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Abstract 

The evolution of the Le Danois contourite depositional systems (CDS) during the Pliocene and Quaternary  

was investigated based on high-resolution seismic reflection data. From old to young, six seismic units (U1 

to U6) bounded by major discontinuities (H1 to H6) were identified. Regarding variations of the bottom-

current circul ation, four evolution stages of the Le Danois CDS were identified, including onset (~5.3 to 

3.5-3.0 Ma), initial (3.5-3.0 to 2.5-2.1 Ma), intermediate (2.5-2.1 to 0.9-0.7 Ma) and drift-growth (0.9-0.7 

Ma to present day) stages. The CDS associated with the Atlantic Mediterranean Water (AMW) along the 

middle continental slope initiated at ~3.5-3 Ma and was widely built after the Mid-Pl eistocene Transition 

(MPT; 0.9-07 Ma). At a shallower water depth, a second CDS associated with the Eastern North Atl antic 

Central Water (ENACW) started to develop from the late Quaternary (~0.47 Ma) onwards. In the AMW-

related drift system, the Le Danois Drift was generated both under glacial and interglacial climatic 

oscilations. Repeated internal s tructures in unit 5 that consist of acoustically transparent lower parts, 

moderate amplitude upper parts and high amplitude erosional surfaces at the top, are compared with 

interglacial/glacial cycles since the middle Pleistocene to the present day. These cyclic features suggest 

coarsening-upward sequences of the Le Danois Drift and processes rel ated to enhanced AMW during 

glacial stages. The estimated sedimentation rate of the Le Danois CDS reached a maximum during the MPT 

(at least ~27 cm/ky) and then decreased until present-day (~5 cm/ky). Variations of sedimentary  

stacking patterns and processes of the Le Danois CDS imply full domination of the intermediate water 

mass along the central Atlantic and southwest European continental slopes from the late Pliocene (~3.5-

3.0 Ma) onwards. 

Keywords: seismic stratigraphy; contourite depositional system; bottom currents; continental margin 

evolution; southern Bay of Biscay 
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1 Introduction 

Contourite drifts are extensive sediment bodies built up through the action of alongslope bottom 

currents (Rebesco et al., 2008). When contour-following alongslope processes dominate over gravitational  

downslope processes along continental margins, Contourite Depositional Systems (CDS) may develop as  

various depositional (drifts) and erosive features (Hernández-Molina et al., 2008). In the NE Atlantic, 

circulation of the Mediterranean Outflow Water (MOW) leads to the generation of persistent bottom 

currents along the southwest European continental margin  (van Aken, 2000b; Rogerson et al., 2012). In 

order to be able to distinguish pure thermohaline outflow (MOW) in the most proximal site to the source 

(the Strait of Gibraltar at the Gulf of Cádiz), the modified waters in the NE Atlantic are referred to as the 

Atlantic Mediterranean Water (AMW) (Rogerson et al., 2012; Flecker et al., 2015; Liu et al., 2019).  

Domination of Mediterranean water along the North Atlantic margins has resulted in the development of 

various contourite drifts and CDS (Collart et al., 2018; Hernández-Molina et al., 2011; Llave et al., 2006; 

Mena et al., 2018; Van Rooij et al., 2010, 2007; Liu et al., 2019). These contourites display l arge variations  

in size, shape and vertical position along MOW/AMW pathways, thus provide valuable sedimentary  

records of the margin evolution and paleoceanography (Van Rooij et al., 2007; Ercilla et al., 2011; García et 

al., 2016; Hernández-Molina et al., 2016). 

In the Gulf of Cádiz, the generation of the Cádiz CDS coincided with the first MOW enhanced stage during 

the early Pliocene (Llave et al., 2011; Roque et al., 2012; van der Schee et al., 2016). From the early 

Quaternary (~2 Ma) onwards, the Cádiz CDS experienced a major growth stage (Hernández-Molina et al., 

2016). At the distal AMW site, sediment records from Goban Spur and Porcupine Seabight document 

extreme erosive events  resulted from the AMW since the late Pliocene (Van Rooij et al., 2007; Huvenne et 

al., 2009; Thierens et al., 2013; Delivet et al., 2016). The ages of erosional events are difficult to 

reconstruct from sediment thicknesses and stacking pattern data due to erosional activities (Raddatz et 

al., 2011). Fast accumulation rates of the Porcupine CDS have only been recorded after the middle 

Pleistocene (0.725–0.65 Ma), which is more than ~1 My late compared to the Cádiz CDS (Huvenne et al., 

2009; Hebbeln et al., 2016). There are still temporal gaps of MOW/AMW variability from proximal to 

distal sites. As such, a linkage between the Gulf of Cádiz and Porcupine Seabight is needed to document 

regional paleocirculation and associated sedimentary influences along the continental margins.  
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The Cantabrian continental margin (Fig. 1), positioned between the Gulf of Cádiz and Porcupine 

Seabight, lies in an understudied region with regard to AMW pal eoceanography. Extensive submarine 

canyon systems interrupted alongslope transport of sediments, suggesting that downslope processes  

dominated (Weaver et al., 2000; Toucanne et al., 2008; Mulder et al., 2012). However, contourite 

depositional systems are identifiable among these canyon systems (Ercilla et al., 2008; Iglesias, 2009; Van 

Rooij et al., 2010; Liu et al., 2019), providing a unique opportunity to exam the AM W paleoceanography at 

an intermediate site. In the Le Danois Bank region, there are three water masses; 1) Eastern North Atl antic 

Central Water (ENACW), 2) AMW and 3) Labrador Sea Water (LSW) (Liu et al., 2019). Topographically 

constrained morphologies strongly intensify bottom currents, resulting in more frequent spatial  

variations of the related contourite features (Gonzál ez-Pola et al., 2012; Liu et al., 2019). A regional  

seismic stratigraphy of the Le Danois CDS has been addressed by Van Rooij et al. (2010), albeit on a 

relatively small set of seismic profiles. The CDS ini tiated during the early Pliocene and underwent a major 

growth stage from the late Pliocene onwards (Van Rooij et al., 2010). However, detailed insight of 

Pliocene-Quaternary sedimentary processes and evolution of the Le Danois CDS, as well as past circulation 

patterns of the AMW, are not well understood. 

This work describes the seismic stratigraphy and sedimentary stacking patterns of the Le Danois CDS.  

The main objectives of this study are: (1) to document the temporal variability of contourite features; (2) 

to discuss sedimentary processes and evolution of drift systems; (3) to improve the understanding of past 

dynamics of intermediate water masses through the late Pliocene to the present day along the Cantabrian 

continental slope. The location of the Le Danois CDS is key for understanding past AMW variability 

between its proximal and distal sites. Newly acquired seismic data allows the identification of Le Danois 

contourite features in a higher lateral and temporal resolution. 

2 Regional setting 

2.1 Geological setting 

The Le Danois Bank region, located at the Cantabrian continental margin, consists of an intraslope basin,  

the Le Danois Bank, the Lastres Canyon and the Asturias continental shelf (Figs. 1a, 2c). Contourite drifts  

and associated moats are present in the intraslope basin (Van Rooij et al., 2010; Liu et al., 2019). Among 

them,  the Le Danois Drift is located between 790 and 1080 m water depth, while the Gijón Drift is located 

between 320 m and 1060 m water depth (Fig. 2c). The small Asturias Drift covers an area of 21 km2 at 
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water depths between 900 and 1080 m. Besides these elongated and mounded drifts, six plastered drifts  

are recognized along the southern flank of the Le Danois Bank and at the upper continental slope (Liu et 

al., 2019). 

The Le Danois Bank originated from the Iberian rifting and extensional events during the Late Permian 

(Ries, 1978; Costa and Rey, 1995; Catalán et al., 2007). During the Triassic and Jurassic, extension 

continued with extreme crustal thinning in the Bay of Biscay. (Tugend et al., 2014). During the Cretaceous, 

northward displacement of the African Plate changed plate kinematics and led to an uplift of the 

Cantabrian Mountains (Gallastegui et al., 2002). After a tectonically stable stage in the Pal eocene, the Le 

Danois Bank and the intraslope basin started to deform due to shortening of the Northern Iberian margin 

during the Eocene (Alvarez-Marrón et al., 1996; Cadenas and Fernández-Viejo, 2017). During the 

Oligocene, crustal shortening of the former continental slope resulted in E-W orientated faul ts within the 

intraslope basin (Boillot et al., 1979; Gallastegui et al., 2002; Vissers and Meijer, 2012). From the late 

Eocene to early Miocene, tectonic inversion of extensional Mesozoic faults occurred (Zamora et al., 2017).  

