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In this paper we present and analyze spreading-parallel seismic transects that image the oceanic crust in the eastern Gulf of Aden, from the Oman to the Socotra margins, across the active Sheba mid-oceanic ridge and between the Socotra-Hadbeen and Eastern Gulf of Aden Fracture Zones. The correlation of potential field data sets and gravity modelling allow us to document the spreading history of this oceanic basin from the onset of seafloor spreading ∼16 Ma-ago to the present. Two main oceanic sub-domains display distinct structural characteristics associated with different magmatic budgets at this mid-ocean ridge. In addition, we document the occurrence of a magmatic pulse at the Sheba Ridge around 11 Ma leading to the construction of a magmatic plateau in the western part of the studied area. This event led to substantial deformation and additional magmatism in previously formed oceanic crust. It could be related to an off-axis magmatic event previously identified in the adjacent Sheba segment, itself possibly related to the Afar plume.
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INTRODUCTION
Rifted margins, in particular the transition between continental and oceanic crusts, as well as mid-oceanic ridges, represent two foci of interest for the scientific community. The Eastern Gulf of Aden region offers an opportunity to explore both domains and the intervening oceanic plates in a single survey. In this paper, we present previously unpublished, margin-to-margin seismic transects (ENCENS and MARGES-ADEN surveys) across the eastern Gulf of Aden, between the Socotra-Hadbeen Fracture Zone and the Eastern Gulf of Aden Fracture Zone (the Socotra-Sharbithat segment; Figure 1A). For the first time in the history of oceanic basin analysis, we have the opportunity to image a whole oceanic basin and to study each phase of the evolution of conjugate ridge flanks from the onset of seafloor spreading to the present-day mature mid-oceanic ridge. This is new in comparison with previous studies (e.g. Franke, 2013; Tugend et al., 2018) which only focused on a specific domain or restricted area. The Eastern Gulf of Aden is imaged from the northern Oman margin, across the active Sheba mid-oceanic ridge, to the conjugate southern Socotra margin (Figure 1B). Each of the seven seismic transects images more than 400 km of oceanic basement and is associated with gravity and magnetic data to reveal the evolution and variability of the oceanic basement topography and architecture, from seafloor spreading initiation 16 Ma ago to the current spreading mid-oceanic ridge. Current spreading rates in the Gulf of Aden increase from west to east, from 15.5 mm/year (full rate) for the Aden Ridge, to 22.7 mm/year (full rate) for the East Sheba Ridge (Fournier et al., 2001; Leroy et al., 2010b). These values place the ridges of the Gulf of Aden at the limit between slow and ultra-slow spreading centers (Dick et al., 2003). Variations in the magmatic supply and thus in the spreading mode, have been observed in similar ultra-slow spreading, along different segments of the Southwest Indian Ridge (e.g., Cannat et al., 2003). In the studied Socotra-Sharbithat segment, the density of available seismic transects allows us to refine the segmentation of the ridge, identify spreading asymmetries and to discuss if melt supply variations are similar to those along the Sheba Ridge. But what about variations through time? The seismic data presented in this paper covers 16 Ma of spreading history in this basin and one aim of this paper is thus to determine if the spreading mode is stable or, on the contrary, varies through time. Can we observe a magmatic evolution of the spreading center between the early stage, when the asthenospheric mantle rose against the continental margin, and more mature stage?
[image: Figure 1]FIGURE 1 | (A) Bathymetric map (GEBCO) showing the studied location with the main fracture zones. BHFZ, Bosaso Hami Fracture Zone; AFFZ, Alula-Fartak Fracture Zone; SHFZ, Socotra-Hadbeen Fracture Zone; HFZ, Hadibo Fracture Zone (this paper); EGAFZ, Eastern Gulf of Aden Fracture Zone; Owen TZ, Owen Transform Zone. In thin red the ridge axis. (B) Location of the ENCENS survey seismic lines (in blue) and Marges-Aden (MAD) survey (in red) associated with the interpreted magnetic anomalies. Thick lines represent the transects used in this study, thin lines represent the other available seismic data.
One particularity of the Gulf of Aden is the proximity of the Afar mantle plume. It is inferred that the Afar plume had a direct influence on rifting in the western part of the Gulf (from the Gulf of Tadjoura to the Xiis-Al-Mukalla fracture zone), where volcanic activity of Afar mantle plume induced the development of volcanic rifted margins. East of the Xiis-Al-Mukalla fracture zone (XAMFZ), the margins are considered as hybrid (Nonn et al., 2019), i.e. involving a combination of mantle exhumation and significant magmatic supply. East of Alula-Fartak Fracture zone (AFFZ; Figure 1A), they are considered magma-poor. The Afar plume is nonetheless proposed to have influenced the localization of continental breakup in this eastern region (Hopper et al., 1992; Buck, 2004; Leroy et al., 2012; Bellahsen et al., 2013), with the channeling of magmatic material from the Afar mantle plume along the developing ocean-continent transition zone (OCT) through the AFFZ (Leroy et al., 2010a). This influence of plume-ridge interaction could persist to present day in the Encens-Sheba segment of the Gulf of Aden (Figure 1A), manifested as recent off-axis volcanism (Leroy et al., 2010b). Could the Afar mantle plume have similarly influenced or affected the magmatic supply in the most eastern segment of the Gulf of Aden, specifically to the Socotra-Sharbithat segment? To address these questions, we combine interpretation of several seismic reflection transects with bathymetric, gravity and magnetic data. We investigate the crustal architecture and characteristics of the oceanic basement from the Oman margin to its conjugate, the southern Socotra margin. This leads us to identify and map different oceanic domains and asymmetries and to discuss how tectonic and magmatic plate divergence processes evolved in the Socotra-Sharbithat segment.
