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S U M M A R Y
The rifting between Arabia and Somalia, which started around 35 Ma, was followed by oceanic
accretion from at least 17.6 Ma leading to the formation of the present-day Gulf of Aden.
Bathymetric, gravity and magnetic data from the Encens-Sheba cruise are used to constrain the
structure and segmentation of the oceanic basin separating the conjugate continental margins
in the eastern part of the Gulf of Aden between 51◦E and 55.5◦E. Data analysis reveals that
the oceanic domain along this ridge section is divided into two distinct areas. The Eastern area
is characterized by a shorter wavelength variation of the axial segmentation and an extremely
thin oceanic crust. In the western segment, a thicker oceanic crust suggests a high melt supply.
This supply is probably due to an off-axis melting anomaly located below the southern flank
of the Sheba ridge, 75 km east of the major Alula-Fartak transform fault. This suggests that
the axial morphology is produced by a combination of factors, including spreading rate, melt
supply and the edge effect of the Alula-Fartak transform fault, as well as the proximity of
the continental margin. The oceanic domains have undergone two distinct phases of accretion
since the onset of seafloor spreading, with a shift around 11 Ma. At that time, the ridge jumped
southwards, in response to the melting anomaly. Propagating ridges were triggered by the
melting activity, and propagated both eastward and westward. The influence of the melting
anomaly on the ridges decreased, stopping their propagation since less than 9 Ma. From that
time up to the present, the N025◦E-trending Socotra transform fault developed in association
with the formation of the N115◦E-trending segment #2. In recent times, a counter-clockwise
rotation of the stress field associated with kinematic changes could explain the structural
morphology of the Alula-Fartak and Socotra-Hadbeen fracture zones.

Key words: Gravity anomalies and Earth structure; Magnetic anomalies: modelling and
interpretation; Mid-ocean ridge processes; Oceanic hotspots and intraplate volcanism; Oceanic
transform and fracture zone processes; Crustal structure.

1 I N T RO D U C T I O N

In recent years, detailed geophysical and geological studies of
spreading ridges and their flanks have emphasized the general vari-
ability of bathymetry and axial morphology, as well as the gravi-
metric and magnetic features (Fox & Grindlay 1991; Grindlay et al.
1992; Sempéré et al. 1993; Rommevaux et al. 1994; Gente et al.
1995; Maia & Gente 1998; Sauter et al. 2001).

The morphology and geophysical features of spreading cen-
tres vary with the rate of plate separation and/or magma supply.
In contrast to the relative uniformity along fast-spreading ridges,
slow-spreading ridges are highly segmented at varied intervals by
both permanent transforms and non-rigid discontinuities. At slow
spreading rates (full rate: 10–40 mm yr−1) the axis is marked by

a rift valley 1–3 km deep, while, at fast spreading rates (full rate:
90–170 mm yr−1) it is characterized by a seafloor elevation of sev-
eral hundred metres (Macdonald 1982). The origin of this variability
in topography, crustal thickness, gravity field and segment length is
commonly attributed to differences in magma flux from the mantle
(e.g. Lin et al. 1990; Thibaud et al. 1998; Niu et al. 2001; Supak
et al. 2007). Especially, the average crustal thickness is strongly
dependent on mantle properties and plate geometry, and spreading
rate (Magde & Sparks 1997).

Several hypotheses have been proposed to explain the processes
controlling the segmentation of a spreading centre and its evolution
with time: (1) the absolute motion of the ridge over the underlying
asthenosphere (Schouten et al. 1987; Supak et al. 2007), (2) the
plate tectonic history or local parameters such as spreading rate
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or magma supply (Schouten et al. 1985; Kuo & Forsyth 1988;
Macdonald et al. 1991).

The eastern Gulf of Aden is a key area for investigating seafloor
spreading processes and the evolution of segmentation in space
and time from the continental margin to the present active ridge.
The Gulf of Aden is a small oceanic basin with close conjugate
margins allowing a complete geophysical investigation from ridge
to rift. This paper presents geophysical data gathered during the
Encens-Sheba cruise (Leroy et al. 2004) and also makes use of
additional magnetic data acquired during the recent Encens Cruise
(Leroy et al. 2009a). The swath coverage spans the area of seafloor
spreading from the continental margins to the ridge axis. The data
coverage allows us to study the structure of both the oceanic basin
and the present active ridge. We therefore attempt (1) to describe the
active ridge and present segmentation (2) to determine the crustal
thickness of the oceanic domains and (3) to identify crustal discon-
tinuities that serve to determine the development of segmentation
from the ocean–continent transition to the active Sheba ridge. The
general structure and tectonic evolution of the conjugate continental
margins in relation to the onset of oceanic spreading were reported
in d’Acremont et al. (2005, 2006). In this study, we focus on the
oceanic basin between the Alula-Fartak Fracture Zone (AFFZ) and
the Socotra-Hadbeen Fracture Zone (SHFZ), presenting a detailed
analysis of bathymetric, magnetic and gravity data to constrain the
evolution in terms of ridge geometry, segmentation and transform
structure over time. We propose that anomalous volcanic activity
may have an influence on the ridge jump and ridge propagation and,
as a result, the accretion processes as well. We discuss the relation-
ship of these processes with the associated changes in kinematics.

2 G E O DY NA M I C S E T T I N G

The Gulf of Aden is a young oceanic basin separating the Arabia
and Somalia plates, with a N75◦E-trending axis running obliquely
to the N26◦E opening direction (Fig. 1). It is bordered to the north
and south by rifted margins, and to the west and east by the Afar
triple junction and the Owen fracture zone, respectively. Continental
rifting started 35 Ma (Roger et al. 1989), while the onset of oceanic

spreading is at 20 Ma in the easternmost part of the Gulf near the
Owen Fracture zone (Fournier et al. 2008), it occurs at 17.6 Ma
between the east of Socotra Island and the AFFZ (Leroy et al. 2004;
d’Acremont et al. 2006; Leroy et al. 2009b) and 16 Ma in the west
of the AFFZ (Leroy et al. 2009b). Since the early opening between
the Arabia and the Somalia plates about 20 Ma, the Euler pole of
rotation has remained close to the ridge axis. The full spreading rate
is correlated with the distance to the Euler pole, currently located
at 24.01◦N 24.57◦E, increasing from 1.6 cm yr−1 in the west along
N37◦E to 2.34 cm yr−1 in the east along N26◦E (Fournier et al.
2001).

