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Abstract :  
 

Sequence stratigraphic models predict increased sediment delivery to deep-water areas during sea-
level lowstand. The Armorican margin (Bay of Biscay, western European margin) is an interesting area 
to test this hypothesis because the margin has a wide continental shelf, still partly flooded during sea-
level lowstand, and the Armorican turbidite system has experienced fluctuating sediment fluxes since 
the last glacial period. The stratigraphic response of the Armorican turbidite system to sea-level 
oscillations and climate changes was assessed for the last 35,000 years through the study of the 
Guilcher, Crozon and Audierne levees. Millenial-timescale resolution chronostratigraphy allowed us to 
reconstruct the sediment accumulation and turbidite frequency, thickness and grain-size over this 
period of time. 

We found that the Armorican turbidite system was sediment-starved during highstand conditions (ca. 
8–0 ka) and that glacial conditions favoured sediment delivery to the deep Bay of Biscay. However, 
contrary to what would be expected from sequence stratigraphic models, the turbidite flux did not 
reach a maximum during the LGM lowstand (ca. 26–20 ka) but at the onset of Termination I (between 
ca. 20 and 17 ka). This makes the Armorican turbidite system a transgression-dominated one. This 
sediment pulse can be interpreted as a huge increase in the meltwater discharge of the Fleuve 
Manche palaeoriver in response to the decay of the British and Fennoscandian ice-sheets. At that 
time, despite the rising sea-level, a large deltaic system had to have developed on the outer shelf, 
leading to the delivery of the Fleuve Manche sediment load into the canyon heads. On the other hand, 
our dataset suggest that the delivery of sediment into canyons was mainly forced by the winnowing 
and reworking of the sediment stored on the wide, drowned shelf during the last glacial period 
(between ca. 35 and 20 ka, and between 17 and 8 ka). These findings illustrate the competing 
influences of accommodation and sediment supply on the Armorican margin over the last 
35,000 years, with a shelf acting as a buffer for the sediment supply signal for most of the period, 
except during the last deglaciation. At that time, the western European sediment-routing system was 
reactive, the climatic signal rapidly propagated from the southern limb of the European ice-sheet to the 
Armorican turbidite system. Finally, our study demonstrates that precise reconstruction of turbidite flux 
in deep-water areas, added to knowledge about the morphology of the margin and the 
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palaeoenvironmental changes (fluvial system, shoreline position, etc.), are crucial for determining the 
response of turbidite systems to external forcing. 

 

 Highlights 

► Sediment accumulation, vertical grain-size and turbidite thickness trends from levees of the 
Armorican turbidite system (western European margin) are examined ► Competing influence of 
accommodation and sediment supply on the Armorican margin over the last 35,000 years ► The wide 
continental shelf act as a buffer to sediment supply signal for most of the period, except during the last 
deglaciation ► The growth of the Armorican turbidite system during the last deglaciation is controlled 
by the Fleuve Manche palaeoriver and the decaying European ice-sheet 

 
 
Keywords : Armorican margin ; Bay of Biscay ; turbidite systems ; turbidity currents ; levee growth ; 
external forcing ; deglaciation ; source-to-sink 
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1. Introduction 

 

Deep-sea turbidite systems are common sedimentary features in ocean basins, and 
represent a final sink for sediment flux across continental margins. Their high diversity in 
morphology, internal structure and composition result from the complex interaction between 
internal (i.e. autogenic) and external forcings (i.e. allogenic) (Normark et al., 1993; Reading 
and Richards, 1994). Their development is externally forced by river runoff and sea-level 
fluctuations. Such depositional systems could, therefore, record long- and short-term climatic 
oscillations and associated palaeoenvironmental changes (Bouma, 2001), especially if the 
terrestrial and deep depositional environments respond simultaneously to climate-driven 
disturbances (reactive sediment routing system sensu Allen, 2008). 
 
Recent simulations and experiment-based studies have strongly questioned this hypothesis 
(Armitage et al., 2011a; Armitage et al., 2011b; Jerolmack and Paola, 2010). Firstly, these 
studies show that terrestrial segments of sediment routing systems (i.e. river, floodplain and 
river mouth) likely obliterate the expression of high-frequency palaeoenvironmental changes 
(Armitage et al., 2011b; Jerolmack and Paola, 2010). Secondly, simulations suggest that the 
development of sediment cycles on continental margins is largely driven by sea-level 
changes, with the terrestrial sediment supply only playing a minor role (Armitage et al., 
2011a). In addition, the lag time between climate-driven onshore changes and offshore 
deposition might reach millions of years in extensive land-to-deep-sea sediment routing 
systems (Castelltort and Van Den Driessche, 2003; Métivier and Gaudemer, 1999). 
However, some recent studies focusing on deep depositional systems and using a high-
resolution chronostratigraphic framework, have demonstrated rapid climatic signal 
propagation from source to sink. For instance, Covault et al. (2010) recently demonstrated 
that Holocene fluctuations in the precipitation over southern California drove the deep-sea 
turbidite deposition in the Newport deep-sea depositional system. Jorry et al. (2011) have 
also shown that glacial oscillations in the southern French Alps at the end of the last glacial 
period controlled turbidite sedimentation in the Var deep-sea fan. Over a longer time-scale, 
Nakajima and Itaki (2007) found that changes in turbidite activity in the central Japan Sea are 
consistent with the terrestrial climatic variability over the last 70 ka. As pointed out by these 
authors, these are all reactive systems because the Newport, Var and Toyama depositional 
systems are permanently connected to their feeding rivers due to the absence of a well-
developed shelf. Sequence stratigraphic models predict that broad continental shelves act as 
a buffer between the continent and submarine canyon systems during highstand conditions, 
especially when canyon heads are detached from terrestrial sources. As a result, turbidite 
sedimentation strengthened during sea-level fall and reached a maximum during sea-level 
lowstand (Posamentier and Vail, 1988). Recently, Covault and Graham (2010) revised this 
concept by showing that the majority of continental-margin deep-sea deposition also 
occurred during periods of marine transgression, especially off decaying ice-sheets (Kolla 
and Perlmutter, 1993; Skene and Piper, 2003). For instance, the sediment flux in the 
Mississippi Fan recorded the growth and then decay of the Laurentide ice-sheet, the climatic 
signal propagating to the slope and the deep Gulf of Mexico during lowstand and rising sea 
level through cross-shelf valleys and the shelf margin delta (Kolla and Perlmutter, 1993; 
Suter and Berryhill, 1985). Based on a geomorphological approach, Törnqvist et al. (2006) 
alternatively suggested that the glacial to LGM enhanced sediment flux to the deep-sea is 
unexpected on the French Atlantic margin (i.e. Armorican margin, Bay of Biscay) because 
the lowstand shoreline remained on the continental shelf (Figs 1 and 2). Zaragosi et al. 
(2006) and Toucanne et al. (2008) partially challenged this hypothesis showing that there 
had been increasing turbidite supply to the Armorican turbidite system at the end of the last 
glacial period. The purpose of the present paper is to identify the response of the turbidite 
sedimentation and levee growth to river runoff and the shoreline migration on the Armorican 
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shelf over the last 35,000 years, using new sedimentological data (turbidite grain-size, bed 
thickness) from three sedimentary levees. 
 

2. Geological and palaeoenvironmental settings 

 

2.1. The armorican turbidite system 
 

The Armorican turbidite system is a medium-sized turbidite system (~30,000 km²) located in 
the central part of the Bay of Biscay (NE Atlantic, Figs 1 and 2). It extends between 4100 and 
4900 m water depth (mwd) at the foot of the low subsident Armorican margin (< 25 m Ma-1) 
(Bourillet et al., 2006; Zaragosi et al., 2001b). Connected to the southern part of the Celtic 
shelf (i.e. Western Approaches) and to the extensive Armorican shelf (~200 km wide and 360 
km long) by about thirty deep canyons feeding three distinct channel-levee systems 
downstream (i.e. the Guilcher, Crozon and Audierne systems from west to east, Fig. 2), this 
system corresponds to a mud/sand-rich multiple-source ramp (Zaragosi et al., 2001b) 
according to the classification proposed by Reading and Richards (1994). Indeed, the 
Neogene fluvial palaeovalleys recognised from the Western Approaches to the Aquitaine 
shelf (Le Roy et al., 2011; Menier et al., 2006; Reynaud et al., 1999) suggest that the 
Armorican turbidite system was likely fed by many rivers during past sea-level lowstands, 
including the Fleuve Manche (Channel River) palaeoriver (Bourillet et al., 2003; Toucanne et 
al., 2008; Zaragosi et al., 2006). In addition, recent palaeotidal modelling suggests that the 
strong tidal pumping onto the Celtic and Armorican shelves, from which the giant linear tidal 
sand banks of the Celtic Sea originated (Berné et al., 1998; Reynaud et al., 2003; Scourse et 
al., 2009) (Fig. 1), likely contributed to the feeding of the Armorican turbidite system during 
transgressive and highstand conditions (Scourse et al., 2009). 
 
