinkish Felsic Bt Bt Granite dike Granite Granite



CS86B Haggier Pinkish Granite



CS83B3 SA9 SA12 Haggier Haggier Haggier Pinkish Pinkish Granite Bt Granite Granite



Bt Granite



Bt Granite



Bt Granite



Bt Granite



75.33 12.86 2.17 0.07 0.08 0.36 5.33 3.02 0.18 < D.L. 0.38 99.78



77.74 12.48 0.91 0.02 0.09 0.12 3.69 4.92 0.08 < D.L. 0.42 100.45



76.48 11.76 2.08 0.04 0.06 0.32 4.23 4.45 0.14 < D.L. 0.27 99.84



76.48 11.76 2.20 0.04 0.02 0.06 3.98 4.34 0.19 < D.L. 0.64 99.69



76.94 12.61 1.09 0.02 0.12 0.14 4.02 4.24 0.12 < D.L. 0.94 100.24



75.53 12.16 2.16 0.03 0.12 0.23 4.53 4.53 0.20 < D.L. 0.54 100.02



75.00 12.77 2.31 0.03 0.13 0.31 4.75 4.69 0.17 < D.L. 0.54 100.68



77.45 11.22 1.81 0.02 0.21 0.68 3.01 5.21 0.13 < D.L. 1.12 100.85



78.50 10.82 2.24 0.02 < D.L. < D.L. 3.69 4.27 0.16 < D.L. 0.72 100.42



75.00 11.45 2.78 0.05 0.03 0.38 3.95 4.08 0.17 < D.L. 0.89 98.78



77.76 11.67 1.65 0.00 0.02 0.34 4.08 4.51 0.12 < D.L. 0.69 100.85



76.18 11.66 2.17 0.02 0.09 0.27 4.16 4.30 0.16 < D.L. 1.14 100.15



74.97 12.47 1.42 0.03 0.19 0.57 2.95 5.81 0.23 < D.L. 0.57 99.23



74.82 12.21 1.53 0.06 0.17 0.58 3.82 4.69 0.25 < D.L. 0.42 98.55



75.26 13.03 1.63 0.06 0.26 0.60 4.64 4.00 0.26 0.05 0.27 100.06



72.19 13.63 2.41 0.05 0.38 1.00 4.70 3.79 0.36 0.08 0.69 99.29



< D.L. 825 1.7 < D.L. 0.2 0.8 19 0.8 < D.L. 22.4 1.7 10.91 0.12 1.5 8.1 5 9 43 < D.L. 2.4 34 0.59 4.35 1.10 2 0.34 49.3 79 457 33.3 79.4 10.53 43.35 9.49 1.17 8.67 1.42 8.60 1.72 5.03 0.78 5.34 0.85 209.7 3 15 4.2



< D.L. 498 2.0 < D.L. < D.L. 0.5 10 2.6 < D.L. 17.3 1.2 3.91 < D.L. 0.6 4.9 5 48 125 < D.L. 2.2 24 0.70 9.99 2.03 2 0.35 26.7 21 96 21.4 50.0 5.51 20.09 4.30 0.39 3.84 0.67 4.37 0.88 2.75 0.46 3.27 0.51 118.4 8 15 4.4



< D.L. 281 3.5 0.3 0.3 < D.L. 7 1.0 5 21.1 1.4 13.02 < D.L. 0.5 10.2 < D.L. 23 107 < D.L. 4.2 13 0.90 9.85 2.91 1 < D.L. 57.5 88 518 36.7 81.8 10.44 41.57 9.24 0.75 9.10 1.52 9.65 1.96 5.91 0.92 6.37 0.99 216.9 3 13 3.7



< D.L. 521 2.7 0.2 0.2 0.7 5 0.8 0 26.9 1.4 14.66 < D.L. 0.6 11.1 < D.L. 8 80 < D.L. 3.5 20 0.83 5.56 1.44 4 0.46 69.1 43 630 43.8 94.9 13.50 57.24 12.38 2.11 11.57 1.87 11.55 2.43 7.26 1.16 8.24 1.37 269.4 1 12 4.0



