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 Cruise track of the GEOTRACES-A04N section with the location of the stations 
 sampled for cobalt and particulate elements analyses. 
Figure 2           153 
 Contour plots versus depth of (a) salinity; (b) dissolved oxygen; (c) apparent 
 utilization of oxygen (AOU) between Stations 1a and 6a 
Figure 3           154 

 Spatial distribution of salinity at: (a) the subsurface (10 m); (b) 400 m depth; (c) 
 1000m depth, and (d) 2500 m depth along the GA04N section. Arrows indicate the 
 simplistic surface (red) and deep (dark) circulations in the Mediterranean Sea. Dashed 
 circles indicate location of physical quasi permanent instabilities. Crossed red circles 
 indicate locations of deep convection 
Figure 4           156 
 (a) Spatial distribution at 10 m depth of the salinity in the Black Sea along the GA04N 
 section. Arrows indicate the simplistic surface circulation of the Rim Current. The 
 Batumi Eddy (BE) is also indicated. (b) Vertical distribution of the salinity from the 
 Marmara Sea to the Batumi Eddy during the GA04N section. Arrows indicate the 
 direction of outflow Black Sea Surface Waters (BSW) and of the Mediterranean 
 Inflowing Waters (MIW). 
Figure 5           158  

 Vertical distributions of: (a) nitrate; (b) phosphate; (c) silicate concentrations between 
 Stations 1a and 6a (labelled).  
Figure 6           160 
 Vertical distributions of (a) nitrate + nitrite; (b) phosphate; (c) silicate; (d) dissolved 
 oxygen; (e) dissolved N/P ratio along the GA04N-section. Few stations numbers are 
 labelled. 
Figure 7           161 
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 Spatial distribution of integrated Chlorophyll a concentrations between 0 and 200 
 meters (data derived from fluorescence) along the GA04 section. 
Figure 8           163 

 Scatter plots of: (a) nitrate + nitrite (Total N), (b) phosphate, (c) silicate concentrations 
 versus the apparent utilization of oxygen (AOU). The color scale stands for the 
 longitude of the sample (°E). 
Figure 9           164 
 Vertical distributions in the top-250 m of: (a) Chlorophyll a (fluorescence derived); 
 (b) nitrite concentrations along the section. Few stations numbers are labelled. 
Figure 10           167 

 Vertical distributions of:  (a) phosphate, (b) dissolved oxygen, (c) sulfide 
 concentrations in the Black Sea during the GA04 section. Anoxic-sulfidic transition 
 layer and sulfidic reservoir are indicated. Few stations numbers are labelled. 
Figure11           168 

 Vertical distributions of: (a) phosphate, (b) nitrate (green line) and ammonium (black 
 line), (c) silicate, (d) dissolved oxygen (O2, blue line) and sulfides (HS-, red line) in 
 the central Black Sea (Station 5b).  
Figure 12           170 

 Box plots of dissolved cobalt concentrations (DCo) versus depth in: (a) the Atlantic 
 sector, (b) the Mediterranean Sea, (c) the Black Sea. Number of observations is 
 indicated. 
Figure 13           172 

 Comparison between the vertical distributions of dissolved cobalt (DCo) recorded in 
 the Western Atlantic (section GA02; Dulaquais et al., 2014a) and in the Eastern 
 Atlantic (section GA04N, this study), (a) at temperate latitudes, (b) in oligotrophic 
 domains. 
Figure 14           173 

 Vertical distributions of dissolved cobalt (DCo) between Stations 1a and 6a along the 
 GA04N-section. Sampling stations for DCo are labelled. 
Figure 15           174 

 Vertical distributions of: (a) dissolved cobalt (DCo), (b) particulate cobalt (PCo) in the 
 area of the Gibraltar Strait. 
Figure 16           176 

 Vertical distributions of: (a) dissolved cobalt (DCo); (b) Soluble cobalt (sCo); (c) 
 colloidal cobalt (cCo) along the section. 
Figure 17           178 

 Plot of particulate cobalt concentrations (PCo) versus particulate manganese 
 concentrations (PMn) measured in the Mediterranean Sea. The different relationships 
 and colors stand for the area and water-layers depths. 
Figure 18           179 

 Particulate concentrations of: (a) cobalt (PCo), (b) manganese (PMn), (c) aluminum 
 (PAl) measured along the section. 
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Figure 19           182 

 Vertical distributions of: (a) idealized diffusivity (Kz) model after Wu and Haines 
 (1998), (b) mean vertical diffusion flux of dissolved cobalt to the deep sea, (c) box-
 plots of vertical diffusion flux of dissolved cobalt to the deep sea estimated for the 
 entire Mediterranean Sea. 
Figure 20           186 

 (a) Vertical distribution of dissolved cobalt (DCo) in the Black Sea. Bosphorus 
 location and sampling stations for DCo are indicated; (b) vertical distribution of DCo 
 and particulate cobalt (PCo) in the open Black Sea (at Station 5b). States of 
 oxygenation of the water-column are indicated; (c) relationship between PCo and 
 particulate manganese (PMn) in the suboxic layer, (d) relationship between PCo and 
 particulate iron (PFe) in the sulfidic waters 
Figure 21           190 

 Spatial distribution of: (a) dissolved cobalt (DCo) at 10 meters depth along the 
 GA04N-section, (b) integrated dissolved cobalt concentration (DCo∫surface), (c) 
 integrated dissolved cobalt anomaly (ΔDCo∫surface, see text for calculation), in the top-
 200 meters in the Mediterranean Sea. 
Figure 22           196 

 Spatial distributions of: (a) dust deposition, (b) particulate cobalt deposition (PCo 
 deposition) and (c) dissolved cobalt deposition (DCo deposition) fluxes to the surface 
 waters along the GA04N-section.  
Figure 23           199 

 Spatial distribution of the enrichment factor of cobalt in aerosols (EFCo) estimated 
 using the DIPA model (see text for the calculations). Air-flow directions from NOAA 
 (Hysplit model) are reported for the 3-5 days before the sampling day.  

 

Conclusion générale 

Figure 1           219 

 Typical vertical distributions of DCo observed during this study. 

Figure 2           220 

 Conceptual schema of the DCo transportation along the large-scale circulation in the 
 western Atlantic. 

Figure 3           220 

 Scatter plot of DCo vs DMn in the West Atlantic. Colorbar as depth.  

Figure 4           221 

 Conceptual schema of the DCo transportation in the Mediterranean Sea.  

Figure 5           223 

 The vertical distribution of DCo and PCo in the Black Sea  is function of the state of
 oxygenation (colorbar).  
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Figure 6           226 

 Soluble cobalt (sCo) versus dissolved cobalt (SDCo) (a) in the surface North Atlantic 
 Ocean; (b) in the Mediterranean Sea. (c) sCo–P correlation observed in the North 
 Atlantic 

Figure 7           227 

 (a) Comparison of dust deposition estimation using modified MADCOW model and 
 historical MADCOW model using the same dissolved aluminum concentration 
 recorded along the GA02 section( Rob Middag, pers. comm.), (b) Actual most popular 
 dust deposition model (Mahowald et al., 2005; Jickells et al., 2005).  

Figure 8           228 

 Actual surface avalaible UV-DCo database. Orange arrows indicate natural dust input. 
 Red arrows indicate anthropogenic dust inputs. 

Figure 9           230 

 Conceptual schema of the possible interaction between the phytoplankton and the DCo 
 provide by dust dissolution 

Figure 10           231 

 0 dimensional conceptual schema of the interactions occurring between the different 
 fractions in the cobalt biogeochemical cycle.  

Figure 11           231 

 Simplistic 1 dimensional conceptual schema of the interactions occurring between the 
 DCo and PCo pools in a 3 layers marine system. Each layer is a 0 D model 

Figure 12           232 

 Distribution of dissolved cobalt in the Atlantic Ocean. Including data from Bown et 
 al., 2011; Noble et al., 2012; Dulaquais et al., 2014a ; Lohan Laboratory (unpublished) 
 and Saito laboratory (unpublished). Plot generated by Reiner Schlitzer. 

Figure 13           232 

 Vertical distribution of dissolved cobalt along the North Atlantic Drift (NAD). Dashed  
 arrows indicate the direction of the vertical advection. Filled arrow indicates the 
 pathway of the NAD.  
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Introduction générale et objectifs de l’étude 
 

1 Le cobalt, propriétés chimiques et fonctions biochimiques 

 

1.1 Propriétés chimiques et réactionnelles  

Le cobalt (59
27Co) est un élément de transition de la première ligne, peu abondant dans 

l’écorce terrestre (17.3 µg.g-1). A l’état élémentaire sa configuration électronique est [Ar] 3d7 

4s2. Le cobalt peut adopter différents états d’oxydation (-I à +IV), cependant il est 

généralement observé sous les formes réactives Co(II), ou inertes Co(III), dans lesquelles il 

est impliqué dans des complexes octaédriques ou en mailles hcp (hexagonal close packing). 

Le cobalt est un élément ferromagnétique, et son incorporation dans des alliages (CoPt) ou 

son couplage avec des éléments antiferromagnétiques (oxyde de manganèse) confèrent à ces 

matériaux une forte anisotropie magnétique. Par cette particularité, le cobalt peut être 

incorporé au sein d’aggrégats nanomériques qui sont utilisés dans les nouvelles technologies 

(enregistrement magnétique haute densité, évacuation de la chaleur), en médecine (traitement 

par hyperthermie magnétique), ou encore en synthèse chimique (réaction de surface).  

 

1.2 Fonction biochimique 

Le cobalt est un micronutriment essentiel à la vie puisqu’il a 

de multiples fonctionnalités connues au sein des cellules. En étant 

l’atome central de la vitamine B12 (ou cobalamine ; Figure 1), le 

cobalt est utilisé par une majeure partie des eucaryotes sous la forme 

de vitamine B12 qui intervient, entre autre, dans la synthèse de la 

méthionine, un acide aminé essentiel. Lors de cette synthèse, le cobalt 

de la cobalamine agit en effet comme transporteur du groupement 

méthyl entre le méthyl-folate et l’homocystéine. La vitamine B12 est 

aussi utilisée par les bactéries et les archaes anaérobiques pour des 

réactions de fermentation ou de dé-halogenation (Banerjee and 

Ragsdale, 2003). Le cobalt peut aussi constituer l’atome central ou 

structurant de diverses enzymes, telles que la nitrile hydratase utilisée dans le métabolisme 

des amides, ou certaines anhydrases carboniques servant à l’assimilation de carbone 

inorganique.  

Figure 1 : 2D representation 

of the B12 vitamin. 

(Wikipedia.fr) 



22 

 

2 Le cobalt en milieu marin 

Les études reportant des concentrations de cobalt dissous (DCo; <0.2 µm) sur 

l’ensemble de la colonne d’eau de l’océan mondial restent, à l’heure actuelle, limitées (Figure 

2). 

 

 

De plus, la plupart de ces études ont été réalisées sans une étape d’oxydation des 

échantillons par les ultra-violets avant leur analyse. Or, il a été démontré très récemment que 

l’absence de traitement aux UV entraînait une sous-estimation des concentrations réelles en 

DCo, probablement en raison de sa spéciation chimique dans les eaux de mer (Saito and 

Moffett, 2001; Chapitre 1). Ainsi, une grande partie des études publiées dans la littérature, 

pourrait sous-estimer les concentrations en DCo.  

Les concentrations en DCo dans les eaux océaniques varient entre 4 et 300 pM (avec 1 

pM = 10-12 mol.L-1), ce qui fait de cet élément l’un des moins abondants dans l’eau de mer. 

Les concentrations reportées dans les eaux de surface sont généralement faibles dans les 

domaines oligotrophes (Saito and Moffett, 2002 ; Noble et al., 2008 ; 2012 ; Bown et al. 

2011 ; Shelley et al., 2012), intermédiaires dans les régions polaires (Saito et al., 2010 ; Bown 

et al., 2011), et plus élevées en milieu côtier ou proche des marges continentales (Knauer et 

al., 1982 ; Heimbürger et al., 2011 ; Noble et al., 2012 ; Bown et al., 2012b). Dans les eaux 

intermédiaires et profondes, les concentrations de DCo peuvent être particulièrement élevées 

dans les couches de minimum d’oxygène et les bassins anoxiques (Spencer and Brewer, 

1971 ; Bown et al., 2011 ; Noble et al., 2012).  

 

Figure 2: Published DCo database before this work. Only studies including deep vertical distributions of 
DCo are indicated. 
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2.1 Distribution du cobalt en océan ouvert 

2.1.1 Cobalt dissous 

La distribution verticale du DCo n’est pas uniforme dans les océans, contrairement à 

d’autres métaux de transition (comme Zn, Cd, Mo). En effet, quatre distributions verticales 

type ont été observées pour le cobalt dissous : (i) une distribution de type nutritif décrite par 

de faibles concentrations dans la couche du maximum de chlorophylle-a et une augmentation 

des concentrations avec la profondeur. Cette distribution a été observée dans l’Atlantique 

Nord et dans l’Atlantique Sud subtropical (Figure 3a), (ii) une distribution de type 

« scavengé », comme en Méditerranée nord-occidentale, où les concentrations diminuent de la 

surface vers le fond (Figure 3b), (iii) une distribution de type conservatif avec des 

concentrations constantes le long de la colonne d’eau, comme celle des régions polaires 

(Figure 3c), (iv) une distribution hybride qui combine un comportement nutritif dans les eaux 

de surface et intermédiaires, et un comportement de type « scavengé » dans les eaux 

profondes, comme c’est le cas dans l’Atlantique Sud et l’Océan Pacifique (Figure 3d).  

 

La distribution verticale du DCo dans l’océan ouvert est majoritairement décrite 

comme étant de type hybride dans la littérature récente (Bruland and Lohan, 2003 ; Noble et 

al., 2008, 2012 ; Bown et al., 2011 ; 2012b). Les processus biologiques (assimilation et 

régénération) contrôleraient principalement la distribution du DCo dans les eaux de surface, 

conduisant à un profil de type nutritif. Dans les eaux intermédiaires (300-800 m), les 

processus de reminéralisation du cobalt assimilé en surface seraient principalement à l’origine 

Figure 3 Compilation of the 4 typical vertical distributions of DCo in oceanic waters: (a) Nutrient-like 
distribution; (b) Scavenged-like distribution; (c) Conservative distribution; (d) Hybrid distribution (Ellwood 
and van den Berg, 2001; Noble et al., 2008; 2012; Saito et al., 2010; Bown et al., 2011; Heimbürger et al., 
2011). 
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de l’augmentation des concentrations observée avec la profondeur, comme le suggère en effet 

les concentrations élevées de DCo détectées dans les zones de minimum d’oxygène à forte 

productivité en surface (Saito et al., 2004 ; 2005 ; Noble et al., 2012). Enfin, dans les eaux 

profondes, l’adsorption du cobalt par les particules et la précipitation du cobalt dissous avec 

les oxydes de manganèse pourraient être à l’origine de la diminution des concentrations avec 

la profondeur généralement observée en dessous de 1000 mètres (Saito and Moffett, 2002). 

Cette diminution des concentrations dans l’océan profond contraste avec le rôle de micro-

nutritif du DCo.  

 

2.1.2 Spéciation physique 

En plus de la fraction dissoute, le cobalt peut exister sous forme particulaire (PCo; > 

0.2 µm). Dans la fraction dissoute, le cobalt peut également exister sous forme colloïdale 

(0.02 µm < cCo < 0.2 µm), et sous forme soluble (sCo ; < 0.02 µm). 

La distribution du cobalt particulaire  n’a encore été que très peu décrite dans les eaux 

océaniques. Dans les bassins oxygénés, les concentrations de PCo seraient plus faibles (0-10 

pM) que celles de DCo, représentant généralement moins de 10% du cobalt total en surface et 

moins de 5% en profondeur (Noble et al., 2012 ; Bowie et al., 2010 ; Noble et al., 2011 ; 

Planquette et al., 2012 ; Bown et al., 2012b). Les maxima de concentrations en PCo ont 

généralement été observés dans la couche de surface ou dessus du plancher océanique, et 

associées, respectivement, à l’assimilation biologique et la resuspension sédimentaire (Bowie 

et al., 2010 ; Pohl et al., 2011 ; Noble et al., 2012 ; Bown et al., 2012b). Compte-tenu du peu 

de données existantes, le comportement du cobalt particulaire en milieu océanique est 

quasiment inconnu. 

La répartition du cobalt dissous dans les fractions colloïdale et soluble est encore 

moins référencée. A l’heure actuelle, seule une publication scientifique reporte en effet ce 

fractionnement en taille et seulement dans des eaux de surface (Baeyens et al., 2011). Cette 

étude suggère que le DCo serait sous forme soluble dans le Pacifique nord-ouest, alors qu’il 

serait principalement sous forme colloïdale (à 70%) dans l’Océan Austral.  

Alors que les questions sur l’assimilation biologique, la biodisponibilité ou les 

réactions de précipitation du cobalt dissous restent ouvertes, l’étude du fractionnement de 

taille du cobalt pourrait apporter des indications sur ces mécanismes de transfert de phases.  
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2.2 Etat redox, géochimie oxydative et spéciation chimique du cobalt en milieu marin oxygéné 

En milieu marin, la forme inorganique du cobalt dissous la plus abondante est l’ion 

Co2+, sous sa forme hydratée octaédrique (Co(OH2)6)
2+ (Cozovic et al., 1982). Quant aux 

complexes Co(II)OH2, ils présentent une solubilité extrêmement faible (10-15 M) et 

n’apparaissent en solution que pour des potentiels d’hydrogène élevés (pH > 9), supérieurs à 

ceux des eaux de mer (pH = 8.1). Par ailleurs, les précipités Co(III)OH3 se forment aux 

potentiels d’oxydo-réduction élevés au pH de l’eau de mer (> 0.7 V ; Swanner et al., 2014). 

Ainsi, l’oxydation du Co(II) qui produit du Co(III) ne serait pas une réaction majeure dans les 

eaux océaniques oxygénées. Cependant, il a été suggéré que les oxydes de manganèse et de 

fer pourraient catalyser l’oxydation de Co(II) vers Co(III) en solution (Goldberg, 1961 ; Burns 

1965 ; Murray et al., 1968). Le Co(II) hydraté serait en effet oxydé en Co(III) à l’interface 

solide-solution de ces oxydes (Murray and Dillar, 1979). Bien qu’effectivement il semblerait 

que le Co puisse exister sous forme de Co(II)OH2 à la surface des oxydes de manganèse  

(Murray, 1975),  le Co(III) produit par oxydation serait quant-à-lui incorporé sous forme 

octaédrique au sein de certain oxydes de manganèse. Le rayon ionique de l’octaèdre formé 

avec le Co(III) (0.0525 nm) suggère que le Co(III) pourrait préférentiellement se substituer à 

Mn(IV) (0.054 nm) dans les cristaux plutôt qu’à Mn(II) (0.82 nm) ou Mn (III) (0.065 nm) 

(Burns, 1976 ; Murray and Dillar, 1979). Le rayon ionique de l’octaèdre formé avec le Co(II) 

étant élevé (0.075 nm), son incorporation semble être physiquement limitée dans les oxydes 

de manganèse. L’adsorption de cobalt par les oxydes de manganèse serait rapide, linéairement 

fonction de la surface disponible à une concentration en Co fixée, et dépendante du pH. Ainsi, 

l’adsorption des complexes hydratés de Co(II) positivement chargés augmente avec le pH en 

raison de l’augmentation de la charge négative des oxydes (Murray, 1975). Néanmoins, ces 

études sont issues, pour la plupart, d’expérimentations en laboratoire où les concentrations de 

cobalt et d’oxydes de manganèse sont 100 à 1000 fois supérieures à celles enregistrées dans le 

milieu marin oxygéné. Elles ont également été réalisées dans des eaux de mer artificielles 

dans lesquelles l’adsorption du cobalt sur les oxydes de manganèse serait plus élevée que dans 

l’eau de mer naturelle (Murray et al., 1975). Enfin, ces expériences suggèrent que ces 

réactions oxydatives ne seraient significatives qu’à des concentrations élevées en manganèse 

particulaire (> 100 nM ; Murray 1975), lesquelles sont 1000 fois plus élevées qu’en milieu 

marin oxygéné (300-100 pM ; Noble et al., 2012).  
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La question de la précipitation du cobalt sur les oxydes de manganèse a une longue 

histoire dans la géochimie océanique du cobalt. Dans les nodules de manganèse, le cobalt est 

l’un des éléments les plus enrichis par rapport à la concentration de l’élément dans l’eau. Pour 

expliquer ce facteur d’enrichissement, l’adsorption du cobalt dissous sur des oxydes de 

manganèse (et/ou de fer) a ainsi été proposée (Goldberg, 1954). Cependant, les réactions 

chimiques d’adsorption du cobalt sur les oxydes de manganèse seraient, comme nous l’avons 

précédemment suggéré, peu significatives dans les eaux de 

mer. Une autre voie d’oxydation du cobalt (sous forme 

inorganique) serait possible, catalysée par des bactéries, et 

facilitant ainsi son adsorption sur les oxydes (Moffett and 

Ho, 1996). Dans cette voie enzymatique, le cobalt serait un 

inhibiteur compétitif de l’oxydation du manganèse (Moffett 

and Ho, 1996). La précipitation du DCo après oxydation 

chimique (Goldberg, 1961 ; Burns 1965 ; Murray et al., 

1968) ou oxydation biologique (Moffett and Ho, 1996) est 

souvent invoquée pour expliquer la diminution des 

concentrations de cobalt dissous avec la profondeur (Figure 

3). Elle l’est aussi pour expliquer la non-accumulation de ce 

micro-nutritif le long de la circulation thermohaline (Figure 

4 ; Moffett and Ho, 1996 ; Saito and Moffett, 2002).  

 

Dans les eaux de surface de la Mer de Sargasses, il a été observé que l’adsorption du 

manganèse sur les particules est découplée de celle du cobalt aux différentes profondeurs 

d’activité photosynthétique (PAR ou Photosynthetically Active Radiation) (Figure 5a ; 

Moffett and Ho, 1996). En effet, l’adsorption du cobalt sur les particules est maximale vers 

50-60 m puis diminue en profondeur, alors que celle du Mn augmente constamment avec la 

profondeur  (Figure 5b). Dans ces eaux, le transfert du cobalt du dissous aux particules serait 

contrôlé par l’assimilation biologique, alors que celui du manganèse serait régi principalement 

par l’adsorption sur les particules (Moffett and Ho, 1996). D’autre part, le DCo existerait 

majoritairement sous forme complexée avec des ligands organiques (LCo) stables (log K'LCo > 

15) dans ces eaux, et la concentration cobalt organiquement lié augmenterait avec la 

profondeur (Saito et Moffett, 2001 ; Figure 5b). L’augmentation du cobalt organique 

concomitante à la diminution de l’adsorption particulaire du cobalt avec la profondeur 

Figure 4 : Vertical distribution of DCo in the 
Sargasso Sea (open dots) and in the central 

Pacific Ocean (dark dots)  

(from Biller and Bruland, 2012) 
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suggère que la complexation organique pourrait limiter l’adsorption passive du cobalt par les 

particules (Saito et Moffett, 2001).  Cette complexation limiterait également l’oxydation 

bactérienne du cobalt (Saito et Moffett, 2001, 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

Les études sur la spéciation organique du cobalt dissous en milieu marin ont montré 

que le cobalt dissous existerait majoritairement sous forme organique dans les eaux profondes 

(> 1000 m) de l’Atlantique Nord, du Pacifique, et de l’Océan Austral (Figure 6 ; Ellwood and 

van den Berg, 2001; Ellwood et al., 2005 ; Saito et al., 2001 ; Noble et al., 2008, 2012; Bown 

et al., 2012a). L’état rédox du cobalt organiquement lié n’a pas été déterminé pour le moment. 

Le cobalt organiquement lié pourrait être principalement sous forme Co(III) formant des 

complexes stables (Ellwood and van den Berg, 2001). Les ligands du cobalt, dont le cycle 

reste encore peu connu, pourraient être la vitamine B12 ou un produit issu de sa dégradation, 

étant donnée la similitude de leur constante d’équilibre (log KCo-B12 = 16.4 ; Ellwood and van 

den Berg,  2001). Ces ligands seraient produits par les cyanobactéries dans les eaux de surface 

(Saito and Moffett, 2001 ; Saito et al., 2005 ; Bown et al., 2012a). Les cyanobactéries 

possèdent en effet le gène de synthèse de la vitamine B12 et seraient capables de l’excréter en 

quantité importante (Bonnet et al., 2010). Dans les eaux intermédiaires, les ligands seraient 

minéralisés comme les macro-nutritifs (Bown et al., 2012a). Certains sédiments pourraient 

être également une source de ligands du cobalt (Bown et al., 2012a). Les processus 

d’oxydation et de précipitation du cobalt inorganique seraient ralentis par la complexation 

Figure 5: (a) Uptake of DCo (dark bars) and DMn (white bars) on particles as function of PAR in surface 
waters of Sargasso Sea (after Moffett and Ho, 1996). (b) Vertical distribution with depth of dissolved Co 
(DCo; open triangles), the organic ligands of DCo (LCo; dark dots) and DCo uptake on particles (dark 
squares) in surface waters of Sargasso Sea (adapted from Moffett and Ho, 1996; and Saito and Moffett, 
2001). 
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organique (Saito and Moffett, 2001), favorisant ainsi le transport à grande échelle du DCo 

organiquement lié le long de la circulation thermohaline (Bown et al., 2012b).   

 

Figure 6: Vertical distributions of dissolved cobalt (DCo), labile cobalt, and inorganic cobalt (Co’) in:  (a) the central Pacific 
Ocean (Noble et al., 2008); (b) the North-Eastern Atlantic Ocean (Ellwood and van den Berg, 2001); (c) the Southern Ocean 
(Bown et al., 2012b) 

 

2.3 Paradoxe de la non-accumulation le long de la circulation thermohaline 

Des précédentes observations résulte un paradoxe : comment la diminution des 

concentrations en cobalt dissous entre les bassins profonds Atlantique et Pacifique le long de 

la circulation à grande échelle (Figure 4) pourrait-elle être provoquée par la précipitation de 

cobalt inorganique catalysée par des bactéries « manganèse-oxydantes » (Moffett and Ho), 

1996), alors que ce même cobalt dissous est majoritairement lié à des ligands organiques qui 

le protège de ce processus oxydatif (Ellwood and van den Berg, 2001; Ellwood et al., 2005 ; 

Saito et al., 2001 ; Noble et al., 2008, 2012; Bown et al., 2012a)? 

 L’oxydation biologique du cobalt inorganique est en effet peu probable dans les eaux 

de fonds, puisque les bactéries dont la biochimie est basée sur l’oxydation du manganèse sont 

peut abondantes en milieu oxygéné, et sont généralement observées dans les eaux et les 

sédiments anoxiques ou près des sources hydrothermales (Tebo et al., 1984 ; Murray, 2007 ; 

Santelli et al., 2008). De plus, l’activité enzymatique de ces bactéries serait régie par la 

température et la teneur en manganèse (Saito et al., 2010 ; Noble et al., 2013). L’oxydation 

bactérienne du cobalt serait donc réduite dans l’océan profond pauvre en manganèse 

([Mn]moyenne = 0.3 nM; Bruland and Lohan, 2003) et froid ( 1°C < T < 5°C).  
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Pour expliquer ce paradoxe, il a été proposé que la concentration en DCo dans les eaux 

soit contrôlée par la concentration en ligands organiques du cobalt, plutôt que par des 

réactions oxydatives (Bown, 2011).  

2.4 Le cobalt dans les eaux anoxiques et sulfidiques 

Dans les eaux anoxiques et sulfidiques telles 

qu’en Mer Noire, le cobalt a fait l’objet d’avantage 

d’investigations en raison des similitudes entre ces 

bassins et l’océan ancien. Ces eaux permettent aussi 

d’étudier les équilibres thermodynamiques du 

cobalt. Ainsi, il a été suggéré que les réactions 

d’oxydo-réduction et les échanges de cobalt entre 

les phases dissoute et particulaire seraient 

dépendantes de l’état d’oxygénation du milieu 

(Spencer and Brewer ,1971; Spencer et al., 1972; 

Murray et al., 1975 ; Murray and Dillar, 1979 ; 

Kremling, 1983 ; Dryssen and Kremling, 1990; 

Murray and Dillar, 1979 ; Lewis and Landing, 

1993 ; Viollier et al., 1995 ). L’approche 

thermodynamique de Landing and Lewis (1991) de la spéciation chimique du cobalt dissous 

en Mer Noire en est une illustration (Figure 7). Les concentrations en DCo diminuent en effet 

de la couche oxique de surface jusqu’à la couche anoxique, puis augmentent d’un facteur 100 

en dessous de l’interface O2-HS- dans la couche sulfidique supérieure (> 1 nM, Figure 7). 

Dans la couche sulfidique inférieure (en dessous de 500 m), les concentrations diminuent à 

nouveau (Figure 7). Par ailleurs, un maximum de concentration de cobalt particulaire a été 

rapporté dans la couche anoxique, avec une diminution dans la partie supérieure de la couche 

sulfidique (Haraldsson and Westerlund, 1991). Ces anti-correlations entre DCo et PCo 

suggèrent que les échanges entre les deux phases sont importants dans la couche de transition 

oxique-anoxique-sulfidique. Dans les bassins sulfidiques, le cobalt dissous serait 

principalement sous forme de complexes inorganiques soufrés (Figure 7). La complexation 

organique du cobalt ne serait pas significative selon ce modèle (Landing and Lewis, 1991), à 

moins que les ligands organiques ne soient présents à des concentrations extrêmement élevées 

(Swanner et al., 2014). 

   

Figure 7: Vertical distribution of DCo and its 
chemical speciation in open Black Sea.  

In Landing and Lewis (1991) 



30 

 

2.5 Les corrélations Co-P : évidence du caractère nutritif du cobalt  

De manière similaire aux 

relations entre le cadmium et le 

phosphate (Cd-P), ou zinc-silicate (Zn-

Si) enregistrées dans les eaux 

océaniques ; (Boyle et al., 1976 ; 

Bruland, 1980 ; Cullen et al., 2003 ; 

Baars et al., 2014 ; Wyatt et al., 2014), 

des corrélations entre le cobalt dissous 

et le phosphate (Co-P) ont été 

observées dans des eaux de surface de 

différents domaines 

biogéochimiques  (Table 1), tels que le 

Golfe de l’Alaska, l’upwelling du 

Pérou, les océans Atlantique et Pacifique, la Mer de Ross et les eaux subantarctiques (Sunda 

and Huntsman, 1995 ; Saito and Moffett, 2002 ; Saito et al., 2004 ; Jakuba et al., 2008 ; Noble 

et al., 2008 ; Saito et al., 2010 ; Bown et al., 2011). Les corrélations Co-P indiquent un 

comportement du cobalt similaire à celui des phosphates en surface. Cependant, les 

corrélations relevées varient selon les domaines océaniques (Table 1). Ces variations peuvent 

résulter des différences d’intensité des processus mis en jeu dans le cycle de ces deux 

éléments, selon les domaines océaniques (Figure 8 ; Noble et al., 2008). Des différences 

d’assemblages phytoplanctoniques, ou de biodisponibilité du cobalt dissous entre les 

domaines peuvent aussi être invoquées (Saito and Moffett, 2002 ; Noble et al., 2008 ; Saito et 

al., 2010 ; Bown et al., 2011). Au premier ordre, l’assimilation biologique du DCo peut être 

considérée comme le processus contrôlant la valeur du rapport ΔCo : ΔP de chaque domaine 

(Table 1). 

A la différence des relations Cd-P et Zn-Si, la corrélation Co-P n’est observable que 

dans les eaux de surface, suggérant que les cycles du Co et du P sont découplés dans les eaux 

intermédiaires et profondes. Ce découplage pourrait résulter du scavenging du cobalt dans les 

eaux profondes (Saito and Moffett, 2002 ; Noble et al., 2008), et/ou d’une minéralisation 

préférentielle du phosphate par rapport au cobalt (Bown et al., 2011).  

De manière générale, la corrélation Co-P observée en surface dans différents domaines 

biogéochimiques confirme le caractère nutritif de cet élément. 

Figure 8: Conceptual representation of the Co-P surface 
relationship in surface oceanic waters. After Noble et al., 2008 
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 2.6 Sources et puits de cobalt dissous en milieu océanique 

2.6.1  Sources de DCo 

Dans les eaux de surface, la source principale de DCo serait la régénération du cobalt 

biologiquement assimilé, cette source pouvant représenter 90% des pertes liées à son 

assimilation biologique (Bown et al., 2011). Ce flux de régénération peut augmenter dans les 

tourbillons cycloniques dans lesquels la biomasse détritique est piégée et minéralisée en 

surface (Noble et al., 2008). De plus, la diffusion dyapicnale et l’advection verticale peuvent 

être aussi des sources de DCo pour la couche de surface (Saito et al., 2005 ; Bown et al., 

2011), en particulier dans les tourbillons (Noble et al., 2008 ; Shelley et al., 2012). Par 

ailleurs, les apports par les rivières peuvent drainer de fortes concentrations en cobalt (1.7 

nM ; Martin and Window, 1991) au milieu côtier, et aussi à l’océan ouvert tel que 

l’Atlantique Ouest (Saito and Moffett, 2002 ; Tovar-Sanchez and Sañudo Wilhelmy, 2011).  

 Dans les eaux intermédiaires, la principale source de DCo pourrait être la 

minéralisation du matériel bio-détritique dans les couches de minimum d’oxygène (Bown et 

al., 2011 ; Noble et al., 2012). Dans les eaux profondes, la source sédimentaire semble être 

particulièrement importante (Sunby et al., 1985 ; Saito et al., 2005 ; Noble et al., 2012 ; Bown 

et al., 2012b) et ceci par diffusion sédimentaire de DCo depuis les eaux interstitielles lorsque 

l’interface eau-sédiment est faiblement oxygénée (Sunby et al., 1985 ; Saito et al., 2005), ou 

par dissolution du sédiment après sa resuspension près des marges ou plateaux continentaux 

en raison de forts courants de pente (Bown et al., 2012b). Ces apports benthiques peuvent 

Geographic location 
Biogeochemical 

system 
ΔCo : ΔP (µM :M) Reference 

SE Atlantic Oligotroph 49 Bown et al., 2011 

NE Atlantic Temperate 45 Martin et al., 1993 

Equatorial Atlantic Oligotroph 560 Saito and Moffett, 2002 

Sargasso Sea Oligotroph 137 Jakuba et al., 2008 

NE Pacific Subpolar 38 Martin et al., 1989 

Peru Upwelling Upwelling 248 Saito et al., 2005 

Hawaï Oligotroph 37 Noble et al., 2008 

Southern Ocean Subpolar 48 Bown et al., 2011 

Ross Sea Polar 38 Saito et al., 2010 

Table 1: Regression slopes of Co versus phosphates recorded in the upper water column in different biogeochemical domains 
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aussi être entraînés verticalement par upwelling (Saito et al., 2005 ; Noble et al., 2012) et/ou 

advectés latéralement à travers la circulation à grande échelle (Bown et al., 2012a ; 2012b). 

 

2.6.2 Puits de DCo 

Dans les eaux de surface, le puits principal de cobalt dissous serait l’assimilation 

biologique, plutôt que les processus d’oxydation/précipitation (Moffet an Ho, 1996 ; Saito and 

Moffett, 2001). L’assimilation biologique du DCo varie en fonction de chaque domaine 

biogéochimique, d’un facteur 1 à 5 entre les zone polaires et subtropicales respectivement 

(Bown et al., 2011). L’assimilation du cobalt dépendrait de chacun des groupes fonctionnels 

du phytoplancton (Sunda and Hunstmann, 1995, Saito et al., 2002). Par exemple, 

l’assimilation biologique importante observée dans les zones subtropicales serait liée au 

besoin absolu des cyanobactéries pour cet élément (Saito et al., 2002). Au contraire, la faible 

assimilation en zone polaire serait dûe aux faibles besoins en Co des diatomées (Sunda and 

Huntsmann, 1995), espèces prédominantes à ces latitudes. 

Dans les eaux intermédiaires et profondes, l’adsorption et/ou la précipitation du DCo 

sur les particules seraient les puits principaux de cobalt dissous.  

 

2.6.3 L’apport atmosphérique  

Les sources atmosphériques de cobalt sont actuellement peu contraintes et peu 

comprises. Pour les métaux comme Fe, Al, Ti, les dépôts atmosphériques constituent une 

source importante à l’océan ouvert, alors qu’ils pourraient être un puits de DCo par adsorption 

sur les poussières (Aston et al., 1972). Plus récemment, il a été suggéré que les apports 

atmosphériques ne seraient pas une source significative de Co dans l’Atlantique Ouest 

tropical (Saito and Moffett, 2002), ainsi que dans l’Atlantique Sud-Est et le secteur atlantique 

de l’Océan Austral (Bown et al., 2011). En revanche, cette source pourrait être importante en 

Mer Méditerranée comme le suggère les concentrations élevées de DCo en surface (Figure 

2b ; Ngoc and Whitehead, 1986 ; Heimburger et al., 2011). Ces apports pourraient également 

significatifs au large des côtes Ouest-Africaines sous influence du panache saharien (Bowie et 

al., 2002).  

Les dépôts atmosphériques de Co relativement faibles dans la Mer des Sargasses 

seraient jusqu’à 10 fois plus intenses à la fin de l’été qu’au printemps (Shelley et al., 2012). 

Une saisonnalité des dépôts atmosphériques de Co a aussi été observée en Méditerranée Nord 
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Occidentale (Heimbürger et al., 2011) entre l’hiver (faibles apports) et l’été (forts apports). 

Ces apports pourraient représenter près de la moitié des apports totaux en cobalt dissous en 

Méditerranéen Occidentale durant l’été (Elbaz-Poulichet et al., 2001).  

Une des principales difficultés dans la quantification du dépôt atmosphérique de cobalt 

est la variabilité des propriétés des aérosols. En effet, la concentration en cobalt dans les 

aérosols ainsi que la fraction susceptible de se dissoudre, varient largement selon l’origine des 

aérosols.  L’abondance du cobalt dans les aérosols est définie comme mixte, variant selon les 

apports crustaux et ceux anthropogéniques  liés aux émissions industrielles  (Guieu et al., 

1997 ; Gaiero et al., 2003; Reid et al., 2003; Baker et al., 2007; Trapp et al. 2010; Xia & Gao, 

2010; Shelley et al., 2012). La proportion de cobalt contenu dans l’aérosol susceptible de se 

solubiliser dépend de l’origine des aérosols, de leurs tailles, et de leur temps de résidence dans 

l’eau de mer, et elle peut varier de 1 à 100 % (Guieu et al., 1997 ; Gaiero et al., 2003 ; Baker 

et al., 2007 ; Turoçzy et al., 2010 ; Shelley et al., 2012).  

 
 
 

3 Utilisation biologique et intérêt écologique en milieu marin 
 
  

En étant à la fois l’atome centrale de la vitamine B12, indispensable à la croissance des 

cyanobactéries, et impliqué dans l’acquisition de carbone, le cobalt est l’un des rares éléments 

traces essentiels à la vie marine (Saito et al., 2002 ; Morel et al., 2003).  

 
3.1 Quotas cellulaires 

La composition élémentaire des coccolithophores, des diatomées, des dinoflagellés et 

des cyanobactéries suggère de considérer le cobalt comme un élément essentiel utilisé par de 

nombreux groupes fonctionnels du phytoplancton (Figure 9 ; Sunda and Huntsmann, 1995 ; 

Kuss and Kremling, 1999 ; Cullen et al., 2003 ; Ho et al., 2003 ; Quigg et al., 2003 ; Tovar- 

Sanchez et al., 2006 ; Twinning et al., 2011). Les quotas cellulaires en cobalt varient en 

fonction des groupes fonctionnels, et au sein d’un même groupe d’espèces (Figure 9). En 

première approche, ces variations indiquent des besoins physiologiques en cobalt taxa-

dépendants. 
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Figure 9: Cellular Co quota normalized to P (red bars) and to C (blue bars) in different phytoplankton species, obtained from 
culture or field measurements. Note the different scale between Co: P and Co:C. Letters indicate the taxa and numbers the 
environment, with A: Bacillariophyceae; B: Dinophyceae; C: Prymesiophyceae; D: Prasinophyceae; E: Chlorophyceae; F: 
Cyanophyceae. (1) estuarine; (2) Coastal; (3) Oceanic. (After Sunda and Hunstmann ; 1995 ; Kuss and Kremling, 1999 ; 

Cullen et al., 2003 ;  Ho et al., 2003 ; Quigg et al., 2003 ; Tovar Sanchez et al., 2006 ; Twinning et al., 2011) 

 

3.2 Utilisation biologique 

L’impact du cobalt sur la croissance 

phytoplanctonique a été étudié lors d’expériences en 

culture (Figure 10). Ces expériences montrent que le 

taux de croissance (µ) suit une cinétique de type 

Michaëlienne en fonction de la concentration en 

cobalt inorganique  (Co2+): µ = µmax * [Co2+] / 

(KMCo2+ + [Co2+]), où µmax est le taux de croissance 

maximal de l’espèce, et KMCo2+ la concentration en 

Co2+ pour laquelle µ = µmax / 2. Lorsque [Co2+] < 

KMCo2+, la croissance de l'espèce considérée est limitée. Dépendamment des espèces 

considérées, différentes seuils de limitation en cobalt ont été enregistrées (Table 2). L’activité 

de l’anhydrase carbonique dépendrait aussi de la concentration en cobalt dissous (Price and 

Morel, 1990 ; Lane and Morel, 2000). La capacité du cobalt à limiter la croissance du 

Figure 10: Growth rate of Emiliania huxleyi as 
function of [Co2+] in culture medium. After 
Sunda and Huntsmann, 1995 
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phytoplancton et son implication dans l’assimilation de carbone en font un élèment important 

dans la régulation du cycle global du carbone (Morel and Reinfelder, 1994). 

