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( AVANT la mission )
( BEFORE the cruise)

	1. PARAMETRES CONCERNES  
	PARAMETERS


	Mode d’échantillonnage
	No parametre 
	nom parametre
	Status : [non] valid 

	Sampling
	parameter number 
	name of the parameter
	Status  : [not]  valid

	Rosette
	99106
	Barium dissolved
	

	Rosette
	118
	Barium particulate (>0.4µm)
	

	Rosette
	491
	234Th total
	

	In Situ Pump
	99102
	234Th particulate, large particles (>51 µm)
	

	In Situ Pump
	99101
	234Th particulate, small particles (1<<51 µm)
	

	In Situ Pump
	2551
	POC and 13C-POC  large particles (>51µm)
	

	In Situ Pump
	2552
	POC and 13C-POC  small particles (1<<51 µm)
	

	In Situ Pump
	2535
	Cholesterol & Brassicasterol C and 13C large particles (>51µm)
	Feb 2011

	In Situ Pump
	2550
	Cholesterol and Brassicasterol C and 13C small particles (1<<51µm)
	Feb. 2011



Rosette




98907
    δ30SiSi(OH)4
Rosette




98906
    δ30SibSiO2 (>0.4µm)


In Situ Pump




98506
    δ30SibSiO2 (>0.43µm)


Rosette




98909
    bSiO2 production-dissolution
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	PROJECT TITLE


BONUS-GoodHope : Tracers of the biological carbon pump 
	3. RESPONSABLE SCIENTIFIQUE 
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	Nom /
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	adresse / 
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	fax /

fax number
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email address

	Dehairs Frank
	VUB, ANCH, Pleinlaan 2, B-1050 Brussels, Belgium
	+32-2-629.12.65
	+32-2-629.18.11
	fdehairs@vub.ac.be

	
	
	
	
	


	4. BREVE DESCRIPTION DU PROJET 
	BRIEF DESCRIPTION OF PROJECT


The data presented were obtained to address objective 3 of the original BONUS GoodHope proposal: “Determination of the distributions of selected trace elements and isotopes (TEI’s), evaluation of the sources and sinks of selected TEI’s, and characterization of the biogeochemical processes involved in the internal cycling of TEI’s and carbon in the study area”.

Ba as a water mass tracer

Dissoved Ba behaves as a bio-intermediate nutrient showing slight utilization in surface waters and release in the deep waters. While Ba is clearly biogeochemically active, diss. Ba appears to have a pronounced conservative behaviour which makes it a useful tracer of water masses. This strong conservative character is due in part to the fact that concentrations of dissolved Ba (diss. Ba) are two to three orders larger than those of particulate Ba (nmol/l vs. pmol/l, respectively; see also below). Diss. Ba correlates well with silicate and alkalinity but the match is never perfect (Jacquet et al., 2007), reflecting the fact that a specific particle-solute interaction exists for this element, in which barite formation and dissolution appears to play a major role. 

POC export

234Th (and 210Po) is useful to quantify the scavenging of dissolved compounds onto particles and the processes governing the dynamics of particles in the ocean. These radionuclides have in common the fact that they both are daughters of a long lived parent (238U) present in the dissolved phase having a conservative behaviour in the oceanic water column. Profiles of total 234Th inform not only on the export of particles (from the deficit of 234Th vs 238U) from the mixed layer but also possibly on remineralization of these sinking particles below the mixed layer (from the 234Thexcess relative to 238U). We assessed the export of particles from the upper mixed layer using the 234Th deficit method (Buesseler et al., 2001, 2009).

Specific biogenic compounds
Identifying the food web components controlling the C flux in the deeper water column and understanding compositional changes of suspended organic material is important to better constrain the deep water column fate of exported organic matter. We investigated this by studying the variability in concentration of individual compounds and their 13C isotopic composition.

Because of their ubiquitous and relative refractory nature, cholesterol and brassicasterol were chosen as ideal markers of the carbon pool that has potential for being sequestered in the deep ocean. Cholesterol (a common algal sterol) is as a general biomarker for the eukaryotic marine community. Such a general biomarker averages out the effects due to variability of biosynthetic pathways, cell size, geometry, and growth rate between individual species. Brassicasterol present in many algal classes is a strict phytosterol, i.e. it cannot be biosynthesized by zooplankton. For these reasons it is commonly used as an indicator of marine algal sources in the environment. 

We also verified earlier conclusions about surface water δ13CPOC and δ13Csterol signal variability with CO2aq concentration and latitude in the Southern Ocean and how this variability still holds when inspecting the deep water column. 

Mesopelagic remineralization
The accumulation of particulate authigenic Ba (mainly consisting of BaSO4, barite formed in decaying aggregates of biogenic matter) in the mesopelagic water column (100 – 1000m) has been shown to correlate with subsurface bacterial activity and to reflect the intensity of past mesopelagic remineralization of exported organic matter (Dehairs et al., 1997; Cardinal et al., 2005, Jacquet et al., 2008). 