No major deformation or tectonic activities are observed since the early Miocene (Fig. 1b) (Cadenas and 

Fernandez-Viejo, 2016; Zamora et al., 2017). 

2.2 Present-day oceanography 

Present-day circulation pattern within the Le Danois Bank region is dominated by the ENACW, the AMW 

and the LSW (Fig.  1a). ENACW mainly penetrates eastwards along the Asturias continental slope between 

350 to 600 m and forms an anticyclonic circulation along the rim of the eastern summit of the  bank 

(González-Pola et al. 2012). The core of this water mass is centred at 400 m with a minimum salinity of 

about 35.5 (van Aken, 2000b; Lavín et al., 2006). Below the ENACW and the mixing layer, the warm (9° -

10.5° C) and saline (35.7-35.9) AMW flows between 750 to 1550 m, while its core is positioned at 1000 m 

(Iorga and Lozier, 1999; van Aken, 2000b; Lavín et al., 2006). The AMW mainly penetrates eastwards  

along the outer (northern) flank of the Le Danois Bank (Lavín et al., 2006; González-Pola et al., 2012; Liu et 

al., 2019). Along the southern fl ank of the bank, a branch of the AMW flows in a westward direction 

(González-Pola et al., 2012). Between 1750 and 2000 m water depth, LSW penetrates westwards below 

AMW and the mixing layer (van Aken, 2000a). The core is recognized at 1800 m with a salinity minimum 

at about 35.05 (Pingree and Le Cann, 1990; van Aken, 2000a). It mainly follows the outer flank of the Le 

Danois Bank (Lavín et al., 2006). Along the southern base of the bank, a branch of LSW flows westwards to 

the intraslope basin. Compared to background flow velocities (1-5 cm/s; Iorga and Lozier, 1999), bottom 
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currents from these three water masses are strongly enhanced (estimated acceleration up to 25 cm/s) due 

to the topographic control of the Le Danois Bank (Liu et al., 2019). 

2.3 AMW paleoceanography 

Before the establishment of the present-day oceanographic conditions, the past ENACW, AMW and LSW 

varied in physical structure, circulation regime and flowing depth (Hillaire-Marcel et al., 2001; Voelker et 

al., 2006; Rogerson et al., 2010; Bahr et al., 2015). At the latest Miocene/early Pliocene (< 5.33 Ma), the 

initiation of the present-day Atlantic-Mediterranean exchange resulted in the formation of MOW 

(Hernández-Molina et al., 2014; van der Schee et al., 2016). At ~4.5 Ma, MOW circulated into the Gulf of 

Cádiz (Hernández-Molina et al., 2014) which resulted in the stratification of ENACW and MOW/AMW (Jia 

et al., 2007; Volkov and Fu, 2010). During the late Pliocene (3.2-3.0 Ma) and early Quaternary (2.4-2.0 Ma),  

MOW had an enhanced circulation regime and extended pol ewards (Hayward et al., 2009; Raddatz et al., 

2011; Khélifi et al., 2014). At ~1.8 Ma, LSW was stratified from the North Atlantic Deep Water (NADW)  

and flowed below the MOW/AMW (Burton et al., 1997). By this time, pathways of these water masses  

started to resemble their modern pathways (Raymo et al., 2004; Rogerson et al., 2012). 

During the Mid-Pleistocene Transition (MPT, ~1.25-0.7 Ma), the periodicity of Earth’s climate cycles 

dramatically changed from 41 ky to 100 ky (Maslin and Ridgwell, 2005; Elderfield et al., 2012). As a result,  

glacial/interglacial fluctuations started to significantly influence the properties and dynamics of these 

water masses (Llave et al., 2006; Friocourt et al., 2007; Kaboth et al., 2016; Bahr et al., 2018). The 

MOW/AMW was 300-700 m deeper and bottom currents were more vigorous during glacial periods  

(Rogerson et al., 2005; Voelker et al., 2006; Kaboth et al., 2016). Durin g interglacial periods, AMW was 

weaker and located between 600 and 1000 m water depths (Schönfeld and Zahn, 2000; Rogerson et al., 

2005). Increased MOW production promoted the ENACW, in turn resulting in strong ENACW currents  

(Bahr et al., 2018).  

During the middle Pleistocene (~420-396 ka), the ENACW was continuously enhanced during glacial  

intervals due to domination of the Iberian Poleward Current (IPC) (Voelker et al., 2015).  However,  

MOW/AMW was largely unaffected by glacial-interglacial cycles between ~0.47 Ma and ~0.13 Ma (Kaboth 

et al., 2017). LSW was unstable during climate cycles due to the reduced production of the NADW  

(Hillaire-Marcel and Bilodeau, 2000). During the Last Glacial Maximum (LGM), ENACW extended 

northwards to the Bay of Biscay (Bender et al., 2012; Mena et al., 2018). Below ENACW, the core of AMW 

prevailed at a deeper depth (2000 m) due to increased density (Schönfeld and Zahn, 2000). Between 7.5 
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and 6 ka, the core of AMW retreated to 1000 m (Schönfeld and Zahn, 2000). Finally, the modern 

circulation of ENACW, MOW/AMW and LSW was established at ~15.5 ka, ~7.5 -6 ka and ~7 ka,  

respectively (Schönfeld and Zahn, 2000; Hillaire-Marcel et al., 2001; Bender et al., 2012; Mena et al., 2018). 

3 Methodology 

This study is based on single channel sparker and multi-channel airgun reflection seismic data (Fig. 2a).  

High-resolution single channel seismic data were acquired using a 500 J energy SIG sparker (120 

electrodes) during the R/V Bel gica cruise ST1118a in 2011. Penetration of the acoustic signal is around 

500 ms TWT. The dominant frequency is around 800 Hz and vertical resolution is about 1.5 m. A total of 

27 sparker seismic lines, with a NNE-SSW (12 lines) and W-E to WNW-ESE (15 lines) orientation and with 

a 3-5 km spacing were acquired (Fig. 2a). Multi-channel airgun seismic data was obtained by a 150 m SIG 

streamer during the BIO HESPERIDES campaign MARCONI II in 2003. Penetration depth of the acoustic 

signal varies around 1.5 s TWT. The dominant frequency is around 80 Hz and the vertical resolution is 

about 4.5 m. A total of 26 airgun seismic lines were acquired with NNE-SSW (17 lines) and WNW-ESE (9 

lines) orientations and a 10-15 km line spacing (Fig. 2a).  

Seismic data processing was performed using Delph Seismic Plus and the DECO Geophysical RadexPro 

software. The sparker seismic data was processed using a swell filter and an O rmsby bandpass filter (160–

250 Hz and 1400–1500 Hz). A bandpass filter (2.5 kHz high pass and 80 kHz low pass), a spherical  

divergence correction, an interactive velocity analysis and a burst noise removal were applied for 

processing of the airgun seismic data. Seismic interpretation was carried out in the IHS Kingdom Suite™ 

package. Seismic reflection travel time between each horizon and the seafloor was gridded to produce 

isopach maps. A minimum curvature is used as gridding method to avoid sharp boundaries of sediment 

bodies that might result from spacing (3-15 km) of the seismic profiles. Depths were converted from 

seconds two-way -travel time to metres by using a velocity model (Fig. 2b) derived from published 

borehole data (Cadenas and Fernandez -Viejo, 2017). The calculation of sedimentation rates is based on a 

time to depth conversion of each horizon, tied to their estimated chronostratigraphy. 