< D.L. 884 1.5 0.1 < D.L. 0.6 6 0.9 8 14.8 0.9 3.93 < D.L. 0.3 5.1 8 8 101 0.2 2.6 49 0.60 8.63 2.29 5 0.29 25.7 38 113 19.4 42.2 5.29 20.17 4.25 0.56 3.84 0.66 4.33 0.89 2.65 0.42 2.80 0.45 107.9 9 15 3.8



5 125 5.6 0.2 0.5 0.9 8 2.3 < D.L. 31.7 2.2 21.52 < D.L. 1.1 15.9 5 25 145 0.8 9.0 20 1.22 10.08 3.90 6 0.64 207.6 181 873 76.1 186.2 29.52 131.30 38.82 2.60 42.51 6.98 42.73 8.29 22.42 3.09 18.78 2.68 612.0 5 10 4.9



5 142 6.8 0.1 0.3 1.1 7 1.9 5 34.6 2.1 17.24 0.11 1.7 16.3 6 19 135 0.6 7.4 25 1.38 9.00 2.52 6 1.21 106.3 169 590 37.3 92.9 13.13 55.75 15.24 1.23 16.26 2.84 18.51 3.75 11.29 1.78 11.75 1.79 283.5 5 8 2.3



1 111 3.4 0.9 0.3 0.9 10 1.2 9 28.9 1.5 13.43 0.13 0.7 11.0 < D.L. 38 84 0.2 4.0 20 0.94 6.24 2.19 2 0.30 70.3 83 585 40.5 99.8 13.60 57.95 13.48 2.08 12.85 2.04 12.60 2.52 7.38 1.16 7.68 1.21 274.8 10 13 3.7



< D.L. 201 5.5 0.3 0.3 0.0 8 0.7 < D.L. 30.0 1.5 16.42 0.14 0.3 18.9 < D.L. 12 105 0.2 9.2 6 1.63 8.81 2.77 1 0.48 141.4 151 630 52.4 88.9 17.19 75.01 19.68 2.91 21.12 3.69 23.85 4.93 14.52 2.23 15.28 2.32 344.0



< D.L. 384 4.6 0.2 0.6 0.4 7 0.6 < D.L. 30.9 2.0 23.17 0.20 0.6 15.9 < D.L. 15 86 0.2 7.2 26 1.48 9.04 2.34 1 0.33 120.6 192 849 62.7 152.7 20.91 88.49 21.32 3.53 20.60 3.43 21.27 4.22 12.06 1.83 12.62 1.93 427.6 1 12 4.0



3 64 5.0 0.1 0.2 0.4 6 1.7 < D.L. 32.6 1.9 14.27 < D.L. 0.6 20.1 < D.L. 9 162 0.8 11.2 10 1.87 10.63 2.20 3 1.65 129.4 80 419 25.6 68.9 9.94 43.80 13.02 0.89 14.81 2.85 19.29 4.16 12.87 2.09 13.85 1.90 234.0 1 5 1.3



3 112 8.5 0.2 0.4 0.9 7 1.7 9 32.7 1.9 17.88 0.11 2.0 17.8 < D.L. 17 131 0.7 10.5 22 1.69 12.00 3.30 5 1.35 129.7 142 594 35.4 90.2 12.73 53.81 15.15 1.17 16.54 3.08 20.16 4.16 12.46 1.95 13.24 1.90 281.9 4 7 2.0



< D.L. 590 0.6 < D.L. 0.1 1.2 8 1.3 0 15.2 1.3 5.49 < D.L. 1.1 2.4 5 20 67 0.2 0.8 57 0.29 3.90 1.94 12 < D.L. 13.6 22 217 18.9 40.3 5.10 19.99 3.60 0.97 2.87 0.42 2.36 0.46 1.34 0.22 1.54 0.25 98.3 11 26 7.9



< D.L. 540 1.2 < D.L. 0.2 0.9 < D.L. 0.5 15 15.8 1.4 6.63 < D.L. 0.7 10.4 < D.L. 20 70 < D.L. 3.9 56 1.10 4.37 0.94 9 < D.L. 39.5 56 252 33.8 83.4 10.70 39.81 7.24 0.96 5.83 0.96 5.93 1.25 3.86 0.66 4.80 0.74 199.9 10 17 3.3



