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Abstract

The spatial variability of oxygen and dissolved nutrient exchanges across the sediment-water interface was studied on the continental shelf
in the Gulf of Lions (NW Mediterranean Sea). Replicate sediment cores were sampled at nine stations (64–162 m depth) along two lines
parallel to the coast during two cruises in March and June 1998. Sediment-water exchanges were measured using the core incubation
technique. Surficial sediments, bottom water and interstitial water characteristics were also described. Fluxes of oxygen (3.72–8.83 mmol m–2

d–1), nitrate (0.026–0.283 mmol m–2 d–1), ammonium (–0.022 to 0.204 mmol m–2 d–1), nitrite (–0.034 to 0.002 mmol m–2 d–1), phosphate
(–0.007 to 0.029 mmol m–2 d–1) and silicate (0.504–1.656 mmol m–2 d–1) were generally quite low. This has to be related to the oligotrophy
of the Mediterranean Sea. Fluxes showed a weak spatial variability, and a significant correlation could be established between oxygen fluxes
and the organic carbon content of surficial sediments. A general increase in ammonium, nitrate and phosphate release was also observed
towards the coast and the mouth of the Rhône River. Nitrite uptake and silicate release showed high variability between cruises, and the change
in silicate fluxes depended mainly on the location on the eastern or western part of the continental shelf.

Over the whole continental shelf, calculated sediment mineralization rate represents 342 kt a–1 of organic carbon. The annual release from
the sediments approximates to 14.1 kt dissolved inorganic nitrogen, 2.9 kt P, and 165 kt dissolved silica, which represent, respectively, an
amount close to 5%, 7% and 28% of the nutrient requirements for primary production. When compared to nutrient inputs from the Rhône
River, sediments appear to play a significant role in the biogeochemical cycles of the Gulf of Lions system, mainly for inorganic phosphorus
and dissolved silica.

© 2003 Éditions scientifiques et médicales Elsevier SAS and Ifremer/CNRS/IRD. All rights reserved.

Résumé

Cette étude décrit la variabilité spatiale des échanges dissous à l’interface eau-sédiment dans le golfe du Lion. Des carottes sédimentaires
ont été échantillonnées à neuf stations (64–162 m de profondeur) sur deux lignes parallèles à la côte, au cours de deux campagnes (mars et juin
1998). Les flux à l’interface eau-sédiment ont été mesurés par incubation de carottes. Des analyses complémentaires permettent de décrire les
caractéristiques des sédiments superficiels, de l’eau de fond et de l’eau interstitielle. Les flux d’oxygène (3,72–8,83 mmol m–2 d–1), de nitrate
(0,026–0,283 mmol m–2 d–1), d’ammonium (–0,022 à 0,204 mmol m–2 d–1), de nitrite (–0,034 à 0,002 mmol m–2 d–1), de phosphate (–0,007
à 0,029 mmol m–2 d–1) et de silicium dissous (0,504 à 1,656 mmol m–2 d–1) sont généralement faibles, en raison de l’oligotrophie de la mer
Méditerranée. Les échanges à l’interface eau-sédiment montrent une faible variabilité spatiale, et un lien a été établi entre les flux d’oxygène
et le contenu en carbone organique des sédiments superficiels. Une augmentation générale du relargage d’ammonium, de nitrate et de
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phosphate est également mise en évidence vers l’embouchure du Rhône. D’importants changements des flux de nitrites vers les sédiments ainsi
que du relargage de silicate ont été observés entre les deux campagnes, avec pour ce dernier des différences majeures entre les zones situées
à l’est et à l’ouest du golfe. Pour l’ensemble du plateau continental, les bilans à l’échelle du golfe du Lion correspondent à la minéralisation de
342 kt a–1 de carbone organique, et le relargage annuel de 14.1 kt d’azote inorganique dissous, 2.9 kt P, et 165 kt de silice dissoute. Ces valeurs
équivalent à 5% DIN, 7% P et 28% DSi de la consommation par la production primaire, et sont plus élevées que les apports rhodaniens en ce
qui concerne le phosphate et le silicium dissous.
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1. Introduction

Previous estimates showed that more than 80% of the
global benthic mineralization takes place on continental mar-
gins (Middelburg et al., 1997), even if the surface area cov-
ered represents only 11% of the global ocean. This is not
surprising as these systems are confluence zones between
terrestrial, atmospheric and marine areas, and are generally
characterized by a high productivity, mainly due to freshwa-
ter inputs and a tight coupling between pelagic and benthic
systems. As a consequence, the vertical sink of organic mate-
rial coupled with shallow water depth result in a large part of
organic matter mineralization occurring in surficial sedi-
ments. Thus, continental margin sediments play an important
role not only in carbon and nitrogen sinks (Walsh, 1991), but
also in recycling processes of nutrients and carbon, fuelling
primary production in the water column.

Surprisingly, despite the obvious importance of margin
sediments in the global cycles of many elements and the wide
area covered by the continental shelf in the Gulf of Lions,
there have been only a few studies of elemental cycling in
these sediments, whereas pelagic processes are quite well
documented. This discrepancy was pointed out by Tusseau-
Vuillemin et al. (1998), who demonstrated the need for accu-
rate quantification of dissolved inorganic nitrogen (DIN)
fluxes at the sediment-water interface for a pelagic model in
this area. Moreover, sediments have previously been shown
to supply a major part of phytoplankton nutrient demand in
shallow systems (Koop et al., 1990; Cowan and Boynton,
1996). For the NW Mediterranean Sea, benthic nutrient re-
generation may be of prime importance, considering the
oligotrophic status of this system and the nitrogen and/or
phosphorus limitation of primary production (Conan, 1996;
Diaz et al., 2001).

Most data concerning the benthic system in the Gulf of
Lions were compiled in the frame of the Eros 2000 (Euro-
pean River Ocean Systems, 2000; Martin and Milliman,
1997) and Ecomarge program (Ecosystèmes de Marge con-
tinentale; Monaco et al., 1990), which basically focussed on
freshwater and atmospheric inputs as well as transfer pro-
cesses towards deep-sea sediments. A few sediment-water
exchanges of oxygen and nutrients on the continental shelf
were previously reported from five UE Eros 2000 cruises
during the period 1987–1991. It is difficult to estimate from

these data a budget for a given period due to the diversity in
methodology (interstitial profiles, whole core incubation and
benthic chambers), the different cruise periods and the vari-
ous environments sampled (from near shore coastal to deep-
sea sediments).

In the following, we describe spatial variability of benthic
exchange and mineralization rates on the continental shelf in
the Gulf of Lions during two sampling periods. The aims of
this study were (1) to determine whether a major horizontal
gradient of mineralization rates exists from the mouth of the
Rhône River to more offshore regions, and (2) quantify the
role played by sediments in the global functioning of the
continental shelf of the Gulf of Lions. This work was con-
ducted in the frame of the Moogli cruises (Modélisation et
Observation du golfe du Lion), a component of the Pro-
gramme national en Environnement côtier (PNEC—chantier
golfe du Lion) organized to establish an annual budget of
carbon and biogenic elements for this area.

