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Chapter I: Introduction & objectives 

 

Canyons are transition zones between highly productive shallow shelves and deep-sea environments 

(Duros et al., 2010; Masson et al., 2009; Tyler et al., 2009). These areas are controlled by three types 

of sedimentation, downslope gravity flows including turbidite reworking and slope failure, (hemi-) 

pelagic “rain” and along-slope contourite reworking (Bourillet et al., 2003; Field et al., 1999; Huvenne 

et al., 2011). They are also subjected to several sedimentary processes like internal hydrodynamics 

(de Sigter et al., 2007; Huvenne et al., 2011). Therefore material, including organic matter, is 

funnelled through these canyons and even resuspended (Freiwald et al., 2004; Huvenne et al., 2011; 

Masson et al., 2009; Tyler et al., 2009; Van Rooij et al., 2010b). Mixing of two water masses can result 

in enhanced suspended material in their mixing zone, as proven by de Stigter et al. (2007). As corals 

and oysters are filter-feeders, zones with resuspension are ideal areas for their growth (De Mol et al., 

2011). Above the canyons in the Bay of Biscay such a mixing zone exists, as mixing of Eastern North 

Atlantic Water (ENAW) and Mediterranean Outflow Water (MOW) occurs (De Mol et al., 2011; Van 

Rooij et al., 2010b). Next to the availability of food, other factors such as salinity, temperature, melt 

water and sediment discharge by ice sheets, and the availability hard substrates are important as 

well for these ecosystems (Frank et al., 2011). The discharge by ice sheets, indicated by ice-rafted 

debris (IRD), is important as it affects water mass stratification, ocean circulation patterns and 

terrigenous sedimentation, and therefore also food supply (Frank et al., 2011; Huvenne et al., 2011). 

Hard substrates can be in the form of vertical cliffs, overhangs or just exposed rocks. On the cliffs and 

underneath overhangs, these ecosystems are protected against downslope sediment transport and 

deep-sea trawling (Huvenne et al., 2011). The latter is not unimportant as man-made disturbances 

like trawling are very elaborate on the shelf and upper slope (Huvenne et al., 2011). Hence the real 

biodiversity hotspots formed by the deep-sea canyons (De Leo et al., 2010; Weaver and Gunn, 2009). 

 

The North Atlantic, with the Bay of Biscay as a part of it, has been studied intensively in the past and 

is still an area of great interest (Freiwald et al., 2004). A survey, carried out in 2010 by the RCMG 

(Renard Centre of Marine Geology) within the framework of the HERMIONE (Hotspot Ecosystem 

Research and Man’s Impact On Europeas Seas) project has provided most of the data used in this 

master scription. The scope of this project is to investigate the two middle branches of the Whittard 

Canyon in terms of subsurface composition, seafloor morphology and composition, water mass 

distribution, and the occurrence of deep-water ecosystems, more specific of cold-water corals and 

deep-sea oysters. The seismic data, multibeam bathymetry, side-scan sonar images, oceanographic 

data and ROV observations are first studied individually and then combined to make a habitat map. 

Therefore, the goal of this study is to get a better insight in the physical and sedimentary processes 

driving the shape of the canyons and influencing the cold-water coral and deep-water oyster habitats 

on the flanks of the upper canyon reaches.  
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Chapter II gives a general overview of the studied area in terms of geography and geomorphology, 

going from the Bay of Biscay towards the Whittard Canyon. It also introduces the geology of the Bay 

of Biscay from the pre-rift phase till recent times and some general information about canyon 

systems.  

 

Chapter III indicates not only the present-day oceanography of the area in terms of water masses and 

hydrodynamics, but also the palaeoceanography. 

 

Chapter IV elucidates on the natural drivers for canyon systems and gives a review of cold-water 

corals and deep-sea oysters. 

 

Chapter V describes the materials and methods used in this study. A short overview of the general 

characteristics of the individual materials is given, together with the acquisition of the data and the 

used computer programs and techniques to process and visualize the data. Furthermore, this chapter 

also includes an outline of how the maps and figures used in this thesis were made. 

 

Chapter VI presents the features seen on the multibeam bathymetry and the side-scan sonar images, 

the results of the seismic study, the characteristics of the water masses seen on the CTD profiling and 

the elements seen on the ROV imagery. The seismic profiles are analysed according to the principles 

of seismic stratigraphy, to divide them into units and subunits, based on their seismic characteristics, 

shape and occurrence. Of each of these units and subunits, isopach and isochron maps are made. 

The temperature and salinity measurements are plotted along a transect through the Whittard 

Canyon. At eight different distinct locations, these measurements are plotted individually against the 

turbidity as well. Finally, the observations along the ROV track are mapped and displayed on top of 

the multibeam bathymetry, the side-scan sonar imagery and the slope map. 

 

Chapter VII discusses the results based on the literature study made in chapters II, III & IV. With 

reference to previous studies, the seismic units and subunits are linked to formations and their 

depositional history is examined. On the seismic profiles, canyon incisions are investigated as well. 

The different water masses present in the study area and their depth ranges are determined and 

compared to the results of other studies. At last, all the different observations and interpretations 

are combined to make two habitat maps, one of the western and one of the eastern middle branch. 

The different ROV observations are also discussed in comparison to other studies. 

 

Chapter VIII reviews the achievements of this study and gives advice on future research. 

 

Chapter IX gives a summary in Dutch. 
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Chapter II: General setting 

 

2.1 Geomorphology 

 

The Whittard Canyon is situated on the Irish Continental Margin in the northern Bay of Biscay; south 

of the Porcupine Seabight; roughly between 49° and 47° N, and 9°30’ and 11°30’ W. With the nearest 

coasts of Ireland, Great Britain and France respectively at 280 km, 320 km and 340 km. The Canyon is 

located in water depths between 200 m and 4000 m and connects the shelf at 200 m water depth 

with the continental rise at 4000 m water depth (Fig. 2.1; de Stigter et al., 2012; Huvenne et al., 

2011; Zaragosi et al., 2006). 

 

 

 

Fig. 2.1: Location of the Whittard 

Canyon in the red box (Gebco 

bathymetry), studied during the 

second leg (ST1017b) of the Belgica 

BiSCOSYSTEMS II cruise. (Van Rooij et 

al., 2010a) 

 

2.1.1 Bay of Biscay Margin 

The Bay of Biscay is a part of the eastern Atlantic Continental Margin and more specific the European 

Continental Margin and is situated along the coasts of Ireland, UK, France and Spain. This bay can be 

subdivided in four main parts. In the north the Celtic and Armorican Margins, and the Aquitaine and 

Basco-Cantabrian Margins in the south (Fig. 2.2; Bourillet et al., 2006). This region is morphologically 

characterized by steep slopes with canyons and spurs, which are organised in drainage basins. The 

incised canyons feed the deep-sea fans during glacial times (Bourillet et al., 2003, 2006; Bourillet and 

Lericolais, 2003; Zaragosi et al., 2000). Gravitational, pelagic, contouritic and glacigenic sedimentary 

processes have led to the formation of three deep-sea clastic systems, the Celtic and Armorican Fans 

in the north, and the Cap-Ferret Fan in the south (Bourillet et al., 2003, 2006; Zaragosi et al., 2000, 

2006). The northern deep-sea fans are formed at the foot of a canyon dominated margin. The 

southern deep-sea fan on the other hand is the result of a tectonically dominated margin, with 

tectonically-controlled submarine canyons as a result of the tectonics in the area. The southern deep-

sea fan is not only fed by canyons, but also by the erosion of the nearby Pyrenee mountains (Bourillet 

et al., 2006). The northern deep-sea fans were connected via the canyons to the ‘Fleuve Manche’ 
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palaeoriver or the English Channel River (Bourillet et al., 2003, 2006; Lericolais et al., 2003; Zaragosi 

et al., 2000). The English Channel is a seaway connecting the Atlantic Ocean in the west with the 

North Sea in the east and is located in between the UK and France (Bourillet et al., 2003; Lericolais et 

al., 2003). The strong canyon activity, including downslope gravity processes, pelagic, contouritic and 

glacigenic sedimentation, is responsible for the homogenised seafloor morphology of the continental 

rise and the emplacement of deep-sea clastic systems. This phase is characterized by smoothing of 

the previously created reliefs and by deposition as a result (Bourillet et al., 2006; Iglesias, 2009).  

 

 
Fig. 2.2: Physiographic features of the Bay of Biscay, with major sediment transport routes and deep-sea fans. 

Red frame marks the position of the Whittard Canyon. (Modified after: Lericolais et al., 2003) 

 

Four of the nine submarine drainage basins of the Bay of Biscay are located in the northern part, the 

Western Approaches Basin (Bourillet et al., 2003, 2006; Zaragosi et al., 2000). The ‘Grande Sole’ 

Drainage Basin is linked to the Irish Sea and the ‘Petite Sole’ Drainage Basin to the English Channel. 

These two drainage basins run towards the medium-sized Celtic Deep-Sea Fan. The ‘La Chapelle’ and 

the ‘Quest-Bretagne’ Drainage Basins are both linked to the English Channel and run towards the 

Armorican Deep-Sea Fan via the Blackmud and the Guilcher Canyons (Bourillet et al., 2003, 2006). 

The other five submarine drainage basins are found more to the south and are the “western 

Brittany”, the “southern Brittany”, the “Gascogne”, the “Rochebonne” and the “Landes” Drainage 

Basins. They are all fed by canyons, but no significant deep-sea fans are found on the foot of the first 

four, only small channel-levee complexes, slumps or small lobes. The ‘Landes’ Drainage Basin is 

feeding together with a part of the NE Spanish Continental Slope the only deep-sea clastic system in 

the southern part, the Cap-Ferret Deep-Sea Fan. This drainage is channelled through the Capbreton 

and the Llanes Canyons (Bourillet et al., 2006; Zaragosi et al., 2000). 
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The connection between the ‘Grande Sole’ and the ‘Petite Sole’ Drainage Basins towards the Celtic 

Deep-Sea Fan is made by two main tributary channels, respectively the Whittard Channel as the 

continuation of the Whittard Canyon, and the Shamrock Channel which is the prolongation of the 

Shamrock Canyon (Bourillet and Loubrieu, 1995; Bourillet et al., 2006; Kenyon et al., 1978; Sibuet et 

al., 1994; Zaragosi et al., 2000). Therefore these canyons form the connection between the shelf and 

the channels with their deep-sea fans on the continental rise (Zaragosi et al., 2006). The Celtic Fan 

consequently is a multisource fan (Bourillet et al., 2003). Both channel networks are bounded by the 

Austell Spur to the west and the Meriadzek Terrace to the east (Reid and Hamilton, 1990) and are 

divided by the Brenot Spur in the middle, with the Whittard Channel in the west and the Shamrock 

Channel in the east (Fig. 2.3; Cunningham et al., 2005). All these channels, connecting the drainage 

basins with the deep-sea fans, develop strongly asymmetrical levees at the side (Zaragosi et al., 

2006). The Whittard Channel has a sinuous course of 2.5-3 km wide, approximately 100 km long and 

the maximum height is 70-150 m from the channel floor to the crest of its right levee, while the 

Shamrock Channel is more straight (Zaragosi et al., 2000). Both channel systems merge before the 

upper-middle fan limit, where the course of the valley is abruptly deflected to the south (Auffret et 

al., 2000; Bourillet et al., 2003). This unique Channel is bounded by the Whittard Ridge in the north 

and the Trevelyan Escarpment in the south (Fig. 2.3; Zaragosi et al., 2000).  

 

 
Fig. 2.3: Physiographic framework of the Bay of Biscay Continental Margin, with the bathymetrical and 

morphological setting. The Whittard Canyon is indicated by the red box. The positions of the Goban Spur and 

the Berthois Spur, limiting the Celtic Margin, are indicated in blue. The positions of the Austell Spur and the 

Meriadzek Terrace, bounding the Whittard and Shamrock Channel networks, and the Brenot Spur, separating 

both networks, are indicated in green. The locations of the Whittard Ridge and Trevelyan Escarpment, bounding 

the single channel at the continental rise, are indicated in yellow. (Modified after: Zaragosi et al., 2000) 
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2.1.2. Northern Bay of Biscay Margin 

The Western Approaches Margin is largely controlled by a horst-and-graben structure, with tilted 

blocks and normal faults. Two prominent tectonic, bathymetric highs are present; the marginal 

Meriadzek Terrace plateau and the structural Trevelyan Escarpment block (Figs. 2.2 & 2.3; Vaillant, 

1988). These two structures represent the seaward continuation of the Berthois Spur (Fig. 2.3; 

Bourillet et al., 2006). This horst-and-graben structure is partly inherited from the interplay of 70°N 

lineaments of the Western Channel Basin with the 140°N normal faults of the Bay of Biscay (Vaillant, 

1988). 

 

The study area can be divided into five bathymetric zones: (1) the narrow steep coastal zone, (2) the 

wide inner shelf with (3) some rocky elevations, (4) the broad outer shelf and (5) the steep 

continental slope. The inner shelf is almost featureless and extends from 50-70 m to 120 m water 

depth. The outer shelf is more irregular with tidal sand ridges and extends down to the shelf break at 

180-205 m water depth. The continental slope is located from the shelf break on down to about 4500 

m water depth. The 120 m isobath, forming the boundary between the inner and the outer shelf, 

runs parallel to the shelf break (Evans, 1990). From the SE to the NW, the broad shelf increases in 

width from less than 50 km to more than 250 km.  

 

The wide north-western part is called the Celtic Margin and has a 115°N direction (Bourillet et al., 

2003). This sediment-starved passive margin extends from the Goban Spur to the Berthois Spur (Fig. 

2.3; Bourillet et al., 2006; Cunningham et al., 2005) The narrow eastern part, south of the Berthois 

Spur, on the other hand belongs to the Armorican Margin and is characterized by a 135°N direction 

(Bourillet et al., 2003; Zaragosi et al., 2000). The Celtic Margin is characterized by a dentate coast 

with two large indentations of the Irish or Celtic Sea and the English Channel (Fig. 2.2; Bourillet et al., 

2006). The shelf on its turn is characterized by a series of WSW-ENE trending, fault-bounded rift 

basins. The transition from the shelf to the slope in this area, is situated at 170 m to 300 m water 

depth. The mean gradient of 11° in this area is steeper than the average of the whole Bay of Biscay. 

But just like the whole bay, the shelf and slope of this Celtic Margin are characterized by major 

canyon systems with mostly NNW-SSE and NNE-SSW orientations. The Whittard Canyon system, a 

part of the Celtic Margin, for instance has an upper part with N-S orientation and a lower part with 

NNW-SSE orientation. Along this margin only two specific types of canyons occur, canyons with 

relatively long, narrow upper reaches and a V-shaped profile incising the shelf break and canyons 

with relatively short, broad upper reaches and a U-shaped profile incising the continental slope at 

greater water depths than the shelf break (Cunningham et al., 2005).  

 

The inner shelf of the northern part of the Bay of Biscay shows a thin Quaternary sedimentary cover, 

with almost no change in relief (Evans, 1990). The outer shelf is characterized by large NW-SE 

trending tidal sand banks or waves, of 60 m high and 200 km long and with a spacing of 10-15 km. 

This orientation is orthogonal to the shelf edge and is directed by the present-day tidal currents 

(Cunningham et al., 2005; Bourillet et al., 2003; Evans, 1990). But also by incised palaeovalleys, which 
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display an anastomosing pattern in the eastern English Channel. The slope, with an average of 4°, is 

marked by numerous canyons, which delineate interfluves or spurs. The upper limit of the slope has 

gradients greater than 2° and the lower limit less than 1°, which corresponds to the 

erosion/deposition limit. The escarpments and canyon walls have a slope of more than 30°, while the 

areas indicative for active processes have a slope less than 30°. The rise on the other hand is 

characterized by sedimentary ridges and deep-sea fans or channel-levee and lobe complexes. The 

4500 m isobath, forming the limit of the slope, coincides approximately with the transition from the 

continental to oceanic crust (Bourillet et al., 2003; Evans, 1990).  

 

Along this 300 km long Western Approaches Margin, more than 30 canyons are incised down the 

shelf break (Bourillet et al., 2003). Some of the shelf break canyon heads display a semi-circular 

shape and may be possible seaward expressions of Pleistocene river mouths (Cunningham et al., 

2005). These canyons have steep and linear escarpments, which show the evolution of the canyons 

and an amplitude of incision of more than 700 m. They have different profile shapes and lengths and 

broaden around 3000 m water depth. The most common shape is an upper convex and lower 

concave profile, with a concave profile close to an equilibrium profile. They do not only show 

different shapes, but also a large diversity of patterns; such as linear, pinnate, dendritic, contorted or 

complex patterns. With a linear pattern suggesting that sedimentary processes are more important 

than tectonic ones. The majority of the canyons has a complex pattern, caused by the superposition 

of different patterns due to changes of control along their course. Towards the continental rise, 

where the two deep-sea fans are located, the Celtic and Armorican Fan, the canyons converge to 

from feeder channels (Bourillet et al., 2003). 

 

On the continental slope, three generations of canyons can be found (Fig. 2.4). Type III canyons are 

located on the upper slope, incise the shelf break and represent a youthful stage (Bourillet et al., 

2003; Cunningham et al., 2005). They have relatively long, narrow upper reaches and a V-shaped 

profile with steep flanks, scarps, terraces, overhangs and many tributary gullies, created by erosion 

and landslides. They have one narrow main thalweg, located at the deepest point, a primary tributary 

and a low degree of sinuosity with weakly developed meanders (Bourillet et al., 2003; Cunningham et 

al., 2005; Tyler et al., 2009). This thalweg is the central channel, funnelling most of the currents (Tyler 

et al., 2009). Downwards they can be condensed over a few kilometres or they can converge with 

type II canyons, which have a more linear course. These type II canyons are incised into the mid-slope 

and/or contorting blocks. All along the margin the type II canyons converge with the deepest type I 

canyons. These type I canyons are incised in the deeper part of the slope and are tectonically 

controlled (Bourillet et al., 2003; Cunningham et al., 2005). They form relatively short, broad and low 

embanked valleys with a U-shaped profile, with a broad thalweg at the flat canyon floor. The type I 

canyons form the main collectors to the deep-sea fans (Bourillet et al., 2003; Cunningham et al., 

2005; Tyler et al., 2009).  
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Fig. 2.4: Spatial evolution of the canyon systems on the continental slope of the Western 

Approaches Margin. (Bourillet et al., 2003) 

 

2.1.3 Whittard Canyon 

The dendritic Whittard Canyon is the northernmost of the approximately 35 canyons incised in the 

northern Bay of Biscay (Figs. 2.2 & 2.3). It consist of four main branches of more than 100 km long 

(Fig. 2.5; de Stigter et al., 2012) and hence forms one of the major canyon systems of the Celtic 

Margin. The upper reaches of this canyon at the upper slope display a complex pattern with a lot of 

smaller canyons and valleys (Duineveld et al., 2001). But even the lower reaches at the abyssal plain, 

at the foot of the fan, seem to be branched (Reid and Hamilton, 1990). The morphology of this 

canyon is not only influenced by the location of the existing NNW-SSE trending fault systems, but also 

by older buried canyons and natural depressions in the seafloor (Cunningham et al., 2005).  
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Fig. 2.5: Multibeam EM120 

coverage of the four branches of 

the Whittard Canyon, obtained 

during the JC035 cruise, overlain on 

a bathymetric map of the 

Geological Survey of Ireland (GSI). 

(Huvenne et al., 2009) 

 

2.2 Geology 

 

The evolution of the Bay of Biscay can be divided in a pre-rift phase, a rift phase and a post-rift phase. 

This period, starting with the pre-rift phase and ending with the post-rift phase has been called the 

post-Variscan tectonic history by Evans (1990). The pre-rift phase starts with the breaking up of the 

newly formed supercontinent Pangea and ends when the rifting of the Bay of Biscay initiates at the 

Middle Jurassic (Fig. 2.6). This rifting phase continues until the Early Cretaceous, when the post-rift 

phase begins (Evans, 1990; Bourillet et al., 2003; Sibuet et al., 2004). Therefore the evolution of the 

Bay of Biscay with its morphological contrast between the northern, with the Celtic Margin, and 

southern part is a combination of several events. This combination consist of the major tectonic 

phases represented by the rift and post-rift phase (de Graciansky et al., 1985). These rift and post-rift 

phases present the Palaeozoic formation of Pangea and its subsequent Mesozoic disintegration, and 

the initiation of the North Atlantic rift and seafloor spreading from the end of the Triassic on 

(Bourillet et al., 2006; Ziegler, 1981). 
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2.2.1 Pre-rift phase 

This first phase starts at the Late Permian-Triassic (around 250 Ma) (Fig. 2.6) and ends at the Middle 

Jurassic (around 170 Ma). This first phase is characterized by the beginning of basin formation, with 

the basins as a part of the Arctic–North Atlantic rift system (Evans, 1990; Ziegler, 1987a). The 

Permian and Triassic are characterized by post-orogenic extension after the Variscan orogeny, with 

normal faulting (Evans, 1990). The following Jurassic is typified by thermal relaxation of an old Late 

Palaeozoic orogenic suture between Laurasia and Gondwana, which is still marked by meta-

ophiolites, and was responsible for the 5000 m of infill of the Western Approaches Basin (Evans, 

1990; Ziegler, 1987b). This Basin evolved at the end of Early Jurassic to an overfilled epicontinental 

carbonate platform, which was connected to the Paris-London Basin (Bourillet et al., 2003). 

 

 

 

Fig. 2.6: A reconstruction of Pangea starting to break up at 250 Ma 

(Permian-Triassic). (Ruiz-Martínez et al., 2012) 

 

2.2.2 Rift phase 

The second phase initiated during the Middle Jurassic (around 170 Ma), when the Bay of Biscay 

started to rift and open, and ended at the Early Cretaceous (around 130 Ma) (Bourillet et al., 2003; 

Evans, 1990), when the Bay of Biscay develop as a branch of the main Atlantic rift (de Stigter et al., 

2012). This phase represents a complex tectonic episode (Ziegler, 1982), which is the result of 

lithospheric stresses related to the opening of the North Atlantic (Montadert et al., 1979). This 

episode is dominated by regional uplift and doming during the Jurassic and the formation of oceanic 

crust by localised rifting associated with strike-slip movement during the Cretaceous (Evans, 1990). 

This rifting prior to seafloor spreading had three consequences; first tilted blocks limited by 140° 

listric faults were formed; secondly the associated thermal subsidence, going on until Paleogene 

times, allowed the deposition of 500 m of chalk (Bourillet et al., 2003; Cunningham et al., 2005; 

Evans, 1990); and thirdly the Bay of Biscay was split into a wide northern and a narrow southern part, 

still marked by basement seamounts (Bourillet et al., 2006). Another consequence of this rifting is 

the formation of the deep part of the bay and its margins with the continental slope and its 

topographic framework (Bourillet et al., 2003; Evans, 1990), though the sedimentary processes have 

had their influence as well (Bourillet et al., 2003). Sediment accumulation appeared not sufficient to 

bury the fault-block topography produced during rifting, resulting in the so-called typical starved 

margin (Evans, 1990). 
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2.2.3 Post-rift: Cretaceous-Paleogene 

The third phase, the post-rift phase begins at the end of the Early Cretaceous and goes on until 

present. This phase can be divided into two periods, from the Cretaceous to the end of the 

Paleogene and from the Neogene to recent times. The first period includes the Cretaceous, 

Paleocene, Eocene and Oligocene. The second period includes the Miocene, Pliocene, Pleistocene 

and Holocene.  

 

The first period starts at the end of the Early Cretaceous (around 130 Ma) and ends at the beginning 

of the Miocene (around 23 Ma) (Evans, 1990). This first period has been subdivided by Evans (1990), 

in a first phase from the Early Cretaceous to the Late Paleocene and a second phase from the Early 

Eocene to the Miocene. The first phase represents a more tranquil episode, characterized by slow 

uniform subsidence (Evans, 1990). The second phase is characterized by the occurrence of the Alpine 

events (Bourillet et al., 2003, 2006; Evans, 1990). Due the Early Cretaceous rifting, the outer shelf and 

slope began to subside until they had reached their present depth at the mid-Tertiary (Montadert et 

al., 1979). By the early Cenozoicum, at the end of the Cretaceous, subsidence had become minimal 

and the stresses present were related to the mid-Atlantic extension and the collision of the African 

and European plates (Bourillet et al., 2003; de Stigter et al., 2012; Evans, 1990). With this latter 

compressional phase, responsible for the Alpine mountain chain, the most important for the 

southern margin of the Western Approaches Basin, while the northern part remained passive (de 

Stigter et al., 2012; Evans, 1990). These Alpine events, with the associated ocean closure resulted in 

crustal shortening of the northern Spanish Margin and uplift or inversion of the basins (Bourillet et 

al., 2003, 2006; Evans, 1990). The middle Eocene compressive phase and the subsequent Oligocene 

inversion, representing the Pyrenean phases, for example, were responsible for the generation of 

several reliefs such as the Trevelyan Escarpment and the Hurd Deep. These reliefs formed the limit 

between the thinned continental crust and the oceanic crust. This compressive phase and inversion 

were also responsible for the onset of turbidite deposits in the Celtic and Armorican Deep-Sea Fans 

during the Neogene (Bourillet et al., 2003, 2006; Droz et al., 1999, 2003; Lericolais et al., 1996; 

Thinon, 1999). 

 

2.2.4 Post-rift: Neogene-Quaternary 

The deposition in the Western Approaches Basin during the Neogene, after the Early Miocene hiatus, 

can be divided into three phases, the Miocene, Pliocene and Quaternary. This deposition is 

controlled by two main inversed Alpine tectonic phases. The first phase represents a subduction 

during the middle Eocene, while the second phase corresponds to a general uplift during the late 

Miocene (Bourillet et al., 2003). Maximum inversion from subduction to uplift, occurred during the 

Oligocene - Early Miocene and is marked by an unconformity (Droz et al., 1999, 2003). Above this 

unconformity three sediment units were deposited, each separated by minor unconformities. The 

first two units, deposited during the Miocene and Pliocene, were mainly fed by the ‘Fleuve Manche’ 

palaeoriver. These first two units show a basinward progradation with frequent channel shifting and 

during the Pliocene regional debris flows occur. The third unit was deposited during the Quaternary, 
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is glacially related and fed by the Irish Sea, as a result it generated a more permanent channel-levee 

system (Bourillet et al., 2006; Evans and Hughes, 1984). After the Pliocene, a widespread marine 

transgression with relatively low sedimentation rates occurred due to continued subsidence (Dingle 

and Scrutton, 1979; Naylor and Shannon, 1982). The Neogene deposits can be found on the outer 

shelf and upper slope of the Bay of Biscay. They are intersected by escarpments and canyons, what 

results in a disruption of their continuity between 1100 m and 1900 m water depth. Therefore it is 

impossible to connect the layers of the shelf to those of the continental rise (de Stigter et al., 2012; 

Bourillet et al., 2003). On the continental shelf, the Neogene deposits overlie the consolidated 

Paleogene and Cretaceous strata from the previous period (Bourillet et al., 2003). These Neogene 

deposits are comprised of four main lithostratigraphical units. The early to mid-Miocene Jones 

Formation, the mid- to late Miocene Cockburn Formation, the Pliocene to Pleistocene Little Sole 

Formation, and the Quaternary Melville Formation (Fig. 2.7). It is suggested that much of these 

Neogene sediments have been removed by rejuvenated Late Neogene to Holocene canyon cutting 

and slope wasting. Canyon incision occurred mainly by headward erosion and retrogressive slope 

failure and started in the Pliocene-Pleistocene. This incision cuts as deep as the Miocene deposits 

and the Cretaceous/Paleocene chalks (Evans, 1990). 

 

 
Fig. 2.7: Section through the upper slope of the Western Approaches with (A) an overview of the seismic profile with 

interpretation, and (B) a detail on the sigmoïdal reflectors of the Little Sole Formation. (Bourillet and Lericolais, 

2003) 

 

The sedimentation at the Celtic and Armorican Deep-Sea Fans during the Neogene, can be used to 

reconstruct the sedimentary processes (Bourillet et al., 2003, 2006; Zaragosi et al., 2006). Generally, 

maximum sedimentation occurred during sealevel lowering, while sedimentation rates decreased 

during sealevel rise. During lowstands, the “Fleuve Manche” palaeoriver reached its maximum 

extension, although never as large as during the Messinian (Bourillet et al., 2003). The main part of 

the Last Glacial Maximum (LGM; 26-20 ka) is characterized by fine-grained turbidites, linked to the 
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North Atlantic Drift and the Irish Sea ice stream during sealevel lowstand (Zaragosi et al., 2001, 

2006). The subsequent European deglaciation (20-13 ka) is marked by an increase in sedimentation 

rate, accompanied by the deposition of ice-rafted debris (IRD) at the top or base of the fine-grained 

turbidites (Bourillet et al., 2003; Zaragosi et al., 2001, 2006). These two features indicate that an 

intensified terrigenous transfer to the deep-sea, with an increased continental sediment supply is 

present. The same depositions can also be found on the Trevelyan Escarpment and Meriadzek 

Terrace, where they are interpreted as annual marine ‘varves’. These ‘varves’ are suggested to be 

related to the annual cycle of meltwater and iceberg release from the disintegrating British-Irish Ice 

Sheet (BIIS), which appears to be enough to have generated seasonal turbidite flows (Bourillet et al., 

2003; Zaragosi et al., 2006). Finally, this also implies that the connection between the two potential 

continental sedimentary sources; the ‘Fleuve Manche’ palaeoriver and the Irish Sea; and the canyons 

must have been efficient (Zaragosi et al., 2006). During Heinrich events H1 and H2, sedimentation 

rates and IRD supply decreased (Bourillet et al., 2003; Zaragosi et al., 2001, 2006). This represents the 

beginning of the less efficient connection between the continental sources and the canyons, and is 

caused by a sealevel rise. From the Bølling-Allerød, Younger Dryas and Early Holocene on, the IRD 

disappears definitively and hemipelagic deposits with episodic fine-grained turbidite supply prevail. 

This disappearance of IRD and the drop in sedimentation rate are caused by the vanishing of BIIS and 

the retreating of the fuvial systems on the shelf, like the “Fleuve Manche” palaeoriver. The modern 

deep-sea Bay of Biscay seafloor is characterized by the shutdown of the overflow processes on the 

levees and pelagic to hemipelagic drape deposits without any significant terrigenous supplies from 

the shelf. The drop in terrigenous supply during the Late Holocene coincides with the marine invasion 

of the ‘Fleuve Manche’ palaeoriver, but could also be linked to the general reforestation of Western 

Europe (Zaragosi et al., 2006).  

 

The canyon interfluves on their turn, are formed due to various, still active sedimentary processes. 

Some of these processes are, (hemi-)pelagic sedimentation; deposition and remobilisation in 

response to hydrodynamic conditions (tidal and wave currents); slope deposits (contourites and 

sediment waves); gravity-driven deposits (slides, debris flows and turbidity currents) (Bourillet et al., 

2003). During sealevel highstands, the high-energy gravity flows can be responsible for the 

deposition of sand from the upper slope on the interfluves (Auffret et al., 2000). These gravity-driven 

deposits are also responsible for scars, scarps and gullies. But the interfluves are also formed due to 

past processes, like fluvial sedimentation during sealevel lowstands and glaciomarine sedimentation 

during the decay of the BIIS (Bourillet et al., 2003). 

 

2.2.4.1 Miocene Formations 

The early to mid-Miocene Jones Formation underlies the outer shelf and consists of 294 m of 

progradational calcilutites (Figs. 2.7 & 2.8; Evans, 1990; Evans and Hughes, 1984). This formation has 

been deposited in a slightly deeper and warmer shelf sea then the Bay of Biscay is at present and 

encountered a limited terrestrial input with calm seabed conditions (Evans, 1990; Jenkins and 

Shackleton, 1979; Jenkins, 1977). 
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Fig. 2.8: Geometric distribution of the Neogene units across the continental shelf and slope along the 

Western Approaches. (Evans, 1990) 

 

The mid- to late Miocene Cockburn Formation is located on top of the Jones Formation (Fig. 2.7). In 

between them an erosional surface is present at the middle shelf, which disappears towards the 

outer shelf (Fig. 2.8; Evans, 1990). This second Miocene formation consists of deltaic, possibly tidal 

calcarenites (Evans and Hughes, 1984). At the base of the unit low tidal sand ridges were found, up to 

60 m high and 6 km to 8 km across with a NNE orientation. They were most likely the product of 

strong tidal currents during a sealevel lowstand (Evans, 1990; Patin and Evans, 1984).  

 

The Jones and Cockburn Formations both form a wide prism of progradational carbonates (Gracia-

Garay et al., 2004). During the Messinian (Late Miocene) sealevel lowstand, the ‘Fleuve Manche’ 

palaeoriver had its maximum extension and the onshore drainage basins were directly connected to 

the slope. Some canyons became more mature as the fluvial discharges increased and caused more 

continuous erosion of the valley floor and walls (Bourillet et al., 2003).  

 

2.2.4.2 Pliocene and Quaternary Formations 

The Pliocene to Pleistocene Little Sole Formation has a very different depositional style and geometry 

from that of the underlying Miocene formations (Evans, 1990). The cessation of the carbonate-rich 

deposits reflects a major change in depositional regime on the shelf and upper slope, which may 

correlate with the late Miocene to early Pliocene regression and a global eustatic sealevel fall (Evans, 

1990; Haq et al., 1987). This formation formed a second deltaic sandy progradational prism, with 

abundant sediment accumulation, on top of the Messinian erosional surface (Bourillet et al., 2003; 
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Evans, 1990). The sediment influx may have been derived from the inner shelf as it was tilted and 

subsequently eroded (Evans, 1990). This formation truncated the shelf break during the Pliocene and 

forms either a narrow wedge along the shelf break, aggradational (in the north) to incised (in the 

south) fluvial deposits or shelfal deposits (Bourillet et al., 2003; Bouysse et al., 1976; Pantin and 

Evans, 1984; Reynaud et al., 1999b).  

 

This formation is informally divided into two units, with a discontinuity in between them on the outer 

shelf. Towards the slope, they become more conformable and impossible to distinguish. The lower 

one, the Lower Little Sole Formation, was deposited during the Pliocene. This unit is a uniform along-

slope lens-like 300 m thick body, which rests unconformable on the outermost shelf and upper slope 

(Figs. 2.7 & 2.8). Its basal surface displays an irregular, undulating outline, which suggests that the 

upper slope was incised by a series of canyons prior to deposition of this lower unit. The upper one, 

the Upper Little Sole Formation, was deposited during the Pleistocene. This unit is more a blanket-

like unit of about 50 m thick, covering much of the outer shelf and draping onto the slope (Figs. 2.7 & 

2.8). At the base of this upper unit, several cut-and-fill channel-like features of a few metres deep 

and a few hundred metres across are found along the shelf and are proposed to have a fluvial origin 

(Evans, 1990; Pantin and Evans, 1984). This network of infilled palaeovalleys points to the direct link 

between the continental slope and the “Fleuve Manche” palaeoriver at this time (Bourillet et al., 

2003; Gracia-Garay et al., 2004). 

 

During the Pleistocene, after the deposition of the Lower Little Sole Formation, the canyons of the 

upper slope were incised into the sediments of this unit. Not only these canyons, but also interlocked 

slumps removed much of the Lower Little Sole Formation. Episodic sealevel lowstands at this time 

were responsible for the intensification of wave and tidal action across the outer shelf, but also for 

the transport of larger volumes of sand across the shelf break. Part of this sand volume may have 

resulted in downslope density currents cutting into the seafloor above earlier incisions, with the 

formation of nested canyons as a result (Evans, 1990). 

 

The last formation is the Quaternary unconformable, unconsolidated Melville Formation, with 

glaciomarine aspects (Fig. 2.7). This formation forms a the thick mobile sediment cover and makes up 

the bulk of the Celtic Banks on the outer shelf. It is well developed across the middle and outer shelf 

on top of a smooth, flat, erosional surface, which forms the top of the Upper Little Sole Formation 

(Bourillet et al., 2003; Evans, 1990). During the Quaternary sealevel rise, ravinement of the shelf was 

intense, resulting in a lot of canyon incisions at that time (Bourillet et al., 2003).  

