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I. Introduction générale 

1 Nutriments dans l’océan de surface 

1.1 Rôle des nutriments pour le phytoplancton  

Le phytoplancton a besoin pour sa croissance d’une quantité suffisante de lumière, d’une 

certaine température et de différents nutriments. Les nutriments peuvent être classés en deux 

catégories en fonction des besoins nutritionnels du phytoplancton.  

Ainsi les macronutriments sont généralement présents en plus grande quantité dans l’océan 

de surface (de l’ordre de grandeur du µmol.L-1 = 10-6 mol.L-1) que les micronutriments avec 

des gammes de concentration de 0-60 µmol.L-1 Si(OH)4, 0-25 µmol.L-1 NO3
- et  

0-2.5 µmol.L-1 PO4
3- (World Ocean Atlas, 2018 ; Boyer et al., 2018), respectivement pour les 

silicates, nitrates et phosphates. Les macronutriments sont nécessaires au phytoplancton pour 

le fonctionnement de base de leurs cellules. Ainsi, l’azote (N) est par exemple indispensable à 

la synthèse d’acides aminés constituants des protéines, qui assurent un rôle primordial dans la 

structure, la régulation et la communication cellulaire. Le phosphore (P) est utilisé par les 

cellules entre autres pour former des acides nucléiques (ADN, ARN) et des ribosomes, et joue 

donc un rôle considérable dans la division cellulaire et dans le cycle énergétique (via la 

synthèse ATP/ADP). Enfin, le carbone (C) est un constituant important des lipides nécessaire 

pour les membranes cellulaires, mais il est également l’élément structurel de toutes les 

molécules organiques synthétisées par le phytoplancton. Finalement, le silicium (Si) est requis 

par les diatomées pour la production de leurs frustules en opale (SiO2) ainsi que pour les 

silicoflagellés (Tréguer and Pondaven, 2000).  

L’océanographe américain Alfred Redfield a établi en 1934 un ratio stœchiométrique des 

besoins physiologiques entre ces différents nutriments au sein des cellules phytoplanctoniques 

qui reste remarquablement constant entre espèces et bassins océanographiques à  

106 C : 16 N : 1 P, c’est-à-dire que pour un atome de P, on trouvera en moyenne 16 atomes de 

N et 106 de C au sein d’une cellule phytoplanctonique. Ce rapport a plus tard été étendu pour 

le Si par Marc Brzezinski (1985) avec 1 N : 1 Si pour les diatomées, puis pour d’autres 

éléments chimiques tout aussi nécessaires au phytoplancton, mais sous forme de traces, 

appelés micronutriments. La concentration cellulaire de ces éléments est environ mille fois 

inférieure comparé aux macronutriments et le rapport stœchiométrique est souvent  
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exprimé en mmol.mol-1 de P (Twining and Baines, 2013) puisque P est le macronutriment le 

moins abondant. Ce ratio de Redfield étendu peut varier en fonction des espèces et bassins 

océaniques, mais peut s’exprimer ainsi : (C124N16P1)x1000Fe7.5Mn4Zn0.80Cu0.38Co0.21Cd0.21  

(Ho et al., 2003). 

 

Tableau I-1: Fonctions cellulaires et besoins en métaux traces pour la synthèse de nombreuses 

métalloprotéines par le phytoplancton. Tableau adapté de Twining and Baines (2013). 

 Protéines Fonctions 

Fe Cytochromes Transport d’électrons dans la chaîne photosynthétique ; respiration 

 Ferrédoxine Transport d’électrons dans la chaîne photosynthétique ; fixation de N 

 Nitrate et nitrite réductase Conversion du nitrate en ammoniac 

 Chélatase Synthèse de la porphyrine et phycobiliprotéine 

 Nitrogénase Fixation de N 

 Catalase Conversion du peroxyde d’hydrogène en eau 

 Péroxydase Réduction d’espèces réactives de l’oxygène 

 Superoxyde dismutase Dismutation de superoxydes en peroxyde d’hydrogène et O2 

Zn Anhydrase carbonique Réaction d’hydratation et déshydratation du CO2 

 Phosphatase alcaline  Hydrolyse des esters de phosphate 

 ARN polymérase Réplication et transcription des acides nucléiques 

 ARNt synthétase Synthèse des ARNt 

 Transcriptase inverse Synthèse d’ADN simple brin à partir d’ARN 

 Carboxypeptidase Hydrolyse des liaisons peptidiques  

 Superoxyde dismutase Dismutation de superoxydes en peroxyde d’hydrogène et O2 

Mn Complexe d’oxydation de l’eau Oxydation de l’eau durant la photosynthèse 

 Superoxyde dismutase Dismutation de superoxydes en peroxyde d’hydrogène et O2 

 Arginase Hydrolyse de l’arginine en ornithine et urée 

 Phosphotransférases Réactions de phosphorylation 

Ni Uréase Hydrolyse de l’urée 

 Superoxyde dismutase Dismutation de superoxydes en peroxyde d’hydrogène et O2 

Cu Plastocyanine Transporteur d’électrons de la photosynthèse 

 Cytochrome oxydase Transporteur d’électrons de la mitochondrie 

 Ascorbate oxydase Oxydation et réduction de l’acide ascorbique 

 Superoxyde dismutase Dismutation de superoxydes en peroxyde d’hydrogène et O2 

 Ferroxidase multicuivre Transporteur transmembranaire de haute affinité du Fe 

Co Vitamine B12
a Réactions de transferts de C et H 

Cd Anhydrase carbonique Réaction d’hydratation et déshydratation du CO2 

Mo Nitrate réductase Conversion du nitrate en ammoniac 

 Nitrogénase Fixation de N 
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Similairement au fait d’être requis en faibles quantités par le phytoplancton, les 

micronutriments se trouvent dans l’eau de mer sous forme de traces, malgré une 

concentration élevée dans les roches et sols. Mais leur très faible solubilité limite leur 

concentration de l’ordre du pmol.L-1-nmol.L-1 (10-12-10-9 mol.L-1). Le Tableau I-1 issu des 

travaux de Twining and Baines (2013) regroupe les fonctions cellulaires du phytoplancton 

dans lesquelles interviennent différents métaux traces. Ainsi, le fer (Fe) est requis par les 

cellules pour le transport d’électrons au sein de l’appareil photosynthétique, ainsi que pour 

optimiser le rendement quantique net de la photosynthèse (Moore et al., 2007a). D’autres 

éléments traces comme le zinc (Zn) interviennent dans la régulation de l’expression génique 

(transcription, traduction) ou sont des cofacteurs dans plusieurs enzymes (Twining and 

Baines, 2013). Il est à noter qu’il existe de nombreuses adaptations du phytoplancton à un 

environnement carencé, comme certaines diatomées polaires habituées à des conditions 

pauvres en fer qui synthétisent la plastocyanone (Cu-enzyme) à la place du cytochrome c6 

(Fe-enzyme) qui joue le même rôle dans le photosystème II (Peers and Price, 2006). Ainsi ces 

diatomées ont des besoins nutritionnels plus faibles en Fe.  

Un autre mécanisme mis en évidence chez certaines espèces de phytoplancton est la 

substitution d’un métal par un autre au sein d’une même protéine: le cobalt (Co) et le 

cadmium (Cd) peuvent ainsi remplacer le Zn dans l’anhydrase carbonique des diatomées 

(Price and Morel, 1990). D’un autre côté, la limitation d’un élément et 

l’adaptation/acclimatation à la carence peut aussi influencer les besoins du 

phytoplancton pour d’autres éléments, par exemple un contenu intracellulaire augmenté en 

Zn, Co et Cd en conditions de limitation en P ou des besoins accrus en Fe dans le cadre de la 

diazotrophie (fixation de N2) puisque la nitrogénase est une enzyme riche en Fe (Kustka et al., 

2003). Ainsi l’importance de la disponibilité de micronutriments devient évidente pour le 

développement des cellules phytoplanctoniques.   

1.2 Distribution des nutriments dans l’océan   

La distribution des nutriments dans l’océan suit plusieurs gradients marqués. En effet, la 

concentration de macro- et micronutriments dans l’océan de surface est marquée par 

l’interface continent – océan avec de plus fortes concentrations dans l’océan côtier comparé 

à l’océan hauturier (Chester and Jickells, 2012). Ce gradient est initié par un apport de 

nutriments plus important dans le domaine côtier, que ce soit par voie fluviale, par 

resuspension de sédiments ou par un apport atmosphérique. De plus, la consommation 
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des nutriments dans la couche euphotique dans laquelle évolue le phytoplancton cause un 

gradient vertical caractéristique de la distribution des nutriments, qui est appauvri en surface 

du fait du prélèvement par les organismes photo-autotrophes (uptake) et enrichi en profondeur 

du fait de la reminéralisation de la matière organique par les organismes hétérotrophes 

(Nozaki, 2001). Finalement, il existe d’importants gradients horizontaux découpant l’océan 

mondial en différentes régions aux conditions biogéochimiques variées et à l’origine des 

provinces biogéographiques avec des communautés de faune et flore spécifiques (Longhurst, 

2007). Par exemple, l’Océan Austral, en surface, est riche en macronutriments (N, P, Si), mais 

appauvri en micronutriments et notamment en Fe, empêchant la prolifération algale (Blain et 

al., 2008b; Boyd and Ellwood, 2010). Cette zone est communément appelée HNLC pour High 

Nutrients-Low Chlorophyll, mais des régions avec d’autres carences régionales existent, 

comme les gyres subtropicaux tels que l’Océan Indien tropical oligotrophe, avec une faible 

teneur en macronutriments N et P, induisant une faible biomasse phytoplanctonique, appelée 

zone LNLC pour Low Nutrients-Low Chlorophyll.  

1.3 Mesure des nutriments 

Pour élaborer une cartographie des concentrations nutritives de l’océan de surface et en 

profondeur, des échantillonnages en mer ont été effectués depuis des décennies. Si les teneurs 

en macronutriments sont aujourd’hui bien étudiées, les données concernant les 

micronutriments restent encore peu exhaustives du fait des limitations techniques liées à leur 

faible concentration. De plus, la mesure de ces métaux se complique par l’omniprésence de 

contaminants métalliques sur les navires océanographiques en acier avec des engins rouillés. 

Afin d’éviter les contaminations en métaux de la part des navires et des systèmes de 

prélèvements lors des échantillonnages en mer, des conditions spécifiques d’échantillonnage 

et de mesure doivent donc être utilisées. Ainsi l’eau n’est pas récoltée avec des bouteilles de 

prélèvement Niskin standard, mais avec des engins plus adaptés, nommés « ultra-propres » ou 

« trace metal clean » comme les bouteilles Go-Flo® s’ouvrant seulement après immersion, ou 

des structures en titane au lieu du fer, montés sur des câbles Kevlar pour éviter toute 

contamination (e.g. Bruland et al., 1979; Cutter et al., 2017). De plus, la présence de salles 

blanches à air filtré et surpressurisé ou des hottes à flux laminaire embarquées sur les navires 

est également nécessaire pour l’échantillonnage et la filtration de l’eau.  

  



Introduction générale 

19 

2 Rôle des aérosols  

Comme vu précédemment, les nutriments de surface peuvent avoir des origines différentes, 

dont les apports fluviaux, les aérosols, les sédiments marins, les remontées d’eau (upwellings, 

mélange hivernal), les sources hydrothermales ou encore les débris apportés par la glace 

(Mahowald et al., 2018; ainsi que les auteurs cités). Dans la suite de ce manuscrit, nous allons 

nous focaliser sur l’apport de nutriments par voie atmosphérique, qui représente une 

source significative de nutriments dits ‘nouveaux’ à des zones de l’océan hauturier en surface 

(Chester and Jickells, 2012). 

2.1 Différents types d’aérosols 

Un aérosol est défini comme une particule solide (comme une poussière) ou liquide (comme 

une goutte de pluie) en suspension dans un milieu gazeux (comme l’air). Il existe différents 

types d’aérosols dans l’atmosphère marine, dont les aérosols dits ‘primaires’ qui arrivent dans 

l’atmosphère sous forme solide, mais aussi les embruns marins (de Leeuw et al., 2014); ou les 

aérosols ‘secondaires’ formés au sein de l’atmosphère, comme les aérosols issus de 

précurseurs gazeux comme le diméthylsulfure (DMS) émis par le phytoplancton. Dans ce 

manuscrit, on s’intéressera aux aérosols primaires naturels venus des continents telles les 

poussières désertiques et les cendres volcaniques, mais il existe également des aérosols 

primaires anthropiques issus de la pollution ou de feux de forêt qui ne seront pas traités dans 

cette étude; le flux de masse des aérosols naturels se déposant à l’océan de surface étant 

beaucoup plus élevé que celui des aérosols anthropiques.   

2.2 Répartition globale des régions sources 

Les aérosols désertiques proviennent de l’érosion des zones arides et semi-arides, 

principalement du Sahara qui est responsable de 58 % de la masse totale émise, suivi de 

l’Asie centrale émettant 19 % (Figure I-1). L’Australie et l’Amérique du Sud émettent des 

quantités relativement faibles à l’échelle globale (respectivement 6 et 2 % de l’émission 

totale), mais représentent la source d’aérosols dominante dans l’Océan Austral (Mahowald et 

al., 2009) qui sera traitée dans les Chapitres V et VI de ce manuscrit.   
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Figure I-1: Carte du monde montrant les régions sources majeures de poussières désertiques (formes 

orange), ainsi que les directions de transport (flèches noires). Plus une source émet de la matière, plus 

la coloration est intense : Sahara (58 %), Asie centrale (19 %), Péninsule arabique (12 %), Australie (6 

%), Afrique du Sud (3 %), Amérique du Sud (2 %) et Amérique du Nord (0.1 %). Figure issue de 

Jickells and Moore (2015). 

 

Tout comme les poussières désertiques, l’émission de cendres volcaniques se fait également 

de manière hétérogène sur notre planète. En effet, la majeure partie des volcans actifs se situe 

au niveau de la ceinture de feu du Pacifique (Figure I-2). Cette concentration géographique est 

due à la subduction de plusieurs plaques océaniques dans cette vaste région de part et d’autre 

de l’Océan Pacifique. Plusieurs volcans hot-spots (Figure I-2) s’ajoutent au volcanisme de 

subduction dans cette zone. On enregistre 50 à 60 éruptions par an et plus de 1300 éruptions 

durant les derniers 10 ka (ka = kilo années = mille ans) au sein de cette zone de haute activité 

volcanique (Olgun et al., 2011 et auteurs cités). On notera par exemple 60 éruptions détectées 

durant l’année 2020, selon le Global Volcanism Program (Smithsonian Institution, 

https://volcano.si.edu/).  

Finalement, les autres types d’aérosols qui ne seront pas traités dans ce manuscrit suivent 

également des répartitions géographiques spécifiques, avec par exemple une plus grande 

proportion d’aérosols anthropiques industriels (Pacyna and Pacyna, 2001) dans l’hémisphère 

Nord (Baker et al., 2010; Baker and Jickells, 2017) et plus d’embruns marins dans 

l’hémisphère Sud.  

 

https://volcano.si.edu/
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Figure I-2: Carte du monde montrant la position des volcans actifs, concentrés au niveau de la 

ceinture de feu du Pacifique, avec le volcanisme de subduction (triangles gris) et les hot-spots 

(triangles blancs). Les volcans dont la cendre est utilisée dans cette étude sont représentés en violet. 

Figure adaptée de Olgun et al. (2011), basée sur les travaux de Sigurdsson et al. (2000). 

 

2.3 Flux d’émission  

La masse totale de poussières désertiques émises dans l’atmosphère est estimée à  

1490-1814 Tg.an-1 (1 Tg= téragramme = 1012 g soit 1.5-1.8 1015 g.an-1) (Mahowald et al., 

2005) dont en moyenne un quart (24±3 %) est déposé à l’océan de surface.  

L’émission de cendres volcaniques a été estimée à ~176-256 Tg.an-1 pour des particules fines 

(< 63 µm de diamètre) (Durant et al., 2010), mais d’autres émissions volcaniques existent, 

comme les particules grossières (> 63 µm, estimés à ~30 Tg.an-1), les sulfates et gaz 

volcaniques (~10-20 Tg.an-1) (Hobbs et al., 2000). Olgun et al. (2011) estiment l’émission 

millénale de cendres aéroportées issues du volcanisme Pacifique à 239–311 Pg.ka-1 (1 Pg = 

pétagramme = 1015 g soit 2.4-3.1 1014 g.an-1). Ainsi, l’émission volcanique est un ordre de 

grandeur inférieur comparé aux poussières désertiques, mais la variabilité interannuelle des 

émissions volcaniques peut être très forte, limitant la pertinence d’un calcul d’une moyenne 

annuelle. 
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2.4 Parcours à travers l’atmosphère 

Avant de se déposer sur le continent ou l’océan, les aérosols peuvent parcourir des milliers de 

kilomètres dans l’atmosphère (Ayris and Delmelle, 2012; Jickells et al., 2005). Durant ce 

voyage de quelques jours à travers la troposphère, ils sont soumis à des conditions qui vont 

modifier leur composition à différents niveaux décrits ci-après.  

 

2.4.1 Altération physico-chimique 

Les aérosols naturels sont constitués d’un mélange variable de minéraux qui possèdent des 

comportements de solubilité qui leur sont propres. Ainsi, les minéraux calcaires (limestones) 

qui peuvent être un composant important au sein des aérosols (jusqu’à 34 % pour les aérosols 

de cette thèse, voir Chapitre II, Table II-3) ont une solubilité forte et rapide alors que des 

(hydr)oxides avec une structure élémentaire plus stable vont être moins soumis à l’altération. 

C’est pour cela que la composition des aérosols sera vraisemblablement modifiée durant le 

trajet dans l’atmosphère, en s’allégeant de ses composants les plus labiles (Desboeufs et al., 

2014) ou en modifiant la solubilité (Desboeufs et al., 2001). De plus, le contact avec des 

masses d’air ou des aérosols pollués peut également impliquer une modification de la 

composition des aérosols, notamment en ajoutant une couche de surface fortement soluble 

(coating issu de la pollution) (Solmon et al., 2009).   

 

2.4.2 Tri granulométrique des aérosols en fonction de la distance à la source 

La taille des aérosols peut varier de quelques nanomètres à des centaines de micromètres  

(10-9-10-4 mètres) (de Leeuw et al., 2014) ce qui impacte leur temps de résidence au sein de 

l’atmosphère (de quelques heures à plusieurs semaines), avec les grosses particules qui 

sédimentent rapidement dans la colonne d’air proche de leur source et les petites particules 

qui voyagent plus longtemps et plus loin. Ainsi, en s’éloignant de la région source, on observe 

une évolution de la distribution de taille des particules en faveur des petites particules 

(Mahowald et al., 2014; Scanza et al., 2018). Cette diminution de la taille des particules induit 

une augmentation de la surface d’échange (specific surface area = SSA), ce qui aura, nous le 

verrons dans les chapitres II pour Si et III pour Fe, également des implications sur la solubilité 

des nutriments. 
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3 Flux d’aérosols déposés sur l’océan de surface 

3.1 Modes de dépôt  

En fonction de l’origine et de la taille, les aérosols se déposent via différents mécanismes. 

Ainsi, les poussières désertiques de petite taille avec un faible poids quittent l’atmosphère 

majoritairement après être entrées en contact avec de l’eau atmosphérique, c’est-à-dire sous 

forme de dépôt humide au sein d’une pluie (Bergametti and Forêt, 2014). D’un autre côté, les 

particules plus grandes, comme la majeure partie des cendres volcaniques, quittent 

l’atmosphère sous forme de dépôt sec sous l’effet de la gravité ou de dépôt turbulent.  

Le mode de dépôt est intimement lié à la localisation géographique et ses particularités 

climatiques et météorologiques. Globalement, le dépôt humide est considéré majoritaire pour 

les poussières désertiques (Richon et al., 2018), mais des particularités locales ont été 

démontrées : ainsi les deux modes de dépôt des aérosols désertiques coexistent équitablement 

en Méditerranée orientale (Kubilay et al., 2000), alors que le dépôt humide prédomine dans la 

partie occidentale (Guerzoni et al., 1997). Dans l’Océan Austral, la proportion de dépôt 

humide a été estimée à 75-90 % (Li et al., 2008). 

Enfin, Jickells and Spokes (2001) indiquent que 70 % des dépôts de cendres volcaniques se 

déposent par dépôt sec au niveau de l’océan Pacifique. De même, Langmann et al. (2010a) 

considèrent 23 % du dépôt suite à l’éruption du Kasatochi dans le Pacifique Nord sous forme 

de dépôt humide, et distinguent entre 70 % de sédimentation gravitationnelle proche de la 

source et 7 % de dépôt sec distal. Dans le cadre de cette étude, nous ne faisons pas la 

différence entre dépôt sec et sédimentation.    

Il est important de comprendre les particularités et d’estimer les proportions du mode de 

dépôt, puisque ce dernier aura un impact significatif sur les paramètres chimiques de 

dissolution des nutriments (cette question sera abordée dans le Chapitre VI). En effet, le pH 

du milieu aqueux de premier contact varie, avec un pH acide pour l’eau de pluie naturelle ou 

anthropisée et basique pour l’eau de mer (respectivement 4.7, <4 et 8.1 en moyenne).  

3.2 Flux de dépôt vers l’océan 

3.2.1 Flux globaux 

L’estimation des flux de dépôt est effectuée via différentes méthodologies, comme des 

observations satellites, des données issues de modèles (Jickells et al., 2005 ainsi que les 

auteurs cités), ou encore des mesures directes in situ dans une zone d’étude suivie d’une 
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extrapolation à grande échelle. Comme présenté précédemment, il est estimé qu’un quart des 

1490-1814 Tg.an-1 de poussières émises se dépose à la surface de l’océan mondial (Mahowald 

et al., 2005). Ces ~450 Tg.an-1 sont distribués de manière hétérogène sur les différents bassins 

océaniques, puisque 46 % du dépôt global s’effectue en Atlantique Nord (Figure I-3a ; 

Tableau I-2) alors que l’Atlantique Sud ne reçoit que 4 % (Mahowald et al., 2005 et Tableau 

I-2). De même, le dépôt dans l’Océan Pacifique est aussi plus marqué dans l’hémisphère Nord 

comparé à l’hémisphère Sud, puisque les zones sources d’émission d’aérosols désertiques se 

situent majoritairement dans l’hémisphère Nord. Les océans Indien et Austral reçoivent 

respectivement 26 % et 2.3 % des dépôts globaux.  

 

Figure I-3: Cartes montrant (a) les flux moyens de poussières désertiques déposés sur l’océan mondial 

(g.m-2.an-1), figure issue de Jickells et al. (2005) et (b) les sources dominantes de dépôt des poussières 

désertiques sur terre ou mer, figure issue de Mahowald et al. (2009).  
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L’origine majoritaire varie en fonction du bassin : ainsi l’Atlantique Nord reçoit 

majoritairement un dépôt saharien (Figure I-3b issue de Mahowald et al., 2009), alors que 

l’Atlantique Sud est plus soumis aux poussières de l’Amérique Latine et de l’Afrique du Sud. 

Il est à noter que ces valeurs moyennes ne correspondent pas à la réalité d’un événement de 

dépôt spécifique, puisque la quantité annuelle totale peut être déposée en seulement quelques 

évènements importants de tempêtes de poussières (Vincent et al., 2016). 

 

Tableau I-2: Estimations à partir de la littérature des dépôts d’aérosols à l’océan 

Dépôt estimé, Tg.an-1 

(106 tonnes.an-1) 

Pacifique Atlantique 
Indien Austral Global 

Nord Sud Nord Sud 

Poussières désertiques 72 (a) 29 (a) 202 (a) 17 (a) 118 (a) 10.3 (b) 450 (b) 

Cendres volcaniques 128-221(c)      

(a) Mahowald et al. (2005) ; (b) Jickells et al. (2005) ; (c) Olgun et al. (2011). 

 

 

Le dépôt de cendres est beaucoup moins bien caractérisé à l’échelle globale, notamment car 

les flux volcaniques sont beaucoup plus irréguliers dans le temps et souvent plus localisés à 

proximité du volcan en question. Dans leur étude, Olgun et al. (2011) estiment le dépôt de 

cendres à 128-221 Pg.ka-1 pour l’Océan Pacifique (correspondant à 128-221 Tg.an-1 en 

supposant une teneur constante avec le temps (Global Volcanism Program, Smithsonian 

Institution, https://volcano.si.edu/). Par son dynamisme en termes de volcanisme, le bassin 

Pacifique reçoit la majorité des cendres volcaniques. Olgun et al. (2011) se sont basés sur des 

estimations géologiques de flux millénaires pour établir leur calcul et trouvent que 64±8 % 

des cendres issues du volcanisme à subduction sont déposées en pleine mer, prenant en 

compte les directions du vent ainsi que la proximité des volcans à l’océan. La Figure I-4 

montre la probabilité d’un dépôt de cendres à l’échelle mondiale, et on aperçoit que la forte 

probabilité est concentrée au niveau de l’anneau de feu du Pacifique.  

 

https://volcano.si.edu/
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Figure I-4: Probabilité de dépôt de cendres volcaniques au-dessus de l’océan, avec distinction entre 

forte (vert clair) et faible (vert foncé) probabilité. Ces zones ont été estimées en fonction de la 

localisation de volcans historiquement actifs, de la direction du vent et de la proportion de téphra dans 

des sédiments marins du Quaternaire. Figure issue de Olgun et al. (2011) et basée sur les travaux de 

Straub and Schmincke (1998). 

 

3.2.2 Flux d’aérosols vers l’Océan Austral  

Les Chapitres V et VI de ce manuscrit s’intéressent à un dépôt représentatif d’une poussière 

désertique et d’une cendre volcanique sur différentes régions biogéochimiques de l’Océan 

Indien Sud (LNLC) et la partie Indienne de l’Océan Austral (HNLC). Dans cette section, nous 

comparons les rares données de la littérature existantes sur les ordres de grandeur de dépôt 

dans cette zone. 

3.2.2.1 Flux de dépôt de poussières désertiques dans l’Océan Austral   

Le dépôt de poussières Patagoniennes a été démontré sur l’Océan Austral et l’Antarctique 

(Erickson et al., 2003; Gassó and Torres, 2019), mais les observations d’évènements 

d’émission restent rares à cause de l’importante couverture nuageuse limitant leur détection 

par satellite (Johnson et al., 2011). De plus, la charge atmosphérique d’aérosols est en général 

faible dans l’hémisphère sud qui est plus maritime et en particulier au niveau de l’Océan 

Austral (Chester and Jickells, 2012). Le flux de dépôt atmosphérique dans notre zone d’étude 

a été estimé à moins de 200 mg.m-2.an-1 pour l’Océan Austral (Jickells et al., 2005) et  

60-325 mg.m-2.an-1 pour la partie centrale du gyre subtropical de l’Océan Indien (Grand et al., 

2015b).  
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De plus, un flux moyen annuel total de dépôt de poussières désertiques vers le secteur Indien 

de l’Océan Austral (au sud de 50° S) a été estimé à 1.11 Tg.an-1 (Li et al., 2008), en supposant 

une contribution à hauteur de 60 % d’origine Amérique du Sud et 20 % d’Australie.  

 

 

Figure I-5: Dépôt moyen annuel de poussières (kg.m-2.s-1) sur l’Océan Austral et en Antarctique 

venant de quatre sources individuelles : (a) Amérique du Sud (SAM) ; (b) Australie (AUS) ; (c) 

Afrique du Sud (SAF) et (d) l’hémisphère Nord (NHE). Les points blancs symbolisent les régions 

sources de l’hémisphère Sud et les carrés rouges localisent la zone d’étude de la partie B de ce 

manuscrit. Figure modifiée depuis Li et al. (2008). 

 

En se basant sur la sortie du modèle atmosphérique global visualisée dans Li et al. (2008) et 

présentée en Figure I-5, on peut lire le dépôt moyen annuel dans la zone d’intérêt (secteur 

Indien, entre 30° S-60° S à une longitude de 60° E, Tableau I-3A), et à titre de comparaison 

dans une zone avec un plus grand flux (secteur Atlantique, avec une longitude approximative 

de  40° W, Tableau I-3B). Les latitudes de 30° S, 45° S et 60° S sont respectivement une 

bonne indication des régions LNLC, HN-LSi-LC (pour High Nitrate-Low Silicate-Low 

Chlorophyll), et HNLC.  
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Tableau I-3: Dépôt moyen annuel de poussières (mg.m-2.jour-1) et contribution relative (%, entre 

parenthèses) de quatre sources de poussières à différentes latitudes le long des longitudes 60° E (A) et 

~40° W (B). SAM: Amérique du Sud ; AUS : Australie ; SAF : Afrique du Sud et NHE : hémisphère 

nord. Données sélectionnées d’après la carte issue de Li et al. (2008) montrée en Figure I-5 de ce 

chapitre. La source qui contribue majoritairement au mélange de dépôt à une localisation donnée est 

montrée en gras.  

(A) 60° E SAM AUS SAF NHE Total 

 30° S 0.08 (13) 0.05 (10) 0.32 (58) 0.11 (19) 0.6 (100) 

 45° S 0.32 (31) 0.08 (7) 0.54 (52) 0.11 (10) 1.0 (100) 

 60° S 0.11 (53) 0.03 (16) 0.05 (26) 0.01 (5) 0.2 (100) 

 

(B) ~40° W SAM AUS SAF NHE Total 

 30° S 5.40 (91) 0.08 (1) 0.11 (2) 0.32 (5) 5.9 (100) 

 45° S 7.56 (94) 0.32 (4) 0.05 (1) 0.08 (1) 8.0 (100) 

 60° S 1.08 (90) 0.05 (5) 0.01 (1) 0.05 (5) 1.2 (100) 

 

 

Ainsi, nous estimons un flux moyen compris entre 0.2 et 1.0 mg.m-2.jour-1 (Tableau I-3A) 

dans la zone bornée par l’Ile de la Réunion au Nord et les Iles Kerguelen au sud (autour de la 

longitude 60° E), avec une contribution majoritaire (53 %) des poussières d’Amérique du Sud 

à 60° S. Cette source contribue à hauteur de respectivement 13 % et 31 % aux latitudes 30° S 

et 45° S. Des flux plus importants (1.2 à 8.0 mg.m-2.jour-1) ont été déterminés dans le secteur 

Atlantique, davantage soumis aux poussières patagoniennes (Figure I-5a et Tableau I-3B). Il 

est à noter que pour les deux bassins étudiés, le dépôt maximal se situe aux alentours de  

45° S. Ces moyennes annuelles empêchent cependant de visualiser des pics de dépôt plus 

importants, à l’échelle de l’évènement. Par exemple, Hooper et al. (2019) ont estimé un 

maximum de dépôt plus d’un ordre de grandeur au-dessus des moyennes saisonnières durant 

un événement désertique extrême dans le secteur atlantique de l’Océan Austral. 

3.2.2.2 Flux de cendres volcaniques dans l’Océan Austral   

Dans leur estimation visualisée en Figure I-4, Olgun et al. (2011) considèrent une probabilité 

faible de dépôt de cendres volcaniques dans l’Océan Indien et Austral, à part à proximité de 

régions de points chauds (« hot-spots »). La Figure I-6 ci-dessous montre le volcanisme actuel 

(rouge) et historique des 12000 dernières années (blanc), indiquant la présence de volcanisme 

passé et présent à Crozet et Kerguelen. A ce volcanisme local s’ajoute celui de l’Amérique 

Latine avec de potentiels apports de cendres dans la zone d’étude à la vue du sens majoritaire 

du vent (vents d’ouest). Ainsi il n’est pas irréaliste de s’intéresser aux dépôts volcaniques 

dans l’Océan Indien et Austral.  
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Figure I-6: Carte des volcans ayant été en activité depuis 1900 (rouge) ou au cours de l’Holocène 

(blanc). Adapté de http://volcano.si.edu/ 

 

De manière générale et à l’inverse des évènements désertiques, les éruptions volcaniques sont 

caractérisées par leur grande variabilité en termes de fréquence et de magnitude d’éruption 

(Durant et al., 2010). Ainsi, une éruption de grande ampleur comme celle du Mont Pinatubo 

dans les Philippines en 1991 (avec une émission totale de 1.3 104 Tg et une magnitude de 6.1 

(Pyle, 2015) se produit environ 8 à 20 fois en mille ans (Durant et al., 2010), alors que des 

éruptions plus modestes sont plus fréquentes, comme celle du volcan alaskien Kasatoshi de 

2008 qui avait expulsé 300 à 600 Tg de téphra (Pyle, 2015). On peut ainsi s’attendre à  

227 éruptions de magnitude 4.5 en mille ans (Durant et al., 2010).  

Après l’éruption de 1991 du Mont Hudson au Chili, des isopaques (montrant l’épaisseur des 

couches de cendres) de dix millimètres (mm) ont été mesurés au niveau de l’Océan Austral 

Atlantique côtier (Browning et al., 2014; Scasso et al., 1994), et des épaisseurs de un à dix 

millimètres ont été estimées au niveau du Pacifique hauturier vers 800-1200 km plus à l’Est 

du cratère source historique du Barva au Costa Rica il y a 350 ka (Kutterolf et al., 2008; 

Olgun et al., 2011).  

  

http://volcano.si.edu/
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4 Nutriments d’origine atmosphérique 

4.1 Flux de nutriments à l’océan 

Le flux de dépôt de poussières désertiques de 450 Tg.an-1 à l’océan peut également être 

exprimé en termes de flux de nutriments à l’échelle globale. Plusieurs études, de modélisation 

notamment, se sont penchées sur cette question et estiment un apport atmosphérique 

important d’azote par rapport aux autres nutriments, compris entre 32-67 Tg N.an-1 (Tableau 

I-4 et références citées).  

 

Tableau I-4: Flux moyens de dépôt de nutriments (et gammes d’incertitude) à l’océan mondial à 

l’échelle globale, selon la littérature. La contribution du flux éolien dans l’apport total vers l’océan a 

été indiquée quand l’information était disponible. * Flux de l’élément dissous ou soluble et non pas 

flux total.   

 
Éolien  Unité  

Contribution 

éolienne (%) 
Références  

N 63 Tg.an-1  Okin et al. (2011) 

 67 (38-96)   Duce et al. (2008) 

 39   Krishnamurthy et al. (2007) 

Si 14.0 ± 14.0 * Tg.an-1 3.2 Tréguer et al. (2021) 

 2.2-96.9   Krishnamurthy et al. (2010) + références 

 80-250   Tegen and Kohfeld (2006) 

 96.8   Zender et al. (2003) 

P 0.8 (0.2-1.6) Tg.an-1  Wang et al. (2015a) 

 0.185   Zhang et al. (2015) 

 0.32   Okin et al. (2011) 

 0.33-1.05   Krishnamurthy et al. (2010) + références 

 0.558    Mahowald et al. (2008)  

 0.33   Zender et al. (2003) 

Fe 0.7 Tg.an-1 14 Mahowald et al. (2018) 

 8.4   Wang et al. (2015b) 

 6.1    Zhang et al. (2015) 

 0.36 *   Okin et al. (2011) 

 4.5-11.3   Krishnamurthy et al. (2010) + références 

 11.86 (0.25-0.66 *)   Luo et al. (2008) 

 16  1.3-2.3 Jickells et al. (2005) 

 11.0   Zender et al. (2003) 

Mn 0.300 Tg.an-1 5 Mahowald et al. (2018) 

 0.110    Zhang et al. (2015) 

Cu 3.2 * Gg.an-1 5.4-7.7 Jeandel and Oelkers (2015) + références 

Zn 4.6 * Gg.an-1 8-17 Jeandel and Oelkers (2015) + références 
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Il est à noter que la majorité des apports atmosphériques d’azote dissous à l’océan sont 

d’origine anthropique (Duce et al., 2008; Galloway et al., 2004), et que cette part anthropique 

a augmenté de ~29 % à ~80 % entre 1860 et 2000 (Duce et al., 2008). D’autres nutriments 

sont également déposés, comme le silicium dissous (14.0 Tg dSi.an-1 avec une incertitude de 

100 %, Tréguer et al., 2021) ou le phosphore sous forme de phosphates et les éléments trace, 

avec des flux plus réduits, se situant entre 0.2 et 1.6 Tg.an-1 (Wang et al., 2015a ; Tableau I-4). 

4.2 Solubilité des macro- et micronutriments d’origine atmosphérique  

Un paramètre important pour relier le dépôt de nutriments et sa biodisponibilité est la 

solubilité des nutriments contenus dans les aérosols. Le paramètre de solubilité possède 

différentes définitions en fonction de la discipline considérée. Dans le cadre de cette thèse, 

nous considérons la solubilité d’un élément (exprimée en %) comme étant le rapport entre la 

concentration de l’élément dissous et la teneur totale de l’élément dans l’aérosol ajouté. Pour 

cela, j’ai mesuré la dissolution de l’élément, c’est-à-dire la quantité dissoute (< 0.2 µm) par 

unité de volume (µmol.L-1). Cette quantité dissoute m’a également permis de calculer la 

dissolution normalisée (µmol.g-1) par la charge particulaire de l’aérosol ajouté (mg.L-1). Ainsi, 

les paramètres de solubilité et de dissolution normalisée utilisés dans la suite de ce manuscrit 

permettent de s’affranchir de la charge particulaire de l’aérosol ajouté.  

Nous nous intéressons à la fraction dissoute des éléments chimiques, qui est la forme qui peut 

être absorbée par le phytoplancton et ainsi agir en tant que nutriment stimulant son 

développement. Il est à noter dans le cas du Fe notamment que cette condition n’est pas 

suffisante, puisque d’autres paramètres supplémentaires, comme la spéciation et la présence 

de ligands, s’ajoutent à cette condition initiale (Johnson and Meskhidze, 2013; Meskhidze et 

al., 2017).  

Le Tableau I-5 présente une sélection des ordres de grandeur des solubilités et dissolutions 

normalisées de différents éléments issus de la littérature. La grande variabilité des solubilités 

et dissolutions peut être expliquée par le choix de la matrice (eau pure ou eau de mer) et du 

protocole expérimental (batch ou réacteur à circulation continue) incluant le rôle de la charge 

particulaire et du temps de contact utilisé. Le rôle du choix de l’aérosol, ainsi que de la 

matrice et du temps de contact pour la solubilité des macro- et micronutriments sera abordé 

plus en détail dans le Part A de ce manuscrit.  
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Tableau I-5. Solubilité (%) et dissolution normalisée (µmol.g-1 for N, Si, P, Fe and Mn ; nmol.g-1 for 

Co, Cd, Cu and Ni) de nutriments selon la littérature, dans l’eau de mer (gras) ou eau pure (italique).  

 Poussières désertiques Cendres volcaniques 

 Solubilité Dissolution Dissolution 

N n.s. (nEC) a 

100 000 (EC) a 

409-492 b 35-855 b ; 200-1500 c 

0-20 000 d 

Si  450-1110 b 3-2058 b ; 50-200 c 

100-17 200 / 200-13 900  d 

P 2-14 e  

 

43 b 7-970 b ; 10-100 c 

<0-370 / 10-2 180  d 

Fe  0.04-1.5 f 

0.044-0.066 g 

0.001-0.02 h 

20-30 b 

0.09±0.4 i 

<10-125 h 

11-130 b ; 10-60 c 

10-8 920 /10-10 850 d 

35-340 h ; 2.1-83.2 k 

Mn 2.0-3.6 f 

28-38 g ; 65-87 j 
 50-920 / 0-720  d 

17.4-1298.6 k 

Co <DL f 

17 g ; 29-38 j 

 0-19 / 0-22  d 

0.1-33.0 k 

Cd <DL – 10.1 f 

74-76 g 

 0.0-4.2 k 

0-3 d 

Cu <DL – 27.5 f 

14-22 g 

 0-50 c ; 4.4-10.8 k 

2-14 / 1-43 d 

Ni <DL – 2.1 f 

12-25 g ; 40-84 j 
 1-21 / 4-26 d  

0.5-13.9 g 

Zn 11-13 f 

57-65 g 

0 b 0-21.2 b ; 2-27 c 

0-90 / 0-100  d 

34.0-199.7 k 

 

Notes: a (Ridame et al., 2014a) : 0.01-20 mg.L-1 avec des poussières évapocondensées (EC) ou non 

(nEC) dans l’eau de mer pendant 3 et 24 h ; b Olgun et al. (2013) : 1 g dans 50 mL d’eau de mer, 

durant 1 et 20 h ; c Duggen et al. (2007) : eau de mer durant 20 min ;   
d Jones and Gislason (2008) : réacteur à circulation continue dans de l’eau de mer naturelle ou eau 

pure durant 8 h ; e Ridame and Guieu (2002) : 5-100 mg.L-1 dans l’eau de mer durant 6 heures à une 

semaine ; f Desboeufs et al. (2005) : réacteur à circulation continue dans de l’eau pure acidifiée durant 

2 h pour un loess et une poussière d’Arizona ; g Jickells et al. (2016) : Dissolution dans l’eau de mer 

d’une poussière Saharienne, entre 10 min et 7 jours ; h (Olgun et al., 2011) : 50 mg de différentes 

cendres et un loess de Cape Verde dans 20 mL d’eau de mer naturelle ; i (Fishwick et al., 2014) et  
j (Fishwick et al., 2018) : pour un aérosol à la signature d’Afrique du Nord dans l’eau de mer ;  
k Hoffmann et al. (2012) : 2.67 g dans 1 L d’eau de mer, temps de contact 15 min. n.s. = non 

significatif. DL = limite de détection.  
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4.3 Influence des nutriments libérés par les aérosols sur le phytoplancton 

Durant les deux dernières décennies, plusieurs études ont démontré le lien entre un dépôt de 

poussières désertiques et le phytoplancton, en s’intéressant aux cycles biogéochimiques des 

nutriments, à la croissance accrue du phytoplancton ou encore à l’export du carbone (e.g. 

Guieu et al., 2014a; de Leeuw et al., 2014) ; que ce soit au sein d’expériences en microcosmes 

(Blain et al., 2004; Marañón et al., 2010; Mélançon et al., 2016; Mills et al., 2004) ou 

mésocosmes (Guieu et al., 2014b; Ridame et al., 2014a) ; par le biais d’observations satellites 

(Cosentino et al., 2020) ou d’études de modélisation (Richon et al., 2018).  

Ainsi, Mills et al. (2004) concluent qu’un dépôt de poussières sahariennes stimule la 

fixation de N2 dans l’Océan Atlantique tropical dominé par des cyanobactéries diazotrophes et 

accélère ainsi dans certains cas la multiplication de biomasse algale dans cet environnement 

largement carencé en azote. Des effets similaires ont été observés dans d’autres bassins 

océaniques : Bishop et al. (2002) ont mesuré, grâce au largage en mer de flotteurs autonomes, 

une augmentation de la biomasse algale à la suite d’un dépôt important de poussières dans 

l’Océan Pacifique Nord. En Méditerranée, Ternon et al. (2010) ont mis en évidence le lien 

étroit entre les événements sahariens et une augmentation de l’export de carbone organique 

particulaire (POC) vers les eaux profondes de la mer Méditerranée Nord-Ouest en observant 

simultanément le dépôt atmosphérique par satellite et la sédimentation profonde de la matière 

organique durant une étude pluriannuelle.  

Il a également été montré que différents types d’aérosols pouvaient agir sur différents types de 

phytoplancton de manière variable. Ainsi, un aérosol moins riche en métaux traces stimulait 

la communauté de Synechococcus hauturière, mais pas côtière, alors qu’un aérosol plus riche 

en métaux traces induisait des augmentations de chlorophylle a dans les deux milieux 

(Mackey et al., 2012). On peut donc conclure que la réponse biologique dépend de la sévérité 

de l’oligotrophie (Marañón et al., 2010) ; l’apport de nouveaux nutriments éoliens peut être 

plus profitable aux procaryotes hétérotrophes qu’aux photoautotrophes, réduisant ainsi l’effet 

net d’un apport atmosphérique sur la fixation de carbone (Guieu et al., 2014c; Marañón et al., 

2010).  

Un grand nombre de ces études se focalise ainsi sur les zones LNLC (zones tropicales et 

Méditerranée) qui sont soumises à de forts apports ponctuels de poussières venant notamment 

du Sahara, alors qu’un nombre plus restreint d’études s’intéresse aux dépôts dans l’océan 

Austral. Il s’agit de la zone océanique où le dépôt atmosphérique est le plus faible dans la 

période actuelle (Winton et al., 2015).   
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Même si leur effet est moins étudié que celui des poussières désertiques, les cendres 

volcaniques sont également connues pour relarguer des nutriments et induire une réponse 

biologique massive (bloom phytoplanctonique) (e.g., Hamme et al., 2010; Langmann et al., 

2010b). Pour analyser leur impact, des méthodes similaires aux études sur les poussières sont 

employées : la télédétection par satellite est performante pour observer à la fois l’étendue des 

nuages de cendres ainsi que les variations de la concentration en chlorophylle. De plus, 

Westberry et al. (2019) utilisent le ratio chlorophylle sur carbone (Chl:C) pour quantifier 

l’effet des cendres volcaniques non seulement sur la biomasse, mais également sur la 

physiologie du phytoplancton (changement du taux de croissance et photo-acclimatation). 

