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Figure 5.3: The partitioning (when available) of iron (Fe) and Fe-binding organic ligand characteristics in
the dissolved (DFe, <0.2 um, solid circles and lines, data from Holmes et al., in prep.), soluble (SFe, <10
kDa, open circles, solid lines), and colloidal (CFe, 10 kDa — 0.2 pum, open circles, dashed lines) as a
function of depth for A) the reference R18, B) B-transect B9, C) Heard Island H23 and D) McDonald
Island M25.

Figure 5.4: Linear relationships between A) dissolved iron (DFe, data from Holmes et al., in prep.) and
soluble Fe (SFe) concentrations, B) inorganic DFe and SFe (DFe’ and SFe’, respectively) and C) SFe and
the reactivity of DLt (log a).

Figure 5.5: Box and whisker diagram of A) Fe concentrations (data from Holmes et al., in prep.), B) total
Fe-binding organic ligand concentrations (Lt), C) the reactivity of Lt (log a), D) the inorganic Fe
concentrations (Fe’) and E) the conditional stability constant (log K’, with respect to Fe®") for the
dissolved Fe fraction, and F) the fluorescence (in units of mg TChl-a m?), G) silicates (umol L?), H)
nitrates (umol L), 1) dissolved manganese (in nmol kg™) data from Wuttig et al., in prep.) and J)
Apparent Oxygen Utilization (AOU, (umol kg™)), as a function of the different water masses determined
at the B-transect.
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Figure 5.6: Plot of A) dissolved iron (DFe), B) Fe-binding organic ligand (Lt), C) conditional stability
constant (log K’) and D) reactivity of Lt (log) as a function of depth for B9 from this study and B5 from
Gerringa et al. (2008).

Figure 5.7: Box and whisker diagram of A) iron (Fe) concentrations, B) total Fe-binding organic ligand
concentrations (Lt), C) conditional stability constants (log K’, with respect to Fe*"), D) the reactivity of
ligands (log a), E) excess Fe-binding organic ligands (L’), F) [L’]:[Fe] ratio, G) inorganic Fe (Fe’), and H)
the percentage of Fe bound to Fe-binding organic ligands, and G) as a function of Fe fractions D
(dissolved) C (colloidal) and S (soluble) for the B-transect (in blue), the reference stations (in green),
Heard Island (in yellow) and McDonald Island (in purple).

Figure 5.8: Conceptual schematic of the main finding at Heard and McDonald Islands stations and the B-
transect and R18 stations (D. Alain and S. Hervé, IUEM). (DFe data from Holmes et al., in prep., PFe
data from van der Merwe et al., in prep.; pigment data from Wojtasiewicz et al., in prep., bacteria picture
courtesy from S. Blain).

Figure 6.1 : Scatter plot of stations sampled in the West European Basin (purple), in the Iceland Basin
(blue), in the Irminger Sea (green) and in the Labrador Sea (red) from past studies (open circles) and this
study (triangles).

Figure 6.2: A) Map of the GEOTRACES GAO01 voyage plotted on bathymetry as well as the major
topographical features, main basins and corresponding Longhurst provinces. B) Summary of DFe
supplies, main phytoplankton classes and potential limitation(s) within the North Atlantic Ocean.

Figure 6.3: A) Location of the stations sampled during the HEOBI voyage using the Trace Metal Clean
Rosette (modified from Thomas Holmes). B) Conceptual schematic of the main finding at Heard and
McDonald Islands stations and the B-transect and R18 stations (D. Alain and S. Hervé, IUEM). (DFe data
from Holmes et al., in prep., PFe data from van der Merwe et al., in prep.; pigment data from
Wojtasiewicz et al., in prep., bacteria picture courtesy from S. Blain).

Figure 6.4: Idea of an experimental setup for on-board incubations amended with aerosols and margin
particles.
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The estimated global oceanic carbon sink estimate is of 2.7 + 0.5 PgC.yr™* (Le Quéré
et al., 2013), representing about 30% of annual atmospheric fuel emissions, highlighting the
central role of the ocean in the global climatic system.

At the air-sea interface, the diffusion of atmospheric CO; in the ocean is enhanced by
the difference of CO, partial pressure (ApCO;) between the ocean and the atmosphere. The
solubility and distribution of the CO, within the oceans depend not only on many physico-
chemical factors such as temperature, salinity or the turbulence regime, but also on biotic
factors (photosynthesis, calcification). Once the CO; is dissolved within surface waters, it is
then transported horizontally and vertically throughout the oceanic layers by three main
processes i) the physical carbon pump, ii) the organic carbon pump and iii) the carbonate
counter pump (Volk and Hoffert, 1985), the two last processes being gathered under the
name of the biological carbon pump. More recently, additional concepts such as the microbial
carbon pump and the lithogenic carbon pump (not detailed here) have been introduced into
this general scheme (Bressac et al., 2014; Legendre et al., 2015; Ternon et al., 2009). All
these processes are responsible for the heterogeneous vertical distribution of DIC in the ocean
that results in a strong gradient of approximately 300 umol kg™ between the surface and the

deep ocean.

1.1 The physical carbon pump

The physical carbon pump includes two physico-chemical processes:

- the adsorption of CO, at the air-sea interface controlled by a thermodynamic
equilibrium (i.e. the solubility pump) and

- its vertical transport in the ocean through the global thermohaline circulation.
Once in seawater, the atmospheric gaseous CO, is transformed into dissolved inorganic
carbon (DIC), which includes the following forms: the non-dissociated form (CO; ,q), the
carbonic acid (H,COs, i.e. the hydrated form), the bicarbonate ions (HCOj3) and the
carbonate ions (COs%). CO, is a weak acid and when it dissolves, it reacts with water to form
carbonic acid, which dissociates following equations 1.1 and 1.2 (Denman et al., 2007).

CO, gy + Hy0 & COy (qq) + H,0 & H,CO3 & H* + HCO3 & 2H' +C05~  (eq. 1.1)
COz (aq) + H20 + CO3™ - HCO3 + H' + CO5~ - 2HCO3 (eq. 1.2)
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The CO, absorption increases the ocean acidity by adding H* ions in solution, which
resulted in a decrease of the sea surface pH by about 0.1 pH units since the beginning of the

industrial revolution (Caldeira and Wickett, 2003).

THE OCEAN CARBON PUMPS CARBON
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Figure 1.1: The four ocean carbon pumps: The solubility pump, i.e., the dissolution of atmospheric CO,
in surface waters (1), followed by deep mixing of the CO,-rich water and sequestration (2); The carbonate
pump, i.e., the bio-precipitation of CaCO; (or PIC) in the upper water column which is accompanied by
the release of CO, (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, CO, is released in the water column by dissolution of
part of sinking CaCO; (5) and remineralisation 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. Figure from Legendre et
al. (2015).

The solubility pump is a mechanism that controls the adsorption or the outgassing of
gaseous CO; that is modulated by air-sea CO, exchange as a function of CO, solubility (itself
an inverse function of temperature), the difference of CO, partial pressure between the
surface ocean and the atmosphere, and the gas transfer coefficient (Takahashi et al., 2002;
Weiss, 1974). Cold and denser water masses from high latitudes sinks, then spreads at depth

towards the equator, this sink being particularly important at high latitudes where deep water
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formation takes place such as the Subpolar North Atlantic (Karleskind et al., 2011) and the
Subantarctic Southern Ocean (Sallée et al., 2012). Warmer waters originating from low
latitudes then compensate the water deficit at the surface. The coupling between CO,
adsorption and thermohaline circulation will transfer carbon to the deep ocean in cold areas
of the globe while tropical areas will favour a degassing of CO,. The time scales to which the
DIC is exchangeable with the atmosphere depend on the depth at which the DIC is
transported via the circulation. Indeed, the DIC can be sequestered in the ocean from weeks
in the surface to centuries at 3000 m depth.

1.2 The biological carbon pump

The biological pump is a suite of biologically mediated processes that consist of
surface transformation of DIC into dissolved organic carbon (DOC) and particulate organic
carbon (POC), with the subsequent sinking and remineralisation of this organic matter. The
DOC oceanic stock is the net result of autotrophic production by marine phytoplankton and
heterotrophic microbial remineralisation (Hansell, 2001) (Fig. 1.1).

The observed gradients of DIC and DOC highlight the fundamental role of biology in
the vertical distribution of carbon stocks in the ocean, which determines the time scales over
which oceanic and atmospheric reservoirs interact and thus partly regulates the atmospheric
CO,, content (Kwon et al., 2009).

1.2.1 Photosynthesis

The biological carbon pump is governed by photosynthesis processes realized by
micro-organisms, including all photo-autotroph planktonic organisms, mainly unicellular
(Falkowski et al., 2003) convert the DIC and dissolved mineral matter into particulate organic
matter (POM, e.g. sugars) and biominerals (e.g. calcite, CaCOs3, for coccolithophores; opal,
BSiO,, for diatoms). This carbon fixation, also defined as primary production (PP), fuels the
flux of POC and is limited by the availability of light and nutrients and thus only occurs in
ocean where solar radiation penetrates (i.e. the euphotic layer) (eq. 1.3, Fig. 1.2).

h
106 CO, + 16 NO; + HPOZ™ + 122 Hy0 + 18 H* = (CH,0)106(NHs )16 (HsPO,) + 138 0,
(eq. 1.3)
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Figure 1.2: Simplified view of the biological carbon pump (from S. Herve, IUEM).

In the absence of the biological carbon pump, atmospheric CO, concentration would
increase by approximately 50% (200 ppmv, e.g. Boyd, 2015; Parekh et al., 2006; Sanders et
al., 2014), a considerable fraction compared to present days ~ 400 ppmv. Therefore, through
the biological carbon pump, ocean plays a key role in the functioning of the carbon cycle at

the global scale.

1.2.2 Carbonate counter pump

Another important process that removes DIC within the upper layer of the water
column involves the formation of PIC via the precipitation of CaCOj3 (eq. 1.4). Many species
through a broad range of trophic levels are able to precipitate CaCO3 (e.g. calcite or
aragonite) in order to form a protective coating or shell, including some phytoplankton taxa
such as coccolithophorid cells and calcareous dinophytes as well as other marine organisms
(corals, foraminifera, mollusk and crustacean). However, when the PIC is exported to the
deep ocean, i.e. below the lysocline, it dissolves, being responsible for a third of the vertical
DIC gradient.

Ca** + 2 HCO3 < CaCO3 + CO, + H,0  (eq. 1.4)
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Although the calcification process in the mixed layer decreases DIC and therefore
alkalinity, it is counter balanced by the production of carbonic acid, which increases the
concentration of CO; in seawater initiating a diffusive flux of CO, from the ocean to the
atmosphere (Frankignoulle et al., 1994) (eq. 1.4). Estimations of switching-off the
calcification in the ocean suggest that it would lead to a 40 ppmv decrease in atmospheric
pCO, (Wolf-Gladrow et al., 1999). However, in calcium carbonate dominated regions, a
higher fraction of the organic matter is exported to the deep ocean ballasted by the CaCO3
(Francois et al., 2002).

1.2.3 Phytoplankton bloom dynamic

Sverdrup (1953) suggested that blooms are caused by enhanced growth rates in
response to improved light, temperature, stratification conditions and availability of nutrients
because of winter mixing thus enabling the initiation of the spring bloom. The first
phytoplankton organisms to take advantage of such conditions and to bloom are the micro-
phytoplankton, which are then succeeded by a mixture of size-classes and functional groups
depending of the resources. The bloom termination will thus result from nutrient depletion,
higher grazing pressure and/or decreasing light quality.

Although the critical depth hypothesis explains the spring-summer bloom, it does not
explain the vernal bloom. Several hypotheses have been advanced. For example, Behrenfeld
(2010) reported that winter physical forcing could modulate the prey-predator relationship via
the deepening of the Mixed Layer Depth (MLD) that dilutes phytoplankton in a higher
volume and thus limits zooplankton predation rate. This dilution-recoupling hypothesis can
thus explain a vernal accumulation of the phytoplankton biomass. Furthermore, Lindemann
and St. John (2014) highlighted that phytoplankton have the ability to regulate their
respiration rate to obscurity, which will thus reduce losses within the vernal mixed layer. As a
result, there is no relationship between the accumulation rate and the growth rate, as biomass
can accumulate within deep mixed layer despite a low growth rate. Physical processes such
as meso- and sub-mesoscale features (i.e. eddies, upwellings, fronts) can also greatly
influence the bloom dynamic by restratification of the deep mixed layer within a timescale of
days while the heat fluxes are still negative (Boccaletti et al., 2007; Fox-Kemper et al., 2008).
Indeed, eddies developing within horizontal density gradients could lead to the horizontal
transport of denser water masses under lighter water masses, which thus stays at the surface.
Similarly, wind can also strengthen or lower the restratification through the Ekman transport
(Mahadevan et al., 2010).
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Diffusion and advection can reintroduce nutrients in the euphotic layer and fuel the
primary production (Benitez-Nelson et al., 2000). Lacour et al. (in prep.) reported that the
alternation between convective mixing and restratification could lead to episodic carbon
export of organic matter produced in surface resulting from the remnant layer, which is the
layer included between the depth of a recent mixing and the depth of a past mixing. All these
different features that either bring pulses of new nutrients towards the euphotic layer and the
dynamic of the mixed layer, explain part of the spatial variability of phytoplankton biomass
(Mahadevan et al., 2012; McGillicuddy et al., 2003) and of POC export (Guieu, 2005;
Karleskind et al., 2011; Waite et al., 2016).

1.2.4. Export of particulate organic matter

POC and more generally, POM, generated through primary production becomes
available for the heterotroph oceanic ecosystem. It constitutes the basis of the marine trophic
web and it is further exported towards the deep ocean as dead organisms and faecal pellets
sink. The magnitude of the POM export and therefore of the associated nutrients depends on
many parameters: 1) The nutrient availability that will drive part of the bloom magnitude and
the taxonomic composition of the phytoplankton community, 2) the amount of suspended
biomineral and lithogenic particles, 3) organic particles (other than phytoplankton cells)
excreted by either phytoplankton, bacteria or higher trophic levels as faeces.

The size structure of the phytoplankton community with higher export related to
greater size of sinking phytoplankton cells (Alldredge and Silver, 1988; Guidi et al., 2009)
and the density and shape of the phytoplankton cells have been shown to influence the
efficiency of the POM export (Klaas and Archer, 2002). Indeed, incorporation of biogenic
silica (BSiO,) or calcite (CaCO3) into aggregates increases the excess density of suspended
particles leading to higher sinking velocity (Honjo, 1996) with a faster transfer to deep ocean
when POM is ballasted by calcite (Francois et al., 2002). However, due to their important
density relative to seawater, these organisms, especially diatoms, increase their surface area
relative to their volume to slow their export and to remain suspended for a longer time in the
euphotic layer. Although, non-silicified and non-calcified organisms are barely heavier than
seawater (~1.05 g cm™), such adaptive strategies are not limited to silicifying organisms
(Padisék et al., 2003). An additional process that affect the POM export is the amount of
terrigenous material (e.g. dust, clays), which ballast effect is intermediate compared to
CaCO3 and BSiO; or even lower than BSiO, and greatly depends on the sources and

mineralogy of lithogenic particles (Klaas and Archer, 2002).
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POM export is also strongly influenced by the property of the dissolved organic
matter (DOM). Bacteria and some phytoplankton taxa (e.g. coccolithophores, diatoms) are
able to produce such dissolved gel-like molecules that can trigger the transparent exopolymer
particles (TEP) production (Deng et al., 2016; Long and Azam, 1996; Mari et al., 2005).
These gel-like substances might undergo fast organic matter aggregation in a time-scale of
minutes to hours to move from the colloidal to the particulate phase as TEP (e.g. Baalousha et
al., 2006; Verdugo et al., 2004). The highly adhesive property of these TEP give them the
ability to trap any particles (living, Dam and Drapeau, 1995; organic, mineral; Ebersbach et
al., 2014) and thus affect POM and PIC exports (Burd et al., 2016; Mari et al., 2016; Passow,
2002) via aggregation mechanisms.

Finally, the secondary producers such as zooplankton contribute to the export of
particulate material by excreting faecal pellets that sink as fast as ~ 100 m d* (e.g. De La
Rocha and Passow, 2007; Laurenceau-Cornec et al., 2015; Turner, 2002). These organisms
can also actively carry the organic matter out of the euphotic layer to mesopelagic depths
through their dial migration. Indeed, the prey consumed during the night can be resuspended
as faecal pellets deeper in the water column during the day, contributing from few to 70% of
the POC flux (Jonasdottir et al., 2015; Steinberg et al., 2000).