 

 

 

 

 

 



Chapter II: General setting 

16 

2.2.4.3 Seismic expression of the local Formations 

The different formations bounded by erosional surfaces in the studied area have the following 

expresions (Figs. 2.7 & 2.9; Evans, 1990):  

(a) the Lower Miocene Jones Formation is formed at its base by low-angled SW dipping clinoforms, 

which pass over into parallel, continuous reflectors; 

(b) the Upper Miocene Cockburn Formation displays downlapping reflectors, or a series of low 

undulating banks (NNE-directed tidal sand ridges of 60 m high, 6-8 km across and 12-20 km 

spacing) with in the intervening lows an inclined infill of low-angled, dish-like reflectors which 

show a decrease in amplitude upwards; 

(c) the Pliocene Lower Little Sole Formation forms a lens-like body on top of a slightly undulating 

unconformity with a dip of about 3°, which becomes nearly parallel to the depositional dip of 

the underlying strata below water depths of 1200 m. This irregular, undulating, erosional surface 

rises upslope onto the outer shelf to flatten out about 15 km landward of the shelf break at 50-

60 m below the present seafloor (Evans and Hughes, 1984). This basal surface suggests that the 

upper slope was incised by a series of canyons during this time, prior to the deposition of this 

formation. The seismic facies of this formation at the shelf consists at the lower part of series of 

prograding reflectors in an otherwise chaotic facies. While below water depths of about 350 m, 

a more continuous facies is encountered of high-amplitude parallel reflectors, with near the 

base the occurence of slump lenses and listric fault planes. 

(d) the Pleistocene Upper Little Sole Formation forms a blanket-like continuous sheet characterized 

by chaotic, very discontinuous, variable amplitude reflectors. At the base of this formation, 

channels of a few tens of metres deep and a few hundred metres across are present across the 

shelf, down to the shelf break at 240 m water depth (Bouysse et al., 1975, 1976). This sheet 

terminates abruptely onto the seafloor, towards the NNE at the outer shelf. 

(e) the Holocene Melville Formation has its maximal thickness in the tidal sand ridges, but may thin 

to nothing in between them. 

 

 

Fig. 2.9: The stratigraphical 

relationships between the 

features of the deep-sea 

(continental rise) and the upper 

slope - outer shelf. With 

indication of the evolution of 

the canyons and palaeovalleys. 

(Bourillet et al., 2003) 
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2.2.5 Post-rift: canyons & recent sedimentary processes 

There are two types of canyons, the active ones and the dormant. The active canyons are nowadays 

directly connected to a river system, the dormant were once connected to a river system, but are 

now disconnected (Tyler et al., 2009). The active canyons receive their terrigenous sediment mainly 

from the continental area drained by the river, while in the dormant ones the organic and inorganic 

sediments are originating from the shelf and slope. In both canyons, the organic component consists 

of a complex mixture of more or less reworked phytodetrital material associated with various 

proportions of terrestrial organic matter (Duros et al., 2011; Tesi et al., 2010). In dormant canyons, 

such as the Whittard Canyon, the currents are not a result of a river discharge, but more likely the 

result of residual currents along the channels or tidal currents. These residual currents can be related 

to the wind patterns, tidal currents or boundaries between different water bodies with different 

densities and can be important like in the Nazaré Canyon (Pingree and Le Cann, 1989; Tyler et al., 

2009). The interaction between tides and topography in the presence of a water-column 

stratification can lead to the formation of internal waves or internal tides. Most submarine canyons 

are traps for these internal waves/tides and therefore very important. Inside the canyons, these 

internal waves/tides may become bottom currents, which can be responsible for the erosion and 

resuspension of bottom sediments and the transport to deeper parts of the canyon. Because of these 

processes, the bottom currents are sediment-laden (Tyler et al., 2009). These particle-laden layers 

are also called nepheloid layers and are enriched in particulate organic matter (POM) (de Stigter et 

al., 2007; Oliveira et al., 2007; Tyler et al., 2009). The bottom nepheloid layers are located around the 

middle and upper canyon branches, from 1200 m to 200 m water depth (Huvenne et al., 2011). 

Mainly in the upper part of the canyon, the currents are strong enough to suspend significant 

amounts of material (Tyler et al., 2009). Therefore the transport of material through the canyon is 

subjected to various hydrodynamic processes like suspension-resuspension events, slumps, 

gravitational flows and dense shelf water cascading events (Duros et al., 2011). 

 

The canyons of the Bay of Biscay were during sealevel lowstands, for instance during the LGM, the 

connection between the rivers on land and the large submarine fans on the continental rise. They are 

nowadays dormant because their connection to the rivers is cut off due to the Holocene sealevel rise 

(de Stigter et al., 2012). The more than 1500 km long ‘Fleuve Manche’ palaeoriver forms, since the 

Oligocene, a large river system that connects the continent with the deep-sea (Bourillet et al., 2003). 

This river system drained in glacial times the major western European rivers, such as the Seine, the 

Somme, the Solent, the Loire, the Rhine, the Meuse and the Thames. This palaeoriver also drained 

part of the BIIS, although the Irish Sea ice stream and not the ‘Fleuve Manche’ palaeoriver forms the 

main drainage pathway (Fig. 2.10; Bourillet et al., 2003, 2006; Zaragosi et al., 2006). The activity of 

the canyons was highest during sealevel lowstands or more particularly during deglaciations, while 

the present-day activity during a sealevel highstand is reduced (Zaragosi et al., 2006; Toucanne et al., 

2008). The reason for this reduction can be found in the far location of the canyon in relation to the 

terrestrial sources, but also in the fact that sediment input is limited to shelf spill-over. All canyons 

also show a progressive downslope transition from a V- to U-shape. This could be the result of a 
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transition from erosive to depositional processes or of sediment bypass conduits carrying sediment 

between the shelf and abyssal plain (Cunningham et al., 2005). 

 

 
Fig. 2.10: Physiographic features of the Bay of Biscay. With (1) the English Channel palaeovalleys, (2) 

the delta channels, (3) the coastline at 18000 years 
14

C b.p., (4) BIIS full glacial extension, (5) ice 

limits and ice stream at 21000 years 
14

C b.p., (6) the Celtic sand banks, (7) the Cap-Ferret turbidite 

system, (8) the Armorican turbidite system and (9) the Celtic turbidite system. The drainage basins 

are also indicated as (a) the ‘Grande Sole’ Drainage Basin, (b) the ‘Petite Sole’ Drainage Basin, (c) the 

‘la Chapelle’ Drainage Basin and (d) the ‘Ouest Bretagne’ Drainage Basin. These drainage basins 

converge to feeder channels with next to them levee deposits like the Whittard Levee (W.L.). 

(Zaragosi et al., 2006) 
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Chapter III: Oceanography 

 

3.1 Present-day oceanography 

 

The following water masses in the Bay of Biscay were already presented by Boucher (1985): the 

upper layers (from 100 m to 800 m depth) with the characteristics of the North Atlantic Central 

Water (NACW), with its eastern component the Eastern North Atlantic Water (ENAW). Below the 

upper layers, from 800 m to 1500 m, water masses with a Mediterranean origin appear, 

Mediterranean Outflow Water (MOW). From 1500 m to 3000 m, the North Atlantic Deep Water 

(NADW) occurs and below 4000 m Antarctic waters are present, Antarctic Bottom Water (AABW). 

Pollard et al. (1996) moreover found a seasonal thermocline of 50 m to 100 m at the top of the water 

column. 

 

The north-eastern Atlantic Ocean along the western European Margin represents a relatively slowly 

flowing part of the ocean and is located SE of the strong North Atlantic Current (NAC) and north of 

the subtropical gyre (Friocourt et al., 2007). Most of the water masses in the Bay of Biscay and 

consequently at the Celtic Margin have their origin in the northern Atlantic Ocean and belong to the 

north-eastern Atlantic circulation or are the result of interactions between North Atlantic and 

Mediterranean waters (Dullo et al., 2008; Friocourt et al., 2007; Pollard et al., 1996; van Aken, 2001). 

 

In this study, the present-day oceanographic situation in the Bay of Biscay is divided into three water 

masses. The surface waters represented by ENAW, the intermediate waters by MOW and the deep 

waters by NADW. In the section below, the different water masses will be represented going from 

the surface to the bottom. 

 

The Bay of Biscay has a wave-dominated tidal coastline, with a lot of different circulation patterns 

(Iglesias, 2009; Koutsikopoulos and Le Cann, 1996). The general oceanic circulation in the central 

(oceanic) area of the Bay of Biscay, is marked by a weak anticyclonic circulation (Fig. 3.1). Towards 

the continental margin, the main circulation becomes cyclonic (Fig. 3.1). Though other dynamics, 

linked to slope currents, local instabilities and oceanic eddies may also be important (Koutsikopoulos 

and Le Cann, 1996). The Bay of Biscay is also known for its severe storms and strong tidal currents 

(Iglesias, 2009). Residual slope and shelf currents are induced by differences in water density, by the 

wind and (internal) tides (Koutsikopoulos and Le Cann, 1996). The shelf circulation is also governed 

by coastal currents induced by run-offs from the main rivers along the European Margin, and cross-

shelf transport along the submarine canyons intersecting the shelf is important as well. These shelf 

currents are also the result of amplified tides and non-linear wave-current interactions (Iglesias, 

2009). 
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Fig. 3.1: Circulations and currents in the Bay of Biscay: (1) 

general anticyclonic oceanic circulation, (2) eddies, (3) 

slope cyclonic current, (4) shelf residual cyclonic 

circulation, (5) tidal currents, (6) wind induced currents, 

and (7) density currents. (Koutsikopoulos and Le Cann, 

1996) 

 

3.1.1 Water masses 

3.1.1.1 Surface waters 

Seasonally, a thermocline of 50-100 m thickness can develop as a surface layer. This seasonal 

thermocline is modified by atmospheric interaction and has an increased temperature of 4°C to 6°C 

(Dullo et al., 2008; Pollard et al., 1996). The surface water temperatures measured by González-Pola 

et al. (2006) at the Santander station in the upper 10 m ranged in 2005 between 11°C and 23°C. In 

the Celtic Sea, the surface temperatures range between 8-10°C in February and 14-17°C in August or 

even more. The salinity of the surface waters ranges between 34.5 and 35.0 (OSPAR Commission, 

2000). 

 

3.1.1.2 Eastern North Atlantic Water (ENAW) 

The upper water mass, extending from 100 m to 400-600 m depth is described as ENAW. This water 

mass varies considerably in space and time (Fig. 3.2; Dullo et al., 2008; Hernández-Molina et al., 

2009b; Pollard et al., 1996). The temperature (≥ 10.9°C) and salinity (≥ 35.57) decrease with 

increasing depth within this water mass (Fig. 3.3; Dullo et al., 2008; Friocourt et al., 2007). This ENAW 

is mainly formed in the Bay of Biscay by winter cooling and mixing. The temperature and salinity 

characteristics depend on the depth and location, and could be formed by air-sea interaction, or by 

the influence of MOW, or by the interaction with Subarctic Intermediate Water (SAIW) more to the 

NW (Fig. 3.2; Pollard et al., 1996). The salinity of this water mass is around 35.6 and the lower 

boundary is characterized by a colder low-density core (≤ 35.6) at depths between 400 m and 700 m 

(35.58 around 500 m) (Fig. 3.3). This colder low-density core might correspond to the lateral 

influence of the cold and fresh water of SAIW coming from the N(W), but it might also be related to 

the effects of seasonal stratification and fresher coastal waters. Therefore this SAIW might separate 

the ENAW from the underlying MOW (Fig. 3.2; Friocourt et al., 2007; Pollard et al., 1996; van Aken, 

2000b).  
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Fig. 3.2: (a) Cross section of the salinity along a transect extending from the Irish shelf about 52°N across the 

southern Rockall Trough. The indicated water masses outlined in the plot are: Eastern North Atlantic Water 

(ENAW), Shelf Edge Current (SEC), Mediterranean Outflow Water (MW or MOW), Subarctic Intermediate 

Water (SAIW), Labrador Sea Water (LSW), and North East Atlantic Deep Water (NEADW). (b) The red line on 

the overlay map outlines the transect position. (McGrath et al., 2012) 

 

 
Fig. 3.3: (a) Mean temperature and (b) mean salinity profiles of the Eastern North Atlantic Central Water (ENACW), 

Mediterranean Water (MW or MOW), and Labrador Sea Water (LSW) over the Biscay abyssal plain. With the solid 

line representing the model of Friocourt et al. (2007) and the dashed line the climatological data set of Reynaud et 

al. (1998). (Friocourt et al., 2007) 

 

3.1.1.3 Mediterranean Outflow Water (MOW) 

The intermediate water mass is formed by the MOW, which is situated between 400-600 m and 1500 

m, underneath the ENAW (Figs. 3.2 & 3.3; Dullo et al., 2008; Hernández-Molina et al., 2009b; van 

Aken, 2000a). The MOW is the result of a density driven overflow of saline water from the 

Mediterranean Sea over the shallow sill at the Strait of Gibraltar and has relatively low nutrient 

concentrations (Hernández-Molina et al., 2006; van Aken, 2000b). The MOW splits into two branches 

as it passes the Galicia Bank, Gulf of Cadiz (Iorga and Lozier, 1999). This water mass separates in an 

upper warmer and fresher core (≈13.0°C, ≈36.4, ≈31.85 kg/m3) at about 800 m and a lower core with 

a higher density (≈12.2°C, ≈36.6, ≈32.2 kg/m3) at about 1200 m (Daniault et al., 1994). The upper core 

originates from shallower depths in the Mediterranean Sea and is characterized by a lower nutrient 
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concentration than the lower core. The upper core flows further north underneath the ENAW, and 

mixes with ENAW in the eastern North Atlantic and with the SAIW in the western North Atlantic. The 

lower MOW core mixes with Labrador Sea Water (LSW), which is located between 1800 m and 2000 

m and is a part of the NADW. It is believed that both branches follow different pathways and once in 

the Bay of Biscay the double core structure is difficult to observe (Fig. 3.2; Daniault et al., 1994; Dullo 

et al., 2008; Iorga and Lozier, 1999; McCave et al., 2001; van Aken, 2000a,b). The occurrence of 

MOW is indicated by an increase in salinity (around 36) and possibly also an elevated temperature 

(around 10°C) and an associated decrease in oxygen content, compared with the under- and 

overlying water masses (Dullo et al., 2008; Friocourt et al., 2007; Masson et al., 2009). Futhermore, 

the salinity of this MOW decreases towards the north due to mixing with less saline water masses 

(Iorga and Lozier, 1999). 

 

3.1.1.4 North Atlantic Deep Water (NADW)  

Underneath the MOW, the NADW is found between 1500 m and 3000 m (Friocourt et al., 2007; 

Hernández-Molina et al., 2009b). The NADW has its source region in the Greenland-Norwegian Sea 

and flows southward (Swift et al., 1980). Though, when this NADW enters the Bay of Biscay, it seems 

to develop its own circulation pattern. The NADW seems to be a complex mixture of LSW, Iceland-

Scotland Overflow Water (ISOW) and Lower Deep Water (LDW) (Duros et al., 2011; Fogelqvist et al., 

2003; McCartney, 1992; McCave et al., 2001; van Aken, 2000a,b). The LSW is recognised as a cold, 

salinity minimum around 1800 m, while the ISOW, is identified by a small salinity maximum around 

2600 m (Duros et al., 2011; Fogelqvist et al., 2003; Friocourt et al., 2007; van Aken, 2000a). The 

salinity of the LSW tends to increase in the eastern Bay of Biscay and over the continental slope, 

which is probably due to diapycnal and isopycnal mixing with the overlying saline MOW (van Aken, 

2000b). The ISOW core, with low nutrient and relatively high oxygen concentrations, is situated in 

between two low salinity cores of LSW and abyssal LDW (van Aken, 2000a). The abyssal LDW itself, 

mainly seems to result from the mixing of the deep AABW and the LSW (Pollard et al., 1996; van 

Aken, 2000a).  

 

3.1.2 Hydrodynamics 

The general surface oceanography of the north-eastern Atlantic is characterized by the northward 

transport of warm subtropical water by the NAC towards the European Margin and a southward 

transport by the Azores Current (AC) towards the African Margin (Figs. 3.4, 3.5 & 3.6). NAC and AC 

are both part of a subtropical gyre transporting surface waters around the North Atlantic Ocean in an 

anticyclonal circulation (Fig. 3.4). This gyre is formed by the Gulf Stream as a western boundary 

current and by the AC continued in the Canary Current as the eastern boundary current. The western 

and eastern boundary current are linked by the NAC in the north and the North Equatorial Current in 

the south. This subtropical gyre transports the surface waters around the North Atlantic Ocean (Fig. 

3.4; Brown et al., 1989b; Kennett, 1982). 
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Fig. 3.4: Present-day surface currents in the 

North Atlantic Ocean, divided into the 

subpolar (SPG) and subtropical gyre (STG). 

The color coding reflects the relative 

amount of heat transported. AC = Azores 

Current, CC = Canary Current, EGC = East 

Greenland Current, GS = Golf Stream, IC = 

Irminger Current, LC = Labrador Current, 

NAC = North Atlantic Current, NC = 

Norwegian Current, NEC = North Equatorial 

Current. (Morley, 2010) 

 

 

 

Fig. 3.5: Composition of the surface waters in the Bay of 

Biscay taken from several sources. With indication of the 

North Atlantic Current (NAC) flowing to the north and the 

Azores Current (AC) flowing to the south. (González-Pola et 

al., 2006, from González-Pola et al., 2005) 

  

Furthermore, the general oceanic circulation in the Bay of Biscay, situated at the divide between the 

two major oceanic current systems, is relatively weak and variable and is typified by the presence of 

cyclonic and anticyclonic eddies (Fig. 3.1). These eddies are formed by the interaction of current 

instabilities with the bottom topography of the continental margin. The cyclonic eddies are mainly 

formed in the winter and mainly located in the northern part of the bay, while the anticyclonic eddies 

are mainly formed during the summer and centred north of Cape Finisterre and Cape Ortegal 

(Friocourt et al., 2007). The NAC itself splits into two branches, with the cyclonic northern branch 

entering the Norwegian-Greenland Sea, and the anticyclonal southern branch flowing to the south, 

into the Bay of Biscay to join the subtropical gyre (Fig. 3.6). These currents and eddies may be very 

important considering the mixing and dispersion of material, including organic material (Figs. 3.1, 3.4, 

3.5 & 3.6; Dullo et al., 2008; Koutsikopoulos and Le Cann, 1996; Pollard et al., 1996).  
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Fig. 3.6: Cold-water reefs along the Celtic and Norwegian 

Margin, with the prevailing current regimes. The red arrows 

indicate surface currents of the North Atlantic Current (NAC) 

and the Norwegian Coastal Current (NCC). The blue and 

green arrows indicate intermediate water mass circulations 

of the Mediterranean Outflow Water (MOW), the overlying 

Eastern North Atlantic Water (ENAW) and the Atlantic Water 

(AW). (Dullo et al., 2008) 

 

In the upper 1000 m of the water column, the eastern boundary current or slope current is a 

prominent residual circulation and is roughly poleward directed (Fig. 3.1; de Stigter et al., 2012; 

Pingree and Le Cann, 1990; Huthnance et al., 2001). At meso-scale, these slope currents may cause 

local instabilities and oceanic eddies (Koutsikopoulos and Le Cann, 1996). Such slope currents are 

mainly forced by the winds and reverse seasonally at all depths, therefore they display a strong 

seasonal variability (de Stigter et al., 2012; Friocourt et al., 2007). During the summer, the winds are 

directed towards the south, resulting in offshore Ekman transport of the surface waters and inducing 

upwelling and southward surface circulation (Fig. 3.7; Bakun and Nelson, 1991; Friocourt et al., 2007; 

van Aken, 2002). The equatorward summer slope currents are weak or may even be absent (van 

Aken, 2002). During the winter, the winds are mainly directed to the NE, which induces a stronger, 

mainly NE surface circulation (Fig. 3.7; Friocourt et al., 2007; van Aken, 2002). At least three 

poleward slope currents exist, but they are not always directed to the north and vary seasonally 

(Friocourt et al., 2007). The Iberian Poleward Current (IPC), is one of these poleward circulations. This 

IPC is responsible for the transportation of warm and salty waters into the whole Bay of Biscay during 

the winter (Friocourt et al., 2007; Koutsikopoulos and Le Cann, 1996). The surface slope currents 

reach velocities of about 5 cm/s (Pingree et al., 1999; van Aken, 2002), and weaken, narrow and 

shoal along the Armorican and Celtic Margins during late winter and early spring, but persist during 

summer as an undercurrent (Friocourt et al., 2007). Along the offshore flank of the Celtic Margin, the 

flow reverses and becomes more weak during the summer and is directed to the equator, especially 

in the upper layers (Fig. 3.7; Friocourt et al., 2007; Pingree et al., 1999).  
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Fig. 3.7: Four figures with a 

three months time interval, 

displaying the 

climatological velocity 

vectors averaged in depth 

between 30 m and 160 m. 

(a) Late December, (b) early 

April, (c) early July, and (d) 

late September. Velocities 

smaller than 0.2 cm/s are 

not shown. (Friocourt et al., 

2007)  

 

The residual currents over the shelf are mainly formed by the wind, the tides and the differences in 

water density (Koutsikopoulos and Le Cann, 1996). In the northern part of the bay, these residual 

currents are weak and NW oriented. The southern part on the other hand is marked by a seasonality 

due to the seasonal dynamics of the dominant winds (Koutsikopoulos and Le Cann, 1996; Pingree 

and Le Cann, 1989). Moreover, as barotropic tides are proportional to the width of the continental 

shelf, along the southern part of the bay, these tides are very weak. As a result, the water circulation 

in the southern part is mainly wind-induced and governed by density-currents (Koutsikopoulos and 

Le Cann, 1996).  

 

Over the Biscay Abyssal Plain only a continuous eastward surface flow is present, whose position 

varies with time. The waters of this flow are advected from the north-eastern Atlantic Ocean to the 

centre of the bay during late summer and towards the Celtic Margin in the northern part of the bay 

during spring (Fig. 3.7; Friocourt et al., 2007; van Aken, 2002). Yet not all flow is directed to the Celtic 

Margin, another, smaller part is flowing S-SE towards the Spanish coastline (Fig. 3.7; van Aken, 2002). 

The typical maximal velocities over the abyssal plain vary from 3 cm/s during spring time to 8 cm/s 

during the late summer (Friocourt et al., 2007; van Aken, 2002). The meso-scale flow above the 

Biscay abyss is dominated by anticyclonal eddies (Figs. 3.1 & 3.7), with a diameter of about 45 km 

(van Aken, 2002). Seen the air temperature changes considerable depending on the time of the year, 
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the surface waters vary seasonally, following the temperature trend (González-Pola et al., 2006). 

Salinity in the upper ocean has an atmospheric forcing as well, as it effectively depends on the annual 

evaporation-precipitation balance (González-Pola et al., 2006; Pérez et al., 2000). 

 

The surface waters, including the ENAW in the Bay of Biscay are a part of the NAC and form therefore 

a cyclonic gyre. West of Spain and Portugal, they are characterized by an anticyclonic loop formed by 

the AC (Figs. 3.1, 3.4 & 3.5; Dullo et al., 2008; González-Pola et al., 2006; Hernández-Molina et al., 

2009b; Pollard et al., 1996). The ENAW is mainly formed in the Bay of Biscay by winter cooling and 

mixing as a geostrophic current. The zone where this mixing occurs is limited in the north by the NAC 

and in the south by the AC (Figs. 3.4 & 3.5; Dullo et al., 2008; Pingree and Le Cann, 1989; Pollard et 

al., 1996).  

 

The ENAW can be divided in an upper, lower density and lower, higher density part. The upper part 

has a main poleward flow, while the lower part mainly flows toward the equator. It is this south-

eastern flow that forms the dominant flow direction (Friocourt et al., 2007). The northward flow has 

an average velocity of 4 cm/s (Pingree and Le Cann, 1989), while the southward velocities are around 

1 cm/s (van Aken, 2001). Pingree and LeCann (1989) have reported a mean poleward directed (NW) 

along-slope flow of around 6 cm/s at 500 m depth along the Celtic shelf edge. This flow is directed 

onslope at mid water depths and downslope near the bottom, reaching a mean speed of about 15 

cm/s. The downslope currents are considered to be mainly tidally induced (Pingree and LeCann, 

1989). During fall, the poleward current advects warm waters along the Armorican and Celtic 

Margins, while during spring and summer the flow is reversed towards the equator, advecting colder 

water along the slope. This change again is attributed to changes in overall wind stress curl in the 

region (Friocourt et al., 2007).  

 

Over the abyssal plain, the circulation of ENAW is similar to the one of the surface waters, consisting 

of a strongly variable continuous flow. This variability includes a series of meso-scale semi-persistent 

flows such as anticyclonal eddies. The eastward flow found in the surface waters is also present at 

the depth of ENAW and advects water into the Celtic slope system (Friocourt et al., 2007). 

 

In the Bay of Biscay, the single MOW core follows the continental margin as a cyclonal contour 

current within the eastern boundary undercurrent, going to the north and up-slope. With its cyclonal 

circulation modified by the seafloor irregularities and the Coriolis effect (Fig. 3.1; Iglesias, 2009; Iorga 

and Lozier, 1999; Pingree and Le Cann, 1989). The minimum velocities of this MOW appear to be 

around 2-3 cm/s (Pingree and Le Cann, 1990). This poleward flow is occasionally subjected to 

reversals, especially in late fall and early winter. Over the abyssal plain, the flow resembles the one of 

the surface waters, with a large time variability, but no strong seasonal signal. Cyclonic recirculation 

cells are found as well above the abyssal plain (Friocourt et al., 2007). 
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The slowly flowing deep water slope current including the NADW water mass is mainly directed to 

the equator, but it may vary seasonally in strength and direction. During the late winter and early 

spring, as well as locally during the summer, this current may reverse and be directed towards the 

pole (Friocourt et al., 2007). Over the Biscay Abyssal Plain, the flow resembles quite well the one 

found in the surface layers (Friocourt et al., 2007), and a cyclonic recirculation cell is identified during 

summer and fall, with a characteristic poleward velocity of 1.2 ±1.0 cm/s (Dickson et al., 1985; Paillet 

and Mercier, 1997).  

  

Tidal conditions in the region are typically vigorous and sediments are transported to the SW, which 

is related to the ebb-dominated tidal flow. The dynamics of these large tidal currents at the shelf-

edge result in correspondingly large internal tides along the slopes of the bay, which are important 

for sediment transport (Reynaud et al., 1999a,b; Wollast and Chou, 2001; Huthnance et al., 2001). 

These internal tides are the result of a combination of conditions, like a favourable water mass 

stratification, with water mixing, a steep topography and strong barotropic tidal currents 

(Huthnance, 1995, 2001; Pairaud et al., 2008; Pingree and Le Cann, 1989, 1990). These strong tidal 

currents are responsible for the weakening of the wind driven residual currents on the shelf (Pingree 

and Le Cann, 1989). They may also be important for sediment transport and reworking of fine- to 

very fine-grained sediments within canyons and on the intervening spurs, as they are channelled 

through the canyon system (Cunningham et al., 2005; Van Rooij et al., 2010b). The internal waves at 

the continental slope may serve also to reinforce bottom current velocities. At the slopes, in contrast 

to the shelves, the currents are stronger and density driven, and not wind driven. When canyons 

intersect the slope, the tidally induced transports may be channelled and result in regions of locally 

increased flows and circulations. Within the canyons, the residual current is directed up canyon, 

while the bottom current is directed down canyon along the local topography (Pingree and Le Cann, 

1989). These bottom currents, in their turn cause sediment erosion and can occur at depths of up to 

400-500 m. The internal tides at the upper slope are also proposed to explain the enhanced levels of 

surface phytoplankton abundance, found in the Bay of Biscay (Van Rooij et al., 2010b). The Celtic 

shelf is therefore one of the regions with the largest tidal energy dissipation, with dominant semi-

diurnal currents (Baines, 1982; de Stigter et al., 2012).  

 

The bottom-hydrodynamics at the Celtic Margin are typified by high-energy conditions. These are in 

particular related to storm surges and spring tides, transporting sediment from the near-shore to the 

shelf-edge. Although sediment transport may also occur in the form of mass flows, which are either 

due to erosion of the Celtic Sea Sand Banks or from regressive canyon head erosion (Reynaud et al., 

1999a; Zaragosi et al., 2000).  

 

3.2 Palaeoceanography 

 

Once the present-day oceanographic configuration in terms of the thermo-haline conveyer belt was 

established during the mid to late Miocene (~15 Ma), the present-day water masses at intermediate 
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and deep water depths could start to form. Although the MOW forms an intermediate water mass, 

its formation was independent of the thermo-haline circulation and linked to the connection of the 

Mediterranean Sea with the North Atlantic Ocean. The surface waters are as previously stated linked 

to the atmospheric circulations. 

 

3.2.1 Palaeoceanography of the Eastern North Atlantic Water (ENAW) 

The ENAW is for its formation and circulation closely linked to the oceanic conveyer belt and 

therefore also the North Atlantic climate variability on decadal and multidecadal timescales (Morley, 

2010). Seen this conveyer belt only acquired its modern circulation since the closure of the Panama 

Isthmus (4.2-3.5 Ma), the ENAW did not exist previously (Kennett, 1982). During periods of enhanced 

melting of ice sheets, like the Laurentide Ice Sheet, the formation of less saline and dense surface 

waters is caused. As a result, the ENAW weakens and the thermo-haline circulation diminishes in 

strength. Consequently, a cooling over the Northern Hemisphere takes place (Morley, 2010). 

 

3.2.2 Palaeoceanography of the Mediterranean Outflow Water (MOW) 

Since the late Miocene/early Pliocene opening of the Strait of Gibraltar, at the end of the Messinian 

Salinity Crisis (∼5 Ma), the Mediterranean and Atlantic Basins became again connected and waters 

were exchanged. As a result MOW was introduced into the North Atlantic circulation (Hernández-

Molina et al., 2006; Llave et al., 2006; Nelson et al., 1993). 

 

Since the introduction of the MOW in the Atlantic Ocean, four major depositional sequences are 

identified. These depositional sequences are related to MOW palaeoceanographic changes and 

bounded by major regional discontinuities. These discontinuities are the late Miocene/Messinian 

unconformity (M, 5.6-5.4 Ma), lower Pliocene revolution (LPR, 4.2-4.0 Ma), base Quaternary 

discontinuity (BQD, 2.6-2.4 Ma), and mid-Pleistocene revolution (MPR, 900-920 ka). These 

discontinuities are the consequence of both climatological and sealevel changes, but also tectonics 

(Expedition 339 Scientists, 2012; Hernández-Molina et al., 2009a; Llave et al., 2001, 2011).  

 

During this early Pliocene, some evidence of contourites is found in the Bay of Biscay and west of the 

Iberian Margin, which can be attributed to the existence of MOW, as it forms an along-slope current. 

Clear contourites have been found from 4.5 Ma to 4.2 Ma. The development at this stage of the 

MOW though was still quite weak. Overall the Pliocene is characterized by a generally weak MOW 

flow and hence a relatively low bottom current activity. Although, towards the end of the Pliocene 

this activity seems to increase (Expedition 339 Scientists, 2012).  

 

Around 3.6 Ma, a short-term extreme low salinity is observed in both the surface waters and the 

bottom waters. This salinity-low is interpreted to be linked to humid climates and freshening of the 

seawaters. Throughout the mid-Pliocene, another change in MOW is present, involving a long-term 

increase in bottom water salinities, temperatures and densities from 3.5 Ma to 3.3 Ma ago. This 

change marks the onset of a strongly enhanced deep-water convection in the Mediterranean Sea and 
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a related increase in MOW flow. This enhanced MOW flow is linked to an enhanced seasonal salinity. 

The intensified MOW flow might have possibly enhanced the formation of the upper NADW (Khélifi 

et al., 2009). Around 3.2-3.0 Ma and 2.4-2.1 Ma some significant unconformities are present as well, 

indicative for enhanced bottom currents related to intensified MOW flow (Expedition 339 Scientists, 

2012). 

 

The present-day hydrodynamic pattern of MOW was not established before the beginning of the 

Quaternary, when the full glacial-interglacial cyclicity was initiated (Thunell et al., 1991). The 

Quaternary succession, from 2.6-2.4 Ma till the present day, is characterized by a strong MOW flow. 

This is evidenced by the occurrence of a much more pronounced phase of contourite deposition and 

drift development. Two periods of current intensification are found within this phase. The first period 

is found from 2.0 Ma till 0.9 Ma and the second from 0.9 Ma to the present. At the end of the first 

period and in the middle of the second, a hiatus in contourite deposits is present as well (Expedition 

339 Scientists, 2012). 

 

The glacial/interglacial cycles of the Quaternary have their effect on the MOW outflow as well. 

During a glacial sealevel lowstands, the MOW outflow volume is reduced, but as the Mediterranean 

climate becomes dryer, the MOW obtains a higher salinity and density. As a result of this higher 

density, MOW sinks deeper in the Gulf of Cadiz, causing more intense, faster flowing and deeper 

bottom currents (Hernández-Molina et al., 2006; Schönfeld and Zahn, 2000; Voelker et al., 2006). On 

the contrary, along the rest of the north-eastern Atlantic Margin, this impact pattern is reversed. 

During glacial periods the bottom currents become less strong and active, while during interglacial 

periods enhanced bottom current are present. These more active bottom current are observed 

through the presence of internal waves and tides (Dorschel et al., 2005; Rüggeberg et al., 2007; Van 

Rooij et al., 2007b). 

 

3.2.3 Palaeoceanography of the North Atlantic Deep Water (NADW) 

The onset of the deep-water production in the North Atlantic Ocean was most likely caused by the 

tectonic deepening of the sill separating the Greenland-Norwegian Sea from the North Atlantic at the 

early Oligocene, around 33 Ma. At this time, the initial transition to a bipolar mode of the conveyer 

belt was obtained with the formation of deep-waters in both the southern and northern Atlantic 

Ocean. This onset is consistent with the prevailing cooling in the mid- to high-latitudes at that period. 

The direction of the deep-water flow into the Atlantic Ocean was to the SW (Davies et al., 2001b; Via 

and Thomas, 2006). The current state of the conveyer belt was only obtained after the opening of 

the Drake Passage during the early to mid-Miocene (24-18 Ma) and the closure of the Panama 

Isthmus during the Early Pliocene (4.2-3.5 Ma) (Haug et al., 2001; Sumata et al., 2004). Therefore, the 

true NADW formation did not occur until the mid to late Miocene, around 15 Ma (Hobein et al., 

2012; Via and Thomas, 2006). 

 



Chapter III: Oceanography 

30 

The production of NADW appears to be reduced following a low or dropping sea-surface 

temperature. Therefore NADW is inferred to be less strong during Northern Hemisphere cooling, due 

to iceberg discharge resulting in fresher and less dense surface waters in the North Atlantic (Broecker 

et al., 1985; Krueger et al., 2012; Marchitto and Broecker, 2006; Oppo and Lehman, 1995). Yet the 

strength of NADW is not only linked to climate conditions, as indicated by the warmer periods during 

the Oligocene and early Miocene with a similar NADW as during the colder periods. Therefore 

tectonic events are important as well (Faugères et al., 1999; Via and Thomas, 2006). 
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Chapter IV: Corals and oysters 

 

4.1 Natural drivers for canyon ecosystems 

 

Generally, on the continental slope, including the canyons, biomass and abundance of meiofauna 

and macrofauna decrease steadily with depth (Duineveld et al., 2001). The morphology of the canyon 

flanks is generally relatively irregular, without a significant cover of draping sediments. This 

morphology is most likely formed due to reworking by long-term contouritic currents along the slope 

during interglacial times and long-term downslope turbiditic currents during glacial times (Arzola et 

al., 2008; Huthnance, 1995; Toucanne et al., 2008; Van Rooij et al., 2010b). It is predominantly due 

downslope erosion and incision of the canyons during glacial times, that consolidated carbonate-like 

sequences have been exposed gradually and shaped in step-like banks and escarpments. As this 

process is more intense towards the thalweg in the central part of the canyon, more suitable 

substrate is made available there (Bourillet et al., 2003; Van Rooij et al., 2010b; Toucanne et al., 

2008). Next to the availability of a suitable substrate, which is critical for sessile organisms, the 

hydrodynamic environment appears to be another main ecosystem driver. This environment controls 

the supply of sediments and nutrients funnelled through the canyons (Masson et al., 2009; Tyler et 

al., 2009; Van Rooij et al., 2010b). At the upper slope, the internal tides are thought to be responsible 

for the entrapment and downward transport of enhanced fluxes of surface-derived phytodetritus 

(Holligan et al., 1985; Pingree et al., 1982). These tidally induced bottom currents are channelled 

within the canyons, were they may give rise to regions of locally increased flow, resuspension and 

local circulations (Pingree and Le Cann, 1989, 1990). Moreover, the water mixing of ENAW and MOW 

above the seafloor in canyons in the Bay of Biscay may result in the funnelling of internal tides and 

enhanced concentrations of suspended material (Van Rooij et al., 2010b). A result of all these 

processes can be either canyon flushing, with supply of oxygen and organic matter, or focussed 

deposition of sediments and organic matter (Huvenne et al., 2011; Masson et al., 2009; Tyler et al., 

2009). The complex interplay of oceanography, geology and seabed morphology favours filter-

/suspension-feeders and makes true ecosystem hotspots of the canyons, often associated with cold-

water coral reefs (De Leo et al., 2010; Weaver and Gunn, 2009). 

