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Abstract :

Deep seismic data represent a key to understand the geometry and mechanism of continental rifting.
The passive continental margin of NW-Africa is one of the oldest on earth, formed during the Upper
Triassic—Lower Liassic rifting of the central Atlantic Ocean over 200 Ma. We present new and existing
wide-angle and reflection seismic data from four study regions along the margin located in the south
offshore DAKHLA, on the central continental margin offshore Safi, in the northern Moroccan salt basin,
and in the Gulf of Cadiz.

The thickness of unthinned continental crust decreases from 36 km in the North to about 27 km in the
South. Crustal thinning takes place over a region of 150 km in the north and only 70 km in the south.
The North Moroccan Basin is underlain by highly thinned continental crust of only 6-8 km thickness. The
ocean-continent transition zone shows a variable width between 40 and 70 km and is characterised by
seismic velocities in between those of typical oceanic and thinned continental crust. The neighbouring
oceanic crust is characterised by a thickness of 7-8 km along the complete margin. Relatively high
velocities of up to 7.5 km/s have been imaged between magnetic anomalies S1 and M25, and are
probably related to changes in the spreading velocities at the time of the Kimmeridgian/Tithonian plate
reorganisation.
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Volcanic activity seems to be mostly confined to the region next to the Canary Islands, and is thus not
related to the initial opening of the ocean, which was associated to only weak volcanism. Comparison
with the conjugate margin off Nova Scotia shows comparable continental crustal structures, but 2-3 km
thinner oceanic crust on the American side than on the African margin.

Highlights

» This compilation deep seismic data from the NW African margin reveals variations of the crustal
thickness and structure along the margin. » The continent-ocean transition zone is broader in the North
and narrowing in the South » Continental crust thins from 37 km to only 28 from North to South »
Comparison to the conjugate NE American margin gives insight into early stages of continental break-
up and accretion of early oceanic crust.

Keywords : Moroccan continental margin, wide-angle seismic, passive margins, deep structure, plate
reconstruction



1 Introduction

The Moroccan margin formed during initial rifting of the Atlantic is one of the oldest passive
margins in the world. Its deep structure is still less well know than that of its conjugate, the Nova
Scotian Margin (Funck et al., 2004 ; Keen and Potter, 1995a, Luheshi et al., 2012). During rifting
three major salt basins were formed along the margin. After rifting and the onset of sea floor
spreading, the convergence between the African and Eurasian plates leading to the buildup of the
Atlas mountain system in Eocene times was recorded in the structure of the margin (Dewey et al.,
1989, Rosenbaum et al., 2002). Volcanism due to the presence of the Canary and Cape Verde mantle
plumes affected the margin inducing the buildup of numerous volcanic islands (Carracedo et al.,
1998, Hoernle and Schmincke, 1993).

The NW African margin is a key to understand rifting of magma-poor margins. It allows studying
the mechanisms of opening by mapping the extent of continental and oceanic domains and the
presence of exhumed upper mantle or volcanic underplate in the ocean-continent transition zone.
Consequently, the deep structure of this margin was subject to numerous geophysical and geological
studies during the last 30 years (Hinz et al., 1982; LeRoy et al., 1997; Roeser, 1982; Contrucci et
al., 2004; Klingelhoefer et al., 2009; Biari et al., 2015) (Figure 1). Lately hydrocarbon exploration
activity increased along this margin, with exploration wells drilled on the shelf (Tari et al., 2012,
Jabour et al., 2007). This activity also triggered interest in searching for analogue plays in the
conjugate margin off Nova Scotia, Canada (Luheshi et al., 2012).

In this paper we will present and compare existing and new deep seismic data sets from the NW
African margin (Figure 1) along with a review of existing work regarding magnetic anomalies
constraining the opening of the Atlantic, plate kinematic reconstructions and proposed mechanisms
of opening. A comparison with the conjugate margin will be presented in the last chapter.

1.1 Opening of the central Atlantic ocean

The Moroccan margin formed during initial rifting of the Atlantic in upper Trias or lower Lias
times. Although today timing of the opening of the oceanic basin is well known from mapping of
the magnetic anomalies, the pre-rifting phase is still mostly unknown (LeRoy, 1997 ; LeRoy et al.,
1997).

1.1.1 Magnetic anomalies identified along the margin

In the central Atlantic between the Mid-Atlantic Ridge and Africa, about 1100 km of linear
magnetic anomalies are observed of the Cenozoic/Upper Cretaceous sequence 1-34 (Cande and
Kent, 1995). Bordering these is a 600 km wide region with only weak and irregular anomalies
created during the Cretaceous magnetic quiet time. Farther towards the continents 300-km-wide
strip with linear anomalies consists of the Mesozoic anomalies M0-M25 (Kent and Gradstein,
1986). Bordering these anomalies is a 400-km-wide zone of smooth magnetic anomalies, which was
created during the Jurassic Magnetic Quiet Time (Heezen et al., 1953; Roeser, 1982).

A prominent magnetic anomaly called slope anomaly (S1) or West African Coast Magnetic
Anomaly (WACMA) is situated near the continental slope at the western end of a province of salt
diapirs and is thought to mark the ocean-continent transition at its oceanward side (Roeser, 1982)



(Figure 2). This high amplitude magnetic anomaly can be traced along the west African margin. It
represents the conjugate to the East Coast Magnetic Anomaly (ECMA) at the north American
margin, which analogously is also proposed to mark the ocean-continent transition at its oceanward
side (Hinz et al., 1982; Roeser, 1982; Roeser et al., 2002 ; Sahabi et al., 2004).

At the African margin, the anomaly has a lower amplitude but similar shape and is parallel to its
north American conjugate (Sahabi et al., 2004, based on the map of: Verhoef et al., 1996). It can be
traced from the northern Moroccan salt basin down to Senegal in the south. Only one segment at its
northern tip to which no conjugate at the Canadian margin exists, the northern Moroccan salt basin
(Roeser et al., 2002). In the south of the Moroccan margin the WACMA is situated closer to the
continent than in the north and is characterised by a higher amplitude than in the north.

The conjugate East Coast Magnetic Anomaly (ECMA) is a strong and continuous magnetic
anomaly, extending from Georgia to Nova Scotia, (Drake et al., 1959; Keller et al., 1954) varying in
character along the margin. Off Nova Scotia, this anomaly weakens progressively to the north until
its disappearance in the northeastern segment of the Nova-Scotia margin (Dehler, 2012; Funck et
al., 2004). South of the Atlantis Fracture zone (38° N) a magnetic anomaly called Blake Spur
Magnetic Anomaly (BSMA\) is located about 220 km oceanwards of the ECMA and is paralleling it
(Mogt, 1973).

1.1.2 Timing/Plate reconstructions

Based on comparison of the shorelines and the fauna on the African and South American continents
Alfred Wegener proposed, that these continents once formed a single landmass (Wegener, 1912). In
later work in order to improve the simple shoreline fit of the North American and African continent
the edge of the continent or “hinge line” was used (Bullard et al., 1965). Later reconstructions used
seafloor magnetic anomalies and aspects of regional geology as well as intraplate deformation in
order to improve the reconstructions of the north and central Atlantic (Pitman and Talwani, 1972;
Olivet, 1978; Olivet 1984).

A comprehensive study of magnetic lineations and bathymetric patterns allowed determination of a
set of finite-difference poles to describe the kinematic history of the opening of the central Atlantic
(Klitgord and Schouten, 1986). A ridge jump at the Blake Spur Magnetic Anomaly (BSMA)
originally proposed by Vogt (1973) and a major plate reorganisation of the spreading in late
Bathonian time resulted in the creation of a new spreading system characterized by smaller

(<100 km) transform offsets. An alternative explanation to the ridge jump is, that the WACMA
anomaly represents the conjugate of the BSMA and the conjugate anomaly to the ECMA is found
further inland on the Moroccan margin side (Roest et al., 1992).

