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Abstract 
The main objective of this thesis is to improve our understanding of the different controls that 

affect the oceanic biological carbon pump. Particulate export and remineralization fluxes were 

investigated using the thorium-234 (234Th) and biogenic barium (Baxs) proxies. 

In the North Atlantic, the highest particulate organic carbon (POC) export fluxes were 

associated to biogenic (biogenic silica or calcium carbonate) and lithogenic minerals, ballasting 

the particles. Export efficiency was generally low (< 10%) and inversely related to primary 

production, highlighting a phase lag between production and export. The highest transfer 

efficiencies, i.e. the fraction of POC that reached 400m, were driven by sinking particles 

ballasted by calcite or lithogenic minerals. 

The regional variation of mesopelagic remineralization was attributed to changes in bloom 

intensity, phytoplankton cell size, community structure and physical forcing (downwelling). 

Carbon remineralization balanced, or even exceeded, POC export, highlighting the impact of 

mesopelagic remineralization on the biological pump with a near-zero, deep carbon 

sequestration for spring 2014. 

Export of trace metals appeared strongly influenced by lithogenic material advected from the 

margins. However, at open ocean stations not influenced by lithogenic matter, trace metal 

export rather depended on phytoplankton activity and biomass. 

A last part of this work focused on export of biogenic silica, particulate nitrogen and iron near 

the Kerguelen Island. This area is characterized by a natural iron-fertilization that increases 

export fluxes. Inside the fertilized area, flux variability is related to phytoplankton community 

composition. 

 

Key words: oceanic biological pump, export, remineralization, carbon, trace elements, 

biogenic silica, calcium carbonate 
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Résumé 
L’objectif principal de cette thèse est de mieux comprendre les différents facteurs contrôlant la 

pompe biologique de carbone en Atlantique Nord et dans l’Océan Austral, à proximité des îles 

Kerguelen, en utilisant notamment deux approches: le Thorium-234 (234Th) et le baryum 

biogénique (Baxs). 

En Atlantique Nord, les flux d’export de carbone organique particulaire (POC) augmentent 

lorsqu’ils sont associés à des minéraux biogéniques (silice biogénique et carbonate de 

calcium) et lithogènes, capable de lester les particules. L’efficacité d’export, généralement plus 

faible que précédemment supposé (< 10%), est inversement corrélée à la production, 

soulignant un décalage temporel entre production et export. La plus forte efficacité de transfert, 

i.e. la fraction de POC atteignant 400m, est reliée à des particules lestées par du carbonate 

de calcium ou des minéraux lithogènes. 

Les flux de reminéralisation mésopélagique sont similaires ou parfois supérieurs aux flux 

d’exports et dépendent de l’intensité du développement phytoplanctonique, de la structure en 

taille, des communautés phytoplanctoniques et des processus physiques (advection verticale).  

Comme observé pour le POC, l’export des éléments traces est influencé par les particules 

lithogènes provenant des marges océaniques, mais aussi des différentes espèces 

phytoplanctoniques. 

Dans l’Océan Austral, la zone à proximité de l’île de Kerguelen est naturellement fertilisée en 

fer, augmentant les flux d’export de fer, d’azote et de silice biogénique. Il a été démontré que 

la variabilité des flux dépendait des communautés phytoplanctoniques dans la zone fertilisée. 

 

Mots clés: pompe biologique océanique, export, reminéralisation, carbone, éléments traces, 

silice biogénique, carbonate de calcium 
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Samenvatting 
De werking van de biologische koolstofpomp in de noordelijke Noord Atlantische Oceaan en 

in de zone aangrenzend aan Kerguelen eiland in de Sub-Antarctische Zuidelijke Oceaan werd 

bestudeerd.  

Er werd deelgenomen aan een campagne in de Noord Atlantische Oceaan waarbij een 

transect tussen Portugal en Newfoundland bemonsterd werd (GEOTRACES GA01; 

GEOVIDE, Mei-Juni 2014). Dit terreinwerk bood een ideale gelegenheid om de export van 

fotosynthetisch aangemaakt organisch koolstof, stikstof, silicium en een aantal 

sporeëlementen uit de oppervlakte oceaan naar de diepzee, alsook het heroplossen van deze 

elementen, te bestuderen door gebruik van de thorium-234 en biogeen barium proxies.  

De Noord Atlantische Oceaan wordt gekenmerkt door een recurrente algenbloei die een flux 

van biogene deeltjes naar de diepzee ondersteunt. De export van particulair organisch koolstof 

(POC) was het grootst in het westelijke Europese bekken en in de Labrador Zee, en bleek 

gerelateerd aan de aanwezigheid van biogene deeltjes zoals opaal en calcium carbonaat, 

maar ook van lithogene deeltjes, componenten die een ballast effect uitoefenen tijdens de 

bezinking van partikels. Daar dit ballast effect kleiner is voor opaal dan voor calcium carbonaat 

wordt de exportefficiëntie van POC naar de diepzee mede bepaald door de samenstelling van 

het fytoplankton. De export uit de eufotische zone bleef algemeen echter vrij laag (<10% van 

de primaire productie) en bleek zelf geanticorreleerd met lokale primaire productie, wat niet 

enkel duidt op een fase-shift van koolstofproductie en -export, maar eveneens op het feit dat 

de biopomp in de Noord Atlantische Oceaan niet zo efficiënt werkt als eerder gedacht. De 

grootste POC transfer efficiënties naar dieptes > 400m werden waargenomen met calcium 

carbonaat en lithogeen materiaal als ballast. Export van sporemetalen (Fe, Zn, Mn) bleek, 

zoals vastgesteld voor POC, sterk beïnvloed door de aanwezigheid van lithogeen materiaal 

aangevoerd vanaf kontinentale hellingen. Voor open oceaan sites echter, is de activiteit en 

biomassa van fytoplankton een belangrijke factor die de export van sporemetalen stuurt. 

Remineralisatie in de mesopelagische waterkolom varieerde aanzienlijk, te wijten aan 
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intensiteit van de bloei, samenstelling van de fytoplanktongemeenschap en cel grootte, alsook 

heersende hydrodynamische condities. Mesopelagische remineralisatie van POC bleek, in 

tegenstelling tot de verwachting, even groot en in sommige gevallen zelfs groter dan de POC 

export flux. Dit kan verklaard worden door het feit dat bij de bepalingen van primaire productie 

en remineralisatie, deze processen over verschillende tijdsschalen geïntegreerd worden. 

Algemeen echter duiden onze waarnemingen op het grote belang van het 

remineralisatieproces als onderdeel van de biopomp, waarbij blijkt dat tijdens de lente 2014 

haast geen organisch koolstof uitgevoerd werd naar de diepzee.  

Eveneens werd de werking van de biopomp in de nabijheid van Kerguelen eiland bestudeerd, 

een gebied dat op natuurlijke wijze gefertiliseerd wordt met ijzer (Zuidelijke Oceaan; KEOPS2 

expeditie; zuidelijke hemisfeer lente 2011). Deze natuurlijke fertilisatie ondersteunt een 

recurrente algenbloei die zich tot 1000 km stroomafwaarts van het eiland uitstrekt. Fe-

fertilisatie leidt tot verhoogde export van POC, particulair stikstof, opaal, en particulair Fe, 

waarbij de samenstelling van de fytoplanktongemeenschap een belangrijke sturende factor is.  

Dit werk is één van de eerste waarbij zowel export als remineralisatie bestudeerd werden in 

de Noord Atlantische Oceaan. Hierdoor vormt het een referentie voor toekomstige studies van 

de biologische pomp in dit gebied. Een bijkomende originaliteit van het werk betreft de 

vergelijkende studie van de biopomp werking in een Sub-Arctisch en een Sub-Antarctisch 

system 

Sleutelwoorden: biologische koolstofpomp, export, remineralisatie, koolstof, 

sporeëlementen, biogeen silicium, calcium carbonaat  
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1.1. The Carbon cycle 

1.1.1. Global carbon cycle 

The global carbon cycle is a biogeochemical cycle involving carbon exchanges between land, 

atmosphere, and ocean (Figure 1.1). These reservoirs are characterized as sources or sinks 

for atmospheric CO2 and any shifts in the cycle can result in temperature changes on Earth 

(e.g. Cox et al., 2000).  

 

Figure 1.1: The global carbon cycle. Arrows represent the fluxes in gigatons of carbon per year and the 
boxes represent the reservoirs in gigatons of carbon. Black values are natural fluxes and red are 
anthropogenic contributions (Diagram from http://www.ipcc.ch/, modified from (Sabine et al., 2004; 
Sarmiento, 2002). 

 

 

Since the beginning of the industrial revolution in the 19th century, CO2 concentrations in the 

atmosphere have dramatically increased from 277 ppm (Joos and Spahni, 2008) to 404 ppm 

in November 2016, recently recorded at Mauna Loa station (Hawaii, USA; 

https://www.co2.earth/). This increase is mainly caused by fossil fuel combustion, cement 

manufacturing and changes in land use (Crowley, 2010). About 29% of this anthropogenic CO2 

emission is absorbed by terrestrial biosphere and 26% by ocean (Le Quéré et al., 2015, 2009). 

The ocean’s heat capacity is about 1,000 times larger than that of the atmosphere, and the 

oceans net heat uptake since 1960 is around 20 times greater than that of the atmosphere 

http://www.ipcc.ch/
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(Levitus et al., 2005). This large amount of heat, which is mainly stored in the upper layers of 

the ocean, can be transported by ocean currents inducing an important effect on regional 

climates. At a global scale, the large-scale Meridional Overturning Circulation (MOC; also 

referred to as thermohaline circulation) induces variations at seasonal to decadal time scales 

(e.g., Vellinga and Wood, 2002). Life in the sea is dependent on the biogeochemical status of 

the ocean and is also influenced by changes in the physical state and circulation. Changes in 

ocean biogeochemistry can directly feed back to the climate system, for example, through 

changes in the uptake or release of radiatively active gases such as carbon dioxide. The ocean 

is thus a primordial reservoir to investigate in order to better understand the global carbon 

cycle (Figure 1.1) as it strongly participates to the CO2 regulation. 

1.1.2. Marine carbon cycle 

The ocean is the major carbon reservoir (Figure 1.1), storing ~ 38 Teratones of carbon, under 

four chemical forms, namely dissolved inorganic carbon (DIC), dissolved organic carbon 

(DOC), particulate inorganic carbon (PIC) and particulate organic carbon (POC) resulting in a 

complex internal cycle as shown in Figure 1.2. Exchanges with the atmosphere are a key 

component of the marine carbon cycle and are promoted by the high solubility of gaseous CO2 

in the surface ocean. This gas exchange depends on many factors such as biology, 

temperature, wind speed, precipitation, waves or sea-ice cover (Nightingale et al., 2000; 

Shutler et al., 2016; Wanninkhof and McGillis, 1999;  

http://www.esa.int/spaceinvideos/Videos/2016/02/Carbon_flux) and aqueous CO2 in the 

surface ocean can exchange back to the atmosphere. More importantly, aqueous CO2 can 

also undergo various transformations that contribute to its redistribution into the ocean interior.  

 

This carbon redistribution occurs on different timescales. 

The fast marine carbon cycle represents a rapid CO2 interchange between the surface ocean 

and the atmosphere (time scales of days; Heinze et al., 2015), and is mediated through 

phytoplankton photosynthesis. A fraction of the organic matter produced by this process can 

http://www.esa.int/spaceinvideos/Videos/2016/02/Carbon_flux
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be then consumed by zooplankton or bacteria and the respired carbon can return to the 

atmosphere. Another short term exchange of carbon between ocean and atmosphere results 

from the diffusion of CO2 across the air-sea interface, in both directions (timescale of minuts) 

The thermohaline circulation, can store carbon for centuries (Kuhlbrodt et al., 2007; IPCC 

Report, 2007) as dissolved CO2 in the surface ocean is transferred to the deep ocean via the 

subduction of dense water masses in high latitudes and stays in the deep ocean for years to 

centuries before the water is mixed back to the surface where warmer waters release the CO2 

back to the atmosphere. 

Finally, the long-term marine carbon cycle is regulated by the quantity of particulate organic 

carbon reaching the sediments. Only a minor fraction of this organic matter, produced in 

surface waters, is buried in the deep-sea sediments over geological timescales (million years; 

IPCC Report, 2007; Heinze et al., 2015).  

Four ocean carbon pumps are recognized to deplete the ocean surface of carbon relative to 

the deep ocean: the solubility pump, the biological pump, the carbonate pump and the recently 

proposed microbial pump (Honjo et al., 2014; Jiao et al., 2010; Legendre et al., 2015; 

Sarmiento, 2002; Sigman and Boyle, 2000; Turner, 2015; Volk and Hoffert, 1985). 

 



Chapter 1 

27 
 

 

Figure 1.2: The four ocean carbon pumps: The solubility pump, i.e., the dissolution of atmospheric CO2 
in surface waters (1), followed by deep mixing of the CO2-rich water and sequestration (2); The 
carbonate pump, i.e., the bio-precipitation of CaCO3 (or PIC) in the upper water column which is 
accompanied by the release of CO2 (3), followed by the sinking of bio-mineral particles to depth where 
their carbon is sequestered (4); The biological pump, i.e., the photosynthetic uptake of carbon by 
phytoplankton and its transformation by the food web in the euphotic zone, including respiration (6) and 
loss to the atmosphere (7), followed by transfer of particulate organic carbon (POC) into deep waters 
where it is sequestered (8). During the downward transit from 100 to 1000m, CO2 is released in the 
water column by dissolution of part of sinking CaCO3 (5) and remineralization of part of the POC that is 
transferred to depth (9). The production of recalcitrant DOC (RDOC) and semi-refractory DOC (SRDOC) 
with a life time ≥ 100 years (i.e., DOC>100) presumably by microbial activity, will sequester ocean carbon 
because their lifetimes are ≥ 100 years (10). The small numbers in full circles identify arrows in the 
figure. (Modified from Legendre et al., 2015). 

 

1.1.2.1. The solubility pump 

The solubility pump starts with the dissolution of atmospheric CO2 into seawater which is the 

difference between the fugacity of CO2 in the seawater and the atmosphere. The disequilibrium 

between oceanic and atmospheric CO2 is shown in Figure 1.3 representing the CO2 partial 

pressure difference across the air-sea interface (ΔpCO2). ΔpCO2 indicates if CO2 is absorbed 

into the ocean from the atmosphere (under-saturation, negative values) or if CO2 is released 

from the ocean to the atmosphere (over-saturation, positive values). 
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Figure 1.3: Global map of annual sea to air CO2 exchanges (in µatm; Sarmiento and Gruber, 2006). 

 

 

The atmospheric gaseous CO2 is dissolved and transformed into DIC within the surface ocean 

(right part of Figure 1.2): it becomes aqueous and is transformed in carbonic acid (H2CO3), 

itself in equilibrium with carbonate (CO32-) and bicarbonate (HCO3-) ions (Equation 1.1). This 

last form is the most abundant in seawater, representing more than 94% of total DIC (Equation 

1.2). In parallel, we can note that CO2 absorption increases the ocean acidity by adding H+ 

ions in solution. Indeed, sea surface pH increased by about 0.1 pH units since the beginning 

of the industrial revolution (Caldeira and Wickett, 2003). 

CO2 (g) + H2O ↔ CO2 (aq) + H2O ↔ H2CO3 ↔ H+ + HCO3- ↔ 2H+ + CO32-      (Equation 1.1) 

CO2 (aq) + H2O + CO32- → 2 HCO3-     (Equation 1.2) 

At high latitudes, where temperature is low and CO2 is more soluble (Figure 1.3), the DIC can 

be transferred to the deep ocean through deep water formation. The depth at which DIC is 

transported via the circulation is important as the DIC can be sequestered by ocean, i.e. not 

exchangeable with atmosphere, for longer time scales, from weeks in surface to centuries at 

3000 m depth. 
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1.1.2.2. The biological pump 

In 1934, Redfield noticed that the growth, sinking and remineralization of phytoplankton 

generate a difference of carbon concentrations between surface and deep waters. This 

difference was named “soft-tissue carbon pump” by Volk and Hoffert (1985) better known 

nowadays as the biological carbon pump (BCP). The biological pump is a suite of biologically 

mediated processes (left part of Figure 1.2) that consist of surface production and subsequent 

sinking and remineralization of organic matter (Figure 1.4). These steps are described in 

details in section 1.2.1. 

 

Figure 1.4: Simplified view of the biological carbon pump (S. Hervé, IUEM). 

 

In surface waters, phytoplankton assemblages take up nutrients and DIC during 

photosynthesis and convert it into particulate organic matter (POM) and biomineral compounds 

(calcium carbonate, also named calcite - CaCO3, for coccolithophores or biogenic silica, also 

named opal – BSi, for diatoms). Photosynthesis is a reductive chemical reaction transforming 

CO2 and H2O into organic molecules (e.g. sugars; Equation 1.3). 

6CO2 + 6H2O + light   →   C6H12O6 + 6O2    (Equation 1.3) 
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This carbon fixation, also defined as primary production (PP) in surface waters, produces 

particulate organic carbon (POC) which can then be exported to the deep ocean through the 

sinking of organic particles.  

This organic matter can be consumed by zooplankton through grazing, which then excretes 

fecal pellets and DOC. POC can also be remineralized from the particulate to the dissolved 

phase, and oxidized from the organic to the inorganic form (DIC) through bacterial activity or 

zooplankton respiration. If this remineralization occurs in the surface ocean, the released CO2 

can be then transferred back to the atmosphere.  

As a result, only a small fraction of POC (< 0.1 Pg C.year-1) reaches the seabed, trapping the 

carbon for thousands to hundreds of thousand years (Sabine and Feely, 2007). 

1.1.2.3. The carbonate pump 

Another important part of the biological pump involves the formation of PIC via the precipitation 

of calcium carbonate by specific plankton species such as coccolithophores, foraminifera and 

pteropods (e.g. Emilio et al., 1993). These calcifying species directly use DIC to synthesize 

their carbonate shell, thereby releasing CO2 (Equation 1.4). This process is known as the 

carbonate counter pump (left part of Figure 1.2). 

Ca2+ + 2HCO3- ↔ CaCO3 + CO2 + H2O       (Equation 1.4) 

The precipitation of carbonates results in an increase of the surface ocean pCO2 (Frankignoulle 

et al., 1993) on timescales of 100-1000 years (Zeebe, 2012). However, an opposite effect of 

the carbonate counter pump is the increased organic carbon export flux to the deep ocean (0.1 

Pg C.year-1; Sabine and Feely, 2007), ballasted by the calcium carbonate (Francois et al., 

2002). 

1.1.2.4. The microbial pump 

The majority of the organic matter is remineralized by respiration, releasing CO2 back to the 

atmosphere. However, a large reservoir of dissolved organic carbon (DOC) exists, in which 

95% is recalcitrant DOC (RDOC). Being resistant to biological decomposition, the RDOC can 

persist in the ocean for at least 100 years and represents thus a reservoir for carbon. The 
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origin of this RDOC is still misunderstood but some authors have suggested that RDOC may 

be formed by the microbes ‘pumping’ the bioavailable DOC into this RDOC (Jiao et al., 2010; 

Legendre et al., 2015). 

 

Physical transfers of carbon via the solubility pump are one order larger in magnitude than the 

carbon export via the biological pump (265 Pg C.yr-1 compared to 11 Pg C.yr-1) but in obduction 

regions, the carbon related to the solubility pump is released back to the atmosphere              

(276 Pg C.yr-1; Levy et al., 2013). 

Sarmiento and Gruber (2006) have compared the impact of the oceanic pumps on the surface-

to-deep gradient of DIC concentrations (ΔsDIC; Figure 1.5). The authors have estimated that 

the biological carbon pump (ΔCsoft) is responsible for 70% of the DIC increase in the deep-

waters whereas the solubility pump (ΔCgas-ex) and the carbonate counter pump (ΔCcarb) account 

for 10 and 20% respectively of the observed gradient. This finding clearly highlights that the 

biological carbon pump is the most important process controlling the distribution of DIC in 

ocean and therefore the atmospheric CO2 concentrations.  

 

Figure 1.5: Contribution of the different carbon pump components (the solubility pump ΔC gas-ex; the 
carbonate counter pump ΔC carb; and the biological carbon pump ΔC soft) to DIC increase in the deep 
ocean (Gruber and Sarmiento, 2006). 

 

In the following section, the biological pump will be at the core of the different chapters. 
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1.2. The biological carbon pump 

1.2.1. General view 

The first step of the BCP occurs in the surface ocean, where phytoplankton species, which are 

photoautotrophic organisms, use energy from sunlight to synthesize complex organic 

compounds such as carbohydrates, lipids and proteins. This is known as primary production. 

Phytoplankton can be eukaryotes (the cell contains a nucleus and other organelles enclosed 

within membranes) such as the opal-secreting diatoms, prymnesiophytes (including the 

CaCO3-secreting coccolithophores) and dinoflagellates; or prokaryotes (the cell lacks a distinct 

nucleus and membrane bound organelles) such as cyanobacteria (Sigman and Hain, 2012).  

In addition to carbon, phytoplankton require a wide range of nutrients, many of which become 

limiting in certain regions of the ocean, exerting a significant control on surface ocean 

production and ultimately the efficiency of the BCP (Moore et al., 2013).  These elements are 

presented in section 1.2.2.1. Other controls of the primary production in surface waters include 

the dissolved CO2 concentrations, temperature, stratification of the water column, and grazing. 

The second step of the BCP is the export of organic matter from the sunlit surface ocean to 

depth through different types of vertical transfer: 1) the passive sinking of particles and 

aggregates, 2) the physical advection and diffusion between the surface and the deep ocean 

and 3) the daily vertical migration of zooplankton, grazing phytoplankton, ingesting thus the 

associated-chemical elements in the surface ocean and then excreting fecal pellets after their 

descent to mesopelagic depths (100-1000 m). Sinking particles transport carbon but also all 

the other elements composing POM, previously incorporated as nutrients by phytoplankton. 

The export occurs when there is an excess density of the POM, i.e. when the density of the 

POM is greater than the density of seawater. This generally occurs at the death of organisms 

but most phytoplankton cells are too small to sink individually, so sinking occurs once they 

aggregate into larger particles or are repackaged into fecal pellets by zooplankton. The 

biogenic minerals (BSi and CaCO3), as well as the lithogenic minerals (dust, clay particles), 

can be incorporated into aggregates, thereby increasing the excess density of settling particles 
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and inducing an increase of the settling velocity (De La Rocha and Passow, 2007; Honjo, 1996, 

see in section 1.2.2.1).  

Once formed, settling particles also face the possibility of decomposition through consumption 

and respiration by herbivorous zooplankton and degradation by bacteria: it is the third 

component of the BCP. Most of these recycling processes take place within the upper 500m 

of the water column (Guidi et al., 2009). The remineralization rates of the different elements 

composing the particles can be influenced by a wide range of processes (e.g. Boyd et al., 

2010; Twining et al., 2014). For example, carbon (C), nitrogen (N) and phosphorous (P) are 

remineralized faster and hence at shallower depths than the biomineral silicon (Si) (Boyd et 

al., 2010; Boyd and Trull, 2007; Twining et al., 2014). This can be explained by the presence 

of Si in opal frustule of diatoms that are protected of the degradation by an organic coating 

(Bidle and Azam, 1999) whereas P, N or C are associated to the organic matter. The different 

remineralization length scales are thus regulated by the lability of the material, which likely 

depends on the chemical composition of the sinking particles, with lithogenic, opal or 

calcareous materials more resistant to the degradation (Boyd et al., 2010). Moreover, sinking 

particles can be progressively enriched in trace elements such as iron (Fe) relative to C, N or 

P with depth (Boyd et al. 2010; Twinning et al. 2014) due to scavenging of any freshly released 

Fe back onto particles (Boyd et al. 2010). Such mechanisms induce different remineralization 

rates that can have a strong feedback on surface processes, in particular influencing the 

concentrations of micro- and macronutrients, locally or, through interactions with the large 

scale oceanic circulation.  

The net result of these three components of the BCP is that a relatively small fraction (1%, 

Martin et al., 1987, Figures 1.3 and 1.6) of the primary production is exported to deep waters 

or even to sediments. As shown on Figure 1.6, the POC flux generally decreases exponentially 

with depth as more than 50% of the primary production in the euphotic zone is grazed or 

degraded by microbes and bacteria. 
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Figure 1.6: Schematic view of the decrease of the downward POC flux with depth (Lampitt et al., 2008). 

 

Therefore, it is important to determine POC fluxes from the surface to the deep sea in order to 

assess the efficiency of the BCP. This efficiency will depend on the amount of primary 

production in surface waters, itself depending on nutrient and light availability; the rate at which 

the particles sink, depending on their size and density; and the degradation rate of organic C 

and other elements composing the particles, following grazing and remineralisation.   

 

1.2.2. Influencing factors 

1.2.2.1. Chemical controls 

- Macro- and micro-nutrients availability 

To grow, phytoplankton requires chemical elements, which are typically identified as nutrients 

(Sigman and Hain, 2012). Nutrients can be divided in two categories: macro- and micro-

nutrients, this distinction being made by their concentration in seawater (µmol.L-1 and       

nmol.L-1 to pmol.L-1, respectively). In the following, the cycle of the elements of interest are 

briefly described. 
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 Macronutrients 

Redfield et al. (1963) discovered that relatively invariant elemental ratios of C, N, and P found 

in marine organisms are intimately entwined with the co-variation (106C:16N:1P) of these 

elements in the ocean.  

Dissolved phosphorous is present in seawater under the phosphate form (PO43-; < 0.1 – 3.0 

µmol.L-1). Important inputs of PO43- are delivered through riverine runoff, atmospheric 

deposition and submarine groundwater discharge (e.g. Paytan and McLaughlin, 2007). In polar 

areas, ice sheets could also bring large quantities of P in solution (Hawkings et al., 2016). 

These PO43- sources fuel phytoplankton blooms in surface waters but in some regions, like in 

the subtropical Sargasso Sea, P has been reported to limit the phytoplankton developments 

(Wu et al., 2000). Phosphorus is easily remineralized in the water column (Clark and Ingall, 

1998), and its preferential remineralization compared to C is explained by the more labile 

nature of organic compounds containing P (Berner, 1980).  

Inorganic nitrogen is mainly present in the marine system as nitrate (NO3-) but also under other 

forms such as ammonium (NH4+), nitrite (NO2-), nitrous oxide (N2O), nitric oxide (NO) and 

dinitrogen (N2) and is brought through the rivers, the atmospheric depositions or the N2 fixation 

(Capone et al., 2005; Gruber, 2008). Ammonium (< 0.3 – 1.2 µmol.L-1) is the preferred source 

of nitrogen for phytoplankton because its assimilation requires less energy (Zehr and Ward, 

2002). Nitrate uptake requires more energy but since nitrate concentrations are more abundant 

in the ocean (< 1 - 35 µmol.L-1), most phytoplankton have the enzymes to initiate the reduction 

of NO3- in order to grow (nitrate reductase), with the exception of prokaryote species such as 

Synechococcus (Moore et al., 2002). Phytoplankton can also use NO2- as a nitrogen source 

but its concentration in the ocean is usually low (< 0.2 – 1.5 µmol.L-1). Another important source 

of N, when the other forms are exhausted or when the N/P ratio is not “Redfieldian”, (with P 

being in excess compared to N in Redfield stoichometry) is via the biological N2 fixation which 

transforms N2 into PON. Organisms able to fix dissolved N2, called diazotrophs, are found 

among free and/or symbiotic cyanobacteria some filamentous such as bloom forming 
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Trichodesmium spp. (Capone et al., 1997; Carpenter et al., 1999), Richelia (Foster et al., 2007; 

Foster and Zehr, 2006) and others unicellullar diazotrophic cyanobacteria (Zehr et al., 2001) 

as well as heterotrophic bacteria (Zehr et al., 1998). Once phytoplankton has satisfied its 

nitrogen demand for growth, the different dissolved nitrogen forms are transformed in PON. 

Most of the PON is returned back to dissolved inorganic nitrogen by remineralization processes 

generated by bacteria: ammonification transforming PON to NH4+, nitrification transforming 

NH4+ to NO2- (ammonium oxidation) and then NO2- to NO3- (nitrite oxidation or true nitrification). 

In the ocean, the fluxes of PON to the seabed are small. The major sink for nitrogen is the 

denitrification transforming the NO3-  into N2 in low oxygen environment (oxygen minimum 

zones, shelf or margin sediments), leading to a nitrogen loss through the atmosphere 

(Galloway et al., 2004; Gruber, 2004). In addition, nitrogen is also lost as N2O produced during 

the nitrification as well as during denitrification. 

Silicic acid (H4SiO4 or dSi) is also considered as a macronutrient and is particularly essential 

for some plankton taxa known as silicifiers such as diatoms (autotrophic phytoplankton), 

silicoflagellates and radiolarians (heterotrophic zooplankton), as they use it to build their shells 

which is then referred as biogenic silica (BSi or bSiO2). Silicic acid is brought to the ocean 

essentially via the rivers (about 66% of the total net inputs, Tréguer and De La Rocha, 2013) 

and its concentrations vary from < 0.2 to 170 µmol.L-1. In the world ocean, 56% of BSi is 

recycled in the upper 100m and the remaining fraction is transported to the deep ocean where 

BSi can also undergo dissolution. Only 3% of BSi is estimated to reach the seafloor (Tréguer 

and De La Rocha, 2013). 

Micronutrients 

Other elements, such as the following metals: Fe, Zn, Mn, Ni, Cu, Co, Cd, Mo that are present 

at subnanomolar concentrations in seawater exert a key role in many metabolic processes 

(Table 1.1) and are referred as key micronutrients. As a result, the oceanic trace element 

biogeochemical cycles have been intensely studied over the past decade (e.g. see review in 

SCOR working group, 2007). Their sources are very diverse being atmospheric (e.g. Jickells 
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et al., 2005; Shelley et al., 2015), riverine (e.g. de Baar and Jong, 2001), sedimentary (e.g. 

Bruland and Lohan, 2008), hydrothermal (e.g. Tagliabue et al., 2010), cold seep vents (e.g. 

Lemaitre et al., 2014), ice melting (e.g. Lannuzel et al., 2011), anthropogenic (e.g. Gao et al., 

2014), groundwater discharge (e.g. Trezzi et al., 2016), extraterrestrial (e.g. Johnson, 2001) 

or volcanic activity (e.g. Achterberg et al., 2013), shelves (Elrod et al., 2004). However, only a 

small fraction of trace metals originating from these sources is soluble in seawater and 

accessible to the phytoplankton. In the surface, a significant fraction of trace metals is bound 

to strong organic complexes, that increase their solubility and can favor their bioavailability 

(e.g. Gledhill and Buck, 2012; Rue and Bruland, 1995). Some trace metals are easily 

scavenged onto particles and are subsequently removed from the surface waters when 

particles sink. In the mesopelagic layer, trace metals are also affected by bacterial activity, at 

different remineralization rates. For example, Twining et al. (2014) have shown that Ni or Zn 

were remineralized faster than Fe.  

 

Metal Protein(s) Function(s) 

Fe 

Cytochromes  Electron transport in photosynthesis and respiration 

Ferredoxin Electron transport in photosynthesis and N fixation 

Other Fe-S proteins Electron transport in photosynthesis and respiration 

Nitrate and nitrite 

reductase  
Conversion of nitrate to ammonia 

Chelatase  Porphyrin and phycobiliprotein synthesis 

Nitrogenase  N fixation 

Catalase  Conversion of hydrogen peroxide to water 

Peroxidase  Reduction of reactive oxygen species 

Superoxide dismutase  Disproportionation of superoxide to hydrogen peroxide and O2 

Zn 

Carbonic anhydrase  Hydration and dehydration of carbon dioxide 

Alkaline phosphatase  Hydrolysis of phosphate esters 

RNA polymerase  Nucleic acid replication and transcription 

tRNA synthetase  Synthesis of tRNA 

Reverse transcriptase  Synthesis of single-stranded DNA from RNA 

Carboxypeptidase  Hydrolysis of peptide bonds 

Superoxide dismutase  Disproportionation of superoxide to hydrogen peroxide and O2 
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Metal Protein(s) Function(s) 

Mn  

O2-evolving enzyme  Oxidation of water during photosynthesis 

Superoxide dismutase  Disproportionation of superoxide to hydrogen peroxide and O2 

Arginase  Hydrolysis of arginine to ornithine and urea 

Phosphotransferases  Phosphorylation reactions 

Ni  
Urease  Hydrolysis of urea 

Superoxide dismutase  Disproportionation of superoxide to hydrogen peroxide and O2 

Cu  

Plastocyanin  Photosynthesis electron transport 

Cytochrome oxidase  Mitochondrial electron transport 

Ascorbate oxidase  Ascorbic acid oxidation and reduction 

Superoxide dismutase  Disproportionation of superoxide to hydrogen peroxide and O2 

Multicopper ferroxidase  High-affinity transmembrane Fe transport 

Co  Vitamin B12 C and H transfer reactions 

Cd  Carbonic anhydrase Hydration and dehydration of carbon dioxide 

Mo  
Nitrate reductase Conversion of nitrate to ammonia 

Nitrogenase  N fixation 

Table 1.1: Common metalloproteins present within marine phytoplankton and associated functions 
(from Twining and Baines, 2013). 

 

 

Some oceanic areas are particularly productive owing to the availability of all essential 

elements described above due to their close vicinity to the sources (e.g. estuaries, coastal 

areas) or favored by physical processes (e.g. coastal upwelling, mixing of nutrient-rich water 

masses). 

However, two broad regimes of phytoplankton nutrient limitations exist in the upper ocean 

(Figure 1.7). The first one is dependent on nitrogen and phosphorus availability, which mainly 

occurs at low latitudes characterized by a slow supply of nutrients from the sub-surface. These 

areas are defined as low nutrient low chlorophyll (LNLC). The second one is intimately linked 

to iron availability, which is limiting in vast regions of Southern Ocean, Eastern Equatorial 

Pacific, North Pacific and North Atlantic, where in contrast to Fe, N and P nutrients are not 

limiting. These areas are defined as high nutrient low chlorophyll (HNLC). 

Vitamins and other micro nutrients can also limit marine phytoplankton (Moore et al., 2013; 

Morel, 2003; Swift, 1981; Wu et al., 2000; Figure 1.7). 
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 Figure 1.7: Patterns of nutrient limitation. Backgrounds indicate annual average surface concentrations 
of nitrate (a) and phosphate (b) in µmol.kg-1.To assist comparison, nitrate is scaled by the mean N:P 
ratio of organic matter (that is divided by 16). Symbols indicate the primary (central circles) and 
secondary (outer circles) limiting nutrients as inferred from chlorophyll and/or primary productivity 
increases following artificial amendment of: N (green), P (black), Fe (red), Si (orange), Co (yellow), Zn 
(cyan) and vitamin B12 (purple). Divided circles indicate potentially co-limiting elements. White outer 
circles indicate that no secondary limiting nutrient was identified, which will be because of the lack of a 
test (from Moore et al., 2013). 

 

These nutrient limitations directly impact the phytoplankton development and more generally, 

the ecosystem structures, resulting in a change of the 106C:16N:1P Redfield ratio. Indeed, 

spatial variations in the elemental stoichiometry of phytoplankton have been observed due to 

supply and limitation of nutrients but also due to specific uptake by the different phytoplankton 

communities (Hagstrom et al., 2016; Martiny et al., 2013; Rembauville et al., 2016a; Teng et 

al., 2014; Weber and Deutsch, 2010). 

It is typically the case for the Southern Ocean which is isolated from any major iron sources, 

inducing a limited primary production (Martin, 1990). However, in this HNLC Southern Ocean, 

diatoms (the major phytoplankton group in this region) can develop important adaptive 

strategies to these particular conditions (Boyd et al., 2007; de Baar, 2005), such as a heavily 

silicified and thick shell, a slower growth rate and a high iron storage capacity (Boyd, 2013).  

A nutrient limitation, as seen above, drives the succession of the phytoplankton communities. 

In the North Atlantic, for example, a strong diatom bloom usually thrives during spring, 

consuming the available nutrients. When silicic acid levels are depleted, there is then a 

transition from diatoms to coccolithophores (Henson et al., 2006; Sanders et al., 2014). 

Moreover, at the end of the productive period, a Fe limitation or co-limitation with silicic acid 
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has also been reported (Nielsdottir et al., 2009) inducing seasonal HNLC conditions in this 

area.  

These different limitations have broad implications for the oceanic ‘biological pump’ that links 

nutrient and carbon cycling.  

- Suspended “ballast” mineral 

Ballast minerals, including lithogenic minerals (e.g. dust, clays) and biogenic minerals (BSi and 

CaCO3), are important for the settling of POM to depth. Indeed, the density of the organic 

matter (≈ 1.05 g.cm-3) is almost the same as seawater (≈ 1.03 g.cm-3) and thus particles require 

a “ballast” effect to sink. Biogenic mineral ballast are mainly calcium carbonate (CaCO3) and 

biogenic silica (bSiO2) that form the shells of coccolithophores, pteropods, foraminifers for the 

former, and of diatoms and radiolarians respectively (Lam and Bishop, 2007). Calcite density 

is 2.71 g.cm-3, opal density is 2.1 g.cm-3 and lithogenic material density can reach 2.65 g.cm-3 

(e.g. quartz; Klaas and Archer, 2002). Some authors have proposed a relationship between 

the POC flux and the flux of ballast minerals in deep sediment traps (Armstrong et al., 2002; 

Francois et al., 2002; Klaas and Archer, 2002; Figure 1.8) as well as in the upper water column 

(Sanders et al., 2010; Thomalla et al., 2008).  

 

Figure 1.8: Correlations between POC and mineral fluxes collected in 52 sediment traps below 1000 m 
and around the world ocean (Klaas and Archer, 2002). 

 

The biogenic and lithogenic minerals have the potential to control the fraction of primary 

production that reaches the seabed by protecting the organic matter from oxidation, by initiating 
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a more rapid aggregation or by increasing density and in fine, sinking velocity (Armstrong et 

al., 2002; Le Moigne et al., 2013b). The transfer efficiency of POC to the deep ocean has been 

strongly related to the calcite flux (François et al., 2002) because calcite is denser, more 

abundant than opal and clays (Klass and Archer, 2002) and is susceptible to dissolve less than 

opal in the upper water column (Nelson and Brzezinski, 1997). A recent study has also 

highlighted the importance of calcium carbonate to export POC in the Southern Ocean (Salter 

et al., 2014), where the carbon export has usually been attributed to large and heavily silicified 

diatoms. Nonetheless, diatoms represent an important vector of carbon export as they carry 

out half of the primary production in the world ocean (Buesseler, 1998; De La Rocha and 

Passow, 2007; Tréguer et al., 1995). 

Finally, recent studies have demonstrated that the effect of ballast minerals on the POC flux 

varies regionally (Frédéric A C Le Moigne et al., 2014; Le Moigne et al., 2012). In the high-

latitude North Atlantic, mineral ballasting seems to be important with 60% of the POC flux 

associated with minerals (on average, mostly CaCO3 and BSi) whereas this fraction is only 

about 40% in Southern Ocean (on average, mostly BSi). The remainder of the export flux is 

unballasted, suggesting that the association between POC and minerals is not always 

necessary to promote the export of organic matter. In this case, low export efficiencies due to 

the easier degradation of the unballasted POC have been reported (e.g. Le Moigne et al., 

2012). However, some discrepancies have been observed, indicating that other parameters 

such as low microbial activity or large zooplankton migration can impact the magnitude of 

surface export (Le Moigne et al., 2016). 

 

1.2.2.2. Biological controls 

Spatial variations in phytoplankton size structure are known to exert a control on the magnitude 

of the POC export flux (Boyd and Newton, 1999) and high POC exports are usually related to 

a greater size of the sinking phytoplankton cells (Alldredge and Silver, 1988; Guidi et al., 2009). 

In addition to the size structure, the composition of the phytoplankton community has been 
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shown to influence the magnitude of the biogeochemical export fluxes. As seen in the previous 

section, diatoms and calcifying species are important vectors of carbon export, as their ‘hard 

parts’ (BSi and CaCO3, respectively) can be incorporated into aggregates and increase the 

excess density of suspended particles provoking an increase of the sinking velocity (Honjo, 

1996). The life stage of the certain phytoplankton communities can also influence the 

magnitude of the export fluxes. For example, the formation of diatom resting spores has been 

shown to strongly enhance the deep carbon export (Rembauville et al., 2016b, 2015a; 

Rynearson et al., 2013; Salter et al., 2012). The succession of the different phytoplankton 

communities as well as the succession of the different life stages can be triggered by a nutrient 

limitation (see section 1.2.2.1; Sugie and Kuma, 2008) but also by turbulence (Margalef, 1978) 

or light changes (Lasbleiz et al., 2016). 

The magnitude and the fate of the primary production exported from surface waters to deeper 

depths are also related to remineralization processes that are led by zooplankton and bacteria 

activities in the euphotic zone but also in the mesopelagic zone to support their metabolic 

demands (Figure 1.9). Modest variations of the remineralization depth have been shown to 

impact strongly the air-sea carbon balance. For example, a remineralization depth increasing 

by only 24 m would induce a decrease in atmospheric CO2 concentrations from 10 to 30 ppm, 

i.e., ~3 to 9% of the present atmospheric pCO2 (Kwon et al., 2009).  
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Figure 1.9: Attenuation of the carbon export flux from the mixed layer into the mesopelagic zone by the 
microbial and zooplankton metabolisms (Steinberg et al., 2008). 

 

 

- Grazing and fecal pellets production by zooplankton 

Food sources for micro- and meso-zooplankton are phytoplankton and sinking phytodetrital 

aggregates (also known as “marine snow”). Zooplankton communities can fragment large 

sinking particles into smaller less-sinking particles, leading to a POC flux decrease (Steinberg 

et al., 2008). Once consumed, a fraction of carbon is respired back into DIC or released as 

DOC (Allredge and Jackson, 1995). Similarly, nutrients such as N or Fe are released to the 

water column after zooplankton regeneration (e.g. Giering et al., 2012). This process can 

account for 30 to 100% of total Fe supplied to the euphotic zone (Bowie et al., 2001; Sarthou 

et al., 2008; Strzepek et al., 2005) and is also a significant source of bioavailable Fe (Dalbec 

and Twining, 2009; Nuester et al., 2014). Zooplankton respiration has been estimated to 

account for 7-66% of the loss of sinking POC flux in the bathypelagic (> 1000 m), depending 

on region and season (Burd et al., 2010). Another fraction of the carbon consumed by 

zooplankton is exported as sinking fecal pellets, packing the phytoplankton cells and 

increasing the downward flux (Silver and Gowing, 1991). The fecal pellets can be dense and 

fast sinking in the water column and many studies have considered them as a major constituent 
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of the downward flux with the large organic aggregates (De La Rocha and Passow, 2007; 

Ebersbach and Trull, 2008; Laurenceau-Cornec et al., 2015a; Turner, 2015). However, 

zooplankton itself can cause the degradation of the downward flux of fecal pellets through 

coprophagy (ingestion of fecal pellets), coprorhexy (fragmentation of fecal pellets), and 

coprochaly (removal of fecal pellets membrane; Belcher et al., 2016). 

Generally, zooplankton communities consume organic particles in surface waters during the 

night and produce fecal pellets at depth during the day (Longhurst and Glen Harrison, 1988). 

This vertical migration contributes from a few to 70% of POC flux depending on the season, 

the region and the species composition (Steinberg et al., 2000). For example, in the Southern 

Ocean, recent studies indicate that despite the low primary production, high zooplankton-

mediated export and low microbial abundance could explain the high export efficiency (Cavan 

et al., 2015; Le Moigne et al., 2016). 

Finally, under high grazing pressure and in order to avoid predation, diatoms are able to 

change their density, by increasing their silica content (Pondaven et al., 2007). The cell wall 

silicification directly impacts the efficiency of the export by promoting resistance to grazing and 

the subsequent remineralization and by increasing the export fluxes through fast-sinking 

diatoms (Quéguiner, 2013). 

- Microbial activity 

Bacterial remineralization is the main mechanism of particle degradation in seawater (Herndl 

and Reinthaler, 2013), in particular within the mesopelagic zone, where microbes are 

responsible for 70 to 92% of the remineralization (Giering et al., 2014). This microbial loop can 

be stimulated by the release of DOC from zooplankton activities, enzymatic solubilization or 

mechanical disaggregation (Collins et al., 2015; Giering et al., 2014; Steinberg et al., 2008). 

Temperature seems to also regulate the heterotrophic respiration with shallower 

remineralization in warm waters (Belcher et al., 2016; Laws et al., 2000; Marsay et al., 2015). 

Bacteria associated to particles solubilize POC into DOC which is respired directly or used and 

respired by free-living bacteria in the mesopelagic zone (Figure 1.9).  
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Microbial processes can also generate transparent exopolymer particles (TEP) when bacteria 

are attached to surface like biofilms or macroaggregates but also when they are freely 

suspended under non-bloom conditions of phytoplankton (Simon et al., 2002). TEP are a class 

of acidic polysaccharides and their stickiness appear to promote the aggregation of particles 

and thereby affect the export (Burd et al., 2016; Passow, 2002).  

 

1.2.2.3. Physical controls 

Physical dynamics influence the various components of the biological carbon pump. Indeed, 

mixing and diffusion can transport the dissolved and suspended particulate organic matter to 

the deep ocean (Figure 1.9; Burd et al., 2010). For example, convective mixing can represent 

~20% of the global carbon export (mainly as DOC, (Carlson et al., 2010; Hansell et al., 2009). 

Diffusion and advection can also reintroduce nutrients in the euphotic zone and fuel the primary 

production (Benitez-Nelson et al., 2000). Similarly, at larger scales, eddies, upwellings and 

fronts can bring pulses of new nutrients into the euphotic zone or initiate the spring 

stratification, both enhancing the biological activity (Mahadevan et al., 2012; McGillicuddy and 

Robinson, 1997).  

These physical processes can also increase the particulate export and eddies, for instance, 

could contribute half of the spring POC export in the highly productive subpolar zones (Benitez-

Nelson et al., 2007; Bidigare et al., 2003; Omand et al., 2015; van Weering et al., 2002; Waite 

et al., 2016). Regional subduction and the formation of deep and mode water masses, can 

directly lead to export a fraction of the primary production to deeper depths (Dall’Olmo et al., 

2016; Guieu et al., 2005).  
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1.3. The different approaches to study the biological carbon pump 

1.3.1. Particle export measurement 

There are several methods to estimate the export fluxes. Eppley (1989) described four major 

approaches: nutrient uptakes, geochemical budgets, sediment traps and naturally occurring 

particle-reactive radionuclides. The measurement of nutrient uptake rates using 15N in bottle 

incubation experiments allow the estimation of the new production via the f-ratio concept 

(Dugdale and Goering, 1967; Eppley and Peterson, 1979). The geochemical budgets (of 

nutrient or oxygen) is based on the fact that the nutrient supply in the euphotic zone is balanced 

by the downward export of organic matter (Eppley and Peterson, 1979). The naturally occurring 

particle-reactive radionuclides and the sediment traps methods are broadly used and are 

explained in more details thereafter. Other approaches, recently developed thanks to 

technological advances, can be used: in-situ optical methods allowing the measurement of the 

particle size distribution and abundance (Boss et al., 2015); satellite-based models (Siegel et 

al., 2014). 

- The naturally occurring particle-reactive radionuclides 

The naturally occurring particle-reactive radionuclides are tracers for particle sinking and are 

of specific interest to the present work. This method uses the different properties in seawater 

and the different half-lives of a radioisotope pair to estimate the export fluxes.  The 234Th:238U 

pair is well-known and has been used extensively to study the particle export fluxes in the 

upper ocean (e.g., Buesseler et al., 1992; Coale and Bruland, 1985; Cochran and Masqué, 

2003). Besides, the 210Pb:210Po pair has been also used to determine export fluxes but in a 

more limited number of studies (e.g., Le Moigne et al., 2013; Roca-Marti et al., 2016b; Stewart 

et al., 2007).  

In order to quantify elemental export fluxes, these indirect methods need to determine the ratio 

of the element of interest to 234Th or 210Po in sinking particles that are usually collected with in-

situ pumps (ISP). ISP are large volume filtration systems, that allow the collection of adequate 
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quantities of size fractionated particles (see GEOTRACES cookbook1 and McDonnell et al., 

2015). They can operate at any depth and, at a same station many ISP can be deployed along 

a cable off the side of the ship. The pumping time is typically 2-4 hours and 1000-2000 L of 

seawater can be filtered depending on particle concentration. The two commercial systems 

used in the present work are Challenger and McLane and the latter can be configured with two 

pump heads equipped with different filters that can be subsampled for multiple measurements.  

It is important to note that suspended particles sampled with ISP are not necessarily the ones 

that sink and can lead to substantial biases in estimates of export flux. Moreover, the size is 

not always related to density and ISP sampling can include living and non-sinking 

phytoplankton or micro-zooplankton (Lalande et al., 2008; Puigcorbé et al., 2015). Other 

methodological issues are the high pressure differential created within ISP that may cause a 

rupture of aggregates (Gardner et al., 2003) and the adsorption of dissolved matter onto the 

membranes filters (Zhou et al., 2016) which both can bias the size structure of particles and 

their elemental concentrations.  

After ISP collection, particle concentrations can be measured and combined with the 210Po or 

234Th export flux in order to deduce a particulate elemental export flux. This latter method is 

used and described in this thesis (see section 2.2.1). 

- Sediment traps 

Sediment trap collect directly sinking particles during their transit to depth, into successive cups 

placed into a carousel hermetically sealed from ambient water. The cup position switches in 

order to collect a time series or to separate the sampling between the elements of interest 

(POC versus trace elements for example). Often, poison (formalin or mercury) is added to the 

cups in order to stop the bacterial activity or to kill zooplankton swimmers that enter in the cups 

(Lee and Fisher, 1992; Lee et al., 1992). However, this poison can change qualitatively the 

trapped organic matter (Liu et al., 2006) or contaminate for trace element determinations 

                                                      
1 http://www.geotraces.org/science/intercalibration/222-sampling-and-sample-handling-protocols-for-geotraces-
cruises 
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(McDonnell et al., 2015). Different types of traps can be deployed: moored traps, usually 

deployed in the deep sea and used for time series (Antia et al., 2001; Honjo et al., 2008; 

Rembauville et al., 2015a, 2015b); drifting traps usually deployed in the upper water column 

(Laurenceau-Cornec et al., 2015a); free-drifting traps that are able to sample at a density 

horizon (Buesseler et al., 2007; Lampitt et al., 2008); polyacrylamide gel-filled sediment traps 

to examine sinking flux characteristics (particle type, number, size; Ebersbach and Trull, 2008; 

Laurenceau-Cornec et al., 2015a). Sediment traps allow the direct quantification of export 

fluxes but they tend to undercollect slower sinking particles due to physical advection, in 

particular the moored sediment traps. Also, the sampling of swimmers, even when killed by 

poison, can alter the particle composition and the related flux (McDonnel et al., 2015; 

Buesseler et al., 2007).  

 

To sum up, the collection of the sinking material by sediment traps or ISP is not without 

difficulties knowing the contamination sources of each element of interest (specifically in this 

study: POC, PN, BSi, and particulate trace metals), the physical processes as the lateral 

advection perturbing the particle trajectories or the inclination of the particle collector, the 

solubilization or the loss of material during collection or recovery, and the biological interactions 

such as zooplankton grazing, migration and excretion which can remove or add to the 

particulate flux instantly and locally.  

1.3.2. Determination of remineralization fluxes 

The attenuation of the particulate organic matter concentration with depth can be observed 

using sediment traps, in-situ pumps or the 234Th deficit method between the surface and the 

mesopelagic layers (Marsay et al., 2015; Usbeck, 2002) but other tools can estimate the 

oxygen consumption and thus quantify the remineralization fluxes: 

- Bacterial respiration 

The bacterial respiration can be determined from dissolved oxygen consumption in dark 

seawater incubations. The dissolved oxygen consumption is determined by Winkler titration 
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(Christaki et al., 2014; Lefèvre et al., 2008), then the oxygen consumption rate can be 

estimated by integrating the bacterial respiration in a set depth layer. However, the 

determination of the bacterial respiration is mostly limited to the upper 200 m of depth because 

of sensitivity issues (detection limit varying from 0.06 to 0.5 µmol O2.L-1.d-1; Arístegui et al., 

2005; Robert, 2012). 

- Oxygen Utilization Rate (OUR)  

Surface oxygen concentrations are close to saturation with atmosphere and oxygen can be 

supplied to the water column by the physical transport of oxygenated surface waters to depth. 

The OUR can be estimated by dividing the apparent oxygen utilization (AOU) by the age of the 

water mass, i.e. the elapsed time since the water mass was in contact with atmosphere 

(Jenkins, 1982). The AOU provides a measure of the oxygen undersaturation, due to the 

remineralization, and is calculated by subtracting the observed oxygen concentration to the 

preformed (or saturated) oxygen concentration (Broecker and Peng, 1982). The integrated 

OUR can then be converted into a carbon remineralization flux using the Redfield molar ratio 

C/O2 (127/175; Feely et al., 2004; Sonnerup et al., 2014). 

- Other tracers  

Remineralization processes are a source of changes in the elemental concentrations and 

isotopic compositions. For example, ammonium is produced during remineralization and is, in 

general, rapidly transformed into nitrate (nitrification) but an ammonium accumulation indicates 

an imbalance between the two processes and thus an important remineralization (Sigman et 

al., 2009). Stable isotopes provide information on the relationship between the dissolved and 

particulate phases such as uptake, scavenging and remineralization. In surface waters, the 

increase of the isotopic signatures of dissolved compounds (NO3-, trace metals) can be related 

to the biological uptake of lighter isotopes while below the surface, the remineralization 

contributes to the lower isotopic signatures by releasing the lighter isotopes in solution (Hoefs, 

2010). 
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The distribution of particulate biogenic barium in the ocean can also give information on the 

remineralization processes and its integrated content in the mesopelagic layer can be 

converted into an oxygen consumption and then into a carbon remineralization flux (Dehairs 

et al., 1997, 1991; Shopova et al., 1995). This last tracer is used in this thesis and thus is 

described in more detail in Chapter 2 (section 2.4). 

 

1.4. Study areas, objectives and thesis outline 

1.4.1. Study areas 

In this thesis, two areas are considered: the Kerguelen Island located in the Southern Ocean, 

and the North Atlantic. A general overview of these two areas is given below, but detailed 

description of each study area is provided in Chapters 3, 4 and 5 (North Atlantic) and 6 

(Kerguelen). 

 

- The North Atlantic 

The North Atlantic is an important zone for the Earth climate and the thermohaline circulation 

(Seager et al., 2002).  It represents a major area of the meridional overturning circulation 

(MOC), which transports warm waters to the northern North Atlantic where the deep convection 

occurs and contributes to southward transport by mode and deep waters (Dickson et al., 2002; 

Pickart et al., 2002). For example, the Labrador Sea Water (LSW) sinks from the surface to 

2000 m due to its density sets by salinity (34.8 – 34.9 ‰) and temperature (3.3 – 3.6 °C) 

characteristics. The subduction of these waters increases significantly the carbon sink but the 

declining rate of wintertime mixing and ventilation between surface and subsurface waters 

observed from 1990 caused a decrease of this carbon sink in North Atlantic (Pérez et al., 2013; 

Schuster and Watson, 2007; Watson et al., 2009). Located between North America and 

Europe, the North Atlantic is known to be an important anthropogenic CO2 sink of the global 

ocean (Sabine et al., 2004a; Sarmiento and Gruber, 2002). The North Atlantic represents also 
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one of the most productive spring phytoplankton bloom of the world‘s ocean (Figure 1.10; 

Esaias et al., 1986; Longhurst, 2010), that can be iron limited (Blain et al., 2004; Nielsdottir et 

al., 2009; Achterberg et al., 2013). 

 

Figure 1.10: SeaWIFS Chlorophyll-a concentrations averaged over boreal spring 
(http://oceancolor.gsfc.nasa.gov/cgi/biosphere_globes). The red line indicates the GEOVIDE transect. 
 

 

- Kerguelen Island 

The Southern Ocean is a key area in the global carbon cycle because of its important capacity 

to store CO2 (Gruber et al., 2009; Lenton et al., 2013). There, deep convection controls the air-

sea balance of CO2 (Marinov et al., 2006), especially with the production of the Antarctic 

Bottom Water (AABW) which is the coldest, densest and most voluminous water mass of the 

world ocean (Johnson, 2008). AABW feeds the Meridional Overturning Circulation (MOC) by 

being exported northward and by covering much of the world ocean floor, except in Arctic and 

some parts of North Atlantic (Orsi et al., 2001). However, recent studies highlighted the 

weakening of the deep convection in Southern Ocean and thus a decrease of the Southern 

Ocean CO2 sink (de Lavergne et al., 2014; Le Quéré et al., 2007). Another important point is 

that the Southern Ocean is also the largest HNLC region of the global ocean and its potential 

to transfer carbon and other elements via the biological carbon pump is limited by a lack of 

micro-nutrients and in particular by a lack of iron (Martin, 1990). Natural phytoplankton blooms 

occur close to Southern Ocean islands (Morris and Charette, 2013) and the largest blooms are 

http://oceancolor.gsfc.nasa.gov/cgi/biosphere_globes
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observed around the sub-Antarctic islands such as the Crozet (Pollard et al., 2007), South 

Georgia (Tarling et al., 2012) or Kerguelen Islands (Blain et al., 2007; Figure 1.11). These large 

phytoplankton blooms are sustained by the supply of iron and major nutrients to surface waters 

from iron-rich deep water (Blain et al., 2007; Pollard et al., 2009) and can trigger large carbon 

export fluxes (Le Moigne et al., 2016; Morris et al., 2007; Planchon et al., 2015; Salter et al., 

2007; Savoye et al., 2008). 

 

Figure 1.11: SeaWIFS mean Chlorophyll-a concentrations averaged over austral spring 
(http://oceancolor.gsfc.nasa.gov/cgi/biosphere_globes). The red arrow indicates the Kerguelen Island 
position. 

 

 

1.4.2. Objective and thesis outline 

The biological carbon pump plays a major role on the sequestration of carbon-rich particles in 

the ocean interior but its functioning remains misunderstood.  

Indeed, the ocean is still under-observed and the study of the biological carbon pump is limited 

by the challenging measurements of the export and remineralization fluxes in the water column 

requiring different instruments and/or proxies. Moreover, most studies focused on the upper 

water column while an important fraction of the POC is remineralized in the mesopelagic zone, 

and the magnitude of these fluxes remain poorly constrained.  

http://oceancolor.gsfc.nasa.gov/cgi/biosphere_globes
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Nutrients are essential in the regulation of the marine primary productivity and their availability 

can thus strongly perturb the marine carbon cycle. However, the export of these essential 

biogenic elements is poorly studied too. 

The general objective of this work tends to reduce the above gaps by improving our 

understanding on the export and remineralization fluxes of carbon and nutrients (N, Si, trace 

elements) by using a multi-proxy approach in the upper and mesopelagic zones in two 

contrasting environments in terms of ecosystem, water masses, temperature and nutrient 

sources.  

Chapter two provides a complete description of the methods used during this work, from 

sample collection to analyses, including an overview of the 234Th and particulate biogenic 

barium proxies. Main issues to estimate elemental export fluxes and especially the 

determination of the ratio Element to 234Th are also discussed.  

The objective of Chapter three is to investigate the distribution of POC export fluxes in the 

North Atlantic Ocean within the framework of the GEOVIDE cruise (GA01 GEOTRACES 

section). Particular emphasis has been placed on the different controls, in particular the stage 

and intensity of the bloom, the phytoplankton size structure, and the composition in biogenic 

and lithogenic minerals that can play a role of ballast for POC. Also, using in-situ primary 

production data and deep carbon export fluxes, we investigate the efficiency of the biological 

carbon pump in the North Atlantic. I participated to the cruise and this work has been done in 

collaboration with D. Fonseca Batista, A. Roukaerts and F. Deman (VUB) for the primary 

production data, M. Tonnard (LEMAR-ACE CRC) for the dFe data, H. Claustre and J. Ras 

(LOV) for the pigment data.  