Although the growth rate of individual cells may depend on nutrient availability and
aggregation processes, the net growth rate of the cell population is also profoundly influenced
by other loss processes led by zooplankton and bacterial activities in the euphotic layer and in

the mesopelagic zone that regenerate POM into DOM.

1.2.5. Remineralisation: grazing and microbial activity

Phytoplankton and phytodetrital aggregates (including TEP), namely the marine
snow, constitute the food source of micro- and meso-zooplankton (Turner, 2015).
Zooplankton grazing will lead to the fragmentation of these large sinking particles into
smaller less-sinking particles, to the production of DOM. DOM is formed by excretion or as a
result of leaching from faecal pellets and by loss of cell contents from prey during handling
(Lampert, 1978), whereas DIC is formed through respiration (Steinberg et al., 2000).
Therefore, the flux of POM can be mitigated by zooplankton grazing (Steinberg et al., 2008),
which accounts for 7-66% of the loss of sinking POC in the bathypelagic layer (Burd et al.,
2010) through coprophagy, coprorhexy and coprochaly (Belcher et al., 2016). However, the
recycling of POM by zooplankton grazing will release, similarly as for carbon, dissolved
nutrients back to the water column. Interestingly, it has been reported by Giering et al. (2012)
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that zooplankton regeneration increased the recycling of Fe relative to N, accounting for 30 to
100% of the total Fe supply to the euphotic zone (Bowie et al., 2001; Sarthou et al., 2008;
Strzepek et al., 2005) in forms that are directly bioavailable (Dalbec and Twining, 2009;
Nuester et al., 2014), which thus may have huge implication in HNLC areas. However,
particle degradation in seawater is mainly achieved by prokaryotes (i.e. heterotrophic
Bacteria and Archaea) within the mesopelagic zone, being responsible for 70-95% of the
estimated remineralisation (Giering et al., 2014). This microbial loop is regulated by the
release of DOC from zooplankton activities, enzymatic solubilisation, mechanical
disaggregation and temperature (e.g. Belcher et al., 2016; Giering et al., 2014; Steinberg et
al., 2008). Particle-attached bacteria solubilize POC into DOC which is either directly
respired by them or by free-living bacteria in the mesopelagic zone (Turley and Mackie,
1994).

Therefore, the majority of the POM formed in the euphotic layer is recycled and only
0.02% is trapped in oceanic sediments and stored for time scales of millions of years (Bopp
and Le Quéré, 2009). Hence, it appears that essential elements are rapidly recycled through
the biota at the surface and more slowly during vertical transport in the water column (Morel
and Price, 2003). As a result of the processes described in the previous sections, i.e.
phytoplankton uptake, POM export, recycling, most essential dissolved trace metals are
depleted at the surface, and show enhanced concentrations in the mesopelagic zone with
important variability depending on their sources and on the phytoplankton composition.

1.2.6 Nutrient controls

The rapid attenuation of light with depth restricts the growth of the oceanic
photoautotrophic microbes, i.e. phytoplankton, to a thin layer. Within this layer,
phytoplankton must obtain, besides light and inorganic carbon, chemical forms of essential
elements (termed nutrients) to be able to conduct photosynthesis. The availability of these
nutrients in the upper ocean frequently limits the activity and abundance of these organisms
(Moore et al., 2013). Because phytoplankton groups differ from their nutrient requirement or
strategies to uptake nutrients, nutrient availability shapes and structures the phytoplankton
community (Twining and Baines, 2013). Among these nutrients, two categories are usually
distinguished, based on their concentration in seawater, namely the macro- (umol L) and

micro- (fmol L™ to nmol L) nutrients.
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1.2.6.1 Macronutrients

Alfred Redfield first drew attention to the co-variability of dissolved nitrate (NO3)
and phosphate (PO,%) in the ocean interior, and the similarity of this ratio to N:P ratios within
POM and cellular material (Redfield, 1934). Since then, the “Redfield ratios” of
106C:16N:1P are employed as a key stoichiometric concept in ocean biogeochemistry
(Anderson and Sarmiento, 1994; Deutsch et al., 2007). However, it has long been recognized
that there is considerable variability in the stoichiometric ratios for all elements within
cellular material (e.g. Geider and La Roche, 2002; Sterner and Elser, 2002). This variability
is likely due to the different forms of N and P that are available to the phytoplankton
community in the ocean, and to the different mechanisms and processes that will induce the
uptake of these nutrients by phytoplankton.

Dissolved inorganic phosphorus (DIP) is only present in seawater under the phosphate
form and varies from < 0.1 to 3.0 pmol L™. Phosphorus is primarily delivered to the ocean
through continental weathering via riverine input, submarine groundwater discharge and dust
deposition (including aerosols, volcanic ash and mineral dust) in the dissolved and particulate
phases (e.g. Paytan and McLaughlin, 2007). However, ~99% of particulate P from riverine
input is retained within the continental shelf and is thus of minor importance for open ocean
waters compared to other sources. Additional sources of phosphorus are the melting of ice
sheets (e.g. Hawkings et al., 2016) and potentially sea ice melt for high-latitude regions. The
dominant sink of P is deposition and burial in marine sediment after transformation from
dissolved to particulate phases (Paytan and McLaughlin, 2007).

Although dissolved inorganic nitrogen (DIN) exists under a variety of forms (i.e.
ammonium, NH,"; nitrite, NO,’; nitrous oxide, N,O; oxide, NO and dinitrogen, Nyg), it is
mainly present in the marine system as nitrate (NOg3’) and is brought to the ocean by rivers,
atmospheric deposition and by equilibrium between atmospheric N, and dissolved N,. All
these forms of nitrogen can switch from one form to another one by biological processes,
such as denitrification, nitrification and N,-fixation (Gruber and Sarmiento, 1997). However,
most of these biological interconversions are either energy-yielding (e.g. nitrification) or
energy-demanding (e.g. nitrogen fixation) (Karl et al., 2002).

Silicic acid (Si(OH),), unlike N and P, is only essential for some phytoplankton taxa,
namely diatoms, silicoflagellates and radiolarians to build up their protective coating made of
biogenic silica (BSiO,). This nutrient is essentially brought to the ocean by rivers (Tréguer
and De La Rocha, 2013) and can reach up to 170 umol L™. In the world ocean, 56% of the
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BSiO is recycled in the euphotic layer and only 3% reaches the seafloor due to its dissolution
(Tréguer and De La Rocha, 2013).

The two main macronutrients, N and P, exhibit a huge range of concentrations
between and within the different ocean basins. In some areas of the ocean, the concentrations
of N and P are so low, that these areas are considered as nutrient deserts and classified as
oligotrophic, such as the subtropical Sargasso Sea (e.g. Moore et al., 2009; Moore et al.,
2013; Wu and Boyle, 2002). In contrast, the Southern Ocean as well as both the North of the
Pacific Ocean are all N- and P-replete (e.g. Moore et al., 2013). Despite the surplus of
nutrients for primary producers, chlorophyll-a concentrations, a tracer of the phytoplankton
biomass, within these areas, remain very low. These regions of the world’s oceans are called
High Nutrient Low Chlorophyll (HNLC) areas and represent about 25% of the ocean (de
Baar et al., 1999).

1.2.6.2 Micronutrients

Fe has been recognized as a limiting element of ocean productivity (e.g. Boyd et al.,
2000; Martin et al., 1994; 1988; 1990), being involved in photosynthesis and respiration
processes (Morel et al., 2003; Raven et al., 1999). Indeed, Martin and Fitzwater (1988) were
the first to conduct deck incubation experiments with seawater from the subarctic Pacific
Ocean, one of the three HLNC regions and demonstrated that the addition of only nanomolar
concentrations of dissolved Fe to surface water enhanced the chlorophyll concentrations and
led to the complete consumption of major nutrients. They concluded their article postulating
that the observations made in subarctic Pacific waters may also be true in the Southern
Ocean, another HNLC region and speculated that Fe limitation of Southern Ocean
phytoplankton was relieved during ice ages by enhanced dusts inputs as suggested by the
aluminium (Al) and Fe contents in ice cores collected in Antarctica. In a second paper,
Martin (1990) confirmed that ocean productivity is limited by Fe deficiency in the Southern
Ocean and Equatorial Pacific. Since 1993, Martin’s hypothesis continued to be investigated
with the study of high-scale natural and artificial fertilization of ocean HNLC areas (Bakker
et al., 2005; Blain et al., 2007; Boyd et al., 2007; de Baar et al., 2005). Martin was a scientist

with strong ideas that changed forever how scientists regard the Earth’s oceans.
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Figure 1.3: Patterns of nutrient limitation with backgrounds indicating the annual averages surface
concentrations of A) nitrate (scaled by the mean N:P ratio of organic matter, i.e. 16) and B) phosphate in
pmol L™ Circles 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. From Moore et al. (2013).

The significant growth of research on marine iron biogeochemistry in the past 35
years was triggered by the two seminal publications of Martin (and collaborators) in the late
1980s (Martin and Fitzwater, 1988; Martin, 1990). The importance of Fe is due to how Fe is
required for numerous metabolic processes and playing a particularly important role in
photosynthesis electron transport (Geider et al., 1993).

Iron is also required in the process of nitrogen fixation, as part of the metalloenzyme
nitrogenase, and consequently plays a co-limiting role of primary production (Mills et al.,
2004; Moore et al., 2009; Moore et al., 2001). Moreover, Fe is used in the formation of
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superoxide dismutase (SOD), an enzyme involved in cell-defence processes against reactive
oxygen species (Wolfe-Simon et al., 2005), nitric and nitrous oxide reductases, in the
conversion of hydrogen peroxide to water and disproportionation of superoxide to hydrogen
peroxide and O; as well as in the nitrate and nitrite reductase (Sunda, 1989; Twining and
Baines, 2013, Table 1.1). Due to its role in multiple critical biochemical processes, it was
shown that low levels of this micronutrient could limit primary productivity in about 50% of
the World’s ocean (Boyd and Ellwood, 2010; Moore et al., 2009; Moore et al., 2006) (Fig.
1.3). Therefore, Fe plays a crucial key role in oceanic and atmospheric carbon cycles and
better understanding the biogeochemical cycle of Fe will allow a better understanding of the
carbon cycle. However, the impact of Fe fertilization in terms of organic carbon export and
storage efficiency is still poorly constrained (e.g. Martin et al., 2013; Smetacek et al., 2012).
Therefore, Fe has been the cornerstone of the investigation on trace metal
requirements for phytoplankton. However, other trace metals are key nutrients for
phytoplankton. Overall, the metal phytoplankton cell quotas are driven by biochemical
demand, i.e. the more the metals are involved in processes, the more they will abound in
cells, with the following generalized metal abundance ranking: Fe =~ Zn > Mn = Ni =
Cu > Co = Cd > Mo (Twining and Baines, 2013). In a similar manner as Fe, Zinc (Zn) is
involved in a plethora of cell functions such as carbon uptake, acquisition of dissolved
organic phosphorus (Morel and Price, 2003), it is also used as cofactor for nucleic acid
transcription and repair proteins (Twining and Baines, 2013) (Table 1.1). Conversely, other
trace metals seem to have more specific and limited roles but have not been studied as
extensively as Fe. For example, metals such as Mn (Peers and Price, 2004; Wolfe-Simon et
al., 2006), Cu or Ni (Ho, 2013; Nuester et al., 2012) are also used as co-factors in SOD
(Wolfe-Simon et al., 2005). Cobalt (Co) is present at the core of vitamin B12 (Bertrand et al.,
2007), which is synthesised by prokaryotes and assimilated by eukaryotic phytoplankton
(Croft et al., 2005). Co is also present in the active site of carbonic anhydrase enzyme, as well
as Zn and Cd, and is thus involved in the carbon uptake (e.g. Morel et al., 1994; Price and
Morel, 1990; Yee and Morel, 1996). Consequently, the acquisition of major nutrients is not

independent of the availability of trace metals, catalysing their transformation for uptake.
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Table 1.1: Common metalloproteins present within marine phytoplankton. Adapted from Twining and

Baines (2013).
Metal Protein(s) Function(s)

Fe (iron) 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 O,

Zn (zinc) Carbonic anhydrase Hydration and dehydration of carbon dioxide

Mn (manganese)

Ni (nickel)

Cu (copper)

Co (cobalt)
Cd (cadmium)
Mo (molybdenum)

V (vanadium)

Alkaline phosphatase
RNA polymerase
tRNA synthetase
Reverse transcriptase
Carboxypeptidase
Superoxyde dismutase
0O,-evolving enzyme
Superoxide dismutase
Arginase
Phosphotransferases
Urease

Superoxide dismutase
Plastocyanin
Cytochrome oxidase
Ascorbate oxidase
Superoxide dismutase

Multicopper ferroxidase

Vitamin B12
Carbonic anhydrase
Nitrate reductase
Nitrogenase
Nitrogenase

Hydrolysis of phosphate esters

Nucleic acid replication of carbon dioxide

Synthesis of tRNA

Synthesis of single-stranded DNA from RNA

Hydrolysis of peptide bonds

Disproportionation of superoxide to hydrogen peroxide and O,
Oxidation of water during photosynthesis

Disproportionation of superoxide to hydrogen peroxide and O,
Hydrolysis of arginine to ornithine and urea

Phosphorylation reactions

Hydrolysis of urea

Disproportionation of superoxide to hydrogen peroxide and O,
Photosynthesis electron transport

Mitochondrial electron transport

Ascorbic acid oxidation and reduction

Disproportionation of superoxide to hydrogen peroxide and O,
High-affinity transmembrane Fe transport

C and H transfer reactions

Hydration and dehydration of carbon dioxide

Conversion of nitrate to ammonia

N,-fixation

N,-fixation
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1.2.6.3 Response of the phytoplankton community to the availability of nutrients

“It is a recognized principle of ecology that the interactions of organisms and environment are reciprocal. The
environment not only determines the conditions under which life exists, but the organisms influence the
conditions prevailing in their environment.”(Redfield, 1958)

“This two way interaction... has a profound influence on the biogeochemistry of the ocean...” (Sunda, 2012).

The availability of nutrients shapes the phytoplankton community structure. Indeed,
phytoplankton taxa do not have the same requirement for all nutrients and are not all able to
uptake the different chemical forms one nutrient can take. Although all phytoplankton taxa
are capable of photosynthesis and respiration, most of the other biological functions are
taxon-specific. In addition, some phytoplankton taxa have developed adaptive behaviour as a
response to nutrient availability. Therefore, it is more likely that limitation of one nutrient or
co-limitation will affect the phytoplankton community structure.

There is a clear relationship between the trophic status of a water body and the size
class distributions of algal assemblages and therefore of the taxonomic composition
(Claustre, 1994; Uitz et al., 2006). Among the phytoplankton community, three size-classes
(micro-, nano- and picoplankton) have been distinguished representative of algal functional
groups. Indeed, picoplankton (0.7 — 2 um) are preferentially associated with the presence of
regenerated forms of nutrient, i.e. recycled within the euphotic zone, whereas microplankton
(20 — 200 pum, e.g. large diatoms) are more involved in new production, i.e. when nutrient
inputs from outside the euphotic zone become available (e.g. upwelling of nutrients, riverine
inputs) (e.g. Eppley and Peterson, 1979; Malone et al., 1980). A good example of how the
available chemical form of a specific nutrient, which depends on its sources, affect
phytoplankton size-classes is nitrogen.

Among co-limitations, three categories based on their mathematical formulations and
visualization were distinguished (Saito et al., 2008). Type | co-limitation involves two
independent nutrients. A typical example of this is N-limitation of some taxa due to
decreasing N:P ratios, thus favouring the development of N,-fixers and concomitantly the P-
limitation of the Ny-fixers (Benitez-Nelson, 2000). Type-Il co-limitation involves the
biochemical substitution of a nutrient for another. Indeed, the replacement of one essential
element by another may be a common occurrence in marine plankton. For example, the
replacement of Zn by Cd or Co have been observed in the carbonic anhydrase, the

metalloprotein responsible of C uptake, of some eukaryotic species (Morel et al., 1994; Sunda
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and Huntsman, 1995b). Type I co-limitation is the biochemical dependency of nutrients,
where the ability to acquire one nutrient is dependent upon the sufficient supply of another,
which is the case of Zn and C in the carbonic anhydrase (Price and Morel, 1990) or of Zn and
P in the alkaline phosphatase (Shaked et al., 2006), which allows phytoplankton to acquire P
from organic compounds. Whilst some nutrients can limit phytoplankton community as they
are bioessential, some of them are toxic. Cu is an example of an essential trace metal, but that
can be toxic to some phytoplankton taxa at relatively high concentrations (e.g.
Synechococcus; Brand et al., 1986).

