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The Cap-Ferret Canyon (CFC), a major morphologic feature of the eastern margin of the Bay of Biscay,
occupies a deep structural depression that opens about 60 km southwest of the Gironde Estuary. Detailed
depth profiles of the particle-reactive radionuclides 234Th and 210Pb in interface sediments were used to
characterise the present sedimentation (bioturbation, sediment mass accumulation, and focusing) in the
CFC region. Two bathymetric transects were sampled along the CFC axis and the southern adjacent
margin. Particle fluxes were recorded from the nearby Landes Plateau by means of sediment traps in
2006 and 2007. This dataset provides a new and comprehensive view of particulate matter transfer in the
Cap-Ferret Canyon region, through a direct comparison of the canyon with the adjacent southern margin.
Radionuclide profiles (234Th and 210Pb) and mass fluxes demonstrate that significant particle dynamics
occur on the SE Aquitanian margin in comparison with nearby margins. The results also suggest show
three distinct areas in terms of sedimentary activity. In the upper canyon (o500 m), there is little net
sediment accumulation, suggesting a by-pass area. Sediment focusing is apparent at the middle canyon
(500–1500 m), that therefore acts as a depocenter for particles from the shelf and the upper canyon.
The lower canyon (42000 m) can be considered inactive at annual or decadal scales. In contrast with the
slow and continuous accumulation of relatively fresh material that characterises the middle canyon, the
lower canyon receives pulses of sediment via gravity flows on longer time scales. At decadal scale,
the CFC can be considered as a relatively quiescent canyon. The disconnection of the CFC from major
sources of sediment delivery seems to limit its efficiency in particle transfer from coastal areas to the
adjacent ocean basin.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Submarine canyons are spectacular topographic features that
are usually presented as natural conduits for the transfer of
particulate matter from the shelf to the deep ocean on both
passive and active continental margins (Carson et al., 1986;
Gardner, 1989; Palanques et al., 2005; De Leo et al., 2010). Modern
sedimentation rates have been found to be substantially higher in
some submarine canyons than on the adjacent open slopes at
similar depths (Carpenter et al., 1982; de Stigter et al., 2007; Mas
ll rights reserved.

ordeaux 1, Avenue des
0 33 15;

. Schmidt).
et al., 2010). Large accumulations of sediment and detritus have
been reported on the floors of canyons in different parts of the
word (McHugh et al., 1992). Substantial amounts of these particles
are not produced locally within the canyon, but transported from
shallow coastal areas typically enriched in nutrients (Mullenbach
and Nittrouer, 2000; Puig et al., 2003; Kao et al., 2006; Tesi et al.,
2008; Pasqual et al., 2011). Thus, the chanelling of particulate
transport within canyons gives rise to high planktonic and benthic
production (Stefanescu et al., 1994; Vetter, 1994; Cunha et al.,
2011; Hunter et al., 2013).

In spite of numerous studies conducted in submarine canyons
around the world, the mechanisms governing the present-day
transfer of particulate matter through submarine canyons, as well
as the temporal scales involved, are not fully understood at
present. This knowledge is important to understand why canyons
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are “hot spots” for biological activity, and how changes in particle
supply (quality and intensity) could affect canyon ecosystems and
associated productivity and biodiversity. The question is relevant
as submarine canyons are extremely frequent features that incise
into continental shelves and slopes of all continental margins.
Harris and Whiteway (2011) have recently published the first
global inventory of large submarine canyons, identifying a total of
5849 separate canyons in the world's oceans.

In the North-East Atlantic, the Bay of Biscay is bordered, from
north to south, by the Celtic, Armorican, Aquitanian and North-
Iberian margins, and cut by almost 35 submarine canyons (Reid
and Hamilton, 1990; Bourillet et al., 2007; Mulder et al., 2012;
Hunter et al., 2013, and references herein). The Aquitanian con-
tinental margin is constituted by a sedimentary basinward pro-
grading prism over the marginal Landes Plateau. Two main
canyons, the Cap-Ferret Canyon (CFC) and the Capbreton Canyon,
have contributed to the construction of a single elongated deep-
sea turbidite system, the Cap-Ferret system (Cremer et al., 1985;
Fig. 1). The Cap-Ferret Canyon is a deep structural depression that
opens off a 60 km wide shelf, and where an important drainage
network converges from multiple incised channels. Southward,
the Capbreton Canyon forms a deep and narrow E–W incision that
begins 200 m from the shoreline and deepens regularly over
270 km down to the junction at 3400 m water depth with the
S–N directed Santander Canyon, before merging 75 km further
north with the CFC (Fig. 1).

The objective of this work is to characterise the present-day
sediment transport and deposition within CFC using a multi-tracer
approach. We report here detailed depth profiles of the particle-
reactive radionuclides 234Th (T1/2¼24.1 days) and 210Pb (T1/2¼22.3
years) in interface sediments collected from 151 to 3168 m depth
in the CFC region during the LEVIATHAN cruise (June, 2009). Two
bathymetric transects were sampled, along the canyon axis and
the southern adjacent margin. We present also downward parti-
culate mass fluxes recorded, by means of sediment traps, in the
nearby Landes Plateau between 2006 and 2007. Results of a first
investigation of the CFC conducted in 1990 (ECOFER—ECOsystème
du canyon de cap-FERet; Heussner et al., 1999) are also included.
Fig. 1. Enlarged image of the Cap-Ferret Canyon in the S-E Bay of Biscay showing the lo
southern adjacent transect on the Aquitanian margin. Locations of trap moorings and s
This dataset is discussed in order to compare the present sedi-
mentation framework (bioturbation, sediment mass accumulation,
and focusing) of the CFC and of the adjacent open slope and to
define a conceptual framework of the sedimentary activity along
the CFC. Based on a comparison with other canyons, we suggest
the “Type II” canyon category, as defined by Jobe et al. (2011), to be
subdivided into at least two classes.
2. Materials and methods