The onset of sea floor spreading and the formation of the first oceanic crust remains uncertain and
may have been as late as 175 Ma (Klitgord and Schouten, 1986). However, a more recent study
based on the correlation of magnetic anomalies, salt distribution and seismic data from both
margins (Sahabi et al., 2004) proposed the oldest oceanic crust to be of Sinemurian times (195 Ma),
20 My older than that of previously published work (Klitgord and Schouten, 1986).

On the basis of asymmetries of the magnetic anomalies at the Moroccan side Schettino and Turco



(2009) propose a new reconstruction taking into account an independent movement of the Meseta
block and the accommodation of the shortening due to the Atlas orogeny. Their fit includes a ridge
jump at the time of the BSMA, which leaves part of the originally Moroccan oceanic plate at the
Canadian side.

Instead of invoking a ridge jump the asymmetry between the width of the western part of the central
Atlantic Ocean and the eastern part can be explained by asymmetric accretion of ocean crust from
the start of rifting up to M22 anomaly (Labails et al., 2010). The authors propose the existence of an
anomaly conjugate to the BSMA at the African margin. The proposed initial opening direction
implies a significant oblique plate motion and a slower spreading rate than determined in previous
studies.

1.1.3 Process of opening and influence on the resulting deep structure

One of the first models of initial opening of this margin is based on the interpretation of two wide-
angle seismic profiles offshore Morocco and Mauritania (Weigel et al., 1982). The authors propose
that prior to the initial rifting leading to separation of the American and African continent an
upwelling zone of mantle material extends several thousands of km in the direction of the rift.
Seismic velocities between 7.1-7.3 km/s detected on both profiles on a several hundredth of km
wide region paralleling the coast are proposed to result from frozen former plume head (Weigel et
al., 1982).

The comparison of wide-angle seismic models SMART 1 (Funck et al., 2004) from the Canadian
and SISMAR 4 (Contrucci et al., 2004) from the African continental margin and especially the fact
that the basin on the African margin is underlain by continental crust lead to the interpretation that
break-up occurred along a lithospheric detachment fault, leaving a higher amount of upper crustal
material at the African and lower crustal material on the Canadian margin (Maillard et al., 2006).
The opening is proposed to be accompanied by minor volcanism on the African side and the
exhumation of upper mantle material along its conjugate. The authors propose that the volcanic
products were guided by the detachment fault and produced the S1 magnetic anomaly (Figure 3).

This interpretation was extended along the margin using industrial reflection seismic data (Tari and
Molnar, 2005) (Figure 4). Based on kinematic reconstruction using syn-rift structures across the
Central Atlantic identified in the seismic sections, the authors propose that the Moroccan margin is
divided into an upper plate margin in the north and a lower plate margin in the south (Figure 4). The
authors propose that the Tafelney accommodation zone separates the lower and upper plate
segments (Tari and Molnar, 2005).

Remodelling of the SISMAR 4 wide-angle seismic profile using tomographic approaches and
comparison to the existing OETR 2009 profile (Luheshi et al., 2012) located on the Canadian
continental margin indicates that rifting took place in a more symmetric initial phase including a rift
jump which separated a part of the Canadian thinned continental crust from the margin leaving it at
the African margin at the location of the SISMAR 4 profile (Sibuet et al., 2012, Sibuet et al., 2010)
(Figure 5). This phase ended with the exhumation of upper mantle material on both margin sides. It
was followed by a major westward ridge jump at the time of creation of the ECMA anomaly, which



as a consequence placed the complete region of serpentinised upper mantle zone on the Canadian
margin (Sibuet et al., 2012; Sibuet et al., 2011).

1.2 Segmentation of the NW-African Margin

Different segmentation geometries for the Moroccan margin have been proposed taking into
account the width of the shelf region, the distribution of salt diapirs, the rifting morpholgy, the
characteristics of the magnetic anomalies ECMA and WACMA, the magmatic activity and the deep
crustal structure. This chapter presents the segmentation of the Moroccan margin from previously
published papers based on reflection lines (Hinz et al., 1982 — 5 segments) and on the amount of
volcanic products (Louden et al., 2013 — 3 segments). It then proposes a new segmentation based
the interpretation of magnetic anomalies and the distribution of salt basins along the margin.

Based on reflection seismic profiles along the continental margin from three oceanographic cruises
five distinct segments were defined along the Moroccan margin from South to North: The North
Tarfaya segment (28°-30°N) sloping smoothly seaward, the Tafelney Plateau (30.0°-31.5°N), a
large marginal plateau of about 3500 km?, the Essaouira segment (31.5°-33.0°N), distinguished by
an irregular seafloor relief, the Mazagan Plateau (33.0°-33.6°N) off the Morrocan Meseta and the
Pre-Rif segment (33.6°-35.0°N), characterised by a larger continental slope than in the south (Hinz
et al., 1982) (Figure 2B). This study did not extend further south than 28.0°N.

Major along strike variations in rifting styles were proposed based on the SMART wide-angle
seismic profiles, the SISMAR 4 profile and additional industrial reflection seismic profiles (Louden
et al., 2013). The southernmost boundary located at the southern limit of the Moroccan Salt Basin
represents a change from magma rich to magma poor opening (Figure 6). The second transition
located at the Tafelney Plateau represents further reduction of volcanism, the creation of highly
tectonised oceanic crust and the exhumation of upper mantle material. The authors propose that this
transition marks a major change in rifting asymmetry and separates the margins into two
fundamentally distinct segments.

In this work we distinguish four segments along the Atlantic continental margin based on analysis
of the magnetic anomalies and the distribution of the salt basins along the margin. They correspond
to the three segments defined in earlier work (Louden et al., 2013) with the addition of one segment
in the Gulf of Cadiz. The southern segment between 20° and 29°N (Figure 2B) in which the
WACMA is strong and located close to the coastline. On the conjugate margin ECMA is strong and
the BSMA is located seaward of the margin. In the central segment between 29° and 35° N, the
BSMA cannot be identified on the conjugate Canadian margin. The northernmost segment is the
North African salt basin. It is characterised by an increase in distance between the WACMA and the
coastline. The last region of this study is the Gulf of Cadiz, originating from highly oblique rifting
and seafloor spreading along the Africa—Eurasia plate boundary during an episode of oblique
seafloor spreading and thus belonging to the western extremity of a Tethyan oceanic domain (Frizon
de Lamotte et al., 2011; Sallares et al., 2011; Schettino and Turco, 2011; Stampfli and Borel, 2002;
Stampfli et al., 2002)



2 Review on the crustal architecture

2.1 The southern segment (20°-29°N)

The first wide-angle seismic data along the NW-African margin were acquired onboard R/V Meteor
(Goldflam et al., 1980; Weigel et al., 1982). Between the continental slope and the Canary Islands
an up to 7 km thick sedimentary basin is imaged (Goldflam et al., 1980; Weigel et al., 1982). The
underlying layer of 5.1 km/s is interpreted to either consist of older sediments or represent an
unusually smooth oceanic basement. A deeper refractor of 7.1-7.2 km/s is proposed to be cooled and
contracted mantle material, which will gradually increase to normal mantle velocities thereby not
producing a 8.00 km/s arrival (Weigel et al., 1982) or alternatively as a high-grade metamorphic
equivalent of the gabbroic oceanic layer 3. However, these velocities correspond to serpentinised
mantle material, a fact unknown at that time. Based on this analysis the authors propose that the
crust in this region is not typical oceanic crust even if the 5.1 km/s layer might consist of pillow
lavas (Weigel et al., 1982). Typical oceanic crust was imaged west of the M25 magnetic anomaly
(Goldflam et al., 1980).