GEOLOGICAL SETTING
The Gulf of Aden extends over 1,400 km between the Indian Ocean and the Afar plume. In the central and eastern part of the Gulf, continental rifting began during the Oligocene, around 34 Ma (Watchorn et al., 1998; Leroy et al., 2012). To the east of the AFFZ (Figure 1), the end of the rifting phase was marked by the development of a magma-poor OCT, with supposed mantle exhumation around 20 Ma (Leroy et al., 2004, 2010a; Autin et al., 2010; Nonn et al., 2017). This hypothesis is based on seismic interpretation and particularly on the observation of intra-basement reflections and sedimentary architectures which highlight the continental crust termination and the downlap of sediments over a new basement. Seafloor spreading initiated soon after, splitting old oceanic lithosphere to the east of the Ras Sharbithat and Socotra Island (Stein and Cochran, 1985; Fournier et al., 2010) and leading to the development of the East Sheba Ridge (Figure 1A). Further to the west, rifting of continental domains at 17.6 Ma resulted in the nearly synchronous formation of the West Sheba and Aden Ridges (Figure 1A) (d’ Acremont et al., 2006, 2010; Leroy et al., 2012). The current ridge axis is segmented by several transform faults that trend NNE-SSW (Figure 1A), parallel to spreading, defining several segments. The opening direction between Arabian and African plates is therefore oblique to the general ENE-WSW trend of the Gulf of Aden.
This study focuses on the Socotra-Sharbithat segment, bounded by the SHFZ to the west and by the EGAFZ to the east (Figure 1). The development of the conjugate margins (Socotra Island to the south and Dhofar margin to the north) is associated with uplift and late tilting (Leroy et al., 2012; Pik et al., 2013; Robinet et al., 2013). These events are recorded in the syn-rift sedimentary sequence which is characterized by the presence of conglomeratic fan-deltas and reef carbonates (Leroy et al., 2012). On the south Socotra margin, the continental breakup of the Neoproterozoic basement resulted in distinct eastern and western structural domains, separated by the NE-SW Hadibo Transfer Zone (Leroy et al., 2012; Bellahsen et al., 2013). This transfer zone represents a pre-existing structure associated with Permian-Triassic rifting which was reactivated during the opening of the Gulf of Aden (Pik et al., 2013).
In the Socotra-Sharbithat segment, the OCT domain, or transition between the continental margin and the first, unambiguous oceanic crust (i.e. formed at a mature spreading center), has been studied by Nonn et al. (2017). They propose that mantle exhumation occurred along one or several detachment faults during the evolution of this domain and that this exhumation phase was associated with notable volcanism. Nonn et al. (2017) defined the transition with the first oceanic crust by the onset of a more volcanically active period, with volcanic units downlapping or onlapping on the exhumed mantle domains. This transition is also associated with the disappearance of the syn-OCT sedimentary units and with the occurrence of well-defined magnetic anomalies (Figure 1B).
DATA SETS AND METHODS
Seismic reflection data discussed here were acquired during the ENCENS and MARGES-ADEN (MAD) surveys. The ENCENS multi-channel (360 traces spaced at 12.5 m) seismic reflection survey (Leroy, 2006; Leroy et al., 2010a), focused on the offshore region of Oman (Figure 1B). The data were acquired using a single bubble type source of 14 air guns (1.3 L). Previous papers using these data focused on the architecture and development of the OCT (Lucazeau et al., 2008, 2009, 2010; Autin et al., 2010; Leroy et al., 2010a; Watremez et al., 2011; Nonn et al., 2017). The acquisition parameters allow for a good penetration and the imaging of deep structures in the crust. The trade-off for higher resolution of deep crustal structure in this survey is poorer resolution of shallower basement and sediments. The MAD survey (Leroy, 2012; Nonn et al., 2017) acquired margin-to-margin multi-channel (24 traces spaced at 12.5 m) seismic reflection transects, cross-cutting the spreading axis. Multibeam bathymetric and magnetic data were acquired along the same transects. The survey is located in the Socotra-Sharbithat segment (Figure 1B). The acquisition parameters for the MAD seismic survey (SN408 Laboratory, SERCEL digital technology) allowed for a high resolution of the shallow basement and sediments but a low penetration in the crust. Previously published papers using these data focused on the near-shore part of the lines imaging the OCT (Leroy et al., 2012; Nonn et al., 2017). In this paper, we focus on the unpublished, oceanic part of the ENCENS and MAD seismic lines, from the OCT to the spreading axis. The seismic lines have been processed by filtering, Normal Move-Out (NMO), stack and migration (Leroy et al., 2010a; Autin et al., 2010). We merged the processed seismic lines from both cruises into seven margin-to-margin transects (Figure 2).
[image: Figure 2]FIGURE 2 | Interpreted seismic transects along the Socotra-Sharbithat segment, in two-ways travel time (TWTT, seconds). Transects T21 and T27 are too noisy and not displayed. The transects are aligned on the magnetic anomaly 0 (ridge axis). The other interpreted magnetic anomalies are displayed in red. In green the OCT domain, in light blue the old oceanic domain (in grey the smooth and regular basement subdomain), in dark blue the young oceanic domain. Black arrays locate the basement ridge associated with the end of the OCT/first oceanic crust. Close up locations shown in Figures 6,7,8 are indicated by figure number on each transect. The dashed dark lines between transects represent the fracture zones (HFZ: Hadibo Fracture Zone, EGAFZ: Eastern Gulf of Aden Fracture Zone).