The stratigraphic divisions for major depositional units was based on the identification of regional  

unconformities (Fig. 3). Two additional criteria were used for the recognition of subunits. The first uses  

the vertical variation of acoustic facies, which was applied to separate subunits of units 3 and 4. The other 

criterion uses local erosional discontinuities, which was used to identify subunits of units 5 and 6.  
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4 Results 

4.1 Seismic stratigraphic framework 

    Based on seismic interpretation of the sparker and airgun seismic profiles, six seismic units (U1 to U6) 

bounded by major discontinuities (H1 to H6) have been identified from old to young, respectively  (Fig. 3, 

Table 1). The penetration of the sparker source (~500 ms TWT, while ~1500 ms TWT for airgun source) 

inhibits observation of the lowermost unit 1 (Figs. 4, 5). Unit 2 can only be recognized within the northern 

part of the intraslope basin (Figs. 3, 4), whereas both units could be identified in airgun seismic profiles 

(Figs. 6a, 7, 8, 9). Below unit 1, several buried structural highs are observed, characterized by medium-

high amplitude chaotic and discontinuous reflections (Fig. 7). Seismic features within subunits are hard to 

be observe in the airgun seismic data due to the reduced vertical resolution (4.5 m) with respect to 

sparker seismic profiles (vertical resolution of about 1.5 m). At some locations, where seismic reflections  

thin and show pinch-out, the subunit boundaries are uncertain and are identified in tracing continuous  

high amplitude reflections. 

4.1.1 Unit 1  

    Unit 1 is bound by H1 at base. H1 is an unconformity with strong high-amplitude reflections (Fig. 8). 

Onlap terminations are observed onto the basement (H1) while toplap terminations towards the top are 

recognized (Fig. 7). The seismic facies of unit 1 consists of low-moderate amplitude, semi-continuous  

transparent-subparallel reflections (Fig. 7). This unit is mainly observed in the mini-basins between 

buried structural highs. The thickness of unit 1 ranges from 250 ms to 350 ms TWT at the intraslope basin 

centre (Fig. 8). Towards the Le Danois Bank and the continental shelf, its thickness gradually declines to 

20-80 ms TWT. 

    The depth and the width of the mini-basins vary between 50 to 350 ms TWT and 3.5 to 12.5 km, 

respectively. Most of these mini-basins are located along the northern and southern boundaries of the Le 

Danois intraslope basin (Fig. 7). The largest mini -basin is positioned at the central part of the intraslope 

basin (Fig. 5). Additionally, various buried structural highs are located along the southern and northern 

boundaries of the intraslope basin (Figs. 4, 5, 6, 9). They have an average length of 10-20 km and a width 

of 5-6 km (Fig. 7).  
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4.1.2 Unit 2  

Unit 2, characterized by high amplitude, disrupted/semi-continuous chaotic-subparallel reflections, is 

separated from unit 1 by reflection horizon H2 (Figs. 4, 8). At its base, unit 2 displays onlap terminations  

towards the Le Danois Bank and buried structural highs (Fig. 6c), whereas onlap and downlap 

terminations are shown at the central part of the intraslope basin (Fig. 6a). Towards the top of unit 2,  

toplap and truncations are recognized (Figs. 5, 7). This unit is mainly distributed within the mini-basins  

(Figs. 6c, 7). At the southern and northern parts of the intraslope basin, unit 2 overlies two buried 

structural highs (Figs. 6a, 9). Its thickness reaches a maximum of 310 ms TWT at the centre of the Le 

Danois intraslope basin (Fig. 6a). Towards the Le Danois Bank, unit 2 gradually thins with a thickness 

reduction to 10 ms TWT (Fig. 8). 

4.1.3 Unit 3  

Unit 3 is bound by H3 at i ts base. H3 is an erosional unconformity with high amplitude reflections (Figs. 

4, 8). Onlap and downlap terminations are observed onto H3, while toplap and truncations towards the 

top of the unit are recognized. Mounded features are only identified at the base of the northern side of the 

intraslope basin, with a thickness of about 200 ms TWT and a width of 5 km (Fig. 7). Elsewhere in the 

intraslope basin, this unit mainly fills the mini-basins with subparallel reflections from the centres and 

divergent reflections towards buried structural highs (Fig. 4). At the top of a buried structural high, which 

is located within the central part of the northern boundary of the Le Danois intraslope basin, continuous  

subparallel reflections are partly disrupted by fault-like features (Fig. 4). 

Unit 3 consists of two subunits, 3a and 3b, from bottom to top. They are separated by a conformable 

boundary represented by a high amplitude reflection (Fig.  4). Unit 3a is characterized by low-moderate 

amplitude, continuous subparallel-oblique reflections (Figs. 4, 6c). The thickness is about 70 ms TWT and 

decreases towards the buried structural highs and the Le Danois Bank. Compared with unit 3a, unit 3b has  

similar reflections, but higher (moderate-high) amplitude and greater thickness (90-110 ms TWT) (Fig. 4).  

At the top of unit 3b, erosional features with truncated reflections are present at the northeast boundary  

of the intraslope basin (Figs. 6, 8).  

4.1.4 Unit 4  

Unit 4 is bound by H4 at its base and consists of moderate-high amplitude and continuous oblique-

subparallel reflections (Figs. 4, 8). Low-angle downlap and onlap are recognized onto H4, while high-angle 

truncated terminations are widely observed at the top of unit 4. Some parts of  unit 4 are eroded in the 
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intraslope basin (Figs. 5, 7). The associated erosional surfaces are distributed along the southern base of 

the Le Danois Bank and the uppermost continental slope, where the extent of erosion is about 5-7.5 km 

wide, 68 km long and 7.5-10 km wide, 27 km long, respectively (Fig. 10d). The thickness of the unit varies  

and, because of extensive erosion, its preservation is poor. The least eroded part, positioned at the centre 

of the basin, is 20-100 ms TWT thick.  Internal structures of unit 4 display moderate-high amplitude, semi-

continuous wavy reflections (Fig. 4). Their wavelength is about 1.5-2 km and the wave height about 10-20 

ms TWT. Along the easternmost boundary of the intraslope basin, low-moderate amplitude, continuous  

subparallel reflections and an elongated geometry were observed in unit 4 (Figs. 7, 9). Its thickness is 

greater (varies from 100-240 ms TWT) compared to the wavy section at the basin centre. 

On the basis of seismic facies and reflection terminations, three subunits, being units 4a, 4b and 4c, are 

discerned from the bottom to the top of unit 4 (Fig. 4). These subunits are distributed at the central part of 

the Le Danois intraslope basin. Unit 4a has a relatively greater thickness compared with units 4b and 4c 

(Figs. 4, 5). In unit 4b, wavy features are better developed and show moderate amplitude at the centre of 

the intraslope basin (Fig. 4). Unit 4c, characterized by high amplitude reflections, are widely eroded and is 

only present at the basin centre (Figs. 4, 5). The average thickness of these subunits is about 30 ms TWT. 

4.1.5 Unit 5  

H5, marked as the base of unit 5, is the most prominent erosional unconformity of the entire seismic 

sequence (Figs. 4, 8, 9). Low-angl e onlap and downlap are observed onto H5, while low-angle toplap 

terminations are recognized at the top of unit 5. Along the southeast base of the Le Danois Bank (Fig. 8) 

and the southern fl ank of a structural high (Fig. 6c), Le Danois and Asturias drifts shows mounded 

features with an upslope progradation within this unit. The thickness is 100-150 ms TWT and laterally 

thins towards the west. Whereas along the southwest boundary of the intraslope basin, the thickness is 

120-200 ms TWT and laterally decreases towards the east. Three moat features are observed associated 

with a mounded geometry at these locations. They are 1 -2 km wide and 10-50 ms TWT deep. Along the 

southeast boundary of the intraslope basin, reflections laterally change from subparallel to chaotic. 

Towards the centre of the basin, sigmoidal and mounded features diminish in size. The thickness of unit 5 

declines towards the E-W trending axis of the intraslope basin and partly drop to 5 ms TWT (Fig. 4).  

Four subunits (units 5a, 5b, 5c, 5d) are present in unit 5 from the bottom to the top. These subunits  

consist of an acoustically transparent lower part, a moderate amplitude upper part and a high amplitude 
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erosional surface at the top (Figs. 3, 4). The average thickness of unit 5a is 40 ms TWT. From units 5b 

towards 5d, the thickness reduces from 50 to 10 ms TWT.  