Chapter four presents for the first time the Baxs distributions in the North Atlantic, with the 

main objective of estimating carbon remineralization fluxes. Similarly to Chapter 3, these fluxes 

are discussed regarding to the stage and intensity of the bloom, phytoplankton size and 

community structure and physical forcing. This, in combination with surface primary production 

(PP) and POC export estimates allow the investigation of the fate of POC to the deep ocean. 
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This work has been carried out in collaboration with S. Jacquet (MIO) for the dissolved barium 

data, P. Laha (VUB) for the SEM analyses, A. Gourain and M. Cheize (LEMAR) for the 

particulate barium data from GO-FLO bottles. 

The third objective was to look into the variability of particulate trace elements (Fe, Zn, Mn, Al, 

P, Co, Cd, Cu, Ni) export fluxes that are presented in Chapter five.  Vertical export fluxes of 

the trace elements along the GEOVIDE transect in the North Atlantic are presented and 

discussed. A principal component analysis is used to regroup elemental fluxes before 

investigating the lithogenic, anthropogenic and biogenic influence on these fluxes. The 

preferential remineralization with depth of the different trace elements is then discussed. 

Chapter six examines the biogeochemical export fluxes obtained in HNLC and Fe-enriched 

waters around the Kerguelen Island in order to assess the impact of the natural Fe-fertilization 

on the vertical transfer of PN, BSi and PFe. We further investigate how phytoplankton 

community composition, lithogenic contribution and degradation of particles, influence the 

magnitude, efficiency and stoichiometry of the export fluxes. This work has been done in 

collaboration with P. van der Merwe, A. Bowie, T. Trull, E. Laurenceau-Cornec and D. Davies 

(IMAS, ACE, CRC). 

Finally, the main findings of this work, as well as the conclusions in a broader context, are 

summarized in Chapter 7 and some suggestions for future work are listed.
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This chapter gives an overview of the different steps undertaken on samples collected during 

the GEOTRACES GA01 (GEOVIDE) cruise in the North Atlantic, including sample collection, 

chemical processing, analytical protocols and mathematical determination of the fluxes. 

I have participated to the GEOVIDE cruise during which I was in charge of the excess barium 

sampling and where I substantially contributed to the in-situ pump sampling (preparation and 

recovery of the pumps, filter handling in the clean bubble). Back in the lab, I have determined 

the 234Th recovery (MRAC, Tervuren), the POC and PN concentrations (VUB, Brussels), the 

trace element concentrations (IUEM, Brest) and the excess barium concentrations (MRAC, 

Tervuren). The sampling, preparation and Beta counting of the samples dedicated to 234Th 

were made by F. Planchon at sea; the Beta counting of the 234Th residual activities were 

determined by A. Plante, E. Le Roy (Master students, VUB), F. Planchon and myself (VUB and 

IUEM); the BSi concentrations were determined by S. Roig (Master student, IUEM); and 

replicates of POC and PN concentrations were determined by C. Mariez (Master student, 

IUEM). 

 

2.1. Sample collection, chemical processing and analyses 

2.1.1. Total Thorium-234: 234Th 

2.1.1.1. Sampling 

Total 234Th activities were determined on 4L seawater samples collected with 12L Niskin 

bottles (Pike et al., 2005) triggered at 18 depths in the upper 1000m. Using a silicone tube, 

seawater was transferred from the 12L Niskin bottle to a 4L polypropylene bottle (Nalgene). 

Before the sampling, the 4L-bottles were cleaned with a solution of 7M HNO3/1M H2O2 

(suprapur grade, Merck) at ambient temperature, to avoid memory effects on 234Th and to 

remove MnO2 impurities, they were then rinsed three times with Milli-Q water and finally with 

the sampled seawater. 

Immediately after sampling, samples were acidified to pH 2 using concentrated HNO3 

(suprapur grade, Merck) and spiked with 1 mL of 230Th (5.2 ng.g-1) in order to monitor the 
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recovery. The 4L-bottles were shaken manually and allowed to equilibrate for 12 hours. 

Concentrated NH4OH (suprapur grade, Merck) was added to increase the pH above 8.5, and 

100 µl of KMnO4 solution (0.2 M, analytical grade, Merck) and MnCl2 (0.1M, analytical grade, 

Merck) were added to co-precipitate the Th with the MnO2 precipitate. Samples were shaken 

again and allowed to grow for 12 hours before filtration through quartz-microfiber discs (QMA, 

Sartorius, nominal porosity=1 µm, diameter=25 mm).  

2.1.1.2. Analyses 

After drying (50°C overnight), filters were mounted on nylon holders, covered with Mylar and 

aluminum foil and finally counted on board using low level beta counters (RISØ, Denmark) until 

the counting uncertainty was below 2% RSD (between 1 and 6 counts per minute). The 

samples were counted twice on board in order to eliminate the shorter-lived Beta emitters and 

a final counting was performed after a delay of six 234Th half-lives (~6 months) at VUB and 

LEMAR to determine the residual activity associated to longer-lived Beta emitters. This 

residual activity was then subtracted from the gross counts obtained on board. 

Calibration for the relative efficiency of the low level Beta counting equipment was carried out 

with certified 99Tc standards, and verified with the home-made 238U standards and deep ocean 

samples (2000 – 3000 m, van der Loeff et al., 2006). The values obtained with the 99Tc and 

238U standards were constant along the GEOVIDE cruise, with deviations lower than 1 and 5% 

respectively, reflecting good stability of the low level Beta counters. Deep ocean samples were 

used to calibrate the 234Th measurements, as in open ocean the 234Th is in secular equilibrium 

with 238U at great depths (2000 – 3000 m), which is assumed conservative and predictable 

from salinity. However, Owens et al. (2015) observed that this assumption may not always be 

valid due to Th scavenging at depth and also due to non-conservative behavior of 238U. During 

GEOVIDE, the 234Th/238U ratios of the deep samples (between 1000 and 3500 m) averaged 

1.00 ± 0.02 (n=15). 

After background counting all samples were processed for 234Th recovery using the 229Th as a 

second spike, following a procedure from Pike et al (2005) that was recommended by Rutgers 



Chapter 2 

60 
 

van der Loeff and included in the GEOTRACES cookbook. This method was modified following 

Planchon et al. (2013).  

Briefly, filters were dismounted from the filter holder and inserted into 30 mL Teflon vials 

(Savillex), previously cleaned by submersion in distilled concentrated HNO3 kept overnight at 

130°C on a heating plate. Then, samples were spiked with 50 µl of 229Th (7.55 Bq.g-1), 

dissolved in 10 mL of 7M HNO3/1M H2O2 (suprapur grade, Merck) solution and heated 

overnight at 60°C. Then, samples were filtered through Acrodisc® syringe filters (Pall, Nylon 

membrane, nominal porosity=0.2 µm, diameter=25 mm) to get rid of residual particles 

(essentially QMA broken pieces) and stored in new 30 mL HDPE (high-density polyethylene) 

bottles (VWR). In order to increase concentrations and to improve the RSD during the 

analyses, a pre-concentration step was necessary: to this aim, 2 mL of the filtered solution was 

transferred into a 30 mL clean Teflon vial and evaporated at 100°C on a hotplate, placed under 

a clean fume hood. The residue was dissolved in 6 mL of 1.4M HNO3 (suprapur grade, Merck), 

refluxed overnight at 60°C and stored in new 15mL centrifuge tubes (VWR) until analysis. 

Three different types of standard were also prepared following the same procedure as for the 

samples: 

- with only 229Th and 230Th spikes 

- with 229Th and 230Th spikes and a new QMA filter 

- with 229Th and 230Th spikes, a new QMA filter and 100 µl of KMnO4 and MnCl2 solutions 

All 230Th and 229Th measurements were performed on a SF-ICP-MS (Element 2, Thermo 

Scientific) in low resolution mode. Each sample and standard was analyzed 3 times and the 

RSD of the 230Th/229Th ranged between 0.03 and 1.2% (n=3 replicates for each sample or 

standard). The reproducibility of the method, evaluated by analyzing 43 standard solutions 

prepared separately and determined over different analytical sessions (typically 6 to 7 

standards analyzed per session) ranged between 0.1 and 2.2%. Th recovery was estimated 

for every sample and was on average 91 ± 14 % (n=200), with an average precision of 

230Th:229Th ratios of 1.2% which was lower than the 2% precision recommended by Pikes et 

al. (2005). 
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2.1.2. Particulate 234Thp and POC 

2.1.2.1. Sample collection  

Two particle size classes (> 53 µm and 1-53 µm) were collected using in-situ large-volume 

filtration systems (Challenger Oceanics and McLane pumps; hereafter referred to as ISP) 

equipped with 142 mm diameter filter holders.  

The large particles were collected on a 53 µm mesh nylon screen (SEFAR-PETEX®; polyester) 

whereas the small particles were collected on a 1 µm pore size quartz-microfiber filter (QMA, 

Sartorius). Indeed, QMA filters are the best suited for carbon and nitrogen analyses while 

Supor membranes are best for trace elements (GEOTRACES cookbook; Planquette and 

Sherrell, 2012). Before being used for sampling, filters were preconditioned as follows: PETEX 

screens were soaked in 0.6M HCl (Normapur, Merck), then rinsed with ultrapure water (18.2 

MΩ.cm-1, Milli-Q), dried at ambient temperature in a laminar flow hood and finally stored in 

clean plastic bags. QMA filters were precombusted at 450°C for 4h and stored in aluminum 

foils.  

Prior to deployment, filters were mounted on each pump head within a clean room environment 

using plastic tweezers. Pump heads were covered on deck with plastic bags until deployment 

in order to minimize contamination. In-Situ Pumps were deployed using a stainless steel cable 

during approximatively 6 hours at depths ranging between 15 and 5300 m (see Chapter 2 and 

5 for GEOVIDE samples, and Chapter 6 for KEOPS 2 samples). Immediately after ISP 

recoveries on deck, pump heads were covered with a plastic bag then transferred into a clean 

lab where filters were sub-sampled for different analyses.  

2.1.2.2. Subsampling at sea 

The 142 mm nylon screen (Petex) was cut in four parts, using a scalpel cleaned with ethanol 

(between 97 and 1626 L of filtered seawater on one quarter). Particles were rinsed off one 

quarter of the Petex using 30-100 mL of 0.45 µm filtered seawater collected during the cruise 

(filtered through a Supor filter in clean conditions) and particles were recollected on Ag filters 

(SterlilTech®, porosity=0.45 µm, diameter=25 mm) under a laminar flow hood. The particles 
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of a second quarter of the Petex were also washed off the filter and collected on a GFF filter 

(Whatman®, porosity=0.7 µm, diameter=25 mm) mounted on a vacuum filtration manifold 

(Millipore). The Ag and GFF filters were dedicated to the same analyses: 234Th activities, POC 

and PN concentrations and isotopic signatures. In this study we focus on POC concentrations 

while PN concentrations and the isotopic signatures will be discussed by other GEOVIDE 

participants. One quarter of each nylon screen was stored in a Petri dish at -80°C, and saved 

for other analyses (e.g. biomarkers, to be processed by other teams). QMA filters were 

subsampled using a plexiglas punch of 25 mm diameter (representing between 4 and 82 L of 

filtered seawater) and one punch was then dried at 50°C, mounted on sample holders as 

explained above and Beta counted for the determination of 234Th activities. Thereafter, the 

samples were stored in Petri dishes at ambient temperature until further analyses of POC, PN 

concentrations and isotopic signatures at VUB and at LEMAR (Figure 2.1). 

2.1.2.3. Analyses 

x Particulate 234Thp 

The 4 aliquots containing large particles (particles from the Petex screen resuspended and 

refiltered on 25 mm Ag, GFF, PC and Supor filters) and 1 aliquot containing small particles 

(particles from the QMA filter) were dried overnight (50°C), and prepared for beta counting, as 

explained for total 234Th samples (see section 2.1.1.2). 

x Carbon  

After counting of the residual Beta activity, Ag and QMA filters were carefully dismounted from 

their filter holders and fumed with HCl vapor overnight inside a glass desiccator, in order to 

remove the carbonate phase. After this step, samples were dried overnight (50°C), then 

packed in precombusted (450°C overnight) silver cups and analyzed with an elemental 

analyzer – isotope ratio mass spectrometer (EA-IRMS, Delta V Plus, Thermo Scientific) at 

VUB. Acetanilide standards were used for the calibration. The ranges of POC concentrations 

measured for all GEOVIDE samples, the blanks and the detection limits, defined as three times 

the standard deviation of the blank, are shown in Table 1. The median uncertainty of the values 
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obtained during 3 different instrumental sessions accounted for 5% in >53 µm particles (n=59), 

and 4% in 1-53 µm (n=61). 

 

µmol 
1-53 µm 

  
> 53 µm 

POC POC 
range (n=64) 0.77 - 78 range (n=63) 2.42 - 372  
blank (n=13) 1.52 blank (n=11) 0.8 

detection limit 0.49 detection limit 0.63 

Table 2.1: Ranges, blanks and detection limits of POC (µmol) during GEOVIDE sample runs. 

 
 

Along the GEOVIDE transect, POC concentrations ranged from 0.02 ± 0.01 µmol.L-1 to 4.75 ± 

0.02 µmol.L-1 in the large size fraction and from 0.03 ± 0.03 µmol.L-1 to 16.7 ± 0.1 µmol.L-1 in 

the small size fraction. 

 

2.1.3. Trace elements, BSi and major elements 

2.1.3.1. Sample collection 

The large particles were collected on a 53 µm mesh nylon screen (SEFAR-PETEX®; polyester) 

whereas the small particles were collected on a 0.8 µm pore size polyestersulfone filter 

(Supor). Before being used for sampling, filters were preconditioned as follows: filters were 

placed in an acid cleaned container (PETEX) or 1L-LDPE bottle (Supor) containing 1.2M HCl 

(Suprapur grade, Merck). The containers were then double bagged in Ziploc bags and placed 

in an oven at 60°C overnight. After cooling, the acid solution was removed and filters were 

thoroughly rinsed with Milli-Q water. Due to the slow release of acid from the filters, this rinsing 

step took days in order to reach a pH value slightly inferior to 7. Filters were then kept in Milli-

Q until use.    
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2.1.3.2. Subsampling at sea 

Before deployment and after recovery, pump heads were covered with plastic bags to minimize 

contamination. Aliquots for sensitive elements were processed on board under a laminar flow 

unit in a clean lab. Large particles were collected on a 142 mm nylon screen (Petex) which 

was cut in four parts using a clean ceramic scalpel. One quarter (between 10 and 794 L of 

filtered seawater) of the Petex was dedicated to 234Th and BSi analyses (described below in 

section 2.1.3.3): particles were rinsed off the filter using approximately 50 mL of 0.45 µm 

filtered seawater collected during the cruise (filtered through a Supor filter in clean conditions) 

and collected onto Polycarbonate filters (Nuclepore®, porosity=0.4 µm, diameter=25 mm) 

mounted on polysulfone filtration units (Pall). A second quarter of the Petex was dedicated to 

234Th only: particles were washed off using approximately 50 mL of 0.45 µm filtered seawater 

collected during the cruise (filtered through a Supor filter in clean conditions) and collected on 

a polyestersulfone filter (Supor®, porosity=0.45 µm, diameter=25 mm) mounted on a Nalgene 

filtration unit. The two remaining Petex quarters were stored in clean Petri slides (Millipore) at 

-20°C for further analysis (TEs and major elements, described below in section 2.1.3.3). 

Because the mounting of samples on nylon holders, covered with Mylar and aluminum foil (for 

the Beta counting) is probably incompatible with trace metal clean stringent conditions, TE 

concentrations in large particles were only measured on the non-counted filters.  

Supor membranes (0.8 µm porosity) were sub-sampled for TEs, major elements and BSi 

analyses, using a 13 mm diameter disposable skin biopsy Acupunch, each punch 

corresponding between 1 and 28 L of seawater. These punches were not Beta counted and 

were directly stored in clean Petri dishes (Petrislide, Millipore), double bagged in Ziploc bags 

and stored at -20°C until analysis at LEMAR (Figure 2.1). 

 

2.1.3.3. Sample handling and analyses in the home laboratory 

x Trace elements  

Sample handling, processing and preparation were performed in accordance with 

GEOTRACES recommendations 
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(http://geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf). One of the 

remaining PETEX quarter was used for the analyses of trace and major elements of the large 

particles. It was decided to remove the particles from the nylon screen for two main reasons: 

(i) high blanks for TEs have been reported from nylon screens (Weinstein and Moran, 2004), 

(ii) it is not possible to fully acid-digest the nylon screen. Therefore, the particles on the nylon 

screen were washed off with 50 mL of 0.45 µm filtered surface seawater collected during the 

GEOVIDE cruise (Station 77, 40m, filtered through a Supor filter) on acid cleaned 47 mm 

diameter mixed cellulose esters filters (MF-Millipore® filters, 0.8 μm), mounted on acid cleaned 

polysulfone filtration units (Nalgene®). This seawater has a dissolved iron (dFe) concentration 

of 0.102 ± 0.019 nmol.L-1 (Tonnard et al., in prep), which should have minimized the effect of 

trace metal adsorption on the filter. The MF filter was then cut in two equal parts using an acid 

clean ceramic scalpel in order to digest totally the first half and to leach the second half (see 

below). 

Under a Class-100 clean fume hood at the Pôle Spectrométrie Océans (PSO), one 13mm 

punch of the Supor filter (1-53 µm particle size) or one half of the 47 mm MF filter (>53 µm 

particle size) was placed along the wall of a 15 mL acid cleaned Teflon vial (Savillex). Then, 2 

mL of 8M HNO3 (Ultrapur grade, Merck) and 2.3M HF (Suprapur grade, Merck) solution was 

added. Vials were then refluxed at 130°C on a hotplate during 4h. After gentle evaporation, 

200 µL of concentrated HNO3 (Ultrapur grade, Merck) was added in order to drive off the 

fluorides. The residue was brought back into solution with 3% HNO3 spiked with 1 μg.L–1 of 

Indium and stored in acid cleaned 15 mL centrifuge tubes until analysis for estimating the total 

particulate trace elements concentrations (Planquette and Sherrell, 2012). 

All measurements for trace elements were performed using a SF-ICP-MS (Element 2, Thermo) 

at the Pôle Spectrométrie Océans following the method of Planquette and Sherrell (2012). 

Sample introduction system consisted of a FAST valve, a PFA nebulizer and a double stage 

spray chamber. Every 11 samples, a replicate analysis of a selected sample digest solution 

http://geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf
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was made. The precision and the accuracy of our analyses were assessed by measuring 

replicates and the Certified Reference Materials (CRM) BCR-414, respectively.  

 

Table 2.2: Determined concentrations (mg.kg-1) and resulting recoveries (%) of the Certified Reference 
Material plankton BCR-414, compared to certified or indicative (*) values, analyzed by HR-ICP-MS. 

 

 

External calibration curves were ran at the beginning, middle and end of the run. Data 

processing included drift correction through 115In monitoring, Cd-Mo oxides correction, and 

blank correction.  

x Major elements  

The measurements of major elements (Ca, K, Mg, Na, Sr) were performed using an ICP-AES 

(ULTIMA 2) at the PSO using the archive 3% HNO3 solutions that were prepared for the totally 

digested trace element concentrations. The precision and the accuracy of our analyses were 

assessed by measuring replicates and the Certified Reference Materials (CRM) BCR-414.  

 

  Ba   Ca   K   Mg   Na   P   Sr 
Indicative value (µg.g

-1

) 30   65955   6850           12840   220 

Determined concentration (n=2; µg.g
-1

) 28 ± 1   51133 ± 1057   5887 ± 165   2053 ± 78   6601 ± 13    10910 ± 275   188 ± 2 

Recovery (%) 95   78   86           85   85 

Table 2.3: Determined concentrations (µg.g-1) and resulting recoveries (%) of the Certified Reference 
Material plankton BCR-414, compared to indicative values, analyzed by ICP-AES. 

 

Certified/indicative* value (mg/kg) Measured value (n=5; mg/kg) Recovery (%)
Cd 0.383 ± 0.014 0.385 ± 0.020 101%
Pb 3.97 ± 0.19 2.95 ± 0.11 74%
Al* 2154 ± 803 * 3112 ± 464 144%
P* 12840 ± 4978 * 15541 ± 3732 121%
Ti* 105 ± 25 * 95 ± 8 90%
V 8 ± 0.2 9 ± 1 111%
Cr 23.8 ± 1.2 24.8 ± 3.07 104%
Mn 299 ± 13 301 ± 42 101%
Fe* 1850 ± 190 * 1860 ± 230 101%
Co* 1.43 ± 0.06 * 1.44 ± 0.21 101%
Ni 18.8 ± 0.8 17.8 ± 2.91 95%
Cu 29.5 ± 1.3 29.7 ± 3.8 101%
Zn 111.6 ± 2.5 112.4 ± 18.8 101%

Mo* 1.35 ± 0.2 * 1.37 ± 0.28 101%
Ba* 29.5 ± 3.9 * 32.7 ± 5.15 111%
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It was then possible to estimate the calcium carbonate concentration, assuming that all Ca 

comes from the carbonate (CaCO3) and the seawater, following this equation: 

[Ca]CaCO3 = Ca – [(Ca/Na)SW × Na]    (Equation 2.1) 

where [Ca]CaCO3 is the estimated concentration of calcium carbonate in µmol.L-1; Ca and Na 

are respectively the calcium and sodium concentrations analyzed in µmol.L-1; (Ca/Na)SW is 

equal to 0.022 mol.L-1 and represents the mean ratio determined in seawater by Copin-

Montégut (1996). 

The CaCO3 concentrations ranged from 0.002 ± 0.0001 µmol.L-1 to 0.139 ± 0.0003 µmol.L-1 in 

the large size fraction and from 0.006 ± 0.0002 nmol.L-1 to 1.54 ± 0.01 µmol.L-1 in the small 

size fraction. The median errors accounted for 1.2% (n=51) and 0.5% (n=76) of the 

concentration for the large and small size fractions, respectively. 

 

x Biogenic Silica 

Following the method of Ragueneau et al. (2005), BSi was estimated after alkaline digestions 

allowing the correction of the LSi that can represent up to 90% of the total particulate silica in 

coastal waters. All experiments using clean polymethylpentene and polypropylene (VWR) 

centrifuge tubes. One Supor punch (1-53 µm particle size), or a 25 mm diameter Nuclepore 

filter previously Beta counted (>53 µm particle size), was placed in a centrifuge tube and 

digested with 8 mL of a 0.2 M NaOH solution (pellets for analysis, Merck) at 95°C during 1h in 

a hot bath. After cooling, the pH was neutralized by adding 2 mL of 1M HCl (Analar Normapur, 

Merck). Tubes were then centrifuged at ambient temperature for 10 min at 4000 rpm (Thermo 

Scientific Multifuge 3S+/3SR+) and the supernatant was separated from the remaining 

suspended material. Finally, 1 mL of supernatant was diluted 10 times with Milli-Q water for 

the silicic acid analyses, and similarly, 1 mL of supernatant was diluted 10 times with Milli-Q 

water for the aluminium analyses. At the end of the first digestion, all the BSi should be 

converted into silicic acid. However, it is possible that a part of LSi is dissolved during this first 

digestion involving a bias for the determination of BSi concentration. This bias is resolved with 
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a second digestion, equivalent to the first one, allowing the determination of a ratio (Si/Al) 

characteristic of the minerals. The corrected BSi concentration is then deduced using the 

following equation: 

BSi = [Si1] – [Al1] × (Si/Al)2      (Equation 2.2) 

where BSi is the final concentration of biogenic silica in µmol.L-1; [Si1] and [Al1] are the 

concentrations of silicic acid and aluminium determined during the first digestion in µmol.L-1; 

(Si/Al)2 is the ratio of the concentrations of silicic acid and aluminium determined during the 

second digestion. 

After each alkaline digestion of the filter, silicic acid concentrations were determined following 

the automated acid/molybdate colorimetric method (Aminot and Kérouel, 2007), using an 

AutoAnalyzer3 Bran&Luebbe (detection limit: 0.07 µmol.L-1). Dissolved aluminium 

concentrations were determined by a fluorimetric method (fluorimeter MITHRAS LB 940) 

detecting a complex Aluminium-Lumogallion developed by Hydes and Liss (1976; detection 

limit: 0.05 µmol.L-1). The median precision of the values obtained during 4 different 

instrumental sessions reached 0.25% in >53 µm particles, and 7.1% in 1-53 µm. 

µmol BSi 1-53 µm BSi >53 µm 

range (n=60) 0.02 - 2.2 0.02 - 48 

blank (n=9) 0.001 0.02 

detection limit 0.003 0.002 

Table 2.4: Ranges, blanks and detection limits of BSi (µmol) in large and small particles collected during 
GEOVIDE. 

 

 

The BSi concentrations ranged from 0.0009 ± 0.0006 µmol.L-1 to 1.414 ± 0.004 µmol.L-1 in the 

large size fraction and from 0.005 ± 0.002 µmol.L-1 to 0.871 ± 0.012 µmol.L-1 in the small size 

fraction. The median errors accounted for 1.8% (n=57) and 9.1% (n=55) of the concentration 

for the large and small size fractions, respectively. 
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Figure 2.1: Summary of the different sampling and analytical steps on samples collected during the GEOVIDE cruise 
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2.1.4. Excess Barium 

2.1.4.1. Sampling 

During the GEOVIDE cruise, samples for excess Barium (Baxs) were collected at 18 depths 

between surface and 1500m in order to get a high resolution of the Baxs signal at each station. 

Seawater was sampled using a standard CTD Rosette equipped with 12L Niskin bottles. 

Typically, 4 to 8 L of seawater were sampled in polyethylene jerrycans and then transferred to 

10 L custom made Perspex filtrations units (Figure 2.2) where particles were collected on acid-

cleaned polycarbonate membranes of 0.4 µm porosity (Nuclepore®, 47 or 90 mm diameter).  

 

 

Figure 2.2: Perspex filtrations units used for the determination of Baxs concentrations during the 
GEOVIDE cruise 

 

After particle collection, filters were rinsed with ~ 5 mL of Milli-Q water to remove sea-salt, dried 

at ambient temperature under a laminar flow hood and finally stored at ambient temperature 

in clean petrislides  (Millipore) until analysis (Jacquet et al., 2015). 

2.1.4.2. Analyses  

Back to the clean laboratory at the Royal Museum for Central Africa (Tervuren, Belgium), filters 

were cut with clean ceramic scissors in two equal parts. One half was totally digested using a 
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concentrated tri-acid mixture (1.5 mL HCl – 1 mL HNO3 – 0.5 mL HF; all Merck suprapur grade) 

in cleaned 30 mL Teflon vials (Savillex®). Vials were then refluxed at 90°C on a hotplate 

overnight. After evaporation, the residue was brought back into solution with 0.32M HNO3. The 

solutions were then analyzed for Ba and other major and minor elements using an ICP-QMS 

(inductively coupled plasma-quadrupole mass spectrometer; X Series 2 Thermo Fisher) 

equipped with collision cell technology (CCT).  

Internal standards (Ru, In, Re and Bi) were added directly during the analysis in order to correct 

for drift and matrix-dependent sensitivity variations.  

Two multi-element artificial standard solutions were prepared for external calibration. The first 

contained major elements (Na, Mg, Al, Ca and Ti) and the second was prepared with minor 

elements (Sr, Ba, REEs, Th and U). The external standard curves were prepared by dilutions 

of the multi-element mixed standard stock solution to span the expected range of sample 

concentrations, with concentrations in the standard curve spaced to cover potential sample 

variations.  

The accuracy and precision of our analyses were assessed using the following Certified 

Reference Materials (CRM): SLRS-5; BHVO, JB-3 and JGb-1 (Table 2.5). 

 

    Ba Al 

SLRS-5 
Certified value (µg.kg-1) 14 ± 0.5 49.5 ± 5 

Determined concentration (n=4; µg.kg-1) 13  ± 1 47 ± 2 

Recovery (%) 95% 95% 

BHVO-1  
Certified value (µg.g-1) 139 ± 14 73037 ± 1111 

Determined concentration (n=4; µg.g-1) 129 ± 1 70118 ± 984 

Recovery (%) 93% 96% 

JB-3  
Certified value (µg.g-1) 244 ± 10 90819 ± 70 

Determined concentration (n=4; µg.g-1) 229 ± 13 92144 ± 1620 

Recovery (%) 94% 101% 

JGb-1 
Certified value (µg.g-1) 64 ± 5 92566 ± 582 

Determined concentration (n=4; µg.g-1) 68 ± 15 91491 ± 732 

Recovery (%) 106% 99% 

Table 2.5: Determined concentrations and resulting recoveries of the certified reference materials 
SLRS-5 (river water), BHVO-1 (basalt powder), JB-3 (basalt powder) and JGb-1 (gabbro powder) 
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The detailed procedure for sample preparation and analysis is given in Cardinal et al. (2001). 

Particulate biogenic Ba (Baxs) was estimated by subtracting the lithogenic barium from the total 

barium. Lithogenic Ba was calculated by multiplying the Al concentration of the sample by the 

molar crustal Ba/Al ratio of the upper continental crust (UCC; 0.00135 mol.mol-1; Taylor and 

Mclennan, 1985).  

Baxs = [Ba] – [Al] × (Ba/Al)UCC     (Equation 2.3) 

During GEOVIDE, lithogenic barium represented less than 7% of the total barium, except at 

stations located close to the Iberian shelf (station 1; 4 - 28%) and in the vicinity of the Greenland 

shelf (station 53; 19 - 44%; see section IV). The Baxs concentrations ranged from 58 ± 9 pmol.L-

1 to 1888 ± 311 pmol.L-1 along the transect and the median error accounted for 15% of the 

concentration (n=199). 

 

2.1.5. Agreement between analytical methods 

As described previously, particles can be collected by several methods, including in-line 

filtration from sample bottles (Niskin or GO-FLO bottles) and in-situ pumping. Both approaches 

were used during GEOVIDE allowing a comparison for some particulate elemental 

concentrations. The comparison was carried out on samples collected at matching stations 

and depths. As the Niskin or GO-FLO bottles do not sample efficiently the large particulate 

fraction (GEOTRACES S&I Committee, personal communication), a meaningful comparison 

is to compare concentrations from the small size fraction sampled by ISP (1-53 µm) with total 

concentrations on particles collected with bottles.  

2.1.5.1. Between Niskin bottles and in-situ pumps  

The calcium carbonate (CaCO3), particulate barium (pBa) and particulate aluminum (pAl) 

concentrations were obtained following two methods: 1) using Niskin bottles followed by a tri-

acid digestion (HCl-HF-HNO3) and analyzed by Quadrupole ICP-MS (see section 1.d) and 2) 
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using in-situ pumps followed by an acid digestion (HF-HNO3) and analyzed by HR-ICP-MS 

(see sections 2.1.3 and 2.1.4).  

 

Figure 2.3: CaCO3 (a) pAl (b) and pBa (c) concentrations determined on samples collected with Niskin 
bottles and in-situ pumps. The black lines represent the 1:1 slopes. 

 

CaCO3, pAl and pBa concentrations were 1.5, 3.1 and 1.8 higher in Niskin samples compared 

to ISP samples (median values, n=52; Figure 2.3). Nevertheless, we can also observe that 

some data do not follow the same trend, with higher concentrations measured in ISP samples 

compared to Niskin samples (Figure 2.3). 

A greater difference was observed for pAl concentrations and may be explained by the 

difference of pore size of the different filters. Indeed,  particles were collected through paired 

142 mm-diameter 53 µm mesh nylon screen (Petex; polyester) and a 0.8 µm polyestersulfone 

filter (Supor) for the ISP sampling and through a 47 or 90mm-diameter 0.4 µm polycarbonate 

filter (Nuclepore). The aluminium bearing particles, such as the aluminosilicate minerals, are 

small particles (ranging from the subnanometer to the micromiter scale; Arrhenius, 1954) and 

may have been under-sampled by the pair Petex-Supor filter (pore sizes=53 and 0.8 µm, 

respectively) compared to the Nuclepore filter (pore size=0.4 µm). 

Second, a potential bias might also originate from particle washout from filter holders during 

recovery, as the ISPs were not systematically equipped with anti-washout systems, thus 

possibly inducing some loss of particles during handling filter. ISP samples were also 

resuspended and recollected onto other filters, probably inducing some loss too. 

Fourth, samples were digested using different techniques. The Niskin samples were digested 

using a tri-acid mix (50% HCl, 33% HNO3 and 17% HF) while the ISP samples were digested 
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using a 50% HNO3/10% HF acid mix. Addition of HCl has been shown not to improve elemental 

recoveries of marine particles (Ohnemus and Lam, 2014) but the higher HF contents for the 

tri-acid mix, perhaps dissolved more the refractory particles, explaining the higher 

concentrations obtained in Niskin samples. 

Finally, the concentrations determined by small-volume bottle filtration may be higher than 

those determined by large-volume ISP because of the adsorption effect of dissolved elements 

on the filter (Liu et al., 2005; Moran et al., 1999; Zhou et al., 2016).  

 

Three points were characterized by high pAl concentrations in ISP samples (Figure 2.3). These 

samples were collected at Station 1, near the Iberian Margin, where high lithogenic inputs 

occurred (see Chapters 3 and 5). A similar difference has been observed by Twining et al. 

(2015) in the North Atlantic, suggesting that large lithogenic particles may be undersampled 

by bottles in near-shelf environments, such as the Iberian Margin. 

A complete removal of sea-salt is not possible for samples collected with ISPs which tend to 

retain excess seawater. This can affect the particulate concentrations of sea-salt derived 

elements, such as Ca. The sea-salt correction to determine the CaCO3 concentrations 

(Equation 2.1) may involve some bias. This could explain the higher CaCO3 concentrations in 

some ISP samples compared to Niskin samples. The higher CaCO3 concentrations in ISP 

samples could also result from the sampling of larger phytoplankton species, such as 

pteropods or foraminifers, compared to Niskin samples. 

 

2.1.5.2. Between GO-FLO bottles and in-situ pumps  

Trace element concentrations were determined on samples collected by two methods: 1) using 

GO-FLO bottles (Gourain et al., in prep.) 2) using in-situ pumps (see Chapter 5). Then, 

collected samples were treated using the same chemical and analytical procedures: acid 

digestion (2.3M HF-8M HNO3) and SF-ICP-MS analysis (see section 2.1.3.3).  

The comparison of particulate trace element concentrations between bottles and in-situ pumps 

has been shown to agree well when contamination is avoided and when similar sample 
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digestion is used (Bishop et al., 2012; Planquette and Sherrell, 2012). In this study, the two 

particle sampling approaches produced similar element profiles confirming the good quality of 

our data (Figure 2.4). 

 

Figure 2.4: Depth profiles at Station 32 of particulate trace elements as determined using GO-FLO 
bottles (blue diamond) and in-situ pumps (red triangles).  
 

Nevertheless, the particulate trace element concentrations determined by ISP were generally 

lower than the concentrations determined by GO-FLO bottles. This potential bias might 

originate from particle washout from filter holders during recovery, as our ISP were not 

systematically equipped with anti-washout systems, as well as the resuspension and 

recollection of particles onto other filters, as already mentioned above. 
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Overall, the comparison of the depth profiles highlights the data quality obtained during 

GEOVIDE but the trace element concentrations across the section were lower for particles 

sampled by ISP than GO-FLO bottles. In the North Atlantic, Twining et al. (2014) also observed 

higher pCd, pMn, pCo and pP concentrations in bottle samples compared to ISP samples. 

However, the authors determined lower pFe and pAl concentrations in bottle samples, which 

is the case for pFe in the upper 200 m in this study. To limit these effects, we focus on 

elemental ratios and element to 234Th ratios, rather than on concentrations and activities.  

 

2.2. 234Th Export determination 

2.2.1. Principle 

The radioisotope 234Th is naturally produced from the alpha decay of 238U (Figure 2.5) and is 

characterized by a short half-life (t1/2 = 24.1 days). On the contrary, 238U is a soluble element 

which has a conservative behavior (t1/2 = 4.47×109 years) in the open ocean (Chen et al., 1986; 

Figure 2.5). The radioactive pair achieves conditions of secular equilibrium (for t > 6 × t1/2 of 

daughter, 145 days) when the radioactive production and decay are equal (Bourdon et al., 

2003). Due to its strong affinity for particles (Kd of 106-107, IAEA, 1985) compared to 238U, 

234Th is rapidly adsorbed onto all types of particles and can be rapidly scavenged in the water 

column when particles sink inducing disequilibrium between daughter (234Th) and parent (238U). 

This was first observed during a cruise in 1967 in the Arabian Sea (Bhat et al., 1969). The 

disequilibrium between 234Th and 238U has thus been used to examine the sinking particle flux 

to the mesopelagic depth (Bacon and Anderson, 1982; Kaufman et al., 1981; Santschi et al., 

1979). Later, a link between the biological processes and the 234Th deficit was proposed by 

Coale and Bruland (1985; 1987) as 234Th/238U ratios are suitable for tracing events occurring 

over short time scales ranging from days to weeks, which is a similar period to the development 

of a phytoplankton bloom and its subsequent particulate export (Cochran and Masqué, 2003; 

Savoye et al., 2006; Waples et al., 2006).  
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Figure 2.5: Radioactive decay chain of 238U (a=years; d=days; h= hours; m=minutes; s=seconds) 

 

The 234Th deficit with respect to 238U, reflected by 234Th/238U ratios less than 1, is attributed to 

particle export/aggregation while an excess of 234Th compared to 238U (ratio 234Th/238U ratios 

greater than 1, points to an accumulation of 234Th that can be attributed to a 

remineralization/disaggregation of 234Th-bearing particles (Figure 2.6). 

 

Figure 2.6: Typical profile of the 234Th/238U ratio in seawater 

 
 
The 234Th deficit relative to 238U can be integrated over the upper column yielding to the 

determination of a 234Th flux. Subsequently, the 234Th flux can be converted into an elemental 

flux by using the element:234Th ratio of sinking particles (Equation 2.4). In 1992, Buesseler et 

al. estimate the first POC and PON export fluxes and since then, the 234Th approach has been 
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extended to numerous elements such as PIC (Bacon et al., 1996), BSi (Buesseler et al., 2001; 

Rutgers van der Loeff et al., 2002) or trace metals (Weinstein and Moran, 2005). 

Elemental export flux = (Element : 234Th)particulate × 234Th flux    (Equation 2.4) 

where Elemental export flux is expressed in mmol.m-2.d-1 or µmol.m-2.d-1 and calculated at a 

specific depth z; (Element : 234Th)particulate is the ratio of the studied element to 234Th on sinking 

particles calculated at z (expressed in µmol.dpm-1 or nmol.dpm-1); and 234Th flux is the 

integrated 234Th flux (dpm.m-².d-1) at z. 

 

2.2.2. Determination of the 238U and 234Th activities 

Uranium is characterized by a conservative behavior with respect to salinity in the open ocean 

where waters are well oxygenated, as evidenced from the linear relationship established by 

Chen et al. (1986) using samples from the Atlantic and Pacific oceans. The relationship was 

re-evaluated by Owens et al. (2011) using a larger sample set and a wider salinity range:  

238U = 0.0786 × S – 0.315         (Equation 2.5) 

where 238U is the 238U activity expressed in dpm.L-1; S is the salinity expressed in PSU. 

The total 234Th activities are calculated considering the equations 4 and 5: 

234Th at counting = (cpm0 – cpmr) / (Y × ε × V)       (Equation 2.6) 

where 234Th at counting is the 234Th activity at the counting data, expressed in dpm.L-1; cpm0 are 

the raw 234Th counts detected onboard, expressed in cpm; cpmr are the residual counts 

measured after a delay of 234Th half-lives (~ 6 months), expressed in cpm; Y is the recovery 

factor determined from the 230Th:229Th ratio; ε is the efficiency of the Beta counter estimated 

with the 99Tc and checked against the home-made 238U standards and with the deep samples; 

V is the volume of seawater filtered expressed in L. It is important to note that during GEOVIDE, 

the temporal variations of the 99Tc standards measurements were less than 1% indicating a 

stable Beta counting along the cruise. The 234Th activities were calculated at the sampling time 
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by correcting from 234Th decay and from 238U in-growth over the period of sample treatment 

(Rutgers van der Loeff et al., 2006): 

234Th = 234Th at counting × e (λ × Δt2) - 238U × e (λ × Δt1) – 1   (Equation 2.7)   

where 234Th is the final 234Th activity expressed in dpm.L-1; 234Th at counting is given by (Eq 4) 

expressed in dpm.L-1; λ is the 234Th decay constant and is equal to 0.0288 day-1; Δt2 is the 

elapsed time between the sampling date and the counting date, in days; 238U is the uranium 

activity given by (Eq 3) expressed in dpm.L-1; Δt1 is the elapsed time between the sampling 

date and the filtration date, in days. 

Uncertainties on total 234Th activities are estimated using an error propagation law (and 

considering the different sources of error, initial and final counting, counter efficiency, recovery; 

Rutgers van der Loeff et al., 2006) and represent 0.07 dpm.L-1. 

 

2.2.3. Determination of the 234Th export flux 

The 234Th flux is calculated from 234Th and 238U activities using the mass balance equation 

established for a 1-D box model (Savoye et al., 2006): 

δ234Th / δt = λ × (238U - 234Th) – P + V            (Equation 2.8) 

where λ is the 234Th decay constant (0.0288 d-1); 238U and 234Th are the activities of 238U and 

234Th, respectively; P is the export of 234Th on sinking particles; V is the sum of advective and 

diffusive fluxes of 234Th and can be modeled by the equation: 

V = u × (δ234Th / δx) + v × (δ234Th / δy) + w × (δ234Th / δz) + Kx × [δ² (234Th) / δx²]  

+ Kv × [δ² (234Th) / δy²] + Kz × [δ² (234Th) / δ²z]     (Equation 2.9) 

where velocities are denoted u, v and w; (δ234Th / δx), (δ234Th / δy) and (δ234Th / δz) are the 

234Th activity gradients; Kx, Ky and Kz are the diffusion coefficients. 

The vertical advection has been shown to be an important process in areas where intense 

upwelling or downwelling occur (see Buesseler et al., 1995), which is the case close to the 

Iberian margin (http://marine.copernicus.eu/) or within the Labrador Sea (Kieke and 

http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=SST_EUR_SST_L4_NRT_OBSERVATIONS_010_018
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Yashayaev, 2015). Lateral transport of 234Th can also be important close to ocean margins or 

in areas where currents are strong (Benitez-Nelson et al., 2000; Resplandy et al., 2012; 

Savoye et al., 2006). The impact of physics during GEOVIDE is discussed in Chapter 3. 

During GEOVIDE, we assume that (δ234Th / δt) = 0 or that the system is in steady state (SS). 

Indeed, a non-steady state (NSS) study implies to sample a station twice minimum, which was 

impossible during the transect of the GEOVIDE cruise. However, during KEOPS2 cruise, 

around Kerguelen Island in the Southern Ocean, a NSS model has been used at two stations 

and the comparison with the SS model did not reveal significant differences (Planchon et al., 

2015).  

The 234Th flux is calculated by integrating the 234Th activity deficit (relative to 238U) at a specific 

depth, using a midpoint integration method. Briefly, the water column is divided in layers where 

a 234Th export flux is calculated by multiplying the thickness of the layer using equation 2.8. 

The 234Th export flux at the specific depth represents the cumulative 234Th export fluxes 

deduced from the upper layers. 

 

2.3. Elemental export fluxes 

Biogeochemical (POC, BSi, major or trace elements) export fluxes can be determined using 

the 234Th-based approach by multiplying the ratio of the element of interest to 234Th in particles 

with the total 234Th export flux (Equation 2.4). This approach assumes that the deficiency in 

total 234Th with respect to 238U reveals a 234Th flux associated with particles sinking from the 

euphotic zone to deeper depths (Buesseler et al., 1992). The selection of the Element:234Th 

ratio representative of sinking particles exiting the surface waters is decisive for the 234Th proxy 

method. In fact, this ratio can vary spatially and temporally and is dependent on the kind of 

particles, particle-size, plankton communities, food web dynamics, aggregation-disaggregation 

processes or sampling methods (Benitez-Nelson and Charette, 2004; Buesseler, 1991; 

Buesseler et al., 2006; Moran et al., 2003). In order to estimate the most representative export 
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flux, the two following sub-sections discuss about the choice of the depth to estimate the 

Element:234Th ratio and thus the elemental export flux, as well as the different mathematical 

fits to estimate the Element:234Th at the specific depth. In general, larger particles (> 53 µm) 

are considered as the sinking particles and thus responsible of the particulate export flux 

(Michaels and Silver, 1988). The particulate ratio Element to 234Th in this > 53 µm size fraction 

is usually used to convert the 234Th flux into the elemental flux (Buesseler et al., 2006). 

However, recent studies have shown that smaller particles (1-53 µm) also contribute to the 

export flux (Puigcorbé et al., 2015). Therefore, for samples where 234Th analysis have been 

performed (POC, PN), the Element:234Th ratios were also determined for the small size fraction 

(1-53 µm) in order to compare both size fractions individually. Despite the different timescales 

integrated and the problems of each sampling method, a comparison of the element to 234Th 

ratio in particles between ISP and sediment traps is a good indicator of the particles reaching 

the sediment traps. A good agreement would confirm the estimations of the ratio as well as the 

export flux. However, several authors have documented problems from methodological issues 

(angle of the P-trap, swimmers in P-trap, rupture of aggregates by ISP filtration) or the sampling 

of different particle pools (P-trap particles represent the sinking particles whereas ISP particles 

represent the standing stock; Buesseler et al., 2006; Benitez-Nelson and Charette, 2004; 

Moran et al., 2003) which can cause discrepancies between the Element/234Th ratios. During 

GEOVIDE, no sediment traps were deployed, while during KEOPS2, the comparison between 

ISP and trap was possible. 

 

2.3.1. Integration depth for export calculations 

The Element/234Th ratio varies vertically and, in order to use it as a factor of conversion to 

estimate the corresponding elemental export, the ratio needs to be determined at the depth of 

export (Buesseler et al., 2006) and has to represent the sinking particles exiting the surface 

waters. In this context, the choice of the depth for export calculations is crucial. Many former 

studies have used a fixed depth for convenience, because of limited sampling resolution or 
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ease of comparison with literature. However, Buesseler and Boyd (2009) have shown that the 

use of a single depth could bias temporal and spatial comparisons of particle export fluxes. 

They proposed to estimate the elemental fluxes, by integrating the 234Th export flux as well as 

to determine the ratio of the element to 234Th in particles, to the depth where the net primary 

production (NPP = GPP – R, where GPP is the gross primary production and R the respiration) 

goes to zero. In practice, this depth usually corresponds to the base of the euphotic zone (Ez; 

depth of the 1% light level; Jerlov, 1968), determined from the profile of PAR 

(photosynthetically active radiation). This standardization allows the assessment of the 

strength of the biological pump in different regions of the upper ocean across seasons and 

regions. Indeed, the layer above Ez is a particulate production layer, not representing 

necessarily the sinking particles whereas below Ez the particles undergo degradation by 

heterotrophic bacteria or zooplankton which will attenuate the export flux. However, Marra et 

al. (2014) pointed that the depth where NPP goes to zero is often deeper than the 1% light 

level, indicating that Ez is maybe not the most appropriate depth to choose the Element/234Th 

for the calculation of the elemental export fluxes. Other parameters than light can give 

information on the layer where primary production is occurring. The transmissiometry data 

designate the particle-rich surface zone but lateral inputs of particles can alter the choice of 

the depth, especially in the vicinity of margins. Fluorescence allows the determination of the 

primary production zone (PPZ) depth and was defined by Owens et al. (2014) as the region 

from 0 m to the depth at which the fluorescence reaches 10% of its maximum value. 

Considering that there can be export (or remineralization) below or above these previous 

depths, another alternative is the choice of the 234Th – 238U equilibrium depth (Eq) representing 

the fully-integrated depletion of total 234Th in the upper waters and thus the maximal export. 

However, this depth can be used only when the vertical sampling resolution of the total 234Th 

is sufficient to constrain the exact equilibrium depth. This approach is the one that was possible 

to undertake for the GEOVIDE and KEOPS 2 samples. 
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2.3.2. Mathematical fitting of the particulate ratio Element/234Th 

Often, the ratio Element/234Th at the specific depth (Eq or other depths) is not available. It is 

thus necessary to estimate it using a mathematical fitting with the ratios obtained at 

surrounding sampling depths. Buesseler and Boyd (2009) pointed that the conventional power 

law fitting of particle flux (Martin et al., 1987) could alter the Element to 234Th ratio and thus the 

magnitude of the elemental flux. Indeed, as the power function is characterized by a curve 

approaching zero at infinite depth, the constraint of the curve fit could bias the real value, 

particularly at shallow depths. In order to account for the site-depending characteristics and 

the depth-related variations of element to 234Th ratios, different interpolation/averaging 

methods can be used to obtain different estimates of this conversion factor at the specific 

depth, defined below by Z:  

- the linear interpolation:   

Element/234Th=a × Z + b                   (Equation 2.10) 

where Z is the depth; a and b are the parameters obtained by a straight line fit between 

the upper and the lower data point relative to the target depth 

- the power law interpolation:  

Element/234Th=a × Z-b                   (Equation 2.11) 

where Z is the depth; a and b are the parameters obtained by an exponential fit 

- the average of the two ratios bracketing the specific depth:  

Element/234Th=[(Element/234Th)z-1 + (Element/234Th)z+1] / 2  (Equation 2.12) 

where Z-1 and Z+1 are the depths immediately below and above the specific depth, Z 

- the depth-weighted average Element:234Th ratios in the water layer extending above Z: 

Element/234Th=[Ʃ(Element/234Th × Z*)] / [ƩZ*]   (Equation 2.13) 

where Z* is the depth layer considered 

 

The choice of the interpolation method depends on how processes affect the Element:234Th 

ratio profiles. 
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The linear interpolation between depths bracketing Z, as well as taking the average of these 

depths, are appropriate calculations when the curve is monotonic but it can also yield to over- 

or under-estimates if there is an important fluctuation at one of the depths bracketing Z. The 

power law interpolation fits well the vertical evolution of labile element (C, N, P) to 234Th ratios. 

The depth-weighted average approach yields to a ratio of all particles in the layer between 

surface and Z thus potentially including living and non-sinking plankton cells which can affect 

the Element/234Th ratio. However, this calculation seems particularly appropriate for the 

metals/234Th ratios increasing with depth. 

 

2.4. Carbon remineralization fluxes determined from Baxs distributions 

2.4.1. Principle 

Originally, the presence of Ba in biogenic particles has been deduced from the important 

presence of Ba in sediments located under highly productive surface waters (Church, 1970; 

Turekian and Tausch, 1964). Later, Dehairs et al. (1980) highlighted that barite crystals 

(BaSO4) were the main carrier of this particulate biogenic barium, also called excess barium 

(Baxs) in intermediate and deep waters. These different authors, as well as Bishop (1988), 

confirmed that the formation of these barite crystals was controlled by biota in surface waters. 

Then, the formation of barite crystals in sediment traps has been shown to be strongly related 

to POC export fluxes (Bishop, 1988; Dymond and Collier, 1996; Francois et al., 1995; Jeandel 

et al., 2000) and consequently, Baxs accumulation in sediments has been used to reconstruct 

paleo-productivity (Eagle et al., 2003; Paytan et al., 1996; Paytan and Griffith, 2007). 

In the Southern Ocean, a good agreement between the Baxs content in the mesopelagic zone 

and the oxygen consumption rate has been demonstrated (Figure 2.7; Dehairs et al., 1997, 

1991; Shopova et al., 1995), with the O2 consumption rate deduced from the dissolved oxygen 

profiles using a one-dimensional inverse model. Baxs, associated with barite crystals, were thus 

used as a proxy to determine mesopelagic remineralization fluxes of exported biogenic 
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material (Dehairs et al., 1997). This proxy was then used in the Southern and North Pacific 

oceans (Cardinal et al., 2005; Dehairs et al., 2008; Jacquet et al., 2015, 2011; Jacquet et al., 

2008; Jacquet et al., 2008; Planchon et al., 2013).  

   
Figure 2.7: Mesopelagic particulate biogenic Ba (Baxs) versus calculated oxygen consumption rate 
(JO2) for stations within the Southern Antarctic Circumpolar Current region (Dehairs et al., 1997). 

 

 
Despite the lack of understanding on the barite formation, results support the idea that the 

barite crystals precipitate inside oversaturated micro-environments, mostly aggregates of 

organic material where bacterial activity is intense (Bishop, 1988; Collier and Edmond, 1984; 

Dehairs et al., 1980; Ganeshram et al., 2003). When these aggregates are remineralized due 

to heterotrophic bacterial activity, barite crystals are released over the mesopelagic layer as 

micro-sized particles (≈ 1 µm; Ganeshram et al., 2003, Figure 2.9).  

 Usually, Baxs distributions display maximum concentrations in the mesopelagic layer (100-

1000m) reflecting the release of barite crystals during remineralization of organic matter 

(Figure 2.8). At greater depths, usually below 1000 m, Baxs concentrations decrease to a 

background level (around 180 pM, Dehairs et al., 1997). In surface waters, a peak of Baxs can 

sometimes be observed, which is probably not related to remineralization, but rather to Ba 

absorption by phytoplankton. Indeed, barite crystals are not observed in the surface samples 

(Ganeshram et al., 2003). Between the surface water Baxs peak and the increased Baxs 

contents in the mesopelagic layer, the signal returns to the background level, which also 

suggests a different process between surface and mesopelagic layers. 
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Figure 2.8: Typical Baxs profile in seawater, adapted from Jacquet, 2007. 

 

 

In order to verify that the concentrations of Baxs (analyzed by ICP-MS, see section II.1.d of this 

chapter) are related to the presence of barite crystals, I estimated the quantity of Baxs 

associated with barite crystals detected with scanning electron microscopy- Electron 

Microprobe (SEM-EMP). At VUB metallurgy laboratory, I used a field emission scanning 

electron microscope (JSM-7100F, JEOL) to scan fractions (0.5/0.8 cm² from a total surface of 

15 cm²). As the barite is a dense mineral (density 4.45 g.cm-3), they are brighter than less 

dense particles (salt, lithogenic particles, biogenic shells). For these particles, we then verified 

the energy-dispersive spectrum. The identification of barite crystals was confirmed if three 

Barium-Lα and one Sulfur-Kα spectral lines were present as principal components (Figure 2.9).   
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Figure 2.9: Example of a barite crystal (indicated with the red arrow) obtained by scanning electron 
microscopy, on the filter sampled at 600 m of Station 69 during the GEOVIDE cruise, and the 
corresponding energy-dispersive spectra. 

 

Seven samples from the GEOVIDE cruise (Stations 13, 26, 38, 44, 69 and 77), including six 

samples collected between 300 and 700 m and one at 50 m, were analyzed. In the latter 

sample, no barite crystals were found, but for the other samples several barite crystals were 

observed close to biogenic aggregates. 
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A small part of one filter sampled at 600 m (0.003% of the total surface) was carefully analyzed 

in order to deduce the concentration of barium originating from barite crystals, using the 

following equation:  

          (Equation 2.14) 

 

where 𝑝𝐵𝑎 is the concentration of barium deduced from the SEM analysis, 𝑉 is the volume of 

each crystal calculated using the largest and smallest axes of the projected particle surface 

(assimilated to the projection of an ellipse or a sphere with the Image J software, μBaSO4 is the 

density of barite (4.5), 𝑀(𝐵𝑎)
𝑀(𝐵𝑎𝑆𝑂4)

 is the molar fraction of Ba in BaSO4 and VSW is the volume of 

seawater filtered through this part of the filter.  

Finally, the Ba concentration based on the analysis of discrete barite particles (1260 pmol.L-1) 

compared well with the concentration of total Baxs analyzed by ICP-MS (831 pmol.L-1). These 

values are of the same order of magnitude (but with Ba from discrete barite being 1.5 times 

larger than Ba from total analysis), confirming that the total particulate biogenic barium is 

mainly carried by barite crystals and that the barium concentration in the mesopelagic layer 

can be related to the oxygen consumption. 

 

2.4.2. Determination of the carbon remineralization flux 

The mesopelagic carbon remineralization was estimated using an empiric algorithm relating 

the Baxs content to the rate of oxygen consumption (Shopova et al., 1995; Dehairs et al., 1997):  

JO2 = (meso Baxs – Ba residual) / 17200       (Equation 2.15) 

where JO2 is the rate of oxygen consumption (µmol.L-1.d-1), meso Baxs is the depth-weighted 

average concentration of biogenic barium (DWA; pmol.L-1), Ba residual is the deep ocean Baxs 

value (or Baxs background signal, pmol.L-1).  

𝑝𝐵𝑎 𝑖𝑛 𝑏𝑎𝑟𝑖𝑡𝑒 =
𝑉 × 𝜇𝐵𝑎𝑆𝑂4 ×

𝑀(𝐵𝑎)
𝑀(𝐵𝑎𝑆𝑂4)

𝑉𝑆𝑊 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑
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The depth-weighted average of meso Baxs was performed between 100 and 500 m, and 

between 100 and 1000 m in order to compare the carbon remineralization rate in the top and 

in the whole mesopelagic layer, in order to determine where is the most important zone for 

remineralization. 

In the Southern Ocean, the residual Baxs value was observed at zero oxygen consumption and 

reached 180 pmol.L-1 (Dehairs et al., 1997). A similar residual Baxs value was observed in the 

North Atlantic (see Chapter 4).  

Then, the oxygen consumption JO2 can be converted into a C remineralized flux using this 

relationship: 

POC Mesopelagic Remineralization = Z x JO2 x (C/O2)Redfield Ratio        (Equation 2.16) 

where MR is the mesopelagic remineralization rate of organic carbon (mg C.m-2.d-1), Z is the 

thickness of the depth layer in which meso Baxs is calculated, JO2 is given by the Equation 9  

and (C/O2)Redfield Ratio is the stoichiometric molar C to O2 ratio (127/175).
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Abstract 

In this study, we report Particulate Organic Carbon (POC) export fluxes estimated using the 

234Th-based approach in different biogeochemical provinces of the North Atlantic, as part of 

the GEOTRACES GA01 expedition (GEOVIDE, 15th May-30th June 2014). Surface and deep 

POC export fluxes were deduced by combining export fluxes of 234Th with the POC/234Th ratio 

of sinking particles at the depth of export. Particles were collected in two size classes (>53 µm 

and 1-53 µm) using in-situ pumps, considering the large size fraction as representative of 

sinking material. Surface POC export fluxes revealed latitudinal variations between provinces 

ranging from 1.4 mmol C.m-2.d-1 in the Irminger Sea where the bloom was on this way down 

but close to its maximum peak, to 12 mmol C.m-2.d-1 near the Iberian Margin where the bloom 

had already declined. In addition to the bloom staging, the variations of POC export fluxes 

were also related to the presence of biogenic (biogenic silica or calcium carbonate) and 

lithogenic (aluminum) minerals, able to ballast the POC. Indeed, the comparison between the 

POC export fluxes with those of biogenic silica (BSi) related to the presence of diatoms, 

calcium carbonate (CaCO3) related to the presence of coccolithophorids and particulate 

aluminum (pAl) as a tracer of lithogenic particles, highlighted a direct influence of these 

minerals on the magnitude of POC export fluxes. The density of the particles, controlled by 

these minerals, appeared to contribute more to the POC export flux than the phytoplankton 

size structure. The surface POC export fluxes were then compared to primary production (PP) 

in order to assess the export efficiency, defined as the ThE ratio. This ratio strongly varied 

regionally and was generally low (≤ 12%), except at two stations located near the Iberian 

margin (35%) and within the Labrador Sea (34%), which were characterized by the lowest PP. 

We thus conclude that the North Atlantic during this period was not as efficient in transferring 

carbon to depth as described in previous studies. Finally, we compare the surface and deep 

POC export fluxes to investigate the transfer efficiency (Teff) of the North Atlantic biological 

pump. This parameter was also highly variable regionally and appeared to be driven by sinking 
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particles ballasted by calcite or lithogenic minerals, but also by sub-mesoscale features such 

as the sub-arctic front. 

 

3.1. Introduction 

The North Atlantic represents one of the most productive spring phytoplankton bloom of the 

world‘s ocean (Esaias et al., 1986; Longhurst, 2010), starting first within the European basin 

in March and propagating northwards within the subpolar region in April and May (Henson et 

al., 2009; Pommier et al., 2009). This strong bloom generates an important pulse of biogenic 

sinking particles (Buesseler et al., 1992; Honjo and Manganini, 1993; Le Moigne et al., 2013b) 

which accounts for up to 18% of the global biological carbon pump (Sanders et al., 2014). As 

a consequence, the North Atlantic has been identified as an efficient ocean to export carbon 

to depth (Buesseler and Boyd, 2009; Herndl and Reinthaler, 2013). 