 

Due to all the different canyon-related sedimentary processes, canyons in general are complex and 

heterogeneous environments that can harbour a significantly increased biodiversity and biomass 

compared to the open slope (Duineveld et al., 2001; Huvenne et al., 2011). These canyon-related 

sedimentary processes include locally enhanced internal tides and waves responsible for 

resuspension (de Sigter et al., 2007), focussed downslope organic carbon transport (Masson et al., 

2010), capture of along-shelf sediment transport, dense shelf water cascading (Ivanov et al., 2004), 

dilute gravity currents and turbidity currents (Huvenne et al., 2011). Therefore material, including 

(labile) organic matter, is resuspended or transported from the highly productive shallow shelves to 

the deep-sea environments (Tyler et al., 2009). To prove that this transport is enhanced in canyons in 

comparison to the open slope and that canyons can act as traps or conduits for this organic matter, 
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Duineveld et al. (2001) compared the sediments and its community on the Goban Spur, 

representative for the Celtic Continental Slope, with those in the western branch of the Whittard 

Canyon and on its upper fan, representative for canyon systems. The CaCO3 content for instances 

indicates that the terrestrial input in the canyons is higher than on the slope, but also that with 

increasing distance from the slope the marine input becomes more important. The Canyon, 

particularly towards the canyon head, moreover shows higher levels of particulate organic carbon 

(POC) content, nitrogen content, phytopigments and nucleic acids in comparison to the slope 

(Duineveld et al., 2001). The relatively low concentrations of chlorophyll a and carotenoids at the 

canyon floor on their turn indicate that the phytodetritus input does not represent fresh material 

coming from above through vertical input, but rather by downslope gravity flows through the Canyon 

(Duineveld et al., 2001; Duros et al., 2011). Other processes like resuspension and uptake in 

nepheloid layers are also active (Duros et al., 2011). The large numbers of particle-trapping filter-

feeders at the Canyon, finally point to the conclusion that canyons act as transport routes for food 

particles from shallower areas (Duineveld et al., 2001). 

 

The study performed by Weston (1985) showed a higher foraminiferal standing stock in the Whittard 

Canyon in comparison to the Porcupine Seabight open slope. She suggested that this could be due to 

a higher food availability, although she had no prove as no physic-chemical parameters were 

measured (Duros et al., 2010). The seafloor in the most western branch of the four branches of the 

Whittard Canyon appears to be dominated by soft sedimentary rocks, covered with remnants of 

ripple marks. The associated fauna consists of numerous small tubes of sabellid polychaetes, soft 

corals, gorgonians and echinoids (Duineveld et al., 2001; Masson et al., 2009). The most eastern 

branch of the Whittard Canyon on the other hand is dominated by more vertical rock faces and 

therefore the dominating species are cold water corals, especially Lophelia pertusa, Dendrophyllia 

sp., but also unidentified corals. This coral community is also associated with a rich and diverse 

megafauna assemblage. Not only the substrates differ between canyon branches or within a canyon, 

also the type and amount of organic material exported from the shelf to the abyssal plain might 

differ, and has on its own turn an impact on the present fauna (Masson et al., 2009).  

 

4.2 Cold-water corals 

 

Along the European Atlantic Continental Margin, the occurrence of living cold-water coral reefs was 

reported for the first time in 1948 by Le Danois as “massifs coralliens” (Le Danois, 1948). These coral 

reefs were thought to be restricted to warm, shallow water environments in (sub-)tropical regions. 

But nowadays it is known that they could been found in dark, cold and nutrient-rich waters as well 

(Freiwald et al., 2004; Roberts et al., 2009). 

 

These cold-water corals are from the anthozoan orders Scleractinia (stony corals), Octocorallia (soft 

corals), Anthipatharia (black corals) and the hydrozoan family Stylasteridae (hydrocorals). These cold-

water corals are found throughout the ocean at water depths ranging from a few metres down to 
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5000 m and are even more common than the shallow tropical water species (Roberts et al., 2009). 

These azooxanthellate filter-feeding species consequently depend for their food supply on currents, 

transporting POM and zooplankton. To capture this food efficiently, they can produce tree-like 

branching frames of calcium carbonate that support colonies of polyps. Since no light is reaching 

these cold-water corals, they have no light-dependent symbiotic algae, unlike their tropical cousins 

(zooxanthella) (Davies et al., 2009; Freiwald et al., 2004; White et al., 2005). Some species are 

solitary, while others form colonies (Freiwald et al., 2004). Their geographical distribution and 

development is strongly climate influenced. During warm, interglacial climate periods the corals form 

reefs in the northern East Atlantic, around 50°N to 70°N. During the cool, glacial periods the polar 

front migrates southward and the corals as well, below 50°N. These N-S oscillations in living coral 

occurrence are therefore dictated by ice ages as a response to cold nutrient-rich intermediate waters 

and surface productivity related to changes of the polar front (Frank et al., 2011). As we are 

nowadays in an interglacial period, only sparse occurrences of cold-water corals have been observed 

south of 50°N (Wienberg et al., 2009). 

 

In the temperate East Atlantic and the Mediterranean Sea, framework-forming cold-water corals are 

widespread and seem to have populated seamounts, mid-ocean ridges and continental margins, 

including canyons, over the last three glacial-interglacial cycles. They can form structural habitats like 

patches, dense reef ecosystems or carbonate mounds of variable sizes (Frank et al., 2011; Huvenne 

et al., 2011). Several solitary species can live in muddy environments, but most species need an 

elevated topography composed of a hard substratum to settle (Freiwald et al., 2004; Huvenne et al., 

2011; Roberts et al., 2009; Rogers, 1999). They can create important and complex habitats and act as 

ecosystem engineers for a diverse deep-sea fauna, providing hard bottom substrate, refuge and 

nursery (Dullo et al., 2008; Henry and Roberts, 2007; Huvenne et al., 2011). In the North Atlantic 

Ocean, the reef forming stony corals are dominated by Lophelia pertusa (Fig. 4.1) and Madrepora 

oculata (Fig. 4.2), which have a cosmopolitan distribution (Freiwald et al., 2004).  

 

 
Fig. 4.1: Large colonies of Lophelia pertusa on a harder outcropping 

bank at the Whittard Canyon, at 1350 m water detph. (Huvenne et 

al., 2011) 

 
Fig. 4.2: Outcropping hard substratum with a few 

living Madrepora oculata coral species at the 

Guilvinec Canyon. (De Mol et al., 2011) 

 

The most important factors for cold-water corals to survive, are the availability of hard substrate and 

high food supply. This latter can be obtained by processes like enhanced bottom currents or internal 
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waves or mixing at the boundary between two water masses. These processes are also responsible 

for the necessary low sediment deposition rates (Dullo et al., 2008; Frank et al., 2011; Huvenne et al., 

2011). They mostly occur in waters with a temperature of 4°C to 13.8°C, corresponding to water 

depths of 50-1000 m at the high latitudes and up to 4000 m at the low latitudes. These waters also 

have a high salinity of around 35, dissolved oxygen levels of around 6 ml/l and a density envelope of 

sigma-theta σθ = 27.35-27.65 kg/m3. This density envelope is determined by the salinity and 

temperature at a pressure of one atmosphere and generally corresponds to a sharp pycnocline 

(Davies et al., 2008; Dullo et al., 2008; Freiwald et al., 2004; Frank et al., 2011; Huvenne et al., 2011). 

It is indicated that living corals tolerate a wide range of environmental factors controlling their 

distribution, such as temperature, salinity, dissolved oxygen, (bottom) currents, sedimentation rates, 

bathymetry, seafloor morphology, substrate, and nutrient supply (containing labile organic matter 

and zooplankton). But it is suggested that the density envelope is a crucial requirement for cold-

water coral growth and distribution of not only Lophelia pertusa, but also Madrepora oculata (Dullo 

et al., 2008). Next to these physical conditions is the depth of aragonite saturation important as well 

for the coral distribution (Davies et al., 2008).  

 

The living cold-water coral reefs along the north-eastern Atlantic Continental Margin occur in waters 

belonging to two major intermediate components of the north-eastern Atlantic circulation, ENAW 

and MOW. In the north-eastern Atlantic, the habitat of living reefs is bounded by the temperature-

salinity field. The lower boundary of this field is equivalent to the Intermediate Salinity Maximum 

(ISM), which is represented by the MOW along the Celtic Margin. The upper limit of this field 

corresponds to the water mass boundary between ENAW and MOW (Dullo et al., 2008; Frank et al., 

2011). Along this Celtic Margin, dense living Lophelia pertusa coral reefs thrive in water depths of 

about 700 m to 850 m (Dullo et al., 2008).  

 

On canyon cliffs, abundant along the Bay of Biscay Continental Slope, cold-water corals are protected 

from strong downslope currents and deep-sea trawling by the overhanging harder strata (Frank et 

al., 2011). This is an important fact, since the majority of these habitats are now within reach of 

commercial deep-sea bottom trawling (up to water depths of 1500 m) (Huvenne et al., 2011). Deep-

sea trawling is not the only threat, hydrocarbon exploration and production, cable and pipeline 

placement and waste disposal have their impact as well (Freiwald et al., 2004). As a result many of 

the cold-water coral ecosystems have been damaged severely or are under threat, even despite the 

recent local protection initiatives (Huvenne et al., 2011). Reef destruction takes several hundreds or 

thousands of years to recover. It has an impact on the sexual reproduction of the corals and it 

reduces the structural complexity and thus the local diversity (Freiwald et al., 2004; Huvenne et al., 

2011). The habitats on the vertical and overhanging cliffs have received minimal impact from human 

activities and provide the perfect substratum for extensive cold-water coral-based communities 

(Huvenne et al., 2011). Another very important threat is climate change, with the associated 

temperature increase, sealevel rise and ocean acidification due to increasing CO2 levels in the 

atmosphere. This uptake of anthropogenic CO2 forms a major future concern, as it changes the 
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oceans both chemically and physically and will cause a shoaling of the aragonite dissolution depth 

(Dullo et al., 2008; Kaiser et al., 2011). 

 

The canyon-related sedimentary processes can be responsible for the transport of food particles and 

larvae to greater water depths, where the canyon provides the required hard substrate, enhanced 

particle concentrations and enhanced currents (Freiwald et al., 2004; Huvenne et al., 2011). 

Considering the fact that the Celtic Margin, including the Whittard Canyon, is a region of enhanced 

primary production during spring bloom, this production from the nutrient-rich waters can also be 

transported to deeper waters (Freiwald et al., 2004; Huvenne et al., 2011). The canyon-related 

processes not only provide favourable environmental conditions in terms of food input, but also of 

current regime. Therefore, these communities can even sustain outside the optimal depth and 

density envelopes. Hence, canyons, like the Whittard Canyon, are suitable and potential important 

habitats for cold-water corals (Huvenne et al., 2011).  

 

In the Whittard Canyon, the cold-water corals are found in water depths ranging from 880 m to 3300 

m. They are dominated by the soft coral Anthomastus sp., the scleractinian coral Lophelia pertusa 

and the octocorals Primnoa sp., Acanthogorgia sp. and Acanella sp. They seem to appear more 

frequent on locally steeper slopes, like cliffs, edges or boulders. Lophelia pertusa is found between 

1300 m and 1880 m water depth, with the most diverse community around 1350 m on a long cliff in 

the eastern branch. Although there have been reports of L. pertusa from steep canyon sites 

elsewhere, no communities of similar density and extent have been found so far on similar cliff 

settings. On this 120 m high cliffs with overhangs of around 20 m, colonies with similar density and 

extent as on the richest cold-water mound of the Porcupine Seabight can be found. These new cliff 

habitats differ from the better-known mound, reef and patch habitats in terms of optimal conditions 

and build up. Most of the communities are located in deeper and denser waters of 27.74-27.84 

kg/m3 (instead of the optimal density of 27.35-27.65 kg/m3) (Huvenne et al., 2011). It is proposed by 

Huvenne et al. (2011) that these settings, so far unique for the north-eastern Atlantic, result from 

specific canyon-related processes. Although the exact mechanisms behind the apparent coincidence 

between cold-water coral occurrence and specific water column characteristics are not yet known, it 

is suggested that optimal densities may concentrate food particles or may be important in 

transporting coral larvae laterally (Dullo et al., 2008; Huvenne et al., 2011). However the latter 

statement is for the moment only a possible theory (Dullo et al., 2008). Another difference between 

the better-known habitats and the cliffs is that reef and mound habitats build up over time through 

the accumulation of coral rubble, dead frameworks and baffling of sediments. Cliff habitats on the 

contrary make no use of coral rubble or sediment baffling. Only little amounts of coral rubble can be 

observed on the foot of the cliff, suggesting that it may be washed away by periodic canyon flushing 

or buried by sediments. For these cliff communities, rocky substrate characteristics are more 

important. As these hard and resistant beds provide a reliable anchor point, but they also protect the 

community against excessive sedimentation. These beds moreover increase the food encounter rate 

by means of protruding the corals further into the flow (Huvenne et al., 2011). 
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4.3 Deep-sea oysters 

 

Fishermen and scientists have not only reported cold-water corals, but sporadically also some dead 

or sub-fossil oyster specimens from the northern Bay of Biscay Margin (Le Danois, 1948; Reveillaud et 

al., 2008). Therefore oysters are not only typical shallow water and occasionally reef-forming 

molluscs, but they also occur in the deeper realm as described by Wisshak et al. (2009a). The only 

known example of these deep-sea oysters is the recently described species Neopycnodonte zibrowii 

(Fig. 4.3). It was described from the Azores Archipelago, where it is found as high density 

communities of several hundred individuals per m2, underneath overhangs at a water depth from 

420 m to more than 500 m, with their valves opening preferentially downwards (Wisshak et al., 

2009a). This Neopycnodonte zibrowii sp. n. oysters thrive only on vertical cliffs and underneath 

overhangs, where they can form clusters of up to several hundred individuals (Wisshak et al., 2009a). 

Oysters are just like corals suspension-filter-feeders and prefer therefore areas with a high nutrient 

supply, although they create their own currents and are therefore classified as active filter-feeders 

(Wisshak et al., 2009b). 

 

These oysters have also been found in the Bay of Biscay, by Van Rooij et al. (2010b) on overhanging 

banks and escarpments at canyon flanks, in water depths of 540 m to 846 m in the upper bathyal 

range. Thanks to their complexity, deep-sea canyons can act as a refuge against anthropogenic 

impact and destructive currents for these sessile habitat forming communities like deep-sea oysters. 

These overhangs also protect them from background sedimentation or other physical disturbances, 

but also against predators (Fig. 4.4; Van Rooij et al., 2010b; Wisshak et al., 2009a,b).  

 

 
Fig. 4.3: Stack of three Neopycnodonte 

zibrowii, close to 500 m water depth, in the 

Faial Channel (Azores): (A, B) interior of 

both valves and (C) exterior with distinct 

traces of boring hadromerid sponges. 

(Wisshak et al., 2009a)  

 
Fig. 4.4: Conceptual sketch of the deep-water oyster habitats, with other 

occasionally co-occurring species. The main oyster communities are situated 

in the canyon or gully axis, underneath overhanging banks (or on vertical 

escarpments), were their food supply is controlled by the downslope 

currents. (Van Rooij et al., 2010b) 

 

This N. zibrowii species is characterized by a relatively large size (sometimes >20 cm) and the lifespan 

of individuals can reach ages of more than four centuries. This makes of them one of the longest-

lived molluscs known. Often they can be found growing on top of each other, making multi-specimen 



Chapter IV: Corals and oysters 

37 

stacks, which resemble a pile of dishes (Fig. 4.3). Unlike the short-lived, shallow-water oysters, like 

for instance the cosmopolitan Neopycnodonte cochlear, N. zibrowii thrives under very stable 

environmental conditions provided by the deeper realm (Wisshak et al., 2009a). With minimal annual 

temperature fluctuations of a few tens of a degree centigrade, an annual mean around 12.5 ± 0.25°C 

and a stable open marine salinity (Wisshak et al., 2009a,b). This N. zibrowii can be regarded as a 

distinct deep-sea relative of N. cochlear with specific adaptations to be able to thrive in these deeper 

realms (Van Rooij et al., 2010b). The pycnodontine oysters, represented by the type species 

Pycnodonte sp. have been found as fossils both before and after the transition from the Cretaceous 

to the Paleogene. Therefore they survived the Cretaceous/Paleogene mass extinction, making of 

them ‘living fossils’ (Wisshak et al., 2009b).  

 

These N. zibrowii oysters are both controlled by the physical (topography) and 

oceanographical environment (Fig. 4.4). These giant deep-water oysters live on a hard substrate, 

more specific underneath overhanging cliffs, banks and steep escarpments (Figs. 4.4 & 4.5). 

These specific habitats are limited to the continental margins and mainly within canyons, although 

still sparsely developed. These vertical substrates and overhangs are ideal habitats for deep-water 

oysters, but occasionally some other species could be found as well in reduced numbers, such as 

cold-water corals. Nevertheless, these substrates are challenging for corals, given their relatively 

weak attachment and delicate skeletal structure. However, the availability of a suitable substrate is 

not enough, oysters also require a favourable oceanographic environment with sufficient nutrients. 

This nutrient supply consists of aggregated particulate matter, composed of phytodetritus and faecal 

pellets sinking from the upper water layers with their relatively high surface primary production. The 

occurrence of these deep-water oysters is not only remarkable considering the lower food input in 

comparison to the shallow-water oysters, but also given the higher salinities. The depth range of N. 

zibrowii appears to be just below the boundary of the upper ENAW and the intermediate MOW. With 

the lower limit coinciding with a local salinity and temperature maximum. The increased nutrient 

supply with resuspension may be due to the formation of nepheloid layers, which can be linked to 

the potential density envelope of 27.4-27.7 kg/m3 for oysters, overlapping with the envelope of cold-

water corals (Van Rooij et al., 2010b). 

 

  

 

Fig. 4.5: A densely packed deep-water oyster 

community on an overhanging cliff, at the 

Guilvinec Canyon. (Van Rooij et al., 2010b) 
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Chapter V: Material and methods 

 

During this MSc thesis, an area of about 660 km2 was studied using multibeam swath bathymetry, 

side-scan sonar imagery, seismic profiling, CTD profiling and ROV observations. The low-resolution 

multibeam data, placed at disposal by the Geological Survey of Ireland (GSI) from the Irish National 

Seabed Survey (INSS) database, covers a large area around the Whittard Canyon. This low-resolution 

bathymetry is used as a background map and the high-resolution multibeam bathymetry following 

the canyon branches as an overlay. The high-resolution bathymetry and side-scan sonar data 

presented here were obtained by the National Oceanography Centre (NOC) – Southampton, during 

the R/V James Cook campaign in June-July 2009, Cruise 35 (Huvenne et al., 2009). As the 120 m 

isobath is forming the boundary between the inner and outer shelf, and this boundary moreover 

tends to be parallel to the shelf break, it is always chosen as the upper limit for the bathymetric base 

map (Evans, 1990). During the R/V Belgica campaign ST0613 in 2006, Cruise 13 (Vanreusel et al., 

2006), the central branch of the Whittard Canyon system was partly surveyed by high-resolution 

seismic profiling. During the subsequent R/V Belgica ST1017b Cruise 17b in June 2010 (Van Rooij et 

al., 2010a), observations were made during a seismic survey; several conductivity-temperature-

depth (CTD) measurements; and Remotely Operated Vehicle (ROV) observations (Fig. 5.1). Therefore 

the seismic data represented here is coming from two sources, Vanreusel et al. (2006) and Van Rooij 

et al. (2010a), both recorded by the Renard Centre of Marine Geology (RCMG) – Ghent University.  

 

 
Fig. 5.1: Map of the territory around the study area, showing the four branches of the Whittard 

Canyon, indicated by the dark grey lines. (Source low-resolution multibeam background: INSS 

multibeam bathymetry, courtesy by GSI; source high-resolution multibeam following canyon 

branches: Huvenne et al., 2009). The study area is indicated by the grey lines, representative for 

the seismic lines of 2006 and 2010. Contours are drawn every 200 m, with every 1000 m a bold 

one. The colour bathymetry scale is restricted to a water depth of 1500 m to give a better 

impression of the depth changes in the study area. While contours are dawn over the full range to 

give an overall image of the Whittard Canyon area. 
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5.1 Multibeam bathymetry and side-scan sonar 

 

5.1.1 General characteristics 

Echosounders measure the time between the transmission of a short ultrasonic acoustic pulse of a 

preselected frequency and the return of the backscattered reflection/echo, which is a gauge for the 

water depth or the depth of the seafloor (Diaz, 2000). To do this, the velocity of the sound in the 

specific medium needs to be known. This velocity depends on the water density, which is effected by 

water temperature, salinity and pressure. Secondly, the measured time needs to be divided by two, 

because it represents the two-way traveltime. It is also important to make careful calibrations for the 

latency, time delay, roll, pitch and yaw to obtain good quality data. The latency is determined by the 

delay between the position of the ship and the age of the Global Positioning System (GPS) position. 

Due the longer travel time of the outer beams, in a multibeam system, in comparison to the beams in 

the centre, the outer beams are subjected to a time delay. The roll stands for the movement from 

port side to starboard side, the pitch for the movement of the bow and the yaw for the rotational 

movement. A tide correction should be made as well (Blondel, 2009; Hopkins, 2007). Multibeam 

echosounders use multiple transducers to emit and receive a broad swath beam of discrete sound 

pulses. These transducers were in this case mounted to the hull of the ship (Fig. 5.2). The transducers 

carry two orthogonally placed arrays, one to emit (mostly along-track) and one to receive (mostly 

across-track). The receiving array is built up by hydrophones to listen to the returning signals. As a 

result a cross fan is obtained, with a full coverage of the sea bottom. As can be seen in Fig. 5.2, the 

beam width is very small at the place where the beam is transmitted, but becomes larger with 

increasing depth and further away from the centre. As the ‘footprint’, defined as the seafloor 

covered by a single beam, depends on the beam width, the footprint is also becoming larger with an 

increase in depth. This means, the deeper the bottom, the lower the resolution of the images 

(Blondel, 2009; Diaz, 2000). 

 

 
Fig. 5.2: The three main sonar systems; from left to right; the single-beam 

echosounder, the multibeam echosounder and the side-scan sonar. The single-beam 

echosounder has only one beam, while the multibeam is composed of a swath of 

different discrete beams with their own beam width and the side-scan is composed of 

two fan-shaped beams. The single- and multibeam echosounders are hull-mounted, 

while the side-scan sonar is towed behind the vessel. (Blondel, 2009) 
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Side-scan sonars are based on the intensity differences in backscattering of sound waves. They do 

not measure the water depth like the echosounders, but allow to make a very-high resolution 

imaging of the seafloor. These images can provide information about for instance sedimentary 

processes, slope processes, seafloor morphology, seafloor stability, mass wasting, fluid movement, 

but also structural information (Blondel, 2009; Diaz, 2000). Most side-scan sonars are housed within 

a towfish and towed behind the ship at a fixed altitude above the seabed, depending on the 

objectives and the used system (Blondel, 2009; Davies et al., 2001a, Kenny et al., 2003). The side-

scan sonar beam ideally is fan-shaped with a broad beam along the axis of the towfish and a narrow 

one perpendicular to the towfish (Fig. 5.2). The grey values on the images give an indication of the 

backscatter strength or acoustic echostrength of the seafloor. This strength is controlled by 

properties such as the roughness, relief, dielectric properties and the intrinsic nature of the surface, 

but also the wavelength of the beam and the geometry of the sensor-target system (Figs. 5.3 & 5.4). 

Due to the geometry of these sonars, the centre of the image always contains a black strip, 

representing the trackline and called the nadir (Fig. 5.3). Unlike with the multibeam, the swath width 

is independent of the water depth as it is towed at a fixed height and no calibration is needed. 

Although appropriate ground-truth calibration can be desirable and lead to better interpretations 

(Blondel, 2009; Kenny et al., 2003). The TOBI (Towed Ocean Bottom Instrument) system in specific is 

deep-towed up to 6000 m of water depth at 400 m above the seafloor (Fig. 5.5). The system uses 

frequencies of around 30 kHz to obtain a resolution up to 2 m. The ship velocity needs to be reduced 

to 1,5-3 knots and the system sends pulses of 2,8 ms every 4 s (Blondel, 2009; Huvenne et al., 2009). 

 

 
Fig. 5.3: Sonogram with the expressing of different seafloor features. The classification of these features is 

based on the specific backscatter properties. The zone in the middle of the sonogram represents the trackline 

and is called the nadir, observations are impossible to make in this zone. (Blondel, 2009) 
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Fig. 5.4: Sonogram with the expressing of different seafloor features. The classification of these features is based on the 

specific backscatter properties. (Todd et al., 1999) 

 

 

 

Fig. 5.5: Deep-towed TOBI (Towed 

Ocean Bottom Instrument) system. 

(Image courtesy: NOC – 

http://www.noc.soton.ac.uk/shmg/

mapping-themes/technology-and-

techniques) 

 

Both side-scan sonar and multibeam echosounder produce highly accurate information of 

respectively imagery and bathymetry of the seafloor. As such they are high-quality tools to study the 

morphology, sedimentology and community structures of the seafloor (Blondel, 2009; Davies et al., 

2001a; Diaz, 2000).  

 

5.1.2 Acquisition 

The shipborn EM120 multibeam and towed 30 kHz high-resolution TOBI side-scan sonar were used to 

obtain respectively the bathymetry and the imagery, with the highest resolution as possible, of the 

main branches of the Whittard Canyon during the R/V James Cook Cruise 35 in June-July 2009, 

(Huvenne et al., 2009).  

 

Processing of the raw multibeam data (*.all, *.ix1 and *.ix2 files) was carried out with the CARIS HIPS 

software version 6.1, with a grid resolution of 20 m. This processing involved an automatic filtering 

and hand editing was done before geographic registration. For the editing, the 3D editor was used as 

it is the quickest and best method to remove bad data points. The processed data was then exported 

to an image or to ASCII XYZ. 
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The processing system Processing of Remotely-sensed Imagery for Seafloor Mapping (PRISM) was 

used for TOBI image processing and multibeam backscatter data. Initially the raw data was 

subsampled and averaged by eight across-tracks, making pixel sizes of 8 ms or 6 m. But as the speed 

is reduced during the survey, it was decided to process the data at 3 m resolution (subsample across 

track by a factor of four). This PRISM system also converts the raw data to Network Common Data 

Format (NetCDF). All data has been made available as .img as well. 

 

The low-resolution multibeam bathymetry (INSS) covers a broad area of the outer shelf and upper 

slope from 47°50’N to 49°10’N and from 48°25’W to 48°20’W. While the high-resolution (Huvenne et 

al., 2009) following the four canyon branches extends down to the foot of the slope. 

 

5.1.3 Processing and visualization 

In order to produce basic maps, the Global Mapper (Blue Marble Geographics, version 13.00) 

software was used. During this thesis an already processed surfer grid of the area around the 

Whittard Canyon (INSS multibeam bathymetry, courtesy by GSI) was made available and was 

imported. On top of the bathymetry map, the locations of the seismic lines from 2006 and 2010, the 

CTD positions, and the ROV tracks were imported. A high-resolution bathymetric map following the 

canyon branches was made available as well (Huvenne et al., 2009). This image was already 

converted to a slope map, a contour map, a shaded map and had associated TOBI side-scan sonar 

images. These TOBI images were imported as well, either as an overlay following the canyon 

branches, or as an individual map.  

 

Using the ‘3D Path Profile/Line of Sight Tool’ on the bathymetry map, a profile was made, which can 

be saved as a ‘Distance/Elevation File’ and can be converted to a Graphics Object File (.GOB). This 

“.GOB” file contains the true elevation along the profile and can therefore be used to reconstruct the 

true bathymetry along the same profile in the Ocean Data Viewer software (to visualize the CTD 

data).  

 

5.2 Seismic profiling 

 

5.2.1 General characteristics 

A sparker source is an electrical seismic source, which will produce an acoustic pulse or pressure 

wave (Fig. 5.6) at specific energy levels. This pressure wave or P-wave can travel through fluids, in 

contrast to the S-wave and is responsible for a compression in the propagation direction (Fig. 5.7). 

These seismic waves are sent through the seawater and the underlying sediment and rock layers. 

This is achieved by a high-voltage discharge of electrodes in salt water, causing vaporization and 

ionization of the fluid. The sparker source is sending waves with a frequency between 50 Hz and 

1000 Hz and is therefore a high-resolution source with a limited penetration of 10 m to 100 m. The 

signals are received by a streamer, consisting of hydrophones inside a plastic cable containing oil 

with approximately the same acoustic impedance as the seawater (Fig. 5.8; Kearey et al., 2002). 
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Fig. 5.6: Sparker seismic source. (Image courtesy: RCMG –  

Ghent University)  

 

 

 
Fig. 5.8: Hydrophones or seismic receivers at 

sea. (Image courtesy: RCMG – Ghent University) 

Fig. 5.7: P-wave or pressure wave. (Kearey et al., 2002) 

 

The basic reflection seismic trace can be regarded as the convolution of the reflectivity (R), 

depending on the contrast in acoustic impedance (Z) between two layers (Evans et al., 1995; Kearey 

et al., 2002). 

   

With p = acoustic compressional pressure, v = particle velocity, ρ = density and V = wave propagation 

velocity. 

 

The larger the contrast in density between two sequences, the greater the difference in acoustic 

impedance and reflectivity. The larger the reflectivity, the more clear the line between the two 

sequences is visualized on a seismic profile. Since the transition from water to air and from water to 

sediment has the greatest difference in acoustic impedance, these two boundaries give the greatest 

reflectivities. This property is responsible for the reflection of the acoustic signals in the water 

column and the formation of multiple reflectors in the profile. These multiples can be identified as 

hard reflectors with the same, but stronger relief as the seafloor, twice as deep (Evans et al., 1995; 

Kearey et al., 2002). 

 

5.2.2 Acquisition 

High-resolution seismic data was acquired during two cruises, the first one in 2006 provides 12 lines 

(Table 5.1 & Fig. 5.9) and the second one in 2010 provides 18 lines over a total distance of 237 km 

(Table 5.2 & Fig. 5.9). In 2006, the central branch of the Whittard Canyon system was surveyed and in 
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2010 a larger area around the central branch was profiled as well (Fig. 5.9). In 2010, three sets of 

lines were acquired with the high-resolution sparker source, each with their own objectives. The first 

set across the canyon branches was made to provide an insight in the sedimentary processes and 

canyon morphology. The second set was shot over the ROV dive sites to give a seismic stratigraphic 

background for these sites. The third set was acquired along the canyon interfluves to better 

document the sedimentary processes and margin stratigraphy. This could make it possible to 

correlate with already published margin sequence stratigraphy. High-resolution single channel 

sparker seismic profiling was used in both cases to investigate the stratigraphic framework, the 

sedimentary environment and marked morphologies (mass wasting, terraces, escarpments) within 

the Canyon and mainly the canyon heads.  

The data recorded in 2010 was filtered immediately using a 80-2500 Hz analogue bandpass filter. 

 

Source SIG sparker  

Number of electrodes 120  

Shot increment 3 s 

Energy 500 J 

Sampling frequency 8 kHz 

Record length 2.5 s TWT 

Velocity ship 3 knots (5.56 km/h) 

Table 5.1: Specifications of the high-resolution seismic 

single channel surface sparker source and receiver used 

in 2006. 

 

Source SIG sparker 

Number of electrodes 120  

Recording system Delph Seismic 2.7.0.0 (Ixsea) 

Shot increment 2.5 s 

Energy 600 J 

Sampling frequency 10 kHz 

Record length 2 s TWT 

Velocity ship 3.5 knots (6.48 km/h) 

Table 5.2: Specifications of the high-resolution seismic single 

channel surface sparker source and receiver used in 2010. 
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Fig. 5.9: Position of the seismic lines shot in 2006 & 2010 within the middle branches of the Whittard Canyon system. 

With indication of the name at the start of the seismic line, for the lines shot in 2010 on the large-scale map and for 

these of 2006 on the zoomed map. Contours are drawn every 100 m, with every 1000 m a bold one. (Source low-

resolution multibeam background: INSS multibeam bathymetry, courtesy by GSI; source high-resolution multibeam 

following canyon branches: Huvenne et al., 2009) 

 

5.2.3 Processing 

The profiles taken during the cruise of 2006 are indicated with the name “wcP0606..”, while these of 

2010 are indicated as “wc1006..”, with the “wc” standing for “Whittard Canyon” and the ”..” for the 

specific profile number. After processing, the name is changed by adding “-RadEx.sgy” (for example 

wc100601 becomes wc100601-RadEx.sgy) 
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The RadExPro (DECO Geophysical software company, version 2012.2) software is used to process 

seismic data. Therefore a new project, area, line and flow were created (Fig. 5.10). 

 

 
Fig. 5.10: Home screen of the RadExPro processing software, showing the different 

levels (area, line and flow). 

 

First, the SEG-Y (Society of Exploration Geophysicists-Y) file containing all seismic traces of one 2D 

line needs to be imported before it can be processed (Fig. 5.11). The processing starts with the 

picking of the seafloor, only in case the sea was very calm this is not really necessary to do (Fig. 

5.12a). Picking of the seafloor means that the transition from seawater (positive values) to seafloor 

(negative values) is picked by clicking the left mouse button. This picking is best done when every 

trace can be seen individually and is simplified using ‘trace math’ to delete the negative noise in the 

water column (Fig. 5.11). The picking can than even be done semi-automatically. In this case picking 

was necessary for both the profiles obtained in 2006 and 2010. 

 

 
Fig. 5.11: The workflow used to process all seismic lines. The steps in bold are the ones that are executed, the ones 

with the three asterisks and in italic are not executed in this run. 

 

area line flow 
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The real processing begins with a ‘Bandpass Filtering’ to remove the low and high frequency noise. 

This filter was determined for each profile independently based on the frequency distribution (Fig. 

5.11). The ‘Ormsby bandpass filter’ was used with a frequency range more or less between 150-1200 

Hz and a difference of 50 Hz between the cut and the pass frequency. Because these data are 

obtained using a Sparker source, the highest signal frequencies are around 1200 Hz. The earlier 

mentioned picked seafloor surface can be used amongst others to apply a “swell correction” or in Fig. 

5.11 the ‘Apply Statics’ step, to correct for the vertical movement of the ship. Due the vertical 

movements of a ship, the seafloor will display vertical offsets, following the ships motion, while it 

should be continuous and maybe even more or less flat. This swell correction therefore calculates the 

average of five traces and subtracts or adds the offset. As a result of this correction the different 

layers in the subsurface and the seafloor itself are now more continuous. Then a ‘Burst Noise 

Removal’ can be applied to remove or diminish vertical noise traces (Fig. 5.11). After all these 

corrections are made, an ‘Amplitude Correction’ can be applied in the form of a ‘Spherical divergence 

correction’ to amplify the amplitudes (Fig. 5.11). The reason why this amplitude correction is 

executed as last one, is because the noise would otherwise be amplified as well. Now the average 

value of the picked seafloor can be used to apply a top mute, to delete all the noise in the water 

column, with the ‘Trace Editing’ step in Fig. 5.11. The last step to be taken is to export this file as a 

“sgy” file (Fig. 5.11). 

