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[1] On the island of Socotra, the southern passive margin of the Gulf of Aden displays along its strike two different types of asymmetric structures. Western Socotra is made up of a series of southward tilted blocks bounded by consistently northward dipping normal faults. Eastern Socotra consists of a broad asymmetric anticline with a steep northern limb and a gently dipping southern limb. A zone of NE–SW striking strikeslip and normal faults separates the two areas. The overall structure is interpreted as representing two rift segments separated by a transfer zone. The along-strike juxtaposition of crustal-scale asymmetric structures on the southern margin of the Gulf of Aden is complemented by the asymmetry of the conjugate margins on either side of the gulf. Whereas the western Socotra margin is narrow and characterized by oceanward dipping normal faults, the conjugate Oman margin is broader and dominated by horsts and graben. Considering that asymmetric structures in the upper crust are often associated with synthetic shear zones at deeper ductile levels, we propose that the western and eastern Socotra margin segments were controlled at depth by two detachment faults with opposite dips and senses of shear. The normal faults of western Socotra would sole out into a top-to-the-north ductile shear zone, whereas the asymmetric anticline of eastern Socotra would be associated with a top-to-the-south detachment fault. Components: 9679 words, 8 figures, 1 table. Keywords: passive margin; asymmetry; margin segmentation; detachment fault; Gulf of Aden; Socotra. Index Terms: 8105 Tectonophysics: Continental margins: divergent (1212, 8124); 8109 Tectonophysics: Continental tectonics: extensional (0905); 3040 Marine Geology and Geophysics: Plate tectonics (8150, 8155, 8157, 8158). Received 13 November 2006; Revised 4 December 2006; Accepted 20 December 2006; Published 16 March 2007. Fournier, M., P. Huchon, K. Khanbari, and S. Leroy (2007), Segmentation and along-strike asymmetry of the passive margin in Socotra, eastern Gulf of Aden: Are they controlled by detachment faults?, Geochem. Geophys. Geosyst., 8, Q03007, doi:10.1029/2006GC001526.
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1. Introduction [2] The processes of continental rifting and breakup, which precede the emplacement of an oceanic spreading ridge, lead to the formation of a pair of conjugate margins on either side of the nascent oceanic basin. The so-called passive margins are remnants of the continental lithosphere that was stretched during rifting. Like continental rifts, passive margins have been investigated to determine which mechanical properties of the lithosphere influence the style of extension. In particular, many studies have tackled the question of whether extension is symmetric or asymmetric at the lithospheric scale [McKenzie, 1978; Wernicke and Burchfield, 1982; Wernicke, 1985; Lister et al., 1986, 1991; Brun and Beslier, 1996; Huismans and Beaumont, 2003; Nagel and Buck, 2004]. [3] Several continental rifts, including the Gulf of Suez [Coletta et al., 1988; Patton et al., 1994], Rhine Graben [Brun et al., 1991; Wenzel et al., 1991], Corinth Rift [Rigo et al., 1996; Sorel, 2000], Baikal Rift [Hutchinson et al., 1992; Petit and De´verche`re, 2006], and several segments of the East African rift system [Morley, 1988; Ebinger, 1989a; Rosendahl et al., 1992], display an asymmetric structure at the crustal scale. The asymmetry is expressed in present-day topography and sediment thickness, i.e., uplift-subsidence pattern, structural style, and distribution of volcanics. The asymmetry is generally related to the existence of a bounding master fault on one side of the rift, which accommodates a large amount of extension. The sense of asymmetry of continental rifts may even change along strike across transfer (or accommodation) zones [Bosworth, 1985; Ebinger, 1989b; Scott et al., 1992; Brun and Gutscher, 1992; McClay and White, 1995; Hayward and Ebinger, 1996]. [4] On passive margins, symmetry sometimes prevails, as for example in the northern Red Sea where the continental margins display symmetric sets of fault blocks stepping down to an axial depression [e.g., Bosworth et al., 1998]. In this area, a large geophysical data set, including heat flow [Buck et al., 1988] and gravity [Cochran et al., 1991] data, is satisfactorily explained with a symmetric overall geometry of the rift [Cochran, 2005]. In the case of the conjugate margins of the North Atlantic Ocean, the Iberian and Canadian (Newfoundland) margins [Boillot et al., 1980; Keen et al., 1989; Beslier et al., 1993; Manatschal et al., 2001; Whitmarsh et al., 2001; Wilson et al., 2001; Manatschal, 2004;