During the DAKHLA cruise four wide-angle and deep reflection seismic profiles were acquired on
the southern Moroccan margin (Figures 7 and 8). Two profiles perpendicular to the margin were
extended on land using seismic stations and Vibroseis signals. One of these profiles was designed to
reach from unthinned continental crust across the first magnetic anomaly M25. In this region the
WACMA is located close to the continent, indicating abrupt crustal thinning (Figure 8).

Modelling of the combined reflection and wide-angle seismic data allowed imaging the deep
structure of the continental margin. Here, the unthinned continental crust has a thickness of 27 km
thickness, and is composed of two layers 12 and 15 km thick (Figure 9) (Klingelhoefer et al., 2009).
A 60-km-wide zone of crustal thinning and slightly elevated lower crustal velocities is imaged
landward of the S1 magnetic anomaly. The origin of the elevated seismic velocities is proposed to
result from intrusions into the lower crustal layer, as there is no double reflection which is observed
for a separate underplate layer (Klingelhoefer et al., 2009). On top of the crust in this region is a
shallow-water Jurassic—Early Cretaceous (Berriasian), carbonate platform (Labails and Olivet,
2009). Further oceanward a zone of crust of unknown composition beneath an up to 10 km thick
sedimentary basin is modelled. Its basement is characterized by a blocky character. It is interpreted
to be composed of a thin oceanic crust containing high amounts of serpentinite related to very slow
spreading between 195 and 165 Ma. Labails and Olivet (2009) propose the existence of a magnetic
anomaly conjugate to the BSMA in this region.

West of this zone, a region of oceanic-type crust displaying relatively high velocities in the lower
crust (7.00-7.40 km/s) as compared to normal Atlantic oceanic lower crustal velocities (6.69+0.26
White et al., 1992) is modelled. Here the crust is characterised by a smooth basement and a slightly
higher than normal thickness. Large faults that cross-cutting the entire crust are imaged by the
coincident reflection seismic data (Labails and Olivet, 2009). West of magnetic anomaly M25 the
oceanic crust is characterised by rough basement typical for oceanic crust created at slow spreading
ridges and seismic velocities and crustal thickness characteristic of Atlantic-type oceanic crust
(White et al., 1992).



2.2 The central segment (29°-35°N)

This segment is marked by the ongoing collision between the African and Eurasian plates leading
on land to the buildup of the Atlas system. The region is also affected by the Canary Island hotspot
that has been active for the last 60 Ma (Carracedo et al., 1998). Sedimentary layers in this region
reflect these active processes and are marked by a high number of faults often reaching up to the
surface.

One of the earliest geophysical cruises on this segment of the margin was carried out during the
Conrad 2405 and 2406 cruises (Holik et al., 1991) during which 50 sonobuoy reflection and wide-
angle-seismic profiles were acquired (Figures 10 and 11). Detailed analysis of the extensive data set
allowed imaging a basement bulge in the study area, and the presence of volcanic products in the
sedimentary column associated with a region of high lower crustal velocities. The authors propose
that the volcanism that was introduced by the passage of the Canary Island hotspot between 60 and
30 Ma led to the deposition of volcanic ash layers and a high velocity volcanic residue underplate at
the base of the crust, thereby thickening it and creating an up-warping of the basement.

In the same region off Safi and exactly conjugate to an existing wide-angle seismic profile on the
Canadian margin, the SMART 1 profile (Funck et al., 2004), seven combined wide-angle and
reflection seismic profiles were acquired during the MIRROR (2011) cruise using 25 ocean bottom
seismometers and 15 land seismic stations (Figure 12) (Biari et al., 2015). The land stations image
unthinned continental crust of 36 km thickness which is divided into three distinct layers of 15, 12
and 9 km thickness (Figure 13 A). Thinning of the continental crust occurs from 36 to 15 km over
distances less than 90 km.

West of the WACMA, slightly elevated lower crustal velocities in the oceanic domain were
measured, which the authors interpret as atypical oceanic crust (or proto-oceanic crust). Further
oceanward the crust is characterized by a thickness of about 8 km slightly higher than the crustal
thickness of Atlantic-type oceanic crust and was modelled including high velocities at the base of
the crust (Biari et al., 2015). The authors propose that these relatively high velocities (> 7.2 km/s)
might be related to the existence of small pockets of serpentinite in the lower crust, rather than
presenting exhumed and serpentinised upper mantle material. The seafloor is gently domed and the
sedimentary layers show folding and minor thrust faulting suggestive of basin inversion and
compression. No evidence for widespread magmatism such as sills and seaward dipping reflectors
were identified, however, volcanic activity related to the Canary Island Hotspot, is imaged on multi-
channel seismic (MCS) profiles south of the study region.

2.3 The North African salt basin (35°N)

Between 32° and 35° N the WACMA is located up to 150 km from the coast forming the north
Moroccan salt basin. This basin has been subject of several reflection and wide-angle seismic
surveys (Hinz et al., 1982; Maillard et al., 2006, Contrucci et al., 2004, Bartolome et al., 2005).
One of the first cruises on this segment were the BGR Meteor-53 and Meteor-67 cruises (Hinz et
al., 1982). The authors describe a 75-100 km wide basin containing salt diapirs and where
sediments overlying the salt diapirs are deformed due to the influence of salt tectonics (Hinz et al.,
1982).



Wide-angle data from 14 OBS and 14 land stations off El Jadida acquired during the SISMAR
cruise spanning the complete basin image in detail the transition from a 35-km-thick unthinned
continental crust on the Moroccan platform to a 7 km-thick oceanic crust over a distance of over
150 km (Figure 16). The unthinned continental crust is comprised of three layers of seismic
velocities between 5.2-6.4, 6.6-6.8 and 6.8—7.0 km s—1, respectively. Four tilted fault blocks of
continental crust comprise the continental slope, where the crust thins from 25 to 15 km (Figure
16A). At the base of the continental slope sedimentary thicknesses reach 4—6 km, including a 2-km-
thick basal layer with a velocity of 4.0— 4.5 km. Three uppermost sedimentary layers are deformed
by salt diapirs in the basin. A region of thinned crust approximately 50 km wide marks the transition
from continental crust to normal oceanic crust, but this domain does not exhibit high P-wave
velocities higher than 7.0 which would typically be associated with serpentinized upper mantle.
Normal oceanic crust in the northwestern most 100 km of the model of profile 4 is 7 km thick,
consistent with estimated spreading rates of 2 cm yr—1 or higher (Holik et al., 1991; Roeser et al.,
2002). Upper mantle velocities are 8.00-8.20 km/s, excluding a high degree of mantle
serpentinisation underneath the thin continental crust of the basin (Jaffal et al., 2009).

Remodelling of the SISMAR data set using tomographic approaches allowed to reinterprete
velocity gradients and relocate the continent-ocean transition zone (Dehler et al., 2012; Sibuet et al.,
2012). Together with the interpretation of industrial magnetic data the authors conclude, that the
WACMA might be located about 15 km closer to the coast at the position of the SISMAR 04
profile, thereby leaving space to accommodate a sliver of originally Canadian plate at the western
extremity of the basin (Sibuet et al., 2012).

Landward dipping reflectors identified in the reflection seismic sections were interpreted to be
volcanic products and proposed to be associated to a lithospheric detachment fault originating from
the opening of the ocean and separation of the North American from the African plate (Maillard et
al., 2006).