For the location of the OCT (Figures 2, 3) we mainly refer to Nonn et al. (2017) as our own criteria to locate the OCT are the same: disappearance of the syn-OCT sedimentary units, volcanic units downlapping or onlapping on the proposed exhumed mantle domains and occurrence of well-defined magnetic anomalies. However, for the three easternmost seismic transects (T21, T29 and T27), Nonn et al. (2017) have changed their methodology and have based their OCT location on heat flow measurements (a “stable” value at about 120 mWm-2) that are well-correlated with the identified A5d magnetic anomaly (Lucazeau et al., 2010). We decided to use a coherent approach for the entire segment, adhering to our criteria based on stratigraphy and structural observations on the seismic sections. As a consequence, our OCT for the three eastern transects is defined slightly toward the south for the northern margin compared to that of Nonn et al. (2017), which follows the A5d magnetic anomaly.
[image: Figure 3]FIGURE 3 | (A) Top basement depth map from seismic profiles; (B) Bouguer anomaly map; (C) First horizontal derivative of the free-air gravity anomaly map (from Sandwell and Smith, 2009); (D) Analytic signal calculated on the Bouguer anomaly map. Arrows point to patches of high Bouguer anomaly values. Thin dotted black line represents the area of thin oceanic crust interpreted as the Hadibo Fracture Zone (see the discussion). OCT termination shown in thick violet (modified from Nonn et al., 2017). Thick doted lines are the known fracture zones (SHFZ and EGAFZ). Areas outlined in black represent the smooth and regular basement subdomain described in the text.
Multibeam bathymetry and magnetic data were also acquired during the ENCENS and ENCENS-FLUX surveys (Leroy, 2006, Lucazeau and Leroy, 2006; Leroy et al., 2010a; Nonn et al., 2017). The magnetic anomaly identifications are made by comparing each magnetic anomaly profile with a synthetic 2-D block model (Figure 4). The synthetic model calculation uses the magnetic reversal timescale modified from Cande and Kent (1995) by Patriat et al. (2008). Although more recent magnetic reversal timescales have appeared in the literature (e.g., Ogg et al., 2020), these later timescales include no significant modifications to anomalies younger than A6 which is older than seafloor within the study area. The model calculation was adapted for slow spreading ridges and took into account the location and orientation of the transects. The synthetic anomaly forms correspond well with the easily recognizable magnetic anomaly sequences in the transect profiles making it possible to identify the full sequence 2a (3.58 Ma), 3a (5.89 Ma), 4a (8.7 Ma), 5 (10.95 Ma), 5c (16 Ma), and 5 days (17.6 Ma) in almost all transects.
[image: Figure 4]FIGURE 4 | Magnetic anomaly profiles corresponding to seismic transects shown in Figure 2. Anomaly identifications are based on the synthetic model shown in red below the profiles. The model was calculated with a symmetrical half rate of 12 mm/yr, which emphasizes the asymmetry of spreading along the segment: spreading on the southern flank has been significantly slower than on the northern flank.
We interpreted the top basement reflector on each seismic line to produce a map of top basement depth (Figure 3A) and a map of sediments thickness. Two-ways travel time (TWTT) in seconds were converted to meters, using the sediment velocity model described in Japsen (1993). The sediment thickness (in meters) is thus calculated following the equation:
[image: image]
where x represents the sediment thickness in time observed on the seismic lines.
Gravimetric measurements were not performed during the MAD survey. To construct the gravity maps and associated derivatives maps we used a satellite-derived free-air anomaly (FAA) gravity grid (Sandwell and Smith, 2009), and the Bureau Gravimétrique International (BGI) Bouguer anomaly grid (Figure 3B, available online on the website https://bgi.obs-mip.fr/) which is computed from the satellite-derived free-air gravity using the GEBCO bathymetry (available online on the website https://www.gebco.net/). The first horizontal derivative of the FAA (Figure 3C) is the square root of the sum of the squares of the derivatives in the x, y. The analytic signal (Klingele et al., 1991; Marson and Klingele, 1993) of the BGI Bouguer anomaly (Figure 3D) is the square root of the sum of the squares of the derivatives in the x, y, and z directions. Local peaks are interpreted as edges of source bodies and therefore allow us to define the anomaly sources (Beiki, 2010).
To better constrain the oceanic domain, the FAA has been corrected from the density variation associated with cooling of the lithosphere with age. For this we first calculated an age grid using the magnetic anomaly identifications. We then calculated a grid to account for the effect of upper mantle cooling with age, assuming a simple square root of age mantle cooling law (Parsons and Sclater, 1977), a mantle thermal expansion coefficient of 3.1e−5/°C and a mantle density of 3,300 kg/m3 and applied that to the gridded gravity data. In order not to over correct our gravity data for near ridge upper mantle temperatures, we cut our thermal model 10 km off-axis, and used a constant temperature gradient in the intervening axial region. The calculated thermal gravity anomaly is removed from the FAA to obtain a corrected Bouguer anomaly that is used to perform gravity modelling. We used the GM-SYS modelling software (Geosoft Oasis Montaj®) to model the depth to the base of crust from the gravity anomaly measured along each seismic transects. We used the observed geometry for seafloor and top basement interfaces and the following density values: 1,030 kg/m3 for water, 2,100 kg/m3 for sediments, 2,800 kg/m3 for the oceanic crust and 3,300 kg/m3 for the mantle (Figure 5).