 

 

 

 

 

 

 

 

L’utilisation biologique du cobalt par le phytoplancton se complique par l’introduction 

de deux concepts: i) la substitution cambialistique ; ii) la biodisponibilité.  

i) La substitution cambialistique fait référence à la possibilité d’une entité biologique à 

remplacer un élément « x » par un élément « y » sans modifier la fonction, ni l’efficacité du 

processus pour lequel « x » est utilisé. Ainsi, la substitution dans une enzyme michaëlienne ne 

modifierait ni Vmax, ni KS. Dans la carbonique anhydrase, le cobalt et le cadmium pourraient 

se substituer au zinc qui est l’atome central de l’enzyme (Figure 11 ; Price and Morel, 1990 ; 

Lane and Morel, 2000 ; Lane et al., 2005 ; Xu et al., 2008).  

 

Cependant, il semble que de telles substitutions modifient l’efficacité des processus 

mis en jeu.  Par exemple, le cobalt et le zinc peuvent se substituer pour la croissance 

d’Emiliania huxleyi mais la croissance maximale ne peut être atteinte qu’avec des 

concentrations en Co2+ supérieures à 10 pM (Figure 12a Sunda and Huntsmann, 1995 ; Saito 

et al., 2002).  

La croissance de Phaeocystis antarctica n’est quant-à-elle maximale qu’en combinant 

des fortes concentrations en zinc et en cobalt (Figure 12b Saito and Goepfert, 2008).  

 
 
 

Specie 
KMCo2+ 

(pM) 
Study 

Prochlorococcus 0.03 Saito et al., 2002 

Synechococcus 0.1 Sunda and Huntsmann, 1995 

Emiliania huxleyi 1 Sunda and Huntsmann, 1995 

Phaocystis antarctica 0.19 Saito and Goepfert, 2008 

Thalassiosira oceanica 0.01 Sunda and Huntsmann, 1995 

Thalassiosira pseudonana 3.6 Sunda and Huntsmann, 1995 

Table 2: KMCo2+ for different phytoplankton species determined by culture experiments. 

Figure 11: 3D representation of the carbonic anhydrase. The 
central metal atom could be Zn, Co or Cd and is bound by the 

imidazole functions of the 3 amino acid histidine 
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Figure 12: Co-Zn inter-replacement effect on the growth rate of: (a) the coccolithophore Emiliania huleyi. In Saito et al., 
(2002) after Sunda and Hunstmann, (1995); (b) the diatom Phaeocystis Antarctica. In Saito and Goepfert (2008). Emiliania 

huleyi growth is optimum with high Co; Phaeocystis Antarctica growth is enhanced with the combination of both high Co 
and Zn  

 

Par ailleurs, ces substitutions ne s’opèrent pas chez les cyanobactéries de types 

Prochlorococcus et Synechococcus, puisqu’en l’absence de concentrations suffisamment 

élevées en Co2+, ces deux espèces ne se développent pas, même en présence de zinc (Figure 

13a-b ; Saito et al., 2002). Ces procaryotes sont donc cobalt dépendants. Ce besoin absolu en 

Co serait une empreinte de l’environnement dans lequel les cyanobactéries seraient apparues, 

l’océan primitif archéen. Dans cet océan ferro-sulfidique, les concentrations en cobalt 

biologiquement disponible (Co2+) aurait, en effet, été significativement supérieures à celles en 

cuivre et cadmium, et dans une moindre mesure que celles en zinc (Saito et al., 2003 ; 

Robbins et al., 2013). Les cyanobactéries se seraient adaptées à cet environnement et auraient 

préféré le Co au Zn et Cd pour les processus biologiques (Saito et al., 2003). Ainsi, la 

dépendance au cobalt de ces organismes, qui ont peu évolué, serait un héritage de leur 

environnement historique (Saito et al., 2003). 

 

Figure 13 Absence of Co-Zn inter-replacement in: (a) the cyanobacteria Prochlorococcus (b) the cyanobacteria 
Synechococcus (Saito et al. , 2002). Both species are Co dependents; Toxic effect of Zn is observed for Synechococcus  
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En considérant la prépondérance des cyanobactéries dans les domaines oligotrophes et 

l’étendue de ces zones à travers l’océan mondial, une partie importante de la production 

primaire des océans pourrait être considérée cobalt-dépendante.  

 

ii) La biodisponibilité d’un élément fait référence à la fraction du cobalt disponible 

pour une entité biologique donnée. Les expériences de cultures précédemment citées ont été 

réalisées à l’aide de ligands synthétiques permettant de contrôler la proportion de cobalt 

inorganique (Co2+), qui est communément considérée comme la fraction bio-disponible pour 

le phytoplancton (Morel et al., 2003). Cependant,  il a été observé que les cyanobactéries de 

type Prochlorochoccus sont effectivement capables d’assimiler le cobalt inorganique, mais 

pourraient aussi utiliser la fraction liée à des ligands organiques (Saito et al., 2002). Des 

« cobalophores », en référence aux sidérophores pour le fer,  pourraient être en effet produits 

par les cyanobactéries pour faciliter l’assimilation du cobalt par ces espèces (Saito et al., 

2002 ; Morel et al., 2003). La question sur la (ou les) fraction(s) biodisponible(s) du cobalt 

reste ouverte, et elle(s) pourrait varier en fonction des espèces phytoplanctoniques.  

 

3.3 Intérêt écologique 

Bien que certains eucaryotes n’utilisent pas la vitamine B12, ils sont pour la plupart B12 

dépendants puisqu’ils ne synthétisent pas cette molécule (Bertrand et al., 2007). La 

concentration en B12 peut ainsi limiter la croissance de ces organismes, comme en Mer de 

Ross où une co-limitation B12-Fer a été observée (Bertrand et al., 2007). Cette vitamine 

impacterait aussi la productivité et la biodiversité océanique (Sañudo-Wilhelmy et al., 2006; 

Panzeca et al., 2006; Bertrand et al., 2007; Gobler et al., 2007).  

De plus, il a récemment été mis en évidence que l’addition de cobalt à des eaux dont la 

concentration en cobalt dissous est faible (~20 pM) augmente la synthèse de la vitamine B12, 

ce qui suggère un rôle clef du cobalt dans la régulation de la voie de synthèse de cette 

vitamine (Panceza et al., 2008).  

 

 4  Transport à grande échelle dans le cycle du cobalt 

Dans l’océan, l’advection et la diffusion verticale et/ou latérale impactent les 

distributions des éléments chimiques. Ceci est observable dans la distribution des paramètres 

biogéochimiques, tel que l’oxygène ou les nutritifs, où des processus locaux peuvent impacter 
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leur distribution à grande échelle, et inversement des processus de grande échelle impactent 

des distributions locales (Figure 14).  

 

 

 

 

 

 

 

 

Les récents efforts réalisés dans le cadre du programme international GEOTRACES 

ont permis de récolter, pour la première fois, des données de cobalt dissous le long de deux 

sections à l’échelle d’un bassin (Figure 15), dans le secteur austral de l’Atlantique (Bown et 

al., 2011), et dans l’Atlantique Sud (Noble et al., 2012). Ces deux premières études ont révélé 

l’importance du transport à grande échelle dans la distribution du cobalt. Ainsi, les fortes 

concentrations en cobalt dissous observées dans la couche du minimum d’oxygène au large 

des côtes Africaines dans l’Atlantique Sud seraient transportées d’un bord à l’autre de l’océan 

Atlantique (Figure 15a). De manière similaire, la section du secteur australe de l’Atlantique  

(Bown et al., 2011) a mis en évidence l’importance des remontées par upwelling d’eau 

intermédiaires enrichies en DCo au niveau du Front Polaire, et de l’advection d’eaux enrichies 

au Passage de Drake (Figure 15b).  

 

D’autre part, les échelles d’espace et de temps, ainsi que les échanges entre les phases 

dissoute et particulaire, sont aussi à prendre en compte dans les processus du cycle 

Figure 14: Schematic representation of 
relationship between local and large scale 
processes along the GEOTRACES A02 section 
(West Atlantic).  

(a) Downwelling of oxygenated waters in the 
North Atlantic Polar Regions impact the entire 
West Atlantic deep basin.  

(b) Cumulative remineralization along the large 
scale circulation impact the local phosphate 
vertical distribution.  

(After Dulaquais et al., 2014) 

Figure 15: Spatial and vertical distribution of DCo along : (a) the CoFeMUG section in the south Atlantic (in 
Noble et al., 2012); (b) the BONUS-GoodHope section in the Atlantic sector of the Southern Ocean (Bown et 
al., 2011). Large scale transportation of DCo is evidenced 
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biogéochimique du cobalt. Par exemple, l’enrichissement observé en cobalt dissous dans les 

eaux de surface au dessus du Plateau des Kerguelen serait du à une resuspension des 

sédiments dans le courant de pente qui est détecté par de fortes concentrations en cobalt 

particulaire, et à l’advection et la dissolution de ce PCo le long de la circulation au dessus du 

Plateau (Bown et al., 2012b).  

En conclusion, la compréhension des processus gouvernants la distribution verticale 

du cobalt (dissous et particulaire) nécessite l’analyse des différentes fractions (spéciation 

physique et chimique), d’une stratégie de prélèvement, mais aussi l’utilisation de traceurs 

spécifiques adaptés à l’ordre de grandeur spatio-temporel du phénomène étudié.  

 

5 Objectifs et zones d’études 

Ce travail de doctorat est réalisé dans le cadre du programme international GEOTRACES, 

et vise à améliorer notre compréhension du cycle biogéochimique du cobalt dans l’océan. Il 

propose de répondre aux objectifs spécifiques suivants: 

· Déterminer la faisabilité de comparer de larges jeux de données de cobalt dissous 

obtenues par différents laboratoires utilisant des techniques diverses.  

· Améliorer la résolution spatiale de cet élément, indispensable à la compréhension des 

processus tridimensionnels de grande échelle impliqués dans le cycle biogéochimique 

du cobalt.  

· Déterminer l’impact des processus physiques et géochimiques sur la distribution du 

cobalt dans l’océan, en tenant compte des échelles d’espace et de temps.  

· Identifier et quantifier les termes sources et puits dans le cycle biogéochimique du 

cobalt en milieu marin à grande et petite échelles.  

· Améliorer la compréhension des interactions entre le cobalt et les organismes 

phytoplanctoniques en milieu marin. 

Pour répondre à ces objectifs, cette étude s’appuie sur l’observation en milieu naturel, par 

l’analyse d’échantillons d’eau de mer et de particules marines que nous avons collectés dans 

le cadre du programme international GEOTRACES le long de deux sections (GA02 et 

GA04), et provenant de domaines marins contrastés de par : i) leur géographie : océan ouvert 

(Atlantique),  mers semi-fermées (Mer Méditerranée et Mer Noire) ; ii) leur niveau 

d’oxygénation (oxygéné, sub-oxique, anoxique,  sulfidique) ; iii) leur système 

biogéochimique (subpolaire, oligotrophique, subantarctique). L’ensemble des zones 
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géographiques et domaines biogéochimiques étudiés dans ces travaux couvre une majeure 

partie des différents systèmes marins rencontrés dans l’océan. 

 

La section GEOTRACES-A02 dans l’Atlantique 

Ouest (Figure 16) s’étend de la mer d’Irminger au Plateau 

des Malouines, couvrant un large panel de domaines 

biogéochimiques différents. En effet, du gyre subpolaire 

où d’intenses efflorescences de coccolithophores peuvent 

être observées, aux eaux subantarctiques sujettes à des 

efflorescences de diatomées, en passant par les deux gyres 

subtropicaux oligotrophes, principalement peuplés de 

cyanobactéries, la section GEOTRACES-A02 traverse des 

domaines où les assemblages phytoplanctoniques 

diffèrent. Ces différentes conditions nous permettrons 

d’améliorer notre compréhension de l’utilisation du cobalt 

par les différentes espèces. D’autre part cette section traverse la zone équatoriale de 

l’Atlantique Ouest où les circulations horizontale et verticale, la déplétion en oxygène et les 

apports fluviaux (Amazone) sont intenses. Cette zone géographique se prête donc à l’étude 

des processus physique et de minéralisation, et des apports par les rivières, qui entrent en jeu 

dans le cycle du cobalt. De plus, cette section suit la circulation thermohaline à grande 

échelle, en particulier  les Eaux Profondes Nord Atlantique. Elle permettra ainsi d’évaluer le 

rôle de la circulation à grande échelle sur la distribution du cobalt.   

 

La section GEOTRACES-A04N couvre la Mer Méditerranée et la Mer Noire (Figure 

17). Ces mers semi-fermées sont des sites idéaux pour l’étude de processus spécifiques du 

cycle biogéochimique du cobalt. La Mer Méditerranée reçoit en effet des apports 

atmosphériques intenses en raison de la proximité du plus grand désert sec au monde, le 

Sahara. Elle est donc idéale pour estimer le rôle de ces apports dans le cycle du cobalt. 

D’autre part, les processus oxydatifs impliqués dans le cycle du cobalt sont encore peu 

compris, ainsi la Mer Noire qui est le bassin anoxique le plus grand et le plus stable au monde 

est idéal pour étudier sur ces processus.  

Figure 16: Cruise track of the 
GEOTRACES-A02 section 
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Figure 17: Cruise track of the GEOTRACES-A04N section 

 

6 Présentation des chapitres 

Chapitre 1  

Ce chapitre décrit les différentes méthodes analytiques utilisées au cours de cette 

étude. Ce chapitre inclut des tests analytiques réalisés préalablement à l’analyse des 

échantillons d’eau de mer. Il y est aussi discuté des exercices d’inter-calibration et d’inter-

comparaison relatifs au programme international GEOTRACES auxquels nous avons 

participé. La question du mode de stockage des échantillons sur la préservation du cobalt y est 

aussi abordée. 

 

Les chapitres 2, 3, 4 et 5 sont présentés sous le format d’articles. Ils sont rédigés en anglais. 

 

Chapitre 2 

Ce chapitre s’intéresse à la distribution verticale du cobalt dissous et du particulaire 

apparent dans les eaux intermédiaires et profondes de l’Atlantique Ouest le long de la section 

GEOTRACES-A02 (64°N-50°S). Une attention particulière est portée sur le rôle des 

processus physiques, en particulier du mélange des masses d’eau, sur la distribution du cobalt 

dans l’océan profond. Le processus de minéralisation du matériel particulaire dans les Eaux 

Centrales Atlantiques peu oxygénées est également discuté. Ce travail fait l’objet d’un article 

publié : 

Dulaquais, G., Boye, M., Rijkenberg, M. J. A., & Carton, X. (2014). Physical and 
remineralization processes govern the cobalt distribution in the deep western Atlantic ocean. 
Biogeosciences, 11(6), 1561-1580. 
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Chapitre 3 

Ce chapitre concerne l’étude du cycle biogéochimique du cobalt dans les eaux de 

surface de l’Atlantique Ouest le long de la section GEOTRACES-A02. Un effort particulier 

est apporté pour la quantification des différents puits et sources externes et internes. Des 

temps de résidence des phases dissoute et particulaire du cobalt ont été estimés, et un budget 

du cobalt est proposé à l’échelle du Bassin Atlantique Ouest. Ce travail fait l’objet d’un article 

accepté à la publication : 

 Dulaquais, G., Boye, M., Middag, R., Owens, S., Puigcorbe, V., Buesseler, K., de 
Baar, H.  & Carton, X. (2014). Contrasting biogeochemical cycles of cobalt in the surface 
western Atlantic Ocean. Global Biogeochemical Cycles, 28(12), 1387-1412. 

 

Chapitre 4 

Il présente une étude sur une source externe du cycle, l’apport atmosphérique en 

cobalt. Une étude fine a été réalisée sur la quantification de cet apport à l’Atlantique Ouest, et 

ses impacts biogéochimiques. Ce travail a été soumis pour publication: 

Dulaquais G. and Boye M. (In review). Atmospheric cobalt deposition along the 
surface west Atlantic and biogeochemical implications. In review to Marine Chemistry 

(February 2015). 

 

Chapitre 5 

Ce chapitre présente les résultats et discussions préliminaires de l’étude du cycle 

biogéochimique du cobalt en Mer Méditerranée et Mer Noire, le long de la section 

GEOTRACES-A04N. Ce chapitre propose de décrire et de quantifier les différents processus 

régissant la distribution du cobalt dissous et particulaire dans ces mers semi-fermées.  

Par ailleurs il y est proposé une estimation pionnière, sous forme de model, de l’apport 

atmosphérique en se basant sur les concentrations de surface d’éléments traces dans la phase 

particulaire.   

 

Conclusion générale 

Ce chapitre de conclusion générale présente la synthèse des travaux réalisés au cours 

de cette thèse de doctorat et les perspectives qu’ils ouvrent.  
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Chapitre 1 

Méthodes analytiques 
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Méthodes analytiques 

 

1 Propreté et qualité  

 L’ensemble des expérimentations relatives à cette étude ont été réalisées sous condition 

d’hygiène ultra propre, en salle blanche (ISO 5) et sous hôte à flux laminaire (classe 100). 

L’eau utilisée pour les lavages et la préparation des réactifs est de l’eau de qualité ultra pure 

Milli-Q (résistivité = 18.2 MΩ) issue d’un système Millipore, Milli-Q® Element.   

 Les bouteilles et les filtres de prélèvements ainsi que la verrerie utilisée lors de cette 

étude ont été nettoyés, conditionnés et conservés selon les recommandations du programme 

GEOTRACES. L’ensemble des réactifs et des acides utilisés sont adaptés à la mesure des 

éléments traces (qualité ACS ®, Suprapure®, TraceSelect®, ou Ultrapure®). 

 

2 Prélèvements  

L’ensemble des échantillons collectés, durant les campagnes à la mer, a été prélevé au 

moyen du système de prélèvement TITAN (Rijkenberg et al., 2014) composé de 24 bouteilles 

de prélèvement (24.3 L) en PVDF. Les bouteilles sont placées dans un cadre composé 

exclusivement de titane (de Baar et al., 2008) avec un système de fermeture automatisée et 

contrôlée depuis le pont par l’intermédiaire d’un hydro-câble de 17.7 mm de diamètre, lui-

même composé de 7 câbles conducteurs (0.25 mm) recouverts d’une couche de kevlar (5 mm) 

et protégés  par une couche extérieure de hydrel jacket.   

 

3 Filtration et spéciation physique 

Après prélèvement l’ensemble du 

system TITAN est conduit dans un conteneur 

sous atmosphère protégée de prélèvement ultra 

propre ISO Class-7 (de Baar et al., 2008). Les 

bouteilles de prélèvement sont ensuite 

connectées sous N2 à pression 1 bar pour 

augmenter l’efficacité des filtrations. Les Figure 1: Size partitioning of the different cobalt fractions 
analyzed in this work (See text for abbreviations) 
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filtrations ont été réalisées à bord, par connexion des cartouches de filtrations (ou des supports 

de filtres) directement à la bouteille de prélèvement par des connecteurs en HDPE.  

Dans cette étude, différentes fractions de taille du cobalt (spéciation physique) sont 

étudiées (Figure 1). Sont définis le cobalt soluble (sCo) issus de la filtration à 0.02 µm 

(Sartorius, Virosart CPV capsule), les échantillons de cobalt dissous (DCo) sont issus d’une 

filtration à 0.2 µm (Sartobran® P 150) ainsi que ceux utilisés pour la détermination de la 

spéciation organique du cobalt (orgCo). Le cobalt total (TCo) correspond à des échantillons 

non-filtrés (analysés 6 mois après collecte). Le cobalt particulaire (PCo) a été collecté sur des 

filtres de 0.2 µm de porosité (PES, Milipore ®) via des supports de filtre en téflon,  

La fraction colloïdale (cCo), et la fraction particulaire « apparente » (PCo) sont calculées 

selon les Equations (1) et (2), respectivement. Il est précisé, dans chaque étude, si le cobalt 

particulaire est issu d’une analyse des particules récoltées sur filtre, ou bien s’il s’agit de la 

fraction apparente résultant d’un calcul (Equation 2). 

(1) cCo = DCo – sCo 

(2) PCo = TCo – DCo 

Les erreurs relatives de cCo et PCo sont calculées selon les Equations (3) et (4). 

(3) SDcCo = (SDDCo² + SDSCo²)
0.5 

(4) SDPCo = (SDTCo² + SDDCo²)
0.5 

Un test de Student est effectué afin de déterminer si la différence entre les deux fractions est 

significative (si P < 0.05, la différence est significative). 

 

4 Conditionnement des échantillons 

Les échantillons ont été conditionnés à bord directement après leur prélèvement en vue 

d’analyse à terre, au laboratoire d’accueil. Les échantillons de sCo, DCo et TCo ont été 

acidifiés (pH = 2), puis conservés dans l’obscurité et à température constante dans des sacs 

plastiques doublés. Les échantillons pour la détermination de orgCo ont été conservés au pH 

de l’eau de mer et congelés à -20°C dans des sacs plastiques doublés. Les filtres prélevés ont 

été conservés à -20°C dans des boites en PVC en sacs doublés.  
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5 Méthode d’analyse du cobalt  

La mesure du cobalt (DCo, TCo, sCo) présent à des concentrations pico- (10-12 M) et 

sub-nanomolaires (10-10 M) dans les eaux océaniques nécessite l’emploi de techniques 

analytiques à la limite de détection basse, avec une forte reproductibilité de la mesure, et une  

faible incertitude. L’analyse semi-automatique par injection de flux associée à une détection 

par chimiluminescence (FIA-Chem.) a été utilisée car cette technique répond à ces exigences. 

Le principe de la méthode employée est décrite dans Shelley et al., (2010), ainsi que dans 

Bown et al. (2011), seules les particularités et les performances relatives à cette étude sont 

brièvement rappelées ici. 

 

Analyse et propagation de l’erreur 

Les différents mélanges de réactifs (mélange de pyrogallol, CTAB et H2O2 en voie 1; 

et mélange de MeOH et NaOH en voie 2) sont injectés en flux continu dans un milieu 

réactionnel, et chauffé à 60°C en bain Marie. Dans ce milieu, le pyrogallol est oxydé par H2O2 

ce qui produit une réaction photochimique dont l’intensité est mesurée à l’aide d’un photo-

multiplicateur placé en sortie du milieu réactionnel. Sans introduction d’échantillon dans le 

milieu, la réaction est à l’équilibre et une ligne de base est observée. Lors de la phase de 

déposition, L’échantillon injecté (voie 3) est tamponné à pH 7 par injection en ligne d’une 

solution d’acétate d’ammonium (0.2 M) purifiée en ligne par son passage sur colonne de type 

Toyopearl®  (voie 4), afin de déposer et concentrer le cobalt contenu dans l’échantillon sur 

une colonne de type Toyopearl®. Une solution HCl (pH 1) circule ensuite à travers la colonne 

(voie 5) afin d’éluer le cobalt, et de l’injecter dans le milieu réactionnel, ayant pour effet de 

catalyser la réaction photochimique de l’oxydation du pyrogallol par H2O2. Le pic de photon 

émis par cette réaction est proportionnel à la quantité de cobalt injecté dans le milieu. La 

hauteur de ce pic par rapport à la ligne de base est prise en compte pour la quantification. La 

concentration de cobalt est déterminée par calibration d’ajouts standards de cobalt dans une 

eau de mer artificielle. Les phases de déposition et d’injection sont gérées par des valves, 

elles-mêmes contrôlées par un logiciel de type Labview® 8.4 modifié (E. Duvieilbourg and 

M. Boye, LEMAR).   

Chaque échantillon est analysé en triplicata. La concentration moyenne et son écart 

type sont calculés à partir des triplicatas, en tenant compte de la sensibilité (Sn) relative de la 

méthode (pondération) au moment de l’analyse de l’échantillon et en la corrigeant du blanc 
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d’analyse (bn), selon les Equations 3-4-5-6. La concentration finale est calculée suivant 

l’Equation 7, et l’erreur sur la mesure est calculée à partir de la propagation des erreurs sur le 

blanc, de la calibration et de l’analyse en triplicata selon l’Equation 8.  

 (3) [Co]n = (in) / Sn 

(4) bn = ibn / Sn 

(5) ibn = iba + n * (ibb-iba)/(b-a) 

(6) Sn = Sa + n*(Sb-Sa)/(b-a)  

(7) [Co]nf = [Co]n –bn 

(8) SD [Co]nf = ({[(SD in/in)² + (SD Sn / Sn)²]
0.5 * [Co]n}² + ({[(SD ibn / ibn)² + (SD Sn / 

Sn)²]
0.5 * bn}²)0.5

  

Note : a < n < b 

 

Séquence d’analyse 

Compte tenu de la variabilité des concentrations en cobalt dans les échantillons selon 

les zones d’études et les profondeurs, les échantillons ont été analysés, par station de 

prélèvement, des valeurs supposées les moins concentrées au plus concentrées (dans la 

mesure du possible), selon la séquence d’analyse suivante : 

i) Blanc (n= 1) ; ii) Calibration 1 (n = 5) ; iii) Eau de référence (n =1) ; iv) Blanc (n =1) ; v) 

Echantillons (n = 6-8 + 1 spiké à 20 pM ) ; vi) Blanc ; vii) Eau de référence (n = 1) ; viii) 

Echantillons (n = 6-8 + 1 spiké à 20 pM) ; ix) Blanc (n =1) ; x) Calibration 2 (n = 5) 

 

Prétraitement UV 

Dans les eaux atlantiques, le 

cobalt dissous est majoritairement 

et fortement complexé à des 

ligands organiques (Saito and 

Moffett, 2001 ; Bown et al., 2012). 

Ces complexes très stables  sont 

réfractaires au dépôt sur colonne de 

type Toyopearl® utilisée pour 

l’analyse par FIA-Chem. Une Figure 2 : Concentration of dissolved cobalt in deep (red squares) 
and surface (blue diamonds) South Atlantic seawater (40°S) as the 
function of the UV oxidation exposure time. Optimum exposure is 
3h. 
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dégradation de cette matière organique dissoute par traitement UV est donc préalablement 

nécessaire à l’analyse (Shelley et al., 2010). L’échantillon est placé dans des tubes en verre 

borosilicaté avec un bouchon en téflon (préconisés par S. Van den Berg, Liverpool 

University, UK),  puis placé sous rayon UV d’une lampe à vapeur de mercure de 600 W. Les 

tests que nous avons effectués sur deux eaux (surface et profonde) ont montré que les 

concentrations en cobalt dissous augmentent en fonction du temps d’exposition aux UV, 

jusqu’à 3 h d’exposition, où elles atteignent un plateau (Figure 2). Un traitement UV de 3 h a 

donc été appliqué à l’ensemble des échantillons dissous avant leur analyse. Les échantillons 

sont ensuite laissés à équilibration avant leur analyse.  

 

Temps d’équilibration après exposition aux UVs 

Après UV oxydation, les échantillons ont été conservés entre 12 h et 3 jours avant leur 

analyse. Afin d’estimer si des réactions de précipitations du cobalt inorganique intervenaient 

durant cette étape d‘équilibration, nous avons réalisé des analyses du DCo dans le même 

échantillon jusqu’à 10 jours après son traitement UV (Figure 4). 

 

 

 

Les résultats indiquent que la variation de la concentration de DCo n’est pas 

statistiquement significative jusqu’à 10 jours d’équilibration de l’échantillon passé aux UV 

(Figure 4). Notre protocole d’analyse dans les 12 h à 3 jours après traitement UV est donc 

validé. 

Figure 3 : Evolution of the DCo concentration with time after the UV-digestion of a deep seawater sample   
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Reproductibilité 

La reproductibilité a été déterminée par des analyses consécutives en triplicata 

chacune (n = 15*3) d’une eau de référence GEOTRACES. La reproductibilité de la méthode 

(reproductibilité = 1- (SD [X] / [X] moyenne) est de 96.2%. 

 

Blanc et limite de détection 

Le blanc est mesuré dans de l’eau Mili-Q acidifiée à pH= 2. En considérant l’ensemble 

des blancs mesurés au cours de cette étude (n = 350), la valeur moyenne du blanc d’analyse 

est de 4.3 ± 2.3 pM. La limite de détection (LD= 3*SD blanc) est ainsi de 6.9 pM, comparable 

avec les précédentes études (Shelley et al, 2010 ; 2012 ; Bown et al., 2011) 

 

Robustesse 

La robustesse de la méthode a été évaluée par l’analyse d’eaux de références SAFe et 

GEOTRACES. Les valeurs de DCo mesurées dans les eaux de références sont en excellent 

accord avec les valeurs consensus actuelles (Table 1) il en est de même pour la valeur  

mesurée dans l’échantillon « Safe-S » dont la concentration est inférieure à notre limite de 

détection théorique. Nos résultats des analyses des eaux de références (Table 1) montrent que 

notre méthode analytique est validée permettant son utilisation pour l’analyse des échantillons 

d’eau de mer relatifs à cette étude. 

 

 

 

 

 

 

Sample DCo measured Consensus DCo Value 

SAFe S 5.1 ± 2.2 (n=25) 4.8 ± 1.2 

SAFe D2 44.2 ± 1.7 (n=25) 45.7 ± 2.9 

SAFe D1 42.3 ± 1.4 (n = 15) 45.4 ± 4.7 

GEOTRACES S 29.8 ± 2 (n=35) 31.8 ± 1.1 

GEOTRACES D 63.2 ± 2.3 (n=25) 65.2 ± 1.2 

Table 1 : Comparison of dissolved cobalt analyses obtained in the UV-oxidized samples by the FIA-

Chemiluminescence method used in the present study with consensus values reported by the Sampling and 

Analysis of iron (SAFe) and GEOTRACES programs. Water samples provided by SAFe and GEOTRACES 

from surface waters (SAFe S and GEOTRACES S) and deep waters (SAFe D1 and D2, and GEOTRACES D) 

were analyzed. Errors are given as standard deviation from average values. Dulaquais et al., 2014 
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Cas particulier des analyses dans les échantillons récoltés en Mer Noire 

Dans le cas de la Mer Noire, les concentrations de DCo peuvent atteindre 7 nM, 

concentration 100 fois supérieure à celles généralement enregistrées dans les eaux océaniques. 

Afin de ne pas saturer la colonne d’extraction, des dilutions de ces échantillons ont donc été 

réalisées dans de l’eau MiliQ acidifiée à pH 2. Des dilutions de 5, 10 et 20 ont été effectuées 

selon la profondeur d’échantillonnage. Pour ne pas biaiser l’analyse, les calibrations ont été 

effectuées dans des matrices utilisant de l’eau de mer diluée dans de l’eau MiliQ selon la 

dilution correspondante aux échantillons analysés. La sensibilité ainsi que la reproductibilité 

de la méthode n’ont pas été altérées de manière significative par ces changements de matrice 

(< 2%). 

 

Intra-comparaison des méthodes d’analyse du DCo par FIA-Chem. et par voltamètrie 

et du mode de stockage de l’échantillon. 

La concentration en DCo a été déterminée dans deux échantillons (surface et fond) 

prélevés en Atlantic Sud Ouest (42.5°W-40°S) par la méthode de FIA-Chemiluminescent 

detection et celle de cathodic stripping voltammetry (CSV). Ces deux techniques utilisées au 

laboratoire ont été préalablement validées par l’analyse d’eaux de références SAFe et 

GEOTRACES (Bown et al., 2011 ; Bown et al., 2012). L’analyse en voltamétrie a été réalisée 

sur des échantillons filtrés (0.2 µm), stockés congelés sans acidification (-20°C). L’analyse 

par FIA-Chimiluminescence a été réalisée sur des échantillons filtrés (0.2 µm), stockés 

acidifiés (0.01 M HCl ,Merck®), à température ambiante et à l’abri de la lumière. Pour un 

traitement similaire aux UV, la différence de concentration entre les deux méthodes n’est pas 

significative, en considérant l’erreur sur la mesure (Figure 4). Cette comparaison suggère 

aussi que le stockage de l’échantillon en condition acidifiée ou congelée ne modifie pas la 

concentration de DCo détectée.  

 

 

 

 

 

 

 
Figure 4 : Intra laboratory comparison on the measurement of DCo between FIA-Chemiluminescent detection 
method on filtered acidified seawater (FIA-Chem / 0.01M)  and Cathodic Stripping Voltametry method on 
filtered frozen seawater for deep and surface seawater samples. After 3h of UV oxydation no statistical 
difference between the two methods is observed 

Both methods display similar results after 3h of UV oxydation  
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Comparaison des concentrations en DCo aux stations conjointes des sections GEOTRACES 

Nous avons effectué des exercices de comparaison des concentrations en cobalt 

dissous obtenues par différents laboratoires sur des échantillons récoltés indépendamment à 

trois stations communes à différentes sections GEOTRACES. Deux de ces « crossover » 

stations sont répertoriées dans le programme GEOTRACES (Station BATS ; et Station à 

40°S).  La troisième a été choisie à l’intersection de la section GA02 (cette étude, 10°S) et de 

la section CoFeMug (10°S ; Noble et al., 2012), en raison de leurs similitudes 

hydrographiques et biogeochimiques (T, S, O2, nutriments). Il est important de noter que les 

échantillonnages à ces stations ont été effectués à des années et saisons différentes, sauf pour 

la série Middag et al., 2010 (Figure 5a, carrés jaunes) à la station BATS, pour laquelle les 

mêmes échantillons ont été analysés entre le Bruland Laboratory et le Boye Laboratory. 

 

 

 

 

 

 

 

 

 

 

Figure  5 : Intercomparison of DCo datasets at the cross-over station BATS (a, d) between this study (blue 
diamonds) and ICP-MS method by Biller and Bruland [2008] (green triangles) and by Middag et al. [in prep.] 
(yellow dots= samples from the 2010 Dutch GEOTRACES-A02 cruise; red squares= samples from the 2011 
American GEOTRACES-A03 cruise); at the cross-over station located at 9°S (b, e) between this study (blue 
diamonds) and the CSV method by Noble et al. [2012] (green dots); and at the cross-over station at 40°S (c, f) 
between this study (blue diamonds) with FIA-Chem. method by Lohan et al. [in prep.] (Orange dots=samples 
from the 2010 English GEOTRACES-A10 cruise). Figure published in Dulaquais et al., 2014. (g) 
Intercomparison of DCo datasets at the cross-over station BATS between this study (blue dots), Middag et al. 
[in prep.] obtained by ICP-MS method (brown dots= samples from the 2010 Dutch GEOTRACES-A02 cruise; 
orange dots= samples from the 2011 American GEOTRACES-A03 cruise) and Saito Laboratory obtained by 
Cathodic Stripping Voltametry method (dark dots). Figure provided by the GEOTRACES Intercalibration 
commitee 
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Deux laboratoires en complément du nôtre, utilisant 2 techniques d’analyses 

différentes à la nôtre (Bruland Laboratory: ICP-MS ; Saito Laboratory : CSV ; Boye 

Laboratory: FIA-Chem.) ont participé à cet exercice de comparaison pour la station BATS. La 

comparaison à la station 40°S a été effectuée avec le Lohan Laboratory utilisant le même 

appareillage que le nôtre, et celle à la station 10°S a été effectuée avec le Saito Laboratory 

(méthode voltamètrique, CSV). Les résultats sont présentés Figure 5. A l’exception des 

données provenant du Saito Laboratory pour la station BATS (Figure 5g ; jeu de données non 

publié), les résultats de cette comparaison sont satisfaisants compte tenu des incertitudes sur 

la mesure, des différentes méthodes analytiques employées et des différents traitements des 

échantillons (notamment du type de résine lors de l’extraction),  de la variabilité saisonnière 

(Coale and Buck, 2014), ainsi que des différents systèmes de prélèvement des échantillons. 

Les concentrations et les distributions de DCo sont en effet similaires entre les différents 

laboratoires, et les jeux de données sont statistiquement et significativement corrélés (0.7< R² 

< 0.99 ; Figure 5d, e, f).  

Les récents travaux réalisés au sein du Saito Laboratory (Wood’s Hole, MA, USA), 

rapportés par le comité d’intercalibration GEOTRACES, indiquent des concentrations 

significativement supérieures (+ 30%, Figure 5g) comparées à celles des autres laboratoires à 

la station BATS. Les échantillons analysés par le Saito Laboratory ont été désoxygénés 

immédiatement après leur prélèvement et stockés non-acidifiés (dans des sachets hermétiques 

et scellés à la chaleur), alors que ceux des autres laboratoires ont été stockés  acidifiés sans 

désoxygénation. Le Saito Laboratory propose ainsi que la présence d’oxygène dans les 

échantillons lors du stockage pourrait partiellement conduire à l’oxydation des complexes 

organiques du cobalt et à la précipitation du cobalt inorganique sous forme colloïdale, et donc 

à une sous-estimation de la concentration de DCo. (M. Saito, communication personnelle). 

Ces réactions seraient cependant mineures dans les eaux de l’Atlantique Sud-Ouest et 

inexistantes dans celles de l’Atlantique Sud-Est et des régions polaires.  

A l’heure actuelle, nous ne connaissons pas les raisons qui mènent à ces différences, 

bien que l’acidification des échantillons non-désoxygénés pourrait jouer un rôle, au même 

titre que la désoxygénation des échantillons non-acidifiés. Les différents conditionnements de 

l’échantillon (acidifié, désoxygéné, congelé), traitements (UV, acide), types d’extraction et de 

pré-concentration (résines, goutte suspendue de mercure), ainsi que les différentes méthodes 

analytiques et protocoles (FIA-Chem ; ICP-MS ; CSV) conduisent certainement à la détection 

de différentes fractions du cobalt dissous, dont il faudra lever les incertitudes. Un regard 
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critique doit être porté sur la fraction du cobalt dissous mise en jeux dans l’analyse, afin de 

mettre en relation les différents jeux de données. 

 

6 Analyse de la spéciation organique du cobalt (orgCo) 

La méthode utilisée pour déterminer la spéciation organique du cobalt est décrite dans 

Bown et al., (2012). Nous rappelons ici brièvement la méthode et les performances relatives à 

cette étude.  

Cobalt dissous 

 Les concentrations en cobalt dissous (DCo) ont été déterminées selon la méthode FIA-et 

détection par Chimiluminescence décrite précédemment. 

 

Spéciation organique du cobalt 

La spéciation organique du cobalt dissous a été déterminée par titration de la capacité 

complexante des ligands organiques du cobalt par voltammètrie (Competing Ligand 

Exchange-Adsorptive Cathodic Stripping Voltammetry CLE-AdCSV), à l’aide d’un équilibre 

compétitif avec les ligands synthétiques du cobalt, la nioxime, à pH 8.1. Cette méthode 

décrite dans Zhang et al. (1990) a été adaptée (selon Bown et al. ;2012). 

L‘appareillage utilisé est constitué d’un stand polarographique (modèle VA 663, 

Metrohm®, Suisse) équipé d’une électrode de travail à goutte de mercure multimode 

positionné en mode SDME, d’une électrode de référence Ag/AgCl, KCl 3M avec un pont 

salin plongé dans une solution de KCl à 3M, et d’une contre-électrode en carbone vitreux. 

Elles sont reliées à un potentiostat µ-autolab (Type II, Ecochemie®) et un auto-analyseur 

(Sample Processor 778, Metrohm®). Le potentiostat est connecté à un ordinateur. Le logiciel 

GPES 4.9 (General Purpose Electrochemical) permet de piloter la mesure et de traiter les 

résultats. 

 

Réactifs 

 Un tampon borate a été utilisé afin de fixer le pH à 8,1. Le tampon est préparé à partir 

d’acide borique (H3BO3, SigmaUltra®) et de soude (NaOH Merck® ultrapur). Les 

concentrations finales respectives dans le tampon sont 1 M et 0.3 M. Le tampon est ensuite 

purifié de toute trace de métaux en le passant à travers une colonne de type toyopearl (2 
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mL/min). La solution mère de nioxime est composée de 1,2-cyclohexanedione dioxime (0.1 

M, Sigma Aldrich®) et de NaOH (0.2 M, Merck® ultrapur). La solution de cobalt servant aux 

ajouts de titration est à 10-8 M, préparer à partir d’une solution mère à 0,979 µg.L-1 (Sigma 

aldrich®), acidifiée avec de l’HCl ultra-pure (Fluka®) à 0,05% (v/v). 

 

Préparation des échantillons 

 Les échantillons sont préalablement décongelés à température ambiante. En salle 

blanche et sous hotte à flux laminaire, 220 mL d’échantillon sont mélangés au tampon 

(concentration finale à 10 mM) et à la nioxime (concentration final de 0,1 mM) dans une 

bouteille en téflon de 250 mL.. 11 x 20 mL de cette solution sont précautionneusement pipetés 

et placés dans 11 vials en téflon PTFA de 30 mL. Afin de titrer les échantillons, des 

concentrations connues de cobalt sont ajoutés à 9 de ces vials (de +10 à +200 pM), les deux 

vials restant sont sans ajout. Les vials contenant les échantillons et l’ensemble des réactifs et 

des additions standards sont ensuite laissés à équilibration, fermés, sous hotte à flux laminaire 

en salle blanche, 8 à 12h avant leur analyse.  

 

Analyse 

 Après équilibration, les échantillons sont disposés dans l’auto-sampler (dans l’ordre 

croissant des ajouts). Ils sont automatiquement injectés dans une cellule de mesure en téflon, 

les uns après les autres, selon la séquence suivante: i) purge de la cellule; ii) injection de 3 mL 

de la solution du vial n ; iii) purge de la cellule ; iv) injection de 15 mL de la solution du vial 

n. La cellule n’est pas rincée durant la titration mais nettoyée à l’eau acidifiée à la fin de 

chaque titration (HCl, 0.01 M). 

