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Abstract

Processes controlling the distribution of dissolved silicon isotopes (6°Si) in the Atlantic and the
Southern Ocean.

Use of silicon isotopes (6°°Si) as a paleoceanographic proxy requires sound knowledge of the
distribution and behaviour of silicon isotopes throughout the ocean. Over the past few years
considerable effort has been made to map the silicon isotope composition (6°°Si) of silicic acid
(dissolved silicon, DSi) and biogenic silica (BSi) throughout the ocean.

Diatoms uptake DSi to build up their opal frustules (BSi). During this process, diatoms
discriminate against the heavier isotope of silicon (*°Si) in favor of the light isotope (*%Si). This
fractionation leads to BSi that has a lower §°°Si than the DSi source by 1.1 %o to 1.5 %o. In turn, this
results in surface waters with low DSi concentrations due to biological removal, and high 6*°Si values
due to Rayleigh distillation. Conversely, when the BSi dissolves it is with discrimination against the
heavier isotope producing dissolved silicon with a §°°Si lower by 0.55 %o. At the same time, episodes
of upwelling occurring throughout the growing season, ocean circulation and mixing, contribute to
modify the §*°Si of the dissolved silicon pool in the surface mixed layer, which complicate the use of
diatom 6°°Si as a proxy for DSi removal during the growing season.

This dissertation aims to better understand the processes driving the Si cycle and the &S
signature of water masses in different regions of the ocean. New data of §°°Si of dissolved Si are
presented and discussed. These data come from 6 CTD profiles from ANTXXIII/9 campaign (Atlantic
and Indian sector of the Southern Ocean), 7 CTD profiles from ANTXXIV/3 (Atlantic sector of the
Southern Ocean), and 5 CTD profiles from the campaign MSM10/1 (north Subtropical and Tropical
Atlantic Ocean). Samples were purified by ion-exchange chromatography following preconcentration
via Mg(OH), precipitation and extraction of silicon using triethylamine molybdate. Isotopic analyses
were carried on a Neptune MC-ICP-MS at medium resolution (Ifremer, Brest).

During this PhD | attempted to understand:

v What processes affect the silica biogeochemical cycle and 6°°Si in the region of the Kerguelen
Plateau

The key driver of the early autumn decrease in &°Si appears to be the switch from bloom
growth to steady state growth. Secondly, fractionation during dissolution had only a minor effect on
the 6°°Si of BSi exported throughout the course of the year, implying that seasonal changes in export
efficiency strongly influence the §°°Si of BSi accumulating in marine sediments. Finally, the way the
mixing between the mixed layer and the winter water is set up (in terms of &°°Si, i.e. constant or
variable) is critical to the results of box model simulations of the silica biogeochemical cycle.
Altogether, these results suggest that, as a paleoceanographic proxy, 6°°Si may more reflect the
dominant mode of production of the BSi that is exported (i.e. bloom versus steady state growth)
rather than strictly the extent of DSi utilization by diatoms.

v What does the distribution of the §°°Si in the deep water masses in the Atlantic Ocean and in
the Atlantic sector of the Southern Ocean look like

The deep and bottom water masses in the Weddell Gyre were homogeneous for DSi
concentration and §°%Sips; at the time of the sampling. The bottom water masses were characterized
by low 5°%Sips; of 1.1 %o, slightly lower than the 8% Sips; of 1.2 %o found in the deep ACC. The influence
of NADW on UCDW was observed both in the Drake Passage and at the 0° meridian for the §*Sips;.
Our data support the proposed §>°Sips; gradient in the deep water masses of high §*Sips; (> 1.7 %)
for NADW in the northern North Atlantic Ocean and the low §*Sips; (1.2 %o) for the AABW recorded
in the Southern Ocean.



Résume

Processus contrdlant la distribution des isotopes du silicium dissous (6°°Si) dans 'océan Atlantique
et Indien.

L'utilisation des isotopes du silicium (8°°Si) comme proxy paléocéanographique nécessite une
bonne connaissance de la répartition et du devenir des isotopes du silicium a travers I'océan. Au
cours des derniéres années, des efforts considérables ont été faits pour cartographier la composition
isotopique du silicium dissous (acide silicique, DSi) et de la silice biogénique (BSi) dans I'océan.

Les diatomées utilisent le DSi pour construire leur frustule fait d’opale (BSi). Durant ce
processus, les diatomées discriminent I'isotope lourd de silicium (*Si) en faveur de l'isotope léger
(*%si). Ce fractionnement conduit a une BSi qui a un 6*°Si inférieur de 1,1 %o a 1,5 %o par rapport au
DSi source. Cela se traduit dans les eaux de surface par de faibles concentrations en DSi en raison de
I'utilisation biologique et par des valeurs de §%°Si élevées en raison de la distillation de Rayleigh.
Inversement, lorsque la BSi se dissout, il y a une discrimination contre I'isotope lourd et ainsi produit
du silicium dissous avec un §°°Si inférieur de 0,55 %o. Dans le méme temps, la circulation océanique
et le mélange vertical contribuent a modifier le §°°Si du pool de silicium dissous dans la couche de
surface, ce qui complique I'utilisation du §°°Si des diatomées comme proxy pour I'utilisation du DSi
durant la saison de croissance.

Cette theése vise a mieux comprendre les processus qui régissent le cycle du silicium et la
signature en 86°Si des masses d'eau dans les différentes régions de I'océan. De nouvelles données de
5°°Si de silicium dissous sont présentées et discutées. Ces données proviennent de 6 profiles CTD de
la campagne ANTXXIII/9 (Atlantique et secteur indien de l'océan Austral), 7 profiles CTD de la
campagne ANTXXIV/3 (secteur Atlantique de l'océan Austral), et 5 profiles CTD de la campagne
MSM10/1 (région subtropical et tropical de I'océan Atlantique nord).

Les échantillons ont été purifiés par chromatographie échangeuse d'ions aprés préconcentration
par précipitation de Mg(OH),, et le silicium est extrait en utilisant du triéthylamine molybdate. Les
analyses isotopiques ont été réalisées sur Spectrométre de Masse Multi-Collection a source Plasma
(MC-ICP-MS, Naptune) a moyenne résolution (Ifremer, Brest).

Pendant cette thése j'ai essayé de comprendre :

v Quels processus affectent le cycle biogéochimique du silicium et le §°°Si dans la région du
plateau des Kerguelen ?

Pour cela, un modele en boite a été réalisé pour tenter de reproduire le cycle du silicium
(concentrations et 8°°Si) de cette région. Le principal facteur de la baisse du 8°°Si en début
d’automne semble étre le passage d’une croissance par efflorescence a une croissance a I'état
d'équilibre. Deuxiemement, le fractionnement, lors de la dissolution, a seulement un effet mineur
sur le 8°°Si de la BSi exportée durant I'année, ce qui implique que les changements saisonniers dans
I'efficacité d'exportation influencent fortement le &°Si de la BSi accumulée dans les sédiments
marins. Enfin, la facon dont le mélange entre la couche de mélange et I'eau d’hiver est prit en
compte (en termes de §°°Si, soit constant ou variable) est cruciale pour les résultats de simulations
de modeéle en boite du cycle biogéochimique du silicium. Finalement, ces résultats suggerent que, en
tant que proxy paléocéanographique le §*°Si refléterait plus le mode dominant de production de la
BSi qui est exportée (i.e. bloom par rapport une croissance a I'état d'équilibre), plutét que le strict
degré d'utilisation du DSi par les diatomées.

v' A quoi ressemble la distribution du §°°Si dans les masses d’eau de I'océan Atlantique et dans
le secteur Atlantique de I'océan Indien ?



Les masses d’eau de fond et profonde de la gyre de Weddell sont homogénes en termes de
concentration en DSi et &°°Si au moment de I'échantillonnage. Les masses d'eau de fond ont été
caractérisées par un faible 6°°Si de 1,1 %o, légérement inférieur au 8*°Si de 1,2 %o trouvé dans les
eaux de fond du courant circumpolaire antarctique (ACC). L'influence de I'eau de fond Nord
Atlantique (NADW) par I'eau de fond circumpolaire (UCDW) a été observée a la fois dans le passage
de Drake et au niveau du méridien de Greenwich pour le 6°°Si. Nos données confirment la présence
du gradient de §°°Si dans les masses d'eau profondes ; gradient déja proposé et décrit par de fort
5>%ips; (2 1,7 %eo) pour 'eau de fond Nord Atlantique (NADW) dans le nord de I'océan Atlantique Nord
et par de faible 6*°Sips (1,2 %o) pour I'eau de fond antarctique (AABW) enregistré dans I'océan
Austral.
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Figure 4.3 A schematic view of the map of meridional overturning circulation in the Southern Ocean
(Speer et al., 2000; Dong, 2012). SAMW is the surface water, AAIW is the Antarctic Intermediate
Water, UCDW is Upper circumpolar Deep Water, NADW is North Atlantic Deep Water, LCDW is Lower
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Figure 4.4 Mean solution composition showing concentration (greater than 50%) of all source water
types along Section 1 of ANT-XXIII/3 in the Drake Passage. Gray colour represents a mixing of SWTs
without major contribution of any SWT (white contours represent neutral density values) (Sudre et
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Figure 4.5 Section along the prime meridian in the Southern Ocean and in the Weddell Gyre showing
potential temperature (8(°C)) and the generalized locations and movements of various water masses.
The region between 40°S and 55°S represents the Antarctic Circumpolar Current (ACC). The region
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Figure 4.6 Sampling locations of the two campaigns used in this study. Green dots indicate stations
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Figure 4.7 Temperature—salinity depth profiles of stations from ANTXXIV/3 campaign. A) Full depth
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Chapter 1 - Introduction

| Silica cycle

.1 General

Even if silicon (Si) is the 2™ most abundant element of the Earth's crust (Epstein, 1999) it is
mainly inaccessible for organisms as it is found in association with oxygen as quartz and silicate
minerals (Laruelle et al., 2009). Its participation in terrestrial and marine biogeochemical cycles
ultimately results from the weathering of silicate minerals and rocks. The weathering process
releases essential nutrients, making them available to aquatic and terrestrial organisms (Ziegler et al.,
2005). The release of Si during weathering to yield dissolved silicon (DSi) in soil water, groundwater,
river water, and seawater leads in part to the incorporation of Si into biogenic silica (BSi), e.g.,
phytoliths in land plants (Ziegler et al., 2005; Cardinal et al., 2010; Opfergelt and Delmelle, 2012). The
DSi released during weathering may be transported, via rivers and groundwater, to the ocean
(Opfergelt and Delmelle, 2012). Some of the Si released through silicate weathering becomes
incorporated into clay minerals, but silicon is still such a major element of silicate rocks that dissolved
silicon is the dominant nutrient in river waters, and rivers supply roughly 80% of the silicic acid added
to the ocean each year (Tréguer et al., 1995; Ziegler et al., 2005; Tréguer and De La Rocha, 2013).
Silicon cycling is strongly linked to climate inasmuch that the chemical transformation of silicate
rocks into solutes through weathering requires atmospheric CO, (Berner et al., 1983; Georg et al.,

2007).

The dissolution of silicate minerals converts atmospheric CO, into alkalinity (carbonate and

bicarbonate ions) as with the following idealized example:

2C0,,,. +3H,0+CaSiO, - Ca® +2HCO, +H,Si0,. (1.1)

2atm

This addition of alkalinity to the ocean, in turn, governs the oceanic capacity to hold dissolved
CO,. At typical seawater pH (7.5 — 8.4), Si(OH),, the undissociated form of silicic acid, is the most
abundant, accounting for 97% of the dissolved silicon, with about 3% of it present as its dissociated
anion, SiO(OH)3. In the long term, the solutes added to the ocean from silicate weathering are
removed, for example, via the production of calcium carbonate and biogenic silica (BSi) by plankton
such as diatoms, requiring silicon and the removal of these materials to the sediments (Dessert et al.,

2003). Eventually these CaCO; and SiO, sediments will be subducted back into the mantle along with



ocean crust due to plate tectonics and metamorphosed back to CO, and CaSiO; to be emitted again

later through volcanism.