10.1029/2006GC001526



Reston, 2005] and the Labrador Sea margins [Chian et al., 1995; Chalmers and Pulvertaft, 2001], available data point to an overall asymmetry of the margins [Sibuet, 1992; Boillot et al., 1992; Louden and Chian, 1999]. Recent multichannel seismic reflection results on the Canadian margin have demonstrated the first-order asymmetry of one pair of conjugate margin segments with the absence of a detachment fault analogous to the S reflector on the Galician margin [Funck et al., 2003; Hopper et al., 2004]. However, analogue and numeric models have shown that the observation of crustal-scale asymmetric features on passive margins may be consistent with a symmetric extension process at a lithospheric scale [e.g., Brun and Beslier, 1996; Nagel and Buck, 2004]. [5] In conceptual models of asymmetric extension, the asymmetry is often related to the presence of one or more detachment faults cutting through the crust or the lithosphere and separating a collapsing hanging wall from an uplifted and denuded footwall [e.g., Wernicke, 1985; Davis and Lister, 1988; Lister and Davis, 1989]. Detachment faulting has been recognized to play an important role in continental extensional tectonics [Wernicke, 1981] and in the formation of passive margins [Boillot et al., 1987; Lemoine et al., 1987]. On passive margins, evidence for detachment faults comes from seismic reflection profiles where strong subhorizontal reflectors are interpreted as shallowdipping shear zones [Krawczyk et al., 1996; Reston et al., 1996; Reston, 1996; Barker and Austin, 1998; Maillard et al., 2006]. Rift-related detachment faults have also been recognized onland on the Red Sea margin [Talbot and Ghebreab, 1997] and in the Alps where detachment faults from the ancient Tethyan margins are exposed [Froitzheim and Eberli, 1990; Froitzheim and Manatschal, 1996; Manatschal and Bernoulli, 1999]. In addition, seismogenic moderate to shallow-dipping normal faults, interpreted as detachment faults, are currently active in the Woodlark and Corinth rifts [Abers et al., 1997; Bernard et al., 1997; Abers, 2001]. [6] In contrast with the mature submarine margins of the Atlantic Ocean, the young margins of the Gulf of Aden offer the opportunity to study on land the deformation and to take into account the alongmargin 3D evolution of rifting. Results obtained onland on the northern margin have demonstrated the along-strike variability of the structure of the margin segments, in particular on either side of the Socotra fracture zone (Figure 1) [Fournier et al., 2 of 17
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Figure 1. Geodynamical setting of the eastern Gulf of Aden and Socotra Island. Topography and bathymetry compiled from SRTM data onland [Farr and Kobrick, 2000] and multibeam soundings bathymetry from EncensSheba cruise [Leroy et al., 2004] superimposed on the world bathymetric map of Sandwell and Smith [1997] in the oceanic domain. Black arrows show plate relative motions [Fournier et al., 2001]. The dashed line shows location of the margin to margin cross section of Figure 5, and solid portions correspond to seismic reflection profiles ES18 and ES20 acquired during the Encens-Sheba cruise. Soc is Socotra. TF is transform fault.



2004]. Here, we combine the results of a field survey conducted on the southern margin in Socotra, with the analysis of Landsat images, SRTM (Shuttle Radar Topography Mission) elevation data (sample spacing of 3 arc-seconds, approximately



92 m at the latitude of Socotra [Farr and Kobrick, 2000]), and offshore seismic profiles acquired during the Encens-Sheba cruise/MD 117 on board the R/V Marion Dufresne [Leroy et al., 2004], to describe the structure of the southern margin and 3 of 17
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compare it to the conjugate Oman margin. From these observations, we infer information about the deep structure of the margins.