 Après introduction dans la cellule, l’échantillon subit 360 s de dégazage à l’azote 

(99,9999 %). S’en suit une phase de dépôt de 900 s à -0.7 V sur la goutte de mercure, puis le 

potentiel passe à -1V pendant 1 s, afin de diminuer les interférences avec les complexes 

nioxime-nickel. Après une équilibration de 10 s ; le potentiel est balayé de -0,9 à -1,2 V en 

mode voltammétrie impulsionnelle différentielle avec un pas de potentiel de 15 mV et une 

vitesse de balayage de 0,15 V.s-1. Le courant de réduction du complexe nioxime-cobalt est 

mesuré aux alentours de -1,05 V. Des triplicatas sont effectués pour chaque mesure. Les pics 

sont traités selon leur hauteur avec une ligne de base linéaire. La moyenne et l’écart type des 

trois mesures constituent la donnée et son incertitude. 
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Détermination de K’CoL, [Co’
] et [CoL] 

La constante conditionnelle de stabilité pour les complexes organiques du cobalt (K'CoL) est 

définie par (1) : 

K' CoL= [CoL] / ([Co2+] * [L'])    (1) 

Avec [CoL]  le cobalt organique, [Co2+] le cobalt inorganique, et [L'] les ligands « libres » 

(non liés au cobalt).   

La concentration totale de ligands organiques du cobalt ([L]) est définie selon (2) : 

[L] = [CoL] + [L'] (2) 

En présence de nioxime et après équilibration, l’équilibre se réécrit selon (3) : 

[Colabile] / [CoL] = [Colabile] / [L] + (αCo’ + αCoNioxime2) / (K'CoL . [L])    (3) 

 - Avec αCo’,  le « side reaction coefficient » du cobalt inorganique dans l’eau de mer 

(αCo’ = 1.74, selon Turner 1981), et αCoNioxime2 (= 16.18) celui du complexe cobalt-nioxime 

(αCoNioxime2 = β’Co(Nioxime)2*[Nioxime]², avec [nioxime] = 1.0.E-4 mol.L-1 et β’Co(Nioxime)2 = 

15.62 ; Bown et al., 2012). Sous nos conditions expérimentales, la fenêtre de détection de la 

méthode est comprise entre 106.62 et 108.82 pour la détection de αCoL (αCoL = [L']*K'CoL). 

 - Avec [Colabile] la concentration de cobalt labile qui est mesurée selon (4) en fonction 

de la hauteur du pic mesuré (ip) et de la sensibilité S (pente de la partie linéaire de la titration, 

Figure 3b), et [CoL] celle du cobalt organique qui est à l’équilibre avec les complexes formés 

avec la nioxime,(déterminée selon (5)). 

[Colabile] = ip / S (4) 

[CoL] = [DCo] – [Colabile] (5) 

 [L] et K' CoL sont ensuite calculés à partir de la pente (1/[L]) et l’ordonnée à l’origine 

correspond à ((αCo’ + αCoNioxime2)/(K’ CoL .[L])) de la régression linéaire des moindres carrés de 

[Colabile]/[CoL] en fonction de [Colabile] selon l’Equation (3). 

 

La concentration en ions cobalt [Co2+] présente à l’origine dans l’échantillon est calculée 

selon (6) : 

[Co2+]² * αCo’ * K’CoL + [Co2+] * α Co’ + K’Co * [L]K’Co*[DCo]) – [DCo] = 0 (6) 

La concentration de cobalt inorganique [Co'] dans l’échantillon est calculée selon (7) : 
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[Co’] = αCo’ * [Co2+] (7) 

La concentration de cobalt organique [CoL] présent dans l’échantillon est obtenue selon (8) : 

[CoL] = [DCo]- [Co'] (8) 

La fraction organique du cobalt dissous (%) est définie par ([CoL]/[DCo])*100. 

 

7 Analyse des métaux particulaires 

La méthode utilisée pour l’obtention des données en métaux particulaire en mers 

Méditerranée et Noire est décrite en détail dans Planquette et al. (2012). Seules les 

particularités et les performances relatives à cette étude sont brièvement rappelées ici.  

  

Filtration 

Pour l’obtention du matériel particulaire, les échantillons d’eau de mer (de 4 à 15 L) 

ont été filtrés à 0.2 µm sur des filtres en polyéther sulfone (PES, Supor ®) de 47 mm de 

diamètre, lesquels étaient maintenus par des supports de filtre en téflon (Savillex ®) 

connectés en ligne aux bouteilles de prélèvement. Les filtrations ont été effectuées sous 

atmosphère protégée ISO Class-7 (de Baar et al., 2008). Des blancs de filtration ont été 

collectés régulièrement (1 station sur 2) lors des prélèvements. Les blancs sont obtenus par re-

filtration d’une eau de surface (50m) ou de fond (1500m) préalablement passée à travers une 

cartouche de filtration (0.2µm, Sartobran® P 150) en connectant en ligne le support contenant 

le filtre PES et la cartouche. Après filtration les filtres ont été placés à l’aide d’une pince en 

téflon dans des boites de pétris puis congelés à -20°C.  

 

Préparation des échantillons avant analyse 

Au laboratoire, l’ensemble des manipulations a été effectué sous atmosphère ultra 

propre (Classe 100). Les filtres sont décongelés à température ambiante puis placés dans des 

béchers en téflon PFA de 30 mL, dans lesquels 2 à 3 ml d’une solution acide (HNO3 8M, 

Merck Ultrapur® ;  HF 2.9 M, Merck Suprapur®) sont introduits de manière à ce que le filtre 

et la solution ne soient pas en contact direct. Les béchers sont chauffés à 130°C fermés (créant 

ainsi un reflux) pendant 4 h. La solution acide est ensuite évaporée à 110°C. Après 

évaporation totale, le résidu est dissous dans 6 mL d’une solution HNO3 (0. 8 M Merck 

ultrapur ®) doublement spiké à l’indium (1 ppb) ainsi qu’au rhénium (10 ppb) afin de suivre 
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la dérive lors de l’analyse par SF-ICP-MS. Les échantillons sont ensuite placés dans des tubes 

en polypropylène (Corning®) préalablement lavés et constituent les solutions archives. Des 

blancs chimiques d’attaque acide (bécher sans filtre) ont été réalisés selon le même protocole, 

à chaque série d’échantillons traités. 

 

Analyses 

Les analyses ont été réalisées par un spectromètre de masse haute résolution à source 

plasma (SF-ICP-MS) Element-2 (ThermoFisher). Dans cette étude seule les résolutions basses 

(Cd, Pb) et moyennes (autres éléments) ont été utilisées. Le jour de l’analyse 500 µL de 

solution archive sont pipetés et dilués dans 3 mL de solution HNO3 (0.8 M) dans des tubes en 

polypropylène (Corning®) préalablement lavés permettant ainsi de conserver assez 

d’échantillons pour effectuer des réplicas ainsi que de garder une archive de l’échantillon. 

Tous les 8 échantillons, un réplica est effectué ainsi qu’un blanc de tube. Compte tenu de la 

variabilité des rapports et des concentrations élémentaires dans le milieu naturel, deux 

solutions multi élémentaires ont été réalisées à partir de solutions mono élémentaires dans le 

but d’approcher ces rapports naturels. Pour prévenir d’éventuelles contaminations en 

mélangeant des concentrations faibles et élevées des différents standards, deux séries multi-

élémentaires ont été réalisées. Une avec des fortes concentrations (Al, P, Fe, Ba) et une autre 

avec de faibles concentrations (Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Cd, Mo, Pb, Zr). De ces 

solutions mères ont été réalisées deux séries de 10 points de calibration par dilution. Les 10 

points couvrent des variations de concentration de deux ordres de grandeurs correspondant à 

la variabilité potentielle anticipée des concentrations dans les échantillons. Les droites de 

calibration ont été exécutées au début, en milieu et en fin de chaque séquence. Une séquence 

type comprend 8 blancs machine, 8 blancs de tubes, 3 droites de calibration, 72 échantillons 

(incluant des blancs chimiques), et 16 échantillons spikés par l’une des deux solutions multi 

élémentaires. L’erreur relative standard sur la mesure du signal est déterminée par le logiciel 

de l’ICP-MS. 

 

Reproductibilité 

Pour tester la reproductibilité des mesures, des échantillons de concentrations variables ont été 

mesurés à plusieures reprises lors d’une même séquence (tous les 8 échantillons). Les 

différences obtenues pour la totalité des échantillons sont inférieures à 5% sur l’ensemble des 

éléments (annexe 1) 
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Blancs et limite de détection 

Les résultats des analyses des blancs moyens de l’instrument, de digestion et chimiques sont 

présentés en Annexe 1. De manière générale, la digestion du filtre constitue la principale 

source potentielle de contamination (Annexe 1) comparée au blanc machine. Dans le cas du 

cobalt, l’étape de digestion plus que le filtre en lui-même semble être la plus grande source de 

contamination. Les limites de détection (LD= 3*SD blanc instrument) des différents éléments 

analysés sont indiquées en Annexe 1. 

 

Validation des données 

En l’absence de matériel de référence pour les particules marines, l’analyse de matériel 

de référence de type BCR-414 (poudre de phytoplancton) a été utilisée afin de valider nos 

données. Le matériel a subi la même procédure de digestion que les filtres. Les résultats sont 

présentés Annexe 1. Compte-tenu des incertitudes de mesures et des valeurs consensus pour 

ce matériel, les résultats indiquent que la méthode et les données sont validées pour 

l’ensemble des éléments analysées, excepté pour le chrome ainsi que le zirconium pour 

lesquels aucune valeur consensus n’est connue pour ce matériel à l’heure actuelle.  

 

8 Analyse du carbone et de l’azote organique particulaire 

La détermination du carbone et de l’azote organique particulaire a été effectuée selon 

le protocole décrit dans L’Helguen et al. (2014). Les échantillons d’eau (de 0.5 à 1 L) ont été 

filtrés sur des filtres en fibre de verre (Whatman GF/F de 47 mm de diamètre), préalablement 

grillés au four (4 h à 450°C) afin d’éliminer toute trace de matière organique. Après filtration 

à bord, les échantillons ont été placés dans des réceptacles préalablement traités au four (4 h à 

450°C), empactés sous double sachets plastique (PE) et enfin congelés à -20°C. Au 

laboratoire, les filtres ont été décongelés en salle blanche puis placés dans un dessicateur sous 

HCl fumant durant 4 h afin d’éliminer la matière inorganique particulaire. Enfin, ils ont été 

placés à l’étuve (60°C) durant 24 h avant leur analyse. Les teneurs en carbone et azote 

particulaires collectés sur les filtres ont été obtenues par spectrométrie de masse de type Delta 

Plus ThermoFinnigan couplée via une interface type III à un analyseur élémentaire carbone-

azote de type Thermo Finnigan CE Flash 1112. Les limites de détection (3σ Blanc) de la 
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méthode sont de 0.51 µmol L-1 et 0.06 μmol L−1 pour le carbone et l’azote organiques, 

respectivement. 
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Chapitre 2     
Physical and remineralization processes 

govern the cobalt distribution in the deep 

western Atlantic Ocean 
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Chapitre 3     
Contrasting biogeochemical cycles of cobalt 

in the surface western Atlantic Ocean. 
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Chapitre 4     
Atmospheric cobalt deposition along the 

surface Western Atlantic and 

biogeochemical implications 
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Abstract: 

The potential links existing between the distribution of cobalt (Co), the phytoplankton productivity and diversity, 

and the atmospheric deposition in the surface ocean have still received little attention, despite indirect evidences. 

For exploring such relationships, we report the spatial distributions of dissolved (DCo) and apparent particulate 

(PCo) cobalt in the surface Western Atlantic, and we estimate the contribution of the atmospheric input to the 

DCo and PCo inventories in the mixed-layer by assessing the dust deposition over the Western Atlantic, as well 

as the atmospheric fluxes in Co and soluble Co, and the residence times of those particulate and dissolved Co 

inputs in the surface waters. The atmospheric input is shown to significantly (20%) account in the stock of DCo 

in the surface Western Atlantic, but it is not the prevailing source of DCo into the mixed-layer, apart in the North 

Atlantic subtropical gyre (> 60%). In this latter domain, this input could largely feed the biological requirement 

of the pico-phytoplankton assemblage dominated by cyanobacteria. The high biological uptake of DCo by 

cyanobacteria is further supported by the prevailing biogenic nature of PCo in those waters. By contrast, the 

growth of Synechococcus sp. could be rather limited by the low atmospheric input of Co and the low 

bioavailability of inorganic Co in the South Atlantic subtropical gyre, unlike Prochlorococcus sp. In the other 

domains, the investigation of the lithogenic and biogenic partitioning of PCo suggests that the inverse 

relationship observed between the DCo inventories and the atmospheric input of Co with the chlorophyll a 

contents could mainly be driven by the spatial distribution of phytoplankton communities, rather than by the 

magnitude of dust deposition. By providing new insights on the dust contribution to surface Co biogeochemistry, 

this study suggests to consider the dust dissolution as an essential process to support cyanobacteria growth in the 

tropical North Atlantic, with further ecological implications. 

Keywords: cobalt, biogeochemistry, Atlantic Ocean, dust deposition 
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1 Introduction 

The elemental composition of coccolithophorids, diatoms and dinoflagellates suggests 

cobalt (Co) can be a bioactive element used by a wide range of phytoplankton (Ho et al., 

2003; Quigg et al., 2003; Twining and Baines, 2013). Indeed, Co is the central atom of the B12 

vitamin (cobalamin), a bio-molecule used in several biological pathways (Raux et al., 2000; 

Martens et al., 2002). Recently it has been evidenced that addition of inorganic Co to Co-

depleted waters increased the biosynthesis of B12 suggesting that Co availability could also 

regulate the synthesis of this vitamin (Panzeca et al., 2008). Since B12 abundance is suspected 

to play a role in phytoplankton growth, productivity and diversity (Sañudo-Wilhelmy et al., 

2006; Panzeca et al., 2006; Bertrand et al., 2007; Gobler et al., 2007), the ecological interest 

of cobalt has recently increased.  

In addition, Co can substitute for zinc (Zn) or cadmium (Cd) as co-factor in the 

carbonic anhydrase and, to a lesser extent, in the alkaline phosphatase (Price and Morel, 1990; 

Sunda and Huntsman, 1995; Yee and Morel, 1996; Lane and Morel, 2000; Lane et al., 2005; 

Gong et al., 2005). Such metal interplays can promote biological uptake of Co in waters 

depleted in Zn and Cd like in the subtropical domains (Wyatt, 2014). The cyanobacteria that 

are abundant in those oligotrophic regions are furthermore known to primarily require Co for 

their growth (Sunda and Huntsman, 1995; Saito et al., 2002). The primary production can thus 

be significantly cobalt dependent in these regions.  

The correlations between dissolved cobalt (DCo) and phosphate (P) observed in the 

surface waters of temperate and subtropical regions (Martin et al., 1993; Saito and Moffett, 

2002; Jakuba et al., 2008; Noble et al., 2008; Dulaquais et al., 2014b) further indicate the 

removal of DCo in surface waters due to phytoplankton uptake. For instance, the extremely 

low DCo concentrations and the relatively high DCo/P depletion ratio recorded in the 

subtropical Atlantic (Saito and Moffett, 2002; Jakuba et al., 2008; Bown et al., 2011) evidence 

the enhanced biological utilization of DCo in these areas. This biological uptake can be 

especially high in the northern subtropical gyre of the Western Atlantic compared to the 

southern gyre (Dulaquais et al., 2014b). Because there was no evidence of an iron limitation 

in those domains (Rijkenberg et al., 2014), it further suggests the importance of DCo in the 

subtropical waters. Contrastingly, nearly conservative surface distributions were recorded in 

the subarctic gyre of the Atlantic (Dulaquais et al., 2014a) and in the Southern Ocean (Bown 

et al., 2011). In the latter area, the conservative distribution has been related to the low 

biological utilization of DCo by Antarctic diatoms (Bown et al., 2011) in these Zn-replete 
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waters (Croot et al., 2011), consistent with the relatively high Zn:Co elemental ratio  found in 

diatoms (Ho et al., 2003). The biological removal of DCo can thus be taxa-dependent and 

potentially be controlled by the availability of other trace metals concentrations such as Zn. 

Understanding the sources of DCo to surface waters is important regarding the 

biological implications of this micronutrient. Here lateral advection, eddies diffusion, 

transportation from shelf sediment, river discharge and recycling have been reported to be 

sources of DCo in the surface waters of several oceanic areas (Saito and Moffett, 2002; Noble 

et al., 2008; 2012; Bown et al., 2011; Tovar-Sanchez, Sañudo-Wilhelmy, 2011; Dulaquais et 

al., 2014a, 2014b). The atmospheric input of Co has not been considered to predominantly 

drive the residence time of DCo in surface waters (Saito and Moffett, 2002). Yet the actual 

scarcity of measurements and/or estimations of the Co atmospheric fluxes yield this source 

and its impact on the phytoplankton to be poorly known.  

 For instance, the deposition of dust originating from Patagonia in the South and from 

Sahara in the North has been described to be significant source of Co to the Western Atlantic 

(Gaiero et al., 2003; Baker et al., 2007). In the north-western Atlantic, this input could mainly 

occur during the late summer, as exemplified in the Sargasso Sea (Shelley et al., 2012). In 

addition, the relative surface enrichment of DCo observed in the tropical Atlantic was also 

thought to be due to atmospheric input (Bowie et al., 2002). On the contrary, this input could 

be negligible in the south-eastern Atlantic (Bown et al., 2011) and in the south-central 

Atlantic (Noble et al., 2012), these areas receiving poor deposition of dust (Mahowald et al., 

2005). Recent studies have also evidenced a wide range in the Co fractional composition 

and solubility of aerosols, depending of their crustal, marine or anthropogenic origins 

(Gaiero et al., 2003; Reid et al., 2003; Rudnick and Gao, 2003; Baker et al., 2007; Thuroczy 

et al., 2010; Trapp et al. 2010; Xia and Gao, 2010; Shelley et al., 2012). Despite such 

investigations, the atmospheric inputs of DCo to the surface waters and their biological 

implications have still been hardly studied. For instance, a co-limitation of the growth of 

Prochlorococcus sp. by iron and cobalt has been suggested in the subtropical-southern 

Atlantic where the dust load is relatively low (Shelley, 2011). Additionally, the correlation 

between the concentration of Co in aerosols and the Co cellular content of Trichodesmium sp. 

reported in the Equatorial Atlantic (Tovar-Sanchez et al., 2006) further suggests a key role of 

the atmospheric input of Co in such cyanobacteria growth. There, the metals cellular quotas 

(including Co) of Trichodesmium sp. would actually almost entirely (for 83-100 %) originate 

from Saharan deposition (Tovar-Sanchez et al., 2006). 



117 

 

Despite these recent findings, the relationships between the dust deposition, the 

distribution of Co in seawater and the phytoplankton productivity and diversity are still poorly 

known. To investigate these potential links, this study presents the spatial distributions of 

DCo and the apparent particulate cobalt (PCo) in the surface waters of the Western Atlantic 

Ocean, and it proposes an estimation of the atmospheric deposition of the dust and Co along 

the radial. Hence, we quantified the contribution of the dust deposition to the cobalt 

(particulate and dissolved) inventories in the mixed layer from the East of Greenland (64°N) 

to the Subantarctic waters (50°S). Those results are then discussed in regards with the 

physical and biological features encountered along the radial. This study is a first attempt to 

investigate the potential links between the atmospheric input of Co and the phytoplankton 

assemblage in the surface waters of the Western Atlantic.  

 

2 Method 

 2.1 Cruise track and sampling 

Samples were collected along the GEOTRACES-A02 section spreading from 64°N to 

50°S in the Western Atlantic Ocean conducted between 2010 and 2012 (Figure 1). A total of 

47 stations were sampled for dissolved cobalt analyses 

(DCo), and 15 stations for total (unfiltered) cobalt 

determinations (TCo). The apparent particulate cobalt 

concentrations (PCo) were calculated by substraction 

of DCo from TCo. The complete dataset of Co is 

available at the international GEOTRACES datacenter 

(hhtp://www.bodc.ac.uk/geotraces/).  

All samples were collected using the TITAN-

CTD frame of the Royal-NIOZ (Netherlands; de Baar 

et al., 2008; Rijkenberg et al., 2014). Unfiltered 

samples were transferred into acid cleaned 250 ml 

LDPE bottles (Nalgene) for TCo analyses. The samples 

for DCo analyses were collected after filtration using 

0.2 µm Sartobran 300 cartridges (Sartorius) under pure 

N2 pressure (filtered 99.99% N2, 0.7 atm) in acid 

cleaned 250 ml or 500 ml LDPE (Nalgene) bottles. All 

samples were acidified using ultrapure HCl® at 0.01 M (Merck) immediately after their 

Figure 2: Cruise track and surface physical features 
and cruise track along the GEOTRACES-A02 
section  

 



118 

 

collection. Then the acidified samples were stored in double bags at dark and ambient 

temperature before their analyses in the shore-based laboratory.  

 

 2.2 Method for cobalt analyses  

Prior to the analyses, the seawater samples were UV-digested (Saito and Moffett, 

2002; Shelley et al., 2010) for 3 h in acid clean silica tubes using a 600 W high-pressure 

mercury vapor lamp and left for an equilibration time of 48 h (Bown et al., 2011; Dulaquais et 

al., 2014a). Dissolved and total cobalt concentrations were determined by Flow-Injection 

Analysis (FIA) and chemiluminescence detection following the method described in 

Dulaquais et al. (2014a).  

The mean reagent blank determined in acidified MilliQ water was 4.2 ± 2.1 pM of Co 

in MilliQ (n = 180). The standard deviation of the measurement is calculated by an error 

propagation using the error on blanks (s), the calibration curves and the deviation of the 

triplicate analyses (Dulaquais et al., 2014a). The limit of detection of the method (3s) was on 

average 6.3 pM of Co (n = 180). Concentrations of DCo we measured in the reference SAFe 

and GEOTRACES samples were in excellent agreement with the consensus values (Dulaquais 

et al., 2014a). The analytical precision of the method was determined from repeated analyses 

of the surface GEOTRACES (GS) reference-sample, yielding an uncertainty of ± 3.8 % (n = 

15). 

 

3 Results and Discussion 

3.1 Dynamical and biological specific features  
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The meridional mixed-layer depth (z), as well 

as the mean salinity (S), the temperature (T), and the 

Chlorophyll a concentration (Chl a) derived from the 

fluorescence are presented, for the mixed layer along 

the section, in Figure 2. Five different domains are 

crossed along the radial, separated by surface jets as 

described in Dulaquais et al. (2014a). Briefly, the 

section starts at 64°N in the Subarctic gyre (SAG) 

which is limited to the south by the North Atlantic 

Subtropical Front (NASTF) at near 43-45°N. Then, the 

section enters in the North Atlantic subtropical gyre 

(NASG) separated to the Equatorial area (EA) by the 

North Equatorial Current (NEC). To the south, the 

section enters into the South Subtropical domain 

(SASG) by crossing the South Equatorial Current 

(SEC). Finally, the Subantarctic Waters (SAW) are 

reached south of the Malvinas-Brazil confluence 

(MBC). These surface jets can be located through, 

among others, their mixed-layer depth (Figure 2). The 

turbulence of these currents increases the mixed-layer depth. Furthermore, the surface 

temperature (T) and salinity (S) (Figure 2) are characteristic of the different domains along 

the section, and anomalies allow depicting specific features. For instance, the low salinities 

observed in surface between 4°N and 13°N are related to the Amazon River plume (Dulaquais 

et al., 2014a). Moreover, 3 cyclonic eddies were identified by their T and S signatures at 

23°N, 29°S and 48.8°S (Figure 2), as well as by their sea level anomalies (data not shown). 

The spatial distribution of Chl a in surface furthermore indicates that SAG and SAW can be 

more biologically productive (mean Chl a > 0.3 µg/L) than the Subtropical and Equatorial 

domains (mean Chl a < 0.1 µg/L). Additionally, the biomass is higher in the NASG than in 

the SASG (Figure 2).   

3.2 Spatial distribution of cobalt  

The spatial distributions of the mean DCo and PCo concentrations in the mixed layer 

(z) along the section are shown in Figure 3. Mean DCo concentrations range from 15.1 in the 

NASG (at 21.8°N) to 68.5 pM in the Denmark Strait (at 64°N). PCo inventories range from 

Figure 2: Surface mixed layer depth (z), mean temperature 
(T), mean salinity (S) and mean Chlorophyll a (Chl a) 
derived from fluorescence distribution along the 
GEOTRACES-A02 section. The labels “c” locate the 
cyclonic eddies (see text for explanation).   
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0.8 pM in the SASG to 10.5 pM NASG, at 35°S and 23°N, respectively. The surface 

concentrations of PCo are marked by higher values in the northern hemisphere compared to 

the South (Figure 3). As described by Dulaquais et al. (2014a), cobalt occurs predominantly in 

the dissolved fraction in the Western Atlantic, thus the distribution of mean PCo in the mixed 

layer dispatches significantly lower concentrations than those of DCo, accounting for less 

than 3% (at 2.6°S) and up to 29 % (at 26°N) of the total cobalt concentrations (mean =15 ± 8 

%, n = 15). The physical features strongly impact the spatial distribution of DCo in the mixed 

layer (Dulaquais et al., 2014a). Indeed, high DCo concentrations are depicted in the frontal 

zones and surface jets (Figure 3), notably in the NASTF (around 43°N) and in the Equatorial 

Current System (10°S-5°N). Furthermore, at locations where the section encounters cyclonic 

eddies (Figure 2), DCo also displays relatively high concentrations in the surface waters 

(Figure 3). Lateral advection of enriched-DCo waters by surface jets, as well as input from 

below though vertical advection and diffusion of intermediate and deep waters are thought to 

be main dynamical processes to increase the DCo concentration in surface waters (Noble et 

al., 2008; Bown et al., 2011; Shelley et al., 2012; Dulaquais et al., 2014a). On the contrary, 

the distribution of PCo is poorly impacted by the fronts, jets and eddies occurring in surface 

(Figure 3). The concentration of PCo indeed decreases with depth minimizing the input from 

below (Dulaquais et al., 2014a), and the residence time of PCo can be rather short compared 

to that of DCo lowering the input of PCo by lateral advection (Dulaquais et al., 2014b). 

 

 

 

Figure 3 Surface mean dissolved cobalt (DCo, dark circles, solid line) and mean apparent 
particulate cobalt (PCo, open circles, dashed line) concentrations in the mixed layer along the 
GEOTRACES-A02 section. Stations sampled during summer 2012 are labelled in red. 
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Interestingly, the lower DCo concentrations recorded in the subtropical domains, 

especially in the south, compared to High latitudes, are not associated with the highest Chl a 

concentrations, but actually it is with the lowest Chl a levels of < 0.1 µg/L that characterize 

the oligotrophic conditions of the subtropics (Figure 2). Similarly, the highest DCo levels are 

observed at the High latitudes where the Chl a concentrations are also the highest (Figure 2). 

Those patterns contrast fairly with the nutrient-like distribution of DCo observed in the 

surface waters of the Western Atlantic (Dulaquais et al., 2014), since an inverse correlation 

between DCo and Chl a concentrations would thus be expected. Hence, this result suggests 

that the intensity of the biological uptake that generates the nutrient-like profile of DCo could 

further depend from the phytoplankton assemblage rather than from the photosynthetic 

production. For instance, cyanobacteria dominate the pico-assemblage in the subtropics, and 

they have an absolute requirement for Co (Saito el al., 2002), whereas diatoms which are 

likely predominant at High latitudes do not preferentially assimilate Co for their growth 

(Sunda and Hunstmann, 1995). In turn, the strong assimilation of DCo by cyanobacteria in the 

low Chl a subtropical waters, and the relatively low assimilation by diatoms in the high Chl a 

waters of High latitudes likely account for the decreasing DCo gradient with latitude which 

does not fit with the decreasing Chl a concentrations (Dulaquais et al., 2014b). Nevertheless, 

higher DCo concentrations are recorded in the Subarctic gyre during the spring 2010 (65 pM; 

Figures 3) compared with the late summer 2012 (43.2 pM; Figure 3). There, the decrease of 

DCo concentrations over the springtime together with the increase of PCo (by up to 10.4 ± 

4.44 pM) both fit with the development of the phytoplankton bloom occurring seasonally at 

those latitudes (Dulaquais et al., 2014b). Thus, the seasonality of the phytoplankton 

production might be superimposed to the composition of the phytoplankton assemblage to 

account for the extent of the biological uptake of DCo in the Western Atlantic. 

The concentrations of DCo and PCo are furthermore generally lower in the southern 

than in the northern subtropical domain (Figure 3), in spite of similar predominance of 

cyanobacteria assemblage in both gyres. In this regard, it is conceivable that higher external 

sources in the North, such as the Amazon discharge crossed at 4-13°N (Figure 2), and 

potentially such as the dust deposition, would cause this asymmetry observed between the two 

hemispheres, in addition to differences between the northern and southern subtropics in the 

physical processes that are sources of Co in surface. Hereafter, we propose to characterize and 

quantify the contribution of the dust deposition to the cobalt concentrations in the mixed layer 



122 

 

along the radial, the other fluxes being described and quantified elsewhere in detail 

(Dulaquais et al., 2014b). 

 

3.3 Atmospheric contribution to the cobalt inventory in the mixed-layer 

3.3.1 Dust deposition 

To assess the dust deposition in the Western Atlantic, we use a modified version of the 

MADCOW model (Equation 1; Dulaquais et al., 2014b). Dissolved aluminum (DAl) is used 

as a proxy for the dust input in this model (Measures and Brown, 1996; Measures and Vink, 

2000; Vink and Measures, 2001; de Jong et al., 2007), and we rely on the surface DAl 

concentrations recorded along the section (Middag et al., data not published). The major 

improvements of the model are the inclusion of a variable mixed-layer depth, a variable Al 

solubility in aerosols, and variable DAl residence times, depending on the biogeochemical 

province and the air-mass origin (Dulaquais et al., 2014b).  

Dust deposition rate = DAl * z * M Al * (Ab Al * S Al * τ Al)-1
  Equation (1) 

With z the mixed-layer depth ; DAl the mean concentration of DAl in z ; M Al the molar mass of Al ; 

Ab Al the crustal abundance of Al ; S Al the solubility of Al in aerosols (Baker et al., 2013) ;  τAl the residence 

time of Al in z (Dulaquais et al., in rev.). 

 The dust deposition fluxes we estimate in this way vary from less than 1 ± 0.2 mg m-2 

d-1 at several stations in the south-western Atlantic to up to 15 ± 0.3 mg m-2 d-1 near the 

Equator (Figure 4).  

Despite the difficulties and limitations to use DAl as a dust proxy (Dammshäuser et 

al., 2011), especially due to its scavenging by biogenic particles (Moran and Moore, 1988; 

Middag et al., 2009), these estimations are in excellent agreement with previous predictions of 

the dust deposition fluxes in the Atlantic Ocean (Vink and Measures, 2001; Ginoux et al. 

2001; Tegen et al. 2004; Mahowald et al., 2005; van Hulten et al., 2013).  

 

3.3.2 Atmospheric deposition of cobalt 

The atmospheric deposition fluxes of Co (Flux Coatm.; Figure 4) are derived from the 

latter calculated dust deposition rates using Equation 2, in which the abundance of Co in 

aerosols ([Co]dust) vary between 17 and 170 µg g-1 in the Western Atlantic depending on the 

air-mass origin (Gaiero et al., 2003; Reid et al., 2003; Rudnick and Gao, 2003; Baker et al., 

2007; Trapp et al. 2010; Xia & Gao, 2010; Shelley et al., 2012; R. Shelley, personal 

communication). Then, the deposition rates of soluble Co (Flux SCoatm.; Figure 4) are 
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estimated from the Co deposition fluxes and using reported solubility coefficients for Co in 

dust (Sol. Co), following Equation 3.  

 

Flux Coatm. = Dust deposition rate * [Co]dust     Equation (2) 

Flux SCoatm. = FCoatm* Sol. Co      Equation (3) 

with Sol. Co the solubility coefficient of Co from atmospheric particles in seawater (3%-15% depending on the 

origin of the aerosol; see details in Dulaquais et al., in rev.). 

 

 

 

 

 

 

 

 

The estimates indicate that the Co deposition rates vary from 0.9 nmol.m-2.d-1 in the 

center of the SASG to up to 16.2 nmol.m-2.d-1 close to Patagonia at St.#1b (Figure 4). The 

strongest mean atmospheric inputs of Co are located away from Patagonia in the SAW (mean 

Flux Coatm= 9 ± 4 nmol.m-2.d-1), at the temperate latitudes of the northern hemisphere (35°N-

50°N; mean Flux Coatm= 8 ± 1 nmol.m-2.d-1) and in the northern-equatorial area (mean Flux 

Coatm= 8 ± 2 nmol.m-2.d-1). Those high atmospheric depositions of Co are clearly related to 

the high dust input at the EA (Figure 4), and to the high abundance of Co in the Patagonian 

dust (Gaiero et al., 2003) and in the North American aerosols (R. Shelley, personal 

communication) which settle in the SAW and at the temperate latitudes of the North Atlantic, 

respectively. Much lower atmospheric inputs of Co are found in the SASG (mean Flux Coatm= 

1.5 ± 0.5 nmol.m-2.d-1), and in the SAG (mean Flux Coatm= 3 ± 1 nmol.m-2.d-1), likely due to 

the low input of dust we have estimated (Figure 4). Overall, an asymmetry of the Co 

deposition between the North and South hemispheres is designed, with higher Co deposition 

in the North (6.4 nmol of Co.m-2.d-1) than in the South (4.2 nmol of Co.m-2.d-1). 

The modeled SCo input provided by dust dissolution shows a different pattern 

compared to the atmospheric flux of Co (Figure 4). Indeed, the highest input of soluble Co 

released from dust is found in the temperate North Atlantic (1.25 nmol.m-2.d-1), which is, 

respectively, 10 times and 2 times higher than that received by the SASG and close to 

The estimates indicate that the Co deposition ratete

center of f ththe SASASGSG to up to 16.2 nmol.m-2.d.d-1 close to

Figure 4 : Estimation of the sea-surface 
atmospheric deposition of dust (dots line), 
total Co (dark circles, solid line) and soluble 
Co (open circles, dashed line), along the 
GEOTRACES-A02 section. After Dulaquais 
et al., (2014b). Brackets delimit the main air-
masses originated from: P: Patagonia; SWA: 
South Western Africa; S: Sahara; NA: North 
America; A: Arctic; E: Europe 
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Patagonia by station 1b (0.65 nmol.m-2.d-1) (Figure 4). The model also shows a strong 

asymmetry of the soluble Co input between the two hemispheres, with high fluxes in the 

North compared to the South, at the exception of the relatively high values in the SAW due to 

the Patagonian input (Figure 4). The asymmetry in the atmospheric fluxes of Co and soluble 

Co fits with the distribution of PCo and DCo that shows higher concentrations in the North 

compared to the South. In a first order approach, the asymmetry in concentrations between the 

two hemispheres can thus be related to differences in the atmospheric inputs. 

 

3.4 Relationship with the residence times of Co  

In order to determine the influence of the atmospheric deposition on the Co 

distribution in the surface waters, the residence times needed to recover the Co inventories in 

the mixed-layer are estimated (Atm. τCoz; Figure 5) as quotient between the Co inventory in 

the mixed-layer (DCoz stock or PCoz stock; with Coz stock = ! Co
"

#
) and the net DCo or PCo 

atmospheric fluxes following Equations 4 and 5, respectively for DCo and PCo.  

 

Atm. τDCoz  = DCoz stock * Flux SCoatm.
-1      Equation (4) 

Atm. τPCoz  = PCoz stock * (Flux Coatm. - Flux SCoatm) -1    Equation (5) 

 

 

Figure 5: Residence times of DCo (Atm. τDCoz ;Dark line) and PCo (Atm.τPCoz; red line ) needed to recover the Co 
inventories in the mixed layer through atmospheric deposition. The residence times of DCo (dark dashed line) and PCo(red 
dashed line) determined by Dulaquais et al. ( 2014b) considering all the Co fluxes in the upper 100m are indicated. See text 
for explanation and calculation 
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In these conditions, the residence time needed to recover the DCo and PCo inventories 

in the mixed-layer shows to co-vary with the atmospheric inputs of SCo and Co respectively 

(Figures 4-5), suggesting the dust deposition strongly impacts the distributions of Co in the 

surface waters. Our estimations also describe residence time of PCo one to two orders of 

magnitude shorter than that of DCo in the mixed layer (Figure 5), indicating that PCo 

inventories could be more rapidly affected by dust event than DCo. This is in line with the 

common idea that particles react faster than dissolved compounds. Additionally, the shorter 

residence times are estimated in the central NASG for both fractions of Co (as low as 0.73 

year for DCo, and 3-4 days for PCo; Figure 5). It suggests that the surface distribution of Co 

in the Sargasso Sea could be significantly more sensitive to atmospheric inputs than elsewhere 

in the Western Atlantic. The longest residence times are found close to the frontal zones, with 

Atm. τDCoz of up to 68 years at the MBC, and Atm. τPCoz of 0.7 year at the SEC (Figure 5). 

These latter estimations contrast fairly with expectation based on the physical and biological 

properties of these very dynamic areas where residences times are expected to be relatively 

short.  

The comparison of the residence times of DCo and PCo obtained when considering 

only the atmospheric flux of Co to the mixed-layer (this study) with those estimated when all 

Co fluxes (e.g.; sources and sinks) are considered in the upper 100 m (Dulaquais et al., 2014b) 

indicates an overall longer residence times of DCo if the atmospheric deposition is the only 

one flux in surface waters (2 < Atm. τDCoz / τDCo100 m < 70, mean ratio = 13, n = 47; Figure 

5). This result strongly suggests that the input of SCo from dust could not drive alone the 

residence time of DCo in surface waters. In turn, the impact of the atmospheric inputs could 

be rather small or less significant than the other fluxes in most of the biogeochemical 

domains. Nevertheless, in the central NASG, the two estimations for τDCo are in the same 

order of magnitude (Figure 5), suggesting that dust deposition can drive the τDCo there, and 

thus significantly impact the concentrations of DCo in the Sargasso Sea. The residence times 

of PCo estimated through the atmospheric Co deposition tightly follow the estimations based 

on all PCo fluxes in the surface waters (Figure 5; Dulaquais et al., 2014b). It indicates that the 

PCo inventories can be significantly driven by the atmospheric input of Co to the surface 

waters of the Western Atlantic. However, this is not the case in the two subtropical domains 

(Figure 5), where our τPCo estimates are significantly higher than those considering all PCo 

fluxes (by a factor 3-5). Hence, other fluxes rather than the atmospheric input of Co likely 

govern the residence times of PCo in the subtropics, such as the biological assimilation and 

regeneration of Co by cyanobacteria (Dulaquais et al., 2014b). 
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3.5 Cumulative effect of the atmospheric input on the surface DCo inventories  

To determine the contribution of the dust deposition to the Co concentrations in the 

mixed-layer, the cumulative effect of this flux is estimated by assuming that the dissolution of 

dust can only occur in the mixed-layer, and using the residence times that include all the 

fluxes of Co in the surface waters (Dulaquais et al., 2014b; Figure 5). In these conditions, the 

cumulative effect of atmospheric input to the mixed-layer DCo inventories (% Atm. DCoz) is 

estimated according to Equation 6.  

 

% Atm. DCoz = Flux SCo * τDCo* DCoz stock
-1     Equation (6) 

 

The results indicate that dissolution of aerosols in surface waters accounts for less than 

10% of the DCo inventories in the Southern hemisphere, while it represents nearly 30% of 

this stock in the Northern hemisphere, even reaching 80% at 30°N (Figure 6). On the basin 

scale, the atmospheric input contributes for about 20% on average of the stock of DCo present 

in the mixed-layer of the Western Atlantic. Furthermore, the higher atmospheric input of SCo 

in the Northern hemisphere compared to the Southern one (Figure 4) is well reflected by the 

higher contribution of the atmospheric source to the DCo inventories in the North (Figure 6). 

However, the flux of SCo alone is too small to fully recover the DCo inventory in the mixed-

layer in the Northern hemisphere (% Atm. DCoz ~ 30%; Figure 6). Thereby, the atmospheric 

inputs do not predominantly drive the DCo distribution in the mixed-layer of the Western 

Atlantic, apart in the north-western tropical Atlantic where the dust deposition and subsequent 

dissolution is the prevailing source of DCo to the surface waters of the NASG (% Atm. DCoz 

> 60%; Figure 6). In turn, other sources of DCo such as eddies (Noble et al., 2008; Dulaquais 

et al., 2014), lateral advection (Bown et al., 2011; Noble et al, 2012; Dulaquais et al., 2014), 

riverine inputs (Saito and Moffett, 2002; Dulaquais et al., 2014b), margin inputs (Bown et al., 

2012b) have thus to be also considered in most of the Western Atlantic, as well as 

regeneration of Co in the surface waters (Dulaquais et al., 2014b).  

 

 

 

 
Figure 6: Cumulative atmospheric 
contribution to the DCo (dark bars) and PCo 
(red bars) inventories in the mixed layer. 
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3.6 Lithogenic and biogenic partitioning of particulate cobalt 

Assuming the atmosphere is the only source of lithogenic PCo in the surface Western 

Atlantic, the estimation of the cumulative effect of the atmospheric input to the PCo 

inventories (Equation 7) provides a direct estimate of the lithogenic portion of PCo present in 

the mixed-layer (Equation 8). The portion of PCo from biogenic origin is then calculated 

according to Equation 9.  