I.2 The silicon input pathways to the ocean

According to Tréguer and De La Rocha (2013), there are four pathways for the transfer of silicon

to ocean estimated to bring to the ocean 9.4 + 4.7 Tmol-Si yr™ (Fig. 1.1).
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Figure 1.1 The steady state biogeochemical cycle of silica (Tréguer and De La Rocha, 2013) (adapted from
Tréguer et al. (1995)).The dotted line represents the limit between the estuaries and the ocean. Gray arrows
represent fluxes of DSi and black arrows represent fluxes of BSi; all fluxes are in teramoles of silicon per year.
Abbreviations: FRgss): gross river inputs, FR,et): net river inputs, Fgy: BSi deposits and reverse weathering in
estuaries, Fgy: groundwater flux, F,: aeolian inputs, F,;: hydrothermal inputs, Fy: seafloor weathering inputs,
FP(gross): BSi gross production, Fpyurace): flux of DSi recycled in the surface reservoir, Fepeyporty: flux of BSi
exported toward the deep reservoir, Fpgeep): flux of DSi recycled in deep waters, Fppentnic): flux of DSi recycled
at the sediment-water interface, Fs,in): flux of BSi that reaches the sediment-water interface, F,,/eq: flux of
DSi transferred from the deep reservoir to the surface mixed layer (upwelling, eddy diffusion), Fg(netdeposit): Net
deposit of BSi in coastal and abyssal sediments, Fsp: net sink of BSi in sponges on continental shelves.

The main sources of Si to the ocean are rivers with an input of 7.3 + 1.8 Tmol-Si yr’. Rivers

discharge an amount of DSi and easily soluble BSi that, after losses to clay formation (reverse



weathering) in estuarine and nearshore environments, represents 68% of the total inputs of Si to the

ocean (Tréguer and De La Rocha, 2013).

The second source of DSi to the ocean comes from the seafloor (ocean crust), accounting for
20% (1.9 + 0.7 Tmol-Si yr™) of the influx of DSi. Basaltic seafloor weathering at low temperature
releases DSi to the ocean. In addition, terrigenous silicates deposited on continental margins may

release significant amounts of DSi (Tréguer and De La Rocha, 2013).

Hydrothermalism is the third pathway for DSi leading to an input of 0.6 + 0.4 Tmol-Si yr'’. This
represents high temperature weathering of ocean crust in association with the circulation of fluids
through mid-ocean ridges. Cold seawater sinks into fissures in the ocean crust and as it sinks closer to
the mid ocean ridge heat source (magma chamber), the water heats up and begins to react with the
minerals it is in contact with. This leads to the considerable addition of silicon to these fluids which
may then be vented at high temperature, close to the ridge axis, or emitted more diffusely at low
temperatures after cooling (and probably losing much of its excess Si) during its percolation back
through the ocean crust and overlying sediments. Together, both high and low temperature
hydrothermal fluids entering the deep-sea account for 6% of the marine DSi input (Tréguer et al.,

1995; Tréguer and De La Rocha, 2013).

Aeolian inputs are the last input of DSi. Lithogenic and biogenic Si (in the form of dust) are
deposited on the ocean surface and may release some dissolved Si. Much of this dust comes from
the Sahara and Gobi Deserts and yields an estimate of aeolian Si deposited of 2.8 to 4.6 Tmol-Si yr™
(Tegen and Kohfeld, 2006; Tréguer and De La Rocha, 2013). Dissolution rates vary greatly depending
on the type of dust, and not all Si deposited as dust will become available to the phytoplankton; the
available (i.e. soluble) fraction is estimated to be 0.5 Tmol-Si yr™* (Tréguer et al., 1995; Tréguer and De
La Rocha, 2013). These external DSi inputs total 9.4 Tmol-Si yr™, in conjunction with roughly 99.3
Tmol-Si yr' upwelled to the surface ocean from sub-thermocline waters, supporting a net BSi
production of 240 Tmol-Si yr'! in the surface ocean by diatoms and other silica-secreting organisms.

Only 3 % of BSi produced in the oceanic surface water survives to burial in the sediment (DeMaster,

2001).



I.3  Dissolved silicon and biogenic silica in the oceans
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Figure 1.2 Longitudinal section across the entire Atlantic Ocean (top panel) and Pacific Ocean (bottom panel)
of the DSi concentration versus depth (eWOCE, Schlitzer, 2000).

Dissolved silicon is a major limiting nutrient in ocean for silicified organisms such as diatoms,
which are a dominant phytoplankton group in the ocean (see section 1.4.). Their requirement of DSi
for growth (Lewin, 1962; Brzezinski et al., 1990) makes them the main actor of the marine silica cycle.
The residence time for silicon in the ocean is estimated between 15 000 and 17 000 years, assuming

that the silica cycle is currently at reasonably close to steady state (Tréguer and De La Rocha, 2013).

DSi is unevenly distributed in the ocean in terms of both depth and latitude (Fig 1.2). The typical
depth profile shows an increase of the DSi concentration with depth. The surface ocean (euphotic
zone) is affected by biological activities leading to a drop in concentration (DeMaster, 2001) to as
little as a few umol-Si L™ in the equatorial Atlantic and Pacific Oceans (Nelson et al., 1995; Nelson and
Brzezinski, 1997). In the deep ocean, DSi concentrations can reach values of 40 pmol-Si L™ in the

Yin the Atlantic sector of the

North Tropical Atlantic Ocean to values as high as 125 umol-Si L
Southern Ocean and 180 pmol-Si L in the North Pacific Ocean (DeMaster, 2001). These high

concentrations in the deep ocean water are the consequence of BSi dissolution as it sinks through




the water column en route to the sediments. More than 90% of the biogenic silica is dissolved by
inorganic dissolution in the column (DeMaster, 2001). This, coupled with the biological removal in

surface waters, leads to a deep DSi concentration which is ~ 30 times higher than the surface.

However there are disparities in the deep ocean regarding the DSi concentration (Fig. 1.2). The
deep ocean concentrations are the consequence of the thermohaline circulation, commonly called
the Conveyor Belt, allowing for an increase of the DSi concentration during its flow by the constant

settling of dissolving siliceous particles.
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Figure 1.3 Nutrient concentrations (Si, N) from the Southern Ocean to low latitudes. Conceptual diagram
depicting the Southern Ocean physical and biological processes that form low-Si* waters and feed them into
the global thermocline. Water flow is depicted on top and the detail of the surface processes at the bottom.
CDW: Circumpolar Deep Water, AAIW: Antarctic Intermediate Water, SAMW: Subantarctic Mode Water,
APF: Antarctic Polar Front, PFZ: Polar Front Zone, SAF: Subantarctic Front, SAZ: Subantarctic Zone, STF:
Subtropical Front, from Sarmiento (2004).

The transport of DSi-rich deep and intermediate waters to the surface spurs significant silica
production in the regions affected. The region south of the Antarctic Polar Front, in the Antarctic
Circumpolar Current (ACC) and near the Marginal Ice Zone, are the regions of the main BSi
production (Fig. 1.3) due to the upwelling of deep, nutrient-rich water (Quéguiner et al., 1991;

Quéguiner et al., 1997; Brzezinski et al., 2001; Fripiat et al., 2011b). In consequence, another

important region for the flow of nutrient in the Atlantic Ocean is the northern part of the ACC. In the



Polar Front zone, the deep water is upwelled to the surface and then flows northward as
subantarctic mode water, carrying nutrients to the low latitudes (Sarmiento et al., 2004). Finally the
North Pacific Ocean is another region of importance where general upwelling of nutrient-rich water

is observed, enriching the surface with high DSi concentrations (Sarmiento et al., 2004).

Opal rich sediments are found in various locations throughout the ocean and at all depths (from
the shelf to the abyss) (Ragueneau et al., 2000). However, the Southern Ocean is the main site of
opal deposition in the sediments (DeMaster, 1981). For a long time, the idea of this impressive
export of biogenic silica was at odds with the idea of the Southern Ocean as a high-nutrient, low-
chlorophyll area of modest productivity. Higher rates than expected for BSi production were
recorded in the Southern Ocean (from 1.62 + 0.58 mol-Si m™ yr' to 3.34 + 0.54 mol-Si m™ yr*
(Pondaven et al., 2000)). This resulted in a higher opal rain rate, and thus did not require exceptional
preservation efficiency to explain the high rates of BSi accumulation required to maintain the "high
opal belt" underlying the Polar Frontal Zone. Compared to the Atlantic Ocean, the Southern Ocean is
twice as productive in term of BSi (Pondaven et al., 1998) and 2 — 3 times more productive than the
Equatorial Pacific. The opal accumulation rate that leads the Southern Ocean to be the main deposit
site for BSi is higher by 12 times, compared to the equatorial Pacific (0.016 mol-Si m? yr?), 31 times
compare with the mesotrophic northeast Atlantic (0.008 mol-Si m™ yr™) and by 185 times compared

to the oligotrophic Atlantic (0.001 mol-Si m? yr').

The two processes involved in the surface and deep water, and at the surface sediment are
production (P) and the dissolution (D) of the BSi (Nelson et al., 1995). These will be discussed in the

next section.

I.4  Diatoms as conductors of the marine silica cycle

Diatoms are major actors of the biogeochemical cycle of silica in ocean. Diatoms are as far as we
know the main silica biomineralizing group in the modern ocean; groups such as silicoflagellates,
radiolarians and siliceous sponges have a comparatively smaller influence on the silica cycle. Diatoms
have an absolute requirement for Si (DeMaster, 2002) and a strong affinity for DSi which means they
can maintain high rates of DSi uptake (up to 0.63 pmol-Si cell* d™* in Martin-Jézéquel et al., 2000 and
references therein) at even very low concentrations of DSi (0.3 — 1.3 uM (Dugdale et al., 1995)).
Additionally, their silicon requirement is relatively high, with a typical cellular ratio being 0.9:6.6 (mol
: mol) Si:C contributing to a more efficient export of BSi compared to organic matter (Brzezinski et al.,
2003). This leads to a net production of 240 Tmol-Si yr™ in the surface water. In addition Baines et al.

(2012) mentioned for the first time the possible role of picocyanobacteria in the silica cycle as they



observed Si accumulation in the cell and that “the water column inventory of silicon in
Synechococcus can exceed that of diatoms in some cases”.

Diatoms are also important in the biogeochemical cycles of N, P, Fe (Sarthou et al., 2005 and
references therein) and have a dominant role in the export production of C (Ragueneau et al., 2000;
Sarthou et al., 2005). This is due to the fact that they are numerically quite abundant and often
dominate phytoplankton blooms in many aquatic ecosystems (Nelson et al., 1995; De La Rocha et al.,
2000; Martin-Jézéquel et al., 2000). They account for up to 75 % of the annual primary production in
the Southern Ocean (Nelson et al., 1995). 20% of the CO, fixed during photosynthesis is the result of
diatoms (Field et al., 1998). Also, very important to note, their heavy silica frustules mean they have
faster sinking rates and are removed from the surface much more quickly than non-silicified cells

(Smayda, 1970). For this work BSi will refer to diatoms.

[.4.1 BSi production

Diatoms are the main producers of biogenic silica in the marine environment. They are
eukaryotic unicellular microalgae requiring dissolved silicon to produce their frustules made of
amorphous, hydrated silica (opal, BSi). They have 2 modes of reproduction, a sexual reproduction
involving the fusion of gametes and a vegetative mode in which silicon metabolism is strongly linked
to cell division (Martin-Jézéquel et al., 2000). Here the focus will be made on the vegetative

reproduction that produces an exact replica of the frustule structure at each generation.