4.1.6 Unit 6  

Unit 6 is bounded by H6 at base and the seafloor at top. H6 is an unconformity and has high-amplitude 

reflections. Toplap terminations towards the seafloor, onlap and downl ap terminations onto H6 are 

observed in unit 6. Along the entire southern base of the Le Danois Bank (Fig. 8) and the southern flank of 

a structural high (Fig. 6c), mounded features are observed in unit 6. The thickness at these locations is 

around 50-100 ms TWT. Mounded geometries are identified along the entire southern boundary of the 

intraslope basin as well (Figs. 5, 7), where the thickness is measured as 100-150 ms TWT. Three moat 

features associated with the mounded seismic sequence could be identified at these locations. They  are 

around 1-2 km in width and 10-40 ms TWT in depth. Along the eastern boundary of the intraslope basin,  

the internal structure of unit 6 is characterized by acoustically transparent-subparallel interbedded 

reflections (Fig. 7). These interbedded features extend towards the east and the unit thickness gradually 

declines from 150-190 to 50 ms TWT. Along the upper continental slope, the southern flank and the 

southeast base of the Le Danois Bank, plastered seismic sequence with a thickness of 10 ms TWT are 

identifiable. Unit 6 consists of four subunits; units 6a, 6b, 6c, and 6d from bottom to top, respectively. The 

thickness of these subunits is constant (20 ms TWT) and the amplitude of reflections  has  small variations  

(moderate-high amplitude) (Fig. 5).  

4.2 Contourite depositional and erosional features 

Le Danois Drift, encompassing an area of 242 km2, has a mounded geometry with largely continuous  

parallel-stratified reflections and a sigmoidal pattern where it onlaps the structural high (Fig. 4). The 

mean thickness of this drift laterally decreases from 280 to 130 ms TWT towards the south (Figs. 7, 8).  

The sedimentary body of the Le Danois Drift consist of units 3, 5 and 6. The U-shaped profile of the 

associated Le Danois Moat starts to show from unit 3b (Fig. 6). 

The Gijón Drift covers an area of 254 km2. It has a broad mounded geometry and is composed of unit 5 

and 6 (Fig. 5). The associated Gijón Moat has an asymmetric U-shape profile (Fig. 5). The Gijón Drift is 

characterized by stratified layers of continuous sigmoidal reflections interbedded with discontinuous low-

amplitude chaotic reflections (Fig. 7). Its thickness gradually decreases from 320 to 30 ms TWT towards  

the southeast (Fig 7).  
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The Asturias Drift is smaller in size, which covers an area of 21 km2. It displays a sigmoidal-oblique 

seismic stacking pattern and the maximum thickness is 90 ms TWT, decreasing towards the southwest 

(Fig.6). The drift overlies H5 and consists of units 5 and 6 (Fig. 6c).  

5 Discussion 

5.1 Chronostratigraphic framework  

    The chronostratigraphic framework in this study is established through the correl ation of the seismic 

stratigraphy with limited regional borehole information (Cadenas and Fernandez-Viejo, 2017),. The 

tectonic and sedimentary evolution of the Cantabrian continental margin was described from seismic 

reflection data and borehole logs, which allowed the construction of a tentative chronostratigraphic 

framework (Ercilla et al., 2008; Iglesias 2009; Van Rooij et al., 2010; Cadenas and Fernandez -Viejo, 2016).  

Borehole MC H-1X, the only well located in the intraslope basin (Fig. 2a), only recovered sediments with a 

Cretaceous -Eocene age (Cadenas and Fernandez -Viejo, 2017). Only the Cretaceous and Eocene 

unconformities from this well were tied to current seismic data, based on a rudimentary depth to time 

conversion (Figure 5.a). Iglesias (2009) correl ated this well with other boreholes that are located at the 

Asturias continental shelf. However, all these onshore and offshore boreholes only reached parts of 

sedimentary cover. Density or P-wave data and biostratigraphic information of sedimentary sections  

younger than the Miocene are not available (Iglesias, 2009; Cadenas and Fernandez-Viejo, 2017). The 

resolution of the borehole data did not allow the identification of a detailed chronostratigraphy from the 

Pliocene to the present day.  

    The Pliocene-Quaternary seismic section of the Le Danois intraslope basin mainly consists of erosional  

and depositional contourite features shaped by the AMW (Ercilla et al., 2008; Iglesias 2009). Seismic 

architectures associated with these features, as well as the occurrence of major unconformities, are linked 

with AMW variability since Pliocene times (Van Rooi j et al., 2010). The seismic sections and imaged 

unconformities correlate between MOW/AMW related drifts because they were all affected by t he same 

water mass. The Le Danois CDS shows similar seismic characteristics by comparing with those in the Gulf 

of Cádiz (Hernández-Molina et al., 2016) (Fig. 3), along the SW Portuguese margin (Teixeira et al., 2019),  

in the Landes Plateau (Faugères et al., 2002), in Goban Spur (Delivet et al., 2016) and Porcupine Seabight 

(Van Rooij et al., 2007). These regions are namely located along the pathways of the MOW/AMW from the 

proximal to distal sites (Hernández -Molina et al., 2011). As such, the Pliocene-Quaternary  
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chronostratigraphic framework of the Le Danois Bank region is tentatively correlated with established 

stratigraphic frameworks from these regions to mark major erosion events and/or changes in circulation 

patterns of the AMW (Fig. 3). However, the accuracy of the chronostratigraphy is uncertain in this study  

due to data limitations.  

5.1.1 H1: Lower Miocene 

    Triassic to Quaternary seismic units were recognized in the area by Cadenas and Fernandez-Viejo 

(2017) by tying seismic reflection data to offshore well logs. Their study has correlated the well MC H-1X 

with other boreholes on the continental shelf, indicating a regional lower Miocene discontinuity, which is 

about 1.2 s TWT deep at the location of well within the intraslope basin (Cadenas and Fernandez-Viejo,  

2017). This regional discontinuity from their study is tentatively correlated with horizon 1 from this study  

through connecting seismic profiles (Figs. 6a, b). As such, H1 could be considered as the late Miocene 

discontinuity. 

5.1.2 H2: Upper Miocene 

Ercilla et al. (2008) and Iglesias (2009) discussed the Oligocene-Quaternary seismic sequence of the Le 

Danois Bank region with a higher resolution than studies dealing with the tectonic evolution of the area 

(Gallastegui et al., 2002; Cadenas and Fernandez-Viejo, 2016). Horizon I from their studies is considered 

as a regional unconformity that separates the underlying low-moderate amplitude unit and the overlying 

high reflective seismic unit (Ercilla et al., 2008; Iglesias, 2009). This significant change in seismic facies is 

related to the occurrence of gravity flows and mass-movements at the end of the Miocene (Iglesias, 2009).  

A similar seismic feature is observed in units 1 and 2 of this study, suggesting similar time intervals (Fig. 

3). Indeed, horizon I is correlated with H2 of this study (Fig. 9). Therefore, unit 1 is attributed a Miocene 

age and H2 is considered to be the top of the Miocene.  

5.1.3 H3: Late Pliocene 

In the intraslope basin, the formation of the Le Danois Drift initiated in unit 3, where the first seismic 

evidence of mounded features is observed. Previous studies demonstrate the linkage between Le Danois 

Drift and AMW (Van Rooij et al., 2010). Thus, unconformities resulted from MOW/AMW in other regions  

could correl ate with those of Le Danois Drift. Acoustic responses (low to high amplitude from the base to 

the top) in Pliocene units of the Cádiz CDS (Llave et al., 2011; Roque et al., 2012; Hernández-Molina et al., 

2016; Lofi et al., 2016; van der Schee et al., 2016) and the Sines contourite drift (Teixeira et al., 2019) 

compare with seismic facies of Le Danois Drift in unit 3. The basal unconformity, being the LPD (late 
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Pliocene discontinuity, 3.2-3.0 Ma; Hernández-Molina et al., 2016), marks the initiation of mounded 

contourite drift formation in the Cádiz CDS. Additionally, cold-water corals (CWC), fed by food particles 

transported by the AMW, and associated contourite drifts started to grow and develop upon the RD -1 

unconformity in Porcupine CDS during the late Pliocene (Van Rooi j et al., 2007; Huvenne et al., 2009).  