The Gulf of Aden can be divided into three domains. (1) The
westernmost domain, between the Gulf of Tadjoura and the Shukra-
El Sheik Fracture zone, influenced by the Afar hotspot, whose main
activity is contemporaneous with the onset of rifting (Schilling
1973; Courtillot 1980; Ebinger & Hayward 1996; Menzies et al.
1997). This led to the formation of volcanic margins (Tard et al.
1991) up to the Shukra-El Sheik Fracture zone, which is assumed to
mark a major change in the rheology of the lithosphere (Manighetti
et al. 1998; Dauteuil et al. 2001; Hébert et al. 2001). (2) The central
domain, between the Shukra-El Sheik Fracture zone and the AFFZ,
corresponds to the transition between volcanic and non-volcanic
continental margins (Tard et al. 1991). (3) The eastern domain be-
tween the AFFZ and Owen fracture zone separates the Aden ridge
segment from the Sheba ridge segment (Tamsett & Searle 1990). In-
deed, the Alula-Fartak transform fault (AFTF) shifts the Aden ridge
farther north towards the Sheba ridge. The continental margins are
segmented and, in the area between the ∼N027◦E-trending AFFZ
and SHFZ, the segmentation is expressed by two transfer fault zones
with right-lateral offset, accommodating the oblique deformation
(Fig. 2, d’Acremont et al. 2005). These transfer zones define three
N110◦E-trending segments. The first evidence of oceanic spread-
ing corresponds to the magnetic anomaly A5d and thus dates back
to 17.6 Ma at least (Leroy et al. 2004; d’Acremont et al. 2005).
Reconstruction of the spreading process suggests a complex non-
uniform opening by an arc-like initiation of seafloor spreading in
the ocean–continent transition. Crustal accretion initially occurred
prior to spreading at low extension rates in a magmatic-limited en-
vironment with potential exhumed mantle in the eastern segments

Figure 1. Bathymetric and topographic map of the Gulf of Aden area (Sandwell & Smith 1997). The solid lines represent the Encens-Sheba cruise track where
bathymetry, magnetic and gravity data have been acquired. Bold lines correspond to the location of the seismic profiles. Black circles indicate DSDP drill holes
of Leg 24 (Fisher et al. 1974). Solid arrows show the plate motion and the associated spreading rate (Jestin et al. 1994).
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Figure 2. Multibeam bathymetry of the Encens-Sheba Cruise (Leroy et al. 2004; contour interval is 250 m). The structural interpretation on the offshore
conjugate margins is after d’Acremont et al. (2005, 2006). On the onshore margins, the interpretation is after Beydoun & Bichan (1969), Platel & Roger
(1989), Platel et al. (1992), Birse et al. (1997), Brannan et al. (1997), Lepvrier et al. (2002) and Bellahsen et al. (2006). SFZ: Socotra Fracture Zone; SHFZ:
Socotra-Hadbeen Fracture Zone.

(d’Acremont et al. 2006). The early segmentation appears to be
related to the continental margin segmentation (d’Acremont et al.
2006).

3 DATA

3.1 Bathymetry and subsidence

A full bathymetry coverage of the study area was obtained with a
Thomson Marconi Sonar on board R/V Marion Dufresne (Fig. 2,
Leroy et al. 2004). A 100-m spaced bathymetric grid was obtained
using the Caraı̈bes software developed by IFREMER (Leroy et al.
2000).

The bathymetric grid is corrected for the effect of seafloor subsi-
dence with age. The subsidence of the seafloor is calculated using
the relation S = 0.35 sqrt (t); where t is the oceanic lithosphere
age in Ma, obtained from the compiled isochron map and S is the

expected subsidence in km (Parsons & Sclater 1977). The residual
bathymetry (corrected for subsidence with age) is obtained by sub-
tracting this predicted subsidence from the bathymetric map. This
result is used in the kinematic reconstruction to highlight possible
relationships among older structures.

3.2 Magnetic anomalies

During the Encens-Sheba cruise, a series of 19 across-axis profiles
were recorded between the AFFZ and the SHFZ (Leroy et al. 2004;
A to S; Fig. 1). To supplement this data, we used the new data set
of the Encens cruise 2006 (Leroy et al. 2009a). In previous studies,
Fleury (2001), Leroy et al. (2004) and d’Acremont et al. (2006)
published selective or incomplete magnetic profiles of the Encens-
Sheba cruise. The kinematic reconstructions presented below are
based on the pole and angle of rotation obtained for the entire
Gulf of Aden by Fleury (2001), using seafloor magnetic anomaly
identification of new sources (Shackelton 1979 and ug78 Cruises).
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Figure 3. Identification of magnetic anomalies on profiles B to P. Profiles are projected onto the N206◦E direction. Top: synthetic profile including ridge jump
at 11 Ma, 30 km southward, calculated for constant half spreading rate of 11 mm yr−1. The black circles indicate the present-day and former ridge axes. The
white and black circles correspond to the ridge jump. Bottom: synthetic profiles with asymmetric half spreading rates before 11 Ma. Grey zones correspond to
the pseudo-faults: PF. Question marks indicate uncertain pickings.

With a mean spacing of 9 km between profiles, the whole data set
provides sufficient resolution for a detailed and quantitative analysis
of the evolution of the spreading ridge. The complete sequence
of magnetic anomalies (A) from the central anomaly to A5d was
identified on most of the profiles by comparing each magnetic profile
with a 2-D forward block model (Fig. 3). These models are based on
the magnetic reversal timescale of Cande & Kent (1995). However,
several anomalies are difficult to recognize on the western profile,
especially on the south flank close to the AFTF. In particular, a misfit
is observed when matching the conjugate A5 picks. Because of this,

we need to modify the previous A5 identifications: we consider the
northern flank picks as correct and, consequently, some picks are
missing on the southern flank (profiles L to P, Fig. 3). The magnetic
anomalies indicate an asymmetric spreading between A5 and A5c
(Figs 3 and 4a). The best fit for the different profiles is obtained with
a model involving a small ridge jump towards the south (30 km)
just before the A5 epoch, and a half spreading rate of 11 mm yr−1

(Fig. 3). Another possible model involves asymmetric spreading
between A5d to A5, with half spreading rates of 14 mm yr−1 for
the northern flank of the ridge and 8 mm yr−1 for the southern flank
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(Fig. 3). We have a preference for the jump model since it takes
into account the fact that the anomalies between A5 to A5c are
represented by two similar peaks and A5 is particularly large to
the northwest. This ridge jump could probably explain why A5 is
more difficult to recognize south of the ridge than to the north.
Inspection of the shapes of the anomalies indicates the presence of
pseudo-faults as well as a nodal basin and fracture zones, which are
described in detail below (Fig. 3).