The structure of diatoms is an outer cell wall lined internally with a plasma membrane
containing the cytoplasm and organelles protected from dissolution by an organic coating. The
organic matrix is made up of layers of polysaccharides, lipids and proteins. The cell wall is made of
silicon dioxide (SiO,) produced through the polymerization of DSi (Martin-Jézéquel et al., 2000). The
cell wall consists of 2 valves of slightly different size (Fig. 1.4), separated by a cingulum made itself of
girdle bands (Kréger and Poulsen, 2008). The epitheca and hypotheca are the large and the small
valve respectively. When the new mature valve is formed, the mother cell forces it out, and the
mature valve is protected from dissolution by an organic coating. The creation of a new siliceous
valve for the new diatom strongly links silicon metabolism and the cell cycle with restrictions due to
the rigidity of the frustule (Kroger and Poulsen, 2008). As observed in figure 1.4 (7 and 8) the distance
between the 2 valves increases for the new valve formation, and to avoid a gap within the cell wall

the girdle bands synthesis is necessary.

The diatom cell cycle is divided in 4 phases (like every eukaryotic cell) named G1, S, G2 and M.
The S phase represents the DNA replication phase, M corresponds to the mitosis and the cell division

period and G1 and G2 are the gap phases during which the cell growth occurs (Martin-Jézéquel et al.,



2000; Claquin et al., 2006). During the cell cycle, two common features to all diatoms species were
observed resulting in non-continuous silicon uptake during the cell growth. There is a predominant
arrest point at the G2/M boundary and another one at the G1/S boundary associated with new valve
formation (Martin-Jézéquel et al., 2000). The latest can be indicative of DNA synthesis being silicon
dependent but it was not proved yet and could be a way for the diatom to estimate the external Si

concentration and to discern if the cell division can be completed.

Compared to nitrogen or phosphorus, the internal pool of silicon is not sufficient to support the
entire division cell, therefore diatoms require Si uptake from their environment to complete their
division. The Si uptake appears to regulate the DSi pool in the cell and the thickness of the frustule

(Claquin et al., 2006).
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Figure 1.4 Schematic structure of the diatom cell (center) and diatom cell cycle (shown in cross section). In
grey: the protoplast, green line: the plasma membrane. For simplicity, intracellular organelles other than the
Silica Deposition Vesicle (SDV) are not shown. Cell cycle: (1) Shortly before cell division the cell wall contains
the maximum number of girdle bands, (2) immediately after cytokinesis new biosilica (red) is formed in each
sibling cell inside a valve SDV (yellow), (3) expansion of the valve SDVs with increasing silica deposited, (4) at
the final stage of valve SDV development, each SDV contains a fully developed valve, (5) the newly formed
valves are deposited in the cleavage furrow on the surface of each protoplast by SDV exocytosis, (6) the
sibling cells have separated, (7+8) expansion of the protoplast in interphase requires the synthesis of new
silica (red) inside girdle band SDVs (yellow), each girdle band is synthesized in a separate SDV, and after SDV
exocytosis is added to the newly formed valve (hypovalve), (9) after synthesis of the final hypovalve girdle
band (pleural band) cell expansion stops, and DNA replication is initiated (Kroger and Poulsen, 2008).



Four DSi fluxes have been identified as important in diatoms that link the metabolism and the Si
cycle. There are the influx and the efflux of DSi from outside into the cell and inversely, the
incorporation flux that allows the growth cell by BSi formation and the dissolution flux at the
opposite that converts the BSi into DSi (Milligan et al., 2004). Here we will focus on the

polymerisation and depolymerisation of the DSi.

[.4.2 Uptake and BSi production processes in diatom

Silicon uptake was demonstrated to occur as active transport (Paasche, 1973; Martin-Jézéquel et
al., 2000 and references therein). The silicon forms available for diatom are the silicic acid at 97%
(Si(OH),;) and the remaining SiO(OH);” and the DSi influx in diatom is sodium dependent.
Bhattacharyya and Volcani (1980) observed in Nitzschia alba that Si and Na* transport is driven by
the Na* gradient across the membrane. An advantage for diatoms, that can explain their dominance
in blooms, is the fact that DSi uptake is not dependant of photosynthesis energy but only from
respiratory energy (Claquin et al., 2006). There are 2 pools of Si to differentiate, the intracellular
silicon pool (by silicon uptake) required for silicification and the silica deposition pool (by silicon
mineralization) necessary for cell division and growth (Ragueneau et al., 2000). These 2 phenomena
can be coupled as in Chaetoceros gracilis, where DSi uptake and BSi mineralization occur at the same
time, or uncoupled as for Thalassiosira weissflogii, depending on the species and influences the

internal silicon pool (Ragueneau et al., 2000).

Silicon is transported across the plasmalemma, through the cytoplasm to reach the silicon
deposit vesicle (SDV) which is located at the polymerization site (Martin-Jézéquel et al., 2000). The
DSi uptake is regulated by silica transporter genes (SITs) (Hildebrand, 2008) and the deposit is
regulated by proteins called silaffins (Kréger and Poulsen, 2008 and references therein). The SDV is
bounded by a membrane called the silicalemma that contains an acidic environment favourable for
DSi polymerisation. Proteins, cytoskeleton and some cellular components are also involved in this

transformation.

The intracellular pool was observed to be in soluble form despite being at concentration
supersaturated with respect to silica. Presumably some organic silicon-binding component makes
this possible (Martin-Jézéquel et al., 2000 and references therein). This pool can vary depending on
the species and depending on the cell stage. During cell wall synthesis, which occurs in all cycles
stages G2 and M, a greater quantity of silicon will be required than can be provided by the internal

pool.

Depending on DSi concentration around the cell, three modes of DSi uptake have been

identified. Surge uptake consists of a rapid increase of intracellular silicon concentrations after
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starvation as it is a replenishment mode. Externally controlled DSi uptake happens when the
extracellular silicon concentration becomes very low and represents submaximal Si uptake rates.
Finally the internally controlled uptake is regulated by use of Si in the cell, depending on the rate of Si

deposit in the cell wall (Martin-Jézéquel et al., 2000).

Silicon uptake and cell division for natural assemblage or cell culture under silicon-limited
conditions are well described by the following equations:

_ Vo *[Si(OH), ]

~ K+[Si(OH),]

_ My [SI(OH),]
K,+[Si(OH),] '

Michaelis-Menten kinetics of nutrient uptake (1.2)

Monod law of nutrient limited growth (1.3)

where V. and Hnax represent the maximum rate of uptake and division at non-limiting Si
concentrations, K is the Si concentration at 0.5 V.. and K, is the silicon concentration that limits p to
0.5 Wnax (Martin-Jézéquel et al., 2000; Ragueneau et al., 2000; Claquin et al., 2006). The DSi uptake
and BSi production are directly affected by environmental and physiological conditions (Passow et
al., 2011) and so influence the values of Ks and V,,,.x. It has been reported that values for Ks and V,ax
can evolve during the cell cycle. Low affinity and low capacity (high Ks and low V,,,,) were observed
for Si uptake by Navicula pelliculosa before frustule deposition but the opposite during the
deposition of BSi. The explanation advanced for the Ks decrease is higher affinity transporters and for
the increase of V. it is a bigger number of transporters or a better efficiency of these latter in the

plasma membrane (Martin-Jézéquel et al., 2000 and references therein).

Environmental conditions will have an effect on the growth rate of diatoms, mainly through co-
limitation. For example Brzezinski et al. (2008) demonstrated that addition of iron in the
environment significantly increases Si uptake by 87 + 59 %, but that addition of Fe and Si increases
the uptake up to 172 + 43 %. This study revealed a co-limitation Fe - Si. Another co-limitation,
between Fe and light was highlighted by Sunda and Huntsman (1997). This study revealed that in low
light environments, diatoms are more iron limited, these conditions stimulate the development of

small cells.

A decoupling exists between silicon metabolism and photosynthesis that is species dependent
(Ragueneau et al., 2000). In 1955 Lewin indicated that the energy needed for silicification comes
from aerobic respiration. Energy is required for silicon transport but there is not really a need of
energy for biogenic silica mineralization, outside of what is necessary to create the organic matrix
that guides polymerization of the silica (literature review in Martin-Jézéquel et al., 2000). For

example, Sullivan (1986), described that after an increase in respiration with a period of silicon
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transport, cells have enough energy to sustain biomineralization of the new valve. This decoupling
between silicification and photosynthesis could explain why Si uptake and deposit can happen in the
dark (Martin-Jézéquel et al., 2000). And knowing that carbon and nitrogen uptake are directly
dependent on photosynthetic energy while silicon is dependent on the respiration of general cellular
stores of energy, this can explain diatom dominance in phytoplankton blooms. Indeed, under less
favourable conditions (i.e. water column mixing following a storm even) that could deepen the Mixed
Layer, and so increase the depth at which they can “stay” (limit of the euphotic zone) they are more
adapted to growth. Moreover diatoms have higher growth rates than dinoflagellates explaining why

they bloom.

The advantages of having a frustule still remain unclear but some hypotheses are made. One
major hypothesis is the protective role of the frustule against grazing by zooplankton. It was
confirmed that because of the huge pressure needed to break the frustules, this is a good protection
and that could explain the success of diatoms by decreasing their mortality rate (Hamm et al., 2003;
Smetacek et al.,, 2004). Other assumptions are made about a possible role as an ultraviolet filter
(Davidson et al., 1994), as a photonic crystal (Fuhrmann et al., 2004) or as ballast to control the
position of diatom cells in the water column (Villareal, 1988). According to (Raven, 1983) there is less
cost in creating a cell wall made of BSi rather than organic carbon. And lately, the role of polymerized
silica as a buffer for the carbonic anhydrase (catalyser of the reaction between HCO; and CO,) was

demonstrated by Milligan and Morel (2002).

1.4.3 Silicon dissolution and export

The second process affecting silicon in the marine environment is the dissolution of biogenic
silica between a few hundred meters from the surface (Passow et al., 2003) and to the sediments
(Van Cappellen et al., 2002). The dissolution (at neutral pH) is due to nucleophilic attack of water
molecules that breaks Si-O-Si bonds found at the surface of the frustules (Loucaides and Behrends,
2008). The BSi dissolution rate determines the fraction of silica recycled in the euphotic zone that
contributes to the gross amount of silicic acid that is available for diatom growth each year. The
fraction recycled at depth (Passow et al., 2003) controls silicon recycling in the oceans (Van Cappellen
et al., 2002) versus its burial in deep sea sediments and export from the ocean. Recycling and export
of silicon are linked to areas of significant diatom productivity. The residence time of the BSi in the
surface layer depends on the sinking speed and the dissolution rate. Seasonality, food web structure
and aggregate formation are the main processes that will impact the export of silica (Ragueneau et
al., 2000). According to Nelson et al. (1995), 50 to 60 % of the marine BSi produced dissolves in the

euphotic zone and less than 3 % is buried in the sediment (DeMaster, 2001). But the export rates are
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generally low due to the high BSi solubility (> 1000 umol-Si L'*) and the undersaturated conditions of
the ocean (surface < 50 uM DSi, deep < 180 uM DSi) (Tréguer et al., 1995; Passow et al., 2003).

Frustules of living diatoms are protected from dissolution by an organic coating that isolates the
cell from the slightly basic pH of seawater. In living diatoms the dissolution rate is minimal (0.2 to 0.3
% d™) unless bacteria have colonized the cells (Bidle and Azam, 1999). Dissolution begins when
diatoms die, as bacteria start to degrade this protection around the frustules letting the BSi
underneath come into contact with seawater resulting in high dissolution rates of BSi in the upper
ocean (Passow et al., 2003). Hurd and Birdwhistell (1983) described the specific dissolution rate Vi
(h") of the BSi as follow:

Vi = k- ([SI(OH), ], =[Si(OH),])- 4, (1.4)

sat

where k is a constant (cm h™), Si(OH)s: is opal solubility (mol cm™), Si(OH), is the ambient DSi
concentration (mol cm™) and A, is the specific surface area of opal present (cm? mol™). This equation
allows us to better understand the conditions affecting the dissolution rate in the ocean, for example
allowing us to discern that the lowest dissolution rates occur in the Antarctic between — 1.5 °C and +
6 °C and the highest dissolution rates occur in coastal waters between + 14 °C to + 22 °C. These
observations led to the conclusion that the temperature of the surface layer plays an important role

in the dissolution rate observed in different regions.