< D.L. 407 3.0 < D.L. < D.L. 1.3 8 0.8 < D.L. 21.7 1.7 7.97 < D.L. 0.4 10.5 < D.L. 21 84 < D.L. 2.7 60 1.03 8.39 1.84 12 < D.L. 42.3 61 273 37.4 73.5 8.93 33.25 7.05 0.87 6.42 1.06 6.62 1.35 3.98 0.63 4.55 0.72 186.3 13 16 3.6



< D.L. 947 2.2 < D.L. 0.2 1.8 9 1.3 < D.L. 19.6 1.5 9.69 < D.L. 0.6 8.2 < D.L. 15 66 < D.L. 2.1 131 0.69 4.89 1.36 17 0.65 30.4 67 400 30.0 64.6 7.98 30.64 6.28 1.16 5.49 0.88 5.26 1.05 3.05 0.48 3.24 0.53 160.5 13 20 3.7



6 2.8



CS30B CS31B CS33 S13 Sherubrub Sherubrub Sherubrub Sherubrub
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elements composition of mafic to intermediate rocks highlights existence of two distinct geochemical compositions in Socotra basement (Fig. 11a, c, d; Table 1): (a) a signature diagnostic of a depleted-arc or back-arc basin setting and (b) a signature characteristic of enriched-arc setting.
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Fig. 10 Total alkali silica diagram (LeBas et al. 1986) for magmatic rocks from Socotra Island. For the Mont Haggier samples, squares represent the mafic lavas and dikes, circles represent the granites and the triangle correspond to the basalt SP15A



a



Felsic rocks from the Haggier dike swarm and the Haggier and Sherubrub plutons display a moderate range of chemical composition (Table 1) with high SiO2 content (71.67–78.50 wt.%), low to moderate contents of Al2O3 (11.22–14.34 wt.%) and Fe2O3 (0.91–3.47 wt.%), low levels of MgO and TiO 2 (6.5) and is evidenced in the yellowish basalt SP15A and in the diorites of the mafic to intermediate plutonic sheets of Qalansya. The low contents of HREE compared to the orthers REE of the sample



Arab J Geosci (2012) 5:903–924



921



The Cryogenian high-K calc–alkaline intrusions of Socotra The Sherubrub pluton intrusive in the Sherubrub gabbro and in the metamorphic basement shows systematic vertical and sharp contacts with it country rocks. While emplacement of this pluton is clearly post-metamorphic peak, strong high- to middle-temperature deformation at the contact with it, country rocks associated with a subvertical solid-state foliation suggests a syn-collisional emplacement in compressive regime. The Haggier pink granite was clearly intrusive at the top of the Haggier layered gabbros (Fig. 14) when these gabbros were crystallised as shown by the presence of magmatic breccia. These granites have suffered a very weak deformation and emplaced at the top of the upper crustal domain as shown by their textural evolution from the top to the base of the pluton. Finally, the Northern Haggier biotite granite crops out in a low-relief zone and we were not able to study relationship between this granite and its country rocks. This granite is intruded by some basaltic dikes (Fig. 14) presenting the same geochemical affinity of the Haggier layered gabbros. We can thus suggest that emplacement of the Northern Haggier biotite granite is coeval with the final stage of emplacement of mafic rocks. Whereas U–Pb datation on the Haggier pink granite and the Sherubrub ZO
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Fig. 14 Interpretative block diagram of the Mont Haggier area



cally similar to the Haggier layered gabbro body and 2-km scale tonalite to granodiorite layered plutons, the Hadbin and Fusht Complex. Al-Kathiri (1998) suggested that the layered gabbros of Mirbat represent the parental magmas from which the dioritic–tonalitic rocks of the Fusht and Hadbin complex evolved by hornblende-dominated fractionation. Although in Mirbat volcanic rocks that could correspond to the Southern Haggier volcanic series were never found, volcanic clasts are very abundant in the sediments of the Ediacaran clastic Mirbat formation (Mercolli et al. 2006). This suggests that the volcanic series representing the upper crustal level during Cryogenian times were largely eroded during Ediacaran in the Mirbat basement as in the western part of the Socotra Island.