3.3 Gravity anomaly

Gravity data were acquired, at a 5 s sampling rate, with a Lacoste
and Romberg S77 marine gravity meter. The data were processed
for Eötvös and drift corrections and for removal of the gravity ref-
erence field (GRS80). After crossover errors, calculated for the
data set, the final data STD error is 0.75 mGal. A continuous
curvature gridding algorithm (Wessel & Smith 1998) is used to
grid the corrected profiles. The relatively wide spacing between

the profiles (9–10 km) prevented the construction of a finer-scale
free air anomaly (FAA) grid with a spatial resolution of ∼20 km.
We subtracted from the FAA the theoretical gravity effects of the
water–sediment, sediment–crust and crust–mantle interfaces, thus
obtaining the Mantle Bouguer Anomaly (MBA, Fig. 4b). The crustal
thickness is assumed to be constant (6 km). The sedimentary thick-
nesses were compiled by using all available seismic reflection,
multibeam bathymetric and magnetic data gathered between the
AFFZ and SHFZ (Fig. 4a; d’Acremont et al. 2006). The densities
of the sedimentary cover, the oceanic crust and the mantle are taken
as 2.2, 2.75 and 3.3 g cm−3, respectively (e.g. Kuo & Forsyth 1988).
The gravity effect of the model is computed with a fully 3-D mul-
tilayer method using a fast Fourier transform technique (Maia &
Arkani-Hamed 2002). An infinite half-space model is used to cal-
culate the gravity effect of the cooling lithosphere (Davis & Lister
1974). The thickness of the lithosphere is computed according to the
thermal age. An age grid was computed from the magnetic anomaly
picking and the lithosphere thermal diffusivity is taken as equal to

Figure 4. (a) Sediment thickness and the location of identified magnetic anomalies (contour interval is 250 m). (b) Mantle Bouguer Anomaly MBA (contour
interval is 10 mGal). (c) Residual Mantle Bouguer Anomaly RMBA (contour interval is 10 mGal). (d) Crustal thickness obtained from downward continuation
of the filtered gravity residuals (see text for explanations). The contour interval is 1 km. Dashed lines on the maps follow the Sheba ridge axis.
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10−6 m2 s−1 (e.g. Phipps Morgan & Forsyth 1988; Sparks et al.
1993). This method is only suitable for the oceanic lithosphere.
The edge effect of the continental lithosphere is not considered
here, a laterally constant density is applied in the ocean–continent
transition, even if non-realistic (d’Acremont et al. 2006).

The Residual Mantle Bouguer anomalies (RMBA), which are
deviations from the assumed model, can be interpreted as resulting
from variations in the crustal thickness and/or crust or mantle den-
sity (Kuo & Forsyth 1988; Lin et al. 1990). The RMBA amplitude
ranges from −500 to −200 mGal, with the values tending to be
significantly higher in the oceanic domain and lower near the con-
tinental margins (Fig. 4c). The highest values are observed over the
northeastern part of the basin (Fig. 4c).

3.4 Crustal thickness

The RMBA corresponds to the component of the gravity field that
cannot be explained by the predictable effect of seafloor topogra-
phy, constant crustal thickness, or mantle density changes related
to the cooling of the lithosphere. The residual anomaly is inverted
here to determine the relative thickness of the crust (e.g. Morris
& Detrick 1991; Fig. 4d; d’Acremont et al. 2006). The density
contrast between mantle and crust (assuming densities of 3.3 and
2.75 g cm3, respectively) is similar to the value used for the gravity
anomaly processing. The residual anomaly is continued downward
to 6 km and added to the average seafloor depth. The Gaussian
filtering used here leads to attenuation and/or removal of anomalies
with wavelengths shorter than 25–35 km. The variations in crustal
thickness are probably rather high since part of the gravity signal
may also correspond to lateral variations in crustal or mantle den-

sity. Over the basin, the crustal thickness ranges from 0 to 17 km
(Fig. 4d). The crust in the western basin is thicker than in the eastern
basin. The northern and southern extremities of the eastern basin
are characterized by an extremely thin crust.

4 S T RU C T U R E O F T H E S H E B A R I D G E
A N D S U R RO U N D I N G B A S I N

Two main domains of different roughness of bathymetry and con-
trasting RMBA appear between the first-order AFFZ and SHFZ
(Figs 2 and 4c): (1) a rough seafloor, called the Western basin,
characterized by volcanic domes and curved faults and (2) a
faulted seafloor, called the Eastern basin, similar to that gener-
ally formed at slow-spreading centres. Three second-order ridge
segments trending ∼N115◦E can be identified between longitude
52◦E and 54◦30’E, while another, called segment #4, trends N90◦E
east of longitude 54◦30’E. All four segments are associated with
a well-defined rift valley or high neovolcanic zone (Figs 5 and 6)
(Gente et al. 2001, 2003).

