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Inflowing Waters (MIW).

Figure 5 158
Vertical distributions of: (a) nitrate; (b) phosphate; (¢) 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 GAO4N-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, (¢) 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, (¢) sulfide
concentrations in the Black Sea during the GA04 section. Anoxic-sulfidic transition
layer and sulfidic reservoir are indicated. Few stations numbers are labelled.

Figurell 168
Vertical distributions of: (a) phosphate, (b) nitrate (green line) and ammonium (black
line), (c¢) silicate, (d) dissolved oxygen (O,, 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 GAO02; Dulaquais et al., 2014a) and in the Eastern
Atlantic (section GAO4N, this study), (a) at temperate latitudes, (b) in oligotrophic
domains.

Figure 14 173
Vertical distributions of dissolved cobalt (DCo) between Stations la and 6a along the
GAO4N-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); (¢)
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), (¢) 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, (¢) 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
GAO4N-section, (b) integrated dissolved cobalt concentration (DCojsyrface), (€)
integrated dissolved cobalt anomaly (ADCojfgface, S€€ 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 (¢) dissolved cobalt deposition (DCo deposition) fluxes to the surface
waters along the GAO4N-section.

Figure 23 199
Spatial distribution of the enrichment factor of cobalt in aerosols (EF¢,) 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 I’étude
1 Le cobalt, propriétés chimiques et fonctions biochimiques

1.1 Propriétés chimiques et réactionnelles

Le cobalt (°*,7Co) est un élément de transition de la premiére ligne, peu abondant dans
1’écorce terrestre (17.3 pg.g”). A 1’état élémentaire sa configuration électronique est [Ar] 3d7
4s2. Le cobalt peut adopter différents états d’oxydation (-I a +IV), cependant il est
généralement observé sous les formes réactives Co(Il), ou inertes Co(Ill), dans lesquelles il
est impliqué dans des complexes octaédriques ou en mailles scp (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 manganese) conférent a ces
matériaux une forte anisotropie magnétique. Par cette particularité, le cobalt peut étre
incorpor¢ 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 synthése chimique (réaction de surface).

1.2 Fonction biochimique

Le cobalt est un micronutriment essentiel a la vie puisqu’il a
de multiples fonctionnalités connues au sein des cellules. En étant
I’atome central de la vitamine Bj, (ou cobalamine ; Figure 1), le
cobalt est utilisé par une majeure partie des eucaryotes sous la forme

de vitamine Bj, qui intervient, entre autre, dans la synthése de la

I aHs méthionine, un acide aminé essentiel. Lors de cette synthése, le cobalt
de la cobalamine agit en effet comme transporteur du groupement

méthyl entre le méthyl-folate et I’homocystéine. La vitamine B, est

HO

aussi utilisée par les bactéries et les archaes anaérobiques pour des
Figure 1 : 2D representation
of the By, vitamin. réactions de fermentation ou de dé-halogenation (Banerjee and
(Wikipedia.fr)
Ragsdale, 2003). Le cobalt peut aussi constituer I’atome central ou

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

des amides, ou certaines anhydrases carboniques servant a I’assimilation de carbone

inorganique.
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2 Le cobalt en milieu marin

Les études reportant des concentrations de cobalt dissous (DCo; <0.2 pm) sur
I’ensemble de la colonne d’eau de I’océan mondial restent, a I’heure actuelle, limitées (Figure

2).

Figure 2: Published DCo database before this work. Only studies including deep vertical distributions of
DCo are indicated.

De plus, la plupart de ces études ont été réalisées sans une étape d’oxydation des
¢chantillons par les ultra-violets avant leur analyse. Or, il a été démontré trés récemment que
I’absence de traitement aux UV entrainait une sous-estimation des concentrations réelles en
DCo, probablement en raison de sa spéciation chimique dans les eaux de mer (Saito and
Moftett, 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"? mol.L'™"), ce qui fait de cet élément ’un des moins abondants dans I’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 cotier ou proche des marges continentales (Knauer et
al., 1982 ; Heimbiirger et al., 2011 ; Noble et al., 2012 ; Bown et al., 2012b). Dans les eaux
intermédiaires et profondes, les concentrations de DCo peuvent étre particuliérement ¢élevées
dans les couches de minimum d’oxygeéne et les bassins anoxiques (Spencer and Brewer,

1971 ; Bown et al., 2011 ; Noble et al., 2012).
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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 a
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 1’Atlantique
Nord et dans I’Atlantique Sud subtropical (Figure 3a), (ii) une distribution de type
« scavengé », comme en Méditerranée nord-occidentale, ou 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 I’ Atlantique Sud et 1’Océan Pacifique (Figure 3d).
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Figure 3 Compilation of the 4 typical vertical distributions of DCo in oceanic waters: (a) Nutrient-like
distribution; (b) Scavenged-like distribution; (¢) Conservative distribution; (d) Hybrid distribution (Ellwood
and van den Berg, 2001; Noble et al., 2008; 2012; Saito et al., 2010; Bown et al., 2011; Heimbiirger et al.,
2011).

La distribution verticale du DCo dans 1’océan ouvert est majoritairement décrite
comme ¢tant 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) contrdleraient principalement la distribution du DCo dans les eaux de surface,
conduisant a un profil de type nutritif. Dans les eaux intermédiaires (300-800 m), les

processus de reminéralisation du cobalt assimilé en surface seraient principalement a 1’origine
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de ’augmentation des concentrations observée avec la profondeur, comme le suggére en effet
les concentrations ¢élevées de DCo détectées dans les zones de minimum d’oxygeéne a forte
productivité en surface (Saito et al., 2004 ; 2005 ; Noble et al., 2012). Enfin, dans les eaux
profondes, 1’adsorption du cobalt par les particules et la précipitation du cobalt dissous avec
les oxydes de manganése pourraient étre a I’origine de la diminution des concentrations avec
la profondeur généralement observée en dessous de 1000 metres (Saito and Moffett, 2002).
Cette diminution des concentrations dans I’océan profond contraste avec le réle 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 um). Dans la fraction dissoute, le cobalt peut également exister sous forme colloidale

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

La distribution du cobalt particulaire n’a encore été que tres 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, a 1’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 colloidale et soluble est encore
moins référencée. A 1’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 suggere que le DCo serait sous forme soluble dans le Pacifique nord-ouest, alors qu’il

serait principalement sous forme colloidale (& 70%) dans I’Océan Austral.

Alors que les questions sur l’assimilation biologique, la biodisponibilité ou les
réactions de précipitation du cobalt dissous restent ouvertes, 1’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 oxvdative et spéciation chimique du cobalt en milieu marin oxygéné

En milieu marin, la forme inorganique du cobalt dissous la plus abondante est I’ion
Co", sous sa forme hydratée octaédrique (Co(OHa)s)*" (Cozovic et al., 1982). Quant aux
complexes Co(I[)OH,, ils présentent une solubilit¢ extrémement faible (107° M) et
n’apparaissent en solution que pour des potentiels d’hydrogene élevés (pH > 9), supérieurs a
ceux des eaux de mer (pH = 8.1). Par ailleurs, les précipités Co(III)OH; se forment aux
potentiels d’oxydo-réduction élevés au pH de I’eau de mer (> 0.7 V ; Swanner et al., 2014).
Ainsi, I’oxydation du Co(Il) qui produit du Co(IlI) ne serait pas une réaction majeure dans les
eaux océaniques oxygénées. Cependant, il a été¢ suggéré que les oxydes de manganese et de
fer pourraient catalyser 1’oxydation de Co(II) vers Co(III) en solution (Goldberg, 1961 ; Burns
1965 ; Murray et al., 1968). Le Co(Il) hydraté serait en effet oxydé en Co(Ill) a I’interface
solide-solution de ces oxydes (Murray and Dillar, 1979). Bien qu’effectivement il semblerait
que le Co puisse exister sous forme de Co(I[)OH; a la surface des oxydes de manganése
(Murray, 1975), le Co(Ill) produit par oxydation serait quant-a-lui incorporé sous forme
octaédrique au sein de certain oxydes de manganese. Le rayon ionique de 1’octa¢dre formé
avec le Co(III) (0.0525 nm) suggere que le Co(Ill) pourrait préférentiellement se substituer a
Mn(IV) (0.054 nm) dans les cristaux plutét qu’a Mn(II) (0.82 nm) ou Mn (III) (0.065 nm)
(Burns, 1976 ; Murray and Dillar, 1979). Le rayon ionique de 1’octaédre formé avec le Co(II)
¢tant ¢levé (0.075 nm), son incorporation semble étre physiquement limitée dans les oxydes
de manganese. L’adsorption de cobalt par les oxydes de manganese serait rapide, linéairement
fonction de la surface disponible a une concentration en Co fixée, et dépendante du pH. Ainsi,
I’adsorption des complexes hydratés de Co(Il) positivement chargés augmente avec le pH en
raison de 1’augmentation de la charge négative des oxydes (Murray, 1975). Néanmoins, ces
¢tudes sont issues, pour la plupart, d’expérimentations en laboratoire ou les concentrations de
cobalt et d’oxydes de manganese sont 100 a 1000 fois supérieures a celles enregistrées dans le
milieu marin oxygéné. Elles ont également été réalisées dans des eaux de mer artificielles
dans lesquelles 1’adsorption du cobalt sur les oxydes de manganése serait plus élevée que dans
I’eau de mer naturelle (Murray et al., 1975). Enfin, ces expériences suggerent que ces
réactions oxydatives ne seraient significatives qu’a des concentrations élevées en manganese
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 manganese a une longue
histoire dans la géochimie océanique du cobalt. Dans les nodules de manganese, le cobalt est
I’un des éléments les plus enrichis par rapport a la concentration de 1’é¢lément dans I’eau. Pour
expliquer ce facteur d’enrichissement, 1’adsorption du cobalt dissous sur des oxydes de
manganese (et/ou de fer) a ainsi été proposée (Goldberg, 1954). Cependant, les réactions
chimiques d’adsorption du cobalt sur les oxydes de manganése seraient, comme nous 1’avons

précédemment suggéré, peu significatives dans les eaux de
Co{pmolkg'lj

0 w w w = w mer. Une autre voie d’oxydation du cobalt (sous forme
s Pt ! +
0 ‘."'3:_'.' i S inorganique) serait possible, catalysée par des bactéries, et
i B e facilitant ainsi son adsorption sur les oxydes (Moffett and

. | Pacific ‘<_° Atlantic/ Ho, 1996). Dans cette voie enzymatique, le cobalt serait un

% s ) inhibiteur compétitif de 1I’oxydation du manganése (Moffett
) :{:: : oﬁ _ and Ho, 1996). La précipitation du DCo apres oxydation
4000 S chimique (Goldberg, 1961 ; Burns 1965 ; Murray et al.,
3: > | 1968) ou oxydation biologique (Moffett and Ho, 1996) est

Figure 4 : Vertical distribution of DCo in the souvent invoquée pour expliquer la diminution des
Sarga“°Piec?ff‘c"§§ej§t§§§r‘{(dj§tzl)‘e central concentrations de cobalt dissous avec la profondeur (Figure
(from Biller and Bruland, 2012) 3). Elle I’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 1’adsorption du
manganese sur les particules est découplée de celle du cobalt aux différentes profondeurs
d’activité photosynthétique (PAR ou Photosynthetically Active Radiation) (Figure 5a;
Moftett and Ho, 1996). En effet, 1’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
controlé par I’assimilation biologique, alors que celui du manganése serait régi principalement
par I’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'cco >
15) dans ces eaux, et la concentration cobalt organiquement li¢ augmenterait avec la
profondeur (Saito et Moffett, 2001 ; Figure S5b). L’augmentation du cobalt organique

concomitante a la diminution de 1’adsorption particulaire du cobalt avec la profondeur
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suggere que la complexation organique pourrait limiter 1’adsorption passive du cobalt par les
particules (Saito et Moffett, 2001). Cette complexation limiterait également 1I’oxydation

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

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 I’ Atlantique Nord, du Pacifique, et de I’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 li¢ n’a pas été¢ déterminé pour le moment.
Le cobalt organiquement li¢ pourrait €tre principalement sous forme Co(Ill) formant des
complexes stables (Ellwood and van den Berg, 2001). Les ligands du cobalt, dont le cycle
reste encore peu connu, pourraient tre la vitamine B, ou un produit issu de sa dégradation,
¢étant donnée la similitude de leur constante d’équilibre (log Kcopi2 = 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
possédent en effet le géne de synthése de la vitamine B, et seraient capables de I’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
étre 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
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organique (Saito and Moffett, 2001), favorisant ainsi le transport a grande échelle du DCo

organiquement li¢ le long de la circulation thermohaline (Bown et al., 2012b).
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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); (¢) 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 a grande échelle (Figure 4) pourrait-elle étre provoquée par la précipitation de
cobalt inorganique catalysée par des bactéries « manganese-oxydantes » (Moffett and Ho),
1996), alors que ce méme cobalt dissous est majoritairement li¢ a des ligands organiques qui
le protége 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 1’oxydation du manganése sont
peut abondantes en milieu oxygéné, et sont généralement observées dans les eaux et les
sédiments anoxiques ou pres des sources hydrothermales (Tebo et al., 1984 ; Murray, 2007 ;
Santelli et al., 2008). De plus, P’activité enzymatique de ces bactéries serait régie par la
température et la teneur en manganése (Saito et al., 2010 ; Noble et al., 2013). L’oxydation
bactérienne du cobalt serait donc réduite dans 1’océan profond pauvre en mangancse

(IMn]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 controlée par la concentration en ligands organiques du cobalt, plutot que par des

réactions oxydatives (Bown, 2011).

2.4 Le cobalt dans les eaux anoxiques et sulfidiques

Dans les eaux anoxiques et sulfidiques telles
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Figure 7: Vertical distribution of DCo and its . . .
chemical speciation in open Black Sea. Murray and Dillar, 1979 ; Lewis and Landing,

In Landing and Lewis (1991) 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’a la couche anoxique, puis augmentent d’un facteur 100
en dessous de I’interface O,-HS™ dans la couche sulfidique supérieure (> 1 nM, Figure 7).
Dans la couche sulfidique inférieure (en dessous de 500 m), les concentrations diminuent a
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
suggerent 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 modele (Landing and Lewis, 1991), a
moins que les ligands organiques ne soient présents a des concentrations extrémement ¢élevées

(Swanner et al., 2014).
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2.5 Les corrélations Co-P : évidence du caractere nutritif du cobalt

De maniére similaire aux

relations entre le cadmium et le
phosphate (Cd-P), ou zinc-silicate (Zn-
Si) enregistrées dans les eaux

Atmospheric / |
X -

and

océaniques ; (Boyle et al., 1976;
Bruland, 1980 ; Cullen et al., 2003 ;
Baars et al., 2014 ; Wyatt et al., 2014),

anlotc

inputs

(Co, Fe)

des corrélations entre le cobalt dissous

Hybride Type Metal

et le phosphate (Co-P) ont été

Upwelling /Vertical
diffusion

Phosphate

observées dans des eaux de surface de

différents domaines

biogéochimiques (Table 1), tels que le

, , . Figure 8: Conceptual representation of the Co-P surface
Golfe de I’Alaska, 1 upwelhng du relationship in surface oceanic waters. After Noble et al., 2008

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 a 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
¢léments, selon les domaines océaniques (Figure 8 ; Noble et al., 2008). Des différences
d’assemblages phytoplanctoniques, ou de biodisponibilit¢é du cobalt dissous entre les
domaines peuvent aussi étre invoquées (Saito and Moffett, 2002 ; Noble et al., 2008 ; Saito et
al., 2010 ; Bown et al., 2011). Au premier ordre, I’assimilation biologique du DCo peut étre
considérée comme le processus contrdlant la valeur du rapport ACo : AP 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 manicre générale, la corrélation Co-P observée en surface dans différents domaines

biogéochimiques confirme le caractére nutritif de cet élément.
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Table 1: Regression slopes of Co versus phosphates recorded in the upper water column in different biogeochemical domains

Geographic location Biogeochemical ACo : AP (uM :M) Reference
system
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
Hawai Oligotroph 37 Noble et al., 2008
Southern Ocean Subpolar 48 Bown et al., 2011
Ross Sea Polar 38 Saito et al., 2010

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 a 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 I’advection verticale peuvent
étre 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 riviéres peuvent drainer de fortes concentrations en cobalt (1.7
nM ; Martin and Window, 1991) au milieu coétier, et aussi a [’océan ouvert tel que

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

Dans les eaux intermédiaires, la principale source de DCo pourrait étre la
minéralisation du matériel bio-détritique dans les couches de minimum d’oxygeéne (Bown et
al., 2011 ; Noble et al., 2012). Dans les eaux profondes, la source sédimentaire semble étre
particuliérement 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
I’interface eau-sédiment est faiblement oxygénée (Sunby et al., 1985 ; Saito et al., 2005), ou
par dissolution du sédiment aprés sa resuspension pres des marges ou plateaux continentaux

en raison de forts courants de pente (Bown et al., 2012b). Ces apports benthiques peuvent
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aussi étre entrainés verticalement par upwelling (Saito et al., 2005 ; Noble et al., 2012) et/ou

advectés latéralement a travers la circulation a 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 1’assimilation
biologique, plutot que les processus d’oxydation/précipitation (Moffet an Ho, 1996 ; Saito and
Moftett, 2001). L’assimilation biologique du DCo varie en fonction de chaque domaine
biogéochimique, d’un facteur 1 a 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,
I’assimilation biologique importante observée dans les zones subtropicales serait liée au
besoin absolu des cyanobactéries pour cet ¢lément (Saito et al., 2002). Au contraire, la faible
assimilation en zone polaire serait dlie aux faibles besoins en Co des diatomées (Sunda and

Huntsmann, 1995), espéces prédominantes a ces latitudes.

Dans les eaux intermédiaires et profondes, 1’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 dépdts atmosphériques constituent une
source importante a I’océan ouvert, alors qu’ils pourraient étre un puits de DCo par adsorption
sur les poussicres (Aston et al., 1972). Plus récemment, il a été suggéré que les apports
atmosphériques ne seraient pas une source significative de Co dans I’Atlantique Ouest
tropical (Saito and Moffett, 2002), ainsi que dans 1’ Atlantique Sud-Est et le secteur atlantique
de I’Océan Austral (Bown et al., 2011). En revanche, cette source pourrait étre importante en
Mer Méditerranée comme le suggere 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 cotes Ouest-Africaines sous influence du panache saharien (Bowie et

al., 2002).

Les dépots atmosphériques de Co relativement faibles dans la Mer des Sargasses
seraient jusqu’a 10 fois plus intenses a la fin de 1’été qu’au printemps (Shelley et al., 2012).

Une saisonnalité des dépots atmosphériques de Co a aussi été observée en Méditerranée Nord
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Occidentale (Heimbiirger et al., 2011) entre 1’hiver (faibles apports) et 1’été (forts apports).
Ces apports pourraient représenter prés de la moitié des apports totaux en cobalt dissous en

Méditerranéen Occidentale durant 1’été (Elbaz-Poulichet et al., 2001).

Une des principales difficultés dans la quantification du dépdt 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 I’origine des
aérosols. L’abondance du cobalt dans les aérosols est définie comme mixte, variant selon les
apports crustaux et ceux anthropogéniques li€és 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 1’aérosol susceptible de se
solubiliser dépend de I’origine des aérosols, de leurs tailles, et de leur temps de résidence dans
I’eau de mer, et elle peut varier de 1 a 100 % (Guieu et al., 1997 ; Gaiero et al., 2003 ; Baker
et al., 2007 ; Turogzy et al., 2010 ; Shelley et al., 2012).

3 Utilisation biologique et intérét écologique en milieu marin

En étant a la fois 1’atome centrale de la vitamine B),, indispensable a la croissance des
cyanobactéries, et impliqué dans 1’acquisition de carbone, le cobalt est I’un des rares éléments

traces essentiels a 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 suggere 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 méme groupe d’especes (Figure 9). En
premiére 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

14 - . .
12 ] - L’impact du cobalt sur la croissance
’ u

~ 17 . phytoplanctonique a été étudié lors d’expériences en

- 0.8 - . , .

= 064 . culture (Figure 10). Ces expériences montrent que le
041 taux de croissance (u) suit une cinétique de type
0.2 it
it , ‘ Michaélienne en fonction de la concentration en

-14 -13 -12 -11 -10 b lt . . C 2. _ % C P /
Log Co?* (pM) cobalt inorganique (Co™): p = pmax * [Co” ]

(Kmcoz+ + [C02+]), oU [max €st le taux de croissance
Figure 10: Growth rate of Emiliania huxleyi as ) )
function of [Co?'] in culture medium. After maximal de l’espéce, et Kmcor+ la concentration en
Sunda and Huntsmann. 1995 2" o
Co™" pour laquelle p = pmax / 2. Lorsque [Co™'] <
Kmco2t, la croissance de l'espéce considérée est limitée. Dépendamment des especes
considérées, différentes seuils de limitation en cobalt ont été enregistrées (Table 2). L’activité
de I’anhydrase carbonique dépendrait aussi de la concentration en cobalt dissous (Price and

Morel, 1990 ; Lane and Morel, 2000). La capacité du cobalt a limiter la croissance du
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phytoplancton et son implication dans 1’assimilation de carbone en font un élément important

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

Table 2: Kyc,,- for different phytoplankton species determined by culture experiments.

Specie Koicon: Study
(pM)
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

L’utilisation biologique du cobalt par le phytoplancton se complique par 1’introduction
de deux concepts: 1) la substitution cambialistique ; i1) la biodisponibilité.

1) La substitution cambialistique fait référence a la possibilité d’une entité biologique a
remplacer un élément « x » par un élément « y » sans modifier la fonction, ni I’efficacité du
processus pour lequel « x » est utilisé. Ainsi, la substitution dans une enzyme michaélienne ne
modifierait ni Vyax, ni Ks. Dans la carbonique anhydrase, le cobalt et le cadmium pourraient
se substituer au zinc qui est I’atome central de I’enzyme (Figure 11 ; Price and Morel, 1990 ;

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

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

Zn/Co/Cd

Cependant, il semble que de telles substitutions modifient I’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 étre atteinte qu’avec des
concentrations en Co”" supérieures & 10 pM (Figure 12a Sunda and Huntsmann, 1995 ; Saito
et al., 2002).

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

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

(B) Phaeocystis antarctica

Growth rate @"
Growih rate (@)

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’operent pas chez les cyanobactéries de types
Prochlorococcus et Synechococcus, puisqu’en 1’absence de concentrations suffisamment
élevées en Co”', ces deux espéces ne se développent pas, méme 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 I’environnement dans lequel les cyanobactéries seraient apparues,
I’océan primitif archéen. Dans cet océan ferro-sulfidique, les concentrations en cobalt
biologiquement disponible (Co") aurait, en effet, été significativement supérieures a 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 a 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).

Prochlorococcus Synechococcus bacillaris

log Co™ M)

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
. . . . . .
I’étendue de ces zones a travers I’océan mondial, une partie importante de la production

primaire des océans pourrait étre considérée cobalt-dépendante.

i1) La biodisponibilit¢ d’un élément fait référence a la fraction du cobalt disponible
pour une entité biologique donnée. Les expériences de cultures précédemment citées ont été
réalisées a 1’aide de ligands synthétiques permettant de contrdler la proportion de cobalt
inorganique (Co"), 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 a des ligands organiques (Saito et al., 2002). Des
« cobalophores », en référence aux sidérophores pour le fer, pourraient étre en effet produits
par les cyanobactéries pour faciliter 1’assimilation du cobalt par ces espéces (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 especes phytoplanctoniques.

3.3 Intérét écologique

Bien que certains eucaryotes n’utilisent pas la vitamine Bj», ils sont pour la plupart B,
dépendants puisqu’ils ne synthétisent pas cette molécule (Bertrand et al., 2007). La
concentration en Bj, peut ainsi limiter la croissance de ces organismes, comme en Mer de
Ross ou une co-limitation Bi,-Fer a été observée (Bertrand et al., 2007). Cette vitamine
impacterait aussi la productivité et la biodiversité¢ océanique (Sanudo-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 1’addition de cobalt a des eaux dont la
concentration en cobalt dissous est faible (~20 pM) augmente la synthése de la vitamine B,
ce qui suggere un role clef du cobalt dans la régulation de la voie de synthése de cette

vitamine (Panceza et al., 2008).

4 Transport a grande échelle dans le cycle du cobalt

Dans I’océan, I’advection et la diffusion verticale et/ou latérale impactent les
distributions des éléments chimiques. Ceci est observable dans la distribution des parameétres

biogéochimiques, tel que I’oxygene ou les nutritifs, ou des processus locaux peuvent impacter
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Cumulative remineralization (large process)

Depah m]

leur distribution a grande échelle, et inversement des processus de grande échelle impactent

des distributions locales (Figure 14).

Downwelling (local process)
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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)

Les récents efforts réalisés dans le cadre du programme international GEOTRACES

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

sections a 1’échelle d’un bassin (Figure 15), dans le secteur austral de 1’Atlantique (Bown et

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

I’importance du transport a grande échelle dans la distribution du cobalt. Ainsi, les fortes

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

des cotes Africaines dans 1’ Atlantique Sud seraient transportées d’un bord a 1’autre de 1’océan

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

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

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

au Passage de Drake (Figure 15b).

(a)

(b)

Weddell Gyre

West Atlantic East Atlantic SE Atlantic

Depth (m)
v

17

Total Co pmol 11)

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

dissoute et particulaire, sont aussi a prendre en compte dans les processus du cycle
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biogéochimique du cobalt. Par exemple, I’enrichissement observé en cobalt dissous dans les
eaux de surface au dessus du Plateau des Kerguelen serait du a une resuspension des
sédiments dans le courant de pente qui est détecté par de fortes concentrations en cobalt
particulaire, et a I’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 1’analyse des différentes fractions (spéciation
physique et chimique), d’une stratégie de prélévement, mais aussi 1’utilisation de traceurs

spécifiques adaptés a I’ordre de grandeur spatio-temporel du phénomeéne étudié.

5 Objectifs et zones d’études

Ce travail de doctorat est réalisé dans le cadre du programme international GEOTRACES,
et vise a améliorer notre compréhension du cycle biogéochimique du cobalt dans 1’océan. Il

propose de répondre aux objectifs spécifiques suivants:

e Déterminer la faisabilit¢ de comparer de larges jeux de données de cobalt dissous
obtenues par différents laboratoires utilisant des techniques diverses.

e Améliorer la résolution spatiale de cet ¢lément, indispensable a la compréhension des
processus tridimensionnels de grande échelle impliqués dans le cycle biogéochimique
du cobalt.

e Déterminer I’impact des processus physiques et géochimiques sur la distribution du
cobalt dans 1’océan, en tenant compte des échelles d’espace et de temps.

e Identifier et quantifier les termes sources et puits dans le cycle biogéochimique du
cobalt en milieu marin a grande et petite échelles.

e Améliorer la compréhension des interactions entre le cobalt et les organismes
phytoplanctoniques en milieu marin.

Pour répondre a ces objectifs, cette étude s’appuie sur I’observation en milieu naturel, par
I’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 (GAO02 et
GAO04), 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) ; i) leur systéme

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 systémes marins rencontrés dans 1’océan.

La section GEOTRACES-A02 dans I’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
ou d’intenses efflorescences de coccolithophores peuvent
étre observées, aux eaux subantarctiques sujettes a des
efflorescences de diatomées, en passant par les deux gyres
subtropicaux oligotrophes, principalement peuplés de

cyanobactéries, la section GEOTRACES-AO2 traverse des

domaines ou les assemblages phytoplanctoniques

|
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Figure 16: Cruise track of the

GEOTRACES-A02 section d’améliorer notre compréhension de ’utilisation du cobalt

par les différentes especes. D’autre part cette section traverse la zone équatoriale de
I’ Atlantique Ouest ou les circulations horizontale et verticale, la déplétion en oxygene et les
apports fluviaux (Amazone) sont intenses. Cette zone géographique se préte donc a 1I’étude
des processus physique et de minéralisation, et des apports par les riviéres, qui entrent en jeu
dans le cycle du cobalt. De plus, cette section suit la circulation thermohaline a grande
échelle, en particulier les Eaux Profondes Nord Atlantique. Elle permettra ainsi d’évaluer le

role de la circulation a 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 1’étude de processus spécifiques du
cycle biogéochimique du cobalt. La Mer Méditerranée recoit 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 role 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.
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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
¢tude. Ce chapitre inclut des tests analytiques réalisés préalablement a 1’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 a la distribution verticale du cobalt dissous et du particulaire
apparent dans les eaux intermédiaires et profondes de I’ Atlantique Ouest le long de la section
GEOTRACES-A02 (64°N-50°S). Une attention particuliere est portée sur le rdle des
processus physiques, en particulier du mélange des masses d’eau, sur la distribution du cobalt
dans I’océan profond. Le processus de minéralisation du matériel particulaire dans les Eaux
Centrales Atlantiques peu oxygénées est également discuté. Ce travail fait I’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 1’étude du cycle biogéochimique du cobalt dans les eaux de
surface de 1’Atlantique Ouest le long de la section GEOTRACES-AQ02. 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 a 1’échelle du Bassin Atlantique Ouest. Ce travail fait I’objet d’un article

accepté a 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, 1’apport atmosphérique en
cobalt. Une étude fine a été réalisée sur la quantification de cet apport a I’ 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 1’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 pionniere, sous forme de model, de I’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 synthése des travaux réalisés au cours

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

Meéthodes analytiques
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Méthodes analytiques

1 Propreté et qualité

L’ensemble des expérimentations relatives a cette €tude ont été réalisées sous condition
d’hygiene ultra propre, en salle blanche (ISO 5) et sous hote a flux laminaire (classe 100).
L’eau utilisée pour les lavages et la préparation des réactifs est de I’eau de qualité ultra pure

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

Les bouteilles et les filtres de prélevements ainsi que la verrerie utilisée lors de cette
¢tude ont été nettoyés, conditionnés et conservés selon les recommandations du programme
GEOTRACES. L’ensemble des réactifs et des acides utilisés sont adaptés a la mesure des

¢léments traces (qualit¢ ACS ®, Suprapure®, TraceSelect®, ou Ultrapure®).

2 Prélevements

L’ensemble des échantillons collectés, durant les campagnes a la mer, a été prélevé au
moyen du systéme de prélevement TITAN (Rijkenberg et al., 2014) composé de 24 bouteilles
de prélevement (24.3 L) en PVDF. Les bouteilles sont placées dans un cadre composé
exclusivement de titane (de Baar et al., 2008) avec un systeme de fermeture automatisée et
contrdlée depuis le pont par I’intermédiaire d’un hydro-cable de 17.7 mm de diamétre, lui-
méme composé de 7 cables 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

: : Aprés prélevement 1’ensemble du

e i i system TITAN est conduit dans un conteneur

: i sous atmosphere protégée de prélévement ultra

i ET propre ISO Class-7 (de Baar et al., 2008). Les
* bouteilles de prélévement sont ensuite
..................... 20 20> Sy CONNECtéeS sOUS N2 & pression 1 bar pour
Figure 1: Size partitioning of the different cobalt fractions augmenter D’efficacité des filtrations. Les

analyzed in this work (See text for abbreviations)
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filtrations ont ét¢ réalisées a bord, par connexion des cartouches de filtrations (ou des supports

de filtres) directement a la bouteille de prélévement par des connecteurs en HDPE.

Dans cette ¢tude, différentes fractions de taille du cobalt (spéciation physique) sont
¢tudi¢es (Figure 1). Sont définis le cobalt soluble (sCo) issus de la filtration a 0.02 pm
(Sartorius, Virosart CPV capsule), les échantillons de cobalt dissous (DCo) sont issus d’une
filtration a 0.2 um (Sartobran® P 150) ainsi que ceux utilisés pour la détermination de la
spéciation organique du cobalt (orgCo). Le cobalt total (TCo) correspond a des échantillons
non-filtrés (analysés 6 mois apres collecte). Le cobalt particulaire (PCo) a été collecté sur des

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

La fraction colloidale (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) SDeco = (SDpco® + SDsco?)””

(4) SDrco = (SD1co? + SDpce?) ™

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 a bord directement aprés leur prélévement en vue
d’analyse a terre, au laboratoire d’accueil. Les échantillons de sCo, DCo et TCo ont été
acidifiés (pH = 2), puis conservés dans 1’obscurité et a température constante dans des sacs
plastiques doublés. Les échantillons pour la détermination de orgCo ont été conservés au pH
de I’eau de mer et congelés a -20°C dans des sacs plastiques doublés. Les filtres prélevés ont

¢été conservés a -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 a des concentrations pico- (10™'% M) et
sub-nanomolaires (107" M) dans les eaux océaniques nécessite I’emploi de techniques
analytiques a 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 a une détection
par chimiluminescence (FIA-Chem.) a été utilisée car cette technique répond a 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 a cette étude sont

briévement rappelées ici.