2.4 The Gulf of Cadiz

The Northern Moroccan margin opened in a geodynamic setting differing from the Atlantic passive
margin, by highly oblique rifting between the Iberian and African plates (Frizon de Lamotte, 2011)
(Figure 17A). This rifting led to the creation of a small oceanic basin in the Gulf of Cadiz. The
existence of an east-dipping subduction which migrated to its current position by the process of
“slab roll-back” from a position much further east, thereby causing back-arc extension in the
overriding plate was proposed to explain the existense of a dense lithospheric body in the Alboran
Sea as well as rapid uplift of basement rocks in the same region during the Miocene (Gutscher et
al., 2002; Gutscher et al., 2012; Lonergan and White, 1997) (Figure 17 B). The authors propose that
this narrow subduction zone is still active, on the basis of apparent offsets observed in sediments at
the seafloor imaged by MCS profiles (Figure 18). The presence of a STEP (Subduction-Transform
Edge Propagator) fault behind this subduction first proposed by Govers and Wortel (2005) might
have led to the observed paleomagnetic rotations on either side of the Gibraltar arc. These type of
rotations are typically associated to of STEP faults. Structures originating from the passage of the
fault can be traced eastward up to the continental margin off westernmost Algeria (Badji et al.,



2014).

The SISMAR 13 profile has a length of 320 km is located on the North African Margin and reached
onto the Gulf of Cadiz basin (Figure 19) (Tiébot, 2005). Recent remodelling of the data set using
the same methodology and only slight modifications resulted in a velocity model imaging the
continent-ocean transition zone, although the determination of the crustal thickness in the basin
itself was not possible based on the SISMAR data alone. However, using existing MCS data from
the GC1 profile (Figure 18) and seismic velocities calculated to the east, as well as gravity
modelling, allows us to constrain basement and Moho depth at the crossing between the two
profiles (Tiébot, 2005). The continental crust, well constrained by the high quality landstation data
is about 38 km in thickness and thins to 12 km thickness at model distance of -80 km. Extraction of
velocity-depth profiles underneath the basement and comparison to values from compilations of
thinned continental crust (Christensen and Mooney, 1995) imply, that the crust along this segment is
of thinned continental origin. The neighbouring large crustal block is less well resolved (-140 to -80
km model distance), but has similar velocities and crustal velocity gradients as the thinned
continental crust and is therefore probably of the same origin. No crustal refractions were observed
between the up to 15-km-thick sedimentary sequence. Based on gravity modelling and crossing
MCS data the crustal thickness here is between 8-10 km and probably of oceanic nature. On the
crossing GCO1 line the basement located at 9s TWT is flat and shows no blocks as would be
expected for continental crust.

The Nearest-P2 wide-angle seismic profile allowed to define the crustal structure offshore SW
Portugal and in the central Gulf of Cadiz (Sallares et al., 2011) (Figure 18). The resulting
tomographic model images a 30 km thick continental crust beneath the Algarve coast, which thins
towards the south, over a horizontal distance of 50 km, down to a thickness < 7 km. Here the crust
shows a uniform thickness and a well-developed crust-mantle boundary, as well as seismic
velocities and velocity gradients typical of oceanic crust (Sallares et al., 2011).

3 Discussion

The data from the SISMAR, DAKHLA and MIRROR surveys were acquired using nearly identical
instruments and interpreted following the same methodology, which resulted in highly comparable
velocity models, which allow imaging crustal structure variations along the complete margin. Direct
comparison of the three final velocity models for the main transects allow us to constrain variations
in the deep structure and the nature of the crustal layers (Figure 20).

All three transects were acquired combined with multi-channel seismic (MCS) profiles. The MCS
data were processed including spherical divergence correction, frequency wavenumber filtering,
bandpass filtering, internal mute and dynamic corrections and stacking. The last processing step
included applying an automatic gain control and a Kirchoff time migration.

Comparison of the associated reflection seismic data reveals differences in the basement character
in the continent ocean transition zone as well as differences in the sedimentary layering. The
sedimentary basin imaged along the SISMAR 04 transect is underlain by continental crust, which is
characterised by tilted fault blocks and numerous other faults (Figure 21). Here, the sedimentary
layers are highly disturbed by salt tectonics. In comparison, the existence of salt domes along line
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MIRROR 01 is confined to a more narrow zone along the margin, with typical rough oceanic
basement located directly at the margin foot. In the South along the DAKHLA N profile no salt
domes are imaged, but instead a carbonate platform is located close to the coast (Figure 21).

3.1 Continental domain : structure of the unthinned crust/width of zone of crustal
thinning

A comparison of the three wide-angle seismic profiles DAKHLA N, MI-01, and SISMAR 4 shows,

that unthinned continental crustal thickness is about 7 km higher in the north. While three distinct

layers have been identified in the northern profiles, only two layers were modelled on the southern

profiles. The zone of continental crustal thinning is about 100 km in the south and central segments

and up to 180 km wide in the profile SISMAR 4 where it forms a wide basin.

The crustal thickness variations found in these surveys is in good agreement with values from land
seismic surveys (Figure 22). A crustal thickness of 40 km underneath the High Atlas was found by a
deep seismic experiment using onshore and offshore dynamite explosions (Makris et al., 1985). The
crustal thickness was found to decrease to 20 km in the offshore. A crustal thickness of 36 km close
to the profile MI-01 increasing towards the Atlas Belt to up to 45 km were calculated from receiver
function using teleseismic earthquakes (Spieker et al., 2014). Towards the south the crustal
thickness decreases to 27 km at the Souss Basin.

A high amplitude sub-moho reflector has been imaged in the zone of continental crustal tinning
offshore Agadir and Safi (Makris et al., 1985, Biari et al., 2015) at a depth of 75-80 and 80-85 km
respectively. It therefore corresponds roughly to the depth of the lithosphere-asthenosphere
boundary (LAB) proposed from geoid and thermal analysis (Fullea et al., 2010). This unusually
shallow depth of the LAB is proposed to result from mantle partial melting beneath the Canary
volcanic Islands (Makris et al., 1985) and might therefore have modified the crustal structure in the
region of the Tafelney Plateau and the High Atlas (Benabdellouahed et al., submitted). Flow of
mantle material from the Canary hotspot into a sub-continental lithospheric corridor underneath the
Atlas into the Western Mediterranean region was proposed based on geochemical analysis of
volcanic products of lavas from the Canary Islands and from the Middle Atlas to the Western
Mediterranean region (Duggen ef al., 2009).

3.2 The ocean-continent transition zone

On passive volcanic margins the thinned continental and oceanic crust are separated by an ocean-
continent transition zone (OCT). In this region often the seismic velocities of the crustal layers is in
between those of continental and those of oceanic crust. While on magma-poor margins velocities
between 7.4 and 7.8 km/s are commonly interpreted as serpentinised mantle material, exhumed
during breakup (Dean et al., 2000; Funck et al., 2004; Van Avendonk et al., 2006), similar velocities
measured on volcanic margins are proposed to be volcanic residues from volcanism underplating or
intruding the crust (Mjelde et al., 2009; Bauer et al., 2000) or sill intrusions into the lower crust
(White et al., 2008).

Along the NW African margin the ocean-continent transition zone is between 30 and 50 km wide
and separates highly thinned continental crust from crust originating from oceanic accretion.
Velocity-depth profiles extracted in the transition zone show relatively low velocity gradients,
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which would be in favour of an interpretation as thinned continental crust, but also velocities close
to normal oceanic crust of compilations for Atlantic type crust (White et al., 1992), indicating an
oceanic origin. Zones of exhumed upper mantle as imaged along the Iberian Abyssal Plain (Dean et
al., 2000), the passive continental margin off Canada (Funck et al., 2004, Van Avendonk et al.,
2006) show lower upper basement velocities including a higher gradient, and thinner crustal
thickness than the Atlantic margin off Morocco. In the study region no zone of igneous underplating
has been identified at the OCT. Some elevated lower crustal velocities were interpreted as resulting
from igneous intrusions during rifting.