 

% Atm. PCoz = (Flux Co – Flux SCo) * τPCo* PCoz stock
-1   Equation (7) 

% Lithogenic PCo = % Atm. PCoz      Equation (8) 

% Biogenic PCo = 1 - % Atm. PCoz      Equation (9) 

 

Interestingly, the partitioning suggests that PCo occurs predominantly as biogenic 

particles (> 90%) in the subtropical domains (Figure 6), whereas Chl a levels are extremely 

low in these areas (Figure 2). It suggests that biogeochemical processes can control the 

surface cycle of PCo in the subtropics, independently of the intensity of Co atmospheric 

deposition (Figures 4 and 6). Due to their essential requirement for Co to grow (Saito et al., 

2002), the cyanobacteria that dominate the phytoplankton assemblage in the subtropics can 

indeed significantly increase the biogenic fraction of PCo. The strong uptake of DCo by 

cyanobacteria and the subsequent increase of biogenic PCo are further supported by the 

concomitant low DCo concentrations and the well-marked nutrient-like profiles of DCo 

recorded in these surface waters (Dulaquais et al., 2014).  

On the contrary, PCo can be mainly of lithogenic origin at the High latitudes (up to 

100% close to Patagonia; Figure 6), suggesting that PCo concentrations could be mainly 

driven by dust deposition at these latitudes. The lithogenic origin of PCo contrasts fairly with 

the relatively high photosynthetic biomass (Figure 2) and the rather small dust delivery in the 

subpolar domain (Figures 4 and 6). However, the diatoms that probably dominated the 

phytoplankton assemblage at the High latitudes at the season of sampling (Henson et al., 

2006; Olguin and Alder, 2011) preferentially assimilate Zn (or Cd) rather than Co (Saito et 

al., 2008; and references therein), thus poorly contributing to increase biogenic PCo. The 

rather low biological uptake of Co is further supported by the nearly conservative distribution 

of DCo observed in subpolar surface waters (Dulaquais et al., 2014). Nevertheless, additional 

investigations on Zn (and Cd) bioavailability would be required to further confirm this 

hypothesis.  
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In the productive area of the temperate North Atlantic (45-50°N; Figure 2) that 

receives high Co deposition (Figure 4), the proportion of biogenic PCo keeps relatively high 

(65%; Figure 6). There, the coccolithophorids that likely bloom in this area at date of 

sampling (Dulaquais et al., 2014; and references therein) require Co to growth (Sunda and 

Huntsman, 1995) and have a relatively high Co cellular content (Ho et al., 2003; Quigg et al., 

2003). Thus, the bloom could have temporarily generated the high PCo inventory (Figure 3), 

and significantly increased the biogenic PCo portion (Figure 6).  

The Equatorial area is marked by intermediate proportions of lithogenic PCo (40%; 

Figure 6), and slightly higher biogenic origin (60%) of the particulate Co. Those estimates are 

in line with the strong biological uptake of Co by the cyanobacteria which represent a 

significant proportion of the pico-assemblage in this domain (Agusti, 2004; Tovar-Sanchez 

and Sanudo Wilhelmy, 2011), and with the high atmospheric Co deposition (Figure 4), that 

both increase the PCo inventories (Figure 3) in the biogenic and lithogenic fractions. 

Exception is found at 8°N, where surface PCo can originate entirely from the atmospheric 

deposition of lithogenic dust (Figure 6). This is in agreement with the extremely high 

atmospheric deposition of Co we estimated at this latitude (> 10 nmol.m-2.d-1; Figure 4), and 

with the low Chl a level recorded at this location at time of sampling (Figure 2). 

 

3.7 Potential biological implications of the atmospheric deposition of cobalt 

The dissolution of the aerosol in the north-western subtropical Atlantic which receives 

high dust deposition (Figure 4) significantly impacts the DCo in mixed-layer (Figure 6), 

accounting for 62% of the mean 29 pM measured in the center of the northern gyre (Figure 3). 

This prevailing source of DCo can actually feed the absolute requirement for Co of 

cyanobacteria that dominate the pico-assemblage in this domain (Treush et al., 2011). Indeed, 

the concentrations of inorganic DCo (Co2+) we determined in the Sargasso Sea at BATS 

station resting on our analyses of the organic complexation of DCo in these surface samples 

(e.g.; DCo = 27 pM; the organic Co-binding ligand concentration, L, is equal to 26.4 pM; and 

the conditional stability constant of the organic Co2+-L complexes, logK'CoL, is equal to 18; n 

= 2) following the method published in Bown et al. (2012a), are equal to about 0.6 pM. These 

inorganic levels are 6 to 20 times higher than the half-saturation constants for Co2+ (KmCo2+; 

Table 1) of the cyanobacteria Prochlorococcus and Synechococcus (e.g.; 0.03 pM and 0.1 

pM, respectively; Sunda and Huntsman, 1995; Saito et al., 2002). Consequently, the 
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atmospheric input of Co would be largely sufficient to sustain optimum growth of the 

cyanobacteria in the Sargasso Sea.  

 Interestingly, in the north-western subtropical Atlantic receiving high Co atmospheric 

deposition (Figure 4), Synechococcus abundances (107 cell.L-1; Twining et al., 2010) are 10 to 

40 times higher than those found in the south-western subtropical Atlantic (5-10*105 cell.L-1; 

Agusti, 2004) where atmospheric DCo fluxes are low (Figure 4). On the contrary, the cell 

densities of Prochlorococcus are similar in the North- and South-western subtropical domains 

(~ 108 cell.L-1; Agusti, 2004; Treush et al., 2011). These two subtropical domains also 

dispatch similar macro-nutrients concentrations (Dulaquais et al., 2014) and similar 

concentrations of organic Co-binding ligands (at 22°S: DCo = 24 pM L= 29 pM; logK'CoL = 

18.4; n =2), but the Co2+ concentrations we determined in the SASG (< 10-5 pM) are 4 orders 

of magnitude lower than those found in the NASG (0.6 pM). In turn, it is conceivable that 

Synechococcus growth (KmCo2+ = 0.1 pM; Sunda and Huntsman, 1995) would be limited in the 

south-western Atlantic gyre by the low atmospheric input of Co and the low availability of 

Co2+ (< 10-5 pM), whereas Prochlorococcus which can rely on the organic cobalt to growth 

(Saito et al., 2002) will be fully replenished in DCo even in the southern area of low dust 

input (DCoSASG = 24 pM; % Atm. DCoz = 10%).  

 

 

 

 

 

 

 

 

 

a Estimated considering that 62% of the actual DCo concentration in the mixed layer is provide by the atmospheric DCo flux 

b Determined following the method of Bown et al., 2012a 

c Estimated considering estimation of DCo and a constant ligand concentration between the two states 

d From Sunda and Huntsman, 1995 

e From Twining et al., 2010 

f Synechococcus abundance from Agusti, 2004 in the Co2+growth limiting waters of the south western subtropical waters  

g For starved N-condition, from Bonnet et al., 2010  

h Estimated as the Synechococcus abundance multiplied by the B12 production rate of these species 

Table1. Actual biogeochemical state of the North-western Atlantic gyre and possible implications for 
a future 30% decrease of the dust deposition. 

 

State of Atmospheric deposition intensity 
Actual 70% of Actual 

Mean Dust deposition (mg.m-2.d-1) 3.05 2.1 

Mean Atmospheric Co flux (nmol.m-2.d-1) 6.6 4.8 

Mean Atmospheric DCo flux (nmol.m-2.d-1) 0.57 0.4 

Mean DCoz (pM) 29 23.5a 

Mean Co2+(pM) 0.6b 10-5 c 

KmCo2+ Synechococcus (pM)d 0.1 0.1 

Synechococcus abundance (cell.l-1) 107 e 5 105 f 

Synechococcus B12 production rate (mol.cell-1)g 12 10-20 12 10-20 

B12 seawater (pM)h 1.2 0.06 
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In a scenario of potential future decreasing of the dust deposition by 30% in the NASG 

(Mahowald et al., 2006), the atmospheric Co inputs would also decrease by 30%. In these 

conditions, we estimate that DCo concentration would drop from 29 to 23.5 pM in the center 

of the northern gyre (Table 1). Hence, the concentration of Co2+ would be as low as 4*10-6 

pM (Table 1), if the concentrations and composition of the organic Co-binding ligand would 

not change compared with present conditions. At this level the growth rates of Synechococcus 

would be severely Co-limited and their cell densities would drop to abundances as low as 

those previously recorded in the SASG (Agusti, 2004; Table 1). Yet, Prochlorococcus sp. 

which can rely not only on Co2+, but also on the organic Co complexes to growth (Saito et al., 

2002) could be poorly affected by 30% decrease of the atmospheric Co-input, since DCo 

(23.5 pM) would still keep at levels about 2 orders of magnitude higher than the half-

saturation constant for Co of these species (0.03 pM; Sunda and Huntsman, 1995).  

The decrease of the Synechococcus abundance potentially induced by 30% decrease of 

the atmospheric input of Co in the North Atlantic gyre could impact the entire phytoplankton 

community, considering their determining role in the oceanic production of B12 vitamin. B12 is 

indeed a Co-containing organometallic compound involved in several vital enzymes of many 

phytoplankton species, such as in the methionine synthase (Raux et al., 2000; Martens et al., 

2002). Its concentrations in seawater can influence the growth rate of several species and 

drive the spatial distribution of many taxa (Sañudo-Wilhelmy et al., 2006; Panzeca et al., 

2006; Bertrand et al., 2007; Gobler et al., 2007, Koch et al., 2011). While most of eukaryotic 

phytoplankton are B12 consumers and required exogenous B12 vitamin, many bacteria 

including Synechococcus and Prochlorococcus possess the biosynthetic pathway to synthetize 

vitamin B12 (Rodionov, 2003). However, while Synechococcus are able to excrete large 

amount of this vitamin (Bonnet et al., 2010), there is no evidence at date that Prochlorococcus 

can synthesize such amount. Considering the typical abundance of the Synechococcus 

population in the North Atlantic gyre of 104 cell.mL-1 (Twining et al., 2010), and the B12 

production rate by these species in non-limiting cultures of 12 x 10-20 mol.cell-1 (Bonnet et al., 

2010), the B12 concentration resulting from the production by Synechococcus would be of 1.2 

pM in the NASG (Table 1). Thus, the subpicomalar to picomolar B12 levels of 0-2.5 pM 

recorded in the subtropical North Atlantic (Menzel and Spaeth, 1962; Panzeca et al., 2008) 

could be entirely attributed to the Synechococcus excretion. Thereby, a decrease of 
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Synechococcus abundance in the north-western subtropical Atlantic would directly diminish 

the production of B12 vitamin available for the eukaryotes.  

In turn, the dust deposition and its subsequent dissolution can be key points for the 

bioavailability of inorganic Co to Synechococcus in the subtropical North Atlantic, and 

indirectly for the bioavailability of B12 vitamin which is essential for the entire phytoplankton 

community. Change in the dust deposition rates, for example due to changes in desert storm 

frequency, land use, and/or in the aerosols composition (pollution) has thus the potential to 

affect the entire subtropical North Atlantic phytoplankton ecosystem through, among others, a 

Co2+-Synechococcus-B12 loop. 

 

4 Conclusions 

While significant in itself, the dust deposition is not the prevailing source of DCo into 

the mixed-layer of the Western Atlantic, apart in the North Atlantic subtropical gyre. This 

source can significantly impact the distributions of DCo and PCo in the mixed-layer, in 

addition to the physical features and the distribution of the phytoplankton species, 

respectively. For instance, the residence times required to replenish the DCo inventories in the 

mixed-layer through dissolution of dust, as first assessed in this work, largely exceed previous 

estimations based on all Co-fluxes in surface waters, apart in the subtropical North Atlantic. 

Thus, other sources also sustain the biological DCo demand that is the main sink of this 

micronutrient in the surface waters of the Western Atlantic.  

Quantification of the cumulative effect of aerosol dissolution indicates a significant 

contribution of the atmospheric input (20%) to the mixed-layer DCo concentrations at basin 

scale. However, this contribution widely varies between the different biogeochemical 

domains, ranging from 2% to 80% of the DCo inventories in the mixed-layer. At the tropical 

and temperate latitudes of the Northern hemisphere, DCo is strongly impacted by this source 

(> 30% on average, and > 60% in the subtropical gyre), unlike the Southern hemisphere (< 

10%), even close to Patagonia where the atmospheric deposition of Co is the most intensive 

estimated along the section.  

The biogenic and lithogenic partitioning of PCo is mostly related to the distribution of 

phytoplankton communities in the different domains rather than to their productivity or the 

intensity of atmospheric inputs. In the subtropical domains, the predominance of 

cyanobacteria that require Co to grow indeed correlates with PCo being predominantly 

biogenic, despite low productivity of these domains and regardless the magnitude of the 
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atmospheric Co inputs. By contrast, the relatively high productivity and low Co atmospheric 

fluxes in the subpolar latitudes both do not fit with PCo being mainly lithogenic. However, it 

is in accordance with the predominance of diatoms at these latitudes, those species that do not 

preferentially assimilate Co to grow.  

This work also shows that atmospheric input and aerosol dissolution can fully support 

the growth of cyanobacteria in the subtropical North Atlantic, and drive the abundance of 

Synechococcus sp. It also suggests that potential changes in atmospheric deposition would 

cause cascading effects on the production and distribution of the phytoplankton assemblage in 

the subtropical North Atlantic through, among other, a Co2+-Synechococcus-B12 loop.  
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Abstract :  

We report the spatial and vertical distribution of cobalt (Co) along the GEOTRACES-
A04 section spreading from the Eastern Atlantic to the Black Sea through the entire 
Mediterranean Sea. The dissolved (DCo) and the particulate (PCo) fractions of Co were 
investigated, as well as the particulate distributions of others trace elements. The vertical 
distributions of DCo and PCo varied in function of the different domains, depending on the 
prevailing biogeochemical processes. In the Eastern Atlantic, DCo displayed a nutrient-like 
distribution in surface, with depleted concentrations in surface waters (as low as 14 pM) that 
increased with depth. Its distribution in the deep Atlantic waters was governed by the 
circulation of North East Atlantic deep waters, North Atlantic Central Waters, Mediterranean 
Outflow and Lower deep waters. On the contrary, DCo distribution was scavenged like over 
the whole Mediterranean Sea. However, we suggested that this distribution mostly resulted 
from the decoupling between the surface and deep reservoirs rather than from scavenging 
processes. Indeed, our estimations of the biogeochemical fluxes indicated strong external 
inputs by the Gulf of Cadix system at Gibraltar strait and by the atmosphere, both combined 
with a low biological assimilation in the central Mediterranean sea (20-40nmol.m-2.d-1) lead to 
the accumulation of DCo in surface waters. On the contrary, the fast deep circulation, the 
extremely low export of PCo from the surface waters (generally < 5nmol.m-2.d-1) likely due to 
regeneration, and the absence of PCo remineralization in intermediate waters prevent the 
accumulation of DCo in the deep Mediterranean Sea. In the Black Sea, high surface DCo 
concentrations (> 500 pM) were recorded. Coastal inputs and regeneration combined with a 
low ventilation rate may have caused accumulation of DCo in surface. Deeper, the vertical 
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distribution of DCo was governed by competitive redox-processes. In the suboxic waters, the 
high surface DCo concentrations (> 500 pM) dramatically decreased (as low as 28 pM) 
probably due to scavenging onto manganese oxide (MnOx). Below this layer, the reduction of 
MnOx released DCo in the upper sulfidic layer, where the highest DCo concentrations never 
encountered before in modern open marine systems were recorded (up to 6.6 nM). Deeper, 
DCo sharply decreased with depth, likely due to sorption of DCo onto ferrihydrite in the 
sulfidic environment.  

 

Introduction: 

The Mediterranean and Black Seas are semi-enclosed seas surrounded by continents 

that make these marine systems particularly sensitive to anthropogenic forcing. Both seas are 

“miniature oceans”, wherein they display specific thermohaline circulations.  

The Mediterranean Sea circulation is driven by the incursion of Atlantic waters, deep 

convection of surface waters and outflow of deep waters at the straits. In this sea, the 

residence time of the water-masses is very short (e.g. decades) compared to the ocean (e.g. 

centuries to millennium). The Atlantic waters penetrating in surface at the Strait of Gibraltar 

feed the surface Mediterranean basin. Rivers and the relatively fresh waters of the Black Sea 

also contribute to close the Mediterranean water budget. In the Black Sea, the surface waters 

that outflow through the Bosphorus have low salinities due to the influence of the surrounding 

rivers. These surface waters describe an overall counter clock pathway around the basin. The 

deep Mediterranean circulation is governed by deep convection of intermediate during the 

winter (Millot and Taupier-Letage, 2005a). In the deep Black Sea, the Mediterranean inflow 

that constitutes the main source of salt and the deep winter convection occurring in the center 

of the Black Sea mainly drive the deep circulation. Additionally, the geothermal activity 

generates a convective turnover of the deep waters at the bottom (Özoy et al., 1991). In turn, 

the deep Black Sea reservoir can be impacted by double diffusion with intermediate and 

bottom waters contribution. 

 

In the Mediterranean Sea, the northern rivers provide most of the freshwater inputs 

that balance the strong evaporation and low precipitation. These runoffs also provide nutrients 

that increase the primary productivity at their mouth, and those inputs are source of nutrients 

to the whole oligotrophic basin. The Mediterranean is a “Low-Nutrient Low-Chlorophyll” 

(LNLC) system among the least productive of the world’s ocean. In this Sea, the oligotrophy 

intensifies eastward (Bethoux et al., 1998), as exemplified by the eastward decrease of the 

primary productivity and the surface nutrient concentrations. Exchanges at the straits, 

atmospheric depositions, and river discharges are controlling the distribution of nutrients 
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there. Furthermore, extreme events such as large river floods or Saharan dust pulses also 

supply the Mediterranean Sea in macro- and micro-nutrients (Mermex group, 2011).  

 The nutrients stoechiometry is similar in the Black Sea compared to other marine 

systems, while that of the Mediterranean Sea is unusual since it displays an excess of carbon, 

a deficiency of phosphorus (P) relative to nitrogen (N), and an occasional deficiency of 

silicate (Béthoux et al., 2002a). The stoechiometric anomaly of N/P increases eastward from 

22/1 to 28/1 (M/M) (Krom et al., 1991; Kress and Herut, 2001; Kress et al., 2003). In this 

respect, the Mediterranean Sea is considered as phosphorus limited (Krom et al., 1991), 

whereas nitrogen is classically considered as the limiting macro-nutrient in much of the ocean 

(Codispoti, 1989).  

The concentration of dissolved trace metals are elevated in the Mediterranean surface 

waters compared to similar oligotrophic waters such as the subtropical North Atlantic, and 

their distributions generally show a conservative behavior in the deep sea (Kremling and 

Petersen, 1981; Boyle et al., 1985; Sherell and Boyle, 1988; Bethoux et al., 1990; Ruiz-Pino 

et al., 1990, 1991; Saager et al., 1993; Achterberg and van den Berg, 1996; Morley et al., 

1997). The surface enrichments of trace metals, notably those observed for zinc, copper, 

cadmium and nickel, have been related to natural and anthropogenic inputs (van Geen et al., 

1988; van Geen and Boyle, 1990; Ruiz-Pino et al., 1990), from rivers, dust deposition and/or 

shelf exchanges (van Geen et al., 1988; van Geen and Boyle, 1990; Ruiz-Pino et al., 1990). 

For instance, the inputs of trace elements by inflow of Atlantic Waters at the Strait of 

Gibraltar can be considerable (Boyle et al., 1985). Actually, these inputs could account for 

more than 50% of the total inputs to the Western Mediterranean basin for certain trace 

elements (e.g.; Mn, Co, Pb) in summer (Elbaz-Poulichet et al., 2001b). Such high inputs can 

be related to the influence of the Gulf of Cadix system, since its surface waters that partially 

feed the Atlantic Waters are enriched in trace metals due to releasing of the Odiel and Tinto 

Rivers that are extremely enriched in metals (Elbaz-Poulichet et al., 2001c). Indeed, this river 

is located in the watershed of the Iberian Pyrite Belt, one of the largest metal-rich sulfide 

deposits in the world (van Geen et al., 1991; van Geen et al., 1997).  

Micro-nutrients are not depleted in surface waters of the Mediterranean Sea and do not 

significantly correlate with macro-nutrients in the surface layer (Kremling and Petersen, 1981; 

Saager et al., 1993), probably due to limitation by macro-nutrients that prevents strong 

biological removal of trace elements and to high inputs in surface waters. An eastward 

gradient has been described for surface concentrations of several trace elements including Co 

(Spivack et al., 1983; Achterberg and van den Berg, 1996; Morley et al., 1997; Bonnet et al., 
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2013). It probably results from mixing processes, insignificant recycling (Morley et al., 1997), 

and high atmospheric inputs in surface (Chester et al., 1993). The deep concentrations of trace 

metals are generally uniform over the Mediterranean Sea (Boyle et al., 1985; Achterberg and 

van den Berg, 1996; Morley et al., 1997). Intense horizontal and vertical mixing (Béthoux et 

al., 1980) has been proposed to explain this quasi-conservative deep concentration of 

dissolved trace elements (Achterberg and van den Berg, 1996). Additionally, local 

enrichments of dissolved trace elements were observed near the bottom (Achterberg and van 

den Berg, 1996; Morley et al., 1997), likely due to remobilization of sediments and their 

subsequent dissolution (Achterberg and van den Berg, 1996).  

Dissolved cobalt (DCo) is poorly referenced in the Mediterranean Sea, and the data 

available to date are issued from a few profiles in restricted areas (Ngoc and Whitehead, 

1986; Zhang et al., 1989; Morley et al., 1997, Tankéré, 2000; Heimburger et al., 2011). These 

studies focused on the Western Basin and the Adriatic Sea, thus the distribution of DCo in the 

Eastern Basin is unknown. Furthermore, these previous DCo analyses were performed on 

non-UV digested samples; hence the dissolved concentrations of Co were most probably 

under-estimated. Indeed, the UV oxidation is required to release Co from its complexes with 

strong organic ligands (Vega and van den Berg, 1997). In the Western Mediterranean Sea, the 

vertical distribution of DCo is described by a scavenged-type profile, with high concentrations 

in surface decreasing in intermediate and deep waters, and eventually showing relative 

maxima near the bottom (Ngoc and Whitehead, 1986; Zhang et al., 1989; Morley et al., 1997, 

Tankéré, 2000; Heimburger et al., 2011). Surface DCo maxima were previously related to 

atmospheric crustal input (Heimburger, 2010), and the decreasing concentrations with depth 

to scavenging onto settling particles (Zhang and Wollast, 1990). Nevertheless, apart these few 

investigations, the biogeochemical cycle of Co remains unknown in the Mediterranean Sea. 

 

The Black Sea is the world’s largest anoxic marine basin. Bosphorus provides 312 

km3.yr-1 to the Black Sea in quasi-steady exchange (Gregg et al., 1999). The residence time of 

the deep Black Sea is of the order of 1750 years, thus the anoxic layer is stable, in quasi 

steady state and allows studying the chemistry of trace elements in anoxic conditions at steady 

state. Combined with sedimentary records, understanding the biogeochemical processes 

affecting the vertical behavior of trace elements in the modern Black Sea is a pathway to 

assess the evolution of the trace elements composition of the ocean throughout geological 

timescales. Additionally, anoxic environments are spreading and intensifying in coastal areas 
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due to anthropogenic forcing, hence the study of heavy metals such as Co in the natural 

anoxic marine system of the Black Sea could provide answer to future environmental 

challenges. Cobalt is better referenced in the Black Sea than in the Mediterranean Sea 

(Spencer and Brewer, 1971; Spencer et al., 1972; Murray et al., 1975; Landing and Lewis, 

1991; Haraldsson and Westerlund, 1991; Lewis and Landing, 1992; Guieu et al., 1998; 

Tankéré et al., 2001; Yiğiterhan et al., 2011). There, the vertical distribution of DCo mainly 

depends on the exchanges with particulate cobalt (PCo) that are impacted by the oxygenation 

states. The mechanisms potentially involved in these exchanges include scavenging-

regeneration cycle of DCo with particulate Mn-oxyhydroxides (MnOx) across the oxic-

sulfidic interface, and co-precipitation of  DCo with iron (Fe) oxydes, such as ferrihydrite in 

the deep waters (Lewis and Landing, 1992). In this Sea, the solubility of DCo would poorly 

depend on the complexation with organic ligands (Landing and Lewis, 1991). Considering the 

adsorption of DCo onto MnOx, the Black Sea is thus a perfect playground to study 

scavenging processes of DCo.  

 

The most efficient pathway to transfer trace elements from the continent to the open 

waters could be by atmospheric transport and dust deposition (Boutron et al., 1991; Jickells, 

1995). However, the distribution of DCo in surface waters of the open ocean has been 

described to be poorly impacted by dust deposition (Saito and Moffett, 2002, Bown et al., 

2011). The dust deposition could even be a sink of DCo in surface waters due to its adsorption 

onto sinking lithogenic particles (Aston et al., 1972). The Mediterranean Sea receives one of 

the highest fluxes of dust of any oceanic basin in the world (Chester et al., 1977). Together 

with its low trace metal recycling (Morley et al., 1997), the DCo concentrations should be 

thus much lower there than in other marine system, if the atmospheric particles act as a sink 

of DCo. On the contrary, much higher DCo concentrations are observed compared to other 

oligotrophic domains (Ngoc and Whitehead, 1986). Recent studies indicate a significant 

contribution of aerosols deposition to the Co surface distribution in the subtropical North 

Atlantic gyre (Dulaquais et al., 2014b). In this latter domain, DCo provided by dust 

dissolution could account up to 80% of the mean 29 pM recorded in the mixed layer 

(Dulaquais and Boye, in review). The high dust delivery and the low biological removal of 

bioactive trace metals due to oligotrophic conditions made the Mediterranean Sea particularly 

prone to study the impact of dust deposition on the DCo distribution and concentration. The 

dust deposition in the Mediterranean Sea has been described by a combination of Saharan 
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inputs and European anthropogenic emissions (Chester et al., 1997), those having different 

composition in Co (Guieu et al., 1997). Thus, in this basin an estimation of Co deposition 

should take into account the dust delivery flux and the origin of air-masses.  

 

The purpose of this study is to investigate the spatial and vertical distribution of DCo 

and PCo in order to design a comprehensive biogeochemical cycle of Co in the Mediterranean 

and Black Seas. In this aim, we present along the section GEOTRACES-A04 the widest Co 

dataset obtained in these Seas, and a dataset of particulate key trace elements. The section is 

spreading from offshore Portugal in the eastern Atlantic to the Batumi eddy in the eastern 

Black Sea (Figure 1). Samples were collected in all the different sub-basins of the 

Mediterranean Sea apart in the North-western basin and the Adriatic Sea, and in the anoxic 

waters of the Black Sea. Main sources, sinks and processes that govern the deep and the 

surface distribution of cobalt are investigated.  Tentative deep waters DCo budget is provided 

at basin scale of the Mediterranean Sea. A pioneer model of sea-surface dust deposition is 

also proposed based on particulate aluminum concentrations (PAl) recorded in surface waters. 

This study allows understanding the cycle of DCo in these two semi-enclosed marine systems.   

 

Figure 1: Cruise track of the GEOTRACES-A04N section with the location of the stations sampled for cobalt and particulate 

elements analyses. 

 

2 Method 

 2.1 Cruise track and sampling 

The samples were collected along the GEOTRACES-A04N section (Figure 1) 

spreading from the North East Atlantic (14°W, 40°N) to the Eastern Black Sea (40°E, 42°N) 

during three cruises conducted between May 2013 and August 2013. A total of 68 stations 

were sampled for nutrients analysis, 35 stations for DCo (representing 503 analyses) among 

which 9 stations (133 analyses) were sub-sampled to investigate the partition between soluble 
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(sCo) and colloidal (cCo) cobalt. Furthermore, 19 stations were sampled for particulate trace 

elements (101 analyses) and for particulate nutrient determination (26 analyses).  

All samples were collected using the TITAN-CTD frame of NIOZ (Netherlands), with 

24 ultra-clean sampling bottles of 24.4 L each made of PVDF plastic (Rijkenberg et al., 

2014). The frame was placed in a Class-100 container for sub-sampling (de Baar et al., 2008). 

The samples for DCo analyses were collected after filtration using 0.2 µm Sartobran® 300 

Sartorius® cartridges. sCo samples were collected after filtration using 0.02 µm virosart CPV 

MidiCaps Sartorius® cartridges, themselves connected online to the 0.2 µm Sartobran® 300 

Sartorius®. All seawater filtrations were operated online to the sampling bottle under pure N2 

pressure (filtered 99.99% N2, 0.7 atm) in acid cleaned 250 ml and 60 mL Nalgene® LDPE 

bottles respectively for DCo and sCo. All seawater samples were acidified using ultrapure 

HCl® at 0.01M (Merck) immediately after their collection. Then the acidified samples were 

stored in double bags at dark and ambient temperature, before their analyses in the shore-

based laboratory.  

Particulate trace elements analyses were collected after filtration of 4 to 15 L of 

seawater on 47 mm polyether sulfone filters (PES, Supor®) placed in acid cleaned Teflon 

filter holders (47mm, Savilex®) connected inline to the PVDF ultra-cleaned sampling bottles 

under pure N2 pressure (filtered 99.99% N2, 0.7 atm) using acid cleaned Teflon tubing. 

Immediately after filtration, filters were stored at -20°C in acid-cleaned plastic boxes double 

bagged. Before use, all filters were acid cleaned following the method of Planquette et al. 

(2012). Blank filters were also systematically collected at every sampling station as described 

in Planquette et al. (2012), at least in deep waters  (typically1500 m) and in the surface waters 

(50 m), by filtering seawater firstly through a 0.2 µm pore size capsule filter (Sartobran® 300) 

mounted on the outlet of the sampling bottle. So, the trace metal clean 0.2 µm filtered 

seawater passed through the particle sampling filter, which was attached inline to the capsule 

filter. The standard volumes for these flow-through blanks procedures were 10 L for deep 

waters and 5 L for surface waters.  

Particulate carbon and nitrogen were sampled after filtration of seawater (0.5 to 1.2 L) 

onto 47 mm pre-combusted Whatman-GF/F-filters placed into acid-clean and 5 times MilliQ 

rinced polyethylene sulfone filter holders connected inline to the sampling bottles under pure 

N2 pressure (filtered 99.99% N2, 0.7 atm). Blank of filters were sampled typically at 1500 m 

and 50 m at each sampling station surface (50 m) by filtering seawater (1 L) through a 0.2 µm 
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pore size capsule filter (Sartobran® 300) before passing on the GF/F filter. The GF/F filters 

were stored at -20°C in pre-combusted receptacles. 

 

2.2 Hydrography 

The hydrological parameters (salinity (S), temperature (T), dissolved oxygen (O2), 

conductivity, fluorescence and turbidity) were measured using a SBE9+ underwater sensor, a 

SBE3+ thermometer (± 0.001°C), a SBE4 conductivity sensor (± 0.3 mS.s-1), a SBE43 

dissolved oxygen sensor (± 2%), a Chelsea Aquatracka MKIII fluorometer (± 0.2µg.l-1), and a 

Wetlabs C-Star transmissiometer (± 0.02%.°C-1).  

 

 2.3 Macronutrients analysis 

Nutrient samples were collected in 125 ml polypropylene bottles. The analyses were 

performed onboard from surface to deep waters samples. All the nutrients were analyzed 

onboard by colorimetric methods following the methods of Murphy and Riley (1962) for 

phosphate (HPO4
2-), Strickland and Parsons (1968) for silicate (Si(OH)4), and Grasshoff et al. 

(1983) for nitrate (NO3
-) and nitrite (NO2). 

 

 2.4 Analytical method for cobalt analyses in seawater 

2.4.1Method 

Prior to the analyse, the samples for DCo and sCo analyses were UV-digested (Shelley 

et al., 2010) for 3 h in acid clean silica tubes using a 600 W high-pressure mercury vapor 

lamp (Bown et al., 2011; Dulaquais et al., 2014), and left for an equilibration time of 48 h. 

Dissolved and soluble cobalt concentrations were determined by Flow-Injection Analysis 

(FIA) and chemiluminescence detection following the method adapted from Shelley et al. 

(2010), as described in Dulaquais et al. (2014). The reagents are prepared with trace metals 

quality reagents, as described in Dulaquais et al. (2014). All reagents are prepared under a 

laminar flow hood (ADS Laminaire, ISO 5 class) with ultrapure water (MiliQ, 18.2 mΩ) the 

day before the analysis and kept at room temperature for an overnight equilibration.  

 Procedures for the determination of DCo and sCo concentrations are described 

in Dulaquais et al. (2014). However, due to the wide difference of DCo concentrations 

between the bottom and top depths in the Mediterranean Sea (Lars-Eric Heimbürger, pers. 

comm.), samples from 1000 m depth to the bottom were calibrated against calibration curves 
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made with standard additions of 0, 20, 40, 60, 80 and 100 pM of cobalt to artificial and 

chelex-seawater, whereas the samples from the upper water-column to 950 m depth to were 

calibrated against calibration curves made with standard additions of 0, 50, 100, 200, 300 and 

400 pM of cobalt. The calibrations were performed before and after each series of 8 or 12 

samples. Additionally, due to extremely high DCo concentrations expected in the Black Sea 

(Tankéré et al., 2001), the samples collected in the Black Sea were diluted in MilliQ water by 

a factor 2, 5, 10 or 20 depending of the depth, after the UV-digestion of the sample. For the 

surface samples of the Black Sea, calibration curves were constructed by dilution of artificial 

and chelex-seawater at the same dilution factor than that of the sample using MilliQ, and with 

standard additions of 0, 50, 100, 200, 300 and 400 pM. The DCo concentrations are based on 

triplicate analyses of each sample using the mean peak height of the chemiluminescent signal, 

and they are corrected with respect to blank analyses. Indeed, two to four reagent blanks 

including the buffer blank were analyzed per series of 8-12 samples at the beginning and at 

the end of the series, in acidified MilliQ water instead of the sample (Bown et al., 2011; 

Dulaquais et al, 2014). The final standard deviation of the measurement is calculated by an 

error propagation using the error on blanks, the calibration curves and the deviation of the 

triplicate analyses. Small colloidal Co concentrations (cCo) were calculated by difference 

between DCo and SCo. cCo was thus in the size-fraction >0.02 µm - <0.2 µm.. Standard 

deviation of cCo is determined through the following Equation 1: 

SD cCo = ²√(SD DCo ² + SD SCo ²)      (1) 

 

2.4.2 Analytical performance 

The mean reagent blank (based on all blank determinations) was 4.4 ± 1.8 pM of Co in 

MilliQ (n = 87). The limit of detection of the method estimated as three times the standard 

deviation of the mean reagent blank is thus on average 5.7 pM of Co (n = 108). Each series of 

samples was calibrated by running one reference sample collected during the Sampling and 

Analysis of Iron (SAFe) program or the GEOTRACES program. SAFe and GEOTRACES 

reference-samples were UV-digested for 3 h prior to analysis. The DCo concentrations we 

measured in the reference-samples are in excellent agreement with the consensus values 

(Appendix 2). The analytical precision of the method was determined from repeated analyses 

of the same sample collected at 1000 meters depth in the central Mediterranean Sea, yielding 

an uncertainty of ± 2.1 % expressed as relative standard deviation on the mean (DCo = 47.4 ± 

1 pM; n = 10*3).  
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2.5 Analytical method for the determination of particulate trace elements and 

phosphorus concentrations  

2.5.1Method 

Digestion procedure 

Trace metal grade Ultrapur® and Suprapur® acids (Merck) were used for the digestion 

of the PES filters that followed the procedure described in Cullen and Sherell (1999). 

Manipulations were performed within a class 100 clean hood. The filters were digested in flat 

bottom screw cap Teflon PFA vials (30 mL, Savillex®), as described in Planquette et al. 

(2012). Filters were placed in the vials where 2-3 mL of an acid solution was added (HNO3 8 

M, Merck Ultrapur®; HF 2.9 M, Merck Suprapur®). Vials were then closed and heated at 

130°C on a Teflon thermostated plate during 4 h in a laminar flow Class 100 all plastic fume 

hood. After a short cooling, vials were opened and heated at 110°C to evaporate the acid 

solution and dried the samples. After totally dryness, 6 mL of 0.8 M HNO3 solution spiked 

with indium (1 ppb) and rhenium (10 ppb), used as drift monitor, were introduced in the vials 

and then transferred into acid cleaned 15 mL polypropylene tubes (Corning®) for archiving 

before analysis.  

ICP-MS analysis 

Trace element analyses were performed on a Sector Field Inductively Coupled Plasma 

Mass Spectrometer (SF-ICP-MS) Element-2 (Thermofisher) with variable resolution (R = 

M/ΔM). In this study only the low (R ~ 300) for Cd and Pb, and medium (R ~3000) for other 

elements resolutions were used. 

On the day of analysis, 500 µL of archived solution were pipetted and diluted into 3 

mL of HNO3 (0.8 M) solution in acid cleaned polypropylene tubes (Corning®). Every 8 

samples a replicate as well as a tube blank are prepared.  

Given the variability of concentration range and elemental ratios in the environment, 

two multi-elemental solutions were realized from single element primary standards solutions. 

All working solutions for calibration were prepared from 10 or 1000 mg.L-1 NIST traceable 

primary standards purchased from high purity standards and diluted to appropriated 

concentrations with 0.8 M HNO3. To avoid potential cross contamination when mixing high 

and low concentration standards, two separate multi-element standard curves were 

constructed. One with high concentration for Al, P, Ca, Fe, Sr and Ba and another with low 

concentrations for Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Cd, Mo, Pb and Zr. The two 10 points 

external standards curves were prepared by dilution of multi-element mixed standard stock 
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solution and spiked with indium (1 ppb) and rhenium (10 ppb). The calibration curves cover 

two orders of magnitude of potential concentration variation between the samples and were 

run at the beginning, the middle and the end of each sequence. A typical sequence contains 8 

instrument blanks, 8 tube blanks, 72 samples (including process blanks) and 16 samples 

spiked with multi-element standards solution. Relative standards errors on the measurement 

are determined by the ICP-MS software. 

 

2.5.2 Analytical performance 

The analytical performances are presented for the only 5 elements of interest in this 

study (Co, P, Al, Mn, Fe). Accuracy of the method was determined by running the same 

sample during the same sequence (each 8 samples). Analytical reproducibility was always < 

10% for all elements. Results of mean instrument, digestion, process blanks are reported in 

Appendix 2 and show different patterns for the different elements. While the filter itself is the 

main contributor to the mean blank for Al, the filtration and the digestion procedure are the 

prevailing sources of contamination for P and Co respectively. As described in Planquette et 

al. (2012), instrument blanks were exceeded by a large factor by process and filter blanks. At 

date, there is no available CRM for marine suspended particles, hence we compare results for 

dried powder CRM of phytoplankton (BCR-414a). Regarding uncertainties of the method and 

certified values for this material, data are validated (Appendix 2). 

 

2.6 Analytical method for the determination of particulate organic nitrogen and 

carbon concentrations 

As describe in L’Helguen et al., (2014), before analysis, filters were placed in a dessicator 

with fuming HCl Normapur® (10 N, Merck) during 4 hours to eliminate the inorganic phase, 

then filters were over dried for 24 h (60°C). Particulate organic carbon (POC) and particulate 

organic nitrogen (PON) concentrations were quantified with a mass spectrometer (Delta+, 

ThermoFisher Scientific) coupled with a C/N analyser (Flash EA, ThermoFisher Scientific) 

via a type III-interface. The limit of detections of the method estimated as three times the 

standard deviation of the mean reagent blank were, on average, 0.51 and 0.06 μmol L−1 for 

POC and PON concentrations, respectively. 
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3 General circulation 

3.1 Eastern Atlantic and Gibraltar Strait 

Briefly, the section started offshore of Portugal in the mid latitudes of the North-

eastern Atlantic Ocean (14.2°W; 39.7°N), followed a south-east transect (Figure 1) and 

entered into the Mediterranean Sea through the Strait of Gibraltar. In the Atlantic sector 

(Stations 1a to 4a), different water masses were characterized. The surface (0-250 m) was 

characterized by relatively salty and low dense waters (Figure 2a). Deeper, the North Atlantic 

Central Waters (NACW) mostly composed of Antarctic Intermediate Waters (AAIW) flowing 

northward across the Eastern Atlantic can be located between 400 and 750 meters. They 

dispatch lower salinities (Figure 2a; Tsuchiya et al., 1992) compared to the underlying 

Mediterranean Outflow Waters (MOW) centered at 1000 meters (Figure 2a). The high salinity 

signature of the MOW is entrained into the Atlantic Ocean from Gibraltar, by the AAIW (van 

Aken, 2000a). The upper MOW (750-1000 m) is mixed with the AAIW, and the lower MOW 

(1000-1250 m) with the Labrador Seawater (LSW). However, these latter ones could not be 

discerned at our latitudes (Tsuchiya et al., 1992). The North Eastern Atlantic Deep Waters 

(NEADW) are observed between 1500 and 2500 m. At this location, the NEADW are 

composed of MOW, LSW, Iceland Scotland Overflow Water (ISOW) and Lower Deep waters 

(LDW), accounting, respectively, for 5, 29, 17 and 49% (estimated after van Aken, 2000b). 

Below 2500 meters, the LDW are mixed with Antarctic Bottom Waters (AABW) flowing 

northward (Mantyla and Reid, 1983; McCartney, 1992; Schmitz and McCartney, 1993).  