The North Atlantic consist of several provinces (sensu Longhurst, 1995) characterized by 

distinct biogeochemical and physical characteristics which influence the magnitude of the 

particle export fluxes. For example, the low nutrient availabilities in the North Atlantic 

subtropical gyre (NAST) province limits the biomass development (Moore et al., 2008), 

dominated by pico-phytoplankton such as cyanobacteria (Zehr and Ward, 2002). Northward, 

in the Atlantic Arctic (ARCT) province, the phytoplankton growth is strongly seasonally light-

limited (Riley, 1957) and the key parameter for alleviating these limitations is the progressive 

shoaling of the mixed layer. There, diatoms dominate the phytoplankton bloom until the 

exhaustion of the silicic acid stock (Martin et al., 2011). Then, an intense bloom of 

coccolithophorids develops (Poulton et al., 2010; Raitsos et al., 2006). Between these 

provinces, a third area called the North Atlantic Drift (NADR) province is a transition zone 

where nutrients and/or light can limit the primary production (Henson et al., 2009).  In summer, 

at the end of the bloom, this province can be iron-limited, and become “High Nutrient Low 

Chlorophyll” (HNLC) regions (Moore et al., 2006; Nielsdottir et al., 2009; Sanders et al., 2005). 
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The North Atlantic is thus a heterogeneous basin in terms of limitations and phytoplankton 

communities. 

According to these contrasted biogeochemical regimes, carbon export fluxes in the North 

Atlantic are highly variable spatially (Jickells et al., 1996; Thomalla et al., 2006). Furthermore, 

studies using fixed sediment traps demonstrated that pulsed exports were neither necessarily 

recurrent over years nor associated to unused patterns of mixing and productivity (Antia et al., 

2001; Billet et al., 1983; Lampitt et al., 2010; Peinert et al., 2001), indicating that carbon export 

fluxes in North Atlantic are also variable temporally. 

The strong regional and temporal variation of the biogeochemical characteristics highlights the 

complexity to determine carbon export fluxes and to define a basin such as the North Atlantic 

as an efficient ocean to export carbon. 

In this context, we investigated the carbon export fluxes derived using the Thorium-234 

approach, along the GA01 GEOTRACES section (GEOVIDE cruise, 15 May - 30 June, 2014; 

R/V Pourquoi Pas?), crossing the three main biogeochemical provinces described above. 234Th 

is a highly particle reactive element, with a short half-life (24.1 days), which is widely used to 

explore particle export over short events such as phytoplankton blooms. A deficit of 234Th with 

respect to its parent 238U (conservative in seawater) is usually observed in the upper water 

column where particles sink. A 234Th flux can be quantified and then converted into a particulate 

organic carbon (POC) flux by using the POC:234Th of sinking particles at the depth of export 

(Buesseler et al., 2006). 

In this paper, we first explore 234Th distributions in the upper waters to estimate surface export 

fluxes and in the mesopelagic waters to investigate the flux attenuation due to degradation 

processes. These export fluxes are discussed with regards to the stage and intensity of the 

bloom, the phytoplankton size structure, and the composition in biogenic and lithogenic 

minerals that can play a role of ballast for POC. Then, using in-situ primary production data 

and deep carbon export fluxes, we investigate the export and transfer efficiencies of the 

biological carbon pump in the North Atlantic. 
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3.2. Methods 

3.2.1. Study area 

For the purpose of this work, 11 stations were investigated in three different biogeochemical 

provinces (Figure 3.1): 

- the NAST (North Atlantic Subtropical) province (Stations 1 and 13) was sampled at the 

beginning of the cruise (19 and 24 of May, respectively). Nitrate (NO3-) and silicic acid (Si(OH)4) 

concentrations were under 1 µmol.L-1 in the upper 40m, despite the proximity of the Iberian 

margin, where sits a natural upwelling (Costa Goela et al., 2016; Zúñiga et al., 2016; 

http://marine.copernicus.eu/), that potentially fuels the area with vast amounts of 

macronutrients. In this province, dissolved iron (dFe) concentrations were non-limiting, with 

concentrations in surface waters varying between 0.15 and 1.08 nmol.L-1 (Tonnard et al., in 

prep.). 

- the NADR (North Atlantic Drift) province, including the western European basin (Stations 21 

and 26) and the Icelandic basin (Stations 32 and 38), was sampled from the 31st of May to the 

10th of June. The two basins are separated by the sub-arctic front (SAF) located near Station 

26. The surface waters had low Si(OH)4  concentrations (≤ 1 µmol.L-1), moderate dFe 

concentrations (0.40 nmol.L-1; Tonnard et al., in prep.) and high NO3- concentrations (> 5 

µmol.L-1) except at Station 21, located south of the SAF, where nitrate concentrations were 

below 1 µmol.L-1 in surface waters.  

- the ARCT (Atlantic Arctic) province, including the Irminger Sea basin (Stations 44 and 51) 

and the Labrador Sea basin (Stations 64, 69 and 77) were sampled on the 13th and 16th of 

June and at the end of the cruise (19th, 22th and  26th of June), respectively. The Irminger Sea 

basin was characterized by high surface Si(OH)4 and NO3- concentrations (> 6 µmol.L-1) and 

moderate dFe concentrations (0.23-0.78 nmol L-1; Tonnard et al., in prep.). The surface waters 

of the Labrador Sea basin was characterized by a north to south gradient in macronutrients, 

with high NO3- and Si(OH)4 concentrations at Station 64 (> 3.6 µmol.L-1 and 4.6 µmol.L-1, 

respectively), decreasing gradually to the south with low concentrations at Station 77 (~1 

http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=SST_EUR_SST_L4_NRT_OBSERVATIONS_010_018
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µmol.L-1 and < 1 µmol.L-1, respectively) . Moderate to high dFe concentrations were observed 

in this area (from 0.75 nmol.L-1 at Station 64 to 2.5 nmol.L-1 above the Newfoundland Plateau; 

Tonnard et al., in prep.). This basin is also characterized by the subduction of the Labrador 

Seawater (LSW; Kieke and Yashayaev, 2015) which was particularly intense (1500m-deep 

convection) during the winter 2013-2014 (Lherminier, personal communication). 

 
Figure 3.1: Simplified schematic of the water mass circulation in the North Atlantic (adapted from 
Garcia-Ibanez et al., 2015) superimposed with the GEOVIDE cruise track (thick grey line) and stations 
(colored diamonds). Surface currents are represented 

 

3.2.2. Total 234Th and 238U  

Total 234Th activities were determined from 4L unfiltered seawater samples collected with 

Niskin bottles and stored in 4L polypropylene Nalgene bottles. Usually, 17 or 18 depths were 

sampled between the surface and 1000-1500m, except at Stations 26 and 77 where only 9 

and 15 depths were sampled, respectively (Table S3.1). In addition, deep samples (n=15; 

between 1000 and 3500m) were taken for the calibration of low level beta counting (van der 

Loeff et al., 2006), as in open ocean studies, deep water samples (2000 – 3000 m) are 

generally assumed to be in secular equilibrium regarding the 234Th-238U pair. Seawater 
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samples were processed following the method developed by Pike et al. (2005). Briefly, 

samples were acidified at pH 2 using concentrated HNO3 (suprapur grade, Merck), spiked with 

1 mL of 230Th yield monitor to estimate the 234Th recovery after the Mn precipitation. After 12 

hours of equilibration, pH was increased to 8.5 using concentrated NH4OH (suprapur grade, 

Merck). One hundred micro-liters of KMnO4 and MnCl2 (analytical grade, Merck) were added 

to form a Mn precipitate and, after 12 hours of equilibration, samples were filtrated on quartz-

microfiber discs (QMA, Sartorius, nominal porosity=1 µm, diameter=25 mm). Filters were then 

dried at 50°C overnight, mounted on nylon holders, covered with Mylar and aluminum foil and 

counted on board using low level beta counters (RISØ, Denmark) until the counting relative 

standard deviation (RSD) was below 2%. At the home-laboratory, residual beta activity was 

measured for each sample after a delay of six 234Th half-lives (~6 months) and was subtracted 

from the gross counts obtained on-board. All samples were then processed for Th recovery 

using the 229Th as a second yield tracer. Briefly, each filter was dismounted of nylon holder and 

placed into a clean 30 mL vial (Savillex). All samples were spiked with 50 µl of 229Th,  dissolved 

in 10 mL mix of 8M HNO3/1M H2O2 (suprapur grade, Merck), heated overnight at 60°C and 

filtered through Acrodisc® syringe filters (Pall, Nylon membrane, nominal porosity=0.2 µm, 

diameter=25 mm). The column purification, recommended by Pike et al. (2005) was not 

applied, because Planchon et al., (2013) showed this was not necessary to obtain accurate 

measurements. In order to increase concentrations during the analyses, samples were pre-

concentrated by evaporating 2 mL of the filtered solution. The residue was then diluted in 6 mL 

of 1.4M HNO3 (suprapur grade, Merck) and 230Th and 229Th were measured by SF-ICP-MS 

(Element 2, Thermo Scientific) in low resolution mode. Each sample was analyzed 3 times. 

The chemical recovery of the analytical process was 91 ± 14 % (n=200), and the precision of 

230Th:229Th ratios averaged 1.2% (RSD), which is within the range indicated by Pike et al. 

(2005). Uncertainties on total 234Th activity were estimated using the error propagation and 

accounted to 0.07 dpm.L-1.  

The 238U activity was deduced from salinity using the relationship given by Owens et al. (2011):  
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238U = 0.0786 × S – 0.315         (Equation 3.1) 

where 238U is the 238U activity in dpm.L-1 and S is the salinity in psu. 

For the deep samples, the RSD of the 234Th/238U ratios averaged 0.02 (n= 15) and was used 

for the calibration of low level beta counting.  

3.2.3. Particulate 234Th and POC sampling and analysis 

Suspended particles were collected using in-situ large-volume filtration (100-1600 L) systems 

(McLane pumps, deployed in the upper 500 m, and Challenger Oceanics pumps deployed 

below 500 m generally; ISP hereafter) through paired 142mm-diameter filters: a 53 µm mesh 

nylon screen (SEFAR-PETEX®; polyester) and a 1 µm pore size quartz-microfiber filter (QMA, 

Sartorius), respectively. Therefore, two size fractions of particles were collected: the small size 

fraction (referred to SSF hereafter, 1-53 µm) and the large size fraction (referred to LSF 

hereafter, >53 µm). Filters were cleaned as follows: PETEX screens were soaked in 0.6M HCl, 

(Normapur, Merck) rinsed with Milli-Q water, dried at ambient temperature in a laminar flow 

hood and stored in clean plastic bags; QMA filters were precombusted at 450°C during 4h and 

stored in aluminum foils until use. In-situ pumps were deployed on a stainless steel cable 

between 15 and 800 m and the pumping time was approximately 2-3 hours (Table S3.2).  

After collection, filters were processed on board. The 142 mm nylon screen was cut into 

quarters using a clean scalpel. The large particles were then rinsed off the quarter of the screen 

using 0.45 µm filtered seawater collected along the transect and refiltered on a silver filter 

(SterliTech, porosity=0.45 µm, diameter=25 mm) under a laminar flow hood using filtration 

units.  This operation was carry out a second time by resuspending and refiltering the large 

particles from another 142 mm nylon quarter on a GF/F filter (Whatman®, porosity=0.7 µm, 

diameter=25 mm) in order to have a replicate. 

Punches of the QMA filter were sampled using a plexiglas punch of 25 mm diameter.  

Then, subsamples of silver, GF/F and QMA filters were dried overnight (50°C), and prepared 

for beta counting, as explained for total 234Th samples. After the counting of the residual beta 

activity, samples were prepared for POC, PN analyses along with their 13C and 15N 
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abundances measurements, but, in this study, only POC data will be presented (as PN 

concentrations and 13C and 15N abundances data will be published in a separate manuscript). 

In brief, filters were dismounted from filter holders and fumed under HCl vapor overnight inside 

a glass desiccator to remove the carbonate phase. After a drying step at 50°C, samples were 

packed in precombusted (450°C overnight) silver cups and analyzed with an elemental 

analyzer – isotope ratio mass spectrometer (EA-IRMS, Delta V Plus, Thermo Scientific). 

Acetanilide standards were used for the calibration. The detection limits and C blanks were 

respectively 0.59 and 0.80 µmol for Ag filters (n=11) and were 0.49 and 1.52 µmol for QMA 

filters (n=13).  

3.2.4. Mineral composition of particles 

The concentrations of biogenic silica (BSi), non-sea salt calcium assimilated to calcium 

carbonate (CaCO3) and particulate aluminum (pAl) were also determined from ISP filters, but 

from a different pump head than POC and particulate 234Th, dedicated to trace elements. In 

this second pump head, particles were collected through paired 142 mm-diameter filters: a 53 

µm mesh nylon screen (Petex; polyester) and a 0.8 µm polyestersulfone filter (Supor). Before 

use, filters were cleaned in Low Density PolyEthylene (LDPE) containers containing 1.2M HCl 

(Suprapur grade, Merck), heated at 60°C and rinsed with Milli-Q water. On board, filters were 

processed under a laminar flow unit located in a customized clean “bubble”. Before and after 

the ISP recoveries, pump heads were also covered with plastic bags to minimize 

contamination. The 142 mm filters were subsampled as follows: using a clean ceramic scalpel, 

one quarter of the Petex, dedicated to 234Th and BSi analyses in the large size fraction (LSF, 

>53 µm), was cut out. Then, particles were washed off this Petex using 0.45 µm filtered 

seawater collected during the GEOVIDE cruise (filtered through a Supor filter in clean 

conditions) and collected on Polycarbonate filters (Nuclepore®, porosity=0.4 µm, diameter=25 

mm) mounted on a polysulfone filtration units (Pall). Filters were then dried under the laminar 

flow unit and prepared for Beta counting. A second quarter of the Petex which was dedicated 

to trace element (TE, including pAl) and major element (including particulate calcium and 
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sodium; pCa and pNa) analyses in the LSF was kept in a clean petrislide (Millipore) at -20°C 

until sample processing and subsequent analysis in the home laboratory. The 142 mm Supor 

filter was also subsampled for TE, major element and BSi analyses in the small size fraction 

(SSF; 1-53 µm), using a 13 mm diameter disposable skin biopsy Acupunch. These punches 

were not Beta counted and were directly stored in clean Petri slide double bagged in Ziploc 

bags and stored at -20°C until analysis. TE export fluxes will be published separately (Lemaitre 

et al., in prep.). 

Back in the home laboratory, the large particles of the remaining PETEX quarter dedicated to 

trace and major element analyses were washed off with 0.45 µm filtered surface seawater 

collected during the GEOVIDE cruise (Station 77, 40m, filtered through a Supor filter) and 

collected on acid cleaned 47 mm diameter mixed cellulose esters filters (MF-Millipore® filters, 

0.8 μm), using Nalgene filtration units. Then, one half of the 47 mm MF, or one 13 mm punch 

of the Supor filter (SSF), was placed along the wall of a 15 mL acid cleaned Teflon vial 

(Savillex) and digested with a HNO3 8M-HF 2.3M mix solution (Ultrapur and Suprapur grades, 

Merck), refluxing at 130°C during 4h. After gentle evaporation close to near dryness, 200 µL 

of concentrated HNO3 (Ultrapur grade, Merck) was added in order to drive off the fluorides. 

The residue was brought back into solution with 3% HNO3 spiked with 1 μg.L–1 of Indium and 

stored in acid cleaned 15 mL centrifuge tubes (Corning) until analysis for estimating the total 

particulate trace elements concentrations (Planquette and Sherrell, 2012). The measurements 

were performed using a SF-ICP-MS (Element 2, Thermo) following the method of Planquette 

and Sherrell (2012). External calibration curves were ran at the beginning, middle and end of 

the run. The precision and the accuracy of our analyses were assessed by measuring 

replicates and the Certified Reference Materials (CRM) BCR-414, respectively (Table 3.1).  

Using the same 3% HNO3 archive solutions, major elements (Ca, K, Mg, Na, Sr) were analyzed 

using an ICP-AES (ULTIMA 2). The precision and the accuracy of our analyses were assessed 

by measuring replicates and the Certified Reference Materials (CRM) BCR-414 (Table 3.1). It 
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was then possible to estimate the calcium carbonate (CaCO3) concentrations, assuming that 

non-sea salt Ca comes from the calcium carbonate: 

[Ca]CaCO3 = Ca – [(Ca/Na)SW × Na]    (Equation 3.2) 

where [Ca]CaCO3 is the estimated concentration of calcium carbonate in µmol.L-1; Ca and Na 

are respectively the particulate calcium and sodium concentrations in µmol.L-1; (Ca/Na)SW is 

equal to 0.022 mol.mol-1 and represents the mean ratio determined in seawater by Copin-

Montégut (1996). 

 

  Al Ca Na 

Indicative value (µg.g
-1

) 2154 ± 803 65955 ± 2893   

Determined Concentration (µg.g
-1

) 3112 ± 464 51133 ± 1057 6601 ± 13  

Recovery (%) 144 78   

    

Table 3.1: Determined concentrations (µg.g-1) and resulting recoveries (%) of the Certified Reference 
Material plankton BCR-414, compared to indicative values (n=5). 

 

 

Following the method of Ragueneau et al. (2005), biogenic silica (BSi) concentrations were 

estimated using an alkaline digestion with correction of the lithogenic silica (LSi). All 

experiments were made using clean polymethylpentene and polypropylene (VWR) centrifuge 

tubes. A 25 mm diameter Nuclepore filter previously Beta counted (LSF), or a Supor punch 

(SSF), was placed in a centrifuge tube and digested with 8 mL of a 0.2 M NaOH solution 

(pellets for analysis, Merck) at 95°C during 1h in a hot bath. After cooling, the pH was 

neutralized by adding 2 mL of 1M HCl (Analar Normapur, Merck) and the supernatant was 

separated from the remaining suspended material. Silicic acid concentrations were determined 

following the automated acid/molybdate colorimetric method (Aminot and Kérouel, 2007), 

using an AutoAnalyzer3 Bran&Luebbe (detection limit: 0.18 µmol.L-1). Dissolved aluminum 

concentrations were determined by a fluorimetric method (fluorimeter MITHRAS LB 940) 

detecting a complex Aluminum-Lumogallion developed by Hydes and Liss (1976; detection 

limit: 0.14 µmol.L-1). At the end of the first digestion, all the BSi is converted into silicic acid, 
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but LSi can also be dissolved during this first digestion involving a bias for the determination 

of BSi concentration. This bias was resolved with a second digestion, equivalent to the first 

one, allowing the determination of a ratio (Si/Al) characteristic of the minerals. The corrected 

BSi concentration was obtained using the following equation: 

BSi = [Si1] – [Al1] × (Si/Al)2      (Equation 3.3) 

where BSi is the final concentration of biogenic silica in µmol.L-1; [Si1] and [Al1] are the 

concentrations of silicic acid and aluminum determined during the first digestion in µmol.L-1; 

(Si/Al)2 is the ratio of the concentrations of silicic acid and aluminum determined during the 

second digestion. 

3.2.5. Pigments 

Pigments were determined at 10 depths per station in samples collected between the surface 

and 200 m depth, using Niskin bottles. Typically, 2L of seawater were filtered through a 25 mm 

diameter GF/F (0.7 µm porosity, Whatman) and filters were immediately frozen in liquid 

nitrogen and stored at -80°C until analysis. At the home-laboratory, filters were extracted in 

100% methanol, disrupted by sonication and clarified by filtration through a GF/F filter. The 

same day, the samples were analyzed by high-performance liquid chromatography (HPLC, 

Agilent Technologies 1200). The complete procedure can be found in Ras et al. (2008). These 

pigments are specific of individual phytoplanktonic taxa or groups and can thus be used as 

biomarker of various phytoplankton communities such as dinoflagellates (Peridin pigment) 

diatoms (Fucoxanthin pigment), prymnesiophytes including the coccolithophorids (19’-

Hexanoyloxyfucoxanthin pigment) and cyanobacteria (Zeaxanthin pigment; (Ras et al., 2008; 

Uitz et al., 2006). These taxa are then gathered into three phytoplankton size classes (micro-, 

nano- and pico-phytoplankton) according to the fraction of each pigment-based size class with 

respect to the total phytoplankton biomass (Ras et al., 2008). Micro-phytoplankton 

corresponds to phytoplankton with size greater than 20 µm, nano-phytoplankton with sizes 

ranging between 2 and 20 µm and pico-phytoplankton relates to a size smaller than 2 µm.  
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3.2.6. Primary production 

In order to determine the in-situ daily primary production (PP), incubation experiments were 

conducted using stable isotope enrichment techniques (H13CO3-) from the surface to 0.2% 

Photosynthetically Active Radiation (PAR) depth level and will be described elsewhere (A. 

Roukaerts, D. Fonseca Batista and F. Deman, unpublished data). Briefly, at each station, 

seawater was sampled at 3 to 6 depths and incubated on deck with a H13CO3- enriched 

substrate. All on-board incubations were sampled at the initial state and after 24h of 

experiment, seawater was then filtered through glass fiber filters (MGF, 0.7 µm porosity, 

Sartorius). At the home-laboratory, POC concentrations and 13C abundances were analyzed 

by EA-IRMS and uptake rates were deduced following the Hama et al. (1983) method. The 

daily primary production was then estimated by depth-integrating the uptake rates per station 

as a function of depth from 54 to 0.2% of PAR.  

 

3.3. Results 

3.3.1. Biological features of the study area 

3.3.1.1. Pigments  

Along the transect, the Chl-a concentrations ranged between 0.16 (Station 1) to 2.48 (Station 

77) mg.m-3 with a chlorophyll maximum always located within the upper 20 m, except at Station 

1 where the highest concentrations were measured between 50 and 65 m (Figure 3.2).  

 



 Chapter 3 

104 
 

 
Figure 3.2: Chlorophyll-a (Chl-a) concentrations in mg.m-3 (closed symbols) and total phaeopigment 
over Chl-a ratios (TPhaeo/Chl-a; open symbols) in the upper 200 m. 

 

The deep Chl-a maximum at Station 1 was nevertheless low (~0.45 mg.m-3). In general, the 

lowest Chl-a concentrations were determined in the NAST province with a maximum of 0.68 

mg.m-3 at 35 m. Moderate Chl-a concentrations were measured in the NADR province and in 

the Labrador sea basin, reaching respectively 1.21 and 1.00 mg.m-3 at ~20 m, except at Station 

77 where Chl-a concentrations were higher, reaching 2.47 mg.m-3 at 15 m. Finally, the highest 

Chl-a concentrations were measured in the Irminger sea basin, with a maximum of 2.99     

mg.m-3 at ~20 m (Station 51). Except for Station 1 located close to the Iberian shelf, the stations 

located in proximity of the shelves were characterized by the highest surface Chl-a 

concentrations reaching 2.99 and 2.47 mg.m-3 near the Greenland (Station 51) and 

Newfoundland (Station 77) shelves, respectively.  

The concentrations of total phaeopigments (TPhaeo, i.e., the sum of Phaeophytin-a and 

Phaephorbide-a pigments) that are degraded Chl-a products associated with grazing activity 

and phytoplankton senescence (Wright et al., 2010; Ras et al., 2008) were also determined. 

This allowed the deduction determinaton of the ratios TPheo/Chl-a for all stations (Figure 3.2). 

A ratio TPaeo/Chl-a above 1 indicates a larger proportion of degraded organic matter than 

fresh organic matter. TPhaeo/Chl-a ratios > 1 were determined between 50 m and 200 m for 

Stations 69 and 77 and below 150 m for the Stations 13, 38, 21, 26 and 51. 
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Regional differences were also observed between phytoplankton pigments. These several 

pigments (described in section 3.2.5) were used as biomarkers of several phytoplankton taxa 

(Figure 3.3.b) and then gathered into three size classes (Figure 3.3.a).  

 

 

Figure 3.3: Main phytoplankton size groups and chloropigments (from the GEOVIDE database). a) 
Relative abundance of microphytoplankton (black line, circles), nanophytoplankton (dark green line, 
squares), picophytoplankton (light green line, triangles). b) Relative abundance of Fucoxanthin (black), 
19’-HF (light grey), Zeaxanthin (dark grey), and peridinin (white) pigments 

 

The NAST province was characterized by a mixed proportion of micro-, nano- and pico-

phytoplanktonic species with a similar percentage of micro- and nano-phytoplanktonic species 

at Station 1 (38 and 45% respectively) and the highest proportion of pico-phytoplanktonic 

species (32% of the total Chl-a) at Station 13. Nevertheless, both stations were dominated by 
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nano-phytoplanktonic species. In this province, 19'-Hexanoyloxyfucoxanthin pigment, 

representative of prymnesiophytes, accounted for the highest proportion of the seven pigments 

(31 ± 0.3%). Coccolithophorids are part of the prymnesiophyte family and their dominance was 

confirmed by visual observations on filters (surface down to 400 m) by scanning electron 

microscopy and by the high CaCO3 concentrations and export fluxes (Figure 3.8) at these 

stations. In the following text, we assume the 19'-Hexanoyloxyfucoxanthin pigment to be 

characteristic of coccolithophorids presence.  

At Station 13, a significant proportion of Zeaxanthin pigment was measured, indicating the 

presence of cyanobacteria (12% of the total taxonomic pigments). 

Within the NADR province, micro-phytoplanktonic species dominated in the Western European 

basin (Stations 21 and 26: > 66% of the total Chl-a) while nano-phytoplanktonic species 

dominated in the Icelandic basin (Stations 32 and 38: > 60% of the total Chl-a). Fucoxanthin 

and Peridin pigments, tracers of diatoms and dinoflagellates respectively, were found in high 

amounts at Stations 21 and 26 (20% peridinin; 43% fucoxanthin). At Stations 32 and 38, the 

19'-Hexanoyloxyfucoxanthin pigment, found in coccolithophorids, showed high values and 

represented up to 54% of the total taxonomic pigments. 

Finally, the ARCT province was dominated by micro-phytoplanktonic species (Stations 44, 51, 

64, 69 and 77: > 75% of the total Chl-a) and significant concentrations of the fucoxanthin 

pigment were measured indicating the presence of diatoms. The fucoxanthin pigment 

represented 77±8% of the total taxonomic pigments. 

3.3.1.2. Primary production 

Along the transect, the integrated daily primary production (PP) in the euphotic zone varied by 

a factor of 6, ranging from 31 ± 2 at Station 69 to 174 ± 6 mmol C.m-2.d-1 at Station 26 (A. 

Roukaerts and D. Fonseca Batista, unpublished data; Table 3.3). The NAST province was 

characterized by low PP with one of the lowest values measured at Station 1 (33 mmol C.m-

2.d-1) and a moderate PP at Station 13 (80 mmol C.m-2.d-1). The NADR province was highly 

productive with PP ranging from 135 to 174 mmol C.m-2.d-1, excluding Station 38 where a lower 

PP was determined (68 mmol C.m-2.d-1). Within the ARCT province, PP in the Irminger Sea 
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basin was high, ranging from 137 to 165 mmol C.m-2.d-1 and was lower in the Labrador Sea 

basin, ranging from 31 to 95 mmol C.m-2.d-1. 

3.3.2. 234Th activities and fluxes 

3.3.2.1. Particulate 234Th activities 

Particulate 234Th activities (p234Th) for the small size fraction (SSF; 1-53 µm) and the large size 

fraction (LSF; >53 µm) are presented in Table S3.2 and Figure 3.4.  

Along the transect, the particulate 234Th activity was predominantly present in small particles 

(SSF) with the p234Th in the LSF accounting for 13% (median value; n=61) of the total 

particulate 234Th. In the NAST province, this phenomena was accented, especially at Station 

13 where p234Th in the LSF was the lowest fraction of the transect, averaging 6.6 ± 1.3 (median 

± 1 s.d.; n=5). This size partitioning of p234Th  is in line with the presence of pico-phytoplankton 

at this station. In the NADR province, the two basins were decoupled with higher p234Th in the 

LSF in the western European basin (22 and 30% at Stations 21 and 26) than in the Icelandic 

basin (16 and 13% at Stations 32 and 38). Once again, this partitioning coincided with the 

increasing dominance of micro- and nano-phytoplankton observed in the western European 

and in the Icelandic basins, respectively. In the ARCT province, the median p234Th in the LSF 

reached only 13 ± 14% (median ± 1 s.d.; n=27) in the water column which is relatively limited 

taking into account the dominance of micro-phytoplankton in this province. However, the 

fraction of p234Th in the LSF in surface waters was the highest in the ARCT province (median 

value=40%), reaching 56 and 52% at Stations 51 and 64 respectively. 

Then, we compared the total particulate 234Th activity (total p234Th; sum of the LSF and SSF) 

to the total 234Th activity. Large variations were observed along the transect, with fractions of 

total p234Th accounting from 9% (Station 1) to 94% (Station 44) of the total 234Th activity. The 

median value was 26% (n=11) but four stations were characterized by different partitioning 

compared to the general trend. Stations 1, 64 and 69 were characterized by a low p234Th 

accounting for 9, 10 and 15% of the total 234Th activity in agreement with the low particle 

concentrations and the lowest PP observed at these stations. Conversely, Station 44 was 
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characterized by the highest fraction of p234Th (94%) and one of the highest PP. This very high 

particulate proportion corresponded to a high particle concentration in surface waters.  

 

Figure 3.4: Particulate 234Th activities for the small size fraction (SSF; 1-53 µm; open diamonds) and 
for the large size fraction (LSF; >53 µm; open triangles); Total 234Th (closed blue circles) and 238U (thick 
grey vertical line); all activities expressed in dpm.L-1. The horizontal black line is the Eq depth (depth 
where 234Th returns to equilibrium with 238U) used for estimating the export fluxes, and the horizontal 
green line is the calculated PPZ depth (primary production zone). Error bars are hidden by the symbols
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3.3.2.2. Total 234Th activities 

The complete dataset of total 234Th, 238U activities and the corresponding 234Th/238U ratios are 

presented in Table S3.1, while Figure 3.4 shows the depth profiles of total 234Th and 238U 

activities. A deficit of 234Th relative to 238U ratio indicates 234Th scavenging by particles which 

can be converted into a 234Th export flux (Buesseler et al., 1992; Cochran and Masqué, 2003). 

Conversely, excess of 234Th relative to 238U implies 234Th accumulation which can be related to 

particle remineralization, releasing 234Th in the dissolved phase (Waples et al., 2006). 234Th 

activities ranged between 1.23 and 2.90 dpm.L-1, while 238U activities ranged from 2.19 to 2.53 

dpm.L-1. 

At all stations, deficits of 234Th relative to 238U were observed in the upper 100m with the lowest 

234Th/238U ratios measured in the upper 40 m. In the upper 40 m, 234Th/238U ratios ranged 

between 0.50 (Station 38) to 0.90 (Station 44). Generally, the lowest ratios were observed in 

the NADR province (median 0.61 ± 0.12, n=4), while in the other provinces, surface 234Th/238U 

ratios were 0.74 ± 0.06 (median, n=8).  Moreover, at Stations 21, 26 and 32 located in the 

NADR province, ratios below 0.8 deepened further than the other stations (91 ± 14 m 

compared to 33 ± 16 m, n=8). Total 234Th activities increased progressively with depth and 

were back to equilibrium with 238U at different depths between stations: Eq reached 100 ± 10 

m (n=2) in the NAST province, increased to 128 ± 51 m (n=4) in the NADR province and finally 

decreased to 68 ± 27 m in the ARCT province (n=5). 

 This equilibrium depth matched well (median of all stations: 26 m of difference, Figure 3.4) 

with the base of the particle production zone (PPZ) defined as the depth at which the 

fluorescence reaches 10% of its maximum value (Marra et al., 2014). The PPZ depth was used 

in different studies as the integration depth for 234Th deficits (Owens et al., 2014; Roca-Marti 

et al., 2016a) but the good correspondence between Eq and PPZ confirms that the Eq depth 

is appropriate to calculate export.   

Below Eq, excess of 234Th relative to 238U (i.e., 234Th/238U ratio > 1) was observed at all stations, 

but significant 234Th excess (ratio > 1.1) was observed at Station 1 (800 m), Station 13 (140 

m), Station 21 (300 m) and Station 77 (400 and 700 m).  
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Below Eq, small but significant 234Th deficits were also observed at Station 44 at 140 m and 

800 m and at Station 51 between 400 and 700 m (Figure 3.4). 

3.3.2.3. 234Th export fluxes 

At all stations, 234Th fluxes were derived from 234Th and 238U activities using the following mass 

balance equation (Savoye et al., 2006): 

                 (Equation 3.4) 

where λ is the 234Th decay constant (0.0288 d-1); AU and ATh are the activities of total 238U and 

234Th, respectively; P is the export of 234Th on sinking particles; V is the sum of advective and 

diffusive fluxes of 234Th and can be expressed with the following equation:   

                  (Equation 3.5) 

 

where horizontal and vertical velocities are denoted u, v and w; 𝛿𝐴𝑇ℎ
𝛿𝑥

, 𝛿𝐴𝑇ℎ
𝛿𝑦

 and 𝛿𝐴𝑇ℎ
𝛿𝑧

 are the 

234Th activity gradients; Kx, Ky and Kz are the diffusion coefficients. 

During GEOVIDE, we assume that 𝜕𝐴𝑇ℎ
𝜕𝑡

 equals 0 meaning that the system is in steady state 

(SS). A non-steady state (NSS) calculation was not possible for the GEOVIDE cruise since 

this approach implies the same water mass to be sampled at least twice (Savoye et al., 2006).  

The 234Th flux is calculated by integrating the 234Th activity deficit (relative to 238U) between the 

surface and the depth of export, defined here as Eq (the depth where 234Th activities are back 

to the equilibrium with 238U activities). 

The highest 234Th fluxes at Eq were observed in the NADR province, reaching 2252 ± 119 

dpm.m-2.d-1 at Station 32, while the lowest flux was determined in the Irminger Sea basin (321 

± 66 dpm.m-2.d-1 at Station 44). In order to evaluate the attenuation of the export flux with 

depth, we also calculated the 234Th flux at 400 m. The 234Th flux was not estimated below 400 

m because of the increase of the uncertainty with depth. Nevertheless, it is important to note 

that the estimation of fluxes at 400 m remains relatively imprecise because of the large 

uncertainties, reaching a median of 411 dpm.m-2.d-1 compared to 104 dpm.m-2.d-1 at Eq. The 

𝜕𝐴𝑇ℎ
𝜕𝑡 =  𝜆 (𝐴𝑈 − 𝐴𝑇ℎ) − 𝑃 + 𝑉 

𝑉 = 𝑢
𝛿𝐴𝑇ℎ
𝛿𝑥 + 𝑣

𝛿𝐴𝑇ℎ
𝛿𝑦 + 𝑤

𝛿𝐴𝑇ℎ
𝛿𝑧 + 𝐾𝑥

𝛿²𝐴𝑇ℎ

𝛿𝑥²
+ 𝐾𝑦

𝛿²𝐴𝑇ℎ

𝛿𝑦²
+ 𝐾𝑧

𝛿²𝐴𝑇ℎ

𝛿𝑧²
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fluxes at 400 m should thus be considered with great care. These fluxes ranged from 573 ± 

473 dpm.m-2.d-1 at Station 69 to 2171 ± 408 dpm.m-2.d-1 at Station 26. The 234Th flux attenuation 

between Eq and 400 m was then calculated by subtracting the 234Th flux at 400 m by the flux 

at Eq (Figure 3.5).  

 
Figure 3.5: 234Th flux attenuation between Eq and 400 m (in dpm.m-2.d-1). Negative values indicate an 
attenuation of the 234Th flux between Eq and 400 m while positive values denote an increase of the 234Th 
flux between both depths. The error bars are calculated using the error propagation laws. 

 

 

Considering the precision of the approach, no significant differences were observed at Stations 

26, 32, 38, 44, 51 and 64 but significant flux attenuations were determined at Stations 1, 13, 

21, 69 and 77. The highest 234Th flux attenuation was estimated at Station 21 where the flux 

at 400 m represented only 5% of the flux at Eq.   

3.3.2.4. Influence of physical transport on the flux estimation 

The North Atlantic is known to be a very dynamical area, where zonal surface currents can be 

strong (up to 1 m.sec-1; Mercier et al., 2015; Reverdin et al., 2003). However, the longitudinal 

and latitudinal sampling resolution during GEOVIDE did not allow the es timation of horizontal 
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234Th gradients. It was thus not possible to evaluate the V term (Equation 3.5) but potential 

errors introduced by this term on the 234Th flux calculation were qualitatively considered.  

Lateral transport of 234Th has been shown to be important at ocean margins or in areas where 

currents are strong (Benitez-Nelson et al., 2000; Resplandy et al., 2012; Savoye et al., 

2006)Roca-Marti et al., 2016). During GEOVIDE, the most dynamical area was encountered 

in the surrounding of the Greenland Margin subjected to the powerful East and West Greenland 

currents. For this areas, one way to characterize the potential role of advection is to compare 

stations close to each other, as for instance, the Stations 44 and 51 both located in the Irminger 

Basin. 234Th fluxes showed relatively high variability at these two stations, suggesting that 

lateral advection was likely important in this area, but this contribution cannot be evaluated 

here. The NADR is also a dynamical area where lateral advection can represent up to 20% of 

the export flux at PAP site (Resplandy et al., 2012) but variations of 234Th fluxes were less 

pronounced in this province. 

Similarly, vertical advection has been shown to be an important process (Buesseler, 1998; 

Buesseler et al., 1995). In the North Atlantic, a local upwelling takes place near the Portuguese 

coasts in the Iberian margin (Costa Goela et al., 2016; Zúñiga et al., 2016; 

http://marine.copernicus.eu/) and an intense convection occurs in the Labrador Sea basin 

(Kieke and Yashayaev, 2015). However, strong vertical advections which mixes the water 

column, would homogenize the 234Th activities in the water column, which is not the case during 

our study (Figure 3.4). Indeed, the greatest mixed layer depth during GEOVIDE reached 40 m 

along the transect and significant 234Th deficits relative to 238U were observed in surface waters 

compared to deeper depths. Therefore, the influence of vertical advection on 234Th export 

fluxes was neglected. 

The influence of vertical diffusion on 234Th export fluxes was also tested using a Kz value 

ranging between 10-4 and 10-5 m2.s-1, as observed in the upper 1000 m between Portugal and 

Greenland along the OVIDE transect (Ferron et al., 2014). The highest value of vertical 

diffusion to the estimation of the 234Th flux was about 181 dpm.m-2.d-1 at Station 69, which is in 

http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=SST_EUR_SST_L4_NRT_OBSERVATIONS_010_018
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the range of 234Th flux uncertainties. Therefore, the impact of the vertical diffusion on our 

calculations is negligible.  

As a conclusion, these physical processes, even if not quantified, should be kept in mind when 

interpreting reported estimates of export flux of 234Th.   

3.3.3. POC:234Th ratios in particles 

Profiles of POC:234Th ratios for the small size fraction (SSF) and the large size fraction (LSF) 

particles are shown in Figure 3.6. POC:234Th ratios spanned two orders of magnitude, ranging 

between 0.51 (Station 1, 800 m)  to 53.7 (station 32, 30 m) µmol.dpm-1 in the SSF particles 

and from 1.05 (station 21, 400 m) to 30.6 (station 1, 30 m) µmol.dpm-1 in the LSF particles.  

The highest and most variable ratios were observed in the upper water column (~30 m) with 

values ranging from 4.73 µmol.dpm-1 at Station 13 to 53.7 µmol.dpm-1 at Station 32 for the 

SSF, and from 5.6 µmol.dpm-1 at Station 38 to 30.6 µmol.dpm-1 at Station 1 for the LSF. Then, 

the ratios decreased with depth, in both size fractions, down to 100m. Below 100 m, the ratios 

remained relatively constant in both size fractions with median values of 1.8 ± 1.1 µmol.dpm-1 

in the NAST province (n=13; Stations 1 and 13), 3.0 ± 1.3 µmol.dpm-1 in the NADR province 

(n=24; Stations 21, 26, 32 and 38), 3.7 ± 0.9 µmol.dpm-1 in the Irminger Sea basin (n=10; 

Stations 44 and 51) and 7.0 ± 3.8 µmol.dpm-1 in the Labrador Sea basin (n=16; Stations 64, 

69 and 77). The decrease of the POC:234Th ratio with depth illustrated the preferential 

degradation of carbon relative to 234Th. The spatial variations of this degradation was 

investigated by comparing the b term of the power law regressions of POC:234Th ratios versus 

depth (Martin et al., 1987; Puigcorbé et al., 2015):  

POC:234Th = a × Z-b        (Equation 3.6) 

where a and b are the terms obtained from the exponential fitting and Z is the depth. 

In particular for the LSF particles, the median b term decreases northwards from 0.71 ± 0.30 

in the NAST province to 0.34 ± 0.12 in the ARCT province, indicating a lower attenuation of 

POC relative to 234Th with depth northwards. 
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At Stations 1, 13 and 21, POC in large particles was attenuated at a stronger rate relative to 

234Th with depth as b terms for large particles were equal to 0.92, 0.50 and 0.83 compared to 

0.81, 0.32 and 0.63 for small particles. On the contrary, at the other stations, POC in small 

particles was attenuated at a stronger rate compared to large particles, this point being 

discussed in section 3.4.4.   

 

 
Figure 3.6: POC:234Th ratios (µmol.dpm-1) in the SSF (open symbols) and LSF (closed symbols). The 
Eq depth (depth where 234Th is back to equilibrium with 238U) is indicated with the grey line except for 
Stations 26, 44 and 69 where the Eq depths are represented by green, pink and purple lines, 
respectively. The thin black line represents the power law fits (POC:234Th=a×Z-b) of each province or 
basin. 
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Because the POC to 234Th ratio has to be determined at the export depth for the conversion of 

234Th flux into POC export flux (Buesseler et al., 2006), the POC:234Th ratios in the LSF and 

SSF were estimated at this specific depth (Eq in the present study) using the power law 

interpolation of the measured ratios. At most stations, the POC:234Th ratios at Eq were 

comparable for both size fractions with differences smaller than a factor 1.4, except at Stations 

1, 26 and 44 (Figure 3.7).  

 
Figure 3.7: POC:234Th ratios (µmol.dpm-1) between the small size fraction (SSF) and large size fraction 
(LSF) at Eq (left) and at 400 m (right). The diagonal black line represents the 1:1 ratio. For the readability 
of the figure, the error bars of Station 1 are not indicated (errors: LSF=17.2 µmol.dpm-1 and SSF=13.8 
µmol.dpm-1). 
 

 

At Stations 1 and 26, the POC:234Th ratios of LSF particles were ~2 fold higher than those of 

SSF particles. Conversely, the POC:234Th ratio at Station 44 was 2 fold higher in the SSF than 

in the LSF particles. The highest POC:234Th ratios at Eq in the LSF were determined in the 

ARCT province reaching 13.69 ± 0.04 µmol.dpm-1 at Station 69. 

The POC:234Th ratios in the LSF and SSF were also estimated at 400 m, using the same power 

law function and were not significantly different between LSF and SSF for Stations 1, 21, 26, 

32, 64. The highest POC:234Th ratios at 400 m in LSF was determined in the ARCT province 

reaching 5.71 ± 0.04 µmol.dpm-1 at Station 69 (Figure 3.7). However, Stations 38, 69 and 77 
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were characterized by 1.2 to 1.9 folds higher ratios in the LSF than in the SSF, unlike Stations 

13, 44 and 51 that are characterized by 2.0 to 3.9 folds lower ratios in the LSF than in the SSF, 

showing that small particles may contribute to export.  

These results are in line with many studies (Dall’Olmo and Mork, 2014; Durkin et al., 2015; 

Giering et al., 2016; Puigcorbé et al., 2015), that are challenging the traditional view which 

considers that larger particles mainly drive the export flux (Buesseler et al., 2006). 

3.3.4. POC export fluxes 

We estimated the POC export fluxes by multiplying the 234Th export flux with the POC:234Th 

ratio at the same depth.  

POC fluxes were determined by using the POC:234Th ratios of the LSF (>53 µm) and the SSF 

(1-53 µm; Table 3.2) in order to compare both estimations.  

 

Province Station POC flux (>53 µm) POC flux (1-53 µm) 

  # mmol.m
-2

.d
-1

 sd mmol.m
-2

.d
-1

 sd 

NAST 
1 12 22 5.6 17 

13 2.2 0.3 3.3 0.6 

NADR 

21 4.8 0.8 6.3 1.4 

26 7.3 6.7 3.8 4.4 

32 8.4 0.5 8.8 0.5 

38 4.8 0.4 5.2 0.7 

ARCT 

44 1.4 0.5 2.7 0.8 

51 2.7 0.3 3.8 0.5 

64 7.8 1.5 5.5 4.9 

69 10 1 13 1 

77 6.1 1.7 6.6 1.1 

Table 3.2: Comparison of the POC export fluxes as determined using the POC:234Th ratios in large (> 
53 µm) and small particles (1-53 µm). 

 

Except at Stations 1, 26 and 64, the POC fluxes were between 1.04 and 2 folds higher in the 

SSF than in the LSF, suggesting that small particles could contribute to export POC. However, 

when considering the uncertainties, POC fluxes determined with the POC:234Th ratios in SSF 

and LSF were not significantly different. Moreover, as we did not have the possibility to 

compare the ratios with those from sediment traps, we cannot affirm that the small particles 
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participated to the export. Indeed, one problem emerging when taking the 1-53 µm in 

consideration is that their density, hence their sinking speed is not constrained. Therefore, in 

the following, we decided to discuss about the POC fluxes determined with the POC:234Th 

ratios of the large >53 µm particles (Table 3.3; Figure 3.8). This assumption has been used in 

most of the studies dedicated to POC export fluxes in the North Atlantic (Ceballos-romero et 

al., 2016; Le Moigne et al., 2013b; Moran et al., 2003; Owens et al., 2014; Sanders et al., 2010; 

Thomalla et al., 2008).  

 

The POC export fluxes at Eq in the LSF ranged from 1.4 ± 0.5 mmol.m-2.d-1 at Station 44 to 12 

± 22 mmol.m-2.d-1 at Station 1 and the median was 6.1 ± 3.3 mmol.m-2.d-1 (n=11). In addition 

to Station 1, which is probably influenced by lithogenic inputs from the Iberian margin and 

where the POC flux reached 12 ± 22 mmol.m-2.d-1 (see below, section IV.2.c), two main open-

ocean areas were characterized by high POC export fluxes: 1) the NADR province and in 

particular Stations 26 and 32 where POC export fluxes reached 6.0 ± 1.8 mmol.m-2.d-1 and 2) 

the Labrador Sea basin and in particular Station 69 where POC export flux reached 10 ± 1 

mmol.m-2.d-1. 

POC export fluxes were also estimated at 400 m, by multiplying the 234Th export flux with the 

POC:234Th ratio of the >53 µm particles at 400 m, in order to quantify the impact of 

remineralization on the POC export fluxes in the upper mesopelagic (Figure 3.8).  
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Figure 3.8: Export fluxes of particulate organic carbon (POC), calcium carbonate (CaCO3), biogenic 
silica (BSi) and particulate aluminum (pAl) at Eq (solid fill) and at 400 m (dashed), from the Iberian 
Margin (Station 1) to the Newfoundland Margin (Station 77). 

 

 

At all stations, POC export fluxes were lower at 400 m than at Eq, likely indicating a POC 

remineralization in this depth interval (see discussion below). The reduction of the POC export 

flux was limited at Stations 26, 38 and 64 where the fluxes were 25, 35 and 22% lower at 400m 

than at Eq. By contrast, at other stations, the mean flux reduction was more important and 

reached 84 ± 14%. This was especially the case in the Labrador Sea basin where similarly to 

234Th export fluxes, negative POC export fluxes were estimated at 400 m. 

3.3.5. BSi, CaCO3 and pAl export fluxes 

BSi, CaCO3 and pAl concentrations were determined on different filters than those dedicated 

to POC. Particulate 234Th was analyzed on the LSF but not on the SSF, and thus the Element 
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to 234Th ratios were determined only for the LSF. At most stations, biogenic elements (BSi, 

CaCO3) to 234Th ratios decreased with depth, as observed for POC:234Th ratios, whereas the 

pAl to 234Th ratios tend to increase. However, these trends were not always observed and we 

decided to use a linear interpolation to estimate the appropriate element:234Th ratio at Eq and 

at 400 m. The range of the calculated ratios can be found in Table 3.3. 

The elemental export fluxes can be found in Table 3.3 and Figure 3.8.  

In the NAST province, high pAl export fluxes were determined at Station 1, indicating an 

important contribution of lithogenic material to the particulate export. At 400 m, the pAl flux 

reached 565 µmol.m-2.d-1, which is the maximum value determined during the cruise. The 

median value of other stations was 11 µmol.m-2.d-1. Station 13 was characterized by the lowest 

export fluxes of respectively 0.48 mmol.m-2.d-1, 0.20 mmol.m-2.d-1, 11 µmol.m-2.d-1 for BSi, 

CaCO3 and pAl, which is typical of oligotrophic conditions.  

The NADR province was characterized by high biogenic export fluxes of 2.1 ± 0.9 and 1.9 ± 

0.8 mmol.m-2.d-1 for BSi and CaCO3, respectively (n=4). Interestingly, the province can be 

divided in two sub-provinces, the west European basin which displayed high BSi export fluxes 

(reaching 3.8 mmol .m-2.d-1 at Station 26) and the Icelandic basin, characterized by high CaCO3 

(reaching 2.6 mmol .m-2.d-1 at Station 38) export fluxes. The pAl fluxes were relatively low 

compared to the Iberian Margin (median value: 13 µmol.m-2.d-1, n=4) but yet reached 49 

µmol.m-2.d-1 at Station 26.  

In the ARCT province, important pAl export fluxes were estimated near the Greenland Margin 

with a flux reaching 94 µmol.m-2.d-1 at Eq of Station 51 and 225 µmol.m-2.d-1 at 400 m of Station 

64. In the latter case, this suggests an important deep advection of lithogenic particles (see 

below in the discussion IV.2.c). The highest BSi export fluxes at Eq were determined in the 

Labrador Sea basin reaching 6.6 mmol.m-2.d-1 at Station 69. The CaCO3 fluxes were very low 

at Eq with a median value of 0.15 mmol.m-2.d-1. At 400 m, the flux reached 1.2 mmol.m-2.d-1 at 

Station 64, which is comparable to fluxes observed in the NADR province. 
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Station Date Lat Long PP Eq Depth 234

Th flux POC/
234

Th POC flux BSi/
234

Th BSi flux CaCO
3
/

234

Th CaCO
3
 flux pAl/

234

Th pAl flux 
#   °N °E mmol.m

-2

.d
-1 m m dpm.m

-2

.d
-1 µmol.dpm

-1 mmol.m
-2

.d
-1 µmol.dpm

-1 mmol.m
-2

.d
-1 µmol.dpm

-1 mmol.m
-2

.d
-1 nmol.dpm

-1 µmol.m
-2

.d
-1 

1 19 May 40.33 -10.04 33 ± 2 90 Eq 1264 ± 104 9.2 6.6 ± 4.4 1.4 1.7 ± 0.2 0.08 0.10 ± 0.08 127 160 ± 13 
                400 593 ± 411 1.7 0.7 ± 2.1 0.42 0.25 ± 0.18 0.98 0.58 ± 0.40 952 565 ± 391 

13 24 May 41.38 -13.89 80 ± 3 110 Eq 1418 ± 111 1.6 3.7 ± 0.7 0.34 0.48 ± 0.07 0.14 0.20 ± 0.05 8.0 11 ± 1 
                400 690 ± 380 0.3 1.2 ± 0.7 0.39 0.27 ± 0.15 0.08 0.05 ± 0.07 15 11 ± 6 

21 31 May 46.54 -19.67 135 ± 2 110 Eq 1873 ± 69 2.6 4.3 ± 0.3 1.0 2.0 ± 0.1 0.38 0.71 ± 0.08 5.8 11 ± 1 
                400 103 ± 423 0.9 0.05 ± 0.20 0.80 0.08 ± 0.34 0.79 0.08 ± 0.33 12 1.2 ± 5 

26 4 June  50.28 -22.60 174 ± 6 200 Eq 2001 ± 319 3.6 5.8 ± 0.6 1.9 3.8 ± 0.6 0.80 1.6 ± 0.3 24 49 ± 8 
                400 2171 ± 408 2.5 3.2 ± 0.3 1.6 3.5 ± 0.7 0.68 1.5 ± 0.3 42 92 ± 17 

32 7 June 55.51 -26.71 142 ± 6 120 Eq 2252 ± 119 3.8 8.9 ± 0.5 1 2.3 ± 0.2 0.93 2.1 ± 0.2 7 15 ± 1 
                400 1370 ± 365 2.4 4.4 ± 1.2 1.2 1.6 ± 0.4 0.44 0.60 ± 0.20 27 39 ± 10 

38 10 June 58.84 -31.27 68 ± 2 80 Eq 1135 ± 95 4.2 5.1 ± 0.7 1.6 1.8 ± 0.2 2.3 2.6 ± 0.2 8 9 ± 1 
                400 975 ± 449 3.2 2.1 ± 1.1 1.4 1.4 ± 0.6 1.6 1.6 ± 0.7 30 29 ± 14 

44 13 June 59.62 -38.95 137 ± 2 40 Eq 321 ± 47 4.4 2.5 ± 0.6 2.4 0.76 ± 0.16 0.47 0.15 ± 0.04 17 6 ± 1 
                400 98 ± 388 0.9 0.3 ± 1.1 0.78 0.08 ± 0.30 1.3 0.13 ± 0.50 154 15 ± 60 

51 16 June 59.80 -42.00 165 ± 32 100 Eq 922 ± 103 2.9 3.9 ± 0.4 1.8 1.6 ± 0.2 0.37 0.34 ± 0.08 102 94 ± 11 
                400 550 ± 398 1.3 1.1 ± 0.8 4.0 1.6 ± 1.6 1.0 0.38 ± 0.41 4 16 ± 2 

64 19 June 59.07 -46.08 67 ± 2 80 Eq 855 ± 95 9.2 6.0 ± 2.4 5.9 5.0 ± 0.8 0.33 0.28 ± 0.06 12 10 ± 2 
                400 1236 ± 497 5.0 2.7 ± 3.4 0.72 0.89 ± 0.37 1.0 1.2 ± 0.5 182 225 ± 91 

69 22 June 55.84 -48.09 31 ± 2 40 Eq 758 ± 57 14 13 ± 1.8 8.7 6.6 ± 0.5 0.09 0.07 ± 0.03 16 12 ± 1 
                400 -573 ± 468 6 -3.3 ± -2.9 1.4 -0.79 ± -0.65 1.1 -0.62 ± -0.50 192 -110 ± -90 

77 26 June 52.99 -51.10 95 ± 2 80 Eq 745 ± 77 8.2 6.3 ± 1.1 3.7 2.7 ± 0.4 0.13 0.10 ± 0.06 14 11 ± 2 
                400 -327 ± 471 5.6 -1.1 ± -1.6 1.0 -0.33 ± -0.47 0.81 -0.26 ± -0.38 199 -65 ± -94 

 

Table 3.3: Primary production (PP, in mmol.m-2.d-1; A. Roukaerts, D. Fonseca Batista and F. Deman, unpublished data), 234Th (in dpm.m-2.d-1), POC (particulate 
organic carbon, in mmol.m-2.d-1), BSi (biogenic silica, in mmol.m-2.d-1), CaCO3 (calcium carbonate, in mmol.m-2.d-1) and pAl (particulate aluminum, in µmol.m-

2.d-1) export fluxes obtained by multiplying the 234Th export flux with the Element to 234Th ratio (in µmol.dpm-1 or nmol.dpm-1) of large (>53 µm) particles (see text 
for details). These fluxes were integrated between surface and Eq, where total 234Th returns to equilibrium with 238U, and at 400 m. 
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3.4. Discussion 

This dataset is first compared to published studies in the North Atlantic and is then discussed 

with regards to the intensity and the stage of the bloom, the phytoplankton size structure and 

the ballast effect of biogenic and lithogenic minerals. Grazing impact could not be assessed, 

as no dedicated sampling was performed during this cruise. Temporal and regional variations 

of the carbon export fluxes are examined within this context, and finally, the export production 

and the attenuation of the POC export flux with depth are discussed using the export and 

transfer efficiencies. 

3.4.1. Comparison with literature 

Overall, the POC export fluxes from this dataset are in line with the lower end of the ranges 

determined in previous studies in the North Atlantic that are reported in Table 3.4. At Station 

13, in the NAST province, the carbon export fluxes compared well with those measured by 

Owens et al. (2014) in the same area, confirming the lower carbon export fluxes in these 

oligotrophic regions. In the NADR province, some studies, conducted either before or after the 

period of the year of our study, reported POC export fluxes up to 11 fold higher than this study 

(Buesseler et al., 1992; Ceballos-romero et al., 2016; Giering et al., 2016; Martin et al., 2011; 

Sanders et al., 2010). Other studies in the NADR province and in particular in the western 

European basin at the Porcupine abyssal plain time series site (PAP site) estimated similar 

POC export fluxes during (Thomalla et al., 2008) or just after (Lampitt et al., 2008; Le Moigne 

et al., 2013b) our sampling period. In the ARCT province, published data are all higher than 

those measured during the present study with differences reaching factors of 27 and 8 in the 

Irminger Sea (Ceballos-Romero et al., 2016) and Labrador Sea (Moran et al., 2003) basins, 

respectively. 

The differences between our POC export flux estimates (factor 8.6 between the highest and 

the lowest POC export flux) and with the literature (up to a factor 27 in only 1 month time lag; 
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Ceballos-Romero et al., 2016) confirm the important spatial and temporal variation of the 

parameters controlling the sinking particles and thus the export fluxes.  
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Province Season Method Particle size Integration 

depth POC export flux POC export 

efficiency 
POC transfer 

efficiency Reference 
      µm m mmol.m

-2

.d
-1 % %   

NAST May 2014 ISP >53 90 11.6 35 8.8 # 1, this study 
110 2.2 2.8 10 # 13, this study 

October 2010 ISP >51 113 4.2     Owens et al., 2014 

NADR                          

Western European 
basin 

April-May 1989 P-trap   35  5 - 41   5 - 42    Buesseler et al., 1992 
May 2004 ISP >50 30 2.8 11   Thomalla et al., 2008 
May 2014 

ISP >53 110 4.8 3.5 2.0 # 21, this study 
June 2014 200 7.3 4.2 75 # 26, this study 

July 2005/06 P-trap   120-150 1.3 - 8.1 1.0 - 14   Lampitt et al., 2008 
July-August 2009 ISP >53 150 2.3 - 7.9     Le Moigne et al., 2013 

NADR                  
Icelandic basin 

March-April 2012 P-trap <100 50 6.8 - 15     Giering et al., 2016 
May 2008 P-trap   100 0.8 - 52   25 - 43 Martin et al., 2011 
May 2010 ISP >53 150 14 - 32      Ceballos-Romero et al., 2016 
June 2014 ISP >53 120 8.4 5.9 39 # 32, this study 

80 4.8 7.0 65 # 38, this study 
July-August 2010 ISP >53 150 6.3 - 12 5.3 - 8.3   Ceballos-Romero et al., 2016 

August 2007 ISP >53 100 4.5 - 38     Sanders et al., 2010 
ARCT                               

Irminger Sea 

May 2010 ISP >53 150  9 - 38      Ceballos-Romero et al., 2016 
June 2014 ISP >53 40 1.4 1.0 6.1 # 44, this study 

100 2.7 1.6 28 # 51, this study 
July-August 2010 ISP >53 150 5.0 - 26 4.3 - 16   Ceballos-Romero et al., 2016 

ARCT                                       
Labrador Sea 

June 2014 ISP >53 
80 7.8 12 78 # 64, this study 
40 10.4 34 -32 # 69, this study 
80 6.1 6.4 -30 # 77, this study 

July 1999 ISP >53 50-100 3.7 - 47  4 - 111   Moran et al., 2003 
Table 3.4: Comparison of POC export flux, POC export efficiency (POC flux at Eq / PP) and transfer efficiency (POC flux at 400 m / POC flux at Eq) in the North 
Atlantic with literature data.  
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3.4.2. POC export flux variations 

3.4.2.1. Influence of the intensity and stage of the bloom 

The GEOVIDE cruise was carried out in late spring (May-June), a period during which POC 

export fluxes may be important (Sanders et al., 2014). As the 234Th proxy integrates the activity 

deficits over a timescale of 2-3 weeks preceding the sampling, we investigate the sampling 

time in light of the bloom development using satellite-derived Chl-a concentrations 

(http://giovanni.sci.gsfc.nasa.gov/giovanni/; Figure 3.9).  