From experiments a list of physical and chemical processes that modify dissolution has been
made. An increase of the temperature or pH will have increased the dissolution rate, while silica with
a greater aluminium content or otherwise impurity will inversely decrease the dissolution rate. A pH
increase leads to a deprotonation of Si-OH groups at the surface, facilitating then the Si-O-Si bounds
to be broken (Loucaides and Behrends, 2008). The composition of the cell medium, the morphology
and the structure of the frustule more than the surface area (Martin-Jézéquel et al., 2000) and the

silica's age will as well influence dissolution (Van Cappellen et al., 2002 and references therein).

Food web structure impacts recycling and export of BSi by grazers that feed on diatoms. Grazing
by heterotrophic dinoflagellates will remove all organic matter from the frustules, leaving them
exposed to seawater, and so increase the dissolution rate of the silica. Grazing by crustaceans like
copepods will have two different effects. The first effect is to break the frustules into smaller pieces
in surface waters, inhibiting their export from the surface (Ragueneau et al., 2006). The second is to
export BSi via fecal pellets (Beucher et al., 2004), contributing to the export of the silica to the deep

ocean. Diatoms may also sediment as aggregates. Aggregation can play a protection role if there is
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little exchange between the aggregate and the surrounding seawater. Or it can acts as a stimulation

of dissolution if there is considerable bacterial activity in the aggregate (Passow et al., 2003).

[.4.4 BSi as a proxy

We have just seen that diatoms are the main actor of the silica cycle, that the DSi concentration
influences diatom growth and that 3% of the BSi produced in surface waters reaches the seafloor.
There has been strong interest in using the BSi that accumulates in the sediment to somehow
reconstruct the productivity of the past ocean. De La Rocha et al. (1997) suggested that the silicon
isotopic composition of this silica might serve as a robust proxy for the extent of utilization of DSi by
diatoms. They showed that diatoms fractionate Si isotopes in favour of the light isotope (*%Si) when
they take up DSi to produce BSi, leading to BSi lower by 1.1 + 0.4 %o, compared to the DSi source. This
fractionation was not observed to vary with temperature (in the range 12 — 22 °C) nor among the
three species of diatoms tested. However this year Sutton et al. (2013) revealed fractionation during
BSi production being species dependant. The extremes values obtained were for two Southern Ocean
diatoms, Fragilariopsis kerguelensis and Chaetoceros brevis that expressed fractionation of — 0.54 %o
and —2.09 %eo. The previous value defined by De La Rocha et al. (1997) is in the range of these values.
In 2009 Demarest et al. observed fractionation again in favour of the light isotope during BSi

dissolution leading to the production of DSi lighter by 0.55 %o, compare to the BSi.

Il Isotope systematics

[I.L1 The silicon isotope system

Atoms of the same element, with the same number of protons (Z) and electrons but with
different numbers of neutrons (N) are called isotopes. Because they do not have the same number of
neutrons, all isotopes of an element have a different atomic masse (m). The atomic mass variations
of an element leads to small differences in chemical and physical properties, known as isotope
effects (Hoefs, 1996). Stable isotopes are defined as nuclides with low atomic mass and with a
stability achieved when the number of protons and neutrons are approximately equal. The process
resulting in variation of abundance of isotopes is called fractionation. Processes that induce isotopic
fractionation cause differences in the ratios of the different isotopes of an element between two

substances or between two phases of a substance.

Hoefs (1996) highlighted the existence of two types of mass-dependent fractionation laws.

There is kinetic isotopic fractionation that results from motions and unidirectional reactions, and
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equilibrium isotopic fractionation that results from isotope exchange between chemical substances
or two phases, and that is bidirectional. The extent of mass dependent fractionation by a kinetic
isotope effect is very slightly different from that of an equilibrium isotope effect, allowing the two to
be distinguished in a set of extremely precisely measured samples. The resulting slope of the silicon
isotopic composition of samples on a three isotope plot (i.e. §Si versus 6°Si) is either 1.93 or 1.96,
corresponding to kinetic or equilibrium isotope fractionation respectively (Young et al., 2002).

Silicon has three natural stable isotopes, 28i, 96i and *°Si, for which the relative abundance is
respectively 92.22 %, 4.69 % and 3.09 %. There is also a radioactive isotope *’Si with a half life of 140
+ 6 years. The relative mass difference between the heaviest and the lightest isotopes (*°Si/*%Si = 7
and *°Si/*’si = 3.6) indicate that large mass-dependent fractionations are to be expected (Engstrém,

2009). The isotope ratio variations are expressed as §°°Si or §°°Si as follows:

28 Q.
Sl sample
28Si std

5Si = —1{-1000 %o, (1.5)

where x corresponds to °Si or *°Si. The standard (std) commonly used is the international Si standard

NBS28 (RM8546).

The measurement of silicon isotopes is interesting due to silicon abundance, for example, silica
represents ~ 60 % of the dry weight of diatoms (Sicko-Goad et al., 1984). Moreover, in the Southern
Ocean, an ocean of importance for the distribution of nutrients in the ocean, the seafloor is rich in
opal and poor in carbonate. Douthitt (1982) made the first observation of a difference in the natural

abundance of Si isotopes in diatoms compared to igneous rock.

II.2 Silicon isotopes in different environments

Variations in silicon isotopes offer a means to track processes involving silicon utilisation and
fractionation. The weak valence of silicon (4%) is bound with O and the non-existence of a gaseous
phase leads to little isotopic fractionation on Earth. The four domains in which silicon fractionation is
involved are rock-forming, water-rock interactions, biological processes and water reservoirs. | will
focus on the water-rock interactions, rivers and oceanic biological processes that are more relevant

for this study.
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Figure 1.5 Range of 5°°si variations at the surface of the Earth in relation to rock-forming processes [1],
water-rock interactions [2], biological processes [3], water reservoirs [4] (Opfergelt and Delmelle, 2012 and
references therein).

Silicate rock weathering serves as the ultimate source of silicon to rivers and the oceans and to
biological processes. On Earth values of §*°Si range from — 5.70 %o for silcretes (Basile-Doelsch et al.,
2005) to + 6.10 %o for rice grains (Ding et al., 2005) (Fig 1.5). Processes that influence weathering are
the age of the soil/mineral that determine the time of the reaction, the lithology that affects the
rocks solubility, the climate and vegetation that increase the weathering reaction, and finally the

erosion that contributed to the chemical weathering (Opfergelt and Delmelle, 2012).

Igneous rocks have a 6%Sipsi around — 0.34 %o and rock weathering processes lead to two
products, DSi with a higher §°°Si due to mineral dissolution and clay formation with a lower &*°Si.
Compared to igneous rocks, rivers and lakes are enriched in *°Si relative to **Si with a large range
varying from - 0.10 %o to + 3.40 %o (Fig. 1.5). This large range is in part linked with the biological
processes occurring in water. The isotopic fractionation by diatoms when they take up DSi leads to
high values of &%°Si in ocean surface waters, for example (De La Rocha et al., 2000). Two phenomena
happen in fresh water; (1) in surface water diatoms take up DSi which lead to a higher surface water

5°°Si and (2) the formation of clay lead to a lower 6*°Si DSi.
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In the oceans, gradients are observed for 8% Sips; mainly due to biological activities, and due to
BSi dissolution and the circulation and mixing of water masses. Because diatoms that are in the
euphotic zone take up DSi to build their frustules, a gradient with depth is observed with §*°Sips;
decreasing with depth as DSi concentrations increase. The highest marine values of §*°Sips; are found
in surface waters with a maximum value of + 3.10 %o recorded by Varela et al. (2004) in the Pacific
sector of the Southern Ocean. For the deep water (> 2000 m) average values are + 1.20 %, for the
Antarctic Circumpolar Current (Fripiat et al., 2011a) and + 1.25 %o for the deep water of equatorial
Pacific Ocean and Pacific sector of the Southern Ocean (de Souza et al., 2012a). A typical silicon

isotopic profile is presented in figure 1.6.
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Figure 1.6 Typical profile of 63°SiDSi and DSi concentration versus depth in marine environment (data from
this PhD). Blue diamonds are 63°SiDSi values and orange diamonds are the corresponding DSi concentrations.

To estimate the fractionation between the DSi used and the resulting BSi by diatom based on
the evolution of silicon isotopes in surface waters during DSi drawdown, either of the two simple
models can be used. The fact that these models only work during times of net nutrient drawdown is
a key point, as this makes them unsuitable for use at other times. Not all production of biomass in
the ocean occurs during times of net nutrient removal (i.e. there are times when net production of
biomass occurs but does not exceed daily inputs of nutrients to the euphotic zone through upwelling

or mixing).

The Rayleigh distillation (or closed system) model (Fig. 1.7, eq. 1.6) (De La Rocha et al., 1997,

Sigman et al., 1999) assumes a single input of nutrient to the surface at the beginning of the growing
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season, that the reservoir is well mixed and that the BSi produced does not subsequently dissolve or

exchange isotopes with the remaining DSi reservoir:

) ) DSi
530511)51‘ :530SZDSiinitia/ +é&- ln[[ l]measw%Si]mmal ) e

It is characterized by an exponential enrichment of DSi reservoir through time with BSi formation

and accumulation of the product formed.
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Figure 1.7 Representation of the Rayleigh distillation model (solid lines) and the Steady state model (dotted
lines). f: remaining fraction, blue: DSi, green: BSi and grey: BSi accumulation in the system.

The second model is the Continous input model (or open model) (eq. 1.7) (Sigman et al., 1999).
This model hypothesizes a continuous input of DSi to the surface over the growing season. DSi is

partially consumed and the residual fraction exported:

) . DSi
530&0&‘ :53OSZDSiinitial —& (1 - ([ l]mea‘mr%)Si]mmm j) (1.7)

BSi deposits in the sediment have an important role in helping us to determine the patterns and
controls over past climate. Diatoms make an important contribution to primary production in the
Southern Ocean and because primary production is CO, consuming, there is a great interest of using
opal in the sediment to reconstruct diatom productivity in relation to past climate. A reconstruction
based only on the rate of sediment deposition is complicated by the fact that 50 % of the BSi
produced is dissolved in the first hundred meters and ocean circulation leads to the deposition of BSi
not necessarily in the area of its production. To counteract that, De La Rocha et al., (1998) used the
silicon isotopic composition of the BSi as a proxy. This suggested that during the Last Glacial
Maximum (Fig. 1.8 arrow) the extent of DSi utilisation was smaller than today (and coincided with

reduced rates of opal accumulation on the seafloor). The opposite was true for the Holocene. A study
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of Brzezinksi et al. (2002) confirmed these results and suggested that, due to a higher iron

concentration compared to the present day, surface water recorded a DSi excess and a depletion of

NOs.
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Figure 1.8 Representation of the South Atlantic sediment core RC13-269 (52°38’ S, 00°08’ W, 2,.591 mbsl) for
the A) 5°°si evolution versus depth, error bars on 5°%si represent standard error on 2-3 separate
measurements, the arrow indicates the Last Glacial Maximum (LGM) and B) BSi against depth. The
percentage opal (P. N. Froelich, unpublished data) was determined through extraction into a sodium
carbonate solution 32. Modified from De La Rocha et al. (1998).