Average flank depths in the Eastern basin are deeper by about
500 m than in the Western basin (Fig. 2). On both sides of the axial
valley, the rift valley walls show linear or curved abyssal ridges.
These crests are asymmetrical, while, at the intersections between
the segments and the discontinuity, the inside corners are higher.
Between segments #1 and #2, the axis follows a series of two en-
echelon basins located in a deep non-transform discontinuity, which
offsets the axis by 18 km (Figs 5 and 6). By contrast, the offset
between segments #2 and #3 is longer (45 km) and corresponds to
the Socotra Transform Fault (STF). The study area is bounded to the

Figure 5. (a) Multibeam bathymetry of the Sheba Ridge with shallow seismicity since 1973 (focal depth <50 km; magnitude >2; USGS/NEIC and Harvard
database; CMT Focal mechanism represented on PDE location. (b) structural interpretation of the segmentation of the ridge. Light grey area corresponds to
volcanoes, dark grey to nodal basins. NTF: non transform fault; TF: transform fault; seg.: segment.
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Figure 6. Structural map with magnetic anomalies cited in this study. Uncertain magnetic anomalies are indicated by crossed circles. On the offshore margins,
the structural interpretation is according to d’Acremont et al. 2005, and, on the onshore margins, Beydoun & Bichan (1969), Platel & Roger (1989), Platel
et al. (1992), Birse et al. (1997), Brannan et al. (1997), Lepvrier et al. (2002) and Bellahsen et al. (2006). AFTF: Alula-Fartak Transform Fault; STF: Socotra
Transform Fault; SHTF: Socotra-Hadbeen Transform Fault; and SHFZ: Socotra-Hadbeen Fracture Zone. The arrow indicates the suggested melting anomaly
(Leroy et al. 2009b).

east by the Socotra-Hadbeen Transform Fault (SHTF). The offset
between segments #3 and #4 is about 10 km.

The first segment (#1), bounded to the west by the deep AFTF, is
a 130-km-long spreading centre with a very shallow axis compared
with normal slow-spreading ridges. The neovolcanic zone, located
in the centre of the segment, is dominated by a 14-km diameter
seamount rising to 1000 m below sea level (BSL). Many other
small volcanoes are widespread on the flanks of the neovolcanic
zone. At the ridge extremities, the tectonic scarps bound a nodal
basin that is deeper and wider in the western part (4100 m BSL) than
in the eastern part (3300 m BSL). The 40-km-long eastern segments
(#2, #3 and #4) exhibit a more typical slow-spreading axial valley
(3200–3600 m BSL). The axes of these segments are significantly
deeper than the surrounding seafloor (∼400 m). The eastern nodal
basin of segment #2 cuts through the ridge crests of segment #3.
The significant seismic activity in this basin is not restricted to the

deeper nodal basin, but persists on the eastern ridge crests (Fig. 5).
The magnetic anomalies are strongly perturbed in this area (Fig. 3).
This basin overlaps onto the southern ridge crests of segment #3
(Figs 5 and 6).

The bathymetric and crustal thickness maps and the magnetic
anomalies reveal that the west and east domains are separated by a
wide V-shaped boundary (Fig. 6), which is characterized by min-
imum crustal values and disturbed magnetic anomalies, pointing
towards the SE (Figs 3, 4d and 7). The V-shaped trend defines
the eastern end of segments #1 and #2 from A5d to A4a, and
indicates an eastward propagation, increasing in length from 90
to 175 km (Fig. 6). This V-shaped boundary defines two pseudo-
fault zones. The broad inner pseudo-fault observed on the mag-
netic data corresponds to the zone of transferred lithosphere de-
fined by low-amplitude magnetic anomalies (Fig. 3; Briais et al.
2002).
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542 E. d’Acremont et al.

Figure 7. (A) Alula-Fartak Transform Fault: (a) crustal thickness map, with superimposed bathymetric contours (contour interval 500 m). Mag-
netic profile S is plotted along the ship’s track as a grey line. The shallow seismicity is plotted since 1973 (focal depth <50 km; magnitude
>2; USGS/NEIC and Harvard database; CMT Focal mechanisms represented on PDE location). (b) Cartoon based on bathymetric map illustrat-
ing the counter-clockwise change in spreading direction, which produces extension along the AFTF. A distensive component (open arrows) is al-
ready present at the onset of spreading direction change. A new spreading direction occurs immediately after the onset of plate motion change
(continuous arrows). Flexural transverse ridges are formed subsequent to the opening episode and the abandonment of transform fault traces.
(B) The Socotra and Socotra-Hadbeen Transforms and fracture zones: (a) crustal thickness map, with superimposed bathymetric contours (contour inter-
val 500 m). The shallow seismicity is plotted since 1973 (focal depth <50 km; magnitude >2; USGS/NEIC and Harvard database; CMT Focal mechanisms
represented on PDE location). (b) Cartoon based on bathymetric map illustrating the development of segmentation on the two transform faults. See Fig. 5 for
legend concerning magnetic anomalies.

Moreover, two additional V-shaped boundaries are observed on
the bathymetric map covering segment #1 (Figs 2 and 6). The
more pronounced inner pseudo-fault zone corresponds to a dis-
tinct N150◦E-trending topographic low at 2400 m BSL, which runs
up against the AFTF at 14◦N. The magnetic anomalies are perturbed

close to this basin (from A5 to A4a, Fig. 3). The RMBA and crustal
thickness maps reveal variations of thickness and/or density in the
crust or mantle. The two divergent V-shaped zones join in the mid-
dle of segment #1 close to A5, where the bathymetric and crustal
thickness maps indicate a topographic low and a thinner crust,
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respectively (Figs 4d and 6). The tips of the two conjugate pseudo-
faults define the eastern and western ends of segment #1 from A5 to
A4a, and indicate simultaneous and fast eastward–westward prop-
agation directions on this microplate.

5 T H E A LU L A - FA RTA K A N D
S O C O T R A - H A D B E E N F R A C T U R E S
Z O N E S

The mean directions of the strike-slip earthquake slip vectors along
the AFTF and STF are N025◦E ± 5◦ (DeMets et al. 1990; Tam-
sett & Searle 1990; DeMets et al. 1994; Fournier et al. 2001). The
AFTF running across the entrance of the Gulf of Aden is the longest
transform in this area (Fig. 1). The length of the AFTF, as defined
by the distance between the offset of the Aden and Sheba axes,
is about 180 km (Fig. 6; (Tamsett & Searle 1990). From east to
west, the AFTF transforms the Sheba ridge to the Aden ridge in the
vicinity of the southern continental margin at the ocean–continent
transition, dated at 20 Ma (d’Acremont et al. 2005; Fig. 2). The
thermal structure of the AFTF is strongly controlled or restricted
by the continental lithosphere on either side. The lithospheric age
contrast across the transform fault is 20 Ma at the ridge-transform
intersections. The width of the transform zone is variable along
strike, and ranges approximately from 10 km at the northern end
to 30 km at the southern end (Fig. 7a). The deepest sounding
in the transform valley (5350 m) occurs at around 14◦N latitude
(Fig. 7Ab). This part of the transform valley is notably asymmetric
in cross section, the eastern wall being considerably steeper than
the western wall (Fig. 7a; Tamsett & Searle 1990).