Ainsi, un dépôt de cendres du Kasatochi dans l’Océan Pacifique Nord a induit des 

modifications maximales 9 à 12 jours après l’éruption (anomalies de Chl:C de 50-100 % au-

dessus des normales mensuelles). Le bloom ainsi enregistré s’est étendu sur près de 50 jours, 

c’est-à-dire deux à quatre fois plus long qu’un dépôt artificiel à grande échelle de fer 

directement disponible (ex. expériences SERIES ou SOIREE, voir revue de Yoon et al., 

2018).    

De plus, des expériences d’incubation de phytoplancton en cultures (Hoffmann et al., 2012). 

et assemblages naturels (Browning et al., 2014; Mélançon et al., 2014) en présence de cendres 

volcaniques ont permis de démontrer expérimentalement l’effet de cet apport naturel de 

nutriments sur la croissance phytoplanctonique via des paramètres comme la concentration de 

chlorophylle et le rendement quantique photosynthétique Fv/Fm (Achterberg et al., 2013; 

Duggen et al., 2007), ou de taux de croissance et de division cellulaire (Hoffmann et al., 

2012). 
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5 Objectifs de la thèse 

Afin de comprendre l’effet d’un dépôt d’aérosols comme les poussières désertiques et les 

cendres volcaniques sur le phytoplancton, nous allons dans un premier temps nous intéresser à 

la solubilité des macro- et micronutriments. Pour cela, j’ai effectué des expériences de 

dissolution abiotique dans des conditions ultra-propres en salle blanche sur quatre analogues 

de poussières désertiques, trois cendres volcaniques ainsi qu’un verre volcanique synthétique 

dans deux matrices artificielles représentant l’eau de mer et l’eau de pluie. Ainsi, j’ai pu 

comparer non seulement l’influence du type d’aérosol (poussière ou cendre) et du mode 

de dépôt (sec ou humide), mais également le rôle de l’origine des différentes sources sur 

la variabilité de la solubilité et le relargage de nutriments.  

La dissolution de nutriments a été mesurée et la solubilité a été calculée. Le Chapitre VI 

caractérise les aérosols (composition élémentaire et minéralogique, granulométrie) et se 

focalise sur le relargage des macronutriments silicium, phosphore et azote (ainsi que 

l’aluminium pour interpréter le rôle des aluminosilicates dans la dissolution du Si). Puis, le 

Chapitre III s’intéresse aux métaux traces fer, manganèse et cobalt (ainsi que le potassium 

pour la dissolution du fer). Le relargage dans l’eau de pluie artificielle de métaux trace 

additionnels (vanadium, zinc, cuivre, nickel, cadmium et molybdène), ainsi que de traceurs 

lithogéniques additionnels (magnésium, calcium, titane) utiles pour déterminer le lien entre 

la minéralogie et la solubilité seront présentés dans l’Annexe A.  

 

Dans un second temps, nous cherchons à mettre en évidence l’impact d’un dépôt 

représentatif de poussières et de cendres sur le phytoplancton de l’Océan Indien Sud et 

du secteur indien de l’Océan Austral. Cet impact est déterminé grâce à des incubations à 

bord effectuées en conditions propres dans le cadre d’une campagne océanographique en 

Janvier-Février 2019 à bord du N/O Marion Dufresne. Dans le Chapitre V, je présenterai la 

réponse biologique du phytoplancton de différentes régions biogéochimiques face à ces 

dépôts, puis dans le Chapitre VI, je discuterai le rôle de l’origine de l’eau de mer pour la 

solubilité abiotique et ainsi sur l’apport nutritif d’un dépôt représentatif en conditions 

naturelles. 

Ce manuscrit sera conclu par une estimation des flux de nutriments qui arrivent à l’océan 

de surface via le dépôt océanique. Pour ces calculs de flux, je prends en considération la 

variabilité naturelle entre sources d’aérosols. 
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PART A 

Abiotic dissolution of desert dust and volcanic 

ash in trace metal clean laboratory conditions 

 

• Dissolution of macronutrients (Si, P, N) from desert and 

volcanic aerosols in artificial rain- and seawater 

 

• Dissolution of micronutrients (Fe, Mn, Co) from desert and 

volcanic aerosols in artificial rain- and seawater 

 

• Annex of Part A 

o Enrichment factors of aerosols compared to the upper crust 

o Si dissolution rates in ARW and ASW 

o Close-up on erratic Fe solubility in ARW from desert dust 

o Dissolution of additional micronutrients in ARW: Cd, Cu, Mo, Ni, V, Zn 

o Dissolution of additional micronutrients in ASW: Cu, Ni 

o Dissolution of lithogenic tracers in ARW: Ca, Mg, Ti 

o Covariation of dissolution in ARW and mineralogy (PCA) 
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II. Dissolution of macronutrients (Si, P, N) from 

desert and volcanic aerosols in artificial rain- and 

seawater 

1 Introduction 

Aerosol deposition on the ocean surface represents a significant source of new nutrients to 

remote areas of the open ocean, traveling over thousands of kilometers (Ayris and Delmelle, 

2012; Jickells and Moore, 2015). Aerosols have a natural origin such as desert dust, volcanic 

ash, or glacial loess (Jickells and Moore, 2015), or are emitted by anthropogenic activities 

(Pacyna and Pacyna, 2001). Satellite data demonstrated that the nutrients released into the 

ocean by desert dust (Erickson et al., 2003; Paparazzo et al., 2018), volcanic ash (Hamme et 

al., 2010; Westberry et al., 2019) or anthropogenic aerosols (Mackey et al., 2017) may trigger 

phytoplankton bloom events.  

Aerosols may reach the sea surface through dry or wet deposition, and thus come in contact 

with either directly the seawater (pH ~8.1) or after prior contact with atmospheric water. 

Cloud water may be extremely acidic with pH reaching 2, while rain droplets are common 

around pH 4.9 (Pye et al., 2020). The atmospheric pathway of aerosol deposition influences 

thus its dissolution behavior, as many elements have varying solubilities depending on the pH 

(Desboeufs et al., 1999; Ingall et al., 2018). Dissolved (< 0.2 µm) nutrients are widely 

assumed by the scientific community to be bioavailable (Kanakidou et al., 2018) and 

incubation experiments were able to demonstrate that the released nutrients triggered 

phytoplankton growth after a wet deposition of dust (Louis et al., 2015; Ridame et al., 2014b) 

or a dry deposition of ash (Duggen et al., 2007; Frogner et al., 2001; Hoffmann et al., 2012).   

 

Many studies have focused on atmospheric iron (Fe) dissolution, but macronutrients such as 

phosphorus (P), nitrogen (N) and silicon (Si) are also released by aerosol deposition events, 

and might have a significant impact on phytoplankton in ocean regions in which 

macronutrients are scarce. Nutrient release after dust and ash deposition might therefore be of 

importance in low nutrient low chlorophyll (LNLC) oligotrophic areas such as the 

Mediterranean Sea (Pulido-Villena et al., 2010; Ridame et al., 2014b) as well as in high 
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nitrate but low silicate areas (HN-LSi-LC) like the Southern Ocean north of the Polar Front 

(Sarmiento et al., 2004) or the subarctic North East Pacific (Whitney et al., 2005; Wong and 

Matear, 1999). 

Mineral dust is an important source of new P to the ocean (roughly 80 % of the  

558.2 Gg.year-1, Mahowald et al., 2008) but only 10 % are soluble and thus considered 

bioavailable (Kanakidou et al., 2018; Myriokefalitakis et al., 2016; Ridame and Guieu, 2002). 

Moreover, Mahowald et al. (2008) estimated the volcanic P emission of 6 Gg P.year-1 as  

50-100 % soluble, but negligible at global scale compared to desert dust, while Frogner et al. 

(2001) demonstrated in an experimental study that the Icelandinc Hekla ash quickly released 

enough dissolved inorganic P (DIP) to locally trigger significant phytoplankton growth in the 

North Atlantic. In their model paper on atmospheric P, Mahowald et al. (2008) estimated the 

amount of volcanic P by extrapolating the better known sulfur emissions. Overall, it is to be 

underlined that the high uncertainties concerning P solubility of different aerosol types need 

further research in order to fully constrain the P cycle within aquatic systems (Mahowald et 

al., 2008).  

Natural aerosols are a less important source of N, as 80 % of atmospheric dissolved N is of 

anthropogenic origin (Duce et al., 2008), i.e. due to high-temperature combustion processes 

and intensive agriculture (Jickells and Moore, 2015). The physico-chemical properties of 

aerosols such as desert dust might be altered due to cloud processing during atmospheric 

transport (Desboeufs et al., 2001). Moreover, Ridame et al. (2014) were able to show that 

simulated cloud processes and mixing with anthropogenic HNO3 (representative of wet 

deposition) increased desert dust N content and N solubility, thus triggering a phytoplankton 

response in the Mediterranean Sea, whereas the untreated dust (dry deposition) was a 

negligible source of NO3
-. 

Moreover, Si is an important nutrient for diatoms, which are the most abundant phytoplankton 

group in the world ocean (Kooistra, 2008). The main Si flux to the world ocean (55 to 80 %, 

depending on the calculation) is through riverine input (227.5 ± 56.2 Tg Si.year-1) and is 

assumed to be completely dissolvable (Tréguer et al., 2021). The aeolian flux accounts for 

around 3.4 % of the global Si input to the world ocean with an estimated flux of dissolved Si 

(dSi) that is relatively small but bearing very high uncertainty (14.0 ± 14.0 Tg dSi.year-1, 

Tréguer et al., 2021). Such supply may play an important role in the open ocean, as Zhang et 

al. (2005) estimated that up to 80 % of the dSi which is globally deposited onto the ocean 

surface reaches the open ocean. In these publications, no distinction was made between 
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mineral dust and volcanic ash deposition; moreover the high uncertainties of Si fluxes can 

partially be explained by the estimation instead of measurement of Si solubility (Tréguer and 

De La Rocha, 2013). Thus, the experimental approach used in this study aims to enable a 

better quantification of the Si cycle within aquatic systems.  

There is to our knowledge no global estimate for volcanic ash mass deposition to the ocean 

(Weinbauer et al. (2017), P. Delmelle, pers. comm), increasing the difficulty to evaluate the 

annual nutrient volcanic deposition. Moreover, macronutrient concentration in ash is globally 

more variable than in dust (Weinbauer et al., 2017). Since volcanic eruptions are more 

sporadic than desert dust events, most estimates given by the literature are millennial 

averages. Olgun et al. (2011) evaluate the volcanic ash deposition on the Pacific Ocean to 

128-221 Pg.ka-1 (Petagram = 1015 g, i.e., 1 Pg.ka-1 = 1 Tg.year-1). No global data is available, 

as most studies focus mainly on the eruption event scale (Langmann et al., 2010a; Olgun et 

al., 2013) and on Fe dissolution (Duggen et al., 2010).  

 

In order to assess dissolved macronutrients reaching the sea surface, we carried out a series of 

abiotic leaching experiments in artificial rainwater (wet deposition) and in artificial seawater 

(dry deposition). The dissolution of trace metals and other lithogenic elements that will enable 

the identification of minerals responsible for the nutrient release (Journet et al., 2008) will be 

assessed in the next chapter.  

The main goal of this work is (i) to characterize the dissolution kinetics of macronutrients (Si, 

P and N) released by several dust and ash samples in order (ii) to quantify the natural 

variability of nutrient solubility and (iii) to determine the factors controlling their dissolution 

processes. For instance, the role of mineralogy such as aluminosilicate content for Si release 

will be addressed by the parallel measurement of aluminum dissolution.  
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2 Materials and methods 

2.1 Characterization of aerosols 

2.1.1 Sources and collection  

2.1.1.1 Desert dust 

The dust samples consisted in the fine fraction (< 20 µm) of arid surface soils. Collection took 

place in remote areas using clean sampling techniques to avoid anthropogenic contamination. 

The soil samples were dry sieved on several polyethylene meshes to transform the soils into 

aerosols (< 20 µm, see details in Guieu et al., 2010). This technique enabled the collection of 

a sufficient amount of material and ensured that the dust particles did not undergo physical or 

chemical alteration prior to the dissolution experiments. The selected fine fraction is 

representative of Saharan aerosols commonly transported over long distances in the 

atmosphere and settling to the surface ocean (Guieu et al., 2010; Maring, 2003). 

In this study, we used two Saharan dust origins: ‘Douz’ from Tunisia (33°27’ N, 9°20’ E) and 

‘Hoggar’, a composite sample from the Hoggar region in Southern Algeria (approx. 23°17’ 

N, 5°33’ E) (Figure II-1). Further, we used one Sahelian dust from Banizoumbou in Niger 

(13°31’ N; 2°38’ E, hereafter referred to as ‘Bani’) and one Patagonian sample from Sierra 

Grande in Argentina (hereafter referred to as ‘Pata’). Collection details can be found 

elsewhere (Guieu et al., 2002; Paris et al., 2011; Ridame and Guieu, 2002). These selected 

areas are source regions of dust emission for vast ocean basins: the north African aerosols are 

well-known to participate in the nutrient cycling, e.g in the Mediterranean Sea (Guieu et al., 

2002; Pulido-Villena et al., 2010; Ridame and Guieu, 2002), and South American dust has 

been shown to reach the Atlantic Ocean (Paparazzo et al., 2018) and the Southern Ocean (Gili 

et al., 2016; Smith et al., 2003). Except Hoggar, the dust samples were supplied by the 

Laboratoire Interuniversitaire des Systèmes Atmosphériques (Emilie Journet, LISA-IPSL, 

Paris, France). 
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Figure II-1: Approximate location of sampling sites used in this study. Stars represent desert dust: B 

= Banizoumbou, Niger; D = Douz, Tunisia; H = Hoggar, Algeria; P = Patagonia, Argentina. Triangles 

stand for volcanic ash: C = Chaitén, Chile; E = Eyjafjallajökull, Island; T = Tungurahua, Equator. For 

precise GPS position, refer to text and Table II-1. The color scale of the background map shows the 

annual silicic acid climatology (µmol.kg-1) at the sea surface. Data from World Ocean Atlas 2018, 

with one-degree grid and 5 µmol.kg-1 contour intervals.   

 

2.1.1.2 Volcanic ash 

We used the ash of two stratovolcanoes: Tungurahua hereafter referred to as ‘Tun Ash’ in 

Ecuador and the ice capped Eyjafjallajökull hereafter referred to as ‘Eyja’ in Iceland (Figure 

II-1). Phase 1 from the Eyja eruption was characterized by ice melting due to magma-ice 

interactions (Gudmundsson et al., 2012; Paque et al., 2016). Another ash sample was 

collected at the caldera Chaitén in Los Lagos, Chile. ‘Chaitén’ ash is mainly rhyolitic (Durant 
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et al., 2012; Pierson et al., 2013), which is uncommon for a volcano from the southern Andes 

(Simonella et al., 2015). The South American volcanoes originate from a subduction zone 

whereas the Icelandic volcano is a rift zone glacier (Global Volcanism Program, 

Smithsonian Institution, USA). The collection of natural ash samples occurred shortly after 

ash deposition using clean plastic ware to avoid both trace metal contamination and the 

removal of natural soluble salt coatings (Witham et al., 2005). Further information on sample 

collection is found in Table II-1.  

 

Table II-1: Information on eruption and ash collection conditions of used ash samples, including 

sample IDs found in other databases and publications 

Samples Coordinates Eruption dates Collection dates Sampling locations References 

Chaitén 

(Cha-02) 

42°50’16” S 

72°39’04” W 

2-4 May 2008 

eruption phase 1 
9 May 2008 

~95 km from the 

volcano 

Durant et al., 

2012 

Eyjafjallajökull 

(EYJ-A52) 

63°37’11” N 

19°36’54” W 

17 April 2010, 

eruption phase 1 
17 April 2010 

Holtsa, 4-5 km from 

the volcano 

P. Delmelle, 

pers. comm. 

Tungurahua 
1°28’03” S 

78°26’58” W 
23 August 2012 23 August 2012 

El Santuario, ~13.6 

km from the volcano 

P. Delmelle, 

pers. comm. 

 

In addition to the natural ash samples, we used a synthetic glass powder, synthesized by 

melting (> 1300 °C), homogenizing and air-quenching of an igneous rock from the 

Tungurahua volcano. The cooled glass was grounded to powder in acetone using a planetary 

ball mill. Details on glass synthesis are given in Maters et al. (2016). The composition of the 

synthetic sample approximates the natural Tun Ash and will be referred to as ‘Tun Glass’ 

hereafter. The particularity of the synthetic glass is to be 100 % amorphous, which enabled to 

identify the role of the crystalline structure of ash on dissolution processes.  

Natural and synthetic ash samples were sieved through a 100 µm mesh to remove large 

particles. All samples were provided by the Earth and Life Institute (Pierre Delmelle, ELIE, 

Université Catholique de Louvain, Belgium).  

2.1.2 Size distribution 

Volume size distribution was measured by laser diffraction in ultrapure water (without ultra-

sonication to avoid breaking up aggregates). The specific surface area (SSA) was determined 

by the Brunauer, Emmet and Teller (BET) gas adsorption method using nitrogen for dust  

(< 20 µm) and krypton for ash particles (< 100 µm). The analysis was performed at ITODYS 

laboratory in collaboration with L. Sicard and M. Jean Pierre. Results are shown in Table II-2. 
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The SSA of Hoggar was not measured in this study. For calculations in §4.2.2, we used an 

estimation of 20 m².g-1 according to the literature (Jeandel and Oelkers, 2015), which is in 

good agreement with the mean value of tested African dust particles (mean = 18.6 m².g-1 for 

Bani and Douz). 

Table II-2: Particle size (µm), specific surface area (SSA, m².g-1) and structural composition of dust 

(top) and ash (bottom) samples of this study. For analytical methods, please refer to the text. a data 

from Ridame (2001); b estimated from Jeandel and Oelkers (2015). 

 Particle size (µm) SSA 

(m².g-1) 

Structure (%) 
 mean median crystalline amorphous 

DUST      

Bani 17.3 17.2 7.7 64.6 35.4 

Hoggar 10.7 a 9 a 20 b 42.4 57.6 

Douz 11.5 8.8 29.5 67.7 32.3 

Pata 8.6 6.4 62.1 51.7 48.3 

ASH      

Eyja 33.6 22.1 7.3 36.3 63.7 

Chaitén 38.5 26.4 0.7 18.3 81.7 

Tun Ash 34.3 21.4 0.4 30.8 69.2 

Tun Glass 19.9 8.5 0.9 0.0 100.0 

2.2 Aerosol composition  

2.2.1 Mineralogical composition 

The aerosols are composed by two types of materials: crystalline and amorphous solids. 

Crystalline minerals are characterized by their homogeneous highly ordered arrangement of 

atoms, molecules or ions, and are distinguished by their physical properties such as their 

specific melting point (Haldar and Tišljar, 2013). Crystalline minerals are found under the 

form of primary minerals in limestone, acidic or basic rocks, and secondary minerals such as 

clay and (hydr)oxides that are products formed from primary minerals that have undergone 

chemical alteration. The second phase is the amorphous fraction, also called mineraloids, 

which is less structured (no specific melting point) and can be composed by allophanes 

(amorphous aluminosilicates that are also secondary minerals), volcanic glass or organic 

matter. Their chemical composition varies beyond the generally accepted ranges for specific 

minerals (Haldar and Tišljar, 2013). Metals such as Fe or Al can be combined with oxygen 

atoms within oxide minerals (e.g., hematite Fe2O3), or with OH- radicals within hydroxides 

(e.g. gibbsite Al(OH)3). The metal-oxygen bond is strong and the metal is generally less 

soluble than if found within an aluminosilicate mineral. 
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Table II-3: Mineralogical composition of aerosols expressed as the weight percentage (wt.%) of the 

bulk aerosol, obtained by XRD. Only the crystalline part was detected with this technique, smectites 

and (hydr)oxides are underestimated (see text). Tun Glass is 100% amorphous and not presented in 

this table. Chemical formulas according to the Mineral Data Publishing database (version 1.2, ©2001). 
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The mineralogical composition of aerosols was measured by quantitative X-ray diffraction 

(XRD at Paris Diderot University, in collaboration with S. Nowak). Results are presented in 

Table II-3. It should be noted that the innovative analytical method used in this study 

according to Nowak et al. (2018) is based on the Rietveld refinement procedure applied to the 

aerosol particle samples and can be considered as ‘quantitative’: this method obtains the 

proportion of each detected mineral within the whole sample and not only within the 

detectable portion (as it is the case for standard qualitative or ‘semi-quantitative’ methods). 

The percentage of crystalline structure (Table II-2) corresponds thereby to the sum of 

crystalline materials, detected by XRD (Table II-3). Unfortunately, the counterpart of this 

quantitative method is that clay species are less well detected: the intensity of clay XRD 

diffraction peaks decreased by the disoriented sample preparation (S. Caquineau, pers. 

comm). Moreover, smectites tend to have a heterogeneous chemical composition (e.g., 

interfoliar cations), which further reduces their detection, hindering the characterization of 

100 % of the crystalline structure. The undetected portion is considered as ‘amorphous 

material’ (Table II-2) but might as well contain clays (Nowak et al., 2018). As the synthetic 

Tun Glass is totally amorphous, its mineralogical composition could not be assessed in this 

study, but its composition is andesitic (Maters et al., 2016).  

2.2.2 Elementary composition 

The elementary composition of aerosols is an important parameter for solubility calculations. 

In this study, we used the mean value of several published (Fu, 2018; Paris et al., 2011; 

Ridame, 2001; Ridame and Guieu, 2002) and unpublished data in order to obtain the best 

available concentration for each element and each aerosol sample. Analytical techniques 

differed depending on the element: C and N were quantified with an isotope ratio mass 

spectrometer (IR-MS Delta VTM plus, Thermo ScientificTM, at the Alysés platform, IRD by 

M. Mandeng-Yogo, LOCEAN) coupled with a C/N analyzer (Flash EA, Thermo 

ScientificTM). Other elements were measured after acid digestion (according to the protocol 

from F. Fu, (2018) with inductively coupled plasma mass spectrometry (ICP-MS 7500cx, 

Agilent, at the Alysés platform, IRD in collaboration with I. Djouraev, LOCEAN), LISA), or 

or with atomic emission spectrometry (ICP-AES iCAP 6500, Themo Fisher Scientific by R. 

Ammar, UCLouvain) with X-ray fluorescence (XRF) spectrometry (RX platform, Université 

de Paris, by S. Nowak). Results are presented in Table II-4 and Figure II-2. Unpublished data 

was kindly provided by R. Ammar, K. Desboeufs and E. Journet (LISA).  
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Table II-4 
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Figure II-2: Compositions of the ash and glass samples used in this study plotted in the total alkali vs. 

silica (TAS) classification diagram of volcanic rocks (modified from Le Maitre et al., 2002). 

2.3 Abiotic dissolution experiments 

2.3.1 Experimental setup 

In order to simulate both wet and dry deposition modes of aerosols to the ocean surface, we 

set up a series of experiments in artificial rain- and seawater (hereafter referred to as ARW 

and ASW, respectively). Due to the small amounts of available aerosol material, dissolution 

experiments were performed in single runs without replicates but with an increased temporal 

resolution. For abiotic dissolution experiments, a particle concentration (PC) of about  

250 mg.L-1 of aerosols was chosen. The PC of Douz was slightly higher: 308 mg.L-1 in ARW 

and 282 mg.L-1 in ASW, but this difference was considerated in further calculations. This PC 

is within the wide range of natural concentrations found in rainwater: Saharan rains collected 

over the Mediterranean Sea can hold dust particles in the range from 5 mg.L-1 to 8 g.L-1 

(Ridame and Guieu, 2002), whereas ash loads vary even more widely depending on distance 

to the volcano and the amplitude of the eruption. Atmospheric PC around 2 g.L-1 after 1 h of 

contact time were found around the Mount Etna atmosphere, according to Cimino and 

Toscano (1998).   
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A PC of also 250 mg.L-1 was chosen in the ASW experiment to compare with results in ARW 

and to exceed detection limits. High but realistic Saharan dust deposition events of up to  

22 g.m-2 have been measured in the Mediterranean Sea (Ternon et al., 2010), leading to a dust 

PC in seawater of around 0.3-1 mg.L-1 in a surface mixed layer (SML) of 10 to 30 m depth 

during the stratification period (D’Ortenzio et al., 2005). Dry deposition of volcanic ash can 

also vary over several orders of magnitude: decimeter to meter thick ash layers to the coastal 

ocean surface have been recorded for the exceptional strong 1991 Mt Pinatubo eruption 

(Duggen et al., 2010), corresponding to a PC of 5-50 g.L-1 diluted in a SML of 50 m depth. 

The 2002 Mount Etna eruption triggered a deposition of 2000 g.m-2 to the Ionian Sea coast, 

but the PC decreased with increasing distance to the volcano: Olgun et al. (2013) recorded 

deposition rates of 0.3-94 g.m-2 at 200 to 800 km downwind the volcano. These deposition 

fluxes correspond to a PC of 0.01-3.1 mg.L-1 with an estimated SML of 30 m depth in the 

eastern Mediterranean Sea in fall (D’Ortenzio et al., 2005). 

 

In pratical terms, 72.5 mg of aerosols were added to 290 mL ARW composed of ultrapure 

water (Millipore®, resistivity of 18.2 MΩ.cm-1) previously acidified with the low volatile 

sulfuric acid (1 ‰ H2SO4 SupraPur® at 2.10-2 M, theoretical pH of 4.9) which is found in the 

atmosphere (Desboeufs et al., 2005; Pye et al., 2020). For the ASW experiment, 87.5 mg of 

aerosols was added to 351 mL ASW, type YBCII media (unchelexed), without nutrients and 

metals (Chen et al., 1996). Acidity is known to be an important factor for dissolution 

(Desboeufs et al., 1999; Morin et al., 2015), so the experimental setup aimed to reproduce 

representative pH values of 4.9 in rainwater (range 4.0-7.6 found in Desboeufs, 2005; Singh 

et al., 2016) and 8.1 in seawater (range 7.8-8.4 according to Millero et al., 2009; Rhein et al., 

2013) before aerosol addition (t-ini). No buffer was added to the matrix. Experiments lasted 

two days in ARW and nine days in ASW in order to include and exceed the representative 

contact time of the aerosol with each material. Experiments were performed in a trace metal 

clean laboratory at room temperature (22 °C) under natural light on an agitator table at 100 

rpm to decrease the settling of aerosols. The ASW experiment with Douz ran only for four 

days. The polycarbonate experimental bottles, as well as sampling syringes and high and low 

density polyethylene (HDPE and LDPE) sample vials were cleaned using trace-metal clean 

techniques (HCl SupraPur® 5% vol).   
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After manual homogenization, samples for dissolved macronutrient determination were 

collected at chosen kinetic times (5’, 10’, 15’, 30’, 1 h, 1.5 h, 2 h, 2.5 h, 3.5 h, 4.5 h, 7 h, 24 h, 

30 h and 48 h for both matrices and additional times of 72 h, 96 h, 192 h and 216 h in ASW), 

using 0.2 µm syringe filters (Acrodisc®). Then, samples were stored in LDPE vials at 5 °C 

for dissolved silicon (dSi) and at -20 °C for dissolved inorganic phosphorus (DIP) and NOx 

(nitrate + nitrite). Samples for dissolved aluminum (dAl) in ARW were acidified (1 % vol 

HNO3 SupraPur®) and stored in HDPE vials at 5 °C. In order to subtract background levels, 

blank samples were collected in the polycarbonate experimental bottles for each experiment 

prior to aerosol addition.   

 

2.3.2 Chemical analysis 

Dissolved silicon in rain- and seawater and DIP in seawater were measured with a manual 

spectrophotometer (Thermo ScientificTM EvolutionTM 220) according to the colorimetric 

methods of Grasshoff et al. (1999) for dSi and Murphy and Riley (1962) for DIP at the 

LOCEAN laboratory. NOx samples in both matrices were measured with the SEAL 

AutoAnalyzer 3HR according to Aminot et al. (2009) at LEMAR laboratory in collaboration 

with M. Gallinari. DIP and dAl in ARW were measured by atomic emission spectroscopy 

(ICP-AES, Spectro Arcos at LISA). The pH was measured prior to dSi analysis with the pH 

meter OrionTM 3-Star Thermo ScientificTM at room temperature. For spectrophotometric 

analysis, detection limit (DL) was defined as follows:  

 

 𝐷𝐿 = 𝑚𝑒𝑎𝑛(𝑏𝑙𝑎𝑛𝑘𝑠) + 3 × 𝑠𝑡𝑑(𝑏𝑙𝑎𝑛𝑘𝑠) Equation II-1 

 

The DL were 0.05 µM for DIP and 0.09 µM for NOx in both matrices, 0.02 µM for dSi in 

ARW, 0.04 µM for dSi in ASW and 62.4 nM for dAl in ARW. 
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2.3.3 Dissolution and solubility calculations 

To be consistent with the literature on ash dissolution, the release of an element X normalized 

per gram of ash or dust (dXnorm, in µmoles.g-1) was calculated following Equation II-2, where 

dX is the measured dissolved nutrient concentrations (µmol.L-1), dX0 is the initial background 

value (µmol.L-1) and PC stands for the particle concentration (in g.L-1):  

 

 𝑑𝑋𝑛𝑜𝑟𝑚 =  
𝑑𝑋 − 𝑑𝑋0

𝑃𝐶
 Equation II-2 

In the field of mineral dust aerosol research, dissolution of X is mainly expressed as a 

fractional solubility percentage (%Xsol), calculated according to: 

 

 %𝑋𝑠𝑜𝑙 =
𝑑𝑋 − 𝑑𝑋0

 𝑋𝑡𝑜𝑡
× 100 Equation II-3 

 

where Xtot (µmol.L-1) is the total concentration of the element X in the aerosol at the added 

PC, assuming that 100% of the element would dissolve in the matrix. In this work, 

‘dissolution’ (dXnorm, in µmol.g-1) refers therefore to the concentration of a dissolved element 

released in ARW or ASW, normalized by the particle concentration according to Equation 

II-2. ‘Solubility’ (%Xsol, in %) stands for the percentage of the dissolved element regarding 

the total pool of this element in the aerosol (Equation II-3).  

 

2.3.4 Statistical analysis  

The elementary composition of dust versus ash samples were compared using the non-

parametrical Mann-Whitney test for small samples (n = 4, corresponding to the number of 

different dust and of ash samples). The correlations of Si and Al dissolution were assessed 

with linear regressions (n ≥ 10) using the data analysis tools of Microsoft Excel. Error 

propagation of means was performed with a CC free calculation tool from the University of 

British Columbia (Richard Laffers, 2005-2008).  
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3 Results 

3.1  Aerosol composition 

3.1.1 Mineralogical composition 

The main components of desert aerosols are quartz (6.2-48.5 %), clays (summing up to  

9.5-23.4 %) and feldspar minerals (0-18.6 %) (Table II-3). Palygorskite, a clay species known 

to be specific to North Saharan dust particles (Scheuvens et al., 2013), was found in Douz and 

Hoggar samples (2.4 and 0.5 %, respectively). Moreover, three out of four dust samples 

contained calcite (1.1-33.9 % CaCO3) that will be further discussed in connection with pH. 

Volcanic ashes were mainly amorphous (Table II-2), but their crystalline part was feldspar-

rich (16.5-24.6 % of the bulk aerosol). Finally, it should be noted that Eyja ash contained 10.9 

% of the clay montmorillonite which is uncommon for ash.   

3.1.2 Elementary composition 

Silicon is the main component of both our dust and ash particles (13.1-33.5 %, Table II-4) 

besides Douz containing more calcium (Ca) than Si. Moreover, desert dust contained 

significantly higher amounts of C and N than the continental upper crust (see enrichment 

factors, Annex IV §1) whereas the C and N of volcanic ash remained below the DL for three 

out of the four ash samples (only Eyja ash contained low but measurable C and N; Table II-4). 

On the other hand, ash samples contained more sodium (Na) than dust. For other elements 

such as P and Al, there was no significant difference between aerosol types (Table II-4).  

3.2 pH 

The initial pH of 5.02 ± 0.25 in ARW and 7.96 ± 0.11 in ASW (n = 8) are in good agreement 

with the theoretical expected values of respectively 4.9 and 8.1. The addition of aerosols 

triggered a rapid increase in pHARW for four aerosols (Douz, Pata, Hoggar and Eyja; Figure 

II-3a): the strongest increase was observed for Douz with a change of 2.63 units within 15 

min of contact time, reaching a pH of 7.48. The pH increase of Pata, Hoggar and Eyja was 

weaker: after 30 min, the pH increased of respectively 1.87, 1.41 and 0.86 units, before 

stabilizing at pH 7.05, 6.89 and 6.28 after 2.5 h. The other aerosols had less influence on the 

pHARW: pH increased slightly for Bani and Tun Glass (ΔpH of respectively 0.20 and 0.36 

units) and decreased slightly for Chaitén and Tun Ash (ΔpH of -0.37 and -0.39). In the 

naturally buffered ASW, the pH change was below 0.4 units for all aerosols (Figure II-3b).  
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Figure II-3: Evolution of pH over time after addition of dust and ash to artificial (a) rain- or (b) 

seawater for a particle concentration of 250 mg.L-1. Only the evolving first 4 hours of contact time are 

shown. Initial pH of 5.02 ± 0.25 in ARW and 7.96 ± 0.11 in ASW (n = 8) are highlighted in gray.  

 

The observed pH variations after the addition of aerosols are consistent with literature: a pH 

range from 6 to 8 is common for Saharan rain, according to Ridame and Guieu (2002). In our 

experiments, a positive relationship was identified between the calcite content of the aerosol 

and the pH variation in ARW, explained by the release of CO3
2-, HCO3

- including an increase 

of OH- from the limestone to the matrix (Chou et al., 1989). The high calcite content of Douz 

(33.9 % CaCO3) triggered the highest pH increase in ARW. Pata and Hoggar contain 

respectively 12 and 31 times less CaCO3 than Douz (Table II-3) and the evolution of the 

ambient ARW pH was less pronounced. Conversely, Bani is the only tested dust sample that 

does not contain calcite, which might explain that its pH variation (increase of 0.20 units) was 

closer to ash samples.  

Eyja is the only ash sample that influenced the ARW pH, which may be explained by the 

dissolution of primary aluminosilicate minerals such as volcanic glass (Delmelle et al., 2021). 

This acid-base reaction consumes protons, thus increasing the pH.  

3.3 Dissolution in rainwater 

In this section, we will focus on the wet deposition mode of macronutrients to the ocean 

surface, i.e., within a rain droplet. Indeed, an aerosol particle might encounter cloud water 

within its lifetime in the atmosphere before reaching the ocean surface. Hence, its dissolution 

starts in the rain droplet at lower pH (Baker and Croot, 2010). For the sake of comprehension 

of aluminosilicate dissolution (§4.2.1), we will also address the aluminum (Al) dissolution at 

the end of this section. The dissolution of other lithogenic tracers are found in Annex IV §4.3.  
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3.3.1 Silicon 

The Si dissolution kinetics followed typical behavior with a high initial dissolution slowing 

down with time, but without reaching steady state after the 48 h of contact time (Figure II-4a). 

Desert dust released generally more dSi than volcanic ash except for Bani which was the dust 

that released the least Si: The Si dissolution reached a maximum of 59.0 µmol.g-1 for Pata  

(t48 h), but remained lower for African dust samples, varying from 6.1 to 35.6 µmol.g-1 (Bani 

and Douz, respectively) for the same contact time. Final %Sisol of Douz was higher than Pata 

in ARW (0.82 vs. 0.64%, Figure II-4b), which will be discussed in §4.2.2.  

Eyja was the ash that released the most dSi, and Eyja and Tun Glass released more Si than 

Bani dust. Volcanic ash released between 1.1 and 26.7 µmol dSi.g-1 to ARW after 48 h (Tun 

Ash and Eyja, respectively). Silicon from Eyja was the most soluble, followed by the 

synthetic Tun Glass (0.28 % and 0.11 % respectively after 48 h). Silicon from Chaitén and 

Tun Ash was the least soluble (0.03% and 0.01% respectively after 48 h) and comparable to 

Bani (%Sisol of 0.05% after 48 h). For all tested aerosols, %Sisol did not exceed 0.9 % for dust 

and 0.3 % for ash after 48 h. Noteworthy, Hoggar dust and Eyja ash had similar Si dissolution 

(~26 µmol.g-1) and solubility (0.28 %).  

 

3.3.2 Phosphorus  

The highest and most rapid DIP dissolution in ARW was recorded for Eyja: 7.0 µmol.g-1 after 

only 10 minutes of contact time and 7.7 µmol.g-1 at t48 h (Figure II-4c). In contrast, other 

tested ash samples as well as Bani dust had low dissolution during the 48 h of contact time  

(< 1.0 µmol.g-1 of DIP). Phosphorus release by aerosols followed distinct kinetic patterns: 

some aerosols displayed typical dissolution curves, with a slow increase until the maximum at 

t48 h (Pata, Tun Ash and Chaitén). Others displayed a rapid initial release within the first 

hours (8.3 and 0.83 µmol.g-1 after 3.5 h for Eyja and Bani) followed by a slow and constant 

decrease in concentration. Surprisingly, the P dissolution of Douz displayed a high and rapid 

dissolution in the first 30 minutes (6.6 µmol.g-1), followed by a rapid decrease within two 

hours and a plateau at 3.5 µmol.g-1. This unique behavior was not observed in the seawater 

matrix and will be discussed in §4.3.4.  

The highest %Psol of 30.4 % was recorded for Douz after 30 min of contact time before 

stabilizing after 2.5 h at around 15.6 ± 1.0 %, similar to Pata and Eyja (Figure II-4d). By the 

end of the 48 h period, the %Psol ranged between 3.7 and 20.1 % (Bani and Pata, respectively) 
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for dust particles and between 0.4 and 12.9 % (Tun Glass and Eyja, respectively) for ash 

particles. As for dSi, Bani was the dust with the lowest %Psol and Eyja the ash with the 

highest %Psol. 

3.3.3 Nitrogen 

Desert dust released generally more NOx in ARW than volcanic ash, akin to the greater N 

bulk content in dust (§3.1.2). Pata released the highest amount of NOx in ARW and reached 

13.6 µmol.g-1 after two hours of contact, corresponding to a peak of solubility of 20.2 % 

(discussed in §4.4.2). NOx from Douz and Hoggar was released within few minutes after the 

addition to ARW and did not vary over the 48 h experiment (Figure II-4e): respectively  

5.0 and 2.2 µmol.g-1 were released after 15 min, corresponding to %NOxsol of 3.8 and 2.9 % 

(Figure II-4f). Nitrogen solubility of Bani was the lowest within the dust samples and did not 

exceed 0.5 %, releasing less than 0.6 µmol.g-1 to ARW. Eyja was the only ash sample 

containing a detectable amount of nitrogen (0.03 %, Table II-4), and also the only ash sample 

that released a significant amount of NOx (1.53 µmol.g-1 after 30 h, corresponding to a 

solubility of 6.6 %). 

3.3.4 Aluminum  

Douz released the most dissolved aluminum (dAlnorm = 8.73 µmol.g-1 after 48 h, Figure II-4g), 

and presented the highest %Alsol of 0.5 % compared to other tested aerosols (< 0.1 Figure 

II-4h). Pata dust and the synthetic Tun Glass released 1.61 and 1.86 µmol.g-1 at 48 h and 

displayed similar %Alsol of 0.05 %. Aluminum from the other aerosols was weakly soluble 

(%Alsol less than 0.03 %). Pata displayed a particular Al dissolution curve: after an initial dAl 

increase, the amount of dAl decreased between 1 h and 3.5 h of contact then increased to 

reach 2.28 µmol.g-1 after 24 h and decreased again to 1.61 µmol.g-1 after 48 h (see discussion, 

§4.2.1). Other aerosols such as Bani and Hoggar and Eyja displayed fluctuating dAl release 

within the first contact hours, but this might be due to the low dAl concentration close to 

detection limit.  
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Figure II-4: Dissolution (µmol.g-1, left panels a,c,e,g) and solubility (%, right panels b,d,f,h) in 

artificial rainwater: dSi (a,b), DIP (c,d), NOx (e,f) and dAl (g,h). Warm colors and dashed lines 

represent desert dust, cold colors and plain lines represent volcano ash. 
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3.4 Dissolution in seawater 

The second pathway for aerosols to reach the surface ocean is through dry deposition, 

without prior encounter of atmospheric droplets. In this section, we will evaluate the 

dissolution of macronutrients through a series of leaching experiments in artificial seawater.  

3.4.1 Silicon 

Except for Bani, desert dust released more dSi than volcanic ash in ASW: after 48 h, dust 

dissolved between 8.6-64.5 µmol.g-1 and ash between 3.8-19.4 µmol.g-1 (Figure II-5a). Most 

dSi is released by Pata (104.7 µmol.g-1 after 216 h) and the highest %Sisol was recorded for 

Pata and Douz (0.87 and 0.74 % after 96 h, respectively, Figure II-5b); the %Sisol of other 

aerosols remained below 0.5 %. The experiment lasted nine days in ASW (except four days 

for Douz), but the Si dissolution of none of the aerosols reached a plateau, indicating of a 

non-steady state, until the end of the experiment. 

3.4.2 Phosphorus  

The highest DIP dissolution in ASW was observed for Douz with 1.16 µmol.g-1 after 72 h and 

for Tun Ash with 0.81 µmol.g-1 after 30 h (Figure II-5c). Other aerosols released less than 

0.6 µmol.g-1. The maximal %Psol in ASW of 5.8 % and 5.3 % were recorded for Chaitén (after 

216 h) and Douz (after 72 h) respectively, whereas other solubilities remained below 3 % 

(Figure II-5d). Several aerosols displayed rapid initial dissolution, followed by a decrease of 

DIPnorm: i.e., Bani dissolved 0.45 µmol.g-1 after 30 h, and then concentrations became 

undetectable after 96 h of contact. Similar but less severe DIPnorm decrease was observed for 

Hoggar (-0.49 µmol.g-1), Pata (-0.32 µmol.g-1) and Chaitén (-0.24 µmol.g-1). 

3.4.3 Nitrogen  

Globally, dust released more NOx to ASW than ash besides Eyja which released more NOx 

than Hoggar and Bani. NOx released from desert dust displayed a rapid release within five to 

ten minutes in ASW, and ranged between 0.15-6.86 µmol.g-1 (respectively for Bani and Pata, 

Figure II-5e), and between the DL and 4.48 µmol.g-1 for volcanic ash (respectively for 

Chaitén and Eyja) after t48 h. The N solubility of Eyja (20.6 % at t48 h, Figure II-5f) was 

higher than for desert dust (0.12-10.2 %, respectively for Bani and Pata). Nitrogen solubility 

could not be calculated for Chaitén, Tun Ash and Tun Glass, because their N contents were 

below detection limit.  
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Figure II-5: Dissolution (µmol.g-1, left panels a,c,e) and solubility (%, right panels b,d,f) of 

macronutrients in artificial seawater: dSi (a,b), DIP (c,d), NOx (e,f). Warm colors and dashed lines 

represent desert dust, cold colors and plain lines represent volcano ash. 
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4 Discussion  

4.1 Aerosol composition 

4.1.1 Mineralogical composition 

The ‘quantitative’ XRD method according to Nowak et al. (2018) detects the absolute amount 

of crystalline minerals within the whole sample (expressed in %). Non-detectable minerals 

such as badly crystallized or amorphous material cannot be assessed, which explains that the 

sum of identified minerals is less than 100 %. The standard semi-quantitative XRD method 

(i.e. used in Guieu et al. (2014c) for the same Douz dust) expresses the proportion of a 

mineral (in %) relative to the identified portion of the aerosol, which explains that their quartz 

and clay proportions are much higher than ours (respectively 40 % for quartz and 25 % for 

clay in their study vs. 10.1 and 18.8 % in our study) and that their mineral composition sums 

up to 100 %. In our analysis, the smectite and the badly crystallized portion of aerosols were 

underestimated which might explain that the clay content (9.6-23.4%, for different dust 

sources) is low compared to the 44 to 82 % estimated by Journet et al. (2008) with the semi-

quantitative method. Therefore, the amorphous portion in the dust aerosols (between  

32.3 % for Douz and 57.6 % for Hoggar, Table II-2) is likely overestimated in our study 

at the expense of badly detected minerals such as the clay smectite.  