 

 
Figure 3.9: Upper 20 m integrated satellite-derived Chl-a concentrations (black line) from 
http://giovanni.sci.gsfc.nasa.gov/giovanni/. The pink line represents the sampling period during 
GEOVIDE and the black stars represent the Chl-a concentration measured in-situ.  

http://giovanni.sci.gsfc.nasa.gov/giovanni/
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Apart from Station 1 which was sampled after the bloom, the different provinces were sampled 

during the bloom, yet at different stages. One of the lowest POC export flux was determined 

at Station 13, in the NAST province, where the Chl-a biomass development remained rather 

low along the season (< 0.7 mg.m-3) due to oligotrophic conditions (depleted nutrients). 

However, the highest POC export flux was determined at Station 1, also in the NAST province. 

This station was characterized by high biomass in the early spring (2.5 mg Chl-a.m-3 in March) 

but was sampled after the bloom period. Interestingly, this station was also characterized by a 

deep Chl-a maximum (DCM) located below the euphotic zone (~65 m) and coinciding with 

higher NO3- and Si(OH)4 concentrations (4.1 and 1.1 µmol.L-1, respectively) compared to 

surface waters (0.02 and 0.6 µmol.L-1, respectively). Within the DCM, Chl-a concentrations 

were low, indicating the decline of the DCM, generally composed by slowly growing but large 

and fast-sinking phytoplankton cells (Pommier et al., 2009), that are able to enhance the POC 

export flux.  

High POC export fluxes were also estimated within the NADR province (Stations 21, 26, 32 

and 38), a province in which the sampling was performed during the bloom. This province has 

been previously characterized by fast-sinking particles during the bloom (data from cruises in 

Spring 2012 and Summer 2009; Villa-Alfageme et al., 2016) promoting the high POC export 

fluxes.  

Within the ARCT province, the Irminger Sea basin (Stations 44 and 51) was sampled close to 

the bloom maximum while the Labrador Sea basin (Stations 64, 69 and 77) was sampled 

during the decline of the bloom. The low POC export fluxes in the Irminger Sea basin were 

probably reflecting an accumulation phase of biomass rather than an export phase. Indeed, 

this area was characterized by a high proportion of particulate 234Th in surface waters (reaching 

94% of the total 234Th activity at Station 44) confirming the accumulation phase. Interestingly, 

an important remineralization event in the mesopelagic layer was evidenced in this basin based 

on the excess particulate biogenic barium (Baxs proxy), which indicate a past production and 

export event (Lemaitre et al., in prep., Chapter 5). These results suggest that this basin may 

work as a pulsed system with high and sudden export events and fast renewal of the bloom 



 Chapter 3 

126 
 

conditions such as nutrient concentrations, maybe due to the proximity of the Greenland ice 

sheets, releasing important quantities of nutrients (Hawkings et al., 2016; Meire et al., 2016), 

through advective supply. 

The Labrador Sea basin was characterized by low PP (31 mmol C.m-2.d-1 at Station 69), low 

NO3- (0.07 µmol.L-1 at Station 69) and moderate Si(OH)4 (3.6 µmol.L-1 at Station 69) 

concentrations, indicating the decline of the bloom triggering high POC export fluxes. The 

decline of the bloom in this basin was also supported by satellite data as the peak of the bloom 

was 1-2 months before our sampling (Figure 3.9). 

Overall, the magnitudes of the POC export seem to be dependent of the evolution of the bloom, 

with high exports in post bloom periods, as observed in deep sediment traps (Lampitt et al., 

2010), driven by large and rapidly sinking aggregates (Lampitt et al., 2001; Turner and 

Millward, 2002)  

3.4.2.2. Influence of the phytoplankton size structure 

In the North Atlantic, the phytoplankton composition significantly varies, depending on the 

bloom evolution and on any modification of environmental parameters such as micro- and 

macro-nutrient concentrations or stratification depth (Moore et al., 2005). Spatial variations in 

phytoplankton size structure are known to exert a control on the magnitude of the POC export 

flux (Boyd and Newton, 1999) and high POC exports are usually related to a greater size of 

the sinking phytoplankton cells (Alldredge and Silver, 1988; Guidi et al., 2009).  

Within the NAST area, the low POC export flux determined at the subtropical Station 13 was 

related to the presence of pico-phytoplankton (32% of the total Chl-a; Figure 3.3), typical of 

oligotrophic waters (Dortch and Packard, 1989; Steinberg et al., 2001). Villa-Alfageme et al. 

(2016) highlighted that small cells are usually slow-sinking particles that can be easily 

remineralized in shallow waters, as a small sinking velocity (<100 m.d-1) allows time for bacteria 

and zooplankton to degrade these particles, thus reducing the export flux.  

At higher latitudes, the sinking velocity of the organic matter is considered to be high (>100 

m.d-1; Villa-Alfageme et al., 2016), as cells are of larger size. Indeed, in the ARCT province 

and in the Western European basin, micro-phytoplankton communities represented between 
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66 and 92% of the total Chl-a (Figure 3.3), which could explain the moderate to high POC 

fluxes. However, in the NADR province and in particular in the Icelandic basin, nano-

phytoplankton communities represented up to 67% of the total Chl-a (Station 38, Figure 3.3) 

while this area was characterized by relatively high POC exports.  

Our results, alongside with other recent studies in the North Atlantic (Brew et al., 2009; Durkin 

et al., 2015; Giering et al., 2016) suggest that high POC export fluxes can also be mediated 

through small particles (Giering et al., 2016; Brew et al., 2009), highlighting that sinking velocity 

is influenced by other parameters than the size, likely their composition and density, this point 

being discussed hereafter.  

3.4.2.3. Influence of the biogenic and lithogenic minerals 

Some phytoplankton communities are composed by “hard” parts such as biogenic silica (BSi) 

frustules of diatoms and calcium carbonate (CaCO3) shells of coccolithophorids. These 

biogenic minerals, as well as the lithogenic minerals (dust, clay particles) can be incorporated 

into aggregates, protecting the organic matter from oxidation and increasing the excess density 

of suspended particles and thus the sinking velocity (Honjo, 1996). It is thus important to 

investigate their fluxes (Figure 3.8) in order to better understand their effect on the magnitude 

of the POC export fluxes.  

In the NAST province, Station 1 was strongly influenced by lithogenic inputs as illustrated by 

the highest particulate aluminum (pAl) export at Eq and at 400 m. Station 1 was also 

characterized by one of the highest POC export flux at Eq, suggesting that lithogenic particles 

may play a role in the magnitude of the POC export flux, as the aggregation of lithogenic 

particles with particulate organic matter has been demonstrated to strongly enhance the POC 

export flux by acting as a mineral ballast (Bressac et al., 2012; Salter et al., 2010; Ye et al., 

2011). 

In the NADR, high BSi export fluxes were measured, especially at Station 26, which is 

consistent with the prevalence of diatoms in the western European basin (Figure 3.3.b). With 

their high Si content, diatoms are known to ballast the POC vertical export fluxes (Buesseler, 

1998), probably leading to the high POC export fluxes determined in this region 
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In the NADR province, high CaCO3 export fluxes were also observed in the NADR province 

and in particular in the Icelandic basin where coccolithophorids, traced by the 19'-

Hexanoyloxyfucoxanthin pigment, dominated (54% of the total taxonomic pigments; Figure 

3.3.b). This phytoplankton community is known to ballast strongly the POC export flux with 

their dense calcite shells (Francois et al., 2002).  

In the ARCT province, the BSi export fluxes were the highest at Eq, reaching 6.60 mmol.m-2.d-

1, which is in agreement with the dominance of diatoms in this province (fucoxanthin > 60% of 

the total taxonomic pigments; Figure 3.3.b). This high contribution of sinking diatoms is also 

suggested by the high POC:234Th ratios observed at Eq in the Labrador basin, explained by 

the fact that diatoms have a high volume to surface area ratio (Buesseler et al., 2006).  Using 

the cellular BSi/POC ratios of diatoms (0.6 mol.mol-1; Baines et al., 2010), we estimated that 

90 to 103% of the POC fluxes in the Irminger Sea basin (Stations 44 and 51) and 74 to 107% 

of the POC fluxes in the Labrador Sea basin (Stations 64, 69 and 77) were carried by the 

diatoms. The considerable contribution determined in the ARCT province could be caused by 

a strong silicification of the diatoms, increasing the cellular BSi/POC ratio. Some authors have 

reported an increase of the BSi/POC ratio under nutrient limitation (Claquin et al., 2002; 

Marchetti and Cassar, 2009) which may be in line with the post-bloom conditions in the 

Labrador Sea basin. 

The ARCT province was also characterized by high lithogenic inputs near the Greenland 

Margin. As shown in Figure 3.8, pAl export fluxes were strongly enhanced at 400 m of Station 

64, similarly to the POC export flux. Station 64 was affected by the West Greenland Current 

(WGC) carrying fresh waters produced by runoff and ice melting (Mertz et al., 1993). This 

current might have transported lithogenic particles to Station 64 between Eq and 400 m which 

may possibly have ballasted the POC export flux 

3.4.3. Export efficiency 

The export efficiency (ThE) is a key parameter to illustrate the strength of the biological carbon 

pump. It is calculated by dividing the POC export flux by the primary production (Buesseler, 
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1998). However, this calculation is based on two parameters that are integrating processes 

over different time scales: 24h for PP and 2-3 weeks for export. As a result of this temporal 

mismatch and due to the strong variability in PP, the ThE ratio has to be addressed carefully 

(Henson et al., 2015). 

During GEOVIDE, ThE values ranged from 1 (Station 44) to 35% (Station 1) with a median 

value of 6% along the transect (Figure 3.10.a). The highest export efficiencies were determined 

at Stations 1 and 69 where ThE reached 35 and 34%, respectively. Other stations were 

characterized by ThE ≤ 12% with a higher range (6 - 12%) at Stations 32, 38, 64 and 77. Export 

efficiencies around 10% are common in the open ocean (Buesseler, 1998). Lower export 

efficiency can be related to important microbial and zooplankton grazing activities as well as 

to biomass accumulation in surface waters (Planchon et al., 2015, 2013). On the contrary, 

ratios greater than 10% highlight an efficient biological pump. High ThE can be caused by 

numerous processes such as the presence of large and/or dense and fast sinking particles, 

low surface remineralization or active zooplankton migration and also nutrient stress (Ceballos-

romero et al., 2016; Le Moigne et al., 2016; Planchon et al., 2015).  

Interestingly, the stations with the highest ThE were also characterized by the lowest PP 

(Stations 1 and 69) while the stations with lowest ThE were characterized by the highest PP 

(Stations 44 and 51). This inverse relationship between PP and ThE was significant for all 

stations of the GEOVIDE cruise (regression slope: -0.15; r²: 65%; p<0.01; n=11) and has been 

explained in the Southern Ocean by the temporal decoupling between PP and export (Henson 

et al., 2015), biomass accumulation in surface waters (Planchon et al., 2013), or other 

processes such as zooplankton grazing and bacterial activities (Le Moigne et al., 2016; Maiti 

et al., 2013; Roca-Marti et al., 2016a). Indeed, efficient recycling of particles in the upper waters 

has been observed in the North Atlantic due to high microbial or grazing activities (Collins et 

al., 2015; Giering et al., 2014; Marsay et al., 2015) limiting the POC export to the deep ocean. 

In this study, the extent of heterotrophic degradation can be illustrated from the TPhaeo/Chl-a 

ratio (Ras et al., 2008; Wright et al., 2010). Stations 1 and 69 were characterized by 

TPhaeo/Chl-a ratios below and above 1, respectively, suggesting that this factor did not control 
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the variation of the ThE. A recent study in the Iceland and Irminger basins highlighted the 

importance of the bloom dynamic on the particle export efficiency suggesting a strong seasonal 

variability of the ThE (Ceballos-Romero et al., 2016). Our estimates are in the lower range of 

export efficiencies reported for the North Atlantic (Table 3.4; Buesseler et al., 1992; Moran et 

al., 2003; Thomalla et al., 2008; Lampitt et al., 2008) confirming that export efficiencies are 

highly variable in time. This is a key result because the North Atlantic is generally assumed to 

be efficient in exporting carbon, but, in fact, the North Atlantic during the period of our study 

seems to behave like most of the highly productive areas of the world’s oceans, with a low 

export efficiency. 

 

Figure 3.10: a) POC export fluxes at Eq versus daily primary production (PP) and b) POC export fluxes 
at Eq versus POC export fluxes at 400 m.  For the readability of the figure, the error bars for the POC 
export fluxes of Station 1 are not indicated (error at Eq=22 mmol.m-2.d-1 and at 400 m=10 mmol.m-2.d-1) 
and Station 26 (error at Eq=6.7 mmol.m-2.d-1 and at 400 m=7.3 mmol.m-2.d-1). 
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3.4.4. Transfer efficiency 

The major transformation of the sinking particle-size occurs in the upper 300 m where the 

downward particulate flux is strongly modified due to physical and biological processes, such 

as microbial degradation, zooplankton fragmentation, disaggregation from turbulence or 

coagulation (Ken O Buesseler et al., 2007; Guidi et al., 2009). To consider these changes, we 

have estimated the transfer efficiency (Teff) by dividing the POC export at 400 m by the one at 

Eq (Figure 3.10.b). However, the calculation of the POC flux at 400 m represents an extension 

of the 234Th proxy because of the lower resolution at depth compared to the upper ocean, and 

thus because of the greater size of the integrated water column. There is thus a large 

uncertainty associated with the POC flux at 400 m and with Teff. The highest transfer 

efficiencies were observed at Stations 26, 32, 38 and 64 where Teff reached 75, 39, 65 and 

78%, respectively. These results are in line with the important regional variability of the transfer 

efficiency reported elsewhere (Lam et al., 2011; Lutz et al., 2002). Due to the negative 234Th 

and POC export fluxes estimated at 400 m of Stations 69 and 77, the transfer efficiency is null 

(0% of the surface export is transferred to depth). This is in agreement with the highest 

remineralization fluxes determined in this basin with the Baxs proxy (Lemaitre et al., in prep.). 

At some stations, the high transfer efficiencies coincided with low POC attenuation relative to 

particulate 234Th assessed by the b terms of the power law regressions of POC:234Th ratios 

versus depth (Equation 3.6). Indeed, an inverse relationship between Teff and b term was found 

(regression slope: -47.2; r²: 68%; p<0.05; n=6) for Stations 1, 13, 21, 32, 38 and 51. The 

stations of the NAST province (Stations 1 and 13), as well as Station 21, were characterized 

by the lowest Teff and by the highest b terms. Moreover, these stations were characterized by 

higher b terms for large than for small particles indicating that POC in large particles was 

attenuated at a stronger rate relative to 234Th with depth than in small particles. The decrease 

of carbon content in large particles may be explained by an important bacterial activity, 

reinforced in warm waters (>13°C in the upper 100 m; Iversen and Ploug, 2013; Marsay et al., 

2015; Rivkin and Legendre, 2001). This efficient recycling is characteristic of tightly coupled 
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and regeneration based microbial food webs of oligotrophic regimes (Karl, 1999; Thomalla et 

al., 2006), such as at Stations 1, 13 and, to a lesser extent, at Station 21. Efficient recycling 

also coincides with the significant attenuation of 234Th fluxes between Eq and 400 m at these 

stations (Figure 3.5). In the Icelandic basin (Stations 32 and 38), the high Teff and low b terms 

may be related to the important abundance of coccolithophorids (Figure 3.3.b), known to 

enhance the POC export flux to the deep ocean by ballast effect (Lam et al., 2011; François 

et al., 2002). Indeed, Bach et al. (2016) highlighted that a bloom of coccolithophorids can 

increase the transfer efficiency through the mesopelagic layer by 14-24%. 

However, at Station 26 located in the NADR province and influenced by the sub-arctic front 

(SAF) and associated eddies, this relationship is invalid. This frontal zone was productive (PP 

reached 174 mmol.m-2.d-1 at Station 26) compared to adjacent waters due to the injection of 

nutrients into the euphotic layer (Lévy et al., 2012). In these nutrient rich fine scale filaments, 

large phytoplankton species usually dominate and can promote massive episodic particulate 

export fluxes (Guidi et al., 2007; Kemp et al., 2006; Rivière and Pondaven, 2006; Waite et al., 

2016), which was the case at Station 26, dominated by micro-phytoplankton communities. 

These export fluxes can escape the heterotrophic degradation leading to high transfer 

efficiency. Indeed, Ragueneau et al. (2006) speculated that mesopelagic food webs might not 

be able to respond instantly to a sudden dramatic increase in food supply, thus allowing 

relatively more efficient transfer to depth.  

In the Irminger Sea, Station 44 is characterized by a strong bloom and yet by the lowest Teff of 

the study, probably because of the biomass accumulation in surface waters limiting the POC 

export fluxes (see section IV.2.a). The bloom structure appears thus to play an important role 

on the transfer efficiency and can explain its high temporal variability (Lam et al., 2011; Lutz et 

al., 2007).  

In the Labrador Sea basin, Station 64 (high Teff and moderate b term) was characterized by a 

strong increase of the pAl export fluxes between Eq and 400 m, suggesting an important lateral 

advection of lithogenic particles between both depths which likely ballast the POC export flux 

(Figure 3.8) and increase the transfer efficiency (Ternon et al., 2010).  
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These results suggest that CaCO3 and lithogenic minerals induce higher mesopelagic transfer 

efficiencies than the BSi mineral, as already observed in other studies (Lam et al., 2011; 

François et al., 2002). Higher mesopelagic transfer efficiencies are also observed in frontal 

zones where sudden exports escape the heterotrophic respiration. 

 

3.5. Conclusion 

We investigated POC export fluxes in the North Atlantic during spring 2014 (GEOVIDE cruise) 

using the 234Th-deficit approach.  The carbon export fluxes varied by a factor ~ 9 along the 

transect indicating a high spatial variation. Our POC export estimates were similar or lower 

than other studies reported in the North Atlantic. The differences, up to a factor of 27 in only 1 

month lag, confirm the high temporal variation of the POC export fluxes in this ocean.  

We have investigated different control factors modifying the POC export fluxes regionally and 

temporally: 

i) The magnitude of the POC export flux is directly related to the intensity and the 

stage of the bloom. During the bloom, an accumulation of biomass in surface water 

may induce a limitation of the POC export fluxes while exports can increase during 

the decline of the bloom, likely due to increasing numbers of rapidly sinking 

particles. 

ii) The phytoplankton size structure might have influenced the magnitude of the POC 

export fluxes. Indeed, the only station characterized by pico-phytoplankton 

communities was characterized by one of the lowest POC export flux. However, the 

areas composed by nano- or micro-phytoplankton were both characterized by high 

POC export fluxes, indicating that the size structure was not the main factor 

influencing the fluxes during GEOVIDE.  

iii) The ballast mineral effect plays a crucial role on the particulate sinking velocities 

and thus on the magnitude of the POC export fluxes. The highest POC export fluxes 
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were observed at stations where diatoms (Si ballast) and coccolithophorids (CaCO3 

ballast) dominated. Moreover, high POC export fluxes were observed near margins, 

probably due to the aggregation with lithogenic particles, also ballasting POC. 

Finally, export efficiency was low (≤ 12% except at two stations where it reached 35 and 34%) 

and was inversely related to primary production, highlighting that the North Atlantic is not as 

efficient as previously thought. The highest transfer efficiencies appeared to be driven by 

sinking particles ballasted by calcite or lithogenic minerals, but also by the sub-mesoscale 

activities such as the sub-arctic front. 
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Table S3.1: 238U and total 234Th activities in dpm.L-1 and resulting 234Th/238U ratios. 238U activity is derived 
from salinity (see text). 

Station Depth Temperature Salinity 238U 234Th 234Th/238U 
# m °C psu dpm.L-1 dpm.L-1   

#1                                 

40.3°N / -10.0 °E 

19 15.89 35.27 2.46 ± 0.05 1.83 ± 0.06 0.74 

39 14.93 35.55 2.48 ± 0.05 1.69 ± 0.05 0.68 

60 13.81 35.68 2.49 ± 0.05 2.11 ± 0.07 0.85 

79 13.44 35.71 2.49 ± 0.05 2.39 ± 0.07 0.96 

98 13.21 35.74 2.49 ± 0.05 2.55 ± 0.08 1.02 

119 13.02 35.73 2.49 ± 0.05 2.50 ± 0.08 1.00 

137 12.88 35.73 2.49 ± 0.05 2.34 ± 0.07 0.94 

158 12.73 35.71 2.49 ± 0.05 2.44 ± 0.08 0.98 

199 12.55 35.71 2.49 ± 0.05 2.54 ± 0.08 1.02 

246 12.29 35.69 2.49 ± 0.05 2.60 ± 0.08 1.05 

298 12.08 35.68 2.49 ± 0.05 2.67 ± 0.08 1.07 

396 11.69 35.65 2.49 ± 0.05 2.59 ± 0.08 1.04 

496 11.43 35.67 2.49 ± 0.05 2.43 ± 0.07 0.98 

589 11.41 35.77 2.50 ± 0.05 2.61 ± 0.08 1.05 

695 11.60 35.94 2.51 ± 0.05 2.58 ± 0.08 1.03 

791 11.72 36.07 2.52 ± 0.05 2.90 ± 0.09 1.15 

989 11.34 36.15 2.53 ± 0.05 2.68 ± 0.08 1.06 

#13                                

41.4°N / -13.9 °E 

20 15.49 35.85 2.50 ± 0.05 1.75 ± 0.05 0.70 

40 14.86 35.81 2.50 ± 0.05 1.83 ± 0.05 0.73 

60 13.30 35.76 2.50 ± 0.05 2.23 ± 0.07 0.90 

78 13.14 35.76 2.50 ± 0.05 2.31 ± 0.06 0.93 

99 12.99 35.75 2.49 ± 0.05 2.26 ± 0.07 0.91 

119 12.93 35.75 2.49 ± 0.05 2.63 ± 0.08 1.05 

139 12.88 35.75 2.49 ± 0.05 2.82 ± 0.07 1.13 

159 12.83 35.74 2.49 ± 0.05 2.64 ± 0.07 1.06 

197 12.64 35.71 2.49 ± 0.05 2.52 ± 0.07 1.01 

248 12.38 35.68 2.49 ± 0.05 2.65 ± 0.07 1.06 

298 12.20 35.66 2.49 ± 0.05 2.50 ± 0.07 1.00 

398 11.82 35.62 2.48 ± 0.05 2.52 ± 0.07 1.01 

496 11.59 35.62 2.48 ± 0.05 2.66 ± 0.08 1.07 

594 11.23 35.61 2.48 ± 0.05 2.61 ± 0.07 1.05 

693 10.66 35.57 2.48 ± 0.05 2.55 ± 0.08 1.03 

792 10.55 35.68 2.49 ± 0.05 2.35 ± 0.06 0.95 

990 9.33 35.65 2.49 ± 0.05 2.63 ± 0.08 1.06 

1485 6.73 35.45 2.47 ± 0.05 2.48 ± 0.07 1.00 

#21                                  

46.5°N / -19.7°E 

10 14.44 35.68 2.49 ± 0.05 1.41 ± 0.05 0.57 

20 13.65 35.66 2.49 ± 0.05 1.69 ± 0.05 0.68 

39 12.79 35.64 2.49 ± 0.05 1.79 ± 0.05 0.72 

59 12.71 35.65 2.49 ± 0.05 1.80 ± 0.05 0.72 

76 12.63 35.67 2.49 ± 0.05 2.07 ± 0.06 0.83 

100 12.45 35.69 2.49 ± 0.05 2.36 ± 0.07 0.95 

119 12.36 35.68 2.49 ± 0.05 2.62 ± 0.07 1.05 

158 12.23 35.66 2.49 ± 0.05 2.53 ± 0.07 1.02 

198 12.08 35.64 2.49 ± 0.05 2.70 ± 0.07 1.09 

296 11.80 35.60 2.48 ± 0.05 2.83 ± 0.07 1.14 

396 11.38 35.55 2.48 ± 0.05 2.61 ± 0.07 1.05 

495 11.01 35.50 2.48 ± 0.05 2.65 ± 0.08 1.07 

594 10.74 35.47 2.47 ± 0.05 2.52 ± 0.07 1.02 

693 9.78 35.32 2.46 ± 0.05 2.56 ± 0.07 1.04 

792 8.77 35.29 2.46 ± 0.05 2.69 ± 0.08 1.09 

989 7.47 35.32 2.46 ± 0.05 2.58 ± 0.07 1.05 

1189 6.17 35.21 2.45 ± 0.05 2.36 ± 0.07 0.96 
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#26                                  

50.3°N / -22.6°E 

20 11.69 35.34 2.46 ± 0.05 1.90 ± 0.06 0.77 

49 9.77 35.19 2.45 ± 0.05 1.90 ± 0.06 0.77 

74 9.65 35.19 2.45 ± 0.05 1.96 ± 0.06 0.80 

99 9.40 35.16 2.45 ± 0.05 2.07 ± 0.07 0.85 

199 8.88 35.17 2.45 ± 0.05 2.46 ± 0.08 1.00 

297 8.17 35.07 2.44 ± 0.05 2.36 ± 0.07 0.97 

397 7.18 34.95 2.43 ± 0.05 2.47 ± 0.08 1.01 

593 5.97 35.00 2.44 ± 0.05 2.59 ± 0.08 1.07 

792 5.23 35.03 2.44 ± 0.05 2.60 ± 0.08 1.07 

#32                                    

55.5°N / -26.7°E 

11 10.51 35.13 2.45 ± 0.05 1.63 ± 0.08 0.67 

20 10.48 35.13 2.45 ± 0.05 1.58 ± 0.06 0.65 

40 8.89 35.07 2.44 ± 0.05 1.88 ± 0.06 0.77 

60 8.60 35.08 2.44 ± 0.05 1.87 ± 0.05 0.77 

99 8.67 35.13 2.45 ± 0.05 1.64 ± 0.05 0.67 

119 8.08 35.04 2.44 ± 0.05 2.32 ± 0.06 0.95 

139 7.88 35.03 2.44 ± 0.05 2.59 ± 0.08 1.06 

160 8.23 35.12 2.45 ± 0.05 2.48 ± 0.07 1.01 

199 7.99 35.09 2.44 ± 0.05 2.42 ± 0.07 0.99 

298 7.05 34.98 2.43 ± 0.05 2.48 ± 0.07 1.02 

376 5.99 34.89 2.43 ± 0.05 2.52 ± 0.07 1.04 

446 6.36 35.04 2.44 ± 0.05 2.47 ± 0.07 1.01 

494 5.70 34.98 2.43 ± 0.05 2.50 ± 0.07 1.03 

593 5.15 34.98 2.43 ± 0.05 2.52 ± 0.08 1.04 

693 4.78 34.96 2.43 ± 0.05 2.45 ± 0.07 1.01 

792 4.48 34.94 2.43 ± 0.05 2.29 ± 0.06 0.94 

#38                                  

58.8°N / -31.3°E 

10 9.30 35.06 2.44 ± 0.05 1.23 ± 0.04 0.50 

19 9.18 35.06 2.44 ± 0.05 1.48 ± 0.05 0.61 

39 8.22 35.08 2.44 ± 0.05 2.12 ± 0.07 0.87 

60 8.00 35.11 2.44 ± 0.05 2.38 ± 0.07 0.97 

78 7.73 35.11 2.44 ± 0.05 2.45 ± 0.07 1.00 

99 7.73 35.13 2.45 ± 0.05 2.61 ± 0.08 1.07 

118 7.68 35.14 2.45 ± 0.05 2.61 ± 0.08 1.07 

138 7.67 35.14 2.45 ± 0.05 2.41 ± 0.07 0.99 

158 7.62 35.14 2.45 ± 0.05 2.43 ± 0.07 0.99 

178 7.59 35.14 2.45 ± 0.05 2.51 ± 0.07 1.02 

198 7.60 35.15 2.45 ± 0.05 2.46 ± 0.07 1.01 

298 7.41 35.14 2.45 ± 0.05 2.40 ± 0.08 0.98 

396 7.21 35.13 2.45 ± 0.05 2.50 ± 0.09 1.02 

494 6.86 35.11 2.44 ± 0.05 2.45 ± 0.09 1.00 

593 6.32 35.09 2.44 ± 0.05 2.48 ± 0.08 1.01 

693 5.68 35.05 2.44 ± 0.05 2.54 ± 0.09 1.04 

791 5.00 35.01 2.44 ± 0.05 2.51 ± 0.09 1.03 

#44                                  

59.6°N / -38.9°E 

9 6.83 34.85 2.42 ± 0.05 1.91 ± 0.06 0.79 

20 6.80 34.85 2.42 ± 0.05 2.18 ± 0.06 0.90 

40 5.07 34.89 2.43 ± 0.05 2.42 ± 0.07 1.00 

59 4.49 34.87 2.43 ± 0.05 2.46 ± 0.07 1.01 

79 4.33 34.90 2.43 ± 0.05 2.31 ± 0.06 0.95 

99 4.28 34.91 2.43 ± 0.05 2.40 ± 0.06 0.99 

118 4.12 34.89 2.43 ± 0.05 2.44 ± 0.07 1.00 

138 4.03 34.89 2.43 ± 0.05 2.23 ± 0.05 0.92 

158 4.04 34.89 2.43 ± 0.05 2.42 ± 0.07 1.00 

198 4.00 34.89 2.43 ± 0.05 2.35 ± 0.06 0.97 

297 3.92 34.89 2.43 ± 0.05 2.56 ± 0.06 1.05 

396 3.88 34.89 2.43 ± 0.05 2.56 ± 0.07 1.05 

495 3.79 34.88 2.43 ± 0.05 2.38 ± 0.06 0.98 

594 3.73 34.88 2.43 ± 0.05 2.35 ± 0.05 0.97 

692 3.63 34.87 2.43 ± 0.05 2.62 ± 0.06 1.08 

792 3.61 34.87 2.43 ± 0.05 2.23 ± 0.06 0.92 

1087 3.70 34.89 2.43 ± 0.05 2.43 ± 0.07 1.00 
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#51                                   

59.8°N / -42.0°E 

11 6.76 34.87 2.43 ± 0.05 1.92 ± 0.06 0.79 

19 6.65 34.88 2.43 ± 0.05 1.89 ± 0.05 0.78 

40 6.18 34.95 2.43 ± 0.05 2.18 ± 0.07 0.90 

60 5.96 34.97 2.43 ± 0.05 2.07 ± 0.06 0.85 

79 5.58 34.95 2.43 ± 0.05 2.20 ± 0.06 0.91 

100 5.51 34.95 2.43 ± 0.05 2.44 ± 0.07 1.00 

119 5.27 34.93 2.43 ± 0.05 2.58 ± 0.07 1.06 

139 5.13 34.92 2.43 ± 0.05 2.42 ± 0.07 1.00 

159 5.16 34.94 2.43 ± 0.05 2.31 ± 0.06 0.95 

178 4.93 34.92 2.43 ± 0.05 2.44 ± 0.07 1.01 

199 4.99 34.94 2.43 ± 0.05 2.53 ± 0.07 1.04 

298 4.97 34.96 2.43 ± 0.05 2.51 ± 0.07 1.03 

396 4.66 34.95 2.43 ± 0.05 2.41 ± 0.07 0.99 

495 4.51 34.94 2.43 ± 0.05 2.26 ± 0.06 0.93 

593 4.17 34.92 2.43 ± 0.05 2.30 ± 0.06 0.94 

692 4.05 34.91 2.43 ± 0.05 2.49 ± 0.07 1.02 

791 4.01 34.92 2.43 ± 0.05 2.46 ± 0.07 1.01 

#64                                 

59.1°N / -46.1°E 

9 6.55 34.80 2.42 ± 0.05 1.89 ± 0.10 0.78 

20 6.04 34.85 2.42 ± 0.05 2.00 ± 0.07 0.83 

40 5.93 34.87 2.43 ± 0.05 1.88 ± 0.07 0.78 

79 5.37 34.95 2.43 ± 0.05 2.46 ± 0.09 1.01 

99 5.35 34.96 2.43 ± 0.05 2.57 ± 0.09 1.06 

139 5.17 34.96 2.43 ± 0.05 2.43 ± 0.09 1.00 

159 4.92 34.94 2.43 ± 0.05 2.43 ± 0.09 1.00 

197 4.78 34.93 2.43 ± 0.05 2.31 ± 0.08 0.95 

297 4.51 34.93 2.43 ± 0.05 2.33 ± 0.09 0.96 

396 4.35 34.93 2.43 ± 0.05 2.45 ± 0.09 1.01 

494 4.10 34.91 2.43 ± 0.05 2.54 ± 0.09 1.04 

594 3.97 34.90 2.43 ± 0.05 2.52 ± 0.09 1.04 

692 3.88 34.89 2.43 ± 0.05 2.42 ± 0.09 1.00 

792 3.71 34.88 2.43 ± 0.05 2.46 ± 0.09 1.01 

890 3.64 34.87 2.43 ± 0.05 2.46 ± 0.09 1.02 

 #69                               

55.8°N / -48.1°E 

11 6.23 34.61 2.41 ± 0.05 1.58 ± 0.05 0.66 

20 6.15 34.61 2.41 ± 0.05 1.84 ± 0.05 0.77 

59 3.73 34.77 2.42 ± 0.05 2.58 ± 0.09 1.07 

80 3.92 34.83 2.42 ± 0.05 2.52 ± 0.08 1.04 

99 3.83 34.82 2.42 ± 0.05 2.62 ± 0.08 1.08 

119 3.95 34.85 2.42 ± 0.05 2.55 ± 0.08 1.05 

139 3.91 34.86 2.42 ± 0.05 2.45 ± 0.08 1.01 

159 3.83 34.86 2.42 ± 0.05 2.41 ± 0.07 0.99 

199 3.58 34.84 2.42 ± 0.05 2.61 ± 0.08 1.08 

298 3.54 34.85 2.42 ± 0.05 2.56 ± 0.08 1.05 

496 3.51 34.85 2.42 ± 0.05 2.33 ± 0.07 0.96 

595 3.48 34.85 2.42 ± 0.05 2.50 ± 0.08 1.03 

693 3.47 34.85 2.42 ± 0.05 2.37 ± 0.07 0.98 

792 3.48 34.85 2.42 ± 0.05 2.53 ± 0.08 1.04 

890 3.48 34.85 2.42 ± 0.05 2.32 ± 0.08 0.96 

990 3.46 34.85 2.42 ± 0.05 2.36 ± 0.07 0.98 
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 10 6.92 34.49 2.40 ± 0.05 1.80 ± 0.07 0.75 

 #77                           

53.0°N / -51.1°E 

20 6.27 34.56 2.40 ± 0.05 1.76 ± 0.07 0.73 

39 5.11 34.64 2.41 ± 0.05 2.12 ± 0.08 0.88 

59 4.09 34.71 2.41 ± 0.05 2.39 ± 0.10 0.99 

79 3.60 34.74 2.42 ± 0.05 2.27 ± 0.07 0.94 

100 3.49 34.76 2.42 ± 0.05 2.64 ± 0.08 1.09 

119 3.44 34.77 2.42 ± 0.05 2.52 ± 0.08 1.04 

139 3.41 34.79 2.42 ± 0.05 2.57 ± 0.08 1.06 

159 3.43 34.81 2.42 ± 0.05 2.64 ± 0.08 1.09 

199 3.46 34.83 2.42 ± 0.05 2.36 ± 0.08 0.97 

298 3.53 34.85 2.42 ± 0.05 2.57 ± 0.09 1.06 

397 3.57 34.86 2.42 ± 0.05 2.67 ± 0.09 1.10 

495 3.52 34.86 2.42 ± 0.05 2.60 ± 0.09 1.07 

595 3.56 34.87 2.43 ± 0.05 2.49 ± 0.08 1.03 

693 3.49 34.86 2.43 ± 0.05 2.69 ± 0.08 1.11 
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Table S3.2: Particulate 234Th activities and POC concentrations in the small (SSF; 1-53 µm) and large 
size fraction (LSF; >53 µm). 

Station Depth 1-53 µm (SSF)   >53 µm (LSF) 
    234Th POC   234Th POC 
# m dpm.L-1 µmol.L-1   dpm.L-1 µmol.L-1 

1                                 
40.3°N          

-10.0 °E 

30 0.163 ± 0.005 2.639 ± 0.099   0.021 ± 0.001 0.651 ± 0.009 

80 0.086 ± 0.003 0.208 ± 0.017   0.022 ± 0.001 0.357 ± 0.005 

120 0.188 ± 0.006 0.567 ± 0.035   0.021 ± 0.001 0.105 ± 0.005 

250 0.171 ± 0.004 0.428 ± 0.019   0.038 ± 0.001 0.068 ± 0.006 

550 0.123 ± 0.004 0.217 ± 0.016   0.014 ± 0.000 0.023 ± 0.002 

800 0.068 ± 0.003 0.035 ± 0.032   0.011 ± 0.001 0.024 ± 0.005 

13                 
41.4°N                    

-13.9 °E 

30 0.456 ± 0.004 2.160 ± 0.035   0.028 ± 0.001 0.196 ± 0.005 

80 0.529 ± 0.004 1.170 ± 0.027   0.030 ± 0.001 0.080 ± 0.004 

120 0.431 ± 0.004   ±     0.032 ± 0.001 0.039 ± 0.005 

250 0.210 ± 0.002 0.366 ± 0.021   0.020 ± 0.001 0.027 ± 0.003 

450 0.133 ± 0.001 0.266 ± 0.016   0.009 ± 0.000 0.018 ± 0.002 

21                       
46.5°N                    

-19.7°E 

15 0.280 ± 0.009 6.053 ± 0.068   0.161 ± 0.003 4.747 ± 0.020 

60 0.775 ± 0.017 4.064 ± 0.105   0.243 ± 0.005 1.201 ± 0.031 

100 0.225 ± 0.005 0.545 ± 0.023   0.052 ± 0.001 0.133 ± 0.007 

200 0.122 ± 0.003 0.360 ± 0.021   0.038 ± 0.001 0.046 ± 0.002 

450 0.114 ± 0.003 0.234 ± 0.016   0.022 ± 0.000 0.023 ± 0.002 

800 0.108 ± 0.002 0.158 ± 0.013   0.014 ± 0.000 0.017 ± 0.001 

26                   

50.3°N                     

-22.6°E 

30 0.279 ± 0.008 4.792 ± 0.059   0.206 ± 0.004 2.572 ± 0.017 

83 0.225 ± 0.005 0.848 ± 0.022   0.201 ± 0.002 0.877 ± 0.007 

153 0.131 ± 0.003 0.400 ± 0.021   0.030 ± 0.001 0.123 ± 0.003 

400 0.111 ± 0.005 0.240 ± 0.049   0.012 ± 0.001 0.035 ± 0.007 

32                    

55.5°N                     

-26.7°E 

30 0.109 ± 0.003 5.830 ± 0.097   0.045 ± 0.002 0.292 ± 0.014 

60 0.359 ± 0.007 1.565 ± 0.027   0.027 ± 0.001 0.124 ± 0.004 

100 0.224 ± 0.005 0.887 ± 0.024   0.080 ± 0.002 0.338 ± 0.007 

200 0.121 ± 0.004 0.467 ± 0.022   0.010 ± 0.000 0.046 ± 0.003 

450 0.078 ± 0.002 0.240 ± 0.017   0.012 ± 0.000 0.037 ± 0.002 

800 0.084 ± 0.002 0.203 ± 0.015   0.010 ± 0.000 0.066 ± 0.002 

38                     
58.8°N                     

-31.3°E 

20 0.239 ± 0.006 2.231 ± 0.041   0.028 ± 0.001 0.156 ± 0.004 

60 0.290 ± 0.006 1.273 ± 0.028   0.037 ± 0.001 0.128 ± 0.004 

109 0.143 ± 0.003 0.621 ± 0.018   0.043 ± 0.001 0.156 ± 0.005 

396 0.133 ± 0.004 0.292 ± 0.036   0.009 ± 0.000 0.030 ± 0.005 

44                  

59.6°N                  

-38.9°E 

20 1.188 ± 0.020 16.736 ± 0.102   0.480 ± 0.007 3.965 ± 0.020 

40 0.474 ± 0.010 3.550 ± 0.056   0.041 ± 0.001 0.133 ± 0.013 

80 1.060 ± 0.028 6.736 ± 0.213   0.098 ± 0.004 0.306 ± 0.046 

150 0.116 ± 0.004 0.392 ± 0.041   0.005 ± 0.000 0.026 ± 0.009 

300 0.092 ± 0.003 0.334 ± 0.022   0.004 ± 0.000 0.022 ± 0.005 

500 0.067 ± 0.002 0.187 ± 0.016   0.005 ± 0.000 0.016 ± 0.004 

51                  
59.8°N                    

-42.0°E 

8 0.183 ± 0.007 4.109 ± 0.064   0.230 ± 0.005 2.664 ± 0.017 

20 0.958 ± 0.025 8.974 ± 0.111               

60 0.366 ± 0.009 2.154 ± 0.036   0.148 ± 0.003 0.554 ± 0.010 

70 0.451 ± 0.009 2.375 ± 0.034               

100 0.179 ± 0.006 0.832 ± 0.032   0.052 ± 0.002 0.153 ± 0.007 

150 0.193 ± 0.006 0.747 ± 0.039               

250 0.088 ± 0.003 0.328 ± 0.021   0.017 ± 0.001 0.076 ± 0.005 
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Station Depth 1-53 µm (SSF)   >53 µm (LSF) 
    234Th POC   234Th POC 
# m dpm.L-1 µmol.L-1   dpm.L-1 µmol.L-1 

64                
59.1°N                    

-46.1°E 

30 0.024 ± 0.001 0.418 ± 0.009   0.026 ± 0.001 0.373 ± 0.002 

60 0.174 ± 0.007 1.726 ± 0.054   0.015 ± 0.001 0.154 ± 0.012 

100 0.162 ± 0.004 1.968 ± 0.028   0.030 ± 0.001 0.267 ± 0.006 

150 0.118 ± 0.005 0.189 ± 0.046   0.035 ± 0.002 0.208 ± 0.007 

400 0.113 ± 0.003 0.309 ± 0.019   0.010 ± 0.000 0.054 ± 0.004 

69                 
55.8°N                   

-48.1°E 

30 0.206 ± 0.007 4.130 ± 0.052   0.070 ± 0.002 1.077 ± 0.013 

60 0.159 ± 0.005 1.958 ± 0.040   0.015 ± 0.001 0.172 ± 0.009 

100 0.124 ± 0.004 1.655 ± 0.028   0.030 ± 0.001 0.299 ± 0.007 

150 0.097 ± 0.004 0.895 ± 0.039   0.010 ± 0.001 0.083 ± 0.009 

410 0.069 ± 0.002 0.313 ± 0.022   0.006 ± 0.000 0.075 ± 0.005 

77                 

53.0°N                    

-51.1°E 

10 0.313 ± 0.011 11.182 ± 0.098   0.206 ± 0.006 3.039 ± 0.021 

50 0.447 ± 0.012 5.488 ± 0.067   0.057 ± 0.002 0.425 ± 0.016 

80 0.150 ± 0.004 2.347 ± 0.028   0.039 ± 0.001 0.339 ± 0.007 

200 0.100 ± 0.004 0.533 ± 0.040   0.009 ± 0.000 0.081 ± 0.008 

460 0.069 ± 0.003 0.167 ± 0.017   0.011 ± 0.000 0.060 ± 0.004 
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Abstract 

The remineralization of sinking particles by heterotrophic activities is important for controlling 

oceanic carbon sequestration. Here, we report mesopelagic particulate organic carbon (POC) 

remineralization fluxes in the North Atlantic during the GEOTRACES GA01 cruise (GEOVIDE; 

May-June 2014) using the excess particulate biogenic barium (Baxs) proxy. 

 Mesopelagic remineralization fluxes varied from 8.0 mmol.m-2.d-1 in the NADR province up to 

21 mmol.m-2.d-1 in the ARCT province. These important regional differences can be attributed 

to the intensity of past blooms, the phytoplankton size and community structure and the 

physical forcing, including downwelling. Indeed, the ARCT province was characterized by an 

intense bloom averaging 6 mg.m-3 between January and June 2014 and by an intense 1500 

m-deep convection in the central Labrador Sea during the winter preceding the sampling. This 

downwelling could have promoted a deepening of the bacterial activity, increasing the 

remineralization. In comparison, the NADR province was sampled during the bloom 

development, dominated by smaller and calcified cells which seem to be less affected by the 

remineralization. This is in line with the notion that calcite enhances the deep POC 

sequestration. 

Interestingly, along the GEOVIDE section, mesopelagic POC remineralization fluxes were 

equaling or even exceeding upper ocean POC export fluxes. We explain this imbalance by the 

different integration timescales between production, export and remineralization. More 

importantly, our results highlight the important impact of the mesopelagic remineralization on 

the biological carbon pump with a near-zero, deep (> 1000 m) carbon sequestration efficiency 

in spring 2014.   
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4.1. Introduction 

The oceanic biological carbon pump (BCP) controls the export of carbon and nutrients to the 

deep ocean, especially through the production of biogenic sinking particles.  

Due to its strong spring bloom (Henson et al., 2009; Pommier et al., 2009), the North Atlantic 

has been identified as an efficient ocean to transport carbon to the deep ocean (Buesseler et 

al., 1992; Buesseler and Boyd, 2009; Herndl and Reinthaler, 2013; Honjo and Manganini, 

1993; Le Moigne et al., 2013b) and estimated to contribute up to 18% of the BCP in the world’s 

ocean (Sanders et al., 2014). However, the efficiency of this transfer depends on many 

processes including the remineralization intensity occurring within the mesopelagic zone 

(defined as the 100-1000 m depth layer of the ocean). In this layer, most of the particulate 

organic carbon (POC) exported from surface is released to the dissolved phase (Buesseler et 

al., 2007; Buesseler and Boyd, 2009; Burd et al., 2016; Herndl and Reinthaler, 2013; Lampitt 

and Antia, 1997; Martin et al., 1987). Mesopelagic remineralization has been often reported to 

exceed the carbon supplies (i.e. POC and dissolved organic carbon (DOC); Aristegui et al., 

2009; Baltar et al., 2009; Burd et al., 2010; Collins et al., 2015; Fernández-castro et al., 2016; 

Giering et al., 2014; Reinthaler et al., 2006), highlighting the importance of the mesopelagic 

zone on the fate of the sinking POC, and occasionally questioning the efficiency of the North 

Atlantic to transfer POC to the deep ocean. 

In this context, we examined mesopelagic POC remineralization along the GA01 

GEOTRACES section GEOVIDE (15 May - 30 June, 2014; R/V Pourquoi Pas?) by assessing 

excess particulate biogenic barium (Baxs) contents. Earlier works have shown that 

accumulation of Baxs in the mesopelagic layer could have been related to the presence of 

barite (BaSO4) crystals formed in surface waters by biota (Bishop, 1988; Dehairs et al., 1980). 

Recently, this association between phytoplankton organic matter and barite crystals has been 

demonstrated by coupling dissolved barium concentrations and stable isotopes (Cao et al., 

2016; Horner et al., 2015). Most likely, these micro-sized crystals precipitate inside 

oversaturated micro-environments, mostly aggregates of organic material where bacterial 

activity is intense (Bishop, 1988; Collier and Edmond, 1984; Dehairs et al., 1980; Ganeshram 
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et al., 2003). Indeed, the precipitation of barite has been shown to be bacteria-mediated in 

culture experiments (Gonzalez-Munoz et al., 2003). Once these aggregates get remineralized, 

barite crystals are released within the mesopelagic zone. Excess barium content can then be 

related to oxygen consumption using an algorithm (Dehairs et al., 1997; Shopova et al., 1995) 

and converted to a remineralized POC flux in the mesopelagic zone (Dehairs et al., 1997). To 

our knowledge, the Baxs proxy has been used in the Southern (Cardinal et al., 2005; Jacquet 

et al., 2015, 2011, 2008a, 2008b; Planchon et al., 2013) and Pacific Oceans (Dehairs et al., 

2008).  

Therefore, this study is the first one to report the use of the Baxs proxy in the North Atlantic, 

allowing a comparison with other methods assessing mesopelagic remineralization fluxes, 

such as the oxygen utilization rate, incubations or moored sediment traps. Regional variations 

of the Baxs distributions along the biogeochemical provinces are discussed regarding the stage 

and intensity of the bloom, phytoplankton size and community structure and physical forcing. 

This, in combination with surface primary production (PP) and POC export estimates (Lemaitre 

et al., in prep.), was very useful to investigate the fate of POC to the deep ocean in order to 

better constrain the biological carbon pump and its efficiency in the North Atlantic. 

 

4.2. Methods 

4.2.1. Study area 
The GEOVIDE section (15 May – 30 June 2014; R/V Pourquoi pas?) crossed different 

biogeochemical provinces in the North Atlantic including the North Atlantic subtropical gyre 

(NAST; Stations 1 and 13); the North Atlantic drift (NADR) covering the western European 

(Stations 21 and 26) and the Icelandic (Stations 32 and 38) basins; and the Atlantic Arctic 

(ARCT) divided between the Irminger Sea (Stations 44 and 51) and the Labrador Sea (Stations 

64, 69 and 77) basins (Longhurst, 1995; Figures 4.1 and 4.2).  
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Figure 4.1: Satellite Chlorophyll-a concentrations (MODIS Aqua from http://oceancolor.gsfc.nasa.gov), 
in mg.m-3 during the GEOVIDE cruise (May and June 2014). Stations are indicated by the diamonds. 
Colored diamonds indicate the approximate time of sampling. 

 

 

The evolution of chlorophyll-a (Chl-a) concentrations from satellite imagery (Figure 4.1) 

revealed the decline of the bloom in the NAST and Labrador Sea basins and the bloom period 

within the NADR province and the Irminger Sea basin (Lemaitre et al., in prep.). Indeed, the 

highest daily primary production rates (PP) were measured in the NADR and in the Irminger 

Sea basins (>150 mmol C.m-2.d-1; A. Roukaerts, D. Fonseca Batista and F. Deman, 

unpublished data). The phytoplankton community structure also varied regionally with diatoms 

dominating the ARCT province and the western European basin of the NADR, 

coccolithophorids dominating the Icelandic basin of the NADR and cyanobacteria in the NAST 

province. Finally, as specifically described elsewhere (Daniault et al., 2016; García-ibáñez et 

al., 2015; Kieke and Yashayaev, 2015), these provinces also differed in terms of their 

hydrographic features, in particular, the presence of the sub-arctic front (SAF; which during 



Chapter 4 

148 
 

GEOVIDE was located near Station 26), strong currents near the Greenland margin (probably 

influencing the Stations 51 and 64), and an intense 1500 m-deep convection in the central 

Labrador Sea (Station 69) due to the formation of the Labrador Sea Water (LSW) in winter. 

These features influenced the magnitude of the carbon export fluxes, as well as the export and 

transfer efficiencies along the transect (Lemaitre et al., in prep., Chapter 3). The highest POC 

export fluxes from the upper-ocean was observed in the NADR province and in the Labrador 

Sea basin, reaching 8.4 ± 0.5 and 10 ± 0.8 mmol C.m-2.d-1 at Stations 32 and 69, respectively. 

Export efficiencies (e.g. POC export flux divided by PP) were generally low (≤ 12%), except at 

Station 69 where it reached 30%. The transfer efficiencies (e.g. upper ocean POC export flux 

divided by POC export flux at 400 m) were more variable, ranging from 2% at Station 21 to 

78% at Station 64 (Lemaitre et al., in prep.).  
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 a) 

 

 b) 

 
Figure 4.2: a) Schematic of the circulation features, adapted from Garcia-Ibanez et al., 2015. b) Salinity 
along the GEOVIDE section, and associated water masses: LSW: Labrador Seawater; ISOW: Iceland 
Scotland Overflow Water; IcSPMW: Iceland Subpolar Mode Water; SAIW: Sub Arctic Intermediate 
Water; NACW: North Atlantic Central Waters; MW: Mediterranean Water; DSOW: Danmark Strait Water; 
NEADW: North East Atlantic Deep Water. Stations in bold correspond to stations where detailed vertical 
Niskin profiles were collected. 
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4.2.2. Sampling and analyses 
In this study, we present two datasets of Baxs concentrations:  

1) Baxs concentrations deduced from samples collected using a standard CTD rosette 

equipped with 12L Niskin bottles. At most stations, 18 depths were sampled between surface 

and 1500 m in order to obtain a high depth resolution of the Baxs signal at stations where 

primary production and POC export fluxes were also determined (Table S4.1).  

Four to eight liters of seawater were filtered on acid-cleaned polycarbonate membranes of 0.4 

µm porosity (Nuclepore®, 47 or 90 mm diameter). Filter membranes were rinsed with Milli-Q 

water (18.2 MΩ·cm; ≤ 5 mL) to remove sea-salt, dried at ambient temperature under a laminar 

flow hood and finally stored in clean petri slides until analysis. 

Back in the home-based laboratory, filters were totally digested with a concentrated tri-acid 

mixture (1.5 mL HCl – 1 mL HNO3 – 0.5 mL HF; all Merck suprapur grades) in cleaned Teflon 

vials (Savillex®) on a hot plate at 90°C, overnight. Then, the acid solution was evaporated at 

110°C until near dryness, and the residue was dissolved in 13 mL 0.32M HNO3 (Merck; distilled 

Normapur). The solutions, in polypropylene tubes (VWR), were analyzed for Ba, Al and other 

major and minor elements using an inductively coupled plasma-quadrupole mass 

spectrometer (ICP-QMS; X Series 2 Thermo Fisher) equipped with a collision cell technology 

(CCT). We used a concentric quartz nebulizer (1 mL.min-1) and nickel sample and skimmer 

cones. During the analyses, internal standards (Ru, In, Re and Bi) were added to samples in 

order to monitor and correct the instrumental drift and matrix-dependent sensitivity variations.  

Two multi-element artificial standard solutions were prepared for external calibration. The first 

contained major elements (Na, Mg, Al, Ca and Ti) and the second was prepared with minor 

elements (Sr, Ba, REEs, Th and U). Standards were prepared by dilution of the multi-element 

mixed standard stock solutions to span the expected range of sample concentrations, with 

concentrations in the standard curve spaced to cover potential sample variations.  

The accuracy and precision of our analyses were assessed using the following Certified 

Reference Materials (CRM): BHVO-1, JB-3, JGb-1 and SLRS-5 (Table 4.1). 
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  Ba   Al 
SLRS-5 (µg.kg-1) 13  ± 1   47 ± 2 

n=4 95%   95% 
BHVO-1 (µg.g-1) 129 ± 1   70118 ± 984 

 n=4 93%   96% 
JB-3 (µg.g-1) 229 ± 13   92144 ± 1620 

n=4 94%   101% 
JGb-1 (µg.g-1) 68 ± 15   91491 ± 732 

n=4 106%   99% 

Table 4.1: Particulate barium (Ba) and aluminum (Al) concentrations and resulting recoveries (the bold 
and italic percentages) of the certified reference materials SLRS-5 (river water), BHVO-1 (basalt 
powder), JB-3 (basalt powder) and JGb-1 (gabbro powder). 

 

The detailed procedure for sample preparation and analysis is given in Cardinal et al. (2001). 

 

2) Baxs concentrations deduced from samples collected using the clean rosette, 

equipped with twenty-two 12L Go-Flo bottles at higher spatial resolution but with a lower 

vertical resolution in the mesopelagic zone. Indeed, the entire water column was sampled at 

31 stations along the GEOVIDE transect. Details regarding filtration, sample processing and 

analyses can be found in Gourain et al. (in prep). Briefly, at each depth, two size fractions were 

investigated: 0.45-5 µm using polysulfone filters (Supor ®) and > 5 µm using mixed ester 

cellulose filters (MF, Millipore ®).  Between 2 and 5L of seawater were filtered in surface and 

10L below 100m. Back in the home-based laboratory, filters were digested with a solution 8M 

HNO3 (Ultrapur grade, Merck) and 2.3M HF (Suprapur grade, Merck). Vials were then refluxed 

at 130°C on a hotplate during 4h. After a gentle evaporation, the residue was brought back 

into solution with 3% HNO3 spiked with 1 μg.L–1 of Indium. Solutions, in acid cleaned 15 mL 

centrifuge tubes (Corning), were analyzed sing a SF-ICP-MS (Element 2, Thermo) following 

the method of Planquette and Sherrell (2012). Total Ba concentrations were deduced by 

adding the two size fractions, in order to compare both datasets. 

For both datasets, the Baxs concentrations were calculated by subtracting the particulate 

lithogenic barium (pBa-litho) from the total particulate barium (pBa). The lithogenic fraction of 
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pBa was determined by multiplying the particulate aluminum (pAl) concentration by the upper 

continental crust (UCC) molar Ba:Al ratio (0.00135 mol.mol-1; Taylor and Mclennan, 1985). 

Along GEOVIDE, pBa-litho represented less than 7% of the total barium, except at Stations 1 

and 53 where pBa-litho accounted for 28 and 44%, respectively. Because of the rather large 

uncertainty associated with the UCC Ba:Al ratio and because of the strong lithogenic particle 

loads there, Stations 1 and 53 were not considered further in this study. Uncertainties on Baxs 

were estimated using error propagation and represented from 6 to 25% of the Baxs 

concentrations. 

At stations where total pBa and pAl concentrations were available at a similar depth, the 

comparison between the Baxs concentrations obtained by two sampling and analytical methods 

was excellent (Figure 3, regression slope: 0.94; r²: 64%; p<0.01; n=85). 

In addition, analyses of filtered suspended matter were carried out using a Field Emission 

Scanning Electron Microscope (FE-SEM; JEOL JSM-7100F) in order to verify the relationship 

between Baxs and barite (BaSO4) particles (see section 4.3.1). For seven samples, we 

analyzed a filter surface of 0.5 cm²: 6 samples with high mesopelagic Baxs concentrations 

(Station 13 at 400 m; Station 38 at 300 m; Station 44 at 300 and 700 m; Station 69 at 600 m 

and Station 77 at 300 m) and one sample with high surface Baxs concentrations (Station 26, 

50 m).   
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4.2.3. Determination of C remineralization fluxes 
The mesopelagic carbon remineralization was estimated using Equation 1, which relates the 

accumulated mesopelagic Baxs inventories to the rate of oxygen consumption (Shopova et al., 

1995; Dehairs et al., 1997):  

JO2 = (mesopelagic Baxs – Ba residual) / 17200 (Equation 4.1) 

where JO2 is the rate of oxygen consumption (µmol.L-1.d-1), mesopelagic Baxs is the depth-

weighted average in the mesopelagic layer (DWA; pmol.L-1), Baresidual is the deep ocean Baxs 

value observed at zero oxygen consumption (or Baxs background signal) which was determined 

to reach 180 pmol.L-1 (Dehairs et al., 1997). Then, the oxygen consumption JO2 can be 

converted into C remineralized by the following relationship: 

POC mesopelagic remineralization = Z x JO2 x (C:O2)Redfield Ratio     (Equation 4.2) 

where the POC mesopelagic remineralization is  in mmol C.m-2.d-1, Z is the thickness of the 

depth layer in which mesopelagic Baxs is calculated, JO2 is given by the Equation 4.1  and 

(C:O2)Redfield Ratio is the stoichiometric molar C to O2 ratio (127/175). 

 

4.3. Results 

4.3.1. Barite is the main carrier of Baxs 
Several barite particles were observed at proximity to biogenic fragments (Figure 4.3) 

suggesting the important role of the biogenic microenvironments in barite formation (Bishop, 

1988; Dehairs et al., 1980; Stroobants et al., 1991). However, no barite crystals were observed 

in surface waters of Station 26 indicating different processes generating high Baxs 

concentrations between surface and mesopelagic samples. Indeed, the very high Baxs 

concentration in surface waters of Station 26 was not related to barite particles but more likely 

to Ba adsorption by biota, as reported for Sternberg et al. (2005) in culture experiments.  This 

result fits in the concept of barite formation proposed by Stroobants et al. (1991). The authors 

show that the barium sulfate in biogenic aggregates of surface waters is not crystallized 
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whereas below this surface layer, when degradation occurs, the barite particles in aggregates 

are denser and acquire the typical crystal morphology. 

