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a b s t r a c t

We report a dataset of sediment characteristics and biogeochemical fluxes at the water–sediment

interface at the northwest European continental margin (northern Bay of Biscay). Cores were obtained

in June 2006, May 2007 and 2008, at 18 stations on the shelf break (120–180 m), and at 2 stations on

the continental slope (520 and 680 m). Water–sediment fluxes of dissolved oxygen (O2), total alkalinity

(TA), nitrate (NO�3 ), and dissolved silicate (DSi) were measured at a total of 20 stations. Sediment

characteristics include: grain size, chlorophyll-a (Chl-a) and phaeopigment (Phaeo) content, particulate

organic (POC) and inorganic (PIC) carbon content, and lead-210 (210Pb) and thorium-234 (234Th)

activities. Sediments were sandy (fine to coarse) with organic matter (OM) (1.0–4.0%) and Chl-a (0.01–

0.95 mg g�1) contents comparable to previous investigations in the same region, and a relatively high

PIC fraction (0.8–10.2%). Water–sediment O2 fluxes (�2.4 to �8.4 mmol O2 m�2 d�1) were low

compared to other coastal environments and correlated well with OM and Chl-a content. 234Th activity

profiles indicated that Chl-a sediment content was mainly controlled by physical mixing processes

related to local hydrodynamics. The correlation between water–sediment fluxes of O2 and NO�3
indicated a close coupling of nitrification/denitrification and total benthic organic carbon degradation.

Dissolution of biogenic silica (0.05–0.95 mmol m�2 d�1) seemed uncoupled from organic carbon

degradation, as characterized by water–sediment O2 fluxes. The link between water–sediment fluxes

of TA and O2 indicated the occurrence of metabolic driven dissolution of calcium carbonates (CaCO3) in

the sediments (�0.3370.47 mmol m�2 d�1), which represented �1% of the pelagic calcification rates

due to coccolithophores measured during the cruises. These CaCO3 dissolution rates were below those

reported in sediments of continental slopes and of the deep ocean, probably due to the high over-

saturation with respect to CaCO3 of the water column overlying the continental shelf sediments of the

northern Bay of Biscay. Rates of total benthic organic carbon degradation were low compared to water

column rates of primary production and aphotic community respiration obtained during the cruises.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the controls on carbon (C) remineralization and
burial in continental margin sediments is relevant for the descrip-
tion of the global C cycle. While continental margins only
represent �20% of the total seafloor, they contain �50–60% of
the total sediment volume (Burdige, 2006). In addition, shallow
carbonates deposited in reefs, banks, bays and shelves account for
33% of the oceanic calcium carbonate (CaCO3) production and
about 38% of oceanic CaCO3 accumulation (Milliman, 1993).

Carbon is drawn down from the surface ocean by the reduction
of dissolved inorganic carbon (DIC) to particulate organic carbon

(POC) through photosynthesis, and by the precipitation of CaCO3

by pelagic calcifiers and reef-building organisms. Much of the
organic carbon (OC) is rapidly converted back to carbon dioxide
(CO2) in the water column as a result of heterotrophic oxidation.
Only a small proportion of OC reaches the sea floor, and is buried
and preserved. The burial of OC in marine sediments represents
the major link between ‘‘active’’ surface pools of C in the oceans,
in the atmosphere, on land, and in marine sediments, and C pools
that cycle on much longer, geological time scales, i.e., C in
sedimentary rocks, and petroleum deposits (Burdige, 2006).

In aphotic sediments, the C added to the water–sediment
interface in the form of organic matter (OM) can be approximated
by the Redfield stoichiometry (CH2O)106(NH3)16H3PO4 (Redfield
et al., 1963) and is largely remineralized by bacterial metabolism.
The timing, amount and freshness of the OM delivered to the
sediments have important consequences for the structure of
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benthic communities (e.g., Heip et al., 2001) and the geochemistry
of the sediment (e.g., Berner, 1980). This, in turn, affects the
timing and magnitude of sedimentary nutrient fluxes and oxygen
(O2) demand (e.g., Soetaert et al., 1996). The occurrence of specific
respiratory processes is controlled by the free energy yield per
mole of OC oxidized by each of the electron acceptors (Froelich
et al., 1979). Oxidation of OM by O2 (Eq. (1)) is the most efficient
respiratory process in terms of energy acquired per mole of C
oxidized. The microbially mediated oxidation of OM by O2, which
takes place in the uppermost layer of the sediments, also
promotes the dissolution of CaCO3 (Froelich et al., 1979; Cai
et al., 1995; Jahnke et al., 1997; Jahnke and Jahnke, 2000)

CH2O+O2-CO2+H2O (1)

CaCO3+CO2+H2O-Ca2 + +2HCO3
� (2)

In addition, suboxic and anoxic remineralization are important
processes at continental margins (Burdige, 2006). The oxidation of
OM by nitrate (NO�3 , denitrification) produces protons and also
promotes the dissolution of CaCO3. In contrast, the oxidation of
Mn2 + , Fe2 + and SO2�

4 reduces protons (and hence produces total
alkalinity (TA)) and may induce the precipitation of CaCO3

(Boudreau et al., 1992).
In mixed oxic and anoxic sediments, aerobic respiration and

denitrification are the most efficient redox reactions to degrade
OM. Due to bioturbation, bioirrigation and molecular diffusion,
internal redox cycling reactions couple aerobic chemolithotrophic
reactions with aerobic respiration, such that there is no net loss of
reduced intermediates during the redox cycling. Hence, O2

appears to be the main oxidant of OM, and O2 fluxes provide a
reasonable good estimate of the overall rate of sediment OM
oxidation, even though aerobic respiration is a variable fraction of
the total diagenetic C degradation (Burdige, 2006).

Sandy sediments cover about 70% of continental shelves and are
often thought to be poor in OM and other reactive substances
(Boudreau et al., 2001). However, water flow through sands converts
these sediments into effective filter systems (Boudreau et al., 2001)
transporting suspended particles, algae and bacteria into the sedi-
ments. The studies by Boudreau et al. (2001) and Rusch et al. (2006)
show that, in most sandy shelf sediments, OM has a higher average
degradability than in most finer-grained sediments, since the freshly
produced OC in sands is not diluted by accumulating aged material.

The objective of this study is to evaluate diagenetic OM
degradation and CaCO3 dissolution in sediments. We sampled
surface sediments, at depths between 124 and 680 m, during three
cruises in June 2006, May 2007 and 2008 along the shelf break of
the northwest European continental margin (northern Bay of
Biscay). We present a dataset of sediment characteristics (grain
size, chlorophyll-a (Chl-a) and phaeopigment (Phaeo) contents,
POC and PIC content, and lead-210 (210Pb) and thorium-234 (234Th)
activities) and of biogeochemical water–sediment fluxes (O2, TA,
NO�3 , and dissolved silicate (DSi)). Such a combination of sediment
characteristics and of fluxes at the water–sediment interface
contributes to estimate a C budget of sandy sediments of the
northern Bay of Biscay in late-spring early-summer.