To sum up, phytoplankton organisms control the chemistry and cycling of
biologically important trace metals in the sea, as different phytoplankton taxa and functional
groups have different biological requirements for growth (e.g. Buitenhuis et al., 2008; Saito
et al., 2010; Sarthou et al., 2005) leading to differences in intracellular nutrient quota and
drawdown (e.g. Arrigo et al., 1999; de Baar et al., 1997; Ho et al., 2003; Quigg et al., 2003;
Quigg et al., 2011; Twining and Baines, 2013; Twining et al., 2004a). The metals control in
part the growth of the organisms and major nutrient cycling such as C and N.

1.3. The GEOTRACES program

Despite the recognized importance of trace elements in the ocean, the ability to
exploit knowledge of their specific characteristics is limited by uncertainty regarding their
sources, sinks, internal cycling and chemical speciation and by the lack of standardise
sampling protocols across labs (Anderson et al., 2014). Therefore, to address these challenges
an expert committee suggested in 2000 a new international program named the
GEOTRACES program.

INTERFACES INTERNAL CYCLING
A A

f ) 4 A}
2. Continental runoff 1. Atmosphere

Figure 1.4: Figure illustrating the major sources (in blue) and processes (in red) influencing the
distribution of the TEIls. From GEOTRACES Science Plan.
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GEOTRACES aims at understanding the biogeochemical cycles of key trace elements
and their isotopes (TEIs), identifying processes and quantifying fluxes that control TEls
large-scale distributions in important oceanic basins, assessing the sensitivity of these
distributions in environmental conditions impacted by climate change, identifying proxies of
the past environment and anticipating the response of biogeochemical cycles to global change
(www.geotraces.org). To do so, one has to determine the processes and sources influencing
TEIs distributions, define fluxes at four interfaces (ocean and continental runoff, sediments,
atmosphere and ocean crust) and characterize four types of internal cycling (uptake,
regeneration, burial and circulation, Fig. 1.4). In 2007, preliminary sampling occurred during
the international polar year, in 2008, the first inter-calibrations were achieved and the data
management started (see Chapter 2). The year 2010 marked the beginning of the initial
sections and process studies with a main focus on (i) trace metal bioavailability, (ii)
Redfieldian concepts of trace metal stoichiometry, (iii) the high-resolution distribution of
trace metal, (iv) trace metal ligand composition and their role in their cycling, (v) the role of
particle dynamics in trace metal cycles, (vi) the estimation of their fluxes and finally (vii) the
discrimination between preformed and regenerated trace metal. Nowadays, synthesis begins,
cruises continue. So far, in the frame of the GEOTRACES program, 100 cruises have been
completed (Fig. 1.5) with the help of 17 nations and allow the publication of more than 900
articles.

“organize collaboration to achieve objectives not attainable by a single lab — or even by a single nation”
(Bob Anderson, at the first GEOTRACES summer school, Plouzané, 2017)
The GEOTRACES’ biggest appeal lying in these words.

Figure 1.5: The GEOTRACES plan, the black lines symbolizing the cruises completed during the
international polar year, the yellow lines cruises completed and the red lines, cruises to be done. Map
from the GEOTRACES website (www.geotraces.orq).
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This thesis work falls within the GEOTRACES program, with a participation to two
dedicated cruises (see section 1.6). Iron being the core element of this thesis, from now, we

will only focus on Fe regardless other trace metals.

1.4. Physico-chemical speciation of Fe

The speciation of a chemical element corresponds to its distribution among its
different physico-chemical species. The interaction of Fe with the marine food web depends
greatly on its physical (soluble/colloidal/particulate) and chemical (organic/inorganic and
redox) speciation (Fig. 1.6).
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Figure 1.6: The components of particulate and dissolved iron pools (including the soluble and colloidal
components) and the role of inorganic and organic components (adapted from Tagliabue et al., 2017).

1.4.1 Physical speciation

In the ocean, the physical speciation of Fe relies on separating the particulate Fe (PFe,
which remains on a 0.2 - 0.45 um filter, from the filtrate (dissolved Fe or DFe) (Bruland et
al., 1994; Gordon et al., 1998a; Martin et al., 1989). The dissolved pool is composed of both
soluble Fe (SFe, < 0.02 um or 10 kDa), and colloidal Fe (10 kDa or 0.02 um < CFe < 0.2 pum)

operational size fractions (Wu et al., 2001).
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1.4.1.1 Particulate pool

In the ocean, the pool of Fe is dominated by the particulate fraction (de Baar and de
Jong, 2001). Marine particles exist in a continuous spectrum of sizes, but they can be
operationally grouped into small colloids, a small size fraction (0.45 or 0.8 um to 53 um) and
a large size fraction (> 53 um). Although small colloids are light enough as not to quickly
settle without further aggregation (Buffle et al., 1998), the two larger size fractions of
particles (i.e. > 0.45 um) present a molecular mass of more than 10° kDa (Lead and
Wilkinson, 2007). The large size fraction of particles is more likely to sink vertically due to
their density and consequently, has a shorter residence time (days to weeks) and contributes
to most of the vertical particle flux (Lam and Marchal, 2015). The small size fraction
corresponds to suspended particles which are less likely to sink, therefore their residence in
the water column is relatively long (months) and they constitute most of the total particle
mass (Bishop et al., 1977; Bishop et al., 1978; Bishop et al., 1985; Bishop et al., 1986;
Bishop and Wood, 2008; Lam and Bishop, 2007). Advection by currents affect their
transport. Aggregation and disaggregation processes that lead to the packaging of small
particles and to the breakdown of large particles into small particles, respectively, can either
be abiotic (e.g. from physical coagulation and from shear stress, respectively) and
biologically mediated (e.g. from zooplankton faecal pellet production and from zooplankton
fragmentation, respectively) (Fig. 1.7). Overall, the vertical distribution of particles is
characterized by a surface maximum sustained by primary production, which decreases
exponentially with depth. Some regions are characterized by strong intermediate and/or
bottom nepheloid layers, resulting in profiles with surface and near-bottom maxima and a
clear-water minimum in the 2000 — 3000 m depth range (e.g. Biscaye and Eittreim, 1977,
Brewer et al., 1976; Jeandel et al., 2015; Ohnemus and Lam, 2015).
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Figure 1.7: Schematic depiction of the
biological carbon pump, emphasizing the

Sea important particle dynamics processes:
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| with depth because of remineralisation.

¥ 1000 m  From Lam and Marchal (2015).

The origin of the PFe pool to the ocean is an heterogeneous mix of either externally

derived lithogenic material (i.e. alumina-silicates), transported to the ocean through erosion
of continents, by rivers or by atmospheric deposition (Collier and Edmond, 1984; Duce et al.,
1991; Duce and Tindale, 1991) or internally produced in the water column by marine
biological activity including intra and extra-cellular Fe of living organisms as well as detrital
material such as dead phytoplankton and faecal pellets and corresponding to the biogenic
fraction of Fe or by authigenic precipitation of minerals (i.e. Fe and Mn oxyhydroxides)
(Fowler and Knauer, 1986; Heller et al., 2017; Jeandel et al., 2015; Morel and Price, 2003;
Revels et al., 2015; Tebo et al., 2004) which will each contain different coordination sites to
bind Fe (Stumm, 1992). A large part of the lithogenic PFe is embedded in crystal matrices
which are virtually inert due to their high thermodynamic stability (Wells et al., 1983) and
therefore are not considered as bioavailable. The labile fraction, operationally defined as the
acid leachable phase of total PFe (Berger et al., 2008), is more prone to be bioavailable to
organisms (Frew et al., 2006; Kuma and Matsunaga, 1995) through reductive or non-
reductive dissolution processes, transferring Fe from the particulate phase into the dissolved
phase (Abadie et al., 2017; Homoky et al., 2016). Few micro-organisms are able to directly
uptake particulate Fe, which is basically only the case of phytoplankton capable of

phagotrophy (so-called mixotrophic species) as they bear a pseudopod which allow them to
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engulf cellular content of other micro-organisms such as diatoms (Jacobson and Anderson,
1986) and bacteria (Maranger et al., 1998). In addition, PFe can also be remobilised by other
phytoplankters such as the cyanobacteria Trichodesmium through an effective dissolution of
particles (Rubin et al., 2011).

PFe concentrations vary considerably throughout the water column and between
oceanic basins. However, this pool has received less attention than the dissolved, and as a

result, is still rather unconstrained.

1.4.1.2 Dissolved pool

Dissolved Fe distribution is shaped by a combination of processes: external and
internal inputs (see Section 1.5) and removal processes superimposed upon physical mixing
and advection in the ocean basins. DFe exhibits a hybrid type behaviour demonstrating both
nutrient-type (or recycled) profile shapes as well as scavenged-type (Bruland et al., 1994;
Whitfield and Turner, 1987). Like major nutrients (nitrate, phosphate and silicic acid), DFe is
depleted in remote oceanic surface ocean waters due to biological uptake or passive
scavenging onto particles and appears to be regenerated at depth due to remineralization of
both lithogenic and biogenic particles as part of the major biogeochemical cycles associated
with plankton productivity (Blain et al., 2008a; Johnson et al., 1997a; Johnson et al., 1997b;
Martin and Gordon, 1988; Sarthou et al., 2008). While affected by this kind of processes,
DFe vertical profiles will exhibit surface water depletion and lower concentrations in younger
intermediate waters than the concentration in older water masses. In contrast, in less
productive waters of the oligotrophic central gyres, particularly in areas of high dust inputs,
DFe can exhibit surface-water maxima highlighting its external sources and concentration
loss along global thermohaline circulation more indicative of scavenged-type element
(Bruland and Lohan, 2004; Bruland et al., 1994; Johnson et al., 1997a; Measures et al., 2008;
Sarthou et al., 2007). However, while nutrient-type metals, with their relatively long oceanic
residence times (e.g. ~ 51,000 years for zinc), tend to increase in concentration in deep waters
of the ocean as the latter age, DFe concentrations vary with depth between oceanic basins as
well as within the same oceanic basin. For example, Rijkenberg et al. (2014) reported overall
decreasing DFe concentrations with depth (from 0.80 to 0.40 nmol L™) and lower variability
(~ 0.20 nmol L) compared to the DFe concentrations from the twilight zone (~ 0.40 nmol L’
1) in the west Atlantic Ocean, while DFe concentrations seemed to increase with depth in the
different basins of the Southern Ocean varying from 0.40 to 0.70 nmol L™ (Tagliabue et al.,
2012). The DFe variability throughout the water column is likely due to its short residence
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time, estimated to be ~ 200 years based on dust deposition alone as major Fe source, and
appears to be controlled by three key processes: remineralization from the rain of both
lithogenic and biogenic particles from above, particle scavenging (Johnson et al., 1997a) and
organic speciation (Johnson et al., 1997b).

1.4.1.3 Soluble and colloidal pools

Within the DFe fraction soluble Fe (SFe, < 0.02 um or 10 kDa), and colloidal Fe (10
kDa or 0.02 pm < CFe < 0.2 or 0.45 um) pools (Wu et al., 2001) are still poorly studied and
constrained. Indeed, colloids are compounds defined as solid phase entities that are
operationally included in the dissolved size fraction. However, they retain their status as
particles because they are physically distinct from the fluid via a surface boundary. Because
of their diminutive size, colloids remain suspended until they aggregate to a size experiencing
significant gravitational settling. Colloids thus serve the important role of transporting
material between the dissolved and sinking particulate phases, thereby coupling two of the
scavenging processes: a rapid initial adsorption of SFe onto colloid material in solution,
followed by a slow aggregation of the colloids into particulate material of filterable size
(Honeyman and Santschi, 1989). Colloids have been shown to contribute from 0 to 90% of
total DFe across the global ocean and includes both inorganic (i.e. fine lithogenic particles
and small nanoparticles) and organic species (see section 4.2.2) such as humic substances,
exopolysaccharides, transparent exopolymers or Fe nanoparticles (as small as 5-60 Fe atoms
per colloid) (Bergquist et al., 2007; Boye et al., 2010; Chever et al., 2010; Cullen et al., 2006;
Fitzsimmons and Boyle, 2014a; Kondo et al., 2008; Nishioka et al., 2001; Schlosser and
Croot, 2008; Ussher et al., 2010; Wu et al., 2001; Wu and Luther, 1994). The colloidal phase
can be directly measured using flow field-flow fractionation (e.g. Stolpe et al., 2010) but is
usually operationally defined as the subtraction of the soluble phase, determined by ultra-
filtration, from the dissolved phase (eq. 1.5):

CFe = DFe —SFe (eq.1.5)
SFe includes the free species Fe?* and Fe®*, the inorganic species Fe(I)” and Fe(IIl)’ as well
as species organically bound to ligands of low molecular mass (e.g. siderophores) (see
section 1.4.2.2).

Incubation studies have shown that while a limited number of CFe forms are highly
bioavailable (such as exopolymeric saccharide Fe complexes, Hassler et al., 2011a), SFe is
typically more bioavailable and is taken into the cell much faster than CFe which requires

first a dissociation from the colloid into the soluble phase before being taken into the cell
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(Chen et al., 2003; Chen and Wang, 2001; Wang and Dei, 2003). Crystalline inorganic CFe
(such as nanoparticulate Fe oxyhydroxide) generally has low bioavailability to marine
phytoplankton (Rich and Morel, 1990; Wells et al., 1983), although freshly precipitated
amorphous CFe nanoparticles have been found to be somewhat bioavailable to coastal
species (Kuma and Matsunaga, 1995). SFe and CFe undergo different sinks with SFe
experiencing sorption or desorption and CFe experiencing aggregation or disaggregation,

consequently, the two dissolved phases may have inherently different residence times.

To sum up, the mass balances for Fe when considering its physical distribution can be
described as:
Feiotar = PFe+ CFe + SFe (eq. 1.6)

1.4.2 Chemical speciation

Another way of addressing Fe speciation in the ocean is based on chemical
characteristics, including the redox and the organic/inorganic speciation. Both of them help
understanding the fate of Fe in seawater by giving information on its stability, kinetics and

bioavailability.

1.4.2.1 Redox speciation

Under most natural conditions, Fe is found in the +(11) and +(I11) oxidation states and
forms salts with the majority of common anions. Within the Fe redox couple Fe(lI1)/Fe(ll)
characterized by the standard potential E® = 0.771 V, Fe(ll) is the reduced form and Fe(l11) is
the oxidized form and are called ferrous and ferric compounds, respectively. The inorganic
species gather hydrolysed species and species complexed to inorganic ligands: Fe(Il)’ and
Fe(I1I)’.