On the southeastern flank of the AFTF, a series of two ridges run
subparallel to the transform fault zone (Fig. 7a). These 70-km-long
parallel ridges (western and eastern) are flanked on the west along
all their length by two elongated troughs. In the central part of the
transform fault, the two elongated troughs join at around 14◦N lat-
itude (Fig. 7Ab). The 4000-m-deep inner basin of the Aden ridge
bounds the western trough farther south. The eastern ridge is more
prominent and shallower than the median ridge (1500 and 1900 m
BSL, respectively). The two linear ridges are oriented parallel to the
regional trend of the fracture zones, except for the southern part,
where the eastern ridge and trough become oblique to the strike
of the transform fault. These linear ridges rise above the surround-
ing seafloor and create anomalously shallow topography, and are
thought to be composed predominantly of serpentinized ultramafic
rocks (Bonatti 1978; Fox & Gallo 1984; Cannat 1993; Tucholke
& Lin 1994; Escartin & Cannat 1999). Vertical tectonic activity
could also be associated with the uprise of magmas following chan-
nelways produced by faulting (Menard & Atwater 1969). Gravity
results show that the flanking ridges actually correspond to differ-
ent crustal thicknesses (Fig. 7Aa): a mass excess with thin (or high
density) crust on the eastern ridge (6–8 km thick) and mass deficits
with thick (or low density) crust on the western ridge (13–15 km
thick). The slight crustal thickening beneath the eastern ridge may
be indicative of a high degree of serpentinization (Potts et al. 1986),
but the eastern flanking ridge is punctuated by small closed-contour
highs that are typically characteristic of volcanic structures. The up-
lift of the ridges could be explained by a flexure of the lithosphere
and regional isostatic compensation (Potts et al. 1986; Tamsett &
Searle 1990; Lonsdale 1994; Pockalny et al. 1996, 1997; Pockalny
1997).

Along the AFTF, the focal mechanisms indicate a present-day
dextral strike-slip motion along a N25◦E-trending vertical fault

plane (Fig. 7Aa). At the southern end of the AFTF, tectonic ac-
tivity is concentrated in the thin sediments of the western valley
rather than in the thick sediments of the eastern valley (Laughton &
Tramontini 1969; Cochran 1982; Tamsett & Searle 1990). Seismic-
ity in the AFTF provides evidence for present-day active faulting
located in the western valley (Fig. 7Aa). Oblique normal faults have
been identified on the western wall of the AFTF, where they are
interpreted as Riedel shears (Tamsett & Searle 1990).

The Socotra Fracture Zone is bounded to the north by a to-
pographic high trending ∼N115◦ associated with A5 (Figs 6 and
7Bb). The inner pseudo-fault, striking towards the SE, meets the
palaeo-ridge (A4a) near 54◦15′E and 15◦15′N (Figs 6 and 7). Ulti-
mately, the spreading ridge segmentation seems to be stable along
the STF trend from A4a to A1 (Figs 6 and 7). A 25 km-wide val-
ley defines the northern SHFZ. This valley, about 2900 m BSL, is
markedly asymmetrical, with a western wall considerably steeper
than the eastern wall (Fig. 7). The SHFZ seems continuous from
the present transform up to the edge of the conjugate continental
margins, except on the southern part of segment #3 where the ridge
crests are shifted eastward due to the penetrating deep nodal basin
(Fig. 7Bb). The SHFZ has two different directions: one parallel
to the regional trend of present-day extensional motion from A5c-
A5 to A1 (N025◦E), and another oblique to this strike (N030◦E)
observed on the northern edge flank (Fig. 7Bb).

6 S E G M E N T # 1 AT Y P I C A L O F A S L OW
S P R E A D I N G R I D G E

On segment #1 (western basin), there is a major morphological
contrast between the central part and its extremities (Figs 2, 5 and
6). The abyssal volcanic hills, located in the centre of segment #1,
have a relief of 3000 m and extend perpendicular to the active
ridge. In the central part, there are almost no fault scarps. The
segment extremities contain grabens parallel to the axial rift, which
are bounded by topographic highs. The major fault scarps tend to
propagate towards the centre of the segment while being curved.
Thus, the walls are narrower on each side of the axis. This basin has
a rougher seafloor fabric than the eastern basin, with many roughly
circular volcanic cones, typically 500–600 m in height (Figs 2 and
5). This volcanic area is more extensive on the southern than on
the northern flank. This shallow feature does not continue at depth,
as confirmed by the lack of buried volcanic seamounts to the north
(Fig. 8, profile E).

The bathymetric data fit very well with the gravimetric data in
terms of segmentation. Segment #1 is marked by a negative Resid-
ual Mantle Bouguer Anomaly (RMBA) elongated in the spread-
ing direction (SSW–NNE) (at the ridge axis �MBA = 50 mGal;
Figs 4c and 9). The segment extremities are correlated with positive
anomalies. The eastern segments are defined by negative RMBA of
lower amplitude. The most negative RMBA is not centred on the
ridge axis as usually observed at slow-spreading centres (Schouten
et al. 1985; Kuo & Forsyth 1988; Lin et al. 1990; Rommevaux et al.
1994; Detrick et al. 1995), but is located in the southern area at
latitude N13◦20′ (Figs 4c and 6). We can interpret these negative
residuals as due to a thickened crust or to lower densities in the crust
and mantle.