The subject of my dissertation is the study of the silicon biogeochemical cycle in the Indian
sector of the Southern Ocean, and in the Atlantic Ocean, using natural silicon stable isotope

abundances (6%°Si). The two main objectives of this dissertation:

v' To study the processes affecting the cycling of silicon isotopes on the Kerguelen Plateau. For this
purpose, new data profiles (from ANTXXIII/9 campaign) of the &°°Si of dissolved Si are presented for
the Kerguelen Plateau. Additionally, a new model was developed in order to evaluate — on a seasonal
time scale - the relative influence of biological and physical processes on the isotopic composition
(6°°Si) of dissolved Si and biogenic silica in the region of the Kerguelen Plateau.

v" To understand the distribution of silicon isotopes in the Atlantic Ocean, from the northern North
Atlantic Ocean to the Atlantic sector for the Southern Ocean. The data profiles presented are the first
for the Weddell Gyre covering different areas of the gyre. Also, profiles from the Drake Passage and
the 0° meridian (some stations being in the Antarctic Circumpolar Current) for the Southern Ocean
(from ANTXXIV/3 campaign) were measured as well as profiles close to the Cape Verde Islands (from
MSM10/1 campaign). Together and with Atlantic Ocean data from the literature | tried to track the

deep and intermediate Atlantic Ocean circulation and its silicon isotopic composition.
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Altogether, this thesis is composed of 5 chapters. The introduction chapter gives background
that helps to place the data chapters into a broader context. The 2 chapter describes the methods
used for the collection and analyses of samples. Chapter 3 is the publication “Exploring interacting
influences on the silicon isotopic composition of the surface ocean: a case study from the Kerguelen
Plateau”. The 4™ chapter is composed of a first part that is a general overview of the intermediate
and deep circulation in the Atlantic Ocean. This is a background followed by the second part which
describes the silicon isotopes data in the Atlantic Ocean, as part of the GEOTRACES Zero and Drake
transects, the ANTXXIV/3 campaign and the MSM10/1 campaign. This thesis ends with general

conclusions as the 5" chapter.
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Chapter 2 - Methods and analytical
techniques

This chapter presents the steps used in the preparation of samples detailed in the following
chapters and the measurement of isotope ratios with the multi-collector inductive coupled plasma
mass spectrometer (MC-ICP-MS) Neptune (Thermo Fisher Scientific). The initial collection of samples

in the field is detailed in the chapter specific to each oceanographic campaign.

| Sample preparation

.1 Determination of DSi concentration

The first step in the preparation of samples for mass spectrometry was the determination of the
dissolved silicon (DSi) concentration of the samples. The well known interaction between silicic acid
and molybdate was used to determine the concentrations colorimetrically with a spectrophotometer
(Shimadzu UV-1700) following the formation of a complex of silicomolybdate (H;SiM01,040) and its
reduction to create a blue solution (Strickland and Parsons, 1972). This technique allows only the
dissolved, monomeric form of silica and straight-chain polymers of relatively short length to react
with molybdate. However, even polymers at low DSi concentrations are not a problem for DSi
concentration determination due to the fact they are “probably unreactive”, as described by the
authors.

The ammonium molybdate ((NH;)¢Mo,0,,4 - 4H,0) reagent was prepared with concentrated HCl
and stored in a polyethylene bottle. The reducing agent was a mix of metol-sulphite (Na,SO; +
(C;H,NO),S0,), sulphuric acid (H,SO,) and saturated oxalic acid (C,H,0,4) stored in polyethylene
bottles. For a sample 2 mL metol-sulfite + 1.6 mL Milli-Q water + 1.2 mL of 50% H,SO, + 1.2 mL of
saturated oxalic acid are needed. All acids used are analytical grade and diluted with Milli-Q water
(18.2 MQ cm™).

For the standard curve a minimum of 7 concentrations were used in clean polyethylene bottles
ranging from 0 umol-Si L'* (blank) to 140 pmol-Si L™ (133 pmol-Si L™ was the maximum concentration
measured) covering the DSi concentration range of samples. Artificial seawater prepared according
to Strickland and Parsons (1972) was used to match our samples, and the silica standard used was
silicon hexafluoride (SiFs”).

The blank was prepared by mixing the reducing agent with artificial seawater. Straight after that

addition the reagent is poured and mixed. The standard solutions and samples were prepared by
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adding the reagent to the sample, and ten minutes later the reducing agent was added to the
reagent plus sample and mixed in the bottles. Approximately three hours is needed for the reaction

to stabilise before the measurements are performed at a wave length (A) of 810 nm.

.2 Magnesium induced coprecipitation (MAGIC)

The samples were preconcentrated according to an adapted brucite coprecipitation (MAGIC)
technique developed by Karl and Tien (1992). The principle is to add sodium hydroxide (NaOH) to a
seawater sample to reach a pH2 10 which will induce the precipitation of the brucite (Mg(OH),) and
many solutes including DSi. To initiate the precipitation, 2 % volume of 1 M NaOH is added to the
samples and mixed. Another centrifugation was performed one hour later and the precipitates from
the two centrifugations are added to the same sample and dissolved in concentrated HCl for
recovery of DSi. This was found necessary for complete recovery (i.e. 97.93 %) and quantitative

extraction of DSi from seawater.

.3  Tri-ethylamine molybdate coprecipitation (TEA-moly)

DSi quantitatively reacts with the molybdate ion at acidic pHs, allowing a DSi extraction from
seawater and purification via precipitation of the silicomolybdate ion, as triethylamine
silicomolybdate (DeFritas et al., 1991; De La Rocha et al., 1996). This method permits quantitative
recovery of silicon even for samples with low concentration (10 uM). Quantitative recovery is very
important to avoid silicon fractionation during silicon extraction that can occur if an isotope is
preferentially removed compared to other silicon isotopes. Following the protocols of De La Rocha et
al. (1996), the prepared reagent stands for seven days in a dark polyethylene bottle to let the trace
amounts of silicon in the water and/or reagents to precipitate as triethylamine silicomolybdate. The
reagent is prepared by mixing ammonium molybdate ((NH;)sMo0;0, - 4H,0) and tri-ethylamine
hydrochloride ((C,Hs)sN - HCl). When the trace amounts of silicon have precipitated, the reagent is
filtered through a 0.4 um polycarbonate filter immediately prior to use (Fig. 2.1). For each 100 mL of

water sample, 60 mL of reagent was added.

The coprecipitation reaction occurs in two steps. Firstly, monomeric Si(OH), reacts with
molybdate to form silicomolybdic acid (H.SiO, - 12Mo0Qs), and then silicomolybdate reacts with
triethylamine to form an insoluble, vyellow complex, triethylamine silicomolybdate
(((CH3CH;)3NH),SiM04,049 - 4H,0). The pH must be acidic (between 1 and 4) and the DSi
concentration must be > 3 uM-Si for the reaction to proceed rapidly and quantitatively. Once the

complex is formed, the sample is given 24 h for complete reaction before filtration through a 0.4 um
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polycarbonate filter and rinsed carefully with a very small amount of Milli-Q water (or diluted
reagent) to remove any seasalts. The filter is then put in a platinum (Pt) crucible for combustion to
form SiO,. A first combustion at 400°C for 3 h is necessary to remove organic matter (i.e. the
triethylamine), and a second at 1000°C for 10 h is needed to sublimate the molybdenum, leaving

behind a normally clean, white SiO,.

TEA-moly filtration ~ TEA-moly added Silicomolybdate filtration on filter in Pt crucible
on 0.4um to the sample formation 0.4 um + burnt
L=

Figure 2.1 Protocol for DSi precipitation via TEA-moly and extraction.

For some of the samples something in the water (maybe some colloidal matter) had blocked the
filters leading to bad recoveries, by adding material on the filter. This had further participated to the
recovery of non-pure silica fractions after the combustion step for some samples, maybe due to
some salt, and so too small silica samples. However, for most of the samples the silica concentration

was high enough for analysis.

The SiO, sample is weighed in an acid-cleaned Eppendorf microcentrifuge tube using a
microbalance. Then, in a class 1000 clean lab at Ifremer (Brest, France), concentrated hydrochloric
acid (HF, 22.6 M, suprapur Merck) was added to dissolve SiO,. A sufficient volume of HF is added to
attain a Si:HF molar ratio of 1:98 to ensure the formation of SiFs> instead of SiF, (gas)» Which would
result in a loss of the sample. Samples were allowed to dissolve for several days, even though they
were entirely dissolved within a few hours given the weakly crystalline structure of the SiO, formed

during the combustion (De La Rocha et al., 1996).

I.4 Sample preparation for mass spectrometry

Despite the purification of our samples via the TEA-moly method, a second purification step was
needed before applying isotope analyses by multicollector inductively coupled plasma - mass
spectrometer (MC-ICP-MS) where even trace quantities of contaminants can adversely affect the
measurement of isotope ratios. We separated silicon from these potential remaining contaminants

through ion exchange chromatography carried out in a laminar flow extraction hood in a class 1000
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clean lab. Acids used were all suprapur (Merck) and were diluted with Milli-Q water. The dissolution
with HF charges the silicon negatively (anion) as SiFs>, and therefore, an AG 1-X8 strong base anion
exchange resin (BioRad or Eichrom) was used. This resin is a polymer of fixed ion as N-CH,N-(CH;);
linked with an ion that is mobile (e.g., CI'). The particle size of the resin used was 108 200 mesh

(150 — 75 um). The resin beds of ~1.8 mL were placed in acid-cleaned columns of 2 mL (Eichrom) and

held in place by a frit at the bottom and at the top of the resin bed.

The resin is first washed using Milli-Q water and then preconditioned with 15 mL of 2 M NaOH.
7.7 mL of sample, containing 4 umol-Si and having a HF concentration of 52 mM, is loaded into the
column. The ions of SiFs” are retained on the resin, displacing the OH™ carried by NaOH. The sample
matrix (including potential contaminants) is eluted using Milli-Q water followed by a solution of 95
mM HCl + 23 mM HF and another of 23 mM HF. To elute the Si from the column, two 10 mL aliquots
of 0.14 M HNO; + 5.6 mM were used, with the second being collected as it contains all of the Si
loaded onto the column (i.e., 99.34 £ 0.20 %). The concentration of purified Si in the eluent was thus
11.2 ppm of Si. During each session, a blank of 52 mM HF was run on a column that is silica clean at
99.62 + 0.16 %. A minimum of one silica standard was also run on one column during each session.
The silica standard commonly used is the NBS28 (RM8546), a quartz sand sample supplied by the
National Institute of Standards and Technology (NIST). Another silica standard used was a 99.995 %
pure silica sample (Alfa Aesar) adopted as the working standard (De La Rocha, 2002). Samples, blanks
and standards were stored in acid-cleaned polypropylene centrifuge tubes (VWR) in the clean lab

until analysis on the mass spectrometer.

Il Mass Spectrometry

The mass spectrometry method is the most effective way to determine atomic and molecular
masses and isotope abundance of a sample. In a mass spectrometer the sample is converted into an
ionised, gaseous state, and charged molecules or charged atoms are separated according to their

mass to charge (m/z) ratio, and their relative abundance is recorded.

[I.L1 Sample dilution

As mentioned in the chapter 1, silicon has three natural stable isotopes, 285, °Si and 3°si, for
which the relative abundance is respectively 92.22 %, 4.69 % and 3.09 %. The silica samples are
diluted from 1.5 to 2.5 ppm to obtain a signal of ~10 V on the mass 28, at medium resolution. The
samples and standards were matched for silicon and acid concentrations to obtain the same signal. A

sample-standard bracketing technique was used, that required identical solutions to avoid a matrix-
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effect that could bias the isotopic ratio measurement (Cardinal et al., 2003). The samples and
standards are “spiked” with an external element, which is chosen according to its mass being as close
as possible to the targeted element (See section 11.3.2.). For silicon (*®Si, 2°Si and *°Si) the most
suitable element is magnesium due to its isotopes *Mg, >Mg and **Mg. We used a pure mono-

elementary Mg solution (Cardinal et al., 2003).