In aerated aqueous solutions at circumneutral pH, the Fe(H,0)s*" cation is hydrolysed
to form polynuclear oxy-hydroxides. The Fe(IIl)’ species include, ordered from most to least
concentrated in seawater at pH 8, Fe(OH)s, [Fe(OH)4], [Fe(OH),]*, Fe** and for the less
widespread, [FeCl]?*, [FeCl]*, FeF,", FeFs, FeSO," and Fe(OH)** (de Baar and de Jong,
2001). In oxic conditions, Fe(Ill)’ is thermodynamically stable but highly insoluble (10
pmol.L™) as reported by Liu and Millero (1999) for Fe(III)’ hydroxide in 0.7 M NaCl (pH
8.1, 25°C) and in seawater (Liu and Millero, 2002). Indeed, with time, Fe(III)’ oxyhydroxides

dehydrate and progressively crystallize into Fe(III)’ oxides, thus decreasing their solubility.
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Fe(I1I)’ most refractory forms, Fe(III)’ oxyhydroxides, are therefore less and less bioavailable
for phytoplankton (Kuma and Matsunaga, 1995; Wells and Mayer, 1991a). The rest of its
forms being highly reactive, Fe(lll) is easily adsorbed onto surface particles (lithogenic and
biogenic) and is consequently, quickly removed from the water column by particle settling.
The Fe(ll)’ species gather, still ordered from most to least concentrated in secawater at pH 8,
Fe?*, [Fe(CO3)], [FeOH'], FeHCO3", [Fe(COs3),]* and Fe(OH), (de Baar and de Jong, 2001).
The solubility of Fe(ll) greatly exceeds that of Fe(lll) in seawater but is not stable in oxic
environment and pH > 5. It promptly oxidizes into Fe(lll) due to the presence of either
dioxygen (O, eq. 1.7) or hydrogen peroxide (H,0,, eq. 1.8) (Gonzalez-Davila et al., 2005;
Millero and Sotolongo, 1989; Millero et al., 1987; Santana-Casiano et al., 2006; Santana-
Casiano et al., 2004).
4Fe(II) +30,+ 6 H,0 > 4 Fe(OH)5 or 4 FeO(OH) + 4 H,0 (eq. 1.7)
H,0, + Fe(II) » HO* + HO™ + Fe(llI) (eq. 1.8, Fenton reaction)
Hence, oxic aqueous solutions at seawater pH are predicted to contain negligible
Fe(Il) at equilibrium (Stumm and Morgan, 1996). The occurrence of Fe(ll) at detectable
levels in such oxygenated seawater requires, therefore, continuous inputs and slow oxidation.
The oxidation of Fe(ll) also greatly depends on the ionic strength (Millero and lzaguirre,
1989) and on the temperature (Millero and Sotolongo, 1989) of seawater. However, when the
oxidation of organic material reduces oxygen concentrations at levels typical of suboxic or
anoxic environments, Fe(ll) is stable (Gledhill and van den Berg, 1995; O'Sullivan et al.,
1991) and can be found at mmol L™ concentrations and its solubility will then depend upon
the precipitation of Fe(ll)-sulfide from the redox couple sulfate/sulphide (Blain and
Tagliabue, 2016). Accordingly, significant Fe(ll) concentrations can be found near
hydrothermal vent systems (Breitbarth et al., 2010), sediments (Coleman et al., 1993;
Pakhomova et al., 2007), oxygen minimum zones (Kondo and Moffett, 2015; Kremling,
1983; Vedamati et al., 2014), rainwater (Kieber et al., 2003) and snow (Zhuang et al., 1995).
The production mechanism of Fe(ll) within the water column are mainly linked to
photochemical reduction processes occurring within surface waters of the ocean (Barbeau et
al., 2001; Wells and Mayer, 1991b). It also seems that Fe(ll) is produced through the
activation of Fe biological uptake mechanisms (Chase and Anderson, 2004; Kustka et al.,
2005; Maldonado et al., 2001; Maldonado and Price, 1999; Rose et al., 2005).
The fact that DFe concentrations, despite being low, were observed above its inorganic
solubility limit has been attributed to the presence of natural organic ligands (Johnson et al.,
1997b; Liu and Millero, 2002). For over 20 years now, it is known that more than 99 % of

56



this fraction is bound to organic ligands (Rue and Bruland, 1995). Organic ligands avoid Fe
precipitation and hydrolysis at the pH of seawater by increasing its solubility through an
equilibrium between free and complexed forms of Fe that favours complexation with strong
ligands due to the chelate effect. This in turn may increase its residence time in the surface of
the ocean (Boyd and Ellwood, 2010; Gledhill and Buck, 2012; Hunter and Boyd, 2007).
Moreover, organic ligands may increase Fe bioavailability, thus playing a key role in its

oceanic biogeochemical cycle (Hassler et al., 2011a; Maldonado and Price, 1999).

1.4.2.2 Organic speciation

The existence and the importance of total dissolved Fe-binding organic ligand (DLt)
in the biogeochemical cycle of Fe has been recognized since 1994 (Gledhill and Van Den
Berg, 1994). The main result was that 99% of DFe measured in the upper 1000m in the
Northeast Atlantic Ocean was bound to natural organic ligands. Further studies confirmed
their ubiquity throughout the water column (e.g. Boye et al., 2001; Gerringa et al., 2008;
Gledhill and Buck, 2012; Rue and Bruland, 1995; Van den Berg, 1995; Wu and Luther,
1995).

Iron organic speciation is assessed using voltammetry technics which enable the

quantification of DFe (or SFe, or CFe) concentration, the total DLt (or SLt, or CLt) and their

associated conditional stability constants (K ’Eﬂﬁfkr or K ’;‘;’ZSFBH; reported either with

respect to [Fe’(I11)], hereafter [Fe’], or [Fe®'], respectively) expressing ligand affinity to Fe,

[FeL;]
[Fe'] [L;]

. rcond _
I.e. K FeLi,Fe’ —_

(eq. 1.9)

Kcond

where [Fe’ ] represents all the inorganic species of DFe(l11) (see Section 1.3.1.1). Fel Fe

¢+ can

be converted to K,S;’Zﬁey (conditional stability constant with respect to Fe3*) using the

inorganic side reaction coefficient (ay, = [Fe']/[Fe3*]) as follow:

cond o cond
KFeL,Fe3+ = Upe KFeL,Fe' (eq 110)

In this thesis, af, = 10* at pH 8 was used (Hudson et al., 1992; Kuma et al., 1996;
Liu and Millero, 2002; Millero, 1998; Sunda and Huntsman, 2003). The measured
conditional stability constant operationally defines the ligand class to which it belongs.
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These classes have been separated into four classes: the first class (L;) corresponds to a

cond cond

109K "rep, rer > 12; the second class (L) corresponds to a logK'g,;. ror = 11-12, the third

class (Ls) corresponds to a logK ’;‘;’L‘fnf = 10-11, and the fourth class (L4) corresponds to a

cond

109K ey, re’ < 10. They refer to the strong, intermediate and weak (Ls and L) ligand classes,

respectively (Gledhill and Buck, 2012). In the meantime, it has also been recommended to
report excess ligand concentrations ([L’]=[L]-[DFe]) as a proxy for ligand under saturation
(e.g. Boye et al., 2001; Rijkenberg et al., 2008; Witter et al., 2000; Witter and Luther, 1998;
Wu and Luther, 1995). Consequently, the mass balance from a chemical perspective might be

described as:
Fetotal = Fel + FeL + Feinert (eq 11)

Where Fe;,..: represents the Fe fraction bound up in matrices that are essentially non-labile
(Gledhill and Buck, 2012).

Distribution of Fe-binding ligands in the marine environment

While DLt are present seemingly everywhere, from surface to deep waters of the
coastal and open ocean, there are some distinguishable trends in their distributions and
thermodynamic characteristics (Gledhill and Buck, 2012). In most cases, ligand
concentrations were measured in excess of DFe concentrations (Gledhill and Buck, 2012),
with the highest and the most variable ligand concentrations relative to DFe observed in the
surface ocean (e.g. Boye et al., 2001; Gerringa et al., 2008; Rue and Bruland, 1995; Van den
Berg, 1995; Wu and Luther, 1995), often with stronger stability constants (Bruland and Rue,
2001; Hunter and Boyd, 2007). In contrast, the deep ocean exhibited more or less constant
profiles often close to saturation (Boye et al., 2006; Boye et al., 2010; Boye et al., 2001;
Ibisanmi et al., 2011; Nolting et al., 1998; Rue and Bruland, 1995; Van den Berg, 1995), with
the presence of Lj-type in the top hundred meters of the water column and the L,-type
throughout the water column (Cullen et al., 2006; Ibisanmi et al., 2011; Rue and Bruland,
1995, 1997). Ls-type was reported to be relatively constant down to ~ 500 m depth with a
slight minimum in surface waters (Bundy et al., 2016) and has been reported to be the result
of particulate organic matter remineralization by the heterotrophic community (Boyd et al.,
2010). Ls-type ligands are presumed to stay in the water column only under certain

conditions and on a certain timescale. Although they have been reported to be produced
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during biological incubation experiment, yet they have not been identified in the water
column but received less attention than L;- and L,-type ligands (Bundy et al., 2016).

Within the surface layer, it has been shown that the highest DLt concentrations (Fig.
1.8) were often associated with the chlorophyll biomass maxima (Boye et al., 2006; Boye et
al., 2001; Buck and Bruland, 2007; Croot et al., 2004; Gerringa et al., 2008; Gerringa et al.,
2006; Ibisanmi et al., 2011; Rue and Bruland, 1995; Tian et al., 2006; Van den Berg, 1995,
2006; Wagener, 2008) and to low DFe concentrations, consequently linking the production of
Lt to biological uptake of Fe in Fe-limited areas (e.g. Buck and Bruland, 2007). The excess of
DLt without any chlorophyll biomass maxima, for its part, may alternatively be the remnants
of previous blooms as demonstrated by Sato et al. (2007) due to the presence of grazers (Fig.
1.8). It could also be the result of, depending on the study area, wet or dry atmospheric inputs
(Gerringa et al., 2007; Kieber et al., 2001) as DFe and DLt are both present in clouds
(Boutorh et al., 2017) and in rainwater (Cheize et al., 2012), though dust deposition can lead
to a reduction in excess ligand (Rijkenberg et al., 2008) (Fig. 1.8). DLt have also been shown
to be delivered to surface by sea ice melting (Lannuzel et al., 2015), river plumes (Buck et al.,
2007; Kondo et al., 2007; Powell and Wilson-Finelli, 2003; Slagter et al., 2017) and with
bacteria through the remineralisation of particles regardless of their nature (Vraspir and
Butler, 2009) (Fig. 1.8).

Anomalously high excess ligand concentrations in some specific environment such as
shelf and bottom boundary layers (Fig. 1.8) have been reported and can even be higher than
in most of surface waters (Batchelli et al., 2010; Boye et al., 2003; Buck et al., 2007; Croot
and Johansson, 2000; Gerringa et al., 2008; Gobler et al., 2002; Johnson et al., 2007; Kondo
et al., 2007). Recently, Gerringa et al. (2017) highlighted the presence of L’ associated to
high DFe concentrations from a mud-volcano, in addition to the hydrothermal source of
ligands highlighted by Bennett et al. (2008). Hydrothermal DFe was shown to be transported
about 4,300 km from its hotspot source (e.g. Southern East Pacific Rise, Fitzsimmons et al.,
2017; Resing et al., 2015). Such behaviour was unexpected regarding Fe chemistry in
seawater (see Section 3.2.1) and complexation of DFe to strong DLt was proposed as one
explanation (Tagliabue et al., 2014a, see Section 1.5.4 for other explanation) and have been
demonstrated to be part of the strong (L) ligand type (Buck et al., 2018; Buck et al., 2015;
Fitzsimmons et al., 2017). However, within the hotspot, ligands are rather saturated with DFe
resulting in relatively high DFe’ concentrations (Buck et al., 2018; Buck et al., 2015;
Gerringa et al., 2017).
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Figure 1.8: Schematic of iron-binding ligand cycling in the ocean. From Buck et al. (2016).

The study of the organic speciation of the soluble and colloidal fractions demonstrated
that the soluble component seems to exhibit much higher concentrations than the colloidal
component (Boye et al., 2010; Cullen et al., 2006; Kondo et al., 2008; Thurdczy et al., 2010),
soluble Fe-binding organic ligands (SLt) being more concentrated in the surface layer,
colloidal Fe-binding organic ligands (CLt) closer to saturation throughout the water column
(Gledhill and Buck, 2012; and references therein). Kondo et al. (2008) highlighted, during an
artificial fertilization experiment (SEEDS 1) that while the excess DLt was decreasing due to
the addition of Fe, which saturated the ligands, excess of soluble ligand concentrations was
increasing in the soluble fraction during the bloom decline.

Nature of Fe-binding organic ligands

The origin of these organic ligands is either directly produced from bacteria and
phytoplankton (e.g. porphyrins, siderophores, domoic acid) in the ocean, or as a result of cell
lysis or grazing and/or have a terrestrial origin (i.e. humic substances). Siderophores (Fig.
1.9) are produced by bacteria, and a wide range have been identified in seawater using mass
spectrometric techniques (Boiteau et al., 2013; Mawji et al., 2011; Mawji et al., 2008b;
Velasquez et al., 2011) and have been shown to incorporate low molecular weight
hydroxamate-, catecholate-, and/or a o—hydroxy carboxylate-binding subunits arranged in
different architectures (Barbeau et al., 2003). Porphyrins (Fig. 1.9), which include
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chlorophylls and its degradation products (i.e. phaeophytin, hemes and vitamin B12), are
produced by almost all organisms via a well conserved tetrapyrrole biosynthesis pathway
(Mochizuki et al., 2010). Although, they function as prosthetic groups in proteins and are
useful for their ability to absorb light, transfer electrons, and bind oxygene their production
are tightly controlled as they cause oxidative stress if present in excess of their proteins
(Mochizuki et al., 2010). They bind Fe(ll1) spontaneously but they present a low solubility at
seawater pH (Rijkenberg et al., 2006; Schlosser and Croot, 2008). Domoic acid (DA), a toxin
for higher trophic level produced by the diatom Pseudo-nitschia, is also able to bind Fe but
with low affinity (Kf2p4 re, = 8.7, Rue and Bruland, 2001). Humic substances (HS, Fig. 1.9)
are also a big part of the ligand pool if not the main part. Their composition is dominated by
polyphenol and carboxylic and/or benzoic acids (Buffle, 1990). They are divided into two
groups depending on their solubility: fulvic acids being soluble at pH 1 and humic acids
precipitating at the same pH, but present similar stability constant (K£o/¢ ., 10.6 and 11.1,
respectively) with concentrations as high as the ug HS L™ (Laglera et al., 2007; Laglera and
van den Berg, 2009; Whitby et al., 2018). Quite recently, it has been demonstrated that
saccharides, including exopolysaccharides (EPS), are also part of the ligand pool as they
complex Fe which is then directly bioavailable for phytoplankton organisms (Hassler et al.,
2011a; Hassler and Schoemann, 2009). Hassler et al. (2011a) highlighted that only 1 nmol L™
of EPS is enough to solubilize Fe principally in the colloidal phase.

Ferrioxamineg E

Amphlbactin T wooe W e Heme analog

O e

Figure 1.9: Examples of organic-iron binding ligand identities in seawater. The heme analog is sirocheme,
a relatively soluble iron-containing heme complex. From Buck et al. (2016).
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Link between biological activity and ligand concentrations

As aforementioned, many field studies have commonly found highest L’
concentrations within and around the biomass maxima (e.g. Rue and Bruland, 1995; Van den
Berg, 1995, 2006). However, the direct link between organically bound Fe and its reductive
assimilation has only been revealed for some phytoplankton taxa (Hutchins et al., 1999;
Maldonado et al., 2005) (Maldonado and Price, 2001; Shaked et al., 2005).

Marine heterotrophic and phototrophic bacteria exude siderophores, that is to say high
Fe affinity molecules (Homann et al., 2009; Ito and Butler, 2005; Martinez and Butler, 2007,
Martinez et al., 2003; Martinez et al., 2000), to tackle the Fe-depleted conditions within their
environment and to adsorb the Fe-siderophore complexes. It is known that many
microorganisms are able not only to utilize their own siderophores, but also to assimilate
siderophores from numerous other bacteria (Wilhelm and Trick, 1994). If the adsorption of
these complexes are not bacteria species-specific (Stintzi et al., 2000), it does not mean that
they are all bioavailable for phytoplankton species. Indeed, Hutchins et al. (1999) reported
that Fe(lll)-siderophore complexes seem to be more readily available to the prokaryotic
phytoplankton community, while Fe(ll1)-porphyrin complexes are more readily available to
the eukaryotic diatoms. Eukaryotic diatoms are not known to have the receptors sites to
assimilate Fe(lll)-siderophores directly, but they can utilize cell surface reductase systems to
reduce the Fe(l11) bound to the siderophore, and the resulting Fe(ll) can either dissociate and
become available (as Fe(Il)’) or can be reoxidized to Fe(Ill)’ and become available for
assimilation (Maldonado and Price, 2001). It has also been shown by Barbeau et al. (2003)
that a—hydroxy carboxylate groups are stable as uncomplexed acids, but when coordinated to
Fe(lll) they undergo light-induced ligand oxidation and reduction of Fe(lll) to Fe(ll).
However, these photoreduction processes are strongly dependent on the identity of the FeL
(Barbeau et al., 2003; Rijkenberg et al., 2006). After the breaking down of the siderophore
ligands induced by light, photo-degradation products are generated and exhibit weaker
conditional stability constants similar to the L, class of ligands observed in surface waters
which are more readily available for phytoplankton than the original Fe(lll)-siderophore
(Barbeau et al., 2001; Rue and Bruland, 1995).

