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Abstract : 
 
Re-examination of marine geophysical data from the continental margin of West Morocco reveals a 
broad zone characterized by deformation, active faults and updoming offshore the High Atlas (Morocco 
margin), situated next to the Tafelney Plateau. Both seismic reflection and swath-bathymetric data, 
acquired during Mirror marine geophysical survey in 2011, indicate recent uplift of the margin including 
uplift of the basement. 

This deformation, which we propose to name the Atlantic Atlas tectonic arch, is interpreted to result 
largely through uplift of the basement, which originated during the Central Atlantic rifting stage - or even 
during phases of Hercynian deformation. This has produced a large number of closely spaced normal 
and reverse faults, “piano key faults”, originating from the basement and affecting the entire 
sedimentary sequence, as well as the seafloor. 

The presence of four terraces in the Essaouira canyon system at about 3500 m water depth and “piano 
key faults” and the fact that these also affect the seafloor, indicate that the Atlantic Atlas is still active 
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north of Agadir canyon. 

We propose that recent uplift is causing morphogenesis of four terraces in the Essaouira canyon 
system. In this paper the role of both Canary plume migration and ongoing convergence between the 
African and Eurasian plates in the formation of the Atlantic Atlas are discussed as possibilities to explain 
the presence of a tectonic arch in the region. The process of reactivation of passive margins is still not 
well understood. The region north of Agadir canyon represents a key area to better understand this 
process. 

 

Highlights 

► A tectonic arch called “Atlantic Atlas” has been identified offshore the High Atlas. ► The Atlantic 
Atlas is still active. ► Four submarine terraces are identifiable in Atlantic Atlas (offshore Essaouira). ► 
The recent uplift is causing morphogenesis of four terraces. 

 

Keywords : Atlas Mountain belt, Tectonic arch, Moroccan passive margin, Submerged terraces, Uplift 
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1. Introduction 

The Atlas Mountain belt of North Africa is one of the largest intra-continental mountain belts 

in the world. 

‐E
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The High and Middle Atlas form an intraplate orogen, uplifted during the Cenozoic by a 

combination of lithospheric thinning and crustal shortening (Missenard et al., 2006). 

According to (Frizon de Lamotte et al., 2008, 2009), the tectonic-driven Cenozoic uplift 

began around the time of the Eocene-Oligocene limit. Numerous authors, on the basis of 

structural geological analysis (balanced cross-sections) (Frizon de Lamotte et al., 2009) and 

analysis of geoid, topography and gravimetric anomalies ( Teixell et al., 2005; Fullea 

Urchulutegui et al., 2006; Missenard et al., 2006; Fullea et al., 2007; 2010) conclude that the 

modest crustal thickening observed beneath the Atlas mountains is insufficient to explain their 

high topography. Indeed these workers conclude that the NE-SW trending zone of 

anomalously high topography spanning through the Anti-Atlas, the High Atlas and Middle 

Atlas is associated with a substantial thinning of the lithosphere to values of around 80 km 

(Fullea et al., 2010, 2007). More recently, the use of resistivity methods (Anahnah et al., 

2012) and passive seismological studies using receiver function analysis (Miller and Becker, 

2014; Spieker et al., 2014) have also concluded that there is only modest crustal thickening 

and unusually thin lithosphere beneath the Atlas Mountains. Several authors suggested a 

Cenozoic tectonic inversion in the evolution of the High Atlas system (Beauchamp et al., 

1999; Hafid, 2000; Laville and Piqué, 1992). This Plio-Quaternary uplift of the Moroccan 

High Atlas resulted in uplift of coastal marine terraces (Pedoja et al., 2014) and fluvial 

incision (Boulton et al., 2014).  
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Directly north of the Canary Islands a region of thickened oceanic crust was imaged using 

reflection and wide-angle seismic data. The thickening of the underlying oceanic crust is 

interpreted to be the result of underplating and assimilation of existing oceanic crust caused 

by the Canary thermal anomaly (Holik et al., 1991)  related to the passage of the Canary 

Hotspot, which would have caused local uplift and volcanism (Carracedo et al., 1998; Holik et 

al., 1991). Based on the different of ages for a major hiatus in DSDP drill sites 415 and 416 

and deep seismic data, it was recently proposed that this passage led to the successive 

reactivation of oceanic basement faults/fractures from the north to the south (Neumaier et al., 