2.1. Settling particles in the water column

During the ANR-FORCLIM programme, a long-term mooring
equipped with two sediment traps (PPS5 TECHNICAP; sampling
area 1 m2) was deployed at the deepest station 6′, on the Landes
Plateau (southeast Aquitanian margin) (Fig. 1, Table 1). Settling
particles were sampled at two water depths, 800 m and 1700 m
respectively, over a 17-month period, from June 22, 2006, to
November 23, 2007. Details on moorings, sample processing and
data are given by Schmidt et al. (2009) and Kuhnt et al. (2013).
Station 6′ (44133′N, 2145′W, 2000 m water depth) is also labelled
WH in previous works on the Aquitanian margin; the label 6′ is
preferred in this work for coherence with the notation of the other
sites on the slope transect. During ECOFER, two trap moorings
were also deployed, but in the canyon axis, at 2300 and 3000 m
water depth, for 14 months from June 1990 to August 1991. Details
on moorings and sample processing are given by Heussner et al.
(1999).

2.2. Interface sediment

Our investigation deals with interface sediments obtained in the
CFC and on the nearby southern margin, the Aquitanian margin
down to the Landes Plateau (Fig. 1; Table 2). During the LEVIATHAN
cruise (June 2009), two bathymetric transects were sampled
between 153 and 3168 m water depth using a multicorer (Oktopus,
MUC 8/100) to ensure a good recovery of the water–sediment
cation of the multicores collected at various depths in the canyon area and along a
ampling sites of dissolved 226Ra are also indicated.



Table 2
Location, depth and sampling year of the cores; mean grain size of the layer 5-6 cm; information derived from seabed 210Pbxs profiles: mixed layer thickness (ML),
sedimentation and mass accumulation rates (SAR, MAR), 210Pb particulate flux (F) and 210Pbxs flux/210Pb annual production ratio (F/P); surficial 232Th activity; information
derived from seabed 234Thxs profiles: 234Th inventory (I) and bioturbation rate (Db).

Site Latitude
(1N)

Longitude
(1W)

Depth
(m)

Sampling
year

Grain
size
(mm)

210Pbxs 232Th
(mBq
g−1)

234Thxs

ML
(cm)

SAR
(cm yr−1)

MAR
(mg cm−2 yr−1)

F
(mBq cm−2 yr−1)

F/P I
(mBq cm−2)

Db

(cm2 yr−1)

Cap-Ferret canyon
1 44138'079 1158'852 151 2009 124 5 0.140 219 37.3 3.5 21 99 0.8
2 44138'566 2100'274 353 2009 17 6 0.084 130 67.0 5.8 25 50 0.4
KTB88 n 445 2000 0.280n 230 86.5n 7.1
3 44138'371 2101'688 535 2009 14 3 0.370 293 128.1 10.3 56 107 n.d.
KTB126 n 750 2000 0.370n

5 44138'422 2104'124 1035 2009 12 4 0.288 214 196.4 13.2 54 173 68.7
6 44141'374 2108'036 1695 2009 12 2–3 0.263 211 165.9 9.3 60 139 0.2
7 44141'424 2113'111 2050 2009 12 1–2 0.138 83 110.3 5.6 54 111 1.4
KTB71 n 2300 2000 0.200n 150 55.8n 2.7
8 44148'348 2132'888 2890 2009 9 1 0.082 41 45.8 1.9 50 63 3.5
KTB62 n 2985 2000 0.040n 60 43.0n 1.8
KTB61 n 2985 2000 0.030 30 28.2 1.2
9 44147'167 2143'747 3168 2009 9 o1 0.099 72 58.2 2.3 64 40 o0.1

Interfluve
KTB109 n 880 2000 0.140n 120 80.0n 5.7

Southern margin (Plateau des Landes)
2' 44135'027 2108'114 329 2009 44 7 0.290 409 43.3 3.8 42 35 0.3
3' 44136'032 2111'048 534 2009 36 1 0.111 152 20.6 1.7 54 129 0.2
4' 44141'990 2113'017 1010 2009 10 1–2 0.084 59 40.3 2.7 56 118 1.1
5' 44136'481 2122'306 1619 2009 9 1 0.067 45 40.2 2.3 54 58 0.4
6' 44133'036 2145'217 2078 2009 7 1–2 0.070 51 25.1 1.3 67 10 0.1

n: Cores and data from ECOFER cruise (Radakovitch and Heussner, 1999).

Table 1
Location, water column depth and sampling year of the long-term moorings; depth of the trap; mean annual mass flux; 210Pb particulate flux (F) and 210Pbxs
flux/210Pb annual production ratio (F/P).