[image: Figure 5]FIGURE 5 | (A) Example of gravity modelling along transect T8. Thick black line represents the measured gravity signal, thin black line represents the modelled gravity signal. The error near the ridge axis is certainly linked to the data gap in the seismic acquisition in this area. (B) Compilation of the different profiles of crustal thickness computed for the seismic transects. (C) Computed crustal thickness map. HFZ, Hadibo Fracture Zone.
SEISMIC OBSERVATIONS: CHARACTERISTICS OF THE OCEANIC CRUST AND MORPHOLOGICAL VARIATIONS IN SPACE AND TIME
The Pre-A5 Oceanic Domain
Nonn et al. (2017) noticed that the first oceanic crust is sometimes marked by the presence of a basement ridge which can overlap the OCT crustal units and/or syn-rift sedimentary units in the adjacent exhumed domain (Figure 2, black arrows in profiles T10–11, T18 and T29). Because this ridge is symmetrical with reflective flanks and no internal structure, it has been interpreted as a volcanic seamount (Nonn et al., 2017).
The distribution of the magnetic anomalies (Figures 1B, 2, 4, 6) in the adjacent oceanic domain of the Socotra-Sharbithat segment highlights a clear asymmetry. The oceanic domain is wider on the north flank of the ridge than on the south flank. This is particularly visible for the western transects T8 and T10-11 (Figure 2). Moreover, most of this asymmetry appears to have been acquired before magnetic anomaly A5 (10.95 Ma) (Figures 2, 4, 6). This anomaly also coincides with major changes in the basement characteristics and can be interpreted as an approximate boundary between an old oceanic domain (pre-A5) and a young oceanic domain (post-A5).
[image: Figure 6]FIGURE 6 | (A) Map showing the location of the zooms displayed in Figures 7,8,9. Green points show the location of the sedimentary deformation. (B) Map showing the correlation between the magnetic anomalies and the structural boundaries defined by seismic observations. Violet line represents the location of the first oceanic crust identified on the seismic profiles [note that the OCT location of Nonn et al. (2017) followed exactly the A5d magnetic anomaly identification for the T21, T29 and T27 transects]. Dashed blue line represents the boundary between the old and young oceanic domains determined by seismic observations. Gray areas highlight the smooth and regular basement subdomain. Ages of the oceanic magnetic anomalies are from Cande and Kent (1995).
The oceanic crust in the old oceanic domain (pre-A5) is mainly characterized by chaotic and commonly hard to interpret top basement reflections (Figure 7A), with a sediments/top basement interface which is unclear. The top basement is generally imaged by small discontinuous reflections of high amplitude. Its roughness is caused by small cone-shape or rounded seamounts and by numerous normal faults that create fault scarps (Figures 7A, B). These normal faults generally have throws less than 0.3 s TWTT (∼280 m), irregular distribution and varying block size. They alternate with seamounts or are sometimes partly covered by them. With the exception of few areas where the fault planes are particularly reflective (Figure 7C), the root of the normal faults along the MAD profiles are not visible due to the low seismic penetration. The deep penetration along the ENCENS lines, however, allows us to observe the entire structure of this basement (Figure 7D): It is characterized by an upper transparent layer (approximately 1 s TWTT or 3 km thick) marked at its base by a high amplitude, discontinuous reflector. The lower layer is more reflective and its base is sometimes marked by highly discontinuous reflections at 2 s TWTT (6 km) below top basement. Along the ENCENS lines some fault planes are visible and appear to root on the reflective interface at 1 s TWTT (3 km) below top basement (btb) (Figure 7D). The detailed MAD lines show that the oceanic basement in this domain is marked by the presence of disorganized and distributed numerous small reflections/hyperbolas (black arrays in Figure 7A).
[image: Figure 7]FIGURE 7 | Example of top basement morphology in the old oceanic domain. (A) Close up along the seismic transect T13–14, south basin. (B) Close up along the seismic transect T10–11, north basin. Orange sediments represent undeformed sedimentary unit onlaping on oldest (red and violet) units showing syn- or post-deposition deformation. (C) Details of the contact between the old oceanic domain and the smooth and regular basement subdomain along the transect T8, south basin. Note the difference in top basement morphology and the onlap of the smooth and regular basement subdomain onto the old oceanic crust. This figure shows deformation in sediments (in red) and the presence of deformed sediments in columns ending on large-scale horizontal lenses of highly perturbed sediments. (D) Details of the old oceanic crust along an ENCENS seismic line. The figure shows the upper transparent layer of 1 s (twtt) thick and the lower more reflective layer. Location of the close-up views is shown in Figure 6.
The sedimentary architecture expected in oceanic domains is passive infill, with flat lying, parallel stratification onlapping against basement highs or current-related structures such as contourites (Rebesco et al., 2014). Deformation of this sedimentary infill is expected to occur at the ridge axis and therefore not to affect the sediments deposited off-axis. This kind of sedimentary structure is observed in the oldest part of the pre-A5 domain (Figures 7A, D). However, the sedimentary sequence overlying the oceanic crust in the Socotra-Sharbithat segment displays substantial deformation. This deformation is clearly post-spreading and as shown in Figure 7B may have occurred in a relatively late stage. It may be related to tectonic processes such as faulting, as shown by the syn-tectonic wedges observed in Figure 7B. However, the most common sedimentary deformations in the pre-A5 oceanic domain are columns of perturbed sediments, locally present above basement seamounts or normal faults (Figure 7C). These structures are generally associated with fluid-escapes. Note that these columns of deformed sediments often end in large-scale horizontal lenses of highly perturbed sediments where the stratification is no longer observable (Figure 7C). In this domain, we also observe numerous large-scale unconformities, or unconformities restricted to smaller areas above basement seamounts (Figures 7C, 8A, B), suggesting late phases of vertical movements of the basement (uplift or subsidence). In several places the sediments at the interface with the basement are also perturbed by the presence of high amplitude small, spoon-shaped reflections that make it difficult to identify the top-basement horizon in this domain (Figure 8C).