2. Materials and methods

2.1. Site description

The continental margin in the northern Bay of Biscay is
characterized by a broad continental shelf (the Celtic Sea) and
delineated westward by a steep slope down to 4000 m depth,
heavily indented with canyons (Fig. 1). Current measurements
along the NW European continental margin show that a persistent

northward flowing current dominates the upper slope between the
La Chapelle Bank and the Goban Spur areas (Pingree and Le Cann,
1989). During spring and summer, the turbulent dissipation of
internal tides at the shelf break leads to the deepening of the
thermocline and mixing of surface waters and deeper waters.
Enhanced vertical mixing and upwelling of cold nutrient-rich deep
seawater locally induces enhanced primary production at the shelf
edge, which is intense to the southeast (La Chapelle Bank), where
the slope becomes steeper (Pingree and Le Cann, 1989; Pingree and
New, 1995; Wollast and Chou, 2001; Sharples et al., 2007; 2009;
Harlay et al., 2010, in press). In this area, recurrent and frequent
blooms of the coccolithophore Emiliania huxleyi are observed
(Holligan et al., 1993; Garcia-Soto et al., 1995; Wollast and Chou,
2001; Godoi et al., 2009; Harlay et al., 2009, 2010, in press;
Suykens et al., 2010). E. huxleyi blooms promote export of C to
depth on relatively short time scales through calcification and
related ballast effect, and through the formation of transparent
exopolymer particles (TEP) that promote aggregate formation
(Alldredge et al., 1993; De La Rocha and Passow, 2007).

Near-bed currents measured on the upper slope are directed
off-slope and are stronger in autumn/winter than during spring/
summer, nevertheless they are still sufficiently high (8.5 cm s�1 at
247 and 600 m depth over the Goban Spur (Thomsen and van
Weering, 1998) to be capable of re-suspension of phytodetritus in
the benthic boundary layer (BBL) and induce downslope transport
(Lampitt, 1985; van Weering et al., 2001). These re-suspension
events increase the residence time of particles in the water column,
during which C reactivity decreases (Walsh, 1991). Bottom water
currents predominantly transport re-suspended material along
slope (NNW flow) with a minor offshore mixing component along
isopycnal surfaces (Pingree et al., 1999). Aggregate formation in the
BBL is considered the dominant process controlling particle accu-
mulation. The organic fraction has low settling velocities, ranging
from 132 to 200 m d�1 (Herman et al., 2001), and high residence
times within the BBL (van Weering et al., 2001).

Large tidal sand dunes (Carruthers, 1963) and wave ripples
(Leckie, 1988) are observed on the sand bank inward of the 200 m
isobath (Fig. 1). Reynaud et al. (1999) suggested that these features
are sustained by fine sand transport and deposition in the Celtic
Sea, where the finest grain sizes have been put in suspension

Fig. 1. Map showing the sampling stations in the northern Bay of Biscay in June

2006 (gray square), May 2007 (open circle) and May 2008 (black triangle down),

the 200, 100, 2000 and 4000 m isobaths, seabed sand banks (Zaragosi et al., 2001)

and the general residual surface circulation (dotted arrows) based on Pingree and

Le Cann (1989, 1990) and Hutnance et al. (2001).
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during reworking events under the combined effect of waves and
tidal currents, and have partly settled down during motionless
stages during neap tides and fair weather. This explains the co-
existence of coarse-grained wave ripples and fine-grained sand
patches in the upper bank area (Channon and Hamilton, 1976).

2.2. Cruises

Three cruises were carried out in the northern Bay of Biscay
from 31/05/2006 to 09/06/2006 (BG06/11 cruise), 10/05/2007 to
24/05/2007 (BG07/12 cruise), and 07/05/2008 to 23/05/2008
(BG08/12 cruise). Due to shorter ship-time, sampling during the
June 2006 cruise was limited to the area around the La Chapelle
Bank, while during the other two cruises sampling was also
carried out further north along the continental margin (Fig. 1).
Sampling was mainly concentrated on the continental shelf edge;
only 2 stations (stations 2 (2006) and 6 (2008)) were carried out
on the continental slope (Table 1).

2.3. Water column sampling

Sampling of bottom water was carried out with a rosette of 12
Niskin bottles (12 L) coupled to a Conductivity–Temperature–
Depth probe (Seabird SBE21). Water column TA, Chl-a, Phaeo and
O2 measurements were carried out as described below. pH was
measured with a combined electrode (METROHM 6.0232.100)
calibrated on the total hydrogen ion concentration scale using
TRIS (2-amino-2-hydroxymethyl-1,3-propanediol) and AMP (2-
aminopyridine) buffers prepared at a salinity of 35 according
to Dickson (1993). The saturation state of calcite (OCAL) was
computed from pH and TA using the carbonic acid dissociation
constants of Mehrbach et al. (1973) as refitted by Dickson and
Millero (1987), the calcite solubility of Mucci (1983), and the Ca2 +

concentration calculated from salinity using the ratio given
by Riley and Tongudai (1967), following the recommendations
of Lewis and Wallace (1998) and Dickson et al. (2007). Nitrate+
nitrite (NOX) concentrations were determined colorimetrically
with a Technicon Autoanalyzer system, on 20 mL samples, using
the method described by Grasshoff et al. (1983). DSi was deter-
mined on 20 mL samples using the colorimetric method described
by Grasshoff et al. (1983) on a Skalar automatic analyzer.

Suspended particulate matter (SPM) concentration was deter-
mined on 2 L samples filtered onto a pre-weight Nuclepore
membrane (0.4 mm, +¼47 mm) and then rinsed 3 times with
an isotonic solution to remove the salt. The filter was placed in a
Petri dish and kept at �20 1C until analysis. Prior to the analysis,
filters were dried at 50 1C overnight and kept at room tempera-
ture in a desiccator. The weight of particles retained on the
membrane was determined by subtracting the weight of the filter
before and after filtration. For the particulate C analysis, 250 mL
of seawater was filtered in duplicate on pre-combusted (4 h,
500 1C) 25 mm GF/F filters. Filters retaining the particulate matter
were stored at �20 1C until elemental analysis with a Fisons
NA-1500. Within three months of the cruise, filters were dried
overnight at 50 1C. Total particulate carbon (TPC) content was
measured on the filters by elemental analysis. For the determina-
tion of POC, CaCO3 particles were first removed by overnight
exposure to strong acid fumes and then analyzed for the C
content. PIC was determined by subtracting POC from TPC.
Calibration of the analyzer was performed using certified refer-
ence stream sediment (STSD-2) from the Geological Survey of
Canada. Samples for Chl-a determination were obtained by
filtering 250 mL of seawater on 47 mm GF/F filters and were
stored at �20 1C until analysis by fluorimetry. T
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2.4. Sediment core sampling and incubations