Site Latitude (1N) Longitude (1W) Water column
depth (m)

Sampling
year

Trap
depth (m)

Total mass flux
(mg cm−2 yr−1)

210Pbxs

F (mBq cm−2 yr−1) F/P

Cap-Ferret canyon
MS1n 44144′ 2118' 2300 1990–1991 380 18.2n 34.0n 2.9

1350 28.1n 49.2n 3.0
1900 43.7n 82.2n 4.3
2250 53.7n 101.7n 5.0

MS2n 44147' 2138' 3000 1990–1991 1900 11.9n 29.2n 1.5
2950 16.7n 49.3n 2.1

Southern margin (Plateau des Landes)
6' 44133' 2145' 2000 2006–2007 800 2.7 8.0 0.7

1700 7.0 19.7 1.2

n: Traps and data from the ECOFER experiment (Heussner et al., 1999; Radakovitch and Heussner, 1999).
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interface. Immediately after core retrieval, tubes (inner diameter
9.5 cm) were carefully extruded and sliced at 0.5 cm intervals from
0 to 4 cm, and at 1 cm intervals below that depth.

In the laboratory, dry bulk density (DBD) was measured by
determining the weight after drying (60 1C) of a known volume of
wet sediment. 234Th, 238U, 210Pb, 226Ra and 232Th activities were
measured on 2.5–5 g of dried sediment using a semi-planar
germanium detector (EGSP 2200-25-R, EURYSIS Mesures)
(Schmidt et al., 2009). Within 6 weeks after sampling, because of
the rapid decay of 234Th, the uppermost sediment layers of each
core were measured by γ-counting, until a rather constant 234Th
activity was reached. After 3–4 months, a second determination
was performed to determine the supported 234Th activities. The
standards used for the calibration of the γ detector are RGU and
RGTh gamma standards from IAEA. Errors on radionuclide activ-
ities are based on 1 standard deviation counting statistics. Excess
234Th (234Thxs) and 210Pb (210Pbxs) data were calculated by sub-
tracting the activity supported by their parent isotopes, 238U and
226Ra respectively, from the total activity in the sediment, and then
by correcting 234Th values for radioactive decay that occurred
between sample collection and counting (this correction is not
necessary for 210Pb due to its longer half-life and the short time
between sampling and analysis). Errors on 234Thxs and 210Pbxs are
calculated by propagation of errors in the corresponding pair,
234Th and 238U, or 210Pb and 226Ra. Grain size analyses on a wet
sediment aliquot (layer 5–6 cm of each core) were performed with
a Malverns Laser diffraction particle sizer.

2.3. Bioturbation rates

Sedimentation and mixing rates are generally determined by
means of tracers, which reach the seafloor in association with



Fig. 2. Profiles of 226Ra with depth of the water column on the shelf (V4, water
depth¼67 m), the middle slope (A, water depth¼1000 m) and Plateau des Landes
(6′, water depth¼2078 m) (S-E Bay of Biscay).
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particles settling through the water column (Nittrouer et al., 1984).
For seasonal time scales, an appropriate tracer is 234Th, a natural
decay-product of 238U (Aller and Cochran, 1976). Taking into
account its very short half-life (T½¼24.1 days) and sedimentation
rates usually encountered in continental slopes and shelves (far
less than 1 cm yr−1), 234Thxs should be present only at the water–
sediment interface. 234Th penetration to variable depths indicates
efficient mixing of the upper sediments, usually by bioturbation.
The simplest way to derive bioturbation rates (Db) from radio-
nuclide profiles is to assume bioturbation as a diffusive process
occurring at a constant rate within a surface mixed layer under
steady state (Schmidt et al., 2001). These simplifications allow the
determination of bioturbation rates from a simple plot of radio-
nuclide activity as a function of depth z (cm), using

½234Thxs�z ¼ ½234Thxs�0exp −z

ffiffiffiffiffiffi
λ

Db

s !
; ð1Þ

where [234Thxs]0 and [234Thxs]z are the activities (mBq g−1) of
excess 234Th at the water–sediment interface, z the depth, λ the
decay constant of the nuclide, and Db the bioturbation rate. We
present 234Th-derived bioturbation rates and inventories as an
indication of particle input over the last few months. Such
bioturbation rates must be considered as an instantaneous signal
(Aller and DeMaster, 1984; Schmidt et al., 2001).

2.4. Sedimentation and mass accumulation rates, focusing

For decadal to century time scales, the classically-used tracer is
210Pb, a natural decay-product of 226Ra, with a half-life of 22.3
years (Appleby and Oldfield (1992), and references herein). The
210Pb method is based on the measurement of the excess or
unsupported activity of 210Pb (210Pbxs) which is incorporated
rapidly into the sediment from atmospheric fallout and water
column scavenging, due to the strong affinity of 210Pb for particu-
late matter. Once incorporated into the sediment, unsupported
210Pb decays with depth, equivalent to time, in the sediment
column according to its known half-life. Several models have been
developed to calculate an age or accumulation rate (Sanchez-
Cabeza and Ruiz-Fernández, 2012, among others): CIC (constant
initial concentration); CSR (constant rate of supply); and CFCS
(constant flux-constant sedimentation). In order to compare this
work with a former investigation of the CFC conducted in 1990, we
have chosen to apply the same model, the CFCS model, which is
commonly used in marine sediments. Under the two assumptions
of the CFCS method, constant flux and constant sediment accu-
mulation rates (Robbins and Edgington, 1975), sediment accumu-
lation rate can be derived from the decrease of 210Pbxs activities
with depth considering the following relation:

½210Pbxs�z ¼ ½210Pbxs�0exp −z
λ

SAR

� �
; ð2Þ

where [210Pbxs]0 and [210Pbxs]z are the activities of excess 210Pb at
the water–sediment interface, or the base of the mixed layer, z the
depth, λ the decay constant of the nuclide, and SAR the sediment
accumulation rate. In this model, the compaction and bioturbation
effects are not taken into account, and calculated SAR correspond
to maximum values. An alternative method is to plot the regres-
sion of 210Pbxs against cumulative mass to calculate a mass
accumulation rate (MAR), which integrates the compaction effect.