Ash samples are mainly amorphous: 63.7, 69.2 and 81.7 % for respectively Eyja, Tun Ash 

and Chaitén, 100 % for the synthetic Tun Glass. Simonella et al. (2015) indicated similar high 

volcanic glass proportions from 76 to 98 %. Feldspar and pyroxenes are major primary 

magmatic minerals (Delmelle et al., 2005; Paque et al., 2016) and are found in all tested ash 

samples: Tun Ash contains 24.6 % of the feldspar andesine and 6.2 % pyroxene, while 

Chaitén and Eyja contain the sodic feldspar albite (16.5 and 23.4 %, respectively). Pata also 

contained high albite content (18.6 %), which could be an indicator for its particular 

composition influenced by close-by active volcanoes (Simonella et al., 2015). The 

composition of Eyja is different compared to other ash samples used in this study, since the 

sample contains important amounts of smectite (10.9 % montmorillonite), which is 

uncommon for volcanic ash that mainly does not contain detectable amounts of clay (Table 

II-3). The presence of alteration minerals such as clay minerals in Eyja can be explained by 

magma-ice interactions during the first phase of the explosive eruption (Paque et al., 2016). 

Delmelle et al. (2005) also detected a low amorphous phase in one out of six tested volcano 

ashes (San Cristobal, Nicaragua) which contained a XRD signature that was typical of clay 
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minerals. The authors explained this singularity by hydrothermal contamination, underlining 

the fact that clay is greatly uncommon in ash. The presence of clay within the ash sample 

could explain the high SSA of 7.3 m².g-1 (Paque et al., 2016), which compares better to dust 

samples (from 7.7 to 62.1 m².g-1, Table II-2) than to the other ash samples of this study  

(Table II-2).   

4.1.2 Elementary composition 

The elementary composition varied from sample to sample but no global difference could be 

made to differentiate desert from volcanic samples. Nitrogen was enriched in all tested 

aerosols compared to the upper continental crust composition (Wedepohl, 1995), while other 

elements such as Si were greatly conserved, similar to the findings of Lawrence and Neff 

(2009), see Annex IV §1 for enrichment factors. 

4.2 Dissolved silicon 

Frogner et al. (2001) recorded a Si release rate of 50 µmol.g-1.h-1 for ash of the Icelandic 

volcano Hekla after roughly 20 minutes of contact time to natural and artificial seawater in 

their flow-through reactor experiment. This result is 13 to 30 times higher than the dissolution 

rate of 1.7 to 3.8 µmol.g-1.h-1 calculated after 15 minutes in ASW for respectively Chaitén and 

Tun Ash in this study (see Annex IV §2). After 1.5 h of contact to natural or artificial 

seawater, these authors obtained a dissolution rate of 2-8 µmol.g-1.h-1, whereas the rate from 

this study decreases to 0.2-1.5 µmol.g-1.h-1 for the same contact time. In their natural seawater 

experiment, the dissolution rate stayed constant at around 2 µmol.g-1.h-1, while their Si 

dissolution rate reached values close to zero after 4 h of contact time in artificial seawater. 

This result is consistent with the 0.1-0.7 µmol.g-1.h-1 found in this study after 4.5 h. 

Olgun et al. (2013) compared the dissolution of several volcanic ash samples from Mount 

Etna (13 eruptions from 2001 to 2007) in Atlantic seawater. They obtained a wide Si 

dissolution range of 0.003 to 0.79 µmol.g-1 after a contact time of 1 h, and 0.09 to  

2.06 µmol.g-1 after 20 h. Their results are rather low compared to our data varying from 0.4 to 

1.5 µmol.g-1 after 1 h and from 2.0 to 11.3 µmol.g-1 after 24 h. The same authors compared 

Etna ash dissolution to a Cape Verde loess (simulating Saharan aerosols) using the same 

experimental setup, and obtained 0.45 µmol.g-1 after 1 h (and 1.11 µmol.g-1  after 20 h), 

which is lower compared to our 1.08 to 12.17 µmol.g-1 after 1 h (and 6.10 to 51.05 µmol.g-1 

after 24 h for Bani and Pata, respectively). It is to be noted that these authors used a PC in 
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seawater which was 80 times higher than ours. This different PC may explain the lower 

dissolution relative to the amount of aerosol, as previously evidenced by Ridame and Guieu 

(2002) for P solubility. Moreover, Bonnet et al. (2005) did not observe Si release for Saharan 

desert dust to natural seawater, but their PC was 25-times lower than in our study and might 

have remained below detection limit.  

4.2.1 Dissolution of aluminosilicates 

Silicates are the most abundant minerals on Earth, and their basic structural unit is the SiO4
4- 

tetrahedron. The silicate classification depends on the three-dimensional combination of this 

basic unit with other cations, either through strong covalent bonding (by sharing one O atom 

between two adjacent tetrahedrons), or through weaker ionic bonding with a cation (usually 

carrying a +2 charge such as Mg2+, Fe2+or Mn2+) which receives two electrons from two 

adjacent oxygen atoms (Haldar and Tišljar, 2013). The most common rock forming minerals 

belong to the feldspar group (57.9 %), pyroxenes (16.4 %), and quartz (12.6 %) (Haldar and 

Tišljar, 2013). Clay minerals are secondary minerals and thus not majority within the rock-

forming minerals, but are well represented at the earth surface. An important portion of 

silicates is part of the aluminosilicate group (such as feldspars or clays), where Al atoms tend 

to take the place of some Si atoms within the tetrahedrons by isomorphic replacement. 

Phyllosilicates (to which belong clay minerals) are based on interconnected six-member rings 

of SiO4
-4 tetrahedrons that are the foundation of the characteristic sheets (Haldar and Tišljar, 

2013). Each clay group (i.e., the illite and smectite groups) is characterized by its geometric 

structure based on this foundation, while each clay species is identified by its specific Si/Albulk 

ratio depending on the frequency of isomorphic replacement: kaolinite holds a ratio of about 

1, whilst the ratio of palygorskite can reach up to 2. Other clay species have intermediate 

Si/Albulk ratios (0.71 and 0.79 for montmorillonite and illite, respectively). Feldspars have 

ratios ranging from 2 (anorthite) to 3 (albite and microcline; Haldar and Tišljar, 2013). Our 

eight aerosols presented Si/Albulk ratios ranging from 2.7 to 6.3 (for Douz and Bani, 

respectively, Table II-5). Tun Ash is characterized by a high andesine content (24.6 %, Table 

II-3; with Si/Alandesine between 2 and 3), which greatly contributes to its Si/Albulk molar ratio of 

2.9 (Table II-5). During the dissolution of aluminosilicates, both Si and Al atoms are 

released to the matrix depending on their frequency within the mineral. In this study, we 

hypothesize that the Si and Al dissolutions occur with equal kinetics.    
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Table II-5: Molar Si/Al ratios (µmol/µmol) in the bulk aerosol and in the dissolved fraction at t48 h in 

artificial rainwater (ARW). Linear regression parameters (equation, coefficient of determination) of 

significant regressions (p-value < 0.05) are shown. The aluminosilicate dissolution of Pata is divided 

in two separate regressions (see text). n.s.: not significant.  

 (Si/Al)bulk dSi/dAlt48-ARW Linear regression R² 

Bani 6.3 ± 0.8 18.0 9.05x - 0.71 0.70 

Hoggar 3.2 ± 0.5 50.3 35.55x – 1.34 0.71 

Douz 2.7 ± 0.3 4.1 5.71x – 16.86 0.94 

Pata 3.2 ± 0.2 36.7 12.75x – 7.33 0.95 

   20.83x – 3.62 0.97 

Eyja 3.3 ± 0.1 47.1 41.56x + 2.05 0.97 

Chaitén 4.4 ± 0.2 3.9 3.84x – 0.24 0.68 

Tun Ash 2.9 ± 0.2 2.3 n.s.  

Tun Glass 2.8 ± 0.2 5.7 5.77x – 5.75 0.70 

 

A plateau in the dSi/dAl ratio (Figure II-6, right panels) is an indicator for a constant 

proportion of Si and Al dissolution, while an increasing ratio stands for a preferential Si 

release and/or Al sink. This latter phenomenon can be better identified by a decrease of the 

dAl concentration (Figure II-4g) and could have occurred for some of the timing and aerosols 

(e.g., after 1 and 24 h for Pata or after 7 h for Tun Ash). This is likely due to Al-hydroxide 

precipitation (Huertas et al., 1999) and/or Al adsorption quickly after the dissolution of the 

clays kaolinite (Lützenkirchen et al., 2014) and montmorillonite (Bruggenwert et al., 1987), 

or of the feldspar albite (Chen and Brantley, 1997). Aluminum precipitation depends on 

several parameters such as the pH, the aqueous Al concentration in the solution and the 

chemical affinity, as described by Oelkers et al. (1994). In addition, Si might also adsorb on 

(hydr)oxides (Swedlund and Webster, 1999), but this behavior appears not significant in our 

study, since we observe steady dSi increase in both ARW and ASW matrices with time.  

4.2.1.1 Aluminosilicates in desert dust 

In ARW, we observed several significant positive correlations (p-value < 0.05) between Si 

and Al dissolution for several tested aerosols (Figure II-6, left panels), indicating the 

dissolution of aluminosilicates: Douz released by far the most Al to ARW (Figure II-4g,h) 

and displayed the strongest global dSi/dAl relationship (R² = 0.94, p-value < 0.05, Table II-5 

and Figure II-6e), accompanied with an initially increasing dSi/dAl ratio (between 5 min and 

7 h in ARW, Figure II-6f) before stabilizing between 7 and 48 h at a constant ratio of about 4, 

indicating constant Si and Al dissolution.  
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Figure II-6: Left panels: Dissolved Si (µmol.g-1) as a function of dAl (µmol.g-1) in artificial 

rainwater for dust (a,c,e,g) and ash (i,k,m,o). Regressions are calculated for the entire 

experiment (5 min - 48 h), except for Bani (a), Pata (g) and Tun Glass (o) where the edges of 

partial regressions are indicated on the graph. Only significant linear regressions (p-value < 

0.05) are shown. Right panels: Evolution of the molar dSi/dAl ratio with contact time in 

artificial rainwater for dust (b,d,f,h) and ash (j,l,n,p). 
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Figure II-6: Left panels: Dissolved Si (µmol.g-1) as a function of dAl (µmol.g-1) in artificial rainwater 

for dust (a,c,e,g) and ash (i,k,m,o). Regressions are calculated for the entire experiment (5 min - 48 h), 

except for Bani (a), Pata (g) and Tun Glass (o) where the edges of partial regressions are indicated on 

the graph. Only significant linear regressions (p-value < 0.05) are shown. Right panels: Evolution of 

the molar dSi/dAl ratio with contact time in artificial rainwater for dust (b,d,f,h) and ash (j,l,n,p). 
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Douz contains crystalline aluminosilicates only under the form of clay (13.4 % illite, 2.85 % 

kaolinite and 2.4 % palygorskite, Table II-3) but might as well contain badly crystallized 

smectites (Journet et al., 2008; Paris et al., 2011) undetected by the analytical XRD method. 

The final dSi/dAl ratio in ARW was slightly higher than the Si:Al ratio of bulk aerosols  

(4.1 and 2.7±0.3, respectively, Table II-5), which could be either explained by additional Si 

dissolution from non Al-containing minerals such as quartz (10.0 % SiO2) or by 

aluminosilicates bearing the upper crustal ratio (Si/Al ratio of 3.9; Wedepohl, 1995).  

Similarly, Bani and Hoggar presented significant linear regressions for aluminosilicate 

dissolution (p-value < 0.05, Table II-5; Figure II-6a,c) despite Al fluctuations during the first 

hours of contact. At the end of the experiment (t48 h), the dSi/dAl ratios reached between 

18.0 and 50.3 for Bani and Hoggar respectively, but no plateau was reached (Figure II-6b,d). 

Noteworthy for Bani, no dAl was released after 7 h, suggesting that the 3.7 µmol.g-1 of dSi 

released between 7 h and 48 h were not liberated from aluminosilicates, but most probably 

from quartz (Bani is composed by 48.5 % of SiO2, Table II-3). 

Further, Pata had a unique aluminosilicate dissolution behavior due to the decrease of dAlnorm 

after 1 h and again after 24 h of contact to ARW (separate regressions in Table II-5, Figure 

II-6g). This behavior was too fast to be assimilated to reverse weathering, but might be 

explained by Al precipitation or adsorption.  

Moreover, Bani, Hoggar and Pata contain feldspar minerals in addition to the clay minerals 

found in Douz. Feldspar is known to have higher (Si/Al)total ratios, but dissolution of 

aluminosilicates alone cannot explain the 3 to 15-fold higher dSi/dAl obtained in this study. 

Quartz or amorphous silicon, possibly present within the amorphous portion of aerosols, 

may be responsible for higher Si release and will be addressed in the next sections.  

 

4.2.1.2 Aluminosilicates in volcanic ash  

The dissolution of Eyja, Chaitén and Tun Glass also displayed significant positive 

correlations between dSi and dAl (p-value < 0.05, Table II-5; Figure II-6i,k,o) after an erratic 

dAl release during the first hours, impacting the initial dSi/dAl. Eyja was the only ash that 

reached a dSi/dAl plateau around 50 after 7 h of contact (Figure II-6j). Other ash samples 

displayed increasing dSi/dAl with time, but their dSi/dAlt48h ratios were in the same range as 

their (Si/Al)bulk ratios (Table II-5). The amorphous Tun Glass has likely reached a plateau 

with a dSi/dAl ratio close to 4 at t30 h, typical of crustal aluminosilicates (Figure II-6o), 

probably resulting from the dissolution of amorphous aluminosilicates. However, Si 
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continues to be released after t30 h, whereas the Al concentration decreases, which suggests 

the dissolution of pure Si and/or adsorption/precipitation of Al.  

On the other hand, Tun Ash did not display any correlation between dSi and dAl (Figure 

II-6m), indicating that this sample dissolved only negligible amounts of aluminosilicates and 

that the dSi had most probably another origin. Nonetheless, Tun Ash contains 24.6 % of the 

feldspar andesine (having a (Si/Al)total ratio of 2.5, according to Haldar and Tišljar, 2013). 

This result will further be discussed in §4.2.2.  

The linear relationships between dSi and dAl (Figure II-6) clearly underline the role of 

aluminosilicate dissolution in Si release, but other non-Al containing minerals and the 

amorphous part of aerosols intervene as well in Si release, since the dSi/dAl release was 

constantly higher than the Si/Al ratios of aluminosilicate minerals (from 1 to 3). It is 

commonly accepted that the first elements dissolving from minerals such as feldspars are 

alkali and alkaline earth metals (such as K, Mg, Ca) due to their fast removal from the mineral 

structure. The second dissolution step hydrolyzes Al-O-Si bonds, liberating Al in both basic 

and acidic conditions (Oelkers et al., 1994 and references therein). Silicon is released only 

after these initial steps, through the breaking of Si-O-Si bonds from Si-rich surface layers. 

Preferential initial Al liberation, followed by later increased Si release could explain the 

observed chronological dSi/dAl increase. Indeed, Köhler et al., (2003) attest an initial 

preferential Al release of illite at 25 °C and acidic pH, possibly explained by fast Al exchange 

reactions from adsorption sites. Dissolution from the feldspar albite depends on pH and 

preferential Al dissolution is observed for pH below 6, whereas Si release is predominant 

above pH 6 (Chou and Wollast, 1985). Maring and Duce (1987) identified bimodal 

dissolution of Al from aerosols in seawater at pH 8, displaying initial rapid Al release from 

weathered primary minerals prior to aluminosilicate dissolution. In our ARW experiments at 

pH 5-7.5, dSi/dAl ratios were exclusively above 1, indicating that the aluminosilicate 

dissolution alone cannot explain the entire Si release, since most clay species have a Si/Al 

ratio between 1-1.4. We will assess the role of other minerals to the Si release in the next 

sections of this manuscript.  
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4.2.2 Role of mineralogy in Si dissolution 

Douz contains twice less Si than Pata (13.06 % vs. 25.80 %, Table II-4) and dissolves less 

dSinorm per gram of aerosol than Pata in ARW and ASW. However, Douz presented the 

highest Si solubility (section 3.3.1) in ARW but not in ASW. This phenomenon can be 

encoded by the solubility ratio as follows: 

 %solARW/ASW =
%𝑠𝑜𝑙𝐴𝑅𝑊

%𝑠𝑜𝑙𝐴𝑆𝑊
 Equation II-4 

 

The %solARW/ASW(dSi) ratio for Douz was higher than 1 throughout the experiment (t1 h and 

t48 h shown in Table II-6), indicating an increased %Sisol in ARW compared to ASW. On the 

other hand, Bani dissolved more dSi in ASW (solubility ratios < 1) while Hoggar and Pata 

displayed similar solubilities (ratios around 1), demonstrating that the dissolution behavior 

was aerosol-dependent. The same conclusion can be driven for ash samples, as Eyja dissolved 

more Si in ARW (ratio > 1), whilst Tun Ash was more soluble in ASW. Tun Glass and 

Chaitén initially dissolved more in ARW than in ASW. These results demonstrate that Si 

solubility of most dust and ash samples depended on pH and/or the ion loading of the 

matrix (i.e., ARW vs. ASW) but also varies with the aerosol composition.  

 

Table II-6: Solubility ratio of macronutrients in artificial rainwater (ARW) over artificial seawater 

(ASW), calculated according to Equation II-4.  

 %solARW/ASW - dSi %solARW/ASW - DIP %solARW/ASW - NOx 

 1 h 48 h 1 h 48 h 1 h 48 h 

Bani 0.6 0.5 3.5 2.0 2.4 0.6 ~ 

Hoggar 1.5 1.1 20.2 7.3 1.0 * 1.1 

Douz 2.6 1.4 10.2 3.4 0.9 0.9 

Pata 1.4 0.9 19.8 12.3 1.6 1.0 ~ 

Eyja 5.2 2.3 98.6 * 99.8 0.2 0.3 # 

Chaitén 1.7 0.9 2.5 4.7 - - 

Tun Ash 0.0 0.1 0.5 1.3 - - 

Tun Glass 4.1 0.5 4.7 0.7 - - 

Note: For missing data, solubility was used at 2 h instead of 1 h (*); 24 h instead of 48 h (~); and 30 h 

instead of 48 h (#). Missing ratios are due to NOx dissolution below detection limit in ARW. 
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Dissolved Si released from Douz was very similar to Hoggar in ASW (Figure II-5; §0), but its 

solubility was twice higher. The Si solubility is inversely proportional to the quartz content 

and proportional to illite content within the dust sample, indicating that %Sisol decreases 

significantly with increasing quartz and decreasing illite content (Mann-Whitney test for 

small samples with n = 4, p-value < 0.05). However, Douz is the only aerosol (besides the 

amorphous synthetic Tun Glass) that does not contain any feldspar such as andesine and 

albite, which are known to have higher Si dissolution rates than quartz in our ARW conditions 

(Chou and Wollast, 1985; Stillings et al., 1996). This result indicates that the mineralogy of 

dust samples alone was not sufficient to explain the increased %Sisol of Douz compared 

to Pata. 

It is known that increasing travel distances scatter the size distribution of aerosols due to the 

removal of larger particles by gravitational settling. Dissolution and solubility can increase 

when the aerosol size decreases, inducing an increase in the specific surface area (SSA) 

(Ayris and Delmelle, 2012; Mahowald et al., 2014) since the exchange surface with the 

matrix is modified. To be comparable (between aerosols and to pure minerals), the exchange 

surface normalized dissolution rate ρDiss (mol dSi.m-2.s-1) was calculated according to:  

 

 𝜌𝐷𝑖𝑠𝑠 =
𝑑𝑆𝑖𝑛𝑜𝑟𝑚

𝑡 × 𝑆𝑆𝐴
 Equation II-5 

 

where dSinorm is the amount of dSi per gram of aerosol, t is the contact time in seconds and 

SSA is the specific surface area in m².g-1 (Table II-2). The Si dissolution rates of all main 

silicate minerals have been measured since the 1980s, initiated by the work of Chou and 

Wollast (1985). A summary of Si dissolution rates for aerosol-composing minerals at the 

equilibrium pH in ARW and ASW from the literature is presented in Table II-7. These studies 

carried out long duration dissolution experiments (exceeding one year) at various pH and 

temperature conditions, and steady state was reached after several days of contact (e.g. after 

200 h for kaolinite at 25 °C at pH between 2 and 9, according to Huertas et al. (1999)).  
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Table II-7 
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In order to compare our results to the literature (Table II-7) the dissolution rate from our 

aerosols was estimated at steady state. We extrapolated ρDiss at 300 h of contact time in both 

ARW and ASW according to the power fit of the experimental data (Figure II-7). Even if  

300 h may not be representative of true steady state, the choice of a longer time does not 

change the shape of Figure II-7. It is to be noted that the sole purpose of this steady state 

extrapolation was to simplify the comparison to previous experimental studies on pure 

minerals (Table II-7), but that the scope of this work lies within representative timespans of 

aerosols in rain- and seawater, where steady state is not applicable due to much shorter time 

scales (1-2 h in rain and 1-2 days in surface seawater).  

 

 

Figure II-7: Silicon dissolution rate (mol dSi.m-2.s-1) of aerosols in artificial (a) rain (ARW) and (b) 

seawater (ASW) in log scale. The data points at t300 h (shaded) are calculated from a power fit 

extrapolation of the steady state. 

 

Another parameter influencing the Si solubility is the ambient pH. Figure II-8 shows the pH 

dependent Si dissolution rate of pure minerals according to literature. For instance, at 25 °C, 

quartz is more soluble at increasing pH above pH 3 (Crundwell, 2017; Dove and Elston, 

1992; Wollast and Chou, 1988 ; Table II-7 and yellow curve in Figure II-8).  
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Figure II-8: Silicon dissolution rate (mol dSi.m-2.s-1) normalized by the specific surface area of 

aerosols (1) in artificial rainwater (filled symbols) and artificial seawater (open symbols with 

corresponding color) as a function of ambient pH at estimated steady state (300 h of contact time, 

Figure II-7) compared to the pH-dependent dissolution rate of pure minerals from the literature: 

amorphous minerals (purple lines, 2), quartz (yellow line, 3), feldspars (blue lines, 4), basic rocks (red 

lines, 5) and clay minerals (green lines, 6). 
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Other Si containing minerals such as the clays illite, kaolinite and montmorillonite dissolve 

more at both acid and basic pH (below pH 6 and above 8, Huertas et al., 2001, 1999; Köhler 

et al., 2003; Zysset and Schindler, 1996, Table II-7 and green curves in Figure II-8) but 

become less soluble at pH around 7, which is typical for aluminosilicate dissolution (Guy and 

Schott, 1989). Feldspars display a similar dissolution behavior in the case of pH but their 

solubility is 1 to 4 orders of magnitude higher compared to clay, depending on the species and 

ambient pH (Chou and Wollast, 1985; Oxburgh et al., 1994, Table II-7 and blue curves in 

Figure II-8). As addressed previously, Douz has the highest CaCO3 content, which triggers the 

highest pH neutralization of the ARW. Thus, increased %Sisol of Douz might therefore 

partially be explained by higher dSi dissolution from quartz minerals included in the 

aerosol, after the basification of the ARW matrix.  

The estimated steady state Si dissolution rates of tested aerosols compare well to pure 

minerals from the literature (Figure II-8). The theoretical contribution of the crystalline part to 

the total Si dissolution rate (Table II-8) was calculated at the equilibrium pH for each aerosol 

and both matrices according to: 

 𝜌𝐷𝑖𝑠𝑠(𝑡ℎ𝑒𝑜)𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 = ∑(%𝑋  ×  𝑋𝜌𝐷𝑖𝑠𝑠) Equation II-6 

where %X represents the percentage of the mineral X in the aerosol and XρDiss is the theoretical 

steady state Si dissolution rate of the mineral X at the equilibrium pH, according to literature 

(Table II-7). 

 

Table II-8: Experimental Si dissolution rates (ρDiss in mol dSi.m-2.s-1) in artificial rain and seawater, 

compared to the theoretical contribution from the crystalline part of the aerosol. pHeq: equilibrium pH 

of each aerosol for a given matrix. ρDiss(theo)crystalline: theoretical Si dissolution rates due to the 

crystalline fraction, calculated at pHeq (Equation II-6, Table II-7). ρDiss(eSS)total: Si dissolution rate 

extrapolated from the experimental data at estimated steady state (eSS, shaded part on Figure II-7). 

Cryst.part (%): percentage of estimated ρDiss(eSS) explained by the crystalline theoretical dissolution 

rate ρDiss(theo) for each matrix.   

 Artificial rainwater Artificial seawater 

 pHeq 
ρDiss(theo) 

crystalline 

ρDiss(eSS) 

total 

Cryst. 

Part, % 
pHeq 

ρDiss(theo) 

crystalline 

ρDiss(eSS) 

total 

Cryst. 

Part, % 

Bani 5.29 8.6 10-13 1.6 10-12 53 8.31 4.8 10-12 2.8 10-12 170 

Hoggar 7.01 1.3 10-12 2.3 10-12 56 8.29 2.2 10-12 2.6 10-12 87 

Douz 7.52 7.2 10-13 2.1 10-12 34 7.93 9.7 10-13 2.2 10-12 43 

Pata 7.17 5.7 10-13 1.7 10-12 33 7.95 1.0 10-12 2.1 10-12 49 

Eyja 6.43 3.1 10-13 5.2 10-12 6 8.08 5.5 10-13 6.4 10-12 9 

Chaitén 5.17 2.9 10-13 8.1 10-12 4 8.44 5.2 10-13 1.5 10-11 4 

Tun Ash 4.87 3.0 10-12 4.2 10-12 72 8.08 3.3 10-12 5.4 10-11 6 

Tun Glass 5.27 0.0 1.4 10-11 0 8.15 0.0 5.6 10-11 0 
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The dissolution of the crystalline minerals explains an overall higher percentage of Si ρDiss 

from desert dust compared to volcanic ash in both matrices (Table II-8), except Tun Ash 

whose solubility is explained at over 70 % by crystalline minerals in ARW. The crystalline Si 

originating from dust is sufficient to explain all or most of Si released from Bani and Hoggar 

in ASW (170 % and 87 %, respectively) and almost half of the Si released from Douz and 

Pata (43 % and 49 %). The percentage over 100 % for Bani in ASW may be explained by 

uncertainties due to the extrapolation of steady state or by the choice of literature data, which 

might overestimate the contribution of quartz (Dove and Elston, 1992). The calculated 

theoretical contribution of quartz dissolution to Si release from desert dust accounts for 

19.4-49.2 % in ARW and 29.2-100 % in ASW (Figure II-9) but is negligible for ash 

(maximum contribution of 1.0 %).  

 

 

Figure II-9: Theoretical contribution of each Si containing mineral to the Si dissolution rate of 

aerosols estimated at equilibrium from experimental data (ρDiss(eSS), mol Si.m-2.s-1, according to Table 

II-8) in artificial rain (ARW) and seawater (ASW). Quartz is shown in yellow, basic minerals in red, 

feldspars in blue and clays in green. The contribution of quartz for Bani in ASW (dashed orange bar) 

was sufficient to explain the Si dissolution in ASW.  

 

The crystalline contribution to the total Si dissolution decreased for dust in ARW as compared 

to ASW but remained high (33-56 %, Table II-8, Figure II-9a). This trend was not observed 

for Eyja and Chaitén (and obviously for Tun Glass which is completely amorphous), with 

similar low contribution in ARW and ASW (below 10 %). On the other hand, the dSi 

dissolution from Tun Ash is a lot better explained in ARW compared to ASW: in ARW, the 

dissolution of the feldspar andesine and the basic rock enstatite explain 72 % of the dSi 
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release (accounting each for 33.5 % and 38.5 % of the total ρDiss(eSS), Figure II-9), compared 

to only 1.4 % and 0.5 % in ASW, where the basic mineral augite was more soluble (4.2 % of 

the signal in ASW compared to 0.3 % in ARW). The contribution of clay dissolution to Si 

release was very low (maximal 0.2 % of the global Si release in ARW and less in ASW).  

 

The remaining part of Si release has to be attributed to the amorphous portion, most 

probably basaltic glass in volcanic ash, known to be more soluble in seawater: This result 

is consistent with the findings from Icenhower and Dove (2000), establishing the relationship 

of amorphous SiO2 dissolution and increasing NaCl concentration. Equally, Morin et al. 

(2015) showed increasing Si dissolution of a synthetic basaltic glass with increasing salinities 

observed in estuaries. 

This comparison shows that the contribution of crystalline minerals in our aerosols was 

insufficient to explain the total Si dissolution measured in our experiments, except for 

Bani and Hoggar in ASW and Tun Ash in ARW. The study thus underlines the importance of 

the amorphous and/or badly crystallized and/or crystalline but undetected portion of aerosols 

for Si release to both ARW and ASW. If such a result is not surprising for ash samples, 

this is more striking for dust samples. The amorphous contribution will be discussed in 

the next section. 

4.2.3 Contribution of amorphous silicon 

The amorphous portion of aerosols might be an additional source of dSi with potential 

important Si solubility (Fraysse et al., 2006; Gunnarsson and Arnórsson, 2000). The 

composition of the amorphous material was unfortunately not identified in this study, but it 

can be biogenic (released after the degradation of organic matter from diatom frustules or 

phytoliths in higher plants such as grass and bamboo, Fraysse et al. 2009); pedogenic 

(produced during soil formation by physical and chemical weathering of parent material such 

as quartz, Cornelis et al., 2011; Jenny, 1941) or lithogenic (e.g. volcanic glass, Morin et al., 

2015). Allophanes are amorphous aluminosilicates with molar SiO2/Al2O3 ratios varying from 

0.9 to 1.9 (Sieffermann et al., 1968). Depending on its origin and composition, the dissolution 

of amorphous silica (aSi) depends on pH with variable behavior: phytoliths (biogenic Si, bSi) 

display a dissolution rate with a relationship relative to pH similar to quartz dissolution, but 

more than an order of magnitude higher in the basic domain, increasing above pH 2 (Fraysse 

et al., 2009, 2006, Figure II-8). However, the dissolution of hydrated amorphous silica gel is 

stable below pH 8 but depends on the matrix, thus decreasing with increased salinity 
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(Marshall and Warakomski, 1980). On the other hand, continental and marine bSi, as well as 

volcanic basaltic glass, are known to dissolve more in seawater at higher pH, due to the 

catalytic effect of Na+ and Mg2+ cations (Loucaides et al., 2008; Morin et al., 2015). 

According to Gislason and Oelkers (2003), basaltic glass dissolution decreases around pH 6 

and increases in the acidic and basic regions, while the dissolution rate of pedogenic 

allophane varies only slightly with pH (Ralston, 2018, purple lines, Figure II-8).  

Due to this wide variety of possible dissolution behaviors, it is therefore not possible to 

determine the contribution from the aerosol aSi pool to the %Sisol without knowing their exact 

composition. An estimation can be made by calculating the amount of particulate aSi within 

the amorphous material that would be needed to explain the remaining part of ρDiss(eSS). For 

instance, the dissolution of crystalline material explains 56 % of Si dissolution of Hoggar in 

ARW (Table II-8), so theoretically, the amorphous material should resolve the remaining  

44 %, i.e., 1.0 10-12 mol dSi.m-2.s-1 (Table II-9). The theoretical contribution of the amorphous 

part to the total Si dissolution rate was calculated at the equilibrium pH for each aerosol and 

both matrices according to: 

 

𝜌𝐷𝑖𝑠𝑠(𝑡ℎ𝑒𝑜)𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 = 𝜌𝐷𝑖𝑠𝑠(𝑒𝑆𝑆)𝑡𝑜𝑡𝑎𝑙 − 𝜌𝐷𝑖𝑠𝑠(𝑡ℎ𝑒𝑜)𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 Equation II-7 

 𝑎𝑋 (%) =
𝜌𝐷𝑖𝑠𝑠(𝑡ℎ𝑒𝑜)𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝑎𝑋𝜌𝐷𝑖𝑠𝑠
 Equation II-8 

 

where aX represents the percentage of the amorphous mineral X in the aerosol and aXρDiss is 

the theoretical steady state Si dissolution rate of the amorphous mineral X at the equilibrium 

pH, according to literature (Table II-7); ρDiss(eSS)total and ρDiss(theo)crystalline are provided by 

Figure II-7 and Equation II-6, respectively.  

The presence of phytoliths and freshwater diatom valves in Saharan desert dust has been 

reported (Folger et al., 1967; Romero et al., 1999). Using ρDiss from literature for phytoliths 

and allophane (Fraysse et al., 2006; Ralston, 2018) at pH 7 (pHeq for Hoggar dissolution in 

ARW), we find that 7 % of phytoliths or 46 % of allophanes or a combination of both would 

be necessary within the 57.6 % of amorphous material in order to explain the remaining Si 

dissolution of Hoggar in ARW (Table II-9). In ASW, the amount of aSi needed to fulfill the 

ρDiss(eSS) is even less (1 % of phytoliths or 15 % of allophane, or a combination of both).  

It is to be noted that allophanes originate from the weathering of volcanic ash and are thus not 

likely to be abundant within the African samples (Bani, Hoggar and Douz), whereas they 
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might be of importance within the South American Pata. Moreover, phytoliths enter in contact 

with arid dust most probably within the atmosphere and not at soil level (Romero et al., 

1999). Since the dust samples used in this study are ground-collected dust analogues, the 

proportion of phytoliths within these samples is thus not thought to be substantial. Another 

hypothesis concerns undetected crystalline minerals such as smectites that also contribute to 

the Si dissolution. However, the dissolution rate of the smectite montmorillonite has been 

proven to be comparatively low (Figure II-8).  

 

Table II-9: Hypothetical estimated amounts (%) of different amorphous minerals (phytoliths or 

allophane for desert dust or various volcanic glasses) within the bulk amorphous portion (%) of 

aerosols, needed to explain the remaining Si dissolution rate ρDiss not explained by the crystalline 

portion (mol Si.m-2.s-1) in order to close the Si dissolution budget.   

  Artificial rainwater Artificial seawater 

 
Amorphous 

material  

in bulk 

aerosol (%) 

ρDiss(theo) 

amorphous 

(mol Si. 

m-2.s-1) 

Estimated amount  

of amorphous material  

aX (%) 

ρDiss(theo) 

amorphous 

(mol Si. 

m-2.s-1) 

Estimated amount  

of amorphous material  

aX (%) 

 Phytolith Allophane   Phytolith Allophane   

Bani 35.4 7.7 10-13 29 38      

Hoggar 57.6 1.0 10-12 7 46  3.3 10-13 1 15  

Douz 32.3 1.4 10-12 14 63  1.3 10-12 5 57  

Pata 48.3 1.1 10-12 8 52  1.0 10-12 5 47  

   Basalt Andesite* Rhyolite*  Basalt Andesite** Rhyolite** 

Eyja 63.7 4.9 10-12 17 10 65 5.8 10-12 21 0.3 4 

Chaitén 81.7 7.8 10-12 27 16 104 1.4 10-11 50 0.6 10 

Tun Ash 69.2 1.2 10-12 4 2 16 5.1 10-11 181 2.3 36 

Tun Glass 100 1.4 10-11 47 27 182 5.6 10-11 202 2.5 40 

Note: Each percentage of needed material attempts to explain the whole remaining ρDiss by itself, but it 

is most likely that a dissolution of a combination of several amorphous minerals within an aerosol 

occurs. The hypothetical contribution of volcanic andesitic and rhyolitic glass was calculated at * pH 

4.1 for ARW and ** pH 10.6 for ASW, and might thus be overestimated. 

 

The amorphous portion of volcanic ash is most certainly composed of volcanic glass. 

According to the SiO2.and alkali metal (K2O + Na2O) content of the ash samples (Figure II-2), 

Chaitén is classified as rhyolite, whereas the other ash samples (Eyja, Tun Ash and Tun 

Glass) belong to (trachy)-andesites. Less data is available for pH-dependent Si dissolution 

rates of amorphous volcanic glass compared to crystalline minerals; we thus estimated the 

hypothetical amounts of andesitic and rhyolitic glass within the bulk amorphous portion 

(Table II-9) at pH 4.1 and 10.6 (Wolff-Boenisch et al., 2006) for ARW and ASW, 

respectively, instead of using the equilibrium pH of each aerosol for a given matrix (Table 
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II-8). Therefore, the estimations in Table II-9 for volcanic ash are possibly overestimated, 

supposing that the overall shape of pH-dependent dissolution rates for andesite and rhyolite 

approximates the shape for basaltic glass, with its lowest point around pH 5-7 increasing 

towards the acidic and basic pH (Figure II-10).   

 

 

Figure II-10 : Silicon dissolution rate (mol dSi.m-2.s-1) normalized by the specific surface area of 

volcanic ash in artificial rainwater (filled symbols) and artificial seawater (open symbols) as a function 

of ambient pH at estimated steady state (300 h of contact time, Figure II-7) compared to the  

pH-dependent dissolution rate of various volcanic glasses from the literature.  

 

Overall, the addition of amorphous material to the ρDiss enabled to close the Si 

dissolution budget for all the aerosols, besides Chaitén in ARW. Indeed, the remaining  

7.8 10-12 mol Si.m-2.s-1 could not be explained by the dissolution of rhyolitic glass, as 104 % 

of amorphous rhyolite would be necessary within the remaining 81.7 % amorphous material. 

It can be noted that the amorphous material found in volcanic ash may also be under the form 

of silica glass coatings on secondary minerals (Jongmans et al., 1996) that may further 

influence the dissolution rates. However, the estimation of the amorphous contribution 

bore several approximations and suppositions, thus the discussed results need to be used 

with care. 
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In ARW, the highest ash Si dissolution was recorded by the least amorphous Eyja  

(63.7 %), which was the only volcanic ash sample containing high amounts of clay 

(montmorillonite) and increasing the pH of ARW, thus possibly increasing the aSi 

solubility. Eyja is also the only ash that contains clay (10.9 % montmorillonite 

Ca0.25(Al1.5Mg0.5) Si4O10(OH)2), known to have greater solubility at lower pH compared to 

ASW (Jeandel and Oelkers, 2015; Köhler et al., 2005). But as seen above, clay minerals play 

only a very limited role in Si dissolution (Figure II-9). The hypothesis of pH increasing aSi 

dissolution is therefore more likely. In ASW, the 100 % amorphous synthetic Tun Glass took 

the lead of volcanic ash Si solubility, indicating again the high solubility potential of aSi at 

basic pH in a cation charged matrix such as SW (Morin et al., 2015).  

4.2.4 Conclusion on silicon dissolution in artificial rain- and seawater 

Silicon dissolution in both ARW and ASW displayed typical dissolution kinetic curves with 

initial high dissolution rates that decrease over time (Figure II-7). Steady state dissolution was 

not reached for any aerosol at t48 h of contact in ARW, indicating that the chemical 

composition of the solutions did not equilibrate with the liquid matrix (Morin et al., 2015). On 

the other hand, dissolution approximates steady state at t216 h in ASW (Figure II-7b).  

Generally, the amount of dSi released by desert dust was remarkably similar between ARW 

and ASW for the first 48 h, as shown by slopes close to 1 in Figure II-11a (significant linear 

regression, p-value < 0.05, Table II-10).  

However, the dissolution of the crystalline part was responsible for a higher percentage 

of the total Si dissolution in ASW (43-100 %) compared to ARW (33-56 %) for all dust 

samples (Table II-8). Therefore, it seems that the amorphous part of dust particles was 

more soluble in ARW, explaining that the net difference between matrices remained 

small, which is in agreement with preferential allophane dissolution at pH 5 compared to pH 

7-10 (Ralston, 2018) but not for phytoliths (Fraysse et al., 2006 and purple curves in Figure 

II-8).  
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Figure II-11: Dissolved Si (µmol.g-1) in artificial seawater (ASW) plotted as a function of dSi in 

artificial rainwater (ARW) for (a) desert dust samples and (b) volcanic ash samples for the first 48 h of 

contact. The dashed line (y=x) represents an equal dSi dissolution in both matrices. Slopes of linear 

regressions are shown in Table II-10.  

 

In contrast, the release of dSi from volcanic ash was more variable depending on the matrix 

(Figure II-11b): Tun Ash dissolved much more dSi in ASW (Figure II-11b 

and ARW/AWW solubility ratio < 0.1 in Table II-6). As seen in §4.2.2, 72 % of the Si 

dissolution from Tun Ash in ARW was explained by its crystalline part, versus only 6 % in 

ASW (Table II-8). Therefore, the remaining dSi (28 and 94 %, respectively) should have 

come from the dissolution of amorphous or badly crystallized Si. The aSi of Tun Ash was 

therefore much more soluble in ASW. In contrast, Si dissolution from Eyja was mostly 

explained by the amorphous portion (the crystalline part was responsible for only 9 % in 

ASW and 6 % in ARW (Table II-8), but Si from Eyja was more soluble in ARW (slope in 

Figure II-11 of 0.61 ± 0.01 and solubility ratio >1.8 in Table II-6). For its part, Chaitén 

released similar amounts of dSi to both matrices, indicating that the different ash samples are 

composed by different types of amorphous material with variable solubilities.  
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Table II-10: Significant linear regressions (equation, coefficient of determination, p-value < 0.05) of 

dSi (µmol.g-1) in artificial seawater as a function of dSi in artificial rainwater for the first 48 h of 

contact. The dissolution of Tun Ash is divided in two separate regressions in addition to the global 

regression (see text).  

 Linear regressions R² 

Bani 1.47x – 0.59 0.99 

Hoggar 0.98x – 1.03 1.00 

Douz 0.82x – 3.26 0.98 

Pata 1.21x –5.50 0.99 

Eyja 0.61x – 1.66 1.00 

Chaitén 1.04x – 0. 41 0.90 

Tun Ash 7.73x + 1.31 0.82 

Tun Glass 2.43x – 8.33 0.93 

t5‘-t3.5 h 0.62x – 1.45 0.85 

t4.5 h - t48 h 3.12x – 13.70 0.99 

 

 

The dissolution of Tun Glass was higher in ARW during the first 7 h of contact, but the slope 

shifts after the initial 3.5 h of contact; Table II-10). This suggests that the dissolution of Si-

containing species from Tun Glass was pH and/or matrix dependent, causing a higher but 

slower %Sisol in ASW for the completely amorphous sample. The initial dissolution behavior 

of Tun Glass was very similar to Eyja (Table II-10).  

These results showed that Si released by volcanic ash (besides Tun Ash in ARW) is mostly 

dissolved from aSi, but also that the aSi from different volcanic ashes has highly variable 

dissolution and that it is difficult to draw generalities. Such variable dissolution behaviors 

may be explained by the complex chemical interactions within the volcano cloud that defer 

for each eruption (Jones and Gislason, 2008). 
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4.3 Dissolved phosphorus  

4.3.1 Origin of phosphorus in aerosols 

Phosphorus is present in aerosols under organic and inorganic form: for the Saharan soils, it is 

stated that the inorganic form is predominant (Ridame and Guieu, 2002). Phosphorus is a 

component of the mineral phase (apatite), and can also be adsorbed onto particle surfaces 

(Anderson et al., 2010; Kanakidou et al., 2018). In our samples, the P content ranged between 

0.04-0.13 % for dust and 0.03-0.18 % for ash (Table II-4), which is consistent with the 

average crustal concentration, see enrichment factors in Annex IV, Table IV-1) and previous 

Saharan dust concentration (Guieu et al., 2010; Ridame and Guieu, 2002). The P content of 

magma can be several orders of magnitude higher than in ash (up to 2-3 % P2O5 i.e.  

0.9-1.3 % P for magma according Mysen et al. (1999) vs. < 0.1-0.2 % P in ash, Olgun et al., 

(2013)). Volcanic P is assumed to be mainly found in the fine aerosol mode (i.e. < 2.5 µm) 

formed at high temperatures during an eruption (Mahowald et al., 2008), which could have an 

influence on the %DIPsol, since smaller particles have an increased P solubility (Baker et al., 

2006).  

4.3.2 DIP dissolution 

4.3.2.1 DIP release from desert dust 

Phosphorus was more soluble in the ARW compared to the ASW matrix for each of the tested 

dust samples (Table II-6; Figure II-12b) which is consistent with previous findings of Ridame 

and Guieu (2002) who used the same Hoggar dust in ultrapure water (UPW) and natural 

Mediterranean SW. Moreover, their P solubilities in SW are consistent with our ASW data 

(about 1.3 % in this study versus about 1.5 % in Ridame and Guieu., 2002), whereas we 

recorded a three times higher %DIPsol in ARW. This difference may be explained by the 

acidification of the ultrapure water to pH 4.9 in this study, which was not the case in Ridame 

and Guieu (2002) and might increase solubility. Moreover, Jacq (2014) reported a %DIPsol of 

3.9 ± 0.8 % for the same Bani sample at the same PC of 250 mg.L-1 after 1 h in ARW, which 

is very consistent with the 3.6 % obtained in this study. After 1 h of contact to ARW, Bani 

released 0.50 µmol.g-1, consistent with the data of Jacq (2014) and C. Meriguet (pers. comm), 

with respectively 0.39 and 0.47 µmol.g-1 with the same experimental setup.  
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As no previous DIP dissolution study with Douz is available, we cannot confirm the high 

early dissolution peak of Douz in ARW (~30 %, Figure II-4; see section §4.3.4.1). Bani and 

Douz displayed comparatively high solubilities after 48 h in ARW (> 18 %, Figure II-12b). 