The water budget at Gibraltar varies widely depending on the different studies from 

simple to double (see review of Ribera d’Alcalà et al., 2003). The Gibraltar experiment by 

Bryden and Kinder (1991) on the dynamic of this strait indicated inflow of Atlantic Waters 

(AW) in the top 160 m above the isohaline 37, whereas the outflow of MOW occur below (> 

160 m depth). The inflow and outflow fluxes reported by Bryden et al. (1994) and Béthoux et 

al. (1980) vary by factor 2, but a relatively similar value of the net water inflow flux entering 

the Mediterranean Sea is estimated in both studies (~ 0.06 ± 0.02 Sv, where 1 Sv = 106 m3 s-1). 

This average value is similar to the net inflow flux estimated over with the last 20 years 

records (0.057 ± 0.009 Sv; Boutov et al., 2014) and compensated the net evaporation of 50-

100 cm.yr-1 in the Mediterranean Sea (Marrioti et al., 2002).  In this study, we will use the 

historical water fluxes determined by Béthoux et al. (1980). 

It is admitted that the outflow of MOW at Gibraltar mainly consists of modified 

Levantine Intermediate Waters (LIW; Millot, 1999). Inflowing Atlantic waters (AW) are a 
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mix of NACW, North Atlantic Surface Waters (NASW) and Waters from the Gulf of Cadix 

(GCW; Elbaz-Poulichet et al., 2001a). These inflowing AW are influenced, among others, by 

shelf exchanges, riverine inputs and anthropogenic sources (Boyle et al., 1985; van Geen et 

al., 1997, Elbaz-Poulichet et al., 2001a) that mainly occur in the Gulf of Cadix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Mediteranean Sea 

Passing the Gibraltar Strait, the section enters into the Mediterranean Sea. The 

thermohaline circulation of this sea drives the transport of the water masses in and across the 

different sub-basins. Overall, an overturning circulation, specific circulations in the different 

basins, shelf-slope exchanges and meso-scale dynamics, all contribute to advection and 

Figure  2 : Contour plots versus depth of a) salinity; b) dissolved oxygen; c) apparent 
utilization of oxygen (AOU) between Stations 1a and 6a. North Atlantic Central 
Waters (NACW); Mediterranean Outflow waters (MOW); Lower Deep Waters 
(LDW); Atlantic inflowing Waters (AW); Levantine Intermediate Waters (LIW); 
Western Mediterranean Deep Waters (WMDM); North East Atlantic Deep Waters and 
Antarctic Intermediate Deep Waters (AAIW) are labeled. Arrows indicate the water-
flow direction at the Gibraltar Strait. 
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exchanges of nutrients and trace elements between the different sub-basins (MerMex group, 

2011). Based on its stratification, the Mediterranean Sea could be defined as a three layers 

system (Ribera d’Alcalà et al., 2003), with the surface (0-200 m), intermediate (200-600 m) 

and the deep layer (600 m-bottom). 

 

Surface circulation 

The Mediterranean Sea has a negative water budget due to strong evaporation (Millot, 

1999). Indeed, fresh and rain water inputs do not compensate the evaporation, thus the inflow 

of surface AW through the Strait of Gibraltar is required to compensate this loss. Incursion of 

the less dense AW mainly drives the surface circulation of the entire Mediterranean Sea 

(Figure 3a), by following counterclockwise continental slopes. This circulation is mainly due 

to Coriolis effect (Millot & Taupier-Letage, 2005a), as well as to mesoscale instability, 

especially in the Algerian Gyre (Millot, 1999). Along the circulation in the Mediterranean 

Sea, AW are modified, among other, by mixing with the low dense Black Sea waters in the 

North Aegean Sea and with the fresh waters of the Pô River in the Adriatic. The strong 

evaporation in the eastern Mediterranean Basin also modifies AW during their transport, 

leading to the warmest and saltiest surface waters found in the Mediterranean Sea close to 

Rhodes Island (Figure 3a; Millot & Taupier-Letage, 2005a). Surface mesoscale instabilities 

can also modify the properties of AW by mixing with intermediate waters especially in the 

Eastern Algeria area, the Central Ionian Sea and close to the Lybio-Egyptian continental slope 

(Figure 3a; Millot & Taupier-Letage, 2005a). In the Mediterranean Sea, the surface inflow 

from the eastern basin to the western basin is limited.  The AW, the fresh Black Sea and Pô 

river waters, as well as their modifications, can be tracked across the different basins with 

their sub-surface salinity signatures (Figure 3a).  

The surface Mediterranean Sea is highly stratified from spring to late fall and the 

residence time of surface waters are short (20-50 years; MerMex group, 2011). Thus, 

hydrographic exchanges between surface and deeper waters are limited, and predominantly 

occur in the forming areas of intermediate and deep waters.  
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Figure 3 : Spatial distribution of salinity at: a) the subsurface (10 m); b) 400 m depth; c) 1000m depth, and d) 2500 m depth 
along the GA04N section. Arrows indicate the simplistic surface (red) and deep (dark) circulations in the Mediterranean Sea. 
Dashed circles indicate location of physical quasi permanent instabilities. Crossed red circles indicate locations of deep 
convection. 
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Intermediate circulation 

Both Eastern and Western north part of the Mediterranean Sea suffer intense dry and 

cold North winds during winter, generating dense waters prone to deep convection. Wind-

stress is especially severed in the North Levantine basin, south-east of Rhodes Island (Millot 

and Taupier-Letage, 2005a). There the AW are the warmest and the saltiest of the Sea, the 

winter cooling of this area induces a convection of a large volume of waters to the 

intermediate depths that form the LIW and then spread in the wole basin at 200-600 m. 

Similarly to AW circulation, LIW are transported and modified along the entire 

Mediterranean Sea by Coriolis effect and by mesoscale instabilities (Millot, 1987; Millot & 

Taupier-Lepage, 2005b). Due to the topography LIW only penetrate into the Western Basin 

across the Sicilian Strait (Figure 3b). In the Western basin, modified LIW follow the northern 

continental slopes (Figure 3b), and finally outflow across the Gibraltar Strait (Millot & 

Taupier-Lepage, 2005b). Additionally to LIW, specific intermediate waters are also formed in 

the Cretan Sea, Adriatic Sea, the Gulf of Lion and the Ligurian Sea (Figure 3b; Millot, 1999). 

These waters can be tracked with the salinity recorded during the cruises at intermediate 

depths (Figure 3b).  

 

Deep circulation 

The Eastern Mediterranean Deep Waters (EMDW) are formed in two distinct areas. In 

the Cretan Sea, the LIW mix with the dense Aegean deep waters (AeDW) formed in the south 

Aegean Sea. In the North Ionian Sea, the modified LIW mix with the Adriatic deep waters 

(AdDW) formed in the South Adriatic Sea. Due to their high density these two similar dense 

water-masses dive to form EMDW that circulate counterclockwise along the slopes below 

600m depth. The denser EMDW waters are formed during winter and feed the greatest depth 

(> 2000m) of the Eastern Basin (Figure 3d).  

In the Western Basin, the deep waters are composed of Western Mediterranean Deep 

Waters (WMDM) formed in the Gulf of Lion and of Tyrrhenian dense waters (TDW). TDW 

result from the mixing of EMDW, LIW and WMDW. The flow of the WMDW and TDW 

strongly depends of the Western Basin topography aditionally to their density. Indeed, the 

denser WMDW is trapped in the deep (> 2000m) western side of the basin (West of Sardinia 

Channel, Figure 3d). At shallower depths, (600-2000m) modified WMDW can enter into the 

Tyrrhenian Sea where they mix with TDW and then outflow from the Tyrrhenian Sea by the 
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Sicily Channel. Then these modified western deep waters flows along the Sardinia / Corsica 

slopes up to the Ligurian Sea (Figures 3c).  

The residence time of deep water-masses is short in the Mediterranean Sea, ~25 yr in 

the Western Basin and ~50 yr in the Eastern basin (after Ruiz-Pino et al., 1990). In addition to 

the Coriolis effect which mainly drives the deep circulation in both Eastern and Western 

Basins, the Bernoulli effect at the Gibraltar (Kinder and Parilla, 1987) accounts for the shorter 

residence time and more intense conveyor belt recorded in the Western Basin compared to the 

Eastern Basin (Millot & Taupier-Letga, 2005a). 

 

3.3 Black Sea 

The Black Sea is a quasi-enclosed marine system connected to the Marmara Sea 

through the Bosphorus Strait (Figure 4a) itself connected to the Aegean Sea by the 

Dardanelles Strait.  The discharge of the surrounding rivers decrease the salinity in the surface 

waters (S ~18, Figure 4b), whereas the Mediterranean salty inflow spreading at intermediate 

depth and then dive to the bottom (S ~22, Figure 4b). Both generate a sharp pycnocline at 

around 100-150 m depth (Figure 4b). The water flows across the Bosphorus Strait are 

balanced between the Black and Mediterranean Seas (Oguz, 2005). The inflow into the Black 

Sea is estimated to 0.01 Sv (Unlata et al., 1989). 

 

Figure 4 : (a) Spatial distribution at 10 m depth of the salinity in the Black Sea along the GA04N section. Arrows indicate 
the simplistic surface circulation of the Rim Current. The Batumi Eddy (BE) is also indicated. (b) Vertical distribution of the 
salinity from the Marmara Sea to the Batumi Eddy during the GA04N section. Arrows indicate the direction of outflow Black 
Sea Surface Waters (BSW) and of the Mediterranean Inflowing Waters (MIW). 
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Surface circulation 

A cyclonic boundary surface current (Figure 4a) flows along the continental slope, 

with a typical speed of 0.3-0.5 m.s-1 that can be recorded as deep as 300-400 m (Oguz et al., 

1993). Prone to strong wind stress, several mesoscale gyres are frequently observed in the 

Black Sea. Two predominant cyclonic gyres are observed, in the Western side and in the 

Eastern part of this Sea. A quasi-permanent anticyclonic eddy (called Batumi eddy) is also 

observed in the South-eastern side of the Black Sea (Figure 4a; Oguz et al., 1995).  

Deep circulation 

The extremely rough meteorological conditions of this region during the wintertime 

(influenced by the continental weather) generate the formation of dense waters on the shelfs 

and in the center of the two cyclonic gyres. There, the dense waters dive to the intermediate 

depths, where they form the cold intermediate layer (Shapiro, 2009). The Mediterranean 

inflow feeds the deep Black Sea in salts (Gregg et al., 1999). This inflow partly entrains the 

intermediate cold waters to the deep (Murray et al., 1990; Özsoy et al., 1993). The mixing of 

intermediate and deep waters is enhanced by mesoscale eddies and basin-scale circulation 

(Oguz et al., 1995; Shapiro, 2009). 

  

4 Biogeochemical features  

4.1 Eastern Atlantic and Gibraltar Strait 

Nutrients and oxygen distributions  

Nutrients concentrations recorded in the Atlantic sector are similar to those previously 

reported by van Haken et al. (2000 a,b). The low concentrations of nitrate, phosphate and 

silicate in surface waters that increase with depth (Figure 5) reflect their uptake in surface 

waters and accumulation in deep waters, likely due to cumulative remineralization along the 

deep circulation in the Mediterranean Sea. Stoichiometric N/P ratio was about 15.9/1 M/M 

below 250 m depth, similar to the Redfield Ratio (RR = 16/1 M/M; Redfield, 1963). The 

vertical and zonal distributions of oxygen and apparent utilization of oxygen (AOU) are 

reported on Figures 2b&c, respectively. The oxygen distribution showed a well oxygenated 

surface layer, a decrease with depth until an oxygen minimum depth (OMD) which was 

generally centered between 750 and 1250 meters depth. The OMD resulted from mixing 

between two poor oxygenated water-masses, the MOW and the AAIW. Below the OMD, 

oxygen levels increased to reach a deep maximum located at around 2000-2500 meters depth, 
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in the well oxygenated NEADW. Deeper oxygen slightly decreased. The AOU profiles 

allowed to better discern the recently formed NEADW with its significantly lower AOU 

values compared to the other water-masses (Figure 2c). Deeper older water-mass with a 

component of AABW displayed a relatively high AOU (98 µM) resulting from cumulative 

remineralization as exemplified by the high nutrient concentrations recorded in this water 

mass (Figure 5).  

 

Figure 5: Vertical distributions of: a) nitrate; b) phosphate; c) silicate concentrations between Stations 1a and 6a (labelled).  

 

An elevated AOU signal (> 100 µM) was recorded near 800 meters depth close to 

Gibraltar (at Station 4). Anomalies of high concentrations were also observed there for nitrate 

and phosphate (Figure 5), and to a lesser extend for silicate. Those signals are significantly 

higher than those observed in the core of MOW (AOU ~90 µM which is likely flowing deeper 

(~1000 m; Figure 2a). The intrusion of the old AAIW enriched in macro-nutrients and marked 

by a high AOU signal (100 µM; van Haken 2000b), and/or high remineralization of terrestrial 
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matter discharged by Spanish Rivers in the Gulf of Cadix located north of this station, could 

both be invoked to explain those anomalies.  

The budget of macro-nutrients reported at Gibraltar widely varied in the literature, but 

all studies are according to suggest that the Gibraltar circulation induce a net loss of nutrients 

to the Mediterranean (see review by Ribera d’Alcalà et al., 2003).  

 

4.2 Mediterranean Sea 

Nutrients and oxygen distributions 

The Mediterranean Sea is known to dispatch low nutrients concentrations in deep 

waters, peculiar stoichiometric N/P ratios compared to other oceanic domains (Figure 6), and 

oligotrophic conditions which increase eastward (Figure 7; Béthoux et al., 1998, 2005; Bosc 

et al., 2004). In this semi-enclosed sea, inputs by the atmosphere, groundwater and rivers, all 

forced by anthropogenic pressures, are major sources of phosphate and nitrogen, rather than 

basin exchanges. Indeed, nutrient inputs from the Atlantic to the Western Basin at Gibraltar 

and from the Black Sea to the Eastern Basin through Bosphorus account for less than 30% 

and 1% of the total nutrient inputs to the Western and Eastern Basin, respectively (Béthoux et 

al., 1998; Krom et al., 2004). The vertical distributions of nitrate, phosphate, silicate and 

oxygen concentrations, as well as apparent oxygen utilization (AOU) are presented for the 

different sub-basins of the Mediterranean Sea (Figure 6). The values reported are in excellent 

agreement with previous studies (see review of Ribera d’Alcalà et al., 2003). 

In the Western Basin, the nutrients showed the lowest concentrations in surface, then 

an increase with depth (Figure 6), and they reached their maximum values at the OMD (O2 < 

180 µM; Figure 6d) which is generally located near 500 ± 100 meters depth. This OMD 

probably resulted from remineralization of biogenic material. A slight decrease of nutrients 

concentrations was observed below the OMD. The influence of the Eastern Basin to the 

Western Basin can be discerned in the Tyrrhenian Sea by the lower nutrients concentrations in 

the 500-1500 meters layer compared to the rest of the Western Basin (Figure 6). The Eastern 

Basin showed extremely low nutrients concentrations in surface waters (Figure 6), which 

featured ultra-oligotrophic conditions. The nutrients concentrations increased with depth, 

reaching their maximum concentrations at the OMD located deeper than in the western basin 

(~750 m). Below the OMD nutrient concentrations decreased with depth. The southern edge 

of the Adriatic (Station 7c, 8c, 9c; Figure 1) dispatched low nutrients concentrations (Figure 

6), and oxygenated waters (Figure 6). In the shallow waters of Aegean and Cretan Seas, 
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Figure 6: Vertical distributions of a) nitrate + nitrite; b) phosphate; c) silicate; d) dissolved oxygen; e) dissolved N/P ratio 
along the GA04N-section. Few stations numbers are labelled. The different sub-basins are labeled as following: 1) North 
Eastern Atlantic; 2S and 2N) South and North Western Mediterranean Basin, 3S and 3N) South and North Ionian Sea; 4) 
Levantine Basin; 5) Cretan Sea; 6) Tyrrhenian Sea. The Gibraltar Strait (GS), Sicily Strait (Si S), Otranta Strait (OS), Messine 
Strait (MS) and Bonifacio Strait (BS) are indicated on panels (a) and (d). 
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In both Western and Eastern Basins, the highest nutrients concentrations were 

recorded at depth in the OMD. The relationship observed between AOU and the nutrients 

concentrations indicated significant correlation in intermediate and deep waters (Figure 8), 

likely resulting from remineralization of organic matter into inorganic products by the 

consumption of oxygen. Tight correlations were observed in the Eastern Basin (Figures 8d-e-

f), but different relationships were observed in the Western Basin in the core of the WMDW 

(Figures 8a-b-c). This different pattern might be related to a nutrients specific signature of the 

North-western Mediterranean Sea, where WDMW are formed.  

 The nutrient concentrations recorded along the GA04N section were higher in the 

Western compared to the Eastern basins, which contrasts fairly with remineralization 

processes that should increase the nutrients concentrations with ages of deep water masses, 

thus eastward. For instance, the Eastern deep water masses have a longer residence time 

compared to Western deep water masses (~ 50 and 25 yr, respectively), whereas nutrients 

deep concentrations and AOU were lower. The anti-estuarine circulation of the Eastern basin 

and the difference in the productivity between the two basins can both explain this anomaly. 

Indeed, the deep waters outflowing from the Eastern basin towards the Strait of Sicily are 

enriched in nutrients compared to the nutrients-depleted inflowing waters, inducing a net loss 

of nutrients for the Eastern basin (Béthoux et al., 1992; Ribera d’Alcalà et al., 2003; Krom et 

al., 2010). The higher productivity in the Western basin compared to the Eastern basin (Figure 

7, Moutin and Rimbault, 2002; Bosc et al., 2004) could also be invoked. The higher 

downward flux of biogenic material, and its subsequent remineralization would also lead to 

higher nutrients concentrations and higher AOU in the West compared to the East (Ribera 

d’Alcalà et al., 2003).   

 

Figure 7 : Spatial distribution of integrated Chlorophyll a concentrations between 0 and 200 meters (data derived from 
fluorescence) along the GA04 section. 
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N/P stoichiometry 

Another characteristic of the Mediterranean Sea is the specific nutrients stoichiometry 

of the different basins as we observed. Indeed, while most of surface waters showed N/P 

ratios lower than the RR, the intermediate and deep waters displayed dissolved N/P ratios 

higher than the RR (Figure 6e). The RR describes a nutrient stoichiometry normalized to 

phosphate of 1/16/106/138 for P/N/Si/C/ΔO2, respectively (Redfield et al., 1963). These 

stoichiometric ratios have been revisited by Anderson and Sarmiento (1994) providing ratios 

of 1/16/117/170 for P/N/C/ΔO2 for the global ocean. However, in the Mediterranean Sea, 

much higher N/P ratios of 26.9/1 and 22.1/1 were recorded in our study for the Eastern and 

Western basins, respectively, in agreement with previous reported values (Ribera d’Alcalà et 

al., 2003; Krom et al., 2010). Over the past 20 years, several studies attempted to resolve this 

Mediterranean stoichiometric anomaly (Béthoux et al., 1992, 1998, 2002; Sarmiento et al., 

1988; Gruber and Sarmiento, 1997; Pantoja et al., 2002; Ribera d’Alcalà et al., 2003, Krom et 

al., 2004, 2010) and two hypotheses still persist. The older hypothesis was historically 

proposed by Béthoux et al. (1992) and suggests that all the nutrients inputs in the 

Mediterranean Sea have an N/P ratio equal to, or lower than the RR. It is then argued that 

intense N2 fixation by seagrass and diazothroph phytoplankton is required to elucidate the the 

high N/P anomaly. A second hypothesis proposed by Krom et al., (2004) based on budget of 

nutrients inputs argued that all the nutrient sources (atmosphere, coastal and rivers) have an 

N/P ratio higher than the RR (Krom et al., 2004, Ludwig et al., 2009; MerMex group, 2011). 

Then, considering the oligotrophy of the Mediterranean Sea, the well oxygenation of deep 

water masses and the short residence time of the Mediterranean waters, the biogeochemical 

changes of the N/P ratio (through biological uptake, denitrification or anammox processes) 

could be restricted before the outflow across Sicily channel and Gibraltar strait, explaining the 

N/P anomaly. Consequently to the high N/P ratio observed in Mediterranean Sea, an overall 

P-limiting condition is assumed (Krom et al., 2010). However, surface P-limitation could shift 

into N-limitation especially during the winter (Marty el al., 2002).  

Our investigations on nutrient particulate C/N/P stoichiometry in the surface waters 

(0-200 m) show a mean nutrient  C/N/P ratio of 131/19/1 (normalized to P; n = 23) during the 

cruises, similarly to the ratio reported by Pujo-Pay et al. (2011). These observations suggest 

that the biological nutrient fractionation could not itself explain the N/P anomaly.  

 

 



163 

 

Table 1: Mean nutrients and cobalt stoichiometries in the particles collected in surface waters (0-100m) along 

the GA04-section. 

Sector sub-basin mean C/N/P 
mean Co/P 
(µmol/mol) 

mean Co/C 
(µmol/mol) 

Co/C 
estimated* 
(µmol/mol) 

Atlantic Eastern Atlantic 116/15/1 (n =5) 90.5 (n =5) 0.89 (n = 5) 0.78 

Western 

basin 

Alboran Sea 82/14/1 (n =3) 241.7 (n =6) 4.60 (n =3) 2.95 
Central Western 

basin 
181/18/1 (n =6) 246.5 (n = 6) 1.59 (n =6) 1.36 

Tyrrenhan Sea 121/19/1 (n =1) 164.5 (n =5) 1.26 (n =1) 1.36 

Eastern 

Basin 

Ionian Sea 158/24/1 (n =3) 246.9 (n =7) 1.35 (n =3) 1.56 

Levantine Basin 128/15/1 (n =3) 567.1 (n =3) 5.16 (n =3) 4.43 

Black Sea Western Gyre 158/18/1 (n =1) 215.4 (n =3) 2.34 (n =1) 1.87 
* mean Co/P divided by mean C/P 

 

 

Additionally we investigate the N/P ratio provided by the remineralization processes 

(ΔN/ΔPremineralization ) that can be estimated following Equation (2). The value of 

ΔN/ΔPremineralization estimated that way is equal to about 21.4 in the Western and 25.2 in the 

Eastern basins, suggesting preferential remineralization of N over P. These higher N/P ratio 

than that given by RR can be seen as a preferential remineralization of N compared to P 

(Figure 8). This preferential remineralization could explain the N/P anomaly in the western 

Basin but not in the eastern basin.  

ΔN/ΔPremineralization = ΔN/ΔAOU * (ΔP/ΔAOU)-1   (2) 

 

 

Figure 8 : Scatter plots of: a) nitrate + nitrite (Total N), b) phosphate, c) silicate concentrations versus the apparent 
utilization of oxygen (AOU). The color scale stands for the longitude of the sample (°E). 
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Chlorophyll a, nitrite and particulate nutrients stoichiometry 

Strong seasonal variability in the trophic and biogeochemical conditions is commonly 

observed in the Mediterranean Sea (Marty et al., 2002), as well as a high spatial biodiversity 

between and within the different sub-basins (Ignatiades et al., 2009). Additionally, meso-scale 

structures like eddies strongly impact the phytoplankton distributions (Vidussi et al., 2001). 

Indeed, the anti-cyclones commonly observed in the South-eastern Mediterranean (Millot and 

Taupier–Lepage, 2005) can maintain ultra-oligotrophic conditions by lowering the exchanges 

between intermediate and surface waters, hence they could impact the phytoplankton 

distributions and productivities (Vidussi et al., 2001). Differently, the cyclones in the North 

Ionian Sea observed during the winter can promote the nutrients availability to phytoplankton 

and increase the new production in this area (Vidussi et al, 2001).  

At the time of sampling, the upper vertical distributions of Chl a and nitrite are 

presented on Figure 9. Mostly resulting from nitrification processes and considering its short 

life in oxygenated seawater, nitrite can be used as a tracer of the nitrate regeneration at depth, 

as well as to track the biological state of the system (pre/in/post bloom). The elemental P/N/C 

compositions of particulate matter collected in the Chl a maximain the different basins are 

reported in Table 1 and provide indications on the possible dominant taxa.  

 

Figure 9: Vertical distributions in the top-250 m of: a) Chlorophyll a (fluorescence derived); b) nitrite concentrations along 
the section. Few stations numbers are labelled. The different sub-basins are labeled as indicated in Figure 6.  
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In the Western basin, the Alboran Sea and close to the Algerian coasts, Chl a maxima 

were significantly high and shallow (~50 m), generally exceeding 0.4 µg/L and up to 0.6 µg/L 

(Figure 9). There, Chl a and nitrite relative maxima did not correlate (Figure 9), which could 

reflect a productivity based on new production during the springtime over the period of 

sampling. During our sampling (late spring) the stratification was still smooth, thus nutrients 

availability could keep relatively enhanced, hence it could have sustain relatively high Chl a 

concentrations and new primary production. In the Alboran Sea, the relatively high Chl a 

concentrations in the top to 55 m (> 0.5 µg/L) were associated with stoichiometric P/N/C 

ratios of 1/20/125 in the first 10 m, and of 1/12/62 in the layer between 25 and 55 m depths. 

Those elemental ratios are similar to the elemental compositions of cyanobacteria and of 

estuarine diatoms, respectively (Ho et al., 2003; Bertilson et al., 2013), suggesting that two 

different communities of phytoplankton dominated the surface layer, with cyanobacteria 

located at the subsurface and diatoms deeper.  

Offshore of the Algerian coasts (e.g. Station 11a), the depths of Chl a and nitrite 

maxima were similar (Figure 9). The dissolved Silicates concentrations were depleted, and the 

particulate elemental stoichiometric ratio of 1/14/87 was in excellent agreement with the 

elemental composition of the diatom Thalassiosira weissflogii (Ho et al., 2003). These 

features suggested that we may have sampled in a post diatoms bloom area, which is further 

supported by reported significant proportion of diatoms in this area (Ignatades et al., 2008). 

The Tyrrhenian Sea and the central part of the Western basin both sampled in summertime 

were marked by low and deep Chl a maxima (apart at Station 17c where Chl a = 0.7 µg/L), 

likely due to strong stratification of surface waters and low inputs of nutrients from below. 

Relative maxima of nitrite were observed in or just below Chl a maxima (Figure 9), 

suggesting regenerated production during this stratification period (as previously observed by 

Marty et al., 2002). The P/N/C stoichiometric ratio in the Chl a maxima were of 1/18/123 in 

the Tyrrhenian Sea, and 1/20/122 in the central of the Western basin (Table 1). These ratios 

are similar to those of dinoflagellates and cyanobacteria, respectively (Ho et al., 2003; 

Bertilson et al., 2013). Hence, dinoflagellates and cyanobacteria were likely dominating the 

micro- and nano-pico- plankton assemblages, respectively. 

In the Eastern basin, the fluorescence maxima were generally observed around 75 

meters depth. In the ultra-oligotrophic south-eastern basin (Figures 7 and 9) extremely low 

Chl a maxima  were recorded (< 0.1 µg/L). Elemental P/N/C stoichiometry ratios of ~ 

1/22/171 were recorded in the Chl a maxima at Stations 16 and 21, similar to the nano-
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phytoplankton elemental composition (Ho et al., 2003). Nano-plankton is indeed abundant in 

this part of the Mediterranean Sea (Christaki et al., 2001; Vidussi et al., 2001). Differently, 

Station 18 was marked by a P/N/C elemental stoichiometry of 1/22/80, which is likely similar 

to the elemental composition of diazotrophs (Sañudo-Wilhelmy et al., 2001).  

Near of Rhodes Island and in the Cretan Sea, low Chl a and higher nitrite 

concentrations compared to nitrate (NO2> NO3) were recorded, both suggesting that primary 

production could be dominated by regenerated production.  

The northern Ionian Sea and the south Adriatic Sea were marked by Chl a maxima 

generally higher than 0.2 µg/L, reaching up to 0.46 µg/L near the Strait of Messine (Figures 7 

and 9). The relatively high concentrations of nitrite recorded in this basin suggested that 

regenerated production can sustain the primary production there. Nano-plankton and 

cyanobacteria can be the dominant phytoplankton functional groups in these waters during 

summer (Rabitti et al., 1994). 

 

4.3 Black Sea 

The Black Sea is the widest anoxic basin on Earth, and it is a unique environment to 

study natural redox reactions of the different elements and their possible evolution along the 

ocean oxygenation modifications over the past.  

 

Surface biogeochemical features 

The surface waters of the Black Sea (0-40m) were marked by extremely low nutrients 

concentrations which likely resulted from strong phytoplankton assimilation. Maximum of 

Chl a ranged from 0.25 µg/L, at the edge of the Batumi eddy, to 0.9µg/L in the center of the 

eastern gyre. These maxima were generally observed in the thermocline, just above the 

suboxic zone, and could mainly consist of biogenic debris (Tankeré et al., 2001). 

Dinoflagellates can be the dominant phytoplankton group in the Western part of the Black Sea 

during the summertime of the period of sampling (Uysal et al., 1998), whereas chlorophyceae 

can dominate in the Eastern basin during this period (Uysal et al, 2001). The surface P/N/C 

stoichiometric ratio normalized to phosphate of 1/18/156 recorded in the Western part of the 

Black Sea influenced by riverine inputs (Station 2b, Table 1) was similar to the elemental 

composition of the estuarine dinoflagellates specie Amphidinium carterae (Ho et al., 2003), in 
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good agreement with previous taxomomy studies in these waters (Uysal et al., 2001; Eker et 

al., 2000).  

 

Oxic-anoxic transition layer and nutrients behaviors 

 

Since we sampled mostly in the open 

Black Sea, each nutrient display a single 

behavior all along the Black Sea transect 

(Figure 10). In this basin, oxygen 

concentrations recorded were extremely low 

apart in the ventilated surface waters, and a 

deep sulfidic layer was observed below 200 

meters. Silicate and phosphate 

concentrations recorded in the Black Sea 

were significantly higher than those 

observed in the Mediterranean Sea, on the 

contrary to nitrite and especially nitrate 

which were significantly lower in this Sea 

compared to the Mediterranean Sea. Strong 

stratification of the water column was 

observed due to a marked thermocline (20-

50 m) and halocline (40-120 m, Figures 4b). 

The oxic-anoxic transition layer, also called 

the suboxic zone, was generally located 

between 50 and 120 meters depth (Figure 10), except in the Batumi eddy where this layer was 

deeper probably resulting from the permanent anti-cyclonic circulation of  this gyre (Figure 

10). The depth of the upper boundary of the suboxic zone is determined by the balance 

between oxygen injected in surface by the convection and the oxygen consumed by oxidation 

of organic matter (Konovalov and Murray, 2001). The injection of oxygen into the upper 

sulfidic zone by the Bosporus Plume can play a role to delimit the depth of the lower edge of 

the suboxic zone (Konovalov and Murray, 2001; Konovalov et al., 2003). Below 120 meters 

depth in the open Black Sea and below 200 meters depth in the Batumi gyre, the waters were 

anoxic, and the sulfide concentrations increased with depth (Figures 10-11).  

Figure 10: Vertical distributions of:  a) phosphate, b) 
dissolved oxygen, c) sulfide concentrations in the 
Black Sea during the GA04 section. Anoxic-sulfidic 
transition layer and sulfidic reservoir are indicated. 
Few stations numbers are labelled. 
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Figure 11: Vertical distributions of: a) phosphate, b) nitrate (green line) and ammonium (black line), c) silicate, d) dissolved 
oxygen (O2, blue line) and sulfides (HS-, red line) in the central Black Sea (Station 5b). Note: nitrate are reduced into 
ammonium in the anoxic-sulfidic transition layer located at 100 meters depth. 

 

The macro-nutrients (Si, P, N) were depleted in surface waters (0-75m), and they 

increased with depth until the upper boundary of the suboxic layer. From this depth, silicate 

continuously increased with depth (Figure 11c) likely due to remineralization of sinking 

particulate material, whereas phosphate increased up to the bottom of the suboxic zone then 

decreased in the upper part of the anoxic layer before  increasing again up to bottom (Figure 

11a). The second increase generally occurs when sulfide concentrations reached values of 

about 10 µmol.kg-1. Such distribution of phosphate has been previously observed in the Black 

Sea, and the decrease of phosphate concentrations in the upper anoxic layer could be due to 

scavenging of P onto manganese oxides (MnOx). The reduction of MnOx due to increasing 

sulfide concentrations (Shaffer, 1986) can then release phosphate deeper. The different 

chemical species of nitrogen (NO3, NO2, NH4) showed specific distributions (Figure 11b). 

Nitrate and Nitrites generally displayed maxima at the bottom of the suboxic layer, below 

which the concentration strongly decreased to reach undetectable value in deep waters. The 

reduction of nitrate and nitrite into ammonium is well known in the deep Black Sea due to 

their denitrification in the presence of sulfur. Ammonium is indeed accumulating in the deep 

anoxic basin (Figure 11b). 
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5 Cobalt biogeochemistry  

 

5.1 Overview of vertical distributions 

Dissolved cobalt 

The distribution of DCo in the Atlantic sector of the section showed a nutrient like 

distribution in the upper waters (0-200m), an increase up to intermediate depth and a deep 

distribution which can be related to water masses circulation (Figure 12a, 13a, 14).  

In the Mediterranean Sea the distribution was similar to that historically observed 

(Ngoc and Whitehead, 1986). High DCo concentrations (>100 pM) were observed in the 

surface waters, decreasing in the intermediate waters (~70 pM, Figure 12b). Deeper a nearly 

conservative distribution was observed with a quasi-constant concentration below 1000 m (~ 

50 pM; Figure 12b).  

The Black Sea was characterized by extremely high DCo concentrations and complex 

distribution likely representative of the different oxydo-reductive processes specific of this 

element (Figure 12c). High concentrations of DCo were recorded in the sub-surface waters (> 

400 pM), decreasing as low as 30pM in the suboxic waters (Figure 12c). In the top part of the 

sulfidic layer, the highest seawater concentrations recorded along the section were observed 

(up to 6.6 nM), quickly decreasing with depth to a nearly constant concentration below 1000 

m (~ 330 pM). 

Figure 12 : Box plots of dissolved cobalt concentrations (DCo) versus depth in: a) the Atlantic 
sector, b) the Mediterranean Sea, c) the Black Sea. Number of observations is indicated.
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Soluble cobalt 

Soluble cobalt (sCo) concentrations ranged from 11.7 to 256.4 pM. The distribution of 

sCo tightly followed the DCo distribution, (Figure 16a, b).  However, sCo generally displayed 

a slight subsurface depletion, suggesting that sCo could have been biologically consumed. 

Unfortunately, no ultra-filtered data were avalaible at date for the Black Sea. 

 

Colloidal cobalt 

Colloidal cobalt (cCo) concentrations were significantly lower than that of DCo and 

sCo (Figure 16c). cCo concentrations ranged from undetectable values at several depths in the 

deep waters to 72 pM in the North-eastern Ionian Sea (e.g.; at Station 5c).  

No clear typical behavior was observed for the colloidal cobalt vertical distribution, 

probably due to their very reactive properties. However, similar trends were observed apart at 

Station 5c where very high cCo were recorded (Figure 16c). Relatively high concentrations (> 

15 pM) were generally recorded at subsurface and near the Chl a maximum. The sub-surface 

maxima could be related to photo-oxydation of cobalt that forms insoluble Co(III) species 

(e.g. Co(OH)3) that agglomerate into cCo. Differently the Chl a maxima suggest biologically 

driven production of cCo by cell degradation and/or bio excretion. Deeper, cCo decreased 

with depth in the intermediate waters, with concentrations generally lower than 5 pM and 

suggest a removal pathway a DCo by adsorption of cCo onto settling particles. In the deep 

sea, cCo often increases again especially above the bottom depth to value > 10 pM (Figure 

16c) probably resulting from benthic input.  

 

Particulate Cobalt 

The distribution of PCo was investigated at 15 selected stations (Figure 18a). PCo 

concentrations range from 0.27 pM in the deep Eastern Atlantic to 622.98 pM in the suboxic 

waters of the Black Sea. No typical PCo distribution was observed (Figure 18), probably 

resulting from the short residence time of this fraction in seawater (Dulaquais et al., in 

revivion). PCo were generally relatively high in the subsurface waters and below the Chl a 

maxima (> 5-10 pM), that could be related to dust input and accumulation in settling organic 

matter, respectively. On the contrary, concentrations were low in the deep waters (0-5 pM), 

except near the seafloor where high PCo can be recorded (PCo > 20 pM). The extremely high 
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PCo recorded in the Black Sea corresponded to low DCo, and thus they can be related to 

transfer between DCo and PCo depending of the oxygenation state of the water column. 

 

Table 2: Average surface concentrations and standards deviations of dissolved (DCo), Soluble (SCo), colloidal 

(cCo) and particulate (PCo) cobalt in the different reservoirs of the Mediterranean Sea. Numbers in brackets are 

ranges of concentrations 

Basin Western Basin Eastern Basin 

Sub-basin Alboran Sea Central 
Tyrrhenian 

Sea 
Ionian Sea Levantine Cretan Aegean 

Surface (0-200m)  

DCo (pM) 

118.3 ± 15.5 

n = 18 

(88.3-151.4) 

120.2 ± 20.9 

n = 40 

(61.3-174.9) 

121.4 ± 24.6 

n = 17 

(76.3-163.9) 

154.9 ± 40.8 

n = 43 

(104.0-

353.3) 

153.6 ± 

22.9 

n = 19 

(107.1-

184.8) 

186.6 ± 27.1 

n = 18 

(118.7 - 248.1) 

175.2 ± 12.3 

n = 8 

(149.6 - 

192.5) 

SCo (pM) 

106.3 ± 21.1 

n = 8 

(79.4-136.6) 

119.1± 11.8 

n = 8 

(105.1-136.9) 

113.6 ± 24.3 

n = 6 

(90.9-155.2) 

144.0 ± 31.0 

n = 21 

(103.3-

326.4) 

129.6 ± 

14.8 

n = 6 

(100.3-

139.8) 

N.D. N.D 

cCo (pM) 

7.8 ± 5.0 

n = 3 

(2.8 - 14.4) 

14.4± 8.2 

n = 7 

(3.4 - 25.5) 

10.5± 7.0 

n = 6 

(0 - 18.7) 

9.3 ± 11.3 

n = 21 

(0 - 39.1) 

5.6 ± 2.4 

n = 5 

(1.9 - 8.0) 

N.D. N.D 

PCo (pM) 

11.9 ± 8.3 

n = 6 

(2.7-22.9) 

24.4 ± 50.6 

n = 9 

(1.2-158.5) 

3.7 ± 1.5 

n = 4 

(2.1-5.2) 

4.6 ± 7.2 

n = 7 

(1.0-20.0) 

5.1± 0.9 

n = 2 

(4.5 - 5.8) 

12.1 ± 17.2 

n = 4 

(1.7-37.7) 

7.9± 3.6 

n = 4 

(4.2- 12.8) 

Intermediate (200-

600m) 
       

DCo (pM) 

68.2 ± 20.7 

n = 7 

(48.0-98.4) 

73.2 ± 22 

n = 11 

(47.8 - 126.5) 

67.4 ± 8.5 

n = 7 

(52.5-78.2) 

93.2± 23.6 

n = 14 

(53.4-143.2) 

76.7 ± 13.7 

n = 5 

(60.9-94.1) 

110.6 ± 43.5 

n = 5 

(34.3 - 93.3) 

108.1 ± 22.1 

n = 3 

(86.8- 

130.8) 

SCo (pM) 

53.81 ± 9.2 

n = 4 

(46.2 - 66.2) 

60.5 ± 6.2 

n = 2 

(56.1-64.9) 

69.6 ± 7.74 

n = 3 

(63.3-78.2) 

85.9 ± 21. 

2 n = 7 

(48.8 - 114.4) 

60.1 ± 6.4 

n = 2 

(55.4-64.6) 

N.D. N.D 

cCo (pM) 
0.19 ± 1.0 

n = 1 

13.7 ± 3.6 

n = 2 

(11.2 - 16.3) 

0.5 ± 0.8 

n = 3 

(0 - 1.5) 

10.4 ± 8.0 

n = 7 

(3.8 - 24.5) 

6.1 ± 0.9 

n = 2 

(5.5 - 6.7) 

N.D. N.D 

PCo (pM) 

13.3 ± 1.5 

n = 2 

(12.2 - 14.3) 

4.3 ± 2.9 

n = 2 

(2.2-6.2) 

1.26 ± 0.1 

n = 1 

5.25 ± 0.5 

n = 1 

2.3 ± 0.2 

n = 4 

(2.0-2.4) 

11.4 ± 2.0 

n = 2 

(10.0-12.8) 

18.0 ± 3.3 

n = 2 

(15.7- 20.3) 

Deep (600-Bottom)        

DCo (pM) 

53.8 ± 15.7 

n = 7 

(38.4-85.6) 

47.2 ± 8 

n = 30 

(38.9-76.3) 

41.9 ± 7.7 n = 

15 (32.6-60.0) 

59.2 ± 24.6 

n = 32 

(34.8-137.0) 

44.6 ± 11.2 

n = 17 

(28.8-75.7) 

56.2 ± 20.8 

n = 12 

(34.3 - 93.3) 

 

SCo (pM) 

51.5 ± 24.1 

n = 7 

(36.5-81.4) 

44.9 ± 4.5 

n = 6 

(40.0-51.7) 

41.8 ± 3.7 n = 

7 (36.5-48.5) 

44.2 ± 16.5 

n = 14 

(31.3-99.6) 

44.4 ± 4.2 

n = 5 

(41.2-51.3) 

N.D.  

cCo (pM) 

3.1 ± 1.6 

n = 2 

(1.9 - 4.2) 

10.3 ± 12.3 

n = 6 

(1.4 - 27.7) 

BLD 

n = 6 

17.2 ± 18.6 

n = 14 

(1.4 - 72.3) 

1.5 ± 0.8 

n = 5 

(0.7 - 2.6) 

N.D.  