2015). 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

In the present study, the dataset acquired offshore Safi during the MIRROR marine 

geophysical survey (2011) including deep, and high-resolution seismic data combined with 

bathymetric data, provide new images to determine the architecture of the seaward 

termination of the Atlas Mountain system and the lithosphere-asthenosphere boundary 

corridor. The objective of this work is to provide new insights to address the questions of the 

effects of the regional uplift on the seabed, the influence of the passage of the Canary Hotspot 

in the region and the offshore prolongation of the Atlas mountain belt. 

 

2. Structural setting 

The Atlantic margin of Morocco extends over nearly 3000 km in NW Africa (Fig. 1) (Tari 

and Jabour, 2013). The surveyed Agadir-Essaouira or Tafelney Plateau segment is located to 

the south of the Seine Basin offshore the city of Essaouira (Fig.1). 

The Atlantic Moroccan margin is composed of several structural domains such as the external 

Rif, the Meseta, the High Atlas and the Anti-Atlas that overprint or interfere with the 

structures that resulted from the opening of the Atlantic Ocean (Frizon de Lamotte et al., 

2009). This margin has experienced a comparable evolution along its entire length, marked by 

rifting phase during late Triassic to Early Jurassic followed by seafloor spreading that initiated 

around 180–170 Ma (Davison, 2005; Sahabi et al., 2004). However, the sedimentary cover of 
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the Agadir-Essaouira segment and the Tafelney Plateau shows a deformed structural trend 

compatible with those of the High Atlas (Haddou and Tari, 2007).  

The structure and stratigraphy of this segment of the African margin has been described in 

considerable detail (Hafid, 2000; Hafid et al., 2006; Le Roy et al., 2004, 1998; Ruellan and 

Auzende, 1985; Vincent et al., 1980), and appears to be generally similar to that of the entire 

NW African Atlantic margin, with Triassic red bed rift infill, followed by Early Jurassic salt, 

Jurassic to Early Cretaceous carbonate platforms, and a marine clastic infill during the 

Cretaceous and Tertiary (Davison, 2005). 

The Late Triassic to Early Jurassic salt bodies were deposited during the last stages of rifting 

prior to the continental break-up (Hafid, 2000). The salt domes identified in the multi-channel 

seismic data (Haddou and Tari, 2007; Hafid et al., 2008; Tari and Jabour, 2013) show 

characteristic halokinetic elements of a passive margin, such as translation salt structures 

underneath the shelf and the slope. All identifiable salt structures are located to the east of 

magnetic anomaly S1 (Fig. 1a) (Biari et al., 2015; Contrucci et al., 2004; Sahabi et al., 2004). 

In this area the basement corresponds to the western prolongation of the Paleozoic basement 

of the Hercynian western Meseta, which has remained relatively stable since the Upper 

Triassic to Lower Liassic rifting of the central Atlantic Ocean (Le Roy and Piqué, 2001; 

Sahabi et al., 2004). According to (Hafid et al., 2000), there is a structural and stratigraphic 

continuity between the inland western termination of the Atlas and its corresponding offshore 

domain. The difference between the onshore and offshore is thought to be an expression of 

different lithospheric properties (Biari et al., 2015; Hafid et al., 2000). 

3. Data  

During the Mirror marine seismic survey carried out in 2011, seven coincident multi-channel, 

high-resolution sub-bottom and wide-angle seismic profiles were acquired in order to image 

the sedimentary and crustal structure of the Moroccan Margin. All multi-channel seismic 
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profiles were acquired with the R/V L’Atalante, using a tuned airgun array of 7591 in
3 

and a 

360-channel digital seismic streamer. The results of modelling of the wide-angle seismic data 

were recently published (Biari et al., 2015; Klingelhoefer et al., 2015). The multi-channel 

seismic data were processed using Promax and Geovecteur software packages in order to 

image sedimentary and crustal structures. The data were interpreted using the Kingdom Suite 

Software and integrated into ArcGIS 10.2 software. 