NE



SP15A (e.g. La/Yb>80) could indicate the presence of garnet in the source of this basalt and thus a genesis at high depth. Geochemical compositions of the mafic rocks of Socotra indicate clearly a suprasubduction context during the middle Neoproterozoic times (Cryogenian). The first mafic rocks were emplaced in a context of an enriched-arc setting forming probably in an Andean-type arc. By contrast, the last emplaced mafic rocks of Socotra are characteristic of a depleted-arc context which could correspond to the formation of either (a) an intra-oceanic island-arc, (b) or an island-arc above a thinned continental crust, or (c) a backarc basin. By considering that the basement of Socotra is affected by an important HT–LP metamorphism prior and coevally with the formation of the depleted-arc, we suggest that emplacement of mafic rocks presenting a depleted-arc signature occurred during the opening of a back-arc basin. This hypothesis provides also an explanation to understanding the contrasted structural features between the gabbros cumulates characterised by moderately dipping magmatic layering that can be formed during local extensional regime, and steeply dipping calc–alkaline sheets that probably intruded the metamorphic basement during compressive regime. Homogeneous orientation of basaltic dikes around N60° E indicates that the back-arc basin (or juvenile arc) of Socotra is probably aligned along the same direction during Cryogenian times (Fig. 14). The sheets of mafic to intermediate rocks of Socotra correspond probably to an equivalent of the Mahall Complex of Mirbat (Mercolli et al. 2006), which intruded the Juffa group around 800 Ma and corresponds to original dioritic and tonalitic plutons that have been deformed and recrystallised under amphibolite facies conditions. The juvenile arc system of Socotra including cumulates, basaltic dikes and tholeitic lavas could correspond to an equivalent of the Tonalite Group in Mirbat which have been dated between 790 and 780 Ma and have never suffered solidstate deformation (Mercolli et al. 2006). The Tonalite Group comprises two small bodies of hornblende-bearing layered olivine gabbroic intrusions which are petrographi-
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granites present important uncertainties, ages are very close and suggest in accordance with geochemical data that felsic plutons of Socotra were emplaced during the same magmatic activity which occurred between 840 and 780 Ma. Granites and felsic dikes present geochemical characteristics which underline their transitional character although with a certain affinity with A-type granites. Also, the geochemical diagrams do not associate them with a distinct geodynamic setting, however field relationships suggest that their emplacement occurred by the end of the Cryogenian active margin formation. Orientations of microgranitic and rhyolitic dikes associated with the Haggier pink granite are very close to the orientation of the basaltic dikes, and are thus consistent with this hypothesis (Fig. 14). Moreover, structural data in the Sherubrub pluton suggest that their emplacement occured during compressive regime. In this way, emplacement of these granites could correspond to the final stage of the orogenic system evolution during the closure of a back-arc system in an Andean type margin. The Mirbat block presents a later calc–alkaline acidic magmatism event characterised by some hectometric-scale bodies of granite and by the developement of a pegmatitic dike swarm (Mercolli et al. 2006). Mirbat is thus less or not affected by the voluminous high-potassic acidic magmatic event that we have observed in Socotra. Subsequently to these Cryogenian events, the various units of Mirbat recorded fast exhumation (Mercolli et al. 2006). The mirbat basement rocks are overlain by clastic sediments of the Mirbat formation which is probably Ediacaran in age (Mercolli et al. 2006). The Hadibo series (Beydoun and Bichan 1970) are composed mainly by sandstones. These clastic series are restricted to the footwall of the main transfer fault of Socotra (Fig. 2) and overlain the Cryogenian basement. These series recorded probably as the Mirbat formation, Ediacaran denudation of the Cryogenian basement of Oman. The Socotra and Mirbat basements in the case of the East African–Antartic Orogen Our study of the Neoproterozoic Socotra basement underlines formation of a juvenile arc system and/or back-arc basin with some evidences of evolution from an Andeantype arc. Formation of this system is late compared to a stage of HT–LP metamorphism that was recorded in the older metasedimentary rocks of Socotra. Although we have insufficient geochronological data to constrain the ages of the earliest events recorded in the Socotra basement, we can claim on the basis of our data on Socotra and by analogy with the Mirbat block in Oman: (a) that the basement of Socotra is affected by a high temperature metamorphic stage whose minimum age is 815 Ma; (b) that the
