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Two expeditions were achieved at the winter-spring transition in the Golfe de Fos (Mediterranean Sea) at a site situated at 21 m depth. An in situ autonomous oxygen profiler and laboratory oxygen mini-electrodes were used to measure the oxygen distribution in the sediments and calculate the diffusive oxygen fluxes. Clearer waters during the second expedition promoted a rapid shift from a net heterotrophic environment to a photosynthesis-dominated sediment. The diffusive exchange fluxes of oxygen through the sediment-water interface varied from an average consumption of 5.3 mmol m–2d–1 (February) to a net production of 12 mmol m–2 d–1 (March). At both periods, a large spatial heterogeneity was recorded by the different electrodes, with a larger difference between oxygen profiles when photosynthesis was active. This is probably indicative of a coupling between photosynthesis and respiration in hot spots located close to the photosynthetic organisms. The comparison between in situ micro-electrode profiles and laboratory mini-electrode measurements revealed a good agreement when respiration was dominant, but photosynthetic activity was not detected by the laboratory mini-electrode profiles. © 2003 Éditions scientifiques et médicales Elsevier SAS and Ifremer/CNRS/IRD. All rights reserved.
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Variabilité des flux benthique d’oxygène pendant la transition hiver-printemps dans les sédiments côtiers: estimation par micro-électrodes in situ et par mini-électrodes au laboratoire. Deux campagnes ont été effectuées lors de la transition entre l’hiver et le printemps dans le golfe de Fos (mer Méditerranée) à un site situé à 21 mètres de profondeur. Un profileur benthique autonome et des mini-electrodes de laboratoire ont été utilisés pour mesurer la distribution d’oxygène dans les sédiments et calculer les flux diffusifs d’oxygène. Lors de la seconde campagne, la présence d’eau moins turbide a entraîné un changement rapide passant d’un environnement dominé par l’hétérotrophie à un environnement où la photosynthèse est le processus le plus actif. Les flux d’échanges d’oxygène à l’interface eau-sédiment varient d’une consommation nette de 5.3 mmol m-2d–1 (février) à une production nette de 12 mmol m–2 d–1 (mars). A chaque période, une grande hétérogénéité spatiale est enregistrée par les différentes électrodes; des différences plus importantes sont notées quand la photosynthèse est active. Ceci indique probablement un couplage entre photosynthèse et respiration dans des « points chauds » situés à proximité des organismes photosynthétiques. La comparaison entre les mesures effectuées par micro-électrodes in situ et par mini-électrodes de laboratoire montrent un bon accord dans des conditions où la respiration est dominante, mais la photosynthèse n’est pas detectée sur les profils des mini-électrodes de laboratoire.
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2. Materials and methods
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2.1. Study site and sampling methods
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In situ measurements were carried out at site Hycarfos (43°22.364'N, 4°59.674'E), in the Golfe de Fos near Marseille (France) during February and March 2000 (Fig. 1). Mean water depth was 21 m at the station. The sea floor was composed of muddy-sand sediments characterized by intense bioturbation. Burrows were visible at the sediment surface and care was taken to make measurements out of these burrows. Sediment cores with undisturbed surface structures were also sampled by divers using 25 cm PVC core liners (i.d. 11 cm). They were capped in the water with no air bubble inside and transported to the laboratory in a cool box. In the lab, cores were stored at in situ temperature until clear
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Oxygen consumption by marine sediments has been largely studied in order to determine benthic metabolism and organic carbon mineralization (Mackin and Swider, 1989; Rabouille and Gaillard, 1991; Glud et al., 1994; Sayles et al., 1994; Cai et al., 1995; Sauter et al., 2001). In fact, the organic matter reaching the sea floor is degraded and recycled by a range of benthic microbial metabolisms (Froelich et al., 1979; Canfield et al., 1993a) including oxic mineralization, which takes place in the earlystages of sedimentary organic matter degradation. The consumption of oxygen by coastal sediments is responsible for extensive hypoxia in several estuaries and eutrophicated coastal zones (Justic, 1991; Justic et al., 1994; Nixon, 1995; Zimmerman and Canuel, 2000). In these sediments, oxygen is also an important control on the mobility of elements like phosphate, manganese, sulfide, etc. (Emerson et al., 1984; Sundby et al., 1986; Canfield et al., 1993b; Thamdrup et al., 1994). Dissolved O2 has a major influence on fluxes of redox-sensitive metals and associated species like Fe, Cu, Ni, Cd, Zn, Pb (Klinkhammer et al., 1982; Westerlund et al., 1986; Gerringa, 1990; Van Ryssen et al., 1998; Zoumis et al., 2001; Ngiam and Lim, 2001) which cause environmental and health-related problems. A better understanding of oxygen biogeochemical cycle in coastal sediments and its variations with time during the seasons is needed to assess the impact of natural or anthropogenic perturbations (Rabouille et al., 2001). Oxygen distribution results from the complex interplay between physical processes (diffusion, sedimentation), chemical reactions (oxidation of reduced species) and biogeochemical processes such as photosynthesis or respiration. To estimate the net rates of production or consumption,