Twenty undisturbed sediment box cores were collected for on-
board incubations during the 3 cruises at 20 stations on the
continental shelf and the upper slope of the La Chapelle Bank and
on the continental shelf of the Goban Spur (Fig. 1; Table 1). Some
stations were visited each year. Four cores were sub-sampled in
50 cm long Plexiglas tubes, with an internal diameter of 8 cm, from
each box core, as soon as the box core was on deck. The average core
length was 14.5 cm, ranging between 8.0 and 20.0 cm. The overlying
water was kept in the tube to avoid disturbance of the sediment
interface. When necessary, bottom water, sampled with a Niskin
bottle at the same station, was added to completely fill the tube.
Average water volume inside the tubes was 1.670.3 dm3. A 5 cm
Teflon-coated magnetic stirring bar was inserted into the tubes at
�5 cm above the water–sediment interface to stir the incubated
water, and a Polyvinyl chloride stopper was used to avoid gas
exchange with the atmosphere. The cores were kept in the dark and
thermostated at 11 1C, close to the temperature of bottom waters
overlying the sediments (Table 1). The overall procedure between
the arrival of the box core on deck and the start of the incubations
(T0) lasted about 45 min. O2, TA, DSi and NO�3 were sampled with
plastic syringes at T0 and at the end of the incubation (T1), and
transferred in glass or plastic containers. At either T0 or T1, the total
sampled volume for all analysis was �170 mL. T1 was sampled after
24 h during the incubations in 2006. In 2007 and 2008, the
incubation time was increased to 42 h, to increase the sensitivity
of concentration differences of all quantities, by using a second
incubation set, allowing the incubation of two stations (8 cores in
total) in parallel. Samples for O2 were fixed immediately after
collection and analyzed within 24 h; TA, NO�3 and DSi samples were
filtered through 0.2 mm polycarbonate membrane filters and stored
at ambient temperature, �20 and 4 1C, respectively. At the end of
the incubations, two cores were sampled for PIC, POC, Chl-a and
Phaeo in the top 5 cm with an interval of 1 cm. Samples for POC and
PIC were dried onboard and stored in 50 mL plastic containers, and
samples for Chl-a and Phaeo determination (�2 cm3 of sediment)
were stored in glass containers at �20 1C. One core was used as a
whole for the granulometric analysis and was kept at ambient
temperature in a closed bucket. During the 2007 and 2008 cruises,
the fourth core was extruded for 234Th and 210Pb determination in
sediments taken at a resolution of 1 cm interval along the whole
core; the samples were stored at 4 1C. An aliquot of sediment was
sub-sampled during the last three stations of the 2008 cruise at the
water–sediment interface with a plastic syringe for TEP determina-
tion. The water–sediment fluxes of O2 (FO2), TA (FTA), DSi (FDSi) and
NO�3 ðFNO�3 Þ were computed from the changes in concentration
between T0 and T1, and expressed per surface unit. A negative flux
corresponds to an uptake of the solute by the sediments from the
overlying water, and a positive flux corresponds to a release of the
solute from the sediment to the overlying water.

To reduce the total sampled volume at T0 and T1, samples for
O2, TA, DSi and NO�3 were not duplicated on each core, although at
each station incubations were performed on 4 cores to allow the
representation of flux heterogeneity related to small scale spatial
variability. The precisions of analysis given hereafter are based on
replication of measurements in the water column samples based
on the same analytical techniques.

The dissolved O2 concentration was measured on 60 mL biolo-
gical oxygen demand bottles with an automated Winkler titration
technique using a potentiometric endpoint determination, with an
average precision of 70.6 mmol L�1. Reagents and standardizations
were similar to those described by Knap et al. (1996). Measurements
of TA were carried out by potentiometric titration with HCl 0.1 M on
50 mL samples and endpoint determination according to Gran
(1952) with an average precision of 74.0 mmol L�1, and data were

quality checked with certified reference material acquired from
Andrew Dickson (Scripps Institution of Oceanography, University of
California, San Diego). DSi concentrations were measured as
described above with an average precision 70.3 mmol L�1. The
analysis of NO�3 was carried out as described above, with an average
precision of 70.6 mmol L�1.

The concentrations of Chl-a and Phaeo were quantified fluor-
imetrically following Yentsch and Menzel (1963) after extraction
overnight at 4 1C in the dark in 90% acetone; after analysis, the
sediments were dried and weighted. Granulometric analysis was
performed by wet sieving over 2000, 500, 250, 125 and 63 mm
sieves. After an initial drying of a sediment sample (approximately
30 g) for 48 h at 60 1C, the percentage of OM was estimated by loss
on ignition (LOI) at 550 1C for 4 h (% OMLOI) (Dean, 1974; Heiri
et al., 2001) with a precision from 70.01% to 70.20%. This method
ignites all OM and is traditionally converted to % POC using a
conversion factor ranging from 1.7 to 2.2 as reported in soil
literature (Sutherland, 1998). However a fixed conversion factor
is not always appropriate because it changes with the nature of OM
in the sediments (Howard and Howard, 1990; Sutherland, 1998;
Santisteban et al., 2004) and with the grain size (Sutherland, 1998).
The conversion factor was computed by comparing the % OMLOI to
the % POC analysis of the same samples by elemental analysis (%
POCEA) with a Fisons NA-1500 on 50 mg samples as described
above for water column POC measurements. As the % OMLOI:%
POCEA ratios were not well correlated to median grain size
(r2
¼0.13, not shown), we were not able to deduce an appropriate

conversion factor. Therefore, we chose not to convert OM to POC
content, and hereafter we use and discuss the % OMLOI data.

The percentage of PIC in the sediments was estimated by LOI
at 1000 1C for 1 h (Dean, 1974), with a precision from 70.01 to
70.50%. The PIC values obtained with this method (% PICLOI)
compared very satisfactorily with the analysis of Mg2 + and Ca2 +

with an inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) Varian Liberty Series II after extraction with
acetic acid (% PICICP-AES) (Fig. 2). The ICP-AES measurements allow
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Fig. 2. Linear correlation between % PIC measured in the sediment by loss on

ignition (% PICLOI) and by inductively coupled plasma atomic emission spectro-

scopy (% PICICP-AES) in the top 1 cm of each station sampled in June 2006, May

2007 and May 2008 in the Bay of Biscay.
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evaluating the PIC content as the sum of calcium and magnesium
carbonates. The carbonates in these sediments contain little Mg2 +

(maximum of 4–5 mol% of Mg2 +, data not shown).
The first 2.5 cm of surface sediment, sub-sampled for TEP

determination, were re-suspended in 40 mL of distilled water and
homogenized. Duplicates of 4–12 mL of the supernatant were
filtered through 0.4 mm Nuclepore filters and transparent parti-
cles were stained with 0.5 mL of acidic Alcian Blue aqueous
solution (pH 2.6) according to Passow and Alldredge (1995). The
amount of TEP is given in mmol C m�2 of seafloor at 3 stations
(5bis, 9bis and 12) considering a porosity of 46% in sandy
sediments, and a 0.75 mg C (mg X eq)�1 factor to convert TEP
concentrations into C units (Passow, 2002).