We evaluated the contribution of the barite particles to Baxs for the sample collected at 600 m 

of Station 69 (we analyzed 0.003% of the total filter surface) which was selected because of 

its high mesopelagic Baxs content (Figure 4.5). Using the Field Emission Scanning Electron 

Microscope (FE-SEM), we detected all the barite particles present in this surface area and 

determined their volume. To this aim, each barite particle was pictured using a magnification 

setting between 12000 and 15000×. Images were then analyzed with the software ImageJ and, 

for each barite particle, the longest and shortest lengths were measured and converted from 

pixel to nanometers. Barite particles were then assimilated to ellipses to deduce their volume. 

Finally, the concentration of pBa in barite particles was calculated using the following equation:  

pBa in barite =  Ʃ [V × μBaSO4 × (MBa / MBaSO4) ] / VSW    (Equation 4.3) 

where V is the volume of each BaSO4 particle (between 0.01 and 3.96 µm3), μBaSO4 is the 

density of barite (4.45 g.cm-3), MBa / MBaSO4 is the molar proportion of barium in BaSO4 (0.59) 

and VSW is the volume of filtered seawater (equivalent to 0.2 mL through this portion of filter).  

Assuming that this filter piece is representative of the whole filter, the concentration deduced 

from the SEM reached 1260 pmol.L-1. This is in the same order of magnitude that the 

concentration of total Baxs analyzed by ICP-MS (831 pmol.L-1) on the whole filter of this sample. 

The similarity between both estimations is remarkable considering the limitations of the SEM 

procedure (i.e. the very small fraction of filtered seawater searched for barite). This also 

confirms that Baxs is carried by barite particles in the mesopelagic layer, as observed earlier 

(Dehairs et al., 1980).  
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Figure 4.3: Barite particles observed by FE-SEM at a) Station 38 (300 m); b) Station 44 (700 m); c and d) Station 69 (600 m). The white arrows indicate the 
position of barite crystals. 
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4.3.2. Particulate biogenic Baxs profiles 

4.3.2.1. Section overview  

The high resolution section of Baxs concentrations (Figure 4.4) shows elevated concentrations 

in the mesopelagic zone across the section (Baxs (z between 100 and 1000 m) = 333±224 

pmol.L-1; median ±  1s.d.; n=209). In comparison, the surface ocean (z < 100 m) and the deep 

ocean (z > 1000 m) are characterized by lower median values (94 and 114 pmol.L-1, n=113 

and 199, respectively). Exceptions can be observed in the upper waters at Station 26 and close 

to the seafloor at Stations 29, 32, 36, 38 and 71 and may be attributed to Ba adsorption by 

phytoplankton (Station 26), and sediment resuspension (Stations 29, 32, 36, 38, 71; Gourain 

et al., in prep.). Concentrations ranged from 4 (Station 11, 55 m) to 24643 (Station 26, 35 m) 

pmol.L-1 in surface waters and from 7 (Station 71, 350 m) to 1388 (Station 15, 300 m) pmol.L-

1 in the mesopelagic layer (100-1000 m) where the maximum concentrations were generally 

observed. In the mesopelagic layer, the highest Baxs concentration was determined in the 

NAST province, reaching 1388 pmol.L-1 at 300 m of Station 15. However, these important 

maxima are very local (in a layer of 100-300 m) while they are spread over larger depth 

intervals at other stations, in particular in the ARCT province (layer of the Baxs maxima: 1200 

m at Station 69).  
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Figure 4.4: Section of the particulate biogenic barium (Baxs) in pmol.L-1 determined in samples collected 
with the Go-Flo bottles. Niskin detailed vertical profiles were determined at stations in bold. 

 

 

4.3.2.2. Individual Profiles  

In the following section, only the Baxs concentrations determined using Niskin bottles are 

described because of 1) the good comparison between both Niskin and Go-Flo dataset 

(regression slope: 0.94; r²: 64%; p<0.01; n=85), 2) the better resolution in the 100-1000 m layer 

for Niskin bottles, and 3) the same cast between Niskin data and 234-Thorium data used for 

the determination of POC export. A comparison between primary production, POC export and 

POC remineralization is addressed in section IV.3. 

The vertical profiles of Baxs concentrations at all stations are shown in Figure 4.5.  
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Figure 4.5: Individual profiles of Baxs concentrations (in pmol.L-1) determined using Niskin bottles from 
GEOVIDE (squares) and GEOSECS (circles) cruises. 

 

 

In the NAST province (Station 13), the Baxs concentrations steadily increased from the surface 

to 400 m, reaching 961 pmol.L-1 then decreased with depth, reaching the background level of 

180 pmol.L-1 at 1500 m.  

In the western European basin of the NADR province, vertical profiles of Baxs were similar at 

Station 21, yet concentrations in the mesopelagic layer were smaller, as the Baxs peaked only 

to 524 pmol.L-1. Baxs concentrations returned to the background value at 1200 m. Baxs 

concentration in surface waters of Station 26 were the highest of the entire section, since 

surface Baxs reached 1888 pmol.L-1 at 50 m. Below this depth, Baxs concentrations decreased 

back to the background level at 100 m depth, then increased again, with a second peak of 451 

pmol.L-1 measured at 200 m. In the Icelandic basin of the NADR province, Baxs concentrations 
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were relatively high, reaching 646 and 711 pmol.L-1 at 200 m of Station 32 and 300 m of Station 

38, respectively. These stations were also characterized by Baxs profiles displaying a double 

peak at 200 and 450 m for Station 32, and at 300 and 700 m for Station 38. Below this second 

maximum, Baxs concentrations decreased to the background level at 1000 m for both stations.  

In the ARCT province, a similar double peak profile was observed at Station 44, in the Irminger 

Sea basin, with Baxs concentrations reaching 747 pmol.L-1 at 400 m and 823 pmol.L-1 at 700 

m. Then, Baxs concentrations returned to the background value at 1100 m. Close to the 

Greenland Margin (Station 51), Baxs concentrations were lower than at other stations reaching 

495 pmol.L-1 at 300 m, before to decrease until the background level at 1000 m.  

The Baxs concentrations of Stations 44 and 51 were compared to those obtained at Station 11 

(63.5°N – 324.8°E) and Station 5 (56.9°N – 317.2°E) of the GEOSECS cruise, in summer 1970 

(Brewer et al., unpublished results). The Baxs concentrations obtained at GEOSECS Station 

11 are in similar range as concentrations we measured at the GEOVIDE Station 44 (173-658 

pmol.L-1 and 116-823 pmol.L-1, respectively). Similar ranges were also observed between the 

GEOSECS Stations 5 and the GEOVIDE Station 51 (170-402 pmol.L-1 and 127-359 pmol.L-1, 

respectively; Figure 4.5). 

In the Labrador Sea basin (Stations 64, 69 and 77), high Baxs concentrations (> 450 pmol.L-1 

and up to 863 pmol.L-1 at Station 69) were measured at greater depths than for other stations 

and Baxs concentrations did not return to the background level at 1000-1500 m as observed 

elsewhere in the section. Samples dedicated to trace metals (GO-FLO sampling) indicated that 

Baxs concentrations decreased to the background level (180 pmol.L-1) at 1300, 1700 and 1200 

m for Stations 64, 69 and 77, respectively.  

4.3.3. Mesopelagic Baxs and bacterial abundance 
The Baxs concentrations were integrated (trapezoidal integration) over two depth intervals of 

the mesopelagic zone (100-500 m and 100-1000 m; Table 4.2) to obtain a depth-weighted 

average (DWA) value. The DWA Baxs values between 100 and 500 m ranged from 399 to 672 

pmol.L-1 and from 315 to 727 pmol.L-1 between 100 and 1000 m (Stations 51 and 69, 
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respectively). For both depth intervals, DWA Baxs values varied by less than a factor of 1.4 

being larger for the 100-1000 m interval in the Labrador Sea basin (Stations 64, 69 and 77). 

The lowest median DWA Baxs was observed in the NADR province (403 ± 34 pmol.L-1 between 

100 and 1000 m, n=4) while the highest median DWA Baxs was observed in the ARCT province 

(566 ± 155 pmol.L-1 between 100 and 1000 m, n=5). 

Here, we take the opportunity to compare the upper mesopelagic (100-500 m) Baxs 

concentrations with the total bacterial abundance acquired by flow cytometry (Figure 4.6; J. 

Laroche, J. Ratten and R. Barkhouse, personal communication).  

 

 
Figure 4.6: Total bacterial abundance (cells.µL-1) measured by flow cytometry (J. Laroche, J. Ratten 
and R. Barkhouse, personal communication). 

 

 

We compare both integrated values for the 100-500 m depth layer because of the better spatial 

resolution. Since the bacterial abundance was limited to the upper 100 m for Stations 44, 51, 

64 and 77, these stations were not considered here. In Figure 4.7, the other stations are 

compared and the 100-500 m DWA Baxs appears to be correlated (r²=0.48, n=6, p=0.13) with 

the 100-500 m integrated total bacterial abundance. This correlation between the DWA Baxs 
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values and the bacterial abundance agrees with the relationship between mesopelagic Baxs 

content and organic matter remineralization (Dehairs et al., 1980; Jacquet et al., 2008; 2015). 

 

 

 
Figure 4.7: Regression of the 100-500 m integrated total bacterial abundance (cells.µL-1) versus the 
100-500 m DWA Baxs values (pmol.L-1). 

 



Chapter 4 

162 
 

 

 

Province Station Latitude Longitude Time since bloom peak DWA Ba
xs

 100-500m DWA Ba
xs

 100-1000m MR 100-500m MR 100-1000m 
    °N °E (weeks)  (pmol.L

-1

) (pmol.L
-1

) (mmol.m
-2

.d
-1

) (mmol.m
-2

.d
-1

) 
NAST 13 41.4 -13.9 8 578 ± 89 419 ± 71 6.7 ± 1.5 9.1 ± 2.7 

NADR 
21 46.5 -19.7 4 428 ± 69 394 ± 64 4.2 ± 1.2 8.1 ± 2.4 
26 50.3 -22.6 0.5 405 ± 59 391 ± 58 3.8 ± 1.0 8.0 ± 2.2 
32 55.5 -26.7 0 522 ± 81 413 ± 66 5.8 ± 1.4 8.9 ± 2.5 
38 58.8 -31.3 0 572 ± 86 465 ± 78 6.6 ± 1.5 11 ± 2.9 

ARCT 

44 59.6 -38.9 1 678 ± 104 633 ± 98 8.4 ± 1.8 17 ± 3.7 
51 59.8 -42.0 5 399 ± 72 315 ± 58 3.7 ± 1.2 5.1 ± 2.2 
64 59.1 -46.1 3 464 ± 95 566 ± 99 4.8 ± 1.6 15 ± 3.8 
69 55.8 -48.1 7 672 ± 111 727 ± 118 8.3 ± 1.9 21 ± 4.5 
77 53.0 -51.1 4 472 ± 80 505 ± 83 4.9 ± 1.4 12 ± 3.2 

 

Table 4.2: Depth-weighted average (DWA) values of mesopelagic Baxs (pmol.L-1) and resulting Baxs-based mesopelagic POC remineralization rates (mmol 
C.m-2.d-1) integrated between 100-500 m and 100-1000 m depths. The biogeochemical provinces defined by Longhurst et al. (1995) are also indicated: NAST: 
North Atlantic subtropical gyre; NADR: North Atlantic drift; ARCT: Atlantic Arctic.  
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4.3.4. Carbon remineralization fluxes 
Despite the different depths to reach the background signal, we decided to integrate the carbon 

remineralization fluxes down to 1000 m in order to compare all stations. In few cases, such as 

the stations in the Labrador Sea basin where the background level is not reached at 1000 m, 

we estimated the mesopelagic carbon remineralization flux below 1000 m. However, this 

modification did not change significantly the magnitude of the remineralization fluxes. Indeed, 

the fluxed integrated over the 100-1300 m (Station 64), 100-1700 m (Station 69) and 100-1200 

m (Station 77) were respectively only 1.5 folds lower, similar and 1.2 folds higher than the 

fluxes integrated over the 100-1000 m. At all stations, the mesopelagic remineralization fluxes 

integrated over 100-1000 m were greater than the fluxes integrated over 100-500 m. We thus 

considered the 100-1000 m depth interval as the interval representing the best the whole 

mesopelagic layer (Table 4.2, Figure 4.8).  

 
Figure 4.8: Carbon mesopelagic remineralization fluxes (in mmol C.m-2.d-1) at all stations sampled with 
Niskin bottles, between 100 - 1000 m. Provinces are indicated below the x-axis. 

 

 

Similarly to DWA Baxs values, the lowest median mesopelagic remineralization flux was 

determined in the NADR province (8.5 ± 1.3 mmol.m-2.d-1, n=4) while the highest median was 

estimated in the ARCT province (14.7 ± 5.9 mmol.m-2.d-1, n=5). Station 13, in the NAST 
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province, was characterized by a similar mesopelagic remineralization flux than those of the 

NADR province, i.e. 9.1 mmol.m-2.d-1. In the ARCT province, mesopelagic remineralization 

fluxes were variable, ranging from 5.1 mmol.m-2.d-1 at Station 51 to 21 mmol.m-2.d-1 at Station 

69 with a high mesopelagic remineralization flux of 17 mmol.m-2.d-1 at Station 44. 

These fluxes were compared to carbon mesopelagic remineralization fluxes determined with 

the Baxs method in the world’s ocean (Table 4.3). Fluxes obtained during GEOVIDE were 

higher than other fluxes deduced by the Baxs proxy in the Southern and Pacific Oceans, 

highlighting an important remineralization in the North Atlantic compared to other oceans.
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Cruise (season) Location Features depth interval 

m 
DWA Ba

xs
                     

pmol.L
-1 

MR fluxes         

mmol.m
-2

.d
-1 

Reference 

VERTIGO (summer) Pacific Ocean oligotrophic (Aloha) 
150 - 500 157 - 205  1.0 - 3.0  

Dehairs et al., 2008 
mesotrophic (K2) 367 - 713  2.7 - 8.8  

CLIVAR SR3 - SAZ98 

(spring/summer) Southern Ocean spring 
150 - 400 235 - 554  0.3 - 3.0  

Cardinal et al., 2005 
summer 296 - 353  0.2 - 3.4  

EIFEX (summer) Southern Ocean Fe-fertilized (in patch) 
150 - 1000 273 - 415  2.6 - 7.7 

Jacquet et al., 2008 
HNLC (out patch) 233 - 423 1.2 - 8.0 

KEOPS (summer) Southern Ocean Fe-fertilized (A3) 
125 - 450 342 - 401 2.1 - 2.8 

Jacquet et al., 2008 
HNLC (C11) 309 - 493  1.7 - 4.0 

KEOPS 2 (spring) Southern Ocean Fe-fertilized (A3) 
150 - 400 267 - 314  0.9 - 1.2  

Jacquet et al., 2015 
HNLC (R2) 572 4.2 

SAZ-SENSE (summer) Southern Ocean Fe-fertilized (SAZ east) 
100 - 600 244 - 395  3.0 - 6.1  

Jacquet et al., 2011 
HNLC (SAZ west) 199 - 249  2.1 - 3.1 

Bonus GoodHope  (summer) Southern Ocean North of PF 
125 - 600 284 - 497 2.1 -6.4 

Planchon et al., 2013 
South of PF 235 - 277 1.1 - 1.9 

GEOSECS II (summer) North Atlantic NAST+NADR 
100 - 1000 199 - 361 0.7 - 6.9 

Brewer (unpublished values) 
ARCT 242 - 413 2.3 - 8.8 

GEOVIDE (spring) North Atlantic NAST+NADR 100 - 1000 272 - 465  8.0 - 11 this study ARCT 315 - 727  5.1 - 21  
 

Table 4.3: Comparison of the Baxs inventory (pmol.L-1) and related-carbon mesopelagic remineralization fluxes (mmol.m-2.d-1) obtained in the world’s ocean.  
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4.4. Discussion 

4.4.1. Validation of the Baxs approach 

4.4.1.1. Remineralization deduced from the Oxygen Utilization Rate (OUR) 

Carbon remineralization fluxes were also estimated using the oxygen utilization rate (OUR) 

method, as used by Sonnerup et al. (2014) in the Pacific Ocean. The OUR (µmol.kg-1.yr-1) is 

determined by dividing apparent oxygen utilization (AOU, in µmol.kg-1) by the water mass age. 

The OUR is then integrated over the layer associated with the water mass and converted into 

a remineralized carbon flux. In the North Atlantic, the mean age of the Labrador Seawater 

(LSW) has been estimated by Rhein et al. (2015) based on 25 years CFC contents. Since, we 

focus only on the upper 1500 m, we can only use data for the ARCT province (Stations 44, 51, 

64, 69 and 77). For the areas corresponding to Stations 44, 51 and to Stations 64, 69, 77, 

Rhein et al. (2015) estimated a mean age of 6 and 4 years, respectively. Using these mean 

ages, the mesopelagic remineralization fluxes obtained with the OUR method were lower but 

in the same order of magnitude than those obtained with the Baxs method, with fluxes varying 

by a factor of 1.3 at Stations 44 and 69, 3.6 at Stations 51 and 77 and 14 at Station 64. The 

differences could result from an under-estimation of the respiration from the OUR method 

(Koeve and Kähler, 2016), or could be also due to the difficulty of estimating the age of the 

LSW. Indeed, the strong winter before the cruise (2013/2014) appeared to have strongly 

ventilated the LSW with a mixed layer depth exceeding 1700 m (Kieke and Yashayaev, 2015), 

indicating that the mean age estimated by Rhein et al. (2015) may have over-estimated the 

real LSW age (Lherminier et al., personal communication), leading to an under-estimation of 

the OUR. Moreover, in the Labrador Sea, the residence time of the LSW strongly varies 

between the central Labrador Sea (4-5 years) and the boundary currents off the Greenland 

and Newfoundland coasts (a few months; Deshayes et al., 2007; Straneo et al., 2003). This 

difference could explain the discordance between the OUR and Baxs methods, especially at 

Station 64, where the best correlation is obtained for an age of 4 months.  
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The overall good correlations between the two independent methods confirm the use of the 

Baxs proxy and our estimation of remineralization fluxes in the North Atlantic.  

4.4.1.2. Remineralization deduced from direct measurements 

In the North Atlantic, carbon respiration rates were also deduced by surface drifting sediment 

traps and associated-shipboard incubations. Collins et al. (2015) determined very high 

respiration rates reaching 39 and 72 mmol C.m-2.d-1 at sites located in the NADR and in the 

ARCT provinces, respectively. Nevertheless, these high fluxes were deduced in the upper 

mesopelagic zone (50-150 m) where respiration is greater compared to the lower mesopelagic 

zone (150-1000 m). This different depth interval could thus explain the greater integrated 

respiration rates determined in this study. Using a similar method supplemented by 

measurements of zooplankton respiration, Giering et al. (2014) determined respiration rates in 

the NADR province (PAP site) reaching 7.1 mmol C.m-2.d-1 during summer. This flux, 

determined over the 50-1000 m depth interval, is in the same order of magnitude than our 

estimates in the western European basin (Stations 21 or 26). 

4.4.1.3. Remineralization from the deep sediment traps: Re-evaluating the 

integration time of the Baxs proxy approach  

The remineralization flux in the mesopelagic layer can also be derived from the difference 

between a deep POC export flux and a surface POC export flux. Honjo et al. (2008) compiled 

deep POC export fluxes from moored and time-series sediment traps and calculated the 

corresponding export production (upper-ocean POC export flux) using an ecosystem model 

(Laws et al., 2000) for most world provinces. Then, by difference, the authors estimated an 

annual average of carbon remineralization fluxes in the mesopelagic layer, reaching after 

conversion into daily average fluxes of 34 mmol C.m-2.d-1 in the ARCT province, 9 mmol C.m-

2.d-1 in the NADR province and 4 mmol C.m-2.d-1 in the NAST province. Noteworthy, the flux in 

the ARCT province was the highest mesopelagic remineralization flux estimated worldwide 

(with the region around Cape Verde), confirming the important remineralization in the North 

Atlantic compared to other oceans. The values published by Honjo et al. (2008) for the North 

Atlantic, are comparable to the median values obtained during GEOVIDE in each province. 
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Indeed, mesopelagic remineralization fluxes based on the Baxs proxy were 2.4 folds larger than 

the estimate deduced by Honjo et al. (2008) in the NAST province and 1.1 and 2.3 folds lower 

in the NADR and in the ARCT provinces.  

Overall, the good comparison of our dataset with remineralization fluxes determined by other 

methods confirms the order of magnitude of the mesopelagic remineralization fluxes 

determined in this study of the North Atlantic and validates the Baxs proxy to estimate 

mesopelagic remineralization fluxes (Figure 4.9). Interestingly, the comparison with deep 

sediment traps highlights that the remineralization activity from the Baxs proxy may integrate 

over one complete season rather than several weeks as suggested in previous studies 

(Dehairs et al., 1997; Cardinal et al., 2005; Jacquet et al., 2015). 

 
Figure 4.9: Comparison of POC remineralization fluxes from this study (circles lined in black) to 
remineralization fluxes from literature in the North Atlantic. Note that these studies used different 
methods for determining remineralization fluxes: moored sediment traps (# symbols, Honjo et al., 2008), 
onboard incubations (° symbols, Giering et al., 2014; Collins et al., 2015); excess barium proxy (* 
symbols, Brewer et al., unpublished results). 
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4.4.2. Factors influencing remineralization processes in the North Atlantic 
The mesopelagic POC remineralization is known to vary regionally (Berelson, 2001; Buesseler 

et al., 2007; Guidi et al., 2015) and here we investigated this variability in function of different 

factors such as the intensity and the stage of the bloom, the phytoplankton size and community 

structure and the physical forcing. 

4.4.2.1. Influence of the intensity and stage of the bloom 

A high remineralization rate indicates a past production, together with an export event (Jacquet 

et al., 2015), as the mesopelagic Baxs signal builds up during the growth season (Dehairs et 

al., 1997; Cardinal et al., 2001; 2005). Assuming that the Baxs proxy integrates a full season, 

we compared our remineralization estimates with the averaged biomass development from 

January to June 2014 (Figure 4.10), which is the period integrating the complete bloom 

development in the North Atlantic.  

 

 
Figure 4.10: Time averaged map of Chlorophyll-a concentrations (mg.m-3) over January – June 2014 
(monthly 4 km MODIS Aqua model; http://giovanni.sci.gsfc.nasa.gov/). 
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Along the GEOVIDE transect, the most productive area during this period was clearly the 

Labrador Sea basin of the ARCT province as Chl-a concentrations averaged 6 mg.m-3 (Figure 

4.10). This basin was sampled during the decline of the bloom (Figure 4.1; Chl-a concentration 

was > 3 mg.m-3 one month before the sampling, and low PP and nutrient concentrations during 

sampling), which could explain the high mesopelagic remineralization fluxes observed in this 

area (Figure 4.8). To a lesser extent than the Labrador Sea basin, the western European basin 

of the NADR province, and in particular the area around Station 21, was characterized by an 

important biomass level between January and June (Figure 4.10). This bloom started in May 

(Figure 4.1; Chl-a concentration ≈ 3 mg.m-3 one month before the sampling) but was still 

progressing during the sampling, as indicated by the high PP (135 mmol.m-2.d-1) during the 

sampling. These features can explain the lower mesopelagic remineralization fluxes observed 

at Station 21 (Figure 4.8) compared to the Labrador Sea basin. The other stations of the NADR 

(Stations 26, 32, 38) were sampled during the bloom development (Figure 4.1 and high PP 

reaching 174 at Station 26 during sampling) and were characterized by low mesopelagic 

remineralization fluxes compared to other stations, suggesting a time lag between production, 

export and remineralization.  However, this was not the case for Station 44, in the Irminger 

Sea basin of the ARCT province, sampled during the bloom (high PP, high Chl-a and high 

nutrient concentrations during the sampling period) and characterized by one the highest 

mesopelagic remineralization flux. This high mesopelagic remineralization flux may reflect an 

important past bloom, as evidenced in fact by the satellite Chl-a data (see Table 2 or Figure 9 

in Lemaitre et al., in prep.), highlighting the patchiness of the phytoplankton blooms in this 

area.   

Overall, the large regional and temporal variability of the bloom development involves a large 

variability of POC remineralization in the North Atlantic.  

4.4.2.2. Influence of the phytoplankton size and community structure 

Together with grazing and bacterial activity (Burd et al., 2010; Steinberg et al., 2008), the size 

structure of the phytoplankton assemblage is one key component of the remineralization 

intensity in the mesopelagic layer (Boyd and Newton, 1999; Buesseler et al., 2007; Guidi et 
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al., 2015). Temperate and subpolar regions, dominated by large phytoplankton cells, are 

characterized by substantial surface POC export fluxes (Boyd and Newton, 1999) yet strongly 

attenuated with depth because of a high remineralization in the mesopelagic layer (Berelson 

et al., 2001; Guidi et al., 2009). Conversely, in tropical regions, small cells dominate surface 

waters, leading to lower POC export fluxes but also to lower flux attenuation in the mesopelagic 

layer (Guidi et al., 2009). Figure 4.11 shows that the remineralization flux increased with 

increasing abundance of micro-phytoplankton, relative to abundance of nano- and pico-

phytoplankton (based on pigment data; Ras et al., 2008). It is particularly manifest in the ARCT 

province where the highest remineralization fluxes and micro-phytoplankton abundances were 

measured.  

 

 
Figure 4.11: Mesopelagic remineralization fluxes (mmol.m-2.d-1) plotted as a function of the 
corresponding fractions of micro-, nano- and pico-phytoplankton. The black line corresponds to the 
linear regression between both parameters for all stations except Station 51 (pink triangle). 

 

 

Phytoplankton community structure also influences the carbon remineralization in the 

mesopelagic layer by varying the sinking velocities of the particles through the biogenic 

minerals, such as biogenic silica or calcium carbonate, composing their shells (i.e., the ballast 

effect; Armstrong et al., 2002, 2009). In parallel to the phytoplankton size structure, high export 
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in mid- and high-latitudes are mediated by diatoms, that are usually rapidly recycled through 

the mesopelagic as the carbon associated to diatoms is more labile (Francois et al., 2002; 

Ragueneau et al., 2006). Indeed, the ARCT province was characterized by the highest 

mesopelagic remineralization fluxes and was dominated by diatoms (> 70%; Figure 4.12). 

Conversely, the lower mesopelagic remineralization fluxes, observed in the NAST and NADR 

provinces could be related to higher abundance of coccolithophorids (Figure 4.12). Indeed, 

calcifiers, such as coccolithophorids, have been shown to be more efficient in transferring 

carbon to the deep ocean compared to diatoms (Francois et al., 2002; Klaas and Archer, 2002; 

Lam et al., 2011). This difference could result from the low compaction or the high fluffiness of 

diatom aggregates, the high degree of degradability of organic compounds within diatom 

aggregates, the greater calcite density, the resistence of calcite to grazing and the more 

refractory nature of the exported organic matter associated to calcite (Bach et al., 2016; 

Francois et al., 2002; Klaas and Archer, 2002; Lam et al., 2011; Le Moigne et al., 2013a). 

Overall, the upper ocean ecosystem structure plays an important role on the POC 

sequestration and in the North Atlantic, the carbonate-dominated systems appear to resist 

more to remineralization through the mesopelagic layer than opal-dominated systems. 
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Figure 4.12: Bubble plot showing the mesopelagic remineralization flux (mmol.m-2.d-1) and the 
abundance of the two main phytoplankton communities (diatoms and coccolithophorids, in %) along the 
GEOVIDE transect. The size of the bubble is proportional to the magnitude of the flux. 

 

4.4.2.3. Influence of water masses/physical forcing 

The largest Baxs inventory and the highest mesopelagic remineralization flux were determined 

in the Labrador Sea basin (Stations 64, 69 and 77), characterized by the presence of the 

Labrador Sea Water in the upper 1500 m (LSW; potential temperature between 2.7 and 3.8°C 

and salinity below 34.9; Harvey, 1982; Yashayaev, 2007). The LSW formation takes place in 

the central Labrador Sea where the convection reached ~1700 m during the winter preceding 

GEOVIDE (Figure 4.2; Kieke and Yashayaev, 2015). The deepening of the mixed layer depth 

has been recently shown as a major source (from 23% to > 100% in high latitude regions) of 

organic carbon to the mesopelagic zone (Dall’Olmo et al., 2016), supporting the carbon 

demand of the mesopelagic food web (Burd et al., 2010; Aristegui et al., 2009). Moreover, the 

highest mesopelagic total bacterial abundance was observed in the central Labrador Sea 

(Station 69), reaching 896 cells.µL-1 at 500 m while the median for other stations, with available 

data in the mesopelagic zone (Stations 13, 21, 26, 32 and 38), was about 258 ± 60 cells.µL-1 

at the same depth (Figure 4.6; J. Laroche, J. Ratten and R. Barkhouse, personal 

communication). Therefore, the subduction areas appear to reinforce the microbial loop by 
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increasing the layer in where the bacteria can thrive feeding on increasing food supplies. This 

condition consequently enhances the remineralization processes.  

The LSW was also present in the Irminger Sea basin between 500 and 1000 m at Station 44 

(Figure 4.2) where a second Baxs peak was observed (823 and 632 pmol.L-1 at 700 and 800 

m; Figure 4.5). In the T-S plot, these high Baxs concentrations are clearly associated to the 

presence of the LSW (Figure 4.13.a), suggesting that this Baxs peak could represent an 

advected signal and thus reflecting remineralization of organic matter that occurred in another 

area. At Station 44, the contribution of the advected signal would be about 3 mmol C.m-2.d-1 

(19%) of the total signal, which is within the uncertainty of the flux. Similarly, a second Baxs 

peak was observed at 450 m of Station 32 (Figure 4.5) and the T-S plot (Figure 4.13.b) points 

out that this second peak was related to the presence of the Subarctic Intermediate water 

(SAIW; temperature at 5.6 ± 0.1°C and salinity at 34.70 ± 0.02; Alvarez et al., 2004), which 

contributes to 0.6 mmol C.m-2.d-1 (7%) of the total signal. 

 

  
Figure 4.13: Potential temperature θ - salinity S plots and isopycnals for the Stations a) #44 and #69 
and b) #32 and #38 of the GEOVIDE cruise focus on the 50-2000 m depth interval. The concentrations 
of Baxs are shown by the colored points. LSW: Labrador Sea water; SAIW: Subarctic Intermediate 
water. 
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The Station 38 was also characterized by a second Baxs peak at 700 m (Figure 4.5) but it is 

probably not related to a different water mass since there are no changes in the T-S plot (Figure 

4.13.b). This second Baxs peak may represent a deeper remineralization generated by larger 

organic aggregates which would have sunk deeper. Similarly, the influence of water masses 

was not detected at the remaining stations. Overall, lateral transports influencing the Baxs 

distributions were observed at two stations during GEOVIDE but they did not modify 

significantly the magnitude of the remineralization fluxes. However, the subduction occurring 

in the Labrador Sea was related to a greater mesopelagic remineralization probably due to 

high POC export and associated bacterial activity in these areas. 

 

4.4.3. Fate of the sinking POC in North Atlantic 
In order to investigate the efficiency of the biological carbon pump in the North Atlantic, we 

examined the daily primary production (PP; A. Roukaerts, D. Fonseca Batista and F. Deman, 

unpublished data), the upper-ocean POC export (Lemaitre et al., in prep) and the POC 

remineralization in the mesopelagic layer (Table 4.4; Figure 4.14).  

 

province ARCT - Labrador Sea ARCT - Irminger Sea NADR NAST 
Station 77 69 64 51 44 38 32 26 21 13 

PP [1] 95 31 67 165 137 68 142 174 135 80 
                      

Export [2] 6 10 8 3 1 5 8 7 5 2 
                      

Remineralization 12 21 15 5 14 11 8 8 8 9 

Table 4.4: Comparison of the mesopelagic POC remineralization fluxes (Remineralization) with primary 
production (PP) and POC export fluxes in the upper water column (Export). All fluxes are expressed in 
mmol C.m-2.d-1. [1] PP data from A. Roukaerts, D. Fonseca Batista and F. Deman (unpublished data); [2] 

EP data from Lemaitre et al., in prep. 

 

During GEOVIDE, low (≤ 12 %) export efficiencies (i.e., the ratio between PP and POC export) 

were observed at most stations indicating an accumulation of biomass in surface waters or a 

strong turn-over of the exported organic matter due to important remineralization occurring in 

the upper water column (< 100 m). Yet, high POC remineralization fluxes were also measured 
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in the mesopelagic layer, equaling or exceeding the POC export fluxes. This highlights a strong 

mesopelagic remineralization with little or no material left for export to the deep ocean, but 

above all, it involves an imbalance between carbon supplies and mesopelagic remineralization.  

This imbalance can be caused by the distinct time scales over which the PP, POC export and 

POC remineralization fluxes operate. Indeed, the measurements of PP represent a snapshot 

(24h incubations) while export (234Th) and remineralization (Baxs) measurements integrate 

much longer time scales, in the order of several weeks and up to full season (see section 

IV.1.c), respectively. Moreover, previous studies in the Southern Ocean showed that 

mesopelagic processing of exported organic carbon, as reflected by Baxs, has a phase lag 

relative to the upper-ocean processes (Dehairs et al., 1997; Cardinal et al., 2005). Thus, we 

do not expect mesopelagic Baxs to be in phase with coinciding amplitude of PP and subsequent 

export. Because of the observed high remineralization fluxes relative to the export fluxes, we 

suppose that the surface particulate organic matter sank and accumulated in the mesopelagic 

layer in a period preceding the specific time windows for POC export and PP, leading to an 

important remineralization. This can be amplified by the spatial and temporal variability of the 

phytoplankton bloom in the North Atlantic, generating sudden high export events and 

associated remineralization. Therefore, the remineralization in the mesopelagic layer is an 

important process that needs to be taken into account as our results point to the poor ability of 

specific areas within the North Atlantic to sequester carbon at depth below 1000m in spring 

2014.  

Nevertheless, some authors reported POC export fluxes in the North Atlantic that were large 

enough to counterbalance our mesopelagic remineralization fluxes (NADR: 41 mmol.m-2.d-1, 

Buesseler et al., 1992; Irminger Sea: 36 mmol.m-2.d-1, Ceballos-romero et al., 2016; Labrador 

Sea: 47 mmol.m-2.d-1, Moran et al., 2003), confirming the large variability of production export 

in the North Atlantic. Considering the higher POC export estimations obtained in these studies, 

20% of sinking POC would be remineralized in the NADR province, 36% in the Irminger Sea 

basin and 45% in the Labrador Sea basin.  
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Figure 4.14: Global schematic of the biological carbon pump during GEOVIDE in the NAST, NADR and 
ARCT provinces. Primary production (PP) data from A. Roukaerts and D. Fonseca Batista; particulate 
organic carbon (POC) export fluxes from Lemaitre et al., in prep.; and POC remineralization fluxes from 
this study. The dominating phytoplanplankton communities and the stage of the bloom are also 
indicated. The red numbers are the ratio between PP and mesopelagic remineralization fluxes and 
indicate the proportion of PP remineralized through the mesopelagic layer. 

 

4.5. Conclusion 

We investigated mesopelagic carbon remineralization fluxes in the North Atlantic during the 

spring 2014 (GEOVIDE section) using the excess particulate biogenic barium (Baxs) approach 

for the first time in this area. This proxy approach provided similar estimations of 

remineralization fluxes obtained by independent methods (OUR, moored sediment traps, 

incubations). 

The comparison with moored sediment traps highlights the fact that the Baxs proxy may 

integrate over a complete season while previous studies estimated its integration time to be 

only several weeks.  

In the North Atlantic, remineralization was variable in the mesopelagic layer with the highest 

remineralization fluxes observed in the ARCT province, where high carbon production rates 
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were observed earlier in the season. The regional variations of remineralization fluxes can also 

be due to the different phytoplankton cell size and community composition encountered along 

this trans-Atlantic section. Lower remineralization fluxes were determined where the smaller 

calcified phytoplankton species dominated. Finally, the ARCT province was also characterized 

by an important water mass subduction, generating a larger transport of organic matter to the 

deep ocean, resulting to a larger remineralization.  

In spring 2014, the remineralization in the North Atlantic was equal or larger than POC export, 

highlighting the important impact of the mesopelagic remineralization on the biological carbon 

pump and indicating that little to no particulate carbon was transferred below 1000 m.   
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Table S4.1: Excess particulate biogenic barium (Baxs) in pmol.L-1 during GEOVIDE, obtained from 
Niskin bottles.   
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Abstract 

Trace elements (TEs) play an important role on the biological carbon pump, yet their 

biogeochemical cycles remain poorly constrained, in particular the magnitude of their vertical 

export through the sinking particles. In this study, particulate export fluxes of trace elements 

(Fe, Mn, Al, Co, Ni, Cu, Zn, Cd, P) were determined using the 234Th-based approach in different 

biogeochemical provinces of the North Atlantic, as part of the GEOTRACES GA01 cruise 

(GEOVIDE; May-June 2014). Fluxes magnitude varied by one order of magnitude along the 

section, depending on the influence of lithogenic, oxide and biogenic particles, the highest 

trace element export fluxes being determined close to the margins. Near the Iberian margin, 

the TEs/Al export ratios were equal or relatively similar to the crustal ratio, highlighting the 

contribution of lithogenic particles in driving the export. Near the Greenland margin, the TEs/Al 

export ratios were close to ratios reported in Greenland sediments, which are rich in Fe and 

Mn oxides and sulphide minerals, suggesting that the high fluxes may be driven by a lateral 

advection of resuspended sedimentary particles.   

Relatively high TEs export fluxes were also determined at open-ocean stations. Some stations 

had TEs/Al export ratios substantially in excess of crustal ratios and were characterized by 

high Mn and Fe fluxes indicating the potential contribution of Fe and Mn oxides to export the 

TEs. Moreover, at these same stations the TEs/POC and TEs/P export ratios were generally 

greater than intracellular quotas in phytoplankton.  

In contrast, other stations were characterized by TEs/POC and TEs/P export ratios within the 

range observed in phytoplankton species highlighting that biogenic particles can also drive the 

TE export fluxes. The linear relationships between particulate TEs exports and BSi or CaCO3 

exports also showed the importance of diatoms and coccolithophorids in mediating the TEs 

vertical export.  
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5.1. Introduction 

A range of bioactive trace elements (e.g. Fe, Cu, Zn, Co, Cd, Ni) are important in the regulation 

of the marine primary productivity (Morel, 2003), as they are essential nutrients for marine 

ecosystems. Trace elements are required for numerous metabolic processes (e.g. (Sunda, 

1989; Twining and Baines, 2013) and their availability can strongly perturb the community 

structure, the phytoplankton production and the subsequent marine carbon cycle. As a result, 

the oceanic biogeochemical cycles of carbon and trace elements are intrinsically linked, and 

the quantification of the biogeochemical processes regulating the internal cycle of trace 

elements is essential to better understand the carbon cycle and in particular the biological 

carbon pump (BCP). Biogenic sinking particles, produced in the sunlit ocean, are one of the 

main vectors regulating the biogeochemical cycles as they transport the elements to the interior 

ocean. This process and the subsequent remineralization of biogenic particles influence 

indirectly the atmospheric CO2 concentrations as the depths at which elements are 

remineralized affects the rates of their subsequent return to the surface (Kwon et al., 2009) 

and their bioavailability. 

To date, little is known about the export of trace elements (Ellwood et al., 2014; Frew et al., 

2006; Ho et al., 2010; Kuss et al., 2010; Kuss and Kremling, 1999; Lamborg et al., 2008; 

Lemaitre et al., 2016; Planquette et al., 2011; Stanley et al., 2004; Weinstein and Moran, 2005). 

One reason of the few number of studies is the difficulty to estimate trace element particulate 

fluxes, as trace elements are present at much lower concentrations in the ocean than 

macronutrients and are thus prone to contamination. Indeed, the direct measurement of 

particulate trace element fluxes using sediment traps can be biased because of the possible 

trace element contamination from the preservative solution, added in the cups to kill 

zooplankton swimmers (McDonnell et al., 2015). An alternative is to estimate indirectly the 

export fluxes by combining export fluxes of 234Th with the trace element/234Th ratio of sinking 

particles at the depth of export, using in-situ pumps that allow the clean collection of sufficient 

material (Planquette and Sherrell, 2012). 
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In the North Atlantic, the proximity of continental margins and the pronounced phytoplankton 

bloom (Henson et al., 2009) strongly affect the particulate trace element distribution (Kuss and 

Kremling, 1999; Ohnemus and Lam, 2014; Pohl et al., 2011; Saito et al., 2016; Weinstein and 

Moran, 2004). This region is also subjected sometimes to a lack of nutrients such as dissolved 

iron (dFe) (e.g. Nielsdottir et al., 2009), limiting the primary production development and thus 

the BCP (Achterberg et al., 2013; Blain et al., 2004; Le Moigne et al., 2014; Moore et al., 2013) 

but the role of export and remineralization on this limitation is poorly characterized. Indeed, 

large and fast sinking particles may sink efficiently and remove elements to deeper depths 

prior to remineralization. Some studies have revealed that particulate phosphorus (pP), nickel 

(pNi), zinc (pZn) and POC are remineralized faster than particulate iron (pFe) because of the 

strong scavenging of dFe onto sinking particles (Frew et al., 2006; Twining et al., 2014).  

In this context, one of the objectives of the GEOTRACES section (GA01) GEOVIDE (15 May 

- 31 June, 2014; R/V Pourquoi Pas?) was to investigate the link between the trace elements 

and the production, export and remineralization of particulate organic matter. Using the 

terminology of Longhurst et al. (1995), the transect crossed different biogeochemical provinces 

including the North Atlantic Subtropical (NAST) province, the North Atlantic Drift (NADR) 

province and the Arctic (ARCT) province.  

The NAST province is characterized by oligotrophic conditions leading to low primary 

production (Moore et al., 2008). As a consequence, low export fluxes of POC (Owens et al., 

2014; Thomalla et al., 2006) and biogenic trace element (Kuss and Kremling, 1999a) have 

been reported. On the other hand, this province is sometimes under the influence of strong 

lithogenic inputs of refractory trace elements (Kuss and Kremling, 1999a; Kuss et al., 2010; 

Ohnemus and Lam, 2015) mainly originating from European and Saharan dusts (Jickells et 

al., 2005; Shelley et al., 2015). The presence of these lithogenic particles may ballast the 

particulate organic carbon (POC) and biogenic trace element to depth (Bressac et al., 2012; 

Klaas and Archer, 2002; Ye et al., 2011; Lemaitre et al., in prep.).  

The NADR and ARCT provinces are characterized by lower lithogenic inputs because of the 

decreasing influence of the Saharan dust plume (Kuss and Kremling, 1999a). Nevertheless, 
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lateral supplies of lithogenic material from continental shelves have been reported to enhance 

the export fluxes in the ARCT province (Kuss et al., 2010; Weinstein and Moran, 2005). The 

export of POC (Lemaitre et al., in prep.; Antia et al., 2001; Billet et al., 1983; Henson et al., 

2009; Lampitt et al., 2010; Peinert et al., 2001) and biogenic trace elements (Kuss et al., 2010) 

show episodic fluctuations along the season due to nutrient and/or light limitations.  

It is therefore very important to consider the recycling and export patterns of bioavailable trace 

elements in order to better understand their distribution. This study investigates biogenic and 

lithogenic particulate trace element fluxes (Fe, Mn, Al, Co, Ni, Cu, Zn, Cd, P) using the 234Th 

approach combined with data from bulk particulate material samples collected with in-situ 

pumps.  

 

5.2. Methods 

5.2.1. Sampling area 

During the GEOVIDE cruise (May-June 2014; R/V Pourquoi Pas?), export fluxes were 

calculated at 11 stations across the three main biogeochemical provinces of the North Atlantic 

(Figure 5.1): 

- the North Atlantic SubTropical (NAST) province (Stations 1 and 13) was sampled at the 

beginning of the cruise (19 and 24 of May, respectively) and was characterized by low nitrate 

(NO3-) and silicic acid (Si(OH)4) concentrations (under 1 µmol.L-1 in in the upper 40m). In this 

province, dissolved iron (dFe) concentrations were non-limiting, with concentrations in surface 

waters varying between 0.15 and 1.08 nmol.L-1. dFe concentrations were determined on 

samples collected using the trace metal clean rosette equipped with  12 L GO-FLO bottles 

(General Oceanics). Concentrations were determined by SF-ICP-MS coupled with a SeaFAST 

(Elemental Scientific) preconcentration system (Lagerström et al., 2013), and also by flow 

injection analysis (Tonnard et al., in prep.). Station 1 was sampled after the bloom period while 

Station 13 was sampled during the decline of the bloom (Lemaitre et al., in prep.), in line with 
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the low Chl-a concentrations (≤ 0.68 mg.m-3) and low primary productivities (33 and 80 mmol 

C.m-2.d-1 at Stations 1 and 13, respectively; A. Roukaerts, D. Fonseca Batista and F. Deman, 

unpublished data). The highest POC export was estimated at Station 1 (12 mmol.m-2.d-1), near 

the Iberian margin, probably due to the influence of lithogenic particles ballasting POC to depth, 

but Stations 13 was characterized by one of the lowest POC export (2.2 mmol.m-2.d-1), 

consistent with the low production in oligotrophic waters. 

- the North Atlantic Drift (NADR) province, including the western European basin (Stations 21 

and 26) and the Icelandic basin (Stations 32 and 38), was sampled from the 31st of May to the 

10th of June. The surface waters had low Si(OH)4  concentrations (≤ 1 µmol.L-1), moderate dFe 

concentrations (Tonnard et al., in prep.), high NO3- concentrations (> 5 µmol.L-1) except at 

Station 21 (NO3- concentrations below 1 µmol.L-1). The NADR province was sampled during 

the bloom period and high Chl-a and PP were measured, reaching 1.2 mg.m-3 at Station 21 

and 174 mmol C.m-2.d-1 at Station 26. High POC exports were observed in this province and 

in particular at Station 32 (8.4 mmol.m-2.d-1). 

- the Arctic (ARCT) province, including the Irminger Sea basin (Stations 44 and 51) and the 

Labrador Sea basin (Stations 64, 69 and 77) were sampled on the 13th and 16th of June and 

at the end of the cruise (19th, 22th and  26th of June), respectively. The Irminger Sea basin was 

characterized by high surface Si(OH)4 and NO3- concentrations (> 6 µmol.L-1) and moderate 

dFe concentrations (0.35-0.86 nmol.L-1; Tonnard et al., in prep.). The surface waters of the 

Labrador Sea basin was characterized by low NO3- concentrations (< 1 µmol.L-1) except at 

Station 64 (4.6 µmol.L-1), high Si(OH)4 concentrations (> 3.6 µmol.L-1) except at Station 77 (~1 

µmol.L-1) and moderate to high dFe concentrations (from 0.75 nmol.L-1 at Station 64 to 2.5 

nmol.L-1 above the Newfoundland Plateau; Tonnard et al., in prep.). Regarding the stage of 

the bloom, the province was divided between both basins with the Irminger Sea basin sampled 

during the bloom development and the Labrador Sea basin sampled during the decline of the 

bloom. Likewise, the median Chl-a concentration and PP data were higher in the Irminger Sea 

basin (2.5 mg.m-3 and 151 mmol C.m-2.d-1, respectively) compared to the Labrador Sea basin 

(1.0 mg.m-3 and 67 mmol C.m-2.d-1, respectively). The POC exports were also different 
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between both basins reaching 2.0±0.9 mmol.m-2.d-1 in the Irminger Sea and 7.8±1.2 mmol.m-

2.d-1 in the Labrador Sea basin. This basin is also characterized by the subduction of the 

Labrador Seawater (LSW; Kieke and Yashayaev, 2015) which was particularly intense 

(1500m-deep convection) during the winter 2013-2014 (Lherminier, personal communication) 

and which may have induced an important POC remineralization in this area (Lemaitre et al., 

in prep.). 

 

Figure 5.1: Map of the GEOVIDE section in the North Atlantic with the stations (stars) investigated 
within the North Atlantic Subtropical gyre (NAST) province, the North Atlantic Drift (NADR) province and 
the Arctic (ARCT) province (Longhurst, 1995). 

 

5.2.2. Particle sampling 

Particles were collected using in-situ large volume filtration systems (ISP hereafter) through 

paired 142 mm-diameter filters: a 53 µm mesh nylon screen (Petex; polyester) and a 0.8 µm 

polyestersulfone filter (Supor).  

Before use, filters were placed in an acid cleaned containers containing 1.2M HCl (Suprapur 

grade, Merck). The containers were then double bagged in Ziploc bags and placed in an oven 

at 60°C overnight. After cooling, the acid solution was removed and filters were thoroughly 
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rinsed with Milli-Q water. Due to the slow release of acid from the filters, this rinsing step took 

days in order to reach a pH value slightly inferior to 7. Filters were then kept in the LDPE bottles 

filled with Milli-Q until use. 

On board, filters were processed under a laminar flow unit within a customized clean “bubble” 

to prevent any contamination issues.  Before and after the ISP recoveries, pump heads were 

also covered with plastic bags to minimize contamination. After pump recoveries, filter heads 

were dismantled and carried inside the clean bubble. Under the laminar flow hood, the 142 

mm filters were then subsampled as follows: using a clean ceramic scalpel, one quarter of the 

PETEX, dedicated to 234Th analyses in the large size fraction (LSF; >53 µm), was cut out. 

Then, particles were washed off this PETEX quarter using 0.45 µm filtered seawater (collected 

during the GEOVIDE cruise) through polyethersulfone filters (Supor®, porosity=0.45 µm, 

diameter=25 mm) mounted on a polysulfone filtration unit (Pall). Supor filters were then dried 

under the laminar flow unit and mounted on nylon holders, covered with Mylar and aluminum 

foil for analysis by Beta counting (low level beta counters, RISØ, Denmark). A second quarter 

of the PETEX which was dedicated to trace element analyses in the LSF was kept in a clean 

Petri slide (Millipore) at -20°C until sample processing and subsequent analysis in the home 

laboratory. The two remaining PETEX quarters were stored in clean Petri slides (Millipore) at 

-20°C for further analyses carried by other teams.  The seawater volume filtered through a 

PETEX quarter was typically between 23 and 370 L (Tables S5.1 and S5.2). The 142 mm 

Supor filter was also subsampled for TE, major element and BSi analyses in the small size 

fraction (SSF; 1-53 µm), using a 13 mm diameter disposable skin biopsy Acupunch. The 

seawater volume filtered through these punches was typically between 1 and 13 L (Table 

S5.1). These punches were not Beta counted to avoid potential contamination of the samples 

and were directly stored in clean Petri slides double bagged in Ziploc bags and stored at -20°C 

until analysis. 
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5.2.3. Particle analyses 

Sample handling, processing and preparation were performed in accordance with 

GEOTRACES recommendations  

(http://geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf). Particles on 

the nylon screen were washed off the filter with 0.45 µm filtered surface seawater (sampled 

during the cruise at Station 77, 40m) and collected on acid cleaned 47 mm diameter mixed 

cellulose esters filters (MF-Millipore® filters, 0.8 μm), mounted on acid cleaned polysulfone 

filtration units (Nalgene®). This seawater has a dissolved iron (dFe) concentration of 0.102 ± 

0.019 nmol.L-1 (Tonnard et al., in prep). The MF filter was then cut in two equal parts using an 

acid clean ceramic scalpel in order to digest totally the first half and to leach the second half 

(see below). 

Under a Class-100 clean fume hood, one 13 mm punch of the Supor filter (SSF) or a half of 

the 47 mm MF filter (LSF) was placed along the wall of a 15 mL acid cleaned Teflon vial 

(Savillex). Then, 2 mL of a solution 8M HNO3 (Ultrapur grade, Merck) and 2.3M HF (Suprapur 

grade, Merck) was added. Vials were then refluxed at 130°C on a hotplate during 4h. After 

gentle evaporation close to near dryness, 200 µL of concentrated HNO3 (Ultrapur grade, 

Merck) was added in order to drive off the fluorides. The residue was brought back into solution 

with 3% HNO3 spiked with 1 μg.L–1 of Indium and stored in acid cleaned 15 mL centrifuge tubes 

(Corning) until analysis for estimating the total particulate trace elements concentrations 

(Planquette and Sherrell, 2012). 

All measurements for trace elements were performed using a SF-ICP-MS (Element 2, Thermo) 

following the method of Planquette and Sherrell (2012). Sample introduction system consisted 

of a FAST valve, a PFA nebulizer and a double stage spray chamber. Every 11 samples, a 

replicate analysis of a selected sample digest solution was made. The precision and the 

accuracy of our analyses were assessed by measuring replicates and the Certified Reference 

Materials (CRM) BCR-414, respectively (Table 5.1). External calibration curves were ran at 

the beginning, middle and end of the run. 

http://geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf
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  Certified/indicative* value (mg.kg-1) Measured value (n=5; mg.kg-1) Recovery (%) 

Cd 0.383 ± 0.014 0.385 ± 0.020 101% 
Al* 2154 ± 803 * 3112 ± 464 144% 
P* 12840 ± 4978 * 15541 ± 3732 121% 
Mn 299 ± 13 301 ± 42 101% 
Fe* 1850 ± 190 * 1860 ± 230 101% 
Co* 1.43 ± 0.06 * 1.44 ± 0.21 101% 
Ni 18.8 ± 0.8 17.8 ± 2.91 95% 
Cu 29.5 ± 1.3 29.7 ± 3.8 101% 
Zn 111.6 ± 2.5 112.4 ± 18.8 101% 

Table 5.1: Measured particulate trace element concentrations (in mg.kg-1) and resulting recoveries (in 
%) of the certified reference material plankton BCR-414 compared to the certified or indicative (*) values 
(n=5). 
 

Since then, other CRMs (sedimentary materials PACS-3 and MESS-4) have been digested 

using the same analytical method and good recoveries were achieved (between 92 and 

108%; Gourain et al., in prep.). 

 

5.2.4. Export fluxes 

Trace element export fluxes were determined using the 234Th-based approach by multiplying 

the ratio of the element of interest to 234Th in particles with the total 234Th export flux (presented 

in Lemaitre et al., in prep): 

Elemental export flux = (Element : 234Th)particulate × 234Th flux    (Equation 5.1) 

Vertical export fluxes were determined at both the equilibrium depth (Eq hereafter) and 400 m. 

The Eq depth is where total 234Th is back to equilibrium with 238U. The 234Th export at Eq 

represents the fully-integrated depletion of total 234Th in the upper waters.  In most cases, the 

depth resolution of in-situ pump sampling was lower than Niskin sampling, with the latter being 

used for assessing total 234Th flux (Lemaitre et al., in prep.). The Element:234Th ratios were 

calculated at Eq using a depth-weighted average  (DWA; Element:234Th=[Ʃ(Elementi × Zi) / 

Ʃ(Zi)] / [Ʃ(234Thi × Zi) / Ʃ(Zi)] where Zi are the different depths sampled above Eq). Indeed, the 
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trace element to 234Th ratios determined with the DWA method has been shown to better 

correspond to the ratio obtained in sediment traps (Lemaitre et al., 2016).  

The Element:234Th ratios were calculated at 400 m using a linear interpolation 

(Element:234Th=a×Z+b where Z is the depth; a and b are the parameters obtained by a straight 

line fit between the upper and the lower data point bracketing the target depth, 400 m). The 

DWA method was not used at 400 m as it would give too much importance for the ratios in the 

upper water column and would not yield to a representative Element:234Th ratio at 400 m.  

Errors of the ratios were calculated using the partial derivative method in order to estimate the 

total error propagation. Finally, it was not possible to determine Element to 234Th ratios in the 

SSF since particulate 234Th could only be analyzed on QMA filters and not on the filters used 

for trace metal sampling. Hence, in the following, only results for the LSF will be presented and 

discussed.  

 

5.3. Results 

5.3.1. Distribution of particulate trace elements  

Total particulate trace element concentrations are reported in Tables S5.1 and S5.2. A detailed 

description of the particulate trace element distribution along the GEOVIDE section can be 

found in Gourain et al. (in prep.). Good agreement between both datasets was achieved, and 

is presented in Chapter two. 

In the large size fraction (LSF), pP, pFe, pMn, pZn, pNi, pCd, pCo and pCu concentrations 

spanned three orders of magnitude. The maximum pFe, pMn and pZn concentrations were 

determined at Station 1 and ranged from 0.02 nmol.L-1 (Station 16, 153 m) to 3.20 nmol.L-1 

(Station 1, 550 m); from 0.1 pmol.L-1 (Station 77, 50 m) to 50 pmol.L-1 (Station 1, 550 m); from 

0.001 nmol.L-1 (Station 13, 400 m) to 0.910 nmol.L-1 (Station 1, 550 m), respectively. The 

maximum pNi and pCo concentrations were determined in surface of Station 21 (15m) and 

ranged from 0.14 pmol.L-1 (Station 44, 300 m) to 70 pmol.L-1 (Station 21, 15 m) and from 0.04 
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(Station 38, 396 m) to 7.34 (Station 21, 15 m), respectively. The maximum concentrations of 

pCd and pCu were determined at Station 64 and ranged from 0.01 pmol.L-1  (Station 44, 300 

m) to 7.08 pmol.L-1 (Station 64, 100 m) and from 0.66 pmol.L-1 (Station 44, 300 m) to 36 pmol.L-

1 (Station 64, 100 m). Finally, pP concentrations ranged from 0.04 nmol.L-1 (Station 44, 300 m) 

to 24 nmol.L-1 (Station 51, 8 m).  

As anticipated, trace elements concentrations were strongly enhanced close to the margins, 

including lithogenic prone elements such as pAl, for which the highest concentrations were 

measured at Station 1, particularly below 250 m (> 7 nmol.L-1). Similarly, pFe, pMn, pZn, pNi, 

pCu, pCd and pCo concentrations increased below 250 m at this station, with concentrations 

at 550 m reaching 3.2 nmol.L-1, 50 pmol.L-1, 910 pmol.L-1, 10.8 pmol.L-1, 12.7 pmol.L-1, 0.12 

pmol.L-1and 1.0 pmol.L-1, respectively. Near the Greenland Margin, pAl concentrations were 

also high, reaching 1.3 and 2.5 nmol.L-1 at 60 and 100 m of Stations 51 and 64 respectively. 

Station 64 was also characterized by subsurface maxima of pP, pFe, pMn, pZn, pNi, pCu and 

pCd at 100 m depth.   

Interestingly, at Station 26, high pMn concentrations were measured at 150 m, reaching 29 

pmol.L-1.  

Overall, between surface and 100 m, the vertical distribution of particulate trace elements was 

rather similar to the one of particulate phosphorus (pP) concentrations, which could be used 

as an indicator of biomass in the open ocean (Collier and Edmond, 1984). Below 100 m, pP 

concentrations remained low and relatively constant, with median values of 0.21 nmol.L-1 

(n=28).  

5.3.2. Element to 234Th ratios of particles 

As stated above, Element to 234Th ratios could only be determined for the LSF. The ratio 

magnitudes were very different among the elements and the provinces 
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Figure 5.2: Particulate aluminum (pAl) (a); particulate iron (pFe) (b); particulate phosphorus (pP) (c); 
particulate manganese (pMn) (d); particulate zinc (pZn) (e); particulate cobalt (pCo) (f); particulate 
cadmium (pCd) (g); particulate cupper (pCu) (h); and particulate nickel (pNi) (i) to 234Th ratios (nmol.dpm-

1) in the large size fraction (LSF; > 53 µm) along the GEOVIDE transect. 

 

The pFe:234Th, pMn:234Th, pZn:234Th and pCu:234Th and ranged from 0.42 nmol.dpm-1 (Station 

21, 100 m) to 245 nmol.dpm-1 (Station 1, 250 m); from 0.002 nmol.dpm-1 (Station 77, 50 m) to 

4.11 nmol.dpm-1 (Station 1, 250 m); from 0.05 nmol.dpm-1 (Station 13, 400 m) to 42 nmol.dpm-

1 (Station 1, 550 m) and from 0.02 nmol.dpm-1 (Station 77, 10 m) to 0.58 nmol.dpm-1 (Stations 

1, 550 m) respectively. The highest pCd:234Th, pCo:234Th, pNi:234Th ratios were observed in 

surface waters of Station 1 (reaching 0.08 for pCo:234Th ratios) and Station 21 (reaching 2.44 

and 0.22 nmol.dpm-1 for pNi and pCd:234Th ratios).  