 

The purpose of all of this processing is to obtain a cleaned profile, as free as possible from noise, that 

can be interpreted (Fig. 5.12). 

 

Of the 30 profiles in total, only three profiles were not processed. These three profiles are 

wc100609_1, wc1006015 and wcP060619. The reason they were not processed is because the 

quality was too bad.  
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Fig. 5.12: (a) Seismic profile (wcP060617) before processing, with the picked seafloor 

indicated in green. (b) The same seismic profile, but now after processing following 

the workflow described above. 
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5.2.4 Visualization 

The SeiSee software (Dalmorneftegeofizika Geophysical Company, DMNG, sergey Pavlukhin 

[psi@dmng.ru], version 2.19.1) can be downloaded from the internet and used to visualize the 

processed seismic profiles. Besides this, SeiSee can also be used to export the profiles to bitmap files 

(.bmp), with the desired amount of traces, depth interval, vertical and horizontal scales and 

amplitude gain correction (Agc) (Fig. 5.13). 

 

 
Fig. 5.13: Seismic profile (wc100603_1) in SeiSee, ready to export. 

 

When the profile is exported from SeiSee, it can be printed and studied on paper. This is extremely 

useful when the layers are not very continuous and when it is difficult to distinguish the different 

features and units. The profiles to be studied first, are the ones parallel to the canyon branches. The 

reason for this is that in these profiles the units can be identified more easily, because they are more 

continuous and not interrupted by canyon valleys.  
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The digital interpretation and mapping of individual reflectors and unconformities was performed 

using the IHS Kingdom Suite software package (Seismic Micro-Technology, Inc., version 8.7). A new 

project was created, in which a base map and the seismic profiles could be imported. This base map 

containing the bathymetry in the area of the seismic lines was created in Global Mapper. An 

important point of remark concerning the projection is that both the projection and datum should be 

the same in Global Mapper and Kingdom. To do this, the projection needs to be set at Universal 

Transversal Mercator (UTM) Zone 29 (WGS84). The map can be exported as a ‘GeoTIFF’ from Global 

Mapper, which can then be loaded in Kingdom and used as a base map. After the base map is 

imported, the seismic lines can be imported as well. For this purpose, the positions of the lines need 

to be imported first. This is done by selecting the navigation file (.nav) of the desired line to insert the 

coordinates into Kingdom (Fig. 5.14). This template can be saved and reused for every new seismic 

profile. This step is necessary because Kingdom is using XY projections and not latitude-longitude 

projections as used in the “.NAV” files. Now the actual seismic data (traces) can be imported as well, 

selecting the SEG-Y data. For the SEG-Y data from 2006, the needed files are saved under the “.TRA” 

(Traverse PC Desktop) format, while the data from 2010 is saved as a “.SEG” file. The processed SEG-

Y data from both cruises were saved as a “.sgy” file (“-RadEx.sgy”). After all seismic traces are plotted 

on the base map, either a multibeam background or a side-scan sonar image background, the 

interpretation can start. 

 

 
Fig. 5.14: Template in Kingdom to interpret what in the navigation file is the shotpoint numbering 

(green), the longitude (brown) and the latitude (blue) of the seismic line. 
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On the seismic profiles in Kingdom, the horizons or unconformities of the different units can be 

picked. If two seismic lines intersect each other, a very small circle is drawn at the second profile 

indicating the position of the horizon. 

 

Isochrones, giving the depth of a certain horizon, can be made just by choosing a horizon and 

exporting it as an XY time data format divided by tabs (Fig. 5.15b). Isopaches, giving the thickness of 

the units and subunits, on the other hand need to be computed first. Therefore the shallowest 

horizon (unit boundary with the lowest values) is subtracted from the deepest horizon (unit 

boundary with the highest values) and exported as a new horizon (Fig. 5.15a). This horizon can then 

just like for the isochrones be exported as an XY time data format divided by tabs (Fig. 5.15b). These 

data files (.dat) from both the isochrones and isopaches can then be opened in Global Mapper as an 

elevation grid. If a tight gridding is applied, this map can be used to see which data is where present, 

but also where no data is available, like in the canyon branches. These “.dat” files can also be 

imported in Surfer, were different kinds of gridding can be applied (Fig. 5.15c). In this study, the 

‘Natural Neighbor’ gridding method gave the best results and was used for all isochron and isopach 

maps. This surfer grid can then be adapted in Surfer and later on in CorelDRAW. 
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Fig. 5.15: (a) Pop-up in Kingdom to compute the isopaches, by subtracting the shallowest horizon from the deepest 

horizon and to export the thickness as a new horizon. (b) Pop-up in Kingdom to export the desired horizon, both 

isopaches and isochrones, as an XY time data format divided by tabs. (c) Pop-up in Surfer to choose the desired 

gridding method for both the isopaches and isochrones. 
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5.2.5 Description 

After the seismic profiles have been loaded into Kingdom, they can be separated into units and 

subunits based on their seismic character. Reflection terminations and reflection configurations are 

therefore used to describe the profiles properly (Figs. 5.16 & 5.17; Evans et al., 1995; Mitchum et al., 

1977). 

 

The boundaries of the units are defined using their top-discordant relations (erosional truncation or 

toplap) and base-discordant relations (onlap and downlap). Offlap can occur as well and is 

characterized by layers that fade out due to thinning of these layers, below the seismic resolution. 

Once these boundaries are described, the seismic internal facies is next. This description is based on 

seismic reflection parameters such as configuration, continuity, amplitude, frequency and interval 

velocity. Common configurations are parallel to subparallel; divergent; prograding, subdivided into 

sigmoid, oblique, shingled and hummocky; chaotic; or reflection-free (Figs. 5.16 & 5.17; Evans et al., 

1995; Mitchum et al., 1977). 

 

A last characteristic of units, is their external form, as it carries information on the depositional 

environment, sealevel and area of sediment source. These external forms are divided in sheet 

(drape), wedge, bank, lens, mound, fan and fill (Fig. 5.16; Mitchum et al., 1977). 

 

 
Fig. 5.16: An overview of the seismic reflection configurations. 

(Evans et al., 1995 after Berryhill, 1986) 
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Fig. 5.17: An overview of the seismic reflection terminations and configurations. (Van Rensbergen, 1996 after Mitchum et 

al., 1977) 
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5.3 CTD profiling 

 

5.3.1 Acquisition 

CTD data were obtained from three different sources: 

(a) the Sea & Sun CTD48M CTD profiler attached to the MUMM (Management Unit of the North 

Sea Mathematical Models, a department of the Royal Belgian Institute of Natural Sciences 

(RBINS)) CTD frame,  

(b) the Sea & Sun CTD48M CTD profiler attached to the MUC (multiple corer) frame (Fig. 5.18), 

(c) or the CTD Sea & Sun CTD90M CTD profiler attached to the ROV.  

The location of all these CTD stations in the two middle canyon branches of the Whittard Canyon are 

displayed in Figs. 5.19 & 5.20.  

With the obtained temperature in degree Celsius (°C), salinity in practical salinity unit (psu) and 

derived potential density (sigma-thèta in kg/m3), the oceanography of the area can be investigated in 

terms of different water masses. During each begin and end of a ROV dive (ascribed as down and up 

in Table 5.3), these CTD deployments are made by another CTD profiler, the Sea & Sun CTD90M. This 

profiler can measure extra parameters like for instance turbidity, which is expressed in Formazin 

Turbidity Unit (FTU). This turbidity is measured with a nephelometer, based on light emition (Brown 

et al., 1989a). With the use of this oceanography, it is the aim to measure the present-day 

environmental setting at possible sites of cold-water coral reef and/or deep-sea oyster bank 

occurrences. The details of the different CTD stations are listed in Table 5.3. 

 

 

 

Fig. 5.18: The Sea & Sun CTD48M system attached to the MUC frame. 

(Van Rooij et al., 2010a) 
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Fig. 5.19: Position of the CTD stations within the middle branches of the Whittard Canyon system, with reference to the seismic lines in grey. The CTD stations with the Sea & Sun CTD48M CTD 

profiler attached to the MUMM CTD frame are indicated as red circles with a black centre and the CTD stations with the Sea & Sun CTD48M CTD profiler attached to the MUC frame as red 

circles. The red line indicates the transect used to show the bathymetry in Ocean Data Viewer. The contours are drawn every 200 m, with every 1000 m a bold one. (Source low-resolution 

multibeam background: INSS multibeam bathymetry, courtesy by GSI; source high-resolution multibeam following the canyon branches: Huvenne et al., 2009) 
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Fig. 5.20: Position of the CTD stations with the CTD Sea & Sun CTD90M CTD profiler attached to the ROV within the middle branches of the Whittard Canyon system, with reference to the 

seismic lines in grey. The red line indicates the transect used to show the bathymetry in Ocean Data Viewer. The contours are drawn every 200 m, with every 1000 m a bold one. (Source low-

resolution multibeam background: INSS multibeam bathymetry, courtesy by GSI; source high-resolution multibeam following the canyon branches: Huvenne et al., 2009) 
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CTD48M-CTD CTD48M-MUC CTD90M-ROV 

BEL10-17b BEL10-17b BEL10-17b 

Attached to MUMM CTD frame Attached to MUC frame During each ROV dive 

Station CTD 2b Station MUC_01a Station ROV_03down 

Depth (m) 938,004 Depth (m) 813,222 Depth (m) 844,493 

Longitude (°E) -10,629 Longitude (°E) -10,588 Longitude (°E) -10,657 

Latitude (°N) 48,670 Latitude (°N) 48,800 Latitude (°N) 48,770 

Station CTD 3 Station MUC_01b Station ROV_03up 

Depth (m) 1020,860 Depth (m) 793,950 Depth (m) 1107,690 

Longitude (°E) -10,642 Longitude (°E) -10,589 Longitude (°E) -10,646 

Latitude (°N) 48,764 Latitude (°N) 48,800 Latitude (°N) 48,783 

Station CTD 4 Station MUC_01c Station ROV_04down 

Depth (m) 814,595 Depth (m) 792,819 Depth (m) 1017,790 

Longitude (°E) -10,535 Longitude (°E) -10,588 Longitude (°E) -10,578 

Latitude (°N) 48,824 Latitude (°N) 48,801 Latitude (°N) 48,789 

Station CTD 5 Station MUC_01d Station ROV_04up 

Depth (m) 761,828 Depth (m) 789,917 Depth (m) 1019,850 

Longitude (°E) -10,519 Longitude (°E) -10,584 Longitude (°E) -10,567 

Latitude (°N) 48,856 Latitude (°N) 48,800 Latitude (°N) 48,776 

Station CTD 6 Station MUC_02a Station ROV_05down 

Depth (m) 352,489 Depth (m) 1026,380 Depth (m) 1043,400 

Longitude (°E) -10,524 Longitude (°E) -10,579 Longitude (°E) -10,580 

Latitude (°N) 48,900 Latitude (°N) 48,789 Latitude (°N) 48,791 

Station CTD 7 Station MUC_02b Station ROV_05up 

Depth (m) 962,834 Depth (m) 1036,260 Depth (m) 1042,850 

Longitude (°E) -10,404 Longitude (°E) -10,598 Longitude (°E) -10,589 

Latitude (°N) 48,659 Latitude (°N) 48,790 Latitude (°N) 48,800 

  Station MUC_02c Station ROV_06down 

  Depth (m) 1036,230 Depth (m) 1011,330 

  Longitude (°E) -10,581 Longitude (°E) -10,405 

  Latitude (°N) 48,792 Latitude (°N) 48,661 

  Station MUC_02d Station ROV_06up 

  Depth (m) 1037,190 Depth (m) 1011,000 

  Longitude (°E) -10,582 Longitude (°E) -10,392 

  Latitude (°N) 48,792 Latitude (°N) 48,650 

Table 5.3: Available CTD stations obtained with the Sea & Sun CTD48M CTD profiler attached to the MUMM CTD frame, the 

Sea & Sun CTD48M CTD profiler attached to the MUC frame and the CTD Sea & Sun CTD90M CTD profiler attached to the 

ROV. 

 

Due to problems with the oceanographic cable, the RCMG’s spare Sea & Sun CTD48M system was 

used in a stand-alone, battery operate mode (Fig. 5.18). During each MUC sampling, additional CTD 

measurements were performed using this Sea & Sun CTD48M system attached to the MUC frame. 

Also during each ROV dive, the onboard CTD Sea & Sun CTD90M was activated. 
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5.3.2 Processing and visualization 

The Ocean Data Viewer software (ODV, implementation by R. Schlitzer, AWI, version 4.5.3) can be 

downloaded from the internet and used to visualize and interpret the CTD data. Before starting with 

the programme, additional, public CTD data were downloaded from the National Oceanic and 

Atmospheric Administration (NOAA) site (World Ocean Data Base 2009; 

http://www.nodc.noaa.gov/OC5/WOD09/pr_wod09.html). Now the three different datasets can be 

imported. If the own dataset is saved correctly as a “.txt” file as described in the ‘User’s Guide’, it can 

be imported as ‘SDN Spreadsheet’. After all data is imported, a map is drawn with all the CTD stations 

represented as dots (Fig. 5.21). Before the different diagrams showing different parameters are 

drawn, a section needs to be selected to define which CTD stations are used. In this case the section 

is 52 km long and 12 km wide. At this point, the bathymetry is estimated from the maximal depth of 

the CTD deployment and is as a consequence not the true bathymetry. The “.GOB” file mentioned 

above in the section about the visualization of the multibeam bathymetry and the side-scan sonar 

imagery should be imported the use the true depth. Along this true bathymetry, the change of 

different parameters, such as temperature and salinity, can be visualized (Fig. 5.22). 

 

Because the CTD data obtained during the ROV deployment showed a large scatter in salinity 

resulting from problems with the pressure sensor, it was discarded in the ODV section. This scatter in 

salinity was extremely dominant during the ROV_04 deployment, therefore the ROV_04up salinity 

plot is discarded and the sudden distinct drop in salinity in the ROV_04down salinity plot is indicated 

with a question mark. This question mark represents the doubtfulness of this peak. 

 

 
Fig. 5.21: The interface of Ocean Data Viewer, with on the map all the public CTD data around the study area as blue dots. 
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Fig. 5.22: The different diagrams, with in the bottom left corner a map showing the section containing the used CTD stations. The two left windows at the top show the 

temperature and salinity change in function of the depth. The middle window at the top shows the temperature and salinity combined, with the depth indicated in colour. 

The right upper window shows the temperature at an isosurface, in this case indicates ‘@ Depth [m]=first’ that the automatic threshold depth of 1 m is used. The lower 

right window shows the transect indicated in Figs. 5.19 & 5.20 by the red line, with the true bathymetry and the salinity in function of the depth. 
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5.4 ROV observations  

 

5.4.1 Acquisition 

The ROV observations were performed using the sub-Atlantic Cherokee type ROV Genesis of the 

RCMG of Ghent University (Table 5.4). 

 

Sub-Atlantic Cherokee-type ROV Genesis 

TMS (Tether Management System) Max 200 m tether 

Shipboard winch 1600 m reinforced cable 

Positioning USBL (Ultra Short Base Line) GAPS (Global Acoustic 

Positioning System) positioning system (IXSEA) 

Sampling tool Controlled grab arm + additional 5L Niskin bottle 

Storing tool Deployable tray 

Additional tools Depth control + altimeter + forward-looking sonar  

(detection of seabed objects) 

5 video cameras and 1 still camera 1 on the TMS (ROV launch & re-entry control) 

 1 backward looking within the ROV (TMS re-entry and  

tether inspection) 

 1 on the ROV looking at the arm and tray 

 2 forward-looking (black & white and colour, with overlay) 

Table 5.4: Specifications of the ROV. 

 

A total of five selected transects were dived within the two middle canyon branches of the Whittard 

Canyon (Fig. 5.23 & Table 5.5). These transects were investigated for benthic habitat mapping and 

groundtruthing. Several tools were used at the cold-water coral sites: video mapping, high-resolution 

stills imagery, continuous CTD profiling, selected water sampling and push-cores. 

 

 
Fig. 5.23: Position of the five ROV dives in red, within the two middle branches of the Whittard Canyon system, with 

reference to the seismic lines in grey. Contours are drawn every 200 m, with every 1000 m a bold one. (Source low-resolution 

multibeam background: INSS multibeam bathymetry, courtesy by GSI; source high-resolution multibeam following canyon 

branches: Huvenne et al., 2009) 
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ROV Dive Day Event Time Longitude (E) Latitude (N) Depth 

B10-03a 21/06/2010 start 07:08:11 -10.658 48.771 854 m 

    stop 09:30:30 -10.642 48.775 814 m 

B10-03b 21/06/2010 start 10:46:03 -10.642 48.767 1120 m 

    stop 12:03:20 -10.645 48.783 670 m 

B10-04 24/06/2010 start 07:18:10 -10.577 48.789 1025 m 

    stop 09:22:50 -10.567 48.776 746 m 

B10-05 24/06/2010 start 12:43:50 -10.582 48.792 1041 m 

    stop 13:31:38 -10.589 48.802 859 m 

B10-06 24/06/2010 start 16:48:11 -10.404 48.660 1022 m 

    stop 18:43:40 -10.390 48.650 459 m 

Table 5.5: Different ROV stations. 

 

Dive B10-03 was focusing on the northern flank of the western branch, which was previously 

sampled during the R/V Belgica 2006 campaign (Vanreusel et al., 2006). Two dives were made, the 

first ‘03a’ was a 1.9 km long alongslope transect in W-E direction, around 800 m water depth. The 

second ‘03b’ was a 1.7 km long upslope transect in S-N direction, between 550 m and 1120 m water 

depth. The other three upslope transects (B10-04, B10-05 and B10-06) were made from the canyon 

floor up the canyon flanks. Dive ‘04’ was located more to the east on the southern flank of the 

western middle branch, with a 2 km long transect between 700 m and 1020 m water depth. Dive ‘05’ 

was located on the same western branch, but now on the northern flank, with a transect of 1.5 km 

between 780 m and 1040 m water depth. Dive ‘06’ was located on the eastern middle branch, with a 

transect of 2.1 km between 1020 m and 450 m water depth. 

 

The winch can bring the sub-Atlantic Cherokee type ROV Genesis within the Tether Management 

System (TMS) to a safe depth before the ROV is launched (Fig. 5.24). The winch cable is connected to 

a pilot control interface, installed in the ROV container. By this a physical control of the ROV and its 

instruments, as well as the observation and navigation cameras was obtained. On an arbitrary 

camera display, an overlay could be displayed with navigation control information. At the main 

camera head, two laser markers were added with a 10 cm spacing, which can be used as a scale on 

the video and still images. During the ROV survey, the pilot and the PI scientist (principal investigator 

scientist, co-pilot/navigator) were assisted by two shipboard scientists, who capture stills and 

perform logging of operations. At specific places, still images were taken by the PI scientist using the 

high-resolution still camera. 
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Fig. 5.24: The sub-Atlantic Cherokee type ROV Genesis of 

the RCMG, Ghent University, in front of the TMS. (Image 

courtesy: RCMG – Ghent University) 

 

Underwater positioning of both the TMS and ROV was done by means of an IXSEA Global Acoustic 

Positioning System (GAPS), which is a portable Ultra Short Base Line (USBL) with integrated Inertial 

Navigation System (INS) and GPS. The accuracy of this positioning is of the order of 2 m. The 

navigation was stored through the Ocean Floor Observation Protocol (OFOP) software (J. Greinert, 

Royal NIOZ, The Netherlands). Video imagery was obtained from one forward-looking colour video 

zoom camera and one black & white video camera, assisted by > 250 Watt Q-LED illumination. These 

video images were recorded both with and without a navigational overlay and were digitised in the 

Audio Video Interleave (.AVI) and Motion Picture Experts Group (.MPEG) format. The high-resolution 

still images were obtained from a Canon Powershot camera on irregular time intervals, but can also 

be derived with a lower resolution from video capture. These still images were stored as raw images 

both as Canon Raw CIFF Image (.CRW) and Thumbnail Image (.THM) files, but also as Joint 

Photographic Experts Group (.JPG) files. 

 

5.4.2 Processing and visualization 

The obtained imagery is interpreted using the OFOP (Ocean Floor Observation Protocol, J. Greinert, 

Royal NIOZ, The Netherlands, version 3.2.0c) software (Huetten and Greinert, 2008). 

The first thing to do in OFOP, is loading the right calibrated background map. If such map is not 

available, the desired background image should be imported and calibrated in OFOP (Fig. 5.25). Such 

a background image should be made in Global Mapper, with the projection of the images set at the 

Mercator projection. This map can be exported as a ‘JPEG’. The reason why a ‘JPEG’ instead of a 

‘GeoTIFF’ is exported, is that OFOP is not able to import a ‘GeoTIFF’. The resulting calibrated map can 

then be saved as a Quake Engine Map File (.map) and can be loaded next time directly in OFOP. The 

next step is to edit the navigation file, by deleting in this raw data the outliers, smooth to obtain an 

average track and spline for each second to become one fluent track curve (Fig. 5.26). 
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Fig. 5.25: Pop-up window in 

OFOP to calibrate a 

background image and 

transform it into a 

calibrated map. 

 
 

Fig. 5.26: Window in which the noisy ROV track (blue dots) and ship track (orange line) can 

be edited, smoothed and splined. 

 

Next the track can be linked to the .AVI video file with navigational overlay and displayed with the 

right position on the image map (Fig. 5.27). The first thing to do is load the cleaned data file and the 

corresponding video data file with overlay. To see what track the ROV followed, the SUB1 Track can 

be plotted on the map. The track of the ship can be plotted as well, in case this is relevant. Now the 

seafloor observations should be plotted on the calibrated map. Therefore a new button file can be 

created with the appropriate observation classes (Fig. 5.28). This adapted button file can be saved 

and loaded again later on. To plot the observations on the map, every time an observation is made 

the corresponding button is pressed. In this case observations were made every 30 seconds or in 

case the observation changed or when the video went from only hemipelagic sedimentation (when 

no observations were made) to an observation. 
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Fig. 5.27: Window with the 

different tab pages used to 

import the cleaned 

navigation file and the 

video. To link both the track 

and video, and to visualize 

the track of the ROV and/or 

ship on the background 

map. It is the active tab 

page that is used to play 

and pause the video 

images. 

 

 

 

Fig. 5.28: Seafloor observation buttons, 

with the different classification classes 

used for this purpose.  
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5.5 Figure & map making 

 

All images obtained from the programmes discussed in this chapter, were modified using the 

CorelDRAW X4 (Corel Corporation, version 14.0.0.653) software. Maps on the other hand, were first 

drafted in Global Mapper and exported both as ‘GeoTIFF’ and ‘Surfer Grid (ASCII Format)’. The 

reason why they need to be exported both is that the ‘GeoTIFF’ contains the georeferenced map 

image without any information about depth. Hence the necessity to export the map window, with 

the whole bathymetric range, also as a ‘Surfer Grid (ASCII Format)’. The Surfer 9 (Golden Software, 

Inc., version 9.11.947) software can import this ‘Surfer Grid (ASCII Format)’ and display it as contours. 

The ‘GeoTIFF’ and the ‘Surfer Grid (ASCII Format)’ are therefore imported in the Surfer 9 software 

respectively as ‘base map’ and ‘contour map’. This map can be adapted in Surfer 9 and subsequently 

in CorelDRAW X4. A lot of the bathymetric maps display jagged jumps in depth, which is caused by 

the fact that two bathymetry datasets are used. When the low- and high-resolution bathymetry 

maps are simultaneously used, they do not blend perfectly, but a transition is clearly visible. In 

certain maps this dentate transition is erased to give a more understandable, continuous map. 
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Chapter VI: Results 

 

This chapter will present the results obtained by the different sources. First, the data from the 

multibeam bathymetry and side-scan sonar will be presented. Subsequently, the seismic profiles will 

be interpreted to define different units and subunits over the area. Moreover, the canyon incision 

will be presented as well. Next, the CTD data will be evaluated in terms of temperature, salinity and 

turbidity. Finally, the different visual seabed facies encountered during the ROV dives will be defined 

and the different observations made along each track will be presented. 

 

6.1 Multibeam bathymetry and side-scan sonar 

 

This study is carried out around the two middle branches of the Whittard Canyon system on the 

outer shelf and the upper continental slope, within water depth ranges of 120 m to 1500 m (Figs. 5.1, 

5.9, 5.19, 5.20 & 5.23). These branches limit the interfluves, with both a main NE-SW orientation. The 

branches vary from a width of 2.5 km at the canyon head to 15 km where the four branches merge to 

form one SE-ward going branch. The maximal length, from canyon head to the abyssal plain, is about 

250 km and the maximal incision depth is around 1500 m. The main thalweg incision at recent times 

in the smaller canyon branches seems to be confined to a small V-shaped incision inside a broad and 

deep depression. The main thalweg incision during recent times in large canyon branches at the 

outer shelf and upper slope is characterized by deep, large-scale V-shaped incisions (Figs. 5.1 & 6.1a). 

When the four branches converge, the incision becomes U-shaped (Figs. 5.1 & 6.1b). All four major 

branches of the Whittard system, together with the smaller branches form therefore a convergent 

drainage system from the outer shelf towards the continental rise. These different canyon branches 

all display some degree of sinuosity in their course (Figs. 5.1 & 6.3). 

 

 
Fig. 6.1: Canyon incision depicted by a profile (upper figure) and by a 3D image as seen in Global Mapper’s 3D viewer (lower 

figure), showing a V-shape in the upper reaches (a) and a U-shape in the lower reaches (b). 
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The present-day incisions are not only the incision by the main thalweg, but include also the incision 

by the transverse gullies into the interfluves. The slopes of the interfluves are therefore intersected 

by transverse gullies, forming smaller-scale drainage paths. This creates a ‘herringbone’ pattern. The 

maximal width of these gullies is 2 km, but most of them are around 1 km wide. The TOBI side-scan 

sonar images give a clear view of these gullies, with their dendritic pattern and the transition from 

the flatter interfluves to the sloping flanks of the canyon branches (Fig. 6.2). On Fig. 6.2 it is also 

visible that the canyon heads at the outer shelf form subcircular scarps, with superficial incisions and 

a smooth curvation.  

 

 
Fig. 6.2: A high-resolution side-scan sonar image of the seafloor at the Whittard Canyon, obtained by the 

TOBI system. With the inevitable black strip of the trackline in the middle (the nadir) and a clear overview of 

the herringbone pattern formed by the transverse gullies at the canyon flanks.  

 

The majority of the canyon flanks located between water depths of 500 m and 2000 m have slopes 

between 0° and 40°, with a maximal slope around 70°. Above 600 m and below 2000 m water depth, 

the slopes range between 0° and 30° (Fig. 6.3). The eastern flanks of the branches are generally less 

incised than the western ones and have a smoother, less steep appearance (Fig. 6.3). 
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Fig. 6.3: Slope map of the area around the studied part of the Whittard Canyon, indicated by the seismic 

lines in white (Source low-resolution multibeam background: INSS multibeam bathymetry, courtesy by GSI; 

source high-resolution slope map following canyon branches: Huvenne et al., 2009). Contours are drawn 

every 100 m, with every 1000 m a bold one. 

 

The most shallow part covered by seismic lines is located in the NW, at a water depth of around 150 

m (Figs. 5.1, 5.9 & 6.4). The deepest parts, are these in the middle of the canyon branches, with the 

greatest water depth around 1300 m in the western lower canyon branch. The north-eastern corner 

is shot in water depths of around 140 m, the south-eastern around 390 m and the south-western 

around 810 m (Figs. 5.1, 5.9 & 6.4).  

 

In some cases, the canyon heads tend to coalesce, like visible in the westernmost canyon branch in 

Fig. 6.4. As a result of this merging, an amphitheatre shape of a few kilometres wide is formed. 

 

The shelf break is defined as the transition from the shelf to the slope, where the inclination of the 

seabed is maximal (Vanney and Stanley, 1983). In the study area, the position of the shelf break can 

be determined based on the seismic profiles and on the bathymetry of the region. On the spurs the 

shelf break is located around 200-300 m water depth, while in the canyon branches this shelf break is 

hard to recognise as it has been eroded (Fig. 6.4). 
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Fig. 6.4: The bathymetry around the study area, with the position of the seismic lines in black and the 

position of the shelf break in grey. The position of the shelf break is based on its position on the seismic 

profiles and roughly on the course of the isobaths. The contours are drawn every 100 m, with every 1000 m a 

bold one. 

 

6.2 Seismic profiling 

 

The purpose of this section is to give an overview of all features visible on the seismic profiles and to 

divide these profiles in units and subunits based on their seismic characteristics (Fig. 5.9 & Table 6.1). 

Table 6.1 gives an overview of all seismic units and subunits, together with their seismic 

characteristics. 
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Unit Subunits Limits 
Maximal 

thickness 
Seismic facies 

U1 

  Lower: not observable 

/ 
± horizontal, parallel low-to moderate-

amplitude reflectors   Upper: 

D1 (1600-450 ms TWT) 

strong amplitude reflector, 

± parallel to seafloor 

U2 

  Lower: D1 (1600-450 ms TWT) 

550 ms 

TWT 

shelf: ± transparent  

slope: different reflector geometries (feauters 

resembling sediment waves, overbank deposits, 

infilled incisions) in a transparent matrix 
  Upper: 

D2 (680-300 ms TWT) 

moderate- to high-

amplitude reflector = 

transition tranparent (U2) 

to dowlapping reflectors 

(U3), rises to surface on 

the shelf and disappears 

on the slope 

U3 

  Lower: D2 (680-300 ms TWT) 

250 ms 

TWT 

divergent pattern of westward dipping reflector 

(only observable on the shelf)   Upper: 

D3 (1200-230 ms TWT)  

± parallel to seafloor 

erosive surface truncating 

the underlying dipping 

reflectors, causing toplap 

and on the slope it may 

form incisions as well 

U4 

  Lower: D3 (1200-230 ms TWT) 

280 ms 

TWT 

shelf: cyclic pattern of amplitude change from ± 

transparent to high-amplitudes  

slope: draping-like deposits with continuous, 

parallel, wavy reflectors of different amplitudes 

and sometimes highly dynamic cut-and-fill 

geometries; in both cases internal 

unconformities are present 

  Upper: 

seafloor (1080-150 ms 

TWT or 300-120 m water 

depth)  

current erosional surface 

  

U4a 

Lower: D3 (1200-230 ms TWT) 

270 ms 

TWT 

shelf: low-amplitudes or ± transparent in the 

lower part to high-amplitudes in the upper part  

slope: highly dynamic cut-and-fill geometries in 

some interfluves and calmer draping-like 

deposits with continuous, parallel, wavy 

reflectors of different amplitudes on top and in 

other interfluves; with the presence of internal 

unconformities 

  Upper: 

D4a (1110-200 ms TWT) 

slightly wavy high-

amplitude reflector, which 

is clearly erosional on the 

slope 

  

U4b 

Lower: D4a (1110-200 ms TWT) 

180 ms 

TWT 

shelf: low-amplitudes in the lower part to high-

amplitudes in the upper part  

slope: draping-like deposits with continuous, 

parallel, wavy reflectors of different amplitudes 

and towards the limits of the interfluves also 

chaotic and sigmoid-oblique configurations; 

and the occurrence of internal unconformities 

over the entire range  

  Upper: 

seafloor (1080-150 ms 

TWT or 300-120 m water 

depth)  

current erosional surface 
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Table 6.1: All seismic units and subunits, with their specific seismic characteristics. 

In this studied area, only the four seismic profiles shot in NE-SW direction can be used to determine 

the position of the shelf break, as they are perpendicular to the shelf break, these are the ones 

visible in Figs. 6.6, 6.7 & 6.12. The shelf break is situated around 200 m water depth in the most 

north-western profiles (Fig. 6.12) and around 170 m water depth in the most south-eastern profiles 

(Fig. 6.6a), while it is located around 250 m to 300 m water depth in the two inner profiles (Figs. 6.6b 

& 6.7). The position of the shelf break is not always clear, as the transition from the shelf to the slope 

can be gradual and canyons may have incised around the position of the shelf break. During this 

study, the shelf break has always been localised in the area with the greatest gradient. Fig. 6.4 

displays the depth of the seafloor in metres, while Fig. 6.5 displays the depth of the seafloor in 

milliseconds. In both figures the shelf break is indicated in grey and in Fig. 6.5 the canyon branches 

are indicated in blue. For location of the seismic lines, see Figs. 5.9 & 6.5.  

 

  
 

 

 

Fig. 6.5: Map showing the 

depth of the seafloor (in 

ms), with indication of two 

major and one minor 

canyon branch in blue. The 

position of the shelf break 

is indicated by the grey 

band and the seismic lines 

used in this results section 

are indicated at the start of 

the corresponding line. The 

position of the shelf break 

in this figure is only based 

on its position inferred from 

the seismic lines. To obtain 

this map, an interpolation 

had to be made using the 

natural neighbour gridding 

method. This map uses the 

UTM projection system 

(zone 29), but the 

geographic coordinates 

(latitude-longitude) are 

displayed to be consistent 

with the other maps. 
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Fig. 6.6: These two seismic profiles (wc1006010 & wc100609) are the two most eastern NE-SW oriented ones. The seismic 

units, subunits and discontinuities are indicated as well as the approximate position of the shelf break. This position cannot 

be defined precisely as the shelf break forms a gradual transition in this area. D2 and D3 are the names of the boundaries 

separating Unit U2, U3 and U4.  

 

At the edge of the canyon branches a lot of diffraction hyperbolae are present, for example at both 

sides of the canyon visible in Figs. 6.9 & 6.19 and at one side of the canyon visible in Figs. 6.8 & 6.15. 

These could be formed due to point reflections on very steep erosive flanks, on irregular 

topographies or on hard exposed banks (Evans et al., 1995; Van Rooij et al., 2010b). These 

hyperbolae can make the study of the seismic profiles more difficult, as they mask the real 

underlying stratigraphy. 
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Fig. 6.7: Profile wc100606 showing all 

units (Units U1, U2, U3 & U4) and both 

subunits comprising Unit U4 (Subunits 

U4a and U4b). The V-shaped valley is an 

example of a gully incised in the canyon 

flank. The position of the shelf break is 

indicated as well. 
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6.2.1 Seismic stratigraphy 

The seismic stratigraphic study of the area covered by the seismic profiles, is mainly based on two 

key profiles, displayed in Figs. 6.7 & 6.8. The other profiles presented here are used to illustrate 

specific features, not present in these two key profiles. 

 

 

 
Fig. 6.8: Profile wc100603_1 located in the south-western part of the study area. This profile displays three units (Unit U1, 

U2 and U4) and both subunits (Subunits U4a and U4b). It also shows the unconformities limiting the units and subunits. Unit 

U2 and the lower part of Subunit U4a show infilled erosive features, with the infill reflectors prograding in NE direction. The 

upper part of Subunit U4a and whole Subunit U4b, have a wavy draping appearance. 
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These two key profiles allow the identification of four seismic units, from old to young, U1, U2, U3 

and U4 (Figs. 6.7 & 6.8 and Table 6.1). The upper Unit U4 comprises two seismic subunits, from older 

to younger denoted as U4a and U4b (Figs. 6.7 & 6.8 and Table 6.1). The units and subunits are most 

easily identified in the interfluves in between the canyon branches. Their subdivision in units and 

subunits is based on the occurrence of unconformities, the changes in internal seismic facies and 

amplitude changes. 

 

 

 
Fig. 6.9: Profile wc100612 displaying all units (U1, U2, U3 and U4) and both subunits (U4a and U4b). All unconformities 

limiting the units are visible as well. 
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6.2.1.1 Seismic Unit U1 

This lowermost Unit U1 can be observed at the lower ends of the profiles on top of and underneath 

the multiple. Its upper boundary D1 is a high amplitude reflector, which makes sure that it can be 

observed through the multiple (Figs. 6.7 & 6.9). The lower boundary of this unit cannot be observed, 

as it is masked by the multiple (Figs. 6.7, 6.8 & 6.9). This is due to the fact that this lower boundary is 

located below the maximal penetration of the seismic signals and that the seismic signals are 

completely attenuated.  