2. Material and methods

2.1. Site description

The site studied is the large continental shelf (up to 70 km
width, total area ≈16 000 km2) located in the northwestern
part of the Mediterranean Sea and called the Gulf of Lions.
The general water mass circulation on the continental shelf is
complex but well documented, and basically driven by the
cyclonic Northern Current (Millot, 1987). The shelf break is
bordered by the deeper branch of the northern current, which
makes incursions onto the shelf, providing exchanges with
the open sea (Millot, 1990). With a mean discharge around
1690 m3 s–1, the Rhône River is a large source of nutrients
and particulate matter to the Gulf of Lions (Leveau and
Coste, 1987; Moutin et al., 1998). These inputs are trans-
ported to the southwest by an along-shore circulation (Pinazo
et al., 1996), supporting about half the annual primary pro-
duction (Morel et al., 1990).

The stations visited during the cruises in March and June
1998 are located along two lines parallel to the French coast
(inner shelf and outer shelf stations) (Fig. 1, Table 1). Most of
the stations were located at depths ranging from 91 to 102 m,
which is the common depth of the continental shelf in the
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Gulf of Lions. Only two stations were located outside this
range, shallower on the continental shelf (Station T: 64 m)
and deeper on the adjacent upper slope (Station C: 162 m).

2.2. Sampling and incubation device

Sediment samples were obtained with a sediment multi-
corer Mark VI (Bowers and Connelly) using Perspex cores
(i.d.: 15 cm, length: 50 cm), sampling around 30 cm of
sediments and 20 cm of overlying water (3.5 l). The large
diameter of the cores allowed taking into account a part of the
spatial heterogeneity of macrobenthic and smaller organ-
isms, which is necessary to obtain an accurate measurement
of fluxes (Christensen et al., 1984). Three or four sediment
cores (total area sampled: 530–707 cm2) were collected at
each station, and retrieved cores generally presented a regu-
lar sediment-water interface, delicate biogenic microstruc-
tures and clear overlying water. After visual inspection, the
cores were immediately sealed and placed in dark refriger-
ated cabinets at in situ temperature as recorded by CTD
(Seabird Model 9117). For each core retrieval, bottom water
samples (ca. 20 l) were taken with a rosette sampler approxi-
mately 5 m above the sediment. The bottom water was gently
transferred to an inflatable reserve tank excluding bubbles
and stored under the same conditions as the incubated cores.

The incubation device is detailed in Denis et al. (2001).
Briefly, overlying water was continuously homogenized with
a rotating floating magnet fixed to the upper cap (Cowan et
al., 1996). Each core was linked by tubing to the inflatable
reserve tank filled with bottom water, and the volume re-
moved in each core tube was replaced with bottom water
from the reserve tank. During an incubation period of 36–48
h, the overlying water of each core and the reserve tank was
sampled 8–10 times by means of a plastic syringe. The
difference between concentration changes in the overlying
water of each core and bottom water allowed the calculation
of sediment-water fluxes. At the end of the incubation period,
each core was subsampled with 2.7 cm i.d. cores for pore-
water extraction, porosity profile measurements and granu-
lometric or elemental analysis (see below).

2.3. Measured flux calculation

Fluxes were determined by regressing the change in over-
lying water concentration versus time. Non-significant re-
gressions (Pearson correlation, P > 0.05) based on changes
over time that were less than the analytical variability were
interpreted as zero fluxes. In spite of the low sampling vol-
ume with respect to overlying water volume, the correction
for water replacement (with bottom water from the reserve
tank) was systematically applied as the consequent error
sometimes reached up to 35% of the flux (Denis, 1999).

2.4. Analytical procedure for oxygen and nutrient
determination

All flasks were rinsed once before sample collection, and
oxygen was immediately analysed by Winkler microtitration
(ca. 16 ml). The remaining sample was filtered through GF/F
Whatman glass fibre filters. Ammonium was determined at
once following the indophenol-blue method of Solorzano
(1969). Samples for the analysis of phosphate and silicate
were processed in the following few hours using the analyti-
cal procedure described in Strickland and Parsons (1972).
Nitrate and nitrite samples were deep frozen for later analysis
in the laboratory by means of a Technicon Autoanalyzer
following the protocol of Tréguer and Le Corre (1975).

Fig. 1. Location of the stations sampled during the March and June cruises
on the continental shelf of the NW Mediterranean Sea.

Table 1
Location and depth of the stations with the sampling dates, the number of cores studied during Moogli 1 and 2 cruises, and the granulometric composition of
surficial sediments. Average porosities in the first centimetre (0–1 cm) and at depth (9–10 cm) are also mentioned

Station
Location

Depth (m)
Sampling date (number of cores) Granulometry Porosity

(0–1 cm/9–10 cm)°N °E March June % Clay % Silt % Sand
C 43°04.00' 05°07.60' 162 14/03 (3) 04/06 (4) 19.5 46.1 34.3 0.579/0.413
D 43°14.98' 05°08.03' 94 14/03 (4) 04/06 (4) 32.6 63.9 3.4 0.765/0.613
G 43°03.99' 04°44.95' 102 24/03 (4) 17/06 (4) 48.2 51.4 0.3 0.777/0.616
H 43°14.53' 04°53.10' 98 24/03 (3) 24/06 (3) 37.2 61.7 1.2 0.799/0.640
K 42°58.98' 04°14.93' 98 17/03 (4) 14/06 (4) 23.2 32.5 44.2 0.602/0.492
L 43°11.95' 04°12.91' 91 17/03 (3) 14/06 (3) 52.4 47.6 0.0 0.831/0.670
P 43°07.28' 03°47.93' 96 20/03 (4) 14/06 (4) 41.6 53.1 5.3 0.769/0.630
S 42°49.09' 03°27.56' 99 22/03 (3) 08/06 (3) 29.8 40.5 29.7 0.741/0.559
T 43°00.94' 03°19.83' 64 22/03 (4) 08/06 (3) 35.2 63.7 1.1 0.817/0.670
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2.5. Pore-water profiles and predicted flux calculation

Nutrient profiles (except for silicate concentration not
measured) were determined on subcores after rapid
slicing with a vertical resolution of 1 cm down to 10 cm
depth. Interstitial water was extracted by centrifugation
(4500 g, 20 min) and supernatant was carefully removed,
diluted with artificial seawater and further analysed follow-
ing the same standard procedure as for overlying water
samples.

Calculations of fluxes were performed according to Fick’s
first law:

FDiff = − U Ds � dC/dz �z = 0 (1)

where φ is the porosity, DS is the effective diffusion coeffi-
cient of the solute in the sediment, dC/dz is the estimated
concentration gradient just below the sediment-water inter-
face, and z is the depth in the sediment scaled positively
downward.

We used Archie’s law to estimate tortuosity h (h2 = φ(1– m)),
with the empirical coefficient m = 3 (Ullman and Aller,
1982). The effective diffusion coefficient (DS) of a solute in
the sediment was calculated as described in Denis et al.
(2001) from molecular diffusion coefficients given in Bou-
dreau (1997).