Within the top 150 m, most trace Element to 234Th ratios (Figure 5.2) tend to steadily decreased 

with depth, down to 150 m, then increased with depth. Interestingly, this trend was not 
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observed for pP, pCd and pNi:234Th ratios, as the ratios decreased with depth similarly to 

POC:234Th (Lemaitre et al., in prep.), then remained rather constant below 150 m.  Elevated 

values of pP:234Th were determined at at Station 1 and 21, reaching 360 and 296 nmol.dpm-1. 

At other stations, pP:234Th ratios were around 100 nmol.dpm-1 in surface waters, except in the 

Labrador Sea basin of the ARCT province where the ratios were lower (≈ 30 nmol.dpm-1).  

 

The highest pAl:234Th, pFe:234Th, pMn:234Th, pZn:234Th and pCu:234Th ratios were determined 

at Station 1, located close to the Iberian Margin. High values were also determined in the 

vicinity of the Greenland margin, and in particular at Stations 51 (100 m) and 64 (60 m) 

reaching, for example, 47 and 63 nmol.dpm-1 for pFe:234Th ratios, while noticeably, pZn:234Th 

ratios were not really elevated., These results highlight the different influence of the margins 

on the distribution of the trace elements to 234Th ratios, These differences will be specifically 

discussed in section 5.4.1. 

 

5.3.3. Export fluxes 

Export fluxes were calculated at Eq (the depth where 234Th goes back to equilibrium with 238U, 

between 40 and 200 m along the transect, median value of 90 m) and at 400 m. The results 

can be found in Table 5.2 and Figure 5.3. 

 

5.3.3.1. Exports fluxes at Eq 

The smallest export fluxes at Eq were determined at Station 77 reaching 2.8 µmol pAl.m-2.d-1, 

1.1 µmol pFe.m-2.d-1, 0.02 µmol pMn.m-2.d-1, 0.02 µmol pNi.m-2.d-1, 0.02 µmol pCu.m-2.d-1, and 

0.11 µmol pZn.m-2.d-1. The minimum pP and pCo export fluxes were observed at Stations 38 

(8.6 µmol pP.m-2.d-1) and 64 (0.001 µmol pCo.m-2.d-1).  The maximum export fluxes were 

determined at Station 1 reaching 341 µmol pAl.m-2.d-1, 70 µmol pFe.m-2.d-1, 1.0 µmol pMn.m-

2.d-1, 263 µmol pP.m-2.d-1 and 0.06 µmol pCo.m-2.d-1. The highest pNi, pCu and pZn export 

fluxes were observed at Stations 21 (1.64 µmol pNi.m-2.d-1 and 0.28 µmol pCu.m-2.d-1) and 32 
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(6.23 µmol pZn.m-2.d-1). High pMn export fluxes were also determined at Eq of Stations 26 and 

64, reaching respectively 2.97 and 2.79 µmol.m-2.d-1. Within the NADR province, the highest 

pP export fluxes were determined at Station 38, reaching 139 µmol.m-2.d-1 at Eq of Station 32 

and 59 µmol.m-2.d-1. Relatively high trace element export fluxes were also determined within 

this province, as pFe reached 16 µmol.m-2.d-1. Conversely, the fluxes in the ARCT province 

were low, averaging 2.32 µmol pFe.m-2.d-1, 0.04 µmol pMn.m-2.d-1, 0.26 µmol pZn.m-2.d-1, 0.06 

µmol pNi.m-2.d-1, 0.04 µmol pCu.m-2.d-1 (n=5, at Eq). 

 

5.3.3.2. Export fluxes at 400 m 

The export fluxes at 400 m were characterized by higher uncertainties and ranged from -31 

(Station 69) to 116 (Station 1) mmol pFe.m-2.d-1, from -0.75 (Station 69) to 2.97 (Station 26) 

µmol pMn.m-2.d-1, and from -0.85 (Station 69) to 13 (Station 1) µmol pZn.m-2.d-1.  

At 400 m, high pFe, pMn, pZn, pCo and pNi export fluxes were observed in proximity of the 

Iberian and Greenland margins, at Stations 1 and 64 respectively. The highest pFe, pZn, and 

pMn export fluxes at 400 m were determined at Station 1 (116 and 2.97 µmol.m-2.d-1). Similarly, 

the highest pAl flux was also determined at Station 1, reaching 565 µmol.m-2.d-1, while the 

median value of other stations was 11 µmol pAl.m-2.d-1 (n=11). Relatively high pAl export fluxes 

were also determined in the NADR at Stations 26 and 64, reaching 92 and 225 µmol.m-2.d-1, 

respectively. This flux at Station 26 coincided with the highest pMn and pCu export fluxes 

calculated at 400 m and reaching 2.97 and 0.34 µmol.m-2.d-1, respectively.  

At Station 32, relatively high pMn, pZn, pCd, pCo, pNi and pCu fluxes were determined at 400 

m (reaching 0.22, 6.23, 0.05, 0.05, 0.39 and 016 µmol.m-2.d-1).  

Finally, within the ARCT province, negative elemental export fluxes were determined at 

Stations 69 and 77 due to the excesses of 234Th in depth inducing negative 234Th export fluxes 

at 400 m.  
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Figure 5.3: Particulate trace element export fluxes in µmol.m-2.L-1 estimated in the large size fraction at the Eq depth (black bars) and at 400 m (grey line). Note 
the different y-axis scales.  
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Table 5.2: pFe, pMn, pCo, pNi, pCu, pZn, pCd, pAl and pP export fluxes (in µmol.m-2.d-1 or nmol.m-2.d-1) obtained by multiplying the 234Th export flux with the 
Element to 234Th ratio of large (>53 µm) particles. These fluxes were integrated between surface and Eq, where total 234Th returns to equilibrium with 238U, and 
at 400 m using a linear interpolation (see text for details). 

 

  

Station Depth
# m

Eq 70.0 ± 6.5 1.00 ± 0.10 61.4 ± 5.7 0.16 ± 0.02 0.25 ± 0.03 3.27 ± 0.32 56.7 ± 5.7 341 ± 33 263 ± 24
400 115.9 ± 80.7 1.89 ± 1.32 38.6 ± 26.9 0.32 ± 0.22 0.30 ± 0.21 12.78 ± 8.88 2.2 ± 1.6 565 ± 393 26 ± 18
Eq 2.5 ± 0.3 0.08 ± 0.01 10.9 ± 1.4 0.27 ± 0.03 0.08 ± 0.01 0.54 ± 0.05 9.2 ± 0.8 10 ± 1 60 ± 6
400 2.2 ± 1.5 0.09 ± 0.06 2.1 ± 1.4 0.10 ± 0.06 0.04 ± 0.03 0.03 ± 0.03 0.9 ± 0.5 11 ± 6 3 ± 2
Eq 7.6 ± 0.4 0.18 ± 0.01 31.5 ± 1.8 1.64 ± 0.09 0.28 ± 0.01 1.32 ± 0.07 121.9 ± 6.0 20 ± 1 182 ± 9
400 0.3 ± 1.3 0.02 ± 0.10 0.2 ± 1.0 0.01 ± 0.03 0.01 ± 0.03 0.04 ± 0.16 0.4 ± 1.6 1 ± 5 2 ± 8
Eq 1.1 ± 0.2 0.28 ± 0.05 9.6 ± 1.5 0.03 ± 0.01 0.02 ± 0.00 0.16 ± 0.03 4.1 ± 0.7 5 ± 1 129 ± 21
400 13.7 ± 2.7 2.97 ± 0.64 17.9 ± 4.0 0.34 ± 0.08 0.34 ± 0.07 0.49 ± 0.16 12.0 ± 2.5 92 ± 18 51 ± 10
Eq 16.0 ± 1.2 0.22 ± 0.04 45.9 ± 4.1 0.39 ± 0.04 0.16 ± 0.01 6.23 ± 0.40 47.0 ± 3.9 17 ± 1 139 ± 10
400 25.5 ± 7.1 0.74 ± 0.20 9.0 ± 2.4 0.16 ± 0.10 0.23 ± 0.06 3.95 ± 1.05 4.7 ± 1.3 39 ± 11 24 ± 7
Eq 7.7 ± 0.7 0.13 ± 0.01 5.3 ± 0.5 0.21 ± 0.02 0.05 ± 0.00 1.69 ± 0.15 1.6 ± 0.1 11 ± 1 9 ± 1
400 4.4 ± 2.0 0.10 ± 0.05 4.3 ± 2.0 0.13 ± 0.06 0.22 ± 0.10 0.68 ± 0.32 31.8 ± 14.7 29 ± 14 59 ± 27
Eq 2.3 ± 0.5 0.14 ± 0.03 2.4 ± 0.5 0.12 ± 0.02 0.04 ± 0.01 0.22 ± 0.08 3.2 ± 0.7 6 ± 1 37 ± 8
400 5.8 ± 22.7 0.06 ± 0.23 3.0 ± 11.9 0.02 ± 0.10 0.13 ± 0.52 1.17 ± 4.60 1.1 ± 4.5 15 ± 60 8 ± 30
Eq 1.7 ± 0.2 0.04 ± 0.01 2.8 ± 0.3 0.10 ± 0.01 0.05 ± 0.01 0.47 ± 0.06 6.3 ± 0.7 7 ± 1 80 ± 9
400 -18.5 ± -13.5 -0.42 ± -0.31 -7.2 ± -5.2 0.05 ± 0.04 0.01 ± 0.01 -0.12 ± -0.10 2.3 ± 1.7 -23 ± -17 21 ± 15
Eq 5.8 ± 1.1 0.15 ± 0.03 0.7 ± 0.8 0.06 ± 0.02 0.10 ± 0.02 0.26 ± 0.04 19.1 ± 3.0 8 ± 1 52 ± 8
400 100.7 ± 40.8 2.79 ± 1.13 53.8 ± 21.8 0.37 ± 0.16 0.25 ± 0.10 0.46 ± 0.20 9.1 ± 3.7 225 ± 91 33 ± 13
Eq 2.4 ± 0.2 0.04 ± 0.00 2.8 ± 0.3 0.04 ± 0.01 0.04 ± 0.00 0.37 ± 0.07 4.4 ± 0.4 10 ± 1 33 ± 4
400 -30.9 ± -25.3 -0.75 ± -0.61 -19.1 ± -15.7 -0.18 ± -0.15 -0.14 ± -0.11 -0.85 ± -0.70 -4.4 ± -3.6 -110 ± -90 -21 ± -18
Eq 1.1 ± 0.3 0.02 ± 0.01 1.6 ± 0.3 0.02 ± 0.01 0.02 ± 0.00 0.11 ± 0.02 1.8 ± 0.3 3 ± 1 22 ± 3
400 -16.9 ± -24.4 -0.55 ± -0.79 -9.0 ± -13.0 -0.07 ± -0.10 -0.07 ± -0.10 -0.14 ± -0.20 -2.0 ± -2.9 -65 ± -94 -10 ± -15
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Finally, despite large uncertainties at 400 m, it is interesting to compare elemental fluxes 

between Eq and 400 m in order to investigate the remineralization processes between both 

depths. Indeed, biogenic elements such as POC are known to be remineralized with depth 

(Marsay, 2012; Bruland and Lohan, 2003), leading to lower fluxes at 400m than Eq. This is 

mostly the case for pP fluxes (except at Station 38), pCd (except at stations 1, 26 and 38), pCo 

(except at stations 26 and 64) and pNi (except at stations 1, 26, and 64). On the contrary, 

higher pAl, pFe and pMn export fluxes at 400 m were observed except at stations 69 and 77 

at which negative export fluxes were determined. Higher pCu export fluxes at 400m were 

mostly observed throughout the section, with the exceptions of Stations 13, 21, 51, 69 and 77. 

The increase of the flux with depth may indicate the authigenic formation of particle or 

scavenging of the element of interest by particles (Bruland and Lohan, 2003). These features 

are discussed in further details in sections 5.4.1 and 5.4.3. 

 

5.3.3.3. PCA analysis 

In order to have a better idea of the behavior of each elemental flux, a principal component 

analysis (PCA) of a larger multi-element dataset (CaCO3, BSi, POC, pCd, pAl, pP, pTi, pMn, 

pFe, pCo, pNi, pCu and pZn) was performed (Figure 5.4). A first analysis was conducted 

including fluxes from all stations of the GEOVIDE transect and resulted in the fact that four 

principal components can explain 90% of the total dataset variance (Figure 5.4, Test 1). The 

first component (54% of the total variance) may indicate the lithogenic contribution for the 

fluxes as it describes 84% of pAl fluxes and 40% of pTi fluxes, both considered as lithogenic 

tracers. This component also explains > 60% of variances for pFe, pMn, pZn, pCu, pNi, pCo 

and pCd fluxes highlighting the strong influence of lithogenic materials on the export fluxes of 

these elements.  

The second principal component (16 % of the total variance) probably describes the influence 

of diatoms on the fluxes, as it explains 70% of the variance of the biogenic silica (BSi) flux, 

constituent of the diatom frustules. This component is associated at 22% with pNi fluxes. 
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The third principal component (12% of the total variance) probably describes another influence 

of lithogenic materials as it explains 38% of the variance of pTi fluxes. 

Finally, the fourth component (8% of the total variance) describes probably the influence of 

coccolithophorids on fluxes as it explains 66% of the variance for calcium carbonate (CaCO3) 

flux, constituent of the coccolitophorid shells. The third component is associated at 14% with 

pCd fluxes.  

In order to evaluate the biogenic influence on the trace element export fluxes, a second PCA 

analysis was ran without Station 1 (characterized by the highest or high particulate trace 

element fluxes; Figure 5.4, Test 2). Briefly, the same four components explain 91% of the total 

dataset variance. The lithogenic components (F1 and F3) are associated at > 77% with pAl, 

pFe, pMn, pCo, pNi, pCu and pZn. The BSi component (F2) does not describe significantly 

one elemental flux and the CaCO3 component (F4) is associated at 33 and 13% with pCd and 

pMn fluxes. 

 

 

Figure 5.4: Variance of thirteen elemental fluxes determined at Eq at all stations (Test 1), at all stations 
except Station 1 (Test 2). The description of the components is provided in the text. 
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5.4. Discussion 

5.4.1. The lithogenic contribution to fluxes 

Possible candidates of lithogenic inputs include direct atmospheric inputs, glacial meltwater, 

advection of sediment-enriched water masses and lateral mixing with shallow coastal waters 

under continental influence.  

 

Atmospheric deposition was specifically studied by (Shelley et al., 2016) who showed that 

atmospheric deposition was low throughout May-June 2014, and particularly in the Irminger 

and Labrador Seas, compared to southern regions under the influence of the Saharan dust 

plume (Shelley et al., 2015). Atmospheric deposition could have affected surface waters of 

Stations 1 and 51, but Gourain et al. (in prep.) show that atmospheric inputs are of low relative 

importance compared to lateral transports of lithogenic particles at considered stations. 

Therefore, in the following, the atmospheric contribution to fluxes is not considered any further. 

 

Figure 5.5 presents the trace elements over Al flux ratios, determined at Eq, compared with 

the upper continental crust (UCC) ratio (Taylor and McLennan, 1985).   
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Figure 5.5: Molar ratios of the trace element over Al fluxes along the GEOVIDE transect determined at Eq. The brown horizontal dashed line represents the 
ratios determined in the upper continental crust (UCC) by Taylor and Mclennan (1985). Note that the y axis represents the values of the ratios in a logarithmic 
scale (mol.mol-1). 
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It is possible to determine the contribution of lithogenic particles (derived from pAl fluxes), Fe 

oxyhydroxides (derived from Fe fluxes and using Al correction for lithogenic component) and 

Mn oxides (derived from Mn fluxes and using Al correction for lithogenic component), as 

proposed in Lam et al., 2015a (Figure 5.6). Al has the advantage that its concentration does 

not vary very much between upper continental crust (UCC Al = 8.04% by weight) and bulk 

continental crust (BCC Al = 8.41% by weight), so the estimate of lithogenic mass is not very 

sensitive to lithogenic source regions (Taylor and McLennan, 1995). Although Ti may be a 

better tracer for lithogenic Fe and Mn than Al as the ratios of Fe and Mn to Ti are less sensitive 

to source than ratios to Al (Lam et al., 2015a). 

 

Lithogenic fluxes are therefore calculated using: 

Litho flux (mg.m-2.d-1) = (Al flux × 27 / 0.0804) / 1000   (Equation 5.3) 

where Al flux is the pAl flux in µmol.m-2.d-1; 0.0804 is the mass fraction of Al in the UCC. 

Fe and Mn oxyhydroxides can be calculated by subtracting Fe and Mn associated with 

lithogenic material. Assuming that Fe oxyhydroxides are ferrihydrite and Mn oxyhydroxides to 

be birnessite, with formula weights 106.9 g Fe(OH)3/mol Fe and 86.9 g MnO2/mol Mn, it is 

possible to calculate: 

Fe(OH)3 flux (mg.m-2.d-1) = ((Fe flux - (Al flux × 0.21) × 106.9) / 1000    (Equation 5.4) 

 

MnO2 flux (mg.m-2.d-1) = ((Mn flux - (Al flux × 0.00367) × 86.9) / 1000        (Equation 5.5) 

where Fe flux, Al flux and Mn flux are the fluxes in µmol.m-2.d-1  
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Figure 5.6: Export fluxes of lithogenic materials (Litho in mg.m-2.d-1), Mn oxides (MnO2 in mg.m-2.d-1) 
and Fe oxides (Fe(OH)3 in mg.m-2.d-1) determined at a) Eq and b) 400 m. Negative values have been 
set to zero. 

 

Overall, lithogenic inputs are varying between 0.94 (Station 77) and 114 mg.m-2.d-1 (Station 1) 

at Eq, and between 0 (Stations 77, 69, 51) and 189 mg.m-2.d-1 (Station 1) at 400 m. Mn oxides 

were the highest at Station 26 (0.023 mg.m-2.d-1 at Eq, and 0.229 mg.m-2.d-1 at 400m ) while 

Fe oxides ranged from 0 (Station 1) to 1.32 mg.m-2.d-1 (Station 32) at Eq, and between 0 to 

5.70 mg.m-2.d-1 (Station 64) at 400 m. These different features are considered further below, 

with an emphasis on stations located close to margins (Stations 1 and 64), and where 

authigenic formation of Mn oxides can be considered (Station 26). 
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5.4.1.1. Margin inputs 

High fluxes of trace elements were determined close to the Iberian and Greenland margins 

(Stations 1 and 64; Figure 5.3). These fluxes were associated with high beam attenuation 

(indicator of particle abundance, Figure 5.7) and low fluorescence signals between 120 and 

350m for the Iberian Margin and between 80 and 200m for the Greenland Margin. However, 

export magnitudes as well as TE/Al ratios at Eq had different patterns between both margins. 

 

Figure 5.7: Beam attenuation (%; in blue) and fluorescence (µg.L-1; in green) profiles of Stations 1 and 
64, located near the Iberian and Greenland margins, respectively. 
 

Close to the Iberian Margin all fluxes increased with depth, except Cd and P fluxes that 

decreased between Eq and 400 m, likely pointing out to a strong remineralization of these 

elements. Noteworthy, pFe/pAl and pCo/pAl molar ratios were equal to the upper continental 

crust (UCC) ratios of 0.21 mol.mol-1 and 0.057 mmol.mol-1 (Taylor and McLennan, 1985) at 

Eq, demonstrating the control of the pAl, pCo and pFe fluxes by lithogenic particles at this 

depth, and resulting in the highest lithogenic fluxes (115 mg.m-2.d-1 and 190 mg.m-2.d-1 at Eq) 

while the median value for other stations was about 3.1±1.8 mg.m-2.d-1 (Figure 5.6). However, 
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this high lithogenic flux was not accompanied by any Mn or Fe oxide fluxes (negative values 

following Equations 5.4 and 5.5). Also, the pZn/pAl, pCu/pAl, pNi/pAl at Eq (9.6 mmol.mol-1; 

0.73 mmol.mol-1; 0.48 mmol.mol-1) were much higher than the UCC values (0.37 mmol.mol-1; 

0.13 mmol.mol-1; 0.11 mmol.mol-1; Taylor and McLennan, 1985), but the pCu/pZn (0.08 

mol.mol-1) and pNi/pZn (0.05 mol.mol-1) ratios were close to those reported in sediment cores 

within the Tagus estuary (0.10 and 0.04 mol.mol-1; Caçador et al., 1996), which is one of the 

largest estuaries of the European Atlantic coast (300 km²). This estuary receives effluents from 

agricultural, industrial and urban sources that discharge important dissolved and particulate 

trace element concentrations (Cotté-Krief et al., 2000; Duarte et al., 2014; Duarte and Caçador, 

2012), especially zinc (Cotté-Krief et al., 2000; Le Gall et al., 1999). 

Therefore, these results strongly suggest that fluxes determined at Station 1 are under the 

anthropogenic influence of the Tagus estuary sediments that are laterally advected (Van Camp 

et al., 2000).  

 

Near the Greenland Margin, at Station 64, particulate element fluxes increased with depth, 

with the exception of pP and pCd fluxes. At Eq, a low lithogenic flux (value 2.71 mg. m-2.d-1) 

was observed which is line with the greater values of the TE/Al ratios compared to the UCC 

ratios, except for Mn:Al which was below the UCC value (Figure 5.5). Indeed, the pFe/pAl, 

pZn/pAl and pCu/pAl ratios reached 0.71 mol.mol-1, 33 mmol.mol-1, 12 mmol.mol-1. 

However, pFe/pAl and pMn/pAl ratios were closer to those reported in Loring and Asmund 

(1996) in Greenland sediments (0.33 mol.mol-1, 0.007 mol.mol-1, respectively). Most of the 

elements in these sediments are associated to oxides and sulfide minerals (Loring and 

Asmund, 1995) which is confirmed by the high lithogenic, MnO2 and Fe(OH)3 fluxes observed 

at 400 m, reaching 76, 0.17 and 5.7 mg.m-2.d-1, respectively (Figure 5.6). The presence of 

these oxides could be also due to glacial meltwater inputs (e.g. Bhatia et al., 2013; Hawkings 

et al., 2014), although no decrease in salinity in surface waters could be detected.  
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Overall, high trace element fluxes at Station 64 might be partially explained by a lateral 

advection through the East Greenland Current of resuspended sediments.  

 

5.4.1.2. Authigenic source and influence of Mn oxides 

As seen in section IV.1.a, the stations described above were characterized by relatively high 

pMn export fluxes (1.89 and 2.79 µmol pMn.m-2.d-1 at Stations 1 and 64 at 400 m) but the 

highest pMn export flux was observed at Station 26 (2.97 µmol pMn.m-2.d-1; Figure 5.3), which 

was not located near a continental margin and which was not characterized by a high pAl 

export.  

 

This interesting decoupling between high Mn and low Al fluxes has already been observed and 

was attributed to a distant shelf source of lithogenic particles (Lamborg et al., 2008). Indeed, 

the nepheloid layers sourced at the shelves loose particles by gravitational settling during the 

lateral advection but in the case of Mn, it has been shown that the dissolved Mn, remobilized 

from the shelf, oxidizes very slowly, enriching the particles during transport (Moffett and Ho, 

1996). Long distance transport inducing a subsurface pMn maximum was also observed off 

California Coast (Lam and Bishop, 2008). Therefore, Station 26 could have been influenced 

by a strong lateral advection from the Eastern margins, loading pMn authigenically precipitated 

during the transport. This hypothesis is also in agreement with the highest MnO2 flux observed 

at Station 26 reaching 0.023 and 0.229 mg.m-2.d-1 at Eq and 400 m. 

 

At 400 m of Station 64, as stated in section 5.4.1.1, important pMn and MnO2 fluxes were 

determined (2.79 µmol pMn.m-2.d-1; and 0.170 mg MnO2.m-2.d-1; Figures 5.3 and 5.6) 

confirming the sediment inputs from the Greenland margin, that could have been laterally 

advected to this station (Bishop and Fleisher, 1987; Lam et al., 2006; Lam and Bishop, 2008). 

 



Chapter 5 

210 
 

Interestingly, these high Mn oxides fluxes determined at 400 m at Stations 26 and 64, and to 

a lesser extent at stations 13, 21 and 44 could have driven other TE fluxes. Indeed, Figure 5.8 

confirmed the relationships between pCo, pCu, and pNi at 400 m (r² between 0.28 and 0.53, 

p≤0.05) highlighting that Mn oxides were probably involved in the scavenging of dissolved 

trace elements. Similarly, Fe oxides are associated with pCo and pNi fluxes at 400m (Figure 

5.8, right), illustrating the strong scavenging of Co into Fe and Mn oxides, as evidenced 

recently by Saito et al. (2016) defining the Mn oxides as the responsible phase for the transport 

of Co in depth. However, at Eq depth, only pZn fluxes were correlated to pFe oxides fluxes 

(r²=0.50, p=0.01)  

 

 

Figure 5.8: (left) Relationships between pCo, pNi and pCu fluxes versus Mn oxides fluxes                        
(µmol.m-2.d-1), and (right) relationships between pCo, pNi and pZn fluxes versus Fe oxides fluxes. The 
grey circles and the black diamonds represent respectively the fluxes estimated at Eq and 400 m.  
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Overall, the lithogenic particles at stations close to the margins strongly participated to the 

export fluxes of TE, while high Mn fluxes were observed in the open ocean, probably due to 

authigenic formation of Mn oxides that are associated with pCo, pNi, and pCu fluxes at 400 m. 

Fe oxides seem to exert an influence on pZn fluxes at Eq and, on pCo and pNi fluxes at 400m.  

 

5.4.2. The biogenic contribution to fluxes 

5.4.2.1. Influence of bloom staging and remineralization processes 

The GEOVIDE cruise was carried out in late spring (May-June), a period during which the 

bloom has already developed and incorporated nutrients, leading potentially to the export of 

biogenic elements. 

In the subtropical and oligotrophic NAST province, Station 13 was sampled during the decline 

of the bloom (8 weeks after the bloom peak, see Figure 9 in Chapter 3). Moreover, the bloom 

intensity was low (< 0.7 mg Chl-a.m-3) resulting in small POC fluxes (Lemaitre et al., in prep) 

and likely low trace elements export fluxes. 

Higher TE export fluxes were determined within the NADR province, sampled from 0 to 4 

weeks after the bloom peak. Interestingly, low TE export fluxes were determined in the ARCT 

province. This province was divided between the Labrador basin, sampled during the decline 

of the bloom (Station 69: 7 weeks after the bloom peak) and the Irminger Sea basin, sampled 

during the bloom development (Station 44: 1 week after the bloom peak).  

Station 44, in the Irminger Sea, was characterized by high pP and pMn but, by low pFe and 

pZn export fluxes, highlighting a decoupling between these groups of elements. This station 

was also characterized by a low POC export which was related to an accumulation phase of 

biomass rather than an export phase (Lemaitre et al., a, in prep.). However, an important 

remineralization event in the mesopelagic layer was evidenced through the Baxs proxy at this 

station indicating a past production and export event (Lemaitre et al., in prep). Both results 

suggest either pFe and pZn were accumulated in surface waters unlike pP and pMn which 
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would be preferentially exported, or Fe and Zn were limiting during the sampling and thus non 

exported and recycled efficiently. 

In the Labrador Sea, at Stations 69 and 77, negative fluxes at 400 m were determined, and 

are associated with deep remineralization fluxes (Lemaitre et al., in prep.) Interestingly, at 

Station 64, Baxs proxy indicated a strong POC remineralization flux, but higher TE fluxes at 

400 m than Eq were determined. This feature could be related to the nutrient gradient observed 

in the Labrador Sea with NO3- decreasing from 4.55 to 0.33 µmol.L-1 and Si(OH)4 decreasing 

from 4.50 to 1.10 µmol.L-1, at Stations 64 and 77 respectively. This is in line with the different 

stage of the bloom sampled as Station 64 was sampled 3 weeks after the bloom peak and 

Stations 69 and 77 were sampled 7 and 4 weeks after the bloom peak. At station 64, nutrients 

such as PO43-, dMn, dFe and dZn were probably less limiting than Station 77, which resulted 

to their greater export. 

 

Interestingly the time lag of sampling seems to influence the different magnitude of the pMn 

fluxes at Eq as the stations sampled during the decline of the bloom were characterized by 

lower pMn fluxes (r²=0.46 and p<0.05; n=10). However, no specific trends were observed for 

the other trace elements (pCo, pCd, pNi, pCu).  

 

5.4.2.2. Importance of phytoplankton to the particulate element fluxes 

Biogenic trace elements are required by phytoplankton communities for a number of 

intracellular functions (see Chapter 1). In order to investigate the biogenic contribution to export 

fluxes, trace element to carbon (pTE/POC) (Figure 5.9) and trace element to phosphorus 

(pTE/pP) (Figure 5.10) ratios for fluxes at Eq were compared to ratios of cultured phytoplankton 

cells, despite large uncertainties associated with this approach, as these published ratios 

correspond to intracellular quotas.  



Chapter 5 

213 
 

 

Figure 5.9: Carbon normalized Fe, Mn, Zn, Co, Cu, Cd and Ni molar ratios for export fluxes determined 
at Eq, from Station 1 (Iberian Margin; right) to Station 77 (Newfoundland Margin; left). The green 
rectangles indicate the range of intracellular metal stoichiometries presented by Twining et al. (2015), 
Muggli et al. (1996), Muggli and Harrison (1996) and Sunda and Huntsman (1995 a and b). 

 

 

pZn/POC, pMn/POC, pCd/POC and pCu/POC flux ratios as pZn/pP, pMn/pP, pNi/pP, pCo/pP 

and pCd/pP at Eq were generally similar to cellular TE/C molar and TE/P ratios reported for 

phytoplankton cultures (Bruland et al., 1991; Muggli et al., 1996; Muggli and Harrison, 1996; 

Sunda and Huntsman, 1995; Sunda and Huntsman, 1995; Twining and Baines, 2012; Twining 

et al., 2015). Station 44 was sampled during the bloom (1 week after the peak bloom) and was 

characterized by greater pCo and pMn exports compared to POC, which is probably due to 

the fact that the POC export flux at this station was the lowest of the entire section (Lemaitre 
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et al., in prep., Chapter 4) indicating that export had not yet started. At this station, pZn/POC, 

pCu/POC and pCd/POC flux ratios were within the phytoplankton range indicating that the 

export of TEs was driven by phytoplankton particles. 

 

 

Figure 5.10: Phosphorus normalized Fe, Mn, Zn, Co, Cu, Cd and Ni molar ratios for export fluxes 
determined at Eq, from Station 1 (Iberian Margin; right) to Station 77 (Newfoundland Margin; left). The 
green rectangles indicate the range of intracellular metal stoichiometries presented by Twining and 
Baines (2013). 

 

Interestingly pFe and pNi over C were higher than reported cell ratios at most stations except 

at Stations 26 and 77 that were characterized by Fe/C and Ni/C ratios similar to cell quotas. A 

similar observation can be made at Station 26 for Fe/P and Cu/P ratios. Fe and Ni are known 

to be scavenged onto particles with depth (Goldberg, 1954; Twining et al., 2015b) and it is 
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usual to observe an increase of the bulk quota ratios compared to the cellular quota ratio 

(Collier and Edmond, 1984; King et al., 2012; Twining et al., 2014). This can be caused by the 

inclusion of detrital, authigenic and lithogenic particles on the filters leading to an increase of 

the Fe/C and Ni/C ratio, as observed in Figure 5.9. Moreover, the intracellular Fe/C quota 

ranged usually between 30-160 µmol.mol-1 for diatoms and coccolithophorids (Muggli et al., 

1996; Muggli and Harrison, 1996; Twining and Baines, 2013) but Sunda and Huntsman (1995) 

have measured a Fe/C ratio equal to 1700 µmol.mol-1 highlighting the high variation of the ratio 

and the difficulty to generalize the intracellular phytoplankton TE/C ratios as they vary between 

taxa and regions depending on the environmental conditions (e.g. nutrients, sunlight 

limitations; Twining and Baines, 2013). 

Therefore, it is important to look at indicators of the phytoplankton community structure, varying 

along the GEOVIDE transect, as it may influence the different intracellular and export ratios. 

5.4.2.2.1. Diatom dominated stations 

The fucoxanthin pigment, can be linked to the presence of diatoms, prymnesiophytes, 

raphidophytes and chrysophytes (e.g. Wright and Jeffrey, 1987) and was detected all along 

the transect (see Figure 3 in Chapter 3). Within the NADR province, the fucoxanthin pigment 

accounted for 21±3% in the Icelandic basin (Stations 32 and 38), for 40±2% in the Western 

European basin and for 18±9% in the NAST province (Stations 1 and 13). Significant 

concentrations (77±8% of the total taxonomic pigments) were determined in the ARCT 

province (Stations 44, 51, 64, 69 and 77), and were associated with the highest BSi fluxes 

(Lemaitre et al., in prep.), likely pointing out to the export of diatoms. 

The comparison between the intracellular and the export TE/POC ratios (Figure 5.9) 

highlighted that stations of the ARCT province were characterized by pMn/POC, pFe/POC, 

pZn/POC and  pCu/POC flux ratios lower but relatively close to the diatom quota (45 µmol 

Mn.mol-1 C; 76 µmol Fe.mol-1 C; 42 µmol Zn.mol-1 C; and 4.2 µmol Cu.mol-1 C; Twining et al., 

2015) suggesting that diatoms were contributing to the export of trace elements at Eq at these 

stations.  
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Moreover, a good correlation between the fluxes of Zn, known to be abundant in diatoms 

(Twining and Baines, 2013) and BSi has been demonstrated by Lamborg et al., (2008). In this 

study, two relationships were observed (Figure 5.11). Station 26 and the stations of the ARCT 

province were characterized by high BSi and low pZn export fluxes, while the other stations of 

the NADR province were characterized by higher pZn export fluxes. Interestingly, the Zn/Si 

ratio determined in phytoplankton cells by Twining et al. (2004, i.e. 2 × 10-4 mol.mol-1) fits 

between the two slope values.  
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Figure 5.11: Relationships between pZn, pMn, pFe, pCu, pCo and BSi export fluxes at Eq. In the graph showing pZn and BSi exports, the green dashed line 
represents the averaged Zn/Si ratio measured in diatom phytoplankton cells (i.e. 2 × 10-4 mol.mol-1; Twining et al., 2004). 
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Overall, diatoms drive biogenic TE fluxes in the ARCT province, as it was shown for POC along 

the same transect (Lemaitre et al., in prep.), and as shown by the PCA analysis, but this 

contribution was not homogeneous at other stations were diatoms were present, suggesting 

that environmental conditions, such as TE limitations in surface waters, limit the export to 

depth.  

5.4.2.2.2. Coccolithophorids dominated stations 

The highest concentration of the 19’Hexanoyloxyfucoxanthin pigment, a tracer of 

coccolithophorids was determined within the NADR province and in particular in the Icelandic 

basin (Stations 32 and 38, averaging 56±2% of the total pigments). This pigment was also 

detected in the western European basin and in the NAST province (25±1% and 31±0.3% of 

the total pigments, respectively) indicating the presence of coccolithophorids (see Figure 3 in 

Chapter 3). 

At stations not influenced by margin inputs, the highest TE fluxes were observed within the 

NADR province (Figure 5.4), suggesting a contribution of coccoliphorids to the fluxes. Indeed, 

at these stations, CaCO3 fluxes were the highest reaching 2.61±0.22 mmol.m-2.d-1 at Eq of 

Station 38. 

Interestingly, the comparison between phytoplankton intracellular and export TE/POC ratios 

(Figure 5.9) highlighted that Stations 32 and 38 were characterized by pMn/POC flux ratios 

close to the coccolithophorid quota (26 µmol Mn.mol-1 C; Twining et al., 2015) suggesting that 

coccolithophorids were indeed contributing to the export of Mn at Eq, as POC (Lemaitre et al., 

in prep). However, the pFe/POC, pZn/POC and pCo/POC flux ratios at these stations were 

greater than the intracellular quota, possibly due to adsorption of dissolved Fe, Zn and Co onto 

Mn and Fe oxides at this station (1.32 mg.m-2.d-1, the highest flux at Eq, Figure 5.6), often 

referred as scavengers of the sea (Goldberg, 1954). 

 

Nevertheless, the contribution of coccolithophorids to export these trace elements was 

indicated by the relationship between the pFe (slope=3.13, r²=0.40 and p=0.05), pMn 
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(slope=0.06, r²=0.38 and p=0.06), pZn (slope=1.24, r²=0.39 and p=0.05) and pCo (slope=0.01, 

r²=0.22 and p=0.17) and CaCO3 exports at Eq (Figure 5.12). Moreover, Stations 32 and 38, in 

the Icelandic basin, were characterized by pFe/pP flux ratios reaching 115 and 895 mmol.mol-

1 but also by high pFe:pAl flux ratios (0.91 and 0.72 mol.mol-1) pointing out to an important 

contribution of biological particles to export Fe.  

 

Finally, diatom-dominated stations (ARCT) have lower Fe/P quotas, as well as Mn/P, Co/P and 

Zn/P quotas, compared to coccolithophorids-dominated stations (e.g. station 38), which is in 

agreement with previous studies (Ho et al., 2003; Quigg et al., 2003; Twining and Baines, 

2013). 
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Figure 5.12: Relationship between pFe, pCo, pMn, pZn and CaCO3 export fluxes at Eq.  
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Overall, diatom-dominated community in the ARCT province seems to drive pZn fluxes while 

coccolithophorid-dominated community drives pFe, pMn and pZn fluxes. 

 

5.5. Conclusion 

Using the 234Th approach and the elemental composition of large, sinking particles, this study 

investigated the trace element export fluxes in the North Atlantic during the spring 2014 

(GEOVIDE cruise). The export fluxes of trace elements appear to be controlled by a range of 

processes.  

Lithogenic material is present everywhere in the section, but mainly controls the fluxes near 

the Iberian and Greenland margins, where the highest TE fluxes were determined. Close to 

the Iberian Margin, anthropogenic inputs may also enhance the TE fluxes, especially Zn. In 

the open ocean, authigenic formation of Mn oxides were associated with high pCu, pNi and 

pCo fluxes at 400m, while Fe oxides were influencing pZn fluxes at Eq, and pCo and pNi fluxes 

at 400m. 

Diatoms in the ARCT province seem to export TE but at lower quota than the one measured 

in phytoplankton, possibly suggesting TE limitations in surface waters, in line with the decline 

of the bloom. In the NADR province, the CaCO3 fluxes were correlated with the TE fluxes 

indicating that coccolithophorids enhanced the trace element export fluxes.  
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Table S5.1: Particulate concentrations of pFe (nmol.L-1), pMn(pmol.L-1), pZn (pmol.L-1), pCo (pmol.L-1), pCd (pmol.L-1), pCu (pmol.L-1),  
pNi (pmol.L-1), pP (nmol.L-1), and pAl (nmol.L-1) in the large size fraction (LSF; > 53 µm). 
 

 

 

Station Lat Long Depth
# °N °E m
1 40.333 -10.04 25 1.050 ± 0.001 15.0 ± 0.7 47 ± 1 0.993 ± 0.005 0.98 ± 0.04 3.3 ± 0.1 1.4 ± 0.2 4.307 ± 0.008 4.9 ± 0.1
1 40.333 -10.04 80 0.345 ± 0.009 4.8 ± 0.3 20 ± 1 0.16 ± 0.01 0.039 ± 0.006 2.0 ± 0.1 2.8 ± 0.3 0.60 ± 0.02 2.054 ± 0.009
1 40.333 -10.04 120 0.63 ± 0.04 10.1 ± 0.4 7.3 ± 0.2 0.20 ± 0.01 0.037 ± 0.001 1.43 ± 0.05 2.5 ± 0.1 0.435 ± 0.009 2.66 ± 0.06
1 40.333 -10.04 250 1.44 ± 0.03 24.2 ± 1.3 8.9 ± 0.3 0.49 ± 0.02 0.013 ± 0.000 2.59 ± 0.04 3.44 ± 0.09 0.283 ± 0.005 7.09 ± 0.05
1 40.333 -10.04 550 3.20 ± 0.05 49.8 ± 0.5 910 ± 12 1.028 ± 0.007 0.118 ± 0.002 12.7 ± 0.1 10.8 ± 0.2 0.893 ± 0.009 15.3 ± 0.2
1 40.333 -10.04 850 1.31 ± 0.01 18.4 ± 0.1 9.0 ± 0.7 0.438 ± 0.006 0.010 ± 0.000 2.7 ± 0.1 4.01 ± 0.06 0.135 ± 0.001 6.7 ± 0.1
13 41.383 -13.89 30 0.093 ± 0.006 2.5 ± 0.3 26 ± 1 0.54 ± 0.05 0.48 ± 0.02 3.3 ± 0.2 12.6 ± 0.5 3.2 ± 0.2 0.31 ± 0.02
13 41.383 -13.89 80 0.049 ± 0.004 1.8 ± 0.1 9.0 ± 0.7 0.07 ± 0.02 0.028 ± 0.003 1.14 ± 0.09 2.9 ± 0.2 0.273 ± 0.008 0.259 ± 0.005
13 41.383 -13.89 120 0.082 ± 0.004 3.8 ± 0.2 4.0 ± 0.4 0.14 ± 0.02 0.095 ± 0.002 2.6 ± 0.1 4.4 ± 0.4 0.34 ± 0.01 0.44 ± 0.01
13 41.383 -13.89 250 0.136 ± 0.007 6.8 ± 0.4 11.8 ± 0.3 0.11 ± 0.01 0.031 ± 0.001 1.89 ± 0.06 2.8 ± 0.3 0.213 ± 0.002 0.663 ± 0.003
13 41.383 -13.89 400 0.096 ± 0.007 3.8 ± 0.1 1.4 ± 0.4 0.09 ± 0.02 0.040 ± 0.002 1.90 ± 0.06 0.13 ± 0.01 0.46 ± 0.01
13 41.383 -13.89 850 0.116 ± 0.005 5.9 ± 0.1 2.8 ± 0.2 0.12 ± 0.01 0.014 ± 0.000 1.53 ± 0.03 1.8 ± 0.1 0.065 ± 0.005 0.40 ± 0.01
21 46.544 -19.67 15 0.343 ± 0.008 7.3 ± 0.2 58 ± 1 1.49 ± 0.04 6.29 ± 0.15 12.0 ± 0.1 70 ± 2 8.5 ± 0.1 0.609 ± 0.004
21 46.544 -19.67 60 0.16 ± 0.01 4.1 ± 0.3 29 ± 1 0.50 ± 0.03 1.34 ± 0.03 6.1 ± 0.3 42 ± 2 3.3 ± 0.1 0.69 ± 0.03
21 46.544 -19.67 100 0.024 ± 0.001 2.0 ± 0.1 4.0 ± 0.2 0.12 ± 0.01 0.192 ± 0.006 1.9 ± 0.1 4.0 ± 0.1 0.437 ± 0.007 0.271 ± 0.001
21 46.544 -19.67 200 0.157 ± 0.007 10 ± 1 13.1 ± 0.5 0.083 ± 0.003 0.099 ± 0.016 2.16 ± 0.06 3.0 ± 0.2 0.354 ± 0.007 0.389 ± 0.008
21 46.544 -19.67 500 0.034 ± 0.001 3.8 ± 0.07 7.9 ± 0.3 0.047 ± 0.003 0.095 ± 0.005 1.42 ± 0.06 1.2 ± 0.1 0.513 ± 0.005 0.255 ± 0.004
21 46.544 -19.67 810 0.056 ± 0.002 6.6 ± 0.2 4.0 ± 0.1 0.095 ± 0.003 0.016 ± 0.001 1.74 ± 0.09 1.07 ± 0.03 0.114 ± 0.002 0.350 ± 0.005
26 50.278 -22.6 30 0.063 ± 0.002 6.8 ± 0.1 0.76 ± 0.02 10.6 ± 0.3
26 50.278 -22.6 83 0.053 ± 0.002 2.6 ± 0.2 8.8 ± 0.2 0.186 ± 0.000 0.65 ± 0.02 3.47 ± 0.05 3.8 ± 0.3 2.40 ± 0.04 0.555 ± 0.009
26 50.278 -22.6 153 0.023 ± 0.002 29 ± 1 17.5 ± 0.5 0.062 ± 0.002 0.120 ± 0.004 1.04 ± 0.02 1.00 ± 0.06 0.351 ± 0.003 0.287 ± 0.005
26 50.278 -22.6 400 0.053 ± 0.002 11.5 ± 0.6 1.9 ± 0.1 0.069 ± 0.007 0.046 ± 0.002 1.32 ± 0.01 1.3 ± 0.2 0.198 ± 0.004 0.356 ± 0.001
32 55.506 -26.71 30 0.41 ± 0.02 5.5 ± 0.8 170 ± 2 1.23 ± 0.07 1.16 ± 0.07 2.7 ± 0.2 3.4 ± 0.7 3.5 ± 0.1 0.41 ± 0.02
32 55.506 -26.71 60 0.134 ± 0.003 1.7 ± 0.09 20.2 ± 0.4 0.21 ± 0.02 0.132 ± 0.001 1.67 ± 0.05 14.5 ± 0.3 0.328 ± 0.002 0.084 ± 0.001
32 55.506 -26.71 100 0.046 ± 0.001 1.5 ± 0.2 24.3 ± 0.9 0.17 ± 0.02 0.47 ± 0.01 3.25 ± 0.09 7.7 ± 0.4 1.34 ± 0.02 0.198 ± 0.004
32 55.506 -26.71 200 0.229 ± 0.006 2.2 ± 0.1 6.2 ± 0.5 0.040 ± 0.004 0.046 ± 0.001 1.53 ± 0.06 1.6 ± 0.3 0.193 ± 0.004 0.198 ± 0.005
32 55.506 -26.71 600 0.052 ± 0.001 3.9 ± 0.3 23.7 ± 0.5 0.040 ± 0.002 0.007 ± 0.000 0.74 ± 0.05 0.22 ± 0.08 0.063 ± 0.002 0.163 ± 0.004
32 55.506 -26.71 850 0.107 ± 0.003 16.1 ± 0.4 7.6 ± 0.4 0.15 ± 0.01 0.038 ± 0.001 2.29 ± 0.07 1.85 ± 0.08 0.205 ± 0.005 0.52 ± 0.01
32 55.506 -26.71 1678 0.350 ± 0.011 28 ± 1 3.9 ± 0.3 0.40 ± 0.01 0.014 ± 0.002 5.17 ± 0.14 1.8 ± 0.1 0.134 ± 0.002 0.88 ± 0.03
38 58.843 -31.27 60 0.42 ± 0.01 7.1 ± 0.4 93 ± 3 0.27 ± 0.01 0.032 ± 0.000 2.4 ± 0.1 11.0 ± 0.1 0.282 ± 0.007 0.58 ± 0.01
38 58.843 -31.27 109 0.064 ± 0.002 1.9 ± 0.1 11.5 ± 0.4 0.11 ± 0.01 0.205 ± 0.003 1.37 ± 0.05 3.1 ± 0.1 0.72 ± 0.01 0.108 ± 0.005
38 58.843 -31.27 396 0.039 ± 0.004 0.9 ± 0.1 6.1 ± 0.3 0.038 ± 0.006 0.283 ± 0.002 1.98 ± 0.06 1.1 ± 0.1 0.53 ± 0.02 0.26 ± 0.01

pMnpFe pZn
nmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1

pCo pCd pNipCu pP pAl
pmol.L-1 nmol.L-1 nmol.L-1
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Station Lat Long Depth
# °N °E m
44 59.623 -38.95 40 0.159 ± 0.006 9.5 ± 0.3 15.0 ± 0.5 0.16 ± 0.01 0.218 ± 0.001 3.0 ± 0.1 8.0 ± 0.5 2.57 ± 0.07 0.382 ± 0.007
44 59.623 -38.95 80 0.088 ± 0.003 1.0 ± 0.03 30.0 ± 0.5 0.04 ± 0.01 0.029 ± 0.002 0.90 ± 0.05 0.33 ± 0.08 0.177 ± 0.004 0.275 ± 0.001
44 59.623 -38.95 150 0.196 ± 0.005 4.7 ± 0.1 1.9 ± 0.2 0.104 ± 0.003 0.015 ± 0.003 0.83 ± 0.01 0.8 ± 0.2 0.071 ± 0.003 0.438 ± 0.008
44 59.623 -38.95 300 0.161 ± 0.002 3.5 ± 0.3 57.7 ± 0.8 0.07 ± 0.01 0.010 ± 0.000 0.66 ± 0.03 0.14 ± 0.03 0.040 ± 0.002 0.347 ± 0.004
51 59.799 -42 8 0.175 ± 0.004 8.1 ± 0.2 133 ± 7 0.70 ± 0.02 1.73 ± 0.04 11 ± 1 6.6 ± 1.3 24.0 ± 0.3 0.75 ± 0.04
51 59.799 -42 60 0.28 ± 0.01 3.5 ± 0.5 18.3 ± 1.5 0.165 ± 0.002 0.36 ± 0.01 3.30 ± 0.08 33.2 ± 1.3 2.30 ± 0.07 1.28 ± 0.01
51 59.799 -42 100 0.285 ± 0.009 5.7 ± 0.4 6.1 ± 0.7 0.12 ± 0.02 0.015 ± 0.001 0.89 ± 0.02 0.8 ± 0.2 0.100 ± 0.005 0.61 ± 0.02
51 59.799 -42 250 0.26 ± 0.01 3.7 ± 0.3 15.1 ± 1.1 0.14 ± 0.01 0.124 ± 0.004 3.1 ± 0.1 4.0 ± 0.4 1.03 ± 0.05 1.12 ± 0.06
64 59.068 -46.08 30 0.065 ± 0.009 2.0 ± 0.2 11.8 ± 0.4 0.06 ± 0.01 0.18 ± 0.01 1.08 ± 0.06 0.3 ± 0.9 1.89 ± 0.04 0.23 ± 0.01
64 59.068 -46.08 60 1.52 ± 0.09 31 ± 1 13.1 ± 0.3 0.17 ± 0.04 0.091 ± 0.002 1.43 ± 0.02 3.4 ± 0.2 0.76 ± 0.02 0.231 ± 0.007
64 59.068 -46.083 100 1.0 ± 0.2 33 ± 3 68 ± 4 7.08 ± 0.02 36.2 ± 1.4 21 ± 6 15.76 ± 0.11 2.5 ± 0.2
64 59.068 -46.08 150 0.41 ± 0.01 6.1 ± 0.2 28.4 ± 0.6 0.270 ± 0.007 0.180 ± 0.005 4.09 ± 0.12 6.0 ± 0.2 1.09 ± 0.01 1.43 ± 0.03
64 59.068 -46.08 420 0.573 ± 0.008 15.9 ± 0.4 2.2 ± 0.4 0.31 ± 0.01 0.050 ± 0.002 1.39 ± 0.12 2.0 ± 0.4 0.172 ± 0.009 1.28 ± 0.04
69 55.842 -48.09 30 0.256 ± 0.003 4.5 ± 0.1 39 ± 1 0.288 ± 0.009 0.46 ± 0.01 3.76 ± 0.08 4.6 ± 0.3 3.43 ± 0.02 1.09 ± 0.02
69 55.842 -48.09 60 0.18 ± 0.01 2.2 ± 0.3 17.9 ± 0.8 0.15 ± 0.02 0.212 ± 0.008 1.9 ± 0.1 2.4 ± 0.3 0.646 ± 0.009 0.62 ± 0.01
69 55.842 -48.09 100 0.30 ± 0.01 4.7 ± 0.1 11.8 ± 0.2 0.190 ± 0.009 0.198 ± 0.004 2.54 ± 0.06 2.6 ± 0.1 0.56 ± 0.01 0.91 ± 0.02
69 55.842 -48.09 150 0.50 ± 0.01 7.9 ± 0.3 6.6 ± 0.1 0.27 ± 0.01 0.132 ± 0.006 2.32 ± 0.09 2.9 ± 0.3 0.55 ± 0.01 1.31 ± 0.04
69 55.842 -48.09 400 0.20 ± 0.01 4.8 ± 0.2 5.5 ± 0.3 0.123 ± 0.003 0.028 ± 0.001 0.90 ± 0.01 1.14 ± 0.06 0.137 ± 0.002 0.71 ± 0.02
77 52.989 -51.1 10 0.13 ± 0.04 2.3 ± 0.9 16 ± 2 0.24 ± 0.01 0.209 ± 0.005 2.5 ± 0.1 1.3 ± 1.1 3.60 ± 0.07 0.26 ± 0.05
77 52.989 -51.1 50 0.054 ± 0.003 0.1 ± 0.1 9.0 ± 0.3 0.12 ± 0.01 0.188 ± 0.002 1.66 ± 0.08 0.9 ± 0.3 1.59 ± 0.03 0.166 ± 0.002
77 52.989 -51.1 80 0.138 ± 0.003 2.2 ± 0.1 4.6 ± 0.1 0.088 ± 0.003 0.127 ± 0.003 1.00 ± 0.01 2.8 ± 0.1 0.607 ± 0.009 0.50 ± 0.01
77 52.989 -51.1 200 0.57 ± 0.04 11 ± 1 9.9 ± 0.4 0.24 ± 0.02 0.201 ± 0.002 1.67 ± 0.07 0.92 ± 0.01 0.346 ± 0.006 2.59 ± 0.04
77 52.989 -51.1 450 0.35 ± 0.02 12 ± 0 2.1 ± 0.1 0.195 ± 0.003 0.021 ± 0.001 1.6 ± 0.1 1.67 ± 0.07 0.215 ± 0.002 1.28 ± 0.02

pZn
nmol.L-1 pmol.L-1 pmol.L-1

pFe pMn
nmol.L-1

pCo pCd pCu pNi pP pAl
pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 nmol.L-1
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Table S5.2: Particulate concentrations of pFe (nmol.L-1), pMn(pmol.L-1), pZn (pmol.L-1), pCo (pmol.L-1), pCd (pmol.L-1), pCu (pmol.L-1),  
pNi (pmol.L-1), pP (nmol.L-1), and pAl (nmol.L-1) in the small size fraction (SSF; 1-53 µm). 