Additional high-resolution sub-bottom seismic data were acquired along all profiles using the 

hull-mounted high-resolution sub-bottom profiler of the R/V Atalante. The profiler works 

with frequencies between 1.8 and 5.3 kHz, which allows for vertical resolutions of about ~30 

cm. The bathymetric and high-resolution sub-bottom profile data thus allowed detailed 

imaging of the seafloor morphology and its internal sedimentary in the first several hundred 

milliseconds TWTT below the seafloor.  

Bathymetric and reflectivity data were acquired using a Kongsberg EM122 and EM710 

multibeam echosounder, operating at a main frequency of 12 kHz, which is the typical value 

for marine environments between 100 to 10,000  (mwd). 

4. Results 

4.1. Bathymetry of the Moroccan margin off the High Atlas mountain belt 

The study area is located on the continental slope and the basin offshore Safi at a water depth 

between 500 m and 4000 m (Fig. 1a). Three zones can be distinguished. The first zone (zone 
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1, Fig 1b) corresponds to the continental slope with numerous canyons and channels 

dissecting the slope between 500 to 4000 mwd. The orientation of the canyons and channels 

varies from ESE-WNW to SE-NW (Fig. 1b). The second zone (zone 2, Fig. 1b) exhibits a 

relatively flat seafloor at 4000 mwd (Fig. 1b). This flat basin corresponds to a segment of the 

Seine abyssal plain (SAP), which is located offshore of the Moroccan Meseta. The third area 

represents a prominent positive bathymetric feature that forms a large-scale morphologic 

bulge of the seafloor. This approximately 100 km wide feature is located in the westernmost 

part of the study area between the volcanic Essaouira Seamount (to the West) and the 

continental shelf (to the East) and rises to about 3200 mwd (Fig. 1b). The bulge is bordered 

southward by the Agadir canyon and to the north by the Seine Abyssal Plain (Fig. 1a). From 

the bathymetric images it is possible to observe that the surface of this morphologic high is 

undulated showing a NE-SW fabric.  

 

4.2. High-resolution seismic (Chirp) profiles 

This focus area of this study is about 100 km long from the shelf break at a water depth of 120 

to 150 m to the mouth of the canyon, measured along the axial channel. This area displays a 

relatively smooth seafloor. The canyon has a maximum rim-to-rim width of 5 km (Fig. 2a). 

The morphology of the Essaouira Canyon System banks shows strong variations. The east 

bank of the axial channel is bordered by the continental slope, while the west bank is 

characterized by the presence of several terraces (Fig. 2a). Four submarine terraces can be 

identified downslope at about 3,500 mwd (Figs. 7, 8). These flat surfaces bounded by scarps, are 

located among canyon levees. Submarine terrace sequences (T1, T2, T3 and T4) correspond to flat 

surfaces from 2 to 15 km long, with scarps at about the 75 m level.  

The geometry of these steps suggests that the scarps are the truncated edge of horizontal beds, 

indicating that these are erosional rather than depositional features. The scarps that separate 

the staircase terraces (Fig. 2a) are often preserved from erosion and are prominent on the 
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seismic profiles. The scarps are about 75 m in height (Fig. 2a) and at least four steps or 

terraces are identifiable. These terraces have developed towards the east. The oldest (T1) is 

located in the highest part of the bulge (or arch) about 40 km from the slope break, the second 

terrace is "T2", the third terrace is "T3" and the youngest (T4) is located near the current 

channel in the lowermost part of the canyon system, downslope (Fig. 2a).  

The oldest terrace "T1" is about 15 km wide. In this terrace an incision is still preserved as 

evidence of the existence of palaeo-canyons. The second terrace "T2" is also preserved but 

without any clear incision. The third terrace "T3" almost preserves the canyon's flank shape 

with a concave bottom shape, about 6 km long. The morphology of the youngest terrace "T4" 

is similar to the second terrace. In total, an approximately 50 km wide sequence of incisions 

has been imaged by the high-resolution sub-bottom profiles (Fig. 2a).  
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Multichannel seismic profiles were examined to better understand the origin and age of the 

terraces. Profile Mirror 01 (Fig. 2b) strikes along the higher-resolution seismic profile in the 

region of the terraces (see location, Fig. 1b). Similar stratigraphic interpretations of this area 

have been documented in earlier work 

. The profiles show about four 

high-amplitude horizons (Fig. 2b). The deepest corresponds to the top of the acoustic 