To estimate the gradient close to the sediment-water inter-
face (dC/dz)z = 0, different calculations were applied depend-
ing on the vertical profile of the solute considered. For am-
monium concentrations, a linear gradient over the upper 10
cm of sediment was considered. For nitrate and nitrite, a peak
was always observed in the first centimetre, and the gradient
was therefore calculated from the difference between the
concentrations in bottom water and in the first slice of sedi-
ment (0–1 cm). Phosphate profiles were fitted by minimum
least-square method according to the following empirical
formulation (modified from Christensen et al., 1988):

Cz = � Cmax − az � + � C0 − Cmax � exp � − bz � (2)
where C0 is phosphate concentration in bottom water and
Cmax is the ordinate at z = 0 of the linear gradient in phos-
phate concentration at depth. The coefficient of linear de-
crease of phosphate concentration at depth was a and the
exponential change was b (cm–1). The parameters Cmax, a
and b were estimated using the standard least-square fitting
procedure, and the gradient at the interface (dC/dz)z = 0 was
obtained by differentiation with respect to z of Eq. (2):

� dC/dz �z = 0 = − � a + b� C0 − Cmax � � (3)

2.6. Sediment characteristics

Duplicate subcores were sliced every centimetre and deep
frozen for the determination of porosity profiles by freeze-
drying. The total and organic carbon and nitrogen were
determined (on the 0–1, 2–3 and 6–7 cm slices) before and
after ignition (550 °C—6 h) with a Leco 800 CHN elemental
analyser. The granulometric characteristics of the 10 upper
centimetres of sediments were determined on June samples

by means of a laser granulometer (Laser Malvern Master-
sizer).

2.7. Statistics

Sediment and bottom water characteristics changes be-
tween March and June were tested using the paired t-test (P <
0.05) (Scherrer, 1984). For flux measurements, because of
the small number of replicates and the variability towards
higher values, all data were considered non-normalized and
non-parametric tests were applied. Comparisons between
cruises were performed with the Wilcoxon-Mann-Whitney
test (P < 0.05), whereas differences between stations were
demonstrated using the Kruskal-Wallis test (P < 0.05) and
followed by a multiple comparisons test (S.N.K.; P < 0.05)
(Scherrer, 1984).

3. Results

3.1. Sediment parameters

For the stations located on the inner shelf (i.e. Stations D,
H, L, P and T), the fine fraction (clay + silts) constituted more
than 95% of the sedimentary particles. The silty fraction
(47–64%) generally dominates, except at Station L, where
the clay fraction constituted 52% of the sedimentary par-
ticles. Moreover, for those inner shelf stations, porosity pro-
files showed an exponential decrease with depth, from 0.76–
0.83 in the upper centimetre, down to values in the range
0.61–0.67 at depth (Table 1). Similar characteristics were
observed for Station G located on the outer shelf but facing
the Rhône river mouth. Conversely, sediments from Stations
K and C had a large component of sand, respectively, 34%
and 44% of total sediment particles, and a lower porosity
(around 0.6 in the upper centimetre down to 0.4 at depth). At
Station S, 30% of the total sediment particles consisted of
sand, and the sediment was characterized by a sharp porosity
gradient from 0.74 in the first centimetre down to 0.63 in the
2–3 cm slice, and 0.56 at depth.

Vertical variation in organic carbon (OC) and total nitro-
gen (TN) contents of surficial sediments did not show any
general trend. Consequently, the data were pooled, and a
mean value was considered for each station and cruise (Table
2). The OC ranged from 0.64% to 1.51% dry weight, with
lower contents at the stations located seawards (C, K and S).
Highest OC were measured near the mouth of the Rhône
River at Station H, but OC was also high at Station L and, to
a lower extent, at Station T. The TN was very low in March at
all stations (Fig. 2), and the spatial trends were in agreement
with OC data (significant correlation, P < 0.01), with lowest
contents for Stations K and C, and highest contents at Sta-
tions H and L. A significant increase of OC was observed
from March to June. Accordingly, a mean increase in TN
content was also observed for all the stations, but the average
increase was much more pronounced than for OC (>50%).
This increase in TN explained the decrease of the C/N atomic
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ratio recorded for most stations between March and June.
The C/N atomic ratios were in the range of 6.1 up to 14.4, but
most of the values were between 7.5 and 10.5. Moreover, a
significant positive correlation was observed between OC
content and the percentage of fine particles (Table 3).

3.2. Bottom water characteristics

Bottom waters obtained during the two cruises did not
show large variations in most of the measured variables
(Tables 4 and 5). There was no significant change in salinity
between stations and cruises (in the range: 37.95–38.26), but
a significant positive correlation with water depth was ob-
served (Table 3). Conversely, an increase in temperature was
observed which higher changes at shallower stations. Oxy-
gen concentrations in the bottom water ranged from 208 to
269 µM (i.e. 80–103% saturation) and generally decreased
between the two cruises, despite small changes at Stations C
and K. Silicate concentrations in bottom water were signifi-
cantly higher in June, especially at stations in the middle of
the continental shelf (G, H, K, L, P). Moreover, silicate
concentrations at outer shelf stations were always higher than
those at shallower stations, except for the maximal value
recorded in June near the Rhône river mouth (Station H). For
other nutrients, no significant change was observed in bottom
water concentrations between March and June. Ammonium
concentrations were always very low, generally in the range
0.07–0.16 µM, with maximal values at Station H for both
cruises and no significant correlation with other nutrients.
Nitrate concentrations showed a spatial pattern similar to that
for silicate, with higher values at outer shelf stations, except
for the maximal value recorded in June at Station H. Nitrite
concentrations were always in the range 0.33–0.73 µM with-

Table 2
Averaged measurements from triplicates (0–1, 2–3 and 6–7 cm depth) of organic carbon and total nitrogen contents (in percentage of dry weight ± S.D.) in the
Gulf of Lions during the March and June cruises. The OC/TN ratio was calculated from mean values for each station

Station March 1998 June 1998
Organic carbon (% DW) Total nitrogen (% DW) Mean C/N ratio Organic carbon (% DW) Total nitrogen (% DW) Mean C/N ratio

C 0.68 ± 0.10 0.06 ± 0.02 9.4 0.64 ± 0.07 0.10 ± 0.03 6.7
D 0.94 ± 0.14 0.08 ± 0.03 9.6 1.17 ± 0.08 0.15 ± 0.05 7.0
G 1.02 ± 0.10 0.08 ± 0.02 12.3 1.00 ± 0.11 0.11 ± 0.05 8.4
H 1.26 ± 0.07 0.12 ± 0.04 9.6 1.51 ± 0.05 0.15 ± 0.03 9.1
K 0.64 ± 0.09 0.04 ± 0.03 12.9 0.71 ± 0.11 0.07 ± 0.02 10.2
L 1.23 ± 0.07 0.10 ± 0.02 10.6 1.43 ± 0.04 0.09 ± 0.02 14.4
P 0.78 ± 0.05 0.09 ± 0.03 7.8 1.01 ± 0.13 0.11 ± 0.03 8.5
S 0.72 ± 0.31 0.06 ± 0.02 9.5 0.75 ± 0.14 0.11 ± 0.02 6.1
T 1.21 ± 0.07 0.11 ± 0.03 9.3 1.33 ± 0.06 0.15 ± 0.03 7.8

Fig. 2. Relationships between organic carbon and total nitrogen for the
March (black diamonds) and June (open diamonds) cruises.