[image: Figure 8]FIGURE 8 | (A) and (B) Examples of sedimentary unconformities in the old oceanic domain suggesting vertical (uplift) movements of the basement after or during the deposition of the red unit. (C) Example of intrusions into the sediments in the old oceanic domain. The top basement/sediments interface is not clear in such areas. Location of the close-up views is shown in Figure 6.
A kind of subdomain displaying particular characteristics can be delimited in the pre-A5 oceanic domain (areas outlined in black in Figure 3 and shaded grey areas in Figure 6), to the western part of the Socotra-Sharbithat segment. The youngest portions of the pre-A5 oceanic domain are indeed characterized by more reflective, smooth and regular top basement, with no fault scarps, and occasional rounded seamounts (Figure 9C). The top basement reflection is created by a series of superimposed flat lying reflectors sometimes creating stair-step shapes (Figure 9C). The internal hyperbolas observed in the oceanic crust of the older and adjacent pre-A5 domain are not observed in these smooth and regular top basement subdomains (Figure 9C). The transition from older pre-A5 basement to this smooth and regular top basement subdomain is generally sharp, the smooth basement onlapping and possibly overlapping the older oceanic basement (Figure 7C). The dominant sedimentary structure over the smooth and regular basement is passive infill (Figure 9C), with little to no evidence for faulting. However, the sedimentary deformation in the pre-A5 oceanic domain is mainly restricted to areas 20–25 km away from this smooth and regular top basement subdomain (Figures 7C, 6).
[image: Figure 9]FIGURE 9 | (A) Example of currents-related sedimentary architectures associated with normal faults affecting the basement in the young oceanic domain. (B) Example of top basement morphology in the young oceanic domain. Note the presence of rounded seamounts sealing several fault breakaways. (C) Details of the top basement morphology in the smooth and regular basement subdomain, along the transect T10–11, north basin. Stair steps buildings and presence of a rounded seamount. Location of the close-up views is shown in Figure 6.
Post-A5 Oceanic Domain
The younger oceanic crust (post-A5 anomaly, Figure 6) is characterized by a homogeneous and regular top basement which is highly reflective and easy to interpret thanks to a well-defined sediments/top basement interface (Figure 9B). The smooth, planar and reflective areas of top basement is interrupted regularly by fault scarps (Figure 9B). These normal faults generally have throws around 0.4 s TWTT (400 m), but some are larger (until 0.7 s TWTT, 700 m). The faulted blocks are well defined, except when they are sealed by rounded or cone-shape seamounts (Figure 9B). These seamounts generally seal the fault breakaways (i.e. the point where a fault breaks the syntectonic surface) (Figure 9B). The MAD lines do not image the entire internal structure of the oceanic crust and there is no ENCENS seismic lines in the post-A5 oceanic domain. However, in contrast to the pre-A5 oceanic domain, the oceanic crust in the post-A5 domain seems more homogeneous, with only a few small, scattered hyperbolas present in the basement.
As typically expected for sedimentary sequences that rest on oceanic crust, passive infill is observed in this post-A5 oceanic domain (Figure 9B). Occasionally, some very thin syn-tectonic sedimentary wedges can be observed at the top of faulted blocks. Current-related sedimentary structures are notably present in this domain (Figure 9A).
DOMAIN MAPPING: POTENTIAL FIELD DATA AND CRUSTAL THICKNESS
The profiles of crustal thickness and the associated map (Figure 5) show that the old, pre-A5 oceanic domain is marked by variable crustal thicknesses, from 4 to 7 km, and as much as 8 km in the smooth and regular basement subdomain. The young, post-A5 oceanic domain is generally marked by a 6–7 km thick crust, excepted in the area of transects T10–11 and T13-14 where the crust is about 4–5 km thick. This area of thin oceanic crust has the same NE-SW orientation as the main Socotra-Hadbeen and Eastern Gulf of Aden fracture zones (Figure 5C). It marks the eastward termination of the over-thickened (>7 km-thick) crust in the smooth and regular basement subdomain. It also correlates with the transition from a rather symmetric young oceanic domain to the west, to a quite asymmetric domain to the east (Figure 10). This NE-SW trend associated with the thin oceanic crust is also observed on the horizontal derivative of the FAA (thin dashed line on Figure 3C). This map also reveals linear, E-W trending anomalies, especially in the post-A5 oceanic domain (north and south flanks), east of this lineation. These E-W anomalies correlate with major seamounts on seismic lines, highlighting their lateral continuity. It is interesting to note that the boundary between pre-A5 and post-A5 domains is associated with such lineation of basement highs (Figures 3C, 2). The transition between the OCT domain and the pre-A5 oceanic domain to the south is marked by a clear, continuous gravity anomaly. This is in agreement with the observation of a basement ridge marking this transition (Figure 2).
[image: Figure 10]FIGURE 10 | This figure represents and compares the widths (in km) of the two main domains observed in the oceanic domain for each seismic transect: pre-A5 (+ smooth and regular basement subdomain) and post-A5 oceanic domains. For each seismic transect, the width of each domain on the north and south flanks is compared to observe the symmetry or asymmetry. Note the strong asymmetry of the post-A5 domain close to the interpreted HFZ. The pre-A5 domain shows also a short asymmetry, with the south flanks shorter than the north flanks.