3.3  Oceanic crust : thickness, composition, basement topography

The spreading velocity is related to the lower crustal velocity through various processes, such as
mantle upwelling leading to differences in melt supply or the incorporation of upper mantle material
into the crust at low spreading rates. The first process predicts that the composition and following
also the velocity structure of igneous crust produced is influenced by the temperature and upwelling
rate of the mantle, which constrains the degree of adiabatic decompression and the volume of melt
(Korenaga et al., 2002, Kelemen and Holbrook, 1995, Leinweber et al., 2013). At low spreading
rates, gabbros which appear to make up most of the lower oceanic crust at spreading rates higher
than 10 mm yr—1 half rate, may be retained deeper in the mantle lithosphere (Lizarralde et al.
2004). The very thin oceanic crust formed at ultraslow spreading centres might therefore consist of
a thin volcanic layer on top of serpentinized mantle rocks (Minshull et al. 1998; Jokat & Schmidt-
Aursch, 2007; Jokat et al. 2012), resulting in elevated seismic velocities of the lower crust.

Spreading rates in the central Atlantic were generally low at the onset of accretion, with 0.8 or 0.5
cm/yr half spreading (Labails et al., 2010; Schettino and Turco, 2009; Roeser et al., 2002)). Higher
velocities are proposed to have existed between M25 and M22 in the late Jurassic probably caused
by a major plate reorganisation (Labails et al., 2010). These decreased to 1.3 cm/yr at M22 and kept
constant up to MO. Variation in the basement roughness observed on reflection seismic profiles are
probably due to variations in the spreading velocity (Ranero and Banda, 1997). The region was later
on affected by volcanism due to the Canary Islands and Cape Verde Islands hotspots. Basement has
formed bulges possibly due to the hotspot influence (Holik et al., 1991; Duggen et al., 2009; Patriat
and Labails, 2006; Neumaier et al., 2015).

A zone of high lower crustal velocities is located between the WACMA and M25 magnetic
anomalies, in the oldest oceanic crust. It was originally identified based on sonobuoy data (Holik et
al., 1991) and later identified in the DAKHLA and MIRROR data sets. It has been proposed to
consist of volcanic underplate associated with the passage of the Canary Island Hotspot (Holik et
al., 1991). The location of this zone of high lower crustal velocities between WACMA and M25
south of the Canary Islands led to the proposition, that it might rather be connected to very slow
spreading at the onset of seafloor spreading or to a more mafic composition due to slightly elevated
mantle temperatures during accretion (Klingelhoefer et al., 2009). MCS data from DAKHLA
Profile N show a smooth basement and numerous dipping reflectors in the region of high lower
crustal velocities (7.00 — 7.40 km/s), which change to a more rough more typical oceanic crust at
the location of Tropical Seamount at the position of M25.
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A basement bulge is located west of the region of high lower crustal velocities and smooth
basement and spans N-S from the Canary to Cape Verde Islands. The bulge does not parallel
seafloor isochrons, and might thus indicate a relation between both hotspots (Patriat and Labails,
2006). The detailed analysis of existing reflection seismic profiles also led to the proposition that
smooth seafloor is restricted to the vicinity of volcanic edifices, such as the Saharan Seamounts and
Tropical seamount (Figure 7).

A similar zone of unusual smooth seafloor was detected on multi-channel seismic data west of the
Canary Islands between anomaly M25 and M16 (Ranero and Banda, 1997). The transition to rough
basement is gradual and the fabric is proposed to be related to the spreading velocity at the time of
creation of the seafloor. High spreading velocities lead to the generation of smoother seafloor
(Menard, 1967; Malinverno, 1991). One region south west of the Canary Islands is supposed to
have been affected by the passage of the Cape Verde Hotspot, however, this hypothesis was based
on early plate kinematic reconstructions (Morgan, 1983) whereas modern reconstructions do not
place the hotspot track of the Cape Verde islands in this region (eg. Mueller et al., 1993).

3.4  Volcanism : volcanism associated with the Canary Hot Spot and to the initial
opening
Among the volcanic products identified along the NE African margin are volcanic layers dipping
landward along the SISMAR 10 profile (Maillard et al., 2006) proposed to result from initial
opening of the Atlantic and to be the source of the S1 magnetic anomaly and volcanic ash layers
imaged in MCS data from the Conrad cruise and proposed to be associated to the passage of the
Canary Island Hotspot in the region (Holik et al., 1991). A variety of volcanic seamounts and
islands are located in the vincinity of the Canary Islands and between the Canary and Cape Verde
islands (eg. Ye et al., 1999; Patriat and Labails, 2006) (Figure 25A).

A weak series of seaward dipping reflectors in the uppermost part of the basement and underneath
the S1 magnetic anomaly and probably representing lava flows were identified in seismic data along
the Moroccan margin (Roeser et al., 1992, Maillard et al., 2006) They might be the origin of the S1
magnetic anomaly (Roeser et al., 1992). Seaward of S1 is a 70-km-wide strip of horizontal
reflectors that become landward dipping to the west in the uppermost part of the basement; it
parallels S1 over a distance of 200 km and may indicate excessive magma supply within the first 2
m.y. of seafloor spreading (Roeser et al., 1992) (Figure 25B).

Originally, the Canary Islands were interpreted as having been generated by a broad mantle
upwelling under a slow moving or stable plate resulting in spatial and temporal more diffuse
volcanic activity and a large number of seamounts and islands distributed over a wide region
(Schmincke, 1982). A volcanic ash layer was identified along the trail of the Canary Island hotspot
trail (Holik et al., 1991) (Figure 25C). Also, both the Canary Islands and the Moroccan margin show
a low elastic thickness of the lithosphere (Watts, 1994), which can be explained by the influence of
a mantle hotspot since the slow absolute African plate motions has allowed sufficient time for heat
transfer in the region from the asthenosphere to the lithosphere and thereby causing thermal
weakening (Watts, 1994). However, today, the origin of the Canary Islands is still disputed, as the
islands themselves are not located on a topographic swell as usually found for hotspots (Lustrino
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and Wilson, 2007 and references therein). On the basis of geochemical data it has been proposed
that hot material from the Canary mantle plume travels along a subcontinental lithospheric corridor
to the western Mediterranean, thereby leaving a trail of intraplate volcanism (Duggen et al. 2009).
An alternative hypothesis for the origin of this flow based on analogue models is that a part of the
Canary Hotspot was captured by the Gibraltar subduction zone by slab rollback induced toroidal
mantle flow (Mériaux et al., 2015).

3.5 Comparison to the conjugate North American margin

The margin conjugate to the NW African margin is the North American margin, that is characterised
by a transition from typical volcanic margin in the south (U.S. East Coast) (Holbrook and Kelemen,
1993) to non-volcanic continental margin in the North (Newfoundland et Labrador) (Funck et al.,
2004). In the south a thick layer of underplate has been image by wide-angle seismic profiles
(Holbrook and Kelemen, 1993). In reflection seismic profiles SDR of a volume of up to 3.2x10°
km? have been identified (Holbrook and Kelemen, 1993 ; Oh et al., 1995).