4.3.2.2 DIP release from volcanic ash 

Volcanic ash DIP dissolution is also matrix dependent and higher in ARW at lower pH (Table 

II-6; Figure II-12b), as previously shown by Jones and Gislason (2008). The most flagrant 

difference is found in Eyja with maximal %DIPsol of 12.9 % in ARW and 0.13 % in ASW 

after 48 h, corresponding to a difference of two orders of magnitude (Table II-6), whereas Tun 

Ash and Tun Glass (with comparatively low solubility below 2.5 %, Figure II-12b) have 

similar behavior in both matrices. Consequently, the %DIPsol from ash was not systematically 

higher in ARW compared to ASW, as it was the case for desert dust. In comparison, Jones 

and Gislason (2008) have shown %solARW/ASW ratios of 4-6 for one part of their ash samples, 

comparable to our Chaitén sample with a ratio of 4.7 after 48 h.  

Mahowald et al. (2008) assumed in their model study a 50-100 % solubility from volcanic P 

in SW, which is largely overestimated according to our experimental data where DIP 

solubility did not exceed 15 % in ARW and 6 % in ASW, which is more comparable to the 

cited P solubility of 10 % for mineral dust (Mahowald et al., 2008). Besides this model study, 

several abiotic dissolution experiments showed, however, dissolution values similar to ours: 

We obtained dissolutions ranging between the detection limit and 0.77 µmol.g-1 in ASW after 

24 h (for Eyja and Tun Ash, respectively), which was consistent with the values for several 

natural Etna ash samples from Olgun et al. (2013) in Atlantic seawater (0.01-0.97 µmol.g-1 

after 20 h). Moreover, P dissolution of ash in ARW for three out of the four ash samples (0.23 

to 0.40 µmol.g-1 after 4.5-7 h for Tun Glass, Chaitén and Tun Ash) were in the range of those 

found by Jones and Gislason (2008) in de-ionized water for eight ash samples (0.01-2.18 

µmol.g-1 within 8 h). On the other hand, the 8.31 µmol.g-1 found after 7 h in ARW for Eyja 

was about four times greater than the highest dissolution found by these authors for Hekla ash. 

Jones and Gislason (2008) underlined in their study that their Icelandic Hekla sample differed 

from other sources by its low Si and high P and Fe content, which was also observed for our 

Icelandic Eyja sample (Table II-4). Moreover, Eyja is characterized by a SSA which is up to 

18 times higher than other ash samples (Table II-2), which might explain its higher solubility. 

The SSA and %DIPsol of Eyja compares more to the mineral dust than to other ash samples, 

indicating again the variability between natural samples and influence on physical parameters 

on dissolution.  
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Figure II-12: Solubility (%) of macronutrients in artificial rainwater (ARW, black and white) and 

seawater (ASW, blue shades) after 1 h and 48 h of contact, for (a) dSi, (b) DIP, (c) NOx. In the case of 

missing data, solubility was used at 2 h instead of 1 h (*); 24 h instead of 48 h (~); and 30 h instead of 

48 h (#). %NOxsol could not be calculated for the ash samples Chaitén, Tun Ash and Tun Glass, since 

their %N content was undetectable.  

 



Dissolution of macronutrients (Si, P, N) from desert and volcanic aerosols in artificial rain- and seawater 

85 

4.3.3 DIP release rates 

The initial dissolution rate of 1.6-2.5 µmol.g-1.h-1 found by Frogner et al. (2001) for the 

volcanic ash of Hekla in Iceland after 30 min in natural and artificial seawater was more than 

five times higher than the 0.1-0.49 µmol.g-1.h-1 in ASW found in this study for Tun Glass and 

Chaitén. Eyja remained under the detection limit at this early stage of contact to ASW and 

could not be compared.  

In ARW, the release of DIP was rapid, as 30-85 % of DIP for dust and 13-85 % for ash was 

released within the first ten minutes (Table II-11). The P dissolution was slower in ASW: 9-

40 % for dust and < DL-14 % for ash was released in the first 10 min. The rapid DIP release 

in ARW is consistent with the findings of Ridame and Guieu (2002), who found that roughly 

75 % of DIP was released within ten minutes.  

Thus, in our study, %DIPsol was highly dependent on the matrix, which can be caused by the 

different pH or cation loading. Higher and faster P solubility was recorded in ARW compared 

to ASW, which is consistent with literature for desert dust (Anderson et al., 2010; Chen et al., 

2006; Ridame and Guieu, 2002). 

Table II-11: Percentage of the total released macronutrients that dissolved within 10 minutes, 

compared to the maximum dissolved nutrient concentration. <DL: undetectable DIP release in ASW 

or NOx in ARW. When data at t10 min was missing, t5 min (*) or t15 min (**) was used instead for 

the calculation.  

 
𝑑𝑆𝑖10𝑚𝑖𝑛

𝑑𝑆𝑖𝑚𝑎𝑥

× 100 
𝐷𝐼𝑃10𝑚𝑖𝑛

𝐷𝐼𝑃𝑚𝑎𝑥

× 100 
𝑁𝑂𝑥10𝑚𝑖𝑛

𝑁𝑂𝑥𝑚𝑎𝑥

× 100 

 ARW ASW ARW ASW ARW ASW 

Bani 6.2 2.5 29.7 9.1 <DL 51.7 * 

Hoggar 11.1 5.5 73.3 39.9 99.8 63.9 

Douz 12.6 5.8 84.6 13.8 81.4 ** 81.7 

Pata 13.4 4.7 46.6 35.7 8.1 82.2 

Eyja 11.8 1.2 84.6 <DL 36.7 93.7 

Chaitén 9.7 1.8 13.2 14.2 <DL 54.0 * 

Tun Ash 3.1 * 4.1 20.9 9.9 <DL 22.0 * 

Tun Glass 26.4 1.4 49.7 2.9 <DL 66.7 

 

4.3.4 DIP adsorption rates 

Our dissolution experiments were performed in abiotic conditions, thus the DIP could not 

have been taken up by primary consumers or heterotrophic bacteria. However, we recorded a 

decrease in the ambient DIP concentration during some of the experiments, which must 

therefore be due to DIP precipitation or adsorption to particles and/or the walls of 
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experimental bottles. In order to estimate the magnitude and speed of this process, we 

calculated mean adsorption rates according to:  

 

𝑚𝑒𝑎𝑛 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
− ∆𝐷𝐼𝑃𝑛𝑜𝑟𝑚

∆𝑡𝑖𝑚𝑒
=

− (𝐷𝐼𝑃𝑛𝑜𝑟𝑚(𝑡2)−𝐷𝐼𝑃𝑛𝑜𝑟𝑚(𝑡1)) 

𝑡2−𝑡1
  Equation II-9 

  

where we assume a linear DIPnorm decrease between the time t1 of maximal and t2 of minimal 

concentrations. This mean adsorption rate takes into account the PC and the timespan during 

which the concentration decreases, which will facilitate comparison with literature and spot 

outliers.  

4.3.4.1 DIP adsorption in desert dust 

Bani displayed typical DIP adsorption in both ARW and ASW, initiated after respectively  

7 and 30 h of contact and lasting until the end of the 48 h and 216 h experiments (Table 

II-12). The adsorption rate was quite similar in ARW and ASW, and DIP even reached its 

initial value in ASW (no net release after 96 h). Moreover, Ridame et al. (2003) found in pure 

water a DIP adsorption rate of 20 nmol.g-1.h-1 onto the same Hoggar dust for PC between  

5-96 mg.L-1 after 1.3 h. This rate could not be confirmed in our study where Hoggar did not 

adsorb detectable amounts of DIP in any of the two matrices. Further, the South American 

Pata dust undergoes DIP adsorption only in the ASW matrix (2.7 nmol.g-1.h-1 between 72 and 

192 h).  

Table II-12: DIP adsorption in ARW and ASW for concerned aerosols, expressed as the amount of 

adsorbed DIP normalized per gram of aerosol, and adsorption rates calculated according to Equation 

II-9 taking into account the adsorption period (timespan during which the net DIPnorm concentration 

decreased).  

 Artificial rainwater Artificial seawater 

 adsorptionnorm period DIP ads rate adsorptionnorm period DIP ads rate 

 (µmol P.g-1) (h) (nmol P.g-1.h-1) (µmol P.g-1) (h) (nmol P.g-1.h-1) 

Bani 0.33 41 8.1 0.45 42 10.6 

Douz 3.14 2 1570 * 0.16 ** 24 6.7 

Pata    0.32 120 2.7 

Eyja 0.65 44.5 14.6    

Chaitén 0.16 24 6.5    

Tun Glass 0.12 24 4.9    

Note: Only cases where several successive data points display the same trend are presented in this 

table in order to exclude possible outliers. *Douz adsorption in ARW is probably overestimated 

despite several high values confirming the value. **Douz adsorption in ASW is shown despite a single 

value, as the trend is confirmed by literature (Louis et al., 2015).  
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Further, the highest dissolution and possible re-adsorption in our experiments were observed 

for Douz in ARW. After 30 minutes, the aerosol released 6.6 µmol.g-1, before stabilizing at 

3.5 µmol.g-1 after 2.5 h (Figure II-4c). This observed rapid decrease corresponds to an 

adsorption rate of 1.57 µmol.g-1.h-1 (Table II-12), which seems too high to be accurate, 

according to magnitudes around the nmol.g-1.h-1 found in literature (Louis et al., 2015; 

Ridame et al., 2003). In ASW however, the DIP adsorption onto Douz was lower:  

0.16 µmol.g-1 within the last 24 h of contact in ASW (Figure II-5c), i.e., an adsorption rate of 

6.7 nmol.g-1.h-1 between t = 72 and 96 h (Table II-12). Unfortunately, this adsorption rate was 

calculated between only two data points (because the Douz experiment in ASW run for a 

shorter period of time) and must thus be considered with caution. However, a similar behavior 

of rapid DIP release (0.8-3.4 µmol.g-1) within three hours followed by a P scavenging back 

onto the particles within few days has been recorded in a minicosm study (Louis et al., 

2015), corresponding to adsorption fluxes of 10-220 nmol.g-1.h-1.  

This behavior can be explained by the mineralogical and elementary dust composition: 

for instance, Douz contains over 30 % of both calcite and of amorphous material, and 

Millero et al. (2001) have shown that DIP adsorbs on either of these structures in natural 

seawater in presence of Mg2+ and Ca2+ ions. Moreover, the tested dust samples contain high 

amounts of ‘free iron’ (see Chapter III), indicating that their amorphous portion contains 

large amounts of iron (hydr)oxides that might as well be involved in DIP adsorption 

(Paris et al., 2011). Louis et al. (2015) also observe a strong correlation between dFe and DIP 

dissolution and removal behavior, indicating a common adsorption back onto ferric oxide-rich 

particles. This process will further be discussed in Chapter III for iron dissolution and 

adsorption. 

4.3.4.2 DIP adsorption in volcanic ash 

After a DIP release in ARW, Eyja displayed a steady P adsorption (Figure II-4c) with an 

adsorption rate of 14.6 nmol.g-1.h-1 (Table II-12). Jones and Gislason (2008) used an ash 

sample from the Icelandic Hekla volcano that contains approximately 5 % of interstitial snow 

which might have an impact on the adsorption of ash leachates to the ash particles (Jones and 

Gislason, 2008). This sample might therefore be comparable to our Eyja ash sample with 

known magma-ice interactions during the explosive eruption (Paque et al., 2016), thus 

explaining why Eyja displays a 2-3 times faster adsorption compared to Chaitén and Tun 

Glass. In opposition to our results, Jones and Gislason (2008) recorded P adsorption only in 

their Atlantic Ocean but not Southern Ocean seawater and de-ionized water experiments. The 
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authors link this increased DIP adsorption to a higher baseline DIP concentration in Atlantic 

Ocean waters and point out that their high CP (4.2 g.L-1 i.e., almost 20 times higher than in 

our experiment) might encourage DIP adsorption. Thus, DIP adsorption might be less 

severe in natural SW. 

Further, Jones and Gislason (2008) explained that andesitic ash particles (containing median 

SiO2 between 57-63 %) might scavenge DIP. The feldspar andesine is found under crystalline 

form in Tun Ash (24.6 %, Table II-3) and under amorphous form in Tun Glass (Maters et al., 

2016). Eyja and Chaitén contain the feldspar albite that may be responsible for the adsorption.  

The DIP adsorption could be controlled by the saturation state of amorphous iron 

(hydr)oxides, leading to a possible Fe precipitation and P scavenging in the ASW matrix 

(Jones and Gislason, 2008). In our ash samples, Eyja contains 41.7 % of its Fe under free 

form, i.e., within (hydr)oxides (Table II-2). Only 0.1 % of the ash sample is under the form of 

hematite (crystalline iron oxide, Table II-3), indicating that a significant portion of the 

amorphous 63.7 % of the aerosol might contain amorphous iron (hydr)oxides, probably 

playing a role in DIP. However, no significant correlation was found between the severity of 

P adsorption and the free Fe content. 

4.4 Dissolved nitrogen 

4.4.1 Origin of nitrogen in aerosols 

Nitrogen found within desert dust can be organic or inorganic, and dust and ash can liberate 

oxidized (NO2
-, NO3

-) and reduced (NH4
+) forms of N to pure water and seawater (Jones and 

Gislason, 2008). Tested desert dust samples contained much more nitrogen (0.09-0.20 % for 

respectively Pata and Bani) compared to the mostly undetectable N in ash samples (only Eyja 

with 0.03 % was detectable). Chemical processes occurring during the atmospheric transport 

can increase the N content and reactivity of aerosols by adding a nitrate coating around 

carbonate-rich particles (Desboeufs et al., 2001; Krueger et al., 2004). It is possible to mimic 

these processes by artificially enhancing the nitrate and sulfate content of soil-transformed 

dust particles by evapocondensation (as described in Desboeufs et al. (2001)), but the samples 

from our study did not undergo any treatment, which explains their low %Nsol compared to 

%Nsol of evapocondended dust (Ridame et al., 2014b).  
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4.4.2 NOx dissolution  

4.4.2.1 NOx release from desert dust 

Dissolution of NOx from Saharan dust occurred mainly instantaneously in both matrices 

(99.8 and 81.4 % was released to ARW within the first minutes for Hoggar and Douz;  

63.9 and 81.7 % in ASW, Table II-11). No effect of pH or matrix was observed on the NOx 

dissolution from Douz and Hoggar (Figure II-12): an instantaneous release in ARW and ASW 

of 4.1 ± 0.3 % and 4.0 ± 0.3 % for Douz and 2.8 ± 0.1 % and 2.3 ± 0.4 % for Hoggar (mean 

values over the entire experimental contact time). Solely Bani and Pata had higher NOx 

solubilities in ARW compared to ASW during the first hour of contact (%solARW/ASW of 2.4 and 

1.6, respectively, Table II-6), but there was no difference after 24 h of contact. 

Dissolution of Bani was low, with a maximum of 0.5 % after 24 h in ASW and below or close 

to DL in ARW. Using the same Bani sample with a PC of 100 mg.L-1, Jacq (2014) also found 

a NO3
- dissolution in ARW below detection limit after a contact time of one hour. Chen et al. 

(2006) record similar N dissolution of natural aerosols from the Gulf of Aqaba in pure water 

and SW, with major dissolution of NO3
-, followed by NH4

+ and traces of NO2
- in both 

matrices.  

Despite similar N content (~0.18 %), Douz and Bani display very different %NOxsol, with the 

N from Douz being over an order of magnitude more soluble than Bani in both matrices  

(<0.5 and up to 4.7 %, respectively, Figure II-12c). Moreover, the South American Pata dust 

displayed very high %NOxsol of up to 20.2 % after 2 h in ARW and 12.9 % after nine days in 

ASW, well above African dust samples (below 6 % in both matrices). This high dissolution of 

Pata was confirmed by the study of Paparazzo et al. (2018), who measured a NO3
- dissolution 

of airborne Patagonian dust in natural filtered seawater. Using a PC of 50 and 500 mg.L-1, the 

authors obtained a dissolution of 23 µmol.g-1, which even exceeds the 6.8 µmol.g-1 of our 

study. This difference may be explained by the natural instead of artificial matrix.  

4.4.2.2 NOx release from volcanic ash  

NOx dissolution for all of our tested volcanic ash samples was higher in ASW compared 

to ARW: Eyja had a higher NOx release in ASW (Table II-6) with a maximum of 

4.8 µmol.g-1 in ASW after 30 min. Other ash samples dissolved detectable (but 7-19 times 

lower) amounts only in the ASW matrix. These results were constant with abiotic experiments 

performed in both pure water and seawater in the literature. 
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Jones and Gislason (2008) measured oxidized and reduced N (NOx and NH4
+) dissolution in 

pure water: out of eight tested volcanic ash samples from various geographic regions and 

eruption styles, only three volcanoes (the Icelandic Hekla, the Colombian Galeras and the 

Caribbean Montserrat) released significant amounts of NOx (0.3-13.3 µmol.g-1 of NO3
- and 

0.4-6.4 µmol.g-1 NO2
- within 8 h for respectively Galeras and Montserrat), comparable to the 

NOx release of 0.47 µmol.g-1 from Eyja after 7 h in ARW. Other ash samples of this study 

were not a significant source of NOx, comparable to Chaitén, Tun Ash and Tun Glass. 

In the SW matrix, Olgun et al. (2013) measured NO3
-, NO2

-
 and NH4

+ release of 17 Etna ash 

samples after 20h to Atlantic SW and obtained a higher NO3
- than NH4

+ release for most 

samples (0.082-0.277 µmol NO3
-.g-1), comparable to the 0.04-0.15 µmol NOx.g-1 after 24 h in 

our ASW matrix for Tun Glass and Tun Ash, respectively. As opposed to the findings of 

Olgun et al. (2013), Duggen et al. (2007) recorded DIN release to SW mostly under the 

reduced NH4
+ form (0.20-1.10 µmol.g-1), and the oxidized forms account for less N release 

(0.01-0.45 µmol.g-1 NO3
- and < 0.05 µmol.g-1 NO2

-). In our study, we measured NOx without 

distinction of the oxidized forms and without accounting for the reduced form, but overall the 

published dissolution of ash in SW compares well to 0.40-0.58 µmol NOx.g-1 after 1h and 

0.04-0.15 µmol.g-1 after 24 h for respectively Tun Glass and Tun Ash but were fivefold lower 

than Eyja (4.16 and 4.48 µmol.g-1 after 1h and 24h), indicating again the unique individual 

pattern of the Icelandic sample with NOx solubility comparable to desert dust in both ARW 

and ASW matrices. This finding is consistent with the higher N content of Eyja compared to 

other ash samples and to the upper crust (N enrichment factor of 5.55, see Annex IV, Table 

IV-1) and its uncommon mineralogical composition including the clay smectite (increasing its 

SSA, e.g., Paque et al. (2016)).  
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5 Conclusion  

In this study, we used natural ash and dust analogues of varying source regions: dust from 

African and South American desert regions and ash from South American and European 

volcanoes. While the elementary composition of the tested ash samples did not significantly 

differ from the dust samples for most elements, the individual mineral and elementary 

composition of each aerosol sample affected its dissolution behavior. Tested ash samples 

were mainly amorphous (volcanic glass but also some crystalline feldspar), while desert dust 

samples were composed by a greater amount of crystalline minerals such as quartz, clay 

and feldspar. The Patagonian dust sample seemed to be influenced by proximate volcanism, 

as shown by its high albite content (Simonella et al., 2015), whereas the presence of alteration 

minerals in the Icelandic Eyja ash sample indicates magma-ice interactions (Paque et al., 

2016). Therefore, the analysis of a large panel of aerosols from various origins enabled us to 

take into consideration the natural variability within and between aerosol types (desert 

dust and volcanic ash) and their individual nutrient release.  

We performed abiotic dissolution experiments at a constant particle concentration of  

250 mg.L-1, which is representative in rainwater for dust (Ridame and Guieu, 2002) but 

possibly underestimated for ash (Cimino and Toscano, 1998) and overestimated for dry 

deposition of aerosols to seawater supposing a homogenous distribution within the surface 

mixed layer. The choice of a constant PC independent of aerosol type and deposition mode 

enabled direct comparison of macronutrient dissolution from ash vs. dust particles in 

artificial rain- vs. seawater. The initial rainwater pH of 4.9 was increased within the first 

minutes and hours after the contact with calcite-bearing aerosols, while no major variation 

was observed in the natural buffered seawater. After representative contact times of five 

minutes to two days in rainwater and nine days in seawater, we were able to calculate 

normalized dissolution (µmol.g-1) and fractional solubility percentages (%) of the 

macronutrients Si, N and P.  

 

The release of dSi depended on the aerosol and their individual caracteristics: some ash 

samples dissolved more in one or the other matrix, while other samples were not 

impacted by the pH and ion loading. On the other hand, DIP and NOx release were 

highly dependent on the matrix: DIP release was higher and faster in ARW, while NOx 

release was faster in ASW. 
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The dissolution of quartz was one of the main contributors to the Si release for desert dust 

and represented about 20-50 % of dSi dissolution in rainwater and even 30-100 % in 

seawater. Moreover, aluminosilicate dissolution also played a central role in Si release, as 

demonstrated by significant positive correlations of Si and Al dissolution in ARW for most 

tested aerosols. However, the contribution of crystalline aluminosilicates was limited and 

mainly due to feldspar dissolution, while different clay species released surprisingly low 

quantities of Si at both representative rain- and seawater pH. Therefore, the amorphous 

portion of aerosols, which had not been characterized in this study, contained most probably 

significant amounts of amorphous aluminosilicates such as allophanes or basaltic glass.  

 

These non-crystalline minerals are mainly formed by the weathering of volcanic tephra (Ito 

and Wagai, 2017) and may be responsible for the most important part of Si dissolution in 

desert dust samples. Indeed, we were able to demonstrate that a lower dissolution of 

crystalline Si in ASW was balanced out by a higher dissolution of amorphous Si, leading to 

an overall equivalent Si dissolution of desert dust in both matrices. On the other hand, the Si 

dissolution from volcanic ash was more heterogeneous. We were not able to explain these 

differences within the present study which underlines the urgent need to characterize the 

amorphous composition of ash aerosols to fully constrain their nutrient release, as solubilities 

are variable from one mineral to another. The mineralogical composition of the tested 

aerosols being highly variable, it is surprising to obtain solubilities of the same order of 

magnitude. 

 

Furthermore, DIP was more soluble at rainwater pH and globally more soluble in dust 

compared to ash. Volcanic P was less soluble than estimates from the literature and lies below 

15 % in ARW and 6 % in ASW. We also identified important DIP adsorption for nearly all 

aerosols in both rain and seawater. This adsorption could be explained by the calcite content 

of the aerosol (Millero et al., 2001), as calcite-containing aerosols displayed high DIP 

adsorption rates of 0.015-1.57 µmol P.g-1.h-1 in ARW. Phosphorus adsorption may also be 

correlated to amorphous iron (hydr)oxides (Jones and Gislason, 2008; Millero et al., 2001), 

underlining once again the importance of the characterization of the amorphous phase to fully 

understand nutrient release processes.  
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Dust contains higher amounts of N compared to the mainly undetectable N content in ash. 

NOx release from desert dust was pH-independent and mainly instantaneous (within the 

first ten minutes of contact) while most tested ash samples released significant amounts 

of NOx only in seawater. NOx release did not depend only on the N content, as dust samples 

with similar elementary composition had very variable solubilities. The Patagonian dust 

sample was highly soluble (20 % after 2 h in ARW and 15 % after 24 h in ASW) compared to 

African dust from this study and the literature (below 6 % in both matrices). Moreover, the 

Icelandic ash sample contained clay comparable to desert dust, which might explain its higher 

N content and solubility.   

Overall, we can conclude by underlining that the elementary composition alone was not 

sufficient to fully explain the variability of macronutrient solubility from aerosols, as specific 

origin and mineralogy, combined with travel distance and specific surface area are important 

parameters. For instance, the calcite content influenced rainwater equilibrium pH, possibly 

increasing Si dissolution from quartz minerals, DIP adsorption (Millero et al., 2001), as well 

as nitrate coating of aerosols (Desboeufs et al., 2001) during the atmospheric journey.  

Other important parameters to fully constrain the impact of natural aerosols such as desert 

dust and volcanic ash for the phytoplankton community include the release of micronutrients 

such as iron, manganese and cobalt. Chapter III of this manuscript focuses on the dissolution 

of trace metals, while the Part B of this manuscript seeks to link representative dust and ash 

depositions to the Southern Indian Ocean with the ambient phytoplankton response  

(Chapter V) and the natural variability in nutrient dissolution, respectively (Chapter VI).  
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III. Dissolution of micronutrients (Fe, Mn, Co) from 

desert and volcanic aerosols in artificial rain- and 

seawater  

1 Introduction   

The trace metal (TM) composition of natural aerosols varies depending on their mineralogy 

and geographical origin as well as encountered atmospheric aging processes. Globally, it is 

assumed that mineral dust contains on average 3.5 % of Fe (e.g., Luo et al., 2008), but this 

content may vary between 2 and 8 % (Lafon et al., 2004; Mahowald et al., 2005). On the 

other hand, Fe in volcanic ash ranges from 1-11 wt.% according to Olgun et al. (2011), and 

ash from hot spot volcanoes present a higher Fe content than subduction zone volcanoes (12 

and 5 %, respectively). Less focus has been made on other TM that are found in much smaller 

amounts within aerosols (roughly a few ppm = parts per million = 10-4 %).  

Trace metals like iron (Fe), manganese (Mn) and copper (Cu) act as micronutrients for 

phytoplankton, since they play important cellular roles such as operating as co-enzymes in 

many metabolic processes (Sunda, 2012; Twining and Baines, 2013). Hence, their distribution 

in the oceanic water column follows nutrient-specific depletion in the euphotic surface layer 

(Nozaki, 2001) and their concentration may become limiting for phytoplankton growth in the 

open sea. This has been notably proven for Fe limitations within HNLC areas such as the 

Southern Ocean (e.g., Blain et al., 2002; Boyd et al., 2000).  

Several studies have been focused on Fe release from desert dust and volcanic ash to different 

matrices such as ultrapure water, artificial rain- and seawater (e.g., Boyd et al., 2010; 

Mahowald et al., 2009; Olgun et al., 2011), but fewer studies extended the topic on the 

dissolution of other TM (Gislason and Oelkers, 2003; Hoffmann et al., 2012; Mackey et al., 

2015; Mahowald et al., 2018). Thus, this chapter attempts to fill the knowledge gap for the 

dissolution of a wider range of simultaneously dissolving TM.   

During atmospheric transport, aerosols are likely to enter in contact with atmospheric water 

such as rain droplets that may alter their composition and chemical properties. In this study, 

we will hence address the dissolution and solubility behavior of TM from four different desert 

dusts, three volcanic ashes and one synthetic volcanic glass in both rain and seawater, 

representing the wet and dry deposition modes of aerosols to the ocean surface.   



Abiotic dissolution of desert dust and volcanic ash in trace metal clean laboratory conditions 

96 

2 Materials and methods 

The majority of the parameters that characterize the four desert dust analogues, three natural 

volcanic ashes and one synthetic volcanic glass have been described in Chapter II, § 2.1 and 

§2.2. Table III-1 recapitulates the elementary concentration of the elements of interest for this 

study, and the Fe containing minerals are shown in Table III-2.  

 

Table III-1: Elementary composition (in weight; mean and standard deviation) of the dust and ash 

samples from this study. (a) this study, (b) Paris et al. (2011), (c) Fu (2018), (d) Desboeufs unpublished and  

(e) Ridame (2001). For an extensive composition of the aerosols, see Table II-4.  

 Fe (%) K (%) Mn (ppm) Co (ppm) 

Bani 3.34 (0.22) a,b,c 1.21 (0.08) a,b,c  574.08 (75.08) a,b,c 32.80 c 

Hoggar 5.42 (0.40) a,b,c,e 1.74 (0.13) a,b,c,e 966.34 (207.85) a,b,c,e 27.84 (10.88) a,c 

Douz 2.60 (0.12) a,c,d 1.23 (0.10) a,c,d 410.57 (22.56) a,c,d 11.83 (1.38) c,d 

Pata 4.55 (0.23) a 1.63 a 886.65 a 12.34 a 

Eyja 7.51 (0.28) a 1.49 a 1706.01 a 13.71 a 

Chaitén 1.25 (0.17) a 2.49 a 470.65 a 1.49 a 

Tun Ash 4.79 (0.25) a 1.55 a 800.72 a 17.30 a 

Tun Glass 5.33 (0.20) a 1.45 a 914.04 a 23.86 a 

 

 

Table III-2: Aerosol structure (%), Fe containing minerals (%) and Fe pools (%) of dust and ash 

samples of this study. *data from Paris et al. (2011). 

 Structure (%) Fe containing minerals (%) Fe pools (%) 

  Cryst. Amorp. Clays Feldspars (Hydr)oxides free struct ± SD 

Bani 64.6 35.4 3.5 ill; 7.4 kaol 4.0 mic; 0.9 alb 
 

76.2 23.8 0.4 

Hoggar 42.4 57.6 2.8 ill; 3.6 kaol; 

2.7 verm; 0.5 paly 

4.5 mic; 6.2 alb   51 * 49 *   

Douz 67.7 32.3 13.4 ill; 2.9 kaol; 

2.4 paly 

  
61.6 38.4 3.5 

Pata 51.7 48.3 20.6 ill; 2.8 mont 18.6 alb   58.7 41.3 3.45 

Eyja 36.3 63.7 10.9 mont 23.4 alb 0.1 hema 41.7 58.3 5.92 

Chaitén 18.3 81.7   16.5 alb 0.2 magn 4.1 95.9 13.0 

Tun Ash 30.8 69.2 
 

24.6 and 
 

11.0 89.0 7.1 

Tun Glass 0 100       8.5 91.5 5.9 

Note: Cryst = crystalline, amorp = amorphous ; ill = illite, kaol = kaolinite, verm = vermiculite, paly = 

palygorskite, mont = montmorillonite, mic = microcline, alb = albite, and = andesine, magn = 

magnetite and hema = hematite ; struct = structural Fe, SD = standard deviation of triplicates. 

  



Dissolution of micronutrients (Fe, Mn, Co) from desert and volcanic aerosols in artificial rain- and seawater 

97 

Mineralogical Fe pools (Table III-2) were obtained by quantifying the Fe oxides with the 

citrate, bicarbonate, dithionite extraction method (CBD, according to Lafon et al., 2004). The 

CBD analysis was performed at the LISA laboratory by R. Amar and enabled to calculate the 

proportion of ‘structural Fe’ that is trapped in the crystal lattice of aluminosilicate minerals, 

in opposition to the ‘free Fe’ present in (hydr)oxides (Lafon et al., 2004). 

2.1 Chemical analysis 

A precise description of the experimental setup of the abiotic dissolution experiments in 

ARW and ASW can be found in Chapter II, §2.3.1. Briefly, 250 mg.L-1 of aerosols were 

added to ARW and ASW and subsampled over a period of 48 h and 216 h, respectively, using 

0.2 µm syringe filters (Acrodisc®) after manual homogenization. Samples for several 

elements of interest were taken simultaneously for each selected contact time out of the same 

experimental bottle for each individual aerosol: the release of TM was assessed with 

spectrometry depending on the matrix (see below). To avoid metal adsorption on the vial 

walls, samples were acidified (HNO3 SupraPur® 1 % vol in ARW and 2 % in ASW) and 

stored in HDPE vials at 5 °C prior to analysis. Prior to aerosol addition, one blank sample was 

collected in each polycarbonate experimental bottle for each experiment.  

The chemical analyses enabled the calculation of TM dissolution (dXnorm, in nmol.g-1; i.e., 

the concentration of a dissolved element released in ARW or ASW, normalized by the 

particle concentration and the TM solubility (%Xsol, in %; i.e., the percentage of the 

dissolved element regarding the total pool of this element in the aerosol; see Chapter II 

§2.3.3).  

2.1.1 Trace metal analysis in artificial rainwater  

The TM concentrations in ARW were measured by atomic emission spectroscopy (ICP-AES, 

Spectro Arcos at LISA, Paris for Fe, Mn and K) and by inductively coupled plasma mass 

spectrometry (ICP-MS, 7500cx Agilent, at the Alysés platform, IRD, Bondy for Fe and Co). 

We considered “experimental detection limits” (DLe) for ICP analysis, defined by the 

smallest reproducible standard of the day of analysis. This procedure is more restrictive than 

classical detection limit (DL), and the DLe often lies above the DL (Table III-3). 
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Table III-3: Experimental detection limits (DLe, nmol.L-1) for ICP-AES and ICP-MS 

measurements in ARW, and detection limits (DL, pmol.L-1) for SeaFast measurements in 

ASW. n.a: not analyzed 
 Fe K Mn Co 

ICP-AES, nM 30.2 43.1 30.7 n.a 

ICP-MS, nM 9.0 n.a n.a 0.8 

SeaFast, pM 4.63 n.a 9.16 0.13 

 

2.1.2 Trace metal analysis in artificial seawater  

In ASW, the TM analysis was performed with a seaFAST-pico™ coupled to an Element XR 

sector field inductively coupled plasma mass spectrometer (SF-ICP-MS) at LEMAR, Brest 

for Fe, Mn, Co, Cu and Ni (Lagerström et al., 2013; Tonnard et al., 2020). SeaFAST detection 

limits have been calculated according to meanblank + 3x SDblank and 4 mL samples were 

diluted with TM-poor TONGA reference seawater (0.5 nM Fe) to obtain the needed sample 

volume of 7.5 mL.  

2.2 Data validation  

We compared the TM release to the variability amongst the initial ARW and ASW 

concentrations. Thus, we measured the mean ± standard deviation (SD) of the eight individual 

experiments at initial time, and took into account only the released concentrations of an 

element X (dX - dX0) that were greater than this initial variability (SD of dX0).  

Linear regressions were performed using the data analysis tools of Microsoft Excel. Error 

propagation of means was performed with a CC free calculation tool from the University of 

British Columbia (Richard Laffers, 2005-2008).  
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3 Results 

3.1 Aerosol composition 

There was a notable TM depletion of Chaitén compared to other ash samples, e.g., a factor of 

16 for Co compared to Tun Glass and a factor of 6 for Fe compared to Eyja (Table III-1). On 

the other hand, the elementary composition of dust samples was more similar (with 

enrichment factors of dust were around 1; e.g., no global difference of the aerosol Fe/Al ratio 

compared to the continental crust, Annex IV, Table IV-1).  

A clear distinction can be made concerning the Fe mineralogy of the two aerosol types (Table 

III-2), as desert dust samples contained a majority of free Fe (51-76.2 %) i.e., present in 

(hydr)oxides, whereas the Fe found in volcanic ash was mostly found in aluminosilicates 

(58.3-95.9 % structural Fe). This difference could not be explained by the aerosol Fe content 

that remained overall similar despite the different variability described above (2.6-5.4 % and 

1.3-7.5 % for dust and ash, respectively). 

3.2 Dissolution of micronutrients in artificial rainwater  

This section addresses the micronutrients: Fe, Mn and Co that have been analyzed in both 

ARW and ASW. Further, we will present the dissolution of potassium (K) at the end of this 

section, as we identified a covariation of Fe and K dissolution in ARW (§4.2.5). Several 

additional micronutrients (Cd, Cu, Mo, Ni, V and Zn), as well as the lithogenic tracers Mg, Ca 

and Ti have also been measured (ARW as well as ASW for Cu and Ni) and will be presented 

in the Annex IV, §4.1.  

3.2.1 Iron 

An overall much higher Fe dissolution was recorded from volcanic ash compared to desert 

dust (Figure III-1a). Indeed, the synthetic Tun Glass and the natural Chaitén ash released 

respectively 1.32 and 0.99 µmol.g-1 of Fe after 48 h of contact time, whereas the maximum 

release of Fe from desert dust after 48 h remained below 0.13 µmol.g-1.  

Moreover, the Fe solubility percentages (%Fesol) for all the tested aerosols in ARW did not 

exceed 0.5 % (Figure III-1b) and Chaitén and Tun Glass were more than one to two orders of 

magnitude more soluble compared to desert dust: Chaitén ash reached the maximum %Fesol of 

0.445 % at the end of the experiment, compared to 0.002 to 0.025% (for Hoggar and Douz, 

respectively, Figure III-1b). 
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Iron dissolution from the ash samples Chaitén, Tun Ash and Tun Glass followed typical 

dissolution curves (monotonically increasing); with only Tun Ash reaching a plateau that 

could indicate dissolution close to steady state (stable around 0.17 µmol.g-1 after 7 h 

corresponding to 0.02 % of %Fesol). The other three ash samples continued to liberate dFe 

after 48 h of contact time in ARW. On the contrary, Eyja rapidly released 0.40 µmol.g-1 in the 

first 5 minutes, and then the Fe dissolution decreased steadily until reaching 0.07 µmol.g-1 

after 3.5 h. After this minimum, dFe increased again until 0.39 µmol.g-1 after 48 h without 

reaching a plateau. This result will be discussed in §4.2.5.  

The Fe dissolution behavior of the four tested dust samples was more variable: despite the 

similar dissolution and solubility for Bani and Douz at t48 h (dFenorm of ~0.13 µmol.g-1 and 

%Fesol of ~0.024 %), the dissolution of Douz presented the particularity of a high and rapid 

dFe release (reaching 0.26 µmol.g-1 after 15 minutes), followed by a decrease and successive 

peaks, before decreasing (0.10 µmol.g-1 after 7 h). A similar erratic Fe dissolution was 

recorded for the other dust samples, but with concentrations close to detection limit that may 

explain the variability. The lowest Fe dissolution and solubility were recorded for Hoggar 

(dFenorm = 0.02 µmol.g-1 and %Fesol = 0.002 % at t48 h). Thus, the hypothesis of analytical 

issues is preferred over an over-interpretation of these data (a close up of the solubility data is 

presented in Annex IV, Figure IV-2).  

3.2.2 Manganese 

Manganese (Mn) dissolution follows clear monotonically increasing dissolution curves in 

ARW for all eight tested aerosols, with only Douz and Tun Glass reaching steady state after 

48 h of contact (Figure III-1c). There was a high variability amongst aerosols: the highest 

dissolution is observed for Bani and Eyja (over 2.0 µmol.g-1 after t48 h) whereas dissolution 

remained at or below 0.6 µmol.g-1 for the other aerosols. A maximal Mn solubility of 23 % 

was observed for Bani which was more than three times higher than for Eyja (7.3 % after  

48 h) and more than six times higher than for other dust samples (Figure III-1d). The lowest 

solubilities of 0.8 and 0.5 % (t48 h) were associated with Pata and Tun Glass respectively and 

Tun Ash was close to the detection limit and did not exceed 0.04 %. 
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Figure III-1: Dissolution (left panels, in µmol.g-1 for a,c,g and in nmol.g-1 for e) and solubility  

(%, right panels) of micronutrients in artificial rainwater: dFe (a,b), dMn (c,d), dCo (e,f) and the 

lithogenic tracer dK (k,l). Warm colors and dashed lines represent desert dust, cold colors and plain 

lines represent volcano ash. 
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3.2.3 Cobalt 

Bani has by far the highest cobalt (Co) dissolution (up to ~15 nmol.g-1 at t48 h, Figure III-1e) 

and solubility (2.6 % at t48 h, Figure III-1f). Eyja and Tun Glass dissolved less than 

3 nmol.g-1 and Douz and Hoggar less than 1 nmol.g-1 over the duration of the experiment 

(Figure III-1e) corresponding to a solubility lower than ~1 %. Finally, Chaitén, Pata and Tun 

Ash did not release measurable amounts of Co.  

 

3.2.4 Potassium 

Potassium (K) release occurred mainly in the first ten minutes of contact. Desert dust released 

more K than volcanic ash: the dissolution range varied between 7.0-20.8 µmol.g-1 for dust 

(Bani and Douz) and 1.1-5.0 µmol.g-1 for ash (Tun Ash and Eyja) after t48 h (Figure III-1g). 

This difference can be explained by the higher %Ksol of the dust samples, ranging from  

2.3-6.6 % (Bani and Douz) compared to the 0.3-1.3 % from ash samples (Figure III-1h). 

Potassium dissolution was monotonously increasing for all aerosols except for Eyja ash, 

where the solubility kinetic followed an inversed bell shape with an initial %Ksol of 1.2 %, 

followed by a rapid decrease (minimal with 1.0 % after 2 h) and a slow increase of %Ksol, 

reaching 1.3 % after 48 h. This result will be discussed in §4.2.5. 

 

3.3 Dissolution of micronutrients in artificial seawater 

3.3.1 Iron  

The Fe release to ASW remained mainly below 120 nmol.g-1, besides an early dissolution 

peak of 190 nmol.g-1 for Hoggar after 30 min (Figure III-2a). This peak is sudden but seems 

to be confirmed by the following data point of 120 nmol.g-1 after one hour. Moreover, this 

release corresponds to a solubility of 0.02 % which remains coherent compared to the other 

samples (≤ 0.02 and < 0.04 % for dust and ash, during the 216 h contact time). Due to dFe 

fluctuations within dissolution kinetics (e.g., ∆dFe of 0.7-1.4 nmol.L-1-h-1 around t48 h for 

Bani and Chaitén), there was no distinct trend for Fe release between dust and ash. We 

recorded a wide dissolution range from dust of 37-114 nmol.g-1 (for Douz and Bani, 

respectively after t48 h), with no Fe release from Pata before t96 h, compared to the slightly 

narrower dissolution range from ash of 9.3-84.0 nmol.g-1 (for Tun Ash and Chaitén).  
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The highest solubility in ASW was observed for Chaitén (peak value of 0.038 % at t48 h, 

Figure III-2b). Bani and Hoggar both reached 0.019 %, after 48 and 216 h (Bani) and 30 min 

(Hoggar). The Fe from other aerosols displayed solubilities below 0.01 % to ASW during the 

entire experiment. 

3.3.2 Manganese 

Manganese release in ASW was rather high compared to other micronutrients and its 

dissolution mostly followed typical curves increasing with time and tending towards a plateau 

of steady state (Figure III-2c). Desert dust released more Mn (0.81-1.57 µmol.g-1 after 48 h 

for Pata and Bani, respectively) compared to volcanic ash (below ~0.12 µmol.g-1). Only Eyja 

was comparable to dust samples (0.75 µmol.g-1 at t48 h). Manganese from dust was also  

2-34 times more soluble compared to Mn within ash: after 48 h of contact, the %Mnsol was 

5.4-16.9 % for dust and 0.5-2.6 % for ash (Figure III-2d). The Mn release from Pata occurred 

only after an initial lag time of one hour and Tun Ash did not release detectable Mn to ASW 

during the 216 h.  

Noteworthy, the Mn release from Bani was initially high then decreased (until 1.2 µmol.g-1 at 

t7 h) before reaching a second peak at t48 h. The same trend can be observed for the 

dissolution of other TM in the ASW after the addition of Bani dust. 

3.3.3 Cobalt 

The Co release was overall regular (steadily increasing with time) for most of the aerosols. 

The highest dissolution was recorded for Douz (9.4 nmol.g-1 at t48 h, Figure III-2e). A 

general trend indicated a greater Co release from dust compared to ash, besides Pata releasing 

relatively low amounts of Co (maximum of 2.1 nmol.g-1 at t216 h comparable to Tun Glass 

and Bani). Moreover, the Co release occurred only after an initial lag time of 4.5 h and 24 h 

for Pata and Chaitén, respectively, whereas Tun Ash released no Co to ASW during the 216 h 

experiment. Cobalt from Douz was the most soluble, reaching 4.7 % of solubility after 48 h, 

whereas other aerosols remained below 2 % (Figure III-2f). Noteworthy, Chaitén displayed a 

high Co solubility variation (including a peak solubility of 1.3 % at t30 h).  
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Figure III-2: Dissolution (left panels, in nmol.g-1) and solubility (%, right panels) of micronutrients in 

artificial seawater: dFe (a,b), dMn (c,d) and dCo (e,f). Warm colors and dashed lines represent desert 

dust, cold colors and plain lines represent volcano ash. 
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4 Discussion  

4.1 Aerosol composition 

4.1.1 Elementary composition 

Aluminum (Al) is often used as a crustal marker element in aerosols, which enabled us to 

compare element-to-Al ratios of our aerosols to published data, as reviewed by Scheuvens et 

al. (2013) for North African sediment and dust samples. Overall, Hoggar contains the highest 

Al content (7.91 %, Table II-4), representative of southern Algerian samples (Scheuvens et 

al., 2013). Elementary ratios from our Hoggar and Bani samples are comparable to other 

published data from respectively South Algerian and Western Nigerien dust: some ratios such 

as K/Al and Fe/Al are well conserved for a given source region whilst other ratios seem to 

vary between our samples and the published data: Hoggar’s Fe/Al ratio of 0.69 is 30 % higher 

compared to the published data of 0.50-0.54 (Castillo et al., 2008; Moreno et al., 2006). 