The Guilcher, Crozon and Audierne systems show straight to low-sinuous channels (2 to 5 
km wide, and 40 to 60 km long) and are bounded by strongly asymmetrical levees, the right 
levees being higher (i.e. channel-levee relief of ca. 100 to 170 m) and better developed (600 
to 1100 km²) than the left (Le Suavé et al., 2000; Zaragosi et al., 2001b) (Figs 2 and 3). The 
distal part of the channel network corresponds to lobe deposits, which have been described 
as stacked small-scale finger-like sublobes (Zaragosi et al., 2001b) (Fig. 2). Sub-bottom 
profiling records (Chirp, 3.5 kHz) over these systems show acoustically well-developed, 
stratified overbank deposits with sharp, smooth and continuous sub-bottom reflectors 
corresponding to muddy spillover deposits (Fig. 3). This process has been corroborated by 
the detailed study of long-piston cores showing some fining-upward millimetre- to centimetre-
scale silt to sand deposits with erosional base and internal sedimentary structures (Toucanne 
et al., 2008; Zaragosi et al., 2006; Zaragosi et al., 2001b) interpreted as Tcde turbidites 
resulting from turbidity flows (Stow and Piper, 1984). Conversely, the prolonged echo that 
characterizes the channel and lobe deposits suggests that they consist of coarse-grained 
sediments (Zaragosi et al., 2001b) (Fig. 3). Seismic data reveal that the studied channel-
levee systems slowly migrated eastward (< 400 m Ma-1 in the middle ramp since the Early 
Miocene ; Mansor, 2004) in a net aggradational setting (see Fig. 3 for the Late Quaternary). 
 
Seismic data suggest that fan deposition began during the Early Miocene. The depositional 
system then progressively extended towards the deep basin during the Plio-Quaternary in 
response to increasing sediment supply from the NW European margin (Droz et al., 1999; 
Mansor, 2004). The Quaternary glaciations in Europe strongly increased the sediment supply 
to the deep sea through fast-moving ice streams and ice-sheet derived meltwater flows, 
especially since the mid-Pleistocene transition (MPT, from ca. 1250 to 700 ka) (Laberg et al., 
2011; Sejrup et al., 2005; Toucanne et al., 2009b). A strong relationship between the 
oscillations of the European ice-sheet and the evolution of the Armorican turbidite system 
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has been demonstrated for the Late Quaternary (Toucanne et al., 2010; Toucanne et al., 
2008; Zaragosi et al., 2000; Zaragosi et al., 2006; Zaragosi et al., 2001b). The Armorican 
margin thus represents a passive margin depositional system, transitional between the true 
glacial ice stream-trough mouth fan systems to the north (i.e. glaciated margins north of 
56°N) and the fluvial canyon systems characteristic of the Aquitaine margin (between 44°N 
and 46°N) to the south (Scourse et al., 2009). 
 

2.2. Sediment sources : the European Ice-Sheets And The Fleuve Manche Palaeoriver 
 

The Pleistocene was a period of fluctuating climate accompanied by prominent sea-level 
lowstands during the glacial intervals, when massive continental ice sheets extended from 
mountainous to lowland areas over Europe, as far as about 50°N (Ehlers et al., 2011) (Fig. 
1). The seaward retreat of the shoreline on the extensive shallow continental shelves of the 
southern and eastern parts of the British Isles induced a reorganisation of the European 
drainage network and the appearance of large rivers, with considerable drainage 
catchments, after the merging of present-day French and British rivers and German and 
Dutch rivers on the subaerially exposed English Channel and North Sea basin, respectively 
(Gibbard, 1988) (Fig. 1). Complex networks of palaeovalleys reveal that the present-day 
Somme, Seine, Solent and numerous minor French and British rivers merged into the 
English Channel to form the Fleuve Manche palaeoriver (Bourillet et al., 2003; Gibbard, 
1988; Lericolais et al., 2003; Lericolais et al., 1996). During the last glacial period (71-14 ka 
BP), the Fennoscandian (FIS) and British-Irish (BIIS) ice-sheets reached a maximal 
extension between ca. 30 and 20 ka (i.e. during the global Last Glacial Maximum, LGM, 
26.5-20 ka according to Clark et al., 2009) (Clark et al., 2011). Their coalescence in the 
intervening North Sea induced a strong modification of the fluvial directions of the central 
European rivers, thus forcing the present-day Vistula, Oder, Elbe, Rhine and Thames rivers 
to flow to the English Channel (Toucanne et al., 2010) (Fig. 1). The deep-sea sedimentation 
in the northern Bay of Biscay was strongly influenced by the Fleuve Manche palaeoriver 
discharges throughout the last glacial period, and its last large-magnitude palaeoflow event - 
from ca. 20 ka, with a maximum intensity between ca. 18.3 and 17 ka - occurred at the onset 
of Termination I, in phase with the rapid retreat of the mid-latitudinal European ice sheets 
and glaciers (Eynaud et al., 2007; Ménot et al., 2006; Toucanne et al., 2009a; Toucanne et 
al., 2010; Zaragosi et al., 2001a). 
 

 

3. Material and methods 

 

This study is based on Calypso long-piston cores retrieved from the crest of the Guilcher 
(site MD03-2690; 47°01.25′N, 07°44.99′W; 4,340 mwd), Crozon (site MD03-2688; 
46°48.03′N, 07°02.93′W; 4,385 mwd) and Audierne (site MD03-2695; 47°43,14′N, 
06°12,68′W; 4,375 mwd) levees (from west to east, Figs 1 to 3) during the MD133-SEDICAR 
oceanographic cruise onboard the R/V Marion Dufresne II (IPEV). Details about cores and 
coring sites are given in Figures 1 to 3. 
 

3.1. Chronostratigraphic Framework 
 

The chronostratigraphic framework of cores MD03-2690, MD03-2688 and MD03-2695 was 
based on 28 AMS 14C dates (French Project ARTEMIS 14C AMS) complemented by an 
analysis of the relative abundance of Neogloboquadrina pachyderma (sinistral coiling) and 
ice-rafted debris (IRD) counting from hemipelagic layers (Toucanne et al., 2008; Zaragosi et 
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al., 2006) (Fig. 4). N. pachyderma (s) and IRD in the Bay of Biscay identify abrupt sea-
surface changes and glacial-rainout intervals which are stratigraphically contemporaneous 
with major climatic events (i.e. Heinrich stadials and Dansgaard-Oeschger oscillations) 
(Grousset et al., 2000). Age models were constructed using radiocarbon dates and additional 
control points from cores MD03-2696 (Quiberon Ridge; 46°29.51’N, 06°02.36’W; 4,422 mwd) 
and MD95-2002 (Meriadzek Terrace; 47°27.12′N, 08°32.03′W; 2,174 mwd) (Fig. 4), both 
located in hemipelagic depositional environments (Fig. 2). The age model of core MD95-
2002 is based on 20 14C AMS ages spanning the last 30 ka (Grousset et al., 2000; Zaragosi 
et al., 2006) (Fig. 4). It should be noted that the average age and duration of the Heinrich 
stadials recognised in the Bay of Biscay are consistent with those widely accepted in the 
recent literature (Barker et al., 2009; Denton et al., 2010). The detailed methodology is given 
in Zaragosi et al. (2006) and Toucanne et al. (2008). 
 