Table 4
Bottom water characteristics in the Gulf of Lions during the March and June cruises: temperature, salinity, mean oxygen concentration (±S.D.), percentage of
saturation

Station
March June
Temperature
(°C)

Salinity [O2] (µM) % Sat.
Temperature
(°C)

Salinity [O2] (µM) % Sat.

C 13.51 38.18 240 ± 0.6 92 13.40 38.26 242 ± 0.2 93
D 13.33 38.03 260 ± 0.9 100 14.22 37.96 251 ± 0.2 97
G 13.29 38.03 268 ± 1.2 103 13.76 38.03 228 ± 0.9 88
H 12.91 37.98 266 ± 0.9 102 14.23 37.97 234 ± 1.3 90
K 13.44 38.00 252 ± 1.0 98 13.70 38.06 250 ± 1.6 95
L 12.96 37.80 266 ± 1.3 102 13.73 38.04 239 ± 1.2 92
P 13.36 38.08 254 ± 1.1 98 13.69 38.07 209 ± 0.9 80
S 13.08 37.98 268 ± 1.2 103 13.47 38.06 243 ± 0.5 94
T 13.01 37.95 269 ± 0.9 103 13.90 37.96 259 ± 0.9 99
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Table 3
Pearson correlation coefficients calculated between depth and the different parameters measured in the sediment (% clay, % sand, organic carbon: OC, total nitrogen: TN, C/N atomic ratio: C/N), bottom water
temperature (Temp.) and salinity(Sal.), concentrations of different solutes (xx) in bottom water (abbreviated BW xx), total fluxes measured by whole core incubations (Flux xx) and predicted diffusive fluxes
calculated from pore-water gradients (FDiff xx) (coefficients significant at P < 0.05 are in bold)

Depth %
Clay

%
Sand

OC TN C/N Temp. Sal. BW
O2

BW
NH4

BW
NO3

BW
NO2

BW
PO4

BW
Si

Flux
O2

Flux
NH4

Flux
NO3

Flux
NO2

Flux
PO4

Flux
Si

FDiff

NH4

FDiff

NO3

FDiff

NO2

FDiff

PO4

Depth 1.00
% Clay –0.49 1.00
% Sand 0.52 –0.81 1.00
OC –0.55 0.65 –0.81 1.00
TN –0.35 0.29 –0.63 0.71 1.00
C/N –0.15 0.34 –0.03 0.19 –0.52 1.00
Temp. –0.02 –0.05 –0.07 0.27 0.48 –0.19 1.00
Sal. 0.76 –0.53 0.49 –0.59 –0.29 –0.24 0.12 1.00
BW O2 –0.31 –0.01 –0.07 0.03 –0.16 0.19 –0.60 –0.45 1.00
BW NH4 –0.26 0.32 –0.34 0.29 0.14 0.05 –0.34 –0.29 0.24 1.00
BW NO3 0.47 –0.06 0.22 –0.17 –0.14 0.01 0.36 0.48 –0.85 –0.11 1.00
BW NO2 –0.19 0.38 –0.46 0.44 0.25 0.16 –0.34 –0.41 0.55 0.39 –0.53 1.00
BW PO4 0.27 –0.02 0.02 –0.01 0.09 –0.15 0.43 0.31 –0.83 –0.02 0.86 –0.53 1.00
BW Si 0.05 0.22 0.01 0.19 0.04 0.27 0.51 0.12 –0.69 0.07 0.74 –0.33 0.70 1.00
Flux O2 –0.15 0.44 –0.49 0.66 0.41 0.16 0.29 –0.11 –0.37 0.33 0.32 0.11 0.42 0.46 1.00
Flux NH4 –0.04 0.02 –0.17 0.37 0.30 –0.02 –0.24 –0.18 0.25 0.78 –0.13 0.40 –0.05 0.00 0.41 1.00
Flux NO3 –0.04 0.07 –0.25 0.14 0.10 –0.01 –0.29 –0.28 0.53 0.33 –0.41 0.62 –0.27 –0.25 –0.11 0.36 1.00
Flux NO2 0.28 –0.17 0.28 –0.18 0.11 –0.26 0.36 0.46 –0.66 0.00 0.62 –0.64 0.49 0.52 0.02 0.04 –0.57 1.00
Flux PO4 –0.32 0.21 –0.29 0.21 0.45 –0.26 0.27 –0.09 0.13 0.38 –0.32 0.33 –0.15 0.06 0.14 0.26 0.36 –0.09 1.00
Flux Si –0.11 0.50 –0.22 0.15 –0.11 0.24 –0.35 –0.40 0.21 0.24 –0.04 0.33 –0.16 0.15 0.09 0.06 0.21 –0.17 –0.11 1.00
FDiff NH4 –0.44 0.43 –0.69 0.74 0.64 –0.09 0.06 –0.42 0.00 0.71 –0.02 0.45 0.18 0.13 0.66 0.67 0.26 –0.09 0.32 0.10 1.00
FDiff NO3 0.11 0.15 –0.06 –0.10 –0.11 0.14 0.10 0.00 0.10 –0.27 –0.19 0.20 –0.15 0.05 –0.23 –0.36 0.43 –0.38 0.34 0.00 –0.39 1.00
FDiff NO2 –0.10 0.75 –0.46 0.15 –0.02 0.18 –0.15 –0.12 –0.07 –0.14 0.01 0.11 –0.07 0.06 0.15 –0.38 –0.09 –0.13 0.06 0.42 –0.15 0.39 1.00
FDiff PO4 –0.44 0.16 –0.44 0.55 0.56 –0.20 0.08 –0.42 0.09 0.67 –0.13 0.46 0.08 0.02 0.51 0.64 0.30 –0.22 0.40 –0.02 0.90 –0.34 –0.39 1.00
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out general pattern and maximal values were observed near
the Rhône river mouth for both cruises. In March, phosphate
concentrations were always close to the detection limit, gen-
erally lower than 0.03 µM except for Station C, and very low
concentrations were also recorded in June (except Stations P,
G and H). There was a general positive significant relation-
ship between nitrate, phosphate and silicate concentrations in

bottom water, and negative correlations of these nutrients
with nitrite and oxygen concentrations (Table 3).

3.3. Sediment-water fluxes

Fig. 3 illustrates times series of oxygen and nutrients in
the overlying water of a core (March 1998, Station G, core

Table 5
Bottom water characteristics in the Gulf of Lions during the March and June cruises: averaged nutrient concentrations in µM (±S.D.)