From the ocean–continent transition to the active ridge, the crust
inferred from gravity data is thinner in the eastern than in the western
domain (Fig. 8). Segment #1 has an average oceanic thickness of
about 8 km, while the crust of segments less affected by magmatic
activity (#2, #3 and #4) is 4–5 km thick. For the two distinct domains,
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Figure 8. Computed magnetic model, with across-axis depth and magnetic profiles L and E. Profile locations are shown in the inset map. Across-axis magnetic
anomalies profiles and profiles with bathymetry, depth to basement and Moho in km. Distances in km from the southwestern end-point of the profiles. The
thick grey vertical lines indicate the location of pseudo-faults. Numbers on depth profiles indicate density values; the numbers refer to magnetic anomalies
specified on the magnetic anomaly profiles.

there is a length and thickness asymmetry between the north and
south flanks, with a shorter and thinner north flank, extending from
A5 to the ocean–continent transition. The thickest crust on the
oceanic domain is located above the southernmost volcanic dome
of segment #1 (latitude N13◦20′; Fig. 4d).

From the onset of spreading until present, the melt supply to
segment #1 is anomalously high in comparison with the eastern
segments. The long-wavelength negative RMBA may reflect more
abundant magmatism than in the surrounding areas. In the volcanic
area, the magnetic anomalies are disturbed in the southern flank
along profiles K to P from A5c to A3a, consistent with the formation
of seamount chains far from the axis (Figs 3 and 6). No seismicity is
recorded. These results support the presence of an off-axis melting
anomaly or a focused magmatic source located south of the ridge at
latitude N13◦20’, which feeds the segment #1 ridge axis.

Thibaud et al. (1998) have determined relationships between
gravity anomalies, axial topographic and length variations by syn-
thesizing a large number of segments of the slow-spreading Mid-
Atlantic-Ridge (MAR). In Fig. 9, we summarize these data from

MAR, while also introducing the data from segments #1 and #2
of this study. The length of the MAR segments varies from 11 to
90 km, with an average around 50 km. �MBA varies from 3 to
45 mGal, with an average around 18 mGal. The axial depth re-
lief corresponds to the variations of depth between the centre of
the segment and an average depth between the two ends. It varies
from 100 to 1500 m. Thibaud et al. (1998) observed two main
types of segments: (1) the typical ‘colder’ slow-spreading MAR
segments display a rough axial morphology with a deep, wide and
well-defined rift valley, a low �MBA and a short length. (2) The
‘hotter’ segment is characterized by a smooth axial morphology, a
well-defined shallow inner valley, high �MBA and a greater length.
In our study, segment #2 is strongly correlated with ‘colder’ MAR
values: �MBA = 15 mGal, segment length = 40 km and varia-
tion in axial depth relief: �R = 400 m (Fig. 9). While segment #1
is closest to the “hotter” type signatures, it falls outside Thibaud
et al.’s data set: �MBA = 50 mGal, segment length = 130 km and
variation in axial depth relief: �R = 3000 m (Fig. 9). These charac-
teristics suggest that segment #1 is an end-member representative
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Figure 9. (a) MBA and bathymetric profiles along ridge axis in between
AFTF and SHTF. (b–d). Comparison between study area (segment #1 and
segment #2) and Mid-Atlantic Ridge (Thibaud et al. 1998): relationships
between �MBA, axial depth relief and segment length. Plots of segment
length versus (b) �MBA and (c) axial depth relief. Plot of axial depth relief
versus (d) �MBA.

of slow-spreading segments with ‘hotter-large-melt supply’ (Gente
et al. 2003).

7 D I S C U S S I O N : S PAT I A L A N D
T E M P O R A L E V O LU T I O N O F
T H E S E G M E N TAT I O N

7.1 Ridge jump and propagation

The melt supply to segment #1 is anomalously high in comparison
with the eastern segments (Figs 9b, c and d). This is corroborated by
its anomalously shallow axial depth, its anomalously high �MBA

and an unusual chain of seamounts aligned in the spreading direction
(SSW–NNE) and focused at 75-km east of the AFTF over the past
11 Ma. Compared with typical slow-spreading ridges, segment #1
exhibits features that are typical of ridge-hotspot interaction, with
unusually high values of segment length, axial depth relief and
�MBA (Fig. 9).

However, the abrupt contrast observed between the western and
eastern basin in the study area could be explained by rift-induced
secondary mantle convection driven by thicker western margin
lithosphere. This is the case in the Woodlark Basin, where such
a mechanism significantly affects the young ocean basin in a way,
which resembles increased spreading rate (Martinez et al. 1999). In
this part of the Gulf of Aden, however, both eastern and western
segments have similar tectonic history and degrees of stretching.
Moreover, similar features (elongated seamount chain and negative
RMBA) have been recorded across other accretion segments (such
as segment OH1, Mid-Atlantic Ridge), where they are interpreted
as a consequence of the cold edge effect of the Oceanographer frac-
ture zone (Hooft et al. 2000; Rabain et al. 2001). The steep mantle
isotherms due to the presence of the Oceanographer fracture zone
would lead to a focusing (concentration or enhancement) of melting
at the centre of the segment. Thus, the AFTF and the present-day
geometry of the nearby continental margins could have a similar
kind of edge effects on the segment #1 melt supply.

However, although the most negative gravity anomaly is usually
centred below the active ridge, in our case the most negative RMBA
of segment #1 is located on the southern flank at 13◦20′N latitude
(Fig. 4c). The magnetic anomalies are disturbed around the melting
anomaly (question marks on Fig. 3 and area located on Fig. 6).
The rheology of the oceanic lithosphere of this segment appears to
be modified by off-axis higher mantle temperatures, which caused
the abundant volcanism, thus resulting in a thick oceanic crust and
a lack of seismicity. From the gravity, magnetic and bathymetric
studies, we argue that the western segment displayed voluminous
melt supply since at least the A5 epoch. The most intense mag-
matic activity is located in the southern flank of the segment #1 at
13◦20′N latitude, where we suggest the presence of a local melting
anomaly. Opposite eastward and westward propagations originate
from this melting anomaly, and persist during the maximum pulse
of the corresponding magmatic activity (between A5 and A4a).
The magnetic data show a strong asymmetry between A5c and A5
(16–11 Ma), with the northern flank wider than the southern flank
(Figs 3 and 6). We can use the best-fitting synthetic magnetic pro-
file to explain this asymmetry, since the magnetic sequences provide
evidence for a ridge jump towards the south just before A5, with a
half spreading rate of 11 mm yr−1 (Fig. 3). Spreading asymmetries
are mainly caused by ridge propagation towards the mantle plume
or minor ridge jumps, sustained by asthenospheric flow leading
to voluminous dyke intrusion on the ridge flank proximal to the
hotspot (e.g. Müller et al. 1998). Global positioning system (GPS)
plate models indicate that Arabia is moving N40◦E at an average
rate of 22 mm yr−1 (Reilinger et al. 1997; McClusky et al. 2000;
Sella et al. 2002). Assuming that the positive topographic anomaly
and the negative residual anomaly mark the present location of the
melting anomaly at 13◦20′N latitude, the present-day distance from
the ridge to the thermal anomaly is 140 km (Fig. 6). After A5,
the half spreading rate appears symmetrical, and no ridge jump is
recorded (Fig. 3). Mittelstaedt et al. (2008) showed that ridge jumps
could only occur in young and slow moving lithosphere. The Sheba
ridge is migrating away from the 13◦20′N melting anomaly while
maintaining a connecting flow to the active ridge, as observed in the
Galapagos/Cocos Ridge (Morgan 1978; Schilling et al. 1982; Ito
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et al. 1997), the Reunion/Central Indian Ridge (Morgan 1978) and
the Ascension/South Atlantic Ridge (Hanan et al. 1985; Schilling
et al. 1985). Thus, the most plausible model appears to be a recent
local melting anomaly enhanced by the edge effect of the AFTF and
the close continental margins.