basement located between 7 and 8 s TWT. In the eastern segment of the profile, near the 

continental slope, the first 100 km of the top of basement is relatively flat and smooth, while 

further west it has a “roughness” typical of normal oceanic crust. In the eastern part of the 

profile, the deepest reflectors onlap onto the basement (Fig. 2b). According to (Price, 1980), 

this onlap is laterally equivalent to the top of the Triassic evaporites and is interpreted to 

represent the "break-up" event at this section of the continental margin. Regionally, this is a 

reflector which onlaps the Oxfordian oceanic basement to the west (Lancelot and Winterer, 

1980). The horizon shown in red corresponds to the base of the Paleocene. Finally, the 

interval between this horizon and the sea floor corresponds to the upper Cenozoic (Tari and 

Jabour, 2013). 

Both the horizon of the top of the basement and seafloor horizon are roughly parallel, as 

identified in the seismic profile (Fig. 2b and 3). This seismic profile also shows a number of 

closely spaced normal-faults, with a throw of over 150 m, which could be interpreted as 

"piano key faults" (Fig. 3), cross-cutting the complete sedimentary sequence. Fault spacing is 

roughly 2 km with throw varying between several tens and up to 100 m. The extent of the 

arch or bulge was mapped using reflection seismic data from Mirror (2011), BGR and the 

University of Texas (Holik et al., 1991) (Fig. 4). Indeed, profiles M203-14, M203-12 and 

M203-11 show parts of the arch. However, profile RC25-05-366A (Fig. 4) located in the 
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Agadir canyon region shows no basement arch. The southernmost profile RC25-05_364B 

(Fig. 4) images a basement and seafloor arch, only slightly affected by normal faulting on one 

of its flanks.  

We verified using the seismic profiles processed in depth (Fig.5) and the wide-angle seismic 

models (Fig.6) that the basement bulge exists in depth as well and is not simply a pull-up 

effect caused by p-wave velocity variations in the sedimentary layers. 

To the south this arch or bulge is bounded by the Agadir canyon (Fig. 4), which seems to be 

controlled by a major NW-SE fault that extends from the southern boundary of the High 

Atlas, between 30°N and 10°W to 33°N and 12°W (Fig. 8). 

5. Discussion: Submarine terraces and tectonic arch of the Atlantic Atlas

Above, in this paper two different wordings have been used, bulge and arch. Numerous 

authors (Holik et al., 1991; Patriat and Labails, 2006) observed a bathymetric swell north of 

the Canary Islands and proposed this to be a bulge and its cause to be the effect of a hot spot 

drifting toward the South. According to Tari and Jabour, (2013) the uplift and neotectonic 

arching has affected the Tafelney Plateau and Atlas Mountains. Hereafter, in this paper we 

prefer to use the term tectonic arch to discuss the origin of the swell morphology shown in the 

figure 2 because, the seismic reflection and swath-bathymetric data reveal a relationship 

between tectonics and this swell morphology (Fig. 3). This deformation, which we propose to 

name the Atlantic Atlas tectonic arch, is interpreted to result from the uplift of the basement.  

The staircase sequence of submarine terraces identified at the mouth of the Essaouira Canyon 

is located at about 3500 mwd (Fig. 7), and therefore it could not have been affected by 

Quaternary sea level changes.  

These terraces most likely correspond to inner terraces within a canyon system recording 

different periods of the activity. Sinuous deep-sea channels often display stepped intrachannel 

terraces also called inner terraces within canyons and deep-sea turbiditic valleys in e.g. the 
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Zaïre canyon ( Savoye et al., 2000; Babonneau et al., 2002), in the Cap Breton canyon (Cirac 

et al., 2001; Mulder et al., 2012); in the Bengal and the Indus fan (Wynn et al., 2007) or 

Timiris canyon (Antobreh and Krastel, 2006). The terrace of the Essaouira canyon seems to 

record the activity of palaeo-canyons. Axial troughs and uplifted canyons are partially or 

completely eroded and only the erosional benches are preserved and organized into four 

staircase sequence terraces. The flat geometry of these terraces might be related to erosion by 

bottom and downslope currents (Fig. 7). Such flat terrace morphology can be interpreted as 

analogues of fluvial terraces.  