Stations
March June
[NH4

+] [NO3
–] [NO2

–] [PO4
3–] [Si(OH)4] [NH4

+] [NO3
–] [NO2

–] [PO4
3–] [Si(OH)4]

C 0.07 ± 0.03 4.1 ± 0.3 0.33 ± 0.01 0.11 ± 0.01 2.4 ± 0.2 0.07 ± 0.01 2.6 ± 0.3 0.53 ± 0.02 0.03 ± 0.01 1.9 ± 0.3
D 0.14 ± 0.03 0.9 ± 0.1 0.58 ± 0.03 0.03 ± 0.02 0.7 ± 0.2 0.08 ± 0.00 0.6 ± 0.3 0.61 ± 0.02 0.01 ± 0.01 1.6 ± 0.3
G 0.09 ± 0.03 1.2 ± 0.2 0.71 ± 0.02 0.01 ± 0.03 2.3 ± 0.5 0.12 ± 0.05 3.1 ± 0.3 0.38 ± 0.01 0.10 ± 0.01 5.3 ± 1.1
H 0.31 ± 0.03 0.7 ± 0.1 0.73 ± 0.02 0.03 ± 0.06 2.0 ± 0.5 0.17 ± 0.04 4.3 ± 0.1 0.59 ± 0.02 0.13 ± 0.02 6.4 ± 0.6
K 0.10 ± 0.03 2.5 ± 0.1 0.42 ± 0.03 0.03 ± 0.06 3.1 ± 0.7 0.13 ± 0.02 2.4 ± 0.2 0.36 ± 0.01 0.07 ± 0.01 5.3 ± 1.4
L 0.16 ± 0.08 1.3 ± 0.2 0.64 ± 0.02 0.01 ± 0.02 1.7 ± 0.6 0.14 ± 0.02 2.7 ± 0.1 0.56 ± 0.03 0.02 ± 0.00 4.9 ± 1.8
P 0.24 ± 0.08 2.8 ± 0.2 0.46 ± 0.01 0.05 ± 0.01 2.6 ± 0.4 0.11 ± 0.03 4.7 ± 0.2 0.39 ± 0.01 0.18 ± 0.02 4.9 ± 0.3
S 0.13 ± 0.05 1.0 ± 0.2 0.57 ± 0.02 0.01 ± 0.04 1.5 ± 0.5 0.12 ± 0.04 2.2 ± 0.2 0.53 ± 0.01 0.02 ± 0.00 1.7 ± 0.3
T 0.11 ± 0.03 0.9 ± 0.1 0.54 ± 0.01 <0.01 1.4 ± 0.3 0.10 ± 0.02 0.2 ± 0.1 0.41 ± 0.01 0.02 ± 0.01 0.9 ± 0.3

Fig. 3. Example of oxygen and nutrient changes in the overlying water of a core (March cruise, Station G, core no. 2) and in the bottom water (open circles) that
forms the basis of the benthic flux estimates during an incubation experiment. For the overlying water of the core, raw data (cross) are shown as well as corrected
data (black circles) used for flux calculations. Regressions for corrected data and bottom water are also shown.
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no. 2) and in the reserve tank. As expected, fluxes in the
reserve tank were always low and generally non-significant,
and the correction for bottom water replacement of overlying
water was applied before flux calculations.

3.3.1. Oxygen

Shipboard incubation measurements of oxygen fluxes for
both cruises are presented in Fig. 4a. All the incubations
resulted in significant fluxes (P < 0.05), and individual fluxes
varied over similar ranges in March and June, from –3.14 to
–11.16 and from –3.53 to –10.87 mmol m–2 d–1, respectively.
No significant correlation was observed between oxygen
fluxes and depth. The smallest fluxes (averaging –3.82 mmol
m–2 d–1 on both cruises) were recorded at Station K, with low
variability between cores and cruises. The maximal flux was
recorded at Station H for both cruises, with values close to

those at Station L in June. Station D showed low oxygen
fluxes when compared with other inner shelf stations located
west of the Rhône river mouth.

Significant differences existed between stations in June,
but not in March. The high variability observed at Stations C
and H in March was basically due to a single core with a
measured oxygen flux around –11 mmol m–2 d–1 in both
cases, whereas values for the three other cores averaged
–3.89 and –5.78 mmol m–2 d–1, respectively. For June, only
extreme averages at Stations K and H were significantly
different from each other. Considering the transects parallel
to the coast, median values were generally higher for inner
shelf stations than for stations located near the continental
shelf break (D > C; H > G; L > K; T > S). Oxygen flux was
higher in June for Stations L and T, whereas a significant
decrease occurred at Station S. No significant difference was

Fig. 4. Average (±S.D.) sediment oxygen demand (a), ammonium (b), nitrate (c), nitrite (d), phosphate (e) and dissolved silica fluxes (f) measured by whole core
incubation at the stations visited during the March and June cruises in the Gulf of Lions.
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observed for the other stations, but oxygen fluxes showed a
significant relationship with OC content in surficial sedi-
ments (Table 3).

3.3.2. Ammonium
Ammonium exchanges were generally very low (Fig. 4b),

and about one-third of the individual fluxes were not signifi-
cant. Moreover, the standard deviations obtained for each
station were always of the same order of magnitude as fluxes.
Averaged fluxes were in the range –0.034 to +0.101 mmol
m–2 d–1, obtained, respectively, for Stations D and H. No
significant change was observed either between the cruises or
between the stations, but highest fluxes were always mea-
sured at Station H. The relationship between ammonium and
oxygen fluxes (Table 3) resulted from only a few cores with
‘abnormally high’ oxygen flux and very high ammonium
release, certainly due to enhanced macrofaunal activity. Am-
monium fluxes were positively correlated with bottom water
ammonium concentrations (r = 0.78).

3.3.3. Nitrate
Nitrate fluxes were generally directed from the sediment

to the overlying water, at rates up to 0.475 mmol m–2 d–1. The
incubation of only three of 67 cores resulted in non-
significant fluxes. A significant difference was observed be-
tween stations in March and June, but only extreme values
were significantly different (C ≠ D; C ≠ G in March; L ≠ H in
June, P < 0.05). In March, Stations D, G and H showed
relatively high nitrate release (>0.240 mmol m–2 d–1),
whereas the release was minimal at Station C. On the western
part of the continental shelf, fluxes varied in a lower range,
between 0.139 and 0.166 mmol m–2 d–1. Nitrate fluxes in
June were generally lower than in March, but this decrease
was only significant for Stations D, L and S. The only
exception to this general trend was Station C, where nitrate
release doubled during the same period. There was a negative
correlation between nitrate flux and nitrite flux, whereas a
positive relationship was calculated with nitrite concentra-
tions in bottom water.

3.3.4. Nitrite
Nitrite fluxes were always low, in the range of –0.043 to

0.026 mmol m–2 d–1 for the March cruise and in the range of
–0.022 to 0.019 mmol m–2 d–1 in June. Most fluxes were
directed towards the sediments, except four significant posi-
tive fluxes. A significant difference between stations was
observed in June, basically due to Station D, where high
fluxes were directed into the sediment. Nitrite uptake by the
sediment was lower in June, with significant changes at
Stations D, G, L, S and T. Moreover, a significant negative
correlation was noticed between nitrite fluxes and bottom
water nitrite concentrations (r = –0.64, Table 3).

3.3.5. Phosphate
Phosphate fluxes were also quite low, generally directed

towards the water column in the range 0–0.036 mmol m–2

d–1, except three negative fluxes in March (–0.016 and
–0.013 at Station C; –0.005 at Station T). Around one-fourth
of the fluxes were not significant (P < 0.05), with no signifi-
cant flux in March at Station L. A significant difference
between stations was observed in March, but only extreme
averaged fluxes (Station C and H) were significantly differ-
ent. No general difference was recorded between cruises
except at Station C, with a phosphate uptake in March and a
release in June. There was also a significant increase of
phosphate release at Station K.