[I.2  Multi-Collector - Inductive Coupled Plasma Mass Spectrometry

The Neptune (Thermo Fisher Scientific, Fig. 2.2 A) is a double-focusing mass spectrometer used
for the analyses at Ifremer (Brest, France). It is divided in three main parts, the inductively coupled
plasma module (ICP), the electrostatic analyser module (ESA) and the multi-collector module (Fig. 2.2

B).

5: Multicollector Module

=

-,

&g 5

ESA

Mo ICP Module

Figure 2.2 A) Neptune (Thermo Fisher Scientific), B) Main parts of the Neptune, the Inductively Coupled
Plasma module (ICP Module), the Electrostatic Analyzer module (ESA Module) and the Multi-collector
module (wwz.ifremer.fr/Neptune).

The ICP module is composed of the inlet system and the plasma where the sample is ionised.
The inlet system conveys the liquid sample via aspiration from the sample vial, generally positioned
in an auto-sampling rack, into the nebulizer, where the sample is transformed into a fine aerosol by
argon (Ar) gas flowing through the nebulizer. In general, this mist enters in the spray chamber that
prevents large droplets from passing through to the plasma. However, during this study a desolvating
nebulizer (for earlier measurement (samples from ANTXXIII/9) the Apex was used, and for later
measurements (ANTXXIV/3 and MSM10/1) the Aridus Il) to minimise the transfer of all liquid to the
plasma. Carried along by a flow of Ar gas, the sample reaches the torch where it is injected into the
plasma and ionised. The Ar plasma is maintained by a coupling coil which transmits a specific radio
frequency to the heated Ar gas which is ignited by a spark. The plasma is extremely hot, especially

towards its core, and the sample is ionised upon contact with it.
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The ESA module is the interface region that focuses and accelerates ions from the plasma at
atmospheric pressure into a 10° Torr pressure mass spectrometer. The aim is to reduce ion
dispersion by filtering the speed and energy of the ions transmitted and to accelerate them through
the system. This helps to obtain a peak shape with a flat top needed for precise, accurate, and stable
measurements of isotope abundance ratios. For that, immediately after ionisation of the sample in
the plasma, the ions go through a sampler cone which blocks all ions except for those travelling with
a directly forward trajectory at the centre of the plasma. After passing through the small orifice of
the sampler cone, the ions spread out and are subsampled again a few centimetres later by the
skimmer cone, which is steeper and has a smaller orifice. Again, only the ions at the centre of the ion
beam pass through the skimmer cone. This allows a uniform ion beam and a decrease in pressure
moving in to the high vacuum area of the mass spectrometer. Through the lens system that is
downstream of the cones, the vacuum starts to improve and the ions begin to accelerate towards the
Faraday detectors due to the electrical field established in the mass spectrometer. When the ion
beam reaches the electrostatic sector, the ions are diverted according to their energy to the
magnetic sector. The electrostatic sector is composed of two curved plates with direct current
voltages that have opposite polarity, attracting oppositely charged ions thus creating ion aversion.
The ion beam is focused and deflected with a 90° angle and an intermediate slit at the end of the ESA
acts as an energetic filter allowing only ions with a narrow range of kinetic energy to pass.

The multi-collector module is where the mass separation and detection of ions take place. This
consists of the magnetic sector that separates ions into beams characterised by their mass to charge
value. After the magnetic field each separated ion beams is collected by one of the eight available
Faradays cups, four on the low mass side (L4, L3, L2, and L1) of a fixed central cup (C), and four on
the high mass side of the central cup (H1, H2, H3 and H4). For Si masses 28, 29 and 30, the cups used
are L2, C and H2. lons landing in a cup are transformed into an electrical impulse which is amplified

to give an ion current proportional to the isotope abundance.

1.3 Performance of a MC-ICP MS

There are potentially three types of errors/problems that can occur during analyses of silicon
isotopes when using the mass spectrometer: (1) interferences with the masses of interest (28, 29 and
30 in this study), (2) overestimation of sample peak intensities due to high blank concentrations, and
(3) isotopic fractionation at the interface part of the machine (De La Rocha, 2002; Cardinal et al.,

2003; Engstrém et al., 2006).

Three procedure blanks are used for correction for each run on the Neptune. A procedure blank

has the same composition and concentration of acid as the sample and standard, and goes through
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the same chemistry, but contains no silicon. It is a blank for the column chemistry. An average of
three procedure blanks are measured for each silicon isotope and used to correct measurements on
the mass spectrometer by subtracting the blank average from the isotope value measured. The

operating conditions of the Neptune are described in Table 2.1

Table 2.1 Characteristics of the MC-ICPMS Neptune (lfremer, Brest) used for the silicon isotopes
measurements.

Parameter Running conditions
resolution Medium (6317.33 amu)
sensitivity ~6V ppm'1

plasma mode dry plasma

forward power 1200 W

accelerating voltage 10 kV

cool gas 15.5 L min™

auxiliary gas 0.8 Lmin™

sample gas 1L min®

sampler cone standard Ni cone
skimmer cone standard Ni cone
desolvator, Apex (ESI)

desolvateor, Aridius Il

nebulizer 60 UL min™ PFA microconcentric

I1.3.1 Mass interferences

The interferences due to nickel (*®Ni**, ®*Ni**) and iron (*°Fe*, *®Fe®") are eliminated by the
column chromatography chemistry because they can create interferences by forming doubly charged
ions located at the same m/z values as silicon isotopes (Engstrém et al., 2006). Isobaric interferences
such as from compounds containing carbon, nitrogen and/or oxygen and hydrides (*SiH* and *SiH"),
that are an unavoidable by-product of ionisation in a plasma, are avoided by the resolution
performance of the Neptune (Engstrom et al., 2006). The resolution of the machine is its ability to
separate masses at the entrance slit and can be set to low, medium or high. Improvement of the
resolution allows a better separation of the masses but leads to a decrease in the signal,and
therefore, the medium resolution was the best compromise for our analyses. The resolving power

(resolution: R) for a multi-collector mass spectrometer is calculated according to Weyer and

Schwieters (2003) as follows:

m

R =——
Am

(2.1)

’

where m is the mass of the isotope (30 for silicon) and Am is the difference between 5 and 95% of
the mass intensity signal. An average R of 6317.33 atomic mass unit (amu) was obtained at medium

resolution during this study.
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The remaining interferences with the N, and the N0 are negligible for the 28 and 29
masses, but not for the 30 due to the high magnitude of the signal (De La Rocha, 2002). For high
precision and to measure the *°Si/?®Si ratio a flat top peak is required. As it was not the case, high
resolution was used to better identify the interferences. The interference of *%Si is on the right end
side of the peak and negligible for *Si (interference signal compared to isotope signal), and

therefore, *°Si is used to detect the centre peak and to configure the cup for analyses.

[1.3.2 Mass bias

Mass bias occurs when the heavy isotope is discriminate (mass discrimination effects) during the
transmission of the isotopes through the mass spectrometer on their way to the detector. It is the
main difficulty that needs to be overcome for the measurement of accurate isotopes ratios. The mass
bias in plasma mass spectrometers is much greater than in conventional gas source isotope ratio
mass spectrometers mainly because the skimmer cone focuses heavier isotopes preferentially into
the ion beam over the lighter isotopes which due to their lighter mass are more easily deflected. To
correct for mass bias we used two methods, the external mass bias correction (Cardinal et al., 2003)

and the standard-sample-standard-bracketing (Hoefs, 1996).

The external correction requires measuring the isotope ratio of an element of known isotopic
composition and with a mass as close as possible to the targeted element, assuming that within this
narrow mass range, the bias of the MC-ICP-MS is independent of the elemental species (Platzner et
al.,, 1997). From the deviation of the measured ratio from the known a simple mass difference
calculation may be carried out to obtain the magnitude of the mass bias. For silicon the external

correction is applied using magnesium (*Mg and **Mg) as follows:

&)
B = B B (2.2)
Y S 28S1AM

corr meas

where (%Si/?Si) (the corrected ratio of *°Si to 2Si) is calculated, (3°Si/?®Si)meas is the measured ratio
of *°Si to %si, and *Si,y and %Siyy are the atomic masses of *°Si and 2%Si. Emg IS Calculated from the

beam intensities at Mg masses 25 and 26 as follows (Cardinal et al., 2003):

[ ZSMg]
26 25
=In M8 ) =+ ln{ Mg v } (2.3)

30



where (®*Mg/**Mg),q: is the ratio expected based on the natural abundances of the isotopes,
(ZSMg/ZeMg)meas is the ratio measured, and 25MgAM and 26MgAM are the atomic masses of 25Mg and
ZeMg.

We applied the sample-standard bracketing that leads to three series of measurements for the
standard with in between two measurements of a sample. As the standard is compared to the
sample during all analyses, and as the mass bias affects the sample and the standard in the same
way, the correction by the standard between each sample measurement allows for the calculation of

a corrected value of the sample. This led to the calculation of the isotopic ratio of a sample as

follows:
(30Sl- )
53OSix = AS’. x (3°Si —11-1000 (2.4)
28Si std
i +8°Si, +0°%i
5%i = ( 1 2 3) (2.5)

3

where x denotes the sample, and std the standard.

.4 Measurement conditions

For each run the mass spectrometer is calibrated using a silicon standard, the NBS28 or a
working standard to give the best signal on the **Si at medium resolution. This signal is obtained by
moving the torch to the best position. The signal was decreased by 20% to make it more stable
during the run when using the Apex. The isotopic values of the ANTXXIII/9 campaign’s samples are
the average of thirty measurements of twenty three seconds per sample using the Apex. It was
decreased to twenty-five measurements of fourteen seconds for the campaigns ANTXXIV/3 and MSM
10/1 using the Aridus Il. As previously mentioned, standards are measured after every sample with
the standard bracketing technique. After each measurement a blank solution was used to rinse the

system and prevent a memory effect.

The precision on individual measurements of §°°Si was typically + 0.04 %o for the dataset of the
campaign ATNXXIV/3 and + 0.07 %o for the campaigns ANTXXIII/9 and MSM10/1 (1 o standard
deviation). The long term precision (also 1 o SD) for the procedure (i.e. including the column
chemistry) was + 0.07 %o. Backgrounds and procedural blanks were both less than 1 % of the sample
signal. For the runs where the background was higher than the 1 % a corrected value was calculated
by subtracting the blank. Measured values fell along the expected kinetic mass dependent

fractionation line calculated as follows (De La Rocha, 2002):
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5?9=5”&-(—J~60_2@
30

(29-28)

=078i-1.93 (2.6)

[I.5 Data validation

Three main parameters were assessed during data validation. The first parameter that is useful
for selecting data is the ratio of the signal of the sample measured on the %Si compared to the signal
of the %Si from the standard (sample: standard ratio). A value of one means that the concentrations
of both are the same, allowing us to keep the sample. Samples with a ratio greater than 80 % were
excluded because if the sample is too far from the standard it is impossible to certify that it went
through the same mass fractionation, or whether the drift of the machine affected it to the same

extent.

The second parameter assessed was the sample to standard ratio of the gy, that allows for the
tracking of the mass fractionation of the machine. To have a value that can be properly corrected for
mass bias it has to be the same Mg value as the standard and with the same intensity. Therefore, we
rejected samples with an intensity ratio below 80 % and a €y, ratio that deviated from 1 by more

than 0.1 %.

The final parameter assessed was the value of the i/*°si ratio. There are two mass
fractionation isotope laws in nature, the kinetic and the equilibrium (Young et al., 2002). The kinetic
effect is the fact of incomplete and unidirectional movement of molecules or isotopes, while the
equilibrium effect is an exchange reaction between two phases of a compound taking into account
isotopic mass (Hoefs, 1996; Engstréom et al., 2006). The kinetic law is expressed as 5%si = 1.93-6si
and the equilibrium law is written 8°°Si = 1.96-6°°Si. The robustness of the data is verified doing a plot
of the 6°Si values against the 6°°Si, and comparing them with the mass-fractionation theoretical line.