 

Discontinuity D1, is positioned deeper in the SW of the study area (Figs. 6.7 & 6.11). The depth of D1 

varies from around 450 ms TWT at the outer shelf, to about 1600 ms TWT at the slope in the south-

western corner of the study area (Fig. 6.11). As the lower boundary of U1 is not observed, the 

thickness cannot be determined. 

 

The seismic facies consists of more or less horizontal, parallel low- to moderate-amplitude reflectors 

(Figs. 6.7, 6.8 & 6.9).  
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Fig. 6.10: Profile wc100611 showing three units (U2, U3 and U4) with both subunits (U4a and U4b). Moreover two incisions with their own infill are indicated as well. 
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Fig. 6.11: Isochron map of discontinuity D1, the upper limit of U1 (in ms). The canyon branches, 

where the discontinuity has been eroded have been erased by hand.  

 

6.2.1.2 Seismic Unit U2 

The lower boundary of Unit U2 is formed by the high-amplitude discontinuity D1 (Figs. 6.7 & 6.9). The 

upper limit, discontinuity D2, is observed as a moderate- to high-amplitude reflector, clearly visible 

as the seismic facies is completely different above and underneath this discontinuity (Figs. 6.6, 6.7, 

6.9 & 6.10). In some places on the shelf, mostly in the eastern part of the studied area, D2 is 

completely masked by the multiple as well (Fig. 6.10). In other areas on the shelf, D2 rises towards 

the surface (Fig. 6.12). In case of Fig. 6.12 it can be seen that the reflectors around D2 on the outer 

shelf display toplap on the horizontal lower boundary of the unit above, U4, causing Unit U2 to rise 

to the surface, just underneath U4.  

 

U2 has a maximum thickness of 550 ms TWT on the slope in the western part of the study area (Fig. 

6.13) and the minimal thickness is around 20 ms TWT (Fig. 6.13). U2 does not occur above a depth of 

300 ms TWT on the outer shelf, while the deepest position observed of the upper limit D2, is around 

1200 ms TWT on the south-western interfluve (Fig. 6.14). 
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Fig. 6.12: Profile wc100601, showing three units (U2, U3 and U4) with both subunits (U4a and U4b). Discontinuities D2 and D3 are indicated and it is clearly visible that unconformity D2 

rises towards the surface on the outer shelf. Due to this fact Unit U2 becomes thicker towards the shelf and Unit U3 pinches out. The position of the shelf break and canyon heads are 

indicated as well. 
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Fig. 6.13: Isopach map of Unit U2 (in ms). The canyon branches, where the unit has been 

eroded have been erased by hand.  

 

 

Fig. 6.14: Isochron 

map of discontinuity 

D2, the upper limit of 

U2 (in ms). The 

canyon branches, 

where the 

discontinuity has been 

eroded have been 

erased by hand. 
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The deeper parts of U2 display a more transparent facies (Figs. 6.8, 6.10, 6.12 & 6.15), which is 

coherent with the decrease in penetration with depth. This unit also displays a lateral variation, 

which becomes clear around the shelf break. This variation exists of a more or less chaotic to 

transparent facies at the shelf (Figs. 6.6, 6.7, 6.9, 6.10 & 6.12) to several clear reflectors displaying 

different morphologies in a transparent matrix at the slope (Figs. 6.7, 6.8 & 6.15). In Figs. 6.7 & 6.8 

for instance, these reflectors have a main dip to the SW. In Fig. 6.7, in the area underneath the shelf 

break, several features resembling sediment waves are present, which display an upslope migration, 

as indicated by the two arrows. On top of these features, some onlapping overbank deposits are 

present as well, indicated by the vertical arrow (Fig. 6.7). Figs. 6.8 & 6.15 show the existence of 

incisions filled by higher amplitude asymmetric sigmoidal reflectors that show onlap on the north-

eastern flank (Fig. 6.8) and the south-eastern flank (Fig. 6.15). These incision infilling reflectors have a 

maximal thickness of about 100 ms TWT, indicating that the maximal incision was 100 ms TWT (Figs. 

6.8 & 6.15).  
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Fig. 6.15: Profile wc100616 displaying two units (U2 and U4) and the two subunits (U4a and U4b). Unit U2 

shows infilled erosive features, with the infill reflectors prograding in SE direction. The Ssubunits U4a and 

U4b have a wavy draping appearance. 
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6.2.1.3 Seismic Unit U3 

Unit U3 is only visible on the shelf and discontinuity D2 forms its lower boundary (Figs. 6.6, 6.7, 6.9 & 

6.12). The upper boundary, discontinuity D3, is an erosive surface, truncating the dipping reflectors 

of U3, marked by toplap (Figs. 6.6, 6.7, 6.9 & 6.12). More to the slope, to greater water depths, U3 

pinches out (Fig. 6.7). The fact that U3 is no longer visible on the slope can be due to attenuation of 

the signal, a lateral facies transition or actual pinching out of U3. As a result, discontinuity D2 

disappears and discontinuity D3 forms the boundary between U2 and U4 on the slope (Fig. 6.7). 

More towards shallower water depths, at the shelf, U3 pinches out by means of toplap on the upper 

boundary, discontinuity D3 (Fig. 6.12). 

 

U3 has a maximal thickness of about 250 ms TWT in the south-eastern interfluve (Fig. 6.16). Overall 

the thickness increases towards the centre of the interfluves (Fig. 6.16). U3 has its upper limit at a 

depth of about 230 ms TWT on the shelf and fades out around a depth of about 680 ms TWT (Fig. 

6.17). 

 

The seismic facies of U3 consists of westward dipping reflectors, forming a divergent pattern of 

downlapping reflectors on the lower boundary, D2 (Figs. 6.6, 6.7, 6.9 & 6.12). In Figs. 6.6, 6.7 & 6.12 

these reflectors dip towards the SW, while in Fig. 6.9 it can be observed that they dip towards the 

NW. The facies of U3 becomes indistinguishable from the facies of U2, the unit below, on the 

shallower parts of the shelf, due to attenuation (Fig. 6.7). 

 

 

Fig. 6.16: Isopach map 

of unit U3 (in ms). The 

canyon branches, 

where the unit has 

been eroded have 

been erased by hand.  

 



Chapter VI: Results 

85 

 

Fig. 6.17: Isochron 

map of discontinuity 

D3, separating U3 

form U4 (in ms). This 

discontinuity has no 

depth on the slope, as 

U3 disappears around 

the shelf break. The 

canyon branches, 

where the 

discontinuity has been 

eroded have been 

erased by hand.  

 

6.2.1.4 Seismic Unit U4 

The uppermost unit, U4, overlies discontinuity D3 and has the seafloor as its upper boundary (Figs. 

6.6, 6.7, 6.8, 6.9, 6.10, 6.12 & 6.15). Therefore the lower boundary, D3, is defined by a slightly wavy 

erosional surface that truncates the underlying Unit U3 on the shelf and Unit U2 on the slope, and 

causes them to display toplap (Figs. 6.6, 6.7, 6.8, 6.9, 6.10, 6.12 & 6.15). On the shelf this D3 is more 

or less parallel to the seafloor (Figs. 6.6, 6.7, 6.9, 6.10, 6.12 & 6.15), whereas on the slope a wider 

range in morphologies of this D3 can be observed (Fig. 6.8). On the slope, D3 is not only more or less 

parallel to the seafloor, but it can also display former incisions up to 200 ms into U2 (Figs. 6.8 & 6.15). 

This incision displays a progradation to the NE and has an asymmetric geometry, with a short, steep 

south-western flank and a more gentle and longer north-eastern flank. Moreover, the south-western 

flank has an oblique appearance, while the north-eastern flank has a sigmoidal appearance (Fig. 6.8). 

 

U4 has a minimal thickness of about 30 ms TWT at the outer shelf and a maximal thickness of about 

280 ms TWT in the western interfluve (Fig. 6.18). The top of U4 is formed by the seafloor and 

therefore its upper limit is observed around 150 ms TWT to 1080 ms TWT (Fig. 6.5) or 120 m to 300 

m water depth (Figs. 5.9 & 6.4). These depths are of course only for the area covered by the seismic 

lines analysed in this study. 
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Fig. 6.18: Isopach map of 

Unit U4, including all its 

subunits (in ms). The 

canyon branches, where 

the unit has been eroded 

have been erased by hand.  

 

The seismic facies of U4 is different on the shelf in comparison to the slope (Figs. 6.7 & 6.8). This is 

due to a lateral variation in the highly dynamic canyon system. This system becomes even more 

dynamic towards the gullies, where it forms more discontinuities than on the shelf and may even 

display incisions. Although these discontinuities are not very widespread, they can be seen as distinct 

erosive surfaces (Figs. 6.7 & 6.8). 

 

On the shelf and around the shelf break, U4 shows twice more or less the same pattern of cyclic 

changes in seismic amplitude, from transparent/weak amplitudes in the lower part of the subunit to 

moderate/high amplitudes in the upper part (Figs. 6.6, 6.7, 6.10 & 6.12). Based on the existence of 

these cyclic changes, U4 has been subdivided into two subunits. 

 

On the slope, in greater water depths, these subunits can be found as well, although they display a 

different, more distinct facies due to lateral variation in the highly dynamic environment (Figs. 6.8 & 

6.15). As they are deposited near gullies, several minor and local discontinuities are observed. These 

minor discontinuities cannot always be correlated to other interfluves as the dynamic setting may be 

different (Figs. 6.8 & 6.15).  

 

In Fig. 6.7 the transition from the shelf to the slope can be observed, which displays the change in 

seismic facies from discontinuous reflectors on the shelf to more continuous ones on the slope. As 

the cyclic change in amplitude is still visible in this transition zone, it is possible to correlate the 

subunits in Fig. 6.7.  
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Characteristic for the subunits is that they have a maximal thickness at the centre of the interfluves, 

but that they tend to fade out towards the edges where the canyon branches have incised. This 

fading out happens through the downdipping of reflectors on the underlying boundary (Figs. 6.8, 6.9 

& 6.15). 

 

6.2.1.4.1 Subunit U4a 

The lower boundary of U4a is D3, the slightly wavy erosional surface, that has incised in one area 200 

ms TWT deep in U2. The upper boundary dividing subunit U4a from U4b, consist of a continuous, 

slightly wavy moderate- to high-amplitude reflector, more or less parallel to the seafloor. On the 

shelf this boundary is mainly observable due to the transition of the higher amplitudes of the upper 

part of U4a to the lower amplitudes of the lower part of U4b. This transition is more gradual at 

shallower water depths and becomes a real horizon towards the shelf break and upper slope (Figs. 

6.6, 6.7, 6.8, 6.9, 6.10, 6.12 & 6.15). On the slope, the upper boundary of U4a is clearly an erosional 

surface that truncates the underlying strata, causing them to display toplap. This boundary is 

characterized by a very high-amplitude, wavy convex-up unconformity. Although towards the south, 

this limiting reflector becomes of lower amplitude (Figs. 6.8 & 6.15). 

 

The top of U4a is located at 200 ms TWT depth at the shelf and 1110 ms TWT at the slope. The 

maximal thickness of this lower subunit in the centre of the interfluves is 270 ms TWT. 

 

The internal facies on the shelf is characterized by discontinuous, slightly wavy to chaotic low-

amplitude reflectors or even a more or less transparent facies at the lower part of the subunit, and a 

high-amplitude discontinuous, slightly wavy to chaotic configuration at the upper part (Figs. 6.6, 6.7, 

6.9, 6.10 & 6.12). More towards the shelf break and the upper slope, several moderate- to high-

amplitude, onlapping, parallel to wavy reflectors, with a low degree of continuity appear in the 

otherwise low-amplitude chaotic facies (Fig. 6.7). On the slope, the internal facies consist of 

continuous, subparallel to wavy to complex sigmoid-oblique reflectors with an alternation between 

moderate- to high- amplitude bands (Figs. 6.8 & 6.15). All the variations in seismic facies are due to 

lateral variations in the highly dynamic canyon system. 

 

The reflectors within U4a may be deposited parallel to the D3 unconformity and the seafloor, with a 

slightly SE dip (Fig. 6.15) or they may be deposited in a higher energy setting (Fig. 6.8). In the former 

case, they display a uniform wavy parallel pattern that covers the whole area like a blanket (Fig. 

6.15). The higher energy environment on the slope can be observed in Fig. 6.8 at the flanks and 

inside the 200 ms TWT deep incision of D3. After this highly dynamic setting, a calmer setting is 

prevailing with reflectors parallel to the seafloor and a slightly SW dip (Fig. 6.8). The lower part of 

U4a in Fig. 6.8, deposited during the highly dynamic period, displays several episodes of erosion and 

subsequent deposition. The first infill of the 200 ms TWT asymmetric incision of D3 consists of a low-

amplitude chaotic to reflector-free facies that follows the incision. SW of this major incision, 

onlapping, upslope NE migrating sigmoids were deposited simultaneously. The large-scale infill of the 
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large-scale incision itself has known lots of smaller subsequent phases of cut and fill with the same 

geometry as the large-scale incision, with stacked channels as it moved within the large incision. At 

the same time of the repeated cut and fill, SW of the large-scale incision, hummocky clinoforms were 

deposited. Only the last cut and fill phase has a different arrangement, with a steep oblique north-

eastern flank and a more gentle sigmoidal south-western flank. Therefore this last filling phase 

migrated towards the SW, in contrast to all previous phases. On top of the cut and fill episodes and 

the hummocky clinoforms, uniform continuous wavy parallel reflectors were deposited during the 

subsequent calmer period. These deposits truncate the underlying strata and cover the rest of the 

interfluve like a blanket (Fig. 6.8).  

 

In both Figs. 6.8 & 6.15, smaller, more local convex-up unconformities with a wavy appearance are 

observed. The convex-up geometry is due to the fact that towards the NW and SE, the interfluves are 

bounded by canyon branches. Therefore U4a has the outline of a wavy lens (Figs. 6.8 & 6.15). The 

reflectors underneath the unconformities display toplap and the reflectors above were deposited 

parallel to the unconformity (Figs. 6.8 & 6.15). One of these unconformities divides the highly 

dynamic period from the subsequent calmer one (Fig. 6.8).  

 

6.2.1.4.2 Subunit U4b 

The lower boundary of U4b is formed by the major unconformity dividing U4a from U4b. The upper 

boundary of U4b is always formed by the seafloor as it forms the upper subunit of the upper unit, 

U4. The seafloor itself is a current erosional surface (Figs. 6.6, 6.7, 6.8, 6.9, 6.10, 6.12 & 6.15). 

 

The maximal thickness of U4b is 180 ms TWT at the interfluves on the slope, while on the outer shelf 

this subunit thins to almost 0 ms TWT. The shallowest occurrence of this subunit is the same as for 

Unit U4, which is about 150 ms to 1080 ms TWT (Fig. 6.5) or 120 m to 300 m water depth (Figs. 5.9 & 

6.4).  

 

The seismic facies is likewise for U4a different on the shelf in comparison to the slope, with a 

transition zone around the shelf break. This difference is again due to lateral variation (Fig. 6.7). 

 

On the shelf, U4b starts with discontinuous, slightly wavy to chaotic reflectors of low- to moderate-

amplitude. Towards the seafloor a gradual transition towards higher amplitudes is observable, 

though the reflector pattern stays chaotic (Figs. 6.6, 6.7, 6.9, 6.10 & 6.12). The area around the shelf 

break is characterized by a transition from this chaotic facies towards more continuous reflectors. 

The transition zone in Fig. 6.7 starts with a low-amplitude facies with a few discontinuous moderate-

amplitude reflectors. Above this low-amplitude zone, a high-amplitude zone with discontinuous, 

subparallel wavy reflectors or even hummocky clinoforms is present. Inside this zone, several very 

small truncating unconformities can be observed (Fig. 6.7).  
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On the slope, at the top of the interfluves, U4b consists of continuous, parallel wavy reflectors of 

different amplitude. Therefore zones with a high amplitude are altered by zones with a low 

amplitude and some lateral variation in amplitude is observable as well. Towards the boundaries of 

the interfluves the variation in amplitude becomes more distinct and the reflector pattern as well 

becomes more variable. This variability consist of parts composed of chaotic reflectors, parts with a 

more complex sigmoid-oblique configuration and parts with wavy reflectors, although not always as 

clear since they may have been eroded partly. Overall towards the top, lower amplitude reflectors 

occur, with the same stratal configuration as the deposits below. During recent times these lower 

amplitude deposits have been eroded at the highest points of the interfluves, causing them to 

toplap. Therefore only the layers deposited at the centre of the interfluves at greater water depths 

on the slope have a draping appearance. Inside the entire Subunit U4b several small-scale internal 

unconformities occur at all depths (Figs. 6.8 & 6.15). 

 

6.2.2 Canyon incision 

The seismic profiles not only display the content of the subsurface in the Whittard Canyon system. 

But they also visualize the morphology and geometry of canyon incisions, likewise the multibeam 

bathymetry. Two types of incision occur in this study area, the infilled incisions (Fig. 6.10) and the 

present-day canyon incisions, as presented in ‘6.1 Multibeam bathymetry and side-scan sonar’ (Figs. 

6.7, 6.8, 6.9 & 6.19). 

 

The partially infilled incisions are clearly visible on the NW-SE profiles located on the outer shelf. 

These incisions are located underneath present-day canyon-head incisions (Fig. 6.10). As they start at 

the seafloor and incise the different earlier discussed units, they have incised and subsequently been 

infilled during recent times, after the deposition of the different previously mentioned units. They 

form rather V-shaped valleys that truncate the earlier deposited units and are filled with their own 

sedimentary facies. This seismic facies is characterized by low- to moderate amplitudes, which are 

lower than those of the deposits inside the units at the same depth. These reflectors are more or less 

horizontal and parallel to the seafloor. The internal reflection configuration of the filling deposits is 

continuous, horizontal parallel or sigmoidal parallel, to more chaotic at the top, with onlap on the 

incision boundary (Fig. 6.10). 

 

 
Fig. 6.19: Profile wc100616 located at the upper slope crossing the two major canyon branches at both sides and a minor 

branch in the middle.  
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6.3 CTD profiling 

 

Figs. 5.19 & 5.20 display the area where the transect (red line) through the different water masses is 

made. This transect includes all CTD stations used for the salinity and temperature graphs displayed 

in Figs. 6.20, 6.21 & 6.22. Based on these stations, the change in temperature, salinity and even 

turbidity with depth are visualized. Turbidity graphs are only available for the CTD deployments 

measured with the Sea & Sun CTD90M CTD profiler at the start and end of each ROV dive (Figs. 6.23 

& 6.24). 

 

An elevated temperature of 12°C to 18°C, limited to a surface layer of maximal 100 m thickness is 

observed in all temperature-depth graphs. This surface layer is called a thermocline (Figs. 6.20a, 6.21, 

6.23 & 6.24). Inside the thermocline a very subtle bend may be observed in the temperature-versus-

depth graph in case of ROV_04down, ROV_04up, ROV_06down and ROV_06up. This bend is located 

around 14°C (Figs. 6.23 & 6.24). Below the thermocline, the temperatures show a steady decrease 

from a maximum around 12°C just underneath the thermocline (Figs. 6.20a, 6.21, 6.23 & 6.24) to a 

minimum of around 6°C at 1500 m water depth (Figs. 6.20a,c & 6.21). 

 

The salinity as well, knows a decrease with water depth from 35.6 at the surface to a minimum of 

35.2 at 1500 m water depth (Figs. 6.20b,c & 6.22). This decrease is not gradual as observed for the 

temperature, but disrupted by higher and lower salinity cores. These cores are visible in Fig. 6.22 as 

light green and orange centres, for respectively lower and higher salinity cores. Down to 250 m water 

depth, two distinct higher salinity cores are present, with a maximum of 35.7 (Figs. 6.20c & 6.22). 

Two other prominent cores are found around 600 m water depth with a lower salinity (35.45) than 

the surrounding water (35.55) (Figs. 6.20c & 6.22). Finally, an elevated salinity, with a maximum of 

around 35.75, is observed around 1000 m (Fig. 6.20c). Two of the eight salinity graphs made at the 

start and end of the ROV dives show a doubtful change in salinity, which is not observed in any other 

salinity-depth profile (Figs. 6.23 & 6.24). As there was a high amount of scatter in the ROV_04up 

graph, this graph has been discarded. The ROV_04down graph has been displayed but the 

meaningfulness can be questioned, hence the question mark (Fig. 6.23). Only in the ROV_03down 

and ROV_03up graphs, the thermocline seems to correspond to a major decrease in salinity, while in 

the ROV_04down, ROV_05down, ROV_05up and ROV_06down graphs this seems to correspond to a 

minor increase in salinity (Figs. 6.23 & 6.24). All the CTD deployments, except those of ROV_04, 

display a small oscillation in salinity between 35.4 to 35.6 (Figs. 6.23 & 6.24). This oscillation is also 

present in the ROV_04down graph above a water depth of 700 m (Fig. 6.23). 
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Fig. 6.20: (a) temperature-depth graph, with indication of the seasonal thermocline; (b) salinity-depth graph & (c) 

temperature-salinity-depth graph, with indication of the boundary between the upper and lower water mass. With the 

seasonal thermocline from 0 m to 100 m, the ENAW forming the upper water mass at 100-750 m, and the MOW forming the 

lower water mass below 750 m. The data used in these graphs were obtained during the R/V Belgica ST1017b Cruise with 

the Sea & Sun CTD48M CTD profiler and additional public CTD data was derived from the NOAA-site. The data obtained at 

the start and end of each ROV dive during the R/V Belgica ST1017b Cruise have been discarded due to large scatter in the 

salinity measurements.  

 

 
Fig. 6.21: Vertical transect of the temperature through the water masses indicated in Figs. 5.19 & 5.20 by the red line. Only 

the identification of the surface seasonal thermocline down to 100 m, with a temperature from 12°C to 18°C, is possible. The 

lower part of the section with temperatures around 6-7°C might be in part an artefact as it is mainly based on extrapolation, 

although a steady decrease in temperature is most likely present. 
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Fig. 6.22: Vertical transect of the salinity through the water masses indicated in Fig. 5.19 & 5.20 by the red line.Only the 

separation between ENAW and MOW around 750 m is possible, based on the lower salinity cores of 35.45 around 600 m. 

The lower part of the section with salinities around 35.2-35.3 might be in part an artefact as it is mainly based on 

extrapolation, although a steady decrease in salinity is most likely present. 

 

The turbidity graphs display a first peak at the surface, corresponding to the thermocline observed in 

the temperature-depth graphs. This turbidity peak can be very pervasive as is the case in 

ROV_03down and ROV_06down, but can also be very modest like in ROV_05down (Figs. 6.23 & 

6.24). A second increase in turbidity is found between 600 m and 750 m water depth (Figs. 6.23 & 

6.24). This change in turbidity has no corresponding change in salinity, but does correspond to a 

minor decrease in temperature (Figs. 6.23 & 6.24). Every turbidity graph also displays an increase in 

turbidity near the bottom part of the CTD cast, from a depth of around 800 m on (Figs. 6.23 & 6.24). 
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Fig. 6.23: Temperature-depth, salinity-depth and turbidity-depth graphs for the CTD deployments at the start and end of 

the ROV dives. The upper dotted line represents the boundary between the seasonal thermocline and the ENAW, inferred 

from the elevated temperature and turbidity. The lower dotted line represents the transition from ENAW to MOW, inferred 

from the increase in turbidity and corresponding decrease in temperature with depth. The question mark in the salinity 

graph of ROV_04down indicates the doubtful anomalously low values. As the salinity graph of ROV_04up only displayed 

scattered values, this graph is left blank. 

  



Chapter VI: Results 

94 

 
Fig. 6.24: Continuation of Fig. 6.23. Temperature-depth, salinity-depth and turbidity-depth graphs for the CTD deployments 

at the start and end of the ROV dives. The upper dotted line represents the boundary between the seasonal thermocline and 

the ENAW, inferred from the elevated temperature and turbidity. The lower dotted line represents the transition from 

ENAW to MOW, inferred from the increase in turbidity and corresponding decrease in temperature with depth. 

 

6.4 ROV observations  

 

During the ROV dives, several seabed facies were observed and classified according to their visual 

characteristics. In this section a summary of these different facies is given. For each facies two still 

images are shown together with a general description. Also included in this description is the 

variation observed in each facies. This part is followed by a second part which covers the description 

of every ROV track in detail. 
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6.4.1 General facies description 

 

6.4.1.1 Rippled seabed (Fig. 6.25a,b) 

This facies represents all kinds of rippled seabed, going from straight (Fig. 6.25a) to undulatory to 

hummocky (Fig. 6.25b) ripples. Depending on the specific dynamics of the bottom waters, coarse 

material may be observed within the troughs in between the ripples, with or without the occurrence 

of cold-water coral rubble. In some areas even small boulders and pebbles are present in the middle 

of the rippled field. In some cases isolated pieces of coral rubble, small or large, are scattered over 

the ripples, they are classified as rippled seabed. Only when cold-water corals or cold-water coral 

rubble becomes dominant they are classified as such. 

 

6.4.1.2 Soft seabed (Fig. 6.25c,d) 

This facies includes soft substrate composed of fine sediments, with or without bioturbation. On top 

of these soft sediments, sparse soft corals, sponges and other sessile organisms may occur. Echinoids 

(sea urchins) and asteroids (starfishes) may be present as well. Fig. 6.25c displays this facies with 

sparse bioturbation and several benthic organisms, while in Fig. 6.25d this facies is highly bioturbated 

and no benthic organisms occur. 

 

6.4.1.3 Transitional seabed (Fig. 6.25e,f) 

The transitional facies is situated between the soft seabed and the rippled seabed. It is composed of 

fine soft sediments, but coarser sediments may be found on top (Fig. 6.25e). Besides this coarser 

material, small-scale bedforms and lineations may be present as well (Fig. 6.25f). These bedforms are 

indicative for some current activity near the seafloor, which is not present in the soft sediment facies, 

but which is too small to form a rippled facies. Bioturbation and benthic organisms, as well as small 

boulders and pebbles may be present, depending on the specific setting of the area. 

 

6.4.1.4 Irregular seabed (Fig. 6.25g,h) 

Enclosed in this facies are all bedforms which cannot be included in one of the other facies or which 

are unclear from the video and still images. Therefore this facies includes a seafloor covered by 

gravel, pebbles or boulders or any combination of these. Sometimes large boulders may give the 

impression of a bank, but this is not the case as they form isolated structures without any lateral 

continuation. These isolated large boulders may or may not be covered by smaller rocks (Fig. 6.25g). 

Isolated outcropping harder substrates of maximal 10 cm high are included in this facies as well (Fig. 

6.25h), they are only classified as banks in case they are higher than 10 cm. The seafloor they cover 

may display all kinds of bedforms, like ripples or might be composed of soft sediments, but these 

bedforms do not form the dominant or striking facies. 
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Fig. 6.25: ROV still images representing the different seafloor facies used to describe the setting observed during 

the ROV dives: (a) rippled seabed, with straight ripples and coarser material in the troughs; (b) rippled seabed, 

with hummocks; (c) soft seabed, with sparse bioturbation and benthic organisms; (d) soft seabed, with 

bioturbation; (e) transitional seabed, with coarser material, benthic organisms and sparse bioturbation; (f) 

transitional seabed, with lineations; (g) irregular seabed, with a large isolated boulder covered by smaller rocks; 

and (h) irregular seabed, with harder outcropping substrate (≤10 cm high). 
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6.4.1.5 Semi-consolidated steep slope (Fig. 6.26a,b) 

This facies consists of clearly sloping bedrocks, which are neither vertical nor composed of hard 

substrate, otherwise they would form cliffs. These slopes, in between hard and soft substrate, may 

contain small amounts of coral rubble, covered by a thin layer of soft sediments (Fig. 6.26a,b). They 

may support sparse benthic organisms (Fig. 6.26a) and form ridges with the steep slope facies at 

both sides. 

 

6.4.1.6 Furrows (Fig. 6.26c,d) 

Furrows are mostly found on the semi-consolidated steep slopes, but they can also occur on soft or 

transitional substrates. They form small-scale channels in which transport of sediment is 

accomplished. Therefore they represent the first step to mass wasting. The maximal width of these 

features is 10 cm, otherwise they form incised gullies. In certain areas, traces of coral rubble are 

observable underneath a thin sediment cover. A few living benthic organisms may occur as well (Fig. 

6.26c). 

 

6.4.1.7 Gully (Fig. 6.26e,f) 

These features form the smallest-scale incisions in a canyon system, still able to be captured in a still 

image. They are larger than the furrows and incise the underlying bedrock clearly. They are located 

at the flanks of the interfluves and go down the slope into the canyon thalweg. Traces of coral rubble 

can be observed in the underlying bedrock and at both sides of the gully, sparse benthic organisms 

may be present. 

 

6.4.1.8 Cliff (Fig. 6.26g,h) 

This facies consist of vertical walls of outcropping hard substrate. Only in case they are higher than 1 

m, they are classified as cliffs, otherwise they are classified as banks or irregular seabed. These cliffs 

may be bare (Fig. 6.26h) or support living and/or dead cold-water corals. In case the corals are alive, 

they occur only in small quantities. In case of dead corals, called coral rubble, they can become more 

prevailing (Fig. 6.26g). This coral rubble is covered by a thin layer of soft sediments (Fig. 6.26g).  
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Fig. 6.26: ROV still images representing the different seafloor facies used to describe the setting observed during 

the ROV dives: (a & b) semi-consolidated steep slope, with small amounts of coral rubble and in (a) a few living 

benthic organisms; (c & d) furrows (≤10 cm wide), with traces of covered coral rubble and in (c) some benthic 

organisms; (e & f) gully, with sparse benthic organisms and coral rubble in the incised substrate; (g) cliff (≥1 m 

high), containing coral rubble; and (h) cliff (≥1 m high), with a few living corals attached. 
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6.4.1.9 Bank (Fig. 6.27a,b) 

These outcropping harder substrates are larger than the ones included in the irregular seabed, but 

smaller than cliffs. Overhanging banks are included as they occur at the top part of an otherwise 

vertical wall. Therefore their height ranges between 10 cm and 1 m. They may be formed by one 

vertical wall (Fig. 6.27a) or a stack of several smaller banks (Fig. 6.27b). These banks can be bare or 

covered by sparse corals and other sessile organisms. These organisms occur on the vertical wall (Fig. 

6.27a) as well as underneath the overhanging top (Fig. 6.27a,b). The corals can be dead (Fig. 6.27b) 

or alive and sometimes both living and dead corals are observed at the same time (Fig. 6.27a). At the 

foot of such covered banks, large pieces coral rubble may be present. In several cases it was 

observed that these banks pinched out and continued as for instance rippled seabed. 

 

6.4.1.10 Rubble bank (Fig. 6.27c,d) 

In this case, the banks are made out of biogenic debris and not of harder outcropping substrate. Such 

as the regular banks, these banks are larger than 10 cm, but smaller than 1 m. These rubble banks 

occur in the form of ridges and are covered by a thin layer of fine sediments. 

 

6.4.1.11 Coral rubble (Fig. 6.27e,f) 

This facies is used to classify all kinds of biogenic debris. Though most of this debris is made out of 

dead coral pieces, hence the name coral rubble (Fig. 6.27e). Oyster shells and pieces of these shells 

may be dominant as well, although only at the foot of vertical cliffs colonised by oyster communities 

(Fig. 6.27f). The pieces of dead corals can be as large as the living corals, but they can be also very 

small. The oyster shells observed in this rubble can be up to 7 cm across (Fig. 6.27f). This rubble may 

be found on top of the seabed (Fig. 6.27f), in between the sediments of the seafloor (Fig. 6.27e) or 

even be covered by a sediment layer. Only in case the rubble is the dominant facies, it is classified as 

coral rubble, otherwise it is classified as the prevailing seabed facies. Evidently if this coral rubble 

forms a bank, it is not classified as coral rubble, but as rubble bank. 

 

6.4.1.12 Corals (Fig. 6.27g,h) 

Only living corals are included in this facies, both as scattered organisms (Fig. 6.27g) and in real 

patches (Fig. 6.27h). These corals always need a hard substrate to attach and settle on. This hard 

substrate can be a cliff and is therefore classified as such. The hard substrate may also be boulders 

and is therefore classified as irregular seabed or as corals in case the corals are dominant. This hard 

substrate can outcrop at the surface as a flat plain (Fig. 6.27g) or a mound (Fig. 6.27h), which may or 

may not be covered by soft sediments later on (Fig. 6.27g,h). Therefore a somewhat rippled seabed 

may be present in between the corals (Fig. 6.27g).  
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Fig. 6.27: ROV still images representing the different seafloor facies used to describe the setting observed during 

the ROV dives: (a) bank (10 cm-1 m high), formed by one vertical wall covered by sparse corals and other sessile 

organisms at the vertical part and the overhang at the top; (b) bank (10 cm-1 m high), build up by a stack of 

several smaller banks with sessile organisms underneath the overhangs; (c & d) rubble bank, made out of 

biogenic debris covered by sediments; (e) coral rubble, with small pieces dead coral; (f) coral rubble, with pieces 

dead coral and oyster shells; (g) corals, scattered over a flat surface; and (h) corals, as a patch on a mound. 
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6.4.1.13 Oysters (Fig. 6.28a) 

This facies only includes living oysters. During the four studied ROV dives made during the R/V 

Belgica ST1017b Cruise in June 2010, living oysters were only observed once, attached to a vertical 

wall (Fig. 6.28a). The oysters occur in high densities and a few other sessile organisms like corals may 

be present as well (Fig. 6.28a) 

 

6.4.1.14 Trawling marks (Fig. 6.28b,c) 

Trawl marks are formed by long grooves in the seafloor, made by fishing gear (Fig. 6.28b,c). These 

marks can only be observed on the shelf, in shallow water settings less than 600 m deep. In this case 

only old trawl marks were observed in an otherwise featureless soft sediment seabed (Fig. 6.28b,c). 

 

 
Fig. 6.28: ROV still images representing the different seafloor facies used to describe the setting observed during 

the ROV dives: (a) oysters attached to a vertical wall; and (b & c) ancient trawl marks. 

 

6.4.2 Track description 

 

6.4.2.1 Dive B10-03 

Dive B10-03 was made in the western canyon branch covered by this study and more specific on its 

western flank. This dive was divided in two parts (Fig. 6.30a). The first part B10-03a followed a 1500 

m long SW-NE oriented track along the flank, while the second part B10-03b followed a 1600 m long 

S-N oriented track up to the flank. B10-03a roughly followed the 800 m water depth contour. B10-

03b on the other hand started almost from the canyon floor at 1120 m water depth and went up the 

flank to water depths of 670 m (Fig. 6.29). The slope ranges between 0° and 38° (Fig. 6.30d).  
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6.4.2.1.1 Track B10-03a 

The seafloor along the 800 m water depth contour mainly consists of soft sediments (Fig. 6.29), 

which are highly bioturbated, covered by pits and small elevations, and are sparsely colonised by soft 

corals and other sessile organisms. This seabed is fairly uniform, consisting mainly out of soft 

sediments, only to be interrupted by several patches of a different facies. These deviating facies are 

indicated in Fig. 6.29 by the boxes a-e.  

 

At a water depth of around 793 m, some corals were scattered over the seafloor and elevated ridges. 

These corals are prominently present at 787 m water depth on a small mound-like feature. In 

between the coral patches, around 810 m water depth, a coarser gravel facies with some isolated 

rocks is observed and classified as transitional seabed (a). 

 

After the soft sediments interval towards the NE (around 810 m water depth), a coarse transitional 

facies is observed. This transitional seabed changes into a semi-consolidated steep slope with ridges 

and grooves and back into a transitional facies. Even more to the east, at 792 m water depth, the 

transitional seabed facies with coarse material and superficial grooves is incised by gullies. Also 

within the gullies, like on the transitional seabed, some sparse colonization by benthic organisms is 

observed (b).  

 

At 818 m water depth, a sudden transition from soft sediments to a semi-consolidated steep slope is 

observed, reaching water depths of at least 830 m. This steep slope is sometimes interrupted by a 

flattened level of soft substrate. More to the NE, another interval of coarser material from the 

transitional seabed facies occurs (c).  