Towards the north in the Baltimore Basin, a multi-channel seismic profile combined with 6
expanding spread profiles (ESP) were acquired during the LASE cruise (Diebold et al., 1988)
located as a conjugate to the DAKHLA study region (Figures 26 and 27). Although data quality is
not as high as on modern wide-angle seismic surveys, the deep structure shows some similarities.
The continental crust thins on both margins along a short distance of around 100 km. In the
sedimentary basin of the American margin, some layers of high seismic velocities have been
imaged and interpreted as a carbonate bank (Diebold et al., 1988) as has been proposed for the
DAKHLA region. The deep structure of the margin on the African side differs from the conjugate
Baltimore Canyon margin, as the Moho rise, which is generally located directly underneath the
region where the increase of basement depth is highest, is offset about 50 km towards the ocean.
This asymmetrical structural morphology is proposed to be due to regional tectonic inheritance
(Labails and Olivet, 2009) or to thickening of the lower crust through intrusions (Klingelhoefer et
al., 2009). Similar to the DAKHLA Profile N the neighbouring oceanic crust is characterised by
high lower crustal velocities (7.2-7.4 km/s), as compared to normal oceanic crust. The crust in this
region is interpreted to be oceanic in origin, about 10 km thick and thinning to 7 km further
oceanward similar to typical oceanic crust (White et al., 1992). The structure of the oceanic crust in
the west of the sedimentary basin is very similar to the oceanic crust imaged in the east of the
sedimentary basin off DAKHLA, including high velocities at the base and a relatively smooth
basement. The LASE profile does not reach normal oceanic crust, which is imaged west of the M25
magnetic anomaly in the DAKHLA study region.

Further north offshore Nova Scotia, the character of the margin changes to a less volcanic style.
Here, the amplitude of the ECMA decreases and is not identifiable further north-east. The three
SMART wide-angle seismic profiles are located in this region. Whereas the MIRROR profiles are
conjugate to the SMART 1 profile (Figure 28), the SISMAR profiles are located in the northern
Moroccan salt basin which has no conjugate on the North American margin.

Comparison of the SMART 1 profile with the exact conjugate MIRROR 01 profile, shows that the
crustal geometry of the unthinned continental crust is very similar, with a thickness of about 35 km
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divided into three layers. Geometry of crustal thinning is equally similar to a thickness of about

10 km. While on the African Margin oceanic crust neighbours continental crust of about 10-12 km
thickness, on the American Margin crustal the continental crust is thinned to as little as 2 to 4 km
thickness. In this region the very thin continental crust is underlain by serpentinised upper mantle
material. Probably water descending in fractures through this thin crust is responsible for the
serpentinisation. Further oceanward along the SMART 1 profile a region of exhumed upper mantle
has been imaged. It is proposed to result from initial rifting. No such region could be imaged along
the MIRROR profiles. Although, high velocities in the lower crust are also imaged in the MIRROR
data set, the existence of strong reflections from the base of the crust in the MIRROR data set seem
to indicate that these are due to inclusion of serpentinite pockets into proto-oceanic crust rather than
exhumed upper mantle, which would give rise to no or only weak reflections at its base.

The thickness of the initial oceanic crust is higher on the African side (8 km) than on the Canadian
side (< 3 km) and velocities of the oceanic crust are lower on the Candian than on the African side.
Both observations could be explained by asymmetric accretion at the onset of oceanic spreading.
During asymmetric accretion of oceanic crust (e.g., Escartin et al., 2008), the hanging wall (African
side) is influenced by the neo-volcanic zone producing a typical layered oceanic crust, while the
footwall (Canadian side) consists mainly of exhumed serpentinite with intruded gabbros. Further
on, the African line shows an intra-crustal reflector at about 1s TWT below basement. This could be
interpreted as the oceanic boundary between layer 2 and layer 3. This reflector cannot be seen on
the Canadian profile — this fact can also be explained by asymmetric oceanic accretion with
eastward dipping detachments. A high degree of serpentinization can explain the upper crustal
velocities in the range of 4.5 to 5.0 km/s as reported for line SMART-1. Cannat et al. (2006) have
shown that such asymmetric processes can be stable for several tens of millions of years.

A second explanation might be that oceanic crust along the African margin has undergone
modifications at a later stage. While sediments are undisturbed on the Canadian margin, they show
intense faulting on the African side, where faults penetrate the complete sedimentary section up to
the seafloor (Figure 29). This faulting might be related to uplift of the basement, which has been
proposed to result from thermal anomalies related to the Canary Island Hotspot (Holik et al., 1991;
Duggen et al., 2009). So one alternative explanation of the difference in oceanic crustal thickness
could be that the oceanic crust sampled along the MIRROR profiles was later modified and
thickened by melt extracted from the Canary Hotspot (Holik et al., 1991).

Anyhow, these explanations remain speculative, since a ridge jump at BSMA time cannot be ruled
out. In this case the conjugate oceanic crust to profile MIRROR-01 would lie eastward of the area
covered by line SMART-1.

4 Conclusions

This compilation of new and existing data sets from the Moroccan passive continental margin
reveals major along-strike variations in its deep structure. The unthinned continental crust in the
Gulf of Cadiz region and along the northern Moroccan margin has a thickness varying between 35
and 37 km. It thins toward the south to only 27 km offshore DAKHLA. In the south crustal thinning
takes place in a narrow zone of 90 km with the upper crust thinning closer to the continent than the
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lower crust, probably due to depth-dependent stretching and the presence of the Precambrian
Reguibat Ridge on land (Klingelhoefer et al., 2009). The North Moroccan Basin is underlain by
highly thinned continental crust of only 6-8 km thickness up to the position of the WACMA
magnetic anomaly (Contrucci et al., 2004). Correspondingly the width of the zone of crustal
thinning is wider in the north narrowing to the south. This difference indicates that rifting and initial
opening of the oceanic basin has not followed identical mechanisms from north to south.

The ocean-continent transition zone shows a variable width between 40 and 70 km. Comparison of
the seismic velocities in this zone with those of thinned continental crust, exhumed upper mantle
and typical oceanic velocities indicates that rocks in this zone are probably of a mixed origin
between continental and oceanic rocks. Some elevated velocities are proposed to be associated to
pockets of serpentinite or volcanic intrusions. No underplate bodies directly associated to the initial
break-up have been imaged along this part of the continental margin. The oceanic crust west of the
OCT is characterised by a thickness of 7-8 km along the complete margin, with high velocities of
up to 7.5 km/s between magnetic anomalies S1 and M25, which are associated to a flat basement
reflector in the south of the study region. The elevated velocities at the base of the crust in this
region are proposed to be related to from inclusions of serpentinite intro proto-oceanic crust during
the onset of spreading. The change to more typical oceanic crust at magnetic anomaly M25 is
probably related to changes in the spreading velocities at the time of the Kimmeridgian/Tithonian
plate reorganisation (Labails et al., 2010).

Different types of volcanic products have been imaged along the margin, including ash layers,
volcanic seamounts with assciated dikes and sills, and seaward dipping reflectors (Holik et al.,
1992; Roeser et al., 2002). While the former are confined to the region next to the Canary Islands,
and is thus not related to the initial opening of the oceanic, some SDRs are proposed to be the origin
of the S1 magnetic anomaly. However, the SDRs are underdeveloped and are not a predominant
feature present continuously along the complete margin which was associated to only weak
volcanism (Contrucci et al., 2004; Klingelhoefer et al., 2009, Biari et al., 2015).

The conjugate passive margin of Nova Scotia is characterised by a decrease of the amount of
volcanism associated to the original break-up from the south to the north. The amplitude of the East
Coast Magnetic anomaly decreases and vanishes at the latitude of 44°N. Comparison of both
margins shows a similar continental crustal thickness and structure, however 3-4 km thinner oceanic
crust on the American side than on the African margin (Funck et al., 2004; Biari et al., 2015). A
zone of interpreted very thin continental crust underlain by serpentinised upper mantle present on
the Canadian margin is not imaged along the NW African margin. The higher thickness might also
result from volcanic underplateing due to the presence of the Canary hotspot in the region between
60 to 30 Ma.