210Pb and 234Th are naturally occurring radionuclides in
marine sediments, and have been widely used as chronometers
for estimating accumulation and mixing rates in marine and lake
sediments (Koide et al., 1973; Robbins and Edgington, 1975;
Cochran and Aller, 1979; Schmidt et al., 2007). Particles, organic
or inorganic, scavenge natural radionuclides in the water column
and deposit 210Pb and 234Th at the seabed in excess (210Pbxs;
234Thxs) of that produced within sediments by the decay of their
parent isotopes, 226Ra and 238U, respectively. As sediments are
buried, 234Th and 210Pb decay with their respective half-life
(24.1 d and 22.3 yr). The distribution of such particle-reactive
radionuclides in a sediment column can result from either simple
sediment accumulation or mixing plus sediment accumulation
(De Master et al., 1985). The effects can be resolved using
radionuclides with different half-lives. The 210Pb method gives
an average accumulation rate for the past 100 yr while 234Th is
applicable for the past three months. A first test on a core
collected in June 2006 showed very low levels of radionuclides
in bulk sediments because of the sandy nature of sediment,
radionuclides being carried on the fine fraction. Therefore, for
the cores obtained in 2007 and 2008, sediment samples were
sieved through 63 mm and dried at 60 1C. This fraction was used
to measure 210Pb, 226Ra, 234Th, and 238U by gamma spectrometry
(Schmidt et al., 2009). The gamma spectrometer is a low back-
ground, high-efficiency, well-shaped-detector (Canberra, Ge
volume 280 cm3), placed in a lead shield and protected from
cosmic ray muons by an anti-cosmic shielding made of plastic
scintillators. 210Pb was determined by its specific ray at 46.5 keV,
226Ra by the rays of its decay products, at 295 and 352 keV for
214Pb, at 609 keV for 214Bi, and 234Th by its rays at 63.2 and
92 keV. 238U is not a gamma emitter, nevertheless its values were
determined through 234Th by measuring selected samples a few
months later (after the decay of the unsupported fraction of
234Th). International Atomic Energy Agency standards (RGU-1
and RGTh-1) were used for the calibration of the g detector. The
counting error was one standard deviation of counting, and
counting times lasted from 4 to 24 h. Excess 234Th and 210Pb in
sediment, i.e., scavenged from seawater, were calculated by
subtracting the activity supported by their parent isotope, 238U
or 226Ra, from the total measured 234Th and 210Pb activities. For
234Th, due to its short half-live, the values were also corrected for
radioactive decay that occurred between sample collection and
sample counting. Errors on excess values were calculated by
propagating errors on activity determinations.

Due to its very short half-life, 234Thxs should be present only at
the water–sediment interface. Its penetration to variable depths
indicates efficient mixing of the upper sediments, usually by
bioturbation. The simplest way to derive bioturbation rates (Db)
from radionuclide profiles is to assume mixing as a diffusive
process occurring at a constant rate within a surface mixed layer
under steady state (Aller and Cochran, 1976; Boudreau, 1986;
Schmidt et al., 2002a, 2007). Such assumption allows the deter-
mination of Db from the plot of radionuclide activity as a function

of depth, according to

½
234Thxs�z ¼ ½

234Thxs� 0 exp �z

ffiffiffiffiffiffi
l

Db

s !
ð3Þ

where [234Thxs]0,z is the activity (mBq g�1) of excess 234Th at the
water–sediment interface, z is the sediment depth, and l is the
decay constant of 234Th (10.5 yr�1).

We present 234Th-derived mixing rates as an indication of
particle input over the last few weeks. Such mixing rates must be
considered as instantaneous signals (Aller and De Master, 1984;
Schmidt et al., 2007).

3. Results

3.1. Surface waters

The three cruises were carried out after the main spring bloom
that peaked in mid-April (associated to diatoms), during the
period corresponding from peak to declining normalized water
leaving radiance (indicative of the occurrence of coccolithophorid
blooms) (Harlay et al., in press; Suykens et al., 2010). Overall,
higher remotely sensed Chl-a as well as normalized water leaving
radiance was observed at the Goban Spur compared to the La
Chapelle Bank during the three years. Some inter-annual varia-
bility in remotely sensed Chl-a was observed with highest con-
centrations in 2008 (up to 5.0 mg L�1 at Goban Spur). During the
3 cruises, remote sensing images revealed several patches of cold
water (sea surface temperature o14 1C) along the shelf break in
the whole study area (Suykens et al., 2010), corresponding to the
signature of enhanced vertical mixing due to turbulent dissipa-
tion related to the generation of internal tides (Pingree et al.,
1999; Wollast and Chou, 2001). Vertical profiles of temperature
showed increased stratification over the continental shelf com-
pared to the shelf break during the 3 years. Remote sensing
images, vertical profiles of biogeochemical variables (O2, partial
pressure of CO2, dissolved inorganic nutrients, Chl-a, Harlay et al.,
2009, in press; Suykens et al., 2010; Harlay, Chou, Suykens,
Borges, unpublished) and process measurements (primary pro-
duction, calcification, planktonic community respiration, bacterial
production; Harlay et al., 2009, in press; Harlay, Chou, Suykens,
Borges, unpublished) suggest that the sampling was carried out at
the onset of the coccolithophorid bloom during the May 2007 and
2008 cruises and towards the declining bloom phase, during the
June 2006 cruise. Upwelling of deep cold water brings nutrients to
surface waters and sustains phytoplankton activity along the
continental margin as well as a coccolithophorid bloom along
the shelf edge, in the warmer and more stratified waters (Harlay
et al., 2010, in press; Suykens et al., 2010). In May 2007, wind
speeds and storm events (ship-board measurements averaged
10 m s�1 with a maximum of 30 m s�1) were higher than in May
2008 (average wind speed of 7 m s�1 with a maximum of
17 m s�1), and than June 2006 (average wind speed of 7 m s�1

and maximum of 15 m s�1).

3.2. Bottom water characteristics

Bottom waters sampled from 7 to 30 m above the sea floor
were characterized by temperatures ranging between 10.5 and
11.9 1C and salinities ranging between 35.37 and 35.61, and were
well oxygenated (% O2480%) (Table 1) as also reported at the
Goban Spur at depths between 208 and 4460 m (Heip et al.,
2001). The lowest % O2 values in bottom waters were observed at
the 2 deepest stations (80.4% at 521 m depth (station 6 in May
2008) and 85.3% at 680 m depth (station 2 in June 2006)), while
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the highest values (96.7%) were observed in May 2007 (Table 1).
NO�3 ranged from 3.9 to 11.1 mmol L�1 and DSi ranged from 1.4 to
4.7 mmol L�1 (Table 1), in agreement with values previously
reported at similar depths at La Chapelle Bank (Wollast and
Chou, 2001; Hydes et al., 2001). Chl-a and Phaeo concentrations
of bottom waters were low (0.03–0.58 and 0.04–0.68 mg L�1,
respectively) and the highest concentrations were observed dur-
ing the May 2008 cruise (Table 1). SPM values ranged from 0.20 to
1.46 mg L�1 (Table 1), falling in the lower end of the range
observed by Thomsen and van Weering (1998) (0.2–10.0 mg L�1

in the BBL from 5 to 50 cm height above the seafloor) at Goban
Spur at depths between 208 and 4460 m. POC and PIC concentra-
tions ranged from 0.014 to 0.097 mg L�1 and from 0.005 to
0.072 mg L�1, respectively (Table 1). The concentrations of POC
were in agreement with the values of 0.04 mg L�1 at 208 m depth
and 0.08 mg L�1 at 668 m depth in the BBL at Goban Spur
reported by Thomsen and van Weering (1998).