 

A last interval of the transitional seabed facies with coarser material and small bedforms in the shape 

of lineations is observed during this dive around 823 m water depth (d). 

 

Finally, at a water depth of 854 m, some furrows are recognised based on the long grooves along the 

bottom currents down the slope (e). 

 

6.4.2.1.2 Track B10-03b 

Just like in B10-03a, the dominant seabed facies observed during this part of the dive is the soft 

sediment seabed. This featureless soft substrate may display some bioturbation and some sparse 

benthic organisms. In the shallower areas towards the north, the biological activity appears to 

increase, with more bioturbation and more organisms. Though around 745 m water depth the dense 

benthic community seems to disappear on the highly bioturbated seafloor. Along this track the soft 

seabed is interrupted three times below a water depth of 800 m. These three intervals are indicated 

by the boxes f-i in Fig. 6.29. 
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The seafloor at 1120 m water depth displays a transitional facies with slightly coarser material and 

some NE-SW oriented bedforms resembling small-scale isolated ripples. Towards the north (at 1112 

m water depth), three banks of about 40 cm high are observed. Coral rubble can be found on top of 

and between these banks. At 1106 m water depth a vertical bare cliff of about 3 m height is found 

with some coral rubble at the top. On top of this cliff, three 40 cm high banks made of coral rubble 

occur. These rubble banks seem to form some kind of ridges. A constant alternation of these regular 

banks and cliffs is observed between 1101 m and 1077 m water depth (f). 

 

North of the cliffs and banks, a semi-consolidated steep slope with some down-slope incisions, 

classified as furrows, is found. At the top of this semi-consolidated steep slope, soft sediments are 

present. Going over to top towards the other side, a succession of steep slopes and soft substrates, 

incised by several gullies (Fig. 6.30b) is observed. This shape suggests that both slopes form the flanks 

of some kind of broad ridge. Occasionally some coral rubble and benthic organisms are present as 

well on these slopes. This coral rubble is mainly observed at the ridges limiting the gullies. This 

sloping succession is briefly interrupted at 1042 m water depth by a 4 m high cliff covered by coral 

rubble and at 1010 m by furrows (g).  

 

The uniform soft sediment facies is interrupted at 890-878 m water depth by a steep slope incised by 

several gullies. Again the ridges bounding the gullies are covered by coral rubble (h).  

 

The soft seabed is one last time interrupted around 832 m water depth, by coarser material and 

alignment bedforms of the transitional facies (i). 
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Fig. 6.29: Dive B10-03 with the first part B10-03a towards the ENE around the 800 m contour and the second part B10-03b towards the N up the canyon flank. The arrows indicate the direction 

of the ROV dives. The eight sectors, deviating from the soft sediment seafloor, observed along this track, are indicated by the boxes a to i. 
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Fig. 6.30: (a) large-scale multibeam, with the indication of the position of track B10-03 in the white box, which is visualized in detail in b,c and d; (b) small-scale side-scan sonar; (c) small-scale 

multibeam; (d) small-scale slope map, with slopes between 0° in blue and 38° in red. 
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6.4.2.2 Dive B10-04 

Dive B10-04 followed a 2000 m long NW-SE oriented track across the eastern flank of the western 

canyon branch (Fig. 6.32a). The dive started at the canyon floor at 1025 m water depth and went up 

the flank to water depths of 746 m (Fig. 6.31). The main slope varies between 0° and 25°, although 

some steeper parts up to 38° are present as well (Fig. 6.32d). This track can be divided in five main 

sectors, each with their own characteristics and indicated by the boxes a-e in Fig. 6.31. 

 

The deepest part, at the canyon floor, has a rippled appearance. This rippled seabed displays an 

alternation between straight, undulating and hummocky ripples. They have an average spacing 

between 5-15 cm, an average height of 2-6 cm, a roughly NW-SE orientation and in between them, 

some coarse material and biogenic debris is observed. Some isolated rocks of different sizes covered 

by organisms, cold-water corals and coral rubble are found as well in the middle of the ripple fields. 

Towards the SE, from 1012 m water depth on, corals and coral rubble become very abundant. The 

corals are found on isolated outcropping rocks, but also as scattered patches on a flat seafloor or on 

little mounds. The seafloor in this area consists of a transitional to rippled seabed. This transitional 

seabed displays scattered SW-NE oriented lineations, resembling small ripples. Around 1000 m water 

depth, a transition from ripples into furrows, oriented along the currents, can be seen (a).  

 

More to the SE, up the flank, the coral patches are found in a more soft to transitional environment. 

This transitional seabed is represented by undulating lineations. The highest coral densities are found 

on the elevated areas, probably due to the presence of underlying harder substrate. The lower areas 

are mainly composed of soft sediments with corals scattered all over. Several smaller areas with a 

different facies intervene in the lower lying regions of the large areas covered by corals. These 

smaller areas may display a more transitional facies or may be covered by coral rubble (b). Around 

925 m water depth several very small outcropping strata of about 3-5 cm high are found stacked on 

top of each other. This stack makes up a bank of about 45 cm high and no organisms are found 

attached to them (b1). Around 850 m water depth a more irregular seabed, with small outcropping 

harder strata is found (b2).  

 

Going further to the SE, the coral dominated facies is replaced by omnipresent soft sediments with 

patches of irregular seabed scattered all over. This irregular seabed is composed of small rocks, big 

boulders or hard outcropping substrates or a combination of these. At 831 m water depth, a single 

70 cm high bank covered with benthic organisms is observed (c).  

 

Between 815 m and 806 m water depth, fields covered by coral rubble, oyster shells and other 

biogenic debris are present. The oyster shells are up to 7 cm across. This rubble lays on a transitional 

to rippled seabed (d).  

 

Finally, at a water depth of about 746 m, living oyster communities attached to a vertical cliff were 

discovered. In between the oysters, a few corals were present as well (e). 
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Fig. 6.31: Dive B10-04 towards the SE up the eastern flank. The arrow indicates the direction of the ROV dive. The five main sectors, observed along this track, are indicated by the boxes a to e. 
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Fig. 6.32: (a) large-scale multibeam, with the indication of the position of track B10-04 in the white box, which is visualized in detail in b,c and d; (b) small-scale side-scan sonar; (c) small-scale 

multibeam; (d) small-scale slope map, with slopes between 0° in blue and 25° in orange and with the red indicative for slopes up to 38°. 
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6.4.2.3 Dive B10-05 

Dive B10-05 followed a 1300 m long SE-NW oriented track across the western flank of the western 

canyon branch (Fig. 6.34a). Dive B10-05 starts almost at the same place as dive B10-04 started, at the 

canyon floor at 1041 m water depth and goes uphill along the western flank to water depths of 859 

m (Fig. 6.33). The slope of this canyon flank ranges between 0° and 30° (Fig. 6.34d).  

 

The dominant facies at the greater water depths is the rippled seabed. Towards the shallower parts 

in the NW, the transitional seabed becomes dominant (Fig. 6.33). The canyon floor has a rippled 

appearance, with an alternation between undulating, hummocky and straight ripples. These ripples 

have a spacing of 5-10 cm and a maximum height of 5 cm. The straight ripples have a WSW-ENE 

orientation. In between these ripples, some coarse material is observed in the troughs and 

sometimes outcropping rocks and banks are present. Between 1050 m and 906 m water depth the 

rippled seabed is dominated by an alternation between bigger hummocks (maximum spacing of 20 

cm and maximum height of 10 cm) and smaller straight ripples (maximum spacing of 20 cm and 

maximum height of 5 cm). The ripples have a NW-SE to W-E orientation. In some areas the ripples 

become very small and are more scattered, although discerning them remains possible. Therefore 

these areas are classified as transitional seabed. From 906 m water depth till the end of the dive 

towards the NW, the prevailing facies is the transitional seabed with small-scale bedforms, 

resembling ripples. Although some small NW-SE straight ripples with a 10 cm spacing and 2-3 cm 

height are found as well. The rippled seafloor below 906 m water depth is disrupted three times, 

represented by the boxes a-c in Fig. 6.33. 

 

At the beginning of the dive, at 1046 m water depth, a single bank of undefined height, but clearly to 

be classified as a bank, was observed. This bank has a rough surface, consisting of pebbles. No 

organisms are attached to this bank (a). 

 

Around 1050 m water depth, a more irregular seabed composed of hard, rocky substrate, alternated 

with rippled soft sediments is found (b).  

 

At 940 m water depth, three stacked banks of around 70 cm high are present. At the foot and top of 

these banks, a rippled seafloor is observed. These banks support sparse sessile organisms (c).  

 



Chapter VI: Results 

110 

 
Fig. 6.33: Dive B10-05 towards the NW up the western flank. The arrow indicates the direction of the ROV dive. The main seafloor facies consists of a rippled seabed at the deeper part and a 

transitional seabed at the shallower part. Three sectors deviating from the main seafloor facies with rippled appearance are observed along this track and are indicated by the boxes a to c. 
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Fig. 6.34: (a) large-scale multibeam, with the indication of the position of track B10-05 in the white box, which is visualized in detail in b,c and d; (b) small-scale side-scan sonar; (c) small-scale 

multibeam; (d) small-scale slope map, with slopes between 0° in blue and 30° in orange-red. 
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6.4.2.4 Dive B10-06 

Dive B10-06 is the only one made in the most eastern canyon branch covered by this study (Fig. 

6.36a). This dive followed a 2000 m long NW-SE oriented track over the eastern flank of this eastern 

branch. Dive B10-06 started from the canyon floor at 1022 m water depth and went up the flank to 

water depths of 459 m (Fig. 6.35). The main slope ranges between 0° and 54° (Fig. 6.36d). Along this 

track, three main sectors have been discerned, represented by the boxes a-c in Fig. 6.35. In case of 

the first two sectors a lot of variation is observable. 

 

At 1022 m water depth, the seafloor is has a rippled and irregular appearance. This irregularity is 

caused by the outcropping pebbles, boulders and harder strata. These rocks are found in between 

areas with SE-NW oriented straight to wavy ripples. The ripples have a spacing of about 10 cm and 

are less than 5 cm high. In the troughs between the ripples and at the limit of the harder strata, some 

biogenic debris is present. In certain areas, coral rubble and living corals may be attached to the 

harder substrate of the irregular facies (a). This main facies is interrupted for a first time by a sudden 

jump in the seafloor, classified as a bank. This bank is around 40 cm high and the top part forms a 

little overhang of about 10 cm broad covered by organisms. More to the east, this bank shows no 

more overhangs, but consists of a few vertical stacks of about 5-10 cm high. Eventually this bank 

disappears even more towards the east (a1). More to the SE, a second interruption is observed. In 

this case the deviating facies is formed by a cliff. This cliff is 6 m high and composed of a stack of 

different harder banks of about 10-20 cm. These banks form little overhangs on which organisms like 

corals are attached. On top of the cliff, the same main facies as at the foot is continued, although 

with smaller ripples (a2). The main facies is disrupted for the last time by another cliff. This cliff is 3 m 

high and is like the previous one covered by a few corals. At the foot of this cliff, the same main 

facies as at the top is observed again. Although at the foot, the harder strata from the irregular 

seabed are covered by coral rubble and occasionally by living corals as well (a3). 

 

From 1010 m towards shallower water depths in the SE, the irregular facies disappears. The seafloor 

from this point on is dominated by a rippled seabed, with SE-NW oriented straight ripples to 

hummocks of 10 cm spacing and 3 cm height. In the troughs between the ripples, biogenic debris 

including coral rubble is present. Between the ripple fields, several patches with coral rubble and 

corals are observable as well (b). This rippled facies is interrupted by a bare cliff with at its foot and 

top a transitional facies. This transitional seabed consists of very small SE-NW oriented bedforms 

resembling ripples. Towards the SE, the transitional seabed is disrupted by a 50 cm high bank. The 

top of this bank forms an overhang which is colonised by sparse corals. Even more towards the SE, 

another cliff is interrupting the transitional facies. This 3 m high cliff is colonised by very small 

benthic organisms and some sparse corals (b1). The main facies with rippled appearance is abruptly 

interrupted at 983 m water depth by some harder rocks of less than 1 m high that seem to form 

some kind of ridge. Hence the classification as irregular seabed (b2). Around 950 m water depth, a 

bare cliff is observed. The first vertical part is 6 m high and the second 2 m. In between these two 

vertical parts, a bare dipping plain is present. At the top of this cliff, an alternation between an 
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irregular and a SE-NW oriented rippled seabed with scattered corals and coral rubble is found (b3). 

Around 900 m water depth a small area with a ripple-resembling facies and some bioturbation is 

observed. This area has therefore been classified as transitional. As this transitional facies is covered 

by coral rubble more to the SE, it is classified as coral rubble. This rubble facies is shortly interrupted 

by outcropping harder substrate of the irregular facies (b4). Between 874 m and 834 m water depth, 

a transitional facies without coral rubble is observed. This transitional facies displays very discrete 

bedforms, forming lineations. A gully is incised in this transitional facies and a vertical bare cliff of 6 

m high is observed in the middle of the transitional seabed. Coral rubble is both found at the foot 

and the top of the cliff (b5). After the transitional facies, up the flank, another bare cliff with vertical 

and less steep dipping parts is encountered. This 80 m high cliff is incised by furrows, which continue 

in the underlying substrate at the foot of the cliff. The top of the cliff is covered by coral rubble (b6). 

 

From 858 m water depth till the end of the dive at 459 m, a soft substrate is omnipresent. At certain 

places ancient trawl marks are preserved, with the deepest around 554 m water depth. This soft 

substrate is highly bioturbated and has a sparse colonization of benthic organisms. From 675 m 

water depth on, the density of the benthic community diminishes (c). 
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Fig. 6.35: Dive B10-06 towards the SE, up the eastern flank of the most eastern canyon branch. The arrow indicates the direction of the ROV dive. The seafloor facies consists of three main 

sectors, indicated by the boxes a to c. 
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Fig. 6.36: (a) large-scale multibeam, with the indication of the position of track B10-06 in the white box, which is visualized in detail in b,c and d; (b) small-scale side-scan sonar; (c) small-scale 

multibeam; (d) small-scale slope map, with slopes between 0° in blue and 54° in red. 
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Chapter VII: Discussion 

 

This chapter will deal with the interpretation and discussion of the results obtained in the previous 

chapter. In a first section the seismic stratigraphy will be discussed as well as a possible origin of 

these units. In a second section the different water masses will be interpreted in terms of their 

specific properties and dynamics. Finally, in the third section, the different habitat maps will be 

presented, based on the prevailing morphology, substrate and water masses inside the canyon 

branches, in combination with the ROV observations. An overall discussion of the Whittard Canyon 

system based on the ROV observations in comparison to previous studies will also be given. 

 

7.1 Seismic stratigraphy 

 

One fact that is certain, is that turbidites and other gravity-driven deposits are most likely present in 

the Whittard Canyon, as canyon systems are characterized by downslope tubidite currents and other 

downslope gravity-driven processes, such as sliding, slumping and debris flows. Other deposits such 

as (hemi-)pelagic sediments or contourites however could be present as well. 

 

To be able to make the distinction between turbidite and contourite deposits, a range of features 

needs to be considered and studied. First, the overall drift morphology and larger-scale geometry 

needs to be known, as drifts are typically large-scale features. Second, the detailed stacking patterns 

of the different components needs to be determined and third, the specific seismic facies needs to 

be studied (Faugères et al., 1999). Considering the small area covered by seismic lines during this 

study, the overall drift morphology and larger-scale geometry cannot be studied. In case the 

characteristics are the same over all the interfluves, it might be possible that one large drift was 

deposited and subsequently incised by the canyons. Though smaller drifts might exist as well, with 

dimensions in the range of the interfluves, as described earlier by Van Rooij et al. (2007a). 

 

The identical characteristics between contourite and turbidite deposits are (Faugères et al., 1999; 

Rebesco and Stow, 2001): 

- the formation of lenticular, elongated units, with more or less smooth to irregular bounding 

surfaces. Turbidite channel-levee systems are usually elongated downslope and form only on basin 

plains, although they can be in part elongated alongslope due to for instance the Coriolis force. 

Contourite drifts can be elongated downslope and can form nearly everywhere, although their 

elongation direction is mostly parallel to the depth contours. 

- migration in a downcurrent to oblique direction and deflection generally to the right in the 

Northern Hemisphere due to the Coriolis force. This means downslope for the turbidites and 

alongslope for the contourites. 

- the occurrence of a wide variety of seismic facies. The ones found in contourites are also found in 

turbidites, although turbidite deposits are acoustically transparent, they might be interbedded by 

seismic reflectors with another origin. This seismic facies includes transparent layers alternated by 
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zones of seismic reflectors; smooth parallel discontinuous and continuous reflectors of low to 

moderate amplitude; low to moderate amplitude chaotic reflectors; horizontal and low-inclination 

truncated reflectors; sigmoid progradational reflectors and gently wavy reflectors to sediment 

waves. 

- the occurrence of downlapping and sigmoidal progradational and aggradational reflectors indicating 

oblique upward stacking, onlapping and toplapping reflectors. In contourites downlapping and 

sigmoidal reflectors are dominant, the onlapping reflectors only occur along steep slopes and 

toplapping reflectors are less typical. 

- the occurrence of sediment waves and channels associated with drifts/levees. 

- that they are both dependent on the bottom morphology. Contourites depend on the bottom 

morphology for their initiation or cessation for instance. Turbidites are for example influenced by 

the occurrence of seamounts as their flow might be deflected. 

 

The dissimilar characteristics between contourite and turbidite deposits are (Faugères et al., 1999; 

Rebesco and Stow, 2001): 

Contourite Turbidite + Downslope deformation 

mostly alongslope mostly downslope 

convex-upward geometry, non-parallel to the 

preceding erosional surface 

different shapes, for instance: 

-convex-upward in interfluves 

-sheeted in fans 

downcurrent migration alongslope, in case the 

flow is going to the north in the Northern 

Hemisphere, the deposition occurs on the left 

side and the migration is directed upslope 

downcurrent migration downslope, with a 

migration of the channel and levee to the left in the 

Northern Hemisphere, more and more oblique to 

the slope 

  
less deep eroded channel with mounded, sigmoid 

reflectors 

repeated cut-and-fill marked by channel switching 

in the canyons and a clear levee at both sides of 

the deep eroded channel 

additional bedforms, including longitudinal 

furrows, depositional tails and dunes  

Widespread, large-scale, high-amplitude 

erosional discontinuities 

erosion is generally restricted to channels and 

slide/slump regions 

 

One way to make the distinction between turbidites, contourites and downslope gravity-driven 

deformation deposits is to study the sediment waves or in the latter case the wave-like bedforms in 

case they are present. The different characteristics of the sediment waves in the different deposits 

are summarised by Faugères et al. (1999, 2002), Field et al. (1999), Lee et al. (2002) and Wynn and 

Stow (2002). Sediment waves are typically fine-grained features, but coarse-grained sediment waves 

exist as well. They mostly display an upcurrent (antidune) and upslope migration, with the crests 

more or less perpendicular to the current. In case the sediment waves are formed due to other 

hydrodynamics, like internal waves induced by semi-diurnal tides, their crests might be orientated 

more or less parallel to the flow direction. In case they display an upslope migration, this is most 

likely due to the more rapid sediment accumulation on the upslope limb. This upslope migration 
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might be further facilitated by hemipelagic sedimentation. Sediment waves might resemble wavelike 

bedforms, but if the reflectors continue from one wave to the next, they do not form bounding 

surfaces but inflection points between the adjacent sediment waves. Slope-failure deformation on 

the other hand is associated with extensional and compressional structures, like folds and faults, but 

also creeping, sliding and slumping, truncated beds, missing sections, hummocky chaotic deposits, 

wedges and lenses of highly remolded debris and headwall scarp or zone of evacuation. Gullies are 

always the result of sediment gravity flows and as such they can be formed either by downslope 

turbidity currents or by slope failure (Faugères et al., 1999, 2002; Field et al., 1999; Lee et al., 2002; 

Wynn and Stow, 2002). 

 

In this study, the seismic profiles show the presence of elongated deposits at the crest of the 

interfluves parallel to the canyon axis. These elongated deposits display prolonged, parallel reflectors 

in the SW-NE oriented profiles (Fig. 6.8) and convex-upward deposits that fade out down dip towards 

the canyon branches in the NW-SE oriented profiles (Fig. 6.15). This configuration is both 

characteristic for contourites and turbidites. The occurrence of downlapping and sigmoidal 

progradational and aggradational reflectors (Fig. 6.8 Unit U2 and Subunit U4a) indicative for the 

oblique upward stacking of the deposits in this area is rather characteristic for contourites, but not 

exclusive. This reflector configuration has also been recognised in turbidites and therefore based on 

this configuration no distinction can be made. The continuous to discontinuous and chaotic, low-to 

moderate-amplitude reflectors whether or not wavy in nature are also typical for both contourites 

and turbidites. 

 

On continental slopes, it is not unusual that different currents and processes interact. As a result, 

deposits with both turbiditic and contouritic characteristics combined can be formed or deposits with 

an interbedded turbidite and contourite facies could occur or earlier deposited turbidites could be 

reworked by bottom currents. The alternation between periods in which turbidites or contourites are 

dominant, are dictated by variations in current intensity regulated by variations in climate, sealevel 

and bottom circulation coupled to basin morphology and topography (Faugères et al., 1999). Contour 

currents are more permanent steady flows, whereas downslope processes are more sporadic. As a 

result, contourites form continuously, but can be masked during periods of intense downslope 

processes transporting large amounts of sediments during sealevel lowstands (Ercilla et al., 2011; 

Faugères et al., 1999). A tectonic influence may make the distinction between contourites and 

turbidites even harder (Faugères et al., 1999). 

 

Downslope gravity-driven deformation processes like debris flows, slides and slumps can be 

discriminated based on their more characteristic extremely chaotic topography, erosive scars and 

chaotic reflectors (Faugères et al., 1999). 
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During this study, turbidite levees are not considered as they form on the basin plain, whereas the 

study area is on the upper part of the continental slope. Therefore only the ‘coarse-grained’ turbidite 

deposits are referred to. 

 

7.1.1 Unit U1 

This lower unit has been observed in the deeper parts on the slope (Fig. 6.9), but also on the 

shallower parts of the shelf (Fig. 6.7). This is mainly due to the fact that this unit is located deeper 

towards the SW and shallower towards the shelf in the NE (Fig. 6.7). The lower boundary of U1 has 

never been encountered and therefore the nature of this lower boundary, the thickness of U1 and 

the seismic facies of the lower part of this unit cannot be studied. The units below U1 could neither 

be studied consequently. The transition to the overlying unit, U2, is marked by a change in reflector 

character (Figs. 6.7 & 6.9). Therefore the upper boundary of U1, D1, may represent a surface of non-

deposition or uniform erosion. Right underneath this distinct high-amplitude upper boundary, 

continuous parallel reflectors tend to follow this limit. This means that they are horizontal on the 

slope, but have a SW dip around the shelf break. Only a few of these dipping reflectors are visible, 

but they appear the be clinoform-like (Fig. 6.7). 

 

This continuous parallelism of the relatively high-amplitude reflectors, may suggest that U1 has been 

deposited under calm conditions as vertically stacked (hemi-)pelagic layers that drape the underlying 

surface (Ercilla et al., 2011). 

 

The distribution of U1, with the shoaling towards the shelf (Fig. 6.11) has also been reported by 

Evans (1990). Fig. 2.9 displaying a map with the distributions of the Neogene formations in the 

Western Approaches (Evans, 1990), clearly visualizes the shoaling of the older formations towards 

the NE. 

 

All these characteristics, both reflector configuration and the distribution of U1, point to the 

conclusion that this unit corresponds to the Jones Formation (Evans, 1990). This Jones Formation has 

been placed in the Miocene by Curry et al. (1965) and Evans and Hughes (1984) refined this age to 

the Lower Miocene. This Lower Miocene Jones Formation consists of olive-grey, intensely 

bioturbated, silty calcilutite with thin slightly coarser beds (Evans and Hughes, 1984). Jenkins and 

Shackleton (1979) and Jenkins (1977) found that this formation was deposited in a shelf sea, which 

was slightly deeper and warmer than presently found in the Western Approaches, with a limited 

input of terrestrial material, tranquil seabed conditions and uniform rates of deposition on a 

uniformly subsiding shelf (Evans and Hughes, 1984; Evans, 1990). The seismic data available in this 

study confirms this interpretation as it displays parallel, relatively high-amplitude (hemi-)pelagic 

layers. 
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7.1.2 Unit U2 

The boundary with the underlying Unit U1 is very clear, as the facies changes over this boundary. The 

fact that U2 is deposited on top of U1 and becomes shallower towards the NE (Fig. 6.12), makes this 

unit crop out at the seafloor around the mid-shelf as suggested by Evans (1990) (Fig. 2.9). U2 consists 

mainly of a reflector-free, transparent facies and consequently the few present continuous reflectors 

inside the unit are clearly visible. These reflectors make up different geometries and structures, like 

for instance sigmoids, features resembling sediment waves and small infilled incisions (Figs. 6.7 & 6.8 

and location of sediment waves and infilled incisions Fig. 7.1).  

 

 

Fig. 7.1: Localisation of the sediment waves 

in the interfluve indicated by the yellow 

sphere and localisation of the infilled 

incisions in the interfluves indicated by the 

green sphere. 

 

The sudden transition in seismic facies along the lower boundary of U2, the seismic facies of this unit 

and its distribution over the slope and shelf point to the conclusion that Unit U2 corresponds to the 

Cockburn Formation (Evans, 1990). This formation has been dated as Upper Miocene by Evans and 

Hughes (1984) and Powell (1988) even gave a possible age up to the Pleistocene, although this is 

contradicted by the regional seismics (Evans, 1990). In the seismic profiles presented here, it is visible 

that this formation ends before the Pleistocene, as in all profiles a widespread clearly marked 

unconformity (D2 or D3) is visible, with a totally different seismic facies below and above. This 

unconformity is most likely linked to a major change in sealevel, like the one occurring at the Late 

Pliocene. 

 

Some features, possibly interpretable as sediment waves, are only found in the western middle 

interfluves (yellow sphere in Fig. 7.1) and only in the profile down the slope (Fig. 6.7). These features 

are a few metres high and have wavelengths between 500 m and 1000 m. The fact that occasionally 

a reflector can be continued from one wave to the next contributes to the interpretation as sediment 

waves, rather than slope-failure deformations. As these features are not visible in the perpendicular 

profile, along the slope, could indicate that the direction of the crests of these features is along the 

slope (Fig. 6.19). The asymmetry consists of a longer and steeper downslope flank and a shorter, 

thicker upslope flank with a small, sub-horizontal dip (Fig. 6.7). In case these features are true 
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sediment waves, they are mainly dominated by aggradational processes, in particular deposition of 

draping deposits and classified as ‘inverse’ asymmetric sediment waves by Faugères et al. (2002) (Fig. 

7.2). Turbidity currents might be responsible for the formation of the deposits of U2; including the 

features resembling sediment waves; as they are localised inside a canyon system, have an upslope 

migration and a NW-SE orientation. In addition, these turbidity currents would have been highly 

active, as the Late Miocene is characterized by a sealevel lowstand during the Messinian Salinity 

Crisis (Fig. 7.3). That turbidite deposits on the Celtic Margin began during the Early to Mid-Miocene 

has been observed earlier as well by Droz et al. (2003). Internal waves could be formed by the 

turbidity currents and be possibly, in part, responsible for the formation of the deposits of U2 as 

reported by Ercilla et al. (2002). 

 

 
Fig. 7.2: An example of the seismic appearance of ‘inverse’ asymmetric sediment waves at the southern Bay of Biscay, on the 

Landes Plateau. These ‘inverse’ asymmetric sediment waves are indicated as the third phase in the left figure and as unit 4 in 

the right figure. (Faugères et al., 2002) 

 

A contour current is not likely to have caused the deposits of U2. At present the poleward flowing 

contour current composed of the MOW water mass is situated around this depth, but during the Late 

Miocene this flow was not yet existent in the Atlantic Ocean and consequently the Bay of Biscay. 
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Fig. 7.3: The global eustatic sealevel 

cycle chart of Haq et al. (1987) during 

the Neogene, adjusted to the Berggren 

et al. (1995) timescale. (Eberli, 2000) 

 

 

In the most western interfluves of the grid, the infilled incisions are 

clearly present and moreover intersected by three profiles (green 

sphere in Fig. 7.1). Yet the incisions are only visible on the two 

perpendicular profiles (indicated by the arrows in Figs. 6.8 & 6.15) 

and not on the oblique one. This perpendicular intersection makes 

it possible to give a three dimensional image from these 

interfluves. The first profile (Fig. 6.8) shows that the infilling 

reflectors prograde upslope towards the NE, but in the second 

profile (Fig. 6.15) these infill reflectors show a progradation 

towards the SE, towards the centre of the interfluve. Therefore it 

can be concluded that they prograde towards the east. This 

pattern could be formed by a contour current coming from 

approximately the south. The depth at which these incisions are 

located, corresponds to the depth interval of the MOW. However, 

during the Late Miocene, this MOW was not yet present in the 

Atlantic Ocean and hence the Bay of Biscay. The asymmetry and 

chaotic discontinuous channel structure in a more transparent 

facies, displaying a non-consistent migration of the channel 

incision could also indicate that small-scale downslope processes 

on the western flank and oblique to the axis of the interfluves 

were responsible for their incision. A possible explanation for the 

infill could be hemipelagic sedimentation influenced by internal 

tides or turbidity currents spilling (as suggested by the features 

interpreted as sediment waves) over the interfluve towards the 

NW, due the Coriolis force, in the incisions and filling them up. This 

chaotic distribution of the discontinuous cut-and-fill structures and 

the formation of sediment waves may indicate that their formation 

occurred in an extremely dynamic environment, with strong 

currents. This would be facilitated by the sealevel lowstand during 

the Messinian Salinity Crisis (Fig. 7.3).  

 

According to Evans (1990) the existence of low banks at the basal part is a prominent feature of this 

Cockburn Formation. Evans and Hughes (1984) found that these banks are the same as the tidal sand 

ridges on the present seabed. Which are the product of strong tidal currents during a time when the 

sealevel was lower than at present (Patin and Evans, 1984), probably during a sealevel lowering 

(Evans, 1990) (Fig. 7.3). These banks have not been observed in Unit U2 of this study, but the 

indication of strong currents, for example the turbidity currents, in an extremely dynamic 

environment at the time of deposition may correspond to the strong tidal current action found by 

Patin and Evans (1984) in other regions. Evans and Hughes (1984) also found that the upper part of 

the Cockburn Formation exists of fewer and weaker reflectors, what they explained by a generally 
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fining upward sequence. This upper part of the formation, with its mainly transparent facies, may 

therefore be the only part present in the Whittard Canyon. This hypothesis is confirmed by the fact 

that the lower boundary of this formation has a diachronous nature (Evans and Hughes, 1984).  

 

The formation consist of a uniform, light olive-grey, moderately well sorted, bioturbated, 

structureless, unconsolidated, silty calcarenite, with as dominant grain size a fine to very fine sand, in 

contrast to the silt range of the underlying Jones Formation (Evans and Hughes, 1984). The upper 

part of the formation consists of finer sediments, namely greyish yellow-green, sticky, very soft, 

calcareous clay (Evans and Hughes, 1984). 

 

Finally, some diffraction hyperbolae are present at the canyon sides of this formation (Figs. 6.8, 6.9 & 

6.15). These are most likely formed by hard, lithified calcarenite banks from the Miocene Cockburn 

Formation (Evans et al., 1995). This has been concluded as well by Van Rooij et al. (2010b) for the La 

Chapelle Continental Slope and the Guilvinec Canyon in the Bay of Biscay. In Fig. 6.8 these 

hyperbolae might be located above the Cockburn Formation, where no more harder banks are 

available. Therefore the hyperbolae in Fig. 6.8 might be formed by the very steep erosive canyon 

flank (Evans et al., 1995). 

 

7.1.3 Unit U3 

This Unit U3 and the unit above U4, have a very different reflector characterization compared to the 

underlying Unit U2. This difference may be caused by a change in depositional regime after a period 

of erosion, corresponding to the undulating D2 discontinuity. U3 only occurs on the outer shelf as a 

lens-like body of about 15 km in the direction perpendicular to the regional slope and with a maximal 

thickness of about 250 ms TWT. Near the shelf break in Fig. 6.7, the pinch out of this unit at the lower 

boundary is displayed. Consequently, this place where deep canyons are incised, is the place where 

this unit disappears. In Fig. 6.12 on the other hand, the pinch out at the upper boundary can be seen. 

U3 is characterized by prograding reflectors that downlap on the lower erosional boundary in SW 

direction (Fig. 6.7). This suggests that deposition happened under relatively calm circumstances, 

during for instance the sealevel highstand after the Messinian Salinity Crisis (Fig. 7.3). Therefore 

turbidity currents were most likely absent in this environment. Hemipelagic deposition under the 

influence of tidal currents would have been able to cover the palaeorelief. At present, the depth 

interval of U3 corresponds to the upper limit of the MOW water mass, which is a part of a contour 

current. During the Pliocene, the MOW just formed and did not have the same intensity as 

nowadays. The precise extent and intensity of this MOW during the Pliocene in the Bay of Biscay is 

not yet known, but as it was still immature forming the first deposits of the Le Danois Contourite 

Depositional System along the Cantabrian Margin during the Lower Pliocene (Van Rooij et al., 2010c), 

it would surely be immature along the Celtic Margin. As indicated by Stoker et al. (2005), the MOW 

would have been able to erode the basal unconformity during the Lower Pliocene. In case deposition 

under the control of the northward flowing current would have occurred, a plastered drift 

characterized by a stratified prograding facies and gently downlapping, aggradational reflections 
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might have been formed (Ercilla et al., 2011; Faugères et al., 1999). After deposition of U3, another 

period of non-deposition or erosion occurred and formed the upper boundary of this unit, D3, sub-

parallel to the present-day seafloor (Fig. 6.7). 

 

According to Evans and Hughes (1984), the lower erosional boundary was formed due to an abrupt 

shallowing of the sea since the mid-Miocene. They also state that this event might have been the 

precursor to later uplift due to the second Alpine tectonic phase, active during the Late Miocene. 

Due to the subsequent major change in depositional environment, the deposition of Miocene 

carbonate-rich deposits ended (Evans, 1990). Evans and Hughes (1984) and Evans (1990) concluded 

that the irregular, undulating, along-slope form of the lower boundary of U3, D2, was created by 

incision of a series of minor canyons in the upper slope before the deposition of the Plio-Pleistocene 

Little Sole Formation. Pantin and Evans (1984) found that after the deposition of this new post-

Miocene formation, massive marine planation occurred in the Celtic Sea shelf area. 

 

Haq et al. (1987) found that major eustatic sealevel falls occurred since the Triassic, as indicated in 

Fig. 7.3, including during the late Miocene to early Pliocene, corresponding to the regression at the 

Western Approaches, and during the Late Pliocene-Pleistocene (Fig. 7.3). These short-term eustatic 

sealevel falls are mostly associated to worldwide unconformities (Haq et al., 1987). The D2 

discontinuity at the shelf and the D3 discontinuity at the slope and shelf are most likely examples of 

such worldwide unconformities associated the major eustatic sealevel falls. D2 therefore most likely 

is associated to the late Miocene-early Pliocene and the D3 to the Late Pliocene-Pleistocene. Llave et 

al. (2011) found five of these unconformities in the Gulf of Cadiz; the Messinian, the lower Pliocene 

revolution, the base Quaternary discontinuity, the mid-Pleistocene revolution, and the actual 

seafloor. Van Rooij et al. (2010c) recognised three of these unconformities since the Pliocene along 

the Cantabrian Margin. Stoker et al. (2005) found two major and two minor unconformities along the 

north-western European Atlantic Continental Margin between Mid-Norway and SW Ireland; the base 

Neogene and intra-Pliocene unconformities, and the intra-Miocene and intra-Pleistocene 

unconformities.  