3.2. Sedimentological analysis 
 

The sedimentological analyses of cores MD03-2690, MD03-2688 and MD03-2695 consisted 
firstly of visual description and X-ray analyses (SCOPIX imaging system), which allowed the 
recognition of turbidite deposits. Grain size at the base of the thickest turbidites (~15-20% of 
the total number of turbidites counted in cores MD03-2690, MD03-2688 and MD03-2695, i.e. 
365 analysis) was analysed using a MalvernTM Supersizer ‘S’. In addition, we estimated the 
thickness of each turbidite recognised in cores MD03-2690, MD03-2688 and MD03-2695. 
The detailed examination of the sediment using X-ray imagery revealed that stretching 
prevails in the upper part of the cores, due to cable rebound causing upward piston 
acceleration (Bourillet et al., 2007; Skinner and McCave, 2003). As a result, turbidite 
thickness, as well as sediment accumulation rates, were estimated once correction of these 
coring artefacts had been made. This correction was realised using the CINEMA software 
(Bourillet et al., 2007) in combination with the correlations of impedance contrasts (i.e. 
velocity times density, measured using a Geotek Multi Sensor Core Logger) of the well-dated 
cores with very high-resolution acoustic data (see Toucanne et al. (2010) for details) (Fig. 3). 
Defining the top of a turbidite sequence (by using X-ray imagery or grain-size analyses, for 
instance) can be difficult, introducing some uncertainty about turbidite thickness 
measurements (Sadler, 1982; Stow and Piper, 1984). Here, the turbidite thickness was 
calculated from turbidite base to turbidite base because (i) the boundaries between the upper 
part of the turbidites and the above hemipelagic layers are indistinguishable on X-ray 
images, (ii) the number of turbidites in each core is too many to discriminate turbidite and 
hemipelagic deposits using grain-size analyses (up to 920 turbidites in cores MD03-2690) 
and (iii) most of the facies show stacked turbidite deposits (e.g. ultra-laminated facies). 
Associated with the high-resolution chronostratigraphic framework and the age model of the 
cores, the counting of the turbidites (total of ca. 2300) has allowed the calculation of the 
turbidite deposit frequency (with a 250 year-period, i.e. the number of turbidite beds per time 
slice of 250 years) on the Guilcher, Crozon and Audierne levees. We consider this 
quantification to represent the minimum value of turbidite frequency, because of possible 
erosive losses and/or non-deposit events (i.e. by-pass). 
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4. Results 

 

4.1. Sedimentary Facies 
 

The detailed sedimentological analyses (visual description, X-ray imagery, grain-size 
measurements and thin-section analysis) of the studied cores, associated with the analysis 
of foraminifera assemblages, allowed the identification of six facies (Fig. 5a and Table 1). 
Facies 1 consists of light beige, homogeneous, structureless foraminifera-rich silty-clay (30-
50% biogenic CaCO3), with abundant bioturbation and containing a temperate foraminiferal 
assemblage typical of the Holocene period in the region (Globigerinoides ruber, Globigerina 
bulloides, Globorotalia hirsuta, Globorotalia truncatulinoides, etc.). This facies, recognised in 
the upper part of cores MD03-2690, MD03-2688 and MD03-2695, is similar to that found at 
the top of cores MD95-2002 and MD03-2696, which are located in hemipelagic depositional 
environments (Auffret et al., 2002; Zaragosi et al., 2001a) (Fig. 2). Facies 1 was deposited 
between 0 and ca. 8 ka (Toucanne et al., 2008). Facies 2 to 6, deposited between 8 and 35 
ka, consist of silt or sand deposits embedded in a brownish homogeneous silty-clay (10-20% 
biogenic CaCO3) containing temperate to polar-subpolar foraminiferal assemblages typical of 
the last glacial period in the Bay of Biscay (Globigerina bulloides, Globigerina quinqueloba 
and Neogloboquadrina pachyderma, dextral and sinistral coiling). The presence of IRD, 
especially in facies 3 and 4 in which a monospecifism of the polar foraminifera N. 
pachyderma (s) is observed, corroborates this biostratigraphic interpretation. The silt or sand 
deposits show sharp or erosional basal contacts and are normally graded. Internal structures 
such as horizontal laminations and ripple cross-stratifications are observed (e.g. facies 3 and 
6). The silt or sand deposits vary in thickness from a few millimetres in facies 4 (ultra-
laminated facies showing numerous fine fining-upward silty laminae with sharp basal 
contacts deposited during the European deglaciation, 18.3-17 ka; Zaragosi et al., 2006; 
Toucanne et al., 2008) up to 18 cm in facies 6 (rare, massive, fining-upward coarse silt to 
fine sand deposits with erosional basal contacts). Both this latter facies and facies 3 
(frequent thinning- and fining-upward sequences of coarse silt and very fine sand deposits 
with erosional basal contacts) are characteristic of full glacial conditions (LGM and Late 
glacial), while facies 5 and 2 are characteristic of transitional periods in the sedimentation, 
from full glacial (LGM, facies 6) to deglacial conditions (in Europe, ca. 18.3-17 ka, facies 4) 
and from Late glacial (at global scale, ca. 17-15.5 ka, facies 3) to interglacial conditions (8-0 
ka, facies 1), respectively (Fig. 5a). According to the classification of Stow and Piper (1984), 
we interpreted the silt and sand beds as representing fine-grained turbidites deposited from 
the overflow of turbidity currents (spillover deposits from surge-like turbidity currents), while 
we interpreted homogeneous silty-clay as hemipelagic deposits (see Toucanne et al., 2008 
for details). Turbidite activity is detailed thereafter through the calculation of turbidite 
frequency, while turbidite thickness and turbidite grain-size allowed the investigation of the 
processes by which turbidity currents are initiated, and potential changes in the sediment 
source (Manley et al., 1997; Sadler, 1982; Talling, 2001). 
 

 

4.2. Turbidite frequency and accumulation rates 
 

Turbidite frequency was estimated from cores MD03-2690, MD03-2688 and MD03-2695 over 
250-year interval steps (Fig. 6). The results show remarkably similar values and evolution of 
turbidite frequency in the three levees. Three main periods of turbidite activity are observed: 
(i) From 34 to 20 ka, the Guilcher, Crozon and Audierne channel-levee systems are 
characterized by a generally low turbidite frequency, ranging from 0 to 15 turbidites per 250 
years. A moderate turbidite frequency was observed between 32 and 30 ka (i.e. Heinrich 
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stadial 3), and between 26 and 23.5 ka (i.e. Heinrich stadial 2) (10 to 15 turbidites per 250 
years) while the intervening periods had very low turbidite frequency (0 to 5 turbidites per 
250 years). The sediment accumulation rates (i.e. levee growth) ranged from 30 to 60 cm ka-

1 during the 35-24 ka interval, and reached up to 100 cm ka-1 at the MD03-2690 site between 
24 and 20 ka. 
 
(ii) Between 20 and 17 ka, there was a major increase in the turbidite frequency (up to ca. 70 
turbidites per 250 years in the three studied cores). A first increase in the turbidite frequency 
was observed between 20 and 19 ka, followed by a second increase of higher amplitude 
between 18.3 and 17 ka. The sediment accumulation rates ranged from 500 to 700 cm ka-1 
during the latter interval. A sharp decrease of turbidite frequency occurred between 17 and 
16 ka (ca. 15 turbidites per 250 years around 16 ka). 
 
(iii)  From 16 to 14 ka, there was a gradual decrease of turbidite frequency from around 15 
turbidites per 250 years around 16 ka to a maximum of 5 turbidites per 250 years around 14 
ka. The sediment accumulation rates reached only ca 20-50 cm ka-1 after 16 ka. The turbidite 
frequency ranged from 0 to 3 turbidites per 250 years between 14 and 9 ka, and no turbidites 
could be found at sites MD03-2690, MD03-2688 and MD03-2695 for the period after 8 ka. 
 

4.3 Turbidite Thickness 
 

Turbidite thickness was calculated in cores MD03-2690, MD03-2688 and MD03-2695 (Fig. 
7). A positive correlation between the thickness of the turbidites (i.e. possibly including a 
hemipelagic layer, see part 3.2) and the thickness of the silt to sand basal layers (i.e. dark 
layers on the X-ray images, Fig. 5a) was observed (Fig. 5b). Previous studies in which 
turbidites were easily distinguished from hemipelagic deposits show that turbidite bed 
thickness and sand-interval thickness are positively correlated (Sadler, 1982; Talling, 2001). 
As a result, the positive correlation described above for cores MD03-2690, MD03-2688 and 
MD03-2695 likely suggests that the turbidites recognised in the Guilcher, Crozon and 
Audierne levees are embedded between thin hemipelagic deposits (except in the upper part 
of the cores, see below). 
 