Presented here are our values of §*Si versus §°Si for the three campaigns (Fig. 2.3).
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Figure 2.3 Samples measurement of the ratio 6°°Si vs. 6°°Si for A) ANTXXIII/9 campaign, B) ANTXXIV/3
campaign and C) MSM10/1 campaign, along the fractionation line 5°°Si = 1.93 - 5°°Si. Each session on the MC-
ICPMS is represented by a different colour, standard deviation (1 o).
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Abstract. This study presents six new water column profiles Finally, the choice for the parameterisation of the mixing be-
of the silicon isotopic compositiors$°Si) of dissolved sili-  tween the ML and the WW in terms 8f°Si (i.e. constant or
con (DSi) from the Atlantic and Indian sectors of the South- allowed to vary with the seasonal migration of the thermo-
ern Ocean and a variable depth box model of silica cyclingcline) is critical to take into account in box model simulations
in the mixed layer that was constructed to illuminate the evo-of the silica biogeochemical cycle. Altogether, these results
lution of surface ocead3Si over the full course of a year. suggest that as a paleoceanographic pré388i may more

In keeping with previous observation$*°Si values ranged reflect the dominant mode of production of the BSi that is
from +1.9 to +2.4 %o in the mixed layer (ML), +1.2 to  exported (i.e. bloom versus steady state growth) rather than
+1.7 %o in Winter Water (WW), andg-0.9 to+1.4 %o in Cir- strictly the extent of DSi utilisation by diatoms.

cumpolar Deep Water (CDW). These data also confirmed

the occurrence of diminished values for MEYSi at low

DSi concentrations in early austral autumn on the Kerguelen

Plateau. The box model was used to investigate whether theske  Introduction

low, post-growing season values&¥Si were related to in-

put of DSi to the ML from basalt weathering, biogenic silica Diatoms, which are phytoplankton that produce frustules of
dissolution (with or without isotopic fractionation), the onset @morphous, hydrated silica (opal), fractionate silicon iso-
of winter mixing, or some combination of the three. Basalt topes when they take up dissolved silicon (DSi) and use it to
weathering and fractionation during biogenic silica dissolu- Produce this biogenic silica (BSi). This results in BSi with a
tion could both lower MLs$39Si below what would be ex- Silicon isotopic compositionsf°Si) roughly —1.1 %o lower
pected from the extent of biological uptake of DSi. However, relative to its DSi source and marine surface waters with
the key driver of the early autumn decreas@3fSi appears ¢ Sips; values that generally increase as DSi is increas-
to be the switch from bloom growth (with net removal of ingly removed by diatoms (De La Rocha et al., 1997, 2000,
DSi and net accumulation of biogenic silica (BSi) biomass) 2011; Milligan et al., 2004; Varela et al., 2004; Cardinal et
to steady state growth (when slow but continuing production@l-, 2005; Beucher et al., 2008, 2011; Fripiat et al., 2011b;
of BSi prevented significant net increase in DSi concentra-Fripiat et al., 2011c; de Brauwere et al., 2012; de Souza et
tions with diffusive input of DSi from WW but not decrease @l 2012a). A pure relationship between the biological re-
in ML §30Si towards WW values). Model results also indi- moval and the isotopic composition of DSi is, however, com-
cated that fractionation during dissolution has only a negligi-Plicated by input of DSi to the surface ocean through vertical
ble effect on thes3°Si of BSi exported throughout the course mixing (and the episodic versus continuous nature of this in-
of the year. However, seasonal changes in export efficiencput relative to the biological uptake of DSi), the dissolution
(e.g. favouring the export of bloom BSi versus the export of ©f BSi (a process which may have an isotopic fractionation
BSi produced during other times of the year) should strongly©f —0.55 %o associated with it; Demarest et al., 2009), and,

influence thes3°Si of BSi accumulating in marine sediments. N relevant regions, the weathering of lithogenic silica such
as basalt (Fripiat et al., 2011b, c; Oelkers et al., 2011).
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Fig. 1. Map of the study area in the Atlantic and Indian sectors of the Southern Ocean. Red dots are surface water samples from De La
Rocha et al. (2011) and green dots represent the CTD stations from this study. The inset shows the area from the north of Kerguelen Island
to the south of Heard Island to show the Kerguelen Plateau in more detail. Stations numbered A3R, B1, BS and C1 are KEOPS stations from
Fripiat et al. (2011b), the KERFIX time series site is from Jeandel et al. (1998), stations numbered from 50 to 55 are surface samples from
De La Rocha et al. (2011), and CTDs from 1 to 8 are from this study. Black lines represent the Subtropical Front (STF), the Subantarctic
Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Current Front (SACCF), and the Southern Boundary of the Antarctic
Circumpolar Current Front (SBACCF) of the Antarctic Circumpolar Current.

One of the places where the distribution of silicon isotopes
has been most intensely investigated is the Southern Ocean,
which, in addition to being one of the major high nutrient,
low chlorophyll (HNLC) regions of the ocean, is an ocean
with a strong and dynamic silica cycle. Among the Southern
Ocean’s key features is the Antarctic Circumpolar Current
(ACC) that connects the Indian, Atlantic, and Pacific ocean
basins (Orsi et al., 1995). This strong circumpolar flow is
diverted in places by submarine topography and this is par-
ticularly the case for the Kerguelen Plateau (Fig. 1) (Orsi et
al., 1995; Cunningham, 2005; Park et al., 2008). The Ker-
guelen Plateau is a large igneous province (LIP) in the In-
dian sector of the Southern Ocean that acts as a barrier to
the circumpolar flow of the ACC, forcing 2/3 of the flow
to pass along the northern escarpment of the plateau, which
lies to the north of Kerguelen Island, and the remaining third
to flow through the Fawn Trough, which lies to the south of
Heard Island (Park et al., 1993; Mongin et al., 2008; Roquet
et al., 2009). Thus, despite being in the midst of the ACC,
the relatively shallow region between Kerguelen Island and
Heard Island represents a zone of weak eastward circulation
(Park et al., 1998b; McCartney and Donohue, 2007; Roquet
et al., 2009), with the potential for a high degree of nutrient
recycling (due to its retention of water and particulates) and
of input of material from the subaerial and submarine weath-
ering of basalt. These factors, along with natural iron fertil-
ization on the plateau (Blain et al., 2007), allow considerable

Biogeosciences, 11, 1371-1391, 2014

biological nutrient removal and buildup of standing stocks of
chlorophyll and BSi to occur in this area during phytoplank-
ton blooms relative to the surrounding open ocean waters of
the ACC (De La Rocha et al., 2011; Fripiat et al., 2011b).
Interestingly, in this region between Kerguelen Island and
Heard Island, the 830Si of DSi in surface waters (depths
of 10-50 m) at low concentrations of DSi is high (4+2.4 to
+2.7 %o at 2 to 12 uM) in late January/early February (about
six weeks into austral summer) (Fripiat et al., 2011b). This
is as expected from a high degree of biological removal of
DSi, but by the end of March (early austral autumn) this is
no longer the case (De La Rocha et al., 2011). At this point,
at concentrations of DSi which are still low (4 to 17 uM),
surface water 83°Si clusters around +1.8 %0 (De La Rocha et
al., 2011), suggesting that some process has lowered surface
water 830Si without notably increasing DSi concentrations.
This early autumn decrease in 83°Si could represent the be-
ginning of seasonal mixing of Winter Water (whose §3°Si
ranges between +1.2 and 42.2 %o (Fripiat et al., 2011b)) into
the surface mixed layer on the plateau. Alternatively, the DSi
pool in the mixed layer in early autumn, when DSi concen-
trations are low, could contain a maximal proportion of DSi
from basalt weathering (which could have a §3°Si of any-
where from —1.0 to 4+1.5 %o (Ziegler et al., 2005; Georg et
al., 2007b), based on studies of the subaerial weathering of
basalt). Lastly, the early autumn DSi pool could also or in-
stead contain a significantly high proportion of DSi that was

www.biogeosciences.net/11/1371/2014/
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dissolved from sinking BSi, which would also act to lower  Purified samples were diluted to 2ppm Si and doped

its 639Si. with 0.1 ppm Mg and measurement of silicon isotope ratios
To examine these possibilities, we constructed a biogeowas carried out in Brest, France on a Neptune MC-ICP-MS

chemical model of silica and silicon isotope cycling in the (Thermo Scientific) (see Table 1 for operating conditions).

region. In this model, phytoplankton growth rates are con-Values of3°Si/?8Sj and29Si/28Si were initially corrected

trolled by the availability of light (i.e. depending on day for instrumental mass bias using Mg correction (Cardinal et

length and mixed layer depth) and DSi concentrations. DSial., 2003), for example:

is input to the mixed layer by deepening of the mixed layer

depth and, in some simulations, from basalt weathering. The(ﬁ) . <%) <3OSiAM )sMg

DSi incorporated into BSi that does not dissolve within the \ 285 / ... \28Si/ 1cas  \ 28Siam

mixed layer is exported from it through sinking. This model

differs considerably from the models recently presented bywhere £0Si/28Si)co . (the corrected ratio of°Si to 28Si) is

de Brauwere et al. (2012) and Fripiat et al. (2012) by be-calculated from °Si/?8Si)neas(the measured ratio GPSi

ing driven by changes in mixed layer depth and day lengthto 28Si), 3°Siay and28Siav (the atomic masses 6PSi to

and by incorporating basalt as a potential source of DSi. Thi€®Si), andeMg, which has been calculated from the beam

model can be used to track the size 4fi of dissolved and  intensities at mass 25 and 26:

biogenic silica pools throughout the year and to follow the 25

830Sj values related to bloom versus steady state phytoplank- zemg;‘ 25Mgam

ton growth and silica production, surface ocean stratificationfMg = In G +In [W} ]

versus mixing, and the dissolution of BSi and/or basalt. (26Mg)meas AM

@

@)

where 2°Mg,4 /2%Mg, is the ratio expected based on the

2 Material and methods known natural abundances of the isotop&3yigy / 2°Mg)meas
is the ratio that was measured, &it¥igam and?®Mgay are
2.1 Data sampling and analyses the atomic masses étMg and?®Mg.

Measurements of samples occurred between measure-
During the ANTXXIII/9 campaign that took place in the ments of the standard NBS28, with each reported value con-
Southern Ocean in February—April 2007, samples for sili-sisting of three full measurements of a standard and two full
con isotopes&Si) were collected from six depth profiles measurements of a sample, with the values reportée’ss
(Fig. 1) along the edge of the ice shelf in the Atlantic and
Indian sectors of the Southern Ocean and on the Kergue- Rea— R

1 030c: sam std

len Plateau (see De La Rocha et al. (2011) for more detail$°"Si= —— x 10°, 3)
of the cruise). Water samples from the Niskin bottle rosette Rstd
were filtered through 0.6 um .ponc.arbonate filters and ther\NhereRsam is the Mg-corrected sampR9Si/28Si and R
stored' at room t.gmperature in agd—cleaned LDPE bottlesi,o Mg-corrected ratio for NBS28.
The dissolved silicon concentrations of these never-frozen |4 precision on individual measurementssa?Si was

samples were measured colorimetrigally with a spgctrophotypica”y +0.04%0 (1 standard deviation). The long-term
tometer (Shimadzu UV-1700) following the formation and o ision (also & SD) for the procedure (i.e. including the
reducthn of S|I|c_omolybdate. (Stnckla_nd and Pars_ons, ,1972)'column chemistry) was-0.07 %o. Backgrounds and procedu-
The first step in the isotopic analysis of the DSi was its €X- | pjanks were both less than 1 % of the sample signal. Mea-
traction as triethylamine silicomolybdate and then combus-g,req values fell along the expected mass-dependent frac-
tlpn to form SiQ (De La Rocha e_zt al_., 1996). This silicawas tignation lines30Si = (629Si)1.93.
dissolved in 40% HF at an F: Si ratio of 100 mol mJ en-
suring enough of an excess of F to form $F|ons rather 22 Model
than Sikp gas. The silicon was further purified via anion ex-
change chromatography following Engstrom et al. (2006),To better appreciate the processes controlling the behaviour
as detailed in De La Rocha et al. (2011). In brief, sam-of §3°Si on the Kerguelen Plateau, we built a one-box model
ples of 4umol Si in 52mM HF were loaded onto columns of the silica cycle in the surface mixed layer in this area, as
of AG 1-X8 resin (100-200 mesh, Eichrom) preconditioned described in detail in the following sections. Among other
with 2M NaOH. Any contaminants remaining after the ini- things, this model takes into consideration seasonal variation
tial extraction and combustion were eluted using a solutionin the depth of the mixed layer using techniques developed
of 95mM HCI + 23mM HF. Purified Si was then eluted in previous modelling studies (Evans and Parslow, 1985;
with a solution of 0.14 M HN@+5.6 mM HF. Allacids used = Fasham et al., 1990; Platt et al., 2003). As such, the model
were Suprapur (Merck) and were diluted using MilliQ water was parameterised in part by using data from the slightly off-
(18.2M2cm1). plateau KERFIX time series site, and the model results were

www.biogeosciences.net/11/1371/2014/ Biogeosciences, 11, 1371-1391, 2014
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. variable ~
[DSl]busull :
constant