A complementary way to characterise deposition fluxes is to
compare the annual seabed 210Pbxs flux (F) and the predicted 210Pb
flux (P) using the focusing ratio (F/P). Values of F/P41 suggest
focusing or lateral input of 210Pb to the considered site
(Muhammad et al., 2008). In the open ocean, the sources of
210Pb are atmospheric fallout of 210Pb to surface waters and its
production in the water column from decay of 226Ra (Cochran
et al., 1990). For atmospheric deposition, we use the value of
8.571.3 mBq cm−2 yr−1 (Schmidt et al., 2009). The production rate
from the water columnwas calculated using the profiles of 226Ra at
site 6′ (water depth¼2078 m), and at two sites on the Landes
Plateau (A, water depth¼1000 m) and on the shelf (V4, water
depth¼67 m, see Fig. 1). To determine dissolved 226Ra activities,
20 L samples were recovered from different depths in the water
column by draining seawater from Niskin bottles of a CTD rosette.
On board, 226Ra was immediately co-precipitated with BaSO4. In
the lab, 226Ra activities were measured by γ-counting (Schmidt
and Reyss, 1996). A very low-background, high-efficiency well-
type germanium detector (Ge volume of 260 cm3, low-noise Al
and Cu components) equipped with a Cryo-Cycle (CANBERRA) was
used in the underground laboratory of the EPOC laboratory. 226Ra
activities present slight differences between the three stations,
with a mean value of 1.470.2 mBq m−3 (Fig. 2). The increase in
activities toward the seafloor is explained by diffusion of radium
from bottom sediments (Cochran, 1980).

Predicted 210Pb fluxes, based on these 226Ra profiles, are
comprised between 10.7 and 24.8 mBq cm−2 yr−1, increasing with
water column depth. The annual 210Pbxs flux (F, mBq cm−2 yr−1) is
calculated from the seabed inventory as

F ¼ λ ∑Ai DBDi dz
� �

;

where Ai (mBq g−1) is the excess 210Pb of the sampled layer i, and
dz (cm) and DBDi (g cm−3) are respectively the thickness (0.5 or
1 cm) and the dry bulk density of this layer.
3. Results

3.1. Seabed 234Thxs profiles

Thorium data indicate the occurrence of excess 234Th in the top
of all the studied cores (Fig. 3). Such an occurrence of 234Th
demonstrates the presence of freshly deposited particles. Sedimentary



Fig. 3. 234Thxs (grey triangles) and 210Pbxs (black dots) profiles measured on the cores from the Cap-Ferret Canyon (upper panel) and from the southern margin (lower panel).
The profiles have been plotted from left to right with increasing water column depth. Error bars on radionuclide profiles correspond to 1 SD. Dashed lines show the
regression line used to calculate SAR.
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234Thxs profiles in the canyon and on the open slope show variable
penetration depths, from 0.5 to about 4 cm, which reveal contrasted
mixing efficiency. Five profiles were collected outside the canyon,
from 329 to 2078 m water depth across the southern margin (Fig. 3;
lower panel): 234Thxs of all these profiles disappears very rapidly
within the first centimetre. Margin profiles present always equivalent
or lower 234Thxs activities, compared to the canyon profiles at similar
depth. Inventories present also marked differences among sites,
between 10 and 173 mBq cm−2, the lowest values being recorded in
the deepest core of the open slope transect (station 6′, water
depth¼2068 m). Except for sites 3 (water depth¼535 m) and 5
(water depth¼1035 m) in the upper canyon, bioturbation rates
(0.1–3.5 cm2 yr−1) are in the range of reported values for margin
environments (Legeleux et al., 1994; Schmidt et al., 2002).

3.2. Seabed 210Pbxs profiles

In the CFC, surface excess 210Pb activities range from 41 to
1101 mBq g−1. Profiles of 210Pbxs present a well-developed mixed
layer in the upper canyon (cores 1–3, and 5), that becomes
negligible for cores at water depths41500 m (Table 2; Fig. 3).
Deeper in the sediment 210Pbxs profiles follow an exponential
decrease in most of the sampled canyon stations. In cores 3 (water
depth¼535 m), 5 (water depth¼1035 m), and 6 (water depth¼
1695 m), 210Pb at the basis of the core (typically the layer at 24–
26 cm) is still far from the equilibrium value with its progenitor,
226Ra. In the other cores of the canyon (sites 1, 2, and 7–9), 210Pbxs
activities reach supported activities at depths ranging between 15
and 25 cm. The 210Pbxs profile in core 7 (water depth¼2050 m)
presents a peculiar feature, with a layer between 8 and 18 cm
exhibiting lower activities, by comparison with the surrounding
layers. In the deep reaches of the canyon, cores 8 (water
depth¼2809 m) and 9 (water depth¼3168 m) show a similar
feature, although less expressed and located in the uppermost
part of the core. Such layers with low to very low 210Pb activities
suggest mixing with older eroded sediments and/or dilution with
coarse sediment.
During the ECOFER experiment, interface sediments were also
sampled at six sites (Fig. 1): it is noticeable that the same pattern
(a layer presenting a marked decrease in 210Pbxs activities) is
present in 210Pbxs profiles of three cores (KTB126, 71 and 61 at 720,
2300 and 3000 m water depths, respectively) (Radakovitch and
Heussner, 1999).