Turbidite thickness shows a very similar evolution in the three levees (Fig. 7). Due to the 
significant relationships existing between turbidite frequency and turbidite thickness (i.e. 
negative correlation, Fig.7), the results for turbidite thickness are presented using the time 
periods previously used for the evolution of the turbidite frequency : 
 
(i) From 34 to 20 ka, turbidite thickness exhibited a significant variability ranging from 1 to 18 
cm (with silt to sand basal layers up to 7-9 cm thickness), with maxima of ca. 10-18 cm 
during the 34-32 ka and 23.5-20 ka intervals (i.e. facies 6, Fig. 5a), and minima of ca. 1-6 cm 
between 32 and 30 ka (i.e. Heinrich stadial 3) and between 26 and 23.5 ka (i.e. Heinrich 
stadial 2) (i.e. facies 3, Fig. 5a). An intermediate mean thickness of ca. 5-10 cm was 
observed between 30 and 26 ka. 
 
(ii) Between 20 and 17 ka, the mean turbidite thickness was significantly lower than during 
the 34-20 ka interval. In detail, a significant decrease of the turbidite thickness occurred from 
ca. 24-21 ka (10-15 cm) to ca. 20-19 ka (5 cm max., but usually < 3-4 cm) (i.e. facies 5, Fig. 
5a). The minimal turbidite thickness was observed during the 20-19 ka and 18.3-17 ka 
intervals (1-2 cm thickness max., with millimetre-scale basal layers; i.e. facies 4, Fig. 5a). A 
slight increase (5-10 cm) was observed at around 18.5 ka. 
(iii)  From 16 to 9 ka, the turbidite thickness increased, with values usually above 3-5 cm (i.e. 
facies 3, Fig. 5a) and up to ca. 15-20 cm in the upper part of the interval (i.e. facies 2, Fig. 
5a). From ca. 15 ka, the estimation of the turbidite thickness from turbidite bases becomes 
unreliable. Although the silt to sand basal layers remained constant (ca. 1 cm thickness), the 
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thickness of the studied deposits increased significantly. We assume that the decrease of the 
turbidite frequency during this interval allowed more time for accumulation of terrigenous and 
biogenic material from vertical settling and slow lateral advection (i.e. hemipelagite), the 
studied deposits thus represent hemipelagite-dominated deposits rather than turbidite-
dominated deposits (Fig. 5b). 
  

4.4. Turbidite Grain Size 
 

The grain size of the silt to sand base of 103 to 137 turbidites was analysed in each core 
(Fig. 7). Despite significant variability, the results showed very similar values and evolution in 
the three levees. Three main periods in the evolution of the mean grain size of the turbidites 
are observed in the Guilcher, Crozon and Audierne levees: 
 
(i) From 34 to 26-24 ka, the mean grain size of the turbidite bases gradually increased from 
ca. 60-100 µm to ca. 100-150 µm in cores MD03-2688 and MD03-2695. 
 
(ii) Between 26-24 and 18-17 ka, the mean grain size of the turbidite bases gradually 
decreased, to reach minimum mean values of around 20-60 µm at ca. 17.5 ka in cores 
MD03-2688 and MD03-2695. The lower values ranged from 30 to 40 µm in core MD03-2690 
around this period, while ranging from 40 to 70 µm at ca. 24-22 ka. 
 
(iii) Between 18-17 and 15-14 ka, a significant increase of the mean grain size was observed 
for the turbidite bases, especially in cores MD03-2688 and MD03-2690, in which the increase 
reached about 30-40 µm in amplitude over this period. 
 
 

5. Discussion 

 

5.1. Evolution of turbidite sedimentation onto the guilcher, crozon and audierne levees 
over the last 35 ka 

 

Sedimentological profiles from the deep-sea sediment cores MD03-2690, MD03-2688 and 
MD03-2695, coupled with a robust chronological framework, provide a high-resolution record 
of the sedimentation onto the Guilcher, Crozon and Audierne levees over the last 35 ka. Our 
dataset reveals that significant turbidite activity with spillover processes controlled the levee 
growth in the Guilcher, Crozon and Audierne channel-levee systems during the last glacial 
period, from 35 ka until 8 ka, while only slow accumulation of terrigeneous and biogenic 
material have occurred since 8 ka (Figs 5 and 6). 
 
Turbidite flux (i.e. sediment accumulation rates and turbidite frequency) onto sedimentary 
levees and turbidite texture (i.e. thickness and grain-size) depend on the nature, volume and 
competence of the turbidity currents, with all these parameters controlling the ability of the 
turbidity currents to spill out of the confining channels (Dennielou et al., 2006; Skene et al., 
2002; Straub and Mohrig, 2008). Recent studies show that (frequent) small turbidity currents 
die out in the channel, and hence that only (rare) large turbidity currents are able to overspill 
the levees (e.g. Jorry et al., 2011; Khripounoff et al., 2009; Mas et al., 2010 for the Var deep-
sea fan). Nakajima and Itaki (2007) discussed this process and assumed, in agreement with 
these observations, that the increase in turbidite frequency, turbidite thickness and grain-size 
results from increased sediment delivery to the channel system. Levee deposits are, 
therefore, suitable for describing the entire turbidite-system growth. The consistency of our 
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results obtained from three channel-levee systems connected to distinct canyon networks 
(Fig. 2), supports this latter hypothesis. 
 
The high-resolution reconstruction of the sediment accumulation rates and turbidite 
frequency shows that the amount of turbidite accumulation on the Guilcher, Crozon and 
Audierne levees was concomitant (Fig. 6). This suggests that the sediment supply of the 
three feeding canyon networks was controlled by a common forcing. In detail, the sediment 
flux on the levees was low from 35 to 20 ka (maximum of 15 turbidites per 250 years; 
sediment accumulation rates of ca. 100 cm ka-1). It increased significantly from ca. 20 ka, i.e. 
at the onset of Termination I, then reached a maximum between ca. 18.3 and 17 ka (up to 70 
turbidites per 250 years; sediment accumulation rates ranging from 500 to 700 cm ka-1). The 
sediment flux rapidly decreased thereafter (maximum of 15 turbidites per 250 years at 16 ka; 
sediment accumulation rates < 50 cm ka-1) and no turbidite sedimentation occurred after ca. 
8 ka. Interestingly, sediment fluxes fluctuated in phase with major climate oscillations (e.g. 
LGM, Early deglaciation, Holocene). This suggests that the sediment fluxes into the 
Armorican turbidite system were likely controlled by external forcing, particularly climate 
oscillations and associated palaeoenvironmental changes (e.g. sea-level changes, fluvial 
discharges, etc.). This relationship between climate and turbidite sedimentation in the 
Armorican turbidite system is emphasized at the onset of Termination I, between ca. 20 and 
17 ka. The increased sediment delivery at that time coincided with the retreat of the mid-
latitudinal ice sheet in Europe (Rinterknecht et al., 2006) and the onset of eustatic sea-level 
rise (Clark et al., 2009) (Figs 8 and 9), thus making the Armorican turbidite system a 
transgression-dominated system sensu Covault and Graham (2010). Moderate pulses of 
sediment delivery at Heinrich stadials 3 and 2 also suggest that climate forcing controlled the 
turbidite sedimentation during the last glacial period (Figs 6, 7 and 8). 
 
Similarly, significant changes in grain size and turbidite thickness occurred concomitantly on 
the Guilcher, Crozon and Audierne levees over the 35-8 ka period. In detail, two phases of 
increasing turbidite thickness and basal grain size occurred in the early LGM (ca. 35-24 ka) 
and after ca. 17 ka, bracketing a significant decrease in both parameters from ca. 24 ka to 
ca. 18-17 ka (Figs 7 and 8). Such a turbidite deposition pattern is unexpected for levee 
morphology evolution under aggradational conditions (net aggradation of about 20-30 m over 
the period; Fig. 3). Indeed, levee aggradation would gradually increase the confinement of 
the turbidity currents within the channel, decreasing the likelihood of the spillover of 
subsequent turbidity currents (Skene et al., 2002; Straub and Mohrig, 2008). As a result, a 
fining upward trend of the thickness and grain size of the overspill deposits is commonly 
observed (Dennielou et al., 2006; Hiscott et al., 1997; Manley et al., 1997). This suggests 
that the fluctuations of the grain size and thickness of the turbidites described at sites MD03-
2690, MD03-2688 and MD03-2695 were controlled by fluctuations in the composition and 
provenance of the sediments, and also in the trigger mechanisms of the turbidity currents. 
The concomitance of the fluctuations on the three levees and the phase relationship with 
climatic changes show that composition, provenance and trigger mechanism were controlled 
by climate-driven external forcings, which were likely to have been sea-level and river-runoff 
fluctuations. 
 