Analyse et propagation de [ erreur

Les différents mélanges de réactifs (mélange de pyrogallol, CTAB et H,O, en voie 1;
et mélange de MeOH et NaOH en voie 2) sont injectés en flux continu dans un milieu
réactionnel, et chauffé a 60°C en bain Marie. Dans ce milieu, le pyrogallol est oxydé par H,O,
ce qui produit une réaction photochimique dont I’intensité est mesurée a I’aide d’un photo-
multiplicateur placé en sortie du milieu réactionnel. Sans introduction d’échantillon dans le
milieu, la réaction est a 1’équilibre et une ligne de base est observée. Lors de la phase de
déposition, L’échantillon injecté (voie 3) est tamponné a 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 1’échantillon sur
une colonne de type Toyopearl®. Une solution HCI (pH 1) circule ensuite a travers la colonne
(voie 5) afin d’¢luer le cobalt, et de I’injecter dans le milieu réactionnel, ayant pour effet de
catalyser la réaction photochimique de I’oxydation du pyrogallol par H>O,. Le pic de photon
émis par cette réaction est proportionnel a la quantité de cobalt injecté dans le milieu. La
hauteur de ce pic par rapport a 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-mémes controlées par un logiciel de type Labview® 8.4 modifi¢ (E. Duvieilbourg and

M. Boye, LEMAR).

Chaque échantillon est analysé en triplicata. La concentration moyenne et son écart
type sont calculés a partir des triplicatas, en tenant compte de la sensibilité (S,) relative de la

méthode (pondération) au moment de I’analyse de 1’échantillon et en la corrigeant du blanc
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d’analyse (by,), selon les Equations 3-4-5-6. La concentration finale est calculée suivant
I’Equation 7, et I’erreur sur la mesure est calculée a partir de la propagation des erreurs sur le

blanc, de la calibration et de 1’analyse en triplicata selon 1’Equation 8.
(3) [CoJn = (in) / Sn

(4) by, =1b, /S,

(5) ib, = ib, + n * (iby-ib,)/(b-a)

(6) Sp =S, + n*(Sp-S,)/(b-a)

(7) [Coluf =[Co]n —bn

(8) SD [Coluf = ({[(SD in/in)? + (SD Sa/ $)*I" * [Cola}? + ({[(SD iby / ibs)? + (SD S, /
Suyl”” * b}

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
prélevement, des valeurs supposées les moins concentrées au plus concentrées (dans la
mesure du possible), selon la séquence d’analyse suivante :

1) Blanc (n= 1) ; i1) Calibration 1 (n =5) ; ii1) Eau de référence (n =1) ; iv) Blanc (n=1) ; v)
Echantillons (n = 6-8 + 1 spiké a 20 pM ) ; vi) Blanc ; vii) Eau de référence (n = 1) ; viii)
Echantillons (n = 6-8 + 1 spiké a 20 pM) ; ix) Blanc (n =1) ; x) Calibration 2 (n = 5)

Prétraitement UV

Dans les eaux atlantiques, le

70 -

cobalt dissous est majoritairement
60 - . ¢ L.
—_ 'y et fortement complexé a des
E 50 - 4+ Deep (2000m)
e msurface (75m)  ligands organiques (Saito and
= "] [ ]
2% " Moffett, 2001 ; Bown et al., 2012).
>
20 +
0 Ces complexes trés stables sont
04 : : : : : , réfractaires au dépot sur colonne de
0 1 2 3 4 5 6 e,
Time of UV-oxydation (h) type Toyopearl® utilisée pour
Figure 2 : Concentration of dissolved cobalt in deep (red squares) l’analyse par FIA-Chem. Une

and surface (blue diamonds) South Atlantic seawater (40°S) as the
function of the UV oxidation exposure time. Optimum exposure is

3h. 48



dégradation de cette matiére organique dissoute par traitement UV est donc préalablement
nécessaire a 1’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 a 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’a 3 h d’exposition, ou elles atteignent un plateau (Figure 2). Un traitement UV de 3 h a
donc été appliqué a I’ensemble des échantillons dissous avant leur analyse. Les échantillons

sont ensuite laissés a équilibration avant leur analyse.

Temps d’équilibration aprés exposition aux UVs

Apreés 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 méme

échantillon jusqu’a 10 jours apres son traitement UV (Figure 4).

70

55 I 1 1 1 1 1
0 2 4 6 8 10 12
Time after UV treatment (d)

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

Les résultats indiquent que la variation de la concentration de DCo n’est pas
statistiquement significative jusqu’a 10 jours d’équilibration de 1’échantillon passé aux UV
(Figure 4). Notre protocole d’analyse dans les 12 h a 3 jours apres traitement UV est donc

validé.
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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 I’eau Mili-Q acidifiée a pH= 2. En considérant I’ensemble
des blancs mesurés au cours de cette ¢tude (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 1’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 méme pour la valeur
mesurée dans 1’échantillon « Safe-S » dont la concentration est inférieure a 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 I’analyse des échantillons

d’eau de mer relatifs a cette étude.

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

Sample DCo measured Consensus DCo Value
SAFe S 5.1 +2.2 (n=25) 48+12

SAFe D2 44.2 £ 1.7 (n=25) 45.7+2.9

SAFe D1 423+ 1.4 (n=15) 454+ 47
GEOTRACES S 29.8 +2 (n=35) 31.8+ 1.1
GEOTRACES D 63.2 £2.3 (n=25) 652+1.2

50



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 a 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 1’eau MiliQ acidifiée a pH 2. Des dilutions de 5, 10 et 20 ont été effectuées
selon la profondeur d’échantillonnage. Pour ne pas biaiser 1’analyse, les calibrations ont été
effectuées dans des matrices utilisant de I’eau de mer diluée dans de I’eau MiliQ selon la
dilution correspondante aux échantillons analysés. La sensibilité ainsi que la reproductibilité
de la méthode n’ont pas été altérées de maniere significative par ces changements de matrice

(<2%).

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

et du mode de stockage de [’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 1’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 pm), stockés congelés sans acidification (-20°C). L’analyse
par FIA-Chimiluminescence a été réalisée sur des échantillons filtrés (0.2 pum), stockés
acidifiés (0.01 M HCI ,Merck®), a température ambiante et a 1’abri de la lumiére. Pour un
traitement similaire aux UV, la différence de concentration entre les deux méthodes n’est pas
significative, en considérant 1’erreur sur la mesure (Figure 4). Cette comparaison suggere
aussi que le stockage de 1’échantillon en condition acidifiée ou congelée ne modifie pas la

concentration de DCo détectée.

80 4
70 4
60
50 4

40 1 Dsurface (75m)
= = deep (2000m)

DCo (pM)

30 4

20 4

FIA Chem /0.01M FIA-Chem /0.01M CSV/ frozen /no UV CSV/frozen /UV
HCl/no UV HCl/ 300V

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 51



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 a
trois stations communes a différentes sections GEOTRACES. Deux de ces « crossover »
stations sont répertoriées dans le programme GEOTRACES (Station BATS ; et Station a
40°S). La troisieme a été choisie a I’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
¢chantillonnages a ces stations ont été effectués a des années et saisons différentes, sauf pour
la série Middag et al., 2010 (Figure 5a, carrés jaunes) a la station BATS, pour laquelle les

mémes échantillons ont été analysés entre le Bruland Laboratory et le Boye Laboratory.
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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-AO02 cruise; red squares= samples from the 2011
American GEOTRACES-AO3 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-AO03 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 noétre, utilisant 2 techniques d’analyses
différentes a la ndtre (Bruland Laboratory: ICP-MS ; Saito Laboratory: CSV; Boye
Laboratory: FIA-Chem.) ont participé a cet exercice de comparaison pour la station BATS. La
comparaison a la station 40°S a été effectuée avec le Lohan Laboratory utilisant le méme
appareillage que le notre, et celle a la station 10°S a été effectuée avec le Saito Laboratory
(méthode voltametrique, CSV). Les résultats sont présentés Figure 5. A 1’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 1’extraction), de la variabilité saisonniére
(Coale and Buck, 2014), ainsi que des différents systémes de prélevement 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< R?

<0.99 ; Figure 5d, e, ).

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 a celles des autres laboratoires a
la station BATS. Les échantillons analysés par le Saito Laboratory ont été désoxygénés
immédiatement apres leur prélévement et stockés non-acidifiés (dans des sachets hermétiques
et scellés a la chaleur), alors que ceux des autres laboratoires ont été stockés acidifiés sans
désoxygénation. Le Saito Laboratory propose ainsi que la présence d’oxygene dans les
¢chantillons lors du stockage pourrait partiellement conduire a 1’oxydation des complexes
organiques du cobalt et a la précipitation du cobalt inorganique sous forme colloidale, et donc
a une sous-estimation de la concentration de DCo. (M. Saito, communication personnelle).
Ces réactions seraient cependant mineures dans les eaux de I’Atlantique Sud-Ouest et

inexistantes dans celles de 1’ Atlantique Sud-Est et des régions polaires.

A I’heure actuelle, nous ne connaissons pas les raisons qui meénent a ces différences,
bien que I’acidification des échantillons non-désoxygénés pourrait jouer un role, au méme
titre que la désoxygénation des échantillons non-acidifiés. Les différents conditionnements de
I’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 a la détection

de différentes fractions du cobalt dissous, dont il faudra lever les incertitudes. Un regard
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critique doit étre porté sur la fraction du cobalt dissous mise en jeux dans I’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 brievement la méthode et les performances relatives a

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 voltammetrie (Competing Ligand
Exchange-Adsorptive Cathodic Stripping Voltammetry CLE-AdCSV), a I’aide d’un équilibre
compétitif avec les ligands synthétiques du cobalt, la nioxime, a pH 8.1. Cette méthode
décrite dans Zhang et al. (1990) a été adaptée (selon Bown et al. ;2012).

Lappareillage utilisé est constitué d’un stand polarographique (modele VA 663,
Metrohm®, Suisse) équipé d’une électrode de travail a 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 KCIl a 3M, et d’une contre-¢lectrode en carbone vitreux.
Elles sont reliées a un potentiostat p-autolab (Type II, Ecochemie™) et un auto-analyseur
(Sample Processor 778, Metrohm®™). Le potentiostat est connecté & 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 utilis¢ afin de fixer le pH a 8,1. Le tampon est préparé a partir
d’acide borique (H3BOs, 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 a travers une colonne de type toyopearl (2
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mL/min). La solution mere 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 a 10® M, préparer a partir d’une solution mére a 0,979 pug.L™' (Sigma

aldrich®), acidifiée avec de ’HCI ultra-pure (Fluka®) a 0,05% (v/v).

Préparation des échantillons

Les échantillons sont préalablement décongelés a température ambiante. En salle
blanche et sous hotte a flux laminaire, 220 mL d’échantillon sont mélangés au tampon
(concentration finale 2 10 mM) et a 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 a 9 de ces vials (de +10 a +200 pM), les deux
vials restant sont sans ajout. Les vials contenant les échantillons et I’ensemble des réactifs et
des additions standards sont ensuite laissés a équilibration, fermés, sous hotte a flux laminaire

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

Analyse

Apres équilibration, les échantillons sont disposés dans 1’auto-sampler (dans 1’ordre
croissant des ajouts). Ils sont automatiquement injectés dans une cellule de mesure en téflon,
les uns apres les autres, selon la séquence suivante: 1) 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 a I’eau acidifiée a la fin de

chaque titration (HCI, 0.01 M).

Apres introduction dans la cellule, 1’échantillon subit 360 s de dégazage a 1’azote
(99,9999 %). S’en suit une phase de dépot de 900 s a -0.7 V sur la goutte de mercure, puis le
potentiel passe a -1V pendant 1 s, afin de diminuer les interférences avec les complexes
nioxime-nickel. Aprés une équilibration de 10 s ; le potentiel est balayé de -0,9 a -1,2 V en
mode voltammeétrie impulsionnelle différentielle avec un pas de potentiel de 15 mV et une
vitesse de balayage de 0,15 V.s™. 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 1’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'cor) est
définie par (1) :
K' cor=[CoL]/ ([Co™ T * [L']) (1)
Avec [CoL] le cobalt organique, [Co®'] 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] +[L7(2)
En présence de nioxime et aprés équilibration, 1’équilibre se réécrit selon (3) :
[Couabite] / [CoL] = [Coravite] / [L] + (tco™ + OcoNioxime2) / (K'cor - [L])  (3)

- Avec oo, le «side reaction coefficient » du cobalt inorganique dans I’eau de mer
(aco = 1.74, selon Turner 1981), et dcoNioxime2 (= 16.18) celui du complexe cobalt-nioxime
(0coNioxime2 = P’ comioxime2*[N10Xime]?, avec [nioxime] = 1.0.E* mol.L!' et B’ comioxime)2 =
15.62 ; Bown et al., 2012). Sous nos conditions expérimentales, la fenétre de détection de la

méthode est comprise entre 10%6% et 10332 pour la détection de acor (0oL = [L'T*K'cor).

- Avec [Copile] 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 a I’équilibre avec les complexes formés

avec la nioxime,(déterminée selon (5)).
[CO]abi]e] = ip /S (4)
[CoL] = [DCo] — [Coyapite] (5)

[L] et K' ¢oL sont ensuite calculés a partir de la pente (1/[L]) et I’ordonnée a I’origine
correspond a ((0lco’ + QcoNioxime2)/(K cor -[L])) de la régression linéaire des moindres carrés de

[Couapile]/[CoL] en fonction de [Copapite] selon I’Equation (3).

La concentration en ions cobalt [Co®] présente a I’origine dans I’échantillon est calculée

selon (6) :
[Co™ 2 * acy * K’CoL + [Co™ ] * & ¢y + Kco * [L]K o *[DCo]) — [DCo] = 0 (6)

La concentration de cobalt inorganique [Co'] dans I’échantillon est calculée selon (7) :
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[Co’] =aCo’ * [Co2+] (7)
La concentration de cobalt organique [CoL] présent dans 1’échantillon est obtenue selon (8) :

[CoL] =[DCo]- [Co0'] (8)
La fraction organique du cobalt dissous (%) est définie par ([CoL]/[DCo])*100.

7 Analyse des métaux particulaires

La méthode utilisée pour I’obtention des données en métaux particulaire en mers
Meéditerranée et Noire est décrite en détail dans Planquette et al. (2012). Seules les

particularités et les performances relatives a cette étude sont brievement rappelées ici.

Filtration

Pour I’obtention du matériel particulaire, les échantillons d’eau de mer (de 4 a 15 L)
ont été filtrés a 0.2 pm sur des filtres en polyéther sulfone (PES, Supor ®) de 47 mm de
diametre, lesquels étaient maintenus par des supports de filtre en téflon (Savillex ®)
connectés en ligne aux bouteilles de prélevement. Les filtrations ont été effectuées sous
atmosphere protégée ISO Class-7 (de Baar et al., 2008). Des blancs de filtration ont été
collectés régulierement (1 station sur 2) lors des prélévements. Les blancs sont obtenus par re-
filtration d’une eau de surface (50m) ou de fond (1500m) préalablement passée a travers une
cartouche de filtration (0.2pum, Sartobran® P 150) en connectant en ligne le support contenant
le filtre PES et la cartouche. Apres filtration les filtres ont été placés a 1’aide d’une pince en

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

Préparation des échantillons avant analyse

Au laboratoire, I’ensemble des manipulations a été effectué sous atmosphere ultra
propre (Classe 100). Les filtres sont décongelés a température ambiante puis placés dans des
béchers en téflon PFA de 30 mL, dans lesquels 2 a 3 ml d’une solution acide (HNO3; 8M,
Merck Ultrapur® ; HF 2.9 M, Merck Suprapur®) sont introduits de maniere a ce que le filtre
et la solution ne soient pas en contact direct. Les béchers sont chauffés a 130°C fermés (créant
ainsi un reflux) pendant 4 h. La solution acide est ensuite évaporée a 110°C. Apres
évaporation totale, le résidu est dissous dans 6 mL d’une solution HNOs; (0. 8 M Merck

ultrapur ®) doublement spiké a I’indium (1 ppb) ainsi qu’au rhénium (10 ppb) afin de suivre
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la dérive lors de 1’analyse par SF-ICP-MS. Les échantillons sont ensuite placés dans des tubes
en polypropyléne (Corning®) préalablement lavés et constituent les solutions archives. Des
blancs chimiques d’attaque acide (bécher sans filtre) ont été réalisés selon le méme protocole,

a chaque série d’échantillons traités.

Analyses

Les analyses ont été réalisées par un spectrometre de masse haute résolution a source
plasma (SF-ICP-MS) Element-2 (ThermoFisher). Dans cette étude seule les résolutions basses
(Cd, Pb) et moyennes (autres ¢léments) ont été utilisées. Le jour de 1’analyse 500 pL de
solution archive sont pipetés et dilués dans 3 mL de solution HNO3 (0.8 M) dans des tubes en
polypropyléne (Corning®) préalablement lavés permettant ainsi de conserver assez
d’échantillons pour effectuer des réplicas ainsi que de garder une archive de I’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 ¢lémentaires ont été réalisées a partir de solutions mono élémentaires dans le
but d’approcher ces rapports naturels. Pour prévenir d’éventuelles contaminations en
mélangeant des concentrations faibles et ¢levées des différents standards, deux séries multi-
¢lémentaires 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 meres 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 a
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 I'une des deux solutions multi
¢lémentaires. L’ erreur relative standard sur la mesure du signal est déterminée par le logiciel

de I'ICP-MS.

Reproductibilité

Pour tester la reproductibilité des mesures, des échantillons de concentrations variables ont été
mesurés a plusieures reprises lors d’une méme séquence (tous les 8 échantillons). Les
différences obtenues pour la totalité des échantillons sont inférieures a 5% sur I’ensemble des

¢léments (annexe 1)
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Blancs et limite de détection

Les résultats des analyses des blancs moyens de I’instrument, de digestion et chimiques sont
présentés en Annexe 1. De maniére générale, la digestion du filtre constitue la principale
source potentielle de contamination (Annexe 1) comparée au blanc machine. Dans le cas du
cobalt, I’étape de digestion plus que le filtre en lui-méme semble étre 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 I’absence de matériel de référence pour les particules marines, I’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 méme 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
I’ensemble des éléments analysées, excepté pour le chrome ainsi que le zirconium pour

lesquels aucune valeur consensus n’est connue pour ce matériel a I’heure actuelle.

8 Analyse du carbone et de I’azote organique particulaire

La détermination du carbone et de 1’azote organique particulaire a été effectuée selon
le protocole décrit dans L 'Helguen et al. (2014). Les échantillons d’eau (de 0.5 a 1 L) ont été
filtrés sur des filtres en fibre de verre (Whatman GF/F de 47 mm de diametre), préalablement
grillés au four (4 h a 450°C) afin d’¢éliminer toute trace de matieére organique. Apres filtration
a bord, les échantillons ont été placés dans des réceptacles préalablement traités au four (4 h a
450°C), empactés sous double sachets plastique (PE) et enfin congelés a -20°C. Au
laboratoire, les filtres ont été décongelés en salle blanche puis placés dans un dessicateur sous
HCI fumant durant 4 h afin d’éliminer la matiere inorganique particulaire. Enfin, ils ont été
placés a I’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 a un analyseur élémentaire carbone-

azote de type Thermo Finnigan CE Flash 1112. Les limites de détection (3¢ Blanc) de la
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méthode sont de 0.51 pmol L™ et 0.06 umol L™ pour le carbone et 1’azote organiques,
H = p

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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Abstract. The distributions of the bio-gszential trace ele-
ment diszelved cobalt (D Co) and the apparent particulate
Co (PCo) are presanted along the GEOTEACES-AD2 daep
zection from 64" N to 507 5 in the western Aflantic Ocean
(longest szction of international GEOTEACES marine an-
virotunent program), P Co was determined as the diffzrence
between total cobalt (T Co, unfiltered samples) and D Co.
D Co concentrations rangad from 1470 to 943 phd and
FCo concentrations from undetsctable values to I3 3g0A
The lowest DCo concentrabions were observed i the sub-
tropical domains, and the highast in the low-oxyvgenated Ak
lantic Central Waters (ACW), which appears to be the ma-
jor reserveir of DCe in the western Atlantic. In the Antare-
tic Bottom Waters, the enrichment in DCo with aging of the
water mass can be related to suspension and redisselution of
bottom sediments a well as diffusion of DCo from abyssal
sediments. Mizing and dilution of deep water masses, rather
than zcavenging of D Co onte sstfling particles, generated the
meridienal decrzase of D Co along the southward lage-zcale
circulation in the deep westetn Atlantic. Furthermore, the ap-
parant scavang ed profile of DCo obezrvad in the deepwaters
likely t=zulted from the persistencs of r2latively high concen-
trations in intermediate waters and low DCo concentrations
in undarlaving bottom watzrs. We suggest that the 2010 Ice-
landic voleanic smption could have been a souree of O Co
that could have been transporied inte the core of the North-
zast Atlantic Deep Waters. At intermediate depths, the high

concentrations of DCo recorded in the ACW lineatly cor-
rzlated with the apparent utilization of oxvgen (AOU), in-
dicating that remineralization of D Co could be significant
{rzprazenting vp to 37 % of the D Co present). Furthermore,
the praferantial reminzralization of phosphate (F) comparad
to Co in thesze low-ox yeenated waters suggests a decoupling
between the deep cycles of P and Co. The vertical diffusion
of DCo from the ACW appears tobe a significant sourez of
[ Co into the surface waters of the squatorial domain. Sum-
marizing, the dilution dus to mixing processes rather than
seavenging of D Co and the abova-mentionad remineraliza-
tion could be the bwo majer pathways controlling the evcling
of DCo into the intermediate and deep western Atlantic.

1 Introduction

In thz context of the international GEOTRACES program,
uiprecadeant afforts ate vaderway to map the distribution of
trace elements and isotopesin the global ecsans. Cobalt (Co)
iz among the important micronutriznts highlightad in this
program. Diszolved cobalt (D Co) typically occurs at concen-
trations lower than 130 phdin the open cezan (Knaver ot al.,
1982 Nartin et al., 1990; Fit=water et al, 2000; Saito and
Mipffett, 2001; Saito etal., 2004; Ellwood, 2008; Noble et al.,
2008; Pehl et al,, 2011; Bown et al., 201 1), r2quiring sensi-
bve analytical technigues for its detzction (Vaza and van den
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Berg, 1997 Cannizzare atal.. 2000; Saito and Moffatt, 2001;
Milne etal., 20010; Shelley et al., 20100, Previous studiss have
suggasted that D Co could be an hybrid-type metal (Bruland
and Lohan, 2003; Neble =t al, 2008), with a nutriant-like
distribution in surface waters (Martin =t al., 1993; Saite and
MNioffett, 2002; Saito =t al , 2004; Jalmba =t al., 200 8; Noble
et al., 2008; Saito and Gozpfert, 2008; Bown =t al, 2011)
and a scavenged-type diztribution in the dzep pcean (Enauer
stal., 1982; Wong =tal, 1995; Noblz etal., 2003; Boyd and
Elwood, 2000). Biolegical uptaks by cyanobacteria (Saito et
al, 2002), recyeling, eiganic complexation, scavenging and
regensration processes ats suspected to strongly impact the
distribution of DCo in the surface ocean (Saito and Mipf-
fatt, 2001, 2002; Noble etal, 2008, 2012; Bown etal 2011,
2012a). In addition, other important sources of OCo to sur-
face waters, such as river (Tovar-Sanchaz et al, 201 1) or at-
mospharic depestion (Shalleyetal  2012), may significantly
impact its surface distribution.

In the water colomn, cobalt and manganzse (M) oftan
eyele together through a removal pathway of co-onidation
with mangansse driven by microbes, but the biclogical as-
similation of O Co can uncouple the Mn—Co relationship in
surface waters (Voffett and Ho, 19%96). Furthermors, pre-
vieus studizz showsd high DCo concentrabions in oxyvgen-
deplated waters (Saito et al, 2004; Pohl =t al; 2011; No-
ble etal, 2082} that can be partly related to slowed micro-
bial oxidation of D Co dacreasing its scavenging rate (MNoble
etal, 20012). On the other hand. the low solubility of inot-
ganic Co in oxygenatad waters and the affinity of DCo for
particles have bean invekzd to explain why DCeo dezs not
seem te accumulate in the deep waters aleng the thermo-
haline circulation (Bruland and Lohan, 2003) and to inter-
pret the apparent scavenged-type profils of DCo observed in
the dzep ocean (Aparicio-Gonzalez et al. |, 2012). In fact, the
scavenging of DCo onto satfling particles and its stabiliza-
tion in selution by the complexation with organic binding
ligands could be the two major pathways controlling the in-
ternal cyeling of DCo in the deep ocean (Saito and Moffatt,
2001, 2002). Thoze pathwayz might drive the residence time
of D Coin the dzep waters, estimated 40120 v=ars, which iz
motz than two erders ef magnitude longer thanin surface wa-
ters (2.g., .32 year; Saite and Moffatt, 2002). Hydrothermal
vanits (Bruland and Lohan, 2003} and sediment resuspansion
(Bown et al.. 2012a) can be the prevailing external sources
of DCo to the bottom ocean. In addition, advaction of water
mazzzs enriched in DCo, following contact with continen-
tal margins, can be a significant sowce of DCo and locally
imprints the vertical D Co distribution in intermediatz and
deep watars (Wong ot al., 1993; Saito et al., 2004; Nobla et
al, 2008 Bown =tal, 2001, 2012t). Furthermors, large and
mezoscale transport of D Co-enriched waters through the in-
termediate oceanic circulation has recently been evidenced
in the poor-oxygenated Atlantic Cantral Waters (MNoble 2t
al., 2012} and Upper Citcumpolar Deep Waters (Bown et al,
2011}, aswell as closs to the Kerguelen Platean (Bown et al.,
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2012b). Neverthelzss, despite these major findings our vnder-
standing of the biegeochamical cyele of cobalt in the ocean
iz still limited, notably in the wastern Atlantic Ocean where
obzarvations of the deep distribution of D Co are scarce.

In thiz ztudy the vertical and meridional distributions of
DCo and apparent particulate cobalt (P Co) are presanted
aleng the GEOTRACES-ADD section in the westzrn Atlantic
Ocean from the east coaszt of the Greenland Platzau (647 M)
to the Malvinas Platean (307 ). The GEOTRACES-AQ2
tratisect is revisiting the Atlantic GEOSECS (Geochemical
Ocean Sections) program’s sacton of 1972, crossing distinet
bicgeochemical areas such as= subtropical, equatorial or sub-
polar domains where differsnt trophic chains are growing in
zach. hioreover, thiz saction also sncounters ssveral water
maszes invelved in the thermohaline circulation and surface
etz such as the North Atlantic Dhift, known for its important
role in climate regulation. The spatial distributions of D Co
and itz transportation across the entire desp westzn Atlantic
Ocean are sxamined. Intercomparison batwezn this data ==t
and othars, at thres crossover stations located in different bio-
gezochemical domains, are presented. The advection of D Co
in the different intermadiate and dzep water masses flowing
in the wastern Atlantic are studied to further understand it=
spatial distributions. In addition, the potential 2fect of the
2010 Ieslandic voleano Esqafjallajdhuoll eruption on the dis-
tribution of D Co iz investigated. We also imvestigate the role
of the remineralization in the distribution of DCo at inter-
mediatz depths, and its relationship with phosphate, Finally:
the roles of the dynamic structures and the vertical diffusion
are considersd as they may provide a link batween the d2zp
and surface distributions of DCo. However, the complats de-
seription oftha cyeling and budget of D Co in the surface wa-
ters along the GEOTFACES-ADD section will be discussed
elzawhere (Dulagquais et al., 20147} This large and deep zec-
tiotl together with the relatively high spatial reselution has
given us the opportunity to present, for the first time, the
largest comprehensive data s=t of cobalt in the western At
lantic Ocean.

2 Methods
21 Cruise track and sampling

The zamples were collzcted from stations (5t) aleng the
GEOTRACES-AQ2 zection in the western Atlantic Ocean,
the longest ssctien of the international GEOTRACES po-
gram. Four expeditions conducted batwesn 20010 and 2012
wets necsssary to complate this secHon spreading from
64N to 30" § along the western Aflantic Oczan (Fig. 1)
Thiee cruises ware opatated aboeard the Dukeh BV Pelagia
(legz1 2 4) and one cruize aboard the British RRS James
Coofi(lzg 3). The first eruise startad in Apnil 2000 from 64 N
te Bermuda in the Sargasso Sea (5t 1-179), followed by the
zecond lzg from the station BATS to the Equater (St 21-41).
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Fiz. 1. GEOTRACES -AQ2 ereizes track alons the weastern Atlantie
Oe=an. fampling locations of the four lazz a= shown (lez 1 in red
lin= from station 2 tostabon 1%, 1az 2 in zreen line from stabon 21
to station 41, lez 3 in blue line from station 1b to 186 and lzz 4 in
purple line from station 3¢ to 7).

The saction in the seuthwastern Atlantic (leg 3) from 507 §
to the Equator was achieved in harch 2011 {8t 1b-18Db).
An additional cruise (leg £) was operated in August 2012 to
complzte the first leg that had been fragmentad dus to bad
weather {8t Jc—Tch

A total of 47 stationz with a vertical rezolution of 12—
16 depths between %m and 3930 m wers sampled for dis-
zolved cobalt analyses (DCo), and 13 stations for total {un-
filtzrad) cobalt determinations {T Co). The apparent partic-
ulate cobalt concentrations (P Co) wers caleulated by sub-
straction of DCo from T Co. The comyplate data szt of cobalt
{dizzolved, total, and apparent particulate) at all stations will
be available at the international GEOTRACES data center
Chttp:/ woerwbode ac uld'g2otracas’).

Samples were faken using the TITAN-CTD frame of
NIOZ (Netharlands), with 24 ulira-clean 2441 sampling
bottle: made of PVDF (polyvindlidans flueride) plastic (da
Baar =t al., 2008). The frame was placed in a Class-100
cotitainet for sub-sampling {d= Baar =t al, 2008} Unfil-
tered zamples were transferred into acid-cleansd 250mL

Nalgenem LDPE (low-density polyethsdenz) bottles for

www.hiogeosciences.net/1 V1561/2014/

1563

TCo analyzes. The samples for DCo analyzes were collected
after filtration vsing 0.2 pm Sartobran ™ 300 (Sartorius) car-
tridg ez under pure N; pressure (filtersd 99 999 N7, 0.7 atm)
in acid-clzansd 250mlL or 500 mL Nalgenem LDEE bottles.

All samples wers acidifiad at pH -2 vsing vltrapure Het™
(Merck) immediately after their collection. Then the acidi-
fled zamplas wers dark-stored in double bags at ambient tem-
perature in preparation of their analyzes in the shore-based
laberatory

2.2 Analytical method for cobalt analyses
221 Method

Prior to the analyzes, the samples were UV-digested (Saito
and Moffat, 2002; Shelleyvetal 20100 for 3hinacid-cleanad
silica tubes using a 800 W high-pressurs mercury vapot lamp
(Bown etal., 2011}, and left foran equilibration time of48h
Praliminary tests indicatad that 3h of UV-digestion were re-
quired to fully recover Co in surface and deep samples (data
not shown).

Dizzolved and total cobalt concentrations were detarmined
by flow-injection analysis (FIA) and chemiluminescence
detection follewing the methed adapted from Shelley 2t
al. (201100, a= describad in Bown etal. (20110 In thi= methed,
cobalt catalyzes the oxidation reaction of prrogallol with hy-
drogen peroxide in an alkaline solotion in the presence of
cebyitrimethylammoniom bromide (CTAB) and mathanol. &
chamiluminescent smizsion in the visible wavelengths pro-
portional to the cobalt concentration is produced during this
reaction. The system consists of one 10-port injection valve
(VICT valves from VALCO instroments), which operatas as
att avtosampler, and of tve micro-electrenically actuated in-
jection valves {VICT valves from VALCO instmiments) that
uze T].-rgi:uﬂ'EI tubees to inject the sample and the reagents. The
flow injection iz providad by a peristaltic pump 203 CA
Watzon Marlow).

The reagents wers prepared with frace mefals quality
reagents, az deseribed in Bovwn ot al. (20010, Al reagents
were prepared under a laminar flow heed (ADS Laminaire,
150 5 class) in L L LDPE Nalgene'i; bottles with vlrapurs
water (MiLQ), 1820 the davbefors the analvsis and kept
atroom temperatore for an overnight equilibration.

The sample was buffered online with ammenium acetats
(0300 ACS Beagents) and loaded ente an IDA-Tovepaarl
chelating resin to preconcentrate the cobalt contained in the
zample. Then a HCL solution (0.1 ML Supral:lur@ Mlerek) was
injected through the colomn to slote Co. The slusnt was
warmed in a 60 C thermostatic bath to limit the interferences
in the detsction sy=tem due to bubbles (Shelleyet al | 20100
The detzchion system consisted of a photomultiplier detec-
tor (Hamamatsu, HP319 sarizs). The injection valves and the
photemultiplier detector were operated on a laptop by a mod-

ified Labvisw™ 8 4 interface (E. Duwigilbousg and M Boye,

Biogeosciences, 11, 15611580, 2014
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LEMAR). The elactrical devices were connectad to a modu-
lator of current (ELLIPSEMAZ 600, MGE/UPS Systems).

The Co concentrations were calibrated against two cali-
brafion curvez mads with standard additions of cobalt of 0,
12.5, 25, 50, 75 and 100 M to seawater, and performed be-
fore and after sach serizs of 3 or 12 samyplzs. TCo and D Co
coticentrations wers based on riplicats analyzes of sach sam-
ple using the mean peak height of the chemiluminescent sig-
nal, and corrected withrazpeet to blank analyzes. Two to four
reag ent blanks, incloding the buffer blank, were analyzed per
zeries of 3—12 samples at the beginning and at the end of the
sarizsin acidified MilLQ) water instzad of the samplz (Bowiz
and Lohan, 200%; Bown atal., 2011).

The final standard deviation of the measurement was cal-
culated by an error propagation using the erroron blanks, the
calibration curves and the deviation of the triplicate analy-
zzz. The paired two-tailed t test shows that the differences
betwzen TCo and DCo (2.g., equivalent to apparent par-
ticulate Co) are statistically significant at the 95% confi-
dent mtarval (P = 0,03, tajiez = 234, topemeney = 12,33,
n= 203), allowing reliable estimation of P Co concentra-
tiotl. The standard srrer en PCo was caleulated by com-
bining vneertaintizs of DCo and T Co measurements (2.2.,

SDpco= (8Dfet SDT )™,

221 Analytical performance

The mean reagent blank (basad on all blank dzterminations)
wazd2x 2. 1M (n= 1300 of Coin MILOQ (n= 180). The
limit of detection of the methed estimated as three fimes the
standard deviation of the mean reagent blank was 6.3 g0
(n= 180). Each series of samples was calibrated by running
ote of two samples collected during the “Sampling and
Analysis of iron” (5AFe) program or GEOTRACES pro-
gram. SAFez and GEOTEACES samples ware TTV-digestad
for 3h prior to analyzis and the resulls of DCo concen-
trations are reported i Table 1. The DCo concentrations
we measured in the 3AFe and GEOTBEACES reference-
samplas are in exczllent agreement with the consensus
values  (hitpy/werw geotraces.org/science/intercalibration’
322-standards-and-reference-materialz). The D Co valuz ob-
tainied in the S-S AFe sample also falls in the consansus value
despite the concentration being lower than the detection
limit. The analytical precision of the method was dzterminad
from repeated analyses of the surface S-GEOTRACES ref-
erence :ample, vielding an uncertainty of £ 3.8 % expressad
az ralative standard deviation on the mean (n = 13).

1.3 Hydrography

Hydrelogical parameters (S, T, O, conduetivity, fluores-
cence and torbidits) wers measured uvsing an SBE9+ un-
derwater zenzor, an SBE3+ thermometsr (£ (0.001°C), an
SBE4 conductivity sensor (+03mSs™1), an SBE43 dis-
solved oxygen sensor (£ 2%0), a Chelsza Aquatracka MK
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Table 1. Companzon of dissolved cobalt analyzes obtained in the
UW-cxidizad zamgples by the FLA -chemiluminsscence mathod vzed
in the present stedvw ith consensus values reported by the 8§ ampling
and Analvsiz of iron (2AF2) and GEOTRACES programs. Water
samples provided by 3AF 2 and GEOTRACES from surface waters
(3AF= 3 and GEOTFRACES &) and deep waters (3AF= D1 and D2,
and GEOTREACES D) wers analyzed. Errors are given as standard
deaviation from averaze valves,

Zampl= [ Co meazvred (g} Conssnzvs

wvalse (phi}
3AF=% 51% 22{n= 23) 4.8= 120
3AF=D1 423z 14(n= 15} 454247
3AF=D2 4422 1.7{n= 23} 45728
GEOQOTRACES 8 288z 2(n= 33 318z 11
GEQOTRACEE D  6£32=23(n= 23} 652+ 1.2

fluorometer (+ 'I}.Ep.gl_l}: and a Weflabs C-Star transmis-
zometer (x0.02% "C™ 1; 25em, deep, red).