3.3.6. Silicate

Silicate fluxes were always significant (P < 0.05) and
directed towards the water column in the range 0.29–1.80
mmol m–2 d–1. There were differences between stations in
March, but not in June, and multiple comparison tests
showed again that only extreme values were significantly
different (Stations C and L). Silicate release in March was
higher for western stations (Stations L, P, S and T), and
maximal values were observed at Station L for both cruises.
As a general change between March and June, an increase in
silicate release was observed for stations located on the
eastern part of the continental shelf, whereas there was a
decrease for western stations. Nevertheless, the only signifi-
cant changes in time were at Stations C and S.

3.3.7. Pore-water profiles and predicted fluxes

Porewater profiles were generally similar for both cruises,
and when changes were recorded, these were attributed to
spatial heterogeneity, because no significant trend was ob-
served. Consequently, pore-water data were averaged over
both cruises (Fig. 5), but predicted fluxes were calculated
individually, and averaged values (± S.D.) are presented in
Fig. 6. For all the stations sampled, ammonium concentra-
tions showed a significant increase with depth in the sedi-
ment and, generally, the profiles were linear (r = 0.93,
P < 0.001). Concentrations varied in the range 70–175 µM
for the 9–10 cm depth slice. The vertical gradient was stron-
ger for Station H, where maximal ammonium concentrations
were measured at depth. As a consequence, predicted fluxes
of ammonium also showed great variability (Fig. 6a), with
highest predicted fluxes at Station H and minimal values
around 0.024 mmol m–2 d–1 for Stations C and K. There was
a significant positive correlation between predicted fluxes of
ammonium and the organic contents of surficial sediments as
well as bottom water ammonium concentrations and fluxes
of oxygen and ammonium as measured by whole core incu-
bations (Table 3). Ammonium predicted fluxes hence fol-
lowed the general trend observed for measured fluxes, par-
ticularly with highest release at Station H.

Nitrate concentrations in the interstitial water varied from
undetectable values at depth to maximal values near the
sediment-water interface. For all the stations analysed, the
nitrate peak was located in the first centimetre of the sedi-
ment with concentrations in the range of 5.6–17 µM. A
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Fig. 5. Variation with depth (0–10 cm) in the sediment of ammonium, nitrate, nitrite and phosphate concentrations in the interstitial waters of sediments from
the Gulf of Lions. Values given are averages of March and June cruises, and data at the sediment-water interface (depth zero) are derived from Tables 4 and 5.
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similar trend was generally observed for nitrite concentra-
tions even where the vertical gradient was very weak. Nitrite
concentrations were always low, generally lower than 2 µM,
with a higher variability. These profiles resulted in predicted
nitrate and nitrite fluxes directed from the sediment towards
the overlying water. Averaged predicted fluxes of nitrate
varied in the range 0.079–0.290 mmol m–2 d–1, whereas
maximal predicted fluxes of nitrite reached a value close to
0.036 mmol m–2 d–1. Maximal predicted fluxes of nitrate and
nitrite were recorded at Station G and more generally in the
eastern part of the area studied (D, G and H). Lowest nitrate
fluxes were calculated at Station P. For predicted nitrite
fluxes, western stations generally had higher fluxes, but also
associated with a large variability. In spite of the good agree-
ment between measured and predicted fluxes of nitrate while
averaging all data for each station (Fig. 6b), no significant
correlation was observed when considering individual data
(Table 3). Predicted nitrite fluxes remain low but always
positive, whereas measured fluxes were directed towards the
sediments, which may be partly explained by the low concen-
trations observed in the interstitial water and the weak gradi-
ent.

Phosphate profiles were highly variable, especially at Sta-
tions L and C, but a general downcore trend was observed
with very low concentrations in bottom water (always below
0.15 µM), an increase with depth in the first centimetres (up
to concentrations around 3–4 µM at 1–4 cm depth), and a

decrease at depth, which was less marked for Station P. The
formulation previously described fitted the data relatively
well. Averaged predicted fluxes of phosphate varied over a
large range, from 0.004 mmol m–2 d–1 at Station C, G and K,
up to 0.019 mmol m–2 d–1 at Station H. Despite the low
concentrations, predicted fluxes agreed relatively well with
measured fluxes, except for the large discrepancy at Station
G. Predicted phosphate fluxes were positively correlated
with ammonium concentrations in bottom water and mea-
sured and predicted ammonium fluxes (Table 3).

4. Discussion

4.1. Sediment parameters

Sediment characteristics varied with bathymetry
(Table 3), but also with the topography: surficial sediments of
Stations C, K and S near the continental shelf break showed a
large sandy fraction and low porosity and might be consid-
ered as a mixture between outer shelf and upper slope sedi-
ments. Sediments from all other stations were largely domi-
nated by the silt + clay fraction and can be characterized as
prodeltaic or deltaic environments as described by Chassefi-
ere (1990). Sediment composition appears to be mainly the
result of particulate input from the Rhone river, which is
equivalent to 80% of the fine particle input to the Gulf of
Lions (Leveau and Coste, 1987): higher porosities were ob-

Fig. 6. Mean measured fluxes (in grey) for each station and mean predicted fluxes (in white) as calculated from interstitial water profiles of ammonium (a),
nitrate (b), nitrite (c) and phosphate (d). Averaged predicted fluxes (± S.D.) of four replicates (two in March, two in June) are given. Details of calculations are
given in the text and averaged profiles are given in Fig. 5.

383L. Denis, C. Grenz / Oceanologica Acta 26 (2003) 373–389



served for stations close to the delta (i.e. Stations G, H and L)
and certainly submitted to largest inputs from the Rhône
river. However, we must notice that our analysis does not take
into account the vertical stratification that may result from
resuspension and deposition events.

The OC and TN contents are in the range of earlier mea-
surements in the same area (Blackburn, 1991; Buscail and
Germain, 1997) and follow a distribution close to the one
observed for fine particles. The amount of OC and TN clearly
decrease from the mouth of the Rhone River towards west
and south, hence evidencing the major role of fluvial inputs
(organic compounds and/or nutrients supporting primary
production) and their dispersion via the North Mediterranean
Current on mineralization processes in surficial sediments.
Increases of OC and TN contents were recorded between
March and June for all stations, respectively, averaging 12%
and 43%, but only TN increase was significant. This might be
considered as the result of the sedimentation of a spring
phytoplankton bloom that occurred in late March-early
April, as recorded on a sediment trap located 20 m above the
bottom at Station C (Denis et al., 2001). The impact of such a
vertical input of fresh organic matter has been described
earlier, mostly in shallower waters, where the sediment-
water column coupling is tighter than in deeper environ-
ments. We suggest that the input of fresh OC due to post-
bloom sedimentation was too low to obtain a significant
change in OC content of surficial sediments, whereas C/N
ratio shows significant variations, which has earlier been
pointed out during a temporal study in the North Adriatic Sea
(Bertuzzi et al., 1996).