In summary, although ligands have been found to be ubiquitous compounds
throughout the water column, their respective classes determined as a function of their
strength are dependent on their sources and are thus localised at specific depth-ranges.
Modelling studies have highlighted the importance of organic ligands in determining the
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thermodynamic solubility of Fe and have showed that variations in organic ligand
concentrations and stability constants influence the residence time and potential
bioavailability of Fe (Tagliabue et al., 2009; Tagliabue et al., 2017; Tagliabue and Volker,
2011). Finally, Volker and Tagliabue (2015) used a model in which ligands were produced
from organic matter remineralisation and phytoplankton processes, and lost through bacterial
and photochemical degradation, aggregation and through phytoplankton uptake. With their
model, aimed at linking in-situ measurements to obtain a broader view of large-scale
processes, they were able to reproduce the decreasing ligand concentrations along the
conveyor belt circulation in the deep ocean, the Southern Ocean lower surface and subsurface
concentrations and the enhanced ligand concentrations in the mesopelagic area compared to
the abyssal ocean. Although large-scale processes and more specifically open-ocean data
were well represented by the model, surface (0-50 m) data and ocean-land boundaries were

still poorly constrained (Fig. 1.10).
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Figure 1.10: Ligand distribution as determined by the model of Vélker and Tagliabue (2015) and in-situ
measurements plotted as dots using the same color coding.
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1.5 Biogeochemical cycle of Fe

In the following section, the different sources and processes shaping the

biogeochemical cycle of Fe are detailed below (Fig. 1.11).

Southern Fe limitation N/P limitation North

Particulate
organic flux <—__
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Figure 1.11: A revised representation of the major processes in the ocean iron cycle, with emphasis on the
Atlantic Ocean. They draw attention to a broad meridional contrast between the iron-limited Southern
Ocean and the major nutrient-limited low-latitude regimes. Dust remains dominant in the low latitudes,
but continental margin and upwelled hydrothermal sources + winter entrainment are more important in
the Southern Ocean. Flexible iron uptake and biological cycling, along with the production of excess iron-
binding ligands, dominate the Southern Ocean, whereas nitrogen fixation occurs in the low latitudes
(although this process can also be restricted by lack of iron outside of the north Atlantic subtropical
gyre). The particulate organic iron flux is decoupled from that of phosphorus at high latitudes and the
flux of lithogenic material is important at low latitudes influenced by dust. Subduction of excess organic
iron binding ligands from the Southern Ocean has a remote influence on the interior ocean at low
latitudes. From Tagliabue et al. (2017).

1.5.1 External sources of Fe

In the ocean, DFe is scavenged on particles (see Section 1.4.1.2), which can be further
lost from the water column due to sediment burial. Therefore, external sources of Fe are
crucial to counter-balance losses. In this section, the main external sources of Fe to ocean are

presented in relation to their bioavailability.

1.5.1.1 Atmospheric deposition

Although atmospheric deposition accounts for only 2% of the column integrated Fe
inventory (Tagliabue et al., 2014a), it is the main source of DFe to the open ocean surface
waters, especially at low latitude and in the Atlantic Ocean (e.g. Duce and Tindale, 1991,

Jickells et al., 2005; Ussher et al., 2013). This external source of Fe includes two main

64



origins, namely desert dust deposition and combustion that represent 95 and 5% of the global
atmospheric Fe cycle, respectively (Mahowald et al., 2009).

Fe dust supply is primarily controlled by the uplift of dust from terrestrial systems,
whose main source regions are characterized by enhanced soil aridity. Hence, the source
regions are predominantly located in North Africa, the Arabian Peninsula, Central Asia,
China, Australia and Southern Africa (Ginoux et al., 2012; Mahowald et al., 2005). The uplift
of dust is sensitive to local conditions such as local wind speeds and humidity that needs to
exceed a threshold velocity to transport soil grains horizontally (Prospero, 2002). Once
aerosols reach the upper atmosphere they can be transported over long distances depending
on the rate of gravitational settling and the particle size (Kallos et al., 2006; Maring et al.,
2003). During this transport, dust is exposed to unique chemical conditions that modify its
speciation and solubility (Hand et al., 2004). Fe deposition to the ocean is then a function of
dry and wet (including rain and snow) deposition with Fe on larger particles assumed to fall
closer to the source (Jickells et al., 2005) and to be less soluble (~1%) than the Fe associated
with finer particles transported farther away (10-40%) (Fan et al., 2006).

Although atmospheric deposition represents a huge part of the external sources of Fe
the extent to which this Fe is bioavailable is still poorly constrained. The fractional solubility
of aerosol trace metals is dependent on a number of factors, such as aerosol type (mineral
dust, industrial emissions, sea salt, volcanic), particle size (finer particles are generally more
soluble than coarse ones), or atmospheric processes (Baker and Croot, 2010). This solubility
can vary from 0% to 100% (e.g. Shelley et al., 2018). After contact with seawater, Fe from
atmospheric particles will undergo rapid dissolution with the vast majority of dissolvable Fe
mobilised within the first few minutes (Desboeufs et al., 2005; Mackey et al., 2015). After
this time lapse, Fe is more prone to be scavenged onto particles.

Recently, it has been suggested that the amount of atmospheric organic acids control
the binding of soluble aerosol Fe with organic ligands once the Fe equilibrates in seawater
with over 95% of the soluble Fe potentially able to bind to marine organic ligands (e.g.
Fishwick et al., 2014; Meskhidze et al., 2017). On the other hand, many studies argued that
the aerosol trace metal fractional solubility is driven by the amount of DOM in seawater
(Bressac and Guieu, 2013; Bressac et al., 2014; Desboeufs et al., 2014; Paris and Desboeufs,
2013; Wagener et al., 2008). High and fresh DOM conditions induce a negative feedback on
DFe concentrations through rapid formation of aggregates, whereas low DOM conditions
allow a transient increase in DFe concentrations before being removed by adsorption onto
settling particles (Bressac and Guieu, 2013).
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1.5.1.2 Riverine inputs

Rivers carry with them large quantities of Fe in both the dissolved and particulate
fractions but mainly in the form of suspended sediments (de Baar and de Jong, 2001; Poulton
and Raiswell, 2002). They are of great importance at a regional scale with stronger Fe supply
from low-latitude Atlantic and northern Indian oceans (Gaillardet et al., 2014) with average
DFe concentrations of 720 nmol L™ in freshwaters and a DFe input to estuaries of 0.47 Gmol
yr' (de Baar and de Jong, 2001). More recently, Chester and Jickells (2012) re-evaluated the
river Fe supply to be of 4.2 Gmol yr''. However, due to the salinity gradient, the majority of
this DFe flocculates and is removed to the particulate phase within estuaries (Sholkovitz,
1978). Interestingly, this PFe has been reported by Berger et al. (2008) and by Buck et al.
(2007) to be rich in labile Fe thus potentially constituting an additional source of DFe to the
coastal zone. Indeed, rivers have been reported to be highly concentrated with Fe-binding
organic ligands, especially humic substances (Slagter et al., 2017) and even the presence of
strong L;-type ligand have been reported to be correlated to DFe concentrations (Buck et al.,
2007). Moreover, Krachler et al. (2005) reported that terrigenous fulvic-iron complexes
originating from weathering processes occurring in the soils upstream can act as natural
ocean fertilizer with important amount of bioavailable Fe (up to 480 pg L™). Thus, the
influence of river-derived Fe on oceanic concentrations greatly depends on its organic
speciation that can stabilize river Fe in the dissolved form over long distances (Krachler et
al., 2015; Laglera and van den Berg, 2009).

1.5.1.3 Sediment inputs

Fe flux from sediments, including sediment resuspension events and associated pore-
water release, lead to high DFe concentrations in coastal waters (Blain et al., 2008c; Chase et
al., 2005; Elrod et al., 2004; Hatta et al., 2015; Lohan and Bruland, 2008; Measures et al.,
2013) and could be as large as the atmospheric inputs (Moore and Braucher, 2008). Two
processes supply DFe from the sediment to the benthic boundary layer (BBL), reductive and
non-reductive dissolution (Conway and John, 2014; Homoky et al., 2013; Radic et al., 2011).

Continental shelves receive large amounts of organic material and thus early
diagenesis processes occur. Indeed, remineralisation can lower sediment oxygen
concentrations, promoting reductive dissolution of PFe oxyhydroxides to DFe that can then
diffuse across the sediment water interface as DFe(ll) colloids (Homoky et al., 2011). Such
processes will not lead to further transport of DFe moving to more oxygenated water masses
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due to back precipitation, unless complexion with Fe-binding organic ligands occurs
(Batchelli et al., 2010; Gerringa et al., 2008). Although Fe(lll) is one of the dominant
terminal electron acceptors for organic carbon metabolism (Kostka et al., 1999), in sulfate—
rich areas, sulfate becomes the dominant oxidant and thus Fe precipitates as iron sulphides
(FeS and FeS;) (Moeslund et al., 1994). Other processes involving early diagenesis of
sediments and the release of Fe(ll) includes bioturbation that is dependent on the oxygen
levels of overlaying bottom water (Severmann et al., 2010). The non-reductive dissolution of
sediment is the dissolution of particles after resuspension that is favoured in oxic BBL with
low organic matter degradation and/or low Fe oxides (Homoky et al., 2013; Radic et al.,
2011).

These two processes exhibit differences in their DFe supply. Indeed, Conway and
John (2014) reported that non-reductive dissolution of sediments from the North American
Margin was about 5 times higher than the reductive dissolution of African sediments. Finally,
PFe has been shown to be elevated in nepheloid layers which could constitute a substantial
source of DFe. Although DFe inputs from nepheloid layers have been evidenced, the
processes solubilizing the PFe are still poorly constrained (Cheize et al., under review; Laes
etal., 2007; Lam et al., 2015; Revels et al., 2015). Nonetheless, the transport of water masses,
which interacted with the BBL, by lateral advection or vertical mixing extends beyond areas
directly influenced by sediment resuspension (de Baar et al., 1995; Lam and Bishop, 2008)
and sediment sources have been estimated to be the most important source of Fe, accounting

for ~74% of the oceans Fe inventory (Tagliabue et al., 2014a).

1.5.1.4 Hydrothermalism

Although mid-ocean ridges and back arc basins are commonly enriched in DFe, the
extreme conditions prevailing in such features compared to surrounding waters lead to the
precipitation of Fe as solid minerals (German et al., 1991). Indeed, the rock-fluid interactions
associated to the extreme temperatures and low pH, enable the enrichment of DFe within the
vent fluids by 10°%1 (German and Seyfried, 2014) with concentrations ranging from < 2 to
26,000 umol L™ (e.g. Elderfield and Schultz, 1996; Gallant and Von Damm, 2006; Holmes et
al., 2017). Once the vent fluid escapes the chimney, the plumes entrains ambient seawater
and Fe-sulfides precipitate as a result of oxidation, rapid cooling of hot water and increase in
pH (see Holmes et al., 2017 and reference therein). Therefore, it was originally assumed that

hydrothermal supply had only little impact on Fe ocean inventories.
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In the past decades, observations and modelling of abyssal ocean Fe inventory
concluded that hydrothermal Fe supply necessitates a longer residence time (e.g. Boyle et al.,
2005; Klunder et al., 2011; Tagliabue et al., 2010), and should be investigated in more detail
with dedicated process studies (German et al., 2016). The mechanism responsible for the
stabilization of DFe within the plume as it mixes with surrounding waters have been inferred
to the formation of complexes with organic ligands (e.g. Bennett et al., 2008; Buck et al.,
2018; Fitzsimmons et al., 2017; Sander and Koschinsky, 2011; Statham et al., 2005, see
Section 1.4.2.2) or transport by nanoparticles (Gartman et al., 2014; Yucel et al., 2011).
Hydrothermal DFe stabilized by the former mechanism has been shown to persist for
thousands of kilometres from the source (Buck et al., 2018; Fitzsimmons et al., 2017; Resing
et al., 2015) thus increasing the probability to reach surface waters, enhance the primary
production and impact carbon export not only in areas where the hydrothermal system is
located in shallow or upwelled waters (Fitzsimmons et al., 2014; Wurl et al., 2011).
Hydrothermal inputs of DFe along mid-ocean ridges and back arc basins have recently been
re-estimated to account for ~ 23% of the inventory of Fe in the ocean (Tagliabue et al.,
2014a) and to support ~15-30% of the export production south of the Antarctic Polar Front
(Resing et al., 2015).

1.5.1.5 Glaciers, icebergs and melting sea ice

In high latitudes, additional sources of Fe must be considered. Indeed, within the
Arctic and the Antarctic, glacial melting, icebergs and sea ice have been shown to deliver
substantial amounts of DFe (e.g. Bhatia et al., 2013; Lannuzel et al., 2016b; Raiswell, 2011;
Raiswell et al., 2008; Shaw et al., 2011; Smith Jr. et al., 2007).

The Fe originating from the melting of glaciers comes from the mechanical and
chemical weathering of sediments underneath glaciers (Raiswell et al., 2006), it can also be
entrained into the glacier after snow deposition (i.e. extraterrestrial and dust) (e.g. Bintanja
and van de Wal, 2008; Fischer et al., 2007) and/or from a marine source for ice shelves (e.g.
Schoof, 2007). Many studies investigated the role of these meltwaters from the Greenland ice
sheet in delivering Fe to coastal waters. All the studies agreed on the ability of glacial
meltwater from Greenland Ice Sheet to deliver DFe and CFe (Bhatia et al., 2013; Hawkings
et al., 2014; Schroth et al., 2014; Statham et al., 2008). Recently, Schroth et al. (2014)
pointed to the fact that although ice sheets exhibit higher Fe concentrations than in the

underlying seawater, the extent to which these Fe concentrations can actually fertilize
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seawater was overestimated due to removal processes at the interface between non-saline
glacial meltwater and seawater, but were nonetheless a significant source to watersheds. This
discovery emphasized the potential role of CFe in fertilizing coastal waters with the study
carried out by Hawkings et al. (2014) who reported that Greenland ice sheet is enriched in Fe
which is dominated by a highly reactive potentially bioavailable nanoparticulate suspended
sediment fraction (0.02 - 0.45 um, CFe). These particles released from the Greenland
meltwater are likely maintained in the euphotic zone due to the buoyancy of the meltwater
plume and the potential photochemical degradation of these nanoparticles (Bhatia et al.,
2013). In the Southern Ocean, Gerringa et al. (2012) reported that the Pine Island Glacier
meltwaters supplied high DFe, up to 150 km away from the glacier that were sustained by Fe-
binding organic ligands (Gerringa et al., 2012) in a bioavailable form resulting in a dense
phytoplankton bloom (Alderkamp et al., 2012).

Free drifting icebergs originate from ice sheets and thus are often rich in terrigenous
material and potentially in Fe (Lin et al., 2011; Lin and Twining, 2012; Smith Jr. et al., 2007).
Lin and Twining (2012) reported relatively high concentrations of Fe-binding organic ligands
within icebergs compared to remote seawater, thus reducing Fe loss by scavenging.
Therefore, during their equatorward transport, icebergs can potentially export Fe from the ice
sheet into open ocean waters while they melt. Although these sources (melting ice sheet and
icebergs) are still poorly constrained, estimates suggest an overall highly reactive Fe oxide
flux of 14 + 11 Tg yr?, including 7 + 6 Tg yr™ from icebergs to the ocean (Raiswell et al.,
2006).

Janssens et al. (2016) reported that DFe and PFe begin to accumulate in sea ice as
soon as it forms compared to underlying seawater. As the sea ice forms the incorporation of
DFe and PFe will strongly depend on the microstructure and texture of the sea ice, with
impurities rejected more efficiently in columnar ice than in granular ice due to slower
formation (Petrich and Eicken, 2010) thus impacting the speciation of Fe (Lannuzel et al.,
2010). Previous studies highlighted that the particulate phase dominates the Fe pool in both
fast ice (de Jong et al., 2013; Grotti et al., 2005; Lannuzel et al., 2014; van der Merwe et al.,
2011) and pack ice (Janssens et al., 2016; Lannuzel et al., 2016a; Lannuzel et al., 2008).
During springtime, the melting of sea ice releases Fe and organic matter such as EPS
(Krembs et al., 2002; Lannuzel et al., 2015; van der Merwe et al., 2009) likely due to the
bacterial activity within sea ice (Junge et al., 2004), which may increase Fe solubility and
bioavailability in seawater (Hassler et al., 2011d; van der Merwe et al., 2009) or that might
undergo organic matter aggregation (e.g. Baalousha et al., 2006; Verdugo et al., 2004).