2.4 Macronutrients analysis

Nutrient samples were collected in 125ml  polyprops-
lene bettles vsing a CTD-rossits {Seabird'E'} equipped with
Niskin bottles. The analyzes wers performead on beard from
surface to desp waters samples. All the nuotrients were an-
alyzed by colorimetric methods, following the methods of
Winrphyand Riley (1962) for phosphate (HE'Di_ ), of Strick-
land and Parsons (1968) for silicate (3i(OH), ), and of
Grasshoff etal. (1983) for nitrate (NO; ) and nitrite (NO;).

} Results
31 Circulation and dynamic structures

In the North Atlanfic, the ssction crosses the subarchic gyre
(5AG) batween 64" N and 30" N, where the Labrador 5za
Water (L3W) dives to form with the Arctic Bottom Water,
the Western North Aflantic Desp Water (WHNADW). Desper,
the Eastzrn North Atlantic Deep Water (ENADW) iz also iz0-
lated in the 3 AG and forms, further south, with the WINADW
the Nerth Atlantic Deep Water (NADW) (Fig. 2). The well-
oxygenatad and denss waters of the subarctic gyre are =p-
arated, in the south, from relatively low-oxygenated, saline
and warm waters of the North Atlantic smbiropical gvie
(MASG) by the North Atlantic subtrepical front (N3TF) at
~45 W, The N3TF iz characterized by a high anomaly of
temperaturs (+ 3°C) and by a strong sastward geostrophic
cutrent in surface waters (data not shown) which is liksly to
be the North Atlantic Drift (Reid, 1994),

In the NASG, low-density waters occor in the top 80 m
due to relatively high salinity and temperature (T = 10°C;
S=33) (Fig. 2). However, at 15" M and, to a lassar extent,
at 4" N thase zaline waters are coversd by relatively fresh
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Fig. 2. Imterpolated verticol sections of {(a) tempersture (T ).
(b) salinity (S) and (¢} dissolved oxygen (02} along the
GEOTRACES-AD2 section in the western Atlantie, based on CTE
data. The different water masses — LEW, NEADW, NADW, ACW,
AABW, D-AATW and UCDW — are identified by their physical fea-
tures and are indicated in the figure panels, Stations sampled during
leg 4 are labeled in red.

waters (Fig. 2) originating from the Amazon plume. The wa-
ters influenced by the Amazon plume are characterized by a
velatively high Si: N ratio and turbidity (data not shown).
Leaving the NASG southwards, the section enters into
the equatorial area (EA). Here, the zonal geostrophic veloc-
iies indicate the presence of several jets near the surface,
stuch as the MNorth Equatorial Current (NEC, at 5-10° N
the North Equatorial Countercurrent (NECC, at —3 N), the
South Equatorial Current (SEC, at 5-10° %) and the South
Equaterial Undercurrent (SEUC, at ~5 5, 200 m depth).
a5 described by Peterson and Stramma (1991). The equato-
rial doman 15 hordered by the NEC in the north and by the
SEC in the south, both of which are characterized by west-
ward surface geostrophic propagating vectors of correlating
speeds (respectively 0.2 and 0.15ms™'), Below 100 m, the
salinities and temperatures are lower than in the NASG, re-
vealing denser waters. An oxygen minimum zone (O
O = 150 pM) was also observed under these surface cuor-
renits, between 150 and 600 m (Fig. 2e). Part of this low O
signature was due to the advection of the poor-oxygenated
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Atlantic Central Waters ({0 < 50 pM; Noble ot al,, 2012},
flowing westward from the African border acioss the Atlantic
basin,

Southward, the section enters into the South Atlantic sub-
tropical gyre (SASG) characterized, like in the North At-
lantic, by low-density waters associated with relatively high
salinities and temperatures (Fig. 2a and b). Despite strong
eddy activity in this area, clearly observed in the geostraphic
current field, the Malvinas—Brazil confluence (MBC). an
eastward jet resulting from the Brazil current fowing south-
ward and the Malvinas current flowing northward, can be lo-
cated in the Argentine basin around 40° 8 (g2, at station 6b;
data not shown). The MBC separates the SASG with saline
and relative oxygen-poor waters from the subantarctic waters
SAW),

Several water masses involved in the large-scale ocean
circulation were characterized by depth (Fig. 2). For in-
stance, the LSW was characterized by 349 < 5= 34.8 and
02> 275 umol kg™ ! in the subarctic gyre at 60° N (Fig, 2).
The ENADW (5S> 34.925) circulates undemeath the LW,
following the topography below 2500 m in the northern side
of the section. The core of the ENADW 15 sitnated between
62" Mand 457 M. The WNADW and the EXADW both form
the NADW, spreading southward into the deep ocean from
607 Mo 37 8 (Tomezak and Godfrey, 2003). The Antarc-
tic Bottom Water (AABW). characterized by S< 34.% and
T = 1" C.isformed in the Weddell Sea (Reid, 1989; Glady-
shev et al., 2008) and spreads at the bottom of the ocean be-
lovae 4000 m. The AABW enters the Atlantic Ocean by the
south and follows the topography until 3° N, To the north
the hottom waters ave @ mix between AABW, Arctic Bottom
Waters (ABWY and NADW (Tomczak and Godfrey, 2003},
In the Scouthem Hemisphere, the relatively fresh Antare-
e Imtermediate Waters entering from the Diake Passage
(D-AATW, S 34.2) are wentilied at intermediate depths
between 500 and 1000 m. Finally, the oxygen distribution
enables us to distinguish the different components of the
Circumpolar Deep Waters (CDW: Whitwerth and Nowlin,
1957}, with its upper component {UCDW) at about 1500 m,
marked by 0. < 190 umol kg™ ', and its intermediate com-
ponent (ICDW) at about 2500 m with O = 210 pmol kg™ !
(Fig. 2¢). The intermediate waters in the equatorial do-
main are formed by a mix of AAIW and UCDW that both
flosw northward and of the Atantic Central Waters (ACW)
onginated from the cast Atlanfic basin (Poole and Tom-
czak, 1999}, However, it has to be noted that the transitions
between the different water masses vary with the latitede
{Fig. 2.

3.2 The nutrients distribution along the GEOTRACES-
AD2 section

Different biogeochemical domains were charactenized in sur-
face waters along the GEOTRACES-A02 section (Fig. 3
The surface waters of the SAG were marked by relatively

Biogeoscicnces, 11, 1561-1580, 2014

67



Bapih [m]

T

Dt iy

EE- 133

Fig. 3. Interpolated venical sections of (a) phosphate. (b) nitrute
and (e} silicate based on 1440 analysis of water-column samiples
collected and meazured by NIOZ along the Netherlands area of
GEOTRACES-AD2 section, Stations sampled during leg 4 are la-
heled in red.

high phosphate and nitrate concentrations (WO = 10 pM;
POy > 0.8 pM; Figo 3) In the two subtropical domains, the
extremely low nutrients concentrations (such as observed in
the NASG where POg < 0.5 pM, NO3 < 3 pM, Si< 3 pM)
were characteristic of oligotrophic conditions, However, a
greater depletion of nitrogen relative to phosphate was ob-
served in the upper 300m of the SASG (N:P< 10) com-
pared to the NASG (N: P> 25}, probably due to a greater
proportion of Mz fixers, such as diazotrophic cyanobacteria,
in the MNASG than in the SASG (Mather et al., 200%). In
the equatorial area, the intermediate waters were character-
ized by relatively high concentrations of nitrate and phos-
phate (MO = 34 uM, POy > 2.3 pM), whereas silicate con-
centrations were low (5 ph = Si< 15 pb), suggesting the in-
cursion of D-AATW formed in the southwestern Atlantic.
Svuth of the south subtropical front, the nutrients distribuo-
tion showed, as for oxygen, the influence of the AATW and
UCTW with relatively high nutrients concentration in the top
200m depths (NOs = 20pM, POy = 1.2pM). In the deep
ocean the nutnents distribution reflected a combination of
aging and advection of water masses (Fig. 3). The spread-
ing of young NADW can be followed with the low-nutrients
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signature (5i< 35 ph: MOy < 20000 POy < 1.5 uM). Phos-
phate and nitrate concentrations increased southward in
the deep ocean (Fig, 3) due 1o mixing of Arctic waters
(poor in nuttients) with nutrients-enviched Antarctic waters.
The AABW was characterized by relatively high nutrients
concentration (51> 130 pM; NO; = 30uM; POy = 2 pM),
which decreased northward. The nutrients concentration in
the Circumpolar Deep Waters was similar to those of AABW,
but the concentrations in the [CDW were a little bit lower
than those in the UCDW, The silicate levels are depleted in
the AAIW compared to other Antarctic waters,

33 The comprehensive distribution of cobalt in the
western Atlantic

The meridional and vertical distributions of D Co along the
GEOTRACES-AD2 section are presented in Fig, 4a, Dis-
solved coball concentrations range from 1472+ 1.43 1w
G327+ 3.31 pM along the section. The lowest concentra-
tion was observed in surface waters of the SASG (eg., ot
Sm depth at 5t 1lb - 26 5), whereas the highest were
recorded in the OMZ of the equatorial area (e.g., a1 St 15b

958 ol 290m depth). The vertical distributions of the
apparent particulate cobalt concentrations (P Co) are pre-
sented in Fig. 4b. The apparent particulate cobalt concen-
trations ranged from near undetectable values (e.g., the dif-
ference between unfiltered and filtered samples analyses is
ncarly nufly 1o IB.85% 397pM (e, ot 5, 17 - 343 N
at 5510m depth). The PCo/ DCo ratio ranged from .06 %
(8t 17, 2500m) to 44 % (56, 26, 253 m), with a mean of 7%
n= 192}

Different vertical distributions of DCo were observed in
each biogeochemival domain (Figs. 4 and 3). The disin-
bution of DCo showed an apparent scavenged-like profile
in the northern subarctic gyre (Figs, 4a-5a), with relatively
higher concentrations in surtace waters (DCoppe 200w =
JopM) compared to deeper waters (D Copeow 200 m <
60 pM). In this domain, lower surface DCo concentrations
were recorded in 2002 during legd (eg., 42,1+ 215 pM ot
St 3c, and 44.23 £ 1.26pM at St 4e, at 25 m depth) com-
pared to those observed in 2010 during leg 1 (e.g., mean
DCo= 64564 525 pM at 25m (n= 4}, with a DCo max-
imum of 682+ LOSpM at 51 5). At intermediate depths
(001008 m ), the LSW was charactenzed by relatively
high D Co concentrations (D Co ~ 70 pM) compared to those
found in the ENADW (DCo —355pM below 2000m). In
this domain, the apparent particulate cobalt distribution
showed relative PCo maxima in the subsurface {ranging
from 5.9+ | to 104+ 1.96pM), and decreasing concentra-
tions with depth (until undetectable levels around 1500 m
depth), Maxima of PCo (= 10 pM) were then observed near
the bottom {at 5t. 2 and 11).

In contrast, DCo was depleted in the swrface waters
of the twoe subtropical domains and increased with depth
below the nutricline, featuring a nutrient-like distribution
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Fig. 4. Interpolated vertical sections of {a) dissalved cobalt (D Co, pM) and (b) apparent particulate cobalt (P Co, pM) based on 675 analyses
for DCo and 203 analyses for P Co along the GEOTRACES-AD2 seetion in the western Atlantic, Stations sampled during leg 4 are labeled
in red. The domams of SAG, MASG, EA, SASG and SAW are charactenzed by the macronutnents concentrations and by the surface currents

{e.g., NAD, NEC, SEC. and MBA),

(Figs. 4a--5b). However, DCo are slightly lower and shal-
lower in the SASG (mean DCo value of 23.01 £ 4.17 pM.
n= 2 compared to those found in the NASG (mean D Co
value af 28,8+ 4 8 pM. n= 15). Subsurface relative maxima
of DCo were observed at about [0m depth at a few sta-
tions in the NASG, Deep relative DCo maxima were also
ebserved at around 1230-1750m depth in the NASG, which
are in the core of NADW and below the oxygen minima.
On the contrary, relative DCo maxima and oxygen min-
ima were often located ot the same depth in the SASG,
within the core of the mixed NATYW. In the AABW of the
SASG, DCo was on average equal 1o 428 % 223pM (n=
15). In the two subtropical gyres, the PCo concentralions
ranged from undetectable value {e.g., at 2500 m of 5t 17) 0
1E85+ 3.97 pM {at 3510m-34.3° N). Like in the northern
latitudes, velatively high PCo concentrations were observed
in the surface waters, decreasing with depth, and increasing
again near the seafloor (Fig. 3e), The P Co distribution also
showed, like DCo, relatively lower PCo concentrations in
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the subsurface waters of the SASG (< 3 pM) compared to
the NASG (= 5 pM).

In the equatorial area, the DCo distribution was char-
acterized by low concentrations in the top 100m (mean
DCo o= 29.6% 9pM, n= 44}, a sharp increase be-
tween 100 and 250 m (mean D Cof jzsnm = 61.72 12 pM,
n= 10j, which continued 1o incresse, reaching maxi-
mum values at about 400 m depth (mean O Coj 250 a00m =
7324 10pM, n= |9} (Figs. 4-5c). These maximum con-
centrations were the highest values recorded along the sec-
tion and reached values up to 9327 331 pM (al 9 5),
Furthermore, these DCo maxima strongly correlated with
the oxygen depletion (D Cof Oz = =028pMM™ ! R* >
66, n= 57 P < 0.05). Between 1000 and 2500 m depth.
the DCo concentrations were in the same range as those
observed at 100-250m depths (mean DCo o0 2500m =
676 S8pM. n= 33). Deeper DCo concentrations de-
creased to a mean value of 412 4pM (n= 15} below
4000 m. The distribution of PCo in the equaterial domain
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Fig. 5. Typical vertical distribution of dissolved (0Ca)y and apparent particulate (P Co) cobalt againgt depih in the different biogeochemical
domains: in the 3AG, DCo (a) and P Co (d) are shown for Station 2 (64 N, 3425 W), 50 8 (547 N 4584 W) S0 Sc (500 N, 44 W) and
Seo11 (48 N.394° W) in the north and south subtropical domains O Cao (b) and P Co (e) are shown ot St 17 (3437 N, 5547 W), S0 26
(237 M, 6555 W), S50 30 (185" N, 57.6° W), 8t 12b (22.47° 8, 32.7° W) and St 8b (357 5§, 394" W) and in the equatorial area O Ca {c)
and P Co (f) are presented ot 51 30 (7.8 N, 489 W) S0 40 (17 N, 3.7 W) and Su 15h (97 5, 287 W,

wis similar to that observed in the other domains, with
several extremely low (undetectable) values in deep waters
and rclah'x-cl_-,- higher concenlrations {(PCo= 35 phd)in surface
waters, up oa maximum valoe of 1024+ 2.1 pM observed
at 10m at St 40 (115" N) A different pattern was, however,
ohserved in the deep waters at 8 W (31, 36), where significant
and inereasing P Co concentrations were detected between
3500m (1.52+ 0.7pM) and 4315m (11.73£ 1.9pM), as
well ag at 3" 8 {51 17b) where extremely high P Co concen-
trations were measured at 3500 m depth (1253 + 2.4 pM). In
the surface waters, high P Co coneentration { — 10 pM) was
detected at 17 N {51, 40) in the Amazon plume.

In the area of the Brazil-Malvinas confluence, DCo in-
creased southward in the surface waters. The vertical distri-
bution showed the highest DCo concentrations in the core
of D-AATW (100-600 m; Fig, 4a), whereas DCo levels de-
ereased in deeper walers, peneraling an appareni scavenged-
type distnbution at latitudes of 494495 3 (5t Ih-2h), The
D Co concentrations observed in the voungest AABW flow-
mg in this area were the lowest values recorded in the
core of the AABW along the section (DCo | yo—saonm =
349+ 3pM). Only one profile of PCo has been obtained
in this area at 49° 3 (8. 2b). It showed relatively high P Co
concentrations in the upper 300 m (P Co= 6 pM), and, as for
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the other domains, undetectable P Co concentrations in decp-
waters, cxcept al 5000 m where PCo reached a maximum
(11L.Ex 3.4 pM).

4  Discussion
4.1 Comparison of data sets of dissolved cobalt
concentrations obtained at three crossover stations

Three ecrossover stations  were  occupied  along  the
GEOTRACES-A02 section, at the Bermuda Atlantic
Time Series BATS station (6417 W, 317 N) a1 % 3
during the US CoFebMUG cruise in 2007, and at 407 5 during
the English GEOTRACES-A10 section in 2012 (Fig. &),
Station BATS (56, 21) in the Sargasso Sca was ocoupied
on 13 June 2000 during our GEOTRACES-AD2 section sam-
pling crse. The D Co concentralions analyzed h}r the FIA-
chemilumineseence method (this study, Fig. 6a and d: blue
diamonds) are compared o those obtained by ICP-MS meth-
ods either in the same samples (Middag et al., 2014; Fig. ta
and d: yellow dots), or during other sampling croises (Biller
and Bruland, 2012: green wiangles in Fig. 6a and d; Middag
etal, 2014: ved squares in Fig. 6a and d). All samples were
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Fig. 6. Intereomparison of DCo data sets at the erossover station BATS (. d) between this stmedy (hlue diamonds) and 1CP-MS method by
Biller and Bruland {2008 ) {green tnangles) and by B Middag et al. (personal commumication, 2004} (yvellow dots = samples from the 2000
Duteh GEOTRACES-ADZ cruize; red squares = samples from the 201 | American GEOTRACES-AO3 cruize), al the crossover station located
a1t 9" 8 (I, ) between this study (hlve diamonds) and the CEV method by Noble eral. (200120 (zreen doah; aml 8l the erossover station at
407 5 {c, ) between this study (blee dismonds ) with FlA-chemiluminescence method by M. C. Lohan et al. { personal communtication, 2004}
{orange dots = samples from the 2010 Englizh GEOTRACES-A10 cruise},

analyzed after UV treatment. In the deep waters, no signif-
icant differences were observed between the different data
sets, even when samples were taken in different vears. On the
contrary, differences were observed in surface waters (25—
200 m), with systematic higher D Co values using the ICP-
MS compared to the FlA-chemiluminescence method. It is
possitle that scasonal variability, especially of the Co dust
deposition — which widely varies in thas arca (Shelley et al,,
2012}, would cause those varistions of D Co levels recorded
in surface waters (Biller and Bruland, 2002; Middag et al.,
2004 Fig. 6a and d: green triangles and red squares, respec-
tively) However, Turther investigations are needed because
differences are alse observed in the same set of samples (this
study; Middag et al,, 20014; yellow dots in Fig. 6a and d),
yielding an offset of 620 pM D Co in the top-100m between
the ICP-MS method and FlA-chemiluminescence analyses.
At 95, the DCo concentrations analyzed by FlA-
chemiluminescence in the samples collected during the
GEOTRACES-AD2 section sampling erwise (23 March 2011,
St. [5b, this study) were compared with data analyzed by ca-
thodic stripping voltammetry after U'\V-treatment, but in non-
acidified samples (Moble ot al.. 2012). Despite the fact that
the two stations are not exactly at the same location and that
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they were sampled in different years, the hydrography and
the nutrient distributions were similar {data not shown), al-
lowing the comparison of the DCo data sets. The compar-
ison showed an excellent comelation (R® > 0.98; Fig. 6e).
suggesting that both analytical methods were in good agree-
ment, Less tempoval variability in this avea due to lesser dust
imputs or coastal influences potentially allowed for the good
agrecment when comparing the two methods at this staton,
At 400 S, the two DCo data sets sampled during the
GEOTRACES-AD2 section cruise (10 March 2011, 5t éb,
this study) and the GEOTRACES-A D section cruise (Jan-
pary 2012; Lohan et al, 20014) were obtained using similar
FlA-chemiluminescence methods afler UN-digestion of the
acidified sample. This methed showed an overall good agree-
ment between the two data sets in the upper 3000 m (Fig. 6¢
and £, and an offset of 15 pM in the deepest waters be-
bow 3 m (Fig. 6c). The analytical methods and sample
treatments were similar. However, this station was located
on the Malvinas-Brazil confluence. lts position and intensity
widely vary with season and with the incursion of subantarc-
tic waters, notably of the Antarctic Intermediate Waters and
Circumpolar Deep Waters. The seasonal variations can ex-
plain the differences of DCo observed at intermediate and
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deeper dzpths bebezen the two data sets. In the deepest wa-
ters, the differsnce obssrved in the nepheloid layer can be
due to differencss in the remspension/dissolution of benthic
sediments. Further itmestigation i3 needad to determing the
zources of these differances.

42 Large-scale transportation ofdissolved cobalt in the
western Atlantic

The behavior of D Co in the desp ocean is still poorly uvnder-
stood dus to the lack of observations in the full water col-
umn, notably in the westarn Atlantic Ocean, as well asin the
Indian and the central Pacific oceans. The few studies that
report D Co concentrations in the deap ocean suggestad a de-
creass of DCo levels in the desp waters from the Aflantic
Ocean (830.8 phd), to the Scuthern Ocean (397 phd), and to
the Pacific (28.8 pMD) (Bown et al., 2011; Aparicio-Gonzmlez
et -al., 2012}, This observation has lead to the hypothesis
that there iz no accumulation or consarvation of DCo along
the thermohaline circulation, and to classify DCo, in the it
erature, among sither the scavenged-type slement like alu-
minivm (Aparicio-Gonzalez et al, 2012} or the hybrid-trpe
metals. those elameant= that have a nutrisnt behavior in sur-
face waters and are shrongly influenced by scavenging pro-
caszzes in the dezp waters (Noble et al, 2008} However the
scavenging of DCo inveled to interprat the deep inter-basing
fractionation contraztz with DCo known to be stabilized in
solution by strong complaxation with crganic ligands (con-
ditional stability constant Koo > 101%) (Saite and Moffett,
2001; Saito et al, 2004, 20035, 2000; Bown et al_ 2012a).
On the othet hand, other processes, such as mixing of water
maszzas, have alzo been suggested to account for the decreasze
of DCoaleng the circulation in poot-oxygenated waters (MNo-
ble st al., 2012). We further investigated the behaviorof D Co
along the watar-maszses transportation in the dazp and inter-
mediate wastetn Atlantic, which iz conceptualized in Fig. 7.

421 Transportation in bottom waters within the core
of AABW

The Antarctic Bottom Waters spread northward with a trans-
port of 3-38v (where 18v is equal to 10°m¥s™ 1) follow-
ing the topography, in an opposite direction to the overlay-
ing NWATAY (Temezak and Godfrey, 2003). The mean D Co
concentration in the AABW below J0Mm 41752 5.3 o
along the wholz transect{n = 87), but higher DCo lavels are
found in the older AABW flowing in the Northern Heami-
sphers than in the more r2cently formed AABW flowing in
the Southern Hemisphers (mean valves of 4452+ 4 840
n=42; and 3229+ 44 phL n= 45, respectively). At the
zamez southern latimdes, D Co concentrations ware zimilar to
thoss reported in the core of the recently formed AABW, but
in the sastern Aflantic Ocean (Bown et al., 20011; Table 2}
Similar northward bottom enrichment of D Ce in the corz of
AABW (z22 Supplement Fig. 51a); together with water mass
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fathway and aging . has also been obzarved in the zastern At
lantic szctor (Bown et al., 2001} Enrichment due to mixing
of the AABW with the NADW in the subarctic bazin is un-
likely zince DCo display similar concentrations in the corss
of theza two water masses (Table 2). Bottom enrichment dus
to rzsuzpension of abyzsal sadiments and their dissclution
doring AABW hansportation is more likely to account for
the nerthward increase of DCo. Such enrichment of D Co in
waters following contact with bazaltic ssdiments hasrecently
been highlightad in a study on the Ketgoelen Platzas (Bown
etal . 2012b). The significant increaze of P Co observed cloze
te the seafloor in the Northern Hemisphers (Fig. 3), rising
up to 30 % of the tetal cobalt concentration at 347 N, also
suggested that sediment resuspension could be significant
Thiz is further supported by the strong signal of high dis-
zolved aluminium concentrations cbservedin the bottom wa-
ters of the northern ssction (40-30" W) (F. hMdagg, NIOZ
personal comumunication, 2014). Additionally the concomi-
tant increaze of P Co and transmissometry near the szafloor
{data not shown) strongly suggested benthic remobilization
of cobalt Finally: thers was no record of high D Co at the bot-
tom of the Mid-Atlantic Ridge (Fig. 4a), suggesting that hy-
drothermal activity maynoetbe acting as a dgnificant source
of D Co, as previously thought (Bown et al. 2011},

4122 Transportation within the core of the NADW

Comparizon of the DCo concentrations racordad in this
study it the corss of the NEADW, NADW and D-AATW
with those reportad in the scutheastern Atlantic (Bown etal,
2011) shows an excellant ag rezment (Tatls 2). This compar-
izon suggests that D Co may not be scavenged during zonal
{eaztward) tansportation actoss the Sovth Atlantic at inter-
mediate and dezp depths,

To investigate the meridional transportation of DCo across
the deep western Aflantic Ocean in the core of the NADW,
thiz water mass was characterized along itz route southward
with rezpect to its mean D Co concentrations at thres dif-
ferent potential density anemaly, correspending fo its cen-
ter (o= 27.85 + 0.02), itz vpper-limit where the NATW
interacts with intermediate waters (2.g., 00 = 2783+ 0.1),
and its lowet-limit in contact with bettom waters (2.g.. a0l =
2789+ 0.015) (== Supplement Fig. 31b). No significant
variations wers cbhasrved along thass isoclines from the sub-
arctic gyre to the squatorial arsa (eg., DCo= 63.7 = 6L
n=62 atgld=2763; 388+ 3ph n=19at o0 = 27.83;
56.9+ TehL n= 21 at o0 = 27.89), uggesting conssrva-
tive behavior of DCo in the NADW. Around the Equa-
tor, DCo concentration incteazad at two potential den-
sities (714+ 4. 4p0 n= 10 at o0 = 27.65; 62.6+ Sph
n= 14 at gl = 27.83) and dacreazad in the denser waters
(DCo= 3519+ 8¢pM n= 20 at 00= 27.39). Thars wasz no
variation of P Coin thiz area at a0 = 27 85 and ol = 27.835,
and there wazaninerease of PCoat g0 = 2789 (byv 4.6 p1D,
all suggesting that reminsralizmtion of PCo could not be
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Fig. 7. Conceptual schema of the DCo ransportation aloeng the large-scale eireuiation in the intermediate and deep western Allantic Ocean

Talle 2. Averaged dissolved coball concentration (DCo) and standard devianon (50 obtained in the dilferent water imazses encouniered
alomg the western Atlantic GEOTRACES-AOZ section: the Morthcast Atlantic Decp Water (NEADW), Labrador Ses Water (LSW), Morth
Atfantic Deep Water (NADW ), Western Adlantic Centrul Waters {W-ACW), Nonthwest Antarctic Botom Water (NW-AABW), Southwest
Antarctic Bottom Water (SW-AABW), Upper Circumpolar Deep Water (UCDW) and Drake Antarctic Intermediate Water {D-AATW).

Water mass  DCo ipM) Do (pA) SDH{ph) f
{{hers) {This study) ( This study) ("This study)

NEADW 539+ 3.3 543 2.7 24

LSW HE8 32 kH

MAaDWw 592+ 205 a8 82 204
70+ 11"

W-ACW 79+ 1Y 71 4 41

MNW-AABW 44,52 4.8 4%

SW-AABW 400+ 2.49° 3929 4.4 45
42412

LeDw 573+ 2082 387 38 4

D-AATW 3584 368" 537 4.3 11

B from Bown etal, (200 1 ! fromy Moble et al, P30 2y

direetly related to the increases in DCo al those depths,
Henee, the enrichment of DCo in the upper NADW may
be more likely due to mixing with the overlaving Westem
Atlantic Central Water (W-ACW), containing relatively high
D Co concentrations (= 83 pM),

Southward, the concentrations of DCo and PCo in the
three lavers were similar to those observed in the equa-
torial area until 20" 8 (g0 = 2788} or 30° 8 (along ol =
27.65 and gl= 27.85) (see Supplement Fig. S1b), apgain
suggesting that D Co behaved conservatively at those south-
ward latitudes. However, south of 20° 5, a decrease of DCo

www.hingeosciences.net/11/156 1/2014/

concentrations was observed along the three isoclines (see
Supplement Fig, 51b). This decrease was more pronounced
at the upper and lower limats than i the center of the NADW
(e, the difference of concentrations between the Morth
and the South Atlantic are D Cogo= 2705 = = 1 1.5 pM;
D Cogy=2785= +1.5pM; D Cogu= 278 = = 10.3 pM),
There was mo variation in the PCo concentrations associ-
ated with the decreases in DCo at the three depths (Fig. 4b),
again suggesting that scavenging of D Co onmto particles is not
likely. Mixing and dilution of the NADW with the overlaving
waters (D-AAIW in the upper limit and AABW in the lower

Biogeosciences, 11, 15611580, 2014
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layer) containing lowsr concentrations of D Co (Tablz 2) ars
thus more likely to explain the DCo decrease. Since mixing
iz strong erat the edges of the water masses, the canter of the
NADW would be less impactad by such mixing effect.

We further investigatad the effect of water-masses mixing
on the southward DCo gradizsnts aleng the NADW by cal-
culating the DCo concentrations resulting from the diluton
of intermediate and deep water masses (Fig. 7). In the north-
2rn szction, the NADW iz formed by mixing 5 Sv of LEW
with a mean D Co concentration of §3.8 + 3.17phi{n = 38;
Table 2), with 105y of NEADW with a mean D Co concen-
tration of 343+ 2. 6%pMM(n= 24; Table 2} (Tomezak and
Godfrey, 2003). The resulting theoretical concentration of
DCo of 3813 M comparad perfeetly with the mean O Co
concentration cbzerved in the WADRW (614 + 7.8, n= 204;
Table 2). In the equatorial area, the mixing of 155~ of the
MNADR with the £ 5v of the W-ACW (Schmitz 1993) lzad=
te a theorstical DCo concentration of 6.1 phL which is
in excellent agreement with our measurements in this arsa
(OCo= 6337, n=43). Tha slight incrzase obsarvad in
the D Co concentration of the NATRV in this area can thus be
due to mixing batween the high DCo concentrations of the
W-ACW and the NADW. The vertical mixing oceurs through
internal waves that can provide a mix of more than half of the
NADW {up to 8 5v) (Webb and Suginchara, 2001). Along
the southward flow of the NADW in the Scuthern Hemi-
sphere, the D Co concentrabions are higher than in the noerth
(DCo= 637+ TpM n= 23} until 307 8, beyvond which a
strong decrease is observed (DCo= 346 Tphl n= 43).
Here, the penstration of the 2.7 8v of D-AATW (You, 2002)
in the intermeadiate oecean, along with the 3 5v of AABW in
the dezp sea (Tomezmk and Godfrey, 20030, lz2ads to a the-
orzlical DCo concentration of 34 phiin the NADW, which
iz in sxcellent agresment with the concenbration we mea-
sured in the WADW for this area (34 3+ §.6ph n= 41).
Thus, mixing with overlaying water masses ze2ms to control
the concentrations of D Co along the cuculation pathway of
the MADW from the subarctic gyre to the south-westarn Ak
lantic, rather than seavanging processes. The lack of scaveng-
ing haz previcusly been suggestedin the central Atlanhc (MNo-
blz ztal 2012y and in the Rozs S5za (Saito etal 20100 Here
we further support that dissolved cebalt would behave con-
servativelvin the deepwestern Atlantic Oceanalong the ther-
mohaline circulation. In turn, the apparent seavengad profils
obsarved in the scuthem part of the section (SAW) resulted
from the incursion of D Co-deplated waters at the bottom of
tha oczan (AABW) and D-AATW in intermediate watars.

423 Temporal variation in the Subarctic gyre

Besampling of the subarctic gyre after 2 vears showed that
the DCo concentration increassd by 205+ 5¢M in the
NEADW below 3000 m when comparing station 3¢ of leg
4 (2012} with the stations 3 and 11 of leg 1 (2010) at
about 31" (Fig. 4a) Intzgrated on the thicknass of the
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NEADAW (1230 m), this increase corresponded to asbout
256+ 63 umolm™ 2. Associated with these relatively high
DCo concentrations, relatively high P Co concenfrations
wers also observed below 3000m depth (PCo= 5o
Figs. 4b and 3d). The transit time of the NEADW to the
latiede whara the inereaze of DCo was detectad is esti-
mated to be around 2years (Fine ot al., 2001). Two possi-
ble hypothezes: could be nvoked to explain thiz anomaly ob-
sarved at thiz location: (i) intensive sadiments input in the
NEADW through t2suspension and dizsolobion, and/or diffu-
sive processes during ite circulation above the =eafloor; and
(ii} strong external input of cobalt to the Arctic surface wa-
tets fransferred to the dezp ocean by the formation of the
NADW and its transportation through the deep large scals
circulation.