3.3. Sediments

The overall median grain size was 285 mm (excluding the two
coarser stations 1 and 8 in May 2008), at the La Chapelle Bank and
Goban Spur (Table 2). The lowest median grain sizes were
observed over the Goban Spur (262 mm) and in the two upper
slope stations (190 mm at 521 m depth (station 2 in 2006) and
127 mm at 680 m depth (station 6 in 2008)). This distribution is in
agreement with previously published values along the northeast
shelf break (Reynaud et al., 1999; van Weering et al., 2001).

Surface sediment Chl-a content showed distinct ranges between
the 3 cruises: the highest values, were observed in May 2008
(0.21–0.95 mg g�1), intermediate values in May 2007 (0.08–
0.27 mg g�1) and the lowest values (0.01–0.05 mg g�1) in June
2006 (Fig. 3 and Table 2). In May 2008, high Chl-a values were
also observed into the top 5 cm of the sediments indicative of
recent deposition of phytoplankton material (except station 9bis).
Surface sediment Phaeo values in May 2007 and 2008 were
comparable, ranging between 0.3 and 2.2 mg g�1 and were lower
in June 2006, when they ranged between 0.02 and 1.03 mg g�1

(Table 2). Chl-a:Phaeo ratios in the top 5 cm of the sediments were
highest in May 2008 compared to the other two cruises (Fig. 3),
indicating more recently deposited phytoplankton particles.

The sediment % OMLOI ranged between 1.4% and 4.0% (Table 2)
and falls in the range observed by Epping et al. (2002) at the
continental margin and shelf slope (depth o1000 m) of the
Iberian margin (0.5–4.5%). The sediments were relatively rich in
PIC (% PIC between 1.3% and 9.5%) (Table 2) and fall in the range
reported by Epping et al. (2002) at the Iberian margin (0.6–9.0%)
at depths between 104 and 4941 m. Flach and Heip (1996)
observed higher % CaCO3 from �20% at 208 m up to �70% at

Table 2
Sediment median grain size (mm) and averages in the top 1 cm surface sediments over 2 replicate cores of % OMLOI, % PICLOI, Chl-a (mg g�1) and Phaeo (mg g�1) in June

2006, May 2007 and May 2008 in the northern Bay of Biscay.

Station Date Median
grain size (lm)

% OMLOI (%) % PICLOI (%) Chl-a (lg g�1) Phaeo (lg g�1)

2 1/06/2006 91 2.86 4.64 0.04 0.37

4 2/06/2006 228 1.42 2.93 0.01 0.03

8 6/06/2006 204 2.43 3.31 0.05 0.77

4bis 8/06/2006 126 1.46 4.51 0.05 0.48

8 13/05/2007 237 1.93 6.76 0.27 1.96

9 14/05/2007 113 2.36 3.40 0.24 2.20

8bis 21/05/2007 270 1.76 4.56 0.13 0.46

5bis 22/05/2007 326 2.73 9.16 0.08 0.63

2bis 24/05/2007 304 2.86 8.19 0.14 1.22

1 7/05/2008 819 4.04 9.45 0.25 0.31

2 8/05/2008 346 3.24 8.91 0.41 0.67

6 9/05/2008 51 3.45 2.57 0.67 1.45

5 10/05/2008 252 1.88 5.58 0.26 0.49

8 11/05/2008 1221 1.96 5.44 0.21 0.31

9 12/05/2008 185 3.03 3.86 0.53 0.79

10 13/05/2008 86 1.82 2.02 0.55 1.01

11 14/05/2008 82 2.01 2.04 0.46 0.94

12 18/05/2008 145 1.47 1.33 0.79 1.50

9bis 21/05/2008 81 3.41 4.94 0.95 2.05

5bis 22/05/2008 273 2.33 7.81 0.56 1.05
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Fig. 3. Profiles in the sediment of the northern Bay of Biscay of Chl-a (in mg g�1)

and Chl-a:Phaeo in June 2006, May 2007 and May 2008.
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4460 m in Goban Spur. Macroscopic and microscopic (with
optical microscope) examinations of the surface sediments sug-
gest that most of the PIC was related to debris of bivalve shells.

Due to the dilution by the sandy fraction, radionuclide mea-
surements were done on the fine fraction (o63 mm). Only surface
sediments, with a fine fraction higher than 1.5%, allowed recover-
ing enough material for measurements. Therefore, no data were
available for the 2006 cruise when the fine fraction was not
separated from the coarser fractions. The activities of 234Thxs and
210Pbxs were obtained at stations 8, 9 and 5bis in May 2007 and at
stations 5, 6, 9, 10, 11 and 12 in May 2008 (Table 3). The activities
of 210Pbxs presented a low variability (199–344 mBq g�1) in
surface sediments, except at the deepest station (6 in 2008) and
station 10 in 2008. This is due to the fact that 210Pb is scavenged
throughout the water column and its surface activity is mainly
related to the water column depth. 234Thxs show a wider range in
activities (515–3364 mBq g�1). As 234Thxs has a short half-live,
surface activities are expected to be less related to water column
depth. The high activities of 234Thxs in surface sediments in 2008
are in the lower range of the values recorded in surface sediment
traps in the north-western Mediterranean (Schmidt et al., 2002b).
From 234Thxs profiles in the sediment, an instantaneous Db was
computed (Table 3), ranging between 4.5 and 26.5 cm2 yr�1. Such
values are usually encountered in coastal systems (Schmidt et al.,
2002a, 2007).

The water–sediment O2 fluxes measured in the core incuba-
tions give an estimate of diffusive oxygen rates as well as fauna
mediated O2 consumption. Overall, FO2 values were low and
ranged between �2.0 and �9.0 mmol O2 m�2 d�1 (Table 4).
The FO2 values were higher during the May 2008 cruise, except

for stations 4 and 8. In May 2007, FO2 values were less variable
spatially. The FO2 values we report are within the range of water–
sediment O2 fluxes (�3.5 to �8 mmol O2 m�2 d�1) reported
by Lohse et al. (1998) at the Goban Spur upper slope (208 and
670 m). Epping et al. (2002) reported modeled values of �2.0 to
�5.0 mmol O2 m�2 d�1 at the Iberian margin sediments in May–
June 1999 at depths o1000 m. Yet, the FO2 values we report fall
in the lower end of the range reported by Gazeau et al. (2004) for
continental shelves and estuaries in Europe (�11.0 to
�210.0 mmol O2 m�2 d�1), and of the range of permeable sedi-
ments (�10.0 to �120.0 mmol O2 m�2 d�1) reported by Reimers
et al. (2004) and Rusch et al. (2006).

The FTA fluxes (�1.1 to 3.7 mmol m�2 d�1) fall in the range (0.4
to 5.5 mmol m�2 d�1) reported by Silverberg et al. (2000) on the
eastern Canadian continental margin and in the lower end of the
measurements from 600 to 850 m depth (1.4 to 10.7 mmol m�2 d�1)
by Jahnke and Jahnke (2000) on the U.S. Mid-Atlantic continental
slope. The reported FTA flux values were negative at some stations.
We do not think this has a biogeochemical significance, and is most
probably related to the low ratio of signal to noise (i.e., sensitivity of
the method) due to the overall low CaCO3 dissolution rates (hence,
FTA signals, as discussed hereafter).