PCo 

18.6 ± 6.1 

n = 4 

(11.4-25.3) 

7.2 ± 6.1 

n = 4 

(0.8-15.3) 

3.2 ± 0.3 

n = 1 

7.4 ± 8.4 

n = 7 

(1.2-22.2) 

2.3 ± 0.2 

n = 4 

(2.0-2.4) 

6.0 ± 0.6 

n = 1 
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5.2 Geochemistry of cobalt in the intermediate and deep waters 

5.2.1 From the Eastern Atlantic to the Alboran Sea 

Eastern Atlantic  

The Eastern Atlantic DCo profiles are similar in concentration and distribution to 

those observed at the same latitude in the Western Atlantic (Figure 13, Dulaquais et al., 2014) 

suggesting a similar cycling both side of the Atlantic at temperate latitudes.  

 

Figure 13:  Comparison between the vertical distributions of dissolved cobalt (DCo) recorded in the Western Atlantic 
(section GA02; Dulaquais et al., 2014) and in the Eastern Atlantic (section GA04N, this study), a) at temperate latitudes, b) 
in oligotrophic domains. Note: the distributions are similar in the eastern (black dots) and western (open dots) temperate 
latitudes of the Atlantic Ocean, but different in the Sargasso Sea (open diamonds) and the oligotrophic areas of the 
Mediterranean Sea (dark diamonds). 

 

The DCo distribution suggested biological assimilation in surface waters and 

remineralization in the relatively poor oxygenated intermediate waters. High DCo 

concentrations (> 75 pM) were also recorded in the Atlantic Central Waters, probably 

resulting from cumulative enrichment of DCo through remineralization processes (Dulaquais 

et al., 2014). The MOW displayed also a typical DCo signature of ~50 pM which increased 

westward, as a result of its mixing with DCo-enriched NEADW and NACW. Below 1500 

meters, relatively high concentrations in the core of the young NEADW (Figure 14) likely due 

to the influence of the LSW (van Haken, 2001a), a water mass enriched in DCo (Dulaquais et 

al., 2014). Concentrations of PCo in surface (> 2 pM) were slightly higher than those in the 

deep-waters (< 1 pM), and the PCo maxima recorded in the Chl a, all suggested an 

assimilation of DCo by the biota at this latitude. The decreasing PCo concentrations in the 

deep-waters (to sub-picomolar levels) further suggested the absence of scavenging of DCo as 

previously suggested in the Western Atlantic (Dulaquais et al., 2014). 
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Gibraltar Strait and Alboran Sea 

On the West side of Gibraltar Strait (Station 4a), the vertical distribution of DCo was 

complex and impacted by the circulation of the different water masses (Figures 14, 15a).  The 

0-25 m layer was marked by relatively high DCo concentrations (~70 pM) potentially 

reflecting shelf influence. Deeper in the in the Chl a max (60 meters depth) DCo deceased to 

about 53 pM suggesting biological assimilation of DCo. The waters originated from the Gulf 

of Cadix were depicted at 115 meters depth by their salinity (36.4) and temperature (16°C) 

signatures (Morley et al., 1997) display high DCo concentrations (> 100 pM). This DCo-

enriched signal can be tracked up to Station 6a (Figure 16a), suggesting strong input of DCo 

to the Mediterranean Sea from the Gulf of Cadix system like previously reported for other 

trace elements (Boyle et al., 1985; Van Geen et al., 1991; Elbaz Poulichet et al., 2001a). 

Deeper, typical DCo concentrations were recorded in the different water-masses, with a 

concentration of ~70 pM in the NACW and lower concentrations at the bottom in the MOW 

outflow (~50 pM).  

 

Eastward of the Strait of Gibraltar (Station 5a), the DCo distribution dispatched very 

high concentrations in the whole upper 100m (> 140 pM, Figure 15a) compared to the 

Atlantic sector, with a slight depletion in surface which might result from biological 

Figure 14 : Vertical distributions of dissolved cobalt (DCo) between Stations 1a and 6a along the 
GA04N-section. Sampling stations for DCo are labelled. Locations of North Atlantic Central Waters 
(NACW); Mediterranean Outlflow waters (MOW); Lower Deep Waters (LDW); Atlantic inflowing 
Waters (AW); Levantine Intermediate Waters (LIW); Western Mediterranean Deep Waters (WMDM); 
North East Atlantic Deep Waters and Antarctic Intermediate Deep Waters (AAIW) are labeled. Arrows 
indicate water-flow direction at the Gibraltar Strait. 
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assimilation of cyanobacteria suspected to dominate the sub-surface waters (Dachs et al., 

1998). These very high concentrations are related to a strong input of DCo by the shelf of the 

Gulf of Cadix. Additionally PCo concentrations recorded in the upper 60 meters at Station 5a 

(>17pM, Figure 15b) were higher than those found in the surface Atlantic sector (3-5 pM), 

suggesting an input of particulate trace elements from the Gulf of Cadix. Alternatively this 

high PCo can also reflect a strong DCo assimilation by the cyanobacteria. In the central 

Alboran Sea (Station 6a), DCo and PCo surface concentrations were significantly lower in the 

upper 80 meters (~115 pM) than at Station 5a. This eastward surface decrease of DCo and 

PCo could be due to a biological assimilation and subsequent export of the biogenic material 

during the transportation of the AW. Indeed in this highly productive area (Bosc et al., 2004) 

where cyanobacteria can represent a significant portion of the biota (Dachs et al., 1998) 

assimilation of DCo and its export under PCo to the sediments, could be important (Table 4). 

On the other hand the adsorption of DCo onto MnOx surface during the lateral transport could 

be invoked since the high surface PMn concentrations (> 1.5 nM) recorded at Station 5a were 

not observed at Station 6a suggesting a removal of PMn during the eastward transport. 

 

Figure 15: Vertical distributions of: a) dissolved cobalt (DCo), b) particulate cobalt (PCo) in the area of the Gibraltar Strait. 

 

In the deep Alboran Sea, DCo concentrations decreased with depth, designing an 

apparent scavenged-like profile. Scavenging of DCo by MnOx could be invoked, since the 

higher PMn concentration recorded along the section were indeed observed in this area. 

However, the particulate Co-Mn correlation we observed in the deep Alboran Sea, was 
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weaker with a lower slope (ΔPCo/ΔPMn = 1.77mmol/mol) when compared to the other areas 

of the Mediterranean Sea (Figure 17), both could suggest a restricted removal of DCo from 

the upper water column by MnOx in this area. Futhermore strong increases of DCo were 

observed at Station 5a and in a lesser extend at Station 6a close to the bottom depth (Figure 

15a) together with high PCo concentrations (Figure 15b), both suggesting possible benthic 

remobilization of PCo and subsequent dissolution. This area being prone to high seafloor 

velocities due to the complex circulation and of the topography (Gascard and Richez, 1985), 

hence it further supports benthic resuspension of PCo. Alternatively in this productive sea, 

large amount of biogenic material could be buried and its degradation in the superficial 

sediments could have released Mn2+ by diagenesis process (Price et al., 1999). Co and Mn 

often cycling together in sediments (Heggie and Lewis, 1984), DCo could have been also 

release by this diagenesis as Co2+. Shortly the sedimentary release of Mn2+ could precipitate 

as MnOx in the water column and partially scavenged Co2+ (Murray, 1975) creating the 

highest PMn concentration and the Co-Mn relationship observed. However a part of this Co2+ 

could have been stabilized in solution under colloidal form, as suggested by relatively high 

cCo (cCo = 4.4 pM, Figure 16c) or by strong organic Co biding ligands released from by 

sediments (Bown et al., 2012). Both latter mechanisms prevent DCo adsorption onto MnOx 

and might explain the low particulate Co-Mn slope observed. Nevertheless, further 

investigations on the speciation of DCo and Mn are required to fully explain the distribution 

of Co in this area. 

 

5.2.2 Mediterranean Sea 

Vertical distribution of cobalt 

In the Mediterranean Sea, DCo concentrations ranged from 28.8 pM in the deep 

Levantine basin to 353.3 pM in the sub-surface waters of the Otranto Strait (Table 2). The 

concentrations we measured were generally higher than those reported by Morley et al. 

(1997), probably due to the absence of UV digestion of their samples. The vertical 

distribution of DCo displayed an overall apparent scavenged like profile in the Mediterranean 

Sea (Figures 12b &16a), with very high concentrations in the surface layer (100 pM < DCo) 

that quickly decreased in the intermediate layer below the thermocline (200-500 m), creating 

a strong DCo stratification between the surface and deep reservoirs. Below 1000 m, a 

homogenous concentration of ~ 50 pM was recorded (Table 2, Figures 12b and 16a), probably 

resulting from a rapid mixing of the deep waters. Nevertheless, several stations were marked 
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by peaks of high DCo concentrations at the bottom or at intermediate depths near islands, 

which correlated with relatively high PCo concentrations and indicate the potential influence 

of benthic and margin inputs to the deep Mediterranean reservoir. Additionally, high DCo and 

PCo concentrations were measured at Station 9c located in the Otranto Strait (Figures 16a & 

18a). The high concentrations observed at station 9c in the south Adriatic Sea can be related 

to the anthropogenic releases, riverine inputs (Pô River) and benthic remobilization occurring 

in the North Adriatic Sea and their advection to the north Ionian Sea by the Adriatic 

circulation  (Tankéré et al., 2000).  

 

 

The spatial distribution of PCo across the intermediate and deep waters of the 

Mediterranean Sea (Figure 18) suggests a strong influence of the benthic and margin inputs. 

While offshore PCo kept low (< 5 pM), the concentrations are high close to margins and in a 

lesser extend near the bottom depth (> 10 pM; Figure 18a). The increase of PCo 

concentrations recorded at the bottom depth and close to margins can be related to a benthic 

Figure 16 : Vertical distributions of: a) dissolved cobalt (DCo); b) Soluble cobalt (sCo); c) colloidal cobalt (cCo) along 
the section. Sampling stations for DCo are indicated and the different sub-basins are labeled as indicated in Figure 6. 
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remobilization. Other lithogenic tracers such as particulate manganese or aluminum also 

displayed relative increases above the seafloor, close to margins and at straits (Figure 18) 

suggesting that high slope currents can remobilize particles from shelf that could be 

transported along LIW circulation pathway (Figure 18). The advection of enriched-particulate 

trace metals can be exemplified at the bottom of the Sicily Strait (Figure 18), where the 

highest PCo (158.5 pM), PAl (1481 nM) and PFe (439 nM) concentrations encounter in the 

Mediterranean Sea were observed.  

 

Particulate Co-Mn relationship 

Significant correlations between PMn and PCo were observed in the Mediterranean 

Sea (Figure 18), however slopes of the PCo-PMn correlation vary and suggest different 

processes depending of the layers and of the sub-basins.  

The high ΔPCo/ΔPMn slope observed in the mixed layer can represent the residual 

elemental Co/Mn ratio of aerosols (RERCo:Mn) after their deposition and dissolution (Equation 

3). The crustal Co/Mn ratio is about18 mmol/mol (Rudnick and Gao, 2003), but a mean 

Co/Mn ratio of 39 mmol/mol has been reported in Mediterranean aerosols (after Heimburger, 

2010). Additionally, the fractional solubility of Co and Mn in seawater are different for 

Mediterranean aerosols (10% and 30-55% for Co and Mn, respectively; Guieu et al., 1997). 

Thus after the deposition of aerosols deposition and their partial dissolution in seawater, the 

Co/Mn ratio in marine lithogenic particles would range between 23 and 78 mmol/mol. In turn 

the PCo-PMn correlation we recorded in the mixed-layer (45 mmol/mol) could be related to 

the residual dust elemental Co/Mn ratio.  

 

RERCo:Mn = Co/Mn dust * (1-SCo / 1-SMn)
-1    (3) 

With SCo and SMn the fractional solubilities of cobalt and manganese for Mediterranean aerosols set to 10% for 

cobalt and range between 30 and 55% for manganese (Guieu et al., 1997). 
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In the bio-active layer (50-200) and the intermediate depth (200-500) the ΔPCo/ΔPMn 

slope decrease significantly to 11 mmol/mol (Figure 17), suggesting a preferential uptake of 

Mn by particles rather than Co. Deeper (500-4000m) PMn concentrations were extremely low 

(Figure 18b), with concentrations ranging from undetectable values at several depths to 0.96 

nM, with a mean of 0.32 ± 0.33 nM (n = 12; excluding bottom depth). Thus, considering the 

low PMn concentrations, the scavenging of DCo by MnOx could be rather limited below 500 

meters, by the low abundance of these species. Additionally, the PCo/PMn ratio, PCo and 

PMn concentrations did not increase throughout the water column, further suggesting that 

scavenging of DCo did not significantly occurs in the deep sea. The conservative DCo deep 

distribution also suggested the absence of significant scavenging processes in the deep waters. 

In turn below the surface layer particles poorly interact with the dissolved fraction during 

their sink to sediments. 

 

 

 

Figure 17 :  Plot of particulate cobalt concentrations (PCo) versus particulate manganese 
concentrations (PMn) measured in the Mediterranean Sea. The different relationships and colors 
stand for the area and water-layers depths. 
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Sediments and margin as sources of Co 

The sediment remobilization could be a source of DCo to the Mediterranean 

intermediate and deep waters, as exemplified by concomitant peaks of DCo and PCo in the 

vertical distribution (Figure 16a, 18a). Assuming that the mean PCo concentration recorded at 

the bottom depths (mean PCo = 9.7 ± 8 pM, n =12, excluding the Sicily Strait station) is 

representative of the PCo concentration in the well mixed bottom nepheloid layer (10 meters 

high above the seafloor), 97 nM.m-2 of PCo can be potentially subject to desorption. Since Co 

and Mn often bound cycle together in the superficial sediments (Heggie and Lewis, 1984), the 

partial release of Co from manganese oxides (MnOx) could be a source of DCo. It has been 

shown that after 5 h incubation of MnOx in solution, 3% of Co sorbed onto MnOx can be 

remobilized in solution (Backes et al., 1995). Thus, the remobilization of sediments near the 

seafloor or by margins might provide 2.8 ± 2.4 nmol.m-2.d-1 of DCo after sediments 

dissolution. This source of DCo could be then entrained by the fast deep circulation and feeds 

the entire deep water-column in DCo by mixing. However, if the DCo released is not 

stabilized in solution by organic complexation or under cCo the sedimentary inputs would 

only have local effects. Investigation on the chemical speciation of DCo would be required to 

further constrain the impact of the the sedimentary source. 

Figure 18 : Particulate concentrations of: a) cobalt (PCo), b) manganese (PMn), c) aluminum (PAl) measured along 
the section. Sampling stations for PCo are indicated and the different sub-basins are labeled as indicated in Figure 6. 
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A hydrothermal fluid contribution? 

In the North-eastern Ionian Sea (at Station 5c and in a lesser extend at Station 6c), 

high deep DCo concentrations were recorded compared to other sub-basins (Figure 16a, DCo 

> 70 pM). Particulate matter was collected at Station 5c, but it did not show enrichment in 

PCo in the deep waters. Thus, a benthic or margin origin can be discarded to explain the high 

DCo concentrations above the bottom. Additionally, the intermediate and deep northward 

circulation in this area plays against an input by the Adriatic waters that are enriched in DCo. 

The investigation of the size fractionation of DCo showed a specific signature at station 5c. 

Indeed, while DCo was mainly in the soluble fraction in the deep waters (sCo = ~ 43 pM, 

representing about 85% of DCo, Figure 16a&b), at station 5c a significant portion of DCo was 

in the colloids phase (cCo > 50% DCo, Figure 16c). Hydrothermal fluids can release large 

amounts of metals under colloids phase (Sands et al., 2012), and the geological variation of 

cobalt concentrations in seawater has been recently linked to hydrothermal activity (Swanner 

et al., 2014). Thus, it is conceivable that hydrothermal fluids might be source of cCo. Despite 

the strong geological activity of the North Ionian Sea, there is no evidence of the presence of 

hydrothermal vents close to Station 5c. However, hydrothermal fluids can spread for hundred 

kilometers under the oceanic crust with residence times of days to years and significant part of 

the fluid emerged on flank ridge (Johnson et al., 2010). The Station 5c being close to the 

Mediterranean ridge, hydrothermal fluid input is conceivable to explain the high cCo 

observed in this area. Nevertheless the impact of this crustal DCo input should be restricted 

since this signature was mostly related to increase in cCo that can be quickly removed from 

the water column. Indeed, colloids are very reactive and their residence times very short 

(hours to day; Baskaran et al., 1992; Moran and Buesseler, 1992; Moran and Buesseler, 

1993).  

 

Deep convection of DCo 

In the Cretan Sea and the North Ionian Basin, high deep DCo concentrations were 

recorded (DCo > 80 pM) compared to other areas (Figure 16a). There, EMDW are formed by 

convection of intermediate waters (250-600 m) to the deep sea (Lascaratos et al., 1999). The 

intermediate waters consisting mainly of LIW and Cretan Intermediate waters were relatively 

enriched in DCo (Figure 17a, Table 2). The deep convection of these DCo rich waters feeds 

the entire Eastern basin in DCo. The Adriatic deep waters formation rate is 0.3 Sv (Roether 

and Schlitzer, 1991), and the Cretan Sea deep waters formation rate is estimated at about 0.9 
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Sv (Lascaratos et al., 1999). In the Adriatic and Cretan Seas intermediate waters displayed a 

mean DCo concentration of 110 pM (SD = 26, n =14), and the mean DCo in the deep sea was 

estimated to 51 pM (SD = 17 n = 120), thus we estimated the input of DCo to the deep 

Eastern basin by convection of EMDW to 6.1 ± 3.2 103 mol DCo.d-1 following Equation 4. 

Similarly, the convection rate of WMDW estimated to 2.4 Sv (Schroeder et al., 2008) could 

provide 1.45 ± 3.9 103 mol DCo.d-1 considering the Western intermediate and deep waters 

DCo concentrations of 58 pM (SD = 9, n = 5) and 51 pM (SD = 17, n =120), respectively.  

 

FDCoconvection = ([DCo]IW – [DCo]DW ) * Fwconvection    (4) 

Here [DCo]IW and [DCo]DW are the mean DCo concentrations in intermediate and deep waters (110 ± 26 pM and 

51 ± 17pM respectively) Fwconvection is the convection rate of deep water masses in the eastern basin and is  

1.2 Sv (CDW = 0.9 Sv; ADW = 0.3 Sv). 

 

Vertical diffusion 

The sharp DCo gradient observed between the surface layer and the deep reservoir 

(Figures 12b & 16a) suggest potential vertical diffusion of DCo between the surface and the 

deep sea. Using an idealized vertical diffusivity (Figure 19) determined by Wu and Haines 

(1998) for the Mediterranean Sea, we calculated the vertical diffusion of DCo (FZDiffDCO) 

across the different water-layers for the entire Mediterranean Sea and its sub-basins (Table 3) 

following Equation 5. 

FZDiffDCo = -Kz * ∂[DCo]/∂z      (5) 

 

 
Table 3 Vertical diffusive fluxes of DCo from the surface to the intermediate reservoirs (FzDCo at 200m), and from the 
intermediate to the deep reservoirs (FzDCo at 600m) in the different sub-basins of the Mediterranean Sea. 

 

Basin Western Basin Eastern Basin 

Sub-basin Alboran Sea 
Central + 

Tyrrehnan Sea 
Ionian 

Levantine + 

Cretan Seas 
Aegean 

FZDiffDCo at 200m 
(10-3 nmol/m²/d) 

5.1 6.2 14.1 23.0 38.2 

FZDiffDCo at 600m 
(10-3 nmol/m²/d) 

0.4 0.4 0.3 0.3 0.1 
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The vertical diffusive fluxes of DCo were relatively homogenous within the different 

sub-basins at same depth (Figure 19c), allowing a general description of this process. Fluxes 

strongly decreased with depth (Figure 19b), with the higher diffusive inputs being estimated 

between the mixed-layer and the lower surface layer (1-5 nmol DCo.m-2.d-1). This flux 

strongly decreased across the thermocline to reach values near of 10-4 nmol DCo.m-2.d-1 in the 

deep sea (Table 3). The vertical diffusive flux keeps relatively low at the interface between 

the surface, the intermediate layer and the deep sea, with a mean flux of 1.3 ± 0.7 10-2 nmol 

DCo.m-2.d-1 at 200 ± 50 meters, and of 4.7 ± 1.1 10-4 nmol DCo.m-2.d-1 at 600 ± 100 meters. 

Below 600 meters depth, the vertical input by diffusion can be considered negligible (Figure 

19b&c).  

Assuming DCo has a residence time equivalent to the conveyor belt (~25 years in the 

Western Basin and ~ 50 years in the Eastern basin), the cumulative input of DCo by the 

vertical diffusion processes to the deep Mediterranean waters (FZDiffDCo at 600m) would be 

8.6 ± 1.9 nmol DCo.m-2 and 4.3 ± 0.6 DCo.m-2 for the Eastern and Western basins, 

respectively. DCo concentration being of the order of 50 nmol.m-3 below 500 meters depth, 

this cumulative input could not recover the deep water DCo stock of 50 µmol.m-2 (mean 

Mediterranean bottom depth ~1500 meters) in the time scale of the deep Mediterranean 

circulation  and likely accounts for less than 0.1% of the deep DCo reservoir. In turn, despite 

a sharp vertical DCo inverse gradient, the input by vertical diffusion to the deep reservoir 

keeps small, this is essentially due to the strong stratification of the Mediterranean Sea that 

induces low diffusivity. 

 

 

Figure 19 : Vertical distributions of: a) idealized diffusivity (Kz) model after Wu and Haines (1998), b) mean vertical 
diffusion flux of dissolved cobalt to the deep sea, c) box-plots of vertical diffusion flux of dissolved cobalt to the deep sea 
estimated for the entire Mediterranean Sea (number of estimations per range of depth are indicated). 
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Absence of Co remineralization  

Interestingly, DCo and AOU did not correlate in the Mediterranean Sea on the 

contrary to other oceanic domains (Dulaquais et al., 2014). Indeed, no increase of DCo 

concentrations was observed with increasing AOU. This peculiar feature might result from a 

combination of the ultra-oligotrophy of this Sea and the short residence times of intermediate 

and deep waters. Indeed, the ultra-oligotrophy would lead to a low export of biogenic material 

to intermediate and deep waters, hence the export of organic material including biogenic PCo 

would keep relatively low and the remineralization also as exemplified by low the phosphate 

and nitrate concentrations in the intermediate waters. Secondly, since the residence times of 

deep water masses are short in the Mediterranean Sea (~25-50 years), the remineralization of 

organic matter can be less efficient than in other basins, as exemplified by the lower 

ΔN/ΔAOU or ΔP/ΔAOU observed in the Mediterranean Sea compared to the Eastern Atlantic 

(Figure 8). Furthermore, it has been suggested that P is preferentially remineralized compared 

to Co in oxygen-depleted waters (Dulaquais et al., 2014). Hence, it is conceivable that the 

absence of clear Co-AOU relationship in the intermediate waters of the Mediterranean Sea 

results from the absence of remineralization of Co because the time-scale of the 

remineralization of Co would be longer than the residence times of the water masses. 

Additionally, there was no significant correlation between PCo and AOU, further supporting 

that remineralization of PCo did not occur through oxygen consumption in the Mediterranean 

Sea. 

 

Deep basin Co budgets  

As a result of the strong surface stratification of the Mediterranean Sea, the 

intermediate and deep reservoirs are almost isolated from the surface layer. In this condition, 

DCo entrained by the deep outflow at the Straits of Sicily would act as a sink of DCo for the 

deep Eastern basin since this outflow could not be compensated by surface inputs. However, 

the deep convection of DCo rich intermediate waters and the benthic and margins inputs 

provided by sediments resuspension and subsequent dissolution could constitute sources. 

Using a deep outflow of 1.2 Sv at the Sicily Strait (Béthoux; 1980) and a mean DCo 

concentration of 59.2 ± 6 pM (n = 8) in the 200-1300 meters layer recorded in the western 

part of the Eastern basin that feeds the deep outflow of the Eastern basin (Béthoux et al., 

2002), we estimated a loss of 6.1 ± 0.7 103 molDCo.d-1 in the deep Eastern basin. This 
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outflow is 30% higher than that estimated by Elbaz-Poulichet et al. (2001b) using non–UV 

DCo dataset.  The loss of DCo at Sicily Strait could be recover by deep-waters convection 

(FDCoconvection = 6.1 ± 3.2 103 molDCo.d-1). In addition considering the size of the Eastern 

basin (1.65 1012 m²), the basin scale sedimentary input of 4.6 ± 3.8 103 molDCo.d-1 could also 

participated to recover this loss.  

Similarly, the Gibraltar Strait could be viewed as a sink of DCo to the Western 

Mediterranean Sea. Using the deep outflow of 1.6 Sv at Gibraltar Strait (Béthoux, 1980) and 

the mean DCo concentration in the modified LIW of Alboran Sea (DCo = 52.2 ± 8.2 pM, n = 

8) that feed the Gibraltar outflow (Millot and Taupier-Letage, 2002b), we estimated a loss of 

7.2 ± 1.2 103 molDCo.d-1 in the deep Western basin which is, as for the Sicilian budget, 

higher by 20% than estimated by Elbaz-Poulichet et al., (2001b). The loss at Gibraltar can be 

partially compensated by the input we determined at the Strait of Sicily, resulting in a net loss 

of 1.1 ± 1.4 103 molDCo.d-1. This loss would be fully compensated by the deep convection of 

WMDW (1.45 103 molDCo.d-1) as well as by benthic inputs (2.4 ± 1.9 103 molDCo.d-1 

considering an area of 0.85 1012 m).   

 

In turn, the distribution of DCo in the deep Mediterranean Sea could be mainly 

described by four processes: i) the fast deep circulation of the Mediterranean Sea that  

homogenizes the distribution of DCo below 500 meters depth, as exemplified by an apparent 

conservative behavior; ii) the deep convection of intermediate waters feeds the deep sea in 

DCo; iii) the benthic remobilization of PCo caused by relatively high slope currents, could be 

source of DCo to the deep sea, after dissolution of sediments; iii) the decoupling between the 

surface and the deep reservoirs caused by strong stratification, and the deep Mediterranean 

circulation, induce a loss of DCo from the Eastern basin through the Sicily Strait and from the 

Western basin through Gibraltar Strait; iv) the losses are compensated at basin scale by the 

deep convection of intermediate waters and by benthic sources. The vertical diffusion, 

remineralization and scavenging processes did not significantly impact the distribution of 

DCo in the deep Mediterranean Sea. The particulate Co originated from the surface layer 

(lithogenic and/or biogenic particles) would, thus, not significantly impact the deep DCo 

distribution in the Mediterranean Sea.  
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5.2.3 Black Sea 

In the Black Sea, DCo concentrations range from 29 pM to 6.6 nM (Station 5b). It is 

the widest variation in concentration recorded at date in a water-column profile. In this Sea, 

the vertical distribution of DCo showed a specific profile similar to that previously observed 

(Landing and Lewis,1991; Tankéré et al, 2001). However, the DCo concentrations we 

measured were higher than those reported in these previous studies. The ventilated surface 

waters displayed high sub-surface DCo concentrations (> 400 pM), potentially due to the 

discharge of the Danube river (Tankeré et al., 2001) that feeds the surface waters of the Black 

Sea.  Deeper, DCo decreased with decreasing oxygen concentrations (as low as 29 pM at 

Station 5b at 85 meters depth). Then, in the top of suboxic-sulfidic transition layer, DCo 

quickly increased to a relative maximum where extremely high concentrations (up to 6.6 nM) 

were depicted. Under this relative maximum, a sharp decrease of DCo was observed (Figure 

20). Below 500 meters depth, DCo concentrations of 330 pM were measured. The complex 

distribution of DCo in the Black Sea might be mostly related to competitive geochemistry 

between oxydo-reductive processes and perhaps stabilization by organic ligands.  

Decreases of DCo with depth and strong increases of PCo were observed in the 

suboxic-anoxic layer, where PCo and PMn were significantly correlating (R² > 0.99 n = 6, 

Figure 21c). These observations suggested scavenging of DCo onto MnOx in the suboxic and 

anoxic zones. Deeper, DCo increased in the upper sulfidic waters, probably due to the release 

of Co caused by the reduction of MnOx. This process was further supported by the decreases 

of both PCo and PMn concentrations at these depths. Just below the DCo maximum the sharp 

DCo decrease observed with depth (Figure 20b) could be related to sorption of DCo to 

ferrihydrite. Indeed, in the top sulfidic layer, iron was rich (M. Rijkenberg, personal 

communication) and sorption of DCo to ferrihydrite could dominate scavenging (Konhauser 

et al., 2009; Swanner et al., 2014). This process initially proposed by Lewis and Landing 

(1992), was further supported by the significant correlation recorded between PCo and PFe 

(R² > 0.96 n = 5; Figure 20d), and by the absence of a significant there correlation between 

PMn and PCo. In the deep Black Sea, DCo concentrations kept high compared to other 

oceanic basins, suggesting that a part of DCo can be prevented from scavenging processes. 

For instance, a competition ligands model has been proposed to estimate the partitioning of 

DCo between organically bound Co and CoS(SH)- (Landing and Lewis, 1991). According to 

this model, DCo would mostly occur as CoS(SH)- forms to account for the observed 

concentrations. However, the organic ligands represented in this model are nitrilotriacetic acid 
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and cysteine, which are not representative of Co organic ligands. Indeed, Co is suspected to 

be complexed by a corrin function in marine system (e.g., vitamin B12 and its derived 

products,) that could bind more strongly Co (logKCoL > 15; Saito and Moffett, 2001; Bown 

et al., 2012) than cysteine (logKCoCys = 8.95, Landing and Lewis, 1991) and nitrilotriacetic 

(logKCoNTA = 10.53, Landing and Lewis, 1991). In turn, strong organic complexes of Co 

may have partially prevent the formation of CoS(SH)- species in the deep Black Sea. Further 

investigations on the organic speciation of Co would be required to better assess the 

geochemical behavior of cobalt in this Sea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: a) Vertical distribution of dissolved cobalt (DCo) in the Black Sea. Bosphorus location and 
sampling stations for DCo are indicated; b) vertical distribution of DCo and particulate cobalt (PCo) in the 
open Black Sea (at Station 5b). States of oxygenation of the water-column are indicated; c) relationship 
between PCo and particulate manganese (PMn) in the suboxic layer, d) relationship between PCo and 
particulate iron (PFe) in the sulfidic waters. 
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5.3 Surface spatial distribution of DCo 

5.3.1 From the Eastern Atlantic to Gibraltar strait 

 The surface (0-200 m) distribution of DCo in the temperate surface Atlantic displayed 

relatively sub-surface low values (< 30 pM) similar to those recorded in the Western Atlantic 

at the same latitudes (Figure 13a, Dulaquais et al., 2014), which increased with depth in a 

nutrient like behavior. A significant correlation between DCo and P was observed in the 

surface waters at the most western side of the section (Stations 1a-3a) with a Co/P ratio of 77 

µM/M (n =18, R² > 0.9), suggesting similar surface cycles. A strong eastward increase of 

DCo was recorded, with sub-surface DCo concentrations reaching values > 70 pM (at Station 

4a) and up to > 100 pM (at Station 5a). This eastward enrichment was likely due to shelf, 

margin and riverine inputs from the Gulf of Cadix, as observed for several other trace 

elements (Boyle et al., 1985; van Geen et al., 1997, Elbaz-Poulichet et al., 2001a). This high 

DCo signature was then entrained by the inflows of AW into the Mediterranean Sea, as 

described here above. 

 

DCo inputs at Gibraltar Strait 

As far as we know, the input of DCo to the Mediterranean Sea at Gibraltar Strait has 

been previously estimated only in one study (Elbaz-Poulichet et al., 2001b). This estimation 

was based on DCo concentrations determined in non-UV digested samples (Morley et al., 

1997), probably leading to underestimations of the DCo concentrations and its inputs at 

Gibraltar. As we do not sampled at the entrance of the strait, Here, we attempt to re-estimate 

these inputs, but since the entrance of the Strait was not sampled, the concentrations we 

reported in the different surface water-masses,especially in the GCW, might not be fully 

representative of the inflowing DCo concentrations. Thus, we assumed that the difference of 

DCo in the inflow waters between Stations 3a and 5a (ΔDCo) was representative of the 

surface enrichment by the different components of the inflowing AW (NASW, NACW, and 

GCW). The mean surface DCo concentrations recorded at Stations 3a  being respectively of 

32.6 ± 5.6 and 125.8 ± 17.0 pM, the resulting ΔDCo, and thus the input of DCo to the 

Mediterranean Sea was estimated to 93.2 ± 17.9 pM. Combining ΔDCo with the water flux 

determined by Béthoux (1980), the net input of DCo to the Mediterranean Sea we estimated 

was about 13.5 ± 2.6 103 mol DCo.d-1. This estimation is two times higher than that of  Elbaz-

Poulichet et al. (2001b). 
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5.3.2 Mediterranean Sea 

Previous studies suggested that DCo displays a nutrient-like P distribution in the 

oligotrophic seawaters (Saito and Moffett, 2002; Noble et al., 2008, 2012; Bown et al., 2011; 

Dulaquais et al., 2014b). This behavior has been related to the strong assimilation of DCo by 

cyanobacteria (Bown et al., 2011; Dulaquais et al., 2014b), caused by their absolute 

requirement for this element (Saito et al., 2002). Indeed, cyanobacteria represent a significant 

proportion of the phytoplankton assemblage in these domains (Agusti, 2004), just like in 

oligotrophic Mediterranean seawaters (Moutin and Rimbault, 2002; Casotti et al., 2003; Dash 

et al., 2004).  

There, the surface DCo concentrations (> 100 pM to up to > 300 pM in the Eastern 

Mediterranean Basin) were, however, significantly higher than those measured in the other 

oceanic oligotrophic areas (10-30 pM; Saito and Moffett, 2002; Noble et al., 2008; Bown et 

al., 2011; Dulaquais et al., 2014) (Figure 13b). Moreover, an overall scavenged-like profile 

was observed unlike the nutrient like-P DCo distribution reported in the oligotrophic oceans, 

and there was no clear DCo-P relationship in the surface waters of the Mediterranean Sea.  

The sub-surface DCo concentrations (at 10 m depth) in the Mediterranean Sea ranged 

from 111.6 pM (at Station 8a off shore Algeria) to 353.3 pM (at Station 9c at the Otranto 

Strait). The spatial DCo distribution in sub-surface waters suggested the influences of the 

Black and Adriatic Seas (Figure 21a).Both Black sea surface waters (BSW) and Adriatic sea 

surface waters (ASW) dispatching DCo concentrations higher than 400 pM. Furthermore, the 

strong input of DCo provided by the advection of AW that has been enriched in metals in the 

Gulf of Cadix (Boyle et al., 1985; van Geen et al., 1997, Elbaz-Poulichet et al., 2001a) was 

still depicted in the Alboran Sea (Figure 16). These DCo-enriched surface waters are 

entrained across the Mediterranean Basins by the rapid surface circulation of AW. 

In the Western Mediterranean basin, the DCo concentrations increased eastward with 

ageing of the AW (DCo from ~110 pM in the Alboran Sea to ~160 pM in the Tyrrhenian Sea) 

and decreased during the way back of the AW (from ~160 pM in the Tyrrhenian Sea to ~130 

pM central Western Basin). In the Eastern Basin, sub-surface DCo concentrations increased 

eastward from the central Ionian Sea to the Levantine basin (from 140 pM to 180 pM). 

Considering the fast ventilation of the surface layer in this basin (~20 years), the absence of 

an homogenous DCo concentrations in the entire basin strongly suggest that biogeochemical 

processes like atmospheric inputs or biological assimilation impact the surface waters in the 
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time-scale of the surface ventilation. Thereafter, we will discuss the potential impact of these 

processes on the DCo distribution in the surface waters. 

 

The concept of ΔDCo∫surface  

With the aim to determine if an area is a sink or a source of DCo due to 

biogeochemical processes, we defined the concept of ΔDCo∫surface. For each station, the 

surface DCo was integrated over the top-200 m, representing the surface DCo∫surface Then, 

considering a simplistic AW circulation in the Mediterranean Sea (Figure 3a), the ΔDCo∫surface 

could be defined following equation 6 

ΔDCo∫surface = Downstream AW DCo∫surface – Upstream AWDCo∫surface  (6) 

 !

In this condition if ΔDCo∫surface> 0 the area between the two nearby stations is a source 

of DCo, and if ΔDCo∫surface< 0 the area is a sink of DCo. Figure 21 shows the spatial 

distribution of (b) DCo∫surface and (c) ΔDCo∫surface and allows identifying key areas of the DCo 

biogeochemical cycle of the Mediterranean Sea. !

The spatial distribution of DCo∫surface showed the same gradients than those observed 

for surface DCo (Figure 21b), with an eastward increase and lower surface DCo inventories in 

the Western Basin compared to the Eastern Basin. The higher DCo∫surface were recorded in the 

Cretan Sea and close to Greek Islands, probably reflecting strong margin inputs. The 

influences of ASW and BSW on DCo surface inventories were not as marked as for 

subsurface DCo concentrations. Their low densities and their small contribution to the Eastern 

Mediterranean water budget both have probably limited their influence to the mixed layer. 

The ΔDCo∫surface varied geographically (Figure 21c), and it suggested that the Gibraltar 

Strait, the center of the Western basin and the most eastern side of the Mediterranean Sea 

could act as sources of DCo. These two latter areas are prone to intensive dust events 

(Guerzoni et al., 1999; Guieu et al., 2010), hence the atmospheric deposition of Co could have 

led to these positive anomalies. In addition to this source, margins inputs near islands and low 

biological uptake of DCo due to ultra-oligotrophy (Bosc et al., 2004) could also contributed to 

the accumulation of DCo (e.g., positive ΔDCo∫surface) in the Levantine Basin. By contrast, the 

negative anomalies estimated in the Alboran, south Adriatic, Aegean sea, and in the coastal 

Western Basin (Figure 21c; Bosc et al., 2004) suggested that those areas could act as sinks of 
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DCo, probably due to intensified biological assimilation of DCo in these productive waters 

(Figure 7, Bosc et al., 2004).   

 

 

 

 

 

Figure 21 : Spatial distribution of: a) dissolved cobalt (DCo) at 10 meters depth along the GA04N-
section, b) integrated dissolved cobalt concentration (DCo∫surface), c) integrated dissolved cobalt anomaly 
(ΔDCo∫surface, see text for calculation), in the top-200 meters in the Mediterranean Sea. 
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 Co-P biogenic ratio 

The particulate cobalt to particulate phosphorus ratios (Co/P) determined in the top-

100 m at 17 stations in the Mediterranean Sea were used as a proxy of the biological 

utilization of DCo relative to phosphorus (Co/P; Table 1). The ratios varied from 70 

µmol/mol in the Sicily Strait to 700 µmol/mol in the Levantine basin, with a mean ratio of 

277 ± 200 µmol/mol (n = 37), which is higher than the averaged ratio reported for culture 

experiments including a wide range of phytoplankton species (e.g.; Co/P = 190 ± 32 

µmol/mol; Ho et al., 2003). The high biodiversity in the different sub-basins of the 

Mediterranean Sea (Ignatiades et al., 2009) may account for this wide range of Co/P ratios.  

In the Alboran Sea and the central Western Basin, Co/P ratios were high (~240 

µmol.mol-1), and similar to the Co/P cellular quota reported for cyanobacteria (~260 

µmol/mol; Tovar-Sanchez et al., 2006). It suggested an important biological utilization of 

DCo by cyanobacteria in these areas. 

Differently, low Co/P ratios (70-130 µmol/mol) were observed in the South-western 

Mediterranean Sea where diatoms probably represented a significant proportion of the 

phytoplankton assemblage. These ratios were also similar to the Co/P cellular quota of 

diatoms (~100 µmol/mol; Ho et al., 2003), reflecting their low requirement for this element. 

In the Tyrrhenian Sea, dinoflagellates (nano-plankton) and cyanobacteria (pico-

plankton) may have co-occured. There, the Co/P ratios (~165 µmol/mol in the central Western 

basin, n = 2) ranged between the Co/P cellular quotas of dinoflagellates (~100 µmol/mol; Ho 

et al., 2003) and of cyanobacteria (~260 µmol/mol; Tovar-Sanchez et al., 2006).  

The Ionian Sea was marked by Co/P ratios of about 250 µmol.mol-1 (n = 7), similar to 

the Co/P cellular ratio of cyanobacteria (Tovar-Sanchez et al., 2006) that were abundant in 

these oligotrophic waters (Rabitti et al., 1994; Casotti et al., 2003). Interestingly, low Co/P 

ratio (~80 µmol/mol) was observed in the South-eastern Ionian Sea (Station 18a) where 

diazotrophs were probably present. Those species can have relatively low Co/P cellular ratio 

(~31 µmol/mol; Tovar-Sanchez et al., 2006).  

Extremely high Co/P ratios (> 500 µmol/mol,) were recorded in the Aegean Sea (data 

not showed) and in the Levantine basin (Table 1), probably caused by nano-molar 

concentrations of P and extremely high surface DCo concentrations (> 200 pM) that would 

have promoted the biological uptake of DCo compared to P, and increased the cellular Co/P 

quotas as previously suggested in these conditions (Ji and Sherrell, 2008). Alternatively 
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enhanced dust deposition would have increase PCo concentration in this area, resulting in an 

apparent high Co/P ratio. 