Evidence of AMW enhancement during the late Pliocene are linked with the onset of the Le Danois Drift 

deposition. As such, H3 is tentatively associated with the LPD (Fig. 3). 

5.1.4 H4: Early Quaternary 

The EQD (the early Quaternary discontinuity; at ~2.4-2.0 Ma) observed within the Cádiz CDS and Goban 

Spur is attributed to a second major MOW/AMW intensification phase of (Llave et al., 2007; Lofi et al., 

2016). This stage coincides with the final enhancement of the northern hemisphere glaciation (NHG) 

during the early Quaternary (Friedrich et al., 2013; Hernández-Molina et al., 2014). Consequently, erosive 

features are observed along the entire NE Atlantic margins during this time interval (Faugères et al., 2002; 

Van Rooij et al., 2007; Roque et al., 2012). H4 is a major erosional unconformity in the Le Danois 

intraslope basin and can be compared with the EQD due to highly reflective seismic facies and associated 

reflection termination  (Figs. 5, 8). Thus, H4 is considered to have an early Quaternary age.  The Le Danois 

CDS is located at the intermediate site of the AMW. The possible age of H4 ranges between~2.5 Ma and 

~2.1 Ma. 

5.1.5 H5: Middle Pleistocene 

    In unit 5, contourite drifts with mounded features are widely generated in the intraslope basin. The 

basal unconformity is the most prominent erosional surface (Fig. 7) and compares with those of the Gulf of 

Cádiz and Porcupine Seabight (Van Rooi j et al., 2007; Huvenne et al., 2009; Llave et al., 2011; Hernández-

Molina et al., 2016). These erosional surfaces are presumed to have results from the winnowing of 

MOW/AMW and are considered to be the MPD (Mid-Pleistocene discontinuity; 0.9-0.7 Ma), associated 

with the Early-Middl e Pleistocene Climate Transition (MPT) (Llave et al., 2011; Huvenne et al., 2009).  

Since the MPT, global climate cycles of long glaciations and short deglaciations significantly influenced the 

MOW/AMW regime in the NE Atlantic (Lisiecki and Raymo, 2005; Hernández-Molina et al., 2014). The 

related third major intensification of the MOW/AMW resulted in widely distributed erosional features, 

especially in areas adjacent to topographic obstacles and basement highs along the NE Atlantic margins  

(Van Rooij et al., 2007; Ll ave et al., 2011; Roque et al., 2012; Hernández-Molina et al., 2016). Similar 

erosional characteristics are observed in the Le Danois intraslope basin as well (Fig. 6). As such, H5 is 
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linked to the MPD. The accurate age of H5 is unknow due to the data limitation. Erosive processes that 

generated H5 should be coeval with the winnowing stage of MOW/AMW. The age of H5 most likely varies  

between 0.9 Ma and 0.7 Ma.  

5.1.6 H6: Late Quaternary 

    H6 is the youngest major unconformity of this study. The latest major discontinuity is marked as the 

LQD (late Quaternary discontinuity) in the Gulf Cádiz and Porcupine Seabight and resulted from the fourth 

intensification stage of the MOW/AMW (Kano et al., 2007; Hernández-Molina et al., 2016; Lofi et al., 2016).  

The coldest Pleistocene time interval was recorded in the Mediterranean Sea at 474–427 ka (MIS 12) 

(Hughes et al., 2007), suggesting a dense MOW/AMW circulating along the NE Atlantic Ocean (Roque et al., 

2012). This MOW/AMW circulation variability is recorded by the LQD erosional unconformity, in the 

Cádiz and Porcupine CDS (Van Rooij et al., 2007; Huvenne et al., 2009; Llave et al., 2011; Hernández-

Molina et al., 2016), which displays similar seismic facies compared with H6 (Figs. 4, 5). As a result, H6 is 

tentatively correlated with the LQD. 

5.2 Sedimentary evolution  

    Isochore maps and associated geological interpretation show distinctive depositional patterns and 

sedimentary processes within each unit (Fig. 10). Four stages of the Le Danois CDS Pliocene–Quaternary  

sedimentary evolution are identified, related to variations of the bottom-current circulation. They  are 

marked as onset (units 1 and 2, ~5.3 to 3.5-3.0 Ma), initial (unit 3, 3.5-3.0 to 2.5-2.1 Ma), intermediate 

(unit 4, 2.5-2.1 to 0.9-0.7 Ma) and drift-growth (units 5 and 6, 0.9-0.7 Ma to present day) stages (Fig. 11). 

5.2.1 Onset Stage (Miocene-late Pliocene) 

    In the intraslope basin, Miocene to late Pliocene deposits of units 1 and 2 mainly filled in mini -basins  

located between buried structural highs (Figs. 10a, b, 11a). Buried structural highs and associated mini-

basins were formed by compressional processes along the Cantabrian continental margin during the 

Eocene and Oligocene (Gallastegui et al., 2002; Zamora et al., 2017). Turbidite depositional systems 

intensively initiated since the early Miocene tectonic inversion along the northern Biscay margins  

(Bourillet et al., 2006). These turbidite systems were primarily fed by large rivers that originated from 

northern Europe (Auffret et al., 2003; Droz et al., 2003). In the southern Bay of Biscay, however, turbidite 

systems, sourced from the Cantabrian and Pyrenees mountains, started to generate in the Pliocene 

(Bourillet et al., 2006; Gaudin et al., 2006; Rumín-Caparrós et al., 2016). No channel-levee features or 
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turbidite fans are observed in the Miocene unit, indicating the absence of dominant turbidity currents. The 

lack of high-energy turbulent currents could lead to the predominant deposition of pelagic or hemipelagic 

sediments (Bowland, 1993; Soreghan et al., 1999), which possibly make up the se dimentary section of the 

Miocene unit. 

    The Miocene-Pliocene transition (horizon 2) marks a significant shift in sedimentary stacking pattern 

(Fig. 7). This transition is coeval with the onset of the MOW at ~5.33 Ma (Llave et al., 2011; van der Schee 

et al., 2016). After the onset, in the Gulf of Cádiz the first unit deposited during the early Pliocene is a 

contourite sheeted contourite drift (Llave et al., 2011; Brackenridge et al., 2013; Roque et al., 20212; 

Hernández-Molina et al., 2016). Similarly, in the Le Danois CDS no mounded contourite features are 

observed in unit 2 (Fig. 6a). As it was proposed for the Gulf of Cádiz, during the early Pliocene the MOW 

was weak, which could be the same situation in the Le Danois Bank region.  Another alternative, to cause 

the absence of mounded contourite drifts in the Le Danois Bank region is the domination of the North 

Atlantic Deep Water (NADW). There is no evidence of contourite drifts during this time interval in Goban 

Spur and Porcupine Seabight (Van Rooij et al., 2007; Delivet et al., 2016) which could be explained since 

the AMW was so weak that it has very little or non-influence on this margin. In addition, to that margin-

wide tectonic tilting and erosive processes associated with the enhanced NADW dominated these regions  

during the early Pliocene (Stoker et al., 2005; Elliot et al., 2006). A distinct long-term rise of the MOW 

production in the NE Atlantic only occurred during the mid -Pliocene (at 3.5 Ma) (Khélif et al., 2009).  

Therefore, the AMW was relatively weak in the Le Danois Bank region during this stage. Along the 

southern base of the Le Danois Bank, the disrupted to semi -continuous chaotic internal structure of this 

seismic section could be linked to mass-transport deposits (Fig. 6c) that resulted from regional gravity  

and debris flows documented by Bourillet et al. (2006). 