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metamorphic basement is first intruded by mafic to intermediate rocks related to an Andean type arc and secondly by mafic rocks related to a juvenile arc/or backarc basin; and (c) that the arc system is intruded by large acidic plutons with a transitional affinity, these plutons being characterised by a minimum age at 780 Ma. The comparison of these characteristics with those of the various domains of the EAAO provides more information. Between 700 and 600 Ma, the ANS suffered a low- to medium-grade metamorphism-linked to terrane accretion. This metamorphic stage is younger than the juvenile arc formation which occurred mainly between 800 and 700 Ma (e.g. Nehlig et al. 2002; Johnson and Woldehaimanot 2003). The Mozambic belt in the central and southern part of the EAAO is characterised by coeval deformation and high-temperature metamorphism, marked by formation of granulites, between ca. 600 and 540 Ma (Jacobs and Thomas 2004). The terranes of the continental Yemen show the transition between the ANS and the high-grade rocks of the EAAO. The Al-Mafid and Abas gneiss terranes (Fig. 1b) recorded a major ca. 760 Ma metamorphism and deformational event linked to terranes accretion and marked by Pb loss in zircons in Archean gneisses and by zircon crystallisation ages of granitic gneisses (Whitehouse et al. 1998). Moreover, 40Ar/39Ar ages obtained from intrusive rocks at the boundary between Al-Mafhid and Abas gneiss terranes provide a lower limit of 615 Ma upon terrane assembly (Whitehouse et al. 1998). The basements of Socotra and Mirbat present a high-grade metamorphic stage earliest than that recorded in the pan-african EAAO. The magmatic rocks of the ANS present generally a typical volcanic arc signature while the magmatism of Socotra shows a complex evolution in a short time span with very peculiar geochemical signatures, that suggest an evolution from an Andean-type arc to a juvenile arc/back-arc basin with later emplacement of large high-potassic plutons. Finally, structural studies indicate that the major foliation planes are homogeneously oriented between N70° E and N80° E in Socotra and Mirbat (Mercolli et al. 2006), whereas the main directions underlined in the ANS are NS to NW–SE (Johnson and Woldehaimanot 2003, references therein). These comparisons suggest that the basement of Mirbat and Socotra were formed in a different geodynamic setting from those of the ANS and the high-grade Mozambic belt of the EAAO. Though there is a lack of paleomagnetic data to have a detailled paleogeographic reconstruction of this period, we consider following Li et al. (2008) that the microcontinental blocks of Afif-Abbas and Al-Mahfid were placed between India and Sahara in Cryogenian times. Many evidences highlight that a Cryogenian active Andean-type margin was developed on the western part of the Greater India block (Li et al. 2008). This active margin
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has been identified by using integrated geochronological, geochemical and paleomagnetic analysis in Seychelles Islands (Torsvik et al. 2001a; Tucker et al. 2001; Ashwal et al. 2002), in northwestern India with the Malani Igneous Suite (Torsvik et al. 2001b) and in northeastern Madagascar (Tucker et al. 1999a, b). In the Seychelles Islands, this active margin is marked by emplacement of two groups of granites dated around 750 Ma: the Mahé group which corresponds to greyish granites and the Praslin group which corresponds to redish to pinkish granites (Ashwal et al. 2002). These two granites present many petrographic and geochemical similarities with both the greyish and pinkish granites of Socotra, which indicates that the Neoproterozoic rocks of Socotra could also form on the Cryogenian Andean-type margin of the Indian block. This hypothesis would need additional structural, isotopic and more geochronological data to be tested.



Conclusion The basement of the Socotra Island presents an early hightemperature metamorphism event associated with a strong deformation and then a voluminous mafic and felsic emplacement event. U–Pb data indicate that these successive events occurred during a relative short time span, between 860 and 780 Ma at maximum. Mafic magmatism shows the evolution from an Andean-type arc to a juvenile arc/or back-arc basin. Felsic magmatism is characterised by emplacement of voluminous highly potassic calc–alkaline granites forming large plutons and which occurred probably at the final stage of arc history. These granites are not anorogenic as it has been previously published by analogy to the peralkaline granites of the ANS which were emplaced at ca. 600 Ma. These features cannot be easily reconciled with those of the Arabian–Nubian shield to the west of Socotra and with the Mozambique Belt to the south. We propose that the Socotra basement was developed on an active margin located near the Indian block in Cryogenian times. Acknowledgements We thank Ph. Olivier and L. Siebenaller for constructive discussions. We also thank P. Barbey and I. Mercolli for their valuable remarks which helped us to improve the first version of this article.
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