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oxygen distribution in sediments achieved with polarographic mini- or micro-electrodes can be used (Helder and Bakker, 1985; Revsbech and Jørgensen, 1986). This paper presents oxygen profiles obtained by in situ micro-electrodes and laboratory mini-electrodes in marine sediments of a Mediterranean coastal environment heavily impacted by industrial activity (Golfe de Fos, France). O2 fluxes at the sediment-water interface, reaction rates recalculated following Berg et al. (1998) and penetration depths of oxygen are evaluated for two cruises at a 1 month interval. They provide two contrasted situations due to the presence or absence of benthic primary production which influences largely the net flux of oxygen between the water column and the sediment. The in situ profiles are compared to laboratory measurements as a cross check of the two techniques.
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Fig. 1. Map of the Golfe de Fos with the location of the study site Hycarfos.
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2.3. Laboratory mini-electrodes measurements
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Sediment cores at in situ temperature were used for laboratory profiles using mini-electrodes, which were achieved according to the procedure of Thomas (1978) and Revsbech and Jørgensen (1986). Mini-electrodes consist of goldcovered platinum wire insulated in glass and glued into 1 mm outer diameter hypodermic needles of up to 15 cm length. The gold-plated tip (10 µm i.d.) surrounded by epoxy resin is covered with a semi-permeable membrane of cellulose nitrate (De Wit et al., 1997). The sensing tip is around 10–50 µm and the needle outer diameter is 1 mm. The electrode had a linear response within 10–100% air saturation. The 90% response time was about 45 s. Electrode currents for 10% (bubbling with N2) and 100% air saturation of O2 at 20 °C were, respectively, 0.09–0.2 and 1.2–2 nA. Values in the anoxic zone of the sediment were around 0.05–0.08 nA. Like in situ profiles, a two point linear calibration of the minielectrodes was performed using the constant reading recorded in the anoxic part of the sediment and the dissolved oxygen concentration in the bottom-water. Mini-electrodes were attached to a micromanipulator, and vertical profiles were recorded at 500 µm in February and 200 µm in March. We note a potential problem of resolution with minielectrodes due to their diameter (around 1 mm), which might introduce a physical disturbance of the sediment and alteration of the profile. However, for soft and muddy sediments, this perturbation is certainly minimal because gentle penetration of the needle does not cause strong sediment compaction (De Wit, 1995).
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2.4. Calculation of reaction rates
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We used a software called Profile developed by Berg et al. (1998) to calculate net reaction rates for oxygen in sediments with variable porosity. Briefly, the programme consists in a
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where F is the formation factor, Rz is the mean of the resistivity at a given depth z and Rbw is the average resistivity in bottom-water. Formation factor profiles were determined with the micro-profiler both in situ and in the laboratory. The results were presented using the factor F–1 that is proportional to porosity (Ullman and Aller, 1982). Concurrently, the sediment porosity, φ (pore water volume/total volume), was determined at 2 cm depth intervals from the weight loss upon drying at 60 °C during 2 weeks of sediment core segments of known weight and volume. Sediment density, which was measured with a helium pycnometer amounted to 2.56 g cm–3.
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Profiles of dissolved O2 and formation factor were measured in situ across the sediment-water interface at site Hycarfos. We used an in situ benthic microprofiling instrument, Unisense deep-sea profiler (Black et al., 2001), based on the design of Reimers (1987). The profiler, mounted on a tripodal frame, was settled on the sea floor by divers with minimum disturbance of sediment. Dissolved O2 concentrations were measured by polarographic oxygen micro-electrodes provided with a built-in reference and an internal guard cathode (Revsbech, 1989). The O2 microsensors had tip outer diameters of 100 µm, a stirring sensitivity of 
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