Si-uptake in the euphotic layer with 30Si-spiked incubations

The basic concept of Si incubation is isotopic dilution which consists to spike seawater with 30Si and leave the incubation under controlled conditions for a specified time (here 24h and 48h) (Nelson and Goering, 1977a, 1977b). The 30Si addition should represent less than 10% of the ambient silicic acid (Si(OH)4) concentration in order to avoid significant perturbation in the samples. The increase in 30Si of particulate phase is used to estimate biogenic silica (bSiO2) production rate while the increase in 28Si from death dissolving biogenic silica in dissolved phase is used to assess bSiO2 dissolution rate. All BONUS-Goodhope bSiO2 dissolution rates calculated fall below the estimated detection limit. Collaboration with R. Corvaisier and P. Pondaven (IUEM, Plouzané, France) during BONUS-Goodhope has been undertaken. The strategy was: we did the incubations with 10% spike addition and they did the incubations with 100% spike addition in order to increase the sensitivity on bSiO2 dissolution rate measurement. The results from the 100% spike addition are not yet available and consequently not discussed here.

δ30Si: natural silicon isotopic composition

The δ30Si value in Antarctic sediments have been used to elaborate and test hypothesis on past diatom productivity and fluctuation of atmospheric pCO2 during glacial-interglacial periods (De La Rocha et al., 1998; Brzezinski et al., 2002). Silicon uptake by diatoms takes preferentially the light 28Si-isotopes with a fractionation factor relatively constant (De La Rocha et al., 1997; Fripiat et al., 2010). The existing isotopic fractionation models enable us to link directly the δ30Si to the relative utilization of the available silicon pool. This parameter informs us about the efficiency of the silicate pump in the surface waters, both in the modern and past oceans: the uptake: supply ratio (De La Rocha et al., 1997). Recently Demarest et al. (2009) observed that biogenic silica dissolution preferentially releases light silicon isotopes counteracting the isotopic fractionation due to the Si-uptake. Moreover Fripiat et al. (2010) also shown that in the Southern Ocean, the mixing significantly influences the Si-isotopic balance. The two latter processes could bias the relationship between δ30Si and [Si(OH)4] assuming uptake only. For this reason, we need to develop a mechanistic understanding of the processes driving the δ30Si and how it could be link to the silicate pump efficiency. Moreover in a similar way than in Fripiat et al. (2010), we can use the different sensitivity of the mass and isotopic balances to discern and quantify the biological and physical processes involved in the Si-cycle. 
(APRES  la mission ) (AFTER the cruise)

	5. DESCRIPTION DES PARAMETRES
	PARAMETERS DESCRIPTION

	
	


5.1. Ce qui a été mesuré et comment  (méthode analytique et/ou références )/ 

      What did you measure and how did you do it (include references for analytical methods)?  

Dissolved Ba: Seawater was sampled (15 ml) from the CTD rosette into Nalgene polypropylene vials and acidified with concentrated Suprapur HCl (to pH 2). Thus the data presented are for ‘dissolvable Ba’ and consist of dissolved Ba plus a very small fraction (generally <1% of total Ba) that is generated from the particulate Ba pool as a result of the acidification of the seawater. Sample preparation is as follows: 1 g of seawater is spiked with 0.7 g of 135Ba-spike solution yielding a 138Ba/135Ba ratio between 0.7 and 1 to minimize error propagation. Subsequently the sample is diluted with Milli-Q grade water to a final weight of 30 g. Blanks consist of acidified (nitric acid) Milli-Q water. Quantities of sample, spike and dilution water were accurately assessed by weighing. Isotope ratios were measured with a SF-ICP-MS (Element 2 Thermo Finnigan). Reproducibility of our method is 1.5% (RSD) as tested on repeat preparations of reference solutions. Average Ba values obtained for reference waters SLRS-3 and an in-house standard

(a Mediterranean Sea standard prepared by C. Jeandel, LEGOS, Toulouse) were 13.48 ± 0.21 μg l-1 (1σ) with RSD of 1.55% and 10.49 ± 0.29 μg l-1 (1σ) with RSD of 2.75%, respectively, which is in good agreement with certified values (SLRS-3: 13.4 ± 0.6 μg l-1 and OMP: 10.4 ± 0.2 μg l-1). Overall precision (including sampling precision) based on 6 dissolved Ba profiles sampled in a hydrographically stable environment is ± 0.3 μg l-1 (1σ) with an RSD of 5% (Dehairs et al., 2008; Jacquet, 2007); for further details we refer to the latter two studies. Dissolved Ba concentrations are expressed in nmol l-1.
Particulate Ba: Suspended matter was sampled with 10 l Niskin bottles mounted in a CTD Rosette. 5 to 10 l of seawater was filtered under pressure of filtered air on polycarbonate membranes of 0.40 µm porosity. Filters were subsequently rinsed with Milli-Q grade water (about 20 ml) to remove sea-salt, dried at 50 °C, and stored in polycarbonate Petri dishes till analysis. Filters were transferred to Teflon beakers and digested using a hot HF/HCl/HNO3 mixture (3/2/1 vol. ratio). Samples were analysed by SF-ICP-MS. The total particulate Ba content was corrected for lithogenic Ba contribution which was calculated from the Al contents (assuming Al is 100% lithogenic) and a shale Ba/Al ratio (Taylor and McLennan, 1985). The corrected Ba is called ‘excess’ or ‘biogenic’ Ba (Baxs) and usually represents ≥95% of total Ba. The detection limit (3 times the s.d. on the blanks) is about 1 pmol l-1 taking into account an average concentration factor of about 400 (i.e. the ratio of an original seawater volume of  some 5 l  over a final 12 ml volume of acid digest).
Si-uptake in the euphotic layer with 30Si-spiked incubations