On the adjacent slope (Fig. 3, lower panel), surface excess 210Pb
activities range from 82 to 990 mBq g−1. Only the shallowest site
(2′; water depth¼329 m) presents a mixed layer, about 7–8 cm
thick. Then, 210Pbxs activities present an exponential decrease to
reach supported levels at about 20 cm for site 2′ and 10 cm for site
6′ (water depth¼2078 m).

In the canyon, sedimentation and mass accumulation rates
range between 0.08 and 0.37 cm yr−1, and between 41 and
293 mg cm−2 yr−1, respectively (Table 2). These values are consis-
tent with the few values obtained during the ECOFER cruise. On
the open adjacent slope, SAR and MAR are not significantly
different: 0.08–0.29 cm y−1 and 45–409 mg cm−2 yr−1.

3.3. Sediment ancillary data

Mean grain size ranges between 7 and 124 mm (Table 2). The
5–6 cm layer of the shallowest station 1 (water depth¼151 m) is
dominated by sand. But grain sizes decrease rapidly with water
depth to reach values o10 mm, characteristic of fine silt, on both
transects (Fig. 4). In order to explain the low 210Pbxs layers in the
deep canyon (sites 7–9), corresponding layers were also analysed
for grain size (data not shown). There is no obvious trend, only a
slight increase in D90 that could indicate some sediment winnow-
ing. These low 210Pbxs-layers are not explained by a dilution
by coarse material, and may indicate a massive input of older
material.

The long-lived and naturally occurring 232Th is usually asso-
ciated with the detrital fraction (Van der Klooster et al., 2011),
therefore activity changes can be an indication of different
lithological sources or proportions. 232Th activities range between
21 and 67 mBq g−1, the lowest values are associated with the



Fig. 4. Mean grain size of the topmost 5–6 cm of sediment cores (A), sediment (B) and mass (C) accumulation rates, and focusing ratio (D) against water depths of the
stations along the CFC and the southern adjacent margin.
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coarsest sediment of site 1 (Table 2). As for mean grain size, 232Th
values reach rapidly homogeneous and similar values on both
transects. The enhanced activities in depth are consistent with the
silty nature of sediment.

3.4. Sediment traps

The total particulate mass flux, registered by two sediment
traps moored at site 6′ (water depth¼2078 m) on the Landes
Plateau, ranged from 0.6 to 13.6 mg cm−2 yr−1 at 800-m-depth and
from 1.3 to 33.4 mg cm−2 yr−1 at 1700-m-depth (data not shown;
see Schmidt et al. (2009) and Kuhnt et al. (2013) for details). Over
the 17-month period, mean-trapped particulate fluxes were
2.7 and 7.0 mg cm−2 yr−1 at 800-m and 1700-m water depth
respectively (Table 1). Particulate flux was much higher in the
deepest trap, close to the mass accumulation rates obtained in the
underlying sediment (site 6′). Mean F/P ratios of trapped particles
increase with depth from 0.7 at 800 m water depth to 1.2 at
1700 m water depth. F/P ratios of trapped particles in the deepest
trap agree also with the recorded F/P in the deepest cores on both
transects (Fig. 4).

During the ECOFER experiment, two mooring lines equipped
with sediment traps were used to record particulate fluxes in the
CFC axis at 2300 (MS1) and 3000 m (MS2) water depth. Mean
particulate fluxes trapped 50 m above sea bottom were 53.7 and
16.7 mg cm−2 yr−1 respectively, with a marked decrease offshore.
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Taken into account the following observations: (1) the deepest
trap on the Landes Plateau was moored 300 m above the sea-
bottom, (2) the obvious increase of mass flux with depth in the
water column at site 6′ (Table 1), and (3) the different sampling
periods (14-months from 1990 to 1991 for ECOFER; 17-months
from 2006 to 2007 for FORCLIM), the difference in mean-trapped
particulate fluxes on the Landes Plateau and in the deep canyon
(MS2) is assumed to be negligible. We have also calculated F/P
ratios of ECOFER traps (Table 1) to compare with the present work.
The mean annual mass flux collected by traps never exceeded the
highest mass accumulation rates recorded in interface sediment of
the upper canyon (Tables 1 and 2).
4. Discussion

4.1. Present-day sediment deposition in the CFC and on the
adjacent open slope

Sedimentation rates on the open slope of the Aquitanian
margin are higher, at equivalent depths, than those observed on
nearby margins to the north in the Goban Spur and Meriadzek
areas (van Weering et al., 1998), and to the South on the Iberian
margin (van Weering et al., 2002). In contrast to these neighbour-
ing systems, that receive little sediment from land due to distance
from the coastline or to low river discharge, the S.-E. Aquitanian
margin receives notable sediment input, estimated to be about
3.7 Mt yr−1, through the Gironde, the Adour and the small
Pyrenean and Cantabrian mountainous rivers (Ruch et al., 1993;
Maneux et al., 1999). Thereafter, different hydrological processes
(eddies, tidal energy) are favourable to offshore transport and
redistribution of particles on the Aquitanian margin (Pingree and
Le Cann, 1995; de Madron et al., 1999; Kuhnt et al., 2013).