On the Bouguer gravity anomaly map (Figure 3B), the pre-A5 domain is associated with higher gravity values than the younger, post-A5 oceanic domain (Figure 3B). We note a global change from west to east, with low gravity values in the adjacent Encens-Sheba segment and high values east of the EGAFZ (Figure 3B). The analytic signal map (Figure 3D), calculated from the Bouguer anomaly map, shows several patches of high values, especially in the vicinity of fracture zones (EGAFZ to the east and SHFZ to the west) (black arrows; Figure 3D).
Figure 6B highlights clear magnetic isochrons in the young, post-A5 oceanic domain. In contrast, the isochron of the magnetic anomalies are discontinuous in the smooth and regular basement subdomain, located in the western part of the segment (Figure 6B). The interpreted magnetic anomalies highlight an asymmetry in the spreading rates, which is in agreement with the asymmetric width of the oceanic domains (Figures 2, 4). We observe that the total area of the pre-A5 oceanic domain and the smooth and regular basement subdomain on the south flank is always less than the total area of the pre-A5 oceanic domain and the smooth and regular basement subdomain on the north flank (Figure 10). For the post-A5 oceanic domain, the width is quite similar for the western transects (for T41 and T8). Towards the east, the north domain becomes larger than the south domain, with a strong asymmetry close to the NE-SW lineation observed in the gravity data (around transect T13-14).
INTERPRETATION AND DISCUSSION
Nature of the Oceanic Basement and the Formation of the Oceanic Crust
The compilation of our observations shows that there are two main distinguishable oceanic domains within the Socotra-Sharbithat segment. The old, pre-A5 domain is characterized by a complex and heterogeneous basement. The top basement is chaotic and often affected by normal faults and rounded seamounts that are interpreted as volcanoes. The crustal thickness varies from anomalously thin (4 km) to normal (7 km) (Figure 5) suggesting low to normal magmatic budget. It is associated with slow spreading rates (between 10 and 15 mm/year, half-rate). The younger, post-A5 oceanic domain is quite different. It is relatively uniform, with a reflective top basement affected regularly by sets of normal faults (Figure 9B). Magmatic extrusions appear frequent in this domain, but tend to be restricted to faulted areas, suggesting that the emplacement of magmatic material occurs especially along normal faults. The thickness of the crust in the post-A5 domain is normal (6–7 km) (Figure 5) and associated with slow spreading rates, mostly between 10 and 15 mm/year (half-rate).
Despite structural variations, the whole oceanic domain in the Socotra-Sharbithat segment appears to have been formed under slow-spreading conditions. With a full spreading rate of 25 mm/year, the Mid-Atlantic Ridge (MAR) shows spreading conditions similar to the ones observed in the Socotra-Sharbithat segment, where three different tectonic styles have been identified in the south of the Kane Fracture Zone (Cann et al., 2015):
-Volcanic mode of spreading characterized by volcanic constructions forming parallel elongate abyssal hill ridges, coupled with minor faulting. The faulted blocks show very limited seafloor rotation;
-Detachment faulting marked by tectonic extension along simple long-lived faults, leading to the formation of core complexes with unroofing of gabbros and ultramafic rocks (Cannat et al., 1995; MacLeod et al., 2002; Dick et al., 2008);
- Extended terrain with abundant large-offset faults forming narrow ridges associated with oval basins. The crustal thickness in these areas appear more variable. This style would be intermediate between detachment faulting and volcanic construction.
Comparison with our observations in the Socotra-Sharbithat segment suggests that the pre-A5 oceanic domain could be similar to the extended terrain described by Cann et al. (2015), with potentially the presence of detachment faults creating more rotated blocks. Moreover, Sleep and Barth (1997) showed that at such spreading rates it is not possible to sustain a steady state magma chamber at the ridge axis and that the resulting oceanic crust can be composed by a mix of mafic and ultramafic rocks (up to 20% ultramafic material for the young Atlantic crust). Slow-spreading oceanic crust are generally characterized by less distinct Moho and with more variability in both its structure and reflectivity (Mutter and Karson, 1992; Morris et al., 1993; Combier et al., 2015). It suggests that mafic and ultramafic rocks can occur in such environments (Cannat, 1993). This is consistent with our observations of irregular and discontinuous Moho reflections at 2 s TWTT (6 km) (Figure 7D) and with crustal thickness variations in the pre-A5 oceanic domain. The overall reflectivity of the lower crust is also much higher than at faster spreading oceanic crust. It is inferred to be due to tectonic features and greater compositional heterogeneity compared to crust formed at higher spreading rates (Mutter and Karson, 1992). As observed in the presented seismic profiles, the upper part of the crust is also characterized by the presence of sub-horizontal reflectors lying 1.5–2 km below the top of the oceanic basement and by dipping reflectors of high-amplitude extending from the top basement into the mid-crust (Figure 7D) (Morris et al., 1993; Momoh et al., 2017, 2020). Our pre-A5 oceanic domain could thus be similarly associated with a hybrid crust (i.e., a mix of mafic and ultra-mafic rocks) thought to occur at slow-spreading rates such as those calculated here. While the mafic component can be quite clearly deduced from seismic observations (volcanic seamounts and constructions, numerous hyperbolas in the basement and in the sediments, reflective top basement), the presence of ultra-mafic rocks cannot be confirmed due to the lack of dredge sampling and drilling. Nevertheless, we note that the basement in the pre-A5 oceanic domain is clearly deeper than the one in the post-A5 oceanic domain and that the Bouguer anomaly is higher (Figures 3A, B), suggesting a variation of composition and/or spreading processes between the two domains, perhaps a higher percentage of ultra-mafic materials in the old domain.