5.2.  Unravelling External Forcing Effects On Sedimentation And Levee Growth 
 
Detailed analysis of the Guilcher, Crozon and Audierne levees reveals that climate forcing 
has controlled the turbidite sedimentation in the Armorican turbidite system over the last 35 
ka (Fig. 8). Climate oscillations in western Europe during the last glacial period, in addition to 
glacio-eustatic sea-level fluctuations which controlled the drainage basin morphology and the 
river-canyon connection (Mulder and Syvitski, 1996), probably led to significant changes in 
sediment delivery to the Bay of Biscay and thus in the evolution of the Armorican turbidite 
system. 
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5.2.1.  The glacial period (35-20 ka) 
 
Sequence stratigraphic models predict that turbidite sedimentation strengthened during sea-
level fall and reached a maximum during sea-level lowstand, with fluvial systems delivering 
their sedimentary loads directly to the heads of submarine canyon-channel systems (Covault 
and Graham, 2010; Posamentier and Vail, 1988; Stow et al., 1985). During the last glacial 
period, the sea-level gradually fell from -40/-80 m to -120 m between ca. 35 and 26.5 ka, and 
maximal lowstand conditions (ca. -120 m) prevailed throughout the global LGM, ca. 26.5 to 
20 ka (Clark et al., 2009; Siddall et al., 2008). Surprisingly, our results reveal low sediment 
flux in the Armorican turbidite system during this interval (Figs 6, 8 and 9). Levee growth 
ranged from only 30 to 100 cm ka-1 during the LGM, the turbidite frequency was also weak, 
with only ca. 5 events per 250 yr between 24 and 20 ka, and sedimentation was 
characterised by sandy turbidites (i.e. facies 6, Fig. 5a). As a result, we conclude that only 
rare sand-rich density flows fed the Armorican turbidite system during the LGM lowstand. 
The low sediment delivery to levees probably reflects the weak discharge of the Fleuve 
Manche due to the prevailing contemporaneous arid conditions on the surrounding local 
land, and because the ice sheet failed to release substantial meltwater volumes during the 
last glacial period (Ménot et al., 2006; Toucanne et al., 2010) (Fig. 8). The shelf 
physiography would definitely also have caused low sediment delivery (Törnqvist et al., 
2006). The present-day bathymetry of the shelf-break is ca. -180 m on the Armorican margin 
and, considering the LGM sea-level fall of ca. 120 m and the low slope gradient of the 
Armorican shelf, we conclude that the drowned shelf was large enough (ca. 100 km wide, 
Figs 2 and 9) at that time to store sediment and buffer its delivery to the Armorican turbidite 
system. The sandy nature of the turbidites deposited onto the Guilcher, Crozon and Audierne 
levees during the LGM corroborates this hypothesis, likely highlighting a significant 
winnowing of the fine particles on the continental shelf. Indeed, wave action and currents (i.e. 
wind driven, tidally induced and density driven flows) transform an initial stock of fine 
sediments from a river source into a sediment volume of coarser mean grain size in 
equilibrium with the hydrodynamic conditions (e.g. Black, 1992). Such hydrodynamic 
conditions would also certainly have provided a strong and effective mechanism for 
transporting sediment from the shelf to the slope (Mulder et al., 2012; Pingree and Le Cann, 
1989). This idea is supported by palaeotidal modelling results, which show that strong tidal 
pumping of sediments into slope canyon heads on the Armorican outer shelf occurred during 
the LGM (Scourse et al., 2009). The effectiveness of this process is corroborated by the 
frequency of glacial turbidites, which is of the same order of magnitude as that calculated on 
the Var Sedimentary Ridge (e.g. core KNI-23 in Jorry et al., 2011), where the height of the 
levee was similar to that of the top of the Guilcher, Crozon and Audierne levees (ca. 150 m), 
at time of maximum sediment discharge of the Var river (Jorry et al., 2011). This result is 
unexpected considering that, contrary to the Var deep-sea fan, the Armorican turbidite 
system was not directly connected to the river during the last glacial interval. 
 
Global sea-level was about 40 to 90 m higher during late MIS 3 (i.e. RSL at -40 to -80 m at 
ca. 35 ka) compared with the LGM (Siddall et al., 2008). This implies that the drowned shelf 
was more developed at that time than during the LGM (Fig. 9). Consequently, the storage of 
sediment on the Armorican shelf would be expected to be longer and the winnowing of fine 
particles more efficient. Indeed, the longer the sediment storage, the more efficient the 
winnowing (i.e. sediment stock reaches complete equilibrium with the hydrodynamic 
conditions). For an unchanged sediment source, the sediment stock feeding the depositional 
system is thus expected to have been coarser during the late MIS 3 than during the LGM. 
However, an inverse pattern is observed on the sedimentary levees, with thinner and finer-
grained turbidites between 35 and 26 ka than during the subsequent 26-20 ka period (Figs 7 
and 8). A first interpretation can be proposed regarding the characteristics of the channelled 
flows. Considering that coarse-grained flows are usually thinner than fine-grained flows, the 
finer-grained turbidites deposited at sites MD03-2690, MD03-2688 and MD03-2695 during 
the late MIS 3 could originate from coarse-grained turbidity currents from which only the fine-
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grained well-mixed upper portion is able to spread onto the levees. Coarser levee deposits 
during the LGM would then have originated from fine-grained turbidity currents of greater 
thickness, a significant part of the flows spreading onto the overbank surfaces. A second 
interpretation is that the large, millennial-scale sea-level oscillations dating from MIS 3 (ca. 
35±12 m in amplitude, with rates of up to 2 cm year-1; Siddall et al., 2008) shortened the 
storage of sediment on the Armorican shelf by enhancing the sediment transport to the 
canyon heads. Contrary to the LGM stable lowstand conditions, these sea-level shifts caused 
the duration of the wave action and current on the stored sediment to be insufficiently long to 
produce a complete winnowing of the fine particles. As a result, the sediment feeding the 
Armorican turbidite system was finer during late MIS 3 than during the LGM, thus leading to 
finer-grained deposits onto the Guilcher, Crozon and Audierne levees. Additional data, such 
as sedimentary cores in the depositional-lobe deposits, are needed to answer this question 
and to learn about the textural characteristics of the sediment stored on the shelf. In any 
case, it is clear that the sediment supply to the Armorican turbidite system and the Fleuve 
Manche discharge were both low during the late MIS 3 and the LGM (Ménot et al., 2006; 
Toucanne et al., 2010), and the drowned shelf acted as a buffer between the Fleuve Manche 
palaeoriver and the deep Bay of Biscay. 
 