Despite these cited differences, the samples used in this study remain characteristic for their 

respective source regions (Sahara and Sahel).  

The composition of volcanic ash depends on the eruption type. Fe in ash ranges from  

1-11 wt.% according to Olgun et al. (2011) with ash from hot spot volcanoes presenting 

higher Fe content than subduction zone volcanoes. This observation is consistent with our 

data, where the South American subduction zone samples contain 1.25 to 5.33 % Fe (Table 

III-1), which is lower than the Icelandic ash containing 7.51 % Fe.  

4.1.2 Iron content related to mineralogical composition 

As seen in the detailed description of the mineralogical and elementary aerosol composition 

in Chapter II, the aerosols contain no or only very limited amounts of crystalline iron oxides 

such as hematite and magnetite (0.1 % Fe2O3 within Eyja and 0.2 % Fe3O4 within Chaitén, 

Table III-2). Thus, the 2.60-5.42 % and 1.25-7.51 % of Fe found in dust and ash, respectively 

(Table III-1) have another origin. The pyroxene augite and the clay vermiculite display Fe as 

part of their crystalline structure and chemical formula (Mineral Data Publishing database, 

version 1.2, ©2001), but these minerals contribute only to 3.6 % of Tun Ash and 2.7 % of 

Hoggar, respectively and can thus not explain the Fe content.  

Several other primary and secondary minerals may contain Fe under the form of possible 

traces (Table III-2), and the analysis of Fe pools enabled to identify the type of minerals that 

contain Fe, which can be grouped in two categories: ‘structural iron’, namely contained in 
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the crystal lattice of aluminosilicate minerals (Lafon et al., 2004; Paris et al., 2011); and ‘free 

iron’ within hydroxides (goethite, gibbsite) or oxides (such as hematite, magnetite), as well as 

the amorphous ferrihydrite. 

The desert dust from this study contained mainly free Fe (51-76.2 %, Table III-2). As no 

crystalline (hydr)oxides have been detected, the amorphous portion (35.4-57.6 % of the 

total mass of the dust samples, Table III-2) must contain badly crystallized (hydr)oxides 

that remain undetected by XRD. For instance, Paris et al. (2011) detected goethite and 

hematite in Bani and Hoggar with the diffuse reflectance method, but this analysis is only 

qualitative and did not enable quantification of the minerals. Moreover, amorphous free iron 

(hydr)oxide impurities have been observed on crystalline species such as clay (Mermut and 

Cano, 2001) and feldspar (Journet et al., 2008). Despite the fact that they remained undetected 

by XRD, the presence of (hydr)oxides could be assumed through a visual comparison of the 

sample colors: the orange and red shades of Bani and Douz are a good indicator for the 

presence of respectively goethite and hematite in the samples.Thus, the (hydr)oxide content in 

our study is most definitely underestimated, when compared to Paris et al. (2011).  

On the other hand, the Fe from volcanic ash from this study is mainly structural (58.3-95.9 %, 

Table III-2), e.g., contained in aluminosilicate minerals. As seen in Chapter II, 

aluminosilicates may be crystalline (clay and feldspar) and/or amorphous (allophanes). 

Further, it has been demonstrated that volcanic ash is mainly composed by amorphous 

volcanic glass particles (Simonella et al., 2015) on which are adsorbed soluble acid salts 

(Frogner et al., 2001). An important surface Fe-enrichment has been observed for Chaitén ash 

(Durant et al., 2012) and will be addressed in §4.2.4, while other ash samples from the 

literature are better known to have Fe-depleted aerosol surfaces (Ayris and Delmelle, 2012). 

4.1.3 Iron content of pure minerals  

Obviously, Fe-(hydr)oxides contain a higher amount of Fe than aluminosilicates (57.5-77.4 % 

compared to 0.25-7.68 % for different clay species and 0.13-0.54 % for feldspars, see 

literature review in Table III-4), even if some clay species contain more Fe (e.g. 23.0 % for 

the smectite nontronite, according to Journet et al. (2008)) but that have not been detected in 

our aerosols. Mean Fe in pure minerals displays great variability (variation coefficients up to 

56 %, cf. Table III-4) due to the analysis of multiple kaolinite and montmorillonite samples 

within one study (Mermut and Cano, 2001), and of two different feldspars (Journet et al., 

2008).  
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Table III-4: Iron content (%Fe) of pure minerals according to literature.  

Fe pool Structural Fe Free Fe  

Group Clay  Feldspar  (Hydr)oxide   

Species Illite  Kaol  Verm  Paly  Mont   Magn  Hema  Goet Ref 

Fe % 3.38-4.65  7.68  2.55 0.13-0.54 77.44 57.5 62.87 1,2 

  0.25-0.80  2.62 0.84-3.06     3 

 3.05 0.46     72.3 69.9 62.8 4 

Mean   

Fe% 

3.69 

±0.84 

0.50 

±0.28 

7.68 

 

2.62 

±0.05 

1.78 

±0.99 

0.34 

±0.29 

74.85 

±3.61 

64.13 

±6.24 

62.85 

±0.02 
 

Note: Kaol = kaolinite, verm = vermiculite, paly = palygorskite, mont = montmorillonite, magn = 

magnetite, hema = hematite, goet = goethite. (1) Journet et al. (2008a), (2) Journet (2008b), (3) Mermut 

and Cano (2001), (4) Marcotte et al. (2020). Values in bold were used for estimations of the 

contribution of pure minerals to the Fe bulk content of our aerosols in Figure III-3. 

 

Strong Fe-O lattice bonds maintain Fe within the Fe-(hydr)oxide minerals, whereas Fe 

replaces structural elements of the crystalline network (Al, Si) of aluminosilicates (Malden 

and Meads, 1967) in which the Fe bound is weaker than the Fe-O bonds (Deer et al., 1992). 

The presence of the Fe-containing smectite within the Hoggar sample was confirmed by 

Ridame and Guieu (2002), and it can be assumed that this clay is present even if not detected 

in our Hoggar sample, due to analytical issues of the quantitative XRD method used in this 

study (see Chapter II, discussion §4.1.1 for details). 

 

Figure III-3: Contribution of the detected crystalline portion to the iron content of aerosols (Fe%). 

Tun Glass is 100% amorphous and not included in this figure. Clay minerals are shown in green. 

Badly crystallized (hydr)oxides and smectite (clay) might be underestimated by XRD. 
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Based on the quantitative mineralogical composition of our seven aerosols (Table II-3; Tun 

Glass is 100 % amorphous) and on the mean Fe content in pure minerals (Table III-4), we 

estimated the contribution of each pure mineral to the Fe bulk content in aerosols. As the 

contribution of the crystalline structure was relatively low in our ash samples (19-37 % 

for natural samples and 0 % for the synthetic amorphous Tun Glass; Table III-2), this explains 

the low contribution of crystalline Fe to the total Fe content (Figure III-3): from  

≤ 5.0 % in Eyja and Tun Ash to ~16 % in Chaitén, due to the presence of magnetite. In the 

desert dust, crystalline minerals explain an overall greater proportion (from 5 to 20 %) of the 

total Fe content in aerosols. 

Clay minerals (different shades of green in Figure III-3) represent the major contribution to 

the crystalline Fe present in desert dust (~90-100 % of the crystalline %Fe; the rest of the 

crystalline Fe is provided by feldspar), whereas their contribution to total %Fe within ash was 

negligible (besides montmorillonite contributing to ~60 % of the crystalline %Fe for Eyja). 

However, only a minor portion of the total Fe can be explained by the detected crystalline 

portion (5 to 20 % for dust and 2 to 16 % for ash, Figure III-3). The remaining Fe (80-95 % 

for dust and 84-100 % for ash) is thus associated with undetected minerals that may be 

either (i) amorphous ferrihydrite (Bostick, 2018) and/or (ii) badly crystallized 

(hydr)oxides (Hettiarachchi et al., 2019) and/or (iii) structural Fe from smectites 

(Journet et al., 2008) which have all not been detected in our study.  

4.2 Dissolved iron from aerosols 

4.2.1 Iron dissolution and solubility  

4.2.1.1 Dissolution in artificial rainwater 

Volcanic ash dissolved on average more Fe in ARW than desert dust. Leaching experiments 

with volcanic ash from the literature display dissolution ranging from below 1 to more than 

400 nmol Fe.g-1 in deionized water (review from Duggen et al., (2010) and references therein) 

which is in good agreement with our results (71-403 nmol.g-1 after one hour in ARW). 

Moreover, Eyja had a unique release behavior that will be assessed in §4.2.5. 

Iron dissolution from desert dust in the literature is mostly expressed as solubility (i.e. as the 

dissolved portion of the bulk Fe content of the aerosol). Paris et al., (2011) displayed %Fesol 

for four dust samples ranging from 0.0025±0.0005 % to 0.04±0.01 % after 1 h of contact time 

at initial pH 4.7. The authors used the same Hoggar and Bani samples as in our study and 
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found an equal solubility for Hoggar but four times higher for Bani (0.01±0.00 % and 

0.04±0.01 %). This difference might be explained by their lower PC of 15 mg.L-1 compared to 

our 250 mg.L-1. Indeed, an increased aerosol loading has been shown to decrease Fe solubility 

(Guieu and Thomas, 1996). Several authors displayed higher %Fesol for dust ranging between 

0.03-1.6 % (Desboeufs et al., 2001, 1999; Bonnet et Guieu, 2004; Jacq, 2014; Mahowald et 

al., 2009 and references therein), but lower solubilities are also found (0.001-0.02 % for PC of 

5-400 mg.L-1, Guieu and Thomas, 1996).  

Moreover, atmospheric chemical processing may increase aerosol Fe solubility, as %Fesol 

from 1.4 to 54 % were observed during several oceanic cruise observations, with a median 

Saharan %Fesol of 1.7 % (Baker et al., 2006). Organic complexation (e.g. the presence of 

oxalate in rainwater) also enhanced %Fesol of dust (Paris et al., 2011). Since our dust samples 

have not been exposed to such atmospheric processes, the absence of Fe6binding ligands 

could explain the lower solubility. Except for Chaitén and the synthetic Tun Glass, the Fe 

solubility remained below 0.06 % during the 48 h of contact time in ARW. 

4.2.1.2 Dissolution in artificial seawater 

Due to the rather high variability in Fe release amongst aerosols, no clear differentiation could 

be made between dust and ash in ASW. With a similar experimental setup but using natural 

SW amended with ligands and a ten times higher PC than us, Olgun et al. (2011) found a 

lower Fe dissolution from a Cape Verde loess sample compared to different ash samples. The 

authors found a dissolution of 240 nmol dFe.g-1 after one hour contact time in natural SW for 

Chaitén ash originating from the same eruption as our sample, which was six times higher 

than in our ASW experiment (40 nmol dFe.g-1). This difference can be explained by the 

presence of organic ligands in natural SW that were absent in our ASW; this aspect will 

be one of the main features discussed in Chapter VI.  

4.2.1.3 Iron release in artificial rain- versus seawater 

Besides Tun Glass and Chaitén, releasing high amounts of Fe to ARW, the Fe solubility of 

aerosols remained low in both matrices, below 0.06 % in ARW and below 0.04 % in ASW. 

Thus, we confirm the global trend of a higher Fe solubility in ARW compared to ASW 

previously demonstrated in the literature (Sholkovitz et al., 2012, and references therein).  
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4.2.2 Contribution of crystalline minerals to iron release 

Like for the Si dissolution addressed in Chapter II, we sought to determine the mineralogical 

origin explaining the Fe release. Less data on pure mineral dissolution rates is available for 

iron in the literature compared to Si release. We will base our calculations on the findings of 

Journet et al. (2008), who published Fe content and solubility for various clay species 

(amongst which illite, kaolinite and montmorillonite), feldspar (oligoclase and orthoclase) 

and iron (hydr)oxides (goethite, hematite and magnetite). In this section, we will compare 

the solubilities of various minerals of interest composing the aerosols. 

4.2.2.1 Mineral iron solubility in rainwater 

In order to assess the role of individual minerals in aerosol Fe release, we needed to determine 

their solubility at the representative pH. The large uncertainties amongst literature studies 

(Table III-5) and the unavailability of %Fesol at pH 4.7 for some minerals complicate further 

calculations for the relative contribution of the crystalline portion of aerosols to Fe release in 

rainwater. Moreover, the literature on pure mineral solubility at pHSW (~8.1) is even more 

limited, thus we limit the following calculations to rainwater pH only. When data was 

available, %Fesol was chosen at the representative pHARW (4.3-4.7). 

For the clay montmorillonite and the feldspar group, no representative %Fesol(ARW) was 

available. We thus used the %Fesol(pH 2.0) from literature (Journet et al., 2008, see Table 

III-5). This approach most certainly overestimates the solubility of the concerned minerals, as 

it is proven that Fe solubility decreases with increasing pH (e.g. Desboeufs et al. (1999) and 

Table III-5).  

The general trends presented in Table III-5 can be summarized as (i) a general decrease of the 

Fe solubility from a pure mineral with increasing pH, (ii) a higher Fe solubility of structural 

Fe compared to free Fe, and (iii) a high variability between literature studies (partially due to 

the different experimental setup of flow-through compared to batch). In the following 

calculations, we used the calculated mean value of best available Fe solubilities and underline 

that more research on the Fe solubility of pure minerals at representative pH is needed. 
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Table III-5: Iron solubility (%Fesol) of pure minerals according to literature at different pH 

values. The best available solubility data (underlined values) were used to calculate the 

estimated %Fesol(ARW) for each mineral (mean ± SD, lowest row, in bold). If available, 

mean %Fesol at pH ~4.7 was used; otherwise, mean %Fesol at pH 1.7-2.0 was used. kaol = 

kaolinite, verm = vermiculite, mont = montmorillonite, magn = magnetite, hema = hematite, 

goet = goethite.  
Fe pool Structural iron Free iron  

Group Clays Feldspars (Hydr)oxides  

Species Illite  Kaol. Verm. Mont.  Magn. Hema. Goet. Ref 

Mean 

Fe% 

(pure 

minerals) 

3.69 

±0.84 

0.50 

±0.28 

7.68 

 

1.78 

±0.99 

0.34 

±0.29 

74.85 

±3.61 

64.13 

±6.24 

62.85 

±0.02 
a 

%Fesol 

pH  

1.7-2.0 

0.95-1.39 4.26±0.4 3.0±0.4 2.6±0.4 0.76-5.25 0.003 0.010 0.005 b,c 

  4.0    0.021 0.030 d 

7.1 9.5    0.67 0.79 0.80 e 

%Fesol 

pH  

4.3-4.7 

  0.17    0.006 0.003 d 

1.0 1.6    0.11 0.04 0.13 e 

0.17      0.0006 0.0006 f 

Estimated 

%Fesol 

(ARW) 

0.59 

±0.59 
1.6 0.17 2.6±0.4 3.0±3.2 0.11 

0.016 

±0.021 

0.04 

±0.07 
 

Note: Experimental conditions (batch vs. flow-through reactor) differ between the studies: (a) Table 

III-4; (b) Journet et al. (2008a) and (c) Journet (2008b): at an initial pH of 2.0 after 1 h of contact time at 

a PC of 40 mg.L-1; (d) Sofikitis (2004): at pH 2.0 and 4.7 after 1 h at a flow rate of 20 mL.min-1; (e) 

Marcotte et al. (2020) for the size fraction 10-25 µm at pH 1.7 and 4.3 after 2 h at a flow rate of 9 

L.min-1; (f) Paris et al. (2011): at pH 4.7 after 1 h at a PC of 15 mg.L-1. 

 

4.2.2.2 Contribution of crystalline minerals to aerosol Fe dissolution 

The theoretical contribution of crystalline minerals to the global iron solubility of aerosols 

was calculated as follows according to the calculations detailed above (Table III-5). Similar to 

the calculations of the contribution of different crystalline minerals to the dissolution of Si 

(Chapter II, §4.2.2, Equation II-6), we based our calculations on the formula from Paris et al. 

(2011): 

 %Fesol(theoretical crystalline) = ∑(%FeX  ×  %Fesol. X) Equation III-1 

where %FeX represents the percentage of Fe within the Fe-bearing mineral X and %Fesol.X is 

the theoretical Fe solubility of the mineral X. The calculations of Table III-5 include several 

approximations and thus need to be used with caution. They are, however, our best estimation 

to establish the theoretical contribution of pure minerals to the Fe solubility, as expressed in 

Figure III-4 and Table III-6.  
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Figure III-4: Contribution of the crystalline portion of aerosols to the total iron solubility (%Fesol) of 

aerosols after 1 h in ARW according to Equation III-1. Clay minerals are shown in green. Tun Glass is 

100% amorphous and not included in this figure. 

 

According to these calculations, crystalline minerals contribute to at least 17-70 % of %Fesol 

from dust (Figure III-4, Table III-6). Like for the bulk Fe% content within the aerosol (Figure 

III-3), clay minerals are also the main contributor to the %Fesol in desert dust explained by the 

crystalline portion (54-100 % of the crystalline %Fesol; the rest of the crystalline %Fesol is 

provided by feldspar). Thus, the crystalline portion identified in this study explained 16-72 % 

of the total %Fesol of dust in ARW (Table III-6). This contribution is 1.3-6 times less 

compared to the 95-96 % estimated by the literature for clay alone (Journet et al., 2008; Paris 

et al., 2011) at pH 2.0 and 4.7, respectively. This difference can be caused by the analytical 

issues to detect and properly quantify clay species from the smectite group (i.e., 

montmorillonite, nontronite, beidellite) with the used XRD method. Thus, we cannot exclude 

their presence within the aerosols, and their Fe solubility was therefore not included in these 

measurements but it could contribute to the global %Fesol. 

On the other hand, the contribution of the crystalline portion from volcanic ash to the %Fesol 

was more heterogenous and varied from 1.6 to 85 % (excluding the amorphous Tun Glass). 

Finally, it should be underlined that these percentages are most probably overestimated, since 

the Fe solubility is expected to be higher at pH 2 compared to pH 4.7. The amorphous portion 

of the aerosols plays therefore an important role in the Fe release, above all for volcanic ash.  
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Table III-6: Theoretical contribution (%) of pure crystalline minerals to (A) the bulk aerosol iron 

content and (B) iron solubility compared to the total %Fe and %Fesol(ARW-1h) measured in this study 

(gray highlighted). The theoretical crystalline %Fesol was calculated at pH 4.7 when literature data was 

available, or else at pH ~2. Shown are the mean values ± propagated standard errors.  

 (A) Fe content (B) Fe solubility 

 

%Fe from 

this study 

Table III 1 

Theoretical 

crystalline 

%Fe  

Part of 

%Fe 

explained 

by 

crystalline 

%Fesol 1h-

ARW 

(experimental) 

100 % 

%Fesol 

explained 

by 

crystalline 

(pH 4.7 or 

2) 

Bani 3.34±0.22 0.18±0.04 5.5±1.2 0.011±0.004 16.4±6.0 

Hoggar 5.42±0.40 0.36±0.04 6.7±0.9 0.006±0.002 38.3±12.8 

Douz 2.60±0.12 0.51±0.11 19.6±4.4 0.016±0.000 19.4 

Pata 4.55±0.23 0.89±0.18 19.4±4.1 0.011±0.004 71.8±26.1 

Eyja 7.51±0.28 0.38±0.13 5.0±1.7 0.010±0.000 85.0 

Chaitén 1.25±0.17 0.20±0.05 16.4±4.5 0.116±0.016 1.6±0.2 

Tun Ash 4.79±0.25 0.08±0.07 1.7±1.5 0.008±0.001 31.3±3.9 

Tun Glass 5.33±0.20 0.0 0.0 0.042±0.002  0.0 

  

 

Despite a comparatively high proportion of crystalline Fe within Chaitén ash (16.40 % of the 

total Fe is found in the crystalline portion, of which 12.0 % magnetite and 4.4 % feldspar, 

Figure III-3), only 1.6±0.2 % of the measured Chaitén %Fesol could be explained by the 

dissolution of crystalline minerals (Table III-6). A possible explanation could be the Fe-rich 

amorphous coating of the Chaitén sample, which will be further assessed in §4.2.4.  

Only Eyja had an important part (85%) of its %Fesol explained by aluminosilicate dissolution. 

It should be noted that these calculations did not consider the ASW pH or the pH variation 

of the ARW matrix after the aerosol addition, due to the scarce literature or data for iron 

solubility at pH ranging from 4.7 to 8.2 (important for our experiments in unbuffered ARW 

and ASW). Indeed, as addressed in Chapter II, §3.2, the release of CaCO3 by some aerosols 

influenced the pH of the unbuffered ARW matrix, increasing the pH during the dissolution 

experiments of up to 2.63 units, reaching equilibrium pH values of 4.87 to 7.48. In the 

following calculations of Fe solubility, we were unfortunately not able to refine our 

calculations to the same precision as we did for Si dissolution (Chapter II, §4.2.2). More 

fundamental research is thus needed on the pH-dependent Fe-dissolution of pure minerals 

(e.g., feldspar) to fully identify the responsible minerals in aerosol Fe release.  
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4.2.3 Amorphous iron 

Iron can be found under amorphous form in the aerosols, such as ferrihydrite nanoparticles 

(Fe(OH)3) which can be a product of chemical weathering of the crystalline goethite (FeOOH) 

during cloud processing (Shi et al., 2009). Amorphous Fe in dust particles is known to be 

highly labile (Chen and Siefert, 2003; Paris et al., 2011; Shi et al., 2009), and the highest Fe 

release of 402.7 nmol.g-1 after 1 h in ARW was observed by the completely amorphous Tun 

Glass (Figure III-1). Due to its amorphous composition, Tun Glass can be used as a proxy 

for volcanic ash after a long journey in the atmosphere (Delmelle, pers. comm.), which 

indicates that the Fe solubility of ash might increase within the atmosphere. This sample 

enables to highlight the importance of amorphous Fe for Fe dissolution and we can hence 

make the assumption that the Fe solubility of Tun Glass (0.042 % after 1 h and 0.14 % after 

48 h in ARW) corresponds to the dissolution of amorphous volcanic aluminosilicates. Thus, 

volcanic structural Fe would have intermediate Fe solubilities compared to the rather soluble 

clay and rather insoluble (hydr)oxides (Table III-5) at ARW pH.  

The composition of the amorphous portion from the aerosols of this study is unknown, and as 

the one in soils may be biogenic, lithogenic or pedogenic i.e., produced by the degradation of 

organic matter, or during rock or soil formation. These different origins of amorphous 

material may influence the Fe content and solubility, and no correlation was recorded between 

the measured Fe solubility and neither the bulk amorphous portion nor the Fe pool, as 

previously demonstrated by Paris et al. (2011).  

Thus, ash is mainly composed by amorphous aluminosilicates with lower SSA and lower 

crystalline contribution to %Fesol. Ayris and Delmelle (2012) emphasized the importance of 

the SSA in iron dissolution and solubility from ash particles. In general, a higher SSA stands 

for a bigger contact zone between aerosol and matrix and therefore for an increased solubility 

(Baker et al., 2006), but also possible scavenging (Delmelle et al., 2005). In our study, a 

variation in the SSA was not responsible for different net solubilities between aerosol types, 

since ash samples with lower SSA displayed higher Fe solubilities in ARW than dust samples, 

without systematically displaying Fe adsorption. The SSA of our ash samples  

(0.36-7.29 m2.g-1) ranged in the average for volcanic ash (<1 to a few m2.g-1; Delmelle et al., 

2005) and was about two orders of magnitude lower than dust particles (7.69-62.05 m2.g-1) 

besides the particular case of Eyja, where smectite incorporation in the ash surface 

composition might explain its high SSA (Paque et al., 2016).  
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4.2.4 Iron coating on Chaitén ash  

The highest Fe solubility in ARW was displayed by Chaitén ash (0.12 % and 0.45 % after  

1 and 48 h, respectively), which is 3-23 times higher than other ash samples after 48 h and 

even 20-73 times higher compared to dust samples. This high solubility can be explained by 

the surface Fe-enrichment that Ayris and Delmelle (2012) recorded for the Chaitén sample: 

 

Figure III-5: Correlation between surface Fe (%) and bulk Fe (%) of several natural ash samples 

including Chaitén ash from the same eruption. Figure adapted from Ayris and Delmelle (2012).  

 

This surface enrichment is uncommon compared to other ash samples measured by the 

authors, displaying surface Fe-depletion or no difference between surface and core. In our 

study, after a rapid initial Fe release (0.24 % within 7 h, Figure III-1a), Chaitén displays a 

second dFe release step with a gentler slope (additional 0.21 % in 41 h). This second step is 

most probably caused by Fe release from silicates (Ayris and Delmelle, 2012), such as 

aluminosilicates whose dissolution has been discussed in Chapter II §4.2.1.2 (Figure II-6). 

The authors cite also oxide minerals as potential Fe sources (Ayris and Delmelle, 2012), but 

we find this hypothesis less likely, considering the results of Table III-5 displaying the low 

%Fesol of (hydr)oxides compared to clay species.  
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4.2.5 Iron adsorption  

4.2.5.1 Volcanic ash Fe adsorption 

Eyja contains the most Fe of all tested aerosols (7.51 %) which is comparable to the 8.9 % 

found in the ash from the 2000 eruption of Hekla, another Icelandic basaltic-andesite volcano 

(Jones and Gislason, 2008). Hekla and Eyja both contain rather high Fe and P levels and low 

Si compared to other various ash samples. Eyja is the only aerosol from our study that 

displays a clear dissolution-readsorption type behavior in ARW, with initial high dissolution 

of 0.4 µmol.g-1, followed by a steady decrease in dFe, reaching a minimum of 0.1 µmol.g-1 

after 1.5 h, and increasing again (Figure III-6a). This same unique behavior was observed for 

the K dissolution of Eyja (significant linear regression, Figure III-6b), whereas all other 

aerosols displayed regular K dissolution increasing until they reached steady state (Figure 

III-1k). This covariation in the Fe and K concentrations may be caused by a Fe and K 

adsorption on lithogenic ash particles, as described by Rogan et al. (2016) for Fe from the 

2008 Eyja eruption. Journet et al. (2008) did not observe iron readsorption but stated identical 

Fe and K-Mg dissolution patterns for the dissolution of minerals such as the clays illite and 

montmorillonite and the feldspar orthoclase. It should be noted that Eyja is the only ash 

sample containing montmorillonite (10.9 % along with the dust Pata that contains 2.8 %). Fe 

might thus act as a K substitute within the aluminosilicate lattice of the clay (Journet et al., 

2008), where Fe is held by weak ionic bonds with a %Fesol of around 0.9 % at pH 2. 

 

Figure III-6: Iron and potassium dissolution from Eyja ash in artificial rainwater. (a) Dissolution and 

(b) significant correlation of 0.30 ± 0.04 (p-value< 0.05) 
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Noteworthy, the mineralogy of Eyja ash was comparatively close to the tested desert dust 

samples: it is the only ash that contains clay, which may explain its high dust-like SSA of  

7.3 m2.g-1 (Paque et al., 2016). Iron scavenging is a process known to be particle size and pH 

dependent: smaller particles are more likely to adsorb trace metals than large particles 

(Delmelle et al., 2005), which might explain that large aerosols with a small surface area 

(SSA < 1 m2.g-1 for Chaitén, Tun Ash and Tun Glass) did not display net readsorption during 

the 48 h experiment in ARW.  

4.2.5.2 Desert dust Fe adsorption 

Iron scavenging on aerosols in SW has previously been reported for desert dust (Zhuang and 

Duce, 1993), and for instance for Douz dissolution in a minicosm experiment (300 L) with 

filtered surface seawater (Louis et al., 2015). In our study, the four tested desert dust particles 

displayed fast and repetitive Fe increase-decrease processes within the first 7 h of contact in 

ARW (multiple peaks, see close up in Annex IV, Figure IV-2a) that seem too erratic and fast 

to be a physico-chemical phenomenon compared to the slow and more regular two steps 

adsorption-desorption process of Eyja mentioned above.  

4.3 Role of the matrix on TM dissolution 

In their volcanic ash dissolution study, Jones and Gislason (2008) state that several ash 

samples released TM such as Mn and Co within a short contact time, and independently of the 

matrix (pure water or SW). These TM are not a structural component of the minerals 

identified within our study, but might be found under the form of traces, for instance within 

basic rocks, clays or (hydr)oxides (see Table II-3). Few studies have focused on the 

dissolution of these TM from pure minerals (Menut et al., 2020), limiting the extent of the 

discussion to a comparison of the two matrices. Noteworthy, a principal component analysis 

(PCA, see Annex IV §5) enabled us to highlight the link between the TM dissolution (Co, 

Mn, Ni and Cd) and the aerosol content of quartz, the clay kaolinite and (to a lesser extent) 

the feldspar microcline.  
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4.3.1 Manganese 

Bani released the highest amount of Mn in both matrices, with initial faster dissolution in the 

ASW matrix (near immediate) whereas the release was gradual in ARW, with a slightly 

higher dissolution starting from 7 h. Moreover, desert dust released more Mn than volcanic 

ash to ASW but this result was not observed in ARW (Figure III-7b). Indeed, dust released 

overall more Mn to ASW whereas ash released either more Mn to ARW (Eyja and Chaitén) 

or equally low amounts in both matrices (Tun Ash and Tun Glass).  

The overall range of ash Mn dissolution from this study is confirmed by the literature: ash 

samples from various origins released 17-1300 nmol.g-1 after 15 min in SW (Hoffmann et al., 

2012), comparable to the 10-400 nmol.g-1 for ash here after the same contact time in ASW. 

Desert dust has shown to have solubilities at ARW pH of 4-16 % for Cap Verde loess and the 

same Bani sample (Desboeufs et al., 1999; Jacq, 2014) thus comparable to the  

0.1-11 % found after one hour in this study. On the other hand, the cruise based solubility 

measurements of natural Saharan aerosols (50-64 % at pH 4.7; Baker et al., 2006) were higher 

than the maximal 23 % found in ARW in our study, indicating that the air-collected natural 

aerosols (Baker et al., 2006) may have been enriched in soluble Mn within the atmospheric 

pathway. Finally, Menut et al. (2020) indicated a mean Mn solubility of 25 % for the clays 

illite and smectite, which may thus contribute to the release of Mn by desert dust.   

4.3.2 Cobalt  

No generality can be extracted from the influence of the matrix on Co dissolution, as Bani and 

Chaitén released more Co to ARW, whereas Douz, Hoggar and Eyja were more soluble in 

ASW (Figure III-7c), and Tun Ash and Tun Glass remained equally insoluble in both 

matrices.  

Hoffmann et al. (2012) recorded 0.1-33 nmol Co.g-1 ash after 15 min in SW (but with three 

out of their four samples releasing maximal 1.0 nmol.g-1). These findings are consistent with 

both ash and dust dissolution in ASW from this study (0-2 and 0-3.3 nmol.g-1, respectively). 

Further, Gulf of Aqaba aerosols had a solubility of 17±7 % after seven days of contact in 

filtered SW (Mackey et al., 2015), which is one to two orders of magnitude higher than the 

solubility of 0.3-1.9 % found after nine days in our study. However, these aerosols have been 

sampled in the atmosphere and have thus undergone physico-chemical alteration, explaining 

their greater solubility.  
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Figure III-7: Solubility (%) of micronutrients in artificial rain- (black and white) and seawater (blue 

shades) after representative contact times (1 h = black or dark blue and 48 h = white or light blue): (a) 

Fe, (b) Mn and (c) Co. In the case of missing data, solubility was used at 0.5 h (^) or 2 h (*) instead of 

1 h and 30 h (#) instead of 48 h. The Fe solubility (a) contains a supplementary close up excluding 

Chaitén and Tun Glass. 
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5 Conclusion 

Iron in desert dust was mainly free, i.e., found within badly crystallized or amorphous Fe 

(hydr)oxides. In opposition, volcanic ash contained Fe mostly under structural form within the 

lattice of crystalline or amorphous aluminosilicates, such as feldspars or volcanic glass, 

respectively. We were able to explain 17-70 % of the Fe solubility from dust, and 1.65-85 % 

of the Fe solubility from ash in the rainwater matrix. Aluminosilicates (mainly clay) 

accounted for the greatest contribution within the identified crystalline minerals, especially 

within desert dust. The remaining unexplained portion consists in the badly crystallized and 

amorphous material that has not been identified in this study but would greatly improve the 

understanding of the responsible dFe source.  

The variability in the dissolution behaviors between individual aerosols hindered the 

establishment of clear trends distinguishing dust from ash which is somehow surprising given 

their difference in mineralogy and SSA. However, it can be stated that dust released overall 

more Mn and Co to ASW, but surprisingly less Fe to ARW compared to ash. Moreover, the 

TM solubility is known to greatly depend on the pH (e.g., Desboeufs et al., 1999). In that 

respect, the overall solubility for a given aerosol was increased in the rather acidic artificial 

rainwater compared to the slightly basic seawater for Fe and Cu. But this conclusion cannot 

be made for Mn, as desert dust released overall more Mn to ASW, whereas ash was more 

soluble in ARW.  

In this chapter, we identified and quantified the high variability in micronutrient release from 

desert dust and volcanic ash samples. Therefore, we underline the importance to include these 

ranges of naturally occurring solubilities in order to provide upper and lower limits when 

calculating global nutrient fluxes. In the following section of this manuscript (Part B), we 

focus solely on two aerosols, namely the South American Pata dust and the Icelandic Eyja ash 

for further ship based experiments. This case study localized the Southern Indian Ocean 

focused on the phytoplankton response (Chapter V) and the influence of different natural 

seawater matrices on nutrient release (Chapter VI) 
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IV. Annex Part A 

1 Enrichment factors 

Table IV-1: Elementary enrichment factors for desert dust and volcanic ash relative to crustal 

abundances. Enrichment factors were calculated according to Fishwick et al. (2017) by dividing the 

mean element/aluminum mass ratios of each aerosol sample by mean element/aluminum mass ratios 

for the upper continental crust (Wedepohl, 1986). A factor above 1 indicates that the aerosol contains a 

higher amount of a certain element than the average upper crust (e.g., C and N in dust samples). 

 Desert dust Volcanic ash 

 Pata Douz Hoggar Bani Eyja Chaitén Tun Ash Tun Glass 

C 5.46 63.07 4.98 17.44 0.71 < DL < DL < DL 

N 16.05 52.86 18.11 45.80 5.55 < DL < DL < DL 

P 1.13 1.55 1.68 0.88 2.50 0.42 1.26 1.19 

Si 0.92 0.79 0.92 1.80 0.94 1.25 0.83 0.81 

Fe 1.08 1.05 1.26 1.20 1.79 0.33 0.96 1.06 

Al 0.98 0.58 0.99 0.65 0.97 0.88 1.15 1.16 

Ca 0.97 8.34 0.57 0.11 0.93 0.30 0.96 1.09 

K 0.78 1.00 0.82 0.87 0.72 1.57 0.63 0.58 

Mg 0.85 1.43 0.60 0.17 0.66 0.11 0.84 1.10 

Na 0.75 0.15 0.30 0.18 1.69 2.08 1.25 1.14 

Ti 1.20 1.43 2.26 4.35 2.79 0.24 1.22 1.23 

Zn 1.35 1.43 1.39 1.23 2.75 1.35 1.98 1.83 

Mn 1.26 1.00 1.36 1.24 2.45 0.99 0.97 1.10 

Co 0.53 0.86 1.17 2.12 0.59 0.07 0.62 0.86 

Cu 0.82 1.27 1.27 1.24 0.99 0.15 1.92 1.91 

Ni 0.30 0.86 1.08 0.75 0.36 0.02 0.60 0.78 

V 1.84 1.14 1.25 1.51 0.95 0.08 1.34 1.49 

Cd 3.60 7.30 3.81 7.44 11.46 0.98 4.22 5.09 

Mo 0.98 2.51 1.84 5.29 3.35 1.66 1.31 1.71 
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2 Si dissolution rates  

Dissolution rates were measured by dividing the normalized dSi release by the contact time in 

ARW and ASW. The rates (Figure IV-1) display a classical shape, with a maximal release 

during the first minutes slowly decreasing, described for desert dust (Desboeufs et al., 1999) 

and volcanic ash (Frogner et al., 2001).  

 

Figure IV-1: Silicon dissolution rates (µmol.g-1.h-1; in log scale) from desert dust (a,b) and volcanic 

ash (c,d) in artificial rainwater (a,c) and artificial seawater (b,d). Note the lower dissolution rate of ash 

in ASW (d).  

 

  



Annex Part A 

123 

3 Close-up on erratic Fe solubility in ARW from desert dust 

The role of iron oxide particles on DIP scavenging has been highlighted (Louis et al., 2015). 

As addressed in Chapter II, §4.3.4, we observed DIP readsorption in both ARW and ASW 

matrices, namely for Bani, Douz, Eyja, Chaitén and Tun Glass in ARW. However, the re-

adsorptions occurred mainly during the last hours of contact (i.e., after 24 h in ARW), and 

cannot be compared to the initial erratic Fe solubilities of desert dust (Figure IV-2a). Douz 

dust presented an early and rapid DIP release and removal process with a peak after  

30 minutes of contact followed by a rapid decrease within 2 h (Figure IV-2b) that was 

evaluated as too high and fast to be accurate. It seems thus exaggerated to conclude on a 

common scavenging process of Fe and P for Douz in ARW.  

The iron from the four tested dust is more than 50 % under ‘free’ (hydr)oxide form (Table 

III-2), and their Fe release to ARW was lower compared to volcanic ash. The initial 

concentrations were close to the experimental detection limit; thus, the hypothesis of 

analytical issues is preferred over an over-interpretation of these data. 

 

Figure IV-2: Fluctuations in (a) iron solubility after dust addition to artificial rainwater during the 

first ten hours of contact, and (b) simultaneous iron and phosphorus fluctuations for Douz dust. 
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4 Dissolution of additional elements in ARW 

The TM concentrations in ARW were measured by inductively coupled plasma mass 

spectrometry (ICP-MS, 7500cx (Agilent), at the Alysés platform, IRD, Bondy for Cd, Cu, 

Mg, Mo, Ni, Ti, and V) and by atomic emission spectroscopy (ICP-AES, Spectro Arcos at 

LISA, Paris for Ca, Mg and Zn). Copper and Ni in ASW were analyzed with a seaFAST-

pico™ coupled to an Element XR sector field inductively coupled plasma mass spectrometer 

(SF-ICP-MS) at LEMAR, Brest (Lagerström et al., 2013; Tonnard et al., 2020). We 

considered “experimental detection limits” (DLe) for analysis in ARW (defined by the 

smallest reproducible standard of the day of analysis) and standard detection limits (DL) in 

ASW (meanblank + 3x SDblank). Detection limits are given in Table IV-2. The following 

elements are presented in alphabetical order within each section.  

 

Table IV-2: Experimental detection limits (DLe, nmol.L-1) for ICP-AES and ICP-MS measurements 

in ARW, and detection limits (DL, pmol.L-1) for SeaFast measurements in ASW. n.a: not analyzed 

 Ca Cd Cu Mg Mo Ni Ti V Zn 

ICP-MS, nM n.a 0.4 26.5 205.7 0.5 28.2 1.0 1.0 n.a 

ICP-AES, nM 41.9 n.a n.a 69.3 n.a n.a n.a n.a 25.8 

SeaFast, pM n.a n.a 6.94 n.a n.a 16.8 n.a n.a n.a 

 

4.1 Dissolution of additional micronutrients in ARW  

4.1.1 Cadmium  

Cadmium dissolution was low and close to the detection limit (below 4 nmol.g-1 for all tested 

samples, Figure IV-3a), which compares well to other published and unpublished results 

(Hoffmann et al., 2012). It appears that the %Cdsol exceeds 50 % for 5 of the tested samples 

but the low concentrations close to DL might artificially enhance these solubilities. Only Eyja 

had a low fractional solubility below 10 % throughout the 48 h kinetics (Figure IV-3b).   

4.1.2 Copper  

Besides Tun Glass that released 375 nmol.g-1 after 48 h (Figure IV-3c), the dissolution of 

copper (Cu) to ARW remained below 75 nmol.g-1 or was close to the detection limit, which is 

in good agreement with other experimental results performed on the same aerosols  

(R. Ammar & E. Journet, unpublished data). Final %Cusol after 48 h varied between  
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4.6-18.1 % for desert dust (Hoggar and Douz, respectively, Figure IV-3d) and 3.9-43.0 % for 

volcanic ash (Tun Ash and Tun Glass).  
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Figure IV-3: Dissolution (in nmol.g-1, left panels) and solubility (%, right panels) of additional 

micronutrients in artificial rainwater: dCd (a,b), dCu (c,d), dMo (e,f), dNi (g,h), dV (i,j) and dZn (k,l). 

Warm colors and dashed lines represent desert dust, cold colors and plain lines represent volcano ash. 

 

4.1.3 Molybdenum 

Only two of the 8 tested samples dissolved significant amounts of Mo in ARW over the 

duration of the experiment: the natural ash Eyja and the synthetic Tun Glass. Molybdenum 

from the synthetic sample was more soluble (11.5 % at t48 h, Figure IV-3e) liberating  

2.6 nmol.g-1 (Figure IV-3f) compared to the natural sample with a solubility of 2.7 % after the 

same contact time, liberating 1.0 nmol.g-1. None of the tested dust samples releases detectable 

amounts of Mo. 

4.1.4 Nickel 

The same observation as for Cu can be made for the dissolution of nickel (Ni) in ARW. 

Despite approaching the DLe, the measured concentrations were very similar to other 

dissolution experiments with the same aerosol samples (R. Ammar & E. Journet, unpublished 
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data). Final dissolution ranged between 5.7-16.3 nmol.g-1 for dust samples (Hoggar and Douz, 

Figure IV-3g) and 0.9-8.5 nmol.g-1 for ash (Chaitén and Tun Glass) after t48 h.  

Besides Chaitén (displaying a solubility peak of over 25 % after 30 min of contact time in 

ARW), ash samples displayed %Nisol less than 2 % over the duration of the experiment, 

comparable to %Nisol for desert dust between 0.6-3.5 % after 48 h (for Hoggar and Douz; 

Figure IV-3h). 

4.1.5 Vanadium 

Vanadium was mostly dissolved from Pata dust (up to 432 nmol.g-1 after 48 h of contact with 

ARW, Figure IV-3h) with the highest V solubility (12.4 %). Saharan dust from Douz and 

Hoggar and ash from Eyja had similar dissolution curves and reached 67.9, 50.0 and  

40.9 nmol.g-1 respectively, but Douz had more than twice greater %Vsol than Chaitén, Eyja 

and Hoggar (5.4% versus respectively 2.5, 2.3 and 2.1% after 48 h, Figure IV-3j). Tun Ash 

and Tun Glass had solubilities below 0.5 %. 

4.1.6 Zinc 

Volcano ash liberated more Zn than desert dust to ARW: the natural ash samples rapidly 

dissolved and stabilized between 30 and 200 nmol.g-1 whereas the artificial Tun Glass sample 

continued to release dZn even at t48 h, reaching a dZnnorm of over 400 nmol.g-1 (Figure 

IV-3k). %Znsol from ash samples was found between 1.1 % (Eyja) and 20 % (Tun Glass, 

Figure IV-3l), whereas the Zn dissolution from dust samples was low or below detection 

limit. 

 

4.2 Dissolution of additional micronutrients in ASW  

4.2.1 Copper 

The most Cu was released by the synthetic Tun Glass to ASW, with a typical dissolution 

curve increasing until t48 h (52 nmol.g-1, Figure IV-4a), and then slightly decreasing until the 

end of the experiment. Other aerosols released less than 15 nmol.g-1 (i.e., 4 to 15 times less 

than Tun Ash) to ASW. Douz was the greatest source of dCu amongst dust, and the release of 

~9.0 nmol.g-1 occurred rather instantly to ASW. Further, the highest Cu solubility after 48 h 

was reached by Tun Glass and Douz with 6.0 and 4.9 %, respectively (Figure IV-4b). The Cu 

solubility from Chaitén was quite variable. 
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Moreover, the Cu solubility in our study was strictly greater in ARW compared to ASW for 

all tested aerosols (Figure IV-5a). Tun Glass dissolved by far the most Cu in both matrices 

(372.8 and 52.2 nmol.g-1 at t48 h in ARW and ASW, respectively). Also in both matrices, 

Chaitén, Tun Glass and Douz were the most soluble (~20-50 % in ARW and ~4-6 % in 

ASW).  

The ARW solubility is thus consistent with the 40 % used by Paytan et al. (2009) in their 

toxicity study of aerosol dissolution for marine phytoplankton. Moreover, Sholkovitz et al. 