The submarine channels/canyons are often compared to fluvial channels because of their 

similar shape (Flood and Damuth, 1987; Wynn et al., 2007; Chiang et al., 2012). Terraces are 

widespread geomorphic markers on land (marine terrace and fluvial terrace). Fluvial channels 

have been widely investigated, including studies of deformed areas with active subsidence or 

uplift in drainage basins (Bridge and Leeder, 1979; Holbrook and Schumm, 1999). Fluvial 

terraces can form on the one hand, in response to climate change (Blum and Törnqvist, 2000; 

Gibbard and Lewin, 2009; Lewin and Gibbard, 2010) and on the other hand due to tectonic 

uplift and drainage initiation ( Bridgland and Westaway, 2012; Benabdellouahed et al., 2013). 

In the offshore domain, sinuous channels often display stepped intrachannel terraces (Wynn et 

al., 2007). These may form through a variety of processes, including multiple phases of 

channel incision and channel margin slumping (Deptuck et al., 2003; Baztan et al., 2005; 

Antobreh and Krastel, 2006; Duarte et al., 2010). 

The Essaouira Canyon has a relatively straight morphology. At about 3500 mwd, the genesis 

of these terraces is difficult to envisage without invoking the action of a tectonic driving 

force. In fact, the seismic profiles and bathymetric map show evidence of active crustal 

deformation expressed by the presence of an arch that affects both the basement and the 

seafloor at a length scale of about 100 km (Fig. 2a and 3). Note that this width is similar to 
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that of the High Atlas (Fig. 8). Moreover, the morphology of the basement bulge off 

Essaouira is comparable to the basement bulge along the Canary-Cape-Verde segment (Patriat 

and Labails, 2006; Benabdellouahed et al., 2015). 

Our data suggests, that the seafloor arch off Essaouira may have formed due to a broad uplift 

of the basement, forming a deformation zone with a large radius of curvature, i.e. with a long 

wavelength, on the order of 100 km (Fig. 2). The key features are illustrated in Fig. 5:  

- The top of the basement is structured by syn-rift block faulting which show internal 

unconformities indicating that the half graben structures are younger westwards; 

- It was subsequently uplifted and flexed into a dome in a transpressive tectonic setting as 

suggested by the following observations:   

- The post rift sedimentary section is also domed in a similar fashion with vertical wrench-

faulting that affects even the sea floor which indicates ongoing tectonic activity; 

- The Base Upper Cenozoic unconformity cuts into underlying strata on both flanks of the 

dome, which indicates that the erosion is coeval with the uplift. 

Considering the arch and coeval active tectonics, we suggest that the stair-case geometry of 

the terraces is related to an overall uplift of the region, with four possible pulses explaining 

the generation of the four different terraces during the late Cenozoic, as shown in the scenario 

proposed in (Fig. 5). 

We can also try to suggest an overall rate for the tectonic uplift, however recent 

chronostratigraphic constraints are lacking in the region. But we showed that the deformation 

is recent. Therefore we calculate two possible end-member uplift rates, one considering that 

the terrace uplift is related to the Quaternary and another one for the Pliocene-Quaternary. 
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uplift of the Atlantic Atlas (

) is comparable to the rates (15 to 10 ) observed in the Gibraltar Strait area

The first is that the arch was caused by sedimentary loading and the excess of density of the 

oceanic Jurassic lithosphere. The sediment thickness in this part of the West African margin is 

about 6 - 8 km (Biari et al., 2015; Klingelhoefer et al., 2016; Louden et al., 2004). The same 

thickness was found offshore El Jadida (Contrucci et al., 2004; Jaffal et al., 2009). Moreover, 

the NW Moroccan margin has the oldest oceanic lithosphere of the Atlantic, which implies an 

increased density. Because of this higher density, the lithosphere should have the tendency to 

sink in the mantle. Together, both factors might be responsible for the sagging (in the 

magnetic anomaly S1 area, Fig. 2b) on one side and uplift on the other side of the seabed 

affecting both the basement and the entire sediment sequence. The faults cross through all 

sedimentary layers from basement up to the seafloor (Fig. 3). In contrast, the Seine abyssal 

plain at 4000 mwd (SAP, Fig. 1) is characterized by a basement top, sedimentary layers and 

seafloor, all relatively flat-lying and is also affected by a few scattered faults, which are rare 

(Fig. 5abc).  