Among the remaining open questions along the NW African margin is the question of the origin of
the S1 or WACMA magnetic anomaly. No magmatic underplate and only few SDRs have been
imaged in the region of the anomaly (Roeser et al., 2002; Biari et al., 2015). Detailed cartography
of the magnetic anomalies might confirm the proposed existence of a magnetic anomaly conjugate
to the Blake Spur anomaly (Labails and Olivet, 2010). The existence of such an anomaly might
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decide discussions about the proposed ridge jump at the BSMA time (Klitgord and Schouten, 1986).

Further work along this margin might allow to fill existing gaps in the seismic coverage between the
Canary Islands and the continental margin. New data would permit to better constrain the thinning
of the continental crust from north to south. They could also be used to verify the existence of a
flow of mantle material from the Canaries underneath the Atlas and thereby answer questions about
the origin of the high isostatically uncompensated topography of the mountain range.

Lastly, more work is required to identify the exact nature of the rocks of the ocean-continent
transition zone along both conjugate margins. This would require the acquisition of more seismic
data in the OCT but final answers can only come from drilling.
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Figure 1: Seafloor bathymetry and topography from the ETOPO data set (US Department of
commerce). Location of the wide-angle seismic profiles acquired during the SISMAR, DAKHLA
and MIRROR cruises. The WACMA magnetic anomaly which marks the initial opening of the
ocean is shown by orange and red outlines depending on their amplitude, with red representing
the higher amplitudes.

Figure 2: (A) Free-air gravity anomaly of the central Atlantic from satellite measurements.
Magnetic anomalies ECMA, BSMA and WACMA are shown in orange and red. Location of wide-
angle seismic surveys used in this study are marked by bold blacklines and fracture zones by thin
black lines.Frame shows location of blow-up. (B) Gravity anomaly of the central Atlantic from
satellite measurements.Blue lines show margin segments from Hinz et al., 1982 and yellow lines
segment boundaries used in this study. AFZ = Atlantis Fracture Zone, GC = Gulf of Cadiz, SB =
North African Salt Basin (Bonvalot et al., 2012). Segments from earlier work are annotated by
blue lines numbered 1-5 (Hinz et al., 1982)

Figure 3: 2D-Model of the conjugate margins of Morocco and Nova Scotia at a pre-rupture stage
(based on the SISMAR and SMART 1 profiles see location on Fig. 2). The margin structure is
based on seismic reflection and refraction data from the SISMAR and Smart cruises. Note the
asymmetry of the margins at the continent-ocean boundary (COB). Black squares are
homologous points along the large detachment fault, whose latest active part were landward
dipping reflectors (LDR). (from Maillard et al., 2006).

Figure 4: Late Triassic syn-rift reconstruction of the Moroccan and Nova Scotian margins. The fault
bounded basement high of the Tafelney Plateau is interpreted to be a high relief accomodation
zone separating major fault domains with different polarity of normal faulting (from Tary and
Molnar, 2005). In the yellow area the American margin corresponds to the upper plate margin
and in the orange area to the lower plate margin. HRAZ : High relief accomodation zone

Figure 5: Sketch showing the two eastward rift—ridge jumps at 190 Ma explaining the presence of
salt features westward of WACMA, and the eastward shift at 177 Ma explaining the absence of
serpentinized peridotite on the Moroccan side, respectively (from Sibuet et al., 2012). ECMA :
East Coast Magnetic Anomaly, WACMA: West African Magnetic Anomaly, BSMA: Blake Spur
Magnetic Anomaly; IB: Iberia, NA: North America.

Figure 6: Variation of volcanism along the Nova Scotia—Morocco conjugates: (a) the
conceptualized crustal structure across the NE segment; (b) the crustal structure across the
central segment; and (c) the crustal structure across the SW segment. COB: continent ocean
boundary, FB: faulted blocks, SDR: Seaward dipping reflector (From Louden et al., 2012).

Figure 7: Seafloor bathymetry and topography from the ETOPO data set (US Department of
commerce). Position of wide-angle and reflection seismic profiles in the southern segment. Black
lines represent reflection seismic profiles of the DAKHLA cruise, blue lines reflection seismic
profiles from BGR cruises, blue triangles and inverted triangles are positions of sonobuoys from
existing compilations (R/V Atlantis 11 cruises 67 and 75 : URL http://www.geomapapp.org ;
Weigel et al., 1982). Yellow lines mark segment limits and orange shaded polygones the position
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of the WACMA.

Figure 8: Magnetic anomaly of the DAKHLA cruise study region shown together with bathymetric
contours from satellite altimetry and location of the seismic profiles (black lines) (Maus et al.,
2009; Sandwell and Smith, 1997). Ocean bottom instrument locations are marked by circles and
landstation locations by inverted triangles (Klingelhoefer et al., 2009).

Figure 9: (A)-(D) Final velocity models for the all four profiles from the DAKHLA cruise including
the model boundaries used during inversion (solid lines) and isovelocity contours every 0.25
km/s. Ocean bottom seismometers (OBS) locations are indicated by red circles and landstation
locations by red inverted triangles. Vertical exaggeration 1:4. (E) Location map of the seven
wide-angle seismic profiles of the DAKHLA cruise. Orange square marks unthinned continental
crustal domain, yellow square domain of crustal thinning, violet square the ocean-continent
transition zone and green square the oceanic domain.

Figure 10: Seafloor bathymetry and topography from the ETOPO data set (US Department of
commerce). Position of wide-angle and reflection seismic profiles in the central segment. Black
lines represent reflection seismic profiles of the MIRROR cruise, blue lines reflection seismic
profiles from BGR cruises, blue triangles and inverted triangles are positions of sonobuoys from
existing compilations (R/V Atlantis 11 cruises 67 and 75 : URL http://www.geomapapp.org ;
Holik et al., 1991). Yellow lines mark segment limits and orange shaded regions the position of
the WACMA. Grey polygon marks the Tafelney Plateau.

Figure 11:Lower crustal velocities in the central segment from sonobuoy and OBS deployments
(Holik et al., 1991; Biari et al., 2015). For the sonobuy data this velocity corresponds to the
constant layer velocity and for the OBS data to the mean velocity of the lower crustal layer.
Background contoured bathymetry from satellite altimetry (Smith and Sandwell, 1997). Positions
of sonobuoys are marked by inverted triangles (Holik et al., 1991) and OBS (Biari et al., 2015)
by black circles. Blue lines mark position of multi-channel seismic (MCS) profiles, red line the
extent of the basement bulge from Holik et al. (1991) and red dots the position over time of the
Canary Island Hotspot (Carracedo et al., 1998).

Figure 12: Magnetic anomaly of the MIRROR cruise study region with bathymetric contours from
satellite altymetry overlain and location of the seismic profiles (black lines) (Maus et al., 2009;
Sandwell and Smith, 1997). Location of ocean bottom instruments and landstations are marked
by circles and triangles, respectively.

Figure 13: (A)-(G) Final velocity models for the profiles of the MIRROR survey including the layer
boundaries used during modelling (solid lines) and isovelocity contours every 0.25 km/s. OBS
locations are indicated by red circles and landstation locations by red inverted triangles. Vertical
exaggeration 1:4. (H) Location map of the seven wide-angle seismic profiles of the MIRROR
cruise (after Biari et al., 2015). Orange square marks unthinned continental crustal domain,
yellow square domain of crustal thinning, violet square the ocean-continent transition zone and
green square the oceanic domain.