Considering an input of DCo from disolubion of
basalt or granite rocks of 0034+ 0084 to 200+ 022 =
10 M melm 241 (Hausrath et al., 2009) and assuming
thiz imput woeuld be continuous during the transt of the
NEADW, the maximum cumulative inpob after two years
of transit would be 146 nmelm™ 2, which is three orders
of magnitude lowsr than the 2xcess obsarved. On the other
hand. when considering a diffusive flux of Co from basalt
of 31.1nmolm™ 2d™ ! estimated on the sastern Kerguslen
Platzau (Bown =t al, 2012a) and azsuming a comulative ef-
fect along the transportation of the water masses, the in-
put would be 22.7 pmol m™?, in the range of the excess in
D Co observed at station 3¢, Howaver, the ralatively poor-
onygenated waters (Op = 200 pb) flowing aleng the Ker-
guelen eastern slope coupled fo a relative high slope cw-
rent (0.08 cm 5'1} could have snhancad sdiment rasuspen-
sion{Bown 2t al, 2012b) and makes the comparizon with cur
rathet well ventilated bottom waters (07 = 270 0D diffieult.
Furthermore, if sediment resuspension and dissolotion would
have causad the DCo anemaly, an inerzasze in DCo aleng the
pathway of the NEADW would be expected; howsver, this
was not observed (Fig. 4a). Therefore, it iz unlikely that the
banthic input of DCo would cavzs the enhanced D Co con-
centrations that we obsarved in the corz of the NEADW in
2012

In April-May 2010 the Ieelandic voleane Eyvjafjallajdlull
srupted in the Arctic. The WEADW that forms in the Arctic
transitzd for 2 vears to reach the lahinde whers the excess of
D Co was obeervad two years after the eruption in 2012 (Fine
etal., 2002). It i= thus conceivable that the DCeo enrichment
could be related to the input of thess voleanic ashas and itz
adwvection by the NEADW. Velcanic ash emissions and sub-
sequent deposition to the surface ccean have been reported
to bz a source of Co to the cezan (Frognar 2t al., 2001 ). Most
of the azsh depesition occurred close to the vent, with 93 % of
the tephra being transportad lzss than §00-700km from the
spures, and then dzcreazing sxponenbially (Gudmundsson at
al, 2012). Usng an ash depesition model and the mean bulk
dansity dzterminzd by Gudmundsson atal. (2002), we asti-
mated an ash input of 1 68+ 0.7 101 g of tephra in the first
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O 10%km® around Iceland, where the NEADW i= formed.
Uzing this input and a cumulative r=lzaze of 3. 76nmol of
DCo per gram of similar Teeland tephra {calcnlatad after
1.5 h of releaze from Frogner, 2001), the input of DCo iz thus
estimated at around 16.3+ 6.3 pmolm™2 DCo in this arza.
Beportzd to the top 100m, it represents an inpuot of D Co of
163 630 which is at l=ast 1.5 and upte 2.5 tmes the
concentration cheerved in vpper 100m at similar latindes
in the western subarctic gyre (DCof100m = 8722 2 g0,
and much higher than the exceszs of DCo observed seuth-
ward two years later (203 % 3 pmeol). Similatly, it has been
shown that the 2010 Icelandic sruption had significantly en-
hanced iron concentrations in surface waters of the Arctic
Sea, locally increasing by a factor 2.5 the iren concentration
in zelotion even 6 days after the ash dzposition (Achterbers
st al., 2013). Furthermote, the mean input of DCo we as-
timated from the veleanic ashes (16.3 + 6.3 pmol m™ ) was
in the same order of magnitndz than the exceszs of DCo w2
measured two vears later (25.6+ 6.3 pmolm™2). These ob-
gervations strongly suggested that the volcanic emption was
a source of DCo that has bean advectzd in the corz of the
NADW, Because of the quick release of Co from the ash
{Frogner et al., 2001), and probably because of the short res-
idence time of thess particles in the surface waters, itis pos-
sible that mest of the input of D Co occurred under the ash
plum. Itz advection by the NADW then enhanced the con-
centration of DCo far away from the eruption, similarly to
the advection of D Co from continental marg ins {Bown st al.,
2011).

424 Theincursion of the Atlantic Central Waters

The highest concenirations of DCo observed at intermedi-
atz dzpths in the equatorial area of the szction werz found
in the corz of the Atlantic Central Waters (ACW) that origi-
nate from the eastern Aflantic (Poole and Tomczak, 1999)
and thoze DCo maxima corrzlated with the Oy minimum
{Figs. 2c. 42 and 3¢). Achually the incursion of the ACW
constimmted the major reservoir of D Co in the western At
lantic betwaen the equatorial domain and the Caribbean bazin
(Fig. £a}. At thess latiludes but in the 2astem Atlantic, the Oy
dapletion (Tomemlk and Godfrey 2003) and the DCo con-
centrations (= 130pME Noble et al, 2002) are even higher
in the ACW compared to the western Aflantic, supgesting
zottal wastward transportation and deecrzass of DCo acros
the cantral Atlantic ccean. Feductive disselution in the poor-
ox vgenated waters, resuspension of particulate matter in the
sadiments along the shelvas of the eastern Atlantic, and ram-
inzralizmtion processes wers suspected te cavse the D Co 2n-
richment in the ACW obzerved in the zastarn Atlantic (No-
ble et al., 2012). A decreaze in D Co concentrations was alzo
observed along the transit of the ACW in the sastern basin
where scavenging could notbe discernad from watar masses
mixing {(Moble et al., 2012} Once reaching ouwr meridian
zaction. the concentration of D Co continuad to decrsaze
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northward i the flow of the ACW (from 93% 1.3 phM at
200m_ St 15b to 73+ 0.6phd at 130m, St 36). Accom-
panying thess decreaszes, thers was no significant enrich-
ment in P Co (Figs. 4b and 5§), suggesting that scavenging
was negligible comparad to mixing and vertical diffusion.
Az discussad above, mixing processes with the MNADW can
contribute to the decrease in the DCo concentrations along
the westward transportation of the ACW. Furthermore, us-
ing the mean decreass of 13nmolm™ of D Co concentra-
tions integrated into the W-ACW from St 136 (97528 W)
to 5t 368" I 4%° W} and considering the 4 Sv introdoced
by the ACW in this area (Schmitz 1995}, we estimated a de-
creasa rate of DCo of about 52+ 05 % 10F mold™ ! due to
the zpread of the ACW northward. Reported to the surface
of 2% 10% km? occupiad by the ACW betwesn & Sand §° N
in the western Atlantic, this descrease rate correspondad to
262 025nmolm™2d™ ! Thiszonal decrease rate compared
well with the ons we sstimated betwzen 10°E and 300 W
vsing published D Co valuss for the sastern arsa (Noble =t
al, 20012} Ind=ed we sstimated a decrease in DCo con-
centrationsof 36+ 14 8nmolm™ across the central Atlantic
Oczan (10= 108 km?), which cotresponded to a decrease rate
of 1.93+ 0.5nmolm™ > 4™ ! when considering the ACW flow
ratz. In addition to dilution ofthe ACW, wea sugzest hereafier
that the decreases of DCo can also be partially cavsed by
vertical diffusion and advection of DCo to the surface wa-
ters, 2specially closa to the equaterial currents where frontal
systems and high twrbulence were obssrved.

4.3 PBemineralization and decoupling of the cobalt and
phosphate relationship in the intermediate
western Atlantic

4.3.1 ERemineralization of cobalt in the Atlantic Central
Waters

The highast DCo concantrations recorded along the section
wers obzerved in the ACW (Fig. 432 marksd by the low-
est concentrations of O, (Fig. 2c)). Hence, we sstimated
the portion of DCo resulting from comulative remineral-
iztien in the ACW by using the apparent oxvgen uvtiliza-
tiott (AOTT). The AOU represants the integrated oxyEen con-
sumption by heterotrophic bactetia in the breakdown of or-
ganic matter and it iz computed az the diference between
the oxvEan saturation concentration. which depends on ther-
mohaline properties (Waizss, 12700, and the obsarvad oxvgen
coencentration. The significant correlation betwaen A0 and
D Co recordad in thess waters (Fig. 8) strongly sugg2sts that
remineralization was driving the interal cycle of cobalt in
thzsz intermediate watzrs. Other studizs have also reported
relatively high DCo concentrations in low-oxyeenated wa-
ters {(Saito etal  2004; Pohl etal  2011; Noble et al 2012
Thiz relationship is vsad to estimate the concentration of
DCo dus to the comulative remineralization in the ACW

([0 Co] puninaratization. Eq. 1), and its propoertion compared

Biogeosciences, 11, 15611580, 2014
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Fig. 8. Relationship among the concemrations of dissolved cobalt
{D-Ca) amdd the apparent oy een utilization { AOLT in the intermedi-
ate waters of the equatorial avea (150-T30m},

to the recorded concentration ol DCo (%D Coumineratied -
Eq. 2}, as follows:

[D Cﬂ]rm:.in:mlizutiun = {HE‘G P HF‘ g -'"LUUJ (1)
1-!'('Ii"I:'(T‘-J‘r|.'|:r|||ir||:|-.|.|l:-'|.'d = (M= [D l--—:':-."]rt.:|111n.|.'|-..|]i1:.'|Ii|:||:
"r.[D E“]ﬂﬁsul'wd . {2}

where Reg-p is the steichiometric Co ; P ratio recorded in the
surface walers of the equatorial avea (with an average value
of 27 % 107 MM~ Dulaquais et al., 2014}, and Rp-q2 is
the stoichiometric ratio between phosphate production and
oxygen consumplion (eg, Rp.qx= VI1TOMM™ L Matear
and Hirst, 2003; Oschlies et al, 2008; Krishna-Murty el al,,
2009},

The concentration of DCo due 1o remaineralization was
thus estimated at about 23 Sph in the western ACW
between 150 and BO0m, representing 32% of the DCo
measured (OO0 jsospam = T1E SpMY Inoits layer fed by
the central South Equatorial Current {CSEC, 400-800 m},
the cumulative remineralized DCo could be even higher,
representing up te 37 % of DCo (Table 3). If this rem-
ineralized DCo was only supplied by the transportation
through the CSEC from the eastern basin, this proportion
should be greater in the eastern central Atlantic where di-
Iution with NADW docs not affect this water mass vel, Bot
we estimated a similar proportion in the eastern Atlantic
YD Copemineratized = 382 5 %) by using the DCo data set
of Moble et al. (2002), This result suggested that the DCo
provided by remineralization in the west equatorial Atlantic
15 hikely a combination of o westward transportation wf the
DCo remineralized in the eastern Atlantie basin, the cumu-
lative remineralization along the transportation of ACW in
these Oy depleted waters, and the mixing between NADW
and ACW acress the equatorial Atlantic and in the western
basin.

Biogeosciences, 11, 1561-1580, 2014

4.3.2 Decoupling of the relationship between cobalt and
phosphate

Several studies have shown that the biological utilization of
DCo ecan be propovtional to that of phosphate (P) in the
sirface waters of oligotrophic provinces (Saite et al.. 2004,
2010 Jakuba et al., 2008; Noble et al., 2008; Bown et al.
2011} However, the lower apparent remineralization of D Co
compared to P in intermediate and deep waters described by
Bown el al. (20011) can suggest a decoupling between DCo
and P in deeper waters. In our study, the ahsence of a sig-
nificant correlation between D Co and P in intermediate and
deep waters along the section (R7 < 0.1, n= 446) further
supported a decoupling between DCo and P in deep waters,
Furthermore, the overall lower DCo: P oratios observed in
deep waters compared o the surface (data not shown ) and the
increase with depth of the Co: P ratio in the particles (Sher-
rell and Boyle, 1992; Table 3) both suggested that the decou-
pling can be either due to the preferential remineralization of
P relative to Co, or to the preferential scavenging of DCo,
However, our measurements shown that P Co concentrations
were not increasing with depth but instead they were rather
decreasing (Table 3). strongly suggesting that scavenging of
D Co could be negligible. Hence. we further investigated the
impact of the remineralization on the decoupling between
OCo and P in the equatorial arca where the OMZ was lo-
cated and where ACW dispatched the highest D Co concen-
trations recorded along the section, The proportion of P due
to the cumulative remineralization (YoPremiemiized) was thus
estimated according (o

‘ff;’Fh.-minnmli.:-:d S {R[’.UZ x AGUJ-" [P]oh::uwus- (3)

In this area, the proporton of P and Co produced by the cu-
midative remineralization was estimated in the surface layer
mainly impacted by the geostrophic currents (0150 m), the
upper layver of the ACW which was influenced by the North
Brazil Undercurrent. the equatorial and central branches of
the South Equatorial Current. all forming the Morth Brazil
Current at these depths (150400 m}. and the lower layer of
the ACW mostly fed by the CSEC (400200 m), It shown
that the proportien of P provided by cumulative remineraliza-
tion increased by a factor 7.4 between the surface layer and
upper-ACW, whereas this inerease was much lower for DCo
(factor 1.5) (Table 33, This result suggested that the reminer-
alization of P and D' Co was not proportional in intermediate
wilers, and further supported the hvpothesis that the prefer-
ential remineralization of P relative to D Co can largely cause
the decoupling in decper waters, Furthenmore, the strongest
remineralization of DCo that scewrred deeper than that of
P in the core of the lower-ACW (Table 3) may also lead w
the decoupling between the deep cyeles of DCo and P De-
termination of the particles composition in Co and P would
further help in understanding the processes invelved in this
decoupling.

www.biogeosciences.net/11/1561/2004/
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Table 3, M=an dissolved cobalt concentmtion (D Co; ph), mean apparsnt particlate cobalt concentration (P Co; ph), and percentages of
dizzolved cobalt and phosphate produesd by comuolative remineralization {respectively D Corem and Prem; %2) caleulated in the surfacs laver
{(0~150m}, the vpper laver of Atlantic Cantral Waters (130—00m} and the low o1 laver of Atlantic Central Waters (400-800 m) between
107 5 2nd 107 I (z22 text for definitions and ealevlation). The particulate ratios of Co: P {{CoPlin partictes; oML 1 }rzcorded in the westarn
Atantic (Sherrell and Boyle, 1552) ar= also indicated for comparison. Errors ars ziven as standard deviation from avemzed valves.

Depth {m} DCop M) PCop M) D Copen (%) Prem (%6) (CoPhin particls
My

0-150 32+ 12 4+ 3 +5 7+1 403+ 128
(n= 37} mn=13)

150400 70 11 2+ 2 32%6 51+ 6 2718+ 1180
(n= 28) =9

400-800 72= 4 2+ 1 37+3 40+ 2 5420+ 2440
(n= 19} n=8

44 Physical processes impacting the distribution of
dissolved cobalt in surface waters

4.4.1 Lateral advection in surface waters

The lateral advection from continental margin is thought to
bz a zource of DCo in the open surface ocean (Bown et
al, 2011, 2012b; Maoble et al, 2002), but thiz source iz atill
largely uvncharacterized. Therefors, we estimated the lateral
advective DCo supply in the surface waters of the saction
(F DCoggy: Eq. 4) by caleulating the local gzestrophic veloe-
itizs (U, v ; referencad 1000 dbars) based on z2a level anoma-
lizz (SLA, wwrwavizo.oczanobzcom), and vsing the lateral
D Co gradients (X, ¥) integrated in the vpper 150m (2) be-
twesn bwo nearby stations (3, b; Eq. 3), using the following
squations:

FD Cosgrla) = GradDCopy y * velocity, x Z )
GradDCopx = [(DCosJ150=)
- (DCozl150a )]/ daat, (3)

wherz D Cos[ 150 i3 the mean DCo concentration integratad
over the upper 150 m at station (i) velocitss iz the lateral
geostrophic velocity at station (i) integrated over the wpper
150m; iz equal to 150 m; and dy_.p, iz the distance batwazn
stations (a) and (B). A positive veloeily is associated with a
postive SLA and represents an advection from the consid-
erad station, and imversaly for a nagative velocity

The dynamic structures with high lateral geestrophic ve-
locities were gensrally obssrved in the frontal zones along
the s=ction (Table 4) and were asscciated with strong local
cutrents (up to 20cms™ 1: as obzerved at 57 IV), whereas ral-
atively low wvelocitizs weare estimatzd in the center of 2ach
pceanic demain (= 2em = 1), Howsver, izolated svents such
az eddizz were alzo identified in the center of the MNASG
(Tablz 4). The ezfimationz of the lateral advective fluxes
of DCo in surface waters showed variations of more than
two orders of magnituds betwean the different areas (Ta-
blz 4). For instance, in the center of the domains like at

www.biogeosciences.net/1 V1561/2014/

the station BATS, the geostrophic velocities and lateral O Co
gradients werz smooth, resulting in negligible lateral fluxes
of DCo (—-1nmelm 247 1= FDCogyy= Inmolm=2471).
On the contrary; in the frontal zonss where twrbuleance and
significant latzral D Co gradients can be obsarved, the lateral
advection fluxes of DCo wers relatively high in surface wa-
ters (from — 6l nmel m™ 247 L ie 55 nmelm™2 47!, Table 4).

The DCo fluxes from lateral adwvection in surface wa-
ters can be important at a given station, but at the scale of
3 domain the impact was relatively limited, especially in
the SASG. Indzed, at thiz scalz the sum of the fluxez was
low (- Inmolm™ 14 = FDCo= 3amolm 2471 ). Mewver-
theless, the lateral advection within mesoscals structires,
such az addiss, can be particularly important for the trans-
portation of D Ce to interior basins, as it has been previously
obzzrved in the oligotrophic domain of the southeastern At-
lantic where inputz of DCo from continental margins wers
carried by Agulhas rings (Bown stal., 2011). Morsover, 2d-
dies can allow exchanges of D Co batween the different do-
mains along the section, sspecially betwesn the central Ak
lantic and the NASG through the squatorial corrent system,
and between the SASG and the ECC through the MBC. Lo-
cal mrbulence associated with eddies can also induce local
vertical advection (zuch as vpwelling in the core of eyelonic
eddis=) as well a= diffusion of DCo from the intermediate
waters. It haz been shown that such physical processes can
affect the vartical distribution of D Co in mirface watzrs (No-
ble =t al., 2008; Shellew =t al, 2012). All thess dirzct and
indirect effects malke these dynamical structores sources or
sitks of D Co to the surface layer.

44.2 Theverticaldiffusion

The wertical diffosion has been described as an important
source of iron (Fz) and other nutrients to the 2uphotic layer,
sustaining phyteplankton development in Fe-depleted arsas
(Law et al., 2003; Croot =t al., 2005; Blain et al., 2008). In
the equatorial Aflantic thisz internal sourez of F2a maybe aven
greater than the input of Fe from Saharan dost deposition

Biogeosciences, 11, 1561-1580, 2014

//



1576

G. Dulaguais et al: Physical and remineralization processes govern the cobalt distribution

Table 4. Lateral gradient of dissclved cobalt (Grad D Cof 150m; 107 nmalm™ T 1]-: and lateral adwectve fluxes of dissolved cobalt
(FD Cogzay: ﬂmulm_:d._l} genzrated by local gzostrophic lateral adwection (F wigen: ::ms_l]- are given in the wpper 1530m for ssveral
zampling stations comesponding to =y dvnamical stoctures or domains.

Location Structore Grd DCof 1502 Fwigee FDCog
St 5037 W60 M) Canter of 3 AG +0.30 -023 -011
Bt 15 (30" W, 37.5° D Anh-evelonic sddy +1.37 -973 -1728
&t 21 (BATE) Canter of ARG - 030 -016 008
St 25067 W, 25 I} Crvelonic eddy -015 #1328 - 254
St 36 BT W. 7.8 M) NEC -321 #1003 -4167
Btw 3. 37-38(45" W, 5" I} ECC -208 -1950 34.82
Btw 3t. 166—17h (285" W, 5 8) ZEC -8l +302 315
St 126 (327" W, 225 8) Conter R ARG +0.82 + 115 + 092
St 6b (@257 W, 40" 8) MEBC - 158 -776 1585
Btw 3t. 2b-3b (43" W, 48" 3) Malvinas comant +0.02 -754 - 023

(Rijkenberg et al., 2012). However, the importance of this
supply for D Co still has to be dztermined in the oczan. In the
Southern Ocean and abowve the Kerguelen Izlands the supply
of D Co to surface watzrs by vertical diffusion has bean es-
timated to be negligible due to the small gradient in D Co
concentrations between the suphotic and mesoepelagic lay-
erz causad by low biclegical assimilation of DCo in thess
diatom-dominated waters (Bown et al., 2011, 2012t). By
contrast, strong vertical gradients in DCo concentrations be-
twaan the surface and the nutricline were obsarved along the
section in the western Atlantic Ocean, especially in the equa-
torial arza (Fig. 3), allowing vs to estimate this supply

Eriefly, the diffusion depends en the vertical gradient
of D Co concentrations, the diffusion coefficient (D1 ) and
the turbulent diffusivity coeffieiznt (K;). Wherzas D1 iz 2
phyzico—<hemical property of the component within water
(melecular property), the torbulent diffusivity coefficient is
solelya propertyofthe turbulent ludd. If the vertical gradiznt
of concentrations (20 Ce /82) is much higher than the lateral
gradients (2Cof & = 4D Col &y), the lateral diffusion iscon-
sidered negligible (s22 Tables 4 and 3). Furthermore, the val-
uzz of K7 estimated along the ssction (M Rijkenberg NIOZ
perzonal communication, 20013) were three to six orders of
magnitude higher than D1 henece, the melscular diffusivity
was considered negligible. The highest values of K; wers
found near frontal zonss (M Fijkenberg, NIOZ, parzonal
communication, 2013} where strong geostrophic wvelocities
werz ohsarved. One to two ordzrs of magnitude lower turbu-
lent diffusivities were found in the subbropical domains, co-
herent with lowsr mrbulence of the water column and lower
wind strazs.

The intrusien of the ACW in the southerm side of the equa-
torial area and its northward flow along the coast of South
America through the Guyana and Caribbean Corrents (Pools
and Tomczk, 1999) transported relatively high DCo within
the mesopelagic layer and at the bettom of the suphetic
layer (100-230m) batwaen 107 5 and 10° N (Fig. 4a). Dus

Biogeosciences, 11, 15611580, 2014

Table 5. Vertical dizsolved cobalt grdient (00 Cofz 100-300m;
nmolm™ Fm™ 1), mean K, ., (ont 5~ 1) and vertical dissolved
cobalt fluxes from the ﬂEaFPpalagic laver to the zupphotic laver
(FD Coygiee] gige ;nmalm” = d 1]- at faw stabions reprazsentative of
the different areas crossed along the section (z2= text for the details
of the caleslations).

Location O Coiz K z  FD Covwesticz| diF
100300 m
5t. 15 (50" WL3T.5T ) 0115 T3 +5.96
5. 21 (BATS) 0ose Q0B +0.05
526 (65.5 W, 133° ) 0121 007 +0.07
Sr36 (4B WL TEYHD 0201 144 +4.13
5t 150 (28" W, 8" 5) 0305 113 +3.15
5t 128 (327 W;22.57 8) 0062 011 +0.08
Bt 6b (4257 W, 400 5 o0E4 372 +1.60

to relatively high DCo azsimilation in surface waters at these
latindes (Dulagquais et al., 2014}, strong D Co vertical gra-
dients were gensratad between the surface and intzrmediate
waters (Figs. 4a and 3). For instance, the DCo vertical gradi-
ent can be as high as 0.3l nmolm™ m™ 1 in the equatorial
arza at @ 5. By contrast, the vertical gradients are gener-
ally smooth in the subtropical domains and in the subarctic
gyre (=0.07nmolm™ *m™1). Combining the vertical gradi-
ents with the K; pattern, it iz obvicus that the vertical dif-
fusion DCo supply was expected to be higher in the frontal
zones of the equatoerial arsa than in the other domains. Toe fur-
ther assess the role of the vertical diffusion on the distribution
of D Co in surface waters, we aztimated the D Co vartical dif-
fozien flux (F D Cogiffusion) it the different domains using the
following equation:

F D Cogimysion = — (Kz + D)% (8DColdz) (6)

with 10° < (K /D7) < 105,

The D Co supply to the suphotic layer by vertical diffu-
sion (Table 3) varies by two orders of magnitude bebween the
frontal zones (e.g., Tamolm™2d™! in the north subtropical

www.bingeosciences. net/11/1561/201 4/
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frontal zene) and the center of the subtropical domains (2.3,
= 0.07nmolm™ 2471 in the oligotrophic domains). In the
frontal syztems, the highest turbulance (Table 5) combinad
with a significant wertical gradient of DCo concentrations
capzad high vertical diffusion fluxes of DCo into the surface
waters. In the squaterial area the high diffusive input of O Co
was mainly due te high vertical gradientz of D Co induced
by the incursion of the eastern south ACW enriched in D Co.
Thiz input may well sustain the growth of the cyancbacts-
ria present in the equaterial demain towards 157 W (Tovar-
Sanchez et al., 2004). By contrast, thiz input kept relatively
low in the eligetrophic demains mainly dus te lowsr turbu-
lent fluids. Therafore, the vertical diffosion did not appear
te be the dominant flux te sustain the cyancbacteria popu-
latien in the cligotrophic domains of the westzrn Atlantic.
However, in these subtropical arsas, eddies that locally in-
creasze the twrbulence and thus vertical advection/diffusion
(MWoblz 2t al, 2008) addad to external sources such as dust
deposition or rivers discharge (Tovar-Sanchez et al., 2004;
Dulaguais et al., 2014) mavy rather be invelked than izopye-
nal diffusion to t2spond to the abselutz requirement of the
dominant cyancbactstia for cobalt (Saite and Moffett, 2001).

% Conclusions

Latge-zcale cbszrvation of the dzep distribution of disselved
cobalt as first aszessed in this work allowed to further un-
darstand the role of phyzical and reminzralization processas
in the deep cyele of cobalt. In deep waters DCo behaves
conservativel v along water masses transpoertation through the
western Atlantie. Mixing and dilution of desp water masses,
rather than scavenging of D Co onto settling particles, gan-
erate the meridional dzcrease of DCo aleng the southward
latge-scale circulation in the deep westzrn Atlantic. This
finding contrasted with previeus interpretations which sug-
gastzd that DCo iz scavenged along the thermohaline ecir-
culation explaining the desp inter-basins fractionation (Bru-
land and Lohan, 2003). Inaddition, the consarvative behavior
of DCo allowsd the persistence of relatively high concen-
trations in the cors of the LW and low concentrations in
the undsrlaving AABW, hence gensrating the apparsnt scav-
enged prefile of DCo obssrved in the deep waters of the
western Atlantic. It alzo allowed large-scale transportation
of extzrnal cobalt sources to interior bazins, such as the 2010
Ieelandic veleanic sruption, which was depictad by relatively
high DCo concentrations in the core of the NEADW at 517 5.
Inaddition, the DCo enrichad intermediate waters can act as
intzrnal inpots of DCo inte the suface waters fheough dy-
namic procssses. Eddies and dynamical structores such as
equatorial surface jets could play a major role in the ferhil-
izatien of surface water in D Co through vertical diffusion
and lateral advection. The input of D Co by the vertical diffu-
sion iz particularly enhanced in the equatorial domain where
the incursion of the Atlantic Central Waters at intermediate

www.hiogeosciences.net/1 1/1561/2014/
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depths that transports high O Co concentrations compared to
the surface, ganerating a strong vertical D Co gradient How-
aver, thess processas are still peotly constrainad and may act
as zinks az well; further work is required to better constrain
thess fluxes.

MNext to phyzical processes, reductive processas — notably
those linksd to the oxvgenation of the water masses —also
flay a major role in the deep cyela of DCo. The ACW char-
acterized by relatively low Oy indeed exhibited the highest
DCo concentrations encountered aleng the section, hence
constitoting the major reserveir of DCo in the western Ab
lantic. The relatively low oxygenation of thess waters may
have promoted the stabiliztion of DCo in the westward flow
of the ACW across the Aflanbie Ocean, whersas phyzical
proczsszs did not prevent DCe to decrease aleng the routs
of thess watzrs dus to mixing and dilotion with other wa-
ter masses containing less D Co and fo vertical diffusion to
surface waters. In addition, the significant corrslation be-
tween O Co concentrations and the apparent oxygen vtiliza-
tien found in these waters further indicated that remineral-
ization (abiotic and biotic) was driving the int=rnal eyele of
cobalt in thesze intermediate waters. The remineralization of
D Co was not proportional to that of phosphate in these inter-
mediatz waters, valike the biclogical vptake of both DCoand
P previcusly reported in cligotrephic surface waters (2.2,
Saito et al., 2002; MNeoble =t al., 2008; Bown =t al., 2011).
Thiz decovpling leads to an ennchment of Co relative to P
in the settling particles, mainly due to the prefersntial rem-
inzraliztion of P rather than a praferential scavenging of Co.
Bezcords of tuly particulate cobalt will further helpin reveal-
ing the role of particles in the deep cyele of cobalt.

Supplementary material related to this article is
available online at http:/'www.biogeosciences.net/11/
1561/2014/bg-11-1561-2014 -supplement.pdf.
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Contrasting biogeochemical cycles of cobalt
in the surface western Atlantic Ocean.
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Abstract Disolved cobalt (o, =02 pm; 141053 pM }and the apparent particulate cobalt (FCo; = 02pm;
<110 15 pM )were detemined inthe upper water column (= 1000m) ofthe westem Atlantic Ocean along the
GEOTRACES-ADZ section (547N to 50°5) The lowes DCo concentrations, typical of a nutnent-type distibution
were observed in surface watersofihe subtropical domains Strong linear relationships betwesn DCo and
phosphate (P as well az mendional gradientz of decreasing D'Co from high lattudes were chamcternzd and
both linked to the Co biological requirem ent. Extemal =ources such as the Amazon and the atmosphernc
depostion were found to contribute sgnificantly (= 10%)to the DCo gock ofthe mixed laverin the equatonial
and north ubtropical domaing Biotic and abiotic processes as well as the physical temnsinvolved in the
biogeochemical cycle of Co were defined and estimated. Thisallowed edablishing the first global budget of
DCo for the upper 100m in the westem Atlantic. The biological D Co uptake flux wasthe dominant sink along
the s=dtion, as reflected by the overall nutrnent4ype behavior of DCo. The regeneration vaned wadely wathin
the different bicgeochem ical dem aing accountin g for 10% ofthe DCo-uptake rate in the subarctic gyre and for
up to 85%in southern =ubtropical domain. Thess findingsdemonstrated that the regeneration islikslvihe
prevailing source of D Co in the aurface watersofthe westem Atlantic, except in the subpolar domains where
phyzically driven sources can sustain the DCo biclogical reguirement.

1. Introduction

Cobalt (Co)isan essential trace nutrient reguired asthe central atem of witamin B4z (cobalamin } [Bertrand
et al., 2007]. Cobalt can alsy subditute for ancinvehed asa cofactorin the carbonic anhydrase and the
dlkaline phosphatase that are essential for the acguigtion of inorganic carbon and dissolved organic
phosphorus by phytoplankton, respectively [Lane and Morel, 2000; Gong & al., 2005]. Cobalamin izalso used
by bacteria and archaea for anaerobic processes auch as fermentation ordehalogenation [Seanneret al,
2014, and reference therein]. Moreover, cyanobacteria like Prochlorochoccus sp., which often dominatethe
picophytoplankton azsemblage and account for a significant proportion of the prAimary production in
oligotrophicregions have an absolute requirement for Co [Campbell et al,, 1994; Sunda and Huntsman, 1985;
Saito et al., 2002}, The elemental compositions of phytoplan kton also sugged that Co izan imporant
micronutrient for the coccolithephonds, diatoms and dineflagellates[Ho et al., 2003].

Previous studies have reported a nutrient-type digrbution of dissolved cobalt (DCojin surface waters of
oligotrophic and temperate d om ains [ artin et al., 19593; Saito and M offett, 2002, Jakuba et al., 2008; Noble et al,
2008], which isrelated to its biological uptake by cyanobacteria [Saito et al., 2002; Saito and Moffett, 2002;
Bown &t al., 2011}, Other surface digribution pattems have been ob=ersed, notably a nearly conservativetvpe
behaviorin the Southern Ocean asspcigted with a low biological uptake ofDCo by the Antarclic diatoms
[Bown et al, 2011}

Previousfield studieshave reportza comelation between DCo and the macronutrient phosphate (P} in surface

watersof different biogeochemical domaing indicative oftheir proportional biolo gical uptake [Saito et al, 2004;
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Moble et al., 2008, Saito et al., 2010, Bown et al, 201 1]. Those studies also showed that the DCo/P depletion
ratio varied between the oceanic domaing potentially refledting differencesin the phytoplankton assemblage
and productivity, as well as regicnal varationsin the input of DCo (andfor P). Thus, this comprehensive
survey of DCo digributions across oceanic provinces will alzo increase our underganding of the coupling
between DCo and P in the surface waters

Previousestim ates suggested that biclogical uptake isthe prevailing sink o fDCo in oligotrophic waters
[aito et al, 2002; Bown &t al., 2011]. Indeed, biological uptake can be sgnificantly higher than other

rem oval mechanismsof DCo from surface waterssuch as cooxidation with manganesethrough microbial
oxidation [Moffett and Ho, 1998, Saito et al., 2004] orexport by adsomptlion (scavenging bon settling partices
[Bown et al, 2011]. An indirect egimate suggested that recyding of Co in surface waters due to abiotic
processes, microbial loop, cell lyss, and grazing, could sustain up to 70-50% o0 fthe DCo biclogical uptake in
the subtropics of the southeastem Aflantic[Bown et al, 204 1]. However, the terms that drive the internal
cycle of DCoin the upper ocean need to be better asses=ed, notabhy the regeneration flux of Co in surface
waters, consdering its potential importan o2 in the Co cycle.

Among the extemal sources, the depeostion ofdud from the Patagonian and the Sahara desertzhasbeen
ghown to be an im portant source of Co in the surface waters ofthe southwestern Atlantic and the central
northem Atlantic, respectively [Gaiero et al., 2003; Baker et al., 2007]. For example, the relative DCo maximum
ob=ersed insubsurface waters ofthe Sargasso Sea hasbeen related to significant atm ospherdcCoinput during
the late summer [Shelley et al., 2012]. In other regions the atmosphenc depostion islikehy negligible, =uch
asthe southeadern Atlantic[Bown et al, 201 1] and seuthcentral Atlantic[Meble et al., 2012]. H owewer, there are
ill large uncertaintiesin esimatesofthe atmosp hericd eposition of Co in the surface waters dusto thelimited
data on the fractional solubility of Co in aeresols and on the elemental compositions ofthe dust that vary
depending ontheir prowenan ce. Bytaking into account some ofthisspatial variability, cur 2udy reassessssthe
atmosphenc depogtion of Co in the westem Atlan tic.

The observation ofan inverse linear relationship between DCo and =salinity in the northwesern Atlantic
[Saito and Moffett, 2002] and the westem equatorial Atlantic [Tovar-Sandchezand SafiudoWilhelmy, 2011]
augged that freshwater may be another extemal source ofCo in the surface westem Aflantic Forinstanos,the
Amazon River representsa significant source of many elem entsto the wedern eguatorial Alantic[Boyvle &t al.,
1982]; however, itsimportance to DCo needsto be better constrained. Recent work hasal=o hinted at the
imporntance of lateral advedtion of water massesenrched in DCo following contadt wath continental marginzsin
the southeagern Atlantic[Bown et al, 2011] and ofthe diffusion from intermediate waterzin the frontal areasof
the westem Atlantic[Dulaguais et al., 2014]. With onhy a fird, tentative budget made for the southeastem
Alanticand the Southern Ocean [Bown et al., 2011], the sources and biogeochemical cyde of Co are still poorly
congrained in the surface waters.

Drezpite these major advances the oceanicbehavior of Co in thesurface waterzis 2ill not well undersood, with
little dataon DCo digrbution in the global ocean. In thisresped, asurvey along a large radial in the entire wegem
Atlantic Ocean was consider to be an ideal scheme to observe the changes in the surface vertical distribution
of DCo across contragting biogeochemical domainz In thisstudy we invedigat e the meridional digrbutionsof
DCo and the apparent particulate cobatt (PCo}in the upper 1000 m aleng a section in the western AtlanticOcsan.
Spanning from the Eagt coast of Greenland B4°M) to the M alvinas Plateau (5075} the radial encountered several
biegeochemical domains Two oligotrophic subtropical areas, the eguatorial one, and the ubpolar and
aubantardtic |atitudesin the extremitiez of the section were crossed. The digrbution of Co is discussed in the
mntext ofthe biogeodhemical and physical features ofthe domainsand the edtemal inputsfrom the atmosphere
and the Amazon in order to determine the various sources and sinksof Co. The aoupling of Co with the
macronutrient Pand the potentially s gnificant roleofCo regeneration in surface watersofthe wesem Atlanticare
alze discussed. By parameterizing the different processes involved in the Co cydle, atentative budget for Co inthe
upper 100 m ispre=ented on the scale of the individual domains and the western Atlantic basin.