In this case, the Atlantic Atlas arch and faults described here may be seen as an expression of 

the recent tectonic processes affecting the NW African passive margin, as observed in the 

Seine abyssal plain / deep offshore NW Moroccan margin (Martínez-Loriente et al., 2013). 

Given sufficient time this could possibly lead to subduction initiation and to the closing phase 

of the Wilson Cycle, as suggested for the Iberia margin (Duarte et al., 2013) or for the 
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southern Tyrrhenian Sea (Billi et al., 2007). However, the degree of margin inversion in the 

Tafelney plateau seems to be less pronounced and at an earlier stage of evolution when 

compared to the Iberia margin (Duarte et al., 2013). 

The profiles in Figure 5 show the arch and the existence of strong faulting in the sedimentary 

layers, typically reactivated normal faults, which can show either a normal or reverse sense of 

motion and resulting in some local folding. 

Our results suggest that tectonic deformation was still active during the Quaternary. This 

deformation, which we define as the Atlantic Atlas tectonic arch, is interpreted to be the result 

of uplift of  the basement (Central Atlantic rifting stage or even to the Hercynian deformations 

see seismic profile (Fig. 5). The uplift of the basement (syn-rift block faulting) will have 

generated a number of closely spaced normal faults, "piano key faults", originating from the 

basement and affecting the entire sedimentary sequence, as well as the seafloor (Fig.3). 

Additionally, the faults are basement-rooted, so that factors controlling their uplift are limited 

to this inheritance (Fig. 5). These geometries of the faults (piano key faults) and basement 

morphology indicate 
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Based on the deformation of the basement shown in the seismic profiles (Figs. 2b and 4), we 

suggest that overall bulge topography may have been influenced by the northward progression 

of hot material from the Canary plume material. Mafic igneous rocks from the Middle Atlas 

have trace element patterns similar to those from the Canary Islands (Duggen et al., 2009). 

These terraces and uplifted area are associated with the northward progression of hot material 

from the Canary plume material.  

The reactivation of inherited Precambrian and Mesozoic rifts in response to tectonic events 

induced by the Africa-Europe convergence (Berger et al., 2010; Liégeois et al., 2005), played 

a significant role for both distribution of intraplate volcanism and uplift. According to 

(Mridekh et al., 2000) the western High Atlas deformation seems to have started in the Late 

Cretaceous and to have continued throughout the Plio-Quaternary (Fig. 7).  

The anomalously high uplift rate (15-30 cm/yr) calculated in the area could be interpreted to 

have resulted from the combination of two independent processes that can lead to uplift: the 

tectonic uplift linked to Africa-Europe convergence and the dynamic uplift related with the 

impingement of buoyant (Canary) plume material plume material. 

Finally, we have shown in this study that the formation of these terraces and migration of the 

canyon (Fig. 7) is related to the active deformation of the basement and that the deep mantle 

structure may have played a major role in the creation of the arch observed in the bathymetry 

and seismic data. (Miller and Becker, 2014) showed that the impingement and circulation of 

plume material is necessary to explain the anomalous high topography of the Atlas 

Mountains, which are not isostatically compensated by a lithospheric root. The recent study of 

(Boulton et al., 2014) showed that uplift events can be correlated to the convective removal of 

the Atlas lithospheric root. Whatever the origin of the arch, there seems to be a direct 

relationship between the origin of the High Atlas and the arch studied in this work (Fig. 8). 

For this reason, we have named this tectonic arch the Atlantic Atlas (Fig. 8). This Atlantic 
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Atlas which would be the NW extension of “the High Atlas of Cap Tafelney” mapped by 

(Hafid, 2000; Hafid et al., 2006). We also propose that the Cenozoic uplift of the Atlantic 

Atlas is still active and the timing of the terraces' morphogenesis is contemporaneous with its 

recent uplift.  

 

6. Conclusions 

Processing and interpretation of new and existing deep seismic data, combined with the 

analysis of high resolution seismic and bathymetric data reveals the existence of a basement 

high with morphological expression offshore Essaouira, which we propose to name the 

Atlantic Atlas tectonic arch. This structural high is characterized by four sequences of 

submarine terraces. We propose that these terraces are signs of recent and rapid uplift. 