 

Biological assimilation and export of Co 

The biological assimilation is a sink of DCo, but the regeneration of PCo in surface 

waters can significantly decrease the impact of this sink (Dulaquais et al., 2014b). In the 

oligotrophic Western Atlantic, it has been suggested that about 80% of the assimilated Co can 

be regenerated in surface waters (Dulaquais et al., 2014b). Here below, we estimated the 

uptake flux of DCo by using our PCo/POC measurements, and the primary production 

published in the literature for the different sub-basins of the Mediterranean Sea.  

Assuming that the PCo/POC ratios recorded within the Chl a maxima in the different 

areas (Table 4) represented the cellular PCo/POC ratios of the biota in the surface waters, the 

biological uptake rate of DCo (FDCouptake) can be determined following Equation 7. Published 

primary production rates (PPR) were used in the Western and Eastern Basins (Moutin and 

Rimbault, 2002) and in the Alboran Sea (Bosc et al., 2004).  

 

FDCouptake = PCo/POCbiogenic * PPR   (7) 

 

The higher DCo uptake flux (~133 nmol.m-2.d-1) was estimated in the Alboran Sea 

(Table 4), consistent with the high productivity of this area and the presence of cyanobacteria 

which require DCo to grow (Saito et al., 2002). Much lower assimilation fluxes were 

estimated in the central Western basin and South Tyrrhenian Sea (36 and 39 nmol.m-2.d-1, 

respectively). In these areas, the biomass was relatively high (Figure 7), but the cyanobacteria 

may accounted only for a very small portion of the phytoplankton assemblage as reflected by 

the relatively low Co/P ratio we observed (160 µM/M). The lowest DCo uptake flux was 

estimated in the South Ionian Sea (21-31 nmol.m-2.d-1), in line with these ultra-oligotrophic 

waters in which the productivity was limited by the nano-molar concentrations of macro-

nutrients keeping the assimilation of DCo low. Interestingly, relatively high FDCouptake were 

estimated in the Levantine Basin and the Aegean Sea (~70 and 100 nmol.m-2.d-1, 

respectively), probably caused by the high PCo/POC ratios recorded in the Chl a maximum 

depth of these areas (3.86 µmol/mol and 3.11µmol/mol, respectively).   
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Recently, it has been evidenced that export of trace elements, including Co, is mainly 

driven by the settling of biogenic carbon production in the Mediterranean Sea, rather than 

atmospheric deposition (Heimburger, 2010; Heimburger et al., 2014).  In that way, the export 

of Co from the surface waters could be estimated using PCo/POC ratios combined with the 

carbon export fluxes, following Equation 8. To estimate the latter fluxes, the PCo/POC ratios 

measured just below the Chl a maxima (PCo/POC10% Chla; Table 4) were used, since the export 

of biogenic particles can mainly occur below the Chl a maxima (Buesseler, 1998). The export 

fluxes were then determined following Equation 9, using the primary production rates 

combined with local biological pumps efficiencies (BPE, Table 4) published for the Western 

and Eastern Basins (Moutin and Rimbault, 2002; Sanchez-Vidal et al., 2005).  

FPCoexport = PCo/POC10% Chla * POC export flux   (8) 

POC export flux = PPR * BPE     (9) 

 

Most of the Mediterranean Sea displayed low export fluxes of Co (≤ 5 nmol.m-2.d-1; 

Table 4), suggesting that most of the assimilated DCo was regenerated in the surface waters. 

This result is in line with high proportion of regenerated production  in this semi-enclosed Sea 

(up to 90% of primary production, Moutin and Rinbault, 2002). However, the Alboran Sea 

and the South Western Basin were marked by relatively more intense Co export fluxes (> 12 

nmol.m-2.d-1). In these areas, PCo/POC10%Chla ratios were significantly higher than 

PCo/POCbiogenic ratios, causing the high export fluxes estimated. These high PCo/POC10%Chla 

ratios could be related to aggregation of lithogenic PCo onto biogenic settling particles, as 

observed for other trace elements in the mesotrophic North-western Mediterranean Sea 

(Heimburger et al., 2014).  

 

 

 

 

 

 

 

 



194 

 

Table 4 Biological Co-uptake fluxes (Fuptake), and Co export fluxes on settling particles (FCo export) in the 
different sub-basins of the Mediterranean Sea (see text for the explanation of the other terms). 

 

5.3.3 Black Sea 

High surface concentrations of DCo were recorded in the Black Sea (> 400 pM). 

Despite the strong influence of Danube River in this Sea as denoted by the low salinities (< 

20), these high concentrations could not be directly related to the input of DCo by this river. 

Indeed, DCo concentrations reported in the fresh Danube waters (DCo = 266 pM; Guieu et 

al., 1998) are lower than those we recorded in surface waters of the Black Sea (> 400 pM). 

Alternatively, these high DCo concentrations may result from the discharge of PCo by 

Turkish rivers (Yiğiterhanand et al., 2011) and their dissolution along the salinity gradient 

(Guieu et al., 1998) or in the surface coastal Sea. Additionally the regeneration of DCo after 

its assimilation could lead to its accumulation in this basin.  

 

5.4 Atmospheric deposition of cobalt in the Mediterranean Sea 

Dust deposition inferred by particulate aluminum surface concentration 

We estimated the dust deposition of cobalt to the surface Mediterranean Sea by 

developing a new model, DIPA (Dust deposition Inferred by Particulate Aluminum seawater 

concentrations), based on the particulate aluminum concentrations (PAl) measured in the 

subsurface samples along the section and used as a proxy of the near real time dust deposition. 

For these estimates, we assumed,: i) an atmospheric origin of PAl in the top-10 m, ii) an 

homogeneity of PAl concentrations in the well-mixed top-10 m; iii) an absence of scavenging 

at these depths, iv) a residence time of PAl (τPAl) driven by the sinking velocity of dust. τPAl 

was set to 2 days in the top-10 m.  

Basin sub-basin Station 
longitude 

(°W) 
latitude 

(°N) 

PPR 
(mg/m²

/d) 

Co/C 

Chla max 
(µmol/mol) 

Fuptake 
(nmol/m²

/d) 

Co/C 10% 

Chla 
(µmol:mol) 

CP

E 

(%) 

FCo export 

(nmol/m²/d) 

Western 

basin 

Alboran Sea 5a -4.82 36.06 52.51 2.53 132.85 6.67 4.13 14.47 
Central 

Western 

basin 
11a 6.66 37.77 43.14 1.53 66.00 8.26 4.26 15.18 

Central 

Western 

basin 
17c 5.95 40.07 39.33 1.00 39.33 2.24 5.80 5.11 

Tyrrenhan 

Sea 
13c 13.01 39.88 28.79 1.26 36.28 2.20 1.53 0.97 

Eastern 

Basin 

Ionian Sea 16a 16.33 35.71 27.38 1.12 30.66 1.12 4.05 1.24 
Ionian Sea 18a 20.02 34.28 21.38 1.00 21.38 1.00 1.76 0.38 
Levantine 

Basin 
21a 28.08 33.84 18.00 3.86 69.48 3.86 4.35 3.02 
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Thus, in this model the integrated PAl in the top-10 meters represented the 

accumulation of two days of atmospheric input after dissolution of dust. The dust deposition 

was then estimated according to Equation 10. These assumptions are rather realistic, since 

PAl is known to have a short surface residence time in areas receiving high dust inputs (5-25 

days in the upper 100 m; Dammshäuser et al., 2013), and since the scavenging of Al can be 

mainly driven by adsorption onto sinking biogenic particles (Moran and Moore, 1988; 

Middag et al., 2009) that would occur below the top-10 m and beneath the chlorophyll 

maxima (Damhausser et al., 2013).  

 

Dust Deposition = PAl ∫z * MAl * z * [(1-SAl)*AbAl * τPAlz]
-1    (10) 

 

Here PAl∫z is the integrated particulate aluminium on a water column of z meters, MAl is the molar mass of 

aluminum (27 g/mol), z is set to 10 meters, SAl is the solubility of Al (set to 3%), AbAl is the crustal abundance of 

Al (set to 7.7%, Rudnick and Gao, 2003), τPAlz is the residence time of PAl in the water column of z meters (τPAl = 

2 days when z = 10 m).  

 

Station 5a was excluded for our estimations because of the strong particulate inputs 

from the Gulf of Cadix that were not related to atmospheric deposition at this station. The dust 

deposition we estimated varied between < 10 and up to 156 mg.m-2.d-1, with a mean flux of 60 

± 50 mg.m-2.d-1 (n = 16). The Eastern Atlantic received lower dust input (< 20 mg.m-².d-1) 

than the Mediterranean Sea (Figure 22). High dust inputs (> 100 mg mg.m-².d-1) were 

estimated offshore Algeria and in the Eastern Basin. The model clearly showed the influence 

of the Sahara over the Mediterranean Sea, since the South Mediterranean Sea received higher 

dust input than its Northern side, and the Eastern Atlantic received lower dust deposition than 

the Mediterranean Sea. Our estimations of the dust deposition were quantitatively and 

geographically in good agreement with previous estimations of dust delivery in the different 

basins of the Mediterranean Sea (Figure 22; Guieu et al., 1997, 2002 2010; Guerzoni et al., 

1999), supporting the use of seawater PAl concentrations as a good tracer for dust deposition 

estimation. However, the sinking velocity of particles that drives the residence time of PAl 

can vary, depending on the size-distributions of the aerosols, the stratification and trophic 

conditions. Improvements are required to better constrain this parameter in the model. 
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Figure 22 : Spatial distributions of: a) dust deposition, b) particulate cobalt deposition (PCo deposition) and c) 
dissolved cobalt deposition (DCo deposition) fluxes to the surface waters along the GA04N-section. Estimations 
are based on the DIPA model (see text for the explanation). Note: there is no estimation for those fluxes in the 
Black Sea. 
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Atmospheric deposition of cobalt  

Since Co is a micronutrient, PCo can be of biogenic origin in the subsurface waters, in 

addition to the atmospheric inputs. Thus, the biogenic and lithogenic proportions of PCo were 

estimated in the subsurface Mediterranean waters. To this end, the particulate phosphorus 

concentrations (PP) measured along the section were used to discriminate between biogenic 

and lithogenic origins of the particles, following Equations 11 and 12. Assuming the 

particulate Co/P ratios measured in the Chl a maxima ((PCo /PP)Chl a max) represented the 

biogenic ratios in subsurface waters, the biogenic PCo, and then the atmospheric PCo, were 

estimated following Equations 13 and 14. Finally, the atmospheric fluxes of PCo and DCo 

were calculated following Equations 15 and 16, respectively, by assuming the atmospheric 

deposition was the only source of lithogenic PCo.  

 

PPlithogenic ∫z = Dust deposition * AbP * EFP * (1-SP) * τPP * MP
-1  (11) 

PPbiogenic = PP∫z – PPlithogenic ∫z       (12) 

PCoBiogenic = PPbiogenic * (PCo /PP)Chl a max     (13) 

PColithogenic = PCo∫z – PCoBiogenic      (14) 

PCo deposition = PColithogenic * [τPCoz * (1-SCo) ]
-1    (15) 

DCo deposition = PCo deposition * SCo     (16) 

Here, AbP is the crustal abundance of phosphorus (set to 0.075%; Rudnick and Gao, 2003), EFP is the 

enrichment factor of phosphorus in Mediterranean aerosols (set to 3; Ternon et al., 2011), SP is the aerosol 

fractional solubility of P in seawater (set to 35%; Ternon et al., 2011), MP is the molar mass of P (16 g.mol-1), 

PP∫z  and PCo∫z are the integrated PP and PCo on a water-column of z meters, z is set to 10 meters, SCo is the 

aerosol fractional solubility of Co in seawater (set to 10%; Guieu et al., 1997), and τPCoz and τPP are the residence 

time of PCo and PP in the water column of z meters (τPCo = τPP = 2days with z= 10 m).  

 

The atmospheric inputs of PCo ranged between 1.2 nmol.m-2.d-1 in the Aegean Sea 

and 93.0 nmol.m-2.d-1 in the Levantine Basin, with a mean of 20.8 ± 23.0 nmol.m-2.d-1 (Figure 

22, Table 5). The atmospheric inputs of DCo after 10% dissolution of dust in the subsurface 

waters (Guieu et al., 1997) co-varied with those of PCo (Figure 22), accounting for 10% of 

the atmospheric PCo inputs. The eastern side of the Mediterranean Sea and the south-western 

basin received high atmospheric inputs of PCo (> 25 nmol.m-2.d-1) and of DCo (> 2.5 nmol.m-

2.d-1), whereas these inputs kept relatively low in the Atlantic sector and in northern side of 



198 

 

the Mediterranean Sea (< 10 nmol.m-2.d-1 and 1 nmol.m-2.d-1 for PCo and DCo, respectively). 

Interestingly, the areas receiving the higher atmospheric inputs of DCo fitted with the areas 

where positive ΔDCo∫surface anomalies were reported, suggesting that the inputs of DCo 

provide by dust deposition and subsequent dissolution of aerosols accounted for these 

anomalies.   

Table 5 Dust, PCo and DCo depositions and of the Co enrichment factor estimations in the different sub-basin of 
the Mediterranean Sea using the DIPA model (see text for calculation) 

 

 

Enrichment factor of Co in aerosols 

The atmospheric inputs of PCo did not significantly correlated with the dust deposition 

fluxes (Figures 22a-b), potentially due to spatial variations of the concentrations of Co in 

aerosols that depend of the air mass origin (Dulaquais et al., 2014b). Thus, the enrichment 

factors of Co in Mediterranean aerosols (EF = [Co]aerosols/[Co]crust) were estimated following 

Equation 17.  

 

Basin Sub - basin Station 
Longitude 

(°E) 
Latitude 

(°N) 

Dust  
deposition 
(g/m²/d) 

PCo 
deposition 

(nmol/m²/d) 

DCo  
Deposition 
(nmol/m²/d) 

EFCo 

Atlantic 

Eastern 

Atlantic 
3a -9.87 36.57 n.d 9.52 0.95 n.d 

Eastern 

Atlantic 
4a -7.25 35.84 0.02 13.33 1.33 2.94 

Western 

Basin 

Alboran Sea 6a -3.22 36.04 0.02 11.40 1.14 1.92 

Central 

Western 

basin 

9a 2.75 37.35 0.09 48.12 4.81 1.86 

Central 

Western 

basin 

11a 6.66 37.77 0.16 32.68 3.27 0.72 

Tyrrenan Sea 13c 13.01 39.88 0.01 8.07 0.81 2.51 

Central 

Western 

basin 

14a 12.47 37.22 0.07 27.54 2.75 1.30 

Central 

Western 

basin 

17c 5.95 40.07 0.01 8.53 0.85 2.80 

Eastern 

Basin 

Ionian Sea 16a 16.33 37.71 0.04 5.16 0.52 0.44 

Ionian Sea 9c 18.22 40.15 0.13 6.99 0.70 0.19 

Ionian Sea 18a 20.02 34.28 0.10 23.30 2.33 0.90 

Levantine 

Basin 
21a 28.08 33.84 0.10 27.42 2.74 0.91 

Creatan Sea 1c 24.92 35.64 0.01 3.60 0.36 0.84 

Cretan Sea 27a 27.59 35.45 0.13 92.98 9.30 2.43 

Aegean Sea 29a 26.17 37.24 0.05 1.18 0.12 0.09 
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EFCo = PCo deposition * MCo * (AbCo * dust deposition) -1    (17) 

With MCo is molar mass of cobalt (59 g.mol-1), AbCo is the crustal abundance of Co (set to 17.3 µg.g-1; Rudnick 

and Gao, 2003). 

 

The estimated values of EF ranged between 0.1 and 4.3, with a mean of 1.6 (Table 5, 

Figure 25). Interestingly, EF were equal to 1 in the Mediterranean areas receiving the higher 

dust inputs (Figures 22-23), suggesting crustal origin of the aerosols. On the contrary, EF 

were significantly higher in the low dust delivery areas, up to 4.3 in the central Ionian Sea 

(Table 5; Figure 23). The air mass backward-trajectory provided by NOAA Hysplit model 

(Figure 23) showed that the North-western Mediterranean Sea was under the influence of 

European air masses at the time of sampling, whereas Saharan air-masses influenced the 

Southern Mediterranean Sea (Figure 23). In turn, European aerosols were enriched in Co 

(e.g., high EF) compared to Saharan aerosols (e.g., crustal EF) (Table 5), probably related to 

pollution from industrial smokes from European countries. Such differences in EF should be 

taken into account when estimating the atmospheric input of Co to surface waters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 23: Spatial distribution of the enrichment factor of cobalt in aerosols (EFCo) estimated using the DIPA 
model (see text for the calculations). Air-flow directions from NOAA (Hysplit model) are reported for the 3-5 
days before the sampling day.  
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Comparison with the atmospheric Co inputs estimated in the Western Atlantic  

The mean atmospheric inputs of DCo we estimated in the Mediterranean Sea (2.1 ± 

2.3 nmol.m-2.d-1) were 5 times higher than those we estimated in the Western Atlantic (0.5 ± 

0.4 nmol.m-2.d-1; Dulaquais et al., 2014b; Table 6). These higher atmospheric inputs of Co to 

the Mediterranean Sea compared to the Western Atlantic probably result from the direct 

proximity of the Sahara (high dust delivery). Additionally, the high anthropogenic forcing of 

the Mediterranean Sea (high EF) compared to the Open Atlantic account for the difference of 

atmospheric Co delivery.   

The higher atmospheric inputs in the Mediterranean Sea were also reflected by DCo 

concentrations in surface waters that were 3-5 higher (100-300 pM) than those recorded in the 

surface Western Atlantic (20-80 pM; Dulaquais et al., 2014). In a first order approach, the 

difference of subsurface DCo concentrations recorded between the different basins could be 

related to the atmospheric Co delivery.  

 

Table 6 Comparison of atmospheric inputs of PCo and DCo between the Western Atlantic (Dulaquais et al., 
2014b) and the Mediterranean Sea (this study). 

 

Domain Mediterranean Sea West Atlantic 

Dust deposition (mg/m²/d) 
60 ± 50 
n = 14 

(10- 156) 

4 ± 4 
n = 55 

(< 1 -16) 

PCo deposition 
(nmol/m²/d) 

20.8 ± 23.0 
n = 15 

(1.2 - 93.0) 

6.1 ± 3.3 
n = 55 

(0.9 -17.4) 

DCo deposition 
(nmol/m²/d) 

2.1 ± 2.3 
n = 15 

(0.1 - 9.3) 

0.5 ± 0.4 
n = 55 

(< 0.1 -1.3) 
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6 Conclusions 

This study presented the first cobalt comprehensive datasets in the Mediterranean and 

Black Seas.  

The Atlantic sector west of the Gibraltar Strait was marked by similar DCo 

distribution than that previously observed in the Western Atlantic at the same latitudes 

(Dulaquais et al., 2014). There, the vertical distribution of DCo was nutrient-like in surface 

waters due to its biological uptake, and increased in intermediate waters due to 

remineralization. The distribution of DCo in deep waters was related to the circulation of the 

different water-masses that dispatched characteristic DCo concentrations. The surface waters 

of the Gulf of Cadix that enter in the Mediterranean at the Gibraltar Strait were strongly 

enriched in DCo and feed the surface Mediterranean waters. 

The deep distribution of DCo in the Mediterranean Sea was mainly controlled by the 

short transit times of deep waters, resulting in a quasi-constant DCo concentration below 1000 

meters. In addition, the distribution PCo in these deep waters could be locally impacted by 

benthic and margins inputs. Due to strong stratification of the Mediterranean Sea, the 

exchange fluxes of DCo between the enriched surface waters and the deep waters were 

negligible, apart in the areas of deep-water formation that entrain and mix surface waters 

(DCo > 100 pM) with Levantine and Cretan Intermediate Waters (DCo < 60 pM). The 

Intermediate Mediterranean Waters (IMW) formed by this deep convection dispatched 

medium and constant DCo concentrations. Due to the specific deep circulation of the 

Mediterranean Sea, DCo was lost at the Strait of Sicily along the deep circulation in the 

Eastern Basin, and at the Strait of Gibraltar in the Western Basin. But these losses could be 

compensated  by the convection of DCo-rich intermediate waters to the deep sea and by the 

remobilization of PCo from seafloor and margin sediments, and its subsequent dissolution. 

Remineralization, vertical diffusion and scavenging did not significantly impact the deep 

distribution of DCo in the deep Mediterranean Sea.  

The spatial distribution of DCo in the surface Mediterranean waters displayed higher 

DCo concentrations in the Eastern Basin compared the Western Basin. This asymmetry 

probably resulted from several processes, including: i) a higher biological assimilation of DCo 

in the Western Basin due to the higher productivity compared to the Eastern Basin; ii) the 

higher export of Co on settling particles from the surface layer in the West than in the East; 

iii) the higher atmospheric inputs of DCo in the Eastern Basin; iv) the higher margins inputs 
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near the Greek Islands in the Eastern Basin; v) the surface DCo inputs from the Adriatic and 

Black Seas in the Eastern Basin.  

 In the Black Sea, the DCo and PCo concentrations recorded were extremely high 

compared to other marine systems. While the high surface DCo concentrations could be 

related to riverine inputs, the vertical distributions of DCo and PCo were mainly controlled by 

redox-processes. Scavenging by MnOx could indeed control their distributions in the 

transition layer between oxic-anoxic conditions. Below this layer, the reduction of MnOx in 

the upper sulfidic layer released Co into the dissolved phase that was marked by maxima and 

extremely high DCo concentrations (up to 6.6 nM). Below these maxima, scavenging of DCo 

onto ferrihydrite could cause the sharp decrease of DCo observed with depth. These chemical 

processes were further supported by the significant correlations found between PCo and PMn 

in the suboxic layer, and between PCo and PFe in the sulfidic waters. In the deep Black Sea, a 

fairly constant and relatively high DCo concentrations of 330 pM were recorded. Competitive 

complexation between strong organic Co-binding ligands and HS- may occur. 

The determination of the dust deposition toward a new DIPA model based on 

particulate trace elements concentrations in seawater has allowed determining the PCo and 

DCo deposition fluxes in the different sub-basins of the Mediterranean Sea. The initial Co 

concentration in the aerosols has been estimated from measurements of surface marine 

particles composition. Results provide evidence of the strong influence of the Sahara dust 

delivery on surface DCo concentrations. Furthermore, estimated cobalt contents in aerosols 

were function of the air mass origin. Hence, we evidenced higher Co content in aerosols 

originating from Europe indicating an anthropogenic forcing on the atmospheric deposition of 

cobalt.  

This study provided new keys on processes that govern the cobalt distribution in 

seawater, with evidence on the importance of size and time scales in the biogeochemical cycle 

of cobalt in marine system.  
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Conclusion générale 

 
 

Ce travail de doctorat est une contribution majeure aux études en cours visant à 

déterminer les processus impliqués dans le cycle biogéochimique du cobalt en milieu marin. 

Les objectifs visés étaient : i) d’évaluer la faisabilité de combiner des jeux de données de 

cobalt dissous provenant de différents laboratoires utilisant différentes techniques; ii) 

d’améliorer les résolutions spatiale et verticale des concentrations en cobalt en milieu 

océanique; iii) d’identifier et de quantifier les processus qui contrôlent la distribution du 

cobalt dans les océans en intégrant les échelles spatiale et temporelle ; iv) de progresser sur 

l’étude des interactions existantes entre le cobalt et le phytoplancton marin.  

Afin de répondre à ces objectifs, ces travaux se sont basés sur l’observation en milieu 

océanique. Des échantillons d’eau de mer et de particules marines provenant de domaines 

océaniques contrastés géographiquement, et en termes de ventilation et de fonctionnement 

biogéochimique.  

 

1) Efforts analytiques 

1.1 Exercices GEOTRACES d’inter-calibration et d’inter-comparaison  

Dans le cadre des exercices d’inter-calibration menés par le programme international 

GEOTRACES, nos analyses du cobalt dissous dans les eaux de références SAFE et 

GEOTRACES après UV oxydation sont comprises dans les rangs d’incertitudes des valeurs 

de consensus fournies par différents laboratoires utilisant différentes techniques d’analyse. 

Ces exercices valident donc notre méthode d’analyse, et montrent que différentes techniques 

peuvent être utilisées pour l’analyse de DCo dans un même échantillon acidifié et traité aux 

UV.  

En revanche, les exercices de comparaison des concentrations de DCo aux stations 

conjointes des sections GEOTRACES révèlent des écarts significatifs (0 < σ < 35%, avec 

σmoyen ~ 15%) entre les mesures des différents laboratoires (Chapitre 1). Ces différences 

peuvent intégrées des différences d’instrumentation utilisée dans le prélèvement des 

échantillons, de mode de filtration des échantillons, et/ou de leur mode de conservation. Elles 

peuvent aussi être liées à une variabilité temporelle de la distribution de DCo, puisque les 

stations ont été prélevées à différentes saisons ou années au cours des différentes campagnes 
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océanographiques qui ont lieu dans le cadre de GEOTRACES depuis 2008. Nos travaux ont 

montré effectivement que la saisonnalité est un facteur important dans la distribution du 

cobalt dissous en surface (Dulaquais et al., 2014b) et en profondeur (Dulaquais et al., 2014) 

dans l’Atlantique Nord-Ouest. Cette saisonnalité a aussi été récemment reportée en Atlantique 

Sud-Est (Wyatt, 2014).  

Sous couvert d’un regard critique quant aux saisons et aux domaines étudiés, l’inter-

comparaison entre les différents jeux de données de cobalt dissous provenant des différents 

laboratoires impliqués dans le programme international GEOTRACES est envisageable.  

 

1.2 Une cartographie du cobalt dans les eaux marines 

Ces travaux ont considérablement augmenté la résolution spatiale et verticale du cobalt 

dissous et particulaire en milieu océanique. Ces travaux rapportent l’un des jeux de données le 

plus important, comptabilisant 1261 analyses d’échantillons de cobalt dissous (DCo), 310 

analyses de cobalt particulaire (PCo), 211 analyses de cobalt soluble (sCo) et 211 analyses de 

cobalt colloïdal (cCo). En Atlantique Ouest le long de la section GEOTRACES-A02, 47 

profils de DCo et 15 profils de PCo ont été analysés au sein de 5 domaines biogéochimiques 

différents couvrant ainsi la totalité de ce bassin en terme de latitudes (64°N à 50°S) ainsi 

qu’en terme de profondeurs (8 à 5810 m). Par ailleurs, 5 profils de surface (0-300 m) ont été 

analysés le long de la dérive Nord Atlantique, ainsi que 4 profils de DCo et 2 profils de PCo 

en Atlantique Est sur la section GEOTRACES-A04N. En Mer Méditerranée le long de la 

section GEOTRACES-A04N, 25 profils de DCo et 15 profils de PCo ont été analysés 

couvrant ainsi l’ensemble des différents bassins, à l’exception de la Mer Adriatique. En Mer 

Noire, les concentrations ont été déterminées pour 6 profils de DCo et 2 profils de PCo, le 

long de la section GEOTRACES-A04N, du Bosphore à la partie la plus orientale du bassin.  

Le fractionnement en tailles du DCo a été déterminé pour la première fois dans 

l’Atlantique Nord en surface, et en Mer Méditerranée sur toute la colonne d’eau. Les fractions 

solubles (sCo < 0.02 µm) et colloïdales (0.02 µm < cCo < 0.2 µm) ont été analysées à 25 

stations. 

Avec cet effort analytique considérable, ces travaux constituent une contribution 

importante au programme international GEOTRACES. 
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2) Distribution et comportement du cobalt dans les eaux 

profondes 

A l’issus de ces travaux, l’ensemble des analyses a révélé que le DCo adopte différentes 

distributions verticales dans les différents domaines biogéochimiques étudiés (Figure 1).  

2.1 Distribution verticale 

Aux hautes latitudes de l’Atlantique Ouest, le profil de DCo est de type conservatif, alors 

que dans les gyres subtropicaux il est de type nutritif à tendance hybride (Figure 1). Dans le 

domaine équatorial, la distribution verticale de DCo est de type hybride avec des 

concentrations élevées dans la couche du minimum d’oxygène (Figure 1). Aux latitudes 

tempérées (40°N), la distribution du DCo est également hybride à l’Ouest et l’Est du Bassin 

Atlantique (Figure 1). Les concentrations de DCo varient de 14 à 94 pM en Atlantique Ouest. 

La distribution verticale de PCo dans l’Atlantique Ouest (0-19 pM) montre généralement des 

concentrations plus élevées dans les eaux de surface et au dessus des sédiments que dans les 

eaux intermédiaires et profondes qui sont extrêmement pauvres en PCo. Les concentrations de 

surface en DCo et PCo varient selon les domaines biogéochimiques traversés dans 

l’Atlantique Ouest. 

En Mer Méditerranée, la distribution verticale de DCo est de type scavengé dans 

l’ensemble du bassin (Figure1), avec des concentrations en DCo variant de 28 à 353 pM. 

Ainsi, à l’inverse de l’Atlantique Ouest, les concentrations en DCo y sont plus élevées en 

surface qu’en profondeur. Les concentrations de DCo dans les eaux profondes sont 

homogènes dans l’ensemble du Bassin Méditerranéen, contrairement à celles des eaux de 

surface qui décrivent un gradient Ouest-Est. L’étude de la fraction particulaire (1 < PCo < 159 

pM) a quant-à-elle mis en évidence, comme en Atlantique, des concentrations plus élevées en 

surface et au-dessus du sédiment qu’en eaux profondes caractérisées par de très faibles 

concentrations. Les plus fortes concentrations de PCo ont été enregistrées aux abords des 

marges continentales et au niveau des détroits.  

En Mer Noire, la distribution de DCo (29 pM-6.6 nM) montre un profil de type 

« anoxique » (Figure 1). Des concentrations extrêmement élevées en DCo ont été enregistrées 

en Mer Noire, avec des maxima  dans la partie supérieure de la couche sulfidique (> 4 nM). 

Les concentrations en PCo sont elles aussi élevées (5 < PCo < 623 pM) en Mer Noire, à la 

différence de DCo les maxima de PCo sont observés dans la couche anoxique. 
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L’ensemble de notre étude concernant le fractionnement en tailles du DCo révèle que le 

cobalt dissous existe majoritairement (> 85%) sous forme soluble en Méditerranée, et 

également dans les eaux de surface de l’Atlantique Nord. La fraction colloïdale n’est 

significative en Méditerranée qu’en surface et proche du fond.  

 

Figure 1: Typical vertical distributions of DCo observed during this study 

(WA = West Atlantic, MS = Mediterranean Sea, BS = Black Sea) 

 

2.2 Processus contrôlants la distribution verticale dans les eaux intermédiaires et 

profondes 

Ces travaux mettent en évidence l’importance de la circulation océanique et des processus 

de mélange de grande échelle sur la distribution verticale du cobalt dissous dans les eaux 

intermédiaires et profondes des bassins oxygénés. Ils montrent aussi l’importance des 

processus chimiques d’adsorption-désorption du cobalt à la surface des oxydes de fer et de 

manganèse dans les eaux anoxique et sulfidique.  
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2.2.1 Océan Atlantique 

Les eaux intermédiaires et profondes de l’Atlantique sont caractérisées par des signatures 

spécifiques en DCo (Figure 2 ; Dulaquais et al., 2014). Grâce à celles-ci et à la quantification 

des mélanges le long de la circulation des masses d’eau, nous avons pu montrer que la 

diminution des concentrations en DCo observée le long de la circulation thermohaline résulte 

de mélanges entre les Eaux Profondes Nord Atlantique riches en DCo et les Eaux 

Antarctiques de Fond pauvres en DCo, plutôt que de processus de scavenging (Figure 2 ; 

Dulaquais et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 En effet, les très faibles concentrations et l’absence 

d’augmentation de PCo dans les eaux intermédiaires et 

profondes, suggèrent que le scavenging ne serait pas un 

processus significatif. L’absence de corrélation entre le 

DCo et le manganèse dissous (DMn, Figure 3) vient 

appuyer cette idée en montrant que l’adsorption de DCo à 

la surface des oxydes de manganèse n’est pas significative 

dans les eaux profondes de l’Atlantique Ouest (Dulaquais 

et al., 2014). Des travaux très récents montrent d’ailleurs 

que la cinétique de formation des oxydes de manganèse 

dans l’Atlantique profond est lente, et également 

indépendante de l’activité bactérienne (Wu et al., 2014).  

Figure 2: Conceptual schema of the DCo transportation along the 
large-scale circulation in the western Atlantic. In Dulaquais et al., 2014 

Figure 3:  Scatter plot of  DCo vs DMn in 
the West Atlantic. Colorbar as depth. DMn 

from Rob Middag pers. Comm. 
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Nos travaux montrent aussi que l’advection des Eaux Centrales Atlantiques enrichies en 

DCo sur les bords Est de l’Atlantique, et la minéralisation du matériel détritique biogénique le 

long de leur transport, seraient une source importante de DCo pour les eaux intermédiaires de 

Atlantique Ouest (Dulaquais et al., 2014). Les concentrations en DCo sont plus élevées dans 

ces eaux qu’en profondeur, générant le profil de type hybride observé dans la zone équatoriale 

de l’Atlantique Ouest.  

 

2.2.2 Mer Méditerranée 

La circulation contrôlerait principalement la distribution du DCo dans les eaux 

intermédiaires et profondes Méditerranéennes (Figure 4). Due à une rapide ventilation du 

bassin profond, les concentrations de DCo sont y quasi-constantes, dessinant un profil type 

conservatif au-dessous de 1000 mètres. Par ailleurs, résultant d'une forte stratification, les 

eaux de surface riches en DCo et les eaux profondes appauvries interagissent peu, à 

l’exception des zones de formation d’eaux intermédiaires et profondes. Les concentrations en 

DCo dans les eaux intermédiaires sont relativement constantes et élevées, résultant de son 

processus de formation. Ces eaux se forment en effet par convection du bord inférieur des 

eaux de surface (DCo > 100 pM) qui se mélangent au bord supérieur des eaux profondes 

(DCo < 60 pM). Le découplage entre la surface et les réservoirs profonds, ainsi que la 

circulation profonde induisent une perte de DCo dans le Bassin Oriental qui se produit au 

passage du détroit de Sicile, ainsi que dans le Bassin Occidental au passage de Gibraltar 

(Figure 4). De ce fait, le DCo ne s’accumule pas dans les eaux profondes de Méditerranée. En 

estimant les flux, nous avons pu montrer que les pertes de DCo aux détroits seraient 

compensées par la convection des eaux intermédiaires plus riches en DCo vers les eaux 

profondes ainsi que par remobilisation sédimentaire de PCo et sa dissolution. Nous avons 

aussi montré que la minéralisation, la diffusion verticale et le scavenging n’impactent pas de 

manière significative la distribution de DCo en profondeur. 

 

 

 

 

 

Figure 4:  Conceptual  schema of the 
DCo transportation in the 
Mediterranean Sea. Colorbar as the 
DCo concentration. Arrows represent 
a simplistic marine circulation of the 
basin 
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Dans les eaux de fond Méditerranéennes, la distribution du PCo serait principalement 

régie par des apports sédimentaires au-dessus des fonds et des marges. En effet, les 

concentrations très élevées en PCo (> 20 pM) sont enregistrées près des plateaux et des fonds 

marins, alors qu’en bassin ouvert les concentrations sont faibles (< 5 pM). Nous avons d’autre 

part observé de fortes corrélations entre le cobalt et le manganèse dans la phase particulaire, 

mais qui ne sont pas observées dans la phase dissoute (Rob Middag, communication 

personnelle). Les rapports PCo/PMn diminuent de plus avec la profondeur. L’état 

d’avancement des travaux ne permet de déterminer si ces découplages résultent de différentes 

assimilations biologiques dans les eaux de surface ou de réactions physico-chimiques dans la 

colonne d’eau. 

 

2.2.3 Mer Noire 

Dans la Mer Noire, les concentrations en DCo et PCo  enregistrées étaient extrêmement 

élevées par rapport aux autres systèmes marins. A l’inverse des Bassins de l’Atlantique Ouest 

et de la Méditerranée,  la circulation ne semble que très peu impacter la distribution verticale 

de DCo. La distribution verticale de DCo (Figure 5) et celle de PCo sont principalement 

dirigées par des processus oxydo-reductifs et de transfert entre ces deux phases. La 

dissolution de particules terrigènes drainées par les apports fluviaux pourrait également être 

une source de DCo dans les eaux de surface. En se basant sur la forte augmentation conjointe 

et proportionnelle des concentrations en PCo et PMn, et sur la diminution associée en DCo, 

nous avons suggéré que les processus d’adsorption à la surface des oxydes de manganèse 

contrôleraient la distribution de DCo dans les couches suboxique et anoxique. Ces oxydes de 

manganèse sont réduits dans la couche supérieure sulfidique et libèrent du DCo. Le DCo 

s’accumule dans cette couche stable, ce qui est à l’origine des plus fortes concentrations en 

DCo relevées dans cette étude. En dessous de ce maximum, les équilibres chimiques montrent 

que le DCo est stabilisé par complexation avec les sulfures, et la corrélation PCo-PFe que 

nous avons observé suggère qu’il est aussi soustrait par adsorption sur les oxydes de fer. 

L’utilisation d’un modèle chimique (Minteq®) laisse penser qu’il y aurait une compétition 

entre les sulfures et des ligands organiques pour complexer le DCo. L’état d’avancement 

actuel de ces travaux ne permet cependant pas de le vérifier.  
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2.3 Minéralisation préférentielle 

La corrélation ΔDCo-ΔP que nous avons observé dans la zone de minéralisation en 

Atlantique Ouest est significativement inférieure aux quotas cellulaires phytoplanctoniques 

(Ho et al., 2003 ; Twining and Baines, 2013), suggérant une minéralisation préférentielle du 

phosphore par rapport au cobalt. En Méditerrannée, l’absence de corrélation DCo-UAO alors 

que P est corrélé à l’UAO, suggère aussi une minéralisation préférentielle du phosphore, et 

indique de plus que le cobalt particulaire détritique n’est pas minéralisé dans ce bassin.  

La minéralisation préférentielle du phosphore par rapport au cobalt pourrait expliquer 

l’enrichissement en Co par rapport au P observé dans les particules sédimentantes (Sherell 

and Boyle, 1992, Dulaquais et al., 2014), ainsi que le découplage entre les cycles de ces deux 

éléments dans les eaux profondes (Dulaquais et al., 2014).  

 

3) Cycle biogéochimique dans les eaux de surface  

3.1 Océan Atlantique 

En Atlantique Ouest, nous avons réalisé la première tentative de budget du DCo à 

l’échelle d’un océan. Ce budget a mis en évidence que l'assimilation biologique est le 

principal facteur contrôlant la distribution de surface du DCo, comme l’indique aussi son 

profil nutritif en surface. De plus, les différentes corrélations stœchiométriques entre DCo et 

P, et ce budget, nous ont aussi permis de montrer que le flux d’assimilation dépendait des 

Figure 5 : The vertical distribution of DCo (open dots) and PCo (Dark triangles) in 
the Black Sea is function of the state of oxygenation (colorbar). DCo is scavenged by 
MnOx in anoxic waters and by FeOx in Sulfidic waters 
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espèces phytoplanctoniques les plus abondantes. Ainsi dans les eaux oligotrophes de la Mer 

des Sargasses peuplée de cyanobactéries, l’assimilation de DCo (~65 nmol.m-2.j-1) est plus 

importante que dans les eaux mésotrophes du Bassin Argentin (~20 nmol.m-2.j-1) peuplée de 

diatomées. L’assimilation du cobalt plus importante dans les eaux oligotrophes que 

mésotrophes indique, de plus, qu’elle n’est pas proportionnelle à la biomasse ce qui est une 

particularité de ce micro-nutritif (Dulaquais and Boye, in review). D’autre part, l’estimation 

des fractions biogénique et lithogénique du PCo indique une origine biogénique du PCo dans 

la couche de mélange des gyres oligotrophes (~90 %) contrairement aux autres domaines où 

PCo serait majoritairement d’origine lithogénique (Dulaquais and Boye, in review).  

Les corrélations stœchiométriques entre DCo et P ont souvent été décrites dans la 

littérature comme représentatives de l’assimilation biologique du cobalt par rapport à celle du 

P (Saito and Moffett, 2002 ; Noble et al., 2008 ; Saito et al., 2010 ; Bown et al., 2011). 

Cependant nous avons suggéré que ces pentes ne représenteraient pas l’assimilation réelle 

mais l’assimilation nette (assimilation - régénération), masquant ainsi le flux d’assimilation 

biologique du DCo par rapport à P. Ceci est par ailleurs illustré par la différence entre les 

corrélations stœchiométriques DCo:P enregistrées dans les eaux de surface Atlantique (22 - 

65 µM:M ; Dulaquais et al., 2014b) et les mesures de composition élémentaires du 

phytoplancton océanique (100-500 µmol:mol; Twining and Baines, 2013). 

Nos travaux suggèrent ainsi de considérer l’ensemble des flux impliqués dans les 

cycles de DCo et P pour interpréter les corrélations DCo-P (ΔDCo/ΔP = ΣFluxDCo/ΣFluxP), 

plutôt que seuls les flux biologiques (Dulaquais et al., 2014b). Ceci nous a permis de 

quantifier pour la première fois, sous conditions de non-équilibre, le flux de régénération dans 

les différents domaines biogéochimiques de l’Atlantique Ouest (Dulaquais et al., 2014b). Ce 

flux représente près de 80% du taux d’assimilation dans les gyres subtropicaux, alors qu’aux 

hautes latitudes il représente moins de 30%.  