 

This D2 unconformity on the shelf in combination with the lens-like body of Unit U3 with its 

prograding reflectors corresponds to the description of the Lower Little Sole Formation of Evans 

(1990). The fact that U3 can only be found on the shelf, also corresponds to the observations made 

by Evans and Hughes (1984) and Evans (1990) for the Lower Little Sole Formation. According to Evans 

(1990), the deposited layers are the result of abundant sediment accumulation on the outermost 

shelf and the upper slope, originating from the tilting and eroding of the inner shelf. On the upper 

slope much or all of this formation is missing as canyons have incised during the Pleistocene (Evans 

and Hughes, 1984) and where this formation is still present on the slope, it is indistinguishable from 

the formation above (Evans, 1990). On the shelf this formation is separated from the one above by a 

discontinuity (Evans and Hughes, 1984; Evans, 1990), which has been called D3 in this study. The D2 
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discontinuity forming the boundary between the Cockburn Formation and the Lower Little Sole 

Formation becomes shallower towards the inner shelf. This observation has been made by Evans 

(1990) as well and he moreover found that this discontinuity flattens out about 15 km landward of 

the shelf break at a depth of about 50-60 m. The internal facies of prograding reflectors has also 

been found by Bourillet and Lericolais (2003) at the upper slope of the Western Approaches, as 

visualized in Fig. 2.7.  

 

This Lower Little Sole Formation is according to Pantin and Evans (1984) predominantly composed of 

sand, with subordinate gravel and a minor proportion of mud. They also found that this formation 

was deposited during the Pliocene. This Pliocene age makes sense as this Unit U3, deposited during a 

sealevel highstand, is bounded by the late Miocene-early Pliocene and the Late Pliocene-Pleistocene 

sealevel lowstands (Fig. 7.3). 

 

7.1.4 Unit U4 

Unit U4 has a different seismic facies and covers U3 on the shelf and U2 on the slope. U4 was 

deposited after the D3 discontinuity, on top of the Lower Little Sole Formation on the shelf, while on 

the slope it was deposited on top of the Cockburn Formation. Since this unit was deposited after the 

Lower Little Sole Formation and topped by the seafloor, it must have been deposited after the 

Pliocene until the present day. The draping appearance of U4 on the shelf, even though the reflectors 

are very discontinuous and even a bit chaotic, could be ascribed to (hemi-)pelagic sedimentation (Fig. 

6.7). Though a true draping seismic facies in not expected in highly dynamic environments such as 

canyon systems. Alternatively, they could be plastered drifts as the result of a contour current. 

Plastered drifts are characterized by a very low relief and a large lateral extent, with continuous, 

parallel, slightly convex, high-amplitude reflectors (Faugères et al., 1999; Rebesco and Stow, 2001), 

which is observable for U4. Furthermore, these plastered drifts commonly occur along the slope with 

little apparent migration (Faugères et al., 1999). As a result it is difficult to distinguish between 

(hemi-)pelagic deposits and plastered drifts. On the slope, the deposits of U4 display continuous 

wavy reflectors (Figs. 6.8 & 6.15). These wavy reflectors could be the result of (hemi-)pelagic 

sedimentation on top of a wavy palaeorelief, or they might indicate that some bottom current action 

was present. It might even be that internal tides and waves created by the water mixing of MOW and 

ENAW around 600-700 m water depth is responsible for the remobilisation and deposition of the 

(hemi-)pelagic draping sediments of Unit U4. This mixing zone obtained its modern signature already 

during the Pleistocene, when U4 was deposited. The existence of these internal tides and nepheloid 

layers at this water depth has been confirmed by the presence of high turbidity values (Figs. 6.23 & 

6.24).  

 

On the slope, another striking feature is present, namely the depositional pattern of Subunit U4a. 

Inside a large 200 ms TWT deep and 3 km wide incision, several small channels of about 50 ms TWT 

deep and less than 1 km wide were incised and subsequently filled (Fig. 6.8). This repeated cut-and-
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fill inside a large channel is typically formed by turbidity currents as described by Mayall et al. (2006). 

This large-scale incision with associated levee formation must have occurred during a severe sealevel 

lowstand associated to any glacial period during the last My, since the Pleistocene. Seen that Evans 

(1990) reported that the Lower Little Sole Formation on the slope might be indistinguishable from 

the formation above, it is possible that this U4a is actually a part of the Lower Little Sole Formation 

with a Pliocene age. This cannot be verified as no cores have been taken from this study area and 

therefore no dating has been performed. According to Mayall et al. (2006), the subsequent infill and 

re-incision occurred during the continuation of the eustatic lowstand. The covering hemipelagic 

muddrape on the other hand was formed during the transgression and sealevel highstand. The re-

incision of the different smaller channels may be a combination of stacked high-frequency events 

during a period when the large-scale channel was active as a conduit (Mayall et al., 2006). The 

chaotic relocation of the small-scale channels has the appearance of a braided river. Mayall et al. 

(2006) concluded that this is mainly an erosional effect caused by turbidite flows by-passing and 

continuing downslope. Lateral accretion characterized by dipping reflectors towards the channel and 

older strata terminating against the channel edge might also play an important role. Seafloor 

topography has inevitably also some control on the geometry of the channels (Mayall et al., 2006). 

Most likely after the deposition of the muddrape during the eustatic highstand (end of U4a), a period 

of non-deposition and minor erosion occurred during a eustatic lowstand, followed by a period of 

deposition. During the Quaternary a series of interglacials and glacials occurred, characterized by 

respectively periods of deposition altered by periods of non-deposition and erosion. One major 

example of such a period of non-deposition and erosion is the discontinuity between Subunits U4a 

and U4b, probably caused by a major sealevel fall, like for instance during the mid-Pleistocene 

revolution (~900 ka) (Fig. 7.3). During the interglacials, the deposition can be achieved by 

hemipelagic sedimentation and deposition under the influence of a northward flowing MOW. Most 

likely an interaction of both will be dominant. The deposition of a contourite is characterized by 

upslope prograding reflectors non-parallel to the erosional surface, while the hemipelagites are 

characterized by reflectors parallel to the underlying relief as reported by Faugères et al. (1999) (Figs. 

6.8 & 6.15). As a side-effect of this bottom current, internal tides and waves are formed as well, 

which could have their own influence on the deposition. Faugères et al. (1999) also suggested that a 

period of contourite accumulation can be followed by a period of (hemi-)pelagic draping without any 

sign of a transition. 

 

The repeated cut-and-fill inside a larger channel (Fig. 6.8, U4a) is typically formed by turbidity 

currents during a period of sealevel lowstand. Channels could also be formed by contour and bottom 

currents, but in this case the incision would be less deep and wide. The large-scale erosional 

discontinuities without the erosion of deeply incised channels, but with the superimposed deposits 

non-parallel to the erosive surface, on the other hand are typical for contourites (Figs. 6.7, 6.8 & 

6.15, U4b).  
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In comparison to the observations made by Bouysse et al. (1976), Unit U4 corresponds to the Upper 

Little Sole Formation. According to Bouysse et al. (1976) and confirmed by Evans and Hughes (1984), 

this formation was mostly deposited during the Quaternary. This observation suggests that the lower 

part of U4 on the slope (Figs. 6.7, 6.8 & 6.15) is still a part of the Lower Little Sole Formation, but 

indistinguishable from the Upper Little Sole Formation. That the Lower Little Sole Formation appears 

conformable with the Upper Little Sole Formation on the slope has also been found by Evans (1990). 

Therefore on the upper slope the Upper Little Sole Formation rests on the Miocene Cockburn 

Formation, while it is deposited on top of the rapidly thickening wedge of the Pliocene Lower Little 

Sole Formation on the shelf, as previously stated by Evans and Hughes (1984). 

 

Pantin and Evans (1984) reported that massive marine planation occurred in the Celtic Sea shelf area, 

resulting from wave erosion at or near the breaker zone during a period (or periods) of slowly rising 

sealevel in which the area was being tilted oceanwards. This subsidence of the outer shelf and 

associated uplift of the inner shelf and adjacent onshore areas during the Pleistocene results in a 

transgression since the early Pleistocene with water depths in excess of 50 m, which is still shallow. 

The lower boundary of this formation is formed by a distinct, somewhat irregular basal reflector, 

with the occurrence of some channelling up to a few hundred metres across and tens of metres 

deep, which can be found also within the formation (Evans and Hughes, 1984; Pantin and Evans, 

1984). This channelling in the lower boundary has not been found in the studied area. According to 

Kenyon et al. (1978), there is no correlation between the individual buried channels and the present-

day canyon heads. This might be a result of erosion of the shelf edge by slumping, removing the 

direct link. The internal structure of this more wide-spread upper sheet-like formation is 

characterized by moderately strong, discontinuous, chaotic reflectors, but also includes low-dipping 

stratification and cross-bedding. This formation probably consists mainly of fluvial deposits, 

accumulated inside a meandering or braided river system during a time of low relative sealevel 

(Evans and Hughes, 1984; Pantin and Evans, 1984). However, at the upper part of this formation, 

shallow marine, near-coastal (possibly intertidal) or open-shelf deposits composed of olive-grey 

clayey sand with minor portions of gravel occur (Pantin and Evans, 1984). This can be easily 

interpreted as a period of regression during which the channels are incised and infilled by fluvial 

deposits, followed by a period of transgression resulting in intertidal to open-sea conditions (Evans 

and Hughes, 1984; Pantin and Evans, 1984). This fluvial to marine aspect is also observed in the 

studied seismic profiles as a braided river system inside a wide and deep channel, covered by more 

or less draping deposits. The continuation of these channels is impossible to make, seen the small 

amount of profiles and the small area they cover. Therefore it is impossible to trace the regularity in 

direction of these channels. Pantin and Evans (1984) suggested, based on the regularity of direction, 

that the French sector is dominated by braided river courses, while the British sector represents 

meandering rivers. Although the study area is positioned in between the French and British sector, 

the irregular repeated incision of smaller channels inside a large channel, rather resembles the 

appearance of a braided river. 
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Pantin and Evans, (1984) found that the Upper Little Sole Formation is confined to the outer-middle 

shelf and that it thins rapidly towards the NE on the middle shelf, where it eventually terminates. 

Though the seismic profiles studied during this Msc thesis display that this Upper Little Sole 

Formation is not only present at the outer-shelf, but also at the upper slope. In the entire study area, 

this formation crops out, although it becomes thinner towards the inner shelf. According to Pantin 

and Evans (1984) neither the inner, nor the outer termination of this formation is depositional. The 

canyon heads and branches have eroded the outer part, while the inner part abruptly wedges out 

related to a gentle but extensive monoclinal feature, with erosion at the upthrow side. 

 

7.1.5 Recent times - Holocene 

In the Western Approaches area, the shelf break seems to be located around 200-300 m water depth 

and the profile varies following the description of Evans (1990) from a distinct, low, degraded scarp 

to a smooth gradual increase in inclination. The shelf break is sometimes incised by canyon heads. At 

the outer shelf, canyon head incision is clearly present and is the result of backwall erosion according 

to Evans (1990) (Figs. 6.10 & 6.12). Certain parts of the shelf adjacent to the canyon head tend to 

slump into the canyon, leaving a scar in the topography (Fig. 6.6). A few of these incised canyon 

heads have during Holocene times partly been infilled. The infill reflector configurations suggest that 

the filling deposits might be the result of slumping and sliding of higher lying areas with deposition 

on their way down, and that (hemi-)pelagic sedimentation might be responsible as well. Slumping 

would result in the loss of the internal pattern and the formation of a chaotic seismic facies; sliding 

would maintain the reflector configuration; and (hemi-)pelagic sedimentation would deposit draping 

reflectors. As a result of this extensive slumping and erosion on the upper continental slope, the 

present-day submarine topography is dominated by a suite of canyons that truncate the Neogene 

strata (Kenyon et al., 1978). 

 

The late Quaternary Melville Formation described by Pantin and Evans (1984) and Evans (1990) has 

not been found in this study area and will therefore not be discussed. 

 

7.2 Water mass stratification and dynamics 

 

The water masses present in the study area can be identified using temperature, salinity and 

turbidity versus depth graphs (Figs. 6.20, 6.21, 6.22, 6.23 & 6.24).  

 

The uppermost water mass, from 0 m to maximum 100 m water depth, represents the thermocline 

(Figs. 6.20a,c, 6.21, 6.23 & 6.24). This surface layer is identified based on its elevated temperature of 

18°C at the surface to 12°C at the base. The lower boundary of this thermocline is placed at the 

depth were the greatest temperature gradient occurs (Figs. 6.23 & 6.24). The elevated temperature 

shows an associated major decrease in salinity in the ROV_03down and ROV_03up graphs (Fig. 6.23). 

The ROV_04down, ROV_05down, ROV_05up and ROV_06down graphs on the other hand display an 

associated minor increase in salinity (Figs. 6.23 & 6.24). Since the lower salinities deviate strongly 
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from the other salinity values, this is most likely due to a measurement error. This conclusion is 

moreover supported by the fact that the only two graphs displaying this major decrease were taken 

during the same ROV dive (down to 35.3). Contrary to the decrease observed in the others, the 

increase in salinity is more subtle (35.5-35.6) and observable during all other ROV dives. Therefore, 

the increase in both temperature and salinity can be interpreted as a result of insolation and 

evaporation, as indicated by Kantha and Clayson (2003). This increase in temperature and salinity 

corresponds to an increase in turbidity, up to 0.2 FTU (Figs. 6.23 & 6.24). This seasonal thermocline 

was also observed south of this study area by De Mol et al. (2011) in the Penmarc'h and Guilvinec 

Canyons in the Bay of Biscay and by Van Rooij et al. (2010b) in the Guilvinec Canyon and on the La 

Chapelle Continental Slope. Dullo et al. (2008) found this warmer surface layer further north of the 

study area, at the Porcupine Seabight and the Western Rockall Bank, although in the latter case these 

waters were colder and less dense. 

 

When this thermocline layer is studied in more detail, a small bend is observable around 14°C in the 

ROV_04down, ROV_04up, ROV_06down and ROV_06up graphs. The water mass above this bend 

may correspond to the mixed layer at the air-sea surface as described by Kantha and Clayson (2003). 

This mixed layer is typically tens of metres thick and overall fairly uniform (Kantha and Clayson, 

2003). In this study, this layer is less than 50 m thick and characterized by a more uniform 

temperature and salinity than the waters below of the thermocline. This more uniform character is 

due to mixing as a result of mainly shear driven due to wind stress (Cacchione and Pratson, 2004; 

Kantha and Clayson, 2003). 

 

Below the seasonal thermocline, the ENAW water mass is present (Figs. 6.20c, 6.22, 6.23 & 6.24). 

This ENAW is characterized by lower temperatures and turbidities than the surface waters. The 

temperature decreases continuously towards the seafloor and shows no more features other than 

the boundary between the thermocline and ENAW (Figs. 6.20a, 6.21, 6.23 & 6.24). The occurrence of 

two distinct lower salinity cores between 600-750 m water depth of around 35.45 are indicative for 

the lower boundary of the ENAW (Figs. 6.20c, 6.22, 6.23 & 6.24). This salinity minimum of 35.45 

around 600-750 m is in agreement with the observations made by Dullo et al. (2008) for the 

Porcupine Seabight in the north, who found a minimum of 35.45 around 600 m. The turbidity within 

the ENAW is marked by a constant low value around zero, although some peaks are superimposed 

on this baseline. Graph ROV_06up for instance shows a lot of scatter on top of the low value base 

line (Figs. 6.23 & 6.24). The lower boundary of ENAW therefore is defined by the increase in turbidity 

and the occurrence of lower salinities. Therefore the temperature of ENAW falls within a range of 

10°C to 12°C (Figs. 6.20c, 6.22, 6.23 & 6.24), consistent with the range of 9.5°C to 12.5°C found by 

Dullo et al. (2008) for the Porcupine Seabight. 

 

Underneath the ENAW, the MOW is observed (Figs. 6.20c, 6.22, 6.23 & 6.24). As the temperature 

only shows a steady decrease with increasing depth, no indication of MOW is found. The occurrence 

of MOW is indicated by a sudden increase in salinity around 750 m (in a range between 700 m and 
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950 m) towards a maximum of 35.75 (Figs. 6.20c, 6.23, 6.24). This salinity maximum is also found by 

Dullo et al. (2008) for the Porcupine Seabight in the north, and by De Mol et al. (2011) and Van Rooij 

et al. (2010b) for the Bay of Biscay in the south. A maximum of about 35.55 around 700 m was 

observed by Dullo et al. (2008), which is a bit less saline due to the freshening influence of the SAIW 

coming from the north. De Mol et al. (2011) and Van Rooij et al. (2010b) on the other hand found the 

same salinity of about 35.76, around 1000 m, which is a bit deeper, but still close to the outer limit of 

950 m observed in this study. Within this MOW, a steady decrease in salinity with increasing water 

depth is observable (Fig. 6.22). The steady decrease in temperature and salinity with minima of 

respectively 6°C and 35.2 at a water depth of 1500 m, although possibly in part an artefact due to 

extrapolation, most likely results from mixing effects with the underlying water mass, NADW. The 

salinity augmentations observed in the graphs ROV_04down, ROV_04up and ROV_05down are 

associated with an increase in turbidity starting at 0.5-1.5 FTU (Figs. 6.23 & 6.24). Since the other 

turbidity graphs also show this increase in turbidity starting within this range and within the depth 

range, this property is used to define the boundary between ENAW and MOW. 

 

Three peaks of increased turbidity are observable in the turbidity-versus-depth plots: 

1) The first peak is found at the surface, in the seasonal thermocline, between the surface and 50 m 

water depth (Figs. 6.23 & 6.24). This peak most likely corresponds to an enhanced primary surface 

production by a phytoplankton bloom, as the CTD deployment was executed at the end of June. 

This phytoplankton needs solar insolation and is therefore restricted to the photic zone. The 

mixing at the lower boundary of the thermocline with the underlying ENAW on the other hand 

provides the necessary nutrients. As the Bay of Biscay is under the influence of the North Atlantic 

Drift or NAC flowing to the south, towards the equator, upwelling is caused (Figs. 3.6 & 7.4). Since 

the Coriolis force is directed towards the right in the Northern Hemisphere and the NAC is moving 

towards the south, the surface water is directed away from the continent and its shelf and causes 

upwelling of the underlying nutrient-rich waters, as explained by Brown et al. (1989b) and 

Kennett (1982) (Fig. 7.4). These conditions for a phytoplankton bloom to be able to occur, have 

been summed by Brown et al. (1989b) and Kantha and Clayson (2003). Moreover at the interface 

seawater-air, highly energetic surface waves may be formed as a result of amongst others a 

density difference, as stated by Brown et al. (1989d). When these waves collide with the seafloor, 

they may resuspend material and cause an increased turbidity. 

2) The second peak is observed at intermediate water depths, between 550 m and 800 m water 

depth and is therefore referred to as intermediate nepheloid or turbid layers. This increased 

turbidity coincides with the depth of the boundary between ENAW and MOW (Figs. 6.23 & 6.24). 

This water mass stratification, characterized by a surface between two layers of ocean water with 

slightly different densities, can cause the formation of internal tides or waves (Brown et al., 

1989c,d; Cacchione and Pratson, 2004; Garrett and Kunze, 2007; Müller and Briscoe, 2000). These 

internal waves are gravity waves that oscillate around the density interface (Brown et al., 1989c,d; 

Garrett and Kunze, 2007; Müller and Briscoe, 2000). The vertical oscillations are for instance a 

result of daily diurnal tides. As the internal waves break due to shear stresses or convective 
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instabilities, they cause turbulence and local instabilities, which lead to diapycnal mixing around 

the density interface. As a result, an intermediate mixed layer is formed (Brown et al., 1989c,d; 

Cacchione and Pratson, 2004; Garrett and Kunze, 2007; Müller and Briscoe, 2000). In this 

particular study, this newly formed intermediate mixed layer is situated between 550 m and 800 

m water depth. When these internal tides encounter the continental slope, they break and bring 

sediments into suspension and redistribute them all over the internal mixed water layer, as 

reported by Brown et al., (1989a) and Müller and Briscoe (2000). Not only sediments, but also for 

instance organic material may be resuspended in enhanced quantities as mentioned by Brown et 

al. (1989a), Huthnance (1995), Tyler et al. (2009) and Van Rooij et al. (2010b). Hence the origin of 

the turbidity increases at the mid-water depths. 

3) The third peak in turbidity is in fact more a general increase towards the seafloor, starting around 

800 m water depth (Figs. 6.23 & 6.24). As it is present near the seafloor, it is called the bottom 

nepheloid layers. On the continental slope, cascading waters and low-density currents with low 

concentrations suspended material, may transport material towards greater water depths on the 

upper slope. Only in canyons, they can increase the downward transport of suspended material 

that was already moving downward. Both processes cause higher turbidities at the bottom than in 

the overlying water masses, as stated by Brown et al. (1989a). This enhanced turbidity may also 

be caused by processes related to boundary currents, internal tides and waves, as is the case for 

the intermediate nepheloid layers, as reported by Puig et al. (2004). Associated to the internal 

waves, bottom intensified flows may occur and concentrate the internal wave energy near the 

bottom and generate instabilities leading to mixing (Puig et al., 2004). The bottom nepheloid 

layers may also be formed due to stronger currents inside a more active MOW as indicated by 

Brown et al. (1989a). Both the internal tides and the stronger currents may result in more intense 

erosion of the seafloor when they come in contact with each other. These turbulent motions at 

the bottom cause the formation of a new well-mixed benthic boundary layer of a few tens of 

metres thick (Brown et al., 1989a). 

 

These nepheloid layers with their enhanced turbidity and increased amounts of (re-)suspended 

organic matter are important for the distribution of benthic organisms, as indicated by Brown et al. 

(1989a). 
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Fig. 7.4: Surface currents in the North Atlantic Ocean. The southward flowing NAC or 

North Atlantic Drift passing the Bay of Biscay causes upwelling at the continental 

margin, due to the Coriolis force, which is directed to the right in the Northern 

Hemisphere. The transect visualizes the upwelling of the deeper waters as the surface 

water is pushed away from the continent by the Coriolis force. (Modified after: Brown 

et al., 1989b) 

 

7.3 The Whittard Canyon environment 

 

7.3.1 Canyons as ecosystem habitats 

Two different maps are made for the two different canyon branches covered by the ROV dives. The 

first map is based on ROV dives B10-03, B10-04 and B10-05 and the second on B10-06. These maps 

are based on the features observable on the side-scan sonar images, the multibeam bathymetry and 

the slope map visible in Figs. 6.30, 6.32, 6.34 & 6.36. But also based on the seismic profiles shot along 

the ROV dives in combination with the water mass distribution at the begin and end of each dive as 

visible in Figs. 7.5, 7.6 & 7.8. 
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Fig. 7.5: Location of the seismic profile along ROV dive B10-03b on top of the multibeam bathymetry. The 

seismic profile with indication of the position of the ROV dive, seismic units and water mass distribution. A 

correlation has been made between the depth in milliseconds (grey) and metres (black). The ms values are 

derived from the seismic profiles themselves, the m values are derived from the bathymetry profile in 

Global Mapper over the same transect. 
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Fig. 7.6: Location of the seismic profile along ROV dives B10-04 and B10-05 on top of the multibeam bathymetry. The 

seismic profile with indication of the position of the ROV dives, seismic units, water mass distribution and the occurrence 

of cold-water corals and deep-sea oysters. A correlation has been made between the depth in milliseconds (grey) and 

metres (black). The ms values are derived from the seismic profiles themselves, the m values are derived from the 

bathymetry profile in Global Mapper over the same transect. 

 

The first habitat map (Fig. 7.7) covers the area around ROV dives B10-03, B10-04 and B10-05, located 

in the western canyon branch covered by the studied seismic lines (Figs. 5.23, 6.30, 6.32, 6.34, 7.5 & 

7.6). Only five classes are defined in this map, since smaller-scale features are difficult to map and 

almost impossible to extrapolate. These five classes are (1) soft seabed, (2) soft and semi-

consolidated seabed in gullies, with both soft sediments and semi-consolidated slopes inside gullies 

incised into the canyon flank, (3) hard substrate with cold-water corals and possibly oysters, (4) 

rippled seabed and (5) transitional seabed. The soft seabed class might be covered in some places by 

cold-water corals and the last class with living corals and possibly living oysters also includes cold-

water coral rubble and oyster shells of dead oysters detached from the vertical substrate. 
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The distribution of the soft sediment seafloor class is based on its occurrence observed during dive 

B10-03. The soft sediments become the exclusive dominant facies from a depth of around 800 m 

towards the tops of the interfluves. This depth range corresponds to Unit U4, also known as the Little 

Sole Formation, composed of clayey sand with minor portions of gravel (Fig. 7.5). The soft sediments 

covering U4 are evidently recent and in several places the actual sediments of U4 might crop out. 

Since this unit is present in both interfluves flanking this canyon branch, as visible in Figs. 7.5 & 7.6, 

the higher lying areas in both interfluves corresponding to U4 are classified as soft sediments (Fig. 

7.7). This interpretation is just one possibility based on the available ROV dives. In case other 

information would become available, this interpretation could be modified. The lower boundary of 

this class is determined based on the change in backscatter strength towards higher intensities 

(darker areas) in the side-scan sonar images (Fig. 7.7). Along track B10-03a some cold-water corals 

were observed in between the soft sediment facies (Figs. 6.30 & 7.7). Therefore it can be concluded 

that several isolated patches with living cold-water corals might be found in the area classified as soft 

seabed. 

 

It is evident from the multibeam bathymetry and the side-scan sonar images that the area around 

track B10-03 on the north-western flank of the canyon is incised by several large transverse dendritic 

gullies (Figs. 6.30 & 7.7). Since these gullies are not only dominated by soft sediments, but also semi-

consolidated slopes, with locally banks and cliffs, and smaller-scale drainage features such as small 

gullies and furrows, this area is not classified as soft seabed. Instead, this area is classified as soft and 

semi-consolidated seabed in gullies. The boundaries of this class are defined on the ‘herringbone’ 

pattern visible on the multibeam bathymetry and the side-scan sonar images, even as it is only 

present on one flank. 

 

The occurrence of cold-water corals and occasionally oysters, both living and dead, on the south-

eastern flank of the canyon branch is found beneath 700 m water depth towards the bottom of the 

thalweg around 1000 m water depth (Fig. 7.6). The living oysters occur on a vertical substrate, while 

the dead oysters are found as shells scattered over the seafloor. Living cold-water corals still display 

polyps; while dead corals no longer have polyps, are always colourless and occur as rubble pieces. 

This water depth range is fully located in the MOW water mass (Fig. 7.6). The cold-water corals occur 

on the hard, steep flanks composed of Unit U1, which are provenant from the Lower Miocene Jones 

Formation. The oysters on the other hand are located on a higher situated vertical wall, 

corresponding to Unit U2, the Upper Miocene Cockburn Formation (Fig. 7.6). In Fig. 7.6, it is visible 

that the north-western flank as well is composed of U2 and situated in the range of MOW, but no 

corals nor oysters occur on this flank. This is due to the fact that the north-western flank is 

dominated by deposition, demonstrated by the dipping reflectors. The south-eastern flank on the 

contrary is dominated by erosion, proven by the absence of dipping reflectors and the occurrence of 

diffraction hyperbolae. These hyperbolae might correspond to lithified calcilutite or calcarenite banks 

of respectively the Jones and Cockburn Formation. These banks on their turn are ideal places for 

sessile organism to settle on. The conditions are further optimised by the occurrence of intermediate 
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and bottom nepheloid layers from 700 m water depth on (Figs. 6.23 & 6.24). These nepheloid layers 

deliver the needed particles for the sessile organisms to survive. Between the intermediate and 

bottom nepheloid layers, a zone (~700-800 m water depth) with lower turbidities might occur (Figs. 

6.23 & 6.24), resulting in the absence of corals and oysters. In fact, the cold-water corals occur in the 

range of the bottom nepheloid layers, while the oysters are found inside the range of the 

intermediate nepheloid layers. 

 

In the habitat map, the areas where both cold-water corals and deep-sea oysters are found on a hard 

substrate are classified as ‘hard substrate with corals and possibly oysters’. The upper boundary of 

this area is defined based on the side-scan sonar images. On the side-scan sonar images, a white 

band flanked on one side by a black band is observed on the south-eastern flank, crossing the depth 

contours. This white band is interpreted as a trough in the shadow zone and the black band as a 

relief with maximal backscatter (Figs. 6.32b & 7.7). Comparing this observation with the seismic 

profile across the south-eastern flank, this trough might correspond to the end of a more or less 

horizontal plateau followed by a sudden vertical wall covered by oysters around 700 m water depth 

(Fig. 7.6). The lower boundary of the area is based on the occurrence of the thalweg, clearly visible 

on the multibeam bathymetry as the deeper parts in green to blue, on the slope map indicated by 

the nearly horizontal areas in blue and on the side-scan sonar images revealed by a transition in 

backscatter intensity. 

 

The seafloor in the thalweg is, according to the observations made during dives B10-04 and B10-05, 

covered by ripples (Figs. 6.32, 6.34 & 7.7). Based on this observation, an extrapolation of this rippled 

seabed has been made along the length of the thalweg visible on the map Fig. 7.7. The extrapolation 

is mainly based on the green to blue colours on the multibeam bathymetry and the nearly horizontal 

areas in blue on the slope map (Figs. 6.32 & 6.34). The precise extent of the thalweg is more difficult 

to follow on the side-scan sonar images, as it is partly located inside the nadir (Figs. 6.32 & 6.34). Yet, 

the thalweg area on the side-scan sonar images is characterized by a lower backscatter on the north-

western flank and higher backscatter on the south-eastern flank. This rippled seabed though is not 

only assigned to the thalweg area, but also to two areas on both canyon flanks. The classification of 

these two areas is based on the side-scan sonar images after excluding the areas already classified as 

soft seabed, soft and semi-consolidated seabed in gullies, or hard substrate with cold-water corals 

and possibly oysters. Consequently the not yet classified areas displaying a lower backscatter are 

classified as rippled seabed (Fig. 7.7). 

 

The only area not yet classified at this moment, with an uniform intermediate backscatter, 

corresponds to the transitional facies observed during ROV dive B10-05 (Fig. 7.7). This transitional 

seabed is a facies in between the soft sediment and rippled seabed. It is therefore not surprising that 

this transitional facies is surrounded by a rippled facies and bounded in the SE by soft sediments, 

though in this specific area alternated by steep slopes (Fig. 7.7). For the rest, this transitional seabed 

is not marked by any other observable features.  
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Fig. 7.7: Habitat map based of the western branch of the Whittard Canyon covered by this study. This map is based on the observations made during ROV dives B10-03, B10-04 and B10-05 and 

an extrapolation has been made based on the observable features on the multibeam bathymetry, side-scan sonar images, slope map and seismic profiles combined with the water mass 

characterization along the ROV tracks. The result is a map with five large-scale classes indicated by the five colours. 
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Fig. 7.8: Location of the seismic profile along ROV dive B10-06 on top of the multibeam bathymetry. The seismic profile with 

indication of the position of the ROV dive, seismic units, water mass distribution and the occurrence of cold-water corals. A 

correlation has been made between the depth in milliseconds (grey) and metres (black). The ms values are derived from the 

seismic profiles themselves, the m values are derived from the bathymetry profile in Global Mapper over the same transect.  

 

The second habitat map (Fig. 7.9) covers the area around ROV dive B10-06, the only dive located in 

the eastern canyon branch covered by the studied seismic lines (Figs. 5.23, 6.36 & 7.8). Only four 

classes are observed and defined in this map. Smaller-scale features are for the same reasons as in 

the first habitat map not mapped. The different classes are (1) soft seabed, (2) soft seabed in gullies, 

incised into the canyon flank, (3) hard substrate with corals and (4) rippled seabed. Cold-water coral 

rubble in this area is observed in all classes except the purely soft seabed class. 
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The distribution of the soft sediments becomes exclusive from a depth of around 750 m towards 

shallower water depths. Though this facies is divided into two classes, the soft seabed and the soft 

seabed in gullies, by analogy to the first habitat map. The pure soft seabed class only starts around 

550 m water depth on the south-eastern flank and corresponds to Unit U4, the Little Sole Formation 

(Figs. 7.8 & 7.9). This unit is present on both flanks, as visible in Fig. 7.8. This soft seabed class is also 

defined on the north-western flank, based on the occurrence of Unit U4 on this flank (Fig. 7.9). The 

lower and upper boundaries on both flanks are determined identically to the first habitat map, based 

on the change in backscatter strength in the side-scan sonar images (Fig. 7.9). From about 650 m 

water depth towards the top of the interfluves, the seafloor becomes frequently affected by 

fishermen, displayed by the trawling marks (Fig. 6.36). 

 

The soft sediments observed below 750 m water depth are found in between the large transverse 

dendritic gullies (Figs. 6.36 & 7.9). Therefore the soft sediments are classified as soft seabed in 

gullies. The extent of this class on both canyon flanks is based on the occurrence of these gullies with 

a ‘herringbone’ pattern visible on the multibeam bathymetry and the side-scan sonar images. 

Besides, the location of the lower boundary is based on the occurrence of the thalweg, indicated on 

the multibeam bathymetry by the transition to green and blue colours (Figs. 6.36 & 7.9). Likewise in 

the first habitat map, these gullies might also display locally banks and cliffs, and smaller-scale 

drainage features such as small gullies and furrows (Fig. 7.9). Additionally, the transitional seabed is 

also found in this gully system, while the semi-consolidated slopes are not observed along track B10-

06. 

 

The fact that the depth range of this soft sediment class corresponds to the depth range of Unit U2 is 

not in agreement to the observations made during the other dives. This can be explained by the fact 

that track B10-06 is located in between two gullies and that lateral deposition of sediments might 

occur at present. As a result, the underlying layers, covered nowadays by soft sediments, may consist 

of hard calcarenite of the Cockburn Formation (U2), as indicated by the diffraction hyperbolae. At the 

places where the cliffs are present, no deposition will have occurred and the Cockburn Formation 

with it hard rocks will crop out. 

 

The extent of living cold-water corals on the south-eastern flank of this canyon branch, along track 

B10-06 is rather restricted. They only occur on outcropping banks and cliffs in water depths around 

1000 m at the thalweg, in the range of the MOW flow (Fig. 6.36 & 7.8). The area where these cold-

water corals are expected is not only restricted in terms of depth range, but also laterally (Fig. 7.9). 

This enclosed area is bounded on all sides by a transition in backscatter strength in the side-scan 

sonar images. The area classified as hard substrate with corals is characterized by darker colours, 

probably caused by the banks and cliffs and is bounded by a white band (Figs. 6.36 & 7.9). No 

extrapolations to areas further away from the ROV track and to the other flank are made. These cold-

water corals might occur attached onto the rocks of either Unit U1 or U2, as it is impossible to see 

any features in the deeper parts of the seismic profile visible in Fig. 7.8. This means on the eroded 



Chapter VII: Discussion 

140 

and lithified calcilutite or calcarenite banks of the Jones or Cockburn Formation, indicated by the 

presence of hyperbolae (Fig. 7.8). This canyon branch (Fig. 7.8), in contrast to the more western one 

(Fig. 7.6) is less clearly defined by deposition on the north-western flank and erosion on the south-

eastern flank (Fig. 7.8). Next to dipping layers on the north-western flank, several hyperbolae are 

present as well (Fig. 7.8). Besides a suitable substrate to attach to, the bottom nepheloid layers 

provide the needed particles (Fig. 6.24). 

 

According to the observations made during dive B10-06 and analogues to the first habitat map, the 

seafloor in the thalweg is covered by ripples (Figs. 6.36 & 7.9). An extrapolation along the whole 

length of the thalweg is made based on the green to blue colours on the multibeam bathymetry and 

the nearly horizontal areas in blue on the slope map (Fig. 6.36). On the side-scan sonar images, this 

thalweg is difficult to characterize as it is located inside the nadir (Fig. 7.9). 
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Fig. 7.9: Habitat map based of the western branch of the Whittard Canyon covered by this study. This map is based on the observations made during ROV dive B10-06, and an extrapolation has 

been made based on the observable features on the multibeam bathymetry, side-scan sonar images, slope map and seismic profile combined with the water mass characterization along the 

ROV track. The result is a map with four large-scale classes indicated by the four colours. 
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7.3.2 Physical and oceanographic environment 

The organic matter transported through the canyon branches has been seen during most of the ROV 

dives as intense marine snow, composed of phytodetritus and faecal pellets sinking from the surface 

primary production in the trophic upper water layers. This marine snow is the ideal food source for 

filter-feeders like scleractinian corals and oysters. 