5.2.2. The deglacial period (20-17 ka) 
 
The turbidite sedimentation onto the Guilcher, Crozon and Audierne levees changed 
dramatically after the LGM. The strong decrease in both the bed thickness and basal grain-
size observed between ca. 24 and 18 ka indicates a profound modification of the processes 
initiating sedimentary density flows in the studied channel-levee systems at the onset of the 
last deglaciation. The levee growth strongly increased from 30-100 cm ka-1 during the LGM to 
500-700 cm ka-1 around 18-17 ka, and the deposit of an ultra-laminated facies composed of 
thin and very fine-grained turbidites between 18.3 and 17 ka (i.e. facies 4) indicates there 
was spillover of very frequent mud-rich flows on the levees (up to ca. 70 events per 250 
years; Fig. 6). These mud-rich flows, in addition to the turbid hypopycnal muddy plumes from 
which originate the peculiar laminated facies described at sites MD95-2002 and MD03-2696 
(Toucanne et al., 2009a), were probably triggered by the vigorous, concomitant spring 
discharges of the Fleuve Manche (i.e. meltwater floods) in response to the increased runoff 
of the surrounding ice sheets (Eynaud et al., 2007; Toucanne et al., 2009a; Zaragosi et al., 
2001a). This is corroborated by the excellent correlation between the evolution of turbidite 
frequency in each channel-levee system and the evolution at site MD95-2002 of both 
freshwater algae concentration (Zaragosi et al., 2001a) and BIT (Branched and Isoprenoid 
Tetraether)-index (Fig. 8), a novel tracer for terrestrial organic carbon fluvially transported in 
the open ocean (Ménot et al., 2006). Such correlations are unexpected considering the width 
of the post-LGM shelf (>100 km, Figs 2 and 9), and the trigger mechanism of the turbidity 
current remains unclear. Indeed, the very large drowned shelf prevailed the direct amount of 
sediment supply to the canyon heads. Considering the shelf physiography and the huge 
sediment volume deposited by the Fleuve Manche, we assume that a significant lowstand 
deltaic system have to had developed on the outer shelf as a depocentre of the Fleuve 
Manche palaeoriver (Fig. 9). It is accepted that the Celtic sand banks originate from this 
depocentre (Berné et al., 1998; Lericolais et al., 2003; Reynaud et al., 2003; Scourse et al., 
2009). The delta progradation probably improved the river-canyon connection, and the 
numerous deglacial turbidites described on the Guilcher, Crozon and Audierne levees likely 
evolved either from destabilization of freshly deposited sediment from the distal part of the 
prodelta (i.e. sediment failure) or from the direct entrance of sediment-laden freshwater flows 
(i.e. hyperpycnal flows). The latter process was previously suggested for the Armorican 
margin by Zaragosi et al. (2001a) and Mulder et al. (2003). 
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Similar episodes of rapid sediment accumulation related to the last deglaciation (i.e. 
meltwater intervals) have been recorded in other turbidite systems in the North Atlantic 
(Knutz et al., 2002; Kolla and Perlmutter, 1993; Skene and Piper, 2003; Tripsanas and Piper, 
2008). The Laurentian Fan, off the eastern Canadian continental margin, shows a very 
similar evolution both in sediment flux and chronology with mud turbidites accumulated onto 
the levees at very high rates of sedimentation (of the order of 10 m ka-1) between ca. 21 and 
17 ka (Skene and Piper, 2003). But a striking difference exists with the Armorican setting 
because the Laurentian Fan is located off the Laurentian Channel ice-stream, a major outlet 
of the eastern Laurentide ice-sheet. Physiographically, the Mississippi Fan in the deep Gulf 
of Mexico is more similar to the Armorican turbidite system, showing a continental-scale river 
connecting a retreating ice-sheet to a deep depositional system at the end of the last glacial 
period (Kolla and Perlmutter, 1993). Turbidite sedimentation dramatically increased in the 
Mississippi Fan ca. 16-13 ka (Kolla and Perlmutter, 1993). Firstly, because the southern part 
of the Laurentide ice-sheet was rapidly retreating at that time and, secondly, because the 
increase in meltwater discharges and sediment loads were delivered directly to the 
Mississippi Fan by means of cross-shelf valleys that are directly connected to the continental 
slope through a shelf-edge delta (Kolla and Perlmutter, 1993; Suter and Berryhill, 1985; 
Törnqvist et al., 2006). Indeed, contrary to the Armorican margin, the lowstand shoreline is 
below the shelf edge in the northern Gulf of Mexico (Törnqvist et al., 2006). These examples 
from the western North Atlantic strongly support the idea that glacial meltwater discharges 
could have been delivered directly to the heads of the canyons by the Fleuve Manche 
palaeoriver during the deglaciation. The development of an outer-shelf delta reconciles the 
conflicting evidence for an outstanding record of the European deglaciation down to a 100 
km wide drowned shelf expected to buffer the delivery of deglacial material to the deep-water 
area. 
 

5.2.3. The post-glacial period (17-0 ka) 
 
The turbidite frequency at sites MD03-2690, MD03-2688 and MD03-2695 suggests that the 
sediment inputs to the Armorican turbidite system were less and less frequent after the 
deglacial episode (Figs 6, 7 and 8). A strong decrease in accumulation rates occurred on the 
levees after 17 ka and the turbidite frequency reached a maximum of 5 turbidites per 250 
years around 14 ka. The BIT-index at site MD95-2002 shows that the Fleuve Manche 
discharge fell abruptly at ca. 17 ka and remained very low thereafter (Ménot et al., 2006). 
However, the turbidite frequency remained significant between 17 and 15 ka and probably 
reflects the erosion (ravinement) of the shelf deposits (including the lowstand delta) in 
response to the significant sea-level rise (ca. 30 m) and the rapid landward migration of the 
shore zone (Bard et al., 1996) (Fig. 9). The sediment input ceased rapidly after 15 ka while 
the sea-level rose dramatically at that time (Bard et al., 1996; Bard et al., 2010), suggesting 
that sediment storage increased during the deglacial sea-level rise and the subsequent 
highstand conditions (Dennielou et al., 2009; Zaragosi et al., 2000). This is corroborated by 
the significant increase in sediment particle size and thickness of the overspill deposits after 
the deglacial Fleuve Manche discharge (Figs 7 and 8), the sediment source for sedimentary 
flows evolving from direct fine river sediment to remobilisation of winnowed material from the 
continental shelf. The development of the Celtic Sea sand banks (Berné et al., 1998; 
Reynaud et al., 2003; Scourse et al., 2009), concomitant shutdown of the sediment delivery 
in the Celtic Fan (Zaragosi et al., 2000), and sand-rich nature of the rare sedimentary density 
flows feeding the northern Biscay abyssal plain during the Early Holocene (cores MaKS-03 
and MaKS-04; Zaragosi et al., 2001b) all supports this hypothesis. 
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5.3. Is The Armorican Margin A Good Candidate For Climate-Driven Signal 
Propagation From Source To Sink ? 
 

Toucanne et al. (2008) postulated that the fluctuations of turbidite accumulation on the 
Guilcher, Crozon and Audierne levees were only forced by fluctuations of the European ice-
sheets and the runoff from the Fleuve Manche. The evolution of the turbidite thickness and 
grain-size at sites MD03-2690, MD03-2688 and MD03-2695, when compared with the 
evolution of the accumulation rates and turbidite frequency, partly challenges this former 
interpretation by showing that significant changes in turbidite sedimentation occurred while 
the sediment supply onto the levees remained constant. This is particularly evident between 
35 and 20 ka, when significant variations in the thickness and grain-size of the turbidites 
were observed. Considering the shelf physiography and the sea-level variability between 35 
and 20 ka, these new data suggest that variations in turbidite sedimentation on the levees 
during this period also reflect variations in accommodation and storage on the shelf. The 
change in the Fleuve Manche discharge, expected from ca. 35 ka with the glacial advance in 
the North Sea area (Graham et al., 2010), the increasing periglacial slope activity and 
sediment production in the northern Alps (Vandenberghe and Pissart, 1993) and the channel 
belt incision in the Rhine-Meuse system (Busschers et al., 2007) are not recorded in the 
submarine levees because the drowned shelf acted as a powerful buffer between the 
European hinterland and the deep-sea sink. Our results may also corroborate recent results 
suggesting that terrestrial segments of sediment routing systems (i.e. river, floodplain, and 
river mouth) obscure the expression of high-frequency palaeoenvironmental changes 
(Armitage et al., 2011a; Jerolmack and Paola, 2010) and that the lag time between climate-
driven onshore changes and offshore deposition might reach millions of years in extensive 
land-to-deep-sea sediment-routing systems (Castelltort and Van Den Driessche, 2003; 
Métivier and Gaudemer, 1999). Considering the western European drainage alignment and 
the Armorican turbidite system as a whole, we suggest that for the 35-20 ka period (as well 
as the 17-0 ka) the western European sediment-routing system was buffered (sensu Allen, 
2008), as the deep marine depositional environments did not respond to climate-driven 
terrestrial changes. 
 
This pattern was profoundly different during Termination I, when sediment supply became 
the main driver for outer-shelf delta and levee growth. Sediment accommodation rapidly 
shifted from the drowned shelf to the Armorican turbidite system in response to the huge 
increase in meltwater discharge and sediment load from the Fleuve Manche palaeoriver. The 
Armorican turbidite system was then directly connected to BIIS, FIS and the Alps glaciers 
(Fig. 1), as demonstrated by the concomitant changes in the sediment supply onto the levees 
and the ice-sheet retreat up to the Northern European Lowlands (Ehlers et al., 2011; 
Rinterknecht et al., 2006). This suggests that the western European sediment-routing system 
was reactive (sensu Allen, 2008) between 20 and 17 ka. It also suggests that turbidite 
depositional systems can allow us to examine, at least in some specific cases, the landscape 
response (i.e. erosion, transfer) to climate changes, an hypothesis greatly questioned over 
the past few years (e.g. Castelltort and Van Den Driessche, 2003; Jerolmack and Paola, 
2010; Métivier and Gaudemer, 1999). 
 