5.2.2 Initial Stage (late Pliocene-early Quaternary) 

A significant change from hemipelagic muds to sediments affected by bottom currents is recognized in 

the early Pliocene unit of the Cádiz CDS (Van der Schee et al., 2016). This shift is evidently confirmed by  

the presence of sheeted drifts in the Gulf of Cádiz, indicating a progressive MOW enhancement after 4.0-

4.2 Ma (Llave et al., 2011; Roque et al., 2012; Brackenridge et al., 2013; Hernández-Molina et al., 2016). In 

the study area, the initiation of mounded features of the Le Danois Drift (Figs. 10c, 11b) approximately 

started from the late Pliocene (3.5-3.0 Ma)  
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The initial stage of the Le Danois CDS is coeval with the enhanced stage of the AMW (~3.2 -3.0 Ma; 

Hernández-Molina et al., 2014), which indicates effective interactions of the AMW and the Cantabrian 

continental margin since the late Pliocene. During the late Pliocene, the intensified AMW extended further 

north after exiting the Gulf of Cádiz and the earliest evidence of the AMW is dated at ~3.5-3.3 Ma in Goban 

Spur (Khélifi et al., 2009). Thus, compared with sediment records of the Gulf of Cádiz and Porcupine 

Seabight, the full domination of the AMW on the entire southwest European continental margin is set at 

~3.5-3.0 Ma. 

In unit 3, a moat feature is observed associated with Le Danois Drift along the southern base of the Le 

Danois Bank (Figs. 3, 9c).  This feature indicates focused bottom-current dynamics during this s tage. From 

units 3a to 3b, the mounded nature of the Le Danois Drift gradually increased. Variation in the geometry of 

contourite drifts implies different bottom -current conditions, whereas mounded geometry of drifts is 

associated with bottom currents with high velocities (Faugères and Stow, 2008; Stow et al., 2009). This 

temporal change of geometry, together with the presence of a moat, suggests a local AMW enhancement,  

which coincides with the late Pliocene dynamics of the MOW/AMW in the NE Atlantic (Rogerson et al., 

2012; Hernández-Molina et al., 2014; Khélifi et al., 2014). During the onset of the widespread NHG, the 

southward advance of ice-sheets induced cold conditions in the Mediterranean and North Atlantic regions, 

favouring the formation of a dense MOW (Fl esche Kleiven et al., 2002; Becker et al., 2006; Rohling et al., 

2014). This variability of the MOW has been recorded by the Cádiz CDS with the presence of distinctive 

contourite channels and drifts that indicates pathways of the MOW (Roque et al., 2012). At the distal site 

of the AMW, enhanced circul ation was accompanied by a flourishing CWC period in Porcupine Seabight 

(Huvenne et al., 2009). By comparing all these sites along the pathways of the MOW/AMW, the onset of 

the contourite stage, which is associated with the intermediate water mass, started from the late Pliocene 

along the southwest European continental margin. 

5.2.3 Intermediate Stage (early Quaternary-middle Pleistocene) 

Widely distributed wavy features in unit 4 indicate the possible generation of sediment waves (Fig. 3).  

The occurrence of sediment waves is generally linked to high energetic current flows, such as turbidity  

currents, bottom currents or internal waves (Howe, 1996; Marani et al., 1993; Lee et al., 2002; Wynn and 

Stow, 2002; Ribó et al., 2016; 2018). In the Le Danois Bank region, channel-levee features are observed in 

unit 4 (Figs. 6, 8), which indicates initiation of the Lastres canyon system and associated turbidity  

processes (Fig. 10d). Concentrated turbidity currents form sediment waves in canyon channels (Wynn et 
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al., 2000; 2002; Mulder and Alexander, 2001). Due to overspill, sediments could overtop the levee crest 

and sediment waves may occur on the backslope of levees (Normark et al., 2002; Kane et al., 2010).  

Sediment waves observed in the intraslope basin are not associated with the turbidite levees or 

positioned within canyon channels (Fig. 3). These sediment waves are about 8-11 km away from the 

Lastres canyon system (Fig. 10d). Similar bedforms, which are 60 km away from the channel axis, are 

observed offshore eastern Canada (Normandeau et al., 2019). These bedforms are generated by the 

interaction between contour currents and overspill (Normandeau et al., 2019).  Therefore, the interaction 

between turbidity currents and contour currents could possibly be a genetic mechanism for these 

sediment waves.  

Bottom currents are not likely responsible for the formation of these sediment waves either. Along the 

southern base of the Le Danois Bank, unit 4 has been eroded and the early Quaternary AMW pathway is 

unknown (Fig. 3). However, the presence of a moat in unit 3 documented the NW -SE trending pathway of 

the AMW during the previous stage (Fig. 10c). D ue to the alongslope flowing nature of bottom currents  

and the orientation of slope morphology, a NW-SE trending AMW flow is suggested. This orientation is 

parallel to wave crests (NW-SE to W-E orientations) of sediment waves (Figs. 3, 9d),  which does not fit 

with the oblique-perpendicular orientated relationship between flow directions and bottom-current 

induced sediment waves (Wynn and Masson, 2008).  

Internal waves are another possibility for the occurrence of these sediment waves. During the early 

Quaternary glacial periods, the AMW core varied around 1500 m water depth and the MOW/AMW had 

less stratification due to intensive mixing with North Atlantic water masses (Lebreiro et al., 2015). Mixing 

of different water masses could significantly trigger the occurrence of pycnoclines, where internal waves  

propagate between layers of different densities (Pomar et al., 2012; Ribo et al., 2016). In the intraslope 

basin, sediment waves (positioned at 1500-1600 m) located at the depth interval of the gl acial AMW 

during the early Quaternary. The related internal wave processes are capabl e of transporting and 

depositing sediments to generate these sedim ent waves in the Le Danois intraslope basin (Pomar et al., 

2012; Ribó et al., 2016). During interglacial periods  of this stage, AMW was well stratified and the core 

was too shallow (~1100 m; Lebreiro et al., 2015) to reach the seabed of the centre of the i ntraslope basin.  

The interface between AMW and LSW (1400-1700 m, Delivet et al., 2016), however, could have provided a 

favourable environment for the occurrence of internal waves, in turn generating sediment waves. Similar 

features are observed in Goban Spur, where the internal tide regime was promoted by bottom currents  
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and internal waves locating at the AMW/LSW interface induced the formation of sediment waves  

(positioned at 1300-1600 m) (White, 2006; White and Dorschel, 2010; Delivet et al., 2016). The scales of 

wave height and length, vertical position and time ranges of these sediment waves are correlated with 

ones in the study area, suggesting a similar formation mechanism. Compared with the Cádiz CDS, where 

only mounded contourite drifts were formed during the early Quaternary (Hernández-Molina et al., 2016),  

the occurrence of sediment waves in the Bay of Biscay indicates regional mixing processes within the 

glacial AMW and at the interglacial AMW/LSW interface.  

At the end of the intermediate stage, sediments within the intraslope basin were largely eroded during 

the middle Pleistocene (Figs. 7, 8, 9d). Similar erosional surfaces are observed in most CDS and contourite 

drifts along the southwest European margins (Van Rooij et al., 2007; Llave et al., 2011). These extreme 

erosive pulses resul ted from a dense, deep and enhanced circul ation of the MOW/AMW during the MPT 

(Rohling et al., 2014; Hernández-Molina et al., 2016; Bahr et al., 2018). Intensification of the MOW/AMW 

may be coeval with the global cooling, sea-level fall, and a particularly strong MOW production from the  

Mediterranean Sea at these times (Roque et al., 2012; Lofi et al., 2016). Additionally, due to the vigorous  

AMW flow, previous slope irregularities above structural highs were significantly eroded in the intraslope 

basin (Fig. 11c). The gentle and open slope morphology, thus, provided a favourable condition for the 

wide distribution and growth of contourite drifts in the study area.  

5.2.4 Drift growth Stage (middle Pleistocene to present day) 

During the drift growth stage, the Le Danois CDS exhibited the most pronounced phase for drift 

development (Figs. 9e, f). Aside from the Le Danois Drift, the Gijón and Asturias Drifts with elongated,  

mounded and separated features started to generate along the southern boundary and at the centre of the 

intraslope basin (Figs. 5, 7). Associated moats have a distinctive morphology, indicating focused bottom 

currents along the upper continental slope and the Le Danois Bank during this stage.  