 

The living cold-water corals occur in the depth range completely covered by the MOW. During dive 

B10-03a the corals were observed around 800 m, while the mixing zone between the ENAW and the 

underlying MOW is situated between 600 m and 700 m water depth (Figs. 6.23 & 6.30). The cold-

water corals observed during dive B10-04 were situated between roughly 800 m and 1000 m water 

depth, while again the mixing zone is located shallower, around 700 m (Figs. 6.23 & 6.32). During 

dive B10-06, the corals were even restricted to deeper areas, around 1000 m water depth, while the 

mixing zone was still situated between 600 m and 700 m water depth (Figs. 6.24 & 6.36). This deep 

occurrence of the living corals always corresponds to the bottom nepheloid layers visible in Figs. 6.23 

& 6.24. These bottom nepheloid layers carry high levels suspended material and are not only 

enriched in sediments, but also in nutrients, as demonstrated by de Stigter et al. (2007), which 

favours the feeding of scleractinians. The depth interval in which they occur, also corresponds to the 

depth where the lithified calcilutite or calcarenite banks of the Jones Formation (U1) and Cockburn 

Formation (U2) prevail (Figs. 7.6 & 7.8). This is due to the fact that corals need a hard substrate to 

settle on (Freiwald et al., 2004; Huvenne et al., 2011; Roberts et al., 2009; Rogers, 1999; Wienberg et 

al., 2009). The living cold-water corals are found on top of the harder outcropping rocks, while cold-

water coral rubble is scattered over the seafloor in the areas covered by sediments. These same 

observations have been made by De Mol et al. (2011) for the Penmarc'h and Guilvinec Canyons in the 

Bay of Biscay, south of the Whittard Canyon. 

 

The N. zibrowii oysters in contrast are only found at the end of dive B10-04, where they are located 

less deep, on a vertical cliff around 750 m water depth. This setting corresponds to the one described 

by Wisshak et al. (2009a,b), although they proposed a smaller depth, namely a range of 420-500 m. 

The observed depth of 750 m does however correspond to the observations made by Van Rooij et al. 

(2010b), who found a range of 350-846 m. This 750 m water depth is just below the boundary 

separating the ENAW from the underlying MOW, as observed by Van Rooij et al. (2010b) for the La 

Chapelle slope and Guilvinec Canyon. As a result they are located inside the mixing zone of two water 

masses. This mixing results in increased levels of suspended material and consequently in 

intermediate nepheloid layers as demonstrated by de Stigter et al. (2007) and visible in Fig. 6.23. 

These intermediate nepheloid layers favour, like the bottom nepheloid layers, the feeding of sessile 

organisms, in this particular case deep-water oysters. 

 

The rippled seabed at the canyon floor thalweg and a bit up the flanks, observed during the dives 

B10-04, B10-05 and B10-06, are also located inside the MOW flow (Figs. 7.7 & 7.9). These ripples 

with overall NW-SE orientation, and spacing and height of maximum a few tens of centimetres, 
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indicate the presence of NE-SW orientated bottom currents, perpendicular to the shelf break. The 

asymmetry of several of these ripples indicate transport away from the shelf, into the canyons in SW 

direction. This sediment transport into the canyon heads has been described earlier by Cunningham 

et al. (2005) for the canyons on the Celtic Margin of the Bay of Biscay, between the Goban Spur and 

the Brenot Spur. Since these ripples are straight to undulatory, they are according to Stow et al. 

(2009) formed by bottom currents with a speed of around 15-40 cm/s (Fig. 7.10). This increased 

speed of the bottom currents is also visualized by the presence of bottom nepheloid layers (Figs. 6.23 

& 6.24). The interaction between barotropic tides and the canyon topography in the presence of a 

water-column stratification, in this case between ENAW and MOW, might be responsible for the 

creation of internal tides and waves as reported by Tyler et al. (2009). In the benthic boundary layer, 

both the action of these internal waves and other tidal period baroclinic waves may enhance the 

bottom currents as stated by White (2007). These elevated bottom currents are furthermore 

beneficial for coral growth, as they deliver extra nutrients. These ripples have also been found in the 

Penmarc'h and Guilvinec Canyons in the Bay of Biscay by De Mol et al. (2011) and Van Rooij et al. 

(2010b), although their orientation is E-W, which is perpendicular to the shelf break in this area. De 

Mol et al. (2011) and Van Rooij et al. (2010b) also inferred the presence of steady, but enhanced 

bottom currents of about 10-40 cm/s, with enhancement possibly due to strong internal tides. 

 

 

Fig. 7.10: Bedform-velocity 

matrix for deep-water 

bottom current systems. 

This diagram shows the 

mean grain size of the 

sediment versus the flow 

velocity at or near the 

seafloor and the different 

bedforms under specific 

velocity/grain-size 

conditions are represented 

schematic. (Stow et al., 

2009) 
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De Mol et al. (2011) and Van Rooij et al. (2010b) found that the (north-)western flanks of the 

Penmarc'h and Guilvinec Canyons were preferentially eroded, while the (south-)eastern flanks were 

draped by soft sediment depositions. They attributed this differential erosion and deposition to the 

present strong E-W bottom currents and the cyclonic circulation of the MOW. The (north-)western 

flanks of the canyons could act in this setting as an obstacle to the flow. As a result the easterly 

bottom currents might be intensified through isopycnal doming, which might lead to erosion of these 

(north-)western slopes. The (south-)eastern flanks are not affected by this erosion and are therefore 

characterized by preferential deposition of sediments, making it nearly devoid of banks and 

escarpments. In this way contouritic and turbiditic currents may influence canyon morphology and 

moreover the spatial distribution of sessile deep-water ecosystems. The sessile organisms are found 

on the outcropping harder strata of the (north-)western flanks and not on the sediments of the 

(south-)eastern flanks (De Mol et al., 2011; Van Rooij et al., 2010b). 

 

The results of this study are not in agreement to these observations and corresponding 

interpretations made during these two previous studies. The northern and north-western flanks in 

the Whittard Canyon are mainly dominated by depositional processes (Fig. 7.6) or a combination of 

depositional and erosional processes (Figs. 7.5 & 7.8). The south-eastern flanks are always dominated 

by erosion (Figs. 7.6 & 7.8). This observation is not only confirmed by the morphology and 

stratigraphy of the canyons, but also by the preferential occurrence of sessile cold-water corals and 

deep-water oysters on the south-eastern flanks (Figs. 6.32, 6.36, 7.6, 7.7, 7.8 & 7.9). Based on these 

observations, it might be concluded that downslope processes are the dominant process at present 

and in the past, with possibly formation of gullies associated to erosion at both flanks. As Faugères et 

al. (1999) already pointed out, downslope turbidity currents will, due to the Coriolis force, deposit 

sediments in the Northern Hemisphere on the right side. Which are in this case the north-western 

flanks of the canyon. The influence of MOW might be restricted as a flow following the canyon 

morphology with preferential downslope erosion of the south-eastern flanks as it flows towards the 

N down the interfluves. As this MOW is flowing further N across the thalweg and up the north-

western flanks, this flow becomes more sluggish and deposition of the earlier eroded sediments 

might occur. Considering the strong NE-SW orientated bottom currents and the sluggish N oriented 

MOW flow, the ripples in the thalweg are mainly formed by the bottom currents, hence their NW-SE 

orientation. In case the (internal) tidal waves, up the canyon related to the flood tide, would be large 

enough, they might also result in deposition onto the north-western canyon flanks. Since these tidal 

currents were not studied during this Msc thesis, it is impossible to conclude whether or not they 

were important. As a result the south-eastern flanks are solely marked by erosion, while the north-

western flanks are both characterized by erosion and deposition, depending on the specific area in 

the canyon system. 
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Chapter VIII: Conclusion 

 

The objective of this study was to find out in what environmental conditions the sediments were 

deposited and to link them to the regional stratigraphy. The seismic data, obtained from the two 

middle branches of the Whittard Canyon, displaying a great variety of depositional features, is used 

for this objective. 

 

The seismic profiles in the study area display four different units, with the upper unit even displaying 

two subunits. The lower unit, U1, drapes the underlying palaeo-seafloor by vertically stacked (hemi-) 

pelagic layers and has been correlated to the Lower Miocene Jones Formation. Unit U2 displays 

features resembling sediment waves, which are associated to NE-SW oriented turbidity currents. The 

small palaeovalleys in U2 are formed by downslope processes and filled by hemi-pelagic 

sedimentation or overspilling turbidity currents. Both features indicate extremely dynamic 

environmental conditions at the time of the formation of U2. Therefore U2 corresponds to the Upper 

Miocene Cockburn Formation, formed during the Messinian Salinity Crisis. Unit U3 was deposited 

after the Messinian Salinity Crisis, during a sealevel highstand and consequently during calm 

environmental circumstances. As a result, U3 is dominated by hemi-pelagic sedimentation, although 

a contour current might have been present as well. In this case the northward flowing MOW would 

have been present as an immature contour current in the Bay of Biscay. This contour current could 

be able to erode the basal unconformity during the Lower Pliocene and deposit a plastered drift, 

characterized by downlapping aggradational reflectors and a stratified prograding facies, as observed 

in U3. U3 correlates to the Lower Little Sole Formation, with a Pliocene age and which has only been 

found on the shelf. The upper unit, U4, has a Pleistocene age and correlates therefore to the Upper 

Little Sole Formation. U4 has a draping appearance on the shelf and is consequently deposited by 

(hemi-)pelagic sedimentation or a contour current forming a plastered drift. On the slope, this unit 

becomes slightly more complex. The lower Subunit U4a displays a cut-and-fill pattern inside a large 

palaeovalley, typically formed by turbidity currents. The large-scale incision has been formed during 

a sealevel lowstand, possibly at the end of the Pliocene. The subsequent infill and re-incision is 

formed during a continued sealevel lowstand intervened by minor sealevel rises. The chaotic 

relocation of the small-scale incisions indicates the existence of a braided river in a fluvial regime at 

that time. At the end of U4a, during a sealevel highstand, a hemi-pelagic muddrape is formed, 

covering the whole subunit. The rest of the deposits above U4a have the same reflector 

configuration, namely continuous wavy reflectors, deposited in a shallow marine environment. These 

wavy reflectors could have different origins. They could be the result of (hemi-)pelagic sedimentation 

on top of a wavy palaeorelief, or (hemi-)pelagic sedimentation under the influence of bottom 

currents like for instance internal tides or a contour current in the form of the northward flowing 

MOW. These wavy reflectors are regularly interrupted by minor periods of non-deposition and 

erosion during sealevel lowering. A clearly visible example of such a period of non-deposition and 

erosion is the boundary between Subunits U4a and U4b, caused by a major sealevel fall. 
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Using the CTD deployments, it was the purpose to investigate the water masses with their depth 

range present in the Whittard Canyon. It was also the intention to examine the turbidity distribution 

from the sea-surface to the seafloor. 

 

The uppermost 100 m represents a thermocline, characterized by an increased temperature and 

salinity due to insolation and evaporation. This thermocline is also associated with an increase in 

turbidity due to enhanced primary surface production. The top most 50 m of this thermocline 

represent the uniform mixed layer. Below the thermocline, from 100 m to around 600-700 m water 

depth, the ENAW is present. This water mass is characterized by lower temperatures and turbidities 

and a decreasing temperature with increasing depth. The boundary between the ENAW and the 

underlying MOW around 600-700 m water depth is indicated by lower salinity cores and an increased 

turbidity. This increased turbidity corresponds to the intermediate nepheloid layers between 550 m 

and 800 m water depth, caused by the ‘diapycnal’ mixing of the two water masses ENAW and MOW. 

The deepest water mass present in the studied area is MOW, located between 600-700 m water 

depth and the seafloor. This water mass is characterized by a salinity maximum around 950 m water 

depth. A third turbidity peak is observed inside the MOW water mass, just above the seafloor and 

corresponds therefore to the bottom nepheloid layers. 

 

Finally the goal of this study was to combine all the observations made during the ROV dives, on the 

CTD profiles, the seismic profiles, the multibeam bathymetry and the side-scan sonar images, and to 

produce a habitat map. The meaning of this habitat map is to indicate, on a large-scale, which 

features may be expected in the Whittard Canyon system. 

 

Two habitat maps were made, one in the western and one in the eastern middle branch of the 

Whittard Canyon covered by this study. Soft sediments are found from a water depth of around 800 

m towards the top of the interfluves in shallower water depths. This depth range is consistent, on the 

continental slope, with the occurrence of the sands of the Upper Little Sole Formation (U4). 

Scattered over this soft sediment seafloor, harder substrates such as boulders might occur and be 

colonised by corals. The soft sediments inside and in between the large dendritic gullies, displaying a 

‘herringbone’ pattern at both canyon flanks, are also found from around 800 m water depth on, but 

they do not occur at the tops of the interfluves. In the western branch the highest occurrence of 

these gullies is around 600 m water depth, while this is around 250 m in the eastern branch. In the 

eastern branch these gullies are incised in the sands of the Upper Little Sole Formation (U4), while 

they are incised in the lithified calcarenites of the Cockburn Formation (U2) in the western branch. 

This difference is attributable to whether or not the Cockburn Formation has been covered by the 

Upper Little Sole Formation. Inside these dendritic gullies, other features such as semi-consolidated 

slopes, furrows, banks and cliffs might be observed as well. The oysters and corals are limited to the 

south-eastern flanks of the canyon branches beneath a water depth of 700 m, where erosion 

predominates deposition. The oysters occur around the boundary between ENAW and MOW, in the 

range of the intermediate nepheloid layers. This depth corresponds to the occurrence of the lithified 
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calcarenites of the Cockburn Formation (U2). The corals occur at greater water depths, fully in the 

MOW water mass, near the seafloor in the range of the bottom nepheloid layers. Their depth range 

is therefore also consistent with the occurrence of the lithified calcilutites of the Jones Formation 

(U1) and/or the lithified calcarenites of the Cockburn Formation (U2). The distinction between the 

two latter is hard to make, as the boundary between them is difficult to identify on the seismic 

profiles. Inside and around the main thalweg of the canyon branch, the seafloor is covered by ripples. 

These ripples indicate the presence of NE-SW orientated bottom currents flowing with a speed of 

around 15-40 cm/s. This orientation is perpendicular to the shelf break and signifies the transport 

into the canyons. The rippled seafloor might also be found higher up the interfluves, where the 

environment mimics the one of the thalweg, with a nearly horizontal surface. When the environment 

is transitional between that of the soft sediment seabed and that of a seafloor covered by ripples, a 

transitional facies is found. 

 

8.1 Recommended future research 

 

Cores have been taken in the northern part of the Bay of Biscay, but not within the Whittard Canyon. 

As a result no groundthruthing is known in the study area. Therefore the stratigraphy presented in 

this study is purely based on the correlation of the seismic profiles. Moreover, the age and 

composition of the different formations have just been taken over from earlier studies in the 

Western Approaches region. Deep-cores through the interfluves might therefore be used to check 

whether or not this correlation, including the age and composition, is correct. The cores should be 

taken from the interfluves and not from the canyons, as the units are still more complete in the 

interfluves, while they have been eroded in the canyons. These cores should be at least 500 m deep 

(IODP cores), as the boundary between the Jones and Cockburn Formation inferred from the seismic 

profiles was not located shallower than 500 m depth. The deep-cores would furthermore be helpful 

in finding the precise location of the formation boundaries, as this is not always possible on the 

seismic profiles. 

 

Expansion of the seismic grid with more intersecting lines, extension towards deeper parts, following 

the Whittard Canyon, and including the two outer branches, could help in understanding the 

dynamics of the region better. In Fig. 5.1, these expansion possibilities can be seen as the Whittard 

Canyon system is indicated in dark grey and the seismic lines available nowadays are drawn in lighter 

grey. This expansion might visualize features that allow to give an insight in the depositional forces 

and discriminate between turbidites with levees and contourites with drifts.  

 

Furthermore, a few extra ROV dives could be made. One dive could be made over the top of an 

interfluve to check whether or not the seafloor is covered by soft sediments as expected. One extra 

dive could be made over the north-western flank of the eastern branch covered during this study, 

opposite to dive B10-06. Dives in the two outer branches covering both canyon flanks could be made 

as well to compare all four branches and analyse the variability inside one canyon system. Making 



Chapter VIII: Conclusion 

148 

one last extra dive over the deeper part of the Whittard Canyon, where all four branches have 

combined would also help in understanding the Canyon system as a whole. 

 

Finally, several more turbidity measurements could be made as well as measurements of the 

direction and speed of the (internal) tidal currents. These turbidity measurements could, like in the 

past, be made at the beginning and end of each extra ROV dive. These turbidities on their turn could 

give a better understanding of the dynamics inside the entire Canyon system. The current 

measurements would not only give an idea about the direction and velocity of the bottom currents, 

but could moreover give a better idea about the depositional forces. 
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Chapter IX: Dutch summary/Nederlandse samenvatting 

 

9.1 Doelstelling 

 

De Golf van Biskaje is een deel van de Noord-Atlantische Oceaan en is een gebied waar veel 

onderzoek wordt uitgevoerd. Tijdens deze studie werd de Whittard Canyon onderzocht. Het doel was 

de verschillende processen verantwoordelijk voor de vorming van deze canyon alsook de processen 

verantwoordelijk voor de verdeling van koudwater koralen en diepzee oesters langs de flanken van 

deze canyon te achterhalen. Eenmaal deze processen gekend zijn, kan met deze kennis een habitat 

kaart worden aangemaakt. 

 

9.2 Situering en morfologie 

 

Het onderzochte gebied, de Whittard Canyon, bevindt zich langs the Ierse continentale rand in de 

noordelijke Golf van Biskaje, meer bepaald de Keltische rand. De dendritisch Whittard Canyon 

bestaat uit vier takken en is de meest noordelijke canyon van de Golf van Biskaje, begrensd door de 

Austell Spur in het noordwesten en de Brenot Spur in het zuidoosten. De Whittard Canyon gaat naar 

de diepere delen over in het Whittard Kanaal, om samen met het Shamrock Kanaal (of hogerop de 

Shamrock Canyon) de Keltische diepzee puinwaaier te voeden. Daardoor vormt de Whittard Canyon, 

net als alle andere canyons, ingesneden in de continentale rand, de verbinding tussen de 

brongebieden van het continentaal plat en de puinwaaier op de continentale vlakte. Tijdens 

zeespiegel laagstanden, vormen zij de rechtstreekse verbinding tussen de rivieren op het land en de 

diepzee puinwaaiers. Tijdens zeespiegel hoogstanden is deze verbinding echter verbroken en wordt 

naar de canyons verwezen als ‘slapende’ canyons. 

 

9.3 Evolutie 

 

De post-Variscische tektonische evolutie van de Golf van Biskaje kan worden opgedeeld in drie fasen, 

de pre-rift, de rift en de post-rift fase. 

 

De pre-rift fase begon gedurende het Laat Perm-Trias met het opbreken van het supercontinent 

Pangea en eindigde tijdens het Midden Jura toen de rifting van de Golf van Biskaje begon. Deze fase 

is gekarakteriseerd door beginnende bekkenvorming als een deel van het Arctische–Noord-

Atlantische rift systeem en als gevolg van de post-orogene extensie en de daaropvolgende thermale 

relaxatie. 

 

De rift fase, begonnen tijdens het Midden Jura, ging door tot het Vroeg Krijt. De Golf van Biskaje 

begon op dit ogenblik open te breken als een zijtak van de Atlantische rift. Als gevolg van de 

lithosferische spanningen gelinkt aan deze rifting, domineerde regionale opheffing en opwelving 

alsook de vorming van oceanische korst door lokale rifting. 
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De post-rift fase, of de huidige fase, begon in het Vroeg Krijt en kan worden opgedeeld in twee 

periodes, met het Mioceen als kantelpunt. De eerste periode ondergaat tot het Laat Paleoceen een 

trage subsidentie gerelateerd aan de mid-Atlantische extensie en erna in het zuidelijk deel van de 

Golf van Biskaje de Alpijnse vervormingen, gelinkt aan de collisie van de Europese en Afrikaanse 

platen. Tijdens het Eoceen zorgde de compressionele spanning voor de sluiting van de oceaan met de 

verkorting van de Noord-Spaanse continentale rand. Deze compressie resulteerde uiteindelijk tot 

inversie en opheffing vanaf het Mioceen. De afzettingsgeschiedenis in het gebied na het Mioceen kan 

ook weer verder worden opgedeeld in drie fasen, het Mioceen, Plioceen en Kwartair. De afzettingen 

werden en worden nog steeds gecontroleerd door hellingsprocessen zoals turbiditeitsstromen, 

contourietstromen en hellingsinstabiliteiten, maar ook (hemi-)pelagische sedimentatie. 

 

9.4 Materialen en methodes 

 

De gebruikte data in deze studiezijn afkomstig van multibeam bathymetrische metingen,side-scan 

sonar beelden, hoge-resolutie seismiek, CTD metingen en ROV video beelden. De multibeam data 

met lage-resolutie die het gehele gebied rond de Whittard Canyon bedekken, werden ter beschikking 

gesteld door de Geological Survey of Ireland (GSI) van de Irish National Seabed Survey (INSS) 

database. Zowel de hoge-resolutie multibeam data als de side-scan sonar beelden volgen de vier 

takken van de canyon en werden vergaard in 2009, door het National Oceanography Centre (NOC) – 

Southampton. De hoge-resolutie seismiek werd in 2006 en 2010 door het Renard Centre of Marine 

Geology (RCMG) – Universiteit Gent verkregen met een hoge-resolutie sparker bron. Zowel de CTD 

metingen als de ROV beelden werden tijdens de cruise in 2010 opgenomen. De multibeam data en 

side-scan sonar beelden werden gevisualiseerd met ‘Global Mapper’ alsook de positie van de andere 

data bronnen. De seismische profielen werden bewerkt met ‘RadExPro’ en nadien verwerkt met 

‘Kingdom’. Vanuit ‘Kingdom konden ook isochronen en isopachen kaarten worden aangemaakt, op 

basis van de aangeduide eenheidsgrenzen, die later verder werden bewerkt in ‘Surfer’ en 

‘CorelDRAW’. De verwerking van de CTD data gebeurde met ‘Ocean Data Viewer (ODV)’ en de 

verwerking van de ROV video’s met ‘Ocean Floor Observation Protocol (OFOP)’. Bovendien werden 

alle figuren en kaarten bewerkt met ‘CorelDRAW’. 

 

9.5 Stratigrafie 

 

In het onderzochte gebied werden vier eenheden herkend, van onder naar boven U1, U2, U3 en U4. 

De bovenste eenheid, U4, werd nog eens verder onderverdeeld in twee subeenheden, van onder 

naar boven U4a en U4b. 

 

De onderste eenheid, U1, bestaat uit (hemi-)pelagische afzettingen die het onderliggende paleorelief 

bedekken. Deze eenheid komt overeen met de Jones Formatie uit het Onder-Mioceen (Evans, 1990; 

Evans and Hughes, 1984). 
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Eenheid U2 bevat structuren die gelijken op sediment golven alsook insnijdingen die gevormd 

werden door hoog-energetische hellingafwaartse processen zoals turbiditeitsstromen. Deze 

insnijdingen werden nadien gevuld en bedekt door hemipelagische sedimenten en 

turbiditeitsstromen die over de hoger gelegen delen in de canyons vloeien. Deze eenheid kan 

gecorreleerd worden met de Cockburn Formatie uit het Boven-Mioceen (Evans, 1990; Evans and 

Hughes, 1984). Er kan worden geconcludeerd dat deze eenheid werd afgezet tijdens de zeespiegel 

laagstand tijdens de Messiniaanse saliniteitscrisis. 

 

Eenheid U3 is weer gedomineerd door hemipelagische afzettingen, gevormd tijdens kalmere 

omstandigheden tijdens een zeespiegel stijging na de Messiniaanse saliniteitscrisis. Tijdens deze 

periode zou het noordwaarts stromende Mediterranean Outflow Water (MOW) reeds aanwezig zijn 

als contourstroom. Volgens Stoker et al. (2005), zou deze MOW voldoende sterk zijn geweest om de 

basale non-conformiteit van het Onder Plioceen te eroderen. Indien deze contourstoom ook in staat 

zou zijn geweest de sedimentatie te beïnvloeden, zou deze een drift kunnen vormen. Gezien de 

Pliocene ouderdom en de seismische karakteristieken werd deze eenheid gecorreleerd met de Lower 

Little Sole Formatie (Evans, 1990; Pantin and Evans, 1984). 

 

De bovenste eenheid, U4, met zijn twee subeenheden, heeft een ander voorkomen op het 

continentaal plat in vergelijking met de continentale helling. Op het continentaal plat wordt deze 

eenheid gekenmerkt door draperende (hemi-)pelagische afzettingen of een contour drift. Op de 

continentale helling vertoont deze eenheid een complexer patroon, met meer variatie. Subeenheid 

U4a vertoont verschillende fasen van insnijding binnenin één grote paleovallei. Deze grote 

paleovallei werd hoogstwaarschijnlijk gevormd tijdens een zeespiegel laagstand aan het einde van 

het Plioceen. De daaropvolgende opvulling en herinsnijding werden bewerkstelligd door een lage 

zeespiegel met tussendoor kleine verhogingen in zeespiegelstand. De chaotisch verdeelde locaties 

van herinsnijding doen vermoeden dat deze afzettingen ontstonden in een fluviatiel regime onder 

invloed van een vlechtende rivier. Het einde van subeenheid U4a en de volledig daaropvolgende 

subeenheid U4b worden daarentegen gekarakteriseerd door draperende (hemi-)pelagische 

afzettingen. Deze golvende lagen werden afgezet in een ondiep marien milieu tijdens een zeespiegel 

hoogstand. Regelmatig worden deze afzettingen onderbroken door non-conformiteiten die 

overeenkomen met periodes zonder afzetting of zelfs erosie tijdens een zeespiegel daling, zoals de 

overgang tussen subeenheid U4a naar U4b. Gezien deze eenheid werd afgezet tijdens het 

Pleistoceen en de kenmerken overeenkomen met deze van de Upper Little Sole Formatie, werd deze 

eenheid met deze formatie gecorreleerd (Evans, 1990; Evans and Hughes, 1984). 

 

9.6 Hydrografie 

 

De anticyclonale oceaancirculatie in de Golf van Biskaje is over het algemeen langzaam en wordt 

gekenmerkt door verschillende watermassa’s die zich in de loop van de tijd hebben geïnstalleerd. 

Deze watermassa’s kennen hun oorsprong in de Noord-Atlantische Oceaan, de Groenland-Noorse 
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Zee en de Middellandse Zee. De waterkolom kan daardoor worden onderverdeeld van boven naar 

onder in oppervlakte waters, Eastern North Atlantic Water (ENAW), Mediterranean Outflow Water 

(MOW) en North Atlantic Deep Water (NADW). In het studiegebied komen enkel de drie bovenste 

watermassa’s voor, de oppervlakte waters, de ENAW en de MOW. 

 

De oppervlakte waters vertonen seizoenaal een thermocline (0 m tot 100 m diep). Deze thermocline 

heeft een verhoogde temperatuur van 4°C tot 6°C en kan ook een verhoogde saliniteit hebben als 

gevolg van insolatie en evaporatie. De bovenste 50 m van deze thermocline is gekenmerkt door een 

uniforme temperatuur en saliniteit en is daarom aangeduid als de uniform gemengde watermassa. 

Het ENAW (100 m tot 400-600 m diep) heeft een temperatuur van meer dan 10.9°C en saliniteit van 

ongeveer 35.4-35.6, die beide dalen met toenemende waterdieptes. De ondergrens van deze 

watermassa is dan ook gekenmerkt door een saliniteitsminimum.  

Het MOW (400-600 m tot 1500 m diep) is gekarakteriseerd door een verhoogde saliniteit van 

maximaal 35.8 en mogelijks ook een verhoogde temperatuur. 

 

Drie pieken van verhoogde turbiditeit kunnen worden waargenomen in de Whittard Canyon.  

De eerste piek werd gevonden in de thermocline waters en is waarschijnlijk geassocieerd aan een 

verhoogde primaire productie, gezien de CTD metingen werden uitgevoerd tijdens de maand Juni. In 

de zomer kan het transport van de oppervlakte waters weg van de kust onder invloed van de Coriolis 

kracht resulteren in opwelling van de diepere nutriëntrijke waters, wat essentieel is voor de 

phytoplankton bloei.  

De tweede piek werd gevonden in het grensgebied tussen ENAW en MOW, waar intense mening van 

beide watermassa’s voorkomt (= ‘diapycnal mixing’). Dit mengen kan leiden tot het vormen van 

interne getijdegolven, die kunnen aanleiding geven tot intermediaire nepheloide lagen als ze in 

aanraking komen met de continentale helling. 

De derde piek werd geobserveerd in het MOW, nabij de bodem. Deze bodem nepheloide lagen 

worden gevormd door verhoogde bodemstromingen die leiden tot instabiliteiten en bijgevolg 

mening en erosie van de zeebodem.  

 

9.7 Whittard Canyon omgeving  

 

Koudwater koralen en diepzee oesters komen niet zomaar overal voor, beide hebben bijvoorbeeld 

nood aan een harde ondergrond om zich te kunnen vasthechten. Aangezien beide organismen filter-

eters zijn, hebben ze stromingen nodig met verhoogde turbiditeit. Daar deze turbiditeiten niet enkel 

veroorzaakt worden door sedimenten, maar ook door voedsel. Verder komen de koudwater koralen 

Lophelia pertusa en Madrepora oculata voor in waters met variabele karakteristieken en een 

densiteitenveloppe van 27.74-27.84 kg/m3. De Neopycnodonte zibrowii oesters kunnen in 

tegenstelling tot de koralen ook voorkomen op overhangende banken in waterdieptes van 540 m tot 

846 m, in het grensgebied van de ENAW-MOW, met een densiteitenveloppe van 27.4-27.7 kg/m3. 
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De habitat kaart zelf is gebaseerd op alle bronnen van informatie, inclusief de ROV duiken, CTD 

profielen, seismische profielen, multibeam bathymetrie en side-scan sonar beelden.  Aangezien 

enkel in de twee centrale canyontakken alle informatie bronnen aanwezig zijn, konden enkel hier 

habitat kaarten worden aangemaakt. 

 

Uit deze twee habitat kaarten blijkt dat sedimenten kunnen worden verwacht vanaf een diepte van 

800 m tot de toppen van de hoger gelegen gebieden. Vanaf deze diepte komen ook de zandige 

sedimenten van de Upper Little Sole Formatie (U4) voor. Verspreid over de zeebodem komen rotsen 

en keien en nog andere harde substraten voor. Gezien het voorkomen van een hard substraat één 

van de essentiële voorwaarden is voor het voorkomen van bijvoorbeeld koralen, kunnen deze harde 

substraten gekoloniseerd zijn door koralen.  

Langs beide flanken van zo een canyon komen afwateringssystemen voor in de vorm van een 

‘visgraat’ patroon. Deze afwateringssystemen kunnen bestaan uit sedimenten, maar kunnen ook 

andere karakteristieken vertonen zoals steile hellingen, kliffen, banken en groeven. Bijgevolg is het 

beter deze afwateringssytemen afzonderlijk te classificeren. Gezien deze afwateringssytemen een 

grote diepterange hebben, net als de verschillende formaties, komen de afwateringssytemen voor 

als insnijdingen in de zanden van de Upper Little Sole Formatie (U4) en de versteende calcarenieten 

van de Cockburn Formatie (U2). Daar deze insnijdingen enkel plaatsvinden ter hoogte van de 

continentale helling, zijn zij niet ingesneden in de zanden van de Lower Little Sole Formatie (U3) 

gezien deze beperkt is tot het continentaal plat. 

Zowel de diepzee oesters als de koudwater koralen zijn beperkt tot de zuidoostelijke flanken van de 

Whittard canyon en meerbepaald in waterdieptes groter dan 700 m. Belangrijk voor beide 

ecosystemen is de dominantie van erosie over sedimentatie, gezien hun nood aan harde substraten. 

De oesters komen ondieper voor dan de koralen, rond het grensgebied tussen ENAW en MOW, in de 

intermediaire nepheloide lagen. Nabij de zeebodem zijn de koralen aanwezig, volledig in het MOW 

stroomgebied, in de bodem nepheloide lagen. Bijgevolg komt de aanwezigheid van de oesters 

overeen met de versteende calcarenieten van de Cockburn Formatie (U2) en de aanwezigheid van de 

koralen met de versteende calcilutieten van de Jones Formatie (U1) en/of de calcarenieten van de 

Cockburn Formatie (U2). Dit laatste onderscheid is moeilijk te maken, gezien de grens tussen beide 

formaties op de seismische profielen niet altijd te bepalen is. 

De zeebodem in en rond de thalweg is dan weer bedekt met ribbels. De ribbels duiden aan dat 

bodemstromingen met noordoostelijke-zuidwestelijke oriëntatie voorkomen met een snelheid van 

15-40 cm/s. Deze oriëntatie, loodrecht op de hellingsrichting, geeft aan dat het transport plaatsvindt 

richting de canyons. Plaatselijk kunnen deze ribbels ook hogerop de canyonflanken voorkomen, 

indien de juiste omstandigheden aanwezig zijn. 

Het is dan ook niet verwonderlijk dat er een extra overgangsfacies kan worden geclassificeerd, waar 

de omstandigheden intermediair zijn tussen deze waar gewoon sedimenten dominant zijn en deze 

waar ribbels aanwezig zijn. 
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9.8 Verder onderzoek  

 

Sedimentkernen van minstens 500 m (IODP) kunnen worden genomen in de hoger gelegen delen 

tussen de canyons, gezien de stratigrafie daar nog vollediger is. Deze kunnen worden gebruikt om de 

onderverdeling en correlatie van de stratigrafische kolom, gebaseerd op de seismische profielen, te 

controleren. 

 

Uitbreiding van het seismische netwerk met meer snijdende profielen, en naar de diepere delen en 

de twee buitenste takken van de Whittard Canyon zou een beter inzicht kunnen geven in de 

dynamiek van de regio. 

 

Extra ROV duiken zouden kunnen worden gemaakt zodat elke flank van alle vier de canyontakken is 

gevisualiseerd. Dit zou het mogelijk maken de variabiliteit binnenin één canyonsysteem te 

analyseren. 

 

Extra turbiditeitsmetingen, eventueel gekoppeld aan de extra ROV duiken, zouden ook weer een 

beter inzicht kunnen geven in de dynamiek van de canyon als een geheel. Evenals metingen van de 

richting en snelheid van (interne) getijde stromingen. 
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During this MSc thesis, a study will be performed regarding the physical or sedimentary processes 
driving the shape of cold-water coral and deep-water oyster habitats on the flanks of the upper 
reaches of the Whittard canyon. Man-made disturbances of this system will also be mapped in this 
study. The Whittard canyon is located in the Bay of Biscay on the Irish continental margin, 314.8 km - 
South of Ireland, in water depths between 200 and 2000 m (Van Rooij et al., 2010). It is the 
northernmost of approximately 35 canyons incised in the Bay of Biscay, it is a dendritic canyon which 
comprises 4 main branches of more than 100 km long (Huvenne et al., 2009). 
 
Canyons are transition zones between highly productive shallow shelves and deep sea environments. 
This area is subjected to several sedimentary processes like for instance gravity flows, but also 
internal hydrodynamic processes. Three types of sedimentation exist in these specific environments, 
first (hemi)-pelagic “rain”, second contourite reworking along slope and third turbidite reworking 
down slope. Therefore material, including organic matter, is transported from these shelves to the 
deep sea and even resuspended. The upper reaches of a canyon are always V-shaped with steep 
flanks, because of the many processes incising the shelf, while the lower reaches are broad and U-
shaped. Ecosystems preferentially occur underneath overhanging, exposed rocks, where they are 
natural protected from down slope sediment transport and against deep-sea trawling (Huvenne et 
al., 2011). Man-made disturbances in this area consist of trawl marks on the upper part of canyon 
flanks and even lost fishing gear (long-lines), due to intensive trawling activity (Huvenne et al., 2011). 
 
This multidisciplinary study includes seismic profiling and bathymetry, CTD (conductivity-
temperature-depth) profiling and ROV (Remotely Operated Vehicle) observations. 
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