30Si incubations were performed in triplicate at three depths corresponding to 100, 25, and 1% light level depths (determined by Photosynthetically Active Radiation). Water samples were taken using Niskin bottles mounted on a CTD rosette. Samples were incubated for 24h (t24) and 48h (t48) in deck incubators equipped with neutral density light screens to simulate the light intensity at original depth of collection. Surface seawater was used to maintain ambient temperatures within the incubators.  Seawater sampling was performed following Corvaisier et al. (2005). For the 24h incubations, 9 liters per depth were sampled and split in three 1-liter aliquots for initial conditions, and three 2-liter aliquots for final conditions. For the stations with two incubations times (24 and 48h), a total of 15 liters per depth were sampled and divided in three 1-liter aliquot for initial conditions, three 2-liter aliquots for t24, and three 2-liter aliquots for t48.  

Silicic acid concentration was analyzed with a segmented flow auto-analyzer (Technicon; IUEM, Plouzané, France). The biogenic silica (bSiO2) filtered onto polycarbonate membranes (Nucleopore 0.4 µm porosity, 47mm Ø), was dried at 60°C and stored in the dark at room temperature. Concentrations and isotopic composition of biogenic silica were analysed at RMCA, Tervuren, Belgium. Membranes were submitted to a wet-alkaline digestion (adapted from Ragueneau et al., 2005) whereby bSiO2 is dissolved with a 0.2 µmol l-1 NaOH solution (pH 13.3) at 100°C for 40 min. . Biogenic silica concentrations were determined with a spectrophotometer (Genesys 10S UV, VWR) following Grasshoff et al. (1983).

We apply a preconcentration step following a protocol adapted for Si from the MAGIC method (Karl and Tien, 1992). As Si(OH)4 concentration in seawater north of Antarctic Polar Front (S1, S2, L4, S3, L5) during BONUS-GoodHope was too low (<2.8 µmol Si l-1) and too saline to be directly introduced into the mass spectrometer without purification (Fripiat et al., 2009), a cation-exchange chromatography was required to remove saline matrix after the MAGIC preconcentration step. Stations on Antarctic Polar Front and south (L6, S4, L7, S5) had Si(OH)4 concentration higher than the threshold limit, allowing that diluted MAGIC solutions to be directly analysed without column purification step.
Purified and non-purified Si(OH)4 samples as well as digested bSiO2 solutions were diluted at ~ 100 ppb Si in bidistilled 0.65% HNO3 and analyzed using a standard High Resolution Sector Field Inductively Coupled Plasma Mass Spectrometer (HR-SF-ICP-MS, ELEMENT2, Thermo, Bremen, Germany) to determine silicon isotopic abundances (Fripiat et al., 2009). The average reproducibility of 30Si isotopic abundance (Atom %) for each triplicates (from sampling to measurements) was lower than 1% (Relative Standard Deviations) as determined in Fripiat et al. (2009).
δ30Si: natural silicon isotopic composition

Seawater was collected using CTD Rosette equipped with 12 l Niskin bottles. Water samples were immediately filtered (~0.25 to ~10 l) 0.4 µm porosity polycarbonate membranes (Nuclepore) using Perspex filtration units under pressure of filtered air. Samples for dissolved and particulate si were taken. Filtered seawater for Si(OH)4 was stored in the dark at room temperature, in acid-cleaned polypropylene bottles. Nuclepore membranes were stored in polycarbonate Petri dishes and dried overnight at 50°C. Large Volume in-situ Filtration Systems (Challenger Oceanic Systems and Services, Surry, UK) sampled the complete water column by filtering 15 to 250 l of water through SUPOR hydrophylic polyesthersulfone membranes (SUPOR, 293 mm, 0.43 µm). After partitioning the filter amongst end-users, the SUPOR membrane pieces were dried overnight at 50°C and stored in Petri dishes in the dark at ambient temperature.