(2010) found a Cu solubility from Saharan dust of 1-7 % in Sargasso SW, which compares 

perfectly to our solubility data in ASW. Moreover, the authors find 10-100 % Cu solubility 

from anthropogenic aerosols in SW (Sholkovitz et al., 2010b), underlining again the possible 

TM contamination within the atmosphere, originating for instance from fossil fuel or biomass 

burning  (Paytan et al., 2009). Equally, Chen et al. (2009) confirm that the 49 % Cu solubility 

found in their study with the same Gulf of Aqaba aerosols in Sargasso SW may largely be 

explained by anthropogenic sources.  

 

Figure IV-4: Dissolution (in nmol.g-1, left panels) and solubility (%, right panels) of additional 

micronutrients in artificial seawater: dCu (a,b) and dNi (c,d). Warm colors and dashed lines represent 

desert dust, cold colors and plain lines represent volcano ash. 
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4.2.2 Nickel 

Only three aerosols released measurable amounts of dNi to ASW. The highest dissolution and 

solubility were observed for Eyja (274 nmol.g-1 and ~80 % of %Nisol at t48 h, Figure IV-4c). 

Tun Glass had the lowest measurable dissolution and solubility (54 nmol.g-1 and <10 % of 

%Nisol at t48 h). Douz displayed an initial high release of 261 nmol.g-1 at t5 min, decreasing 

until 109 nmol.g-1 after t48 h (with Ni solubility between 55 and 23 %).  

The highest Ni dissolution was observed in ASW, and Eyja and Douz released almost 

300 nmol.g-1 to ASW whereas the dissolution to ARW remained below 20 nmol.g-1. The 

resulting solubility of 80 % for Eyja in ASW is high and could not be confirmed by the 

literature. As described for Co and Cu, these aerosols are most likely influenced by 

anthropogenic emissions within the atmosphere known to enhance TM solubility.  

Thus, we can assume that the 25-48 % found for Douz in this study are the upper limit of Ni 

solubility from natural aerosols, and that the 80 % found for Eyja were most definitely 

contaminated. Equally, Hoffmann et al. (2012) recorded a dissolution of 0.5-13.9 nmol Ni.g-1 

ash after 15 min in SW, which is around 20 and 10 times less than our findings for Eyja and 

Douz, reinforcing the hypothesis of contamination. 
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Figure IV-5: Solubility (%) of micronutrients in artificial rain- (black and white) and seawater (blue 

shades) after representative contact times (1 h = black or dark blue; and 48 h = white or light blue): (a) 

Cu and (b) Ni. In the case of missing data, solubility was used at 0.5 h (^)instead of 1 h and 30 h (#) 

instead of 48 h.  

 

4.3 Dissolution of lithogenic tracers in ARW 

When aerosols enter in contact with rain droplets, they dissolve not only macro- and 

micronutrients that will be consumed by phytoplankton after their deposition to the sea 

surface and that constitute the main topic of this manuscript. The aerosols also release other 

elements that are not biologically controlled and may remain conservative in the water 

column (e.g. Mg, K, and ~Ca) or are scavenged with depth (e.g. Al and Ti) (Nozaki, 2001). In 

this section, we address the dissolution and solubility in ARW of these elements, as an 

attempt to further explain the nutrient release. Indeed, the dissolution behavior of these 

lithogenic tracers might help to identify the minerals within the aerosols that liberate the 
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nutrients (e.g. the role of Al for Si dissolution addressed in Chapter II §4.2.1 or the correlation 

of K and Fe in Fe adsorption, Chapter III §4.2.5).  

4.3.1  Calcium 

As for Al, Douz presented the maximum Ca release of 1.2 µmol.g-1 after 48 h (Figure IV-6a), 

corresponding to a %Casol of 26.8 %. Pata and Hoggar released three and five times less Ca 

than Douz (dCanorm of 0.40 and 0.25 µmol.g-1, respectively) but their %Casol of 43.5 and  

45.6 % was about 1.7 times higher. Besides the CaCO3 containing Eyja, other ash samples as 

well as Bani dust released less than 0.02 µmol.g-1 to ARW. Solubility %Casol was strictly 

higher for dust samples (18.1-45.6 % after 48 h for Bani and Hoggar, respectively) compared 

to ash samples (between DL for Tun Ash and 13.3 % for Eyja, Figure IV-6b). For discussion 

on CaCO3 dissolution, please refer to Chapter II, §3.2.  

4.3.2 Magnesium 

The release of Mg followed regular steadily increasing dissolution curves, and desert dust 

released globally more Mg than volcano ash (Figure IV-6c). Highest dissolution was reached 

by Hoggar dust (59.1 µmol.g-1 at t48 h of contact time with ARW) but dust from Douz and 

Pata released similar high amounts of Mg (29.6 and 39.3 µmol.g-1, respectively at t48 h). 

However, Bani dust (maximum of 6.8 µmol.g-1) remained comparable to ash releasing  

0.2-10.9 µmol.g-1 in the same experimental conditions (for respectively Tun Ash and Eyja). 

%Mgsol was also higher for desert dust (4.0-11.0 % after 48 h in ARW for respectively Douz 

and Hoggar) compared to volcanic ash (0.03-2.9 % for Tun Ash and Chaitén, Figure IV-6d). 

4.3.3 Titanium 

Despite low concentrations close to the detection limit, Ti dissolution compares well to other 

experimental results (R. Ammar & E. Journet, unpublished data) with the same aerosols. 

Overall, ash dissolved more Ti than dust: 8.1-58.5 nmol.g-1 (for Chaitén and Eyja), compared 

to 2.5-19.9 nmol.g-1 (for Douz and Bani, Figure IV-6e). %Tisol was very low and remained 

below 0.05 % for all aerosols; comparable to most %Fesol; and ash samples were 2-11 times 

more soluble compared to desert dust after 48 h (0.019-0.046 % for Tun Ash and Chaitén vs 

0.004-0.008 % for Douz and Bani, Figure IV-6f). Initial high dust solubilities may be 

artificially caused by concentrations close to DL inducing analytical issues. 
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Figure IV-6: Dissolution (left panels, in µmol.g-1 for a,c or in nmol.g-1 for e) and solubility (%, right 

panels b,d,f) of lithogenic tracers in artificial rainwater: dCa (a,b), dMg (c,d) and dTi (e,f). Warm 

colors and dashed lines represent desert dust, cold colors and plain lines represent volcano ash. 
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5 Covariation of dissolution in ARW and mineralogy 

The aim of this section is to link the dissolution from three macronutrients (Si, P and N), nine 

micronutrients (Fe, Mn, Co, Cu, Ni, V, Zn, Cd and Mo) and five lithogenic tracers (Al, K, 

Mg, Ca and Ti), in order to constrain the minerals that are responsible for the nutrient release.  

A principal component analysis (PCA) was performed on the dissolution and solubility 

datasets, in order to determine dissolution patterns among the 8 aerosols and to identify links 

between the dissolution of 17 individual elements to mineralogy. We used a reduced dataset 

of the dissolution and solubility after a representative contact time of one hour in ARW. 

Missing data is not allowed in the PCA analysis; therefore, we set 8 undetectable values to 

0.0 µmol.g-1 and replaced 7 aberrant values out of the total 136 values using interpolation. 

The PCA enabled us to identify covariation patterns within elements, and tent to explain these 

patterns with descriptive variables including aerosol structural parameters (the amorphous 

vs. crystalline portions, as well as free vs. structural Fe), mineralogy (content of different 

clays, feldspars and basic rocks), particle size parameters (SSA, mean and median particle 

diameter) and pH variations (after 1 h in ARW).  

The dissolution data shows a clear link between the release of the macronutrients Si, N and 

(to a lesser extent) P and the dissolution of alkali and alkaline earth metals K, Mg and Ca.  

A strong correlation is visible (axis 1 explains 44 % of the information, Figure IV-7a) 

between the macronutrient release and (i) the aerosol content of the clay illite, (ii) the SSA of 

aerosols and (iii) the evolution of pHARW. The calcite content is only badly represented within 

this axis (30.4 % of the calcite signal is explained by axis 1), which is surprising knowing the 

impact of calcite dissolution on pH (see Chapter II, §3.2) and on Ca release. The dissolution 

of alkaline earth metals is a good proxy for the dissolution of aluminosilicates (Oelkers et al., 

1994). In our analysis, Al is also linked to axis 1 (but the quality of the representation is only 

42 %), which seems to confirm the correlation of illite content to the dissolution of illite-

composing elements.  

A second cluster regroups the dissolution of Fe, Zn and Mo with (i) the amount of structural 

iron within the aerosols (ii) the amount of amorphous material and (iii) the mean particle 

diameter. This correlation has already partially been described in §4.2.3. Structural iron is 

found within aluminosilicate minerals (Paris et al., 2011), but these minerals can be under 

amorphous or badly crystallized form such as the clay smectite. Smectites are known to 

contain highly soluble Fe (Journet et al., 2008) which may explain the correlation to the 
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dissolution of iron. Molybdenum is known to adsorb on smectite surfaces (Tuchowska et al., 

2019) which may explain its correlation to the cluster. 

The second axis enables us to group the dissolution of Co, Mn, Ni and Cd to the aerosol 

content of the minerals quartz, the clay kaolinite and (to a lesser extent) the feldspar 

microcline (Figure IV-7b). These minerals do not contain the cited elements within their 

crystalline structure, but they are likely to hold soluble traces of TM under the form of 

coating. Surprisingly, the size parameters did not correlate with dissolution data.  

 

(a) Dissolution– principal plane (axes 1-2) 

 

Figure IV-7: Output of the Principal Component Analysis (PCA) of dissolution of 17 elements after 

one hour in artificial rain water (black arrows), combined with descriptive variables (blue arrows). (a) 

The first axis explains 44.0 % and the second axis 22.1 % of the inertia, (b) the first axis explains 44.0 

% and the second axis 14.7 % of the inertia. 
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(b) Dissolution–axes 1-3 
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(a) Solubility – principal plane (axes 1-2) 

 

Figure IV-8: Output of the Principal Component Analysis (PCA) of solubility of 17 elements after 

one hour in artificial rain water (black arrows), combined with descriptive variables (blue arrows). (a) 

The first axis explains 44.7 % and the second axis 20.3 % of the inertia, (b) the first axis explains 44.7 

% and the second axis 16.0 % of the inertia.  

 

The solubility data groups the same elements and explanatory parameters in a slightly 

different manner: the macronutrient solubility (%Sisol, %Nsol, %Psol) is correlated as before for 

the dissolution dataset to the alkaline element solubility (%Casol, %Ksol), the illite content and 

SSA. According to the principal plane (axis 1 – 2, explaining 65 % of the information, Figure 

IV-8a) this cluster is also correlated to the amount of crystalline minerals and the proportion 

of free iron, which might be an indication linking macronutrient solubility to (hydr)oxide 

content. 
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(b) Solubility – axes 1-3 

 

 

 

This result is not observed in the following sections, and axis 3 (holding 16 % of the 

information) separates the two groups. Similarly, axis 2 (20.3 % of information) separates 

iron solubility %Fesol from the amount of amorphous material and structural Fe, but the 

secondary plane (axis 1 – 3, 50.7% of the information, Figure IV-8b) merges these parameters 

with %Tisol and %Mosol, knowing that titanium is an element frequently found in Fe 

containing minerals through isomorphic replacement. 
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Key Points 

• Representative desert dust and volcanic ash depositions released significant amounts 

of Fe and Si but not NOx to seawater.  

• The triggered phytoplankton response was mainly caused by diatom development. 

• The Kerguelen plateau presented the highest response in primary production, despite 

being naturally fertilized.  
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Abstract 

We conducted microcosm incubation experiments in contrasted biogeochemical areas of the 

South Indian Ocean and Indian sector of the Southern Ocean. The goal was to assess the 

phytoplankton response to nutrient release by desert dust and volcanic ash aerosols. A dry or 

wet deposition of either dust from Patagonia or ash from the Icelandic Eyjafjallajökull 

volcano or dissolved nutrients (Si, Fe, N and/or P) were added to trace metal clean 

incubations of surface seawater collected from five stations. These deposition experiments 

enabled the measurement of the biological response along with solubility calculations of 

nutrients. Both types of aerosols alleviated the iron deficiency occurring in the Southern 

Ocean during austral summer and resulted in a 24-110 % enhancement of the primary 

production, depending on the station. The release of dissolved silicon may also have 

contributed to this response, although to a lesser extent, whereas neither the dust nor the ash 

relieved nitrogen limitation in the Low Nutrient and Low Chlorophyll area. Diatom growth 

was responsible for 40 to 100 % of the algal biomass increase within the responding stations, 

depending on the region and aerosol type. The high particle concentrations which are 

characteristic of ash deposition following volcanic eruptions may be of equal or higher 

importance to phytoplankton compared to desert dust, despite ashes’ lower nutrient solubility 

to the ocean. 

Plain Language Summary 

The South Indian and Southern Oceans are known for contrasting nutrient concentrations and 

different microalgal communities, which are limited by the low content of several nutrients. 

In most parts of this area, nutrients are supplied by oceanic interfaces (aerosols, sediments, 

ice…) and only limited amounts of atmospheric dust reach currently the remote open ocean. 

Aerosol deposition nevertheless constitutes one of the major sources of new nutrients within 

this vast ocean area in the present-day and was greatly enhanced during glacial times and/or 

volcanic eruption events. After deposition on the sea surface, the particles release nutrients 

such as iron and silicon to the seawater, which may temporally stimulate algal development.  

In this study, we show that a representative deposition of desert dust or volcanic ash triggers a 

phytoplanktonic response in different regions of the Southern Indian Ocean. Some algae 

groups such as diatoms benefit more from the new nutrients, thereby modifying the structure 

of the planktonic community. On the other hand, the same deposition had no effect in the 
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eastern part of the South Indian Ocean, as the ambient nitrogen limitation was not relieved by 

the aerosols.   

1 Introduction 

The Southern Ocean (SO) is the largest High Nutrients Low Chlorophyll (HNLC) area of the 

ocean, where phytoplankton growth is mostly limited by low surface iron (Fe) concentrations 

(Martin, 1990; Moore et al., 2002). Due to latitudinal gradients of dissolved macronutrients 

decreasing northwards, the SO can be further divided in distinct biogeochemical regions 

(Figure V-1), characterized by different nutrient limitations. In the Subantarctic Zone (SAZ), 

dissolved inorganic phosphorus (DIP) and NOx (NO3
- + NO2

-) remain high but dissolved 

silicon (dSi) is scarce (Nelson et al., 2001), The Fe limitation of the Antarctic Zone (AZ) is 

thus shifted to a Fe-Si co-limitation (Hoffmann et al., 2008; Hutchins et al., 2001), referred to 

as High Nitrate-Low Silicon-Low Chlorophyll (HN-LSi-LC) (Dugdale et al., 1995). Further 

north, the Subtropical Front (STF) marks the boundary with the Low Nutrient Low 

Chlorophyll (LNLC) region of the Subtropical Zone (STZ) of the South Indian Ocean (SIO). 

This region within the oligotrophic subtropical gyre is characterized by low NOx and surface 

concentrations (McClain et al., 2004; Morel et al., 2010). 

 

One of the factors which are responsible for the Fe-depletion in the SO is the shortage of  

so-called new Fe supply, i.e., Fe reaching the euphotic zone from external sources. The fluvial 

Fe supply to the remote SO can be neglected, making atmospheric aerosol deposition the 

main Fe source, except in upwelling areas associated to hydrothermal vents, or in areas 

subjected to Fe-rich sea ice melting, or within naturally fertilized coastal regions such as the 

Kerguelen and Crozet plateaus (Ardyna et al., 2019). The monthly-averaged dust deposition 

flux to the SO is very low (10-45 mg.m-2.month-1 during austral summer, Meskhidze et al. 

2007), but intense sporadic events may affect phytoplankton growth. These events occur 

especially during the austral summer months, when the water column is stratified and the 

emissions from the Patagonian source are more frequent (Gassó and Torres, 2019). Several 

studies suggest that dust deposition to the SO was up to 20 times higher during the Last 

Glacial Maximum (e.g. Mahowald et al. 1999). At this time, dust-mitigated input of Fe to the 

ocean surface layer may have fertilized ocean phytoplankton production, thereby contributing 

to millennial-scale CO2 fluctuations associated with glacial-interglacial cycles (Conway et al., 

2015; Martin, 1990; Watson et al., 2000).  
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Several studies have also shown that volcanic ash is a significant source of dissolved Fe (dFe) 

that can stimulate phytoplankton growth in HNLC regions (Mélançon et al., 2014; Olgun et 

al., 2011). A clear evidence has been provided by direct observation after the 2008 eruption of 

the Kasatochi volcano in the Gulf of Alaska (Langmann et al., 2010a). The range of ash 

deposition to the ocean is highly variable (Durant et al., 2010) and is influenced by various 

factors, such as the volume of ejected ash, the ash grain distribution and in-plume processes 

(Ayris and Delmelle, 2012; Duggen et al., 2010). 

Several mesoscale artificial Fe enrichment experiments (Boyd et al., 2007 and references 

therein) have demonstrated the relief of the Fe limitation for phytoplankton growth in the SO, 

and microcosm studies have highlighted a biological response after dust or ash additions to 

the Atlantic sector of the SO (Browning et al., 2014; Trimborn et al., 2017). Nevertheless, the 

SIO and Indian SO represent a large ocean basin in which the biological and biogeochemical 

responses to atmospheric deposition events are poorly documented.  

To better assess the impact of desert dust and volcanic ash deposition events to the under-

sampled SIO and Indian SO, we performed short term (two days) microcosm experiments 

with representative aerosol particle concentrations. Phytoplankton primary production (PP) 

and community composition were measured after simulated dry or wet aerosol deposition or 

dissolved nutrients additions. The novelties of this study are the comparison of the nutrient 

release and phytoplanktonic responses between (i) dust and ash deposition events, (ii) HNLC 

and LNLC areas, and (iii) dry and wet deposition modes.  

2 Materials and Methods 

2.1 Cruise transect, hydrological and biogeochemical context 

Our study was part of the VT163/OISO-29 (MD217) cruise (Lo Monaco and Metzl, 2019), on 

board the R/V Marion Dufresne during the austral summer, from January 5th to  

February 15th 2019. Experiments were performed at five stations, located in the contrasted 

LNLC, HN-LSi-LC and HNLC areas defined by major fronts (Figure V-1), as well as a 

reference station of the bloom area of the naturally Fe-fertilized Kerguelen plateau (St. A3) 

(Blain et al., 2007; Fripiat et al., 2011). 
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Figure V-1. OISO-29 cruise transect with the locations of the five stations (LNLC-2, HNLC-11, 

Kerguelen-A3, HN-LSi-LC-14 and LNLC-16) where bioassay experiments were performed, and 

satellite-derived chlorophyll-a concentration (µg.L-1) averaged over January 2019 (MODIS). The 

position of major fronts was determined from satellite-derived temperature data (January 2019, 

MODIS): STF: subtropical front (18 °C), SAF: Subantarctic front (13 °C) and PF: polar front (5 °C). 

Fronts delimit the STZ: subtropical zone, SAZ: Subantarctic zone, PFZ: polar front zone and AZ: 

Antarctic zone. The map (a) shows the STZ with a higher resolution than the general map (b), thus 

enabling the detection of the South East Madagascar bloom (SEMB). Figures were produced using 

Ocean Data View (Schlitzer, 2021). 
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2.2 Bioassay experiments 

We carried out trace metal clean nutrient/aerosol additions during bioassay experiments at 

five stations (Figure V-1, Table V-1). All materials were acid-washed (HCL Suprapur) and 

manipulations took place under laminar flow hoods. Unfiltered surface seawater (SW, ~10 m 

depth) was collected within the surface mixed layer using Go-Flo bottles and Kevlar wire to 

avoid trace metal contamination. Dry deposition events of desert dust or volcanic ash were 

simulated by adding aerosols at a final particle concentration (PC) of 2 mg.L-1 and 25 mg.L-1 

for the dust and ash treatments, respectively (see below for details about the aerosols). All 

treatments were performed in triplicate in 2.3 L polycarbonate bottles. Possible trace metal 

contamination of the surface SW from the added nutrient solutions was tested  

(see Annex VII §1). 

 

Table V-1: Experimental nutrient and aerosol additions performed in triplicate at each station, with 

mono- and multiple nutrient additions: +Fe (2 nmol.L-1 FeCl3); +Si (2 µmol.L-1 Na2SiO3); +FeSi (2 

nmol.L-1 FeCl3 + 2 µmol.L-1 Na2SiO3); +N (2 µmol.L-1 NaNO3); +NP (2 nmol.L-1 NaNO3 + 0.2 

µmol.L-1 KH2PO4) and single aerosol additions of +Dust (2 mg.L-1) and +Ash (25 mg.L-1). At station 

11, simulated dry and wet deposition events were performed. The Control corresponds to unamended 

seawater. 

Region Station Zone Control +Dust +Ash +Fe +Si +FeSi +N +NP 

LNLC 2 STZ  x dry dry x x x x x 

LNLC 16 STZ x dry dry x x x x x 

HN-LSi-LC 14 SAZ  x dry dry x x x   

Plateau A3 AZ x dry dry x x x   

HNLC 11 AZ x dry/wet dry/wet x     

 

Additional wet deposition events of dust and ash were simulated at HNLC-11 (Table V-1). 

Artificial rainwater (ARW) was prepared following the protocol described by Paris et al. 

(2011). Briefly, aerosols were added to ultrapure water (Millipore®, resistivity of  

18.2 MΩ.cm-1) previously acidified with sulfuric acid (1‰ H2SO4 SupraPur® at 2.10-2 M, 

theoretical pH of 4.7). After a contact time of 60 min (PC of 100 mg.L-1 dust and 1250 mg.L-1 

ash with n = 1), 2 % of the unfiltered ARW was added to the incubation bottles filled with 

unfiltered surface SW, thus obtaining the same PC as in the dry deposition mode. Subsamples 

were filtered through a 0.2 µm polycarbonate membrane for the detection of macronutrients 

and dFe concentrations in ARW.  



Phytoplanktonic response to simulated volcanic and desert dust deposition events in the Southern Indian Ocean 

147 

Before aerosol/nutrient additions, one SW sample was taken for the determination of the 

initial PP, pigments and cellular abundances, and replicate samples (n = 3) were collected for 

macronutrient and dFe concentrations. After aerosol/nutrient additions, the microcosms were 

incubated for 48 h in on-deck incubators with circulating surface SW equipped with blue 

filters (Lee Filters) to simulate the appropriate irradiance encountered at 10 m depth. The PP 

was determined between 24 h and 48 h for all treatments, whereas the samples used for other 

analyses were collected at the end of the experiment (48 h). 

2.3 Abiotic dissolution experiments 

To monitor the abiotic release of nutrients in SW at all stations, 250 mL of 0.2 µm filtered 

surface SW were introduced into triplicate polycarbonate bottles and amended with the same 

aerosol PC and under the same deposition mode as in the bioassay experiments. An additional 

abiotic wet deposition performed at HNLC-11 consisted in adding 2 % of unfiltered ARW 

into 0.2 µm filtered SW. Bottles were then placed in the same experimental conditions than 

microcosms. Subsamples were collected after 48 h for the macronutrients and dFe 

concentrations. For back-calculations of Fe release in ash ARW, we used supplementary 

subsamples filtered after 12 h (refer to Equation V-1). 

2.4 Characterization of dust and ash   

2.4.1 Aerosol collection and deposition    

Collection took place in remote areas using clean sampling techniques and samples were 

stored in double zip bags to avoid anthropogenic contamination.  

2.4.1.1 Desert dust 

The fine fraction (< 20 µm) of a Patagonian arid surface soil (south of Sierra Grande, 

Argentina, hereafter referred to as Pata) was used in all experiments. Dust from this region 

has been shown to reach the SO (Gili et al., 2016; Li et al., 2008). This material corresponds 

to the first top centimeters of the surface soil exposed to wind erosion. The soil was dry 

sieved in order to produce a dust analogue (Guieu et al., 2010), hereafter referred to as aerosol 

for simplification, according to the protocol described by Guieu et al. (2014). The dust PC 

used in this study (2 mg.L-1) corresponds to an estimated deposition event of 9 g.m-2 diluted in 

the upper first meters (see details in Annex VII§2). Local dust deposition rates in the SO are 

low (annual mean deposition of 8.0 mg.m-2.day-1 (Li et al., 2008)). Thus, this deposition rate 
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is probably overestimated for present-day conditions in the SOI and SO, but is assumed to be 

realistic for the Last Glacial Maximum (Conway et al., 2015; Mahowald et al., 1999) and for 

other offshore oceanic areas such as the modern open Mediterranean Sea (Ternon et al., 

2010). The chosen PC is also in agreement with those used in several microcosm studies 

performed in LNLC and HNLC areas (e.g. Mills et al. 2004; Marañón et al. 2010; Mélançon 

et al. 2016). 

2.4.1.2 Volcanic ash 

The ash originated from the 2010 explosive eruption of the Eyjafjallajökull volcano 

(63°37’11” N, 19°36’54” W) in Iceland (hereafter referred to as Eyja), and was collected on 

the ground immediately after an ash fall event that occurred in Holtsa (~4–5 km from the 

volcano) on April 17th 2010. The ash sample was sieved at 100 µm to remove large particles 

that are not representative of the material transported over long distances in the atmosphere 

(Witham et al., 2005). 

The present-day global deposition flux of volcanic ash is not known and annual estimates for 

the SO and SIO are not available. In this study, we used an ash PC of 25 mg.L-1, 

corresponding to an estimated deposition event of 300 g.m-2, i.e., equivalent to a 0.2 mm-thick 

ash deposit (see details in Annex VII§2). This PC is on the same order of magnitude than the 

estimates reported for historical eruptions (e.g. Olgun et al. 2011) and comparable to previous 

bioassay experiments in the Atlantic sector of the SO (Browning et al., 2014). 

2.4.2 Aerosol composition 

Total P, Si and Fe of Pata and Eyja were measured after acid digestion (Fu, 2018) with 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS 7500cx, Agilent) after alkaline 

fusion. The total N content was quantified with an isotope ratio mass spectrometer (IR-MS 

Delta V plus, Thermo Fischer Scientific) coupled with a C/N analyzer (Flash EA, Thermo 

Fisher Scientific).  

The median particle diameter was calculated from volume size distribution measured by laser 

diffraction in ultrapure water (without ultra-sonication to avoid breaking up aggregates). 

Specific surface area (SSA) was determined by the Brunauer, Emmet and Teller (BET) gas 

adsorption method using nitrogen for dust (< 20 µm) and krypton for ash particles (< 100 

µm). The mineralogical composition of the crystalline portion of aerosols was measured by 

quantitative X-ray diffraction (XRD) according to Nowak et al. (2018) and the proportion of 

the amorphous phase was determined by adding an internal standard. 
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2.5 Biological and chemical parameters  

2.5.1 Primary Production  

Net CO2 fixation rates were determined using the 13C-tracer addition method. One milliliter of 

NaH13CO3 (99 %, Eurisotop) was added 24 h after the beginning of incubation to 2.3 L 

polycarbonate bottles to obtain a ~10 % final enrichment. The bottles were vigorously shaken, 

and put back into on-deck incubators for additional 24 h. After incubation, 1 to 2.3 L were 

gently filtered using pre-combusted 25 mm WhatmanTM GF/F filters and stored at -80 °C. The 

sample filters were dried at 40 °C for 48 h before analysis. Carbon in particulate matter and 

13C isotopic ratios were quantified using an online continuous flow elemental analyzer (Flash 

2000 HT), coupled with an Isotopic Ratio Mass Spectrometer (Delta V Advantage via a 

conflow IV interface from Thermo Fischer Scientific). The atom% excess of the dissolved 

inorganic carbon (DIC) was calculated by using measured DIC concentrations at the 

LOCEAN laboratory (SNAPO-CO2). 

2.5.2 Cellular abundance 

The cellular abundances of pico- and nanoeukaryotes (< 30 µm), cyanobacteria and 

heterotrophic bacteria were determined using a FACS Canto II flow cytometer, equipped with 

a 488 nm laser and the standard filter setup, according to the protocol detailed in Marie et al. 

(1999). Briefly, 1.5 mL SW were immediately fixed with glutaraldehyde and placed in the 

dark before being frozen and stored at -80 °C prior to analysis. Samples were thawed at room 

temperature and beads were added as an internal reference. Phytoplankton cells were analyzed 

(3 min at 100 µL.min-1) and populations were discriminated on the basis of their forward 

(FSC) and side (SSC) scatters as well as their phycoerythrin and chlorophyll auto-

fluorescence. For heterotrophic cells, samples were stained using SYBR Green-I, incubated in 

the dark and analyzed (2 min at 50 µL.min-1). 

2.5.3 Pigments 

One to two liters of SW were filtered onto GF/F filters at initial time and after 48 h 

incubation, then immediately placed at -80 ºC prior to analysis at the SAPIGH analytical 

platform, Institut de la Mer (IMEV, Villefranche-sur-Mer, France). Filters were extracted at  

-20 ºC in 2 mL methanol (100 %) containing an internal standard (vitamin E acetate, Sigma©), 

disrupted by sonication and clarified one hour later by vacuum filtration through GF/F filters. 

The extracts were analyzed within 24 h on a complete Agilent© Technologies 1200 series 
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High Performance Liquid Chromatography (HPLC) system. The general procedure for HPLC 

pigment analysis, identification and quantification are described in Ras et al. (2008). The 

sampling at final time at the LNLC stations (2 and 16) could not be carried out due to the 

insufficient volume of SW remaining after the sampling of other parameters. Taxonomic 

pigments were used as size class markers of phototroph groups (pico-, nano- and 

microphytoplankton). The chemotaxonomic correspondence of HPLC-determined pigments 

and the associated size-class came from Uitz et al. (2006), as further presented in Annex 

VII§3.  

2.5.4 Macronutrients 

At initial time, SW for dSi, DIP and NOx determination was filtered on-line from the Go-Flo 

bottles through acid-cleaned 0.2 μm capsule filters (Sartorius Sartobran-P-capsule  

0.45/0.2 μm). At final time (48 h in the abiotic experiments and 1 h in ARW), samples were 

filtered on acid-cleaned PALL Supor 0.2 μm polyethersulfone (PES) filters. Samples were 

stored at +5 °C (dSi) or -20 °C (DIP and NOx) prior to analysis. Dissolved Si and DIP were 

measured with a spectrophotometer (Thermo Fisher Evolution 220) according to the manual 

colorimetric methods of Grasshoff et al. (1999) and Murphy and Riley (1962), respectively. 

The concentration of NOx was measured with the SEAL AutoAnalyzer 3HR, according to 

Aminot and Kérouel (2007). Ammonium was not measured in this study. The detection limits 

were 0.03 µM dSi, 0.03 µM DIP and 0.08 µM NOx. 

2.5.5 Dissolved iron 

The same filtration protocol as for macronutrients was used for dFe samples. After filtration, 

the samples were acidified (0.2 % HCl Ultrapur) and stored at +5 °C before analysis. 

Dissolved Fe in SW was measured by ICP-MS coupled with an automated sample 

preconcentration system (SeaFAST) according to Wuttig et al. (2019), and dFe in ARW was 

measured by ICP-AES (Spectro Arcos). The detection limits were 0.005 nM in SW and  

8.0 nM in ARW. Due to Fe contamination issues of the ash ARW samples during analysis, we 

estimated the Fe release and resulting solubility in ash ARW according to a back-calculation 

of dFe release after the addition of 2 % ash-containing ARW to the abiotic filtered SW: 

 dFeARW = ∆dFeSW.12h 0.02⁄  Equation V-1 
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where dFeSW.12h corresponds to the first available data point 12 h after addition of ARW in 

filtered SW. This calculated concentration might be biased by secondary Fe release and/or 

scavenging processes during the first 12 h in the SW matrix.  

2.5.6 Data processing 

The nutrient solubility of aerosols (%Xsol, in %) was calculated as follows:  

 %𝑋𝑠𝑜𝑙 =
𝑑𝑋 − 𝑑𝑋0

𝑋𝑡𝑜𝑡
× 100 Equation V-2 

where dX and dX0 are the concentrations of a dissolved nutrient X at final and initial time, and 

Xtot is the amount of X in the added aerosol sample.  

 

The contribution of each phytoplankton size class (x = micro, nano or pico) to the Tchla 

increase (∆Tchlax, in %) in the nutrient/aerosol treatment (trtm) after 48 h relative to the mean 

control (ctr) after 48 h was assessed from: 

 ∆𝑇𝑐ℎ𝑙𝑎𝑥 =
𝑇𝑐ℎ𝑙𝑎𝑥(𝑡𝑟𝑡𝑚. 48ℎ) − 𝑇𝑐ℎ𝑙𝑎𝑥(𝑚𝑒𝑎𝑛 𝑐𝑡𝑟. 48ℎ)

𝑇𝑐ℎ𝑙𝑎(𝑡𝑟𝑡𝑚. 48ℎ) − 𝑇𝑐ℎ𝑙𝑎(𝑚𝑒𝑎𝑛 𝑐𝑡𝑟. 48ℎ)
× 100 Equation V-3 

 

The relative change (RC, in %) in each parameter was calculated as follows:  

 𝑅𝐶 (𝑖𝑛 %) = (𝐶𝑡𝑟𝑚𝑡.48ℎ − 𝐶𝑐𝑡𝑟.48ℎ) × 100 𝐶𝑐𝑡𝑟.48ℎ⁄  Equation V-4 

with Ctrtm, the concentration of the parameter at 48 h and Cctr, the mean of the triplicate 

controls at 48 h. 

2.6 Statistical analysis     

Means (n = 3) at final time in the biotic experiments were compared using a one-way 

ANOVA followed by a Fisher LSD means comparison test. When assumptions for ANOVA 

were not respected, the tests were performed on the log-transformed data or means were 

compared using a Kruskal–Wallis test and a post hoc Dunn test. Means of nutrient release for 

dust and ash in the abiotic experiments were compared the Student’s t-test. Statistical tests 

were done using the XLSTAT software. The significance threshold was set to p-value < 0.05. 
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3 Results 

3.1 Characterization of aerosols and nutrient release  

3.1.1 Composition of aerosols 

The mineralogy and nutrient content of dust and ash materials differ (Table V-2): Pata 

contains more N but less P and Fe than Eyja, and the Si content is similar for both aerosols. 

The SSA of Pata (< 20 µm) is nine times higher than Eyja (< 100 µm). Pata contains twice 

more clay than Eyja, which has a lower crystallinity. Compared to Saharan dust, which 

usually contains less than 10 % of feldspars (Journet et al., 2008), Pata dust is enriched in 

magmatic silicate minerals, including albite (18.6 wt.%, Table V-2), likely originating from 

the eruptive products emitted by nearby volcanoes (Simonella et al., 2015). 

 

Table V-2: Mineralogical composition and total nutrient content (weight %) of the fine fraction of 

Pata (< 20 µm) and Eyja (< 100 µm) used in the bioassay and abiotic experiments. n.d. stands for ‘not 

detectable’. 

  Desert Dust (Pata) Volcanic Ash (Eyja) 

  
Patagonia Eyjafjallajökull 

Argentina Iceland 

Mineralogy 

(%) 

Lime stones calcite 2.9 n.d. 

Acidic rocks albite 18.6; quartz 6.2 albite 23.4; analcime 1.0 

Clays illite 20.6; smectite 2.8 smectite 10.9 

(Hydr)oxides n.d. hematite 0.1 

amorphous 48.3 63.7 

Specific surface area (m2.g-1) 62.1 7.3 

 
N (%) 0.09 ± 0.01 0.03 

 
P (%) 0.08 ± 0.01 0.18 ± 0.01 

 
Si (%) 25.8 26.47 

  Fe (%) 4.55 ± 0.23 7.51 ± 0.28 

3.1.2 Abiotic nutrient release  

3.1.2.1 Dry deposition mode 

Eyja released more dFe and DIP than Pata (Table V-3A) and similar amounts of dSi, whereas 

the NOx release by both aerosols remained undetectable. Compared to ash, dust solubility 

was more than ten times and four times higher for Si and Fe, respectively, whereas the 

released nutrient concentration was equal (dSi) or lower (dFe) (Table V-3A). 
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Table V-3. Means of N, P, Si and Fe release (concentration after the experiment minus initial SW or 

ARW concentrations) and solubility (%) of Pata and Eyja after 48 h of contact in 0.2 µm filtered 

surface seawater for particle concentrations of 2 mg.L-1 Pata and 25 mg.L-1 Eyja in (A) dry deposition 

mode (means at the five stations) in filtered SW and (B) in wet deposition mode (HNLC station 11 

only). (C) Nutrient release and solubility after 1 h of contact with ARW at station 11 for particle 

concentrations of 100 mg.L-1 Pata dust and 1250 mg.L-1 Eyja ash. n.d. stands for ‘not detectable’. 

(A) Released 

concentration 
NOx, µM DIP, µM dSi, µM dFe, nM 

 Pata n.d. n.d. 0.2 ± 0.2 a 0.7 ± 0.6 a 

 Eyja n.d. 0.10 ± 0.05 0.3 ± 0.1 a 3.8 ± 1.6 b 

 Solubility N, % P, % Si, % Fe, % 

 Pata n.d. n.d. 1.25 ± 0.52 a 0.041 ± 0.035 a 

 Eyja n.d. 6.8 ± 3.4  0.11 ± 0.05 b 0.011 ± 0.005 b 

(B) Released 

concentration 
NOx, µM DIP, µM dSi, µM dFe, nM 

 Pata -0.5 ± 0.0  n.d. -2.2 ± 0.6 a 0.7 ± 0.3 a 

 Eyja -0.4 (n=1) 0.4 ± 0.0 -1.2 ± 0.3 b 9.0 ± 0.1 b 

 Solubility N, % P, % Si, % Fe, % 

 Pata < 0 n.d. < 0 0.041 ± 0.017 a 

 Eyja < 0 29.7 ± 2.2  < 0 0.027 ± 0.000 a   

(C) Released 

concentration 
NOx, µM DIP, µM dSi, µM dFe, nM 

 Pata 0.15 ± 0.03 a 1.65 ± 0.05 a 1.92 ± 0.10 a 47.2 ± 0.9 a 

 Eyja 0.11 ± 0.01 a 15.41 ± 0.60 b 15.41 ± 0.24 b 856.7 ± 35.4 b * 

 Solubility N, % P, % Si, % Fe, % 

 Pata 2.18 ± 0.50 a 60.6 ± 1.8 a 0.21 ± 0.01 a 0.058 ± 0.001 a 

 Eyja 0.38 ± 0.02 b 20.8 ± 0.8 b 0.13 ± 0.00 b 0.051 ± 0.002 b * 

Note: Only detectable nutrient releases (mean concentrations after 48 h in the dust/ash treatments 

significantly different from means in the control at t-ini, p-value < 0.05) are shown. Means that are not 

significantly different between dust and ash treatment for each element are labeled with the same 

superscript letter a or b (p > 0.05). Negative dissolution values express a decrease of NOx or dSi in 

SW after ARW addition. * Fe release and solubility of Eyja ash in ARW are estimated according to 

Equation V-1. 

 

3.1.2.2 Wet deposition mode 

The nutrient release by ash in SW after the addition of 2 % ARW was higher for dFe and DIP 

compared to dust (Table V-3B). Dissolved Fe and DIP concentrations in SW that were 

released after a wet compared to a dry deposition event were similar for Pata and higher for 

Eyja (Table V-3A and B). Surprisingly, the wet deposition induced a decrease in dSi and NOx 

concentrations (Table V-3B) whereas both aerosols were a source of dSi only in dry 

deposition mode. 
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With a 12.5-fold higher PC in ARW, Eyja released about eight times more dSi and DIP and 

18 times more dFe in ARW than Pata, whereas the release of NOx was similar for both 

aerosols (Table V-3C). The solubility of all tested nutrients from Pata was higher relative to 

Eyja in ARW.  

3.2 Initial features of the incubated seawater  

The surface SW at the studied stations had contrasted physico–chemical and biological 

features (Table V-4), displaying a southward decrease in SST and SSS and an increase in 

macronutrients. At the LNLC stations (2 and 16), the molar NOx/DIP ratio was notably lower 

than the Redfield ratio (16/1, Redfield 1934). The low dSi concentrations at HN-LSi-LC-14 

and Kerguelen-A3 led to molar dSi/NOx ratios lower than the optimal ratio for diatoms  

(Si/N = 1.12 ± 0.33, Brzezinski, 1985), whereas the nutrient ratio at HNLC-11 was closer to 

the optimal value (Table V-4). The NOx and DIP concentrations were the highest at the AZ 

stations (A3 and 11), whereas the highest dFe concentration (0.54 nM) was recorded at 

LNLC-2 and the lowest at HNLC-11 (Table V-4). 

The LNLC stations were characterized by the lowest phytoplanktonic biomass, dominated by 

picophytoplankton. The PP at HN-LSi-LC-14 was over seven times higher than at the LNLC 

stations and the algal biomass was dominated by nanophytoplankton (mainly nanoflagellates 

and chromophytes, data not shown). The highest PP and Tchla were recorded at  

Kerguelen-A3 where the phytoplankton community was largely dominated 

microphytoplankton (Table V-4) and mainly diatoms. The PP at HNLC-11 was eight times 

lower relative to Kerguelen-A3, and the phytoplankton community was co-dominated by 

nano- and microplankton.  
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Table V-4. Initial physico-chemical and biological properties of the surface seawater used for the 

microcosm experiments. Mean nutrient concentration ± standard deviation of replicates (n = 3). DL = 

detection limit. PP = primary production; Tchla = total Chlorophyll a. Phytoplankton size fractions 

according to Uitz et al. (2009): pico: 0.4-2 µm, nano: 2-10 µm, micro: > 10 µm. 

Station 2 16 14 A3 11 

Zone STZ STZ SAZ AZ AZ 

Region LNLC LNLC HN-LSi-LC Plateau HNLC 

Latitude, degrees S 29.97 35.00 42.49 50.64 56.50 

Longitude, degrees E 54.11 73.47 74.90 72.05 62.99 

Sampling date 12 Jan 2019 05 Feb 2019 30 Jan 2019 27 Jan 2019 23 Jan 2019 

Temperature, °C 24.6 22.0 12.8 4.4 2.1 

Salinity 35.47 35.48 34.49 33.83 33.83 

NOx, µM < DL < DL 8.11±0.41 20.60±0.77 25.25±0.01 

DIP, µM 0.03±0.00 0.09±0.01 0.65±0.02 1.04±0.05 1.58±0.16 

dSi, µM 1.79±0.05 1.61±0.05 0.99±0.00 1.59±0.06 16.67±0.15 

NOx/DIP < 2.7 < 0.9 12.5 19.8 16.0 

dSi/NOx > 22.4 > 20.1 0.12 0.08 0.67 

dFe, nM 0.54±0.12 0.37 0.39 0.35±0.13 0.27±0.02 

Synechococcus, cells.mL-1 1 703 < DL 13 620 349 < DL 

picoeukaryotes, cells.mL-1 452 882 5 786 401 571 

nanoeukaryotes, cells.mL-1 339 209 2 798 644 1 176 

heterotrophic bacteria, cells.mL-1 655 782 547 742 1 310 728 615 636 441 028 

PP, mg C.m-3.d-1 2.78 3.67 26.7 54.42 7.24 

Tchla, µg.L-1 0.085 0.049 0.603 1.40 0.157 

% micro 13 10 28 92 45 

% nano 24 28 54 7 54 

% pico 63 62 18 1 2 

 

3.3 Biological responses 

3.3.1 Primary production 

Except at LNLC-16, the PP significantly increased after dust or ash additions (Figure V-2), as 

well as after a Fe or Si addition. The highest increase was observed at Kerguelen-A3 (+105 % 

for aerosol additions). No significant difference was observed after Fe addition alone or in 

combination with Si. At the LNLC stations, N and NP additions led to the highest PP 

increase. 
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Figure V-2. Primary production (PP, mg C.m-3.d-1) at the beginning of the experiment (t-ini, white 

bars) and after 48 h of incubation for each treatment at the stations LNLC St 2 (a) and 16 (b), HN-LSi-

LC St 14 (c), plateau St A3 (d) and HNLC St 11 (e). Error bars indicate standard deviation of 

triplicates. Means that are not significantly different (p > 0.05) are labeled with the same letter within 

a station. 

3.3.2 Cellular abundances 

Aerosol additions had a contrasted impact on cellular abundances (< 30 µm) according to the 

phytoplankton class, the aerosol type and the station (Figure V-3). In the LNLC area, 

picoeukaryotes were more stimulated by dust than by ash addition at LNLC-2 (+96 % and 

+50 %, respectively), whereas only ash stimulated their growth at LNLC-16 (+38 %, Figure 

V-3a,d). Additions of both aerosol types had a similar effect on Synechococcus (~+70 % at St. 

2, Figure V-3c), and no impact on nanoeukaryotes at these stations.  