Si les cycles biogéochimiques du DCo et du PCo peuvent être globalement décrits 

dans les eaux de surface de l'Atlantique Ouest par les processus d'assimilation et de 

régénération ; et par l’assimilation, la régénération et l’export, respectivement, les sources 

externes (Amazone, apport atmosphériques) dans l’hémisphère nord, et les apports induits par 

la circulation (advection-diffusion latérale et verticale) aux hautes latitudes et dans la zone 

équatoriale, sont aussi à prendre en compte dans le budget du cobalt en surface. L’apport en 

DCo par l’Amazone en est un exemple, puisqu’il représente jusqu'à 50% de l’inventaire de 
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DCo présent dans la couche de mélange, y compris à des centaines de kilomètres de son 

embouchure (Dulaquais et al., 2014b).  

L’estimation de l’ensemble des sources et des puits nous a permis de déterminer les 

temps de résidence du DCo et du PCo dans les premiers 100 mètres, en prenant pour la 

première fois en compte le recyclage biologique cet élément (Dulaquais et al., 2014b). Aux 

hautes latitudes, le temps de résidence du DCo est court et gouverné par des processus 

physiques (~ 0.7 ans), au contraire des gyres subtropicaux où il est plus long (~ 1.5 ans) du 

fait de la régénération du cobalt dans la couche de surface (représentant >80% du taux 

d’assimilation). Par ailleurs, ces estimations ont indiqué que le temps de résidence du DCo 

n’est pas régi par l’apport atmosphérique en Atlantique Ouest (Dulaquais and Boye, in 

review).   

Les budgets que nous avons établis indiquent qu’aucun domaine biogéochimique n’est 

à l’état d’équilibre (ΣFlux ≠0). Cependant à l’échelle du Bassin Atlantique Ouest, le budget 

est équilibré  (Dulaquais et al., 2014b). Ce résultat souligne l’importance du transport méso- 

(tourbillons) et grande échelle (eaux intermédiaires) dans les échanges de DCo des domaines 

sources (hautes latitudes) aux domaines puits (gyres subtropicaux). 

 

3.2 Mer Méditerranée 

 Nous avons montré que l’une des principales sources de DCo au Bassin 

méditerranéen est l’apport au  niveau du détroit de Gibraltar par l’entrée des Eaux Atlantique, 

lesquelles sont enrichies en DCo par l’apport des eaux du Golfe de Cadix. Les eaux du Golfe 

de Cadix sont en effet alimentées par les fleuves espagnols Rio Tinto et Rio Odiel qui 

s’écoulent sur le bassin versant de l’« Iberian Pyrite belt », particularité géologique du 

Dévonien dont la teneur en cobalt est importante (Marcoux et al., 1996). Le lessivage et 

l’exploitation minière de ce système nourrissent ainsi indirectement les eaux de surfaces 

Méditerranéennes en cobalt. Nous avons estimé que cet apport fournit une quantité importante 

de DCo à la couche de surface (+ 70 pmol.l-1). Ce DCo « préformé » est ensuite redistribué à 

l’ensemble du bassin par la circulation des eaux de surface.  

La distribution spatiale du DCo en Mer Méditerranée montre une asymétrie entre l'est 

et l'ouest, avec un gradient de concentrations Ouest-Est. Nous avons suggéré que cette 

asymétrie serait due à une combinaison de plusieurs processus: i) une intensification de 

l’oligotrophie induisant une diminution de l’assimilation biologique du DCo, vers l’Est; ii) 

une régénération du cobalt biogénique plus importante à l’Est; iii) un dépôt atmosphérique 
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plus élevé dans le Bassin Oriental qu’Occidental; iv) des apports par les marges plus intenses 

dans l'Est, en particulier près de l’archipel Grec ; v) un apport de type estuarien dans le Bassin 

Oriental, des Mers Adriatique et Noire enrichies en DCo.  

  

3.3 Le fractionnement en taille de DCo 

 

L’étude pionnière du fractionnement en taille de 

DCo réalisée dans ces travaux indique que le cobalt dissous 

est principalement sous la forme soluble (< 0.02 µm ; 

Figure 6). Le sCo pourrait être la fraction bio-assimilable, 

comme le suggère la corrélation sCo-P que nous avons 

enregistrée en Atlantique Nord (Figure 6c). 

La fraction colloïdale n’est significative qu’en sub-

surface, dans le maximum de chlorophylle, ainsi que, dans 

une moindre mesure, au dessus du sédiment profond. 

L’oxydation photochimique de Co(II) en Co(III) (peu 

soluble) en sub-surface pourrait conduire à la formation du 

cobalt colloïdal. Dans le maximum de chlorophylle, la 

dégradation de résidus cellulaires, les produits d’excrétion 

cellulaire et la désorption pourraient constituer des sources 

de cobalt colloïdal. De plus, les diminutions de cCo 

observés avec la profondeur au-dessous du maximum de 

chlorophylle suggère une voie d’export de cobalt dissous de 

la couche de surface par agrégation et/ou adsorption des 

colloïdes à la surface des particules sédimentantes. Les maxima relatifs de cCo enregistrés au 

dessus du sédiment pourraient être liés au relargage de Co2+ issus de la diagénèse du sédiment 

de surface, et sa rapide complexation sous forme d’agrégats ou d’oxyde avec le Mn2+ produit 

aussi par diagénèse.  

 

 

 

 

Figure 6 : Soluble cobalt (DCo) versus 
dissolved cobalt (sCo) (a) in the surface North 
Atlantic Ocean; (b) in the Mediterranean Sea. 
(c) sCo –P correlation observed in the North 
Atlantic 
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4) Apports atmosphériques  

4.1 Développement de nouveaux modèles 

L’apport atmosphérique est généralement considéré comme une source majeure des 

éléments traces à l’océan ouvert. Dans ces travaux, un effort important sur la quantification du 

dépôt de poussières atmosphériques et des apports atmosphériques en cobalt a été apporté. 

Nous avons proposé des améliorations du modèle MADCOW développé par Measures and 

Vink (2000). Ce model basé sur les concentrations en aluminium dissous dans les eaux de 

surface présentait en effet de grandes différences par rapport à d’autres simulations basées sur 

des mesures de terrain du dépôt atmosphérique (Figure 7). Notre optimisation qui a consisté à 

inclure des facteurs clefs tels que la variabilité spatiale des taux de dissolution et des temps de 

résidences, a ainsi permis de diminuer considérablement ces écarts (Figure 7). 

 Nous avons également développé un nouveau modèle pour estimer l’apport 

atmosphérique à partir des concentrations particulaires en éléments traces dans les eaux de 

surface. Ce nouveau modèle DIPA (Dust Inferred by Particulate Aluminum seawater 

concentration) permet non seulement d’estimer l’apport atmosphérique « near real time » 

(échelle du jour), mais aussi de déterminer l’une des caractéristiques importantes de l’aérosol, 

sa composition en éléments traces. 

Ces modèles ont été utilisés pour estimer les apports atmosphériques en poussières et 

en cobalt en Atlantique Ouest (MADCOW-modified) et en Méditerranée (DIPA).  

 

Figure 7: (a) Comparison of dust deposition estimation using modified MADCOW model (dark line; Dulaquais et al., 
2014b) and historical MADCOW model (red line; Measures and Vink, 2000) using the same dissolved aluminum 
concentration recorded along the GA02 section (Rob Middag, pers. comm.). (b) Actual most popular dust deposition model 
(Mahowald et al., 2005; Jickells et al., 2005). Dashed line represent the GA02 cruise track 

 

 



228 

 

4.2 Apport atmosphérique de cobalt dissous 

Nos estimations montrent que l’apport atmosphérique en cobalt dissous dans les eaux 

de surface varie de  < 0.05 nmol.m-2.j-1 en Atlantique Sud-Ouest à plus de 9 nmol.m-2.j-1 dans 

le Bassin Oriental de la Mer Méditerranée, soit plus de deux ordres de grandeur. L’apport 

moyen en DCo au Bassin Atlantique est 4 à 5 fois plus faible qu’en Méditerranée, ce qui est 

également reflété par les concentrations de DCo 4 à 5 fois plus faibles dans les eaux 

oligotrophes Atlantiques (~30 pM au Nord, ~25 pM au Sud) qu’en Méditerranée (~150 pM) 

(Figure 8). Par ailleurs, nous avons montré que l’apport atmosphérique de DCo pouvait varier 

au sein d’un même bassin (Chapitres 3-4-5).  

 Le dépôt atmosphérique est une source de DCo dont l’intensité comparée aux autres 

flux est variable selon le domaine biogéochimique et le réservoir considéré. Nous avons vu 

par exemple que cette source est peu significative à l’échelle de la colonne d’eau ou de la 

couche de surface par rapport à l’intensité des processus biologiques, et qu’au contraire elle 

peut se révéler importante à l’échelle de la couche de mélange.  

Nous avons estimé que l’apport 

atmosphérique et la dissolution des aérosols 

représentaient moins de 10% de l’inventaire de 

DCo dans la couche de mélange de l’Atlantique 

Sud, alors qu’ils compteraient jusqu’à 80% de 

de celui du gyre subtropical de l’Atlantique 

Nord (Chapitre 4). En réalisant une compilation 

des données de cobalt dissous actuellement 

disponibles pour les eaux de surface (Figure 8), 

l’influence des alizés transportant du matériel 

lithogénique au nord de la convergence 

intertropicale peut être détectée par de plus 

fortes concentrations en DCo. 

 

4.3 Interactions biogéochimiques 

En comparant les abondances des cyanobactéries de type Synechococcus avec la 

spéciation organique du cobalt (Olson et al., 1990 ; Partensky et al., 1999 ; Saito et al., 2004 ; 

2005), nous avons proposé que ces espèces résideraient principalement dans la couche de 

mélange des zones présentant de forts apports en cobalt inorganique dissous Co2+ (Dulaquais 

Figure 8 : Actual surface avalaible UV-DCo 
database. Orange arrows indicate natural dust input. 
Red arrows indicate anthropogenic dust inputs. 
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and Boye, in review). D’autre part, nous avons montré que l’apport atmosphérique pouvait 

être la source principale de cobalt inorganique en bassin ouvert, en dehors des zones 

d’upwelling (Dulaquais and Boye, in review). Ainsi, nous suggérons que l’apport 

atmosphérique de cobalt pourrait en partie contrôler l’abondance de Synechococcus en océan 

ouvert. En effet, les forts apports atmosphériques que nous avons estimés dans le gyre 

subtropical Nord Atlantique sont associés à des concentrations élevées en Co2+ et à une 

population  importante de Synechococcus, et les faibles apports dans le gyre subtropical Sud 

correspondent à des concentrations en Co2+ extrêmement faibles et à une faible abondance des 

Synechococcus. En revanche, ces relations ne sont pas observées pour les cyanobactéries de 

type Prochlorococcus dont l’abondance est similaire dans les deux gyres subtropicaux 

(Dulaquais and Boye, in review). La capacité des espèces Prochlorococcus à assimiler du 

cobalt organiquement lié (Saito et al., 2002) pourrait favoriser leur croissance dans les régions 

de faibles apports atmosphériques, pauvres en Co2+ (Dulaquais and Boye, in review).   

Les Synechococcus sont capables de synthétiser et de sécréter de grandes quantités de 

vitamine B12, essentielle pour une majorité d’eucaryotes (Bonnet et al., 2010). La 

biodisponibilité de la B12, dans les eaux pourrait contrôler le taux de croissance et la 

distribution spatiale de beaucoup d’eucaryotes en milieu marin (Sañudo-Wilhelmy et al., 

2006; Panzeca et al., 2006; Bertrand et al., 2007; Gobler et al., 2007, Koch et al., 2011). De 

plus, il a été montré que de forts apports en cobalt inorganique dissous augmentaient la 

synthèse de cette vitamine (Panceza et al., 2008). Ainsi, sur la base de ces travaux, nous avons 

proposé que l’apport en Co2+ par dissolution des aérosols dans la couche de surface pourrait 

contrôler non seulement l’abondance des Synechococcus, mais également la diversité 

écologique  dans certains domaines biogéochimiques par un effet en cascade poussière-Co2+-

Synechococcus-B12-eucaryotes (Figure 9 ; Dulaquais and Boye, in review).  

Les concentrations en B12 plus élevées en Mer Méditerranée qu’en Atlantique 

(Bertrand et al., 2013) sont associées à une abondance de Synechococcus plus élevées en 

Méditerranée qu’en Atlantique (Agawin et al., 1998 ; Agusti et al., 2004), et comme nous 

l’avons vu, à des apports atmosphériques plus intenses en Méditerranée qu’en Atlantique 

(Chapitres 3-4-5). Ces observations viennent souligner les liens entre les apports 

atmosphériques en cobalt, l’abondance des Synechococcus et la disponibilité en B12. 
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5) Vue d’ensemble et perspectives 

 

5.1 Représentation 0D 

Dans une représentation des interactions biogéochimiques du cobalt en 0D (Figure 

10), les échanges entre les différentes phases physiques et chimiques du cobalt, les processus 

mis en jeux dans ces interactions (biologiques, géochimiques) et leurs intensités dépendent 

des conditions physico-chimiques (hν, S, T°, P) et de l’état d’oxygénation du milieu (O2, 

H2S), ainsi que des conditions écologiques. Ces dernières sont-elles mêmes dépendantes des 

conditions biogéochimiques (nutritifs, O2, hν, T°, S, P).   

Dans cette représentation 0D, nous avons mis en évidence que les équilibres 

thermodynamiques contrôlaient les interactions de phases dans un système marin réducteur à 

forte pression, tel que dans les eaux profondes de la Mer Noire. En revanche, dans les eaux de 

surface oxygénées de l’Atlantique Ouest, ceux sont les processus biologiques qui contrôlaient 

ces échanges. L’intensité de ces processus biologiques dépendait de l’assemblage 

phytoplanctonique (i.e., cyanobactéries vs diatomées). En Méditerranée, les interactions sont 

contrôlées par les processus biologiques dans cette représentation 0D qui n’intègre pas de 

source externe de cobalt. Cependant, le forçage engendré par des apports externes intenses 

augmente l’importance des interactions géochimiques dans le cycle de cet élément.  

Figure 9: Conceptual schema of the possible interaction between the phytoplankton and the DCo 
provide by dust dissolution 
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5.2 Représentation 1D 

En intégrant la profondeur, la représentation 1D du cycle du Co 

(Figure 11) tient compte des sources externes et de ses puits à une 

profondeur donnée. En 1D, les concentrations en DCo et PCo de chaque 

réservoir sont contrôlées par les processus bio-géochimiques (0D), par 

les sources et puits dans ce réservoir, ainsi que par les processus 

physiques entre les différents réservoirs (advection-diffusion verticale, 

sédimentation). Ainsi, dans l’Atlantique Ouest, l’export est un puits de 

PCo pour la couche de surface (Dulaquais et al., 2014b), alors qu’il est 

une source de DCo pour les eaux intermédiaires et profondes par le biais 

du processus de minéralisation de la matière détritique (Dulaquais et al., 

2014). Dans cette représentation, l’unique puits de cobalt devient 

l’enfouissement sédimentaire.  

 

5.3 Représentation 3D  

Dans une représentation spatiale en trois dimensions, l’advection latérale est alors 

intégrée dans le cycle du cobalt. Ainsi, les distributions de DCo et PCo ne sont plus 

uniquement régies par les échanges de phases (0D) ou par les échanges entre les différents 

réservoirs de la colonne d’eau (1D) mais aussi par des processus qui peuvent avoir lieu à des 

distances de l’ordre de 103 km. La distribution à un endroit donné peut alors être impactée par 

des processus biogéochimiques ayant eu lieu dans d’autres domaines après transport méso-

échelle (tourbillons) à travers les fronts, ou grande échelle (circulation générale) à travers les 

Figure 10: 0 dimensional conceptual schema 
of the interactions occurring between the 
different fractions in the cobalt 
biogeochemical cycle.  

Figure 11: Simplistic 1 
dimensional conceptual schema 

of the interactions occurring 
between the DCo and PCo pools 

in a 3 layers marine system. 
Each layer is a 0 D model 
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bassins. Nos travaux ont mis en évidence que l’étude du cycle biogéochimique du cobalt en 

milieu marin ne peut être détachée de la dynamique et de la circulation océanique (vision 3D), 

à l’exception des eaux profondes de la Mer Noire. 

 Grâce à une vision lagrangienne en Atlantique Ouest (section GA02), nous avons pu 

montrer que le profil de type hybride du DCo observé en Atlantique Ouest ne serait pas du à 

des processus de scavenging (1D) mais résulterait de l’advection et du mélange des masses 

d’eaux Arctiques et Intermédiaires enrichies en DCo avec les Eaux Antarctiques de Fond 

pauvres en DCo (3D ; Figure 12 ; Dulaquais et al., 2014). 

Nos travaux suggèrent aussi de 

considérer les Eaux Intermédiaires Atlantiques 

comme une source majeure de DCo pour 

l’ensemble de la couche de surface du Bassin 

Atlantique (Dulaquais et al., 2014). Ces eaux 

s’enrichissent en effet en DCo sur les bords Est 

Atlantique, et sont transportées à travers 

l’ensemble du Bassin Atlantique. Les tourbillons 

assurent également un apport de DCo depuis ces 

eaux enrichies vers la couche de surface par 

advection et diffusion verticale (Dulaquais et al., 

2014). Les efforts récents engagés dans le cadre 

du programme international GEOTRACES illustrent ce transport des Eaux Intermédiaires 

Atlantiques enrichies en DCo (Figure 12). De plus, nous avons pu observer la remontée 

d’eaux intermédiaires enrichies en DCo par le biais de tourbillons cycloniques le long de la 

dérive Nord Atlantique (Figure 13) illustrant ainsi le transfert de DCo entre les eaux 

intermédiaires et la surface.   

 

 

Figure 13: Vertical distribution of 
dissolved cobalt along the North 
Atlantic Drift (NAD). Dashed arrows 
indicate the direction of the vertical 
advection. Filled arrow indicates the 
pathway of the NAD 

 

 

 

Figure 12: Distribution of dissolved cobalt in the Atlantic 
Ocean. Including data from Bown et al., 2011; Noble et al., 
2012; Dulaquais et al., 2014 ; Lohan Laboratory (unpublished) 
and Saito laboratory (unpublished). Plot generated by Reiner 
Schlitzer 
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Nos travaux soulignent également la capacité d’un processus local du cycle du cobalt à 

impacter sa distribution à grande échelle. Le profil de type scavengé du DCo observé dans 

l’ensemble du Bassin Méditerranéen (grande échelle) en est un exemple puisqu’il résulte en 

partie du lessivage de l’Iberian Pyrite Belt (échelle locale) combiné aux particularités de la 

circulation Méditerranéenne. 

 

5.4 Perspectives  

L’approche physique-biogéochimique intégrant les échanges aux interfaces est 

nécessaire pour comprendre le cycle du cobalt à grande échelle. Cependant, elle est 

actuellement limitée par le peu de connaissance que nous avons des processus de transferts de 

phases (vision 0D). La prise en compte de l’ensemble des paramètres biologiques (taxonomie, 

production primaire), géochimiques (spéciation, cinétique, composition multi-élémentaire, 

diagénèse) et physiques (export, diffusivité, advection) combinée à des études expérimentales 

des processus (dissolution, adsorption, assimilation biologique, régénération) permettrait 

d’améliorer notre compréhension du cycle de cet élément.  

Un effort particulier devrait être porté à l’étude de la spéciation organique dans 

l’ensemble du spectre de taille du cobalt pour mieux comprendre les interactions du cobalt 

avec les espèces phytoplanctoniques (biodisponibilité), et les échanges entre les différentes 

phases (solubilité, temps de résidence). Les études expérimentales permettront  de recueillir 

les informations indispensables sur les processus d’échanges entre les phases dissoute et 

particulaire, biotique et lithogénique (vision 0D). Des études conduites en incubateur en flux 

continu permettraient aussi de caractériser les cinétiques d’échange (adsorption, dissolution), 

pour différents types de matrices solides (aérosols, sédiments) de composition variée (matière 

organique, minéral,  anthropogénique). Elles permettraient ainsi de progresser sur la 

caractérisation des sources et des puits de cobalt dans l’océan.  

Ces études complémentaires sont indispensables pour la conception d’un modèle 

biogéochimique océanique tridimensionnel qui intègrerait les compétitions cinétiques de 

transferts de phases. 

L’ensemble ce ces travaux met en évidence que le cycle biogéochimique du cobalt est 

régie par une combinaison de phénomènes locaux et de grande échelle dont les effets peuvent 

être directs et indirects. Dans ce sens, le cycle du cobalt en milieu marin semble destiné à être 

perturbé en raison des changements environnementaux locaux (pressions anthropogéniques)  

ou de grande échelle (modification de la Meridional Overturning Circulation).  
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Global Biogeochemical cycles 
 
Introduction 
 
The auxiliary material contains one text file, one table and two figures. S1 gives the methods of 
modified MADCOW model and its application to Co in order to constrain the impact of dust 
deposition on Co distribution in seawater (see section 4.2 in chapter 4). Figure S1 displays results of 
our modified madcow model   for dust deposition (g/m²/yr) compare to other model estimations at the 
surface West Atlantic Ocean.  Figure S2 displays results of our modified MADCOW model for 
residence time (yr) compare to other model estimations at the surface West Atlantic Ocean.   
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Estimation of the atmospheric deposition of soluble cobalt along the 

GEOTRACES-A02 section 

 

1) Estimation of the dust deposition  

The dust deposition was inferred from the concentrations of dissolved aluminium measured in 
seawater along the section, following a modified version of the MADCOW model (de Jong et 

al., 2007). 

 

Model:  

Dust deposition rate (g.m-2.year-1) = DAl * z * M Al * (Ab. Al * S Al * τ Al)-1  Equation 1 

τ Al = DAl * z * (Scav. Al)-1    Equation 2 

 

In steady state condition dP Al/ dt = 0; Scav. Al = Dust dissolution; Scav. Al can be rewritten:  

 

Scav. Al = FPOC * (PAl:POC) * S Al    Equation 3 

 

Conditions: 

- Assuming dissolved (DAl) and particulate (PAl) aluminium are at steady state in the 

mixed layer, and thus that their stocks are constant. 

- Assuming the dissolution of dust is the only source of DAl in the mixed layer
*
 and 

scavenging on particles its only sink; and that the sum of both is equal to zero.  

 

*except in the subantarctic waters where input of 6 nmol.m-2.yr-1 is attributed to lateral 
advection using DAl gradient between 40°S and 50°S (Grad40°S→50°S DAl = 4 10-12 mol.m-

3.m-1), an advection of 30cm.s-1 in this area for the upper 100 meters [Vivier and Provost, 
1999] and an area of 0.5 1012 m-2 

 

Parameters: 

 DAl : mean concentration of dissolved aluminium measured in the mixed layer (in mol.m-3; 
Appendix 1) [R. Middag, unpublished data] 

z : depth of the mixed layer derived from CTD data (in m; supplement 2) 

M Al : molar mass of aluminium (27 g.mol-1) 

Ab. Al : crustal abundance of aluminium (0.077 g.g-1; Rudnick and Gao [2003]) 

S Al : solubility of aluminium from dust (3 to 15%  Baker et al. [2013]; supplement 2)  

τ Al : residence time of aluminium in the mixed layer calculated using Equation 2 (in year; 
0.03 - 3.6 years, supplement 2).   

Scav. Al : scavenging of dissolved aluminium on settling particles calculated using Equation 
3 (in mol.m-2.year-1; supplement 2)  

FPOC : exported flux of organic carbon on settling particles (Owens [2013] in the southern 
section; Puigcorbé et al., [in prep.] in the northern section) 
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PAl:POC : Aluminum to organic carbon ratio in particles used in the model were estimated 
after determination of Al:POC ratio in particles collected in the eastern Atlantic (Al:POC ~ 1-
3 mmol/mol) and the Mediterranean Sea (Al:POC ~ 10mmol/mol) for low and intensive dust 
input areas respectively [Dulaquais et al., unpublished data]. Data used are in accordance 
with Sherrel and Boyle [1992] dataset in the Sargasso Sea area 

 

2) Estimation of the atmospheric deposition rate of soluble cobalt  
The deposition of soluble cobalt from dust was inferred from the dust deposition rate 

(Equation 1) and the abundance of cobalt in dusts. 
 

Model 

FCoatm.. = Dust deposition rate * [Co]dust        Equation 4 

F SCo = FCoatm. *  S Co                                                   Equation 5 

 

Parameters: 

[Co]dust : mean concentration of cobalt reported in aerosols of the West Atlantic (in g.g-1;17 
10-6 - 170 10-6 g.g-1; [Gaiero et al., 2003; Reid et al., 2003; Rudnick and Gao, 2003; Baker et 

al., 2007; Trapp et al. 2010; Xia & Gao, 2010; Shelley et al., 2012; Shelley et  al., subm.]; 
suppelement2)  

FCoatm. : Atmospheric deposition flux of cobalt calculated using Equation 4 (in mol.m-2.d-1 
using the molar mass of Co (59 g.mol-1) and the number of days per year (1 year = 365.25 d); 
supplement 2)  

SCo : Cobalt fractional solubility of atmospheric particles in seawater. Without data available 
at date it is assumed that S Al = S Co (supplement 2). Values used are in the range of reported 
data [Gaiero et al., 2003; Baker et al., 2007; Turoczy et al., 2010; Shelley et al., 2012]  

F SCo. : dust deposition rate of soluble cobalt calculated using Equation 5 (in mol.m-2.d-1; 
supplement 2) 
 

 
Table S1: Parameterization and output of modified MADCOW model. 

 

Latitude 

(°N) 

longitude 

(°E) 

D Al 

(nM) 

z 

(m) 

S 

Al 

Ab 

Al 

(g/g) 

Al:POC 

(mmol/mol) 

FPOC 

(mmol/m²/d) 

τ 

DAL 

(yr) 

F Dust 

(g/m²/yr) 

[Co] 

dust 

(µg/g) 

S 

Co 

F Co  

(nmol/m²/d) 

F SCo 

(nmol/m²/d) 

64.00 -34.25 5.44 60 0.15 0.08 2 1.5 1.98 0.42 170 0.15 3.33 0.5 

62.35 -36.00 1.62 40 0.15 0.08 2 1.5 0.39 0.42 170 0.15 3.33 0.5 

60.43 -37.91 1.07 40 0.15 0.08 2 1.4 0.28 0.39 170 0.15 3.11 0.47 

58.60 -39.71 1.12 30 0.15 0.08 2 1.35 0.23 0.38 170 0.15 3 0.45 

54.06 -45.84 1.38 40 0.15 0.08 2 1.3 0.39 0.37 170 0.15 2.89 0.43 

51.82 -45.73 4.21 35 0.15 0.08 2 2 0.67 0.56 170 0.15 4.45 0.67 

49.72 -42.45 2.41 45 0.15 0.08 2 3 0.33 0.85 170 0.15 6.67 1 

47.80 -39.40 10.33 40 0.15 0.08 2 3.7 1.02 1.04 170 0.15 8.22 1.23 

46.31 -39.66 12.74 25 0.15 0.08 2 3.7 0.79 1.04 170 0.15 8.22 1.23 

44.84 -42.53 4.29 20 0.15 0.08 2 3.7 0.21 1.04 170 0.15 8.22 1.23 

37.53 -50.74 10.81 25 0.15 0.08 2 3.7 0.67 1.04 170 0.15 8.22 1.23 

36.21 -53.29 15.81 18 0.14 0.08 2.14 3.7 0.7 1.12 170 0.14 8.81 1.23 
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34.33 -55.43 14.98 20 0.13 0.08 2.31 3.4 0.8 1.11 165.88 0.13 8.51 1.11 

33.43 -58.05 17.32 18 0.11 0.08 2.73 3.1 0.92 1.19 160.41 0.11 8.87 0.98 

32.55 -61.10 31.46 10 0.1 0.08 3 2.8 1.03 1.18 155.01 0.1 8.51 0.85 

31.67 -64.17 29.13 12.5 0.09 0.08 3.33 2.5 1.33 1.17 149.6 0.09 8.15 0.73 

29.62 -66.53 35.19 10 0.08 0.08 3.68 2.2 1.46 1.14 137.05 0.08 7.26 0.59 

28.09 -67.50 42.18 10 0.08 0.08 3.57 2.2 1.75 1.11 127.72 0.08 6.57 0.55 

26.24 -67.80 48.63 10 0.09 0.08 3.48 2.2 2.02 1.08 116.38 0.09 5.83 0.5 

24.72 -67.07 42.46 15 0.09 0.08 3.43 2.2 2.64 1.06 107.06 0.09 5.29 0.46 

23.28 -65.55 47.77 15 0.09 0.08 3.41 2.2 2.97 1.06 98.24 0.09 4.82 0.42 

22.34 -63.58 43.89 20 0.09 0.08 3.41 2.2 3.64 1.06 92.53 0.09 4.54 0.4 

21.78 -61.84 43.75 20 0.09 0.08 3.41 2.4 3.33 1.15 89.08 0.09 4.77 0.42 

20.45 -59.53 45.45 20 0.09 0.08 3.43 2.5 3.32 1.21 86.54 0.09 4.85 0.42 

18.57 -57.61 33.78 25 0.09 0.08 3.49 2.8 2.75 1.38 80.14 0.09 5.12 0.44 

16.83 -56.27 26.19 25 0.08 0.08 3.58 3.1 1.93 1.56 74.23 0.08 5.38 0.45 

14.88 -54.80 25.61 25 0.08 0.08 3.73 3.4 1.72 1.78 67.59 0.08 5.6 0.45 

13.16 -53.42 23.64 25 0.08 0.08 3.56 3.4 1.74 1.7 61.75 0.08 4.88 0.38 

11.37 -52.05 25.41 35 0.07 0.08 5.68 3.4 1.74 2.72 55.67 0.07 7.03 0.51 

9.55 -50.47 25.12 55 0.07 0.08 9.5 3.4 1.74 4.55 49.46 0.07 10.44 0.7 

7.77 -48.88 25.25 60 0.06 0.08 11.34 3.4 1.74 5.43 43.4 0.06 10.94 0.68 

5.98 -46.42 27.35 45 0.06 0.08 10.51 3.3 1.74 4.88 37.33 0.06 8.46 0.47 

3.97 -43.75 26.88 40 0.05 0.08 10.52 3.3 1.74 4.89 34 0.05 7.71 0.38 

2.54 -41.70 22.41 30 0.04 0.08 7.8 3.3 1.64 3.62 34 0.04 5.72 0.25 

1.15 -39.69 16.64 32.5 0.04 0.08 8.42 3.3 1.39 3.91 34 0.04 6.17 0.24 

0.72 -38.97 19.72 27 0.04 0.08 9.06 3.3 1.33 4.21 34 0.04 6.65 0.24 

-0.18 -32.88 16.96 30 0.03 0.08 9.33 3.3 1.3 4.34 34 0.03 6.84 0.24 

-2.64 -28.91 15.3 40 0.04 0.08 7.22 3.2 1.65 3.26 34 0.04 5.14 0.23 

-5.68 -28.46 11.52 60 0.05 0.08 5.41 2.9 2.2 2.21 17 0.05 1.74 0.1 

-9.15 -28.00 10.53 60 0.07 0.08 4.38 2.5 2.39 1.54 17 0.07 1.22 0.08 

-12.89 -29.22 9.35 50 0.08 0.08 3.67 1.9 2.4 0.98 29.65 0.08 1.35 0.1 

-17.02 -30.59 7.44 40 0.08 0.08 3.09 2 1.57 0.87 47.68 0.08 1.93 0.16 

-22.47 -32.73 0.94 40 0.09 0.08 0.86 2.1 0.64 0.26 71.53 0.09 0.85 0.07 

-26.09 -34.28 2.21 40 0.09 0.08 1.65 1.8 0.95 0.42 87.35 0.09 1.7 0.15 

-29.06 -35.78 1.2 40 0.08 0.08 1.52 2 0.53 0.4 100.34 0.08 1.86 0.15 

-32.09 -37.46 1.24 40 0.08 0.08 1.22 2.2 0.65 0.38 113.56 0.08 1.99 0.15 

-35.01 -39.44 0.36 40 0.07 0.08 0.48 2.2 0.54 0.15 126.33 0.07 0.87 0.06 

-37.84 -41.13 0.2 50 0.07 0.08 0.28 3.3 0.44 0.13 138.71 0.07 0.85 0.06 

-39.97 -42.49 0.34 40 0.06 0.08 0.6 6.4 0.15 0.54 148.02 0.06 3.74 0.23 

-42.38 -44.02 0.34 35 0.06 0.08 2.2 5.8 0.04 0.7 158.56 0.06 5.15 0.29 

-44.70 -45.55 0.23 40 0.05 0.08 1.31 4.8 0.08 0.88 168.71 0.05 6.91 0.36 

-46.93 -47.22 0.07 40 0.05 0.08 0.23 4.1 0.17 1 178.46 0.05 8.28 0.38 

-48.97 -48.88 0.15 50 0.04 0.08 1.47 4.7 0.07 0.97 187.35 0.04 8.43 0.35 

-49.55 -52.69 1.2 50 0.04 0.08 2.46 5.3 0.31 1.83 189.89 0.04 16.17 0.65 
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Figure S1: Comparison of dust deposition in the Atlantic between this study and other 
published models. Dashed line indicates theGA02 section. Note the different color scales. 
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Figure S2: Comparison of dissolved Aluminum surface residence time in the Atlantic 
between this study and other published models. Dashed line indicates theGA02 section. Note 
the different color scales. 
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Annexe 2 Performance analytiques relatives au chapitre 5 

 

Table 1: Comparison of dissolved cobalt analyses obtained in the UV-oxidized samples by 
the FIA-Chemiluminescence method used in the chapter 6 with consensus values reported by 
the Sampling and Analysis of iron (SAFe) and GEOTRACES programs 
 

 

 

 

 

 

 

 

 

Table 2: Analytical performance of SF-ICP-MS measurements for particulate trace elements  

 

 

 

 

Sample DCo measured 
Consensus DCo 

Value 

SAFe D2 45.0 ± 1.9 (n = 25) 45.7 ± 2.9 

SAFe D1 41.4 ± 2.1 (n = 25) 45.4 ± 4.7 

GEOTRACES S 33.1 ± 3.2 (n = 25) 31.8 ± 1.1 

GEOTRACES D 67.1 ± 4.3 (n=25) 65.2 ± 1.2 

Total particulate trace metals (pTM) quality control data 
 

      
Element Al P Mn Fe Co 

Isotope measured (for ICP-MS) 27 31 55 56 59 

Resolution used MR MR MR MR MR 

Instrument Blank (pmol/mL) 
    

mean value 4.36 4.20 0.146 1.00 0.054 

standard deviation 0.188 0.782 0.021 0.264 0.002 

instrument detection limit 0.565 2.34 0.064 0.791 0.007 

replicate number 10 10 10 10 10 

Digest Blank (pmol/digest) 
     

mean 763 729 21.0 190 4.41 

std dev 311 201.5 9.00 53.8 1.64 

replicate number 7 7 7 7 7 

Unused Blank (pmol/digest) 
     

mean 4314 1695 45.1 2614 7.27 

std dev 2054 678 16.1 1656 2.19 

replicate number 9 9 9 9 9 

Process Blank (pmol/digest) 
     

mean 4599 4413 325 2172 8.15 

std dev 1541 1892 95.3 853.1 1.86 

replicate number 21 21 21 21 21 

      

Certified Reference Material (CRM)--BCR-414 
   

ug/g after correction for digest blank GeoReM GeoReM BCR-Certified BCR-Indicative BCR-Indicative 

BCR 414 value 2154.3 12840 299 1850 1.43 

BCR 414 uncertainty 803.4 4978 13 190 0.06 

BCR 414 RSD 37.3% 38.8% 4.3% 10.3% 4.2% 

mean 2392.6 13837 265 1745 1.22 

uncertainty 355.1 1879 43 279 0.21 

RSD 14.8% 13.6% 16.4% 16.0% 17.5% 

recovery 111% 108% 89% 94% 85% 
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Cycle biogéochimique du cobalt en domaines océaniques contrastés : l’Atlantique Ouest, 
la Mer Méditerranée et la Mer Noire. 

 

Gabriel Dulaquais 

 

Résumé : 

  
Le cobalt est un métal de transition essentiel pour la croissance du phytoplancton, et en particulier pour les cyanobactéries qui ont un 
besoin absolu pour cet élément. En étant l'atome central de la cobalamine (vitamine B12), le cobalt est aussi indirectement essentiel aux 
eucaryotes marins qui ne synthétisent pas cette vitamine. Cet élément peut se substituer au zinc et au cadmium au sein de la carbonique 
anhydrase, l’enzyme permettant la fixation du dioxyde de carbone dans la cellule phytoplanctonique. Il pourrait intervenir également dans 
l’activation de l’alcaline phosphatase. De part ses implications biologiques, le cobalt pourrait jouer un rôle important dans le cycle 
océanique du carbone. Cependant, les connaissances du cycle biogéochimique du cobalt en milieu marin sont encore largement limitées. 

 
 Ce travail de thèse de doctorat s’inscrit dans le cadre du programme international GEOTRACES au sein duquel le cobalt y est 
désigné comme un élément clé de la biogéochimie marine. 
 Au cours de ces travaux, l’un des plus larges jeux de données, rapporté à ce jour, incluant les différentes fractions du cobalt 
(soluble, dissous, particulaire, spéciation organique) a été produit. Les données recueillies proviennent d’échantillons collectés au sein de 
domaines océaniques contrastés. Une stratégie de prélèvement à haute résolution et à grande échelle a été mise en place dans diverses 
régions océaniques du monde lors de campagnes à la mer. Ainsi pour la première fois, une cartographie du cobalt dissous (DCo) et 
particulaire (PCo) a pu être définie pour l’ensemble de l’Atlantique Ouest, ainsi que des bassins Méditerranéens et de la Mer Noire.  
 Ce jeu de données a pu être produit par l’utilisation de différentes techniques d’analyses (Flow-Injection-Analysis and 
Chemiluminescence detection ; Voltamétrie, SF-ICP-MS) aux limites de détections basses permettant la détermination de cet élément, 
présent dans l’eau de mer à des concentrations de l’ordre du pico-molaire (10-12 M). Le cobalt est en effet l’un des micro-nutritifs le moins 
abondant dans l’eau de mer.  
 Les concentrations les plus faibles en DCo ont été observées dans les eaux oligotrophes de l’Atlantique Ouest (< 15 pM) alors 
que les plus élevées sont enregistrées dans la couche supérieure des eaux sulfidiques de la Mer Noire (> 5 nM). La distribution verticale 
du cobalt dissous variait selon les systèmes biogéochimiques. Ainsi, le profil vertical est de type nutritif comme les phosphates dans les 
eaux de surface de l’océan Atlantique. Les concentrations y augmentent avec la profondeur, jusqu’à un maximum relatif dans les eaux 
intermédiaires, puis décroissent dans l’océan profond. Ce comportement contraste avec le profil observé pour l’ensemble des bassins de 
la Mer Méditerranée. Dans cette mer, les fortes concentrations en DCo mesurées en surface (100-300 pM) diminuent en effet avec la 
profondeur. En Mer Noire, la distribution verticale varie selon les conditions d’oxygénation des eaux. Les concentrations y sont 
extrêmement élevées par comparaison aux autres systèmes marins. 
 L’étude approfondie de l’ensemble de ces résultats a mis en évidence l’importance de la circulation à grande échelle dans la 
distribution du cobalt en milieu océanique. Ainsi, les circulations intermédiaires et profondes semblent régir la distribution profonde du 
cobalt dissous en Atlantique Ouest, ainsi qu’en Mer Méditerranée. De plus, le processus de minéralisation de la matière particulaire est 
une source importante de DCo dans les eaux de minimum d’oxygène de l’Atlantique Ouest impactant ainsi sa distribution. Cependant, la 
minéralisation n’est pas significative en Mer Méditerranée. Dans le bassin Méditerranéen, l’apport sédimentaire identifié par des traceurs 
lithogéniques, est une source importante en DCo et en PCo. Les processus  d’adsorption/désorption à la surface des oxydes de 
manganèse et de fer pourraient contrôler la distribution verticale du DCo dans les eaux anoxiques et sulfidiques de la Mer Noire.  
 Une forte collaboration internationale au cours de ces travaux a permis d’établir le premier budget en cobalt dans les eaux de 
surface à l’échelle d’un océan. Ainsi, l’ensemble des flux du cycle biogéochimique du cobalt dissous et particulaire a été paramétré dans 
les eaux de surface de l’Atlantique Ouest. Ce budget met en évidence des cycles contrastés entre les domaines biogéochimiques , et 
souligne l’importance de l’assimilation biologique du cobalt dans les zones oligotrophes. Dans ces zones où les cyanobactéries sont 
abondantes, le processus de régénération du cobalt soutiendrait le besoin absolu en cobalt de ces espèces.  
 Lors de ces travaux, un effort particulier a été apporté sur la quantification des apports externes en cobalt (atmosphère, rivière) le 
long de l’Atlantique Ouest et en Mer Méditerranée par le développement de modèles. Ainsi, les implications biogéochimiques des apports 
atmosphériques ont été estimées en Atlantique Ouest. Elles suggèrent un possible effet cascade entre l’apport atmosphérique, le 
développement des cyanobactéries de type Synechococcus et la production de vitamine B12. 
 Ces travaux sont une contribution majeure aux études en cours qui visent à comprendre et estimer les interactions biologiques et 
géochimiques du cycle du cobalt en milieu marin. Ce type d’étude permettra de développer des représentations en 4 dimensions (échelle 
de temps inclue) du cycle biogéochimique du cobalt en milieu marin. 
 
Mots clés : cobalt, océan, élément trace, micro-nutritif, biogéochimie, GEOTRACES, modélisation. 