69



Indeed, Lannuzel et al. (2008) reported that 70% of the DFe is lost in 10 days either because
of phytoplankton uptake or scavenging onto particles. Although Fe from sea ice melting is
not technically a new source of Fe, recently Genovese et al. (2018) reported that ligands from
pack ice are not saturated in Fe and consequently these L’ may help solubilizing free or

newly formed Fe in surface waters.

1.5.1.6 Submarine groundwater discharge

Submarine groundwater discharge is the flow of water through the sediments and
continental margins that comprises terrestrial water mixed with seawater that has infiltrated
coastal aquifers between land and coastal ocean (Moore, 2010). As groundwater passes
through the sediments, submarine ground waters have high Fe concentrations (Moore, 2010).
Large-scale budgets suggested that the magnitude of submarine groundwater discharge is
about three to four times the riverine input (Kwon et al., 2014), and highly enriched in DFe
(Rodellas et al., 2014).

1.5.2 Regenerated sources of Fe

The internal cycling of Fe (i.e. its regenerated sources) includes the release of Fe from
a biotic pool such as heterotrophic bacteria, grazers and viruses. It has been highlighted that a
high fraction of regenerated Fe was necessary to support the total production measured in the
euphotic zone (Fung et al., 2000; Landry et al., 1997).

Boyd et al. (2010) reported that heterotrophic bacteria mobilize more than 25% PFe d
! in surface waters compared to less than 2% PFe d™ at depth (from surface mixed layer to
1000 m depth). These differences were explained by the nature of the PFe with biogenic PFe
being the main source of both DFe and ligands compared to lithogenic PFe (Boyd et al.,
2010). Conversely, Sarthou et al. (2008) reported that regenerated Fe was increased by 48%
in the presence of copepods and was released in the form of inorganic species and/or bound
to freely soluble organic ligands above the Kerguelen Plateau. However, in this area where
external supplies are intense, regenerated Fe only accounted for 49% of total Fe which was
much less than that reported by Boyd et al., 2005 (i.e. 90%) in HNLC waters of the Southern
Ocean. Interestingly, the biotic Fe pools have been shown by Boyd et al. (2015) to be
relatively constant in HNLC subantarctic and subtropical high-Fe waters, likely highlighting
that recycling of Fe may compensate the decrease in the external Fe supply.

Although micro- and meso-zooplankton have been demonstrated to be key players of
the remineralisation in the surface layer (Barbeau et al., 1996; Hutchins and Bruland, 1994),
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it seems that the most important source of regenerated Fe is viral activity as reported by
Poorvin et al. (2004). Indeed, the authors reported that viral activity satisfies almost the full
phytoplankton Fe demand (i.e. ~ 90% of their need) from virus-mediated lysis of
bacterioplankton alone delivering organically complexed Fe. These virus-mediated organic
complexes released during cell lysis were reported by Mioni et al. (2005) to be 1000 times
more bioavailable and efficiently assimilated by bacterial cells than Fe(Ill)’. However, it has
been highlighted that most of the virus abundance in the ocean is localised within the first
hundred meters of the water column (e.g. Cochlan et al., 1993; Culley and Welschmeyer,
2002). Conversely, micro- and meso-zooplankton distributions are not restricted to surface
waters and thus may also contribute to Fe remineralization in deep waters (Blain and
Tagliabue, 2016).

Regenerated sources of Fe have the effect of modulating the Fe chemical forms by
either releasing dissolved organically complexed Fe from intracellular Fe or by increasing the

lability and the bioavailability of Fe-colloids and PFe delivered from external sources.

1.6 Summary of literature review

In the above sections, we have seen the multiple pathways through which DFe is
delivered to the water column as new (Section 1.5.1) or as regenerated (Sections 1.2.5 and
1.5.2). DFe can be released from hydrothermal vents, rivers, glaciers, sea ice, snow, wet or
dry atmospheric deposition (including rainwater), clouds, sediments (including benthic
nepheloid layers, sediment pore waters and through reductive and non-reductive dissolution
processes). Deeper sources, enriched in DFe play an important role in the carbon cycle as
they can be entrained, upwelled into surface waters through the influence of winds and/or
thermohaline circulation and/or eddies thus naturally fertilizing phytoplankton communities
present in the surface. DFe can also be regenerated in the water column through bacterial
remineralization and grazing. All these sources seemed to not only deliver DFe but also Fe-
binding organic ligands (Fig. 1.11). Insights on the organic speciation of Fe within its
different phases will allow us to assess the degree to which iron might be available.

Particle dynamics and their propensity to be remineralized are adding another degree
of complexity to the Fe biogeochemical cycle. Depending on their nature (biogenic vs.
lithogenic), particles can indeed supply both DFe and ligands, or scavenge DFe and ballast
biogenic PFe (Boyd et al., 2010). Moreover, particle impact is also dependent on the bacteria
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community structure (particle-attached vs. free-living bacteria), with potentially particle-
attached bacteria playing a main role in the release of both DFe and ligands (Obernosterer et
al., in prep.). Also, whether DFe is present as mostly CFe or SFe will also influence the
organic speciation with ligands, and the ligands themselves. Depending on their origin,
molecular structure and kinetics will affect how the biota acquire Fe and in turn, will
determine the fate of DFe.

Although much progress has been made in understanding how iron links to wider
biogeochemical cycles, the processes that affect the sources and sinks of DFe in the ocean
depend themselves on the reactivity of Fe, which seems to be driven by the concentrations
and physical speciation of ligands. Chemical reactivity will modulate the dissolution of PFe
(Cheize et al., under review) and the propensity of different forms of iron to be organically
complexed or transferred to particulate pools via scavenging and colloidal aggregation.

1.7 Study areas and thesis goals

This thesis work is focusing on two contrasted regions: the North Atlantic Ocean and
the Kerguelen Plateau located in the Indian sector of the Southern Ocean. Their main
characteristics are described in the following sections but detailed in Chapters 3, 4 (North
Atlantic), and 5 (Kerguelen plateau), while the specific objectives of this work will end this

introduction.

1.7.1 The North Atlantic Ocean

The surface water properties of the world’s oceans drive the thermohaline circulation
and involves the northward flow of warm and salty surface waters from the subtropics into
the North Atlantic Ocean via the North Atlantic Current (NAC) that mixes with cold and
fresher waters originating from the Arctic and transported through the East Greenland (EGC)
West Greenland (WGC) and Labrador (LC) currents (Emery, 2001) (Fig. 1.12). The mixing
of these two contrasted different water masses leads to a density increase resulting in their
deep convection and subsequent southward transport, which represents the so-called Atlantic
Meridional Overturning Circulation (AMOC) (Fig. 1.12). The AMOC is thus responsible for
transporting large amounts of water, heat, salt, carbon, nutrients and other substances around
the globe (Marshall et al., 2001). The variability of the AMOC contributes substantially to
sea surface temperature (SST) and sea ice fluctuations in the North Atlantic (Jungclaus et al.,

2005). Its strength is related to the convective activity in the deep-water formation regions,
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most notably the Labrador Sea, and the time varying control on the freshwater export from
the Arctic to the convection sites modulates the AMOC (Jungclaus et al., 2005). Fluctuations
in any of these components might therefore affect the AMOC and hence variability in the
carbon export. Indeed, the North Atlantic Ocean, despite covering only 15% of the global
ocean area, has been shown by Sabine et al. (2004) to be one of the largest storage of
anthropogenic CO, absorbing up to 23% of global oceanic anthropogenic CO, through not
only the physical carbon pump but also through the biological carbon pump. The North
Atlantic Ocean is known for its pronounced spring phytoplankton blooms in response to
upwelling or water column stratification (Bury et al., 2001; Henson et al., 2009; Savidge et
al., 1995). Within the nutrient-poor waters from the subtropical gyre, the phytoplankton
growth has been shown to be N and P-co-limited (e.g. Moore et al., 2008). The extensive
studies conducted through the Continuous Plankton Recorder (CPR) have highlighted the
relationship between the North Atlantic Oscillation (NAO) and the phytoplankton dynamics
of the central North Atlantic Ocean (Barton et al., 2003). The NAO is associated to a change
in the westerlies, with in the case of a negative NAO phase weak westerlies resulting in a
north-westward displacement of the subarctic front (SAF), and vice versa (Bersch et al.,
2007). Thus, depending on the location of the SAF, phytoplankton communities from the
central North Atlantic Ocean will be more or less prompt to light or nutrient limitation. In the
subpolar gyre, the intense winter mixing fuels the surface waters with nutrient. However,
once the water column stratifies and phytoplankton are released from light limitation, the
subpolar gyre has been shown to become N or (and) Fe-(co)-limited in the Iceland Basin and
the Irminger Sea (e.g. Nielsdottir et al., 2009; Painter et al., 2014; Sanders et al., 2005). In the
case of Fe limitation, this results in the formation of the seasonal high-nutrient, low
chlorophyll (HNLC) conditions in the subpolar gyre, especially in the Irminger Sea and
Iceland Basin. Although many studies investigated the distribution of DFe in the North
Atlantic Ocean, much of this work was restricted to the upper layers (< 1000 m depth) or to
one basin. Consequently, the pathways through which DFe is delivered to seawater and
removed from the water column (see Chapter 3) as well as how Fe in relation to other
nutrients, limits phytoplankton organisms and consequently the structure of the

phytoplankton community (see Chapter 4), are still poorly constrained in this region.
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Figure 1.12: Map of the circulation scheme, the major topographical features, main basins, currents and
main water masses of the North Atlantic Ocean. The GEOVIDE cruise track (black dots) is superimposed
over the main water masses and currents present in the area. The different colors display the different
characteristics: Red, Warm and salty surface currents, which turn into Yellow mid depth currents with
lower temperature and salt content. Blue, refers to fresh cold return waters. Green, refers to shelf edge
boundary currents and purple refers to the newly formed Labrador Sea Water. EGC: East Greenland
Current (green), WGC: West Greenland Current (green), LC: Labrador Current (green), NAC: North
Atlantic Current (red), MW: Mediterranean Water (pink), LSW: Labrador Sea Water (purple), ISOW:
Iceland-Scotland Overflow Water (blue), DSOW: Denmark Strait Overflow Water (blue), DWBC: Deep
Western Boundary Current (blue), NEADW: North East Atlantic Deep Water (brown), CGFY: Charlie-
Gibbs Fracture Zone, BFZ: Bight Fracture Zone, IAP: Iberian Abyssal Plain, MAR: Mid Atlantic Ridge.
From Daniault et al. (2016).
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1.7.2 The Kerguelen Plateau (Indian sector of the Southern Ocean)

The Southern Ocean, like the North Atlantic Ocean, has been shown to be an
important global sink for atmospheric CO, (Gruber et al., 2009; Lenton et al., 2013;
Sarmiento et al., 2010). However, in this area, Pasquer et al. (2015) highlighted that the air-
sea exchange of CO; is driven by thermodynamical conditions, while biological activity is
only responsible for a modest fraction of the carbon sink. Indeed, the Southern Ocean is the
largest HNLC region of the three main oceanic systems. Despite being an overall low
productive ocean region, some areas of the Southern Ocean are very productive. Indeed, high
levels of living biomass were noticed in the wake of the Southern Ocean islands. The bloom
above the Kerguelen Plateau (Fig. 1.13) being among the largest (Morris and Charette, 2013).
This phenomenon was called the “Island mass effect” by Hart (1942). He was the first to
mention that the release of an oligo-element such as Fe from the island was likely the cause
of the observed biomass. About half a century later, the study carried out during the
ANTARES3/F-JGOFS cruise reported elevated chlorophyll-a associated with enhanced DFe
concentrations, thus confirming the hypothesis of an Fe limitation of the Southern Ocean
phytoplankton community relieved by island inputs (Blain et al., 2001; Bucciarelli et al.,
2001). The Kerguelen Ocean and Plateau Compared Study (KEOPS) revealed intense
phytoplankton biomass over the Kerguelen Plateau (Uitz et al., 2009) and very low surface
DFe concentrations (~ 0.1 nmol L™) throughout the study area. However, there was a DFe
enrichment at the stations located on the plateau compared to off-plateau stations (Blain et al.,
2008c). The process responsible for the upward transfer of the DFe from the Plateau was
diapycnal mixing enhanced by internal wave activity (Park et al., 2008a), thus providing Fe
for the phytoplankton community but not enough to match the phytoplankton demand.
Indeed, Sarthou et al. (2008) reported that about half of the biogenic PFe was regenerated
above the plateau. In addition, Park et al. (2008b) highlighted a long water-mass residence
time of several months above the plateau due to weak currents, thus avoiding the loss of DFe
through advection. DFe losses through scavenging were expected to be minimum due to the
high excess ligand concentrations found in the whole study area (Gerringa et al., 2008).
However, the intensity and the location of the bloom presented interannual variabilities, with
the highest chlorophyll concentrations not always associated to the shallowest depths as well
as some region of the plateau exhibiting low chlorophyll concentrations all year round

(Mongin et al., 2008). Although DFe has clearly been highlighted as the main parameter
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controlling the phytoplankton bloom over the Kerguelen Plateau, its bioavailability and thus

its chemical and physical speciation are still not understood.
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Figure 1.13: Schematic of the geostrophic circulation over and around the Kerguelen Plateau during
KEOPS from Park et al. (2008b) with thin blue arrows representing mean current vectors over the upper
500 m layer, thin black arrows stressing area of a sluggish flow, discontinuous bold lines representing
subsurface western boundary currents, red arrow representing the Polar Front and in green areas of
annual chlorophyll bloom. Note that purple dots correspond to stations sampled during KEOPS.
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1.7.3. Objectives and thesis outline

The GEOTRACES program highlighted that the biogeochemical cycle and
distribution of DFe emerges as unique to that of other nutrients (Tagliabue et al., 2016).
Despite recent effort from the scientific community in the frame of the GEOTRACES
program, the Fe cycle is still poorly constrained. Indeed, a large disparity in the residence
times for Fe across different models was found, which clearly reflects the complexity of
properly representing the Fe cycle. Models that successfully reproduce observed features are
those including emerging insights into new sources and cycling pathways of Fe. This clearly
highlights that although 30 years of research have been carried out on Fe cycle, there has still
some learning to do on both Fe sources and especially the magnitude of its scavenging losses.
Good examples demonstrating that a lot of questions still need to be answered and that we
need to continue research on the Fe cycle are i) the recent finding about strong hydrothermal
iron sources (e.g. Resing et al., 2015) challenging the long-standing view, which considered
these sources to be negligible (Elderfield and Schultz, 1996), ii) the debate persisting on the
importance of organic ligands in explaining the Fe biogeochemical cycle with the fact that if
organic ligands are ubiquitous coumpounds how could they explain the distribution of DFe.
Recent advances on this topic showed that modelling Fe-binding organic ligands
prognostically, as opposed to assuming a uniform ligand concentration, leads to a more
nutrient-like profile of Fe that is in better accordance with field data (V6lker and Tagliabue,
2015). This points out that organic ligand residence time in the water column and their loss
terms are still poorly constrained and that we need to continue to build knowledge of the
sources, sinks and characteristics of organic ligands in the oceans (Lohan et al., 2015).
Finally, only few papers refer to the link between all nutrient distributions taken together with
phytoplankton assemblages (e.g. Hassler et al., 2012). This should be done systematically to
gain further insight into their potential control on phytoplankton biomass and to assess the
main limiting nutrients in the world’s ocean. This will allow us to potentially predict the
phytoplankton class that will be present in a specifically nutrient-(co)-limited environment.
Hence, improving our understanding of the oceanic Fe cycle and its sensitivity to changing
environmental conditions and the control of macro- and micro-nutrients on phytoplankton
communities will improve projections of ocean’s response to climate change.