2. Method

2.1. Cruize Track and Sampling

Seawater mamples were collected during four cruises along the GEOTRACES-ADZ =ection spreading from
54°M to 50°5inthe wedem Atlantic Ocean that were conducted betwesn 2010 and 2012 (Figure 1) Atotal
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of &7 stations with a vertical resolution of
510 depthsbetween Sm and 1000 m were
sampled for dissohved cobalt analyses
(DCo}, and 15 =tations for total (unfitered)
cobalt determinations(TCo). The apparent
particu late cobalt concentrations(PCo)
were calculated by subtraction of DCo from
TCo. The com plete data set of cobalt
dizs=nbved | total, and apparent particulate)
at all station=iz available a the
international GEOTRACESdata center
(hitp:/wwan bodcacuk/geotraces'h

Ep . ‘w-_ Sampleswere collected usin g the TITAN-CTD

fram e [de Baar et al.,, 2008] o fMederlands

Ingituut voor Onderzoek der Zee

(Metherlands}, with 24 ultraclean

sampling bottles of 22 4L sach made of

(pohrvinylidenefluonde) PVDF plastic

[Rijkenberg &t al., 2014]. The frame was

placed in a Class-100 container for

s b=am pling [de Baar et al., 20038].

b Unfiltered samples were transferred into
— R acid deaned 250 ml NalgeneELowv~Density

o Ll oW a0 Polysthylens (LOPE} bottles for TCo
Figure 1. {a) Srface physical festures and ouise frade slong the  analyses. The samples for DCo analysses
EOTRACERA0Z sedion. (b) Sarmpling locstion of the different four were collected aterfiltration using 0.2 um

Legs areshown {leg 1in red dashed linefrom station 2 to stalion 130 gqtohran®300 (Sartorus) cartridges under

L=g Zingresndashed line from station 21 to station 41, Leg 3 in blus '
dashed line fromstation 1b to 185, and Leg 4inpurple deshed line  PUTE Nz pressure (filterad 99.99% N,
fom station Ioto 7ol 0.7 atm)in acid cleaned 250 ml or 500m]

Malgene®@|DPE bottles Al samples wers

acidified usng ultrapure HCKENM erck,
0.0 W yimmediately atter their collection. Then the acidfied samples wers stored in double bagsin the
dark and at ambient temperature, before later analy=esin the shore-based laboratory.

G0N

40°N

20°N

wns

408

O D Wi

2.2 Analyticai Method for Cobalt Analysss

221 Method

Prior to the analyses the =amples were UV digested [Saito and Moffett, 2002, Shelley et al, 2010] for3h in
acid clean glicatubez usng aS00VV high-pressure mercurny vapor lamp [Bown et al, 2011; Dulaguaisst al, 2014,
and left for an equilibration time of 48 h. Dissolved and total cobalt concentrations were determined by
FlowsInjection Anahsis(FlAa)and chemiluminescence detection followdang the method adapted from Shelley
ef al. [2M 0], as described in Bown et al [2011] and Dulaquais et al. [2014]. The system mnsstsofone 10pords
injection walve MCl valves from MBLCO ingdruments) which operates as an autosampler, and of two
microelect onically actuated injection valves WIC valves from WaLCOinstrum entsjto inject the sam ple and the
reagents using Tvgon&tubes Theflow injedion is provided by a peristattic pump 205 CA, Watson Madow).
The reagents are prepared with trace metalsguality reagents under a laminar flow hood (ADS Laminaire,

Intemational Organization for Sandardization S classwith ultrapure water (MiliQ, 122 mQ}the day before
the analysizand kept at room temperature for an overnight equilicration [Dulaguais &t al, 2014].

The zample were buffersd onling with ammonium acetate (0.3 M, American Chemical Soasty (405 Reagents),
and loaded on an IDA-Tovopear! chelating resn to preconcentrate the cobalt contained in each =ample.
Then a HCl solution (0.1 M, Suprapur@l erck) was injected through the column to elute Co. The eluate was
warmed in a 80FCthemestatic bath. The detedtion system considzofa phetomultiplier detector (Hamamatsu,
HS31% Series). The injection vahesand the photomuttiplier detector are operated on a laptop computer by

E204 4. Amenican Geophygics Usion, A1 Rghts Re=red, 3
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Table1. Comparisen of Dissohved Cobalt Analyses Obtained in the W Owidized  gmpdified Labview®8 4 interface
Samples byt he FlA-Chemiluminescence Method Used in the Fresent Study With

Consersus Values Reported by the Sampling and Andysis of fron (SAFe) and (E. Duvieilbourg and M. Boye,

GECTRACES Programs Lﬂbl:l_rat pire des Scieq cesde
Sample DCo Messured (ph) Consensus Value (phl) FEnvirannement M arin (LEM.AF).
The electrical devices

Eﬂ.Fe; é;:ﬁ%”;:'g ‘gi: jé are connected to a modulator
A{n= : 3

SAFe D2 4421 17 (n=25) 457+29 of current (ELLIPSEN AX 600,

GECTRACES S 298+ 20 (n=35) 3B 1.1 MGEUPS Systems).

GEOTRACES D 832+ 23 (n=25) 882+ 12

The Co concentrations were
calicrated againg two
calibration lines made with
gandard additions of cobalt of 0, 12.5, 25,50, 75, and 100 pM to seawater, and performed before and
after each serezofd or 12 samples TCo and DCo concentrations are based on triplicate analyses of
gach sample using the mean peak height of the chemiluminescent signal, and they are corrected with
respect to blank analyses Two to four reagent blanks incuding the buffer blank were analyzed per
sriesof8-12 mamplezat the beginning and at the end ofthe =eries, in acidified MilliQl water instead of
the sample [Bowie and Lohan, 2009; Bown et al., 2011].

Thefinal gandard deviation of the measurement i= calculated by propagating the uncertaintieson
blanks the calibration curvesand the deviation ofthe triplicate analyses At test wasapplied to verifrthat
thedifference between TCo and DCo iz sgnificant to allow reliable estimation o fPCo concentration.
Thestandard error on PCo is calculated by combining uncertainties of DCo and TCo measurements
(SDeco = (Do’ + Do’ 7).

2.2.2. Analytical Performance

The mean reagent blank (based on all blank determinations) was42+ 21 pM of Coin Milli {n =180}
Thelimit ofdetectionefthe method edimated asthree timesthe gandard deviation ofthe mean reagent
blank was thuss.3 pM of Co (n=120). Each seriezof zam ples wasvalidated by running smamples previoudy
collected during the Sampling and Anahksis of lron (34Fe) program orthe GEOTRACES program , following
the sam e procedure asdescribe above The DCo concentrations we measured in the SAFe and GEOTRACES
reference samples were in excellent agreement with the consensusvalues (Table 1, waeaw geotraces.org).
The analytical precizion ofthe method wasdetemined from repeated analyses ofthe surface GEOTRACES
(G5} reference sample, vielding an uncertainty of £3.8% expressed as relative standard deviation on the
mean (n=15}. Despite our agreement with the consensusvalues, =ome new cencemshave recently
emerged regarding possible lossesof DCo due to forage protocol. Some underestimation o fDCo could
indeed result from gorage o fnonacidified mmplescollected in low O3 and/or high-dug environments
thiz effect should be minor for sam ples from the South Atlantic and smilar regions, but may be more
pronounced for Morth Alantic samplesdue to the very high dust loads (M. Saito, VWHOI, personal
communication, 2014}, Additional work should be done to further assessthis potential storage artifact,
egpecially when the samples are acidified before 2orage az we have dene for cur samples and the
GEOTRACES and SAFE reference zam ples.

2.3. Hydrography

Hydrological parameters (zalinity (), tem perture (), dissolved oxygen (03], condudivity, fluorescence, and
turbidity) were measured using a SBES+ underwater sensor, a SBE3+ thermom eter (£0.001°C), a SBE4
condudctivity sensor (0.3 mSS“}, a SBE43 dissolved oxygen sensor (£2%), a Chelsea Agquatracka MKl
fluorometer (=02 pgL* '), and a Wetlabs C-Star transmissometer (=0.02%°C* ).

2.4, Macronutrients Analysis

Seawater sam ples for nutrient analysis were collected the ultraclean sampling bottles (PVDF) describe
above and transfemrsed to 125 ml polypropylene bottles All the nutrents were analyzed onboard by
colorimetric method s following the methodsof Murphyand Riley [1562] for phosphate (PDJ,‘-"*' }, Hrickland
and Parsons[1968 for E'IicﬂteEE(DHhA ), and Grasshoffet al. [1983] for n'rtrate(r-mf}and nitrite (NDEA}.
The detection limitsof the methods 3o atter 24 analysssof the same sample) were 18 nl for phosphate,
252 nM for =ilicate, 190 nM for nitrate, and 3 nM for nitrite [van Ocijen, 2010].

E201 4. American Geophysicsl Union, 2 Rghts Re=sred. 4
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Figure 2. Interpolated vertical sections in the upper 1000 m of {g) tempersture {TMP), {b) sslinity (S, and {c) dissclved
axygen slong the GADZ section, based on CTD da . Drake Antarctic Inter mediste Waters {D-AAIW), Amazon Rver
infiuence {Amz), South Atlsntic Subtropical Gyre [SASS, North Atlantic Subtropicsl Gyre (NASG), Latrador Sea Waters
{LSW) and Cxygen Minimum Zone {OMZ) areindicsted.

3. Results

2.1. Dynamical Features

The different surface physical features along the section are presented on Figure 1. In the North, the section
crossed the subarctic Gyre (SAG) between 64°N and S0°N, where the Labrabor Sea Water (LSW) divesto form,
with the Arctic Bottom Water, the Westem North Atlantic Deep Water. In this area, the surface aumrents

(East Greenland Current and Labrador Cumrent ind uce a mean southward flow. The well oxygenated and dense
watersofthe subarctic gyre are separated, in the south, by the North Subtropical Front (NSTF) at ~45°N from
the relatively low-oxygenated, saline, and warm waters o fthe North Alantic Subtropical Gyre (NASG)} The
NSTF is characterized by high-temperature anomaly (+5°C) and by a Srong eastward geosrophic cument in
surface waters (data not shown ) likely the North Atlantic Drift [Reid, 1994], known for its im portant role on
clim ate regulation [Minobe et al., 2010].

In the NASG, low~density watersoccur in the top 800 m due to relatively high salinity and tem perature
(S= 35, T= 10°C, Figure 2). However, at 15°N and to a lesserextent at 4°N thess saline waters were coversd

DULAQUAISET AL.
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Figure 3. Interpelated vertical sedtions in the upper 1000 mof {3) phosphate {b) N-Pratio, (G SN rdtio, based on 725 endysss
of water aolumin samples mllected dong theGAIR sedion, and {d) Cnl a distribution in the upper 250 m derived from CTD dsta

by relatively fresh waters(Figure 2, 32.1 < S< 348), originating from the Amazon plume. The waters
influenced bythe Amazon plume were also characterized by high SitN ratio (Figure 3c).

Leaving the NASG southward, the section entersthe equatorial area. Here the zonal geostrophic velocities
(not shown)indicate the presence o fseveral surface and subsurface jets(Figure 1). The North Equatonal

DULAQUAISET AL.
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Current (MEC, at S=10°M },the North Equatorial Countercumrent (NECC, at ~3°M; 0.2m 3"‘1}, theSouth Equaterial
Current (ZEC, at 5-10°3)and the South Eguatonal Undercurrent (SEUC, at ~5°5 0AZ2m<* " 200m depth}
[Peterzon and Framma, 1551 ; Stramma and England, 1995 can thus be located. The equatorial domain is
bordered bythe MECinthe North and by the SECinthe South, both ofwhich were characterized by wed ward
asurface geostrophic propagating vectorsand similar speed (respectively, 015 and 02m 3"‘1}.Am&an flowy
toward the northwsest, the north Brazil current (NBC), results from these egquatorial surface currents This
equatorial current sysem supplieseddiesto the nothern subtropical domain [O=chliesand Gargon, 1558].
Additionally, under these surface cuments, an oxygen minimum zone (OM Z 05 <= 150pM ) wasalso observed
between 150 and §00m (Figure 2c) Part ofthislow O signature wasdueto the advection of the poody
oxygenated AtlanticCentral Waters (0; < 50 pM ) [Meble et al. [2012], flowing wesward from the African shelf
across the Atlantic basin.

Southward the sedtion enterz into the South Atlantic Subtropical Gyre (SASG) South of the 5455, in
addition to strong eddy activityin thizsarea asobserved inthe geogrophiccurrent field, the M alvinas-Brazil
confluence (MBC), an eastward jet resulting frem the Braal current (BC) flowdng southward and the Malvinas
Current (MC)flowing northward, can be located in the Argentine basin at around 40°5 (e.g., at station 6b;
geogrophicdata not shown ) The saline and relatively oxygen-poor waters ofthe MBC sepamate the 5456
from thesubantarctic Waters (SAVW). At depth the Drake Antarcticintermediate waters (D-A240) are:
flowing northward in the southem part o fthe section.

3.2. Biogeochemical Provinces

The different bicgeochemical dom ainscharacterized along the section (Figure 3} were mostly delineated
by the frontal and jet systems described abowe (Figure 1) The surface waters of the SAG were marked by
relatively high-phosphate and nitrate concentrations (M D;f‘ = 10 M, data not shown; F‘D;‘-"a' > 08 ul}
Furthermare, the Chlorephyll a levelsobserved in thesouthern side of the 545 and loweer nutrients
concentrationsieg., Chla=15pug L"'”, NU;"‘" < 1TuM, PU,,"""" < 0.2pM at Sation 10—-25N, 24 m depth,
Figure 3)au1ggested the occurrence of a phytoplankten bloom. In the upper 100m ofthe two aubtropical
domainsthe extremely low nutients concentrations (such asobserved in the NASG: PD_{-"*'-: D5pM;

ND;,* < SpM, Si= SyMand the subsurface Chlorophyll a values(Chl a <= 0.03 pg/L, Figure 3d ) were
characteristic of oligotrophic conditions In these domainsg the N/P ratios were generally belowthe
Redfield ratio in the upper 100 m waters(Figure 3b) suggesting that nitrogen might be maore limiting than
phosphorus. However, a greaterdepletion o fnitregen relative to phosphate wasobserved in the upper
200 m ofthe SA5G (N:P= 10) com pared tothe NASG (N:P= 25, Figure 3b }[Dulaguais et al., 2014] likeky due
to a greater proportion of N; fixers, such asdiazotrophic cyanobadena, in the NASG than in the SASG
[Matheret al., 2008]. In the equatoral area, lo w-nutrients concentration swere o bserved in the upper 100 m
[HD;,A-: 02 um; F‘Df”“ = 01 uM; Si< 13 M}, whereas high concentrations of nitrate and phosphate
[ND;,A = 34 uM; PU,,"”'* = 23uM )y and low levelsof slicate (5 pM < Si< 15 pl ) were recorded at
intermediate deptheduetotheincurdon ofthe Alantic Central Waters[Dulaguais et al,, 2014].In thisarea,
the Chl a levelswere smilarto thoss recorded inthe oligotrophicdom ains. South ofthe MBC, the influence
ofthe A& and upper circum polar deep waters (U CDW) generated a southward gradient of nutrients

in thetop 1000 m layer (Figure 3a) with increasing con cﬂntratlunssuuthward He{atlvel',rhlgh nutrient
concentrations were generalbyobzerved inthetop 200m depths[ND :—2I]ur.'l F‘D,, =120 ;5= 15 M}
In the southem latitudes ofthe section, the Chl a concentrations= 05pg L% and the high levelsof

nitrite (NDz'ﬁ' = 018 M) cbserved in the upper 100m layer, associated with the depletion of silicate levels
(H= 12pM}yand the low SN ratio (= 0.2} (Figure 3c), hinted at thefinal stagesofa diatom bloom.

3.3. The Distributions of Cobalt in Surface Wat ersofthe Western Atlantic

The meridional and vertical distributionsof Co and PCo are presented in the upper 1000m along the
section in Figure £. Dissolved cobalt concentrationsranged from 1472 1.410 9332 3.3 pM along the s=ction
and mogly follow a nutrientdike behavior in the upper 1000 m (Figu re 4a). The lowest concentration was
observed in surface waters ofthe 545G (eg, at Sm depth at sation 11b6-2675), whereasthe highed were
recordedin the OMZ ofthe equatorial area (e.g ., at dation 15b-5°5at 290 m depth ). The wertical digributions
of PCo generally exhibited higher concentrationsin the subsurface and decreasng concentrations with
depth (Figure £b). PCo concentrationsranged from near undetectable valuesto 1522 2.3 pM (e.q., at station
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Figure 4. Interpolated verticd sedion in the upper 1000m of {3) dissolved ccbslt conaentration {DCc) with phasphate
contours overlaid on the profile {b) particulste cobdt concentrations {FCo), and (g DCo/Pratic with dissclved aluminium
concentration {DAl) contours ove lsid on the profile {Middag et al., unpublished data).

5c-50.8°N at 761 m depth). The relative proportion of PCo to TCo (Figure Sajranged from lessthan 5% at
several stations in the intermediate waters (2501000 m) to up to 34% (at station 26-25 m depth), with a
mean of12 = 12%(n = 786), indicating that cobalt wasprimarily present in the dissolved fraction. Furthermore,
the relative proportion o fPCo covaried with the Chl a digrbution (Figures Sa and Sb).

Digtinct vertical distributions of DCo were observed in the surface waters ofthe different bio gecchemical
domains (Figures 6). At the highest latitudes of the northem subarctic gyre, high DCo concentrations
were measured (about 6070 pM; Figures 4a and 6a}. Here the particulate cobalt washowed similar in
terms of concentration and vertical digribution to those observed by Weingein and Moran [2004], with
relative PCo maxima in the subsurface (ranging rom S8=1.0t0 10.4= 20 pM ), and decreasing concentrations
with depth (Figure 6f). In the scuthern side of the SAG, high PCo concentrations were observed in

the Chla maximum (at station 11;25m PCo =82 pM}. Lower DCo concentrations were detected in surface
watersof thisregion (Figure 6a)in Augus 2012 during Leg-4 (e.q., mean DCo25m=432. 216 pM n=2)
compared to measurementsin samples collected in April 2010 during Leg-1 (9., mean DCoz5, = 646254 pM
at25mn=4)
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Plo TCo( ) CHl (et DCo wasdepletad in the surface waters
S o1 hEna L of both subtropical domainsand its
10 _-:|—|_1: — T S Eu:lu:ﬂntt':ﬂtinnt i_rlljc.feasgétw#h depth
R o1 elowthe nutricline, uring a
= [T e nutrientike distribution (Figuresda 6b,
£ I | HE. and £d}. The concentrations ofDCo
E 7= —:;‘zl— [T= were slighthy lower in the SA5G (mean
2 1w I_L' " DCopgim = 242 5 pM ) com pared to
E - i q tho=e recorded in the MASS (mean
g A S in DCopomm = 332 & pM ). Furthermore, the
2E0 T ik PCo digrbution also showed, like DCo,
400 |:|:|._; ¥ loweer con centrationsin th e subsurface
w50 | ; '+ watersof the 5456 (= 5 pM; Figure &i)
: | com pared to the NASG (= 5.pM,;
iy (a) | (b)  Figure &g} Additionally, relative

maxima of FCo were ob=arved at about
Figure 5. (g Box plot representing the relative propostion of particulate  1gm depth at a few fationsin the

aobalt {FCo) to total aobalt (TCo) wsing all datafor 5 given depth alang NASG (as exempli :
; ; ASG plified forstation
thesection. Dshed linerepresents theaverage{mean =12 £ 12%; n= 72
S e * 25 Figure 8b)

b} Bt plot representing estimated $hl a {derived from CTD data) using
dl dats, where POo is svailable, for agiven depth dong thesection. In the eguaterial area, the DCo
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Figure 8 Typical vertical distribution of dissohved {OCo) and particulste {FCo) cobalt sgeinst depth in thediffsrent biogecchemioel domains. In the 545G (8) DCo
and {f) PCo aeshow n for station 2 (Leg-1; 84°N 34 25°W), station 8 {Leg-1; B4°M 45.84%W), and station 3oi{leg-4; 57N 4490, In the northern subtropical domain,
&) O:Co and {g) PCo e shown at station 28 (Leg-2; 23°N 85.55%W) and at the BATSstalion {Leg-2; 31.7°M 842°W}. In theequstorial ares (o) O'Co and {h) FCo
e presented a station 38 {Leg-2; 7 57N 48 .9°W) and station 18b [Leg-3; F52870W) ). Inthe southern subtropical domain, {dy DCo and (i) Foo areshoewn for st ation
12b {leg-3; 22.47°532 77W) and std iocn 8b (Leg-3; 35°5394°W). In the subantsrctic area (&) DCo and (jy FCo are shown at stetion 12b {Leg-3; 45°5 48.9°W)

and station db [Leg-2; 4477545870,
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r/-- shamp increase between 100 and 250m (mean
= £ DCopp0-z20m =622 13 pM, n="10}, that continued to
.'.':._ ' increasze to reach madmum values at about 200 m
; = x i y depth (mean DCopag goom =732 10 pil, n= 15}
Sy | | (Figures 4 and &c). These maximum
a concentrations were the highest valuesrecorded
: 5 along the sedtion, reaching values up to
l\-.. : e L 933233 pl (at 9°5;, and Srongly correlated with
the oxovgen depletion (ADCol A0, = AEI.EEuMH.'I.
= (56} as reported by Dulaguaiset al. [2014].
Figure 7. Smelistic conoeptud schema of the mbalt grding | ne distribution o fPCo in thizeguatorial domain
in the upper 100 m. Arowsrepresent the fes as follows:  Was similar to that observed in the other
T Isterd advection; 2: vertical diffusion; 2: uptake; 4 regenerdtion;  domains with relatively high concentrationsin
E:CcﬂsF-::s'rti:-n;ﬂ: dLE-t{:!is.rs-c:-Iut'rcn;and.?: Ex_p{n. Hzre surface waters (FCo= 5 pM, Figure h}, reaching a
scvenging could not be discered from bicloglcal uptskeand 1 dmum value of 102+ 2.1 pM observed at 10m
iz considersd negligible ;
at station 40 {1.15°H).

L

Sputh ofthe Bradldalvinas confluence, in the subantarctic waters a surface southward increasing gradient
of DCo wasobserved (Figure £a}, and the vertical distribution o fICo showed nutrent distribution in the
upper 200 m, below which the concentrations were relatively congant. At thess latitudes the higheg DCo
concentrations were recerded in the core of D-A8WY (1008500 m; Figure Se).

4. Discussion

With the aim to better conaraining the biocgecchemical cycle of cobalt in the surface westem Atlantic,
regional vanability in the DCo P relationship isdiscussed and key fluxes, conceptualized in Figure 7, are
estimated. Ve propose an estimate ofthe regeneration rate of DCo in surface watersdue to acombination of
abiotic processes, the microbial loop, cell =iz, and grazing. We alzo evaluate the external inputzof Co from
the atmesphere and the Amazon River to the surface wegem Atlantic Surface (100 m) Co budgetzars
proposed the different biogeochemical dom ainsof the western Atlantic.

41, Internal Cyde of Dissolved Cobalt in the Surface Wed ern At lantic

4.1.1. The Dissolved Cobalt and Phosphate Relationship

The vertical digribution of DCo was nutrientdike, akin to the macronutrient phosphate (Fyin the oligotrophic
and tropical surface waters (Figure 4a). Smong linear comelations between DCo and P have been previoushy
reported in the surface waters o T subtropical regionsin the South Pacific [Ellwoeoed, 2008, the northeas Pacific
[aunda and Huntaman, 1955], the North Atlantic[M artin =t al, 19593}, and the Sargasso Sea [Saite and M offet,
2002 Jakuba et al, 2008, aswell asin other oligotrophic svdems [Sato and Moffett, 2002; Bown &t al, 20117,
orin upweling [Saito et al, 2004], in eddies near idands[Noble et al,, 2008], and in Antarctic watersofthe
Foz= Sea [Saito et al, 20110]. These comelations suggesed that the biological uptake of OCo isproportional to
that of P in the surface waters[Jakuba et al, 2008, Nobile & al., 2008, Bown t al., 2011]. Along the section

sam pled here, when all the data are considersd, a linear relationship between DCo and P concentrations was
alzo obtained in the surface layer (0250 m} providing a mean DCoP sopeof 23.1pM r.1"” (R‘ﬁ =053 n=23,;
Figure &a}. Ho wewer, the slopesof DCoP correlationsvared acrmss the different biogeochemical domains
cmssed along the section (Figure 2b), withthe higheg DCo P do pesobserved in the two subtm pical domains
(=50pK r.1m}.‘-.'hesa regional differences in D'Co:P could reflect differences in phytoplankton assemblages
between the domaing snce a wide range of internal Co'P cellular guota have besn reported for different
phytoplankton species[Ho et al, 2003; Cullen et al, 2003, TovarSanchez et al., 2008, Twining et al., 2011; Twaning
and Baines, 2013]. Other factors could account for the regional differencesin DCo P ratiog including differen ces
in the surface regeneration rate, extemal sources and/or physical processes [Noble et al., 2008,

Amean DCoPslopeof31 2yl pAd i = 078, n=28)was found inthe surface subandicgyre (Figure 7b), which
1zsimilar to the slops previously observed at high latitudes a= exemplified in the FossSea (eg, 375 i MM}
[aito et al,, 2010}, The DCo:P sopes did not vary sgnificantly in surface waterso fthe SAG despite a
sputhward decrease of D Co concentrations (Figures4a and 2b). Digtomsmay dominate the phyteplankton
aszemblage at the highes latitudesofthe 545 [Parsons and Lalli, 15988], whereas coccolithophorids
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Figure 8. Segtter plots of the DCo data versus phosphate in the upper 280 m, showing {8) the glcbd DCo-Prelationship
{n=228) slong thesedion and {b) the regional D{Co-F relstionships obtsined in the 534G (n = 28; blue diamands), the
MASS (n= 22 green dots), theequetorial area {n= 53, red squares), the SA55{n= 51; yellow triangles), and the SAW
{n=22; whitedots).

were probably bleoming in the southern side ofthis domain during spring [Okada and M dntyre, 15975
Head et al., 2000, Gregg and Casey, 2007]. Distomshave a lower cellular CoP guota (80150 pM MM}
cempared to coccolithophonds (300-360 uil MM}IHnet al., 2003; Cullen et al, 2003, Tang and Morel, 2005;
Twaning et al., 2011] that hawve an higher biological reguirement for Co [Sunda and Huntzman, 1995]. In turn,
it izpossible that strong biological uptake of DCo (and P} by blooming coccolithophorescould have
caused the depletion of DCo ob=arved in the southern section of the SA6G. The invarian ce ofthe DCo:P
dope inthisdomain suggedsthat additional processes such asthe lateral advection, mayaccount for the
observed comelation. The seasonal decrease of the DCo surface concentrations observed in this area
between April 2010 IDCO ppper z30m = 58 pM at station 6-586°N) and Augud 2012 DCOfpper 250m = S5.1 M
at station 3c-57. N Figure 6a}fits with the observed formation ofthe shallow pycnodine or thermocline at
theend of spring which can promote the coccolithophorid bloom [Head et al., 2000].

A the high latitudes of the Southern Hemigphers, the lowes DCoP dope of 21.5 pM mA (R‘ﬁ =078, n=22;
Figure &b} wasob=erved in the subantarctic waters. This dope might reflect the low Co:P cellular quotaof
digtoms[Twining et al, 2011] which probablydominate in this area [Femreira et al, 2013; Browning et al., 2014].
In addition, the high produdivity of this area [Field et al., 1983] m ay have significantly redu ced the DCo
gock close to the MBC (Figure £a}, in gpite of alow Co biological requirem ent by distoms [Sunda and
Hurtsman, 1995]. Ascuthward shift between the surface gradient of DCo and dissolved zinc ({DZn jin
aibantarctic waterz[Croot et al, 2011, M idd ag et al., unpublizhed data, 2014] suggestsa zouth ward decrease
of Co uptake by diatoms when DZn becomesnonlimiting. Indeed, diatoms are known to preferentially
assimilate Zn compared to Co [Sunda and Huntsman, 15585,

The equatorial dom ain was charaderized by a low DCo P slope of ~27 pid Tl I,'Rt > 087, n=51, Figure &b).
t contrags with the extremely high DCo:Pslope (= 5801 h'l'“}repurt&::l at similar latitudesbut in the
central Aflantic[Saito and Moffett, 2002 . However, it may be difficult to comparethese ratioz snce the
latter wasobtained with =ubsurface samples (5 m depth only), and close to the Afican coast. In that

area, DCo probably accumulated at the subaurface notably due to dust dissolution, which would increase
the DCoP dope. In the western equaterial region, the plankton assemblage could be dominated by

both the cyranobad eria Richelia intracellaris and the diatom Pssudonitzchia during summer (June and
Juby} [Tovar-Sandhez et al., 2006]. The DCo:P slope recorded in thizarea (27.1 gM r.'l"”} was smilar to the
cellular Co:P mean guota determined for the bulk of these species 31 pM r.1*’”} [Tovar-Sandchez et al., 2008]
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auggesting that the biological uptake of DCo and P by cyvanobactera and diatoms can drive their
concentrationsand ratio. The low DCoP observed in the surface watersof the eguatorial domain may also
be accounted for by vertical diffusion fluxes from intermediate waters of relatively low DCoP 23.1 uM MA 1
between 250 and §00m depths) [Dulaquaizet al., 2014].

Thehigheg DCoP dopes were observed in the subtropical areas (Figure 80, with the highest mean value
being observed in the Sargasso Sea (DCoP= 858N MM; s 085, n=32; Figure 8b). Combined with
the lowDCo concentrations recorded (Figure 4a), it suggess strong biclogical uptake of DCo in the
subtropical provinces The ratiosobserved in thisstudy werein the same range, although slightly higher,
than thoze previcusly reported in other oligotrophic regions[Saito and Moffett, 2002; Noble &t al., 2008;
Jakuba et al., 2008, Bown et al., 2011; Twining and Baines 2013]. The cyancbacteria Prechlorococussp. and
Synechococous sp., which dominate the picophytoplankien assemblage in oligotrophic regionghawve an
absolute cobalt reguirement for growth [Saito et al, 2002] and thusassimilate Co leading to the low DCo
concentrationsrecorded in these domains (Figure 4a). Furthermore, the high DCoP cbssrved in thess
oligotrophic waters are consstent with the high Co:P cellular ratios reported in phytoplankton bulk
dominated by Prochlomcoccussp. and Synechococcussp. from the eastem Atlantic (eg, 280 M r.'IM]-
[Tovar-Sanchez et al, 2005].

Sgnificanthy lower P concentrations were recorded in the NASG (mean 0.07pM ) compared to the SASG
(mean 019 pM }in the upper 250 m. The alkaline phosphatase activity of the biota could be enhanced at
nanomolar concentrations of P [Ji and Sherrell, 2008], as reported in the Sargasso Sea. and thus the biclogical
uptake of ICo would alzo be higher [Sunda and Huntsman, 19495; Jakuba et al, 2003]). Thusg it iz possible that
Co wasused more intensshy in the NASG, likely contributing to the higher DCoP there BS3p M r.'IM}
compared to the SASG G250 M r.'lm]-.Th& higher atm ospheric input of Co in the Northern Hem isphere
(Figure 10} also likely caused an accumulation of DCo relative to P in the NASG (Figure 4chand thus

higher DCo:P ratios

Owerall, the regional DCo P slopes were generally lower than Co:P cellular ratios of the dominant
phyvtoplankton species auggesting that other processes were occuming in addition te biclogical uptake

in surface waters

4.1.2. Biological Uptakeand Regeneration Rate of Dissolved Cobalt in Surface VWaters asExem plified
at the Bermuda AtlanticTime-Series Study Station

The cellular guotaz of Co:P repored for the dominant phyteplan kten fundional groups potentialhy prezsent in
the different biogeochemical domainzalong the sedion were significantly higher than the corresponding
DCo P slo pes we measured in the surface waters except in the eguatonal region (Figure 8b) [Ho et al., 2003;
Cullen et al., 2003, Tang and Morel, 2008, Tovar-Sanchez et al, 2008, Twining et al., 2011; Twining and

Baines 201 3]. Forinstance, DCo:P in the upper 250m ofthe Sargasso Sea (B5.8 pM h'lm]-wasaltirn&slnmr
than the cellular CoP quota o fthe predominant cyanobacteria (e.g., 250 M MM; asreported in a bulk of
Prochlomcoccus sy, and Synechococussp. in the eagern Atlantic; Tovar-manchez et al. [2005]). Because

the apparent biclogical use of DCo relative to P did not match the cellularguotas the foichiometric DCoP
dopesshould thusrefledt a combination ofthe several snks and sources terms, =uch asregeneration in
aurface waters in addition to the biological uptake. Hence, the DCo:P meazured in the Sargasse Sea wasussd
to discriminate the temm=and to estimate the regeneration rate of DCo. The biclogical uptake rate of DCo
by the cyanobactena, that presumabty dominate the phytoplankton assemblage in th ese waters, was
estimated in the top 100 m (Table 2). The bicmass was derwved from thein situ Chl a fluorescen ce)
meazurements and literature values were used for growth rate of oyanobadcteria in the Sargasso Sea and their
Co/C cellular quota (eguation (1} and referencestherein} We esimated a Co:C cellular quota of 216
=07y M1 for cyanobactera, which iz in agreement, considering the relative emer, with the Co:C ratie
reported in particulate matter of Sargasso Sea (15208 pM MM}[Eherrell and Boyle, 1952] and the Co:C
cellulargueta of Smechoomcocus s, (143 p r.'l'“}[Ei.lnda and Huntsman, 1995] grown in anc-depleted
conditions gmilany to surface waters ofthe Sargasso Sea[Bruland and Frank, 1983 In our approach, the
scavenging process could not be discemed from the biological uptake. The covariation between the relative
proportion of PCo and the Chla concentration we observed inthe upper 1000 m along the section (Figure 5)
grongly suggegsthat the transfer of D Co to PCo could be mainly driven by biological processesrather than
by scavenging onto particles Thus, the scavenging rate of D Co (FOCOqxmyengng) was assumed negligible in

B0 4. Amenican Geophysis! Union, A1 Fights Fesred. 12

96



@AGU Global Biogeochemical Cycles 10.1002/2014G3004903

Table 2. Summay of Dissolvwed Cobalt {FOCo) and Phosphorus (FP) Hwees Integrated for the Upper 100 m at the BATS Station in the Sargasso Ses”

Atmospheric Deposit 'mnb Fiver Input  Lateral Advection”  Vertical Diffusion 5:£|.rE|'|5;|in5;|':I Uptdce Fegensration

FDCo (nmalm*2 ¢

AR (umalmi 2 gt

+07+0.1 Megligible +008+ 001 + 005+ 001 Megligitle A 45+ 15 +37L 15
+0.14+ 002 Megligible + 002+ 001 +072+0.1) Megliginle A 175+53  +81+18

Ectandards erors areindicgted in bradiets,

® %o section 422 for the calaulation. )

“Fromand fallow ing the method of Dulaquais & al. [2014] with the following: FDCogmusion =A (kg + Dy} = $000/82) and FOCoayy = Gradloy i = velodtys < =
d&mﬂmgirg could not bediscerned from biclogicd uptske.