At HN-LSi-LC-14, ash addition enhanced picoeukaryote abundance (+32 %, Figure V-3f), 

whereas dust stimulated nanoeukaryotes and heterotrophic bacteria (+44 %, Figure V-3j and 

+36 %, see Supplementary Material in Annex VII, Figure VII-2). On the contrary, at 

Kerguelen-A3, dust and ash triggered similar responses in phytoplanktonic abundances, 

which increased by 140, 75 and 40 % for Synechococcus, pico- and nanoeukaryotes, 

respectively (Figure V-3i-k). Moreover, ash also stimulated heterotrophic bacteria (+30 %, 

Figure VII-2). At HNLC-11, a wet and dry addition of dust or ash induced only a stimulation 

of the nanoeukaryote abundance (~+40 %), similar to that after nutrient addition (Figure 

V-3m).  
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Figure V-3. Cell abundance (cells.mL-1) of pico eukaryotes (a,d,f,i,l), nano eukaryotes (b,e,g,j,m) and 

Synechococcus (c,h,k) at the beginning of the experiment (t-ini, white bars) and after 48 h of 

incubation for each treatment at the LNLC St 2 (a-c) and 16 (d-e), HN-LSi-LC St 14 (f-h), plateau St 

A3 (i-k) and HNLC St 11 (l-m). Error bars indicate standard deviation of triplicates. Means that are 

not significantly different (p > 0.05) are labeled with the same letter within a station. 
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3.3.3 Pigments 

The addition of aerosols or nutrients induced an increase in both Tchla and fucoxanthin 

concentrations relative to the controls at t48 h at stations 14, A3 and 11 (Figure V-4). At 

Kerguelen-A3, these increases were higher after ash compared to dust addition (Figure 

V-4b,e), whereas they were similar at HN-LSi-LC-14 and HNLC-11.  

 

Figure V-4: Pigment concentration (µg.L-1) of total Chlorophyll-a (a-c) and fucoxanthin (d-f) at the 

beginning of the experiment (t-ini, white bars) and after 48 h of incubation for each treatment at HN-

LSi-LC St 14 (a,d), plateau St A3 (b,e) and HNLC St 11 (c,f). Error bars indicate standard deviation of 

triplicates. FeSi treatment at St 14 is not included in statistics, due to n = 1. Means that are not 

significantly different (p > 0.05) are labeled with the same letter within a station. 

 

At these three stations, the addition of aerosols or nutrients benefited mostly 

microphytoplankton, and in particular diatoms, which sustained from 52 up to 100 % of the 

Tchla increase (Figure V-5). The community structure was thus modified at these stations 

(Annex VII, Figure VII-1). Interestingly at HN-LSi-LC-14, while the respective contribution 

of diatoms and dinoflagellates to Tchla were quite similar in the control at t48 h (~15%, 

Figure VII-1a), the diatom contribution doubled after ash and Si additions, whereas that of 

dinoflagellates did not change.   
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Figure V-5: Size depending relative contribution to Tchla increase (%) after 48 h of incubation for 

each treatment relative to control at HN-LSi-LC St14 (a), Kerguelen St A3 (b) and HNLC St 11 (c), 

with micro- (dark), nano- (light) and picophytoplankton (median grey). Diatom contribution within the 

microplankton size fraction is dashed. 

4 Discussion 

The abiotic experiments (Table V-3) demonstrated that the dust and ash samples released 

significant amounts of Fe and Si to SW. However, none of these materials acted as a source of 

NOx in SW (Table V-3). These findings are consistent with previous abiotic studies 

performed with Saharan dust (Mills et al., 2004; Ridame et al., 2014b) and ash specimens 

(Browning et al., 2014; Jones and Gislason, 2008). Arguably, Pata and Eyja relieved or 

reduced the ambient Fe and/or Si limitations of PP in the SO but were not able to alleviate the 

N limitation in the SIO (Figure V-2). 

Moreover, we cannot exclude a bias caused by grazing, as we did not remove zooplankton 

predators from the natural plankton community prior to the incubation experiments. 

4.1 Phytoplankton response to aerosol additions  

4.1.1 LNLC stations 

Interestingly, the phytoplankton response to aerosol additions were contrasted between the 

LNLC stations: aerosols led to a significant PP increase at the western LNLC-2, whereas no 

change was observed at the eastern LNLC-16. This difference can be related to the initial 

nutrient limitation: the eastern station was N-limited, as previously shown by Twining et al. 

(2019), whereas the PP in the western station was N, Fe and Si-limited (Figure V-2a), and 

dust and ash stimulated significantly the picoeukaryotes and Synechococcus abundances at  

LNLC-2. The detection of Prochlorococcus-specific pigments at initial time at these stations 
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(16–30 ng.L-1 of divinyl-chlorophyll a) without flow cytometric detection might indicate that 

the cell fluorescence was too low to be detected by cytometry. As pigment content could not 

be analyzed at final time at these stations, we cannot conclude on the response of 

microphytoplankton to the nutrient/aerosol additions. 

Despite a generally low seasonality within the STZ, the three-week difference in the sampling 

time between the western and eastern stations (Table V-4) may contribute to the differences in 

the initial nutrient dynamics and the phytoplankton community structure, leading to different 

biological responses. Moreover, the community at the western station may be influenced by 

the South East Madagascar Bloom (Figure V-1a), explaining an initial algal biomass twice as 

high at the western compared to the eastern station which lies in more typical oligotrophic 

waters.  

Moreover, heterotrophic bacteria (stimulated after FeSi and NP additions at the eastern 

LNLC-16, Annex VII, Figure VII-2) may compete for nutrient uptake and thus explain the 

limited autotroph response, as already observed in the oligotrophic tropical Atlantic (Marañón 

et al., 2010).  

4.1.2 HN-LSi-LC station 

The about ten times lower dSi/NOx ratio compared to the optimal ratio for diatoms 

(Si/N=1.12, Brzezinski, 1985) suggests a potential Si limitation of the diatom activity at  

HN-LSi-LC-14, as demonstrated by PP increase (Figure V-2c) and previous studies in the 

Indian (Sedwick et al., 2002) and Australian (Hutchins et al., 2001) sectors of the SAZ. 

Diatoms responded equally to dust, ash and Si additions (Figure V-4d), indicating that the 

diatom Si-limitation could be alleviated by aerosol input. In the abiotic experiment, a dry 

deposition of dust or ash released around 0.3 µM dSi (Table V-3A), which indicates that the 

initial Si-limitation could be eased with a relatively low absolute release, representing +20 to 

+33 % of the initial stock. Despite the low contribution of diatoms to the initial biomass, their 

strong development after aerosol addition explained roughly half of the increase in Tchla (+39 

and +60 % for dust and ash, respectively, Figure V-6)  as already reported within the 

Australian SAZ after Fe and/or Si additions (Hutchins et al., 2001). Thus, pico- and 

nanoeukaryotes may be less competitive than diatoms for new nutrient uptake.  

The Synechococcus abundance, which was the highest at this station, did not change after new 

nutrient supply. This suggests that this species was either not nutrient-limited, and/or could 

not benefit from this addition and/or was subjected to important grazing, as previously 

described by Hutchins et al. (2001) in the SAZ of the Australian sector of the SO.  
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Figure V-6. Schematic representation of the biological response of phytoplankton communities after 

dry or wet dust (D) and ash (A) deposition to the sea surface within different biogeochemical regions 

of the South Indian Ocean and Southern Ocean. The top part of the figure (orange box) shows the 

phytoplankton response to aerosol deposition (PP and ∆Tchla), while the bottom part (blue box) 

represents the initial conditions prior to deposition (nutrient limitation and phytoplankton structure).  

Primary production is expressed in relative change (%), as follows: +++ above 100%; ++ above 50%; 

+ below 50%;  ̶  no significant change compared to control. ∆Tchla shows the contribution (%) of 

different phytoplankton classes explaining the global increase in Tchla. The community composition 

(initial and final) is based on the pigment signature, with red: microplankton (dark: diatoms and light: 

dinoflagellates), purple: nanoplankton and green: picoplankton. The schema concerns solely the 

surface layer and response after 48 h, regardless of depth and particle sinking.  

The represented taxa are representative for the SO: microplankton: Eucampia and Chaetoceros 

(coastal and open ocean diatoms, respectively), Ceratium (dinoflagellate); nanoplankton: Phaeocystis 

(haptophyte); pico-plankton: Synechococcus (cyanobacteria). Zones and fronts (from North to South): 

Subtropical Zone and Front (STZ and STF); Subantarctic Zone and Front (SAZ and SAF); Polar Front 

Zone and Polar Front (PFZ and PF); and Antarctic Zone (AZ).  
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4.1.3 HNLC station  

The PP of HNLC-11 was mainly Fe limited, despite a higher surface dFe concentrations in 

this study compared to published data from the same ocean area and season (KEOPS-1, 

January–February 2005) (Blain et al., 2008a). The measured dFe concentration was however 

comparable to the same stations during austral spring (KEOPS-2, October–November 2011) 

(Bowie et al., 2015), as well as to the central Indian and Atlantic sectors of the SO (Chever et 

al., 2010; Grand et al., 2015a). 

At this station, we compared the phytoplankton response to both dry and wet deposition 

modes, well-known to influence nutrient solubility (Chester and Jickells, 2012; Duggen et al., 

2010). Dust and ash, as well as Fe addition led to a stimulation of PP and Tchla, confirming 

that dry and wet depositions of dust and ash were a significant source of bioavailable Fe for 

phytoplankton and more specifically for diatoms. This confirms also the results from the 

abiotic experiment (Table V-3) and the previous studies in HNLC areas (Browning et al., 

2014; Langmann et al., 2010a; Mélançon et al., 2014). Interestingly, in the Atlantic sector of 

the SO, Trimborn et al. (2017) found no biological response after four to eight times lower Fe 

and dust additions than in our study, suggesting that there is a required dFe threshold to 

observe phytoplankton response in the severely Fe-limited SO (Boyd et al., 2010).  

4.1.4 Kerguelen plateau station 

Aerosol additions triggered a PP increase similar to that observed after Fe and/or Si additions, 

indicating a Fe and Si growth limitation that can be explained by the low dSi concentration at 

Kerguelen-A3 (10.5 times lower than at HNLC-11) and the season in late summer (end of 

January) at the end of the diatom bloom (Closset et al., 2014; Timmermans et al., 2008). 

The plateau station was initially dominated by diatoms which also explain the major increase 

in Tchla (Figure V-6) after an aerosol/nutrient deposition. Surprisingly, Synechococcus 

abundance increased after Si addition. Silicon is not recognized as a nutrient for 

cyanobacteria, but Si bioaccumulation within pico-cyanobacteria such as Synechococcus has 

already been observed in the West Pacific and Sargasso Sea as well as in cultured strains 

(Baines et al., 2012; Krause et al., 2017; Wei et al., 2021). However, to our knowledge, such 

silicifying Synechococcus have not yet been detected near Kerguelen Islands.  

Kerguelen-A3 was the most productive station (Table V-4) and also the station where the 

highest biological increase was observed after aerosol/nutrient additions, with a mean relative 

change in PP of 100 % (Figure V-2d), compared to ~46 % at HNLC-11. The variability in the 

intensity of the biological response between the plateau and surrounding open ocean 
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populations could be explained by a precondition of the Kerguelen phytoplankton community 

to frequent nutrient supply from the sediment through winter mixing, accelerating the 

response to aerosol addition. The HNLC population is acclimated to Fe limiting 

concentrations, and it may require a longer period of time to reach maximal biological 

response. Thus, the short time scale of our experiments (48 h) may not have been sufficient to 

overcome the lag phase. A similar phenomenon has been described by Moore et al. (2007) 

during the CROZEX in situ Fe addition experiment in the same sector of the SO, where the 

biological response occurred mostly after three days of incubation. Similarly, Timmermans et 

al. (2008) observed a twice longer lag phase (12 versus 6 days) in their HNLC phytoplankton 

experiment compared to the Kerguelen plateau phytoplankton community during 

translocation experiments.  

4.2 Influence of physico–chemical parameters on nutrient release 

4.2.1 Aerosol type: importance of origin and mineralogy 

Surprisingly, the biological response induced by a dry deposition of the two aerosol types was 

similar, independently of the studied biogeochemical area or the phytoplankton size class. In 

our experiment, we observed identical Si release despite different PC, a result reflecting a 

significantly higher Si solubility in dust than ash (Table V-3A), that could be (partly) due to 

higher SSA, combined to the differences in mineralogy (Table V-2) with variable solubilities 

and dissolution kinetics (Geisen, 2021).  

At LNLC-2 and Kerguelen-A3, the PP increase occurred regardless of the nature of the added 

aerosol. At these stations, no significant difference in PP was observed between dust, ash and 

Fe additions, suggesting that the Fe released by aerosols may be bioavailable and sufficient to 

relieve the ambient Fe-limitation. It is likely that the Fe-limitation was not very severe at 

these stations and that the mean 0.7 nM dFe provided by dust deposition was sufficient to 

reach the maximal response rate of cell division and PP. The LNLC community remained 

nonetheless N limited.  

In contrast, at HNLC-11 and HN-LSi-LC-14, a dry deposition of ash triggered around twice 

more PP than a dry deposition of dust (p < 0.05). At station 11, Fe addition induced more PP 

increase than aerosols, which suggests that unknown synergistic effects between the released 

elements weakened the positive effect of Fe release (Hoffmann et al., 2012; Paytan et al., 

2009) or that the local communities were differently influenced by the direct nutrient supply 

of the Fe solution compared to the potentially more gradual nutrient dissolution from the 
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aerosols. The greater PP response after the addition of ash compared to dust or nutrients may 

indicate that other micronutrients (such as manganese, e.g. Frogner et al. 2001) released by 

Eyja ash could relieve additional PP limitations at HN-LSi-LC-14 and HNLC-11 in dry 

deposition mode. 

4.2.2 Deposition mode  

The addition of dust and ash in both dry and wet deposition modes performed at the HNLC 

station 11 enabled to compare the influence of the initial contact medium on nutrient release, 

with varying pH (8.1 and 4.7 for sea- and rainwater, respectively) and ionic charge, as well as 

the presence of dissolved organic matter in natural SW. Fe dissolution of dust particles is 

known to decrease with increasing pH (Desboeufs et al., 1999; Journet et al., 2008; Paris et 

al., 2011), whereas organic matter, and in particular the presence of Fe-binding ligands, 

increases Fe solubility and bioavailability in SW (Hassler et al., 2011; Paris and Desboeufs, 

2013; Wagener et al., 2008). Thus, nutrient release may be impacted by a complex array of 

antagonistic parameters.  

In our abiotic experience, the highest Fe solubility for dust and ash occurred in ARW (Table 

V-3C). Moreover, although the deposition mode did not significantly influence the dFe 

release from dust to SW (0.7 nM after 48 h of contact, Table V-3A,B), ash released 2.4 times 

more Fe to SW in wet compared to dry deposition mode (9.0 and 3.8 nM, respectively). The 

addition of 2 % ARW to SW should theoretically release 0.94 and 17.1 nM dFe to SW after 

wet dust or ash deposition. The difference between the measured wet deposition and 

theoretical release (significant only for ash deposition) may indicate that Fe adsorption and/or 

precipitation processes dominate over secondary Fe dissolution in the SW. Moreover, the 

quality and quantity of organic matter in the SW may explain the high variability in Fe 

solubility, as previously reported (Bressac and Guieu, 2013; Wagener et al., 2008). 

A wet deposition of either aerosol induced a moderate increase in PP (~+40 %, Figure V-2e), 

intermediate between the higher impact of dry ash deposition (+50 %) and a lower reaction 

after a dry dust deposition (+24 %). Equally, Tchla and fucoxanthin increases were 

independent of the dust deposition mode, consistent with the equal abiotic Fe dissolution, 

indicating that the Fe released by both mechanisms was equally bioavailable.  
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5 Conclusions 

Our results from incubation experiments demonstrate that the desert dust and volcanic ash 

materials, despite contrasted mineralogical and chemical composition released significant 

amounts of Fe and Si to seawater in the Indian and Southern Oceans. A representative 

deposition of both dust and ash was sufficient to trigger a phytoplankton response, mainly 

driven by a stimulation of the diatom community (Figure V-6). Ash addition elicited an 

equivalent or greater biological response than dust, depending on the severity of the initial Fe-

limitation. However, neither the tested dust nor the ash was a significant source of NOx.  

After dust or ash additions, the maximum relative and absolute increase in PP was observed at 

the most productive station over the Kerguelen Plateau, whereas the lowest relative response 

was found at the HNLC station despite similar nutrient limitations. We hypothesize that 

acclimation of the ambient phytoplankton community to either frequent nutrient supply 

through winter mixing, causing a rapid doubling of the PP or, on the contrary, scarce nutrient 

supply induced an initial lag phase and thus a longer time laps before reaching a maximum 

response. Moreover, the HNLC phytoplankton community was only slightly affected by a wet 

rather than a dry deposition of aerosols, as the dominant diatom community responded 

equally to both deposition modes.  

Future work should focus on the dissolution and possible bioavailability of other trace 

elements such as manganese and cobalt dissolved from dust and ash particles (Fishwick et al., 

2018) as these may also limit phytoplankton growth in the open ocean (Mackey et al., 2012; 

Perron et al., 2020). Since the seasonal and spatial variability of organic matter concentration 

in surface seawater may impact nutrient dissolution and scavenging processes (de Leeuw et 

al., 2014), its influence on the response of phytoplankton to aerosol additions should also be 

investigated (Bressac and Guieu, 2013; Hernández-Ruiz et al., 2020).  

Moreover, nutrient bioavailability in the SO may be disturbed in the future, according to 

climate change predictions (Deppeler and Davidson, 2017). Predicted changes in the SO for 

2100 include increased sea surface temperature, and around twice higher CO2 concentrations 

leading to ocean acidification. While dust deposition to the SO has doubled during the 20th 

century (McConnell et al., 2007) and is thought to further increase, the pycnocline and mixed 

layer depth will become shallower (Deppeler and Davidson, 2017). Thus, more aerosols 

should dissolve in a lower volume of warmer, fresher and more acidic surface ocean, 

increasing PC and nutrient release (Deppeler and Davidson, 2017). Thus, further research is 
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needed to better constrain the evolution of aerosol load and associated nutrient bioavailability 

in a changing ocean. 
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1 Introduction 

The Southern Ocean (SO) is delimited by several ocean fronts that divide this vast ocean 

region from North to South into individual water masses with different biogeochemical 

features such as shifts in the surface temperature (Chapman et al., 2020; Orsi et al., 1995). 

The fronts act as physical boundaries, and the specific nutrient limitations within individual 

water masses initiate contrasting ecological habitats with phytoplankton groups acclimated to 

local variable nutrient conditions (Hörstmann et al., 2021).  

North of the subtropical front, picoplankton dominated the Low Nutrient Low Chlorophyll 

(LNLC) waters (Estrada et al., 2016) where all macronutrients and mainly nitrogen (N) and to 

a lower extent phosphorous (P) are limiting the phytoplankton growth (Geisen et al., 

submitted). Further south, the High Nitrogen Low Silicon Low Chlorophyll (HN-LSi-LC) 

region of the Subantarctic zone is iron (Fe) and/or silicon (Si) limited and nanoeukaryotes 

dominate the phytoplankton community (Sedwick et al., 2002). South of the polar front in the 

High Nutrient Low Chlorophyll (HNLC) region, the concentrations of macronutrients are 

high but Fe is scarce; diatoms and nanoeukaryotes are the main primary producers (Blain et 

al., 2002; Geisen et al.,submitted). Finally, there are particular regions within the Southern 

Ocean such as around the Kerguelen plateau which is naturally fertilized in micronutrients 

such as Fe (Blain et al., 2008a) and where diatoms are the dominant phytoplankton. 

The SO is known to be the vastest HNLC region of the world ocean due to the low input of 

new micronutrients, especially Fe (Martin, 1990; Moore et al., 2002). Thus, aerosols 

constitute an important source of new macro- and micronutrients to the open surface ocean 

(Cassar et al., 2007; Chester and Jickells, 2012) and the deposition of mineral dust is one of 

the main supply mechanisms of new Fe in the SO (Boyd and Ellwood, 2010). Moreover, past 

and present volcanism contributes temporally and locally to trace metal deposition (Gaiero et 

al., 2003).  

Aerosols reach the sea surface through either gravitational settling of particles, also called dry 

deposition, or after a primary encounter of the aerosol particle with atmospheric water such as 

cloud or rain droplets, inducing a wet deposition. These two pathways are known to modify 

the physico-chemical parameters of the aerosol in different ways and thus alter its solubility 

(Jickells and Spokes, 2001). Several aerosol dissolution studies have been performed in the 

Mediterranean Sea (review Guieu and Ridame, 2020) and tropical Atlantic (e.g. Baker et al., 

2007; Korte et al., 2018) and Pacific Oceans, but the aerosol dissolution remains less studied 

in the SO (Li et al., 2008).  
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Thus, we aim at studying the nutrient solubility from two contrasting natural aerosols that are 

desert dust and volcanic ash in the variable biogeochemical regions of the Southern Indian 

Ocean where macro- and micronutrient disposability has been shown to limit phytoplankton 

growth. By performing abiotic dissolution experiments in natural as well as in controlled 

artificial conditions, we address the parameters that influence abiotic release to seawater such 

as temperature, irradiation, and initial nutrient and ligand concentration. 

2 Materials and methods   

This study complements a parallel work which assessed the impact of desert and volcanic 

aerosols on phytoplankton during the same campaign. Both studies have been performed 

within the French project ITAliANO (ImpacT des Apports Atmosphériques de Nutriments sur 

les communautés phytoplanctoniques du transect OISO: des zones LNLC à HNLC) financed 

by the French Research Program LEFE (Les Enveloppes Fluides et l’Environnement). Thus 

more details on the experimental conditions can be found in Geisen et al. (submitted).  

2.1 Characterization of dust and ash used in this study 

The characterization of sample collection, size distribution, chemical and mineralogical 

composition of the dust and ash samples used in this study are fully described in Geisen et al. 

(submitted). Briefly, the aerosols were collected ground-based and are representative of a 

desert dust and a volcanic ash. A Patagonian arid surface soil from the south of Sierra Grande 

in Argentina was dry sieved below 20 µm to transform the soil into aerosols. The ash from the 

Eyjafjallajökull volcano in Iceland was collected the day of the explosive eruption (April  17th 

2010 in Holtsa, 4-5 km south of the volcano) and sieved at 100 µm to remove large particles. 

The characterization of the aerosols, hereafter referred to as Pata and Eyja, is presented in 

Table VI-1. Manganese (Mn) content was determined with ICP after fusion and cobalt (Co) 

was measured with inductively coupled plasma mass spectrometry (ICP-MS 7500cx, Agilent) 

after acid digestion (according to Fu, 2018).  
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Table VI-1: Mineralogical and chemical properties (% and ppm, in weight) of the fine fraction of the 

Patagonian soil (< 20 µm) and the volcanic ash (< 100 µm) used in the abiotic dissolution experiment. 

n.d. stands for ‘not detectable’. *: Data from Geisen et al. (in rev, L&O) 

 Desert Dust (Pata) Volcanic Ash (Eyja) 

 Origin 
Patagonia Eyjafjallajökull 

Argentina Iceland 

Mineralogy * 

(%) 

Lime stones calcite 2.9 n.d. 

Acidic rocks albite 18.6; quartz 6.2 albite 23.4; analcime 1.0 

Clays illite 20.6; smectite 2.8 smectite 10.9 

(Hydr)oxides n.d. hematite 0.1 

amorphous 48.3 63.7 

Specific surface area (m2.g-1) * 62.1 7.3 
 N (%) * 0.09 ± 0.01 0.03 
 P (%) * 0.08 ± 0.01 0.18 ± 0.01 
 Si (%) * 25.8 26.47 
 Fe (%) * 4.55 ± 0.23 7.51 ± 0.28 

 Mn (ppm) 886.7 1706.0 

 Co (ppm) 12.3 13.7 

 

2.2 Abiotic dissolution experiments 

In all the experiments, materials were acid-washed (HCL Suprapur®) and manipulations took 

place under laminar flow hoods. Experiments were performed in polycarbonate bottles 

containing aerosols and seawater. After a gentle manual homogenization at successive times, 

samples for macro and micronutrient determination were filtered using 0.2 µm filters 

(PALL® Supor® 0.2 μm polyethersulfone) mounted on polyethylene syringes. Filters were 

acid-cleaned during the ship-based experiment.  

2.2.1 Abiotic dissolution in artificial seawater 

A series of dissolution experiments was performed in artificial seawater (ASW), prepared 

with SupraPur® quality chemical components in ultrapure water (Millipore®, resistivity of 

18.2 MΩ.cm-1) at YBCII concentrations (Chen et al., 1996) but without nutrient or metal 

addition. Due to the small quantity of aerosol material available for this study, we decided to 

maximize the number of sampling times instead of the number of replicates, thus experiments 

were performed at a single run with particle concentration (PC) of 250 mg.L-1 with  

14 subsamples during the 48 h experiments (5’, 10’, 15’, 30’, 1 h, 1.5 h, 2 h, 2h30, 3.5 h,  

4.5 h, 7 h, 24 h, 30 h, 48 h). Experiments were performed at room temperature (22 °C) on an 

agitation table at 100 rpm to limit particle settling.   
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Figure VI-1: OISO-29 cruise transect with the locations of the five stations (LNLC-2, HNLC-11, 

Kerguelen-A3, HN-LSi-LC-14 and LNLC-16) where abiotic dissolution experiments were performed, 

and satellite-derived chlorophyll-a concentration (µg.L-1) averaged over January 2019 (MODIS). The 

position of major fronts was determined from satellite-derived temperature data (January 2019, 

MODIS): STF: subtropical front (18 °C), SAF: subantarctic front (13 °C) and PF: polar front (5 °C). 

Fronts delimit the STZ: subtropical zone, SAZ: subantarctic zone, PFZ: polar front zone and AZ: 

antarctic zone. The map (a) shows the STZ with a higher resolution than the general map (b), thus 

enabling the detection of the southeast Madagascar bloom (SEMB). Figures were produced using 

Ocean Data View (Schlitzer, 2021). Figure from Geisen et al. (submitted). 

2.2.2 Abiotic dissolution in natural seawater 

A series of abiotic experiments was performed during the VT163/OISO-29 (MD217) cruise 

(Metzl and Lo Monaco, 2020) as part of the French OISO (Ocean Indien Service 

d’Observations) program on board the R/V Marion Dufresne. The cruise took place during 
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the austral summer, from the 5th of January to the 15th of February 2019. We performed 

abiotic dissolution experiments with natural seawater (NSW) collected at five stations (2, 11, 

A3, 14 and 16), located in contrasted biogeochemical regions (Figure VI-1, Table VI-2). 

Stations 2 and 16 are located in a LNLC region in the southwest Indian subtropical gyre. 

Station 14 is situated in a HN-LowSi-LC region in the SAZ, station 11 is found in the HNLC 

region in the AZ and station A3 is at the naturally Fe-fertilized Kerguelen plateau (Geisen et 

al., submitted).  

Table VI-2: Initial physico-chemical and biological properties of the surface seawater used for the 

abiotic dissolution experiments. Mean nutrient concentration ± standard deviation of replicates. DL = 

detection limit. PP = primary production. Adapted from Geisen et al. (submitted) 

Station 2 16 14 A3 11 

Zone STZ STZ SAZ AZ AZ 

Region LNLC LNLC HN-LSi-LC Plateau HNLC 

Latitude, degrees S 29.97 35.00 42.49 50.64 56.50 

Longitude, degrees E 54.11 73.47 74.90 72.05 62.99 

Sampling date 12 Jan 2019 05 Feb 2019 30 Jan 2019 27 Jan 2019 23 Jan 2019 

Temperature, °C 24.6 22.0 12.8 4.4 2.1 

Salinity 35.47 35.48 34.49 33.83 33.83 

NOx, µM < DL < DL 8.11±0.41 20.60±0.77 25.25±0.01 

DIP, µM 0.03±0.00 0.09±0.01 0.65±0.02 1.04±0.05 1.58±0.16 

dSi, µM 1.79±0.05 1.61±0.05 0.99±0.00 1.59±0.06 16.67±0.15 

dFe, nM 0.54±0.12 0.37 0.39 0.35±0.13 0.27±0.02 

dMn, nM 1.17±0.05 0.72±0.02 0.30±0.01 0.14±0.03 0.24±0.02 

dCo, pM 4.6±0.7 7.9±1.3 8.9±1.2 20.0±1.2 14.3±1.9 

PP, mg C.m-3.d-1 2.78 3.67 26.7 54.42 7.24 

bSi, µmol.L-1 < DL < DL 0.11±0.02 2.31±0.79 0.96±0.48 

Tchla, µg.L-1 0.085 0.049 0.603 1.40 0.157 

 

Surface water (~10 m depth) was collected with GoFlo sample bottles and Kevlar wire to 

avoid metal contamination and filtered on-line through acid-cleaned 0.2 μm capsule filters 

(Sartorius® Sartobran®-P-capsule 0.45/0.2 μm). At the five stations, representative PC of  

2 mg.L-1 Pata dust or 25 mg.L-1 Eyja ash were directly added to 250 mL filtered NSW in 

triplicates mimicking a dry deposition event. 

At the HNLC station 11, an additional set of experiments was performed mimicking a wet 

deposition event. The dissolution in artificial rainwater (ARW) occurred during 60 minutes 

with a PC of 100 mg.L-1 dust and 1250 mg.L-1 ash; then 2 % of unfiltered ARW was added 

into the bottles containing filtered NSW in order to obtain the same PC as in the dry 

deposition experiments. The bottles were then placed in on-deck incubators (mimicking local 

temperature and luminosity conditions of 10 m depth). The experiments ran for 48 h with 
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subsampling for macro- and micronutrients after 12 h, 24 h, 36 h and 48 h of contact time. 

Initial conditions were assessed in triplicates before aerosol addition. The chosen PC of  

2 and 25 mg.L-1 corresponds to an estimated high dust deposition of 9 g.m-2 and a realistic  

0.2 mm ash layer (see Geisen et al. (submitted) for further PC justification and Annex VII§2 

for calculations).  

2.3 Chemical analysis  

2.3.1 Macronutrients 

Samples were stored at +5 °C (dSi) or -20 °C (DIP and NOx) prior to on shore analysis. dSi 

and DIP were measured with a spectrophotometer (Thermo ScientificTM EvolutionTM 220) 

according to the manual colorimetric methods of Grasshoff et al. (1999) and Murphy and 

Riley (1962), respectively. NOx was measured with the SEAL AutoAnalyzer 3HR, according 

to Aminot and Kérouel (2007). Detection limits (DL) are shown in Table VI-3. 

Table VI-3. Detection limits (mean blanks + 3x SD of blanks) for macro and micronutrients in natural 

and artificial seawater 

 Si (µM) P (µM) N (µM) Fe (pM) Mn (pM) Co (pM) 

ASW 0.04 0.05 0.09 4.6 9.2 0.1 

NSW 0.03 0.03 0.08 5.0 16.5 0.2 

2.3.2 Micronutrients 

After filtration, samples for micronutrient determination were acidified before storage in 

HDPE vials at 5 °C prior to analysis. Natural and artificial SW samples were acidified with 

0.2 % HCl UltraPur® and analyzed by ICP-MS coupled with an automated sample pre-

concentration system (SeaFAST) according to Wuttig et al. (2019). Micronutrient DL are 

shown in Table VI-3. Pata and Eyja did not release significant amounts of nickel (Ni) and 

copper (Cu) to neither ASW nor NSW in this study and are thus not shown in the scope of 

this study which will focus on Fe, Mn and Co.  

2.4 Solubility calculations 

Dissolution of an element X will be expressed as a fractional solubility percentage (%Xsol), 

calculated according to: 

 %𝑋𝑠𝑜𝑙 =
𝑑𝑋 − 𝑑𝑋0

 𝑋𝑡𝑜𝑡
× 100 Equation VI-1 
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where dX0 (nmol.L-1) is the initial background value (before aerosol addition) and Xtot 

(nmol.L-1) is the total concentration of the element X in the aerosol, assuming that 100% of 

the element would dissolve. For literature comparison in the discussion section, we also 

normalized the dissolution by the experimental PC according to: 

 𝑑𝑋𝑛𝑜𝑟𝑚 =  
𝑑𝑋 − 𝑑𝑋0

𝑃𝐶
 Equation VI-2 

2.5 Statistical analysis     

Statistical analysis was performed solely on the NSW dataset (with n = 3) but not in ASW  

(n = 1). When the mean concentration of triplicates after 48 h of contact was significantly 

different from the initial concentration (one-way ANOVA followed by a Fisher LSD means 

comparison test), means of nutrient solubility at t48 h was compared between stations  

(one-way ANOVA) and between aerosol types (bilateral Student’s t-test for independent 

samples). When assumptions for ANOVA were not respected, the tests were performed on the  

log-transformed data or means were compared using a Kruskal–Wallis test and a post hoc 

Dunn test). Statistical tests were performed using the XLSTAT software. 

3 Results 

3.1 Nutrient solubility from aerosols in artificial seawater 

These results are part of Chapters II and III (for macro- and micronutrients, respectively) and 

for this reason are only briefly described here. 

3.1.1 Macronutrients 

The solubility kinetics differed according to the macronutrient: Si solubility for both Eyja and 

Pata increased steadily with time (respectively 0.12 % and 0.70 % at t48 h, Figure VI-2a,b) 

without reaching steady state, whereas NOx dissolution occurred within the first minutes after 

the aerosol addition in ASW (19.4 % and 10.2 % at t48 h, Figure VI-2e). Finally, Eyja 

released only low amounts of dissolved inorganic P (DIP; 0.13 % at t48 h, Figure VI-2c,d) 

whereas the main DIP release of Pata occurred within seven hours (1.6 % at t48 h, Figure 

VI-2d). Thus, Si and DIP solubility from Pata were higher compared to Eyja, whereas NOx 

solubility was lower.    
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Figure VI-2: Solubility of macronutrients from Eyja and Pata in artificial and natural seawater from 

various regions of the Southern Indian Ocean, with (a) dSi from Eyja (b) dSi from Pata and (c) DIP 

from Eyja. No significant amount of DIP was released by Pata and no NOx was released by both 

aerosols to NSW over the experiment, thus panels (d) and (e) display only the release in ASW. Note: 

Silicon solubility after a wet deposition could not be calculated due to net dSi concentration decrease 

for both aerosols (a,b).  
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Figure VI-3: Solubility of micronutrients from Eyja (a,c,e) and Pata (b,d,f) in artificial and natural 

seawater from various regions from the Southern Indian Ocean, with iron (a,b), manganese (c,d) and 

cobalt (e,f). Iron solubility from Pata in ASW remained <DL.    
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3.1.2 Micronutrients 

The release of the micronutrients Fe, Mn and Co tended towards a plateau representative of 

steady state (Figure VI-3). Eyja released the majority of soluble micronutrients within the first 

hours of contact, whereas Pata displayed an initial lag phase (1 h and 4.5 h for Mn and Co, 

respectively), and surprisingly no detectable amounts of dFe were released from Pata in ASW 

at t48 h of contact time. Iron solubility in ASW was 0.0023 % at t48 h (Figure VI-3a). After 

the initial lag phase, the Mn solubility from Pata was twice higher than Eyja (5.0 % and 2.4 % 

at t48 h, Figure VI-3c,d), whereas Pata Co solubility was three times lower (0.5 % and 1.5 %, 

Figure VI-3e,f).  

3.2 Nutrient solubility in natural seawater  

3.2.1 Macronutrients 

3.2.1.1 Silicon 

Silicon solubility in NSW depended on the water origin (i.e. station) and type of aerosol, 

reaching final solubilities at t48 h between 0.06-0.18 % for Eyja and 0.4-2.0 % for Pata, with 

a minimal solubility for both aerosols at HN-LSi-LC-14, significantly lower than the maximal 

solubility at HNLC-11 (Figure VI-2a,b and Figure VI-4a). Surprisingly, an initial dSi 

decrease was observed 12 h after the addition of both aerosols at the eastern LNLC-16, as 

well as after Pata addition at HN-LSi-LC-14. After this initial decrease, the solubility 

increased and reached positive net values. Moreover, the high variability in solubility for Pata 

at Kerguelen-A3 could not be connected to analytical issues.    

3.2.1.2 Phosphorous and Nitrogen 

Pata did not release significant amounts of DIP during the 48 h of contact to any of the tested 

natural SW at the low PC of 2 mg.L-1, whereas DIP release from Eyja was measurable due to 

the higher PC of 25 mg.L-1 (Figure VI-2c). A higher %Psol was observed at HNLC-11 and 

Kerguelen-A3 (final solubility of ~10 %) compared to the stations north of the SAF (western 

LNLC-2 and HN-LSi-LC-14 with final solubility of 2.9 % and 3.9 %). Finally, the tested 

aerosols did not release significant amounts of NOx at the tested PC of 2 and 25 mg.L-1.  



Case Study in the South Indian and Southern Oceans 

178 

 

Figure VI-4: Fractional 

solubility of Pata (gray) and 

Eyja (dark gray) at t48 h in 

natural seawater at five 

stations within the Southern 

Indian Ocean compared to 

artificial seawater (shaded). 

(a) silicon, (b) DIP, (c) iron, 

(d) manganese, (e) cobalt. 

Error bars indicate standard 

deviation of triplicates.  

Means that are not 

significantly different  

(p > 0.05) are labeled with the 

same letter for each element 

for Pata (Latin letters) and 

Eyja (Greek letters).  

Within a station, a difference 

in solubility for Pata and Eyja 

is symbolized as follows  

*: p-value < 0.05; **: p-value  

< 0.01; n.s.: not significant.  

Note: Pata did not release 

significant amounts of DIP 

(b) and neither aerosol was  

significant source of NOx, not 

shown in this figure. 
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3.2.2 Micronutrients 

Significant amounts of the dissolved Fe, Mn and Co were released to NSW, whereas Co and 

Ni remained below DL. Several general trends can be observed, such as (i) the overall greater 

micronutrient solubility of Pata compared to Eyja; (ii) the increased solubilities at the eastern 

LNLC-16 compared to the other stations, with generally the lowest solubility at HNLC-11; 

and finally (iii) the maximal solubility for both aerosols of Mn, followed by Co, whereas Fe 

was the least soluble (Figure VI-3 and Figure VI-4b,c,d). 

Moreover, after a dry deposition of Pata in NSW, the solubilities of Mn and Co did not reach 

steady state and the increase remained linear until the end of the incubation (Figure VI-3d,f). 

On the other hand, Eyja released micronutrients mainly within the first 12 h of contact. 

Finally, the low Fe solubility may explain the observed temporal variability (Figure VI-3a,b).  

3.3 Nutrient solubility depending on the deposition mode 

A direct comparison of wet and dry deposition modes was performed at HNLC-11. The 

simulated wet deposition of Eyja induced an increased solubility for the three micronutrients 

as well as DIP relative to the dry deposition (Figure VI-5). The same trend occurred for Pata, 

but the difference was significant only for Mn and Co (Figure VI-5c,d), but not for Fe (p-

value < 0.1). Pata did not release significant amounts of DIP in neither dry nor wet deposition 

modes. Surprisingly, the wet deposition of both aerosols induced a significant decrease in dSi 

and NOx concentrations in the HNLC SW matrix (~1.7 µmol.L-1 dSi and ~0.4 µmol.L-1 NOx; 

data not shown).  

Overall, the micronutrient release was faster in the wet compared to the dry deposition mode, 

and for most of the elements, we recorded steady state solubility during the 48 h of contact, 

indicating that the main dissolution occurred either within the first hour of contact in the 

ARW matrix or within the first 12 h in the NSW matrix. Noteworthy, the Fe solubility of Eyja 

ash in wet deposition mode decreased with time after a maximum of 0.051 % after 12 h in the 

SW matrix, until the final 0.027 % after 48 h (Figure VI-3a).  
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Figure VI-5: Fractional solubility at t48 h in natural seawater the HNLC station 11 in dry and wet 

deposition modes, with (a) DIP, (b) iron, (c) manganese and (d) cobalt. Error bars indicate standard 

deviation of triplicates. Means that are not significantly different (p > 0.05) are labeled with the same 

letter for each element for Pata (Latin letters) and Eyja (Greek letters). Difference in solubility for Pata 

and Eyja is symbolized as follows: **: p-value < 0.01, n.s.: not significant. Note: Pata did not release 

significant amounts of DIP (b) and a wet deposition of both aerosols was not a significant source of 

dSi and NOx, not shown in this figure.  

 

4 Discussion 

In the scope of this study, we tested the influence of the type of aerosol, as well as the SW 

origin and the deposition mode on abiotic macro- and micronutrient release. There was no 

clear trend stating that one aerosol, one SW type or one deposition mode induced a higher 

global solubility of every tested nutrient. Indeed, the Si and Mn solubilities from Pata were 

higher compared to Eyja in both natural and artificial SW (Figure VI-4a,d), whereas the 

opposite trend with a greater solubility of Eyja over Pata was observed for NOx, Fe and Co in 

ASW (shaded part of Figure VI-4c,e).  
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4.1 Dissolution kinetics 

The majority of the elements tested in this study followed a rapid dissolution (P and N of both 

aerosols in ASW, as well as Mn and Co from Eyja in both ASW and NSW), defined by an 

immediate release of nearly all the soluble metals (Mahowald et al., 2018). However, the 

characteristic plateau of steady state was not observed for Si, indicating an intermediate 

behavior between rapid and gradual dissolution, progressively increasing over time, as 

observed in this study for instance for the Mn and Co solubilities of Pata at the eastern 

 LNLC-16 (Figure VI-3d,f). Finally, the wet Fe solubility from Eyja displayed a particle 

reactive dissolution (initial increase followed by a secondary decrease of the dissolved 

concentration, Figure VI-3a) that can be linked to an adsorption of the element onto particles 

or the wall from experimental incubation bottles (Mahowald et al., 2018).  

The high initial release from Eyja (Mn and Co for instance, Figure VI-3c,e) originated most 

probably from fast soluble surface metal salts (Ayris and Delmelle, 2012; Jones and Gislason, 

2008) compared to Pata with gradual dissolution more characteristic of particles core 

dissolution. This difference cannot be explained by the extent of the exchange surface 

between the particle and the matrix, as the Pata sample had a 8.5 times greater specific surface 

area than the Eyja sample, caused by a twice higher clay content (Table VI-1) combined with 

a finer sieving step (< 20 compared to < 100 µm). Thus the soluble Mn and Co salt coating 

find most probably its origin during the volcanic eruption event (Delmelle et al., 2007).  The 

role of mineralogy on Fe release has been demonstrated (Journet et al., 2008), and further 

discussion of the studied aerosols in natural SIO and SO water can be found in Geisen et al. 

(submitted).  

 

4.2 Variability of nutrient solubility according to the seawater 

characteristics 

Several physicochemical parameters differentiate between the dissolution experiments in 

artificial compared to the different natural SW. The presence of dissolved organic matter, 

variable temperature and light conditions and ambient nutrient concentrations, as well as the 

PC of the experiment are amongst the parameters that have been proven to influence nutrient 

solubility. 
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4.2.1 Comparison of artificial and natural seawater 

In this study, the solubility varied according to three main behavior types depending on the 

element and aerosol: 

1) A higher solubility in NSW compared to ASW (Fe from both aerosols, Figure 

VI-3a,b; DIP from Eyja, Figure VI-2c; as well as Mn and Co from Pata, Figure 

VI-3d,f);  

2) A higher solubility in ASW compared to NSW (Mn and Co from Eyja, Figure 

VI-3c,e); 

3) Similar solubility in NSW and ASW (Si from both aerosols in ASW was intermediate 

compared to the different NSW, Figure VI-2a,b). 

Impact of PC - The experiments in ASW had a 125 and 10 times higher PC for respectively 

Pata and Eyja compared to the NSW experiments. Yet, it has been shown that a higher PC 

may reduce the solubility of Fe (Baker and Jickells, 2006; Guieu and Thomas, 1996; 

Sholkovitz et al., 2012) and P for desert dust (Ridame and Guieu, 2002). This conclusion 

seems to be confirmed with the data from this study, as Fe and DIP are more soluble in NSW 

with lower PC (solubility behavior type 1). Yet, a better sensitivity in the chemical analysis of 

the macronutrients DIP and NOx in NSW could have enabled further conclusions, since the 

dissolution of DIP by Pata and NOx by both aerosols remained below the DL, probably due to 

the low PC in NSW.  

4.2.2 Influence of the seawater origin  

Impact of the seawater temperature – The water temperature varied over 12.5 °C between 

the coldest HNLC-11 and the warmer LNLC-2 (2.1 and 24.6 °C respectively, Table VI-2). 

Significant correlations can be found between the NSW temperature and Mn and Co 

solubilities from both aerosols at t48 h but not for Fe and the macronutrients: thus, minimal 

Mn and Co solubilities were recorded at the coldest station (HNLC-11) and maximal 

solubilities at LNLC-16 (see linear regressions in Annex VII, Figure VII-4).  