High 234Thxs inventories are the signature of a significant
particle input within the last 100 days (Aller and DeMaster,
1984) whereas bioturbation rates have been shown to vary with
organic carbon fluxes (Schmidt et al., 2002). When considering
234Thxs inventories and bioturbation rates with depth, both show
enhanced values at stations 3 (water depth¼535 m) and 5 (water
depth¼1035 m) in the middle reaches of the CFC (Table 2). This is
associated with the lowest oxygen penetration depth recorded on
the two transects (0.4 cm at station 5; Duros et al., 2013). The
simultaneous occurrence of these three signals may indicate that a
high, rapid sedimentation of fresh particles had occurred recently
in the depth range between 500 and 1500 m in the canyon,
probably in association with the downward settling of recent
spring bloom production (LEVIATHAN cruise was performed dur-
ing late June).

On a longer time scale, there are also differences in sediment
deposition between the two transects (Fig. 4B and C). On the
adjacent open slope, sediment accumulation rates decrease rapidly
with increasing depth and distance from the shelf break, from 0.29
to 0.08 cm yr−1. This trend is usually observed in margin sedi-
ments (Muhammad et al., 2008), and in particularly in NW
European margins (Antia et al., 1999; van Weering et al., 1998,
2002; Schmidt et al., 2009).

In the canyon, accumulation rates present a more complex
pattern (Fig. 4B and C). Three areas can be distinguished. The low
sedimentation rates at water depth o500 m indicate that the
upper canyon is not a depocenter. The accumulation rate at station
2 (water depth¼353 m) is even lower than that at the open
margin at a similar depth (Fig. 4). In the middle part of the CFC, at
water depths between 500 and 1500 m, sediment accumulation
rates are the highest, up to 0.37 cm yr−1. In the lower part of the
canyon, SAR decreases smoothly to o0.1 cm yr−1 at 3168 m water
depth. These sediment accumulation rates are not drastically
different from those recorded on the Landes Plateau (water
column depth¼2078 m). Sedimentation rates in the middle CFC
are in the lowest range of values that could be observed in
canyons. For example several centimeters per year have been
reported in the thalweg (Mulder et al., 2001) or on a terrace of the
nearby Capbreton Canyon (Gaudin, 2006; Gaudin et al., 2006) and
in the Nazaré canyon (de Stigter et al., 2007).

Stations 7 (water depth¼2050 m), 8 (water depth¼2890 m)
and 9 (water depth¼3168 m) all show a subsurface layer present-
ing lower 210Pbxs activities than those in overlying and underlying
sediments. The upper limits of this layer are 8, 5 and 6 cm
respectively. This could correspond to the supply of older particles
detached from the shelf, the canyon head and the upper slope and
transported by a sediment gravity flow that reached the lower part
of the CFC about 60 years ago.

The annual seabed 210Pbxs flux to the predicted 210Pb flux ratio
(F/P) reproduces the same trends as those observed for sediment
and mass accumulation rates (Table 2; Fig. 4). On the adjacent
open slope, F/P decrease rapidly to low values (1–2) with increas-
ing depth, while in the canyon F/P values show a wider range and a
different evolution with depth. The highest values, 410, are
recorded in the middle canyon. In the lower canyon, there is a
convergence of F/P to values ranging between 1.2 and 2.3 with no
distinction in the canyon or on the open slope. The high F/P ratios
in the middle canyon reveal an enrichment of seabed 210Pbxs with
respect to vertical scavenging of in situ production; it is also
reflected in the distribution of 234Thxs. There is lower 234Thxs, F/P
and SAR in the upper canyon (stations 1 and 2, water depth¼151
and 353 m respectively) than in the middle canyon (stations 3, 5,
6, water depths comprised between 535 and 1695). This violation
of the general decreasing trend of mass fluxes with distance to the
shore, as observed in the open margin stations, speaks clearly of
an apparent continuous transfer of mass from the upper to the
middle canyon. In addition the high F/P and MAR indicate that
sediment is also transported along the continental shelf and is
captured by the canyon. It mixes with the material resuspended at
the canyon head. All the particles settle rapidly down through the
upper and middle parts of the canyon. Radioisotope fluxes in the
lower canyon, at water depth41500 m are only slightly higher
than values measured at comparable water depths on the open
adjacent slope, indicating that sediment inputs are focused within
the middle part of the canyon.

4.2. Settling fluxes of particulate matter in the CFC and on the
adjacent open slope

Mean annual particulate fluxes recorded by the deepest trap of
the different moorings in the canyon and on the adjacent margin
present a good agreement with seabed mass accumulation rates
(Table 1; Fig. 4D). Therefore, particulate fluxes recorded on annual
time scale in the Cap-Ferret area are representative of long term
accumulation trends. This constancy indicates that the steady
sedimentation is not restricted to the Aquitanian margin but also
applied to the CFC.

The comparison of downward particulate fluxes recorded at
different sites confirms this assumption (Fig. 5). Considering the
16-year time lapse between the moorings ECOFER (1990–1991)
and FORCLIM (2006–2007), the mean annual particulate fluxes
could be considered as similar in the remote traps moored in the
deep canyon (MS2, water depth¼3000 m) and on the Landes
Plateau (6′, water depth¼2078 m). Although these traps were set
at different depths, they were localised at the same distance
(30 km) from the shelf break.