DULACUAISET AL

the surface waters. This azsum ption is further supported by a previous gudy that also sugged=absence o
scavenging in the upper waters column of Sargasso Sea [Moffelt and Ho, 155946].

FOCOuweake ¥ 80=Ch o A8C=Chl abA 1=Mc A MRl a oy A p i}

where (Co/Clyzng = 2151.|n'||:||n'||:||'£"1 using (Co/Plyzng =260 1.|n'||:||m|:||'a"1 [Tovar-Zanchez et al, 2005] and
P/ Cleyzne = B3 2 Emmol mol*! (after the review by Bertilsson et al. [2003]); p |5the grl:l'.'.th rate of
oyanocbacterain the Sangasso Seaand it isegualto El4n|:|ay'*' [Mann, 20000, C/'Chla = ?Egg [Amigo et al., 1558,
and Mcisthe carbon molar mass(12g mot* ! )

These calculation=zlead to an uptake fluxof DCo of 452 15 nmolDCo mht gt by the cyancbacteria at the
Bermuda Atlantic Time-series Zudy (BATS) dation (Table 3), which isin agreement with an edimate by
Saito et al. [2002] for the upper 100 m of the Sargasso Sea gﬂi 12nmol D Co m“dm}. The apparent dope
ofDCo versus P (ADCo/AP,y, ) refledtsthe sum ofthe fluxes  F (sourcesand sinksjo f0Co relative to that of
P asin eguation 2}

X X
BADCo=APR_ % Fom= Fe @)

The DCo fluxes were edimated in thetop 100 m at the BAIS gation (Table 2). The P fluxes were estimated
using the same parameterzation as for DCo, but using the P concentrationsdata (Table 2). In the Sargasso
s2d, the regeneration rate of P (FPgg) was determined using a relationship between regeneration and
uptake fluxeso fP (FPey = AD35x FPugtake) [McLaughlin etal., 2013]. Then using equation (2}, the regeneration
flux of DCo can thus be written as

KA A
FCEIreg E'!&Dctl:ﬂpﬂppﬁ Fp A FDCD.me-, I] FD'C'DE-:IIEEI:HI] FDCDEmEFhEEh FDCDLIF‘:EIGEIJ FDCDMH-,.;-,;
(3}

ADCo regeneration rate of 37 15 nm olm®? ¢* ! wasestimated at BATS(Table 2),usng the measured DCo/P
dope at BATS of 892 pM h'l“.Thisr&gen eration flux represented about 20% ofthe Co uptake rate by
cyanobactena (g.g., FCOpeg FCOyprake = 0.8), indicating that mo= of the biogenic cobalt can be recycled in
the=se surface waters. A different approach re=ulted in similar edim ates of 70-20% regeneration for
oligotrophic waters ofthe southeastem Atlantic [Bown et al, 2011]. From these calculations we edimate a
cemesponding tumover of Co in cyanobacteria cell (o cen= FCOpra e/ FCORg o f1.3day=s at BATS,

In Sargasse Sea, the regeneration rate of P represented only 35% of itsbiclogical uptake in these waters
(Table 2). The twofold difference in regeneration ratesof P and DCo suggedsnon-Redfieldian regeneration
of P and OCe and iz probab by the cause ofthe mizm atch between the DCo:Pslope and the Co:P callular
ratio in these waters These egimates of biological DCo fluxes are based on edimated Co:C ratio in
cyanobactena; large uncertainty exidson thisterm, and further determinationswill be reguired to improve
auch calculation of the bioassmilation and regeneration rate of DCo. The organic speciation of DCo

also needsto betaken into account since it too can impad the bicavailakbility of DCo [Saito et al., 2002,
Bown et al, 2013 . For ingance, it has been suggeged that Prochlomcoocussp. are able to assimilate
organically bounded DCo [Sato et al., 2002] and that cyancbacteria might produce organic binding-DCo
ligandsin cligotrophic waters[Bown et al, 2012].
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Table3. Cobalt to OrganicCarbon Ratic in Partides st 100 m Derived From I'u'lEEE-urETE'lis{F’C‘.Q._.;. zpm/ FOC-  pm). &nd
the Integrated Bcport Fluxes of Co on Large Fartides (> 53 pm) at 100m {P‘:bapu:-rt:'

Doman
543 NASG N-BS SE = SaW
PC5.. 2ym fFOCs 1ym (1 fu'l ruf“ i 2108 BO+14 15+04  15:04 218 0.8
FCOexport (NMo! m'g‘J 42+34  129+324  36+20 55+£15  49+12  23+05

I:-N -E&: Morth BEqustorial ares; 5B% South Equatorid aea
Diata from Bown & sl [2011]

4.1.3. Export of Cobalt From the Surface Waters

The export flux of cobalt on settling particles from the surface waters was estimated using the export fluxes
ofthe particulate organic carbon (POC)at 100 m depth (Cepon, eguation (@)} infered from ** T/ =u
measrements ¥ Tha,, } in the water column and the POC/*Th ratio measured in large partices> S3pm
[Owensetal, 2014 Puigeorbé et al, manuscript in preparation, 2014]. The Co:C ratio was found to covary in
large and total particles (n =35} in the northwestern Atlantic (gt 35.4°N—55 5% and 39.7"N—-59.8°W)} during the
GEOTRACES-A03 cruise (Fhoebe Lam , personal communication, 20M4). Thizallowsusto u=e eguation (S)and
to calculate the export fluxez of Co by the large settling particles (= 53 pm jat 100 m (FCogpo, equation (B]).

Corpor %™ Thay A POC. gm=""Th )

PCO- s3ym= POCs s3ym % PCOg2ym = PO 1ym =)
LA iy

FCoepon ¥ Cavpo A PCO=s3m = POCe s3ym 5)

In the Morthern Hemisphers, the carbon e«<port fluxes were available at date for 14 stationsat 100 m
depth (Puigcorbé et al, manuscript in preparation), and mean valueso fthe Co: POC ratios were
estimated in the SAG, the NASG, and the Equatorial Area (EA) (Table 3). In the Southem Hemisphere, the
carbon export fluxes were available at 13 stationsat 100 m depth [Owenset al., 2014] but there wasne POC
data available in the A5G and the SAW. For these domains, PCo/POC ratios recorded in similar
bicgeochemical conditions in surface waters (e.g., T, Chl a, DCo) but in the southeastern Alantic [Bown
et al., 2011] were used (Table 3).

In the subarctic gyre and the equatorial area, the PCo/POC ratios were, respedively, equal to 21208
and 1504l M4 at 100m depth. These values are in excellent agreement with the Co/C cellular
quotaof coccolithopherids in nonlimiting conditions (1435 uM r.'l“} [Zunda and Huntzman, 1995,

Ho et al., 2003] but much higher than those measured in oceanicdiatoms (0.3 pM M"”]-[T'.'.'ining et al,
2011]. At 237N, the PCo/POC ratio B85 13 M r.'lm]-wasStim&shigherthan the cellular quotaofthe
predominant cyanobacteria (1.43-2.15 ui Mm}[Ei.lnda and Huntsman, 1555 TovarSanchezet al, 2005]
and than the PCo/POC ratio obtained in particulate materal collected with in gtu pumpsin cligotrophic
conditions (1508 r.'IM} [Shemell and Bowle, 1952], auggesting an additional {lithogenic) source

of PCo in these watersprobably from the atmosphers asshown below Inthe 3455 the PCo/POC

ratic used (215 pM M'a'1}[EI:|'.-.|n et al, 2011] wasin the range of the cellular guota of cyancbacteria
[Zunda and Huntsman, 1995; Tovar-Sanchez et al., 2006]. South ofthe Southem Subtropical Front, the
PCo/POC ratio of 0.4 pM WA (derived from Bown et al. [2011] ) was in agreement with the cellulargqueta
ofdiatoms [Twining et al,, 2011] that probably dominate the phytoplankton assemblage in thizarea
[Browning et al., 2014].

The estimated export flux of Co vared within the different biogeochemical domains(Table 3}, with the
lowes in the S4Y 2.32 05nmolm*? d* " n=6) and the highest in the NASG (132 32 nmol m™? ¢*7;
n=8} Intereginghy, relatively lower Co export fluxeswere esimated in domainswith potentialby higher
particulate sinking rates such asthe SAW and the north EA, due to the predominan ce of diatoms,
compared to areas like the NASG that are dominated by cyvanobacteria and have nominally lower
particulate sinking rates(Table 3} Thissuggeststhat the export of Co by particles might not be directhy
proportional to the primary productivity, and that other param eters should betaken into account such as
the biolegical requirement and uptake ofCo by the dominant functional groupsthat can drive the Co
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abundance in the exported biogenic
particles This result contrastswith previous
asaum ptiens suggesting that the POC export
could be ratheramall in oceanicdomains
dominated bythe picoplankton and
nanoplankton [Takahashi and Benfang, 1983,
Slwer et al., 15985; Goldman, 1988, 1553
However, it isin line with recent findings
showing that Symechococoussp
Prochlorococus sp., and nanoplankton

can represzent a significant portion o fthe POC
downward flux especiallyin the oligotrophic

> ¢ 3

%‘ regions contributingto up to 332 16%ofthe
4 I | POC export flux in the Sargasso Sea
3& an l [Lemasand Moran, 2011]. In turn, the
= l I absolute requirement of cyanobaceria for
E 0 ] ] ) Co associated with the atmosphenc
11}----------L--I-----------------{------------- deposition, asdiscussed in the following
z " =saction, below could account forthe
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Latitude {*¥) therefore for the high export fluxof Co
estimated in the NASG.

Figure®. (@) Inverse lineg nureletiun{ﬂ‘ﬁ} 087 beteesn disolved

oobalt (DCo) and the sslinity in thewsters influenoed by the

discharge of the Amazon (dark stars). (b)) Fercentage of the DCo

stodt in the mixed layer tributed to the input by the Amazon. 10 the Wesern Atlantic

The dashed line indicates 10% contribution of the Amazon to 4.21. The Input by the Amazon

the DCo stock. With a mean water flux of 172 000 m® £

[Molleri et al, 2010], the Amazon Fiver

represents an important ource o f many
elementstothe wesern equatorial Aflantic[Boyleet al, 1882, Aucour et al., 2003; Seyler and Boaventura, 2003]
and itzinfluence hazbeen traced as far as the Caribbean basin [Moore et al, 1985]. In contrak,| it hasza little
im pact on regionzsouth ofthe equator and east o f4770 [Molleri etal, 2010] duetothe direction ofitsplume.
Howwever, retroflection ofthe Morth Brazil Curent and the equatorial countercurrent can transport signatures.
ofthe plume southeastwardsof its mouth [Molleri gt al, 20107

42 External Sources ofDissolved Cobalt

Adrong linear comelation between DCo concentrationsand salinity of 32 to 385 was found in the
plume of the Amazon (F—t‘“:- 0.97, n=% thisstudy; Figure 9a). At the extrapolated zero =alinity, the D Co
concentration was thus edimated at 287 pM (Figure Sa). This end-mem ber estim ate issignificantly lower
than the I'Co concentration of 0. 64—1.87 ni reported forthe upper.Amazon [Seyler and Boawventura, 2003].
Smilarly, underegimation of the DCo end-member for a Morth American estuary has already been
reported [Saito and Moffett, 2002]. Transfer from dissolved to particulate fractiens through chemical
flocculation [Church, 1585, Moffett and Ho, 1955] can explain the difference between the reported

and esimated end-members. The Co discharge to the estuary o fthe Amazon has been shown to
predominantly occcur asparticulate cobalt, representing up to 95% ofthe total Co discharge [Seyvler and
Boaventura, 2003]. It isthusconceivablethat the increase of the ionic strength acrossthe saline

gradient would cause flocculation and partices precipitation that would trap much ofthe rverineinput in
the defta sediments[Smoak et al., 2006]. On the other hand, sediments are aubjected to constant
reworking, =uch az sediment resuspension and dissolution that would increase the DCo input from the
estuary. Additional data are dearlyneeded acrossthe sline gradient to understand the behavier of DCoin
the Amazon plume. Biological drawdown, in addition to such flocculation processssand to the dilution
ofthe plume, can also account for the decreaze of DCo aleng the pathway of the plume. For instance,
higherintracellular Co-guotasof bacteria growingin the plume ofthe Amazon were reported compared to
those ofspecies growing outside it [Tovar~Sanchez and Safiudo-Wilhelmy, 2011], suggesting higher
biclogical uptakeofDCo in the Amazon plume.
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In order to estimate the input o fDCo from the Amazon to our Sudy region, we used thefirg-order
DCo-=mlinity relationship (Figure Sa; ADCo/ AS= ATS pl ). Then we nermalized the relationship assuming
the Amazon influence isnull for 5= 365 (equation (7)), ance no plume was observed along the sedction at S
abovethisvalue The Amazon plume was depicded byits low =alinities and itsrelatively high S:M ratios
observed in the mixed layer, consistent wath previous cbservations [Hellweger and Gordon, 2002]. We
estimated the concentration of DCo brought by the Amazon (DC0 gmzzan } @nd its relative contribution

(% DCOopmzzon, Figure 3b ) to the mean Co concentration recorded in the mixed layer (DCog), according to

DCOamamn % 8%0s A 36504 ADCo=AS T}
% D COpmmn ¥ DC0amzmn =000 & 100 B)

Where 5,5 isthe obsersed salinity and varies from 32 to 355, zvared between 15 and 60 m.

Theinput of DCo by the Amazon wassignificant (= 10%) for 10 stations (000 am zzon = 10% of DCog;
Figure 8b), and varied between 22+ 05 pM at 18°N (station 30)and up to 1432259 pM a 15°N
(station 32) where it accounted for 51% ofthe DCo;. The advection o fDCo bythe plume of the Amazon
Fiver was detectable until 18°M (between station 18b and 30, Figure 5b), whereasnorthward, it was
consdered negligible as it represented lessthan 10% of the DCoz. The contribution southward ofthe
Amazon mouth was alsy found to be negligible. These estimatessuggested that the DCo inputs by
the Amazon dischange can be ggnificant in the northwestern tropical Atlanticbetween the eguator and
18 (Figure Sb).

In fact, the inputs of nutrients by the Amazon River might significantly promote the diazotrophwin

the central wedem Atlantic, asit has been previoudy suggesed [Subramaniam et al., 2008]. | has been
shown that up to 100% of the cellular metal content (induding Cojof the diazotroph Trichodesmium sp.
growing in the Ama=zon plume ofthe central Atlantic may actually originate from the Amazon discharge
[Towvar-Sanchez et al,, 2006]. These cyanobacteria are producers of Byz-vitamin that requires Co asthe
central atom [Bonnet et al, 2010] and Biz produdtion could be enhanced byinput of DCo [Panceza et al.,
2008]. The production of Byz~vitamin may alsx promote the develepment of several other phytoplankton
gpecies limited by this vitamin [Bertrand et al.,, 2007; Bonnet et al., 2010], when iren is net limiting as
likely it wazthe caze in these waters[Hjkenberget al., 2014]. In turn, the input of 0 Co by the Amazon in the
north equatorial area could have ecological implicationsthrough an Amazon-DCo-B4; cascade.

422 The Atmospheric Contribution

Several subsurface DCo maxima (DCoqqm = DCoasm b were cbserved along thesedion in the Morthern
Hemisphere, especially in the MASG and in the northern eguatorial area (Figures 8b and Sc). Moreover,
relative maxima of PCo were generally o bserved in the upper 50 m along the transed (Figure £b).

The highest surface concentrationsofPCo were recorded in the MASG, representing 10-20% of the TCo
in aubsurface, and up to 34% at 26°N (eg., PCo=103226 pM at 25m ), whereas this fraction only
represented generally lessthan 2% of the TCo concentration below 400m . These observationssuggeded
apossble atmospheric depostion o fPCo in the NASG that produced subsurface DCo maximaafter
diz=zolution. In addition, anomalies of high DCo:P ratios (up to> S.4mM r.'l""'1}'.-.'ere ob=served inthe
surface waters of the MASG centered at 23°M and the equatorial area (Figure 4c), likely resulting

frem an accumulation of DCo versus P. Indeed, the Co:P ratio in aeresolz is significantly higher than in
ssawvater (Co:Peayaer< 107 MMA T this fudy; CoPageox = 1042 MM Reid et al. [2007]). Therefore,
dis=olution ofaerosolsmight have caused these high DCo P ratio. Additicnally, the relative accumulation
of Co (versus P) was associated with an enrchment ofdissolved aluminium DAl (Middag et al,
unpublished data)in these surface waters(Figure 4c), further suggesting dust inputsin this region, far
away from other potential external sources. Previousobserations have shown that dud can be
transported from Morth Africatothe entiretropical Atlantic all yearlon g [Prospere and Lamb, 2003]. Using
amaodified dust deposition MADCOW model based on DAl as proxy for the dust input [Measuresand
Browmn, 1955, Meazures and Mink, 2000; Mink and Measures 2001, de Jong et al, 2007] and the surface
DAl concentrationsrecorded along the section (Middag et al., unpublished data), we estimated

dust deposition ratesin the wesern Atlantic. Improvements in this model are indusion ofvariable
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mixed layer depth, variable Al solubility of asrosels and variable DAl residence times The residence
time of DAl in aurface waters wasazsessed from its=cavenging flux (eguation (9}, zee supporting

in formation for the parameterizationsand coeflicients). Dus deposition fluxesranged from lessthan
020=0.04 gm™® y* " at several stationsin the SASG (stations7, 8, 9, and 10}to upto 54+ 1.1 gm™ 2y’
at about &°N (station #36)

Dempitethe dificultiesand limitationsto use DAl asadud proxy [Dammshduser et al, 201 1], espedallydueto
t=removal through biogenic particles [Moran and M oore, 15988, Middag &t al, 2005, our estimations are
congstent with previousstudies showing that the atmosphericinput can be 10 times higherin the NASG
than in the SASC [Tegen &t al., 2004, Jickellz et al., 2005], and with model predidtions of dust depostion in
the Atlantic Ocean [Ginoux e al, 2001; Tegen &t al., 2004; Mahowald &t al., 2005 van Hulten &t al., 2013]
(zee supporting information}.

Dust depostion rate % DALA zA M ALA a0 a1 A sal A ¢ aE @}

where DAl isthe mean dissolved aluminum (A} concentration in the mixed layer, zis the mixed layer depth,
M &l isthe melarmassofaluminum, AL A isthe custal abundance of &l, 54l isthe sclubility of A in
aerozols[from Bakeret al  2013], Al isthe resdencetimeof Al in the mixed layer (see supporing information
for param eterzationsand coefficents).

Considering these estimated rates of dug deposition, and the concentrationsof Co in dust [Colaue)

that wvaried from 17 to 1?Dugg“"1 in aerosolsof the Wesd Atlanticdepending oftheir origins [Gaiero &t al,
2003, Reid et al, 2003, Rudnid: and Gao, 2003, Baker et al, 2007, Trapp et al, 20114, Xia and Gao, 20110
Shelleyet al., 2012, R Shelley, personal comm unication, 2014] (see supporting information), we estimated the
atmosphernc Co depostion flux (Flux Cozq ) along the section, according to eguation (10%

Flux Cozr % Dus deposition rate A o it (10}

The edimates of Co deposition ratesvaried from 0.8nmelm®Zg*’ in the center ofthe SASG to up to

17 4nmolm*® d*" doseto Patagonia(gation 10} (Figure 10}. The stronges depostion of dust was centered
onthe EA (see supporting inform ation), whereasth e relativelyhigh atmosphericinputsof Co were located in
the tem perate latitudezof the Morthern Hemisphere (35°M-50°M; mean Flux Cozm = 82 1nmol m'ﬁ'zd‘“},
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the nerthem eguatoral area (mean Flux Cozm =312nmulmmdm} and away from Patagonia in the
SAW (mean Flux Cogm =92 4nmol m'ﬁ'zdm}. Much lower Co atmospherc depositions were found in the
SASG (mean Flux Cosm =15205nmol m™? d¢* 'y and the SAG (mean Flux Cowm = 32 1 nmolm®2 g% 7).
The high atmospheric depostion of Coin the EAwaslinkedtothe high dust deposition, and those estimated
in the S8 and at temperate latitudes ofthe Morth Atlanticto the Co enrichment of, resgpedively, the
Patagonian aerosols [Gaiero et al, 2003] and the North Amercan asrosols (R Shelley, personal
communication). Low Co atmosphericinputs were mainly caused by low dug depositions

The atmosphericinput of soluble Co (Flux SCozey, ) was then estimated using solubility coeficientsof Co
from dust, following eguation (11}

Flux SCOzm % FCogm A SCo (11}

where SCoisthedissolution coeflicient of cobalt from atm ospheric particdes in seawater and varies from 3%
to 15% depending of the origin ofthe asmsol (=eesupporting information forthe coefficients).

The modeled atmosphencdepostion of soluble Co showed a different pattern compared to the estimated
input of TCo (Figure 10). The highed input ofseluble Co wasindeed located in the tem peratenorthern Atlantic,
where 10 times higherinputsof=soluble Co were estimated com pared to the 5455 (Agure 10). The model
alzo showed a frong asymmetry ofthe soluble Co inputzbetween the two hemisphereswith higher FSCogey, in
the north with the exception o fthe AW where inputs from Patagonia are detected (Figure 10).

Despite consigent trends these estimations haveto betaken carefully due to the lack o favailable data

on the different param eters, ezpecially on the solubility of asrosolzin ssawater. Moreover, s2azonal
difference=sin the intensty ofthe dust depostion and in the air masses regimeslikely introd uce s2azonal
differencesin Co inputs Forinstance, lower dust deposition can occur during fall than in summer
[Progpere and Lamb, 2003]. VWe com pared the accuracy of our estimatesin the Wes Aflantic with the only
two direct meazurementsof the atmosphericinputs ofsoluble Co available in the literature at date. A

the BAT S=tation (31°N ), our edimate of =oluble Co deposition (0.7 nmol m'ﬁ'idm}isin therange ofthe
atmosphercDCo input previoush measured during the FeiTW 1551 and FeAST-S cruises (1.1 (late sum mer)
and 0.1nmaol (earl'_.rsummer}m“dm, respectively, Figure 10) [Shelley et al, 2012]. At about 8°N, our
estimation (0.7 nm ulmhzdm; Figure 10} wa=sin agreement with the atmosphencinputsof=oluble Co
recorded in this area during fall by Baker et al. [2007] (0.5-1.1 nmulm“dm}. Owerall, our estimations
grongly auggested that the atmosphericinput can be a main extemal source of DCo in the subtropical
and eguatonal areaso fthe northwestern Atlantic. The asymmetry of ooz, inputsbetween the two
hemizpheresmay be dueto the westward trade windsthat are rongest at the eguator and 30°M compared
to the south,and to the Morth American aero=olsthat can beenriched in Co at temperate latitudes(R Shelley,
per=onal communication ). The higher inputsof soluble Co in the Meorthern Hemisphere can account forthe
relative accumulation of DCo (versusP) observed in the surface waters ofthe NASG (Figure 4c). Without the
atmosphercinput, the concentrationsof DCo in the aurface waters ofthe NASS would be Smilar to thoss
recorded in areasreceiving far less atmosphericinputs such as in the 5ASG (eg., 242 SpMjand in another
oligotrophic gyres like in the Central Pacific [Moble et al., 2008] and the South Central Atlantic [Moble et al,
201M2]. The biogecchem ical im plicaticns ofthe atm osphericsounce of DCo are discussed in details elsewhere
(G. Dulaguais and K. Bowe, Atm ospheirc cobalt depesition along the surface western Atlanticand
biogeochemical implications in review for publication in Earth and Planetary Sciences Letters).

4.3. Residence Time of Cobalt in the Upper 100 m Along the Western Atlantic

The residence time of dissohred (DCoj)and particulate (PCo ) cobalt in the upper 100m ofthe different
domainswere infered using the stocksmeasurem ents and estimates of sourcezand snksfluxes we
estimated (Table £}, It izconceptualizd in a smplidicscheme ofthe Co cydling shown in Figure 7.
The particulate export flux of Co (Table 2} wasused to estimate the resdence time of PCo in =urface
waters (equation (12}).

7 PCo % PCo stock A Co export rate™’ (12}

The residence time ofDCo due to biogeochemical processes (10 Copyygeq, Table 4) wasestimated considering
the loss of DCo from the upper 100 m due to the export ofthe biogenic fraction of PCo (equation (13}
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Table4. Stodd and Residence Timeof Dissclved {DCo) and Farticulste (PCo) Cobalt in the Uppsr 100 m for the Different
Hogeochemical Domains

e NASE N-ER. SEA 5455 S
Flostod (pmalm™2)  083+047  060+034 052:034 07017  011:003  031+013
TP {year) A 06+05 < 0.1+ 0.1 D402 01+01 < 01£01 03+02
DCo stodk (umel m™2) 59+ 1 33+ 08 3t 1 34+ 10 24+ 05 38+08
TDongeo. (ves) 121+ 6.1 14+ 12 = 34+ 05 17+ 05 =
TDQopny_(ves } 07+ 02 90+ 22 10+03 0903 86+ 14 07+02
1DCop i, (ves 02 0.1 03 03 04 05

*he residence times of DCo are given mmsidering biogecchemical processes {TDCopkges ) and physical processes
{TD'G:-pm- ) {see text for the explangion and mlculstion) The biclogical transfer time of the DCo stodc (T00ogn ) B
ako indicated.

Eﬁ&tin‘nted by 0oy = DG stode! DCo uptske (using DCo uptake from Table 5).

For the calculations, we assumed that the atmosphers wasthe only source of [thogenic PCo and that
scavenging do not occursin the upper 100 m. In a feady fate regim e, the export ofthe biogenicfraction of
PCo can then be determined using equations (14} and (15).

T DCoiogen ¥ DCO Hock A Conmeexport rte™’ (13)
Comeexport rate ¥ Co export rate A CogtragericBXport rate (14}
COmogne@¥port rate % FCOum A FCOg (15)

The residence time of DCo due to physical processes FDCogy,  Tables4) wasalso estimated following
equation (16}, The smaller ofthe two estimations will be considered asthe residence time of DCo.

T DCogry % DC0 stock A FDC0gecson P FOCOgmuan” (16)

The resdence timesof particulate cobalt in the surface waters were generally much lower than thoss ofthe
dizmnved cobalt in the different domaing up to 28timeslower in the SASS (Table 4). Particulate cobalt
resded shortlyin the two oligotrophicdomains (fPCo ~20day=), whereasat high latitudes and near

the eguator, longer PCo resdence tim ez were estimated, up to 200 daysin the SAG. In thislater domain, the
resdence time of PCo was probably owverestimated, azwe assumed a steady state, whereasan intensve
bloom occurring during cur peried ofzam pling (spring} may have increased the PCo gock bythe azsimilation
ofDCo. Thiswould result intheapparent high gock of PCo (~1 umnlm'ﬁ'i}that mightnot berepresentative of
the annual average PCo gock.

The longer resdence timesof DCo were estimated in the two oligotrophic domains (~1.5vears) In these
high-regeneration sysems the resid ence timeso f0Co were driven by biogeoch emical processesrather than
by the physical processes (3 < T0Copny /TDCOgg0gey = 7). On the contrary, at high latitudes the physical
processsmay drive the DCo resdence time (0= 10 Copny/TD Coplngen = 0.06) Similar lowD Co resdence
times were edimated in the two hemispheresat high latitudes (0.7 yvear). Advection of DCo-enriched
waters by the Labrador Current in the north and by the Mahlinas Cumrent in the south and strong seaszonal
biclogical Co uptake may explain the short residence time at those high latitudes. On either sides ofthe
equator, we egdimated an intermediate residence time of ~1vear. Like at the high latitudes the physics
could drive the DCo resdencetime thers, notably due to high-DCo input through diffusion caused by sharp
vertical DCo gradients and by the eguatorial current system that increases the diffusivity [Dulaguaiz et al,,
2014]. Furthermore, the organic complexation of DCo in surface waters could gow down its =cavenging
onto particles[Saito and Moffett, 2001, 2002], further increasin g its residence time in surface waters The
abundan ce of cyanobactera in oligotrophic waters combined with their capacity to produce DCo organic
ligands[Saito et al., 2005] would both account for the longer residencetime of DCo estimated in these
regions Determination ofthe erganic complexation of DCo in these waters is required to futher confim
thizshypothess
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Teblef, Summary of the Dissolead {DCo) and Farticulate{PCo) Cobalt Flieces for the Upper 100 moAwer aging All Stations of BEach Biogeochemical Domain Along
the GEOTRACES ADZ Section”

Doman S NASE 545G SN
Feriod of Sampling Spring Cry Sesson MBS SEBEA Cry Se=son Summer
Auzes {nmal m‘#' = d'a' 1 |
PCo {A) or Db {#) (1} Etsma‘gingb . Megl ~ Megl . Megl . Megl . hegl _ Megl
{2) Uptsie® (A0S 20220] A eaIE1ET] A ITI-20] A MNE] . A 3R1EE] AN 23 [F-Al]
{3) Regeneratio " 10 [2-50 51 4130} HM[18-23 11 [5-30} 28 M0-20] 7210
{4 Drust dissolution 050406 10702313 05[02-07] Megl {0103 Megl{0=0.2] 0510307
PCo 5) Dust #3034 bt i {+) 8810 g Bt B | #1508 (#9515
{8 BEqport (A)43-5 ] 130301 Ay 426 (A 855 (A5 [EH] B2
EFPCo =) 45 {+) 65 {25 {£h18 15 +H25
DCo {7} Amezon” Hegl. hegl. {1 [0-4 Megl. Megl. hegl.
18 Vertical J:I'rf'fl.si\-.:n-n'?'r ) T §A ) 2-10] {+) 170-= {+ T[2=10} {+) T[3-10] {#)1[0=3 {#) 9415
|9 Lateral sdvection 115 =gl #2 4 Megl. #7
EFCCo {A) T35 A 11E {#145 A)s PN {+)2
Basin Ausxss {thy)
PCo+ DCo Sum? {#) 280 A B0 (#2330 i+) 190 Ay 180 {#):280

Z\n italic and bradeets =range in bold=sum.

D&mﬂmgirg is assumed negligible.

Flsing =quations {1) and{3) with C‘.afﬁ:-f21 + 0&uM I'u‘I"I" : inthe 545t his study); '1131 T uh I'u'I'E' in the MASS and the 5455 dfter Towar-Sanchez et al., 2008;
Ehl}ilsmn =t al, 2003); 148+ 0.4pM 1™ in the MN-BA and S (this studyf 04 pM R in the 54 [Bown =t al., 2011]

The Arnazen fiuee of DCo i determined using FOCOm azon = (D008 mazon = 2/ 1000 Do,

fThE diffusion fiees geestimated &= described in Culsgusis 4 8l [2014] and Teble 3,

The leters| advedion of DCo i estimated in the 534G from ADCD conentrations betwesnstations Z2and 13, anarea of B4 = 107 km” and 2 meanwater figw of
E8;inthe upper 100 m{Reid, 129<; Astau et al, 2003 In the S8 it is estimated from ADCo conmentrations between stations 1band 8b, snarsa of 5.5= 107 kmi®
mnd a mesnwaer fiow of 25—25¢ inthe upper 100 m [Paerson et al, 1956 In the M-EA, it is estimated fom ADCo ooncentrations beteresnstaions 41 and 35, an
aeact 1= 107 km® and ameanwater fiow of 5 S inthe upper 100 m [ Tomcsk and Sodfray, 2003, Inthe SBA, it i estimsted from ADCo conaentrations between
staticns 15k and 41 an reacf 1.1« 10°knt =nd 2 mean water fiow of 55 inthe upper 100 m [Tomcsk and Godirey, 2003, - v

Hhesum s caloulated wsing {Sum DCo+ Sum FOo)x 5 whers Sisthe surface of t he different domain .84 10' nr” for 586 910"% m for MASE 1110 m for

MEA 110" i for SE 310" i for 5455, and 055 1077 nft for S,

In the northem subtropical domain, the resdencetime of Co iz 4 timeshigher than that previously
estimated in the same area (eg., 0.22 year) [Saito and Mofett, 2003 . Howewer, it might be dificult to
compare both values, snce the latter was egimated without taking into account the regeneration process
Indesd, it was calculated asthe guotient between the DCo gock and a mean annual new produdion of
carbon at BAIS[Jenkinsand Geldman, 1535] that relieson a mean particulate Co:C ratic in the Sargasso Sea
[Shemell and Boyle, 1952]. On the other hand, cur edimate of the biclogical transfer time of the D Co stock
(T0 Cogiy = D C0zen o/ FOCOy prake & BATS (02201 vear; Table 4} isin the range of the previous estimate
ofSaito and Moffett [2002]. In turn, the regeneration process increazes the resdencetime of DCo in surface
waters of Sargasso Sed.