The oceanic crust close to the conjugate margins is thicker in the
western than in the eastern domain. Hence, the two oceanic domains
have remained distinct since the initiation of the ocean–continent
transition. In the ocean–continent transition of the eastern domain,
gravity models indicate highly thinned crust, while the seismic and
magnetic data suggest the predominance of tectonic rather than
magmatic processes. Moreover, the presence of non-oceanic mag-
netic anomalies could indicate a crust made up of exhumed ser-
pentinized mantle (d’Acremont et al. 2006). The influence of the
melting anomaly began to be felt after the continental breakup, as
the margins show no evidence of excessive rifting-stage volcan-
ism (d’Acremont et al. 2005; Autin et al. 2009; Lucazeau et al.
2009), and appears to have mainly occurred after A5, since thicker
oceanic crust was formed at that time. Moreover, recent deep ther-
mal anomaly is observed below the margins (Lucazeau et al. 2008;
Basuzau et al. 2009). In addition, geophysical observations and
whole-rock analyses carried out between the Afar plume and the
study area support the existence of recent magmatic activity and a
low velocity anomaly as far as longitude 54◦E (Leroy et al. 2009b).
Given the possible effect of the young oceanic basin configuration
and structure on plume material distribution, Leroy et al. (2009b)
propose a channelized flow model of plume-ridge interaction along
the Aden and Sheba ridges, in relation to the Afar plume. Accord-
ing to this interpretation, the influence of the plume may extend
eastward up to the Encens-Sheba area.

7.2 The Alula-Fartak and Socotra-Hadbeen transform
faults: plate readjustment

Offsets on the continental shelf of Somalia and Yemen indicate that
the AFTF and the SHTF shift the conjugate continental margins
(Fig. 1). Onshore and offshore structural studies show that the AFTF
and SHTF formed during the emplacement of the ocean–continent
transition just after the rifting episode (d’Acremont et al. 2006;
Taylor et al. 2009). Multibeam and gravity coverage reveals the
complex structure of the AFFZ and SHFZ (Fig. 7).

The AFTF is not characterized by a single narrow transform val-
ley, but by two subparallel 180-km long troughs, 10 km wide on
average, joining the two offset segments of the Sheba and Aden
ridges (Fig. 7). To explain both the width and the structural pat-
tern of the transform fault zone, we propose that a mid-transform
spreading axis is initiating at mid-length of the AFTF, at 14◦N lat-
itude, where the two troughs join (Fig. 7Ab). The magnetic profile
S, running across the AFTF, indicates two symmetric peaks around
a low centred at 14◦N (Fig. 7Aa). This low could be interpreted as
the signature of the new ridge axis (Fig. 7Aa). 3-D finite element
simulations with realistic brittle rheology show that the lithosphere
generates a region of enhanced mantle upwelling and elevated tem-
peratures along the transform (Behn et al. 2007). The highest tem-
peratures and thinnest lithosphere are predicted to be near the centre
of the transform, where we propose the creation of a new ridge axis.

The active motion on the southern mid-length sector of the trans-
form fault is concentrated within the narrow deep western trough.
In the northern mid-length sector, an extensional relay zone shifts
the transform fault on the steep eastern wall. On the eastern flank of
the steep northern wall, the crustal thickness map indicates an elon-
gated mass deficit with thick (or low density) crust; as seen on the

southern–western flank, this feature marks the present-day active
transform boundary (Fig. 7Aa). The strike of the two active fault
zones trends approximately N25◦, while the old fracture zones have
a N30◦ trend (Fig. 7Ab). These observations are compatible with
the classical opening change hypothesized by Menard & Atwater
(1969), who propose that the mid-transform axis is developed in a
transform valley widened by oblique slip. The oblique suspended
valley, located west of the eastern ridge, is probably the expression
of a fracture zone following the trace of the old transform offset.

Near the Oman shelf, the 25 km-width SHFZ also implies an
extensional episode (Fig. 7Bb). These observations are in general
agreement with those of Tamsett & Searle (1990) in the AFTF, and
are comparable with the Tamayo and Siqueiros Transform Faults
(Kastens et al. 1979; Pockalny et al. 1997). The counter-clockwise
rotation results in a ‘leaky’ transform fault and the intrusion of a
large and continuous transform ridge.

The structure of the AFTF and SHFZ could be attributed to ex-
tension resulting from a change in kinematic regime. Transform
fault zones may migrate in time and space, and this migration can
be accommodated by the development of strike-slip tectonics, (e.g.
compressional and/or extensional relay zones, secondary structures,
etc.). In the course of time, this may create a tectonized transform
zone varying both in width and structural style along strike (Gallo
et al. 1986). The spreading direction has recently rotated counter-
clockwise, from N30◦ to N025◦ (Fig. 7Ab). The initiation of sig-
nificant extension across the transform faults creates wide basins
trending N025◦.