For bSiO2 the membranes were submitted to a wet-alkaline digestion (adapted from Ragueneau et al., 2005) whereby bSiO2 is dissolved with a 0.2 µmol l-1 NaOH solution (pH 13.3) at 100°C for 40 min.
Since Si(OH)4 concentration of surface and some subsurface samples at stations north of the Antarctic Polar Front (APF) were too low (< 10 µmol l-1) to directly apply the Si purification procedure required for Si-isotopic measurement (De La Rocha et al., 1996), a Si(OH)4 preconcentration step was performed. It was achieved using a protocol adapted by Brzezinski et al. (2003b) and Reynolds et al. (2006) from the MAGIC method (Karl and Tien, 1992). It briefly consists in  one or two steps of co-precipitation of Si(OH)4 with brucite (Mg(OH)2) (depending of the Si-recovery of the first step) by increasing pH either with NaOH 1 µmol l-1 (20 ml / l seawater Reynolds et al., 2006) or NH4OH 13.5 µmol l-1 (6 ml/l seawater Brzezinski et al., 2003b). The precipitates were recovered by centrifugation and then redissolved with HCl. Both methods were compared for recovery and isotopic composition, and gave not significantly different results. 

Silicon was co-precipitated with triethylamine molybdate (De La Rocha et al., 1996) with a minimum Si requirement of ~1.5 µmole Si. After combustion of the silicomolybdate precipitate in covered Pt crucibles at 1000°C, the pure cristobalite phase was transferred to pre-cleaned polypropylene vials. Dissolution of cristobalite was done in a dilute HF/HCl mixture as described in Cardinal et al. (2003). Isotopic measurements were carried out on a Nu Plasma MC-ICP-MS (ULB, Brussels) using Mg external doping in dry plasma mode following Abraham et al. (2008). The average precision and reproducibility of the measurements are ± 0.15 ‰ (± 2 sd) for δ30Si. The accuracy of the measurements is checked on a daily basis on secondary reference materials (e.g. Diatomite) whose Si isotopic compositions are well known from an inter-comparison exercise (Reynolds et al., 2007).

Total 234Th: We assessed the export of particles from the upper mixed layer using the 234Th deficit method (Buesseler et al., 2001, 2009). This approach consisted in recovering total 234Th (i.e. dissolved and particulate) from a 230Th-spiked (230Th = yield monitor), 4 l seawater sample by scavenging on Mn(OOH) precipitate and filtering on QMA quartz filters (1 µm nominal porosity). These quartz filters were dried and counted on board for beta activity using a low beta RISØ counter. The 234Th activity deficit relative to 238U was integrated to yield a 234Th flux associated with sinking particles. The 238U activity was considered conservative and correlated with salinity. Deep water (>2000m) samples were frequently analysed to assess 234Th activity in secular equilibrium with 238U. Filters were recounted about 6 months after the cruise to assess background 234Th activity (from scavenged 238U). Subsequently recovery of total 234Th was assessed from the 230Th concentration assessed via acid digestion of the quartz filters (with 229Th added as second yield monitor) and HR-SF-ICPMS analysis (Element 2). Standard errors on total 234Th activity were between 0.02 and 0.1 dpm l-1
Sampling suspended material  for particulate 234Th, POC, d13CPOC, biomarkers: Suspended particulate organic matter was sampled using in situ large volume filtration systems (Challenger Oceanics and McLane WTS6-1-142LV systems) fitted with 142 mm diameter filters holders. In-situ pump sampling was limited to 5 ‘Super’ stations. Water was pumped through two successive filters: (i) a 53 µm mesh nylon screen (filter SEFAR-PETEX®; polyester) and (ii) a QM-A quartz fiber filter (~1 µm porosity, Pall Life). Prior to use, PETEX screens were conditioned by soaking in HCl 5 %, rinsed with Milli-Q grade water, dried at ambient temperature under a laminar flow hood and were stored in clean plastic zip-bags till use. QMA filters were conditioned by combustion at 450°C during 4h and were stored in clean plastic zip-bags till use. Filters were partitioned amongst the different end-users using sterile scalpels and a custom-build INOX steel support for the PETEX screens and a plexiglass punch of Ø = 25.30 mm for the QMA filters. These operations were conducted under a laminar flow hood. Whenever possible both size fractions (> 53 µm and 53 > > 1µm) were sampled for biomarkers analyses. This was in general the case for the upper ocean mixed layer. Below the mixed layer the large particle fraction (> 53 µm) could not be recovered because screens carried too little material. Aliquots dedicated to specific compound isotope analysis (CSIA) were packed in cryotubes and stored at -80°C till processing in the home-laboratory. Aliquots dedicated to the analysis of δ13C-POC bulk were dried at 50°C and stored in Petri dishes at ambient temperature till processing in the home laboratory.

Particulate 234Th: To transform the total 234Th flux into a carbon flux the 234Th activity exclusively associated with particles was measured. The material collected with the in-situ pumps on the 50µm screens was washed off and concentrated on a 25 mm diameter 0.4 µm porosity Ag filter. QMA filters were sub-sampled using a cut-out (25 mm diameter) and these sub-samples were dried and also counted for beta activity on board. Filters were recounted about 6 months after the cruise to assess background 234Th activity (from scavenged 238U). After recounting, the filters with ‘particulate- 234Th- only’ were analysed for POC content (see below). Final errors shown were calculated taking into account error propagation and varied were between 1 and 7.6 RSD for the size fraction 1<  < 53 µm and between 1 and 13.5 for the size fraction >53µm.
POC and 13CPOC: Particulate organic carbon (POC) along with its 13C/12C isotopic composition (δ13CPOC) was analyzed via elemental analyzer – isotope ratio mass spectrometer (EA-IRMS). Briefly, inorganic carbon (carbonates) was removed by exposing the filters to concentrated HCl vapor inside a closed-glass container during 4 h. After drying at 50°C the samples were packed in silver cups and analyzed with a Carlo Erba NA 2100 elemental analyzer configured for C analysis and coupled on-line via a Con-Flo III interface to a Thermo-Finnigan Delta V isotope ratio mass spectrometer. Acetanilide and IAEA-CH6 reference materials are used for calibrating concentrations and isotopic composition, respectively. The POC bulk full dataset for large (> 53 µm Ø) and small (53 > > 1 µm Ø) particles is presented in Table 1.