FNO�3 values ranged from �0.45 to 1.18 mmol m�2 d�1 (Table 4)
and are higher than those reported by Lohse et al. (1998) at the
Goban Spur (0.02 to 0.25 mmol m�2 d�1) at depths from 208 to
1500 m. Epping et al. (2002) reported values of �0.20 to
0.50 mmol m�2 d�1 at the Iberian margin sediments at depths
o1000 m. FDSi values ranged from 0.05 to 0.95 mmol m�2 d�1

(Table 4) and encompass the range reported by Lohse et al. (1998)
at the Goban Spur (0.40 to 0.85 mmol m�2 d�1) at depths o1000 m.

Table 3
Profiles of 210Pbxs and 234Thxs activities (mBq g�1) in the o63 mm fraction of the sediment in May 2007 and 2008 in the northern Bay of Biscay (n.d.: the fine fraction was

negligible). 234Thxs-derived mixing rates (Db in cm2 yr�1) are given as an estimate of the instantaneous mixing of sediment. There is only one profile of 210Pbxs at the

station 9 (2007), which presents a significant decrease in depth, corresponding to a sedimentation rate of 0.05 cm yr�1.

Station Date Depth (cm) 210Pbxs (mBq g�1) 234Thxs (mBq g�1) Db (cm2 yr�1)

8 13/05/2007 0.5 277723 3058728 12.4

8 13/05/2007 1.5 169714 640713

8 13/05/2007 2.5 266740 316720

8 13/05/2007 3.5 216713 181710

8 13/05/2007 5.5 180717

8 13/05/2007 9.5 115710

9 14/05/2007 0.5 233718 1832719 4.5

9 14/05/2007 1.5 197718 397713

9 14/05/2007 3.5 169710

9 14/05/2007 6.5 109710

9 14/05/2007 9.5 2375

9 14/05/2007 11.5 674

8bis 21/05/2007 0.5 n.d.

5bis 22/05/2007 0.5 344750 2134747 26.5

5bis 22/05/2007 1.5 270724 481716

5bis 22/05/2007 3.5 418719 272711

5bis 22/05/2007 6.5 359735

2bis 24/05/2007 0.5 n.d.

6 9/05/2008 0.5 465734 515715 4.9

6 9/05/2008 1.5 343717 120712

5 10/05/2008 0.5 302767 3364755 11.8

5 10/05/2008 1.5 362764 1312731

5 10/05/2008 2.5 296720 508711

9 12/05/2008 0.5 250728 582716 6.4

9 12/05/2008 1.5 234723 162711

10 13/05/2008 0.5 474753 1430730 4.5

10 13/05/2008 1.5 240748 313717

10 13/05/2008 2.5 282729

10 13/05/2008 3.5 301723

10 13/05/2008 5.5 223713

10 13/05/2008 7.5 221719

11 14/05/2008 0.5 419746 595720

12 18/05/2008 0.5 199732 1100721 7.2

12 18/05/2008 1.5 66718 327713
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4. Discussion

4.1. Spatial patterns

From La Chapelle Bank towards Goban Spur, the sediments
became finer as indicated by the variation of the median grain
size with latitude (Fig. 4), in agreement with a northward along
slope current leaving coarser material over the more turbulent La
Chapelle Bank and transporting finer sediments further north
towards the Goban Spur (Pingree and Le Cann, 1989; Pingree and

New, 1995). This pattern in grain size is consistent with the
decrease of % PICLOI with latitude (Fig. 4); the visual inspection of
the sediments showed the presence of more or less large debris of
bivalve shells contributing to the coarse fraction of the sediment.
These patterns in grain size and % PICLOI suggest that the decrease
of surface 234Thxs and Db with latitude (Fig. 4) is indicative of high
re-suspension rather than bioturbation over the La Chapelle Bank
and transport northward along the shelf edge towards the Goban
Spur. The negative relationship between 234Thxs activity and Chl-a

content (r2
¼0.39) (Fig. 5) indicated a quick dilution in the
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Table 4
Average7standard deviation of water–sediment fluxes of O2, TA, NO�3 , DSi (mmol m�2 d�1), in June 2006, May 2007 and May 2008 in the northern Bay of Biscay.

Station Date FO2 (mmol m�2 d�1) FTA (mmol m�2 d�1) FNO3 (mmol m�2 d�1) FDSi (mmol m�2 d�1)

2 1/06/2006 �3.8170.31 0.5771.48 0.1971.23 0.6370.15

4 2/06/2006 �2.3570.90 0.9970.85 1.1871.19 0.0570.02

8 6/06/2006 �4.6671.52 1.4971.21 0.2570.09 0.5970.24

4bis 8/06/2006 �7.2171.15 1.7772.21 0.3270.13 0.6170.20

8 13/05/2007 �5.8471.44 �0.2271.05 0.0370.16 0.8070.37

9 14/05/2007 �5.9771.46 2.2972.15 �0.4270.43 0.5570.39

8bis 21/05/2007 �4.7170.31 1.1870.92 0.1870.13 0.5370.19

5bis 22/05/2007 �5.7270.70 1.8371.14 0.8170.11 0.1370.06

2bis 24/05/2007 �5.2770.83 0.4170.78 0.2970.43 0.5070.12

1 7/05/2008 �6.1671.38 0.5270.76 0.5170.20 0.1170.05

2 8/05/2008 �6.6070.66 0.7071.67 �0.1370.27 0.2670.17

6 9/05/2008 �4.7470.34 3.6670.36 �0.4570.63 0.6970.03

5 10/05/2008 �3.6771.30 0.5870.27 0.1370.28 0.4070.26

8 11/05/2008 �4.1271.15 0.4372.20 0.2570.30 0.6870.38

9 12/05/2008 �7.2571.54 �1.0370.73 0.1070.23 0.7070.14

10 13/05/2008 �6.5472.15 1.1971.37 0.2070.25 0.4070.14

11 14/05/2008 �5.4470.14 �0.3170.98 0.0470.23 0.8770.44

12 18/05/2008 �6.8270.93 0.2271.59 �0.1970.32 0.5770.35

9bis 21/05/2008 �8.3970.30 0.8771.19 �0.2370.25 0.9570.29

5bis 22/05/2008 �4.1371.83 1.5770.79 0.5170.24 0.3970.34
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sediment of ‘‘freshly’’ deposited matter over the La Chapelle Bank
due to strong mixing. An enrichment of older OM (indicated by %
OMLOI) as well as recently deposited matter (indicated by Chl-a)
was observed in relation to finer grain fraction (Fig. 5). The mixing
depth and intensity are usually much lower at the shelf edge and
on the slope compared to near-shore coastal systems (van
Weering et al., 2001; Schmidt et al., 2002a). Previous work
by Reynaud et al. (1999) in the La Chapelle Bank area showed
high reworking events of the sand banks (Fig. 1) by waves and
tides, inducing the winnowing of the fine fraction. The re-
suspended sediments are then transported across the banks
dominated by shelf residual currents and long-term drift
(Reynaud et al., 1999). Profiles of 210Pbxs were almost constant
over the top �10 cm, for every cruise, indicating a strong mixing
of these sediments (Table 3). This is in agreement with the
observations by Rusch et al. (2006 and references therein) that
higher current regimes over a sandy floor can flush the sediment
surface down to several cm depth. This is also in agreement with
the observed successive re-suspension and re-deposition of par-
ticles in sediments of the Bay of Biscay (Thomsen and van
Weering, 1998). Therefore 210Pbxs profiles registered mixing
events, and are not appropriate for sedimentation rate determi-
nation, which is very low in the area (Reynaud et al., 1999;
Thomsen and van Weering, 1998; Heip et al., 2001; van Weering
et al., 2001).