In order to address certain of these key questions, the objectives of this thesis, as part
of the GEOTRACES program, revolve around three scientific questions: 1) What are the
distributions, sources, and sinks of dissolved iron within two specified study regions? 2)

77



Within these regions, what is the link between the phytoplankton community structure and

dissolved iron concentrations? 3) How does the organic speciation of dissolved iron affect its

concentration and bioavailability for the phytoplankton community? These three questions

were investigated in two contrasting areas presented above: the North Atlantic Ocean
(GEOVIDE, GA01 GEOTRACES voyage, Pls G. Sarthou and P. Lherminier) and the
Southern Ocean (HEOBI, Glpr05 GEOTRACES voyage, Pls A. Bowie, T. Trull, Z. Chase).
Both these science voyages were approved by the GEOTRACES program.

The layout of this manuscript is as follows:

Chapter 2: In this chapter, the specifics of trace metal work are described. The

different methods used in this thesis are presented as well as statistical methods.

Chapter 3: This chapter presents the results of DFe in the North Atlantic Ocean and in
the Labrador Sea along the GEOVIDE section. This chapter is in a form of a

submitted manuscript to Biogeosciences Discussions.

Chapter 4: This chapter focuses on the phytoplankton assemblage distribution in the
North Atlantic and Labrador Sea along the GEOVIDE section as determined by the
CHEMTAX model from HPLC pigment data. The aim of this manuscript in
preparation, is to understand the link between physical forcing and phytoplankton
distributions.

Chapter 5: This chapter mainly focuses on Fe-binding organic ligands. It will explore
the link between organic ligands and the biology in the Southern Ocean and aims at

better constraining their characteristics. This will be submitted to Marine Chemistry.

Chapter 6: The last chapter of this thesis summarizes the information given in
chapters 3, 4 and 5. Chapter 6 also suggests future directions for international

programs and new perspectives.
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Chapter 2 - Material and Methods
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Preamble

In this chapter, “ultra-clean conditions” that are required for the study of trace metals
are presented at first. Then, the sampling techniques and the different storage conditions of
the two study areas (i.e. North Atlantic Ocean and the Southern Ocean) are presented.
Finally, analytical methods for the determination of dissolved iron (i.e. seaFAST-pico™ SF-
ICP-MS), organic speciation (i.e. voltammetry) and pigment analysis (i.e. HPLC and
CHEMTAX model) are described as well as the statistical methods.

The sample collection during GEOVIDE and HEOBI and their analysis were

performed thanks to the contribution of many persons:

During GEOVIDE

- The DFe samples were collected by Hélene Planquette, Julia Boutorh, Marie Cheize,
Jan-Lukas Menzel Barraqueta, Leonardo Pereira-Contreira and Rachel Shelley; and
were analysed via the seaFAST-pico™ SF-ICP-MS by Morgane Gallinari, Héléne
Planquette, Géradine Sarthou, Floriane Desprez de Gésincourt and Yoan Germain.

- The pigment samples were collected by Raphaélle Sauzéde and Lorna Foliot,
analysed via HPLC by Hervé Claustre, Celine Dimier, Raphaélle Sauzede and
Joséphine Ras and were ran in CHEMTAX by myself with the valuable help from
Anne Donval and Luis Lampert.

- The nutrients were collected by Manon Le Goff, Emilie Grossteffan, and analysed
via segmented flow analysis by Morgane Gallinari, Manon Le Goff, Emilie

Grossteffan and Paul Tréguer.

- The Fe organic speciation samples were collected by Hélene Planquette, Julia
Boutorh, Marie Cheize, Jan-Lukas Menzel Barraqueta, Leonardo Pereira-Contreira
and Rachel Shelley; and were analysed via voltammetry by Aridane G. Gonzales,
Hannah Whitby and I.

During HEOBI

- The DFe, SFe, DLt and SLt samples were collected by Kathrin Wuttig, Pier van der
Merwe, Thomas Holmes, Zanna Chase, Lavenia Ratnarajah, Andrew R. Bowie and
l.
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The DFe samples were analysed via the seaFAST-pico™ SF-ICP-MS by Thomas
Holmes, Kathrin Wauttig, Pier van der Merwe, Ashley Townsend and Christina
Schallenberg, while the SFe samples were analysed similarly by Kathrin Wauttig,
Pier van der Merwe, Ashley Townsend, Delphine Lannuzel, Luis Paulo Duprat and
l.

The soluble and dissolved Fe organic speciation samples were analysed by myself
with the valuable help from Kathrin Wuttig, Pier van der Merwe and Hannah
Whitby.
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2.1 Ultra-clean conditions

Marine analytical chemists interested in trace metals face a challenge: the
measurement of very low concentrations (in the range of picomolar to nanomolar) in a
complex matrix (seawater) with ubiquitous risk of contamination for many of the studied
elements. A historical survey of the DFe concentrations in open ocean seawater reported in
the literature since 1935 shows that the concentration of DFe covers four orders of magnitude
(Fig. 2.1). Recent data has shown this is not a true representation (Blain and Tagliabue,
2016).

1000
Figure 2.2: Historical perspective of
the change in the range and average
concentrations of dissolved Fe in the
open ocean (from Blain and
10 Tagliabue, 2016).
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It was only in 1980s, that the first clean measurements of DFe were performed and
revealed oceanographically consistent distributions, but only for a few stations (1982-1989,
MLML group; Gordon et al., 1982; Martin, 1990; Martin et al., 1990; Martin and Gordon,
1988; Martin et al., 1991). This starting point led to the birth of many international
collaborations whose emphasis was on the entire spectrum of activities related to trace metal
measurements, ranging from sampling, filtration, storage and analysis. In the absence of any
certified reference material for trace metal analysis at low concentrations, a project was
developed to sample a large volume of homogenized surface and deep open-ocean seawater,
aimed at providing 500 mL reference material to worldwide researchers investigating the
chemistry of trace metals worldwide. From this broad goal, three specific scientific voyages
for “standardisation and intercalibration” were achieved in the frame of three international
programs: IRONAGES, Sampling and Analysis of Iron (SAFe) and GEOTRACES. The first

large-scale international intercomparison was carried out in 2000 and referred to low iron
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samples taken from the surface Atlantic Ocean (Bowie et al., 2006). The second voyage
occurred in 2004, in the North Pacific, during which one surface (SAFe S, 2 m depth) and
two deep (SAFE D1 and SAFe D2, 1000 m depth) open-ocean seawater samples were
collected as reference material (Johnson et al., 2007; Lohan et al., 2006). In 2008, the GS and
GD GEOTRACES seawater samples were collected in surface and deep open-ocean waters,
respectively, from the North Atlantic BATS crossover station off Bermuda. Finally, in 2009,
the North Pacific voyage sampled two surface seawater sites, the GSP water from the SAFe
site and the GSC water from Santa Barbara Channel during bloom conditions. These
international inter-calibrations have made possible the establishment of standardized
procedures to collect trace metal seawater samples and to improve both the storage conditions
and the analysis of samples.

All these new protocols are listed and detailed in a common document: the
GEOTRACES cookbook (Cutter et al., 2017) which has already been updated twice since its
first edition in 2010 and was written by the GEOTRACES Standards and Intercalibration
(S&I) Committee. The reference material collected during the two international inter-
calibrations are still reported in publications today and their values are constantly updated.

2.1.1 Laboratory practices

As iron is an ubiquitous element on Earth (~5.6 % by weight) and because it is
present in trace concentrations in the open ocean (< 1 nmol L™), it is important to take special
care in handling samples, in the cleanliness of the laboratory environment, air quality and the
required tools in order to avoid contamination. As a consequence, laboratory work was
undertaken during both science voyages within a containerised clean laboratory under high
efficiency particulate air (HEPA) conditions, and in clean rooms at both laboratories (i.e
Laboratoire des sciences de I’Environment MARin (LEMAR - UMR 6539) and the Institute
for Marine and Antarctic Studies (IMAS) under an ISO class 5 laminar flow hood for the

handling of all samples and reagents.

2.1.2 Pre-cruise cleaning procedure

Prior to the cruise, and according to the GEOTRACES approved methods handbook

(www.geotraces.org, Cutter et al., 2017) all the material used was cleaned with different

protocols, depending of their final use.
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2.1.2.1 GO-FLO bottles

Teflon-coated GO-FLO bottles (General Oceanics), used to collect seawater, were
first disassembled, including viton o-rings. All o-rings were switched to silicone ones, then
were wiped cleaned with isopropyl alcohol to remove remaining oil/grease and contaminants
from manufacturing. The o-rings grooves were also wiped with isopropyl alcohol. GO-FLO’s
top air-bleed valve were replaced with a Swagelok fitting to allow pressurization with clean
dinitrogen (Air Liquide), and their sample valve were replaced with a Teflon plug valve.
Then, GO-FLO bottles were reassembled, filled with 5% (v/v) aqueous Decon detergent for
one day, rinsed seven times with deionized water (DIW) thoroughly until all traces of
detergent were removed and three times with ultrapure water (resistivity of 18.2 MQ-cm at
25 °C, UHPW hereafter). The bottles were then rinsed with 250-mL of isopropyl alcohol
(Cutter and Bruland, 2012), followed by three rinses with DIW and three additional rinses
with Milli-Q. They were then filled with 0.1 M HCI (Suprapur® Merck) for one day, and
emptied out through the spigot to rinse it, rinsed five times with UHPW, and finally filled
with UHPW for more than one day before use. They were also thoroughly flushed with
seawater at a test station prior to use at the first official sampling station.

2.1.2.2 Niskin bottles

Niskin bottles used to collect seawater for trace metal during the HEOBI voyage were
first tooth-brushed with 2% (v/v) aqueous Decon detergent and left in this solution for one
day, rinsed with DIW thoroughly and three times with UHPW. Niskin bottles were then filled
with 5% (v/v) hydrochloric acid (HCI, instrument grade, Seastar™ chemicals) for two days
and then rinsed five times with UHPW. Finally, they were flushed at sea with open ocean
seawater and blank tested with on-board Flow Injection Analysis with Chemiluminescence

detection (FIA-CL) prior to use at the first official sampling station.

2.1.2.3 Sampling bottles

Low-density polyethylene (LDPE, Nalgene) bottles used to sample for DFe (60mL)
and organic speciation (125 mL) during GEOVIDE. DFe samples were then subsampled in
acid-cleaned 30mL LDPE bottles for SeaFAST-pico™ analyses. LDPE bottles were soaked in
about 5% (v/v) aqueous Decon detergent for a week and then rinsed four times with DIW,
followed by three rinses with UHPW (Milli-Q). Bottles were subsequently filled for a month
with 6 M HCI (reagent grade) and submerged in a 2 M HCI (reagent grade) bath, then rinsed
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five times with UHPW. The final step consisted of filling the LDPE bottles with 0.1 M HCI
(Merck, Ultrapur®) prior to use.

DFe, SFe, DLt and SLt and polypropylene (PP) tubes and their caps used to pour
HEOBI samples and to collect them after preconcentration on the seaFAST-pico™ unit were
cleaned in the same way. LDPE bottles and PP tubes were soaked in about 5% (v/v) aqueous
Decon detergent for a week and then rinsed four times with reverse osmosis water (ROW)
followed by three rinses with UHPW (Milli-Q). Bottles and tubes were subsequently filled
for a month with 6 M HCI (reagent grade) and submerged in a 2 M HCI (reagent grade) bath,
then rinsed five times with UHPW. The final step consisted of filling the LDPE bottles with 1
M HCI (Merck, Suprapur®), while PP tubes and caps were dried under a laminar flow hood
prior to use. Finally, for DFe sampling, LDPE-bottles were rinsed again five times with
UHPW (Milli-Q) under clean air and filled with 2% (v/v) HCI (Merck, Ultrapur®). Lt
sampling LDPE-bottles, as opposed to DFe sampling bottles, were stored with UHPW (Milli-
Q) for at least a month. The pH plays a key role in the determination of organic speciation
analytical technique and for this reason, it is important that all the material used for Lt
determination was free of traces of acid.

Polytetrafluoroethylene (PTFE, Teflon ®) and Fluorinated ethylene propylene (FEP,
Teflon ®) bottles were used to prepare reagents. PTFE and FEP bottles were soaked for one
day in about 2% (v/v) aqueous Decon detergent, rinsed seven times with DIW, three times
with UHPW (Milli-Q), soaked for one day in 6 M HCI (reagent grade), subsequently rinsed
five times with UHPW (Milli-Q). Bottles were then filled with 1M nitric acid (HNOg3, Merck,
Suprapur ®) for five hours at 100°C, rinsed five times with UHPW (Milli-Q), filled with
UHPW (Milli-Q) for five hours at 80°C and finally rinsed five times with UHPW (Milli-Q)
prior to use.

Savillex® Teflon vials were used to aliquot Fe standards, TAC and EPPS buffer, in
which direct pipetting was done as well as for the preparation of voltammetric titrations. New
Savillex vials and caps were soaked in about 2% (v/v) aqueous Decon detergent for a week
and then rinsed three times with UHPW (Milli-Q). Vials and caps were then boiled in 50%
(v/v) HCI (Merck, Suprapur®) for two hours, followed by first the UHPW (Milli-Q) rinsing
of the whole bulk one time and individually three times. Finally, each capped vial was filled
with about 10% of their volume capacity with a solution made of 50% (v/v) HNO3; (Merck,
Suprapur ®) and 10% (v/v) hydrofluoric acid (HF, Merck, Suprapur ®) for four hours at
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120°C and subsequently rinsed three times with UHPW (Milli-Q), left for about a month in
UHPW (Milli-Q) and re-rinsed three times with UHPW (Milli-Q) prior to use.

Note that all pipette tips (10-200 uL; 100-1000 pL; 1-5 mL and 1-10 mL) used during
this thesis were cleaned just prior to use by pipetting three times a solution of 10% (v/v)
aqueous HCI (Merck, Suprapur®) and three times UHPW (Milli-Q) from two different bottles

(to remove all traces of acid).

2.2 Sample collection

In the following sections, the sampling location, the equipment used and the treatment
before shore-based analysis are detailed for the two science voyages that occurred in the
North Atlantic Ocean (GEOVIDE) and in the Southern Ocean (HEOBI).

2.2.1 GEOVIDE voyage
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Figure 2.2: Map of the GEOTRACES GAO01 voyage track plotted on bathymetry as well as the major
topographical features and main basins. Crossover station with the GEOTRACES GAO02 voyage is shown
as a red star. (Ocean Data View (ODV) software, version 4.7.6, R. Schlitzer, http://odv.awi.de, 2016).
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2.2.1.1 Location

Samples were collected during the GEOVIDE (GEOTRACES-GAO1 section)
oceanographic voyage from 15 May 2014 (Lisbon, Portugal) to 30 June 2014 (St. John’s,
Newfoundland, Canada) aboard the N/O Pourquoi Pas? (Fig. 2.2). The study was carried out
along the OVIDE line (http://www.umr-lops.fr/Projets/Projets-actifs/OVIDE) which has been

sampled every two years since 2002 in the North Atlantic (e.g. Mercier et al., 2015) and in
the Labrador Sea.

In total, 32 stations were occupied for trace metal sampling, and samples were usually
collected at 22 depths, except at shallower stations close to the lberian, Greenland and
Canadian shelves where fewer samples (between 6 and 11) were collected.

In total, 33 stations were occupied along this transect over 1- to 4-day periods
between sites for the pigment samples, which were collected at about 10 depths ranging from
5 to 203 m depth, except at shallower stations close to the Iberian (station 2 and 4, n = 8 and
5, maximum depth 141 and 197 m, respectively) and Greenland (station 53 and 61, n = 8 and
10, maximum depth 157 and 119 m, respectively) margins where fewer samples were

collected. The samples were collected from night and day CTD casts.

2.2.1.2 Equipment used for sample collection

Samples were collected using the French-national ultra-clean sampling device. This
consisted of a trace metal clean polyurethane powder-coated aluminium frame rosette
(hereafter referred to as TMR, see Fig. 2.3) equipped with twenty-two 12L, externally
closing, Teflon-lined, GO-FLO bottles (General Oceanics) and attached to a Kevlar® line, as
described above. Potential temperature (0), salinity (S), dissolved oxygen (O,) and beam
attenuation data were retrieved from the CTD sensors (CTD SBE911 equipped with a SBE-
43). Salinity and oxygen data were calibrated using analysis of discrete samples with a
salinometer (Guildline) and the Winkler method (Carpenter, 1965), respectively. Note that
Teflon® tubing used to connect the filter holders or cartridges to the GO-FLO bottles were
washed in an acid-bath (10% v/v HCI, Suprapur®, Merck) for at least 12 h and rinsed three
times with UHPW prior to use. To avoid ship contamination of surface waters, the shallowest
sampling depth was 15 m at all stations.