Owverall, these fird azsessmentsof the residencetime o f Co showed intereging featuresin the different
domains Longer PCo residence times were found in areas with shorer residencetimesof D Co and inversely,
auggesting exchange processes between the two fractions However, additional studies will be nesded

to better constrain these terms

4 4 Comparative Budgets and Biogeochemical Cyding of Cobalt in the Surface Watersofthe
Western Atlantic

The Co budget=in the upper 100 m water layer ofeach biogeochemical province are pressnted in Table 5
for PCo and DCo and shown conceptually for the entire wegem Alanticin Figure 11. These budgets
represent the gate ofthe system at the time of the cbservations hen ce, they only integrate fluxesand
processezoperating with a timescale that allows their observations The aim of this exercize iz to compare
the characteristics ofthe different demansand the order of magnitude ofthe different terms rather

than determine absolute values The budgetz are bazed on the full data ==ts available dunng the cuises
{chemical, biclogical, gecchemical, and hydrographic parameters), but some fluxes had to be egdimated
using parameters from the |ierature when cruize data were lacking.
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Biological assmilation wasthe dominant fluxin the different bicgeochemical domains (Takle §). Thizizin line
with the observations showing an overall nutrient-like digrbution of ODCo in the aurface waters (Figures 4
and &). The biclogical uptake flux of DCo wasestimated azsmentioned above, using Chla values derived
from the in situ fluorescence measurements obtained during the cruizes and reported valuesof callular
quotasofCo/Cin the phytoplankton species(Table 5} dominating in the different biogeochemical provinces
[Zunda and Huntzman, 1595 Ho et al, 2003, Tovar-Sanchez et al, 2008, Twining et al,, 2011; Twining and Baines
2013]. The lowes uptake wasedimated for the S4W (22 nm alm*2 d'a”} and the highest in the 3AG
[1I:lﬁnm|:||m'“dm}. In the latter domain abloom of coccolithoph ords waslikely occuming during our period
ofmampling in 2010 as auggested by the relatively high Chla and PCo levels (Figures 3d and 4b)and
potentialty accounting for thisextremelyhigh uptake rate of DCo. The resccupation ofthe 545 at a different
seazon showed adecrease ofthe DCo fock by 1.4 1.|rn|:||n'|'£"2 [~25% of OCo stock ) between April 2010
(gation&)and Juhy 2012 (ation 3c) at S7T-535°N (Figure 8a). Considering the daity uptake of DCo estimated
in the S4G during spring (108nmolm®?d* ' Table 5}, the observed DCo decrease (1.4 pmol m™ %) would
comespond to 13davs of biological uptake. This fitz with the timescale of a coccolithophorid bloom [Brown
and “bder, 1994 further =upporting the ideathat the surface D Co depletion observed in summ er was related
to a coccolithophorid spring bloom. The regeneration rate of DCo in the surface waters (Cogg) wasthe
second most important fluxand represented between 10 and 85% ofthe Co uptake flux (Coyppae; Table 5}
The highegt regeneration fluxes of DCo were eximated in the subtropical domaing (Copg/Coyprae = 0.3}
consigent with the concept of oligotrophic areaz being regenerated sygfems A the high latitudes the
regeneration fluxes were low (Copgf Coyprage < 0.25), with the lowest flux estimated in the SAG (10%).

The equatcorial area wazmarked by an intermediate regeneration rate, representing about 50% of the Co
uptake flux. Hence, the regeneration can be the dominant internal sournce of DCo in the surface waters
egpecially in the subtropical domains.

The removal fluxesof Co by export via settling paticlesto deeper waters were S (in the NASS) to 25

(in the 545} times lower than the biclegical uptake of DCo (Table 5, reinforcing the importance of surface
recycling ofbiogenic Co in oligotrophic surface waters Among the extemal sources to the surface waters,
the inputso fCo by the Amazon can be consdered significant only in the northern eguatorial area

(=1 I'Iml:lll'l'l'ﬁ'zd'h}, and to a lower extent in the southern side of the NASG. The atmospheric inputs
of=nluble Co were consdered assignificant in three areas the SAW, the EA and the NASS. However, the
atmosphenc source was relatively small compared to the other fluxes (Table 5), probably because low
solubility of aere=ols that can limit their im pact.

Lateral advedion by mesoscale fructurescan be an important term ofthe DCo budget at a local scale
[Dulaquaiz et al., 2014£]. These eddies can act either az intensive source or sink of DCo depending on
whether they are cyclonic or anticydonic [Dulaguaiset al., 2014]. Mevertheless, the lateral input of DCo by
these eddies would be negligible at the scale ofa basin, =uch asin the subtropical domains (Table 5. By
contrag, the advection of D Co-enriched surface waters like from the eagdern Atlantic by the equatorial
cumrentzand from the Amazon plume entrained by the eguatorial countercumrent, can represent a significant
source of DCo at lowlatitudes (Dulaguais et al. [2014] and Table 5, respectivehy). Similarly, the lateral tmansport
of DCo-enriched =surface waters from high latitudeste DCo-depleted temperate watersby the Labrador
Current in the Morth and by the Malvinas Current in the South can also represent impeortant source terms in
the DCo aurface bud gets(Table 5) At fontal sygems, turbulence, and diffusivity could also account fora
ggnificant input of DCo from deep watersinto the surface [Dulaguais et al., 2014] (Table 5).

The nearly conservative behavior of0Co observed at high latitudesin the noith assodated withthe high DCo
concentrationsrecorded in thess surface waters are in line with the budget estimations that indicated
grong inputsof DCo into the surface layver due to lateral advection of DCo-enriched waters from higher
latitu des and comparativehy lowbiological uptake (Table 5). it ispossible that melting of Arcticice enriched in
DCo (e.g., DCoe/ DC0szwaser = 15} [Tovar-ZJanchezet al, 2010], azwell as continental shelf enrichment along
the surface waters crculation were significant souncesof DCo at these high latitudes. Additionally, the
estimated DCo uptake fluxbyphytoplankton increased southward from these high latitudesandthizizinline
with th e obzservationsthat DCo showed aneary conservative behaviorthat gradually chan ged to a nutrient-
like vertical digrbution in the southern side of the SAG (Figure £a). it is conceivable that this ssasonal
biological removal of DCo would be parialty resupplied by regeneration of DCo at the end of summer
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DU LAQUAISET AL

and by the mixing from wind-gressturbulence during late fall and winter times In the subtropics

the nutrient-like P distribution=of DCo (Figure 4a) fitted with the high biological uptake and extremebhs high
regeneration rate (= &0%) of D Co edimated for the ocligotrophic gyres (Table &) Prochlorococaus and
Synechocoocus sp. dominated the phyvtoplankton assem blage in thoss domaing and their high biological
requirement for cobalt probably generated the surface DCo depletion. Thiznutrientdike distribution was
recorded at different seasons [Saito and Moffett, 2002]; hence, it could be a perm anent feature of the Co
cyclein the oligotmophic systems. However, higher external inputs were deteded in the northern gyre,
especially dueto the dug deposition during the dry ssason and to the Amazon River discharge during the
wet =eason, and they generated an asymmetry between the two hemispheres (Figures Sb and 10 and
Table 5). In the eguatenal area, the physical processes can austain the biclogical uptake of DCo both sdesof
the eguator (Table 5} Relatively high wertical diffusien DCo fluxesdueto the incumion of DCo-enriched
Alantic Central Waters[Dulaguaiset al, 2014] may indesd congitute a sub=antial source of DCo there
(Table 5}, in addition to the westward lateral advection of Co-ennched waters by the eguatorial cumrents
gystem [Dulaquaiset al., 201 4]. The inputsbythe physcal dynamics can actuallysugain upto 40% oftheDCo
drawdown due to biclogical uptake on both sides ofthe eguator.

The global budget (DCo = PCo} at the scale of the westem Atlantic (Table S} clearly showed that the
aibtropical domainsare acting az snk o fCo (appmxirnatel'_,rﬁkﬂﬂﬂ t of Colvear}, espedally in the NASG. In
contrag, high latitudesand eguatonial Atlantic congituted sourcesof Co into the surface wedem Alantic,
balancing the sink determined in the subtropics (approximately <1200 t of Co/year). Thizmass balan ce
arggestsexchan ges between the difierent domains probakblythrough creulation of interm ediate watersand
transport by eddies The MBC and the equatorial current sysdem indeed supply eddies to the south and
north subtropics respectively. Thess dwnamicstructures canthen supply in DCo the subtropics by advedtion
of enriched surface waters aswell as by vertical advection/diflusion of DCo from intermediate waters
wherein concentrations are higher. Like dust events bloom s and expart flux, eddy events can vary
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seasonally. Thus the s=azonal vanability within the different domains must betaken into account to
undergand the biogeochemical cycle of cobalt in the surface wesern Atlantic.

5. Conclusions

Sgnificant regional correlatio nswere obeerved between DCo and P acrossthe different biclo gicaldomainsof
the wedem Atlantic Ocean in part due to differences in the phyteplankten community com pesition. For
ingtance, the highest DCo:P depletion ratiosrecorded in the two subtropical domains were related to an
absolute reguirement for DCo ofthedominant cyvancbaderaspecies whereasthe lowDCo:Precorded in the
aubantardic waters could reflect the low Co reguirement ofdiatoms

Biological uptake wasthe main sink of D Co in the surface waters of the westem Atlantic, resulting in the
overall nutrientdike digdribution of DCo. The covariation of biogenic PCo and Chl a further supports

the micronutritive behavior o f Co. The higher biological azsmilation rates of DCo by cvanobaderia at
tropical latitudes com pared te subpelar and aubantardic demaing, can lead to the decreasing gradients of
aurface 'Co cb=erved from the high to the low latitudes along the western Atlantic. Regeneration that
includes abiotic pro cesses microbial loop, cell lvsis and grazin g wasthe prevailing intemal source of DCo in
oligotro phicsurface waters, austaining up to 85% ofthe biological DCo dravedown. Overall, the intemal cydle
of DCo wasprimarity driven by the two processes of biological uptake and regeneration.

The atmosphericinput wasa significant source of DCo to the Northern Hemisphere and generated an
asymmetryin DCo concentrations between the north and south subtrepical domains. The Amazon River
accounted forupto S0% ofthe DCo inventory of the mixed laverin the tropical noerthwesern Atlantic,
but its impact rapidly decreased away from the mouth. Tegether, these extemal sources can sustain
the higher biclogical demand of DCo estimated in the northern subtropical gyre compared to the
sputhern gyre.

Advection o fDCo-enriched waters frem the high latitudes can be source of DCo espedally to the subpolar
Alantic, aregion charaderzed by a low Co regeneration rate. Moreover, lateral advection and wertical
diffusion can sugtain the biological demand of DCo in the eguatorial area.

Constraining the different =ourcesand sinkshasalze allowed estimation of the DCo residencetime in

the upper 100m. Short residence timesdriven by physical processes were determined at high northern
latitu des (~0.7 year), whereasresdence timeswere more than 2 timeslongerin the regenerated sydemsof
the subtropics (~1.5vears).

Tentative bud get=of Co in surface waters were asseszed and they suggesed nonseady fate regimesat the
scale of each bicgeochemical domain. At the scale o fthe western Atlantic basin, the loszof Co (dissolwed
pluzparticulate)in the subtropics could be balanced by the gain at the high latitudes and in the eguatorial
area. Exchanges and transportation from source regions (high latitudes) to sink regions (30 btropics)
through dynamic features (surface jets, eddies and circulation at intermediate depths) could balance the
Co budget in the wegern Atlantic basn.

Thizstudy hazdemongrated the importan ce of variability in intemal cyding and exdemal sources of DCo
across biogeochemical domainsto regional and basin-scale Co budgets Thiswork alzo providesnew keysto
the parameterization of cobalt biogeochemistry in manne system s which can be implemented in future
three-dimensional global modelzsof the oceanic cobalt oycle.
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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 Symechococcus 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 B,
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 B, suggesting that Co availability could also
regulate the synthesis of this vitamin (Panzeca et al., 2008). Since B, abundance is suspected
to play a role in phytoplankton growth, productivity and diversity (Safiudo-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, Safiudo-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).
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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

e " for DCo analyses were collected after filtration using

Figure 2: Cruise track and surface physical features  ().2 um Sartobran 300 cartridges (Sartorius) under pure
and cruise track along the GEOTRACES-A02

section N, pressure (filtered 99.99% N,, 0.7 atm) in acid

cleaned 250 ml or 500 ml LDPE (Nalgene) bottles. All

samples were acidified using ultrapure HCI® at 0.01 M (Merck) immediately after their
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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 (o), the calibration curves and the deviation of the
triplicate analyses (Dulaquais et al., 2014a). The limit of detection of the method (35) 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
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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

(MBC). These surface jets can be located through, cyelonic eddies (see text for explanation).
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 pg/L) than the Subtropical and Equatorial
domains (mean Chl a < 0.1 pg/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
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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

SAW SASG EA NASG SAG

—e—DCo (pM)

=<3 PCo (pM)
C

-50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
Latitude (°N)

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-AO2 section. Stations sampled during summer 2012 are labelled in red.

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).
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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 pg/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
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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 (DAI) 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 DAI
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 DAI 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 * T Al)”! 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) ; tAl 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™
d" at several stations in the south-western Atlantic to up to 15 + 0.3 mg m™ d” near the

Equator (Figure 4).

Despite the difficulties and limitations to use DAI as a dust proxy (Dammshéuser 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 Coam: Figure 4) are derived from the
latter calculated dust deposition rates using Equation 2, in which the abundance of Co in
aerosols ([Co]qus) vary between 17 and 170 pug g™’ 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 SCoum; 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 Cogam, = Dust deposition rate * [Co]qyst Equation (2)
Flux SCoum. = FCoum™ 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.).
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ceI;ter of the SASGytawuups 0)16.2 nmol.m™.d" 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 Coym=9 £ 4 nmol.m'z.d'l), at the temperate latitudes of the northern hemisphere (35°N-
50°N; mean Flux Coym= 8 £ 1 nmol.m'z.d'l) and in the northern-equatorial area (mean Flux
COam= 8 + 2 nmol.m?.d™"). 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 Co,um=
1.5+ 0.5 nmol.m™2.d™"), and in the SAG (mean Flux Cogm= 3 + 1 nmol.m™>.d™), 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™.d") than in the South (4.2 nmol of Co.m™.d™).

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™.d"), which is,

respectively, 10 times and 2 times higher than that received by the SASG and close to
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Patagonia by station 1b (0.65 nmol.m™.d") (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. 1Co,; Figure 5) as quotient between the Co inventory in

the mixed-layer (DCo; siock OF PCo0; stock; With Coy ok = fOZ Co) and the net DCo or PCo

atmospheric fluxes following Equations 4 and 5, respectively for DCo and PCo.

Atm. tDCo, = DCoy gock * Flux SCoam. ' Equation (4)
Atm. TPCo, = PCo, goek * (Flux Coagm. - Flux SCoum) Equation (5)
SAW SASG EA NASG SAG

100 -

— Atm. TDCo z
0014 e 1 DCo (Dulaquais et al. in review)
— Atm. T PCoz
------- 1 PCo (Dulaquais et al. in review)
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Latitude (°N)

Figure 5: Residence times of DCo (Atm. tDCo, .Dark line) and PCo (Atm.tPCo,, 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. tDCo, of up to 68 years at the MBC, and Atm. TPCo, 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. tDCo, / tDCojo 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 tDCo are in the same
order of magnitude (Figure 5), suggesting that dust deposition can drive the tDCo 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 TPCo 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. DCo,) is

estimated according to Equation 6.

% Atm. DCo, = Flux SCo * tDCo* DCO, stock " 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. DCo, ~ 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. DCo,
> 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).
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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. PCo, = (Flux Co — Flux SCo) * tPCo* PCo, stock'l Equation (7)
% Lithogenic PCo = % Atm. PCo, Equation (8)
% Biogenic PCo =1 - % Atm. PCo, 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™.d"'"; 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 (Co®") 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 Co®-L complexes, logK'cor, 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 Co*" (Kinco2+
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'; Twining et al., 2010) are 10 to
40 times higher than those found in the south-western subtropical Atlantic (5-10%10° cell.L™;
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
(~ 10® cell.L; 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 Co®" concentrations we determined in the SASG (< 10™ pM) are 4 orders
of magnitude lower than those found in the NASG (0.6 pM). In turn, it is conceivable that
Synechococcus growth (Kycoz+ = 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
Co®" (< 10” 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. DCo, = 10%).

Tablel. 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>.d ™" 3.05 2.1
Mean Atmospheric Co flux (nmol.m™.d™") 6.6 4.8
Mean Atmospheric DCo flux (nmol.m™.d™") 0.57 0.4
Mean DCo, (pM) 29 23.5°
Mean Co” (pM) 0.6° 10°¢
Kincoo+ Synechococcus (pM)d 0.1 0.1
Synechococcus abundance (cell.I™) 107¢ 510°°
Synechococcus By, production rate (mol.cell )2 12107 1210%°
B, seawater (pM)" 1.2 0.06

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

¢ 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 Co*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
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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 Co*" would be as low as 4*10°
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 Co®*, 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 B, vitamin. By, 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 (Safiudo-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 Bi2 consumers and required exogenous Bj, vitamin, many bacteria
including Synechococcus and Prochlorococcus possess the biosynthetic pathway to synthetize
vitamin Bi12 (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 10* cellmL" (Twining et al., 2010), and the B,
production rate by these species in non-limiting cultures of 12 x 10?° mol.cell” (Bonnet et al.,
2010), the Bj, concentration resulting from the production by Synechococcus would be of 1.2
pM in the NASG (Table 1). Thus, the subpicomalar to picomolar Bj, 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 B, 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 Symechococcus in the subtropical North Atlantic, and
indirectly for the bioavailability of B, 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

C02+-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
1s 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 Co*"-Synechococcus-B, 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™.d™") 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™~.d™") 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 (Ozoy 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
km®.yr™! 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; Yigiterhan 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

144



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.

Ocean Data View

10°E 20°E 30°E 40°E

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-AO04N 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 pm Sartobran® 300
Sartorius® cartridges. sCo samples were collected after filtration using 0.02 pm virosart CPV
MidiCaps Sartorius® cartridges, themselves connected online to the 0.2 pm Sartobran® 300
Sartorius”. All seawater filtrations were operated online to the sampling bottle under pure N,
pressure (filtered 99.99% N, 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
HCI"® 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 N, pressure (filtered 99.99% N,, 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 (typicallyl500 m) and in the surface waters
(50 m), by filtering seawater firstly through a 0.2 pm pore size capsule filter (Sartobran® 300)
mounted on the outlet of the sampling bottle. So, the trace metal clean 0.2 um 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
N, pressure (filtered 99.99% N, 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 um
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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 (O,),
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™), a SBE43
dissolved oxygen sensor (+ 2%), a Chelsea Aquatracka MKIII fluorometer (+ 0.2ug.1™"), and a
Wetlabs C-Star transmissiometer (+ 0.02%.°C™).

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 (HPO,4%), Strickland and Parsons (1968) for silicate (Si(OH)s), and Grasshoff et al.
(1983) for nitrate (NOj3") and nitrite (NO,).

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 mQ) 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 Heimbiirger, 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 ym - <0.2 pum.. Standard

deviation of cCo is determined through the following Equation 1:

SD ¢Co =>V(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 (HNO; 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 HNOs 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/AM). 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 uL of archived solution were pipetted and diluted into 3
mL of HNO; (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" NIST traceable
primary standards purchased from high purity standards and diluted to appropriated
concentrations with 0.8 M HNOs;. 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 HCI 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 Ill-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 pmol L™ 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 la 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’Alcala 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 = 10°m’ s™).
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’ 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.
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Figure 2 : Contour plots versus depth of a) salinity; b) dissolved oxygen; ¢) apparent
utilization of oxygen (AOU) between Stations la 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.

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
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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’Alcala 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 P6 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 Po6
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; ¢) 1000m depth, and d) 2500 m depth
along the GAO04N 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 1s 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).
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Figure 4 : (a) Spatial distribution at 10 m depth of the salinity in the Black Sea along the GAO4N 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 GAO4N 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 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; Ozsoy 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 uM) resulting from cumulative
remineralization as exemplified by the high nutrient concentrations recorded in this water

mass (Figure 5).
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Figure 5: Vertical distributions of: a) nitrate; b) phosphate; ¢) silicate concentrations between Stations 1a and 6a (labelled).

An elevated AOU signal (> 100 uM) 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 uM 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 uM; 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’Alcala 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’Alcala 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 (O, <
180 uM; 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; ¢) silicate; d) dissolved oxygen; e) dissolved N/P ratio
along the GAO4N-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 GAO4N 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’Alcala 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’Alcala et al., 2003).
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Figure 7 : Spatial distribution of integrated Chlorophyll a concentrations between 0 and 200 meters (data derived from
fluorescence) along the GA04 section.

161



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/AO,, 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/AO, 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’Alcala 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’Alcala 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 N, 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.
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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 mean Co/C estgrcl):a/ltced*
(pmol/mol) (pmol/mol) (umol/mol)
Atlantic Eastern Atlantic 116/15/1 (n=5)  90.5 (n=5) 0.89 (n=5) 0.78
Alboran Sea 82/14/1 (n=3)  241.7 (n=06) 4.60 (n=3) 2.95
"Z)e::ielf“ Ce””gé :Zf“e”” 181/18/1 (n=6) 2465(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 lonian Sea 158/24/1 (n=3) 246.9 (n=7) 1.35 (n=3) 1.56
Basin 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) 2154 (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
(AN/AP emineratization ) that can be estimated following Equation (2). The value of
AN/AP:emineralization €Stimated 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.

-1
AN/ AP emineratization = AN/AAOU * (AP/AAOU) (2)
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Figure 8 : Scatter plots of: a) nitrate + nitrite (Total N), b) phosphate, ¢) 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 ¢ maximain the different basins are

reported in Table 1 and provide indications on the possible dominant taxa.
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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 @ maxima
were significantly high and shallow (~50 m), generally exceeding 0.4 ng/L and up to 0.6 pg/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 pg/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 pg/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 ug/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 (Saiudo-Wilhelmy et al., 2001).

Near of Rhodes Island and in the Cretan Sea, low Chl a and higher nitrite
concentrations compared to nitrate (NO,> NOs3) 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 ng/L, reaching up to 0.46 ng/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 pg/L, at the edge of the Batumi eddy, to 0.9ug/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

Phosphate (M) Since we sampled mostly in the open
(a) o12b 2b 3b 4b 5b 6b . . .
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Figure 10: Vertical distributions of: a) phosphate, b)

dissolved oxygen, ¢) sulfide concentrations in the 50 m) and halocline (40_1 20 m Figures 4b)_
Black Sea during the GA04 section. Anoxic-sulfidic ’
transition layer and sulfidic reservoir are indicated. The oxic-anoxic transition layer, also called

Few stations numbers are labelled.
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).
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Figure 11: Vertical distributions of: a) phosphate, b) nitrate (green line) and ammonium (black line), ¢) silicate, d) dissolved
oxygen (O,, 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 umol.kg™'. 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 (NOs;, NO,, NHy4) showed specific distributions (Figure 11Db).
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 12¢). 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).

DCo (pM)
(o] wh ~
B o o D = 2 &g & £ g g
(a) = 3 3 o = (b) ) = 3 3 3 3 (C) o 3 3 3
Q 3 L 1 - P N
% ! n=4 e"ﬂ o n=25 > | = .
% -
% A k7 _
s, N n=6 o | I n=19 2,
3, % - 33 7 |- n=10
2, A % {1 n= >
% @ n=6 2 Q’ 4
) 100 /%00 HT 1 n=31 % 4 |—. n=16
§ %, - % %,
= 2 (/] ,_m n=4 J‘,\)‘ - I n=20 0‘3 d
$ Sl o I 1
X %, 2 - o5 % SR
Q ) Y 1 2
0‘100 Vg 2| AO— n=29 % | {[—— n=9
by @ n=>5 3y 9y
0Q/ - *"povoa (O — n=25 9\0 1 .
Y, 2, ‘4, A 4 n=
- %, %, =
/"\00 % I n=7 % 2 | O n=236 % i
%, 1 %% — % 6
=2 =
e m . Cwr) g :
Sy ] o5 % | W n=22 . 4]
00\6 2 "[[l—' n==6 Jbgd ‘)&06 7 . ‘yﬂoé (/4 >|.< n=7
, J k n=13 k
%% =6 2, 1 | =
Ik n= % | — n=33 % |} n=13

Figure 12 : Box plots of dissolved cobalt concentrations (DCo) versus depth in: a) the Atlantic
sector, b) the Mediterranean Sea, ¢) 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 16¢). cCo concentrations ranged from undetectable values at several depths in the

deep waters to 72 pM in the North-eastern lonian 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 5S¢ where very high cCo were recorded (Figure 16¢). 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(IIl) species
(e.g. Co(OH)s) 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

16¢) 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 Ty rrshee:/an lonian Sea Levantine Cretan Aegean
Surface (0-200m)
153.6
+ +
118.3+15.5 120.2£20.9 121.4+24.6 151.9—_4:08 22.9 186.6 £ 27.1 175;‘12-_812.3
DCo (pM) n=18 n=40 n=17 (1640_ n=19 n=18 (14;6_
(88.3-151.4)  (61.3-174.9) (76.3-163.9) : (107.1- (118.7 - 248.1) :
353.3) 192.5)
184.8)
129.6 £
+
106.3 +21.1 119.1+11.8 113.6£24.3 141;0__;1'0 14.8
SCo (pM) n=8 n=8 n=6 (163 3. n=6 N.D. N.D
(79.4-136.6)  (105.1-136.9)  (90.9-155.2) 36 '4) (100.3-
) 139.8)
7.8+5.0 14.4+ 8.2 10.5+7.0 9.3+11.3 56124
cCo (pM) n=3 n=7 n=6 n=21 n=5 N.D. N.D
(2.8-14.4) (3.4-25.5) (0-18.7) (0-39.1) (1.9-8.0)
11.9+83 24.4 +50.6 3.7+15 46%7.2 5.1£0.9 12.1+17.2 7.9t3.6
PCo (pM) n=6 n=9 n=4 n=7 n=2 n=4 n=4
(2.7-22.9) (1.2-158.5) (2.1-5.2) (1.0-20.0) (4.5-5.8) (1.7-37.7) (4.2-12.8)
Intermediate (200-
600m)
4
68.2 +20.7 73.2+22 67.4+85 93.2+23.6 76.7 £13.7 110.6 £43.5 108;11__322'1
DCo (pM) n=7 n=11 n=7 n=14 n=5 n=5 (sgs-
(48.0-98.4) (47.8 -126.5) (52.5-78.2) (53.4-143.2) (60.9-94.1) (34.3-93.3) 130' 8)
53.81+9.2 60.5+6.2 69.6+7.74 85.9 +21. 60.1+6.4
SCo (pM) n=4 n=2 n=3 2n=7 n=2 N.D. N.D
(46.2 - 66.2) (56.1-64.9) (63.3-78.2) (48.8-114.4)  (55.4-64.6)
019 +1.0 13.7+3.6 0.5+0.8 10.4+8.0 6.1+£0.9
cCo (pM) .n-_ll n=2 n=3 n=7 n=2 N.D. N.D
B (11.2 - 16.3) (0-1.5) (3.8 -24.5) (5.5-6.7)
13.3+1.5 43+29 23+0.2 11.4+£2.0 18.0+3.3
+ +
PCo (pM) n=2 n=2 1'2n6_'10'1 5.2n5-_10‘5 n=4 n=2 n=2
(12.2-14.3) (2.2-6.2) B B (2.0-2.4) (10.0-12.8) (15.7- 20.3)
Deep (600-Bottom)
53.8+15.7 47.2+8 419s77n= 592246 446112 56.220.8
DCo (pM) n=7 n=30 15‘(356;600') n=32 n=17 n=12
(38.4-85.6) (38.9-76.3) ) ) (34.8-137.0) (28.8-75.7) (34.3-93.3)
51.5+24.1 449+45 418437 n= 442 +16.5 444 +4.2
SCo (pM) n=7 n=6 Z ('36‘5_'48 5; n=14 n=5 N.D.
(36.5-81.4) (40.0-51.7) ) ) (31.3-99.6) (41.2-51.3)
3.1+16 10.3+12.3 BLD 17.2+18.6 1.5+0.8
cCo (pM) n=2 n=6 h=6 n=14 n=5 N.D
(1.9-4.2) (1.4-27.7) B (1.4-72.3) (0.7 - 2.6)
18.6+6.1 7.2+6.1 7.4+8.4 23+0.2
+ +
PCo n=4 n=4 3'i:2'3 n=7 n=4 G'g:(l)'G
(11.4-25.3) (0.8-15.3) N (1.2-22.2) (2.0-2.4) -
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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.
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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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Figure 14 : Vertical distributions of dissolved cobalt (DCo) between Stations la and 6a along the
GAO4N-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.

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
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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.
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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 (APCo/APMn = 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 Mn”" 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 Co". Shortly the sedimentary release of Mn”>" could precipitate
as MnOx in the water column and partially scavenged Co”>" (Murray, 1975) creating the
highest PMn concentration and the Co-Mn relationship observed. However a part of this Co*"
could have been stabilized in solution under colloidal form, as suggested by relatively high
cCo (cCo = 4.4 pM, Figure 16¢) 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

175



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 (P6 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).
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Figure 16 : Vertical distributions of: a) dissolved cobalt (DCo); b) Soluble cobalt (sCo); ¢) 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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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
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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), PAI (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 APCo/APMn slope observed in the mixed layer can represent the residual
elemental Co/Mn ratio of aerosols (RER,:Mp) after their deposition and dissolution (Equation
3). The crustal Co/Mn ratio is aboutl8 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 gyt * (1-Sco / l'sMn)-1 (3)

With S¢, and Sy, 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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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.

In the bio-active layer (50-200) and the intermediate depth (200-500) the APCo/APMn
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.
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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™ 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™>.d' 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.
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Figure 18 : Particulate concentrations of: a) cobalt (PCo), b) manganese (PMn), ¢) 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 Sc.
Indeed, while DCo was mainly in the soluble fraction in the deep waters (sCo = ~ 43 pM,
representing about 85% of DCo, Figure 16a&Db), 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 10° mol DCo.d™ following Equation 4.
Similarly, the convection rate of WMDW estimated to 2.4 Sv (Schroeder et al., 2008) could
provide 1.45 + 3.9 10° mol DCo.d”" 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]w and [DCo]pyw 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 (FzpigDCO)
across the different water-layers for the entire Mediterranean Sea and its sub-basins (Table 3)

following Equation 5.

FzpiDCo = -Kz * 8[DCo]/dz (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 Tyfree’;zzzfi —;'ea lonian éi:?géigia: Aegean
F(le)(i)f_f?ncrg;; nzqg/(c)ll)n 5.1 6.2 14.1 23.0 38.2
FzoinDCo at 600m 0.4 0.4 0.3 0.3 0.1

(107 nmol/m?d)
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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™.d"). This flux
strongly decreased across the thermocline to reach values near of 10 nmol DCo.m™.d”" 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 nmol
DCo.m™.d" at 200 + 50 meters, and of 4.7 £ 1.1 10 nmol DCo.m™.d" 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 (FzpisDCo at 600m) would be
8.6 + 1.9 nmol DCo.m™ and 4.3 + 0.6 DCo.m™ for the Eastern and Western basins,
respectively. DCo concentration being of the order of 50 nmol.m™ below 500 meters depth,
this cumulative input could not recover the deep water DCo stock of 50 pmol.m™ (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.
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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, ¢) 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
AN/AAOU or AP/AAOU 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 10° molDCo.d" 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 10° molDCo.d'l). In addition considering the size of the Eastern
basin (1.65 10'> m?), the basin scale sedimentary input of 4.6 + 3.8 10> molDCo.d™" 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 10° molDCo.d" 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 10° molDCo.d™. This loss would be fully compensated by the deep convection of
WMDW (1.45 10° molDCo.d") as well as by benthic inputs (2.4 + 1.9 10° molDCo.d™

considering an area of 0.85 10> m).

In turn, the distribution of DCo in the deep Mediterranean Sea could be mainly
described by four processes: 1) 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 (R? > 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
(R?>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.
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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; ¢) 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
uM/M (n =18, R* > 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 (ADCo) 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 ADCo, and thus the input of DCo to the
Mediterranean Sea was estimated to 93.2 £ 17.9 pM. Combining ADCo 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 10° mol DCo.d™'. 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 ADCojsfuce

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 ADCojyyface. For each station, the
surface DCo was integrated over the top-200 m, representing the surface DCofsyrrace Then,
considering a simplistic AW circulation in the Mediterranean Sea (Figure 3a), the ADCojgyrface

could be defined following equation 6

ADCOjsyrface = Downstream AW DCofgyrface — Upstream AWDCojsyrface (6)

In this condition if ADCojg,rface™> O the area between the two nearby stations is a source
of DCo, and if ADCOfsyface< O the area is a sink of DCo. Figure 21 shows the spatial
distribution of (b) DCojsyrface and (¢) ADCojsyriace and allows identifying key areas of the DCo

biogeochemical cycle of the Mediterranean Sea.

The spatial distribution of DCoJsyace 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 DCojgyface 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 ADCofsyrtace Varied geographically (Figure 21c¢), and it suggested that the Gibraltar
Strait, the center of the Western basin and the most eastern side of the Mediterrancan 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 ADCojsyace) 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).
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Figure 21 : Spatial distribution of: a) dissolved cobalt (DCo) at 10 meters depth along the GA0O4N-
section, b) integrated dissolved cobalt concentration (DCofgysce), €) integrated dissolved cobalt anomaly
(ADCOjgyrface» Se€ 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
umol/mol in the Sicily Strait to 700 pmol/mol in the Levantine basin, with a mean ratio of
277 £200 umol/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
umol/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
umol.mol™), and similar to the Co/P cellular quota reported for cyanobacteria (~260
umol/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 umol/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 pmol/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 pmol/mol in the central Western
basin, n = 2) ranged between the Co/P cellular quotas of dinoflagellates (~100 umol/mol; Ho
et al., 2003) and of cyanobacteria (~260 umol/mol; Tovar-Sanchez et al., 2006).

The Ionian Sea was marked by Co/P ratios of about 250 umol.mol™ (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 umol/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 pmol/mol; Tovar-Sanchez et al., 2006).

Extremely high Co/P ratios (> 500 pmol/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 (FDCoyptake) 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/P OCbiogenic * PPR (7)

The higher DCo uptake flux (~133 nmol.m™.d") 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™.d”,
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 uM/M). The lowest DCo uptake flux was
estimated in the South Ionian Sea (21-31 nmol.m™>.d™"), 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 FDCoyptaxe Were
estimated in the Levantine Basin and the Aegean Sea (~70 and 100 nmol.m™.d’,
respectively), probably caused by the high PCo/POC ratios recorded in the Chl a maximum
depth of these areas (3.86 umol/mol and 3.11umol/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/POC e, chia; 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).

FPCOeXpon = PCo/POC 1y chia * POC export flux (8)

POC export flux = PPR * BPE 9)

Most of the Mediterranean Sea displayed low export fluxes of Co (< 5 nmol.m™>.d™;
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'z.d'l). In these areas, PCo/POCyych. ratios were significantly higher than
PCo/POCy;ogenic ratios, causing the high export fluxes estimated. These high PCo/POCgchia
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).
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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).