The higher water column integrated Chl-a content (Fig. 5) was
consistent with higher primary production at La Chapelle Bank
than at Goban Spur (Joint et al., 2001) due to higher vertical
mixing at La Chapelle Bank related to turbulent dissipation of
internal tides (Wollast and Chou, 2001). The La Chapelle Bank

area appeared to be the area of the onset of the phytoplankton
blooms with higher primary production (as reported by Harlay
et al. (in press) in June 2006) upon which the water mass stratifies
and the bloom ages as it moves over the shelf. The negative
relationship between the Chl-a content of the sediment interface
and water column integrated Chl-a (Fig. 5) indicates a decoupling
between organic C production in surface waters (around La
Chapelle Bank) and deposition in the sediments (towards
Goban Spur).

4.2. Temporal patterns

234Thxs activities at the water–sediment interface are mainly
related to freshly deposited particles due to the rapid settling
particles from the surface water, associated with pelagic produc-
tion, or due to re-suspended particles, that scavenged 234Th in the
deep bottom layer. Besides a spatial pattern, no temporal trend
with regards to for instance sediment Chl-a content during the
different cruises could be observed from 234Thxs activities. This
suggests that scavenging of 234Th by re-suspension was the most
important process. Chl-a in the sediments was highest in 2008
indicating that more recently phytoplanktonic OM was deposited
(Fig. 3) as confirmed by the high Chl-a:Phaeo ratios. Yet, 234Th
activities in the surface sediment in 2008 bracket the values
obtained in 2007 when Chl-a and Chl-a:Phaeo ratios indicate less
freshly deposited phytoplankton material.

In the northern Bay of Biscay, TEP has been shown to be a
significant contributor of the pelagic POC stock (between 12% and
54%) and a potential contributor to the vertical flux of particulate
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material (Harlay et al., 2009). At stations 5bis, 9bis and 12 (2008),
TEP-C was sampled in the surface of sediments and concentra-
tions were as high as 29 mmol C m�2 which corresponds to �10%
of the average pelagic integrated TEP-C at these 3 stations
(Harlay, Chou, unpublished) (Fig. 6). TEP-C in the surface of the
sediments was positively correlated to sediment Chl-a and
negatively to FO2. Hence, TEP-C export to the sediments and
further diagenetic degradation could be a major sink for pelagic
TEP in the area, which needs to be confirmed by further
measurements.

4.3. Fluxes: OM diagenesis

In sediments underlying well-oxygenated bottom waters,
sediment O2 consumption is the most widely used measurement
of total benthic remineralization (Thamdrup and Canfield, 1996).
The relationships between FO2 and the grain size fraction
o63 mm (r2

¼0.64) and Chl-a content of the top 1 cm of the
sediments (r2

¼0.43), as well as % OMLOI (r2
¼0.28) indicate that

FO2 rates were a direct function of the availability of OM (Fig. 7).
However, OC degradation processes did not show a preference
towards ‘‘fresher’’ phytoplanktonic OM as indicated by the lack of
relationship between FO2 and the Chl-a:Phaeo ratios (Fig. 7).

FO2 and FNO�3 were positively correlated (r2
¼0.24), with a

transfer of NO�3 from the water column to the sediment at stations
where the sediment uptake of O2 was highest, while at stations
where the sediment uptake of O2 was lowest, the sediments
released NO�3 to the water column (Fig. 7). This would indicate
that at the stations where benthic OC degradation was the most
intense, part of the sediment was suboxic or anoxic, leading to
denitrification. Hence, with increasing OC degradation, the efflux of
NO�3 from the sediments to the water column decreased due to
removal of NO�3 by denitrification. At the two deep stations (2
(2006) and 6 (2008)) and 3 stations situated over the shelf of the
Goban Spur (9, 9bis and 12 (2008)), the water column provided
NO�3 for benthic denitrification, and a flux of NO�3 from the water
column to the sediment was observed. These findings are in overall
agreement with the model of Middelburg et al. (1996) for con-
tinental margin sediments in general, and with the field measure-
ments of Balzer et al. (1998) on the continental slope and shelf at
Goban Spur at depths from 300 m to 5200 m.

The vast majority of biogenic silica produced in surface waters
dissolves in the water column during particle sinking (�50%
dissolves in the upper 100 m of the water column, Nelson et al.
(1995)). Diatom aggregation allows a more rapid transport of
biogenic silica through the water column, thereby reducing the
time spent by biogenic silica in undersaturated surface waters
(e.g., Alldredge et al., 1995). Yet, the positive FDSi in the northern
Bay of Biscay indicates further biogenic silica dissolution in the
sediments. The positive correlations between FDSi and Chl-a

(r2
¼0.15) as well as to the grain size o63 mm (r2

¼0.24) (Fig. 8)
could indicate that the dissolution of biogenic silica is, to some
extent (given the low statistical significance of the linear regres-
sions), controlled by the stock of biogenic silica in the sediments.
Bacterial degradation in the sediments (hence FO2) removes the
OM coating of frustules, and accelerates the rate of dissolution of
biogenic silica (Smith et al., 1996; Rabouille et al., 1997; Bidle and
Azam, 1999). The FDSi:FO2 ratio ranged in absolute values from
0.01 to 0.25 with an average of 0.0970.05. This is close to the
value of 0.1 that can be predicted from the average of Si:C ratio in
marine diatoms reported by Brzezinski (1985). Yet, the low
statistical significance of the correlation between FDSi and FO2

(r2
¼0.12) (Fig. 8) would indicate that FDSi was mainly due to the

dissolution of the stock of biogenic silica in the sediments and
relatively independent of OM degradation. Indeed, the dissolution
of biogenic silica is mainly a purely thermodynamic process
(Michalopoulos and Aller, 2004) and the regeneration of DSi and
other inorganic nutrients are to a large extent decoupled
(e.g., Broecker and Peng, 1982).