Biomarkers and 13C: Total lipids were extracted using a modified Bligh and Dyer (1959) method with chloroform / methanol / Milli-Q water (v:v ; 15:15:6 ml) mixture. Usually only 70 to 80% of the chloroform phase containing the total lipid fraction can be recovered. The total lipid extract is separated into neutral, glyco-, and polar lipids on silica chromatographic column (0.5 g Kieselgel 60; Merck): (i) the neutral phase is eluted with chloroform (7 mL), (ii) the glycolipidic phase with acetone (7 mL), and (iii) the polar phase with methanol (10 mL). The glycolipidic and the polar phases were stored at -20°C while the neutral phase was immediately processed for analysis. Neutral phases are dried under inert N2 flow and a known quantity of internal standard (squalane) is added and samples dried again under N2 flow. Neutral lipids are derivatized using bis-(trimethylsilyl)-trifluoroacetamide (BSTFA, 99%) / toluene (v:v, 1:1;  50 µl mixture added) and samples heated at  60°C during 60 min. 

Derivatized neutral fractions were analyzed via Thermo Finnigan GC combustion III Delta plus XL GC-c-IRMS (Gas Chromatography - combustion column, kept at 940°C - Isotope Ratio Mass Spectrometer; Thermo Finnigan) and also via GC-MS (Gas Chromatography; Trace GC Ultra - Mass Spectrometer; Trace MS Plus Interscience). GC-MS and GC-c-IRMS systems were fitted with 30 m x 0.32 mm i.d. columns coated with a 0.25 µm film of DB-5 (J&W Scientific) and HP-5 (J&W Scientist), respectively. HP-5 and DB-5 columns are equivalent. The temperature programme was: 50°C (2 min) to 300°C (15 min) with a ramp of 4°C min-1; splitless mode; He flow (2 ml min-1 flow); on-column injector (splitless) at 300°C. Blanks and standard mixtures were measured in between samples in bracketing mode. 

For GC-c-IRMS analysis the squalane internal standard was treated the same way as the samples. To check accuracy GC-c-IRMS values were compared with EA-IRMS values. The isotopic compositions were corrected for TMS-derivatization and subsequently for possible bias between EA-IRMS and GC-c-IRMS analysis. The standard error (1σ) reflects error propagation. Repeated GC-c-IRMS analyses of squalane (n = 69) yielded an average δ13C value of -21.2 ± 0.9 ‰ and EA-IRMS analyses of squalane (n = 3) yielded a value of -20.2 ± 0.1 ‰. The precision on concentrations of squalane and biomarker was estimated as ± 30%.

Sterol identification was achieved by (i) comparison with the standard mix, (ii) retention time matching and (iii) GC-MS mass spectrometry characterization. In the present study, focus is on cholesterol (27Δ5; cholest-5-en-3β-ol) and brassicasterol (28Δ5,22: 24-Methylcholesta-5,22E-dien-3β-ol).

5.2. Stratégie d'échantillonnage / 
           Sampling strategy
The strategy was to resolve as much as possible any spatial variability and specifically the variability between the major systems separated by the SubTropical Front, SubAntarctic Front, Polar Front and Weddell Gyre Boundary. However, the number of profiles sampled was limited for reasons of volume requirements (large volumes were required for particulate Ba and silicon isotopy) and station occupation time (was long for in-situ pump sampling of whole water column).
5.3. Décrire quels types de données sont nécessaires pour vous compléter votre propre jeu de données avant envoi à la base de données, et estimer le délai avant la disponibilité de vos données pour la base de données / 
 Post-cruise data analysis/treatment required, and the time frame for this
5.4. Estimations des erreurs, précision, sensibilité des données /
 
 Error estimates, precision and accuracy of the data

See details in 5.1 above
	6. FICHIERS 
	FILES


6.1. Nom de fichier de données /
  File name
Dissolved & particulate Ba

Total 234 Th

Particulate 234 Th

POC & 13CPOC
Si-isotopic composition BGH 
Si-uptake BGH 
6.2. Explication des têtes de colonne, des unités et des abréviations utilisées dans le fichier de données / 
 Data file structure, units, label columns, …