 

Station Lat Long Depth
# °N °E m
1 40.333 -10.036 25 0.26 ± 0.01 6.1 ± 0.2 35 ± 1 0.65 ± 0.03 0.27 ± 0.00 6.9 ± 0.3 2.65 ± 0.02 0.74 ± 0.01
1 40.333 -10.036 80 0.79 ± 0.03 30.3 ± 0.6 58 ± 4 2.08 ± 0.07 3.44 ± 0.05 27 ± 1 17.6 ± 0.1 2.82 ± 0.03
1 40.333 -10.036 120 0.16 ± 0.00 5.7 ± 0.2 0.12 ± 0.01 0.03 ± 0.00 0.89 ± 0.07 3.5 ± 0.3 0.10 ± 0.01 0.36 ± 0.01
1 40.333 -10.036 250 5.3 ± 0.1 165 ± 3 20.1 ± 0.8 1.8 ± 0.1 0.63 ± 0.01 19.8 ± 0.2 7.5 ± 0.8 2.68 ± 0.06 25.7 ± 0.3
1 40.333 -10.036 550 8.2 ± 0.1 199 ± 4 47 ± 4 3.7 ± 0.2 0.77 ± 0.00 37 ± 1 11 ± 1 2.74 ± 0.03 41.1 ± 0.3
1 40.333 -10.036 850 8.36 ± 0.09 227 ± 5 38 ± 2 3.19 ± 0.02 0.26 ± 0.00 27.1 ± 0.5 11 ± 1 1.80 ± 0.04 39.7 ± 0.5
13 41.383 -13.888 30 ± 0.00 3.2 ± 0.3 1.12 ± 0.09 1.17 ± 0.03 6.1 ± 0.2 9.4 ± 0.1
13 41.383 -13.888 80 0.04 ± 0.01 29 ± 2 29 ± 6 2.1 ± 0.2 6.33 ± 0.06 25 ± 1 14.6 ± 0.9 9.8 ± 0.1 0.26 ± 0.01
13 41.383 -13.888 120 0.23 ± 0.01 17.8 ± 0.5 2.8 ± 0.8 0.38 ± 0.03 0.97 ± 0.03 5.1 ± 0.1 1.13 ± 0.03 0.17 ± 0.00
13 41.383 -13.888 250 0.13 ± 0.01 73 ± 2 4.9 ± 0.9 0.67 ± 0.06 1.85 ± 0.02 15.5 ± 0.3 2.99 ± 0.04 0.62 ± 0.01
13 41.383 -13.888 400 1.07 ± 0.02 298 ± 10 66.4 ± 8.6 3.3 ± 0.2 2.96 ± 0.03 48 ± 2 2.70 ± 0.74 6.32 ± 0.03 4.11 ± 0.02
13 41.383 -13.888 850 0.57 ± 0.01 105.7 ± 0.5 8.2 ± 0.6 1.24 ± 0.05 0.28 ± 0.01 19.5 ± 0.4 1.05 ± 0.60 1.11 ± 0.03 2.11 ± 0.03
21 46.544 -19.672 15 0.08 ± 0.01 24 ± 1 50.7 ± 0.7 3.5 ± 0.3 7.4 ± 0.1 19.2 ± 0.5 13.5 ± 0.6 22.9 ± 0.2 0.01 ± 0.00
21 46.544 -19.672 60 0.04 ± 0.00 9.5 ± 0.4 18 ± 1 1.47 ± 0.07 5.27 ± 0.03 8.3 ± 0.3 47.8 ± 0.5 4.67 ± 0.04 0.18 ± 0.00
21 46.544 -19.672 100 0.25 ± 0.01 65 ± 1 67.3 ± 0.8 2.86 ± 0.02 6.17 ± 0.07 22.9 ± 0.3 28.3 ± 0.5 5.46 ± 0.04 0.83 ± 0.01
21 46.544 -19.672 150 0.11 ± 0.00 80 ± 1 27.1 ± 1.6 1.3 ± 0.1 2.87 ± 0.05 23 ± 1 12.2 ± 0.2 4.80 ± 0.02 1.28 ± 0.01
21 46.544 -19.672 200 0.13 ± 0.01 58.0 ± 0.8 36 ± 1 0.64 ± 0.02 1.63 ± 0.01 14.8 ± 0.5 5.8 ± 0.4 2.88 ± 0.04 0.55 ± 0.01
21 46.544 -19.672 300 0.12 ± 0.01 87 ± 1 32.6 ± 0.9 0.60 ± 0.04 0.99 ± 0.02 19.0 ± 0.7 4.4 ± 0.4 2.52 ± 0.05 1.07 ± 0.01
21 46.544 -19.672 500 0.17 ± 0.01 45 ± 1 29 ± 1 0.72 ± 0.02 0.95 ± 0.01 16.0 ± 0.6 6.20 ± 0.06 2.21 ± 0.03 0.78 ± 0.01
21 46.544 -19.672 810 0.31 ± 0.01 85.5 ± 0.5 14.7 ± 0.3 1.00 ± 0.09 0.41 ± 0.01 16.4 ± 0.4 5.1 ± 0.4 1.09 ± 0.02 1.25 ± 0.00
26 50.278 -22.605 30 19.7 ± 0.3 15.3 ± 0.7 0.69 ± 0.01 3.51 ± 0.02 4.2 ± 0.2 1.8 ± 0.3 7.36 ± 0.03
26 50.278 -22.605 80 4.9 ± 0.1 5.7 ± 0.1 0.22 ± 0.01 2.30 ± 0.05 6.8 ± 0.3 3.69 ± 0.02
26 50.278 -22.605 150 0.14 ± 0.01 53.5 ± 0.8 34.7 ± 0.1 0.55 ± 0.06 3.38 ± 0.07 13.1 ± 0.2 7.3 ± 0.6 3.45 ± 0.07 0.21 ± 0.00
26 50.278 -22.605 400 0.15 ± 0.00 102 ± 2 22 ± 1 0.38 ± 0.02 1.44 ± 0.03 16.9 ± 0.2 2.24 ± 0.02 0.56 ± 0.00
26 50.278 -22.605 2010 0.44 ± 0.01 63.9 ± 0.1 5.7 ± 0.4 0.49 ± 0.03 0.12 ± 0.00 8.1 ± 0.2 6.1 ± 0.2 0.44 ± 0.01 1.08 ± 0.01
26 50.278 -22.605 2800 1.17 ± 0.02 178 ± 2 2 ± 1 4.11 ± 0.09 0.28 ± 0.01 21.9 ± 0.7 6.4 ± 0.3 1.03 ± 0.02 3.33 ± 0.04
26 50.278 -22.605 3500 0.35 ± 0.01 36960 ± 292 56 ± 2 0.87 ± 0.02 0.19 ± 0.00 18.8 ± 0.3 6.1 ± 0.3 0.36 ± 0.01 0.80 ± 0.01
26 50.278 -22.605 3800 1.50 ± 0.07 499 ± 68 12.2 ± 0.9 1.40 ± 0.04 0.27 ± 0.02 17.6 ± 0.8 0.77 ± 0.04 6.3 ± 0.1
26 50.278 -22.605 4100 5.1 ± 0.1 1095 ± 37 31 ± 2 5.2 ± 0.2 0.55 ± 0.01 54 ± 2 9.9 ± 0.5 2.51 ± 0.08 23.7 ± 0.5
32 55.506 -26.71 20 1.09 ± 0.06 53 ± 2 170 ± 9 56 ± 2 46.8 ± 0.4 72 ± 1 152 ± 5 65.5 ± 0.6
32 55.506 -26.71 30 0.28 ± 0.01 89 ± 2 354 ± 2 5.2 ± 0.2 32.4 ± 0.3 45.2 ± 0.5 9.2 ± 3.1 45.1 ± 0.3
32 55.506 -26.71 60 0.18 ± 0.01 14 ± 1 97.8 ± 0.2 1.22 ± 0.02 9.4 ± 0.1 23.9 ± 0.5 12.3 ± 0.6 12.3 ± 0.2 0.08 ± 0.01
32 55.506 -26.71 100 0.14 ± 0.01 10 ± 1 63 ± 3 1.4 ± 0.2 7.3 ± 0.1 20.1 ± 0.6 13.0 ± 0.6 8.18 ± 0.05 0.05 ± 0.01
32 55.506 -26.71 150 0.49 ± 0.01 29.9 ± 0.7 66 ± 1 0.68 ± 0.04 7.01 ± 0.05 22.1 ± 1.1 3.9 ± 0.2 7.68 ± 0.04 1.44 ± 0.01
32 55.506 -26.71 200 0.09 ± 0.00 9.8 ± 0.4 35 ± 1 0.19 ± 0.03 4.48 ± 0.01 15.8 ± 0.0 0.0 ± 0.6 4.68 ± 0.03 0.40 ± 0.01
32 55.506 -26.71 380 0.38 ± 0.01 120.4 ± 0.8 22.8 ± 0.7 0.74 ± 0.05 2.90 ± 0.03 21.4 ± 0.2 2.6 ± 0.2 3.84 ± 0.05 1.91 ± 0.02
32 55.506 -26.71 600 0.50 ± 0.02 121.6 ± 2.8 36.9 ± 1.9 0.87 ± 0.02 1.99 ± 0.05 18.7 ± 0.2 7.1 ± 0.3 2.68 ± 0.05 2.02 ± 0.03
32 55.506 -26.71 850 0.18 ± 0.00 47.5 ± 0.3 8.0 ± 0.5 0.38 ± 0.01 0.57 ± 0.00 7.1 ± 0.2 0.31 ± 0.03 0.72 ± 0.01 0.68 ± 0.01

pNi pP pAl
pmol.L-1 pmol.L-1

pCu
nmol.L-1 nmol.L-1

pFe pMn pZn pCo pCd
nmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1
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Station Lat Long Depth
# °N °E m
38 58.843 -31.266 20 0.13 ± 0.02 51 ± 2 88 ± 5 4.6 ± 0.4 31.9 ± 0.3 46.7 ± 0.5 11.7 ± 2.7 45.2 ± 0.3 0.11 ± 0.03
38 58.843 -31.266 60 0.24 ± 0.00 22.6 ± 0.6 86 ± 2 1.5 ± 0.1 17.0 ± 0.3 31.4 ± 0.5 22.2 ± 1.5 12.2 ± 0.2 0.42 ± 0.01
38 58.843 -31.266 100 0.35 ± 0.02 18 ± 2 102 ± 3 0.87 ± 0.01 15.8 ± 0.4 42.0 ± 1.0 15.9 ± 0.5 7.6 ± 0.1 0.94 ± 0.01
38 58.843 -31.266 109 0.23 ± 0.01 12.9 ± 0.1 113 ± 2 0.92 ± 0.04 19.9 ± 0.2 27.6 ± 0.5 12.3 ± 0.6 6.50 ± 0.07 0.88 ± 0.01
38 58.843 -31.266 297 0.46 ± 0.01 27.7 ± 0.3 22.7 ± 0.5 0.32 ± 0.02 2.78 ± 0.02 17.1 ± 0.3 7.38 ± 0.20 3.19 ± 0.05 2.00 ± 0.03
38 58.843 -31.266 396 0.40 ± 0.01 31.3 ± 0.9 36 ± 1 0.26 ± 0.06 1.64 ± 0.04 13.1 ± 0.1 0.94 ± 0.20 2.27 ± 0.01 0.91 ± 0.01
38 58.843 -31.266 643 2.60 ± 0.07 126 ± 3 43 ± 1 2.55 ± 0.04 1.83 ± 0.05 22.2 ± 0.6 13.3 ± 0.8 2.88 ± 0.06 4.71 ± 0.05
38 58.843 -31.266 1087 11.5 ± 0.2 1221 ± 26 55 ± 4 5.2 ± 0.3 1.36 ± 0.02 28 ± 1 2.00 ± 0.76 2.41 ± 0.04 20.4 ± 0.4
38 58.843 -31.266 1316 23.6 ± 0.2 713 ± 3 52 ± 3 30.1 ± 0.4 1.59 ± 0.03 69.4 ± 0.3 1083 ± 3 3.18 ± 0.01 35.7 ± 0.5
44 59.623 -38.954 40 0.30 ± 0.01 16.1 ± 0.5 126 ± 1 0.82 ± 0.03 11.0 ± 0.4 31.9 ± 0.4 11 ± 2 26.8 ± 0.2 0.68 ± 0.10
44 59.623 -38.954 80 0.71 ± 0.01 26.2 ± 0.3 74 ± 2 0.60 ± 0.04 4.49 ± 0.07 23.4 ± 0.4 3.8 ± 0.4 7.04 ± 0.07 1.85 ± 0.03
44 59.623 -38.954 150 0.69 ± 0.01 32.5 ± 0.9 20 ± 2 0.42 ± 0.02 1.78 ± 0.01 11.1 ± 0.2 2.48 ± 0.03 1.58 ± 0.03
44 59.623 -38.954 300 1.11 ± 0.02 58 ± 3 57 ± 2 0.7 ± 0.1 2.63 ± 0.03 17.0 ± 0.4 3.06 ± 0.04 2.66 ± 0.04
44 59.623 -38.954 850 10.3 ± 0.8 29 ± 10 0.81 ± 0.06 8.3 ± 1.3 0.21 ± 0.03
51 59.799 -42.013 8 0.14 ± 0.01 100 ± 2 124 ± 3 1.20 ± 0.06 18.0 ± 0.2 33.1 ± 1.5 57.1 ± 0.4
51 59.799 -42.013 24 0.35 ± 0.01 22.4 ± 0.6 31 ± 2 0.48 ± 0.04 5.97 ± 0.06 10.9 ± 0.5 14.6 ± 0.2 0.22 ± 0.01
51 59.799 -42.003 60 0.41 ± 0.02 14.3 ± 0.5 104 ± 9 0.74 ± 0.05 94.4 ± 0.6 42.6 ± 1.7 8 ± 1 25.2 ± 0.2 1.68 ± 0.05
51 59.799 -42.003 100 0.91 ± 0.01 45.3 ± 0.8 7 ± 1 0.49 ± 0.05 339 ± 0.1 14.8 ± 0.5 2.59 ± 0.01 2.42 ± 0.08
51 59.799 -42.003 250 0.96 ± 0.02 22.7 ± 0.7 79 ± 2 0.60 ± 0.05 6.5 ± 0.2 42 ± 2 9.6 ± 0.9 12.6 ± 0.1 3.43 ± 0.11
51 59.799 -42.003 750 2.3 ± 0.1 177 ± 2 21 ± 3 1.7 ± 0.1 1.84 ± 0.05 25 ± 1 4 ± 1 2.34 ± 0.08 4.89 ± 0.11
51 59.799 -42.003 1190 5.5 ± 0.3 268 ± 7 13.0 ± 0.7 2.8 ± 0.1 0.98 ± 0.01 22.6 ± 0.4 5 ± 1 1.68 ± 0.04 12.4 ± 0.4
51 59.799 -42.003 1690 26 ± 1 735 ± 15 49 ± 2 12.2 ± 0.4 0.90 ± 0.04 46.0 ± 1.1 18 ± 2 3.11 ± 0.20 65.2 ± 1.9
64 59.068 -46.083 30 0.08 ± 0.01 4 ± 2 80 ± 4 0.2 ± 0.1 8.03 ± 0.14 20 ± 1 27.8 ± 0.05
64 59.068 -46.083 60 0.51 ± 0.01 38.7 ± 0.3 532 ± 24 1.90 ± 0.01 50.5 ± 0.2 162 ± 7 75.1 ± 0.3 3.20 ± 0.34
64 59.068 -46.083 150 1.02 ± 0.01 38.2 ± 0.4 75 ± 3 0.83 ± 0.06 4.14 ± 0.05 22.6 ± 0.3 4.9 ± 0.9 7.77 ± 0.07 2.30 ± 0.02
64 59.068 -46.083 420 3.20 ± 0.09 145 ± 2 42.3 ± 0.9 1.6 ± 0.1 1.87 ± 0.04 16.1 ± 0.1 2.14 ± 0.06 6.62 ± 0.04
64 59.068 -46.083 630 2.02 ± 0.04 104 ± 2 47.7 ± 0.4 1.3 ± 0.1 2.13 ± 0.04 17.0 ± 0.7 1.72 ± 0.01 2.94 ± 0.08 4.6 ± 0.1
64 59.068 -46.083 900 1.48 ± 0.03 78 ± 1 17.4 ± 0.1 0.91 ± 0.05 1.49 ± 0.02 13.5 ± 0.1 2.0 ± 0.2 1.50 ± 0.03 3.56 ± 0.03
69 55.842 -48.093 30 0.56 ± 0.04 35 ± 1 104 ± 4 2.1 ± 0.1 13.3 ± 0.2 38.5 ± 0.8 48.7 ± 0.8 55.5 ± 0.2 1.82 ± 0.03
69 55.842 -48.093 60 1.19 ± 0.02 65.7 ± 0.7 73 ± 4 1.78 ± 0.04 15.3 ± 0.2 42.4 ± 0.4 17.1 ± 0.5 24.0 ± 0.1 3.96 ± 0.02
69 55.842 -48.093 100 1.10 ± 0.03 53 ± 1 65 ± 1 1.21 ± 0.04 8.05 ± 0.05 27.0 ± 0.7 7.5 ± 1.1 11.6 ± 0.04 3.35 ± 0.02
69 55.842 -48.093 150 1.59 ± 0.02 76 ± 2 56 ± 1 1.26 ± 0.07 5.49 ± 0.03 25.2 ± 0.3 2.32 ± 0.06 8.9 ± 0.1 4.28 ± 0.02
69 55.842 -48.093 400 0.96 ± 0.01 65 ± 1 22.8 ± 0.9 0.65 ± 0.03 2.59 ± 0.05 12.8 ± 0.4 1.9 ± 0.5 2.73 ± 0.04 2.70 ± 0.01
77 52.989 -51.095 10 0.68 ± 0.04 108 ± 3 184 ± 4 12.9 ± 0.3 48.8 ± 0.4 54 ± 1 76.2 ± 1.3 103 ± 1 0.22 ± 0.21
77 52.989 -51.095 50 0.54 ± 0.04 90 ± 8 200 ± 6 5.4 ± 0.1 49.5 ± 0.2 64 ± 2 63.7 ± 0.4 56.6 ± 0.3 1.52 ± 0.02
77 52.989 -51.095 80 1.76 ± 0.03 58 ± 1 106 ± 2 2.26 ± 0.04 14.4 ± 0.1 29.2 ± 0.2 9.86 ± 0.72 13.8 ± 0.1 5.62 ± 0.07
77 52.989 -51.095 200 2.97 ± 0.07 84.2 ± 0.9 57.9 ± 0.8 1.9 ± 0.1 4.68 ± 0.02 21.0 ± 0.1 6.70 ± 0.10 5.35 ± 0.03 8.7 ± 0.1
77 52.989 -51.095 450 1.45 ± 0.01 108.4 ± 2.0 13.2 ± 0.2 1.04 ± 0.05 1.92 ± 0.02 14.9 ± 0.5 5.73 ± 0.25 1.57 ± 0.01 4.49 ± 0.05

pCopFe pMn pZn
nmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 pmol.L-1 nmol.L-1 nmol.L-1

pCd pCu pNi pP pAl
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Abstract 

The Kerguelen Plateau is characterized by a naturally Fe-fertilized phytoplankton bloom that 

extends more than 1000 km downstream in the Antarctic Circumpolar Current. During the 

KEOPS2 study, in austral spring, we measured particulate nitrogen (PN), biogenic silica (BSi) 

and particulate iron (PFe) export fluxes in order to investigate how the natural fertilization 

impacts the stoichiometry and the magnitude of export fluxes and therefore the efficiency of 

the biological carbon pump. At 9 stations, we estimated elemental export fluxes based on 

element concentration to 234Th activity ratios for particulate material collected with in-situ 

pumps and 234Th export fluxes (Planchon et al., 2015). This study revealed that the natural 

Fe-fertilization increased export fluxes but to variable degrees. Export fluxes for the bloom 

impacted area were compared with those of a high-nutrient, low-chlorophyll (HNLC), low-

productive reference site located to the south-west of Kerguelen and which had the lowest BSi 

and PFe export fluxes (2.55 mmol BSi.m-2.d-1 and 1.92 µmol PFe.m-2.d-1) and amongst the 

lowest PN export flux (0.73 mmol PN.m-2.d-1). The impact of the Fe fertilization was the 

greatest within a meander of the polar front (PF), to the east of Kerguelen, with fluxes reaching 

1.26 mmol PN.m-2.d-1, 20.4 mmol BSi.m-2.d-1, and 22.4 µmol PFe.m-2.d-1. A highly productive 

site above the Kerguelen Plateau, on the contrary, was less impacted by the fertilization with 

export fluxes reaching 0.72 mmol PN.m-2.d-1; 4.50 mmol BSi.m-2.d-1 and 21.4 µmol PFe.m-2.d-

1. Our results suggest that ecosystem features (i.e. type of diatom community) could play an 

important role in setting the magnitude of export fluxes of these elements. Indeed, for the PF 

meander, the moderate productivity was sustained by the presence of large and strongly 

silicified diatom species while at the higher productivity sites, smaller and slightly silicified 

diatoms dominated. Interestingly, our results suggest that PFe export fluxes can be driven by 

the lithogenic pool of particles, especially over the Plateau where such inputs from the 

sediments are important. Finally, for the Plateau and the PF meander, the comparison 

between PFe export and the particulate PFe stock integrated over the mixed layer depth 

revealed an efficient PFe export out of the mixed layer at these sites. Export efficiencies (i.e. 
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the ratio between export and uptake) exhibit a very efficient silica pump especially at the HNLC 

reference station where heavily silicified diatoms were present. On the contrary, the increase 

with depth of the C:N ratio and the low nitrogen export efficiencies support the idea of a strong 

remineralization and nitrification activity.   

 

6.1. Introduction 

The oceanic biological pump transports carbon and other nutrient elements, like nitrogen, 

silicon and iron to the deep sea via the sinking of organic particles produced in surface waters 

from photosynthesis. The Southern Ocean is the largest HNLC (high-nutrient, low-chlorophyll) 

area and its potential to transfer these elements is usually limited by a lack of micronutrients 

(Martin, 1990). Among these micronutrients, iron is a crucial element which regulates the 

ocean biological productivity, as it is required by phytoplankton for many metabolic functions 

(e.g. Boyd and Ellwood, 2010; Sunda, 1989). Artificial iron fertilization experiments performed 

in the Southern Ocean (Boyd et al., 2007; de Baar, 2005) have confirmed that iron addition 

stimulates a significant air-sea CO2 drawdown by phytoplankton. However, due to the limited 

extent and duration of the bloom induced during artificial fertilization experiments, the long-

term fate of iron-induced particulate organic carbon (POC) export is difficult to determine 

(Gnanadesikan and Marinov, 2008; Smetacek and Naqvi, 2008).  

An alternative way to study iron fertilization is to look at the large and persistent blooms 

occurring within natural iron fertilization areas of the Southern Ocean, where ecosystems are 

adapted to recurrent iron inputs (Charette et al., 2013). Morris and Charette (2013) reviewed 

different natural Fe-fertilization studies (KEOPS, CROZEX and BWZ) and reported that POC 

export within the naturally Fe-fertilized areas was ~3 times higher compared to Fe-limited sites. 

However, the impact of the fertilization on export of other elements has been less well studied. 

For example, silicon is a key element controlling export (Buesseler, 1998). It is essential for 

the construction of diatom frustules and can be limiting in surface waters (Mosseri et al., 2008) 

while nitrogen is a major macro-nutrient which does not limit productivity in Southern Ocean. 
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Several authors have highlighted surprisingly high nitrate stocks at the end of bloom periods 

due to a shallow remineralization of organic matter that reduces N export to the deep sea 

(Dehairs et al., 2015; Fripiat et al., 2015; Mosseri et al., 2008). Previous studies of naturally 

fertilized sites have documented that the relationship between production and export was not 

straightforward and that the pelagic food web structure impacted the retention and export of 

particulate matter. In that context, it appears important to consider elemental export fluxes 

other than carbon, such as macro (N, Si) and micro-nutrients (Fe; Jin et al., 2006; Le Moigne 

et al., 2014; Sarthou et al., 2005), in order to increase our understanding of ecological 

processes impacting the stoichiometry and the magnitude of these export fluxes and ultimately 

the efficiency of the biological carbon pump.  Furthermore, the composition of the 

phytoplankton community plays an important role in the stoichiometric relationship between 

these elements. Depending on iron supplies and environmental conditions, different diatom 

species develop, driving a diverse range of biological answers affecting the stoichiometry of 

exports. Thin-shelled and fast-growing diatoms dominate the iron-fueled blooms and are 

characterized as carbon sinkers but they also undergo grazing which consume a large part of 

this carbon. Conversely, thick-shelled and slow-growing diatoms dominate the later phase of 

the bloom and are protected against grazing (Quéguiner, 2013). These heavily silicified 

diatoms are considered as preferential silica sinkers (Assmy et al., 2013; Boyd, 2013; Green 

and Sambrotto, 2006; Quéguiner, 2013)  

Because of their key roles in the functioning of the biological carbon pump, we examined 

upper-ocean export fluxes of particulate nitrogen (PN), biogenic silica (BSi) and particulate 

iron (PFe) in the naturally Fe-fertilized area of the Kerguelen Plateau during the GEOTRACES 

process study “KEOPS2” (KErguelen Ocean and Plateau compared Study, October-

November 2011, R/V Marion Dufresne). Upper-ocean export fluxes were deduced from 

vertical export fluxes of total 234Th (Planchon et al., 2015). The settling of particles generates 

a deficit of 234Th (characterized by a short half-life and a strongly particle-reactive behavior) 

with respect to 238U (conservative in seawater) in the upper water column. This deficit is 

integrated over the upper column to yield a 234Th flux (Coale and Bruland, 1985; Cochran and 
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Masqué, 2003; Savoye et al., 2006; Waples et al., 2006). Subsequently, the 234Th flux is 

converted into an elemental flux by using the element:234Th ratio of large (> 53 µm) sinking 

particles (234Th:PN, 234Th:BSi, 234Th:PFe; Buesseler, 1998; Buesseler et al., 2006, 1992; 

Rutgers Van Der Loeff et al., 1997).  

In this work, we use the biogeochemical export fluxes obtained in HNLC and Fe-enriched 

waters to assess the impact of the natural Fe-fertilization on the vertical transfer of PN, BSi 

and PFe. We further examine how phytoplankton community composition, lithogenic 

contribution and degradation of particles, influence the magnitude, efficiency and 

stoichiometry of the export fluxes. 

 

6.2. Methods  

6.2.1. Study area 

The Kerguelen Plateau’s complex shallow topography is characterized by sluggish circulation, 

which may precondition the development of a recurrent annual bloom (Park et al., 2008). The 

Kerguelen bloom is separated in two parts by the Polar Front (PF). The northern branch of the 

Kerguelen bloom extends northeast of the island to the north of the PF, while a larger bloom 

is located over the Plateau, bounded to the north by the PF and to the south by the Fawn 

Trough Current (FTC; Park et al., 2008; Figure 6.1).  
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Figure 6.1: Surface Chlorophyll-a concentrations (mg.m-3) at the beginning (19/10/2011) and at the end 
(17/11/2011) of the KEOPS2 cruise. Filled circles represent the location of stations. The station F-L, 
represented by a dotted circle, was sampled between these two dates (06/11/2011). The thick dotted 
line represents the approximate location of the Polar Front while the thick black arrows indicating the 
Antarctic Circumpolar Current (ACC) and the Fawn Trough Current (FTC; adapted from Park et al., 
2008). 

 

The productive period over the Kerguelen Plateau takes place from November to February 

(Blain et al., 2007). During KEOPS2, the bloom developed quickly but presented large spatio-

temporal variations as shown by the satellite images of Chlorophyll a concentrations (Chl-a 

from 0.75 to 3 µg.L-1 over the Plateau; Figure 6.1; Animation of the bloom can also be found 

in Supplement of Trull et al., 2015). Nine stations were investigated (Figure 6.1):  

- a reference station in the HNLC area (R-2), upstream of the island, not impacted by lithogenic 

contributions, with low dissolved Fe concentrations (dFe < 0.1 nmol.L-1; Quéroué et al., 2015), 

characterized by a low phytoplankton abundance (0.2 µg Chl-a.L-1; Lasbleiz et al., 2014) and 

low net primary productivity  (NPP=132 mgC.m-2.d-1; Cavagna et al., 2015). 

- a station over the Plateau (A3) was sampled twice over a period of 27 days. Dissolved iron 

concentrations decreased from 0.28 nmol.L-1 at A3-1 to 0.18 nmol.L-1 at A3-2 in surface waters 

(Quéroué et al., 2015) due to a large diatom spring bloom development between both visits 

(from 0.2 to 1.3 µg Chl-a.L-1; Lasbleiz et al., 2014). Sediments supplied large amounts of dFe 
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(Bowie et al., 2015) driving a relatively high NPP at A3-2 (2172 mgC.m-2.d-1; Cavagna et al., 

2015). 

- a station in a meander of the PF (E) was visited four times over a period of 19 days (E-1, E-

3, E-4E, and E-5). Based on the trajectories of two surface drifters, stations E-1, E-3, E-4E, 

and E-5 were used to track the middle of a recirculation region and thus these stations are 

assumed to evolve in a pseudo-Lagrangian view (d’Ovidio et al., 2015; Zhou et al., 2014). 

Therefore, their succession in time can be considered as a time-series over 19.6 days during 

the bloom development. This area was fertilized by lateral Fe supply, coming from the Plateau 

or from glacial and fluvial sources (van der Merwe et al., 2015; Bowie et al., 2015). A drawdown 

of dFe concentrations was observed (from 0.38 to 0.06 nmol.L-1 in surface waters; Quéroué 

et al., 2015) along with the bloom development (from 0.3 µg Chl-a.L-1 at E-1 to 0.9 µg Chl-a.L-

1 at E-5; Lasbleiz et al., 2014). Similarly, the NPP increased from 578 to 1064 mgC.m-2.d-1 

(Cavagna et al., 2015) from E-1 to E-5 stations respectively. A highly productive station (E-

4W) located closer to the Kerguelen Plateau margin was also sampled but excluded from the 

time series, since being non-representative to trace the seasonal evolution in the less 

productive PF meander (Cavagna et al., 2015; Dehairs et al., 2015; Planchon et al., 2015). 

- a station north of the PF (F-L) was sampled at mid-cruise and displayed moderate dFe 

concentrations in surface waters (0.26 nmol.L-1; Quéroué et al., 2015), the highest 

chlorophyll-a (3 µg.L-1; Lasbleiz et al., 2014) and NPP (3380 mgC.m-2.d-1; Cavagna et al., 

2015) levels. 

6.2.2. Sampling 

In-situ pumps (Challenger Oceanics and McLane WTS6–1-142LV pumps, “ISP” hereafter) 

were deployed for a period of 4 hours, at depths ranging between 25 and 2000 meters. 500 to 

2000 L of seawater were filtered through a 142mm diameter nylon pre-filter (Nytex, 53µm 

mesh size) superimposed on a quartz fiber filter (QMA, Sartorius, 1µm pore size). To limit 

elemental blanks, filters were acid-cleaned (H2SO4 5% v/v, Seastar BaselineTM) and rinsed 3 

times with Milli-Q water prior to sampling (Bowie et al., 2015; van der Merwe et al., 2015). 
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After collection, filters were subsampled on board under clean room conditions. Punches of 

25 mm diameter were collected from the 142 mm QMA and dedicated to 234Th, PN, POC 

(Planchon et al., 2015) and trace element (van der Merwe et al., 2015) analyses. One fourth 

of the 142 mm nylon screen was dedicated to 234Th, PN and POC analyses (Planchon et al., 

2015) while another quarter was dedicated to BSi and trace element determinations (TEs: only 

PFe and PAl data are presented in this work). This quarter was stored in acid-cleaned tubes 

and kept at ambient temperature until analysis. 

In the home-based laboratory, handling of nylon screens dedicated to TEs and BSi 

measurements were carried out in trace metal clean conditions (Class-100). It was decided to 

remove the particles from the nylon screen for two main reasons: (i) high blanks for TEs have 

been reported from nylon screens (Weinstein and Moran, 2004), (ii) it is not possible to fully 

acid-digest the nylon screen. Therefore, the particles on the nylon screen were washed off 

with 0.22 µm filtered surface seawater collected during the KEOPS2 cruise (Station E5, 40m) 

onto acid cleaned 47 mm diameter polyestersulfone filters (Supor® filters, 0.8 μm), mounted 

on acid cleaned polysulfone filtration units (Nalgene®). This seawater had a dissolved iron 

(dFe) concentration of 0.08 ± 0.01 nM (Quéroué et al., 2015). 

Finally, the Supor filters were cut in 4 equal parts using a ceramic blade. One quarter was 

dedicated to TEs analyses and another to BSi analyses. Filters were stored at -20°C in clean 

petri dishes until analyses. 

It is important to note that ISP were not equipped with anti-washout baffles and thus a potential 

washout of the >53 µm particles upon pump retrieval may have biased the final concentrations 

(Bishop et al., 2012). Some loss could also have occurred during the resuspension of the >53 

µm particles from the nylon screen and filtration on the Supor filter. To limit these effects, we 

focus on elemental ratios and element to 234Th ratios, rather than on concentrations and 

activities. 
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6.2.3. Analytical methods 

6.2.3.1. TEs analyses 

All sample handling, processing and preparation was performed in accordance with 

GEOTRACES recommendations  

(http://geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf) and specific 

procedures following Planquette and Sherrell (2012). Briefly, under a Class-100 clean hood, 

one quarter of a Supor filter was placed along the wall of a 15 mL clean Teflon vial. Then, 2 

mL of a solution HNO3 6.5M (Merck Ultrapur) + HF 2.3M (Merck Suprapur) was added. Vials 

were then refluxed at 130°C on a hotplate for 4h. After gentle evaporation, 200 µL of 

concentrated HNO3 (Merck Ultrapur) was added in order to drive off the fluorides. The residue 

was brought back into solution with 3% HNO3 spiked with 1 μg.L–1 of Indium and stored in acid 

cleaned 15 mL centrifuge tubes until analysis. 

All measurements were made by SF-ICP-MS (Element 2, ThermoFinnigan) following the 

method of Planquette and Sherrell (2012). Every 11 samples, a replicate analysis of a selected 

sample digest solution was made. The precision and the accuracy of our analyses were 

assessed by measuring replicates and the Certified Reference Materials (CRM) BCR-414, 

respectively (Table 6.1). Finally, in order to evaluate the origin of PFe pool in our samples, the 

PFe lithogenic contribution was estimated by multiplying the PFe:PAl molar ratio in Kerguelen 

basalt (0.43 mol.mol-1; Gautier et al., 1990) with PAl concentration, whereby it is assumed that 

all PAl is of lithogenic origin. Then, subtracting the lithogenic Fe from total particulate Fe yields 

an estimation of the excess content which can be assimilated to biogenic iron (Table S6.1; 

Bowie et al., 2015; van der Merwe et al., 2015).  

Lastly, trace elements in small particles (1-53 µm) were also analyzed, the results can be 

found in van der Merwe et al. (2015). 

 

 

 

http://geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf
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        Al*   Mn   Fe* 
Certified/indicative

*
 value (µg.g

-1
) 2154 ± 803   299 ± 13   1850 ± 190 

Measured value (n=3; µg.g
-1

) 2393 ± 355   265 ± 43   1745 ± 279 
Recovery (%) 111   89   94 

Table 6.1: Determined concentrations (µg.g-1) and resulting recoveries (%) of the Certified Reference 
Material plankton BCR-414, compared to certified or indicative (*) values. Three replicates of BCR-414 
were digested then analyzed during different ICP-MS sessions. 

 

6.2.3.2. BSi analyses 

All experiments were made using clean polymethylpentene and polypropylene centrifuge 

tubes. Silicate concentrations were determined using the automated acid/molybdate 

colorimetric method (Aminot and Kérouel, 2007), using an AutoAnalyzer3 Bran&Luebbe 

(precision: 0.01 µmol.L-1) after an alkaline digestion of the filter (Ragueneau et al., 2005). 

Briefly, a quarter of the Supor filter was placed in a centrifuge tube and digested with a NaOH 

(Merck, pellets for analysis) 0.2M solution at 100°C during 40min in a hot bath. After cooling, 

the pH was neutralized by adding HCl 1M (Analar Normapur). Tubes were then centrifuged at 

ambient temperature for 10min at 4000 rpm (Thermo Scientific Multifuge 3S+/3SR+) and the 

supernatant was separated from the remaining suspended material. Finally 500 µL of 

supernatant was diluted 400 to 2000 times in Milli-Q water (18.2MΩ.cm) before analysis. 

BSi concentration in small particles was not determined due to the impossibility to analyze this 

element on QMA filters. 

6.2.3.3. Particulate 234Th and PN analysis 

Protocols and particulate 234Th activity data are detailed in Planchon et al. (2015). Immediately 

after collection, particles from one quarter of the 142 mm nylon screen were re-suspended in 

filtered seawater and collected on 25 mm diameter silver filters (1.0 μm porosity) for particulate 

234Th, PN and POC analyses. Filters were counted on board for particulate 234Th activity 

measurements via RISO low-beta counters. In the laboratory, PN and POC concentrations 

were measured via an elemental analyzer – isotope ratio mass spectrometer (EA-IRMS, Delta 

V Plus, Thermo Scientific). POC results have been presented by Planchon et al. (2015). Small 

particles, collected in the QMA filter, underwent the same procedure (Table S6.2). Acetanilide 
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standards were used for the calibration. N blanks were 0.08 µmol for Ag filters and 0.48 µmol 

for QMA filters. 

6.2.3.4. Total 234Th activities and 234Th export fluxes 

Total 234Th activities were obtained from 4 L seawater samples collected from Niskin bottles. 

Seawater samples were processed for total 234Th activity measurements following the double 

spike method (Pike et al., 2005). Details about methodology and 234Th activity data can be 

found in Planchon et al. (2015). In this study, export fluxes of 234Th were estimated using a 1-

D box model (Savoye et al., 2006) under steady state assumptions and considering the 

physical terms as negligible. The calculation was extended down to a single export depth 

named Equilibrium depth (Eq hereafter), where total 234Th was back to equilibrium with 238U. 

The 234Th export at this depth represents the fully-integrated depletion of total 234Th in the 

upper waters.   

6.2.4. Determination of particulate elemental fluxes 

Particulate 234Th activities and PN and PFe concentrations were obtained for two size-fractions 

of particles (PFe data for the 1-53 µm fraction are from van der Merwe et al., 2015) while 

BSi:234Th ratios were obtained only for the large particles (>53 µm). In order to obtain 

biogeochemical (PN, BSi, PFe) export fluxes using the 234Th-based approach, the element to 

234Th ratio of large (> 53 µm) particles, usually considered as representative of the sinking 

particulate matter, needs to be determined at the depth of export (Buesseler et al., 2006). The 

selection of the Element:234Th ratio representative of sinking particles exiting the surface 

waters is decisive for the 234Th proxy method. Several studies report that this ratio can vary 

spatially and temporally and is dependent on particle-size, plankton communities, food web 

dynamics, aggregation-disaggregation processes or sampling methods (Benitez-Nelson and 

Charette, 2004; Buesseler, 1991; Buesseler et al., 2006; Moran et al., 2003).  

In most cases, the depth resolution of in-situ pump sampling was lower than Niskin sampling, 

with the latter used for assessing total 234Th flux at Eq. This requires that Element:234Th ratios 

of sinking particles at Eq be calculated from depths bracketing the Eq. In order to account for 
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the depth-related variations of element to 234Th ratios, we decided to apply different 

interpolation/averaging methods to a range of estimates of this conversion factor at Eq, as 

follows:  

- the linear interpolation at Eq: 

Element:234Th=a×Z+b where Z is the depth; a and b are the parameters obtained by a 

straight line fit between the upper and the lower data point bracketing the target depth, Eq. 

- the average of the two ratios bracketing Eq:    

Element:234Th=[(Element:234Th)z-1+(Element:234Th)z+1]/2 where Z-1 and Z+1 are the 

depths immediately below and above Eq depth. 

- the power law interpolation at Eq:  

Element:234Th=a×Z-b where Z is the depth; a and b are the parameters obtained by an 

exponential fit performed on all or selected data points in order to obtain the best fit. 

- the depth-weighted average Element:234Th ratios in the water layer extending from surface 

to Eq: 

Element:234Th=[Ʃ(Elementi × Zi) / Ʃ(Zi)] / [Ʃ(234Thi × Zi) / Ʃ(Zi)] where Zi are the different 

depths sampled above Eq. 

The choice of the interpolation method depends on how processes affect the element:234Th 

ratios profile. 

The linear interpolation between depths bracketing Eq, as well as taking the average of these 

depths, are appropriate calculations when the curve is monotonic but it can also yield over- or 

under-estimates if there is an important fluctuation at one of the depths bracketing Eq. The 

power law interpolation is only useful when the Element:234Th ratios show a decrease with 

depth and generally fits well the vertical evolution of labile element (N, C) to 234Th ratios. The 

depth-weighted average approach yields a ratio of all particles in the layer between surface 

and Eq thus potentially including living and non-sinking plankton cells which can affect the 

Element:234Th ratio. However, this calculation seems particularly appropriate for the Fe:234Th 

ratios increasing with depth. 
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Buesseler et al. (2006) also highlighted the temporal change of the ratio C:234Th due to 

variations of biological communities in surface waters and thus variations of the particle size 

class and composition. Depending on the region, seasonal variations can impact the 

determination of the ratio. For example, in the Baltic Sea, the C:234Th ratio varied by a factor 

of 10 over the year (see reference in Buesseler et al., 2006). In the present study, we assume 

that the particles collected for the determination of the element:234Th ratio match with those 

that sank to create the 234Th deficit. This assumption of steady state and the effect of temporal 

change of the ratio on the estimated flux will be discussed in section III.4. 

We then compared the elemental export flux results based on these four techniques, 

calculated as: 

Elemental export flux = (Element : 234Th)particulate × 234Th flux (Equation 6.1) 

where Elemental export flux is the quantity of the element (in this study: PN, BSi or PFe) 

leaving the surface ocean (expressed in mmol.m-2.d-1 or µmol.m-2.d-1) and calculated at Eq; 

(Element : 234Th)particulate is the ratio of the studied element to 234Th on large particles calculated 

at Eq with one of the four different interpolation/averaging methods (expressed in µmol.dpm-1 

or nmol.dpm-1); and 234Th flux is the integrated 234Th flux (dpm.m-².d-1) at Eq.  

6.2.5. Determination of PN and BSi export efficiencies 

The efficiency of export (ThEelement) can be estimated from the ratio of export flux to uptake 

flux (Buesseler, 1998). To determine the ThEelement ratio, we used the relationship: 

ThEelement = (Elemental export flux / Elemental uptake flux) × 100 (Equation 6.2) 

where ThEelement is the efficiency of the elemental flux expressed in %; the Elemental export 

flux is given by Equation 1; and the Elemental uptake flux is the water column integrated 

uptake from surface to 1% of surface Photosynthetically Active Radiation (PAR) determined 

via on-board incubation experiments (total N-uptake determined by Cavagna et al., 2015; net 

Si-uptake determined by Closset et al., 2014).  
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6.3. Results 

6.3.1. Total 234Th distribution and export fluxes 

Total 234Th activities are described and discussed in Planchon et al. (2015). At all sites, deficits 

of 234Th relative to 238U were observed, indicating the early export of particles in austral spring 

(Planchon et al., 2015). The 234Th export fluxes were estimated with the steady state and the 

non-steady state models. The good agreement between the two models suggests that particle 

scavenging is at steady state, and thus that the export is constant at A3 and E stations. The 

estimated 234Th fluxes at Eq ranged from 425 dpm.m-2.d-1 at R-2 to 1995 dpm.m-2.d-1 at E-3 

(Table 6.2). In the Fe-fertilized area, the highest 234Th export fluxes were found at E site 

(averaging 1823 ± 165 dpm.m-2.d-1) while lower 234Th export fluxes were observed at highly-

productive A3-2 and F-L sites (993 and 902 dpm.m-2.d-1, respectively). These two stations 

were visited only a few days after the start of the bloom and Planchon et al. (2015) 

hypothesized that these low 234Th fluxes, as well as the high particulate 234Th activities, were 

due to the fact that particles at these two stations were in accumulation phase rather than in 

export phase. 

6.3.2. PN, BSi and PFe distributions 

Concentrations of PN, BSi and PFe are shown in Figure 6.2 and in Table S6.1. The PN, BSi 

and PFe concentrations measured in surface waters of the HNLC area were the lowest (station 

R-2; 0.06 µmol.L-1, 0.28 µmol.L-1 and 0.26 nmol.L-1, respectively) while they were up to 10, 9 

and 16 fold higher in surface waters of the Fe-fertilized area, respectively. The highest PN and 

BSi concentrations were observed at site E-5 (0.609 and 2.41 µmol.L-1, respectively), and the 

highest PFe concentration was measured at station A3-2 (4.16 nmol.L-1).  

Two types of vertical distributions were encountered throughout the bloom duration: 

- Before the bloom development (< 0.5 µg Chl-a.L-1), in surface waters of R-2, A3-1, E-1 and 

E-3 stations, particulate concentrations did not exceed 0.2 µmol PN.L-1, 0.5 µmol BSi.L-1 and 

0.7 nmol PFe.L-1. Similar concentrations were also found deeper in the water column except 
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for PFe at A3-1 and local maxima of PN, BSi and PFe concentrations measured at 130m of 

stations E-1 and E-3. 

- While the bloom developed (> 0.5 µg Chl-a.L-1), in surface waters of E-5, A3-2 and F-L 

stations, particulate concentrations were high reaching 0.61 µmol PN.L-1, 2.41 µmol BSi.L-1 

and 4.16 nmol PFe.L-1. Concentrations decreased with depth reaching levels observed before 

the bloom. 

However, PFe profiles did not follow exactly the same trend. PFe concentrations increased 

with depth at A3-1 station, ranging from 0.77 nmol.L-1 in surface waters to 2.16 nmol.L-1 at 440 

m due to the presence of a nepheloid layer (van der Merwe et al., 2015). At A3-2, PFe 

concentrations decreased with depth from 4.16 nmol.L-1 in surface waters to 1.62 nmol.L-1 

near the seafloor, but a local maximum was observed at 200 m reaching 3.3 nmol.L-1. The 

shape of the vertical profiles at stations F-L and E-5 are similar except that concentrations 

were ~4 to ~5 fold lower than at A3-2. 
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Figure 6.2: Vertical profiles of BSi, PN (µmol.L-1) and PFe (nmol.L-1) concentrations for the different 
stations. 

 

 

6.3.3. Element to 234Th ratio of particles 

Profiles of Element:234Th ratios are shown in Figure 6.3. For both particle sizes, PN:234Th ratios 

were high in surface waters (0.98-2.67 µmol.dpm-1), decreased by ~50 % in the upper 200 m 

and remained relatively constant below 200 m (0.32-0.88 µmol.dpm-1).  

Profiles of PFe:234Th and BSi:234Th ratios differed from those of PN:234Th ratios (and 

POC:234Th; Planchon et al., 2015) by exhibiting a general but variable increase with depth. 
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PFe:234Th ratios at Eq were greater over the Plateau (36 nmol.dpm-1 at A3-2 and ~66 

nmol.dpm-1 at A3-1) compared to other stations (from 3.2 nmol.dpm-1 at R-2 to 15 nmol.dpm-

1 at E-4W). The highest PFe:234Th ratios were measured at the first visit of the Plateau A3 site 

(A3-1), reaching 175 nmol.dpm-1 at 440 m, near the sea floor. In comparison, variations of 

BSi:234Th ratios at Eq were smaller (from 2.40 µmol.dpm-1 at E-1 to 11.4 µmol.dpm-1 at E-3). 

Overall, PN and PFe to 234Th ratios for the two size fractions (1-53 and > 53 µm) were 

comparable at Eq, except for a few cases. At A3-2 and E-1, PN:234Th ratios in large particles 

were ~2 fold lower than ratios for small particles, and at E-3 and F-L, PFe:234Th ratios for large 

particles were about a factor 2 larger than for small particles.   
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Figure 6.3: Vertical profiles of elemental ratios of a) BSi:234Th, b) PN:234Th, c) PFe:234Th. Large (> 53 
µm) particles are represented by filled symbols while small particles (1-53 µm) are represented by open 
symbols. PFe concentrations for small particles are discussed in van der Merwe et al. (2015), PN 
concentrations for small particles can be found in Table S2. Sediment trap ratios (from Laurenceau et 
al., 2015; Bowie et al., 2015) at 200 m are represented by thick black surrounded symbols. Bottom 
depths are indicated by the zebra lines and Eq depths are indicated by the light green lines. 
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6.3.4. Element to 234Th ratio of sinking particles 

In order to convert 234Th fluxes into PN, BSi, PFe export fluxes, the PN; BSi; PFe to 234Th ratios 

of the sinking particles at the export depth are required (Buesseler et al., 2006). The different 

interpolations, detailed in the methods section, were used to estimate the appropriate 

element:234Th ratio at Eq and the range of the calculated ratios can be found in Table 6.2 and 

in Figure 6.4. The comparison of the different interpolation methods yields similar results but 

some disparities were observed especially between the linear interpolation and the depth 

weighted average methods. The values of PN:234Th ratios derived from the linear interpolation 

were 1.6 and 2.3 fold lower at A3-2 and at F-L stations, respectively, than ratios calculated 

using other interpolation methods. On the contrary, the PFe:234Th ratio at A3-2 calculated by 

linear interpolation was much larger than values estimated by other methods, due to an 

important local increase of the ratio between 110 and 200m (from 6.96 to 36.04 nmol.dpm-1).  

The depth-weighted average method yielded the lowest BSi:234Th ratios at E-3 and F-L 

stations (4.9 and 1.9 µmol.dpm-1 compared to average of 11 and 5.8 µmol.dpm-1, respectively) 

due to low ratios in surface waters (3.73 µmol.dpm-1 at 90 m at E-3 and 1.60 µmol.dpm-1 at 40 

m at F-L). Likewise, PFe:234Th ratios estimated using the depth-weighted average were lower 

than those estimated by other interpolation methods (up to 8 fold at F-L) but they were similar 

to ratios obtained from free-floating sediment traps (“P-trap” hereafter; Bowie et al., 2015). 

Ratios determined by ISP and P-trap methods are in good agreement except for BSi:234Th 

ratios that were from 1.2 to 5.4 fold higher in P-trap at E-3 and E-1, respectively (Table 6.2 

and Figure 6.4). Disagreements in POC:234Th ratios between P-trap and ISP methods have 

been observed elsewhere, with differences ranging between a factor 2 and 6 (Bacon et al., 

1996; Benitez-Nelson et al., 2001; Buesseler et al., 1995, 1992; Lepore et al., 2009; Murray 

et al., 1996; Puigcorbé et al., 2015; Stewart et al., 2007). In this study, the largest difference 

between P-trap and ISP was observed at E-1 for BSi: 234Th ratios (factor of 5.4). At all stations, 

lower BSi: 234Th were measured in ISP compared to P-trap, suggesting that the use of ISP for 

the estimation of BSi export flux yields a lower limit. 
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Finally, elemental fluxes can be influenced by the temporal evolution of the Element to 234Th 

ratio. The range of element:234Th ratios for the different visits of the A3 and E sites somehow 

reflects the temporal changes in particle composition (Table 6.2, Figure 6.4). During the cruise, 

the BSi:234Th and PFe:234Th ratios significantly decreased over time by a factor of 1.9 and 2.6 

at A3 and, 2.5 and 2.3 at E, respectively. A similar trend was observed at E station for the 

BSi:234Th and PFe:234Th ratios measured in the sediment traps decreasing by a factor of 2.2 

and 5.5, respectively (Laurenceau-Cornec et al., 2015a; Bowie et al., 2015). These temporal 

evolutions are probably related to the bloom development, changing the biological and 

chemical conditions in the euphotic layer and thus influencing the particle size and 

composition. The dynamic shift of BSi:234Th and PFe:234Th ratios could lead to 2-3 fold 

changes in estimated BSi and PFe export fluxes, indicating the difficulty to estimate these 

export fluxes. Conversely, as the ratios PN:234Th varied from less than a factor of 1.2 at both 

A3 and E stations, there seems to be no temporal effect of changing ratios on PN estimated 

fluxes. 

The evolution of PN:234Th ratios over time can also be studied over the growth season by 

comparing KEOPS2 (austral spring) with KEOPS1 (austral summer; Savoye et al., 2008) for 

the Plateau A3 site. Before the bloom in October (A3-1 station), PN:234Th was equal to 0.83 ± 

0.12 µmol.dpm-1 and decreased to 0.73 ± 0.18 µmol.dpm-1 in mid-November during the bloom 

development (A3-2 station). At the end of the productive period in February, as observed 

during KEOPS1, the PN:234Th ratio reached 0.65 ± 0.28 µmol.dpm-1. This comparison confirms 

the fairly constancy of the PN:234Th ratio and thus the estimation of the PN export flux. 
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Figure 6.4: Elemental ratios of PN, BSi and PFe to 234Th for the >53 µm size fraction calculated at the 
Eq depth using different interpolation/averaging methods being: linear interpolation; average around 
Eq; power interpolation; depth-weighted average. The ratios obtained from sediment traps are also 
indicated with the BSi:234Th and PN:234Th ratios from Laurenceau et al. (2015) and the PFe:234Th ratios 
from Bowie et al. (2015). 
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  MLD Eq Th flux PN:234Th PN flux ThE PN BSi:234Th BSi flux ThE BSi PFe:234Th PFe flux POC:234Th POC flux ThE POC 
  m m dpm.m-2.d-1 µmol.dpm-1 mmol.m-².d-1 % µmol.dpm-1 mmol.m-².d-1 % nmol.dpm-1 µmol.m-².d-1 µmol.dpm-1 mmol.m-².d-1 % 

R-2 76 110 425 ± 134 1.4 - 1.8 0.58 - 0.75  7 - 9  5.73 - 6.46 2.44 - 2.75  79 - 89 3.20 - 4.87 1.36 - 2.07 8.0 - 9.8 3.4 - 4.2 30 - 37  
med.       1.7 0.73 9 5.99 2.55 82 4.5 1.92 9.5 4.1 36 
A3-1 123 200 776 ± 171 0.69 - 0.93 0.54 - 0.72   8.38 - 8.70 6.51 - 6.75   54.4 - 59.0 42.2 - 45.8 4.5 - 5.3 3.5 - 4.1   
med.       0.83 0.64   8.43 6.54   55.7 43.2 4.8 3.7   
A3-2 123 200 993 ± 200 0.48 - 0.84 0.47 - 0.83  1 - 2  4.01 - 5.19 3.99 - 5.15  8 - 11  7.66 - 39.9 7.60 - 36.9 3.1 - 5.6 3.1 - 5.5  2 - 3 
med.       0.73 0.72 2 4.54 4.50 9 21.6 21.4 5.2 5.1 3 
P-trap       0.71 ± 0.24 0.36 ± 0.14   14.2 ± 3.9 7.17 ± 2.24   11.4 ± 1.9 5.75 ± 1.20 4.4 ± 1.2 2.2 ± 0.68   
E-4W 55 150 1174 ± 168 0.62 - 0.66 0.73 - 0.77 2 3.37 - 5.01 3.95 - 5.89  12 - 19  9.55 - 13.5 11.2 - 15.9 3.8 - 4.4 4.5 - 5.1 2 
med.       0.63 0.74 2 4.46 5.24 16 13.5 15.8 3.9 4.5 2 
E-1 69 200 1665 ± 201 0.62 - 0.75 1.0 - 1.3  7 - 8 3.33 - 5.79 5.54 - 9.63 33 - 57  4.76 - 5.20 4.44 - 12.6 4.1 - 4.7 6.8 - 7.8  16 - 18  

med.       0.64 1.1 7 4.08 6.80 40 4.94 8.23 4.2 7.0 16 
P-trap       1.20 ± 0.07 1.0 ± 0.32   23.9 ± 5.7 21.0 ± 10.4   5.20 ± 0.23 4.58 ± 1.38 8.0 ± 0.5 7.0 ± 2.3   

E-3 35 200 1995 ± 176 0.58 - 0.69 1.2 - 1.4  7 - 8  4.91 - 11.1 9.80 - 22.2 93 - >100 3.37 - 12.8 9.80 - 25.5 3.9 - 4.4 7.7 - 8.8 13 - 15  
med.       0.63 1.3 7 10.2 20.4 > 100 11.2 22.4 4.1 8.2 14 
P-trap       0.64 ± 0.09 0.72 ± 0.21   10.9 ± 0.5 12.4 ± 2.48   1.67 ± 0.01 1.89 ± 0.29 4.3 ± 0.7 4.9 ± 1.5   
E-4E 80 200 1296 ± 193 0.44 - 0.54 0.57 - 0.69 3 4.91 - 10.2 5.67 - 10.6 27 - 51  4.88 - 9.27 6.33 - 12.0 2.9 - 3.5 3.8 - 4.5  5 - 6  
med.       0.44 0.57 3 8.21 7.99 38 6.20 8.03 2.9 3.8 5 
E-5 41 200 1810 ± 190 0.53 - 0.60 0.96 - 1.1  4 - 5  4.31 - 6.18 7.80 - 11.2  28 - 41  3.47 - 8.32 6.29 - 15.1 3.7 - 4.0 6.7 - 7.2 9 

med.       0.54 0.98 4 4.37 7.90 29 7.60 13.8 3.8 6.9 9 
P-trap       0.28 ± 0.03 0.27 ± 0.12   14.9 ± 4.5 14.3 ± 12.4   0.94 ± 0.16 0.90 ± 0.36 2.1 ± 0.2 2.0 ± 1.0   

F-L 47 100 902 ± 117 0.36 - 0.93 0.32 - 0.84 0.3 - 1 1.90 - 5.80 1.72 - 5.23  6 - 19  2.91 - 24.0 2.62 - 21.7 2.2 - 5.7 2.0 - 5.1  1 - 2  
med.       0.71 0.64 1 5.80 5.23 19 24.0 21.7 4.5 4.0 1 

 

Table 6.2: Mixed layer depth (MLD), depth of the maximal 234Th export (i.e., “Eq”; Planchon et al., 2015), range of Element:234Th ratios calculated with the 
different interpolation methods  (µmol.dpm-1 for PN and BSi:234Th; nmol.dpm-1 for PFe:234Th) and corresponding ranges of elemental export fluxes estimated at 
Eq (mmol.m-2.d-1 for PN and BSi fluxes; µmol.m-2.d-1 for PFe fluxes). The median value (med.) is also indicated. Determination of BSi and PN export efficiencies 
were based on Si-uptake (Closset et al., 2014) and total N-uptake rates (Cavagna et al., 2015) in water column integrated from surface to 1% of surface 
Photosynthetically Active Radiation. Whenever possible, element:234Th ratios and export fluxes are compared to fluxes estimated from sediment traps (P-trap; 
Laurenceau et al., 2015; Bowie et al., 2015). POC:234Th ratios, POC export fluxes and efficiencies (from Planchon et al., 2015) are also indicated. 
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6.3.5. Elemental export fluxes 

The elemental export fluxes at Eq are presented in Table 6.2 and Figure 6.5.  

The highest PN and BSi fluxes were measured at station E-3 (median: 1.26 mmol PN.m-2.d-1 

and 20.4 mmol BSi.m-2.d-1), while the highest PFe export flux was observed at A3-1 (median: 

43.2 µmol.m-2.d-1). 

The reference station R-2 was characterized by the lowest BSi and PFe fluxes (median values: 

2.55 mmol BSi.m-2.d-1 and 1.92 µmol PFe.m-2.d-1). Regarding PN export fluxes, the lowest flux 

was estimated at E4-E (median value: 0.57 mmol.m-2.d-1) but the fluxes estimated at R-2, A3-

1, A3-2, E-4W and F-L were not significantly different considering the error bars associated 

with the different interpolation methods (Figure 6.5). High export fluxes were observed at the 

moderately productive E site in the PF meander, reaching 1.26 mmol PN.m-2.d-1, 20.4 mmol 

BSi.m-2.d-1, 22.4 µmol PFe.m-2.d-1 at E-3, while the highly-productive stations (A3-2 and F-L 

stations) were characterized by lower fluxes, averaging 0.68 mmol PN.m-2.d-1, 4.87 mmol 

BSi.m-2.d-1, and 21.6 µmol PFe.m-2.d-1. Fluxes at F-L station are comparable to those 

estimated at the HNLC station R-2, and the A3-2 station was characterized by lower BSi and 

PFe export fluxes than during the early bloom condition prevailing at A3-1. 

Lastly, the ranges of elemental fluxes estimated in this paper were in relatively good 

agreement with elemental fluxes measured with P-traps (Table 6.2, Figure 6.5; Bowie et al., 

2015; Laurenceau-Cornec et al., 2015). Nevertheless, PN and PFe export fluxes measured 

with P-trap were lower or in the lower range of fluxes determined by ISP. In contrast, BSi 

export fluxes from the P-trap were higher than fluxes determined by ISP, except at station E-

3 where both methods gave similar results.  
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Figure 6.5: Range of calculated PN, BSi (mmol.m-².d-1) and PFe (µmol.m-².d-1) export fluxes at the Eq 
depth from in-situ pumps (box plots) and export fluxes obtained by sediment traps at 200 m (circles; 
Laurenceau et al., 2015 and Bowie et al., 2015) during KEOPS2. The heights of the boxes correspond 
to the lowest and the highest values determined by the 4 different interpolation/averaging methods. The 
plain line inside the box represents the median value. 
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6.4. Discussion 

We will first briefly compare this data set to the existing literature before discussing the impact 

of the natural Fe-fertilization of the Kerguelen Plateau on the magnitude and stoichiometry of 

biogeochemical export fluxes. We look into the spatial and temporal variations of export 

magnitude and efficiency inside and outside of the fertilized area. Then, in order to explain 

these fluctuations, we consider several factors, such as the phytoplankton community 

structure, the ballast effects, and the degradation/dissolution processes of the sinking 

particles, which can all affect the transfer of particulate organic matter from the surface to the 

deep waters. 

6.4.1. Comparison to previous studies 

Particulate POC, PN, BSi, PFe concentrations and export fluxes in the Southern Ocean from 

existing literature are reported in Table 6.3. In particular, particulate concentrations and 

elemental export fluxes from this dataset are comparable with those of KEOPS1 and 

CROZEX. 

During the bloom development, PN concentrations stayed quiet stable over time, from 0.61 

µmol.L-1 in November to 0.71 µmol.L-1 in February over the Kerguelen Plateau while POC, BSi 

and PFe concentrations were roughly 2-fold, 10-fold and 3-fold higher during KEOPS1 and 

CROZEX, respectively (Mosseri et al., 2008; Planquette et al., 2009; Trull et al., 2008) in 

comparison to the KEOPS2 survey. The enhancement of the POC, BSi and PFe 

concentrations in the late season indicated a long retention time for nutrients which has been 

related to a shift of phytoplankton communities towards more heavily silicified diatoms in a 

deep chlorophyll maximum. Indeed, these diatoms are characterized by a slow growth and by 

a high iron storage capacity (Armand et al., 2008; Boyd, 2013; Lasbleiz et al., 2014; Mosseri 

et al., 2008; Uitz et al., 2009). Otherwise, the increase of PFe and PN concentrations during 

FeCycle II (austral spring) was related to a shoaling of the mixed layer (Ellwood et al., 2014). 

Concerning the elemental export fluxes, PN, BSi and PFe export fluxes appear to be ~3-fold 

higher during austral summer (CROZEX, KEOPS1; Morris et al., 2007; Planquette et al., 2011; 
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Salter et al., 2007; Savoye et al., 2008) than in the present austral spring study. The 

comparison with other studies in the Southern Ocean shows that PN export fluxes were also 

2.5-fold lower than fluxes measured during the austral summer artificial Fe fertilization 

experiment SOIREE, as well as during the austral spring natural Fe fertilization FeCyle II, 

unlike BSi and PFe export fluxes. These differences suggest an evolution over time of the 

parameters controlling the sinking particles and thus the export fluxes and they will be 

discussed in the following discussion. 
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Cruise Season Location Method Particle size POC PN BSi PFe 
Reference         µm µmol.L-1 mmol.m-².d-

1 µmol.L-1 mmol.m-².d-

1 µmol.L-1 mmol.m-².d-

1 nmol.L-1 µmol.m-².d-1 

CROZEX Nov 2004        
 Jan 2005 

Indian sector:  Crozet Island 
ISP >53 0.30-0.86   0.05-0.13   0.12-1.1   0.15-13.2   Planquette et al., 2009 
ISP >53               2.70-145 Planquette et al., 2011 
ISP >53   5.30-25.8   1.1-4.2         Morris et al., 2007 

P-trap         0.16-2.3   0.80-60.9     Salter et al., 2007 
SOFeX  Jan-Feb 2002 Pacific sector ISP >53         0.14-1.7       Lam and Bishop, 2007 

ISP >53   1.20-12.3 0.11-0.45 0.4-1.7   0.10-1.30     Buesseler et al., 2005 
SOIREE Feb 1999 Indian sector 

P-trap     5.70-17.0   1.1-3.6   3.15-6.73     Nodder and Waite, 2001 
estimations  from P-trap                 5.20 Bowie et al., 2001 

US JGOFS 
AESOPS Oct 1997                          Mar 1998 Pacific sector ISP >70   5.50-44.4       1.40-11.0     Buesseler et al., 2001 
FeCycle Feb 2003 

Pacific sector: southeast of  New Zeland P-trap     2.09-2.51   0.30   0.101-0.127 0.29-0.39 0.22-0.55 Frew et al., 2006 
FeCycle 2 Sept-Oct 2008 

Pacific sector: east of  New Zealand P-trap+ISP >0.2 5.2-6.6 11.0-12.0 0.78-0.94 1.1-3.5   2.5-6.0 3.0-23.3 5.0-17.0 Ellwood et al., 2014 
KEOPS1 Jan-Feb 2005 Indian sector:  

Kerguelen Island 
filtration >0.6          2.0-21        Mosseri et al., 2008 

P-trap+ISP >1.2   10.3-24.5   1.6-4.8         Savoye et al., 2008 
filtration >55 0.17-8.70    0.20-0.71           Trull et al., 2008 

KEOPS2 
Oct 2011-May 2012 Indian sector:  

Kerguelen Island 
moored trap     0.04-1.60   0.01-0.23   0.03-2.60     Rembauville et al., 2015a 

Oct-Nov 2011 ISP >53 0.11-3.9 2.50-10.8             Planchon et al., 2015 
ISP >53     0.02 - 0.61 0.32-1.4 0.13 - 2.4 1.72-22.2 0.51 - 4.2 1.36-45.8 this study 

 

Table 6.3: Comparison of reported ranges for particulate POC, PN, BSi, PFe concentrations and export fluxes in the Southern Ocean.  
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6.4.2. Impact of natural iron fertilization on export fluxes 

The natural Fe fertilization of the Kerguelen Plateau induced an increase of export fluxes. POC 

export fluxes were higher at Fe-fertilized stations in comparison to the HNLC reference station. 