Particulate fluxes increase with depth in the water column
whatever the considered mooring. However, whereas at bath-
ymetryo1500 m the three moorings show a similar increase in



Fig. 5. Time-integrated average downward mass fluxes, measured by sediment traps deployed at different depths in the CFC (ECOFER, 1990–1991) and on the open adjacent
margin (FORCLIM, 2006–2007).
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mass flux with depth, MS1 (water depth¼2300 m) presents a
distinct intensification of export in the deepest 500 m above
seabed (Fig. 5). When extrapolating the increase observed in the
upper waters, MS1 received at depth an excess of material of about
35 mg cm−2 yr−1, by comparison with MS2. This could be explained
by two parameters: the MS1 site is located at a location closer to
the shelf break and at the confluence of two large gullies. There are
also differences in trapped F/P ratios, with a large increase toward
seabed in MS1, confirming a large contribution of lateral input.
This effect is negligible in traps MS2 and 6′, as already observed in
seabed sediments of the deepest locations (Fig. 4).

The decrease in particulate fluxes, trapped and seabed F/P
ratios, and the reduction in sediment deposition with depth and
distance from the shelf break, all these signals suggest that the
particulate transfer is dominated by intermediate and bottom
nepheloid layers propagating seaward (Ruch et al., 1993; de
Madron et al., 1999). On the adjacent open slope, Kuhnt et al.
(2013) have already concluded, using planktic foraminiferal tests
and particulate mass fluxes, that the stratification of the water
column and the evolution of midwater sediment plumes detach-
ing from the shelf-break and upper continental slope affect
downward particle flux dynamics. Possible energy sources for
offshore transport of particles and consequent lateral advection
at depth are hydrological structures such as eddies (Reverdin et al.,
2013). Energy sources for sediment resuspension are tidal energy
rays, which reach the shelf edge and upper continental slope of the
south-eastern Bay of Biscay at a low angle (de Madron et al., 1999;
Kuhnt et al., 2013).

Using ECOFER sediment trap data, Beaufort and Heussner
(1999) have also showed that lateral transport of coccoliths
resuspended from continental shelf and/or upper slope sediments
seems to be the dominant transfer process to deep settings in the
CFC. From the clear seasonal succession observed in the species
composition, these authors have postulated that this deposition/
resuspension/transport sequence is rapid (presumably less than a
few months). Suykens et al. (2011) have also observed high
resuspension of fresh and fine material at the shelf break in the
Northern Bay of Biscay associated with a northward along slope
current (Pingree and Le Cann, 1995).
4.3. Conceptual framework of the sedimentary activity
in the CFC canyon

Fig. 4 illustrates the contrasting situations of across-margin
sediment transport between the canyon and the open slope. While
the margin presents the typical decreasing trend of sediment
accumulation rates with distance to the shoreline and depth, this
trend is visibly disrupted along the CFC, where at least three
distinct areas can be identified in terms of their sedimentary
status. The upper canyon (water depths o500 m) is not a
depocenter but rather a by-pass area where recent sediment
inputs are balanced by sediment remobilization. This is supported
by the lower accumulation rate and F/P and the higher grain size
(possibly related to winnowing, suggesting high current speeds
and resuspension at that part of the canyon) than those at the
middle canyon (Fig. 4; Table 2). It is noteworthy that the accumu-
lation rate at Station 2 (water depth¼353 m) is even lower than
that at the open margin at a similar depth (Fig. 3). The upper
canyon is hence considered a “by-pass” area where a substantial
part of the sediment inputs do not accumulate but are advected
elsewhere, most likely downslope towards the middle canyon.

The middle canyon acts as a depocenter on annual to decadal
timescales, as illustrated by the high sediment accumulation rates
and F/P recorded at water depths between 500 and 1500 m (Fig. 4).
But the gravity flow imprinted in the lower canyon (Stations 7–9 in
Fig. 3) testifies to episodic downcanyon flushing of the sediments
accumulated in the middle canyon. This indicates that the middle
canyon acts, on a longer timescale, as a temporary depocenter of
sediment, including biogenic particles from the water column,
nepheloid layers from the shelf and advection from the upper
canyon.

In the lower canyon (water depths 42000 m), the calculated
annual sediment fluxes are similar to those at the open slope at
similar depths hence this part of the canyon can be considered
“inactive” at annual or decadal scales. Instead of receiving almost
continuous inputs of relatively fresh material as the middle
canyon, the lower canyon receives pulses of sediment via gravity
flows on longer time scales. These short interface cores do not
allow to calculate a “return period”, but the fact that several
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cores captured a substantial event from only �60 years ago, is
noteworthy.

4.4. Canyon category

The efficiency of a canyon in particle transfer is expected to be
predicted on the basis of its geomorphological characteristics and
its location compared to the adjacent shelf and the coastline, and a
direct, or not, link with river systems. Jobe et al. (2011) recognise
two main types of submarine canyons and associated depositional
processes: “Type I” canyons deeply incise the shelf edge, resulting
in narrow adjacent shelves, and are linked to areas of high coarse-
grained sediment supply, generating erosive canyon morphologies,
sand-rich fill, and large downslope submarine fans/aprons. These
canyons are often connected to the dispersal of modern fluvial
sediment (Mullenbach and Nittrouer, 2000; Mas et al., 2010; Huh
et al., 2009; Puig et al., 2003). Resuspension of modern fluvial
sediment on the shelf and advection over the canyon by along-
shore currents and during storms cause large volumes of sediment
to reach the head of the canyon (Mulder et al., 1998). Then an
energetic process must trigger the mass transport of sediments
previously stored in the canyon head to the deep canyon. Recent
works illustrate the importance of storm-induced head-to-middle
canyon transport (Martín et al., 2011; Mulder et al., 2001;
Palanques et al., 2011).