Dissolved Ba; CTD excel file; nmol l-1

Particulate Ba; CTD excel file; pmol l-1
Total 234Th; CTD excel file; dpm l-1
Particulate 234Th in size fractions >53 µm and 1< <53µm; in-situ pump excel file; dpm l-1
POC in size fractions >53 µm and 1<<53µm; in-situ pump excel file; µmol l-1
13CPOC; in-situ pump excel file; ‰

Cholesterol, brassicasterol in size fractions >53 µm and 1< <53µm; in-situ pump excel file; ng l-1
13C of cholesterol, brassicasterol; in-situ pump excel file; ‰.
Si-isotopic composition: 

Rosette worksheet ( CTD; Niskin (#); depth (m); Si(OH)4 (µM); δ30SiSi(OH)4 (‰); sd (‰; for δ30SiSi(OH)4); bSiO2 (µM); δ30SibSiO2(‰); sd (‰; for δ30SibSiO2)
In situ pump worksheet (Station (in situ pump #); depth (m); bSiO2 (µM); δ30SibSiO2(‰); sd (‰; for δ30SibSiO2) 

Si-uptake: CTD; PAR (%); Niskin (#); depth (m) ; bSiO2 (µM) ; Si(OH)4 (µM) ; ρSi (µM d-1 ± sd; Si-uptake)
	7. RESULTATS PRELIMINAIRES 
	RESULTS


BONUS-GoodHope : Tracers of the biological carbon pump 

TEI’s are a powerful tool to track the fate of carbon and nutrients such as nitrogen and silicon. For instance it is observed that physics (frontal systems, mixed layer depth) have a significant impact on δ30Si and dissolved Ba distributions. Besides physics, biogeochemical processes including plankton biomass production, aggregate sinking and aggregate disintegration and remineralization, also significantly control the redistribution of carbon and other elements in the oceanic water column. The biogeochemical processes are tracked using proxies such as 234Th deficit to assess particle export and particulate authigenic Ba to assess remineralization of exported organic carbon. 

1.1 Dissolved Ba
Dissoved Ba behaves as a bio-intermediate nutrient (sensu Broecker & Peng) showing slight utilization in surface waters and release in the deep waters. While Ba is clearly biogeochemically active, diss. Ba appears to have a pronounced conservative behaviour which makes it a useful tracer of water masses. This strong conservative character is due in part to the fact that concentrations of dissolved Ba (diss Ba) are two to three orders larger than those of particulate Ba (nmol l-1 vs. pmol l-1, respectively; see also below). Diss. Ba correlates well with silicate and alkalinity but the match is never perfect (Jacquet et al., 2007), reflecting the fact that a specific particle-solute interaction exists for this element, in which barite formation and dissolution appears to play a major role. Figure 1 shows the obtained dissolved Ba section during BONUS GoodHope.
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Figure 1: Dissolved Ba (nmol kg-1) along the BONUS-GoodHope section

In Figure 2 dissolved Ba is plotted vs salinity and silicate to highlight the zonal variability as delimited mostly by the fronts (SAF between 44° and 46°S, PF at 50°30’S).
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Figure 2: Left panel: diss. Ba (Y-axis; nmol kg-1) vs Sal (left); right panel: diss Ba vs silicate (X-axis; µmol kg-1; Si data from Boyé et al.).

Combined with the diss. Ba data obtained earlier for the Wedell Gyre along the Greenwich meridian (Polarstern ANT-XXII/3 cruise, 2005; Hoppema et al., 2010) the BGH Ba data complete an entire section between the Cape Basin and the Antarctic continent. 

1.2 13C in POC, cholesterol, brassicasterol
Figure 3 shows the 13C profiles for POC, sterol and brassicasterol for the large and small particles at the super stations.

[image: image2.emf]
[image: image3.emf]
Figure 3: Profiles of 13C of POC in large (>53µm) and small (1< <53µm) particles and of 13C of sterol and brassicasterol in small particles against density (from Cavagna, 2010).
Figure 4 shows the relationship between the 13C signals and the concentration of CO2aq in surface waters, confirming earlier observations of 13C dependency on substrate concentration (CO2aq increases southward because of decreasing water temperature inducing an increased solubility of CO2)

[image: image4.emf]
Figure 4: relationship between 13C of POC, sterol, brassicasterol and concentration of CO2aq in surface waters (from Cavagna, 2010).

1.3. Biogeochemical processes involved in carbon export and remineralisation 

The aim here is to achieve a better insight in: (i) particle vs solute interactions for organic carbon; (ii) the processes in control of organic carbon export and its transformation during transit through the mesopelagic depth region. 