 

6. Conclusions 

 

The detailed sedimentological analysis of cores MD03-2690, MD03-2688 and MD03-2695, 
through the determination of sedimentary facies and reconstruction of sediment 
accumulation rates, turbidite frequency, turbidite thickness and grain-size, provides a 
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continuous depositional history of the levees in the Armorican turbidite system (Bay of 
Biscay, NE Atlantic) over the last 35 ka. The following conclusions can be drawn: 
 

1. Overspilling turbidity currents in the Armorican turbidite system controlled the levee growth 
from 35 ka to 8 ka, while a slow accumulation of hemipelagic sediment occurred thereafter. 
This suggests, in agreement with sedimentological evidences from cores retrieved down to 
the Crozon channel-levee (cores MaKS-03 and MaKS-04; Zaragosi et al., 2001b), that the 
Armorican turbidite system was inactive (i.e. sediment-starved) during the Holocene sea-
level highstand. 
 

2. Sediment accumulation rates and turbidite frequency reveal that, contrary to prediction 
from the original sequence stratigraphy models, no increase in sediment supply occurred 
during falling sea-level (35-26 ka) or sea-level lowstand conditions (ca. -120 m during the 
LGM, 26.5-20 ka). Turbidite fluxes were relatively low onto the levees during this interval. 
When the results are coupled with modern shelf physiography (shelf-break at ca. -180 m), 
they show that the drowned shelf was large enough (ca. 100 km wide during the LGM) to 
store sediment and to buffer sediment delivery to the Armorican turbidite system. 
 

3. Although turbidite fluxes were relatively low between 35 and 20 ka, significant changes in 
the vertical grain size and bed thickness trends are described on the Guilcher, Crozon and 
Audierne levees at time of major climate transitions. These changes likely reveals the impact 
of hydrodynamic and millennial-scale sea-level changes on the quantity and quality of the 
initial sediment volume transported from the continental shelf to the deep-water area by the 
turbidity currents. 
 

4. Maximum turbidite flux onto the levees occurred at the onset of Termination 1, from ca. 20 
to 17 ka, thus making the Armorican turbidite system a transgression-dominated system. 
Turbidity currents were triggered by the vigorous discharges of the Fleuve Manche 
palaeoriver (i.e. meltwater floods) in response to the increased runoff of the BIIS, FIS and 
Alps glaciers. This, added to the rapid progradation of a large outer-shelf delta, positioned 
the Armorican turbidite system at the terminus of a reactive western European sediment-
routing system during the European deglaciation. 
 

5. The Armorican turbidite system, although active during the last glacial interval, is a very 
unusual depositional system with relatively low sediment flux during (moderate and full) 
glacial conditions and significant sediment supply restricted to the deglacial interval only. 
These results emphasize the conclusions drawn by Törnqvist et al. (2006) which predict, 
based on a geomorphological approach, that the depositional pattern on the Armorican 
margin is at odds with conventional sequence stratigraphic models. As pointed out by these 
authors, the Armorican turbidite system is probably a relevant analogue for pre-MPT (i.e. 
Early Pleistocene and Pliocene) turbidite depositional systems when eustatic sea-level 
lowstands were -80 to -20 m and sea level was less likely to drop to the shelf edge, thus 
limiting the sediment supply to the deep-water area. 
 

Precise knowledge about the geological setting and the climate, sea-level and 
palaeogeographical changes over the studied period have facilitated the interpretation of the 
sedimentological dataset, allowing the isolation of the forcing factors affecting turbidite 
sedimentation. Such interpretations are usually difficult in fossil systems due to the difficulties 
of precisely linking oscillations of the sedimentological parameters with (potentially unknown) 
climate-induced changes. The conclusions drawn in this study require testing, particularly by 
channel- and depositional-lobe-based observations. However, our study definitely provides 
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useful information regarding the forcing factors controlling levee growth in modern as well as 
fossil turbidite systems. 
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Figures 

 
Figure 1: The Armorican turbidite system (filled yellow area - Bay of Biscay), and the regional 
palaeogeographical context during the Last Glacial Maximum (LGM, ca. 30-20 ka in Europe) 
showing the extent of the British Irish Ice Sheet (BIIS), Fennoscandian Ice Sheet (FIS) and 
the Alps glaciers (white shaded areas) (Ehlers et al., 2011). The thick white arrow parallel to 
the southernmost part of the FIS depicts the meltwater flow within the Vilnius–Warsaw–Berlin 
ice-marginal valley. The thin white arrows and the associated lowercase letters indicate the 
main European rivers: a: Fleuve Manche, b: Elbe, c: Weser, d: Ems, e: Rhine, f: Thames, g: 
Solent, h: Meuse, i: Somme, j: Seine, k: Loire, l: Gironde. Black and red circles indicate the 
locations of the cores retrieved in hemipelagic (MD95-2002 and MD03-2696) and turbiditic 
(MD03-2690, MD03-2688 and MD03-2695) depositional environments (see Figure 2 for 
details). The open yellow areas in the deep-sea depict the position of the Celtic Fan 
(Zaragosi et al., 2000). The distal boundaries of the Celtic and Armorican depositional 
systems are unknown (Bourillet et al., 2006). The filled yellow areas on the continental shelf 
indicate the location of the Celtic sand banks (Reynaud et al., 2003). 
 
Figure 2: Physiography of the northern French Atlantic margin (Western Approaches and 
Armorican margin, from North to South), with the present-day continent in green (ETOPO2 
Global Relief Data), the continental shelf in white, and the continental slope and the abyssal 
plain (including the eastern part of the Celtic turbidite system and the Armorican turbidite 
system; e.g. Bourillet et al., 2006) in shades of grey (multibeam echosounder mosaic; Le 
Suavé et al., 2000). Between the coastline and the deep sea: the dashed blue line shows the 
course of the Fleuve Manche palaeoriver during lowstand intervals (Bourillet et al., 2003; 
Gibbard, 1988); the grey patches show the Neogene fluvial palaeovalleys (Le Roy et al., 
2011; Menier et al., 2006; Reynaud et al., 1999); the dashed red line shows the coastal zone 
during the LGM (ca. 26.5-20 ka at global scale); the filled yellow areas show the SW-NE 
elongated Celtic sand banks (i.e. Western Approaches area; Reynaud et al., 2003); the 
green dashed line shows the topographic profile of Figure 9; the solid red lines show the 
limits of the shelf break and of the continental slope (Bourillet et al., 2003); the yellow arrows 
depict the pathways of the turbidity currents (i.e. canyons and channels; Bourillet et al., 2003; 
Zaragosi et al., 2001b); the white areas show the location of the main sedimentary levees 
(Bourillet et al., 2003; Zaragosi et al., 2001b); the dashed yellow lines show the boundaries 
of the Celtic and Armorican turbidite systems (i.e. distal lobes; Bourillet et al., 2006; Zaragosi 
et al., 2001b). Core locations are shown by red and black circles, indicating turbiditic and 
hemipelagic environments, respectively); from west to east: MD95-2002 (Meriadzek 
Terrace), MD03-2690 (Guilcher levee), MD03-2688 (Crozon levee), MD03-2695 (Audierne 
levee) and MD03-2696 (Quiberon Ridge). 
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Figure 3: (A) 3.5 kHz acoustic profile of the Crozon channel-levee system and location of 
core MD03-2688 (in red on the levee crest). The acoustic dataset demonstrates a net 
aggradation of the levee crest and this process dominates for the time period sampled in 
core MD03-2688. See Figure 2 for location of core MD03-2688 ; (B) Site-to-site correlations 
of acoustic data (3.5 kHz, Chirp) from turbiditic and hemipelagic depositional environments of 
the Armorican margin. Correlations of acoustic data with impedance contrasts (i.e. velocity 
times density) of in-situ well-dated sediment cores permitted the main acoustic horizons to be 
interpreted as the Heinrich layers (HL), as demonstrated for the Quiberon Ridge with core 
MD03-2696 (Toucanne et al., 2010). The significant difference between the depth of high 
impedance layers in the Quiberon Ridge (i.e. acoustic horizons on 3.5 kHz data) and within 
core MD03-2696 indicates that stretching occured in the upper part of the core (i.e. coring 
artefact). The black triangles on the acoustic data at sites MD03-2688 and MD03-2690 
indicate the bottom of the cores. 
 
Figure 4: Abundance of planktic foraminifers Neogloboquadrina pachyderma (s) (continuous 
black line - %) and of IRD (red line - 103/gr) from sediment cores MD03-2690, MD03-2688 
and MD03-2695 (turbidite levees), MD95-2002 and MD03-2696 (hemipelagic depositional 
environments). Dashed black lines represent core-to-core correlations using the Younger 
Dryas interval (YD), the upper limit of Heinrich stadials (HS) 2 to 6 and the lower and upper 
limits of the HS 1. AMS 14C dated samples are marked by black triangles on the depth scale. 
Ages are shown in bold type and associated open triangles delimit the Marine Isotope 
Stages (MIS) boundaries according to Lisiecki and Raymo (2005). Intermediate ages and 
associated open triangles within the MIS 2 refere to the ages used in the discussion. 
 