In units 5 and 6, the vertical position of the Le Danois moat varied between 1. 1 and 1.85 s TWT (900-

1900 m). Based on the vertical glacial (1300-2000 m water depth) and intergl acial (600-1000 m water 

depth) position of the AMW during this stage (Schönfeld and Zahn, 2000; Rogerson et al., 2005; Voelker et 

al., 2006), the Le Danois Drift was constructed by the AMW in both intergl acial and glacial periods. The 

Gijón and the Asturias Moats, located at a shallower depth (400-1100 m), are beyond the reach of the 

glacial AMW and could only be generated during the intergl acial climatic conditions. As such, due to the 

limited depth of the slope morphology, the denser glacial AMW, obstructed by the intraslope basin and 
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failed to penetrate along the seafloor of the basin, only flowed along the southern and northern flanks of 

the Le Danois Bank. During the interglacial intervals, however, the  shallower AMW widely interacted with 

the entire intraslope basin.  

In unit 6, a plastered drift (200-500 m), located within the depth intervals of the ENACW, is identified 

along the upper continental slope (Figs. 4, 9f). During the coldest Pleistocene time interval (MIS 12), the 

northward extension of the subtropical front resulted in the domination of the IPC and promoted the 

ENACW along the western and northern Iberian margins (Lambert et al., 2008; Voelker et al., 2015).  

Eventually, the effective interaction between the ENACW and the Le Danois upper continental slope 

generated plastered drifts from the late Quaternary onwards.  

5.3 Modern versus past current patterns 

Along the southern flank and the southeast base of the Le Danois Bank, two plastered drifts (1400-1920 

m) are observed in unit 6 within the depth range of the present-day LSW (Figs. 7, 8, 9f). These two 

plastered drifts are located within the range of the present-day LSW. However, these two drifts could not 

be generated by the LSW. During the late Pleistocene, the pol ar front was located south of the Labrador 

Sea, which provided unfavourable conditions for the formation of the LSW (Venz et al., 1999). The stable 

LSW was established only during the early Holocene (Hillaire-Marcel et al., 2001; 2011). During the late 

Pleistocene, the dense gl acial AMW penetrated at a great water depth between 1300-2000 m (Schönfeld 

and Zahn, 2000). The flow depth of glacial AMW can be compared with the present -day LSW.  As such, 

modern current patterns do not necessarily relate to past contourite drift systems. 

5.4 Sedimentary cycles and accumulation rates 

    In the Le Danois Drift, the sedimentary section of unit 5 displays distinctive repeated features. This 

cyclic pattern could be compared with the cyclicity observed in the upper sequences in the Cádiz CDS 

(Llave et al., 2001; Mestdagh et al., 2019) and the Porcupine CDS (Van Rooij et al., 2003). There, the period 

of low-frequency sedimentary cycles is registered in the range of 95–105 ky, coinciding with the 

periodicity of glacial/intergl acial cycles (100 ky) of the earth since the middl e Pleistocene (Elderfield et al., 

2012; Lofi et al., 2016). In the Cádiz CDS, the acoustically transparent lower part and the moderate-high 

amplitude upper part respectively represent mud and sandy dominated sediments, indicating coarsening-

upward sequences (Hernández-Molina et al., 2016; Lofi et al., 2016). This variation is linked to the 

intensity changes of the MOW/AMW during the interglacial to glacial periods (Rogerson et al., 2005; 
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Voelker et al., 2015). However, no similar cyclic features are observed in the Gijón and the Asturias drifts  

(Figs. 4, 6b, c). The difference in the internal structure of the drifts further supported that the Gijón and 

the Asturias drifts resulted from the interglacial-AMW. In unit 6 (after ~0.4 Ma), no cyclic features are 

shown in the entire Le Danois Bank region. Similar conditions are observed at IODP Site U1386 in the 

Cádiz CDS,  where the upper MOW core was largely unaffected by glacial -interglacial climatic conditions  

between ~0.47 and ~0.13 Ma (Kaboth et al., 2017). These features could be related to the interpl ay of 

renewed tectonic activity and bottom-current circulation in the Gulf of Cádiz between MIS 13 and 11 

(Hernández-Molina et al., 2016). Local salt movements are still active and significantly affect the present-

day seafloor in the Algarve basin of the Gulf of Cádiz (Matias et al., 2011). Salt deformation can thus also 

create topographic obstacles on the seafloor and significantly change circulation patterns of the MOW.   

The accumulation rates of the Le Danois CDS have been tentatively calculated based on the thickness of 

each unit, the related velocity model of time-depth conversion (Fig. 2b) and the tentative 

chronostratigraphy. During the onset stage, unit 3 (200-250 m thick) deposited within ~1 My. The 

estimated accumul ation rate is about 25 cm/ky. During the intermediate stage, the least eroded strata of 

unit 4 (380 m thick) at the centre of the intraslope basin deposited within ~1.4 My, indicating a rate of at 

least ~27 cm/ky. During the subsequent growth-drift stage,  estimated sedimentation rates of units 5 (50-

75 m thick) and 6 (20-50 m thick) are namely within the range of 15-10 and 5-12.5 cm/ky. This 

characteristic of the Le Danois CDS is compatible with the one of the Cádiz CDS (Llave et al., 2001; 

Hernández-Molina et al., 2014), where accumulation rates significantly increased since late Pliocene times  

(~ 3.5-3.0Ma) (Llave et al., 2001; 2011; Hernández-Molina et al., 2016).  

In the Cádiz CDS, increased sedimentation rates are coeval with the onset of the present-day contourite 

features, indicating higher volumes of MOW input into the Atlantic and a rise in sediment supply to 

offshore depocenters since the late Pliocene (Hernández-Molina et al., 2016). The NE Atlantic drifts, 

generated at the deep-water depth, developed since Miocene times and have maximum sedimentation 

rates during the early Pliocene (Hunter et al., 2007; Knutz, 2008; Müller-Michaelis et al., 2013). Large 

sediment supply from meltwater plumes along glacier margins and from high NADW production yielded 

higher sedimentation rates to NE Atlantic drifts during the warm Pliocene (Knutz, 2008). By comparing 

these areas, larger volumes of the intermediate water mass, instead of deep Atlantic water masses, highly 

influenced sediment transportation in the NE Atlantic from the late Pliocene onwards (Fig. 11). 
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6 Conclusion 

   The Pliocene-Q uaternary variability of contourite features and depositional processes of the Le Danois 

CDS illustrate past bottom -current circulation patterns along the Cantabrian continental margin. During 

the early Pliocene the AMW was very weak and the effective interaction of it along the Cantabrian 

continental margin initiated during the late Pliocene (3.5-3.0 Ma). During the early Quaternary (2.5-0.9 

Ma), internal waves resulted from turbulent mixing of water masses  and induced development of 

sediment waves. During the middle Pl eistocene (0.9 -0.7 to ~0.47 Ma), The dense and deep AMW only 

flowed along the flank of the Le Danois Bank.  The ENACW started to be involved in the generation of 

plastered drifts from the late Quaternary (~0.47 Ma) onwards.  

The Gijón Drift, where no cyclic features were noted, was built only during the interglacial climatic 

conditions since the middle Pleistocene. The Le Danois Drift was built up by the AMW in both interglacial  

and glacial periods. Cyclic patterns with acoustically transparent lower parts and moderate-high 

amplitude upper parts are displayed in the middle Pleistocene units. These repeated depositional  

structures gradually thinned after the late Quaternary (~0.47 Ma). Sedimentation rates of the Le Danois 

CDS gradually increased since the late Pliocene and reached their maximum during the mid-Pleistocene.  

This variation in sedimentation rates suggests the domination of the intermediate water mass on 

sediment transport along the NE Atlantic continental margins from the late Pliocene (3.5-3.0 Ma) 

onwards.  

Seafloor morphological features of the Le Danois CDS were previously linked with the present-day  

oceanography (Liu et al., 2019). However, the LSW was not involved in the buil d-up of contourite drifts  

during the past. The flowing depth of glacial AMW can be compared with the present-day LSW.  As such, 

modern current patterns do not necessarily relate to ancient contourite drift systems. Therefore, past 

circulation patterns and flowing depth of water masses, as well as their response to paleoclimate 

variations, should be considered for future contourite studies.  
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Figures 

Fig. 1. (a) Map of the Le Danois Bank area with the indication of: morphological domains and pathways of 

the Eastern North Atlantic Central Water (ENACW), the Atlantic Mediterranean Water (AMW) and the 

Labrador Sea Water (LSW); (b) Tectonic structure modified from Roca et al. (2011). The location of this 

cross-section is shown in the morphological map (a). The depth of water masses is derived from Gonzál ez-

Pola et al., (2012).  