The greatest impact was at station E with a 2.9-4.5-fold higher carbon flux at 200m in 

comparison with the HNLC station (Planchon et al., 2015). Surprisingly, carbon export fluxes 

at high productivity stations were significantly less amplified (1.6-2.0-fold higher at A3-2, E-4W 

and F-L stations than at R-2 station; Planchon et al., 2015).  Variations of export fluxes within 

the fertilized area thus appeared decoupled from the productivity, highlighting that other 

parameters influenced the magnitude and the efficiency of export fluxes during this early 

season period. 

Similarly, BSi and PFe export fluxes at the HNLC reference site R-2 were the lowest, and, the 

PN flux was amongst the lowest observed in the whole area (Table 6.2, Figure 6.5), indirectly 

confirming that the natural Fe-fertilization positively enhanced PN, BSi and PFe export fluxes. 

However, despite the small fluxes; the export efficiencies at R-2 were high, as seen in the 

ThEBSi value reaching 89% at R-2 and indicating a very efficient silica pump, even though the 

BSi export flux and the Si-uptake were low (Closset et al., 2014). Similarly, in Fe-limited 

seawaters of the EIFEX experiment, the Si sequestration was more efficient relative to other 

nutrients in the deep Southern Ocean (Assmy et al., 2013). These authors have also 

demonstrated that the POC export was enhanced in iron-replete seawaters. This result is not 

as evident in the Fe-replete seawaters of the Kerguelen Plateau. Although export fluxes were 

higher in the fertilized areas above the Plateau and downstream of the island, they did not 

increase with progress of the growth season. Indeed, the highly productive stations (A3-2 or 

E-5) were associated with similar or lower POC, PN, PFe and BSi export fluxes in comparison 

to the low to moderately productive stations (A3-1 or E-1 and E-3 stations; Figure 6.5). The 

sampling being done during the early stages of bloom development, it is likely that an 

accumulation of biomass in surface waters could limit the export (Jacquet et al., 2015; 

Planchon et al., 2015). Indeed, the lowest ThEPN and ThEBSi were recorded at A3-2, E-4W and 
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F-L stations, confirming that only a small fraction of the produced biomass was exported. In 

comparison, export fluxes measured during austral summer over the Plateau (using a moored 

sediment trap or ISP during KEOPS1), indicated that POC, PN and BSi export fluxes do 

increase during late season (Rembauville et al., 2015b; Savoye et al., 2008; Table 6.3). 

Clearly, the decline of the diatom bloom during summer, following the depletion of silicic acid 

(Boyd et al., 2004; Mosseri et al., 2008), triggered a diatom export. The high export fluxes in 

late season could also be supported by grazing pressures increasing over the season (Carlotti 

et al., 2015) and leading to the presence of strongly silicified, grazing-resistant and fast-sinking 

diatoms (Quéguiner, 2013; Pondaven et al., 2007). Similarly, higher POC, PN, BSi and PFe 

export fluxes were observed above the Crozet Plateau during mid to late season (November 

2004 - January 2005; Morris et al., 2007; Planquette et al., 2011; Salter et al., 2007; Table 6.3). 

The highest PN and BSi export fluxes were measured at the moderately productive E station 

which was also characterized by the highest ThEPN and ThEBSi values for the Kerguelen area, 

indicating that elemental exports are not necessarily related to a high productivity (Table 6.2, 

Figure 6.8).  

6.4.3. Importance of elemental composition on export fluxes 

6.4.3.1. The silica ballast efficiency dependent on diatom communities 

The relative contribution of each diatom is described with great detail by Lasbleiz et al. 

(submitted). Briefly, at the low and moderately productive stations (R-2 and E stations), the live 

cell abundance was dominated by large and highly silicified diatom species such as 

Fragilariopsis kerguelensis (18% at R-2 and E-1 and 6% at E-5) and Thalassionema 

nitzschioides (21% at R-2 and E-1 and 17% at E-5). On the contrary, at highly productive 

stations (A3-2 and F-L stations), small and lightly silicified diatom species such as Chaetoceros 

(Hyalochaete) spp. (87 and 31% respectively) and centrics spp. (<25 µm) like Thalassiosira 

spp (5 and 54% respectively) dominated. The different degrees of silicification could have 

induced different ballast efficiencies and therefore influenced the stoichiometry of export 

fluxes. In Figure 6.6, we examine the spatial distribution of the BSi:POC, BSi:PN and BSi:PFe 
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ratios in order to identify the different variations of stoichiometry. These ratios were 

investigated in the >53 µm bulk material collected via ISP (this study), material collected via P-

trap (Laurenceau-Cornec et al., 2015) and for discrete diatom cells from surface waters 

(Lasbleiz, 2014). In all cases, the highest BSi:POC, BSi:PN and BSi:PFe ratios were measured 

at stations characterized by a low to moderate productivity (R-2, A3-1 and E stations). Several 

authors have documented that Si:C and Si:N ratios changed with light and nutrient limitations, 

grazing pressure, and varying composition of phytoplankton communities (Baines et al., 2010; 

Claquin et al., 2002; Franck et al., 2000; Hare et al., 2007; Hutchins and Bruland, 1998; Moore 

et al., 2007; Pondaven et al., 2007; Takeda, 1998). Moreover, it has been shown Si:C ratios 

tend to increase under Fe-stress conditions in comparison with Fe-replete conditions 

(Marchetti and Cassar, 2009). During KEOPS2, the Si:C ratios of diatoms confirm this trend, 

increasing from 0,25 and 0,71 at iron replete stations (F-L and A3-2 respectively) to 0,95 and 

1,7 at Fe limited stations (E and R-2 respectively; Lasbleiz, 2014). In our study, BSi:POC, 

BSi:PN and BSi:PFe molar ratios, in the upper 150 m, varied between 0.54 and 1.29, 3.50 and 

8.08, 0.14 and 1.00, respectively, at stations with slightly silicified diatoms (stations A3-2 and 

F-L), and between 0.40 and 1.71, 2.24 and 10.22, 0.16 and 4.70, respectively, where large 

and heavily silicified diatom communities dominated (stations R-2, A3-1 and E). The highest 

BSi:PN and BSi:POC ratios were related to the presence of heavily silicified diatoms dominant 

at stations where the mixed layer depth and light conditions varied over time (A3-1 and E 

stations), or where dFe concentrations were limiting (R-2 station). The variations of the 

BSi:PFe ratio were controlled by the BSi concentrations at E and R-2 stations where PFe 

concentrations did not vary more than 0.5 nmol.L-1 throughout the water column (Table S6.1). 

Over the Plateau at both visits and north of the PF, lower BSi:PFe ratios were observed due 

to higher PFe concentrations.  

Therefore, the stoichiometry of the sinking particles seems to be related to the different diatom 

communities present in surface waters. Moreover, the comparison of the different elemental 

ratios between ISP and P-trap suggest that heavily silicified diatoms were an important 

contributor of the sinking flux (Figures 6.2 and 6.6). Indeed, BSi:234Th ratios, as well as 
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BSi:POC, BSi:PN and BSi:PFe ratios, were higher in P-trap than ISP highlighting that the 

sinking flux was controlled by more heavily silicified diatoms than the standing stock, and/or 

by fecal pellets that had lost part of their N (or C), as a result of heterotrophic activity. As 

suggested by Rembauville et al. (2015a), the presence of empty diatom frustules could also 

control the export stoichiometry and increase the BSi:POC ratio. However, similar PN:234Th (or 

POC: 234Th) ratios were measured in P-trap and ISP, indicating that the high BSi proportion in 

particles was probably related to heavily silicified phytoplankton species and not to a loss of 

POC, PN or PFe.  

The presence of these heavily silicified species might have promoted higher export fluxes by 

ballast, in particular at the low and moderately productive stations (R-2 and E stations) where 

the export efficiencies were the highest (Laurenceau-Cornec et al., 2015; Le Moigne et al., 

2014). 
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Figure 6.6: Vertical profiles of BSi:POC, BSi:PN, BSi:PFe and POC:PN molar ratios in large particles 
(> 53 µm) collected in the Kerguelen area. Close to the surface, green surrounded symbols represent 
Si:C ratios specific to diatoms as reported by Lasbleiz (2014). These ratios were obtained from the 
carbon biomass and the BSi concentration. The latter may be overestimated by taking into account the 
living and dead cells. At 200 m, ratios measured in sediment traps by Laurenceau et al. (2015) and 
Bowie et al. (2015) are represented by the black surrounded symbols. The dashed line represents the 
typical value of the C:N ratio (6.6) reported by Redfield et al. (1963). 

 

 

6.4.3.2. PFe export fluxes: under biogenic and lithogenic influences 

The highest total PFe export flux of the Kerguelen area was observed over the Plateau during 

the first visit (A3-1) where the lithogenic Fe fraction was larger than at other stations, with low 

percentages of biogenic PFe (4% in the upper 100 m at A3-1; Table S6.1). At the second visit, 

A3-2, the total PFe export flux decreased while the contribution of biogenic PFe increased, 

representing more than 60% between 110 and 165 m). The Fe retention by biology in surface 

waters can explain the lower export flux at station A3-2, as well as at E and F-L sites. Regarding 

small particles (1-53µm), van der Merwe et al. (2015) also observed a larger biogenic PFe pool 
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at A3-2, suggesting enhanced biological uptake at A3-2 compared to A3-1. Between both 

visits, the total PFe load shifted from small to large particles, with the 1-53 µm size fraction 

carrying 8.2 and 0.9 nmol.L-1 PFe (van der Merwe et al., 2015) and the >53 µm size fraction 

carrying 0.8 and 4.2 nmol.L-1 PFe (this study) in surface waters at A3-1 and A3-2 stations, 

respectively. The size partitioning was also investigated for particulate Th activities: 95% of the 

total particulate 234Th activity was associated with 1-53 µm particles at A3-1 while only 26% 

was at A3-2 (Table S6.1). Thus, small particles at A3-1 composed largely of lithogenic material 

were likely responsible for the largest PFe export flux at this station. This corroborates the 

observations of Bowie et al. (2015) who showed a decrease of the lithogenic PFe stock over 

the mixed layer from A3-1 to A3-2 (from 892 to 265 µmol.m-2, respectively) while the biogenic 

PFe stock remained constant between successive visits  to the A3 site (from 13 to 14 µmol.m-

2). These results point to an important ballast effect of lithogenic particles that can influence 

the magnitude and the efficiency of the total PFe export flux. This is in line with Ellwood et al. 

(2014) who showed that the lithogenic PFe had a shorter residence time and was preferentially 

exported to depth.  

Our dataset allows the comparison of vertical PFe export and the mixed layer PFe stock for 

the A3 and E sites. Bowie et al. (2015) estimated a PFe decrease of 991 and 56 µmol.m-2 PFe 

in the mixed layer over the time elapsed between A3-1 and A3-2 and between E-1 and E-5, 

respectively.  

In order to investigate the temporal evolution, the 234Th flux was calculated using the non-

steady state (NSS) model at sites A3 (27 days between A3-1 and A3-2) and E (19 days 

between E-1 and E-5; Planchon et al., 2015). This 234Th flux was then converted into PFe 

export fluxes using the average of all PFe:234Th ratios obtained at A3 and E sites (A3-1 and 

A3-2, and then, E-1, E-3 and E-5 respectively). Over the Plateau, the NSS vertical PFe flux 

was 46.5 µmol.m-2.d-1 which can be translated into an export of 1254 µmol.m-2 between A3-1 

and A3-2. This value is of the same order of magnitude as the stock lost between the two visits, 

reported by Bowie et al. (2015), pointing to an efficient vertical transport of PFe. At E site, the 

NSS PFe flux was 17.7 µmol.m-2.d-1 which is equivalent to 335 µmol.m-2 exported between E-
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1 and E-5, so some 6-fold larger than the loss of PFe stock over the same period (Bowie et 

al., 2015). Since the E site was characterized by important mesoscale activity and by episodic 

lateral iron supplies (van der Merwe et al., 2015), the larger difference at this site could result 

from horizontal and vertical transport processes, other than export and which are not 

considered in our calculation. However, the PFe export flux through exceeding the PFe stock 

loss over time is of the same order of magnitude. Overall, the efficient vertical transport of PFe, 

mostly due to the presence of lithogenic particles, contributed strongly to the decrease of the 

Fe stock in surface waters (Bowie et al., 2015). 

6.4.4. Fluxes and degradation of sinking particles 

Ratios of POC over PN fluxes at the different stations was only slightly larger than the canonical 

Redfield ratio of 6.6 (7.1 mol.mol-1, r²=0.95; n=9; Figure 6.7), indicating that both elements had 

a similar behavior and that the POC:PN ratio was generally not affected by iron limitation 

(Hoffmann et al., 2006; Price, 2005).  

 

Figure 6.7: POC versus PN fluxes (mmol.m-2.d-1) for all stations. 
 

However, a general increase of the POC:PN ratio with depth was observed for all stations 

(Figure 6.6). This change may be related to a decrease of PN content in sinking particles due 

to a preferential remineralization of PN relative to POC with depth, and resulting in nitrification 

during the bloom period  Several authors have confirmed the significance of nitrification in the 

Kerguelen Plateau area, with nitrification equivalent to up to 47% of the nitrate uptake 
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(Cavagna et al., 2015; Dehairs et al., 2015; Fripiat et al., 2015). Other studies, investigating 

suspended particles in the subsurface ocean or particles from deep sediment traps, have 

generally found a more rapid remineralization of N than organic C (Boyd et al., 1999; Boyd and 

Trull, 2007; Schneider et al., 2003), consistent with the more labile nature of N (Gordon, 1971).  

The organic C content of sinking particulate matter is also impacted by remineralization 

(Jacquet et al., 2015). Using BSi:POC and BSi:PN ratios, the POC and PN degradation relative 

to BSi is reflected in the increase of ratios with depth (Figure 6.6). An increase of the Si:C ratio 

with depth is observed in all areas of the ocean and could be explained by zooplankton grazing 

leading to a preferential preservation of BSi in fecal pellets (Ragueneau et al., 2006, 2002). In 

particular, during KEOPS2, the highest mesozooplankton biomass was measured at A3-2 and 

F-L stations reaching 4 and 4.5 g C.m-2 whereas it remained on average below 2 g C.m-2 at 

the other stations (Carlotti et al., 2015). Similarly, the highest bacterial respiration rates were 

measured at the productive stations reaching 1.08, 1.73 and 1.82 µmol C.L-1.d-1 at A3-2, E-5 

and F-L stations compared to rates on average equal to 0.66 µmol C.L-1.d-1 at other stations 

(Christaki et al., 2014). The high heterotrophic activities led to a reduction of the export fluxes 

and to low export efficiencies as observed in this study and also shown in Laurenceau-Cornec 

et al. (2015a).  
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Figure 6.8: Schematic of the main variations of export fluxes determined in this study, in line with other 
parameters studied during KEOPS2 cruise, including ThEPN , ThEBSi, estimated POC (grey circles), PN 
(white squares), BSi (grey stars; mmol.m-2.d-1), and PFe (orange triangles; µmol.m-2.d-1) export fluxes. 
PN export fluxes are multiplied by 6.6 to examine directly the variations of the C:N Redfield ratio. a 
primary production data (mmol C.m-2.d-1) from Cavagna et al. (2015). b dFe concentrations (nmol.L-1) 
from Quéroué et al. (2015). c N uptake data (mmol N.m-2.d-1) from Cavagna et al. (2015). d Si uptake 
data (mmol Si.m-2.d-1) from Closset et al. (2014). e total mesozooplankton biomass data (g C.m-2) from 
Carlotti et al. (2015). f bacterial respiration rates (µmol C.L-1.d-1) from Christaki et al. (2014). g taxonomic 
data from Lasbleiz et al. (2016). h POC export fluxes (mmol.m-2.d-1) from Planchon et al. (2015).  
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6.5. Conclusion 

We investigated PN, BSi and PFe export fluxes in the Kerguelen Plateau area (KEOPS2) using 

the 234Th-based approach. One of the important issues in determining elemental export fluxes 

using the 234Th-based approach, is estimating a representative element:234Th ratio of sinking 

particles at the same depth horizon as the 234Th flux (Buesseler et al., 1992). Due to practical 

issues related with the sampling of particulate 234Th (need of ISP) compared to total 234Th (CTD 

casts), it is, in most cases, not possible to obtain the same depth resolution for particulate as 

for total 234Th. In order to account for the depth-related variations of element:234Th ratios, we 

decided to apply different interpolation/averaging methods to obtain different estimates of the 

element to 234Th ratio at the export depth. A range of fluxes was then calculated which 

highlighted several features of the naturally Fe-fertilized Kerguelen area: 

i) At the HNLC site, low fluxes were observed, but BSi export efficiencies were high reaching 

89% and suggesting an efficient silica pump. 

ii) Low export fluxes were found at high productivity sites located on the Plateau (A3-2 station) 

and north of the Polar Front (F-L station) suggesting accumulation rather than export of 

biomass.  

iii) Within the permanent meander of the PF (site E), the highest PN and BSi export fluxes were 

observed however productivity was relatively moderate and bloom development was delayed.  

iv) The highest PFe export flux was estimated at the early bloom, low-productivity A3-1 station 

over the Plateau, largely sustained by Fe-rich lithogenic particles. 

Overall, this study suggests that natural Fe-fertilization increased PN, BSi, PFe and POC 

export fluxes (Figure 6.8) and flux variations inside the fertilized area can be related to the 

phytoplankton community composition, highlighting a mosaic response to the fertilization. The 

high PN and BSi fluxes at E site can be driven by the presence of large and heavily silicified 

diatom communities increasing the proportion of BSi in the export flux via the silica ballast 

effect. Similarly, the lithogenic contribution could have ballasted PFe export fluxes during the 

early stages of the bloom, especially over the Plateau where resuspension of shelf-sediments 
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was important. Total PFe export efficiency was examined and our results were consistent with 

the data of Bowie et al. (2015) highlighting an efficient vertical transport of PFe particles outside 

the mixed layer. The degradation of particles was observed by the increase of the C:N ratio 

with depth, highlighting a preferential remineralization of PN over POC, and explaining the low 

magnitude and efficiencies of PN export fluxes measured during KEOPS2. The interactions 

between iron supply, the ecosystem development and export fluxes are complex and this work 

demonstrated the need to investigate the biogenic export fluxes, in addition to carbon, to obtain 

a more holistic understanding of the biological pump. 
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Table S6.1: Station details with corresponding sampling date, particulate 234Th activities, POC (from 
Planchon et al., 2015), PN, BSi (µmol.L-1), PAl and PFe (nmol.L-1) concentrations for the >53 µm size 
fraction. The percentage of biogenic particulate iron is also provided (see section II.3.a for details), and 
in case of negative values, the symbol “-“ is used. Errors were calculated using the partial derivative 
method in order to estimate the total error propagation. 

 

station depth 234
Th POC PN BSi PAl PFe bio PFe 

  m dpm.L-1 µmol.L-1 µmol.L-1 µmol.L-1 nmol.L-1 nmol.L-1 % 
R-2                 

50°23'S / 66°42'E                   
25-Oct-2011 

25 0.041 ± 0.001 0.36 ± 0.02 0.058 ± 0.002 0.28 ± 0.06 0.30 ± 0.07 0.26 ± 0.05 51 
110 0.039 ± 0.001 0.38 ± 0.01 0.068 ± 0.002 0.23 ± 0.05 0.30 ± 0.06 0.12 ± 0.02 - 
150 0.024 ± 0.001 0.13 ± 0.01 0.021 ± 0.001 0.10 ± 0.02 0.24 ± 0.05 0.09 ± 0.02 - 
180 0.017 ± 0.001 0.08 ± 0.01 0.012 ± 0.001 0.16 ± 0.03 0.18 ± 0.04 0.08 ± 0.02 4 

A3-1            
50°38'S / 72°05'E              

20-Oct-2011 
40 0.016 ± 0.001 0.11 ± 0.02 0.021 ± 0.002 0.13 ± 0.03 1.91 ± 0.33 0.77 ± 0.12 - 

100 0.019 ± 0.001 0.13 ± 0.01 0.024 ± 0.002 0.14 ± 0.03 1.95 ± 0.29 0.88 ± 0.14 4 
250 0.027 ± 0.001 0.10 ± 0.01 0.017 ± 0.001 0.25 ± 0.05 3.12 ± 0.47 1.76 ± 0.23 24 
440 0.012 ± 0.000 0.09 ± 0.01 0.004 ± 0.002 0.22 ± 0.04 3.10 ± 0.45 2.16 ± 0.39 38 

A3-2           
50°37'S / 72°03'E             

16-Nov-2011 

55 0.490 ± 0.003 3.89 ± 0.03 0.605 ± 0.004 2.12 ± 0.39 9.08 ± 1.49 4.16 ± 0.63 6 
110 0.267 ± 0.002 2.76 ± 0.02 0.422 ± 0.002 1.90 ± 0.34 1.78 ± 0.26 2.00 ± 0.43 62 
165 0.397 ± 0.002 3.18 ± 0.03 0.474 ± 0.004 1.13 ± 0.22 1.15 ± 0.21 1.32 ± 0.19 63 
200 0.082 ± 0.001 0.26 ± 0.01 0.039 ± 0.001 0.43 ± 0.08 4.64 ± 0.68 3.29 ± 0.50 39 
440 0.019 ± 0.000 0.05 ± 0.01 0.006 ± 0.001 0.19 ± 0.04 2.97 ± 0.45 1.62 ± 0.31 21 

E-4W           
48°46'S / 71°26'E           

11-Nov-2011 

90 0.085 ± 0.002 0.50 ± 0.01 0.084 ± 0.002 0.39 ± 0.07 2.14 ± 0.18 0.98 ± 0.09 6 
110 0.212 ± 0.003 1.59 ± 0.01 0.271 ± 0.001 0.17 ± 0.04 1.31 ± 0.23 0.50 ± 0.10 - 
130 0.111 ± 0.002 0.44 ± 0.01 0.073 ± 0.001 0.37 ± 0.08 1.84 ± 0.28 1.48 ± 0.25 - 
190 0.072 ± 0.001 0.26 ± 0.01 0.041 ± 0.001 0.48 ± 0.10 0.78 ± 0.13 0.98 ± 0.18 66 
280 0.035 ± 0.001 0.07 ± 0.01 0.010 ± 0.001 0.17 ± 0.04 0.94 ± 0.14 0.52 ± 0.10 23 

E-1           
48°28'S / 72°12'E         

30-Oct-2011 

40 0.105 ± 0.002 1.20 ± 0.02 0.200 ± 0.003 0.54 ± 0.12 0.28 ± 0.08 0.28 ± 0.05 56 
90 0.121 ± 0.002 1.46 ± 0.01 0.269 ± 0.002 1.24 ± 0.25 0.78 ± 0.14 0.35 ± 0.07 5 

130 0.177 ± 0.002 1.01 ± 0.01 0.169 ± 0.001 1.73 ± 0.34 0.44 ± 0.10 0.85 ± 0.13 78 
170 0.198 ± 0.002 1.05 ± 0.01 0.177 ± 0.001 0.48 ± 0.09 0.80 ± 0.13 0.36 ± 0.05 4 
280 0.033 ± 0.001 0.10 ± 0.01 0.012 ± 0.001 0.19 ± 0.04 0.82 ± 0.13 0.44 ± 0.07 20 

E-3             
48°42'S / 71°56'E            

3-Nov-2011 
90 0.062 ± 0.001 0.58 ± 0.02 0.103 ± 0.002 0.23 ± 0.05 0.33 ± 0.06 0.14 ± 0.02 2 

130 0.126 ± 0.002 0.90 ± 0.01 0.155 ± 0.001 0.55 ± 0.11 0.53 ± 0.09 0.23 ± 0.04 1 
190 0.043 ± 0.001 0.18 ± 0.01 0.028 ± 0.001 0.49 ± 0.09 0.71 ± 0.12 0.54 ± 0.07 44 
280 0.016 ± 0.001 0.06 ± 0.01 0.008 ± 0.001 0.15 ± 0.03 0.37 ± 0.07 0.15 ± 0.02 - 

E-4E          
48°43'S / 72°34'E            

13-Nov-2011 
50 0.075 ± 0.002 0.52 ± 0.02 0.082 ± 0.003 0.42 ± 0.11 0.76 ± 0.15 0.51 ± 0.11 36 

100 0.057 ± 0.001 0.19 ± 0.01 0.028 ± 0.002 0.09 ± 0.03 0.22 ± 0.06 0.13 ± 0.03 29 
150 0.067 ± 0.001 0.27 ± 0.01 0.009 ± 0.001 0.28 ± 0.07 0.59 ± 0.10 0.21 ± 0.04 0 
200 0.020 ± 0.001 0.06 ± 0.01 0.007 ± 0.001 0.17 ± 0.04 0.37 ± 0.04 0.19 ± 0.02 15 

E-5            
48°25'S / 71°54'E          

18-Nov-2011 

35 0.323 ± 0.004 3.61 ± 0.03 0.609 ± 0.005 2.41 ± 0.48 0.46 ± 0.10 0.51 ± 0.08 62 
120 0.132 ± 0.001 0.59 ± 0.01 0.093 ± 0.002 0.56 ± 0.11 0.48 ± 0.09 0.84 ± 0.15 75 
220 0.035 ± 0.001 0.12 ± 0.01 0.017 ± 0.001 0.15 ± 0.03 0.81 ± 0.14 0.31 ± 0.07 - 
300 0.020 ± 0.001 0.07 ± 0.01 0.009 ± 0.001 0.21 ± 0.04 0.54 ± 0.09 0.26 ± 0.04 10 
400 0.014 ± 0.000 0.08 ± 0.01 0.012 ± 0.001 0.11 ± 0.03 0.53 ± 0.09 0.28 ± 0.04 18 

F-L            
48°31'S / 74°40'E            

6-Nov-2011 

40 0.558 ± 0.006 nd   nd nd   nd 0.89 ± 0.19 1.58 ± 0.28 1.49 ± 0.25 55 
70 0.051 ± 0.001 nd   nd nd   nd 0.31 ± 0.01 0.42 ± 0.06 0.31 ± 0.05 42 

130 0.023 ± 0.001 0.10 ± 0.01 0.016 ± 0.001 0.13 ± 0.03 1.43 ± 0.21 0.95 ± 0.14 35 
190 0.020 ± 0.001 0.06 ± 0.01 0.010 ± 0.001 0.09 ± 0.02 0.75 ± 0.11 0.39 ± 0.07 17 
280 0.012 ± 0.000 0.03 ± 0.01 0.004 ± 0.001 0.05 ± 0.01 0.53 ± 0.09 0.23 ± 0.04 1 
350 0.006 ± 0.000 nd   nd nd   nd 0.03 ± 0.01 0.54 ± 0.11 0.27 ± 0.06 13 
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Table S6.2: Particulate 234Th activities and Particulate Nitrogen (PN) concentrations in small (1-53 µm) 
and large (> 53 µm) particles collected with in-situ pumps during KEOPS2. 

Station Depth               1-53µm                       >53µm     

    
234Th PN   234Th PN 

# m dpm.L
-1

 µmol.L
-1

   dpm.L
-1

 µmol.L
-1

 

A3-1 40 0.276 ± 0.007 0.451 ± 0.016   0.016 ± 0.001 0.021 ± 0.002 

50°38'S / 

72°05'E 
100 0.243 ± 0.006 0.395 ± 0.012   0.019 ± 0.001 0.024 ± 0.002 

20-Oct-2011 250 0.168 ± 0.004 0.118 ± 0.009   0.027 ± 0.001 0.017 ± 0.001 

  440 0.239 ± 0.006 0.089 ± 0.011   0.012 ± 0.000 0.004 ± 0.002 

R-2 25 0.290 ± 0.008 0.488 ± 0.015   0.041 ± 0.001 0.058 ± 0.002 

50°23'S / 

66°42'E 
110 0.273 ± 0.008 0.369 ± 0.013   0.039 ± 0.001 0.068 ± 0.002 

25-Oct-2011 150 0.169 ± 0.005 0.190 ± 0.009   0.024 ± 0.001 0.021 ± 0.001 

  180 0.142 ± 0.005 0.146 ± 0.008   0.017 ± 0.001 0.012 ± 0.001 

  500 0.076 ± 0.002 0.033 ± 0.005   0.003 ± 0.000 0.006 ± 0.001 

  700 0.076 ± 0.002 0.023 ± 0.004   0.004 ± 0.000 0.002 ± 0.001 

  1020 0.072 ± 0.002 0.029 ± 0.009   0.003 ± 0.000 0.001 ± 0.001 

  1800 0.090 ± 0.003 0.030 ± 0.009   0.002 ± 0.000 0.001 ± 0.001 

  2380 nd   nd 0.023 ± 0.009   0.003 ± 0.000 0.001 ± 0.001 

E-1 40 0.397 ± 0.012 0.661 ± 0.019   0.105 ± 0.002 0.200 ± 0.003 

48°28'S / 

72°12'E 
90 0.302 ± 0.006 0.366 ± 0.013   0.121 ± 0.002 0.269 ± 0.002 

30-Oct-2011 130 0.158 ± 0.005 0.202 ± 0.010   0.177 ± 0.002 0.169 ± 0.001 

  170 0.101 ± 0.003 0.180 ± 0.009   0.198 ± 0.002 0.177 ± 0.001 

  280 0.103 ± 0.004 0.066 ± 0.011   0.033 ± 0.001 0.012 ± 0.001 

  610 0.088 ± 0.002 0.030 ± 0.005   0.010 ± 0.000 0.004 ± 0.001 

  960 0.059 ± 0.001 0.028 ± 0.004   0.006 ± 0.000 0.002 ± 0.001 

  1460 0.065 ± 0.002 0.030 ± 0.007   0.003 ± 0.000 0.001 ± 0.001 

  1760 nd   nd 0.029 ± 0.007   nd   nd 0.001 ± 0.001 

  1990 0.041 ± 0.001 0.028 ± 0.007   0.007 ± 0.000 0.002 ± 0.001 

E-3 90 0.363 ± 0.009 0.453 ± 0.015   0.062 ± 0.001 0.103 ± 0.002 

48°42'S / 

71°56'E 
130 0.198 ± 0.005 0.214 ± 0.009   0.126 ± 0.002 0.155 ± 0.001 

3-Nov-2011 190 0.141 ± 0.004 0.106 ± 0.007   0.043 ± 0.001 0.028 ± 0.001 

  280 0.153 ± 0.004 0.076 ± 0.007   0.016 ± 0.001 0.008 ± 0.001 

  600 0.098 ± 0.002 0.022 ± 0.005   0.009 ± 0.000 0.003 ± 0.001 

  1180 0.109 ± 0.003 0.035 ± 0.007   0.006 ± 0.000 0.001 ± 0.001 

  1480 0.095 ± 0.003 0.030 ± 0.007   0.006 ± 0.000 0.001 ± 0.001 

  1800 0.074 ± 0.003 0.026 ± 0.007   0.008 ± 0.000 0.002 ± 0.001 

F-L 40 0.344 ± 0.011 1.428 ± 0.023   0.558 ± 0.006 nd   nd 

48°31'S / 

74°40'E 
70 0.035 ± 0.002 0.034 ± 0.003   0.051 ± 0.001 nd   nd 

6-Nov-2011 130 0.143 ± 0.004 0.096 ± 0.007   0.023 ± 0.001 0.016 ± 0.001 

  190 0.138 ± 0.003 0.071 ± 0.007   0.020 ± 0.001 0.010 ± 0.001 

  280 0.130 ± 0.003 0.047 ± 0.007   0.012 ± 0.000 0.004 ± 0.001 

  350 0.101 ± 0.003 0.043 ± 0.005   nd   nd nd   nd 

  500 0.142 ± 0.003 0.048 ± 0.007   0.006 ± 0.000 0.002 ± 0.001 

  800 0.104 ± 0.002 0.043 ± 0.007   0.008 ± 0.000 0.002 ± 0.001 

  1500 0.068 ± 0.002 0.027 ± 0.004   0.004 ± 0.000 0.001 ± 0.001 

  2600 0.136 ± 0.004 0.063 ± 0.008   0.052 ± 0.001 0.010 ± 0.001 

E-4W 90 0.262 ± 0.005 0.256 ± 0.012   0.085 ± 0.002 0.084 ± 0.002 

48°46'S / 

71°26'E 
110 0.142 ± 0.003 0.233 ± 0.009   0.212 ± 0.003 0.271 ± 0.001 

11-Nov-2011 130 0.142 ± 0.003 0.160 ± 0.008   0.111 ± 0.002 0.073 ± 0.001 

  190 0.119 ± 0.003 0.118 ± 0.007   0.072 ± 0.001 0.041 ± 0.001 

  280 0.166 ± 0.003 0.070 ± 0.007   0.035 ± 0.001 0.010 ± 0.001 
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E-4E 50 0.271 ± 0.009 0.658 ± 0.023   0.075 ± 0.002 0.082 ± 0.003 

48°43'S / 

72°34'E 
100 0.222 ± 0.006 0.298 ± 0.013   0.057 ± 0.001 0.028 ± 0.002 

13-Nov-2011 150 0.121 ± 0.004 0.139 ± 0.009   0.067 ± 0.001 0.042 ± 0.001 

  200 0.131 ± 0.004 0.101 ± 0.008   0.020 ± 0.001 0.009 ± 0.001 

  300 0.123 ± 0.004 0.063 ± 0.008   0.012 ± 0.000 0.007 ± 0.001 

A3-2 55 0.172 ± 0.004 0.459 ± 0.013   0.490 ± 0.003 0.605 ± 0.004 

50°37'S / 

72°03'E 
110 0.192 ± 0.004 0.482 ± 0.014   0.267 ± 0.002 0.422 ± 0.002 

16-Nov-2011 165 0.093 ± 0.002 0.263 ± 0.011   0.397 ± 0.002 0.474 ± 0.004 

  200 0.123 ± 0.003 0.139 ± 0.007   0.082 ± 0.001 0.039 ± 0.001 

  440 0.148 ± 0.003 0.090 ± 0.007   0.019 ± 0.000 0.006 ± 0.001 

E-5 35 0.385 ± 0.008 0.699 ± 0.020   0.323 ± 0.004 0.609 ± 0.005 

48°25'S / 

71°54'E 
120 0.126 ± 0.003 0.155 ± 0.008   0.132 ± 0.001 0.093 ± 0.002 

18-Nov-2011 220 0.117 ± 0.003 0.098 ± 0.007   0.035 ± 0.001 0.017 ± 0.001 

  300 0.129 ± 0.004 0.081 ± 0.007   0.020 ± 0.001 0.009 ± 0.001 

  400 0.142 ± 0.004 0.045 ± 0.006   0.014 ± 0.000 0.012 ± 0.001 

  600 0.169 ± 0.005 0.039 ± 0.007   nd   nd 0.001 ± 0.001 

  900 0.113 ± 0.004 0.037 ± 0.007   0.004 ± 0.000 0.002 ± 0.001 

  1200 0.042 ± 0.002 0.011 ± 0.004   nd   nd 0.001 ± 0.001 

  1850 0.123 ± 0.004 0.033 ± 0.007   0.008 ± 0.000 0.003 ± 0.001 
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7.1. Major findings 

The general objective of this work was to improve our understanding on the export and 

remineralization fluxes of carbon and nutrients (N, Si, trace elements) in two contrasting 

environments in terms of ecosystem, water masses and nutrient sources: the North Atlantic 

(GEOTRACES GA01 section) and the Kerguelen Island in the Southern Ocean (KEOPS2).   

 

Chapter three highlighted the high regional and temporal variation of the POC export 

fluxes in the North Atlantic Ocean, as carbon export fluxes varied by a factor ~ 9 across the 

east-west section (from 1.4 to 12 mmol C.m-2.d-1) and were similar or lower than other studies 

reported in the North Atlantic. 

In line with other studies, this dataset revealed that the intensity and the stage of the bloom 

influenced the magnitude of the POC fluxes. Indeed, the highest exports were observed at 

stations sampled during the decline of the bloom rather than at the bloom peak, when biomass 

was still accumulating in the surface waters. Low export fluxes were also observed at the 

subtropical site (Station 13), which also was sampled during the bloom decline but was 

characterized by Chl-a biomass development throughout the season. 

Another finding of this study, and less anticipated, is that the community size structure was 

not the main factor influencing the fluxes. While the lowest POC export flux (2.2 mmol C.m-

2.d-1) was determined at the station where pico-phytoplankton communities dominated, POC 

export fluxes were high at other stations, regardless of nano- or microphytoplankton 

abundances.  

This study also shows that the association of POC with minerals, usually called the ballast 

mineral effect, enhances the magnitude of the POC export fluxes, probably by increasing 

the sinking velocities of the particles. The phytoplankton communities and in particular the 

diatoms and coccolithophorids, synthesizing SiO2 and CaCO3 shells, respectively, were 

demonstrated to ballast the POC export fluxes in the North Atlantic drift (NADR) and in the 

Arctic (ARCT) provinces, while aggregation of lithogenic particles enhanced POC fluxes at 
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ocean margins. The highest transfer efficiencies (deep POC export / upper POC export) 

appeared to be driven by sinking particles ballasted by calcite or lithogenic minerals, but also 

by the sub-mesoscale activities such as the sub-arctic front. Yet, export efficiency (upper POC 

export / primary production) was low (< 10% except at two stations where it reached 30 and 

35%) and was inversely related to primary production, highlighting that the North Atlantic 

biological pump is not as efficient as previously thought, or at least during spring 2014.  

 

In Chapter four, the Baxs proxy is used to determine the POC mesopelagic remineralization 

fluxes along the same transect of the North Atlantic.  

The reasonably good agreement between the remineralization based on mesopelagic Baxs 

inventories and other methods first confirms our estimations and points to the fact that the Baxs 

proxy may integrate the remineralization process over a complete season.  

As for POC export, remineralization fluxes were regionally variable in the mesopelagic 

layer and intensity of the past blooms and phytoplankton community composition have been 

identified as factors playing a role in these variations.  

Lower remineralization fluxes were observed in case calcified phytoplankton dominated the 

phytoplankton communities, suggesting that carbonate-dominated aggregates resist more 

to remineralization during their transit through the mesopelagic layer compared to opal-

dominated systems.  

This study also revealed the importance of the physical features such as the water mass 

subduction in the ARCT province in generating a larger transport of organic matter to 

the deep ocean and thus a greater remineralization flux. 

The comparison between Chapters three and four points to a balance or a slight excess of 

POC remineralization relative to POC export in the North Atlantic. This surprising result 

highlights the important impact of the mesopelagic remineralization on the biological carbon 

pump and suggests that little to no particulate organic carbon was transferred below 1000 m. 
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In Chapter five, the vertical export fluxes of the trace elements (Fe, Mn, Al, Co, Ni, Cu, Zn, 

Cd, P) along the same transect in the North Atlantic are presented and discussed. To date, 

trace element export fluxes have never been investigated at this resolution anywhere else. The 

fluxes of trace elements are the net result of a range of processes and the principal component 

analysis highlighted that the lithogenic, BSi and CaCO3 fluxes were the three main 

components describing the total variability of the trace element fluxes, with an important 

regional variation.  

The highest trace elements export fluxes were observed near the margins, in environments 

strongly influenced by lithogenic material. A strong, long-distance lateral transport of lithogenic 

particles from the Iberian margin was revealed by the presence of high pMn and Mn oxide 

fluxes at stations located further in the open ocean. 

Phytoplankton community structure also influenced the magnitude of trace elements 

fluxes. The highest trace element fluxes observed in the NADR and the strong relationship 

between trace element and CaCO3 fluxes suggests that coccolithophorids were important 

carriers of trace elements to the deep ocean. Diatoms were also driving the trace element 

fluxes, in particular pZn and pFe, but at diatom-dominated stations (ARCT province which was 

sampled during the decline of the bloom), these exports were rather low maybe due to a trace 

element limitation in surface waters or a more efficient recycling processes, limiting the export. 

 

Finally Chapter six focused on pFe, BSi and PN export fluxes in the Kerguelen area (Southern 

Ocean) which is characterized by a naturally Fe-fertilized phytoplankton bloom that extends 

more than 1000 km downstream of Kerguelen Island (KEOPS2 cruise, austral spring 2011). 

Our study suggests that Fe-fertilization increased PN, BSi, pFe and POC export fluxes 

while flux variations inside the fertilized area could be related to the different diatom species. 

Indeed, higher elemental fluxes were observed at stations dominated by large and heavily 

silicified diatoms compared to stations dominated by small and slightly silicified diatoms. 

Moreover, our results suggest that pFe export fluxes could be driven by the lithogenic pool 

of particles, especially over the Plateau where such inputs from the sediments are important. 
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7.2. Comparison of the two study areas 

The North Atlantic and the Southern Ocean are two important systems controlling the Earth’s 

climate. Both oceans are prone to strong convection forming deep water masses, such as the 

Labrador Sea Water (LSW) in the North Atlantic and the Antarctic Bottom Water (AABW) in 

the Southern Ocean. The formation of these deep water masses represents potentially an 

important CO2 sink (Gruber et al., 2009).  

The North Atlantic is characterized by one of the most productive phytoplankton bloom of the 

world’s ocean (Longhurst, 2010) which is expected to sustain a strong biological carbon pump 

(BCP). In contrast, the Southern Ocean is the largest HNLC area of the global ocean where 

phytoplankton development is limited (a condition which is expected to lead to a weak BCP) 

except near the Subantarctic islands where natural fertilization feeds large blooms. Therefore, 

field work conducted in the North Atlantic and the Kerguelen Island area give a good 

opportunity to compare the biological carbon pump in different natural environments. 

At both locations, the bloom development depends on different factors. The depth of the mixed 

layer and the light are important parameters for the bloom onset in the Kerguelen Island area 

and in the ARCT province of the North Atlantic (Lasbleiz et al., 2016; Riley et al., 2012). In the 

southern North Atlantic, especially the NAST province, nutrients usually limit the bloom 

development and HNLC conditions have been documented in this province (Blain et al., 2004; 

Moore et al., 2008; Nielsdottir et al., 2009). These different conditions lead to the 

dominance/succession of different phytoplankton communities. In the Kerguelen Island zone, 

diatoms dominated the production (Armand et al., 2008; Lasbleiz et al., 2016) yet appear to be 

smaller and less-silicified than the diatoms in unfavorable conditions (deep mixed layer depth 

or light limitation) or in Fe-limited waters of the Southern Ocean that are more resistant to 

grazing and sink efficiently (Quéguiner, 2013; Rembauville et al., 2016c; Salter et al., 2012). 

In the North Atlantic, diatoms also dominate the production (Martin, 2011; Pommier et al., 

2009) but once silicic acid is exhausted an intense bloom of coccolithophorids takes over, 

persisting into late summer (Poulton et al., 2010). Coccolithophorid skeletons composed of 
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dense calcified shells are also known to sink efficiently (Bach et al., 2016; Francois et al., 2002; 

Lam et al., 2011; Salter et al., 2014). 

All these regional and temporal differences have been shown to influence the POC export 

fluxes in both areas (see Chapter 3 for the North Atlantic and Planchon et al., 2015; Savoye et 

al., 2008 for the Kerguelen Island area).  

Despite these differences in ecosystem functioning, the magnitude of the POC export fluxes 

between the North Atlantic (median value: 6.1 ± 3.3 mmol.m-2.d-1; n=11) and the Kerguelen 

Island (median value: 4.5 ± 1.7 mmol.m-2.d-1; n=9) is roughly similar. Similar export 

efficiencies are also observed in both regions (Table 7.1). 

Mesopelagic POC remineralization fluxes, on the contrary, are larger in the North 

Atlantic (median value: 5.4 ± 1.7 mmol.m-2.d-1; Table 7.1) compared to the Southern Ocean 

Kerguelen area (median during KEOPS2: 2.2 ± 1.1 mmol.m-2.d-1; and 2.8 mmol.m-2.d-1 during 

KEOPS1; Table 7.1). The higher remineralization in the North Atlantic can be induced by higher 

zooplankton or bacterial activities, or by different sinking velocities of the particles as slower 

particles are more easily remineralized (Villa-Alfageme et al., 2016).  

BSi fluxes in the Kerguelen Island area are larger than those determined in the North 

Atlantic (with maxima values reaching 20.4 and 6.6 mmol.m-2.d-1 at KEOPS2 and GEOVIDE, 

respectively; Table 7.1). This suggests a larger flux of sinking diatoms around the Southern 

Ocean Island, probably due to the higher silicification of the diatoms and to the larger 

stock of available silicates. Nevertheless, the Stations 64 and 69 in the Labrador Sea 

(GEOVIDE) are characterized by BSi export fluxes of similar magnitude as for Kerguelen area 

(5 and 6.6 mmol.m-2.d-1) suggesting the export of relatively highly silicified diatoms at these 

stations. Upper-ocean BSi fluxes are not available for KEOPS1 (summer) but deep BSi fluxes 

have been shown to increase with the progress of the season due to export of strongly silicified 

diatom resting spores (Rembauville et al., 2015a). These resting spores have also been 

described to enhance the POC export fluxes (Rembauville et al., 2016b; Salter et al., 2012) 

and may explain the increase between KEOPS1 and KEOPS2. 
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The highest pFe fluxes were observed close to the Iberian Margin (reaching 70 µmol.m-

2.d-1 at Station 1; Table 7.1) and above the Kerguelen Plateau (reaching 43 µmol.m-2.d-1 at 

Station A3-1), both areas being characterized by high lithogenic inputs. Lithogenic particles 

thus represent important drivers for the export of Fe (and other trace elements, see 

Chapter 5). Higher pFe exports were determined within the Kerguelen Island area (18.6 ± 11 

µmol.m-2.d-1; n=8) than in the North Atlantic (2.5 ± 4.7 µmol.m-2.d-1; n=10), suggesting probably 

a more efficient remineralization of the pFe in the North Atlantic. This may be due to a greater 

demand of Fe in the North Atlantic compared to the Kerguelen Island area which is not Fe-

limited in surface waters because of the constant fueling of dissolved iron. 
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Table 7.1: POC export fluxes and efficiencies (ThE POC), BSi and pFe export fluxes, primary production (PP), POC mesopelagic remineralization and the main 
biogeochemical features (bloom stage, limitation, phytoplankton communities) observed during KEOPS1 (Kerguelen Island, austral summer), KEOPS2 
(Kerguelen Island, austral spring) and GEOVIDE (North Atlantic, boreal spring). Data from (Cavagna et al., 2015; Jacquet et al., 2015, 2008; Planchon et al., 
2015; Savoye et al., 2008; A. Roukaerts, D. Fonseca Batista and F. Deman (unpublished data).
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7.3. Perspectives 

Several questions could not be addressed in the scope of this study, but the present thesis 

provides a solid basis for future investigations, including: 

 

x 234Th proxy: Particulate element to 234Th ratio 

 The determination of the Element to 234Th ratios has to be representative of the sinking 

particulate matter and needs to be determined at the depth of export (Buesseler et al., 2006). 

Thus, the selection of this ratio is crucial for the 234Th proxy method. Several studies, 

including this one, report that this ratio can vary spatially and temporally and is dependent on 

particle-size, plankton communities, food web dynamics, aggregation-disaggregation 

processes or sampling methods (Benitez-Nelson and Charette, 2004; Buesseler, 1991; 

Buesseler et al., 2006; Moran et al., 2003). 

The ratio of the large (>53 µm) particles is usually considered as representative of the sinking 

particulate matter but recent studies highlighted that small particles (1-53 µm) can also 

participate to the export (Durkin et al., 2015; Puigcorbé et al., 2015). The comparison 

between both size fractions is thus highly recommended to evaluate the potential error induced 

when calculating the elemental flux based only on one size fraction. In Chapters 3 and 6, the 

Element to 234Th ratios of small and large particles did not differ significantly, validating our 

estimations of the export fluxes as based only on ratios for large particles. However, in Chapter 

5, the trace element to 234Th ratios showed large variations depending on the element and the 

region. During GEOVIDE, the impossibility to compare these ratios with those determined via 

sediment trap sampling led us to discuss only elemental fluxes deduced from the large 

particles. Indeed, one problem emerging when taking the 1-53 µm in consideration is that their 

density, hence their sinking velocity is not constrained.  

Another challenge concerns the mathematical method used to determine the Element to 234Th 

ratios at the depth of export. In Chapter 6 (Kerguelen area, KEOPS2 study), we applied four 

different calculations (linear interpolation, average of the two ratios bracketing the specific 
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depth, power law interpolation and depth-weighted average) and significant differences 

between the estimations were observed depending on the depth-related variations of the 

element to 234Th ratios. In this case, a good agreement with the element to 234Th ratios in 

shallow surface tethered sediment traps confirmed the ratios determined for sinking particles.  

Therefore, the combination of in-situ pumps and sediment traps is highly recommended 

in future studies to confirm the estimation of the Element:234Th ratios of the sinking 

particles and resolve the limitations when these approaches are used is stand-alone mode. 

Moreover, the relative abundance of smaller particles should increase with the global warming 

(Passow and Carlson, 2012), highlighting the necessity to investigate the contribution of 

the small particles in export. 

 

x Baxs proxy: Oxygen consumption in the mesopelagic 

In Chapter 4, we investigated the Baxs distributions for the first time in the North Atlantic. 

Previously, this proxy has been mainly used in the Southern Ocean where a relationship 

between Baxs content and oxygen consumption was observed (Dehairs et al., 1997; Shopova 

et al., 1995). However this relationship has not been tested in other regions of the World’s 

Ocean questioning the ubiquity of the Baxs content-oxygen consumption relationship in the 

global ocean. Nonetheless, in the North Atlantic, this proxy approach provided similar 

estimations of remineralization fluxes obtained by independent methods (OUR, moored 

sediment traps, incubations), confirming indirectly the relationship. More work on the Baxs 

proxy and on its relationship with the oxygen consumption in the mesopelagic layer 

would benefit the scientific community.  

Another great progress in the understanding of the Baxs proxy would be to evaluate its 

seasonal variability. Indeed, the Baxs accumulation in the mesopelagic zone is thought to 

build-up along the growth season (Cardinal et al., 2005, 2001; Dehairs et al., 1997) but no 

study has verified that the Baxs content decreases to the background level after the productive 

period. Moreover, this investigation could also confirm the integration time of the proxy (in 

Chapter 4, we proposed a time integration of 1 year after the comparison with the deep 
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sediment traps). An ideal sampling scheme could be achieved by regular sampling every 

month at a fixed open-ocean station not influenced by strong lithogenic inputs, to limit the error 

induced by the lithogenic correction on the Baxs concentration, such as PAP (North Atlantic 

Ocean), BATS (North Atlantic Ocean), Aloha (Pacific Ocean) or Kerfix (Southern Ocean) 

stations.  

 

x Formation and remineralization of particles 

Our understanding on the exchanges between the particulate and dissolved pools is still to be 

improved as they are primordial to better understand the biological carbon pump.  

Indeed, as seen in Chapter 5, the bulk particulate matter collected by sediment traps or in-situ 

pumps represents a large panel of particles that underwent different processes in the water 

column, such as authigenic mineral formation, dissolution, or enrichment through scavenging 

or lithogenic inputs, all these processes potentially hiding biological processes such as the 

uptake or the remineralization of trace metals (Twining et al., 2014).  

To address the issues stated above, some new analytical techniques could be used.  

The single-cell synchrotron x-ray fluorescence (SXRF) analysis allows the investigation of 

individual components of sinking material, such as specific phytoplankton communities (Lam 

et al., 2015b; Twining et al., 2015b, 2010). 

Stable isotopes provide information on the relationship between the dissolved and particulate 

phases such as uptake, scavenging and remineralization as isotope fractionation is observed 

for each process. In surface waters, the increase of the isotopic signatures of dissolved 

compounds (NO3-, trace metals) can be related to the biological uptake of lighter isotopes while 

below the surface, the remineralization contributes to the lower isotopic signatures by releasing 

the lighter isotopes in solution (Hoefs, 2010). 

In-situ systems equipped with imaging sensors present also some great advantages to 

observe the sinking particles and allow a better characterization of particles in terms of size, 

shape, morphology, abundance, depth distribution, which can help in distinguishing particles 

responsible of the export (such as aggregates, single cells or fecal pellets; Guidi et al., 2009), 
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and provide information on sinking speed. Also, at present, little is known on how the particle 

composition affects their sinking speed, and this point needs to be addressed too. As it will be 

discussed next Dec. 5th, 20162, existing “omic” and “trace elements” dataset acquired during 

the TARA and GEOTRACES programs could help to achieve this task. 

Finally, the ongoing acquisition of the dissolved trace element concentrations (Fe, Mn, Cu, Co, 

Al) along the GEOVIDE transect will allow a better understanding of the interactions between 

particulate and dissolved pools and in particular of the processes affecting their concentrations, 

such as the scavenging and the remineralization. 

7.4. The fate of the BCP with global warming 

Levels of carbon dioxide (CO2) gas have increased since preindustrial times due to the 

anthropogenic inputs such as combustion of fossil fuels. The ocean is the major carbon dioxide 

(CO2) reservoir, which thus play an important role in setting the Earth’s climate (Sabine et al., 

2004; Sarmiento, 2002). However, the consequences of the global warming on the biological 

carbon pump are difficult to evaluate, and the expected changes on the ocean biogeochemistry 

reported in this section are thus speculative. 

The increase of oceanic CO2 concentrations decreases the surface ocean pH (Wolf-gladrow 

et al., 1999). Such changes have been shown to slow down the calcification rate of corals, 

pteropods or coccolithophorids (Langdon et al., 2000; Riebesell et al., 2000). These changes 

of calcification rate may impact directly the biological carbon pump. As seen in Chapters 3 and 

4, coccolithophorids, with their dense calcified shells, are important drivers of carbon to the 

deep ocean (Francois et al., 2002; Klaas and Archer, 2002; Lam et al., 2011; Salter et al., 

2014).  

The increase of the atmospheric CO2 concentrations induces also an increase in atmospheric 

and sea surface temperature (IPCC, 2007). The ocean warming is likely to impact the biological 

carbon pump in different ways. 

                                                      
2 http://geotraces.org/news-50/news/116-news/1325-first-geotraces-tara-meeting 
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First, the average cell size of phytoplankton is predicted to decrease with an elevation of sea-

surface temperatures (Passow and Carlson, 2012). As seen in Chapter 3, the extent of small 

cells, such as pico-phytoplankton species may lead to less overall POC export, as smaller 

particles would sink slowly and would be prone to upper-remineralization (Villa-Alfageme et 

al., 2016). However, small particles are prone to lesser flux attenuation in the mesopelagic 

which would increase the export efficiency (Chapter 4; Guidi et al., 2009; Mouw et al., 2016).  

Second, higher oceanic temperatures have been shown to reduce the POC remineralization 

depth (Marsay et al., 2015), which influence directly the air-sea carbon balance (Kwon et al., 

2009).  

In Chapter 3, we took the opportunity to compare the Baxs-based remineralization fluxes 

determined during GEOSECS and GEOVIDE cruises, 44 years later. No significant variation 

was observed between both studies with the mesopelagic remineralization flux varying from 

5.4 to 5.1 mmol C.m-2.d-1 near Greenland, from 6.9 to 10.8 mmol C.m-2.d-1 in the Icelandic 

basin, during GEOSECS and GEOVIDE, respectively. However, remineralization fluxes up to 

21 mmol C.m-2.d-1 were determined during GEOVIDE but the comparison with GEOSECS here 

is tricky as these high fluxes were related to the subduction of the Labrador Sea Water. Overall, 

in 44 years in the North Atlantic, the magnitude of the remineralization seems to be relatively 

constant. 

Third, the increase of sea-surface temperatures may increase the stratification of the water 

column which would decrease the nutrient delivery into the euphotic zone from deeper ocean 

and thus decrease the productivity and the POC export (Laufkötter et al., 2016; Passow and 

Carlson, 2012). Conversely, the reduction of the mixed layer depth in the Southern Ocean may 

stabilize the water column and decrease the light limitations allowing the increase of the 

productivity in surface waters and thus the POC export. 

Finally, the global warming may also induce a decline in oceanic dissolved oxygen 

concentrations (Falkowski et al., 2011; Matear and Hirst, 2003; Stramma et al., 2008). The 

expansion of these suboxic habitats may thus decrease the oxic remineralization by 

heterotrophs. 
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Overall, our ability to predict the future biological carbon pump in response to changing climate 

is limited, but the great effort which has been achieved in the last decades allows a better 

understanding on the different factors influencing carbon export and remineralization. The 

multiplication of these studies, in different specific environments, will help to improve the 

models at larger scales.  
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Approche multi-proxy (Thorium-234, Baryum en excès) des flux d'export et de 
reminéralisation du carbone et des éléments nutritifs associés à la pompe biologique 

océanique.  

Résumé : L’objectif principal de cette thèse est de mieux comprendre les différents facteurs 
contrôlant la pompe biologique de carbone en Atlantique Nord et dans l’Océan Austral, à proximité 
des îles Kerguelen, en utilisant notamment deux approches: le Thorium-234 (234Th) et le baryum 
biogénique (Baxs).  
En Atlantique Nord, les flux d’export de carbone organique particulaire (POC) augmentent 
lorsqu’ils sont associés à des minéraux biogéniques (silice biogénique et carbonate de calcium) et 
lithogènes, capable de lester les particules. L’efficacité d’export, généralement plus faible que 
précédemment supposé (< 10%), est inversement corrélée à la production, soulignant un décalage 
temporel entre production et export. La plus forte efficacité de transfert, i.e. la fraction de POC 
atteignant 400m, est reliée à des particules lestées par du carbonate de calcium ou des minéraux 
lithogènes.  
Les flux de reminéralisation mésopélagique sont similaires ou parfois supérieurs aux flux d’exports 
et dépendent de l’intensité du développement phytoplanctonique, de la structure en taille, des 
communautés phytoplanctoniques et des processus physiques (advection verticale).  
Comme observé pour le POC, l’export des éléments traces est influencé par les particules 
lithogènes provenant des marges océaniques, mais aussi des différentes espèces 
phytoplanctoniques.  
Dans l’Océan Austral, la zone à proximité de l’île de Kerguelen est naturellement fertilisée en fer, 
augmentant les flux d’export de fer, d’azote et de silice biogénique. Il a été démontré que la 
variabilité des flux dépendait des communautés phytoplanctoniques dans la zone fertilisée.  

Mots clés : pompe biologique océanique, export, reminéralisation, carbone, éléments traces, silice 
biogénique, carbonate de calcium. 

Multi-proxy approach (Thorium-234, excess Barium) of export and remineralization fluxes of 
carbon and biogenic elements associated with the oceanic biological pump  

Abstract : The main objective of this thesis is to improve our understanding of the different 
controls that affect the oceanic biological carbon pump. Particulate export and remineralization 
fluxes were investigated using the thorium-234 (234Th) and biogenic barium (Baxs) proxies.  
In the North Atlantic, the highest particulate organic carbon (POC) export fluxes were associated to 
biogenic (biogenic silica or calcium carbonate) and lithogenic minerals, ballasting the particles. 
Export efficiency was generally low (< 10%) and inversely related to primary production, 
highlighting a phase lag between production and export. The highest transfer efficiencies, i.e. the 
fraction of POC that reached 400m, were driven by sinking particles ballasted by calcite or 
lithogenic minerals.  
The regional variation of mesopelagic remineralization was attributed to changes in bloom 
intensity, phytoplankton cell size, community structure and physical forcing (downwelling). Carbon 
remineralization balanced, or even exceeded, POC export, highlighting the impact of mesopelagic 
remineralization on the biological pump with a near-zero, deep carbon sequestration for spring 
2014.  
Export of trace metals appeared strongly influenced by lithogenic material advected from the 
margins. However, at open ocean stations not influenced by lithogenic matter, trace metal export 
rather depended on phytoplankton activity and biomass.  
A last part of this work focused on export of biogenic silica, particulate nitrogen and iron near the 
Kerguelen Island. This area is characterized by a natural iron-fertilization that increases export 
fluxes. Inside the fertilized area, flux variability is related to phytoplankton community composition.  

Key words : oceanic biological pump, export, remineralization, carbon, trace elements, biogenic 
silica, calcium carbonate 