Alternatively, the post-A5 oceanic domain could correspond to a slow spreading volcanic mode. The post-A5 oceanic basement is indeed regularly affected by slightly rotated normal faults. Thatcher and Hill (1995) suggested that the faulted morphology of such slow-spreading basement illustrates alternating phases of tectonism and magmatism. However, more recent studies demonstrate that normal faults in oceanic domains are not necessarily associated with pure amagmatic episodes and that they can develop under variable magmatic conditions at the axis (e.g., Buck et al., 2005; Behn and Ito, 2008; Cannat et al., 2019). The fact that volcanic constructions occur above the faulted blocks and that at these locations the top basement is less well defined, with strong reflections in the sediments, suggest that there is a strong magma-fault relationship, magmatism being active during the development of these faults, the magma being channeled at the top of the basement through the normal faults. The absence of deformation in the sediments in the post-A5 oceanic domain shows that tectonic activity does not affect older basement and remains localized at the axis. These observations are consistent with the results of Singh et al. (2006) at the Lucky Strike slow-spreading segment (MAR), where interactions between tectonic processes (faulting) and magmatism (presence of a magma chamber) have been observed in the axial valley.
The Smooth and Regular Basement Subdomain, Marker of a Magmatic Pulse at 11 Ma?
In comparison to pre- and post-A5 oceanic domains, patches of smooth and regular basement display an over-thickened crust (8 km) (Figure 5), associated with a reflective top basement showing stair-steps architectures (Figure 9A). In contrast to the adjacent oceanic domains, this subdomain is devoid of normal faults, suggesting that it formed by a purely magmatic process. The stair-steps architecture shows that the crust is formed by superimposed lava flows. These observations suggest that the smooth and regular basement subdomain represents a magmatic plateau which has been subsequently rifted by the ridge axis, similar to the interpretation proposed by Cannat et al. (1999) for the Azores Platform in the Lucky Strike segment on the MAR. Laterally, this structure coincides with the transition between pre- and post-A5 oceanic domains, which is marked by an E-W lineation of basement highs, likely volcanic in origin. These observations suggest that the oceanic crust in the smooth and regular basement subdomain and the onset of spreading in the post-A5 oceanic domain have been formed during a period of intense magmatism, probably associated with an excess of magma at the ridge axis (or magmatic pulse). This event seems to have occurred around 10.95 Ma (anomaly A5).
This magmatic pulse seems to have occurred all along the axis but the presence of the smooth and regular basement subdomain suggests that the magmatic budget was significantly higher in the western extremity of the segment. Moreover, the overlap architecture visible at the transition from the pre-A5 oceanic domain to the smooth and regular basement subdomain (Figure 7C) suggests that the lavas erupted during this episode of intense magmatism could have flowed over the previously formed oceanic basement. Garmany (1989) shows that subsurface magma can be transported several tens of kilometers away from the axis, depending on the melt viscosity and Moho topography (Spence and Turcotte, 1985), potentially leading to the formation of off-axis volcanoes. Based on the seismic profiles presented here, we suggest that the magmatic intrusions and extrusions may extend 40 km or more off-axis (Figure 11). Although the available data do not permit us to determine the extent of this overlap, such extensive magmatic activity could also partly explain the over-thickened oceanic crust in the smooth and regular basement subdomain.
[image: Figure 11]FIGURE 11 | Figure showing the pre-A5 oceanic domain before (A) and after (B) the emplacement of the magmatic plateau. Stage (C) shows the rifting of the magmatic plateau and the onset of spreading of the post-A5 oceanic crust.
The old, pre-A5 oceanic domain is also marked by a clear post-rifting spreading deformation, especially in the vicinity of the smooth and regular basement subdomain and post-A5 oceanic domain. The observed deformation is related to fault displacements (Figure 7C) but also mainly to vertical movements (generally local uplifts, e.g., Figures 8A, B). Close to the smooth and regular basement subdomain, we also noticed the presence of numerous hyperbolas, distributed in the basement (Figure 7A) and at the interface between sediments and top basement (Figure 8C). These small hyperbolas can be interpreted as magmatic intrusions/sills. At some locations (e.g., Figure 7C) the normal faults appear particularly reflective and the sedimentary columns above the fault scarps are perturbed by fluid escape. This also suggests the presence of magmatic intrusions, using pre-existing normal faults as feeder systems. This kind of structure and deformation ends abruptly in the smooth and regular basement subdomain and in the post-A5 oceanic domain. The observation of such deformation in steady state oceanic domains is surprising, as all the deformation in these domains should be localized at the ridge axis. The presence of deformed sediments in the pre-A5 oceanic domain can be interpreted by several hypotheses: 1) the axis was sedimented during the formation of the crust; 2) the deformation is associated with the presence of fracture zones; 3) a younger, large magmatic event led to intrusions and “cracking” of the old crust in the vicinity of the contact. Our preferred hypothesis is the last one, the lavas associated with the 11 Ma magmatic pulse being sufficiently fluid and with such an overpressure, melt could have been driven far away from the ridge axis, affecting the basement in the pre-A5 oceanic domain and leading to deformation of the primary oceanic crust (Figure 11). This may be the origin of the deformation visible in the sediments and the magmatism observed in this domain (intrusions into the basement, in the sediments and at the base of the crust), leading to the current morphology of the pre-A5 oceanic basement. The primary morphology of the oceanic crust in this domain is thus now difficult to identify, as it has been reworked by the magmatic event.