“Type II” canyons do not incise the shelf edge and exhibit
smooth, highly aggradational morphologies, mud-rich fill, and a
lack of downslope fans/aprons. Type I canyons are dominated by
erosive, sandy turbidity currents, sediment gravity flows and
mass-wasting (de Stigter et al., 2007; Gaudin et al., 2006; Kao
et al., 2006; Palanques et al., 2008; Bolliet et al., 2014), whereas
Type II canyons are mainly sculpted by depositional processes
related to hemipelagic deposition and dilute, sluggish turbidity
(Hung et al., 2003; Jenner et al., 2007; Straub and Mohrig, 2009;
Schmidt et al., 2010; Duros et al., submitted for publication).

Transposed to the Bay of Biscay, the two canyons that delimit
the Aquitanian continental margin belong each to a different type.
Located to the south, the Capbreton Canyon clearly comes within
the Type I. The deepest submarine valley of the world (Shepard
and Dill, 1966) beginning at only about 200 m off the French
coastline, Capbreton Canyon follows regional tectonic directions
related to the presently active Pyrenean thrust (Gaudin et al.,
2006), and is considered as the main conduit for coast-to-abyss
sedimentary transfers along the Aquitanian margin (Mulder et al.,
2012, and references therein). On the contrary, the CFC falls within
the Type II category. It is located at the shelf edge, at about 60 km
apart from the large fluvio-estuarine system of the Gironde River.
Our results show that particulate transfer does not appear inten-
sified by comparison to the adjacent open slope, except in the
middle canyon that acts as a natural trap due to its morphology.
Therefore we suggest the type II canyons to be subdivided into at
least two categories. First there are probably a large number of
“dormant” canyons along the edges of the present continental
shelves that have become presently inactive in terms of bulk
sediment transport, since the sea-level rise has disconnected these
systems from continental sediment sources (Reid and Hamilton,
1990; Zaragosi et al., 2000; Schmidt et al., 2010). These dormant
canyons can be sporadically active during unpredictable and far-
reaching events like exceptional storms, dense water cascading or
earthquakes that efficiently transport sediment down-canyon
(Ogston et al., 2008; Puig et al., 2008).

The second category corresponds to “quiescent” canyons, like
the CFC. The head of such systems captures suspended sediments
via intermediate and bottom nepheloid layers detached from the
adjacent shelf or upper slope. In the Lisbon-Setubal and Cascais
canyons, de Stigter et al. (2011) have shown that fine-grained
predominantly lithogenic sediment accumulates in the upper
reaches of these systems and that sediment deposited further
down in the middle and lower reaches of canyons is essentially
similar to the hemipelagic sediment found on the adjacent con-
tinental slope, indicating that down-canyon transport of sediment
from the upper to the lower canyon is limited upstream. In Cascais
Canyon sediment gravity flows transporting sediment down-
canyon seem to have occurred only rarely during the last few
centuries. In the CFC, the amazing coherence between the two
dataset (ECOFER and LEVIATHAN cruises), considering the time
interval between the experiments, demonstrates also the rather
regular and calm sedimentation. This does not exclude rarer and
violent downslope sediment transport, as suggested by subsurface
layers of old (210Pb-depleted) sediments observed in cores 7
(water depth¼2050 m), 8 (water depth¼2890 m) and 9 (water
depth¼3168 m) from the lower part of the CFC. “Quiescent”
canyons can be exceptionally active during extreme and unpre-
dictable events such as centennial storms or high-magnitude
earthquakes.
5. Conclusion

Sedimentary radionuclide profiles (234Th and 210Pb) have evi-
denced that significant contemporary particle dynamics take place
on the SE Aquitanian margin in comparison with nearby margins,
whereas the CFC experiences moderate and constant sedimenta-
tion, and thus could be considered as a quiescent canyon. The
comparison of our data with the ECOFER data shows a striking
similarity in mass fluxes in the deep reaches of the CFC, within a
16-year period. Short-lived events, like seasonal downward export
of surface biological production, may leave a tiny imprint in the
deposited layers, as revealed by the presence of 234Th excess only
at the water–sediment interface.

In CFC, focusing of fine sediment is confined to the middle
canyon at about 500–1500 m and likely related to intermediate
and bottom nepheloid layers detached from the shelf and the
upper slope. This is reflected in the high 210Pbxs fluxes and F/P and
the presence of 234Thxs. In the upper canyon (water depth-
so500 m), the results suggest by-passing of sediments and hence
little net sediment accumulation. Thus, material being transported
over the shelf is intercepted by the canyon and together with the
material transported from the canyon head is accumulated in the
middle part of the canyon. Radioisotope fluxes in the lower part of
canyon, at water depths41500 m, are similar to values measured
at comparable water depths located on the open adjacent slope,
indicating that this part of the canyon is inactive on annual to
decadal time scales. At longer time-scales, the sediments slowly
and continuously accumulated at the middle canyon can be
violently flushed towards the low canyon, as suggested by
210Pbxs-depleted subsurface sediment layers observed at water
depth42000 m inside the canyon.

The disconnection of the CFC from major sources of sediment
delivery seems to limit its efficiency in particle transfer from
coastal areas to the adjacent ocean basin. However, the middle
part of CFC (water depth¼500–1500 m) acts as an efficient trap of
particles laterally advected along the Aquitanian margin.
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