1.3.1 Export and shallow remineralisation 

Profiles of total 234Th inform not only on the export of particles (from the deficit of 234Th vs 238U) from the mixed layer but also possibly on remineralisation of these sinking particles below the mixed layer (from the 234Thexcess relative to 238U). We assessed the export of particles from the upper mixed layer using the 234Th deficit method (Buesseler et al., 2001, 2009). Figure 5 shows the 234Th over 238U ratios in the upper 200m along the transect. Surface waters were clearly depleted in 234Th vs. 238U while deeper waters appeared to be enriched in 234Th. The column integrated 234Th deficit (relative to 238U) and 234Th flux was then calculated. After recounting, those filters with only the particulate 234Th only were analysed for POC content using an elemental analyzer, in order to deduce 234Th/POC ratios. Figure 6 shows that POC and 234Th activity associated with particles are well correlated. Note that the slopes of POC vs 234Th regressions at the PF and south of the PF are larger than north of the PF reflecting maybe a lesser affinity of biogenic particles south of the PF for 234Th. This could be related with increased abundance of diatoms south of the PF, and their known reduced affinity for Th compared to other biogenic particles (Walter et al., 1997).
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Figure 5: 234Th over 238U ratio. Ratios <1 reflect a deficit of 234Th due to the scavenging of Th on particles and the sinking of these particles to deeper layers; ratios >1 reflect an excess of 234Th over 238U due to the remineralisation of sinking particles.
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Figure 6: Regressions of POC (µM) vs 234Th activity (dpm l-1) for particles >53 µm. S4, S5 at PF and south of PF. Other stations are north of PF.

When multiplying these ratios for the particle size class > 53 µm (i.e. particles which are prone to sinking) with the 234Th flux, the carbon export flux is obtained (Figure 7). These daily POC fluxes will be compared with the estimates of seasonal Net Ecosystem production, discussion in section 1.The difficulty here, of course is the uncertainty about duration of the growth season. 
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Figure 7: Carbon export as obtained via the 234Th deficit method during BGH (blue bars). Green bars are results for Polarstern cruise ANT IV/3 preceding BGH by about 2 weeks (Rutgers van der Loeff et al., in press).
1.3.2 Mesopelagic remineralization
The accumulation of particulate authigenic Ba (mainly consisting of BaSO4, barite formed in decaying aggregates of biogenic matter) in the mesopelagic water column (100 – 1000m) has been shown to correlate with subsurface bacterial activity and to reflect the intensity of past mesopelagic remineralization of exported organic matter (Dehairs et al., 1997; Cardinal et al., 2005, Jacquet et al., 2008).  Baxs profiles are shown in Figure 8. A transfer function established earlier for the same area as BGH and relating Baxs with oxygen consumption was applied to deduce the rate of oxygen utilization and of POC respired. These values were compared with carbon export flux (obtained via the 234Th method). Figure 9 shows the coincidence of the mesopelagic 234Th excess signal (234Th/238U >1) and Baxs signals.

[image: image5]
Figure 8: Profiles of particulate excess Ba (Baxs; pM). Mesopelagic waters in the PFZ (between SAF and PF) show the largest contents of Baxs.

For the area between 40° and 58°S we estimate a carbon export during late season between 1.8 and 6.2 mmol C m-2 d-1 and a mesopelagic (i.e. between 100 and 1000m) carbon remineralisation of 1.6 to 7.3 mmol C m-2 d-1. Thus essentially all organic carbon exported ends up as respiratory CO2 in the upper 1000m.
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Figure 9: Comparison of the 234Th/238U ratio and the Baxs sections. The PFZ area (between 45° and 50°S clearly shows highest Th/U ratios and highest Baxs values. This is interpreted as reflecting remineralisation of exported organic matter.
1.3.3 δ30Si: silicon isotopic composition

The BONUS-Goodhope transect represents the first summer ACC transect with the entire complete water column sampled for δ30Si composition. It is also the first time that the δ30Si composition of biogenic silica is reported north of the Antarctic Polar Front (APF) and on complete water column profiles (at three stations).
Large silicon isotopic variations (δ30Si) of silicic acid (Si(OH)4) in the Southern Ocean are limited to the upper 1000m reflecting the efficient silica pump superimposed to the Antarctic Circumpolar Current (ACC) meridional circulation. Surface waters are transported northward by a net Ekman drift under the influence of prevailing westerly winds, to converge and mix with warmer upper-ocean Si-depleted waters to the north (Figure 10). 
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Figure 10: Interpolation of δ30Si (panels b) and [Si(OH)4] (panels a) distributions in the upper 1000m during BONUS-Goodhope. Interpolation is from R. Schlitzer (Ocean Data View, 2003, available at http://www.awi-bremerhaven.de/GEO/ODV). The position of the front at the time of sampling are also shown (dashed white lines).
We determined different ACC mixing interfaces: the Antarctic Surface Water (AASW), the Antarctic Intermediate Water (AAIW), and the thermoclines in the low latitude areas. The residual silicic acid concentration of the end-members controls the δ30Si alteration of the mixing products. Except the AASW, all the mixing interfaces have a highly Si-depleted mixed layer as end-members. These processes dilute the silicic acid AASW concentration across the different interfaces northward without significantly change the AASW δ30Si. The circulation and hydrology of the ocean is expected to be different between glacial/interglacial periods. Variable GL-IGL ocean circulation should alter the δ30Si of the subsurface water masses and in turn the source δ30Si of the surface waters fuelling bSiO2 production. Such isotopic effect needs to be better constrained via process-modelling efforts to verify to what extent the δ30Si range in the modern subsurface waters differs from to the range of δ30Si biogenic silica in sediment cores.