Interestingly, the age of this supposed magmatic pulse in the Socotra-Sharbithat segment (anomaly A5, 10.95 Ma) and the initiation of the post-A5 oceanic domain coincides with the large off-axis magmatic event proposed in the Sheba segment west of the SHFZ. This event is dated between 10 and 5 Ma (A5 to A3) (d’ Acremont et al., 2010; Leroy et al., 2010b). It is well marked in the bathymetry and supposed to have induced a small ridge jump of the Sheba segment to the south around A5 time that may explain the asymmetry of the observed domains in the Sheba segment. Although some asymmetry has been observed in the Socotra-Sharbithat segment it is not clear if it can be related to a ridge jump similar to the one proposed for the adjacent western Sheba segment.
Mantle Plume Effects on Rift and Ridge Processes
The smooth and regular basement subdomain, which is considered as a magmatic plateau, is bound to the east by a NE-SW elongated zone of thin oceanic crust (Figure 5). Result of this and previous studies (Leroy et al., 2012; Bellahsen et al., 2013; Pik et al., 2013; Ahmed et al., 2014) suggest that this elongated area could correspond to the location of a fracture zone, the Hadibo Fracture Zone (HFZ), which has been observed at the Oman and Socotra margins and on land. It correlates with a low in the horizontal gradient of the gravity (Figure 4C). This proposed fracture zone also marks the boundary between post-A5 symmetric spreading to the west and post-A5 asymmetric spreading to the east (Figure 10). Spreading asymmetry such as that seen in the post-A5 oceanic domain east of the HFZ could have been associated with oceanic lithosphere preferentially forming one flank by the mechanism of a detachment fault to create an oceanic core complex (OCC). Cann et al. (2015) attribute highly asymmetric spreading south of the Kane Fracture Zone on the Mid-Atlantic Ridge to the formation of major core complexes at the inside corner of ridge-transform intersections where magmatism is expected to be weak because of older, cooler lithosphere on the other side of the transform (e.g., Tucholke et al., 1998; Blackman et al., 2002). The near-axis gravity high on the northern flank next to the HFZ (arrow 1, Figure 3) might be interpreted as an OCC, to which the observed asymmetry could be ascribed. However, this feature appears to be at the outside corner of the segment, which is unusual for OCC formation. Moreover, a significant amount of offset on the transform fault is necessary to develop an OCC (Cormier and Sloan, 2019) and the HFZ seems to have a very small offset. Thus, OCC formation seems an unlikely explanation for the post-A5 spreading asymmetry here.
It has been proposed that the off-axis magmatic event in the Encens-Sheba segment could be related to the Afar plume activity (Leroy et al., 2010b). Although the Afar plume is located more than 1,000 km to the west, melt could have been channeled as far along the ridge axis as the AAFZ (Leroy et al., 2010b). The main signature of the magmatic pulse in the Socotra-Sharbithat segment is restricted to the segment between the SHFZ (Socotra-Hadbeen Fracture Zone) and the newly identified HFZ, in the western part of the Socotra-Sharbithat segment. It is thus possible that the magmatic pulse observed here represents the eastward termination of the major off-axis magmatic event in the adjacent segment, the melt being channeled through the SHFZ. A similar process has been suggested for the rifted volcanic plateau in the Lucky Strike segment (Mid-Atlantic) (Cannat et al., 1999). It would have formed during an event of anomalously high melt production, quite likely due to a change in the temperature, composition or dynamics of the mantle supplied to the Mid-Atlantic Ridge by the Azores hotspot. This episode of enhanced magmatism seems to have migrated along the ridge axis.
This magmatic event marks the transition between the pre-A5 and post-A5 oceanic domains in the Socotra-Sharbithat segment. If the transition between the two domains appears to have occurred around the A5 anomaly (10.95 Ma) east of the HFZ, it does not appear to be a synchronous event all along the Socotra-Sharbithat segment. Indeed, west of the HFZ, the magmatic pulse could have started at A5c (16 Ma) and lasted until A4a (8.7 Ma). Although there is no clear change in the spreading rate, there seems to have a slight modification in the spreading processes between the two oceanic domains. It is thus possible that the major large-scale magmatic event at ∼11 Ma, potentially related to the Afar plume, perturbed the magmatic system and led to a modification of the spreading mode for the whole Socotra-Sharbithat segment. Another idea to explore could be the influence of the continental margin proximity on the magmatic budget at the spreading ridge. Would a young spreading center be less magmatic than at a more mature stage due to the close location of the margin? What is the effect of the proximity of a cold continental lithosphere for melt production below a young oceanic ridge? All these questions deserve to be in-depth investigated in new studies.
CONCLUSION
The observation and interpretation of margin-to-margin seismic transects and the correlation with potential field data sets and gravity modelling allowed reconstruction of the 16 Ma-long spreading history of the Socortra-Sharbithat segment in the eastern Gulf of Aden oceanic basin. The first noticeable event is the onset of steady state seafloor spreading, which is marked by a small magmatic pulse leading to the formation of a volcanic ridge at the end of the oceanic-continental transition. We identify an old oceanic domain (pre-A5) which could have been formed during a phase of low magmatic budget and could represent a hybrid oceanic crust with a significant component of ultramafic material. The younger oceanic domain (post-A5) appears to have formed during a more volcanic phase, at the same slow spreading rate. The transition between the two spreading modes occurred around 11 Ma and is associated with a magmatic pulse, which led to the formation of a magmatic plateau in the western extremity of the segment. This magmatic event could be related to the major off-axis event previously identified in the adjacent Encens-Sheba segment, and possibly related to the Afar plume. This event seems to have partly reworked the oceanic crust previously formed in the pre-A5 oceanic domain through magmatic intrusions and extrusions.
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