According to our interpretation, this feature may be related to the impingement of plume 

material from the Canary Plume, which has been proposed to account for the shallow 

lithosphere-asthenosphere boundary underneath the Atlas mountains, located adjacent to our 

study area, rather than due to the passage of an hotspot 60 Ma ago. This proposition is in good 

agreement with the fact that the bulge can be traced from the Canary Hotspot region towards 

the Atlas Mountains. The seismic data also show short wavelength faulting and folding of the 

sedimentary layers overlying this basement high in the segment neighboring the Atlas 

mountain range. Further to the south the sedimentary layers overlying the bulge show 

relatively minor short-wavelength deformation, which suggests that the origin of the bulge 

here may have resulted from the impingement of buoyant plume material from underneath. 

We therefore propose that short-wavelength faulting and folding of the entire sedimentary 

sequence in the offshore High Atlas Mountains is a result of the ongoing convergence 

between the African and Eurasian plates. This region may be seen as a seaward extension of 
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the Atlas mountain range, which is following the structure of Tafelney Plateau, an ancient 

transfer zone reactivated during the opening of the Atlantic Ocean.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

We acknowledge the comments by Jean-Philippe Avouac (editor) and an anonymous 

reviewer. The authors thank the captain and the crew of R/V L'Atalante as well as the seismic 

and OBS teams. We also thank the Moroccan authorities for providing permission for the 

work on land and at sea. We are extremely grateful to the many colleagues (Moroccan and 

BGR, German, French) with whom we worked. Pre-processing and quality control of the 

multichannel seismic data were performed using the SISPEED software of Ifremer. Also, we 

would like to thank the Conseil Régional de Finistère, Ifremer and IUEM/LGO Brest 

University. Duarte acknowledges the financial support from the Australian Research Council 

through DECRA (Discovery Early Career Researcher Award) Grant DE150100326". 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Diaz, J., Gallart, J., Villaseñor, A., Mancilla, F., Pazos, A., Córdoba, D., Pulgar, J.A., Ibarra, 

P., Harnafi, M., 2010. Mantle dynamics beneath the Gibraltar Are (Western Mediterranean) 

from shear-wave splitting measurements on a dense seismic array. Geophys. Res. Lett. 37 

(18). http://dx.doi.org/10.1029/ 2010GL044201 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

́

 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Figure captions: 

 

fi

fi

for location 

see Fig

 

Figure 3: Parallel reflection profiles and bathymetry maps showing a zoom of Zone 3 (Relief 

area, for location see Fig. 1) acquired during the Mirror marine geophysical survey showing 

 

Figure 4: Location of the arch using existing reflection seismic data from BGR (Roeser et al., 

2002) and the University of Texas (Holik et al., 1991). Profiles show seafloor and basement 

morphologies and Atlantic Atlas tectonic arch offshore Essaouira. 

Figure 5: a) Seismic reflection profile in figure 2 converted to depth (vertical exaggeration 

6 : 1) b) Close-up of a portion of the seismic reflection profile and interpretation showing a 

normal fault and the geologic throw. 
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Figure 6: Wide-angle seismic models of MIRROR Profiles 1 and 2 (Biari et al., 2015) and 

zooms showing arch or the basement bulge. Velocities are contoured at a 0.25 km/s interval 

and black lines mark layer boundaries from the modeling. 

 

Figure 7: Model of evolution of the terrace systems, during Pliocene-Quaternary uplift, 

located offshore Essaouira using VHR seismic profiles acquired during the Mirror survey. 

Stage 1 shows the first step before channel migration and stage 2 to 5 show channel migration 

and terraces morphogenesis.  

 

Figure 8: This simplified map reveals the relationship of the Atlas with the Atlantic Ocean. 

We propose in this map extension offshore of High Atlas and a new geographical entity, 

Atlantic Atlas, bordered by the Agadir fault or offshore South Atlas Fault. Red arrows 

indicate velocity field in a Eurasia fixed reference frame (Koulali et al., 2011; Nocquet, 2012) 

and blue arrows indicate plate or block motion with respect to Eurasia (Nocquet, 2012).  
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