4.2. Sedimentary biogeochemical processes

4.2.1. Oxygen
Our exchanges of oxygen at the sediment-water interface

are in accordance with previous data collected in the frame of
the Eros 2000 project. Globally, the variability recorded
(–0.19 to –25.82 mmol m–2 d–1) was higher than the ones that
we observed. This is basically due to a sampling strategy
focussed around the mouth of the Rhone River at shallower
stations but also considering the bathymetric gradient down
to deep-sea sediments, along five cruises from July 1987 to
December 1991. Our study focussed on the continental shelf
with depth ranging from 60 to 160 m, with a regular sampling
in a short time period. This results in a lower variability, as all
individual oxygen flux measurements were in the range from
–3.14 to –11.16 mmol m–2 d–1. A weak gradient was ob-
served, with highest fluxes near the Rhône river mouth (Sta-
tion H, and to a smaller extent L, P and G) and lower
sediment oxygen demand near the continental shelf break
(Stations K and C) and on the eastern part of the area (Station
D). Considering the averaged values for each station, there
was barely a factor of two between the lowest and highest
oxygen fluxes, and the increase was significantly correlated
with the OC content of surficial sediments (r = 0.66). This
spatial homogeneity is remarkable for a continental shelf

subjected to massive freshwater and organic matter input
from the Rhône River. No clear sediment record of the
dilution plume of the Rhône river was observed on the con-
tinental shelf, which is surprising, considering that Zuo et al.
(1993) found that 40% of the material supplied by the Rhône
river was deposited on the continental shelf. In the case of the
continental shelf in the Gulf of Lions, this must be basically
due to hydrodynamic features, and especially to wind effects
that are responsible for (1) the direction of the plume dilution
that may vary widely (Pinazo et al., 2001), and (2) the
occurrence of resuspension-deposition events on the conti-
nental shelf and subsequent lateral transport by the along-
slope circulation as previously shown by Durrieu de Madron
et al. (1999). This leads to a wide dilution of the large amount
of organic matter brought by the Rhône River, and indirectly
produced after the input of nutrients. Moreover, a large part
of the organic matter might just be transferred through the
continental shelf via structures such as the nepheloid benthic
layer and the numerous submarine canyons that incise the
outer part of the continental shelf as well as the continent
slope (Got and Aloisi, 1990). This would suggest a relatively
high sediment oxygen demand near the bottom of the slope in
the axis of the canyons, as earlier pointed out by Tahey et al.
(1994).

4.2.2. Nitrogen

The variability in ammonium exchanges as well as numer-
ous non-significant fluxes reduce the strength of the conclu-
sions we can derive from our results. Interstitial profiles of
ammonium were consistent with literature data, with a linear
increase in ammonium concentration with depth, related to
the organic matter consumption, but concentrations observed
in the first centimetres result in the balance between ammoni-
fication and nitrification as well as possible ammonium up-
take by benthic algae. As previously stated on individual
cores, high ammonium releases were generally observed
during whole core incubations simultaneous with high oxy-
gen uptake rates, and might therefore evidence the presence
of large macrofaunal organisms that we occasionally identi-
fied (Denis, 1999). But while considering the whole data set,
predicted fluxes were always positive and generally higher
than measured fluxes, hence demonstrating that irrigation
fluxes were very low except within a few cores, but also
suggesting that ammonium was actively nitrified within the
first millimetres of the sediment. Moreover, significant am-
monium fluxes directed from the water column to the sedi-
ment were recorded at Stations D and G, where interstitial
profiles did not provide evidence of enhanced ammonium
accumulation, suggesting a high nitrification rate. Con-
versely, nitrate release as measured by whole core incubation
and calculated from pore-water profiles was quite high for all
the stations. All interstitial profiles of nitrate were character-
ized by a subsurface maximum, suggesting that nitrification
was the main nitrate source for denitrification, rather than
nitrate diffusing from the overlying water (Lohse et al.,
1996). Further calculations using average flux measurements
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and interstitial profiles at each station were performed to
establish nitrogen mass balances in surficial sediments. Since
the measured and predicted nitrate fluxes were in close agree-
ment, molecular diffusion appeared to be the major mode of
transport. We calculated the minimum estimate of depth
integrated nitrification from nitrate profiles, by summing the
maximum upward and maximum downward fluxes of nitrate.
Calculated nitrification rates ranged from 0.10 to 0.37 mmol
m–2 d–1, with maximal values at Station G (Fig. 7). Minimal
denitrification rate was calculated from the maximum down-
ward predicted flux of nitrate and ranged from 0.032 to 0.074
mmol m–2 d–1. We also considered predicted and measured
fluxes at the sediment-water interface in the functional
scheme of the first centimetre of sediment, as well as pre-
dicted fluxes of ammonium from deeper layers (Fig. 7).
Aerobic mineralization of nitrogen was estimated from oxy-
gen consumption using the mean measured C/N ratio (Table
2). For most stations, the budget obtained is not at steady
state, with ammonium accumulation, but we need to consider
that part of the tightly coupled nitrification-denitrification
processes do not appear in our calculation, as well as am-
monification and ammonium adsorption processes, which
might explain a large part of the disequilibrium observed.
These denitrification rates are low when compared with the
range usually observed for various continental shelves as
reviewed by Laursen and Seitzinger (2002). Another ap-

proach to estimate denitrification is to consider surficial sedi-
ments as a black box, to calculate the nitrogen oxic regenera-
tion from oxygen fluxes using appropriate stoichiometry, and
to consider that the difference between nitrogen input (from
oxic regeneration) and nitrogen releases (ammonium, nitrite
and nitrate fluxes) might be attributed to denitrification pro-
cesses (Devol et al., 1997). The resulting denitrification rates
are in the range 0.26–0.60 mmol N m–2 d–1, with lowest
values at Stations K and D, whereas higher rates are obtained
in the western part of the area studied, with maximal values at
Stations L and P. The values obtained are an order of magni-
tude higher than the one calculated from pore-water profiles,
and we hypothesize that the difference between those two
calculations may be linked to tightly coupled nitrification-
denitrification processes that may reach 60–100% of total
denitrification in continental shelf sediments (Laursen and
Seitzinger, 2002). Moreover, the reoxidation of reduced
compounds was not integrated into our calculations, and
aerobic degradation should appear as a maximal value.
Blackburn et al. (1990) previously showed that oxidation of
ammonium, reduced iron, manganese or sulphide may play
an important role in sediment oxygen uptake in this area.
Globally, the functional scheme is similar to that described
on continental shelves by Christensen et al. (1988) for the
Eastern Mediterranean or Denis et al. (2001) in the Gulf of
Lions.

Fig. 7. Proposed inorganic nitrogen budget in surficial sediments for each station studied on the continental shelf in the Gulf of Lions. Nitrification and
denitrification rates are minimal values and were estimated from nitrate profiles (see text for details). Predicted (italics) and averaged (bold) measured fluxes of
nitrate and ammonium at the sediment-water interface are mentioned. Input of ammonium from oxic mineralization was calculated from sediment oxygen
demand using the averaged C/N ratio reported in Table 2.