Figure 14: Seafloor bathymetry and topography from the ETOPO data set (US Department of
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commerce). Position of wide-angle and reflection seismic profiles in this segment. Black lines
represent reflection seismic profiles of the SISMAR cruise, blue lines reflection seismic profiles
from BGR cruises, blue triangles and inverted triangles are positions of sonobuoys from existing
compilations (R/V Atlantis Il cruises 67 and 75 : URL http://www.geomapapp.org ; Weigel et al.,
1982). Yellow lines mark segment limits, red shaded regions the location of salt diapirs (Sahabi
et al., 2004) and orange shaded regions the position of the WACMA.

Figure 15: Magnetic anomaly of the DAKHLA cruise study region with bathymetric contours from
satellite altimetry overlain (Maus et al., 2009; Sandwell and Smith, 1997) and location of the
seismic profiles (black lines). Ocean bottom instrument locations are marked by circles and
landstation locations by inverted triangles. Dashed redlines outline the extend of theWACMA.

Figure 16: (A)-(D) Final velocity models for the all four profiles of the SISMAR cruise including the
model boundaries used during inversion (solid lines) and isovelocity contours every 0.25 km/s.
OBS locations are indicated by red circles and landstation locations by red inverted triangles.
Vertical ex. 1:4. Orange square marks unthinned continental crustal domain, yellow square
domain of crustal thinning, violet square the ocean-continent transition zone and green square
the oceanic domain. (E) Location map of the 4 wide-angle seismic profiles of the SISMAR cruise.
Orange polygones mark the extend of the WACMA.

Figure 17: (A) Detailed reconstruction showing segmentation of the western Tethyan oceanic
lithosphere formed at an oblique spreading center (from Frizon de Lamotte et al., 2011). (B) 3-D
block diagram of the lithospheric structure of the Iberia—Maghreb region, with shaded hill relief
at the surface. The primary plate and block boundaries, expressed by crustal seismicity and the
GPS velocity field are shown as a thick dashed lines, the active Rif-Betic front as filled red teeth
and the deformation front of the accretionary wedge by green teeth. The asymmetric shape of the
oceanic slab at depth is imaged by seismic tomography (from Gutscher et al., 2012) .

Figure 18: Seafloor bathymetry and topography from the ETOPO data set (US Department of
commerce). Position of wide-angle and reflection seismic profiles in the Gulf of Cadiz. Black
lines represent reflection seismic profiles of the SISMAR N cruise, blue lines reflection seismic
profiles from BGR cruises, blue triangles and inverted triangles are positions of sonobuoys (R/V
Atlantis Il cruises 67 and 75 : URL http://www.geomapapp.org ; Weigel et al., 1982).White
broken line marks the extent of the deformation front of the accretionary wedge.

Figure 19: (A) Magnetic anomaly along profile SISMAR 13 (B) Final velocity model for profile
SISMAR Nord including the model boundaries used during inversion (solid lines) and isovelocity
contours every 0.25 km/s. OBS locations are indicated by red circles and landstation locations
by red inverted triangles. Areas unconstrained by raytracing modelling are shaded. Orange
square marks unthinned continental crustal domain, yellow square domain of crustal thinning,
violet square the ocean-continent transition zone and green square the oceanic domain. (C)
Mean velocity-depth profile in the green shaded area. Red line represents mean vz-profile from
the green shaded region, Grey outline represents typical oceanic crust (White et al., 1992) and
grey line velocities of thinned continental crust (Christensen and Mooney, 1995) (D) Mean
velocity-depth profile in the violet shaded area (E) Mean velocity-depth profile in the yellow
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shaded area (F) Mean velocity-depth profile in the orange shaded area.

Figure 20: (A) Wide-angle seismic model of profile SISMAR 4 (B) Wide-angle seismic model of
profile MIRROR 01 (C) Wide-angle seismic model of profile DAKHLA Nord (D) Location map of
the wide-angle seismic profiles.

Figure 21: (A) Wide-angle seismic model of profile SISMAR 4 (B) Wide-angle seismic model of
profile MIRROR 01 (C) Wide-angle seismic model of profile DAKHLA Nord (D) Location map of
the wide-angle seismic profiles.

Figure 22: Location map of the existing land surveys. Red dots mark landstation from Spieker et al.
(2014) and blue line wide-angle seismic profiles from Markris et al. (1985). WACMA is marked by
orange and red outlines and Tafelney plateau by grey outlines. Position of the MIRROR profiles are
represented by black lines and landstations by black inverted triangles. Red dots mark the position
over time of the Canary Island Hotspot (Carracedo et al., 1998).

Figure 23: Velocity-depth profiles underneath the basement in the OCT. Red line — MIRROR, Green
line — SISMAR, Blue line — DAKHLA. Grey lines — thinned continental crust from Christensen and
Mooney 1995; blue underlay :oceanic crust from White et al. 1992, yellow underlay exhumed and
serpentinised upper mantle in the OCT from Dean et al., 2000 and Van Avendonk et al., 2006.

Figure 24: Magnetic anomaly in the study region (Maus et al., 2009). WACMA is marked by red
transparent area, M25 and MO by red lines. High velocity zones of Holik et al., 1991 and
Klingelhoefer et al., 2010 are marked by orange transparent region. Basement bulge of Patriat et
al., 2006 by blue broken line and zone of smooth basement by blue line. Zone of smooth basement
from Ranero and Banda 1997 is shown by grey transparent area. Seismic lines are marked by black
lines.

Figure 25: Examples of volcanic products identified in the study region. (A) Seamounts in the
region of the postulated Canary Island hotspot track (Carracedo et al.,1998), with adjacent high-
amplitude reflections which may represent magmatic sills. (B) Seaward and landward dipping
reflections located on the S1 magnetic anomaly (Roeser et al., 2002). (C) Volcanic ash layer on
basement high proposed to result from the passage of the Canary Island Hotspot (Holik et al.,
1991). (D) Location map of the seismic profiles shown in (A) — (C). Red dots mark the position over
time of the Canary Island Hotspot (Carracedo et al., 1998).

Figure 26: Plate kinematic reconstruction of the central Atlantic at M25 (156.5 Ma) after Sahabi et
al., 2004. Wide angle seismic profiles are marked by red lines and magnetic anomalies ECMA,
WACMA and BSMA by orange and red outlines.

Figure 27: (A) Wide-angle seismic model of profile SISMAR 4 (Contrucci et al., 2004) (B) Wide-
angle seismic model of profile Smart 1 (Funck et al., 2004) (C) Wide-angle seismic model of profile
MIRROR 01 (Biari et al., 2015) (D) Wide-angle seismic model of profile Smart 2 (Wu et al., 2006)
(E) Wide-angle seismic model of profile Lase (Diebold and Stoffa, 1988) (F) Wide-angle seismic
model of profile DAKHLA Nord (Klingelhoefer et al., 2009).

Figure 28: Comparison between the SMART 1 and MIRROR 1 conjugate wide-angle seismic
models. (A) and (B) magnetic anomaly along seismic profiles (C) and (D) Wide-angle seismic

29



models. Regions of different crustal nature are underlain (Orange — unthinned continental crust,
Yellow — thinned continental crust, pale yellow — very thin continental crust overlying serpentinised
upper mantle, violet — OCT, green — oceanic crust) (E) to (M) Velocity-depth-relationships extracted
from the seismic models at regions according to their background colour.

Figure 29: Comparison between the SMART 1 and MIRROR 1 reflection seismic data of the oceanic
domain. (A) Profile BGR89-12, coincident with the oceanic part of the SMART profile (B) Oceanic
part of the MIRROR 01 profile (C) Bathymetric data with a plate cinematic reconstruction at
Anomaly M25 (156 Ma). Magnetic anomalies ECMA and WACMA are marked by orange and red
outlines and parts of the profiles shown in (A) and (B) are marked by red lines. TWT: two-way
travel-time.
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