2. Tectonic Framework: Oblique Opening and Segmentation of the Gulf of Aden [7] Socotra is located on the southern continental margin of the Gulf of Aden, offshore from the Horn of Africa (Figure 1). Separation of the Arabia and Somalia plates was achieved by rifting of continental lithosphere in the Gulf of Aden during the Oligocene and early Miocene [Roger et al., 1989; Hughes et al., 1991; Bott et al., 1992; Watchorn et al., 1998; Bosworth et al., 2005], followed by seafloor spreading along the Sheba Ridge, which was initiated 18 Ma ago (early Miocene) in the eastern part of the gulf (magnetic anomaly 5d [Sahota, 1990; Leroy et al., 2004]). The current full spreading rate at the longitude of Socotra is 22 mm/yr along N25°E [Jestin et al., 1994; Fournier et al., 2001]. The direction of opening of the Gulf of Aden is thus 40° from orthogonal to its overall N75°E trend [Laughton et al., 1970; Cochran, 1981; Fournier and Petit, 2006]. The opening obliquity is accommodated by segmentation of the ridge axis by transform faults, including the major Alula-Fartak and Socotra transform faults (Figure 1) [Laughton, 1966; Tamsett and Searle, 1990; Manighetti et al., 1997]. The en e´chelon pattern of the ridge segments is mirrored in the stepped shape of the continental margins of Arabia and Somalia. On the basis of field observations on the northern margin of the eastern Gulf of Aden, Fournier et al. [2004] showed that the segmentation of the Sheba Ridge by the Socotra transform fault coincided with, and was likely inherited from, the prior segmentation of the continental margin. [8] The first-order segment of the Gulf of Aden located between the Alula-Fartak and Socotra transform faults has been recently studied onshore [Fournier et al., 2004; Bellahsen et al., 2006] and offshore [d’Acremont et al., 2005, 2006]. The main faults of this segment are reported in Figure 1. The northern margin is dominated onshore and offshore by a succession of horsts and graben. The faults of the upper part of the margin (onshore) generally have a sigmoidal shape in plan view with an overall trend parallel to the Gulf of Aden (N75°E), whereas the faults of the lower part of the margin (offshore) appear more linear and consistently strike N110°E–
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N120°E. The lower part of the margin seems to be segmented by second-order transfer faults, which are not observed in the upper part of the margin. The comparison of the conjugate margins points to an overall asymmetry, with the northern margin displaying horsts and graben, and the southern margin being dominated by one major normal fault, which limits the continental shelf, and a deep basin at the toe of the margin. Seismic data however lack the penetration necessary to address the deep structure of the margins. [9] South and southwest of Socotra, oil industry seismic profiles across the Socotran shelf do not reveal any significant extension in the postCretaceous series [Richardson et al., 1995a, 1995b; Birse et al., 1997]. E–W normal faults of Neogene age are restricted to the northern edge of the Socotran Platform along the margin of the Gulf of Aden [Richardson et al., 1995a].



3. Along-Strike Evolution of the Structure of the Southern Margin on Socotra [10] A field survey conducted on Socotra reveals that the NE – SW striking Hadibo fault system divides the island into two parts exhibiting distinct stratigraphic and structural features (Figure 2).



3.1. Stratigraphy of Socotra [11] Socotra is covered by a carbonate-dominated Cretaceous and Tertiary succession unconformably overlying a Proterozoic and Paleozoic basement (Figures 2a and 2b) [Beydoun and Bichan, 1969; Bott et al., 1995]. Triassic and Jurassic deposits are locally preserved in a fault bounded area at the eastern end of the island [Samuel et al., 1997]. [12] The basement mainly includes Panafrican granites, which make up the 1500-m-high Haggier massif. At a regional scale, Triassic and Jurassic deposits are only found in localized grabens on the Socotran platform [Morrison et al., 1997]. Like in southern Oman, where upper Permian to Jurassic deposits are generally absent [Be´chennec et al., 1993; Le Me´tour et al., 1995], the region was largely emergent from the late Permian to the early Cretaceous and shallow-marine sedimentation resumed during the Barremian-Aptian transgression with the deposition of the Qishn Formation [Roger et al., 1989; Platel et al., 1992; Morrison et al., 1997; Samuel et al., 1997]. The Cretaceous 4 of 17
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Figure 2. (a) Landsat image and (b) structural map of Socotra (after Landsat imagery and SRTM data interpretation, and Ministry of Oil and Minerals Resources [1990]) with stress field recorded in Tertiary formations. Stars in stereonets (equal-area lower hemisphere projection) correspond to the principal stress axes: s1 (five branches), s2 (four branches), and s3 (three branches). Arrows show the trend of the horizontal principal stresses computed from fracture analysis. Dashed line is for the bedding plane. (c) Cross section of eastern Socotra (location in Figure 2b). (d) Cross section of western Socotra. (e) Simplified structural map of Socotra. (f) Southward tilted fault block in Ra’s Kadarma. Basement is exposed to the north along the coast and capped by tilted Cretaceous and Eocene strata. The tilt block has undergone rotation of 50° about a horizontal E– W axis. 5 of 17
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sequence is characterized by an alternation of clastic and carbonate strata of variable thickness ( 
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