Fig. 2. (a) Dataset map (contour lines every 100 m) indicating locations of single chan nel sparker and 

multi-channel airgun seismic profiles, as well as the position of Well MC H1-X (Cadenas and Fernandez-

Viejo, 2016); (b) Time to depth conversion, which is derived from the borehole data (Well MC H -1X; 

Cadenas and Fernandez-Viejo, 2017); (c) High-resolution bathymetric map with indication of the regional  

geographic and morphological domains. 

Fig. 3. Seismic stratigraphic framework of the Le Danois Bank region. Timing of major unconformities  are 

compared with significant hiatuses of the NE Atlantic. Sea-level changes and accumulation rates of the NE 

Atlantic drifts are indicated as well. Abbreviations for discontinuities (from bottom to top): M=Miocene–

Pliocene boundary; LPD=late Pliocene discontinuity ; EQD=early Quaternary discontinuity; MPD=m id 

Pleistocene discontinuity; LQD=late Quaternary discontinuity.  

Fig. 4. Single channel sparker seismic profile and the interpretation, showing 5 units (U2-U6) and 

associated subunits from the bottom to the top. Relative scales of depositional cycles are i ndicated by the 

size of red triangles. Seismic terminations are indicated by red arrows. The location of this seismic line is 

displayed in Fig. 2a. H2=the Miocene top (~5.33 Ma; dark blue dotted line); H3=l ate Pliocene discontinuity  

(~3.5-3.0 Ma; light blue dotted line); H4=early Quaternary discontinuity (~2.5-2.1 Ma; green dotted line); 

H5=mid Pleistocene discontinuity (~0.9-0.7 Ma; orange dotted line); H6=late Q uaternary discontinuity  

(~0.47 Ma; red dotted line). 

Fig. 5. Single channel sparker seismic profile and the interpretation, showing 5 units (U2-U6) and 

associated subunits from the bottom to the top. Relative scales of depositional cycles are indicated by the 

size of red triangles. Seismic terminations are indicated by red arrows. These cyclic features are coeval  

with glacial/interglacial climate cycles, which are displayed by the Marine Isotope Stage (MIS) and the 

benthic δ18O and are derived from Lisiecki and Raymo (2005). The location of this seismic line is displayed 

in Fig. 2a. H2=the Miocene top (~5.33 Ma; dark blue dotted line); H3=late Pliocene discontinuity (~3.5 -3.0 

Ma; light blue dotted line); H4=early Quaternary discontinuity (~2.5 -2.1 Ma; green dotted line); H5=mid 
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Pleistocene discontinuity (~0.9-0.7 Ma; orange dotted line); H6=late Quaternary discontinuity (~0.47 Ma; 

red dotted line). 

Fig. 6. Multi-channel airgun (a) with higher-resolution sections obtained through a single channel sparker 

(b, c) seismic profile and the interpretation. The boundary of the Miocene-Q uaternary and the Eocene-

Oligocene units, which is derived from the borehole data (Well MC H1-X), is tentatively correlated with 

horizon 1. The core recovery is shown as well. Relative scales of depositional cycles are indicated by the 

size of red triangles. Seismic terminations are indicated by red arrows. The location of this seismic line is 

displayed in Fig. 2a. H1= the Miocene base (black dotted line); H2=the Miocene top (~5.33 Ma; dark blue 

dotted line); H3=late Pliocene discontinuity (~3.5 -3.0 Ma; light blue dotted line); H4=early Quaternary  

discontinuity (~2.5-2.1 Ma; green dotted line); H5=mid Pleistocene discontinuity (~0.9-0.7 Ma; orange 

dotted line); H6=late Quaternary discontinuity (~0.47 Ma; red dotted line). 

Fig. 7. Pseudo-3D model of the Gijón and Le Danois Drifts using multi-channel airgun seismic profiles, 

showing 6 units (U1-U6) from the bottom to the top. Locations of these seismic data are indicated in the  

slope gradient map. H1= the Miocene base (black dotted line); H2=the Miocene top (~5.33 Ma; dark blue 

dotted line); H3=late Pliocene discontinuity (~3.5 -3.0 Ma; light blue dotted line); H4=early Quaternary  

discontinuity (~2.5-2.1 Ma; green dotted line); H5=mid Pleistocene discontinuity (~0.9-0.7 Ma; orange 

dotted line); H6=late Quaternary discontinuity (~0.47 Ma; red dotted line).  

Fig. 8. Mul ti-channel airgun seismic profile and the interpretation, showing 6 units  (U1-U6) from the 

bottom to the top.  Seismic terminations are indicated by red arrows. The location of this seismic line is 

displayed in Fig. 2a. H1= the Miocene base (black dotted line); H2=the Miocene top (~5.33 Ma; dark blue 

dotted line); H3=late Pliocene discontinuity (~3.5 -3.0 Ma; light blue dotted line); H4=early Quaternary  

discontinuity (~2.5-2.1 Ma; green dotted line); H5=mid Pleistocene discontinuity (~0.9-0.7 Ma; orange 

dotted line); H6=late Quaternary discontinuity (~0.47 Ma; red dotted line).  

Fig. 9. Three-channel airgun seismic profile and the interpretation, showing 6 units (U1 -U6) from the 

bottom to the top.  Seismic terminations are indicated by red arrows. The location of this seismic line is 

displayed in Fig. 2a. H1= the Miocene base (black dotted line); H2=the Miocene top (~5.33 Ma; dark blue 

dotted line); H3=late Pliocene discontinuity (~3.5 -3.0 Ma; light blue dotted line); H4=early Quaternary  

discontinuity (~2.5-2.1 Ma; green dotted line); H5=mid Pleistocene discontinuity (~0.9-0.7 Ma; orange 

dotted line); H6=late Quaternary discontinuity (~0.47 Ma; red dotted line). 
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Fig. 10. Isochore maps of units 1 to 6. The thicknesses are displayed in ms TWT (two-way travel time).  

Morpho-sedimentary interpretation on sedimentary deposition and associated processes are included.  

Fig. 11. Sketch of the Pliocene-Quaternary evolution of the Le Danois CDS, including four stages: a) Onset 

(~5.3 to 3.5-3.0 Ma); b) Ini tial stage (3.5-3.0 to 2.5-2.1 Ma); c) Intermediate stage (2.5-2.1 to 0.9-0.7 Ma); 

d) Drift growth stage (0.9-0.7 Ma to present day). 

Table 1. Description and examples of seismic facies of seismic stratigraphic units. 
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Table 1. Description and examples of seismic facies of seismic stratigraphic units.  

Seismic 
stratigraphic units 

Examples Seismic facies 

Unit 6 
H6 to seafloor 

 
moderate-high amplitude, continuous oblique to 
subparallel reflections; mounded features are 
observed 

Unit 5 
H5 to H6 

moderate-high amplitude, continuous oblique to 
subparallel reflections; mounded features with an 
upslope progradation are shown 

Unit 4 
H4 to H5 

moderate-high amplitude, continuous oblique to 
subparallel reflections; wavy features are displayed at 
the central part of the bank 

Unit 3 
H3 to H4 

moderate-high amplitude subparallel reflections; 
mounded features are shown along the southern foot 
of the bank 

Unit 2 
H2 to H3 

high amplitude, disrupted/semi-continuous chaotic 
to subparallel reflections 

Unit 1 
H1 to H2 

low-moderate amplitude, semi-continuous 
transparent to subparallel reflections 
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Highlights 

 The MOW/AMW dominated SW European margins from the late Pliocene onwards.  

 The Le Danois Drift was generated in both interglacial and glacial periods.  

 Cyclic features of the Le Danois Drift lost their expression after the late Quaternary.  

 Modern water masses may not be involved in the built-up of contourite drifts. 
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