This opening of the transforms was probably initiated recently
in response to a regional readjustment of plate velocities and direc-
tions: (1) an increase in the rate of opening of the East-African Rift,
3.5 Ma ago (Girdler et al. 1969; Tamsett & Searle 1990; Eagles et al.
2002; Calais et al. 2003). (2) opening of the Red Sea, with onset of
seafloor spreading in the southern Red Sea at 4 Ma (e.g. Cochran
1983) and seafloor spreading jumps to the west of the Danakil mi-
croplate (Barberi & Varet 1977; Oppenheimer & Francis 1998). (3)
The absolute motion of the African Plate changed between 8 and
4 Ma (Pollitz 1991). (4) Kinematic reorganization occurred in the
Indian Ocean 8 Ma (Merkouriev & DeMets 2006), leading to a
change in configuration of the Arabia–India–Africa triple junction
(Fournier et al. 2007).

7.3 Evolution of segmentation

Table 1 reports the finite rotation parameters used in this study. To
investigate the evolution of the segmentation of the Sheba Ridge, we
interpret the magnetic anomalies and crustal thicknesses observed
on both flanks of the spreading centre. Fig. 10 shows the palaeo-
positions of the residual topography and the crustal thickness at A5c
(16 Ma), A5 (11 Ma), A4a (9 Ma) and A3a (6 Ma).

From A5d: The segmentation of the initial oceanic spreading
centre, which is dated at least at 17.6 Ma by A5d, is related to the
structural geometry of the margins. The development of segmen-
tation is very rapid following the continental breakup. After the

Table 1. Arabia-Somalia Finite Rotations used in Fig. 10.

Anomaly numbers Age Latitude Longitude w

(Ma) (◦N) (◦E) (◦)

3a 5.890 22.9 27.4 2.56
4a 8.699 22.9 27.4 3.96
5 10.949 23.5 27.4 4.81
5c 16.014 24.46 27.41 7.31
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Figure 10. Development of segmentation in the oceanic basin of the eastern Gulf of Aden from 16 to 6 Ma (A5c to A3a). (a) from A5c to A5. (b) from A4a
to A3a. Top panel: Residual bathymetry (subsidence with age corrected). Middle panel: Map of crustal thickness. Bottom panel: Schematic evolution of ridge
segmentation. Red and pink zones indicate volcanic areas. Black solid arrows show the plate motion, white arrows show the distensive component.

initiation of seafloor spreading, thicker crust and voluminous vol-
canic products are present east of the AFTF in segment #1, whereas
thinner crust and reduced volcanic activity are suggested in dis-
continuities associated with the smaller offsets of segments #2, 3
and 4 (Figs 4d and 8). A large propagator is active from A5d to
A4a (Figs 10a and b). There is evidence of a V-shaped pseudo-fault
geometry, typical of spreading centre propagation, which delimits
the abnormally thick oceanic crust around segment #1. The west-
ern segment #1 propagates eastwards, thus reducing the size of the
central segment, which subsequently disappears. The propagating
ridge curves into the offset and defines an overlap zone about 20 km
long.

From A5: Around 11 Ma, the melting anomaly leads to a south-
ward ridge jump. This southern anomaly at 13◦20′N suggests local
differences in thermal state, which control a rapid propagation east-
ward and westward away from the centre of the palaeo-spreading
segment #1.

From A4a: The propagators are inferred to have ceased after A4a
(9 Ma), when the magmatism appears less intense and focused,
associated with a change in the boundary conditions beginning at
about 8 Ma (Pollitz 1991; Merkouriev & DeMets 2006; Fournier
et al. 2007). From this time onward, a transform fault bounds the
western limit of the segment #3 (STF), and a third segment (#2)
is created. Finally, a component of opening across the AFTF and
SHFZ is initiated at around 9–6 Ma (Fig. 7).

The propagation of ridge segments, along with the development
of transient segments, produces rift jumps towards the plume and, as
a result, a large offset of the transform faults. This mechanism has
already been observed in other cases of interaction between plumes
and migrating mid-ocean ridges (e.g. Schilling 1991).

8 C O N C LU S I O N S

A melt pulse causes rift propagation and a rift jump shortly after
the onset of seafloor spreading. We propose that a melting anomaly
developed at latitude 13◦20′N, leading to a ridge jump just before
A5. Moreover, recent tectonic changes (around 9–6 Ma) caused the
formation of transform faults and produced the pull-apart basins of
AFTF and SHFZ.

The geophysical data show that the contrasts in depth and tex-
ture between the basins had been initiated by at least A5. These
contrasts persist throughout the subsequent spreading history, ac-
cording to the geometry of the major eastward propagator. However,
differences are observed in the magmatic signatures following the
continental breakup, with more intense activity occurring in the
western compared with the eastern basin. The melt supply reached
a climax at around 11 Ma (A5).

The traces of discontinuities, as well as the magnetic anoma-
lies and the pattern of crustal thickness variations calculated from
gravity data, suggest that the ocean–continent transition and the
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Figure 10 (Continued.)

initial oceanic spreading segments are related to the structure of
the conjugate margins. From the onset (17.6 Ma), the segmentation
evolved through time with an eastward propagation of segment #1
and a ridge jump. Both of these phenomena result from the enhanced
and focused magmatic activity related to the melting anomaly and
the edge effect of the AFTF and the nearby continental margins.
At 11 Ma, the spreading asymmetry between A5c and A5 shows a
ridge jump towards the southern melting anomaly, associated with
the propagation of palaeo-segment #1. From 9 Ma, in relation to
an overall kinematic change, and the decreased influence of the
local melting anomaly on the ridge, the ridges ceased propagat-
ing. This is followed by the appearance of the STF and segment
#2. The geological consequences of a recent kinematic change in-
volve a counter-clockwise rotation of the stress field, a change in
the trend of the AFFZ and SHFZ, and their opening according to
a WNW–ESE direction. We propose that a new oceanic spreading

centre is being created through the AFTF, between the Aden ridge
and the Sheba ridge.

The timing of magmatic and tectonic activity is not coordinated
between adjacent spreading segments in close proximity. The west-
ern and eastern parts of the studied basin exhibit contrasting styles
of seafloor spreading. The present-day active axis of segment #1
is an atypical ridge interpreted as an end-member representative of
slow-spreading segments with ‘hotter-large-melt supply’.
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