4.4. Fluxes: metabolic driven dissolution of CaCO3

OM oxidation by O2 and oxidation in oxic sediments of diffusing
reduced solutes, produced by anaerobic degradation of OM, cause a
build-up of CO2 and decrease of pH in pore waters, leading to
subsequent CaCO3 undersaturation and dissolution (Emerson and
Bender, 1981; Broecker and Peng, 1982; Canfield and Raiswell,
1991; Hales and Emerson, 1996, 1997; Martin and Sayles, 1996;
Jahnke et al., 1997; Jahnke and Jahnke, 2000; Hales, 2003). The
relationship between FNO�3 and FO2 indicated the occurrence of
denitrification that leads to an increase of TA (Froelich et al., 1979).
On the other hand, the release of NO�3 and PO3�

4 by OM degradation
leads to a decrease of TA. Hence, we computed FTA* as the flux of
TA corrected for the effects of denitrification and for the effect of
NO�3 and PO3�

4 release from OM remineralization. Hence, FTA*

should only be driven by CaCO3 dissolution.
The change of TA due to aerobic remineralization (FTAAR) was

computed according to:

FTAAR ¼
179FO29

138
ð4Þ

We roughly evaluated denitrification as the difference
between the observed FNO�3 and the flux of NO�3 expected only
from OM remineralization evaluated from the observed FO2 and
using the O2:NO�3 Redfield ratio of 138:16 (Redfield et al., 1963).
The estimates of denitrification computed this way ranged from
0.0 to 1.2 mmol m�2 d�1 with an average of 0.5 mmol m�2 d�1,
in agreement with the denitrification value of 0.6 mmol m�2 d�1

reported at 200 m by Balzer et al. (1998) in Goban Spur.
The change of TA (FTAdenitr) related to denitrification was

computed as

FTAdenitr ¼
169FO29

138
�FNO�3 ð5Þ

The FTA* was computed as

FTA� ¼ FTAþFTAAR�FTAdenitr ð6Þ
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FTA* represented on average 70% of the total FTA, and increased
with increasing total benthic OC degradation (FO2) (Fig. 9),
indicating that metabolic driven dissolution of CaCO3 occurred
at all stations. The rates of CaCO3 dissolution were evaluated as
FTA*/2, since 2 moles of TA are produced during the dissolution of
1 mole of CaCO3 (Eq. (2)), based on the TA anomaly technique
(Smith and Key, 1975) that has been frequently used to evaluate
CaCO3 dissolution in the sediments (e.g., Jahnke and Jahnke,
2004). The rates of CaCO3 dissolution were relatively low (on
average �0.33 mmol m�2 d�1). The average CaCO3 dissolution to
OC oxidation ratio (�FTA*/(2� FO2)) of 0.0670.09 falls in the
lower range (�0.05 to 0.45) reported by Jahnke and Jahnke
(2004) in relation to metabolic driven dissolution of CaCO3 in

sediments underlying bottom waters highly over-saturated with
respect to CaCO3.

Fig. 10 shows the comparison of rates of benthic dissolution of
CaCO3 as a function of FO2 in the northern Bay of Biscay, with data
from the California continental slope (Jahnke et al., 1997), the US
Mid-Atlantic continental slope (Jahnke and Jahnke, 2000), the
eastern Canadian continental margin (Silverberg et al., 2000), and
from a compilation in deep ocean sediments (Berelson et al.,
2007). At a given FO2, rates of benthic CaCO3 dissolution in the
northern Bay of Biscay were systematically lower than those
reported in the US Mid-Atlantic continental slope, themselves
lower than those in deep ocean sediments. This could be due to
different OCAL values of the water overlying the sediments. While
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bottom waters overlying the sediments in the northern Bay of
Biscay were highly supersaturated with respect to calcite (OCAL

averaged 3.570.2, Table 1), the OCAL at stations of the data
compilation given by Berelson et al. (2007) averaged 1.370.9 and
were unavailable for the stations reported in the US Mid-Atlantic
continental slope by Jahnke and Jahnke (2000) or on the eastern
Canadian continental margin at 250–700 m depth by Silverberg
et al. (2000). However, OCAL ranged between 1.4 and 2.5 at depths

between 605 and 2955 m (close to the sampling depths of
the Jahnke and Jahnke (2000) study, i.e., 610 and 2930 m) as
extracted at 38.291N–74.161E (about 11 further north from the
study area of the Jahnke and Jahnke (2000) study area) from the
Global Ocean Data Analysis Project (Key et al., 2004). This
suggests that decreasing OCAL of the bottom waters overlying
the sediments facilitates CaCO3 dissolution in addition to the CO2

built-up in pore waters due the OM degradation, in general
agreement with the findings of the modeling study of Hales
(2003).
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5. Conclusions

We acquired a dataset of water–sediment biogeochemical fluxes
and sediment characteristics in the northwest European continental
margin (northern Bay of Biscay) in June 2006, May 2007 and May
2008, mostly on the continental shelf (o180 m depth), and two
stations on the continental slope (520 and 680 m depth). Total
benthic OC degradation rates as evaluated by water–sediment O2

fluxes (�2.4 to �8.4 mmol O2 m�2 d�1) were low due to the sandy
nature (fine to coarse) of the sediment with a low % OMLOI content
(1% to 4%) comparable to other observations over the open margin
and continental shelf of the Bay of Biscay at similar depths (Flach
and Heip, 1996; Lohse et al., 1998; Epping et al., 2002). Excess 234Th
and 210Pb activity profiles indicated that sediments were influenced
by strong physical mixing leading to lower deposition of OM in the
sediments at the La Chapelle Bank and northward transport towards
Goban Spur. The observations showed no temporal pattern between
the three cruises and suggest a decoupling between surface water
OM production and surface sediment OM deposition probably due
to strong hydrodynamics in the bottom waters.

The overall average during the 3 cruises of FO2 measurements
was ��5.571.5 mmol O2 m�2 d�1, which represents�8% of the
pelagic primary production measured during the cruises (70744
mmolC m�2 d�1; Harlay et al., in press; Harlay, unpublished). The
overall average of FO2 values represents �4% of the pelagic respira-
tion in the aphotic zone measured during the cruises (1377
60 mmolC m�2 d�1; Harlay et al., in press; Suykens and Borges,
unpublished). The correlation between FTA and FO2 suggests the
occurrence of metabolic driven CaCO3 dissolution in the sediments.
The CaCO3 dissolution rates were lower than those reported by other
studies in continental slope and deep ocean sites due to the much
higher OCAL of bottom waters overlying the continental shelf stations
of the northern Bay of Biscay. Rates of CaCO3 dissolution averaged for
the three cruises (�0.3370.47 mmol m�2 d�1) represent �1% of
the pelagic calcification rates due to coccolithophores measured
during the cruises (�34732 mmol m�2 d�1) (Harlay et al., in
press; Harlay, unpublished). Visual inspection of sediments indicated
that most of the PIC was related to bivalve shells (which most
probably drove the bulk of benthic CaCO3 dissolution). This implies a
decoupling of calcification by coccolithophores and the dissolution in
the sediments of CaCO3. Hence, PIC produced by coccolithophores is
either stored in the sediments or exported out of the system, but
does not seem to be significantly dissolved in the sediments.

The water–sediment biogeochemical fluxes measured during
this study are characteristic of a late-spring early-summer situation
in the northern Bay of Biscay. At this period of the year, OM
availability in superficial sediments is probably the highest owing
to deposition of OM produced during the spring bloom and during
summer at the shelf edge sustained by inputs of nutrients from
enhanced vertical mixing by internal tides (Pingree and New, 1995).
Consequently, benthic OM degradation rates are expected to be
maximal in the area during late-spring early-summer. In autumn
and winter, benthic OM degradation rates are expected to be lower:
reduced primary production (Joint et al., 2001) leads to lower
deposition of OM, and stronger near-bed currents increase sediment
re-suspension (Thomsen and van Weering, 1998). As we showed,
benthic CaCO3 dissolution is mainly metabolic driven (i.e., coupled
to OM degradation), dissolution rates of CaCO3 in the sediments
reported in this study are expected to correspond to yearly max-
imum; they are likely to be lowest in autumn and winter.
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