Along the circumpolar baroclinic transport of the ACC (the CLIVAR-SR3 transect at 145°E, Australian sector is compared with the BONUS-GoodHope transect, Indo-Atlantic sector), there is a slight but significant Si-isotopic lightening of the corresponding silicic acid pools, from the Indo-Atlantic to the Australian sectors. This probably results either from an accumulation of dissolving biogenic silica in the deeper layers and/or from an isopycnal mixing with the corresponding deep water masses in the different oceanic basins: North Atlantic Deep Water in the Indo-Atlantic, and Indian Ocean deep water in the Indo-Australian sector. This eastward lightening is further transmitted to the subsurface waters, representing mixing interfaces between the surface and deeper layers. 

Using the Si-isotopic constraint, we estimate a net biogenic silica production at 4.5 ± 1.1 and 1.5 ± 0.4 mol Si m-2 for respectively Antarctic Zone and Polar Front Zone in agreement with previous estimations. The summertime Si-supply into the mixed layer via vertical mixing was also assessed at 1.5 ± 0.4 and 0.1 ± 0.5 mol Si m-2, respectively. 

A much larger variation was observed in the δ30Si biogenic silica (bSiO2) than for the δ30Si silicic acid (Figure 11a). This decoupling is recorded in the apparent fractionation factor, ∆30Si = δ30Si silicic acid - δ30Si biogenic silica (Figure 11b). None of the existing models could explain such decoupling which  has been already observed for Southern Ocean environments where the summer Si-depleted mixed layer co-occurs with a large vertical Si-gradient (Varela et al., 2004; Fripiat et al., 2010; this study).
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Figure 11: Panel (a): Latitudinal variation in the mixed layer (mean ± sd) for concentrations and isotopic composition. The circles represent concentrations and the triangles isotopic compositions; black and white for Si(OH)4 and bSiO2, respectively. Panel (b) shows the latitudinal variation of apparent fractionation factor. The horizontal dashed lines represent the average ACC fractionation factor (-1.2 ± 0.2‰).  Arrows represents the positions of the front at the time of the sampling. Due to the meander, the position of the SAF and STF is represented by a range (arrows).

By implementing a mixed layer isotopic box model taking into account the seasonal expression of the different isotopic effects, the Rayleigh accumulated biogenic silica satisfactorily describes the biogenic silica δ30Si exported out of the mixed layer. The poor performance of the previous model (Rayleigh and steady state) is expressed especially at the end of the productive period when biogenic silica production is low, with (1) a higher bSiO2 dissolution:production ratio imposing a lower net fractionation factor and (2) a higher  Si-supply:Si-uptake ratio supplying light Si-isotopes into the mixed layer. The latter effect is especially expressed when the summer mixed layer is strongly Si-depleted and when there is a large vertical silicic acid gradient, e.g. in the Southern ACC. 
The suspended biogenic silica isotopic composition at depth in the Antarctic and Polar Front Zones reflect the δ30Si origin in the mixed layer and seem not affected by post-formation effect in the water column (Figure 12). In the Weddell Gyre (WG), the δ30SibSiO2 is becoming heavier below 1800m (Figure 12). Since no values are available between 700 and 1800 m, the exact depth range of this shift is unknown. Nelson et al. (2002) observed that ~100% of the bSiO2 that reached 1000m reached the sea floor in the SIZ, AZ, and PFZ. The efficient transport of bSiO2 from 1000m to the sea floor could be due to (Berelson, 2002; Boyd and Trull, 2007): (1) the decrease in particle degradation rate with depth and (2) the increase of particle sinking velocity with depth. From these assumptions and observations, it seems unlikely that the shift toward heavier isotopic values in the WG is due to a bSiO2 dissolution isotopic effect. This shift comes more probably from the fact that: (1) with increasing depth, the particles are representative of a larger oceanic surface area, and (2) flow of deeper layers from north to south may advect particles from the AZ towards the WG. Incidentally, the deep suspended particles in the WG could represent a mixture between AZ and WG particles. This process may explain the isotopic shift toward AZ suspended particles. Nevertheless, we cannot rule out a progressive dissolution of biogenic silica preferentially releasing light silicon isotopes since estimates for bSiO2 dissolution at depth are missing.
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Figure 12: Vertical profiles for the super stations in the Weddell Gyre (super 5; dots), the Antarctic Zone (super 4; squares), and the Polar Front Zone (super 3; triangles). (a and c) Si(OH)4 and bSiO2 concentration profiles, respectively black and white symbols. (b, d) δ30Si profiles of Si(OH)4 and bSiO2, respectively black and white symbols.

1.3.4 Si-uptake by diatoms

Biogenic silica production (= Si-uptake) across the BONUS-GoodHope transect were in the lower range of previous observations in the Southern Ocean reflecting the end of diatoms productive period (Figure 13). The bSiO2 production decreased northward as is typical for the ACC.

[image: image9]
Figure 13: Distribution of average (with one standard deviation, 1sd) bSiO2 production versus latitude.
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