385L. Denis, C. Grenz / Oceanologica Acta 26 (2003) 373–389



4.2.3. Phosphate

Phosphate fluxes were in the wide range of data earlier
reported for the Gulf of Lions (–0.336 to 0.072 mmol m–2

d–1, Blackburn and Lomstein, 1989), and predicted fluxes
agreed reasonably well with measured fluxes (Fig. 6d). Nev-
ertheless, benthic efflux of phosphate remains low, with
maximal averaged values observed at Stations G and H, in
front of the Rhône river mouth. The comparison of averaged
phosphate efflux with the hypothetical phosphate regener-
ated via the oxic mineralization (assuming a 138:1 ratio
O2:PO4

3–) evidences a mean overestimate by a factor of 3.
On the contrary, even if the ratio (DIN flux/PO4

3– flux) shows
large variability between the stations, the average ratio ob-
served is 15.4, very close to the expected Redfield ratio of 16.
Low phosphate exchanges could be the consequence of the
redox-dependent retention and accumulation of phosphate
by adsorption on Fe(III) oxyhydroxides, Fe-Mn phosphate
complexes or adsorption onto carbonate surfaces (Ingall and
Jahnke, 1993). This is in accord with the positive correlation
between the predicted fluxes of ammonium and phosphate,
as both showed a strong link with anaerobic mineralization
processes.

4.2.4. Silicate

Silicate effluxes were globally in the same range as other
measurements on the continental shelf in the Gulf of Lions,
previously reported by Tahey et al. (1996), in the range of
0.744–1.416 mmol m–2 d–1 for two stations located, respec-
tively, at depths of 80 and 60 m. For stations located on the
eastern part of the continental shelf (C, D, G and H), silicate
efflux was higher in June than in March, whereas a decrease
was observed for western stations (L, P, S and T). Biogenic
silica inputs on surficial sediments mainly originate from
diatom frustules (Conley et al., 1988), undergoing dissolu-
tion processes that are more physically than biologically
mediated, and varying with temperature and pH. Dissolved
silicate (DSi) accumulates in surficial sediments, and dif-
fuses back towards the water column, again available for
autotrophic organisms (Conley et al., 1993; Rahm et al.,
1996). No evidence of major discrepancies in interstitial
profiles of other nutrients may explain the spatial variations
that we recorded, and water temperature varied in a very low
range. Surprisingly, maximal silicate effluxes were not ob-
served in front of the Rhône river, which could be expected,
while considering that a major part of dissolved and biogenic
silica might originate in the river (Conley et al., 1997). In the
Gulf of Lions, the large discrepancy between eastern and
western stations in March might be the consequence of the
inputs from the Rhône River towards the west following the
general circulation, hence stimulating phytoplankton pro-
ductivity. For example, Turner and Rabalais (1994) demon-
strated that in the Mississippi river delta, increased river-
borne nutrient loads may explain the increasing deposition of
biogenic silica, via the stimulation of phytoplankton growth

(Conley et al., 1993). Such a statement is not true any more in
June, and may be linked to a lower river discharge, as well as
the occurrence of a marine phytoplankton bloom between
these sampling periods (Denis et al., 2001).

4.3. Carbon and nutrient budgets for the continental shelf

Considering a mean respiratory coefficient of 0.85, the
carbon remineralization processes reached 38.1–72.6 mgC
m–2 d–1 in March and 39.6–90.2 mgC m–2 d–1 in June. More
accurate calculations of budgets were performed by interpo-
lating data using the point kriging method. The average
oxygen fluxes obtained with this interpolation method were
5.15 and 6.33 mmol m–2 d–1, respectively, in March and June,
quite close to the mean values of all measurements (5.29 and
6.11 mmol m–2 d–1). This resulted in average mineralization
processes of 52.6 mgC m–2 d–1 in March and 64.6 mgC m–2

d–1 in June. As earlier pointed out in the Gulf of Lions by
Peinert et al. (1991), the particles settling after the develop-
ment of a spring phytoplankton bloom could reach the bot-
tom in 1 d, and the vertical flux of OC during a phytoplankton
bloom varied from 13 to 38 mgC m–2 d–1. Even if the
sampling periods in early and late spring may have been
characterized by a high primary productivity or a phy-
toplankton bloom, these calculations demonstrate the need
for large lateral inputs to sustain the mineralization rates
measured. While considering that the continental shelf
(depth <200 m) area is about 16 000 km2 (Marsaleix, 1993),
respectively, 841 and 1033 tons of carbon are mineralized per
day. On this basis, temporal extrapolation results in an annual
mineralization of 342 kt C. Comparison with an average
primary productivity of 106 gC m–2 a–1 as estimated by
Morel and André (1991) shows that benthic remineralization
is equivalent to 20% the OC primarily produced in the Gulf
of Lions. Moreover, we need to consider that sedimentary
mineralization rates presented here surely underestimate re-
ality, as no measurement was performed in the direct vicinity
of the Rhône River (Blackburn, 1993) or in coastal systems
(Gulf of Fos: Grenz et al., 1991; Thau lagoon: Mazouni et al.,
1996; Prevost lagoon: Bartoli et al., 1996), where previous
studies logically report higher SOD. Moreover, including
these earlier data in our budget should be avoided as these
coastal systems are generally characterized by a large tempo-
ral and spatial variability (Wassmann et al., 1996), annual
budget calculations consequently requiring a large database.

Similar budget calculations may be done for nutrients. For
nitrogen, we estimated a mean release of 0.220 mmol m–2 d–1

DIN in March (0.035:0.2:–0.016 for NH4
+:NO3

–:NO2
–) and

0.125 mmol m–2 d–1 DIN (0.008:0.12:–0.004 for NH4
+/NO3

–

/NO2
–) in June, equivalent to an annual release of 14.1 kt

DIN on the whole continental shelf. Phosphate release aver-
aged 0.014 mmol m–2 d–1 in March and 0.017 mmol m–2 d–1

in June, equivalent to an annual efflux of 2.9 kt P, whereas for
silicate, exchanges were always high (averaging 1.09 mmol
m–2 d–1 in March and 0.92 mmol m–2 d–1 in June) and
resulted in an annual release around 165 kt DSi. Considering
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the whole continental shelf system in the Gulf of Lions,
sediment-water exchanges of nutrients were compared with
others inputs (Table 6) originating from the Rhône river
(Moutin et al., 1998) and the North Mediterranean Current
(Conan, 1996) as well as requirements for primary produc-
tivity (Morel and André, 1991). We thereby demonstrate that
silicate and phosphate inputs from sediments are equivalent
to the inputs from the Rhone River, and may respectively,
account for 7% and 25.7% of the requirements for primary
production. Nitrogen inputs from the sediments represent a
lower part of the nitrogen demand for primary production
(4.7%) but are still equivalent to 14% DIN inputs from the
Rhone River. Consequently, sediments appear to play a sig-
nificant role in the biogeochemical cycles on the Gulf of
Lion’s continental shelf.

It was previously stated that temporal variability in
sediment-water exchanges should be taken into account in
this area for an accurate estimate of DIN fluxes (Denis et al.,
2001), but integrating such variability at mesoscale seems
difficult unless a large database is previously established. A
means to achieve this aim might be the use of a diagenetic
model, coupled with numerous spatial and temporal mea-
surements. Nevertheless, our results, considered as two time-
fixed ‘pictures’ of sediment-water exchanges, demonstrate
the wide influence of surficial sediments in biogeochemical
cycles and the need to take these fluxes into account for
future budget calculations in the Gulf of Lions. A next step
might be to integrate these results into a coupled
hydrodynamic-biogeochemical pelagic model, to estimate
the role of benthic nutrient regeneration on primary produc-
tivity in the Gulf of Lions.
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