PPR Co/C Fuptake Co/C 10%  CP

Basin sub-basin Station lon(g:,l)lde latigl)de (mg/m* Chla max  (nmol/m? Chla E FCo T/szj)(:t
/d) (umol/mol) /d) (umol:mol) (%) (nmol/m?/d)
Alboran Sea 5a 4.82 36.06 52.51 2.53 132.85 6.67 4.13 14.47
Central
Western 11a 6.66 3777  43.14 1.53 66.00 8.26 426 15.18
basin
Western
basin Central
Western 17¢ 5.95 40.07 39.33 1.00 39.33 2.24 5.80 5.11
basin
Tyrg‘j;h“” 13¢ 13.01 39.88  28.79 1.26 36.28 2.20 1.53 0.97
lonian Sea 16a 16.33 3571 27.38 1.12 30.66 1.12 4.05 1.24
Eastern  lonian Sea 18a 20.02 3428 21.38 1.00 21.38 1.00 1.76 0.38
Basi i
ast Le;zgl.’;”e 21a 28.08  33.84 18.00  3.86 69.48 386 435 3.02
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 (Yigiterhanand 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,: 1) an atmospheric origin of PAl in the top-10 m, ii) an
homogeneity of PAI concentrations in the well-mixed top-10 m; iii) an absence of scavenging
at these depths, iv) a residence time of PAI (Tpa;) driven by the sinking velocity of dust. Tpa;

was set to 2 days in the top-10 m.
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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
PALl is known to have a short surface residence time in areas receiving high dust inputs (5-25
days in the upper 100 m; Dammshéuser 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 j, * Ma; * z * [(1-Sa)*Aba; * Tpai,]™ (10)

Here PAlj, is the integrated particulate aluminium on a water column of z meters, My, is the molar mass of
aluminum (27 g/mol), z is set to 10 meters, S, is the solubility of Al (set to 3%), Ab,; is the crustal abundance of
Al (set to 7.7%, Rudnick and Gao, 2003), tpay, is the residence time of PAl in the water column of z meters (Tpa; -

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>.d”", with a mean flux of 60
+ 50 mg.m™>.d" (n = 16). The Eastern Atlantic received lower dust input (< 20 mg.m2d™")
than the Mediterranean Sea (Figure 22). High dust inputs (> 100 mg mgm?2d") 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 PAI 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 ¢)
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)ch a max) Tepresented 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.

PPiithogenic = Dust deposition * Abp * EFp * (1-Sp) * tpp * My’ (11)
PPriogenic = PPjz — PPlithogenic [z (12)
PCosgiogenic = PPpiogenic * (PC0 /PP)chi a max (13)
PCoiithogenic = PCof; — PCoBiogenic (14)
PCo deposition = PCojiogenic * [Trcor * (1-Sco) 1™ (15)
DCo deposition = PCo deposition * Sc, (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), My is the molar mass of P (16 g.mol™),
PP;, and PCoy, are the integrated PP and PCo on a water-column of z meters, z is set to 10 meters, S¢, is the
aerosol fractional solubility of Co in seawater (set to 10%; Guieu et al., 1997), and tpc,, and tpp are the residence

time of PCo and PP in the water column of z meters (tpc, = Tpp = 2days with z= 10 m).

The atmospheric inputs of PCo ranged between 1.2 nmol.m™>.d" in the Aegean Sea
and 93.0 nmol.m™.d" in the Levantine Basin, with a mean of 20.8 + 23.0 nmol.m™.d" (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™?.d™") and of DCo (> 2.5 nmol.m’

2.d™"), whereas these inputs kept relatively low in the Atlantic sector and in northern side of
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the Mediterranean Sea (< 10 nmol.m™.d™" and 1 nmol.m™.d™" for PCo and DCo, respectively).

Interestingly, the areas receiving the higher atmospheric inputs of DCo fitted with the areas

where positive ADCojgrface 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)

. Longitude  Latitude Du.st. PC.O . DC.O .
Basin Sub - basin ~ Station (°E) N) deposition  deposition  Deposition ~ EFCo
(g/m?/d) (nmol/m?/d) (nmol/m?/d)
Eastern 3a -9.87 36.57 nd 9.52 0.95 nd
. Atlantic
Atlantic Eastern
. 4a -7.25 35.84 0.02 13.33 1.33 2.94
Atlantic
Alboran Sea 6a -3.22 36.04 0.02 11.40 1.14 1.92
Central
Western 9a 2.75 37.35 0.09 48.12 4.81 1.86
basin
Central
Western 11a 6.66 37.77 0.16 32.68 3.27 0.72
Western basin
Basin Tyrrenan Sea 13¢ 13.01 39.88 0.01 8.07 0.81 2.51
Central
Western 14a 12.47 37.22 0.07 27.54 2.75 1.30
basin
Central
Western 17¢ 5.95 40.07 0.01 8.53 0.85 2.80
basin
lonian Sea 16a 16.33 37.71 0.04 5.16 0.52 0.44
Ionian Sea 9¢ 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
Eastern  Levantine 21a 28.08 33.84 0.10 27.42 2.74 0.91
Basin Basin
Creatan Sea lc 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

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 = [C0]acrosols/[ CO]crust) Were estimated following

Equation 17.
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EF¢, = PCo deposition * Mc, * (Abc, * dust deposition) ™ (17)

With M, is molar mass of cobalt (59 g.mol'l), Abc, is the crustal abundance of Co (set to 17.3 pg.g’l; 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.
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Figure 23: Spatial distribution of the enrichment factor of cobalt in aerosols (EF¢,) 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™>.d™") were 5 times higher than those we estimated in the Western Atlantic (0.5 +
0.4 nmol.m™.d”"; 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
60 + 50 4+4
Dust deposition (mg/m?/d) n=14 n=>55
(10- 156) (<1-16)
PCo deposition 20.8_i 23.0 6.1_i 33
(nmol/m?/d) n=1s n =35
(1.2-93.0) (0.9-17.4)
DCo deposition 2.1_i 2.3 O.S_i 0.4
(nmol/m?/d) n=13 n=>53
(0.1-9.3) (<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: 1) 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;

ii1) 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 a
déterminer les processus impliqués dans le cycle biogéochimique du cobalt en milieu marin.
Les objectifs visé€s ¢€taient : 1) 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
oc€anique; iii) d’identifier et de quantifier les processus qui contrdlent la distribution du
cobalt dans les océans en intégrant les échelles spatiale et temporelle ; iv) de progresser sur

I’étude des interactions existantes entre le cobalt et le phytoplancton marin.

Afin de répondre a ces objectifs, ces travaux se sont basés sur I’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 aprés 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 étre utilisées pour 1’analyse de DCo dans un méme échantillon acidifié et traité aux

UV.

En revanche, les exercices de comparaison des concentrations de DCo aux stations
conjointes des sections GEOTRACES révelent des écarts significatifs (0 < ¢ < 35%, avec
Omoyen ~ 15%) entre les mesures des différents laboratoires (Chapitre 1). Ces différences
peuvent intégrées des différences d’instrumentation utilisée dans le prélévement des
échantillons, de mode de filtration des échantillons, et/ou de leur mode de conservation. Elles
peuvent aussi étre liées a une variabilité temporelle de la distribution de DCo, puisque les

stations ont été prélevées a 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 I’ 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 ¢tudiés, I’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 I’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 colloidal (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 a 50°S) ainsi
qu’en terme de profondeurs (8 a 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 I’ensemble des différents bassins, a I’exception de la Mer Adriatique. En Mer
Noire, les concentrations ont ét¢ déterminées pour 6 profils de DCo et 2 profils de PCo, le

long de la section GEOTRACES-A04N, du Bosphore a la partie la plus orientale du bassin.

Le fractionnement en tailles du DCo a été déterminé pour la premicre fois dans
1’ Atlantique Nord en surface, et en Mer Méditerranée sur toute la colonne d’eau. Les fractions
solubles (sCo < 0.02 um) et colloidales (0.02 pm < cCo < 0.2 um) ont été analysées a 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 T’issus de ces travaux, ’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 1’ Atlantique Ouest, le profil de DCo est de type conservatif, alors
que dans les gyres subtropicaux il est de type nutritif a tendance hybride (Figure 1). Dans le
domaine ¢quatorial, la distribution verticale de DCo est de type hybride avec des
concentrations ¢levées dans la couche du minimum d’oxygene (Figure 1). Aux latitudes
tempérées (40°N), la distribution du DCo est également hybride a I’Ouest et ’Est du Bassin
Atlantique (Figure 1). Les concentrations de DCo varient de 14 a 94 pM en Atlantique Ouest.
La distribution verticale de PCo dans I’ Atlantique Ouest (0-19 pM) montre généralement des
concentrations plus €levées dans les eaux de surface et au dessus des sédiments que dans les
eaux intermédiaires et profondes qui sont extrémement pauvres en PCo. Les concentrations de
surface en DCo et PCo varient selon les domaines biogéochimiques traversés dans

I’ Atlantique Ouest.

En Mer Méditerranée, la distribution verticale de DCo est de type scavengé dans
I’ensemble du bassin (Figurel), avec des concentrations en DCo variant de 28 a 353 pM.
Ainsi, a I’inverse de 1’Atlantique Ouest, les concentrations en DCo y sont plus élevées en
surface qu’en profondeur. Les concentrations de DCo dans les eaux profondes sont
homogenes dans I’ensemble du Bassin Méditerranéen, contrairement a celles des eaux de
surface qui décrivent un gradient Ouest-Est. L’étude de la fraction particulaire (1 <PCo < 159
pM) a quant-a-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 trés 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 extrémement ¢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, a 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 révele que le

cobalt dissous existe majoritairement (> 85%) sous forme soluble en Méditerranée, et

¢galement dans les eaux de surface de 1’Atlantique Nord. La fraction colloidale n’est

significative en Méditerranée qu’en surface et proche du fond.
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Figure 1: Typical vertical distributions of DCo observed during this study
(WA = West Atlantic, MS = Mediterranean Sea, BS = Black Sea)

2.2 Processus controlants la distribution verticale dans les eaux intermédiaires et

profondes

Ces travaux mettent en évidence 1I’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 I’importance des

processus chimiques d’adsorption-désorption du cobalt a la surface des oxydes de fer et de

manganese dans les eaux anoxique et sulfidique.
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2.2.1 Océan Atlantique

Les eaux intermédiaires et profondes de I’ Atlantique sont caractérisées par des signatures

spécifiques en DCo (Figure 2 ; Dulaquais et al., 2014). Grace a celles-ci et a 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, plutét que de processus de scavenging (Figure 2 ;

Dulaquais et al., 2014).
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Figure 2: Conceptual schema of the DCo transportation along the
large-scale circulation in the western Atlantic. In Dulaquais et al., 2014

En effet, les trés faibles concentrations et 1’absence
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d’augmentation de PCo dans les eaux intermédiaires et
profondes, suggerent que le scavenging ne serait pas un

processus significatif. L’absence de corrélation entre le

DCo [pM]

DCo et le manganese dissous (DMn, Figure 3) vient

appuyer cette idée en montrant que 1’adsorption de DCo a

la surface des oxydes de manganése n’est pas significative T
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dans les eaux profondes de I’Atlantique Ouest (Dulaquais

]
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et al., 2014). Des travaux trés récents montrent d’ailleurs Figure 3: Scatter plot of DCo vs DMn in

que la cinétique de formation des oxydes de manganese
dans I’Atlantique profond est lente, et également

indépendante de ’activité bactérienne (Wu et al., 2014).

the West Atlantic. Colorbar as depth. DMn
from Rob Middag pers. Comm.
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Nos travaux montrent aussi que 1’advection des Eaux Centrales Atlantiques enrichies en
DCo sur les bords Est de 1’ 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 I’ Atlantique Ouest.

2.2.2 Mer Méditerranée

La circulation contrdlerait principalement la distribution du DCo dans les eaux
intermédiaires et profondes Méditerranéennes (Figure 4). Due a une rapide ventilation du
bassin profond, les concentrations de DCo sont y quasi-constantes, dessinant un profil type
conservatif au-dessous de 1000 meétres. Par ailleurs, résultant d'une forte stratification, les
eaux de surface riches en DCo et les eaux profondes appauvries interagissent peu, a
I’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

maniere significative la distribution de DCo en profondeur.
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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 trés ¢levées en PCo (> 20 pM) sont enregistrées pres 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 manganese 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 extrémement
¢levées par rapport aux autres systémes marins. A I’inverse des Bassins de 1’ Atlantique Ouest
et de la Méditerranée, la circulation ne semble que trés 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 terrigenes drainées par les apports fluviaux pourrait également étre
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 a la surface des oxydes de manganése
controleraient la distribution de DCo dans les couches suboxique et anoxique. Ces oxydes de
manganese sont réduits dans la couche supérieure sulfidique et libérent du DCo. Le DCo
s’accumule dans cette couche stable, ce qui est a ’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 suggere qu’il est aussi soustrait par adsorption sur les oxydes de fer.
L’utilisation d’un mod¢le 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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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

2.3 Minéralisation préférentielle

La corrélation ADCo-AP 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, 1’absence de corrélation DCo-UAO alors
que P est corrélé a ’'UAO, suggere 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
I’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

¢léments 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 réalis¢ la premiere tentative de budget du DCo a
I’échelle d’un océan. Ce budget a mis en évidence que l'assimilation biologique est le
principal facteur contrélant la distribution de surface du DCo, comme 1’indique aussi son
profil nutritif en surface. De plus, les différentes corrélations stoechiométriques entre DCo et

P, et ce budget, nous ont aussi permis de montrer que le flux d’assimilation dépendait des
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especes phytoplanctoniques les plus abondantes. Ainsi dans les eaux oligotrophes de la Mer
des Sargasses peuplée de cyanobactéries, I’assimilation de DCo (~65 nmol.m™j") est plus
importante que dans les eaux mésotrophes du Bassin Argentin (~20 nmol.m™.j™") peuplée de
diatomées. L’assimilation du cobalt plus importante dans les eaux oligotrophes que
mésotrophes indique, de plus, qu’elle n’est pas proportionnelle a la biomasse ce qui est une
particularité de ce micro-nutritif (Dulaquais and Boye, in review). D’autre part, I’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 ou

PCo serait majoritairement d’origine lithogénique (Dulaquais and Boye, in review).

Les corrélations steechiométriques entre DCo et P ont souvent été décrites dans la
littérature comme représentatives de 1’assimilation biologique du cobalt par rapport a celle du
P (Saito and Moftett, 2002 ; Noble et al., 2008 ; Saito et al., 2010 ; Bown et al., 2011).
Cependant nous avons suggéré que ces pentes ne représenteraient pas I’assimilation réelle
mais 1’assimilation nette (assimilation - régénération), masquant ainsi le flux d’assimilation
biologique du DCo par rapport a P. Ceci est par ailleurs illustré par la différence entre les
corrélations stoechiométriques DCo:P enregistrées dans les eaux de surface Atlantique (22 -
65 uM:M ; Dulaquais et al., 2014b) et les mesures de composition élémentaires du

phytoplancton océanique (100-500 pmol:mol; Twining and Baines, 2013).

Nos travaux suggerent ainsi de considérer I’ensemble des flux impliqués dans les
cycles de DCo et P pour interpréter les corrélations DCo-P (ADCo/AP = ZFluxDCo/ZFluxP),
plutot que seuls les flux biologiques (Dulaquais et al., 2014b). Ceci nous a permis de
quantifier pour la premiére fois, sous conditions de non-équilibre, le flux de régénération dans
les différents domaines biogéochimiques de 1’ Atlantique Ouest (Dulaquais et al., 2014b). Ce
flux représente prés 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 étre globalement décrits
dans les eaux de surface de I'Atlantique Ouest par les processus d'assimilation et de
régénération ; et par I’assimilation, la régénération et 1’export, respectivement, les sources
externes (Amazone, apport atmosphériques) dans I’hémisphére nord, et les apports induits par
la circulation (advection-diffusion latérale et verticale) aux hautes latitudes et dans la zone
équatoriale, sont aussi a prendre en compte dans le budget du cobalt en surface. L’apport en

DCo par I’Amazone en est un exemple, puisqu’il représente jusqu'a 50% de I’inventaire de
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DCo présent dans la couche de mélange, y compris a des centaines de kilométres de son

embouchure (Dulaquais et al., 2014b).

L’estimation de 1’ensemble des sources et des puits nous a permis de déterminer les
temps de résidence du DCo et du PCo dans les premiers 100 meétres, en prenant pour la
premiere fois en compte le recyclage biologique cet ¢lément (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 ou 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 ’apport atmosphérique en Atlantique Ouest (Dulaquais and Boye, in

review).

Les budgets que nous avons établis indiquent qu’aucun domaine biogéochimique n’est
a I’état d’équilibre (XFlux #0). Cependant a 1’échelle du Bassin Atlantique Ouest, le budget
est équilibré (Dulaquais et al., 2014b). Ce résultat souligne 1’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 ['une des principales sources de DCo au Bassin
méditerranéen est ’apport au niveau du détroit de Gibraltar par I’entrée des Eaux Atlantique,
lesquelles sont enrichies en DCo par I’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 1’« Iberian Pyrite belt », particularité géologique du
Dévonien dont la teneur en cobalt est importante (Marcoux et al., 1996). Le lessivage et
I’exploitation miniére de ce systéme nourrissent ainsi indirectement les eaux de surfaces
M¢éditerranéennes en cobalt. Nous avons estimé que cet apport fournit une quantité importante
de DCo 4 la couche de surface (+ 70 pmol.1"). Ce DCo « préformé » est ensuite redistribué a

I’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 a une combinaison de plusieurs processus: i) une intensification de
I’oligotrophie induisant une diminution de 1’assimilation biologique du DCo, vers I’Est; ii)
une régénération du cobalt biogénique plus importante a 1’Est; iii) un dépot atmosphérique
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plus ¢élevé dans le Bassin Oriental qu’Occidental; iv) des apports par les marges plus intenses
dans 1'Est, en particulier pres de 1’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
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R*=0.92 , . . . .
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s i o@"é’ DCo réalisée dans ces travaux indique que le cobalt dissous
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Figure 6 : Soluble cobalt (DCo) versus observés avec la profondeur au-dessous du maximum de

dissolved cobalt (sCo) (a) in the surface North . ) )
Atlantic Ocean; (b) in the Mediterranean Sea.  chlorophylle suggeére une voie d’export de cobalt dissous de

(¢) sCo —P correlation observed in the North

Atlantic la couche de surface par agrégation et/ou adsorption des
colloides a la surface des particules sédimentantes. Les maxima relatifs de cCo enregistrés au
dessus du sédiment pourraient étre liés au relargage de Co”" issus de la diagénése du sédiment
de surface, et sa rapide complexation sous forme d’agrégats ou d’oxyde avec le Mn*" produit

aussi par diagénese.
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4) Apports atmosphériques

4.1 Développement de nouveaux modéles

L’apport atmosphérique est généralement considéré comme une source majeure des
¢léments traces a I’océan ouvert. Dans ces travaux, un effort important sur la quantification du
dépot de poussieres atmosphériques et des apports atmosphériques en cobalt a été apporté.
Nous avons proposé des améliorations du modele 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 a d’autres simulations basées sur
des mesures de terrain du dépdt atmosphérique (Figure 7). Notre optimisation qui a consisté a
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 modele pour estimer [’apport
atmosphérique a partir des concentrations particulaires en ¢léments traces dans les eaux de
surface. Ce nouveau modeéle DIPA (Dust Inferred by Particulate Aluminum seawater
concentration) permet non seulement d’estimer 1’apport atmosphérique « near real time »
(échelle du jour), mais aussi de déterminer 1’une des caractéristiques importantes de 1’aérosol,

sa composition en éléments traces.

Ces modeles ont été utilisés pour estimer les apports atmosphériques en poussiéres et

en cobalt en Atlantique Ouest (MADCOW-modified) et en Méditerranée (DIPA).

(a) (b)
4 WorldwideAverage dust deposition in g/m*/yr
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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
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4.2 Apport atmosphérique de cobalt dissous

Nos estimations montrent que I’apport atmosphérique en cobalt dissous dans les eaux
de surface varie de < 0.05 nmol.m™,j”' en Atlantique Sud-Ouest 4 plus de 9 nmol.m™.j”" 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 a 5 fois plus faible qu’en Méditerranée, ce qui est
¢galement reflété par les concentrations de DCo 4 a 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 I’apport atmosphérique de DCo pouvait varier

au sein d’un méme bassin (Chapitres 3-4-5).

Le dépot atmosphérique est une source de DCo dont I’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 a 1’échelle de la colonne d’eau ou de la
couche de surface par rapport a I’intensité¢ des processus biologiques, et qu’au contraire elle

peut se révéler importante a 1’échelle de la couche de mélange.

150

Nous avons estimé que [’apport Subsurface DCo [pM]

atmosphérique et la dissolution des aérosols

représentaient moins de 10% de I’inventaire de " oy &
DCo dans la couche de mélange de I’ Atlantique -
Sud, alors qu’ils compteraient jusqu’a 80% de
de celui du gyre subtropical de 1’Atlantique
Nord (Chapitre 4). En réalisant une compilation
des données de cobalt dissous actuellement
disponibles pour les eaux de surface (Figure 8),
I’influence des alizés transportant du matériel

Figure 8 : Actual surface avalaible UV-DCo

]ithogénique au nord de la convergence database. Orange arrows indicate natural dust input.
Red arrows indicate anthropogenic dust inputs.
intertropicale peut étre 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 propos¢ que ces especes résideraient principalement dans la couche de

mélange des zones présentant de forts apports en cobalt inorganique dissous Co”" (Dulaquais
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and Boye, in review). D’autre part, nous avons montré que I’apport atmosphérique pouvait
étre la source principale de cobalt inorganique en bassin ouvert, en dehors des zones
d’upwelling (Dulaquais and Boye, in review). Ainsi, nous suggérons que |’apport
atmosphérique de cobalt pourrait en partie controler I’abondance de Synechococcus en océan
ouvert. En effet, les forts apports atmosphériques que nous avons estimés dans le gyre
subtropical Nord Atlantique sont associés a des concentrations élevées en Co”" et 4 une
population importante de Synechococcus, et les faibles apports dans le gyre subtropical Sud
correspondent a des concentrations en Co”" extrémement faibles et a une faible abondance des
Synechococcus. En revanche, ces relations ne sont pas observées pour les cyanobactéries de
type Prochlorococcus dont 1’abondance est similaire dans les deux gyres subtropicaux
(Dulaquais and Boye, in review). La capacité des especes Prochlorococcus a assimiler du
cobalt organiquement lié¢ (Saito et al., 2002) pourrait favoriser leur croissance dans les régions

de faibles apports atmosphériques, pauvres en Co>" (Dulaquais and Boye, in review).

Les Synechococcus sont capables de synthétiser et de sécréter de grandes quantités de
vitamine Bj,, essentielle pour une majorit¢é d’eucaryotes (Bonnet et al.,, 2010). La
biodisponibilit¢ de la Bj,, dans les eaux pourrait contréler le taux de croissance et la
distribution spatiale de beaucoup d’eucaryotes en milieu marin (Sanudo-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
synthése de cette vitamine (Panceza et al., 2008). Ainsi, sur la base de ces travaux, nous avons
proposé que I’apport en Co”" par dissolution des aérosols dans la couche de surface pourrait
controler non seulement I’abondance des Symechococcus, mais également la diversité
écologique dans certains domaines biogéochimiques par un effet en cascade poussiére-Co>'-

Synechococcus-Bi,-eucaryotes (Figure 9 ; Dulaquais and Boye, in review).

Les concentrations en B, plus ¢élevées en Mer Méditerranée qu’en Atlantique
(Bertrand et al., 2013) sont associées a une abondance de Synechococcus plus élevées en
Meéditerranée qu’en Atlantique (Agawin et al., 1998 ; Agusti et al., 2004), et comme nous
I’avons vu, a 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, I’abondance des Synechococcus et la disponibilité en Bs.
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Figure 9: Conceptual schema of the possible interaction between the phytoplankton and the DCo
provide by dust dissolution

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 (hv, S, T°, P) et de 1’état d’oxygénation du milieu (O,
H,S), ainsi que des conditions écologiques. Ces dernicres sont-elles mémes dépendantes des

conditions biogéochimiques (nutritifs, O, hv, T°, S, P).

Dans cette représentation 0D, nous avons mis en évidence que les équilibres
thermodynamiques contrdlaient les interactions de phases dans un systéme marin réducteur a
forte pression, tel que dans les eaux profondes de la Mer Noire. En revanche, dans les eaux de
surface oxygénées de I’ Atlantique Ouest, ceux sont les processus biologiques qui contrdlaient
ces échanges. L’intensité de ces processus biologiques dépendait de 1’assemblage
phytoplanctonique (i.e., cyanobactéries vs diatomées). En Méditerranée, les interactions sont
contrdlées par les processus biologiques dans cette représentation 0D qui n’intégre pas de
source externe de cobalt. Cependant, le for¢age engendré par des apports externes intenses

augmente I’importance des interactions géochimiques dans le cycle de cet ¢lément.
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I’enfouissement sédimentaire.

5.3 Représentation 3D
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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

Dans une représentation spatiale en trois dimensions, 1’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 a des

distances de I’ordre de 10° km. La distribution a un endroit donné peut alors étre impactée par

des processus biogéochimiques ayant eu lieu dans d’autres domaines apres transport méso-

¢chelle (tourbillons) a travers les fronts, ou grande échelle (circulation générale) a travers les
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bassins. Nos travaux ont mis en évidence que 1’é¢tude du cycle biogéochimique du cobalt en
milieu marin ne peut étre détachée de la dynamique et de la circulation océanique (vision 3D),

a I’exception des eaux profondes de la Mer Noire.

Grace a 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 a
des processus de scavenging (1D) mais résulterait de I’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 suggerent aussi de
considérer les Eaux Intermédiaires Atlantiques
comme une source majeure de DCo pour
I’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 a travers

I’ensemble du Bassin Atlantique. Les tourbillons

assurent également un apport de DCo depuis ces

Figure 12: Distribution of dissolved cobalt in the Atlantic eaux enrlchles vers la Couche de Surface par
Ocean. Including data from Bown et al., 2011; Noble et al.,

2012; Dulaquais et al., 2014 ; Lohan Laboratory (unpublished) gdvection et diffusion verticale (Dulaquais et al.,
and Saito laboratory (unpublished). Plot generated by Reiner

Schlitzer 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

Depth (m)

40°N; 45°W 46°N; 15°W
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Nos travaux soulignent également la capacité d’un processus local du cycle du cobalt a
impacter sa distribution a grande échelle. Le profil de type scavengé du DCo observé dans
I’ensemble du Bassin Méditerranéen (grande échelle) en est un exemple puisqu’il résulte en
partie du lessivage de I’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 & 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 I’ensemble des parametres biologiques (taxonomie,
production primaire), géochimiques (spéciation, cinétique, composition multi-¢lémentaire,
diagénese) et physiques (export, diffusivité, advection) combinée a des études expérimentales
des processus (dissolution, adsorption, assimilation biologique, régénération) permettrait

d’améliorer notre compréhension du cycle de cet ¢lément.

Un effort particulier devrait étre port¢ a I’étude de la spéciation organique dans
I’ensemble du spectre de taille du cobalt pour mieux comprendre les interactions du cobalt
avec les espéces 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 (matiére
organique, minéral, anthropogénique). Elles permettraient ainsi de progresser sur la

caractérisation des sources et des puits de cobalt dans 1’océan.

Ces ¢études complémentaires sont indispensables pour la conception d’un modéle
biogéochimique océanique tridimensionnel qui intégrerait 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 phénomenes locaux et de grande échelle dont les effets peuvent
étre directs et indirects. Dans ce sens, le cycle du cobalt en milieu marin semble destiné a étre
perturbé en raison des changements environnementaux locaux (pressions anthropogéniques)

ou de grande échelle (modification de la Meridional Overturning Circulation).
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Annexe 1: Supplément au chapitre 3
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HOW TO CONSTRAIN THE BIOGEOCHEMICAL CYCLE OF COBALT IN THE
SURFACE WESTERN ATLANTIC OCEAN?

Gabriel Dulaquais
Laboratoire des Sciences de I'Environnement Marin UMR6539, Institut Universitaire Européen de la Mer,
Technopodle Brest Iroise, Place Nicolas Copernic, 29280 Plouzané, France

Marie Boye
Laboratoire des Sciences de I'Environnement Marin UMR6539, Institut Universitaire Européen de la Mer,
Technopodle Brest Iroise, Place Nicolas Copernic, 29280 Plouzané, France

Rob Middag

Department of Marine Chemistry and Geology, Royal Netherlands Institute for Sea Research, P.O. Box 59, 1790
AB Den Burg, The Netherlands

Now at Department of Chemistry, University of Otago, P.O. Box 56, Dunedin 9054, New Zealand

Stephanie Owens
Woods Hole Oceanographic Institution, Woods Hole, MA 02543-1050, USA

Viena Puigcorbé
Institut de Ciencia i Tecnologia Ambientals & Department of Physics, Univertsitat Atonoma de Barcelona,
08193 Bellaterra, Spain

Ken Buesseler
Woods Hole Oceanographic Institution, Woods Hole, MA 02543-1050, USA

Pere Masqué
Institut de Ciencia i Tecnologia Ambientals & Department of Physics, Univertsitat Atonoma de Barcelona,
08193 Bellaterra, Spain

Hein de Baar
Department of Marine Chemistry and Geology, Royal Netherlands Institute for Sea Research, P.O. Box 59, 1790
AB Den Burg, The Netherlands

Xavier Carton
Laboratoire de Physique des Océans, Université de Bretagne Occidentale - UFR Sciences, 6 avenue Le Gorgeu,
C.S. 93837, 29238 Brest Cedex 3, France

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/m?/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'z.year'l) =DAl *z* M Al * (Ab. Al * S Al * t Al)!  Equation 1
T Al =DAI * z * (Scav. Al)"! 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™.yr" is attributed to lateral
advection using DAI gradient between 40°S and 50°S (Gradapes—socs DAl = 4 10" mol.m™
> m™), an advection of 30cm.s™ in this area for the upper 100 meters [ Vivier and Provost,
1999] and an area of 0.5 10" m™

Parameters:

DAI : mean concentration of dissolved aluminium measured in the mixed layer (in mol.m™;
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'l)

Ab. Al : crustal abundance of aluminium (0.077 g.g”'; Rudnick and Gao [2003])

S Al : solubility of aluminium from dust (3 to 15% Baker et al. [2013]; supplement 2)

T 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™.year™ ; 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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PAIL: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
FCoyum.. = Dust deposition rate * [Co]gust Equation 4
F SCo=FCoum * S Co Equation 5

Parameters:

[Co]qust : mean concentration of cobalt reported in aerosols of the West Atlantic (in g.g’1;17
10°-170 10° g.g'; [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.];
suppelement?2)

FCoyum. : Atmospheric deposition flux of cobalt calculated using Equation 4 (in mol.m2.d’!
using the molar mass of Co (59 g.mol™) 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™.d™";
supplement 2)

Table S1: Parameterization and output of modified MADCOW model.

Latitude longitude D Al z S ill) Al:POC FPOC DZL F Dust Eiizl S F Co F SCo

(°N) (°E) mM) (m) Al (@/e) (mmol/mol) (mmol/m?*d) (yr) (g/m?/yr) (ng/e) Co (nmol/m?*d) (nmol/m?d)
64.00 -34.25 544 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 .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 -45.73 421 35 0.15 0.08 2 2 0.67 0.56 170 0.15 4.45 0.67
49.72 -42.45 241 45 0.15 0.08 2 0.33 0.85 170 0.15 6.67 1
47.80 -39.40 1033 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 -42.53 429 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 1581 18 0.14 0.08 2.14 3.7 0.7 1.12 170 0.14 8.81 1.23
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Figure S1: Comparison of dust deposition in the Atlantic between this study and other

published models. Dashed line indicates theGAO02 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 theGAO02 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

Consensus DCo

Sample DCo measured Value

SAFe D2 45.0+£ 1.9 (n=25) 457+2.9

SAFe D1 414+£2.1 (n=25) 454 +4.7
GEOTRACES S 33.1+3.2 (n=25) 31.8+1.1
GEOTRACES D 67.1 £4.3 (n=25) 652+1.2

Table 2: Analytical performance of SF-ICP-MS measurements for particulate trace elements

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 21543 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 0.21 250
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 : I’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 I'atome central de la cobalamine (vitamine B12), le cobalt est aussi indirectement e ssentiel 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, I'enzyme permettant la fixation du dioxyde de carbone dans la cellule phytoplanctonique. Il pourrait intervenir également dans
I'activation de I'alcaline phosphatase. De part ses implications biologiques, le cobalt pourrait jouer un réle 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 thése 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, 'un des plus larges jeux de données, rapporté a 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 prélévement a haute résolution et a grande échelle a été mise en place dans diverses
régions océaniques du monde lors de campagnes a la mer. Ainsi pour la premiére fois, une cartographie du cobalt dissous (DCo) et
particulaire (PCo) a pu étre définie pour 'ensemble de I'Atlantique Ouest, ainsi que des bassins Méditerranéens et de la Mer Noire.

Ce jeu de données a pu étre produit par I'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 I'eau de mer a des concentrations de 'ordre du pico-molaire (10-12 M). Le cobalt est en effet 'un des micro-nutritifs le moins
abondant dans I'eau de mer.

Les concentrations les plus faibles en DCo ont été observées dans les eaux oligotrophes de I'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 systemes biogéochimiques. Ainsi, le profil vertical est de type nutritif comme les phosphates dans les
eaux de surface de I'océan Atlantique. Les concentrations y augmentent avec la profondeur, jusqu’a un maximum relatif dans les eaux
intermédiaires, puis décroissent dans I'océan profond. Ce comportement contraste avec le profil observé pour I'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
extrémement élevées par comparaison aux autres systémes marins.

L’étude approfondie de I'ensemble de ces résultats a mis en évidence I'importance de la circulation a 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 matiére particulaire est
une source importante de DCo dans les eaux de minimum d’oxygéne de I'Atlantique Ouest impactant ainsi sa distribution. Cependant, la
minéralisation n’est pas significative en Mer Méditerranée. Dans le bassin Méditerranéen, I'apport sédimentaire identifié par des traceurs
lithogéniques, est une source importante en DCo et en PCo. Les processus d’adsorption/désorption a la surface des oxydes de
manganese et de fer pourraient contréler 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 a I'échelle d’un océan. Ainsi, 'ensemble des flux du cycle biogéochimique du cobalt dissous et particulaire a été paramétré dans
les eaux de surface de I'Atlantique Ouest. Ce budget met en évidence des cycles contrastés entre les domaines biogéochimiques, et
souligne I'importance de I'assimilation biologique du cobalt dans les zones oligotrophes. Dans ces zones ou les cyanobactéries sont
abondantes, le processus de régénération du cobalt soutiendrait le besoin absolu en cobalt de ces especes.

Lors de ces travaux, un effort particulier a été apporté sur la quantification des apports externes en cobalt (atmospheére, riviere) le
long de I'Atlantique Ouest et en Mer Méditerranée par le développement de modéles. Ainsi, les implications biogéochimiques des apports
atmosphériques ont été estimées en Atlantique Ouest. Elles suggerent un possible effet cascade entre I'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 a 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.