Figure 5: (A) Examples of some representative X-rayed slabs of facies 1 to 6 described by 
Toucanne et al. (2008), illustrating the evolution of the turbidite facies in the Armorican 
channel-levee systems throughout the last 35 ka; (B) Detailed analysis of the above X-rayed 
slabs, i.e. the relationship between the thickness of the sand to silt basal turbidite layers (i.e. 
the dark layers on the X-ray images) and the thickness of the deposits from turbidite base to 
turbidite base (i.e. extended turbidites, including the hemipelagic layers). Grey circles: 
analyses of the deposits of facies 2; white circles: analyses of the deposits of facies 1 and 
facies 3 to 6. The positive correlation existing between the thickness of the turbidite basal 
layers and the thickness of the extended turbidites (i.e. including the hemipelagic layer) 
reveals that only the extended turbidites deposited after ca. 15 ka (i.e. facies 2) cannot be 
considered as turbidite-dominated deposits (i.e. turbidites sensu stricto). 
 
Figure 6: (A) Turbidite frequency (with a 250-year resolution) for cores MD03-2690, MD03-
2688 and MD03-2695 between 8 and 35 ka; (B) Sediment accumulation rates (SAR, cm ka-1) 
at sites MD03-2690, MD03-2688 and MD03-2695 according to the chronology detailed in 
Figure 4 and in Toucanne et al. (2008); (C) The NorthGRIP 18O profile (GICC05 
chronology; Svensson et al., 2008). The Greenland Interstadials are indicated GI. Marine 
Isotope Stages (MIS) boundaries according to Lisiecki and Raymo (2005). B-A : Bölling-
Alleröd, YD: Younger Dryas. Light grey bands indicate the Heinrich stadials (HS). 
 
Figure 7: (A) Mean turbidite frequency (250-year resolution) for cores MD03-2690, MD03-
2688 and MD03- 18O profile 
(black line) (GICC05 chronology; Svensson et al., 2008). The Greenland Interstadials are 
indicated GI; (B) Turbidite thickness (dashed grey lines – cm; three-points moving average 
shown as dashed black lines) and mean grain-size of turbidite bases (continuous black lines 
- µm; fifth-order polynomial average shown as dashed black lines) in cores MD03-2690, 
MD03-2688 and MD03-2695. Vertical dashed lines represent core-to-core correlations. Grey 
shaded zones show the periods of increasing turbidite frequency. Facies 1 to 6 refer to 
Figure 5a and Table 1 (Toucanne et al., 2008). Marine Isotope Stages (MIS) boundaries 
according to Lisiecki and Raymo (2005). B-A : Bölling-Alleröd, YD: Younger Dryas, LGM : 
Last Glacial Maximum, HS : Heinrich stadials. 
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Figure 8: (A) Relative sea-level (RSL) reconstructions from Tahiti corals (Bard et al., 1996), 
the Red Sea (Siddall et al., 2003) and the Huon Peninsula (Cutler et al., 2003). The eustatic 
sea-level time serie is shown as a gray line (Clark et al., 2009). The Last Glacial Maximum is 
defined from Clark et al. (2009); (B) British Irish Ice Sheet (BIIS) oscillations in the Irish Sea 
Basin (Toucanne et al., 2008; and references therein) ; (C) Data-based estimation of the 
Fleuve Manche sediment load (Qs – uncertainties, dashed lines) with a 500-year resolution 
(Toucanne et al., 2010); (D) Mean turbidite frequency for cores MD03-2690, MD03-2688 and 
MD03-2695 with a 250-year resolution (red line, this study) and BIT-index at site MD95-2002 
(blue line) (Ménot et al., 2006) (see Figs 1 and 2 for location); (E) Mean grain-size of turbidite 
bases in cores MD03-2688, MD03-2690 and MD03-2695 (fifth-order polynomial average 

18O profile (GICC05 chronology; 
Svensson et al., 2008). The Greenland Interstadials are indicated GI. Marine Isotope Stages 
(MIS) boundaries according to Lisiecki and Raymo (2005). B-A : Bölling-Alleröd, YD: 
Younger Dryas. Light grey bands indicate the Heinrich stadials (HS). 
 
Figure 9 : Conceptual model of sedimentation on the Armorican margin during the LGM (ca. 
26.5-20 ka) and the Late Glacial (ca. 20-15 ka). This scenario is based on the estimation of 
Fleuve Manche palaeoriver discharge (Qs; Toucanne et al., 2010), sedimentological criteria 
from the Armorican shelf (modern position of the Celtic sand banks in yellow; Figure 2) and 
the Armorican turbidite system (mean turbidite frequency from cores MD03-2690, MD03-
2688 and MD03-2695, with a 250-year resolution; Figures 2 and 6), and eustatic sea-level 
fluctuations (RSL : Relative sea-level; Clark et al., 2009). The topographic profile from –70 to 
–220 m corresponds to the dashed green line drawn in Figure 2. The combined effect of the 
isostatic components is that the shelf-break bathymetry on the Armorican margin remained  
at around –180 m over the studied period (Lambeck, 1997; Törnqvist et al., 2006). During the 
LGM lowstand and until ca. 18 ka, the progradation of an outer-shelf delta probably occurred 
in response to the Fleuve Manche sediment load. The latter is know to reach a maximum 
between ca. 20 and 17 ka (Ménot et al., 2006; Toucanne et al., 2010). This process 
improved the river-canyon connection and led to the high sediment flux of fine river sediment 
in the deep depositional system. The development of an outer-shelf delta during this period 
of time reconciles the conflicting evidence for an outstanding record of the European 
deglaciation down to a wide drowned shelf (Figure 2), especially because the abrupt 10 to 20 
m rise in sea-level between ca. 20 and 18 ka would led to a rapid shoreline retreat of about 
50 km. The delta retrogradation probably occurred at ca. 18-17 ka due to the rapid rise in 
sea-level and the subsequent gradual decrease of the Fleuve Manche sediment load. The 
moderate turbidite frequency observed until ca. 15-14 ka probably reflects the erosion of the 
shelf deposits in response to the rapid landward migration of the shore zone. It is widely 
accepted that the Celtic sand banks (in yellow in the upper part of the figure) are vestigial 
tidally remobilised sediments evolving from this palaeodelta (Berné et al., 1998; Scourse et 
al., 2009). 
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Tables 

 
Table 1 : Summary of sedimentary facies characteristics. X-ray images of facies 1 to 6 are 
shown in Figure 5a. 
 



                

 
Facies Age (ka) Sedimentological description 

Turbidite base       

grain size (µm) 

Turbidite freq. 

(turb.250yr-1) 

SAR        

(cm.kyr-1) 
Interpretation / Origin 

 

 

1 0-8 Homogeneous, structureless marly ooze No turbidite No turbidite ≤10 Hemipelagic deposits 

 

 

2 8-15.5 Homogeneous clay interbedded with some    
cm-scale silt to very fine sand layers 50-110 ≤10 ≤ 150 

Fine-grained turbidites    
deposited from the overflow   
of turbidity currents  

 

3 
15.5-17       
23.5-26         
30-32 

Frequent thinning- and fining-upward   
sequences of silt and very fine to fine sand 
deposits with erosive basal contacts 

50-200 10-30 100-500 
Fine-grained turbidites    
deposited from the overflow   
of turbidity currents  

 

4 17-18.3 
Ultra-laminated sediment showing mm-scale 
fining-upward silty laminae and rare silty          
to very fine sandy deposits 

20-90 40-70 500-700 
Very fine-grained turbidites 
(deposited by hyperpycnal 
meltwater flows?)  

 

5 18.3-20 
Homogeneous clay interbedded with     
numerous fining-upward mm- to cm-scale        
silt to fine sand deposits with erosive basal 

50-150 20-40 250-400 
Fine-grained turbidites    
deposited from the overflow   
of turbidity currents  

 

6 
20-23.5          
26-30            
32-35 

Massive, fining-upward silt to sand deposits 
embedded in a homogeneous clay 50-200 ≤10 ≤ 150 

Fine-grained turbidites    
deposited from the overflow   
of turbidity currents  

         
 

Table1
Click here to download Table: Table1.doc
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