A similar link between the dissolution temperature and nutrient solubility has been 

demonstrated by the literature: for instance, mineral dust displayed a 4-24 fold increased Fe 

solubility in warmer SW at 29 °C compared to 17 °C in the Gulf of California (Félix-

Bermúdez et al., 2020), and Si from pure minerals is also known to have greater solubility at 

higher temperature (Huertas et al., 1999 and references therein).  
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However, as the temperature is not the only varying parameter within the current 

experimental set up in the natural physicochemical conditions, it is not possible to draw 

definitive conclusions. 

Impact of irradiation – Similar to temperature, the light availability in the surface waters is 

lower in the SO compared to the subtropical SIO; and the influence of photochemical 

reactions have been observed for Fe dissolution from aerosols at low pH with increased 

solubility under high light conditions (Hettiarachchi et al., 2019). Thus, the differences in 

nutrient solubility observed between the study areas (Figure VI-4) may be influenced by 

ambient temperature and light conditions that were simulated during the 48 h experiments in 

the on-board incubators.  

Impact of ambient nutrient concentrations – The ambient dissolved nutrients follow North-

South gradients, with overall depleted surface waters of the oligotrophic subtropical gyre and 

increasing nutrient concentrations towards the South (and thus with decreasing temperature), 

except for dMn displaying the opposite trend decreasing towards the South (Table VI-2; 

Annex VII, Figure VII-4). It can be assumed that a greater ambient concentration of an 

element lowers its solubility, as the environment is less undersaturated. In this study, only the 

Co solubility decreases with increasing ambient dCo concentration, whereas the solubilities of 

other elements (such as Si from both aerosols and Mn and P from Eyja) increase with 

increasing ambient concentrations, thus indicating that this parameter does not seem to 

control nutrient solubility. 

Impact of dissolved organic matter – Despite a comparatively high ambient temperature 

(room temperature, ~20 °C) accompanied by the high luminosity of the clean laboratory 

compared to the on-deck incubators, the trace metal solubility was low in the ASW compared 

to the NSW experiment (Figure VI-4, with equivalent temperature and light conditions to 

LNLC stations). Another varying factor between the natural and artificial SW is the presence 

of dissolved organic matter (DOM) including organic ligands (Wagener et al., 2008). Indeed, 

99.9 % of the dFe found in NSW is thought to be associated with organic complexing ligands 

(van den Berg, 1995). Their presence has been proven to control overall nutrient and 

especially Fe solubility (Liu and Millero, 2002). For instance, the presence of siderophores 

secreted by prokaryotic phytoplankton as well as saccharides produced and released by 
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eukaryotes such as diatoms may increase the Fe solubility and thus its bioavailability for 

phytoplankton (Hassler et al., 2011). Conversely, Bressac and Guieu (2013) performed 

artificial dust seeding experiments in the Mediterranean Sea in abiotic minicosms during 

spring/summer and winter with high and low DOM concentrations, respectively. The authors 

found an important Fe aggregation with increasing DOM concentration, resulting in a lower 

Fe solubility during summer due to the great DOM abundance and conclude on the 

unpredictable and contrasted response to different DOM types (Bressac and Guieu, 2013). 

Therefore, not solely the DOM quantity but also their quality is an important variable 

controlling Fe solubility.  

Unfortunately, the presence of DOM has not been assessed during this study, but the highest 

amounts of different proxies for algal biomass (total chlorophyll, primary production and 

biogenic Si) have been measured at the plateau station A3 (Geisen et al. (submitted) and 

Annex VII, Figure VII-5). However, Gerringa et al. (2008) measured organic ligands in 

excess compared to dFe concentrations at both the reference Kerguelen plateau station A3 as 

well as at an equivalent HNLC station of the SO during the KEOPS-I cruise (Jan-Feb 2005, 

i.e. equally during the Austral summer). Thus, despite varying organic matter concentrations 

between the two SO stations, the equivalent ligand excess could explain the similar Fe 

solubility.   

A significant difference in micronutrient solubility can also be observed between the western 

and the eastern LNLC stations (St 2 and 16). Indeed, the eastern and most oligotrophic station 

presents the highest Fe, Mn and Co solubilities of all tested stations in dry deposition mode 

(only behind the HN-LSi-LC-14 for Eyja Fe solubility, Figure VI-3). The main difference 

between the eastern and western LNLC stations is the proximity to the South East 

Madagascar bloom (SEMB), as shown by the increased satellite-derived chlorophyll-a 

concentration on Figure VI-1a. Thus, the station with lowest ambient algal biomass and most 

probably the lowest DOM pool presented surprisingly the highest solubilities, which may 

confirm the metal adsorption on DOM aggregations (Bressac and Guieu, 2013). Another 

particularity of the eastern LNLC station is the initial net decrease of dSi at t12 h after a 

deposition of both aerosols which could not be explained. 

4.2.3 Role of the deposition mode 

At the southernmost HNLC station, the simulated dry and wet deposition of desert dust and 

volcanic ash enabled to assess the influence of pH on the initial dissolution of nutrients. The 

aerosols endured a first dissolution at low pH before being added to the filtered SW. Except 
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for Pata Fe which was not significantly different, the micronutrient solubility in NSW, as well 

as DIP from Eyja, was higher after a preliminary one hour contact to artificial rainwater with 

pH 4.7 compared to a dry deposition simply to the NSW matrix at pH 8.1 (Figure VI-5). This 

result is consistent with literature data for desert dust (Desboeufs et al., 1999; Korte et al., 

2018; Ridame and Guieu, 2002) as well as for volcanic ash (Duggen et al., 2010; Gislason 

and Oelkers, 2003), thought to dissolve more with decreasing pH at acidic concentrations.  

In their dry and wet dissolution experiments of Saharan dust to unfiltered tropical Atlantic 

SW, Korte et al. (2018) found no NO3
- release for both deposition modes and a net increase of 

H4SiO4 after a wet but not a dry deposition, i.e. the opposite as in our study. H4SiO4 

adsorption onto (hydr)oxides such as ferrihydrite has been proven by the literature (Swedlund 

and Webster, 1999) and could play a role in dSi decrease following a wet deposition. 

However, the significant net NOx decrease after both Pata ane Eyja could not be explained by 

the literature and seems highly unlikely.  

 

5 Conclusion  

Our experiments displayed abiotic dissolution of several macro- and micronutrients in 

different natural seawater matrices from the Southern Indian Ocean as well as in ASW. We 

demonstrated the role of the aerosol origin on nutrient release, most certainly influenced by 

individual mineralogy of the aerosols, as previously demonstrated for Fe (Journet et al., 

2008). Moreover, the nutrient release could be influenced by the origin and environmental 

conditions of the seawater (e.g., temperature, light, ambient nutrient and ligand 

concentrations), as the micronutrients Fe, Mn and Co were overall more soluble at the eastern 

oligotrophic LNLC and HN-LSi-LC stations, whereas the macronutrient Si (and DIP for Eyja) 

dissolve more in the HNLC and Kerguelen plateau stations South of the polar front. This 

difference can be linked to variable physical, chemical and biological parameters. Indeed, the 

phytoplankton communities originated from individual zones of the Southern Indian Ocean 

produce variable quantities and qualities of dissolved organic matter including ligands that 

might locally influence the solubility of aerosols and thus nutrient release to the surface 

waters (Bressac and Guieu, 2013; de Leeuw et al., 2014).  

It is difficult to draw definite conclusions, as these complex parameters may be synergistic or 

antagonistic and have a different weight on the solubility. To further understand the precise 

processes impacting nutrient solubility, it would have been interesting to measure the type and 



Case Study in the South Indian and Southern Oceans 

186 

abundance of DOM, including the concentrations of organic ligands, and to artificially modify 

the temperature and/or irradiance conditions to estimate their specific role in the release 

variability amongst SW.  
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VII. Annex PART B 

1 Possible iron contamination 

The nutrient solution from the +Si treatment (assessed by ICP-AES analysis) was 

contaminated with 0.23 nmol.L-1 Fe. As no significant difference in PP response between 

+Fe and +Si was observed at any station, we discuss the risk that the biological response to 

the +Si treatment was due to Fe contamination instead of actual Si addition.  

When comparing flow cytometry data, we observe that in opposition to the +Fe and +FeSi 

treatments, the addition of Si alone did not enhance picoeukaryote cell abundance at the 

LNLC station 2, indicating that the Fe contamination of the Si treatment was negligible for 

this phytoplankton group at this station. Moreover, at the Kerguelen plateau station A3, Fe 

addition increased both pico- and nanoeukaryote abundances (+120 % and +50 % 

respectively, Fig. 3i,j), while the potential Fe contamination of the Si treatment was 

insufficient to trigger a response. Finally, the unexpected Synechococcus development after 

Si or FeSi additions (~+70 %) were not observed after Fe addition, demonstrating that the 

Synechococcus response was not induced by Fe contamination, but in fact by Si addition.  

Thus, we cannot definitely exclude the influence of 0.23 nM Fe contamination within the Si 

treatment on PP at the western LNLC-2 as well as HN-LSi-LC-14 and Kerguelen-A3. 

However, since the cell abundance response differs between nutrient treatments at several 

stations for several phytoplankton groups, we support the statement that this potential Fe 

contamination was negligible and should not impact the general conclusions of this study. 
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2 Calculation of sinking velocities after representative aerosol 

deposition 

In order to calculate the sinking velocity of aerosols in seawater, we applied the Stokes’ law, 

assuming that the dust and ash particles were spherical. This is a simplification of the reality, 

but it gives an estimate of the depth reached by aerosols after the experimental 48h of 

incubation. The sinking velocity was calculated as follows: 

 

 𝑆𝑣 =
2

9
× g × 𝑟2 ×

𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜌𝑆𝑊

𝜂𝑆𝑊
 Equation VII-1 

 

where Sv is the sinking velocity, g is the Earth’s gravitational acceleration (9.81 m.s-2), r is the 

radius of the particle and ρparticle is the density of dust or ash particles. Seawater density and 

viscosity of respectively ρSW = 1027 kg.m-3 and ηSW = 0.00141 kg.m-1.s-1 were calculated at 

10°C, according to the Engineering Tool Box (2005). The particle radius was calculated as 

half of the median diameter (6.4 and 22.1 µm for Pata and Eyja, respectively). Further, we 

used a mean estimated dust density of 2650 kg.m-3 (e.g., Langmann, 2013) and an Eyja 

density of 1400 kg.m-3 (Gudmundsson et al., 2012). 

Applying Stokes’ law, we obtain the following sinking velocities for both aerosols: 

Sv-Pata = 2.2 m.day-1 

Sv-Eyja = 6.1 m.day-1 

 

After 48h of settling in seawater, the dust and ash particles would theoretically reach 

respectively 4.4 and 12.2 m depth. The mixed layer depth (MLD) ranks from 13 m to 50 m 

respectively in the LNLC and HNLC zones of the study area during austral summer 

(Hörstmann et al., 2021). Thus, the majority of dust/ash particles should theoretically not 

reach the MLD during the experimental time lapse. In this study, we used a PC of 2 and  

25 mg.L-1 respectively in the dust and ash treatments, which corresponds to an estimated 

deposition of 9 and 300 g.m-2, assuming a mixing of aerosols within the 4.4 and 12.2 m upper 

layer. With a density of 1400 kg.m-3 (Gudmundsson et al., 2012), the Eyja deposition of  

300 g.m-2 corresponds to an ash layer of 0.2 mm over the sea surface.  
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3 Contribution of phytoplankton size classes to the total 

biomass 

The biomass fractions of micro-, nano- and picophytoplankton (Figure VII-1) were calculated 

according to Uitz et al. (2006) depending on their individual pigment signature: 

 𝑓𝑚𝑖𝑐𝑟𝑜 = (1.41 𝐹𝑢𝑐𝑜 + 1.41 𝑃𝑒𝑟𝑖) 𝑤𝐷𝑃⁄  Equation VII-2a 

 𝑓𝑛𝑎𝑛𝑜 = (1.27 19′𝐻𝐹 + 0.60 𝐴𝑙𝑙𝑜 + 0.35 19′𝐵𝐹)/𝑤𝐷𝑃 Equation VII-2b 

 𝑓𝑝𝑖𝑐𝑜 = (0.86 𝑍𝑒𝑎 + 1.01 𝑇𝑐ℎ𝑙𝑏)/𝑤𝐷𝑃 Equation VII-2c 

 

where wDP is the weighted sum of the concentrations of the seven diagnostic pigments: 

 

 

  

𝑤𝐷𝑃 =  1.41 𝐹𝑢𝑐𝑜 + 1.41 𝑃𝑒𝑟𝑖 + 1.27 19′𝐻𝐹 + 0.60 𝐴𝑙𝑙𝑜

+ 0.35 19′𝐵𝐹 + 0.86 𝑍𝑒𝑎 + 1.01 𝑇𝑐ℎ𝑙𝑏 
Equation VII-3 

 

The concentration of total chlorophyll-a (Tchla) associated with each size class was calculated as 

follows, with x standing either for micro, nano or pico: 

 𝑇𝑐ℎ𝑙𝑎𝑥 = 𝑓𝑥 × 𝑇𝑐ℎ𝑙𝑎 Equation VII-4 

 

The diatom and dinoflagellate biomass were estimated using: 

 𝐶ℎ𝑙𝑎𝑑𝑖𝑎𝑡𝑜𝑚 = (1.41 𝐹𝑢𝑐𝑜 ∗ 𝑇𝑐ℎ𝑙𝑎) 𝑤𝐷𝑃⁄  Equation VII-5a 

 𝐶ℎ𝑙𝑎𝑑𝑖𝑛𝑜𝑓𝑙𝑎𝑔𝑒𝑙𝑙𝑎𝑡𝑒 = (1.41 𝑃𝑒𝑟𝑖 ∗ 𝑇𝑐ℎ𝑙𝑎) 𝑤𝐷𝑃⁄  Equation VII-5b 

 

 

Figure VII-1: Phytoplankton community composition (%) with relative abundances of micro- (dark), 

nano- (light) and pico-phytoplankton (median grey) calculated from pigment analysis, according to 

Equation VII-4 and Equation VII-5. Diatom contribution within the micro-plankton size fraction is 

dashed. 
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4 Response of heterotrophic bacteria and haptophytes 

 

Figure VII-2: Cell abundance (cells.mL-1) of heterotrophic bacteria at the beginning of the experiment 

(t-ini, white bar) and after 48 h of incubation for each treatment at the stations at LNLC St2 (a) and 16 

(b), HN-LSi-LC St 14 (c), plateau St A3 (d) and HNLC St 11 (e). Error bars indicate standard 

deviation of triplicates. Means that are not significantly different are labeled with the same letter (p > 

0.05) within a station. 

 

 

 

 

Figure VII-3: 19’Hexanoyloxyfucoxanthin concentration (19’HF, µg.L-1) at the beginning of the 

experiment (t-ini, white bar) and after 48 h of incubation for each treatment at HN-LSi-LC St 14 (a), 

plateau St A3 (b) and HNLC St 11 (c). Error bars indicate standard deviation of triplicates. FeSi 

treatment at St 14 is not included in statistics, due to n = 1. Means that are not significantly different 

are labeled with the same letter (p > 0.05) within a station.  
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5 Linear regressions of nutrient solubility with temperature  

 

Figure VII-4: Linear regression of (a) manganese and (b) cobalt solubilities and the ambient sea 

surface temperature. 
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6 Ambient seawater characteristics of the Southern Indian 

Ocean 

 

Figure VII-5: Correlations of (a) biomass proxies, (b) macro- and (c) micronutrients with the ambient 

sea surface temperature.  
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VIII. Conclusions générales et perspectives 

 Synthèse des principaux résultats 

L’apport de nutriments nouveaux à l’océan fait partie intégrante des cycles biogéochimiques 

des nutriments et s’inscrit donc dans le cadre global du budget du carbone (Le Quéré et al., 

2016) avec des implications potentielles pour le climat. Ces nutriments peuvent notamment 

être d’origine atmosphérique (Mahowald et al., 2018; Tagliabue et al., 2009). L’estimation la 

plus courante de leur biodisponibilité est la mesure de leur solubilité, même s’il a été montré 

que d’autres facteurs comme la spéciation redox du fer (Schroth et al., 2009) et la présence de 

ligands dans l’océan de surface (Gledhill, 2012) modifient la biodisponibilité des 

micronutriments et ainsi leur impact sur le phytoplancton. Une composante de cette thèse a 

été de quantifier l’apport nutritif atmosphérique d’origine naturelle dans son ensemble et s’est 

consacrée à une large gamme de macro- et micronutriments. 

La variabilité des sources d’aérosols naturels et anthropiques cause une grande variabilité sur 

la solubilité, ce qui induit de grandes incertitudes dans les apports de nutriments 

atmosphériques dans les grands modèles biogéochimiques et climatiques (e.g. 100 % 

d’incertitude sur l’apport atmosphérique de Si soluble dans Tréguer et al., 2021). De plus, 

l’apport de nutriments par les cendres volcaniques reste souvent négligé ou comporte 

d’importantes incertitudes dans ces modèles (e.g. Mahowald et al. (2008) estiment une 

solubilité de P volcanique comprise entre 50-100 %). Ainsi, le premier objectif de cette thèse 

a été de mieux définir la solubilité des macro- et micronutriments qui arrivent à l’océan 

par voie atmosphérique et proposer une gamme de variabilité en fonction des types 

d’aérosols (poussières désertiques et cendres volcaniques) selon le mode de dépôt (sec et 

humide).  

 

La dissolution de huit aérosols (quatre poussières désertiques, trois cendres volcaniques et un 

verre volcanique synthétique) en conditions contrôlées ultra-propres a permis de déterminer la 

solubilité de différents macro- et micronutriments (Chapitres II et III, respectivement). 

Nous avons utilisé un dispositif identique dans deux matrices distinctes : l’eau de mer 

artificielle pour estimer la solubilité du dépôt sec, l’eau de pluie artificielle pour celle du 

dépôt humide. L’homogénéité du protocole expérimental nous a permis de comparer l’effet de 

la matrice (impact du pH et charge ionique) sur la solubilité. L’utilisation de diverses sources 
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d’aérosols a permis quant à elle de quantifier une gamme de variabilité naturelle de la 

solubilité de macro- et micronutriments de différents types d’aérosols (Tableau VIII-1) qui 

pourra affiner les grandeurs de solubilités utilisées dans les modèles biogéochimiques.  

 

Tableau VIII-1: Solubilités moyennes (±écart-types) en eau de pluie et eau de mer artificielles (temps 

de contact après ~1 h). 

 Eau de pluie artificielle Eau de mer artificielle 

 Désertique Volcanique Désertique Volcanique 

Si 0.12±0.10 0.024±0.025 0.07±0.05 0.009±0.004 

P 12.7±10.2 4.0±5.8 1.2±1.0 0.6±0.6 

N 5.8±7.3 4.4 ! 4.3±4.4 18.0 ! 

Fe 0.011±0.004 0.044±0.050 0.006±0.006 § 0.008±0.006 

Mn 3.3±5.4 0.88±0.91 5.9±5.5 0.85±0.69 § 

Co 0.33±0.36 § 0.27±0.06 @ 0.78±0.80 § 0.56±0.49 @ 

Cu 8.8±8.3 12.8±19.9 1.6±2.0 @ 1.8±2.0 

Ni 1.2±0.8 6.8±12.8 36.0 ! 43.4±57.7 @ 

Note : Sauf mention contraire, les moyennes sont calculées avec n=4. Sinon : § n=3, @ n=2 et ! n=1. 

 

Ainsi, la solubilité des macronutriments (Si, P, N) issus des poussières désertiques est 

globalement plus grande comparée aux cendres volcaniques, mis à part la cendre 

islandaise Eyja qui a un comportement plus proche des poussières désertiques, alors que la 

poussière sahélienne Bani agit plus comme une cendre. On peut souligner la composition 

particulière d’Eyja, caractérisée notamment par la présence d’argile induisant une surface 

spécifique élevée et de calcite induisant une augmentation du pH de l’eau de pluie ; de plus, 

cet aérosol est enrichi en N, P, Fe et Cd. La présence d’argiles peut être expliquée par les 

interactions magma-glace durant l’éruption (Paque et al., 2016) et permet d’expliquer que 

cette cendre se comporte de manière similaire à une poussière. D’un autre côté, Bani est 

majoritairement composée de quartz et présente une surface spécifique relativement faible. 

Ces particularités individuelles minéralogiques et élémentaires de nos aérosols expliquent la 

grande variabilité de la solubilité des macro- et micronutriments (jusqu’à un facteur 80 selon 

la source de l’aérosol, e.g. la solubilité en eau de pluie artificielle du Mn des poussières et Cu 

des cendres ; Tableau VIII-1).    

Concernant les micronutriments, il n’y a pas de solubilité préférentielle séparant 

catégoriquement les poussières désertiques des cendres volcaniques au sein d’un même milieu 

de dissolution. On observe un effet de matrice très marqué sur la solubilité des métaux (Fe 
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et Cu) et de P, vraisemblablement induit par la différence de pH des milieux ; la solubilité 

étant plus importante dans l’eau de pluie que dans l’eau de mer artificielle. L’effet de la 

matrice sur la solubilité des autres métaux (et Si et N) dépend de l’aérosol : par exemple la 

poussière Douz relargue plus de Co, Ni et Mn dans l’eau de mer que dans l’eau de pluie, alors 

que l’inverse survient pour la cendre Chaitén. Les autres aérosols présentent également des 

solubilités préférentielles dans l’une ou l’autre des matrices, soulignant de nouveau la 

variabilité plus importante entre les sources individuelles qu’entre les catégories 

d’aérosols.  

Des expériences de dissolution abiotique ont ensuite été menées en conditions naturelles lors 

d’une campagne océanographique (OISO 29) sur la cendre et la poussière ayant présenté 

les plus fortes dissolutions de Si en conditions artificielles. Nous avons appliqué un même 

protocole expérimental de simulation d’un dépôt atmosphérique dans des régions 

biogéochimiques contrastées de l’Océan Indien Sud et Austral, caractérisées par un gradient 

marqué de la température de l’eau de surface et de l’intensité lumineuse, ainsi que des 

concentrations différentes en macro- et micronutriments ; ces paramètres influençant la 

production primaire et la composition naturelle des communautés phytoplanctoniques. 

 

Tableau VIII-2: Solubilités moyennes (±écart-types) en eau de mer naturelle (avec cinq stations dans 

l’Océan Indien et Austral) et artificielle (quatre poussières et quatre cendres) après un temps de 

contact après ~48 h ; et rapport des solubilités pour la poussière Pata et la cendre Eyja.  

 Eau de mer naturelle NSW Eau de mer artificielle ASW Rapport NSW/ASW 

 Pata Eyja Désertique  Volcanique  Pata Eyja 

Si 1.02±0.89 0.11±0.05 0.41±0.28 0.11±0.07 1.5±1.3 0.9±0.4 

P <DL 6.8±3.4 2.4±1.7 0.9±0.7 <DLNSW 52±27 

Fe 0.033±0.028 0.11±0.05 0.010±0.008 § 0.011±0.018 <DLASW 4.9±2.0 

Mn 23.8±15.7 1.0±0.2 11.7±5.7 1.0±1.1 4.4±2.9 0.4±0.1 

Co 8.3±5.3 0.3±0.1 1.78±1.96 0.65±0.74 § 17±11 0.2±0.1 

Note : Sauf mention contraire, les moyennes sont calculées avec n=4 en ASW (sinon : § n=3) et avec 

n=15 en NSW (triplicats de cinq stations) ; DL : limite de détection. 

 

Nous observons ainsi une variation de la solubilité qui varie jusqu’à un facteur 8 selon la 

nature de l’eau de mer (e.g. pour le Mn issu de Pata, Tableau VIII-2). Certains 

micronutriments comme le Fe, Mn et Co sont généralement plus solubles dans les eaux 

chaudes et oligotrophes de l’Océan Indien Sud comparé aux eaux froides de la zone 

antarctique, soulignant ainsi un effet potentiel de la température et/ou de l’intensité 
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lumineuse sur la solubilité de ces métaux issus des deux aérosols. Cependant, ces 

paramètres ne sont pas les seuls facteurs qui modifient la solubilité des nutriments : en effet, 

les macronutriments Si et P sont plus solubles aux stations se trouvant au sud du front polaire, 

laissant supposer un effet de l’origine de l’eau de mer pour la solubilité des nutriments, 

incluant la concentration ambiante en nutriments. Ainsi, en plus de la forte variabilité des 

solubilités selon la source de l’aérosol (Tableau VIII-1) se rajoutent les caractéristiques de 

l’eau de mer (Tableau VIII-2).  

Des différences de solubilité ont été mises en évidence selon la matrice eau de mer naturelle 

versus artificielle (NSW et ASW): ainsi Pata relargue globalement de plus grandes quantités 

en NSW (mis à part le DIP indétectable), alors que la solubilité de Eyja dépend de l’élément 

(50 fois plus de P en NSW versus 5 fois plus de Co en ASW et Si équivalent, Tableau VIII-2). 

Cette différence de solubilité entre stations et entre eau de mer naturelle et artificielle pourrait 

être due à la quantité et/ou qualité de la matière organique dissoute présente, les ligands 

naturellement présents dans l’eau de mer induisant une augmentation de la solubilité des 

métaux.  

Finalement, au cours de cette même campagne océanographique, nous avons quantifié la 

réponse des communautés phytoplanctoniques naturelles à un apport de poussières 

désertiques et cendres volcaniques, au sein du gyre subtropical de l’océan Indien Sud (zone 

LNLC), dans les zones HN-LSi-LC et HNLC de l’océan Austral, et du plateau de Kerguelen 

(Chapitre V). L’apport de nutriments atmosphériques a majoritairement profité aux diatomées 

des différentes zones d’étude, modulant ainsi la composition de la communauté 

phytoplanctonique. De plus, la réponse la plus marquée a eu lieu au niveau de la station la 

plus productive du plateau naturellement fertilisé de Kerguelen avec un doublement de 

production primaire. Cela peut être expliqué par le fait que la communauté phytoplanctonique 

locale est acclimatée à des apports réguliers de nutriments.  

De plus, malgré un plus grand relargage de métaux trace (Fe, Mn et Co) durant le dépôt 

humide des aérosols comparé au dépôt sec en zone HNLC (Chapitre VI), nous n’observons 

pas de différence majeure dans la réponse biologique.   

De manière surprenante, et ce malgré des relargages significativement différents de macro- et 

micronutriments suite à (i) un dépôt de poussières comparé aux cendres et (ii) un dépôt sec 

comparé à un dépôt humide, nous enregistrons peu ou pas de différences de la réponse 

biologique (ni dans l’amplitude de la réponse, ni du type de phytoplancton qui profite).  
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 Flux révisés de nutriments atmosphériques à l’océan de surface 

De nombreuses études de modélisation existent sur l’estimation des flux de nutriments vers 

l’océan, mais des données de dissolution font à ce jour défaut pour boucler les cycles de 

certains nutriments. Ainsi, la contribution atmosphérique au cycle du silicium synthétisé par 

Tréguer et al. (2021) n’a pas été actualisée depuis ses versions précédentes (Tréguer et al., 

1995; Tréguer and De La Rocha, 2013), faute de nouvelles données de dépôt et de solubilité. 

L’exemple du Si démontre que les données d’une gamme de solubilité de nutriments issus 

d’aérosols naturels manquent à ce jour, et nous proposons donc de réévaluer ces flux en nous 

basant sur l’approche expérimentale décrite dans ce manuscrit.  

En utilisant les flux de matière proposés dans la littérature (voir Introduction générale de ce 

manuscrit, Tableau I-2), nous avons pu réestimer les flux de nutriments dissous donc 

potentiellement biodisponibles via la voie atmosphérique vers l’océan de surface. Nous 

basons notre calcul sur l’estimation d’un dépôt annuel de 450 Tg.an-1 de poussières 

désertiques sur l’océan global (Jickells et al., 2005).  

Le dépôt annuel global de cendres volcaniques vers l’océan mondial n’a à ce jour pas été 

estimé. Olgun et al. (2011) proposent un flux de 128-221 Tg.an-1 vers l’Océan Pacifique. 

Sachant que la majorité du volcanisme actuel se situe au niveau de la ceinture de feu du 

Pacifique (Olgun et al., 2011 et auteurs cités), nous utilisons la valeur haute de cette 

estimation de 221 Tg.an-1 comme approximation du dépôt moyen de cendres volcaniques 

à l’océan global (Tableau VIII-3).  

Finalement, nous tenons compte dans notre calcul des temps de contact entre l’aérosol et le 

milieu de dissolution qui diffère en fonction du mode de dépôt (Tableau VIII-3): ainsi nous 

utilisons les données de solubilité obtenues après 1 h de contact en matrice eau de pluie et 

après 48 h de contact en matrice eau de mer : 

 

Tableau VIII-3: Ordres de grandeur utilisés pour le calcul des flux de nutriments vers l’océan 

 Désertique Volcanique Solubilité associée 

Dépôt, Tg.an-1 450 a 221 b   

Humide, % 80 c 30 d 1 h en eau de pluie artificielle e 

Sec, % 20 c 70 d 48 h en eau de mer artificielle f 

a Jickells et al. (2005) ; b Olgun et al. (2011) ; c Fan et al. (2006) ; d Jickells and Spokes (2001); e voir 

gamme Tableau VIII-1; f voir gamme Tableau VIII-2. 
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Grâce à ces estimations, nous pouvons effectuer des calculs de flux de nutriments pour 

chacun des aérosols, en utilisant les grandeurs physico-chimiques déterminées dans le cadre 

de cette thèse, qui sont (i) la composition élémentaire des aérosols et (ii) la solubilité des 

nutriments en fonction du mode de dépôt :  

 

 𝑡𝑋 = 𝑑é𝑝ô𝑡 𝑡𝑜𝑡𝑎𝑙 × %𝑋𝑎é𝑟𝑜𝑠𝑜𝑙 Équation VIII-1 

 𝑑𝑋ℎ𝑢𝑚𝑖𝑑𝑒 = 𝑡𝑋 × %ℎ𝑢𝑚𝑖𝑑𝑒 × %𝑋𝑠𝑜𝑙(1ℎ.𝐴𝑅𝑊) Équation VIII-2a 

 𝑑𝑋𝑠𝑒𝑐 = 𝑡𝑋 × %𝑠𝑒𝑐 × %𝑋𝑠𝑜𝑙(48ℎ.𝐴𝑆𝑊) Équation VIII-2b 

 𝑑𝑋𝑡𝑜𝑡𝑎𝑙 =  𝑑𝑋ℎ𝑢𝑚𝑖𝑑𝑒 + 𝑑𝑋𝑠𝑒𝑐 Équation VIII-3 

 

avec tX la teneur totale de l’élément X, %Xaérosol la teneur dans l’élément X dans l’aérosol, 

dXsec et dXhumide la quantité de l’élément X dissoute après un dépôt sec et humide, 

respectivement. Finalement, dXtotal correspond à la quantité totale de dX qui arrive à l’océan 

de surface. Nous appliquons le calcul de dépôt pour chacun de nos échantillons d’aérosols. 

 

Tableau VIII-4: Estimation des dépôts atmosphériques (Gg.an-1) de macro- et micronutriments 

dissous à l’océan de surface. Les moyennes ± écarts-types (et gamme min-max) sont calculés selon 

Équation VIII-3 et comparé à la littérature.   

 Désertique  Volcanique  Total aérosols naturels Littérature  

Si 166±125 49±33 216±129 (54-424) 14000±14000 a 

P 37.9±26.0 5.4±7.1 43.3±27.0 (7.3-85.3) 96.5 b 

N 28.8±28.8 10.7 ! 39.5±28.8 (13.6-79.2)  

Fe 1.8±0.4 1.1±0.7 2.9±0.7 (1.7-4.0) 700 (80-1830) c 

Mn 13.6±12.3 2.9±4.2 16.5±13.0 (4.9-40.8) 300 c 

Co 0.06±0.04 0.02±0.02 0.075±0.045 (0.027-0.138)  

Cu 0.69±0.57 0.27±0.30 0.96±0.65 (0.21-2.17) 3.2 d 

Ni 0.30±0.27 0.77±1.16 1.07±1.21 0.12-3.16  

Note : Quand la solubilité d’un élément était <DL pour un aérosol en ASW (ou ARW), 100 % de 

dépôt humide (ou sec) ont été assumés pour l’aérosol en question, avant de calculer la moyenne 

présentée ici. (!): n=1 pour l’estimation du dépôt de NOx via les cendres. a: Tréguer et al. (2021) ;  
b Mahowald et al. (2008) ; c Mahowald et al. (2018) ; d Jeandel and Oelkers (2015).  
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Ainsi, le dépôt atmosphérique de dSi vers l’océan de surface issu d’aérosols naturels (c’est-à-

dire désertique + volcanique) se situe entre 54 et 424 Gg.an-1 (Tableau VIII-4). Dans 

l’estimation de Tréguer et al. (2021), ce flux atmosphérique a été estimé à 0.5±0.5 Tmol 

dSi.an-1 soit 14.0±14.0 Tg dSi.an-1 qui est environ 30 fois supérieur à l’estimation haute 

calculée ici. Quant au P et au Cu, les estimations de la littérature se rapprochent de la limite 

supérieure de notre étude (Tableau VIII-4). D’un autre côté, Tagliabue et al. (2009) utilisent 

un dépôt de dFe dans leur étude de modélisation du Fe dans l’Océan Austral qui est plus élevé 

que celui trouvé dans nos calculs. Ils obtiennent un flux de dFe issu de poussières de 23.6-

29.4 Gg.an-1 seulement dans la région Sud de 35° S, en se basant sur une solubilité du Fe 

désertique de 0.5 %. Cette solubilité, utilisée fréquemment dans les études de modélisation 

(e.g. Mahowald et al., 2005; Tagliabue et al., 2008), est 7-42 fois plus grande que la gamme 

obtenue au bout de 48 h dans l’eau de mer naturelle de l’Océan Indien Sud et Austral 

(Tableau VIII-2). Ainsi, nous supposons que les études de la littérature surestiment largement 

la solubilité du Fe issu des aérosols, alors que notre étude minimise potentiellement sa 

solubilité en se basant sur des analogues de poussières (sols arides tamisés à 20 µm) et pas des 

aérosols à proprement dire (i.e. qui ont voyagé dans l’atmosphère et ont subi des altérations 

physico-chimiques).  
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 Perspectives 

Grâce au calcul des flux de nutriments vu dans le paragraphe précédent, nous montrons 

que les résultats obtenus au cours de cette thèse contribuent aux efforts d’améliorer la 

précision des cycles biogéochimiques en incluant la variabilité naturelle qui existe entre 

aérosols naturels.  

Pourtant, plusieurs interrogations scientifiques persistent pour mieux définir cette variabilité 

naturelle de relargage de macro- et micronutriments à l’océan de surface. Ainsi au cours de 

cette thèse, nous avons identifié quelques limites dans la caractérisation des aérosols qui 

auraient permis de poursuivre davantage l’identification des sources de nutriments.  

• Principalement, la caractérisation de la partie amorphe des aérosols aurait permis 

d’élargir la compréhension de l’origine des nutriments relargués. En effet, cette partie 

peut être biogénique, lithogénique ou pédogénique et ainsi contenir des phytolithes, de 

l’allophane, de la ferrihydrite ou encore du verre basaltique et contribuer de manière 

significative à la libération de nutriments comme le Si (Loucaides et al., 2008; Morin 

et al., 2015) et le Fe (Shi et al., 2009). Malheureusement, son analyse n’a pas pu être 

effectuée dans le cadre de mes travaux de recherche. Ainsi dans ce manuscrit, toute la 

partie non détectée par la méthode de DRX quantitative a été considérée comme 

amorphe (32.3-57.6 % pour les poussières et 63.7-100 % pour les cendres), ce qui peut 

donc surestimer sa proportion.  

• La matière organique particulaire et dissoute (POM et DOM) dans l’eau de mer peut 

également jouer un rôle considérable dans la solubilité des nutriments (Bressac and 

Guieu, 2013), notamment les ligands qui jouent un rôle dans la biodisponibilité du Fe 

(Paris and Desboeufs, 2013; Wagener et al., 2008). La mesure de la DOM dans des 

expériences futures de dissolution abiotique en matrice naturelle permettrait de 

conclure sur la variabilité de solubilité détectée entre l’Océan Indien Sud et l’Océan 

Austral.  

• Finalement, il aurait également été intéressant d’aborder la solubilité d’aérosols 

anthropiques en appliquant le même protocole mis en place dans les Chapitres II et III 

afin d’obtenir une base de données homogène de gammes de solubilités rencontrées 

pour différents types d’aérosols rencontrés dans l’atmosphère (Fishwick et al., 2018; 

Mahowald et al., 2008; Sedwick et al., 2007). 
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Un autre paramètre intéressant à prendre en considération est l’effet du changement 

climatique sur la dissolution de nutriments, puisqu’il a été démontré que les variations de pH 

et de température impactent la solubilité de plusieurs nutriments tels que le Fe (Trimborn et 

al., 2017). Un réchauffement et une acidification de l’eau de mer de surface et de l’eau de 

pluie auraient donc potentiellement un effet positif sur la solubilité, mais il reste à déterminer 

si ces nutriments seraient également biodisponibles (Fishwick et al., 2018). De plus, les 

changements futurs tendent vers une augmentation de la stratification et donc un 

amincissement de la couche de mélange dans lequel se dissolvent les aérosols (Deppeler and 

Davidson, 2017), augmentant ainsi pour un même dépôt la charge particulaire dans l’océan de 

surface. Et finalement, les modifications de l’utilisation des sols par l’Homme tendent à 

transformer les paysages (dont l’étendue des zones arides) ce qui cause des modifications de 

la masse totale d’aérosols émise dans l’atmosphère ainsi que des modifications des 

proportions du type de dépôt (sec ou humide) (Allen et al., 2016).  

 

D’autres expériences au laboratoire non finalisées ou non réalisées dans le cadre de cette 

thèse, mais qui permettraient d’élargir la portée de ces travaux de recherche incluent : 

• L’impact d’un dépôt d’aérosols sur les processus de biosilicification et de dissolution 

des diatomées en se servant de l’approche isotopique de marquage du silicium (30Si) 

(Fripiat et al., 2009; Ragueneau et al., 2005). 

• La quantification de la réponse des diatomées à l’échelle cellulaire (avec l’analyse de 

la structure des thèques jusqu’à l’expression des gènes).  

On pourrait ainsi combiner des études du transcriptome à des analyses de morphologie des 

frustules, de croissance cellulaire et de métabolisme du silicium pour obtenir une 

compréhension plus précise de l’effet d’un apport atmosphérique de nutriments sur le 

développement de ce phytoplancton. 
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Abbreviations  

chemical elements dissolved form measuring units 

aX amorphous element X  L liter 

bX biogenic element X  g gram 

dX dissolved element X  m meter 

dX0 initial value of dX (in ARW or ASW)  mol mole 

LX Lithogenic element X   h hour 

    min minute 

Al Aluminum dAl  Δ delta = variation 

Ca Calcium dCa  ρ rho = rate 

Cd Cadmium dCd  °C degree Celsius 

Co Cobalt dCo  ppm part per million 

Cu Copper dCu    

Fe Iron dFe  power of 10 

K Potassium dK  T tera = 10^12 

Mg Magnesium dMg  G giga = 10^9 

Mn Manganese dMn  M mega = 10^6 

Mo Molybdenum dMo  k kilo = 10^3 

N Nitrogen NOx  m milli = 10^-3 

Na Sodium dNa  µ micro = 10^-6 

Ni Nickel dNi  n nano = 10^-9 

O Oxygen   p pico = 10^-12 

P Phosphorous DIP    

Si Silicon dSi    

Ti Titanium dT    

V Vanadium dV    

Zn Zinc dZ    

 

 

ARW artificial rainwater 

ASW artificial seawater 

AZ Antarctic Zone  

CBD citrate, bicarbonate, dithionite extraction method  

CC Creative Commons license 

Chl Chlorophyll 

DL detection limit 

DLe  experimental detection limit 

DMS diméthylsulfure  

DOM dissolved organic matter 

EC Evapocondensé 

HDPE high density polyethylene 

HNLC High Nutrients-Low Chlorophyll 
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HN-LSi-LC High Nitrate-Low Silicate-Low Chlorophyll 

HSVA hot spot volcanic ash  

ICP-AES inductively coupled plasma atomic emission spectroscopy  

ICP-MS inductively coupled plasma mass spectrometry 

IR-MS isotope ratio mass spectrometer  

LDPE low density polyethylene 

LNLC Low Nutrients-Low Chlorophyll 

MLD mixed layer depth 

nEC Non évapocondensé 

NSW natural seawater 

OISO Océan Indien Service d'Observations 

OM organic matter 

PC particle concentration 

PCA principal component analysis  

PE polyethylene 

PF Polar Front   

PFZ Polar Front Zone  

pH potential of hydrogen 

POC Carbone organique particulaire 

PP primary production 

RC reduction coefficient  

SAF Subantarctic Front  

SAZ Subantarctic Zone  

SD standard deviation 

SEMB South East Madagascar Bloom  

SF-ICP-MS sector field inductively coupled plasma mass spectrometer  

SIO South Indian Ocean 

SML surface mixed layer  

SO Southern Ocean 

SSA specific surface area  

St station 

STF South Tropical Front 

STZ South Tropical Zone 

SW sea water 

SZVA subduction zone volcanic ash  

Tchla total chlorophyll a 

TM trace metal 

XRD X-ray diffraction  
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Dissolution de macro- et micronutriments issus d’aérosols désertiques et volcaniques dans 

l’eau de pluie et eau de mer: Influence sur le phytoplancton de l’Océan Indien Austral 

Résumé 

Les aérosols constituent une source importante de macro- et micronutriments pour l’océan hauturier. 

Cependant, uniquement les nutriments dissous sont considérés comme biodisponibles, c’est-à-dire 

assimilables par le phytoplancton. Ainsi, la quantification de leur solubilité se révèle primordiale pour 

(i) estimer l’influence d’un dépôt d’aérosols sur le phytoplancton, et (ii) boucler les cycles 

biogéochimiques de ces éléments. Dans le cadre de cette thèse, nous avons établi des gammes de 

solubilité de deux types d’aérosols (désertique ou volcanique) selon le mode de dépôt (sec et humide), 

en intégrant la variabilité en fonction de l’origine des aérosols. Ainsi, le macronutriment silicium issu 

des poussières désertiques est plus soluble comparé aux cendres volcaniques (jusqu’à 0.7 % contre 

0.2 %), notamment via la dissolution du quartz. Le micronutriment fer se dissout majoritairement 

dans l’eau de pluie lors d’un dépôt humide des aérosols à l’océan via la dissolution 

d’aluminosilicates, avec une solubilité généralement inférieure à 0.14 % et 0.02 %, dans l’eau de 

pluie et eau de mer respectivement, et ce indépendamment du type d’aérosol. L’ensemble de ces 

résultats permet ainsi une révision des flux de nutriments atmosphériques à l’océan de surface qui 

pourra être in fine intégrée dans les estimations globales de modélisation biogéochimique. La réponse 

biologique suite à un apport de nutriments par voie atmosphérique a été déterminée dans l’Océan 

Indien Austral et les nutriments ont majoritairement profité à la communauté de diatomées, 

notamment au niveau du plateau de Kerguelen.  

Mots clés: macro- et micronutriments, silicium, fer, aérosols naturels, poussières désertiques, 

cendres volcaniques, solubilité, dissolution, Océan Indien Austral, phytoplancton. 

Macro- and micronutrient dissolution from desert and volcanic aerosols in rain and 

seawater: Impact on phytoplankton in the Southern Indian Ocean 

Abstract 

Aerosols are an important source of macro- and micronutrients for the open ocean. However, only 

dissolved nutrients are considered bioavailable, i.e., assimilable by phytoplankton. Thus, the 

quantification of their solubility is essential to (i) estimate the influence of aerosol deposition on 

phytoplankton, and (ii) closing the biogeochemical cycles of these elements. We thus established the 

solubility ranges of two types of aerosols (desert or volcanic) according to the deposition mode (dry 

and wet), by integrating the variability depending on the aerosol origin. Thus, the macronutrient 

silicon found in desert dust is more soluble compared to volcanic ash (up to 0.7 % against 0.2 %), in 

particular via the dissolution of quartz. The micronutrient iron dissolves mainly in rainwater during 

wet deposition of aerosols in the ocean via the dissolution of aluminosilicates, with solubilities 

generally below 0.14% and 0.02%, in rainwater and seawater respectively, regardless of the type of 

aerosol. Thus, these results allow a re-estimation of atmospheric nutrients fluxes to the surface ocean 

which could ultimately be integrated into global biogeochemical models. Finally; the biological 

response to an atmospheric nutrient input has been determined in the Southern Indian Ocean and the 

nutrients have mainly benefited the diatom community, especially at the Kerguelen plateau. 

Keywords: macro- and micronutrients, silicon, iron, natural aerosols, desert dust, volcanic ash, 

solubility, dissolution, Southern Indian Ocean, phytoplankton. 

 