The additional samples for pigment analysis were collected using the classic CTD-

rosette system equipped with twenty-four 12L Niskin bottles.
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Figure 2.3: Pictures (from Helene Planquette) of (from the left to the right) Trace Metal clean Rosette,
Marie Cheize and Julia Boutorh sampling for trace metals and acidifying samples, 0.45 pum
polyethersulfone filters (Supor®).

2.2.1.3 Sample treatment before shore-based analysis

After TMR recovery, GO-FLO bottles were immediately transferred into a clean
container (Fig. 2.3) equipped with a class 100 laminar flow hood. Samples were either taken
from the filtrate of particulate samples (collected on polyethersulfone filters, 0.45 um Supor®,
see Gourain et al., submitted; Fig. 2.3) or after filtration on 0.2 um filter cartridges (Sartorius
SARTOBRAN® 300) (see Chapter 3 and 5 for DFe and FeL sample details, respectively)
under a slight pressurisation (0.2 bar; filtered (Acrovent) N, (Air Liquide)). The sampling
bottles were rinsed 3 times with about 30% of their capacity and then filled and stored in acid-
cleaned 60 mL and 125 mL LDPE bottles for DFe and dissolved trace metal (DTM) samples,
respectively. DFe and DTM samples were then acidified to ~ pH 1.7 with 2 %o (v/v) HCI
(Merck, Ultrapur®) under a class 100 laminar flow hood in the clean container, double
bagged, and stored at ambient temperature.

The pigment samples were vacuum filtered through 25 mm diameter Whatman GF/F
glass fibre filters (0.7 um particle retention size). Typically, 2.325 L were sampled, except at
stations 53, 60, 61, 68, 71 and 77, where 1.295-2.265 L were filtered in surface waters. Filters

were immediately stored in liquid nitrogen then at -80°C until analysis on land.

2.2.2 HEOBI voyage
2.2.2.1 Location

During the HEOBI voyage (GEOTRACES process study Glpr05), samples were

collected aboard R/V Investigator from 8" January (Fremantle, Western Australia) to 27"
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February (Hobart, Tasmania) 2016 around Heard and McDonald Islands on the Kerguelen
Plateau in the Indian sector of the Southern Ocean (Fig. 2.4). In total, 11 stations were
collected for DLt (and DFe) samples and 6 stations for SLt and SFe at 2 to 12 depths. The
sampling consisted in a repetition of the B-transect occupied during the KEOPS voyage
(Blain et al., 2008c; Gerringa et al., 2008) and additional samples were collected around
Heard and McDonald Islands. Note that CTD casts were conducted at the same locations.
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Figure 2.4: Location of the stations sampled during the HEOBI voyage using the Trace Metal Clean
Rosette (modified from Thomas Holmes). Heard and McDonald Islands are shown in the inset, in yellow
and purple, respectively, the reference station (R18) is represented in green. Transect B, in blue, follows
the Kerguelen Ocean and Plateau Compared Study (KEOPS)  transect B.
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2.2.2.2 Equipment used for sample collection

The seawater samples were taken from twelve acid-cleaned 12-L Niskin bottles
manufactured with an internal Teflon® coating deployed using the Australian Marine
National Facility TMR-powder coated aluminium frame attached to a Kevlar line (Fig. 2.5).
The CTD package consisted of a Seabird SBE9 underwater unit, an SBE3 temperature
sensor, an SBE4 conductivity sensor, a Wetlabs C-Star transmissometer and an SBE43
dissolved oxygen sensor. Similary as for the GEOVIDE voyage, Teflon® tubing used to

connect the cartridges to the Niskin bottles were washed in an acid-bath (10% v/v HCI,

Suprapur®, Merck) for at least 12 h and rinsed three times with UHPW prior to use.

Figure 2.5: Pictures (from Peter Harmsen) of (from the left to the right) Kathrin Wuttig, the Trace Metal
Clean Rosette in its protective coat before deployment, Andy R. Bowie and Manon Tonnard; Zanna
Chase and Manon Tonnard sampling for trace metals through 0.2 um Pall Acropak (Supor®) capsule
filters.

2.2.2.3 Sample treatment before shore-based analysis

Once recovered, the Niskin bottles were transferred into a trace metal clean
containerised laboratory for sub-sampling and sample processing (Fig. 2.5). All sample
manipulation was conducted under 1ISO 5 HEPA filtered air within the containerised clean
room. All samples were collected in LDPE bottles. The dissolved fraction (i.e. DFe and DLt
samples) was filtered through Pall Acropak (Supor®) capsule filters (0.2 um with 0.8 pum
pre-filter, Fig. 2.5), while the soluble fraction (i.e. SFe and SLt) was collected off line using a
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peristaltic pump through Anotop cartridges (0.02 um, Whatman) from the dissolved fraction.
Both filters and cartridges were acid cleaned and then flushed with the seawater sampled and
LDPE bottles were rinsed by a third of their volume capacity with the seawater sampled prior
to collect samples. All the filtered samples for DFe and SFe analysis were immediately
acidified with HCI (pH 1.8, 2 %o v/v 12M HCI, Seastar’™, Baseline®) under a class 100
laminar flow hood in the clean container. All the filtered samples for DLt and SLt were
immediately frozen at -20°C. All samples were then double bagged and stored in the dark
prior to shore-based analysis.

2.3 Statistical Methods

All statistical approaches were performed using the R statistical software (R

development Core Team 2012). For all the results, p-values were calculated against the
threshold value alpha (o), that we assigned at 0.05, corresponding to a 95% level of
confidence. For all data sets, first Shapiro-Wilk tests were performed to assess the normality
of the data, if normality was not confirmed (p-value < 0.05), non-parametric tests were thus
performed due to the non-compliance of normality after log-transformation of data. To
compare two independent groups, t-tests were performed in case of normality, while
Wilcoxon tests were performed in case of non-normality. In Chapter 3, the pore size used for
filtration (i.e. 0.2 or 0.45 pm, see Section 2.2.1.3) was tested between stations while
swapping between both filtration techniques for samples paired by depth with an alternative
hypothesis signed depending on the pore size used.
To compare more than two independent groups, ANOVA were performed in case of
normality, while Kruskal-Wallis tests were performed in case of non-normality. In Appendix
A, the normality of data allowed to compare more than two groups with several dependant
variables thanks to a MANOVA. The relationships between two groups were assessed by a
Pearson correlation, in case of normality of the data, or by a Spearman correlation in case of
non-normality. Note that throughout the thesis when p-values are reported the tests performed
are specified.

Large data sets (> 500 samples) were explored using Principal Component Analysis
(PCA, R packages “FactoMineR” and “factoextra”) when variables were quantitative. The
components that were selected had a proportion of variance higher than that of average (in
our cases, 2). Note that to avoid misinterpretation, the cos? indicative of the good

representation of the variables or individuals in the 2D-plan, were coded as a function of
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transparency (i.e. not represented if cos® < 0.5). Note that to annihilate the effect of the
difference of units or of the measuring scales of each variable to the variance, variables were
scaled (i.e. centered around the average and reduced by the standard deviation of each
variable and for a single sample), thus giving the same importance to all of them. In Chapter
4 and 5, clustering analyses were performed on the outputs of the PCA using the gap statistic
and k-mean methods for estimating the optimal number of groups.

Finally, Canonical Correspondence Analysis (CCA, R package “vegan”, Oksanen et
al., 2010) was used to constrain a set of objects by explanatory variables whose requirement
is that the samples are independent (e.g. Torondel et al., 2016). In our case, a first CCA was
performed to constrain nutrients by physical and phytoplankton size class, highlighting three
different groups corresponding to the following Longhurst (2007) provinces: North Atlantic
Subtropical East (NASTE), North Atlantic Drift (NADR) and Atlantic Arctic (ARCT). Three
other CCAs were performed to constrain phytoplankton species by physico-chemical
variables per Longhurst areas. Note that the explanatory variables were selected after an
automatic model building based on Akaike Information Criterion (AIC) and with permutation
tests (step R function), an automatic model building based on permutation p-values (ordistep
R function), a manual model building define first as the maximal model scope and secondly
as an empty model to start with. The significance of the variables of these four models were
tested based on a permutational multivariate analysis of variance using distance matrices with
pseudo-F ratios (adonis R function) and the selected variables were used to built the final
model that was tested by an ANOVA like permutation test for CCA to assess the significance
of constraints (anova.cca R function).

All sections and surface layer plots were prepared using Ocean Data View (Schlitzer,
2016). Other plots were realized either using R software (R packages “ggplot2”, “grid” and

“extrafont”) or Excel (Microsoft).

2.4 Analytical techniques

In this section, the different calibration seawater and analytical techniques used during
this thesis are presented, including the seaFAST-pico™ SF-ICP-MS, the voltammetry and the
HPLC.

95



2.4.1 Calibration seawater

In both laboratories, seaFAST-pico™ calibration curves were performed on in-house
standard reference seawater matrices. Three in-house standard reference seawater matrices
(i.e. GEOVIDE#1, GEOVIDE#2 and GEOVIDE#3) were used at the LEMAR and two in-
house standard reference seawater matrices (i.e. HEOBI#1 and HEOBI#2) were used at the
IMAS. These seawater matrices were also used in voltammetry to assess the artificial ligand
contamination and the sensitivity of the device after UV-digestion of the matrices.

2.4.1.1 GEOVIDE standard reference seawater (LEMAR)

The GEOVIDE seawater matrices (referred hereafter as GEOVIDE#1, GEOVIDE#2
and GEOVIDE#3) were collected with a towed fish at around 2-3 m deep, were filtered in-
line inside a clean container through a 0.2 pm pore size filter capsule (Sartorius
SARTOBRAN® 300) and were stored unacidified in 20-30 L LDPE carboys (Nalgene™). All
the carboys (Nalgene™) were acid-cleaned the same way as for the sampling bottles of DFe
(see Section 1.2.3) and were pre-rinsed with 6 to 9 L of seawater before sampling. These
seawater samples have a DFe concentration of GEOVIDE#1 = 0.22 + 0.06 nmol L™ (n = 30),
GEOVIDE#2 = 0.96 + 0.13 nmol L™ (n = 39) and GEOVIDE#3 = 0.42 + 0.07 nmol L™ (n =
84).

2.4.1.2 HEOBI standard reference seawater (IMAS)

The HEOBI seawater matrices (referred hereafter as HEOBI#1 and HEOBI#2) were
collected with the TMR at station R18 (54° 10°S, 73° 40°E) by combining 8 bottles fired
between 48-83m and was filtered inside a clean container through Pall Acropak (Supor®)
capsule filters (pore size 0.2 um). This seawater was stored in 50 L LDPE carboys
(Nalgene™). All the carboys were acid-cleaned the same way as for the sampling bottles of
DFe (see Section 1.2.3) and were pre-rinsed before sampling. These seawater matrices which
were stored acidified (2%o v/v HCI 11M, Seastar' ™ Baseline®), have a DFe concentration of
HEOBI#1 = 0.19 + 0.05 nmol L™ (n = 9) and HEOBI#2 = 0.10 + 0.04 nmol L™ (n = 25).
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2.4.2 Dissolved iron (DFe) analysis

The DFe concentrations from the GEOVIDE voyage were analysed at the LEMAR
by the seaFAST-pico™ (ESI, Elemental Scientific, USA) coupled to a Sector Field
Inductively Coupled Plasma Mass Spectrometry (SF-ICP-MS, Thermo Fisher Scientific,
Inc.). Note that the same data set was also analysed by flow injection analysis with
chemiluminescence detection (FIA-CL) in the land-based LEMAR laboratory after a method
development using the Toyopearl resin, which is summarised in Appendix A. The DFe and
SFe concentrations from the HEOBI voyage were analysed at the IMAS by seaFAST-pico™
coupled to SF-ICP-MS. Note that the two seaFAST-pico'™ SF-ICP-MS used in the different
laboratories present slight differences, which are stated below.

2.4.2.1 Principle of analysis

This technique involves a pre-concentration step of the trace metals present in the
seawater matrix on a Nobias resin column and their detection by SF-ICP-MS, thus allowing
their simultaneous quantification. The Nobias PAl-chelate contains ethylenediaminetriacetic
(EDTRIA) acid and iminodiacetate (IDA) functional groups on a hydrophilic methacrylate
resin. The method used at the LEMAR allows the interference-free determination of Mn, Co,
Zn, Cu, Pb and Fe, while at the IMAS the method allows the interference-free determination
of Mn, Co, Zn, Cu, Pb, Ti, Cd, Ni, Ga, V and Fe. Note that the describing of the seaFAST-
pico™ unit and of the SF-ICP-MS instrumentation and settings are fully described in
Lagerstrom et al. (2013), Rapp et al. (2017) and Wuttig et al. (subm.). In the following

section, a summary of the general principles used in both labs is described.

At the LEMAR (online preconcentration)

The seaFAST-pico™ unit (Fig. 2.6) is equipped with a HEPA filter under which the
samples placed in 30mL acid-cleaned LDPE bottles (Nalgene™) are located (for cleaning
procedure refer to Section 2.1.2.3). All analyses were performed online meaning that the
preconcentration step on the seaFAST-pico™™ unit was directly followed by the detection on
the SF-ICP-MS as they were connected to each other. The manifold allows for a
preconcentration factor of 50 and the column is eluted for 170 seconds with the eluent
directly through the PFA nebulizer. The eluent was spiked with 1ppb **Indium (***In, see
Section 2.3.2.2 for preparation detail) in order to correct for the instrument drift. Three

UHPW blanks were run at the beginning of the sequence. Then, a six-point calibration curve
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which was prepared gravimetrically by standard additions of the mixed element standard to
the in-house standard (i.e. GEOVIDE#1, GEOVIDE#2 or GEOVIDE#3) was ran at the

beginning, the middle and the end of each run. GSP and GSC seawater were also run.

At the IMAS (offline preconcentration)

The main difference was the use of the seaFAST-pico™ on-line with the SF-ICP-MS
at the LEMAR versus off-line at the IMAS (Fig. 2.6). Consequently, the 750 pL of eluent
were collected into 5mL-acid-cleaned PP tubes (for cleaning procedure refer to Section
2.1.2.3) via the probe prior to analysis of the trace metal concentrations by the SF-ICP-MS
(CSL at UTAS, Wuttig et al., in prep.). A preconcentration run on the seaFAST-pico™
consisted of 2 times 3 replicates of UHPW blanks, 1 replicate of a four-point internal
calibration curve (0, 1, 5 and 10 ppb final eluted concentration) prepared by standard
additions of the multi-element standard to the acidified in-house standard (HEOBI#1 or
HEOBI#2) 2%o (v/v) HCI (11M, Seastar™ Baseline®), 3 replicates of the zero standard
addition, the reference and certified seawater matrices and the samples. An external
calibration curve (i.e. no preconcentration step) was also prepared for the SF-ICP-MS to
allow quantification of the percentage of recovery of the Nobias column. The external
calibration curve consisted of a four-point calibration curve (0, 1, 5 and 10 ppb) prepared in
HNO;3; 10% (v/v) (16M, Seastar'™, Baseline®) with UHPW and spiked with 1 mL L'
Rhodium (Rh, PlasmaCAL calibration standards) to correct for sensitivity changes on the SF-
ICP-MS and evaporation on the seaFAST-pico'™. For each SF-ICP-MS run at least one Mo
standard of 10 ppb was analysed to correct for any contribution of MoO" interference in the
measured Cd signal. In-between each standard analysis, each depth profile and at the end of
the analysis two rinses and one Quality Check (QC, see Section 3.2.2.2 for preparation detail)
were analysed to check for SF-ICP-MS blanks and for instrumental drifts over the 7-8 hours

of the run, respectively.
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Figure 2.6: Schematic of the off-line flow injection systems used at the IMAS showing solution flow paths
during A) filling of sample and buffer loops, B) loading of buffered sample onto the column, C) column
rinsing and conditioning, and D) elution of trace metals. Note that V1 to V3 refer to the three valves and

that S1 to S4 refer to the four syringes (modified from Rapp et al., 2017).
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2.4.2.2 Reagent preparation

UHPW was used on a daily basis to prepare the following reagents in acid cleaned
LDPE, FEP or PTFE bottles (see Section 2.1.2.3 for cleaning procedure):

At the LEMAR (online system)

The ammonium acetate buffer — An acetic acid-ammonium acetate buffer (CH3;COO™ and
NH;"