[DSilyy . variable

y
; dissolution = —

production

I
mortality = [BSi]geaq !
1

Winter
Water

[DSilww: 13 - 30uM

<+—— sedimentation =

Seafloor

Fig. 2. Schematic representation of the box model, adapted from Platt et al. (2003). Dissolved silicon in the mixed layer (DSipr) is supplied
by the Winter Water (WW) through mixing, by the dissolution of non-living diatoms (BSip) in the mixed layer (ML), and, in some runs, by
the weathering of basalt (DSipg). DSipg can be null, a constant, or variable input to the ML. DSipr, is converted to living biomass (BSi4)
during diatom growth. BSip is produced by mortality of BSi4. BSip is exported by sedimentation and by mixing process, while BSi4 is not
allowed to sink. Concentrations of BSi4 and BSip can be diluted by mixing and losses can be incurred by deepening of the ML. The ML
depth (Hpm) throughout the year is based on KERFIX data (Jeandel et al., 1998) following a time step ¢ of 0.05 a1l

Table 1. Operating conditions for the Neptune MC-ICP-MS.

Resolution Medium
Sensitivity ~6Vppm™~!
Forward power 1200 W
Accelerating voltage  10kV

Cool gas 15.5L min~!
Auxiliary gas 0.8L min~!
Sample gas 1L min~!

Standard Ni cone
Standard Ni cone
Apex (ESI)

60 uL min~!

PFA microconcentric

Sampler cone
Skimmer cone
Desolvator
Nebulizer

compared to data from KERFIX and from stations located in
different areas of the plateau in order to assess whether or not
the model was behaving in a realistic manner. The purpose
of this modelling exercise was thus not to obtain an exact
match with the Kerguelen Plateau data, but to create a rea-
sonably realistic model of silica cycling that could be used
to explore the effects of different processes on the cycling of
silicon isotopes.

2.2.1 Model structure

We used a simple box model to simulate the main features of
the seasonal variations in DSi and BSi observed in the gen-

Biogeosciences, 11, 1371-1391, 2014

eral vicinity of the Kerguelen Plateau. The model consisted
of 1 variable depth box (Fig. 2), the mixed layer (ML), which
is the sunlit (euphotic) zone where phytoplankton grow. The
model was forced using the observed climatology of (1) the
ML depth, (2) the concentration of DSi below the ML, and
(3) the light intensity at the surface around the KERFIX time
series station located at the edge of the Kerguelen Plateau
(50°40’ S, 68°25’ E) (Jeandel et al., 1998; Park et al., 1998a;
Fasham et al., 2006). This station sits at the “upstream” side
of the plateau where water depths are > 1500 m and is thus
not a true “on plateau” location, but the KERFIX data set is
the only 5-year, fairly continuous, seasonally resolved data
set available for this area and provides a reasonable basis
from which to explore the seasonal dynamics that control the
changes in the 83°Si of DSi and BSi in surface waters. The
small intrinsic time step (0.05d~") utilised in the modelling
allows consideration of the model as if all processes (mixing,
production, dissolution, etc) occurred concurrently. For each
simulation, the model was run from 1 July (austral winter)
until 30 June. Model spin-up was attained after the 3rd year;
the results given in this paper are from year 6 of each model
run.

Following Fasham et al. (1990), the ML was considered
biologically homogeneous. The depth of the ML varied from
72 to 215 m, depending on the time of year, in accordance
with the data from KERFIX (Jeandel et al., 1998). The deep-
ening of the mixed layer via convective overturning in au-
tumn diluted the ML diatom biomass and replenished the
surface box with DSi (whose concentration decreased during

www.biogeosciences.net/11/1371/2014/
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spring and summer because it was used for diatom growth)andE is the quantity of dead diatom biomass exported out of
Conversely, when the mixed layer shoaled, there was no dithe ML. Each of these processes is described below.
lution of biomass and nutrient input to the ML occurred only ~ Mixing (Mww) is parameterised in the same manner for
through diffusion. BSi was produced only in the ML and was BSi4 and BSp according to (Evans and Parslow, 1985;
not returned from WW to the surface box via mixing. The Fasham et al., 1990). For DSi, this term is written as
concentration of DSi in the WW added to the ML was al-
lowed to vary through the seasons based on DSi data from N s , , m max((%),o) 7
KERFIX. The isotopic compositiorsSi) of the WW, how- 7w = | (DSt =DShai—)x | 7+ -
ever, was fixed at 1.60 %o, representing an average between
values from the KEOPS data set (1:80.24 %o (Fripiat et  where DSjyw and DSjy_ are, respectively, the DSi con-
al., 2011b)) and+1.404-0.04 %o from CTD 8 (see results).  centrations in the Winter Water and mixed layer,is the
For the sake of simplicity and because the concentrationgnixing coefficient (in units of md'), A is the depth, in
of the other macronutrients are never low enough in this reim, of the mixed layer at time (d), and (DSjyw-DSimL) is
gion to be limiting to phytoplankton growth (Jacques, 1983; the gradient of concentration at the base of ML (Evans and
Sommer, 1986), DSi was the only nutrient represented in thiarslow, 1985; Fasham et al., 1990). This equation takes into
model. In addition, the diatoms (in the form of biogenic sil- account vertical mixing at the boundary between the two wa-
ica, BSi) were the only phytoplankton represented as they aréer masses and the motile and non-motile entities (Evans and
the main group influencing the silica cycle in the modern dayParslow, 1985; Fasham et al., 1990). This results in an in-
ocean (Jeandel et al., 1998; Tréguer and De La Rocha, 20133reased concentration of DSi due to vertical mixing in the
BSi production in the ML was governed by the concentra- ML when mixed layer depth deepens, and in input of DSi
tion of living BSi, the DSi concentration, and the availabil- to the ML from diffusive mixing only when the mixed layer
ity of light (which depended on day length and ML depth). depth shoals (Platt et al., 2003). In the model, the depth of
BSi was lost from the ML through both sinking (export) or the mixed layer f) at each timer is calculated by inter-
dissolution back to DSi in the ML. Thus changes in the con-polating monthly averaged data from the KERFIX time se-
centrations of DSi and BSi in the ML were controlled by a ries station (Jeandel et al., 1998; Park et al., 1998a; Fasham
combination of physical processes (mixing, BSi dissolution, et al., 2006). Similarly, seasonal variations of the DSi con-
and BSi sinking) and biological processes (DSi uptake, BSicentration in the Winter Water (D®iv) are calculated using

H;—1 Hi—1

production, and diatom mortality). monthly averaged data from KERFIX (http://www.obs-Vlfr.
fr/lcd_rom_dmtt/kfx_main.htm). The mixing of BSi is han-

2.2.2 Model equations dled in exactly the same way as DSi (see Eg. 5), although the
concentration of BSiin the WW is assumed to be 0 pmdi,L

Equations for change in concentrations of DSi and BSi so that BSi is not entrained into the ML from WW during
mixing.

Temporal changes in the concentrations of DSi and biogenic The second proces®( umol-SiL~1d~1) represents the
silica (BSiy for living diatoms, BSj, for dead diatoms) are diatom growth rate, or the production of BSilt is written

written: as
dLSI = M, +MDSI P+D, (4) p= DSi 1 (wﬁr:e:?’) BSi (8)
d bst WW — = Mmax X mx — | exp X A
dBSi
W _MESAL P M, (5) . . . |
dt_ In this equation, the diatom growth rate is governed by
dBSID BSD .\ p_E. (©) the availability of DSi and light by a multiplicative limitation

dr term (Paasche, 1973). The maximal growth ratgyigqd—1)
andKs; (umol L™1) is the half-saturation constant for silicon
In Eq. (4), Mpst (umol-SiL™1) is the quantity of DSi in-  uptake.
put from the basalt weathering. Basalt input is zero, con- The pmax of 1.5d™! and theKs; of 4 uM were selected
stant, or variable depending on the run. The constant inputiccording to Sarthou et al. (2005, and references therein) as
(0.001103 umol £* per time step) sums to an amount equiv- typical values for the maximal growth rate of diatoms and
alent to 10 % of the yearly total DSi input from the WW for the half-saturation constant associated with diatom up-
while the variable input is a quantity equal to 10 % of the take of silicic acid. These values can be, of course, quite
WW input at each time step. In all equatiorgywy is the  different depending on the diatom species and physiologi-
mixing of DSi or BSi between the WW and the ML (through cal condition. For example&s; values may range from rel-
diffusion and entrainment). In Egs. (4) and B)is the pro-  atively low to values high enough to hold diatoms in a state
duction of BSi in the ML, and is BSi dissolution. Finally,  of chronic growth rate limitation by silicic acid (Brzezinski
in Egs. (5) and (6)M; is the amount of dead diatom biomass and Nelson, 1996)Xs; values recently measured by Mosseri
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et al. (2008) for large diatoms 10 um on the Kerguelen the ML, SR, depends on two parameters, the specific rem-
Plateau were as high as 4 to 57 uM, although non-linear upineralisation rate of detritus (d—1) and the sinking velocity
take behaviour at high DSi concentrations and some scattesf particles ¢, md-1). The dissolution rate chosen, follow-
in the data at lower concentrations yielded considerable uning Demarest et al. (2009), was 0.035'da value which was
certainties in the curve fits used to generate RkRgvalues.  observed for surface samples during the early stage of BSi
In light of this, we tested the sensitivity of the model to these dissolution (the first 0-10 % of dissolution of the biogenic
coefficients (see results sections). silica). This value sits within the range of the in vivo disso-
The second part of the equation accounts for light limi- lution rates measured in the Southern Ocean, being close to
tation, with I, Wm~—2 being the mean intensity of light in  0.04 d"1, the minimum dissolution rate measured by Beucher
the mixed layer angp (d=1 (Wm~2)~1) being the affinity et al. (2004) in the Pacific sector, but generally higher than
of the phytoplankton for light (Platt and Jassby, 1976). Thethe rates of 0.01 to 0.04d measured by Nelson and Gor-
mean light intensity at time is calculated using the Beer don (1982) in austral spring in the ACC of the Pacific sector
Lambert law of light extinction: of the Southern Ocean. In the box model, we derived esti-
mates ofSR using the following relationships:

_ 1 z=H; K )

Tne=— 1 —Keari2) g 9

Hi H: J,—0 O’Iexp( © ©) 1 z=H (Hy—2)
which gives: SR=—- / (1— o )) p(2)dz, (14)

t
z=0

T = Io s 1- eXp(_KPAR,t X Hz) 10

Hr=\"n, X KPAR. : (10)  whereH is the depth of the surface layer apc) is a proba-

bility distribution for particles in the water column. For sim-

In Egs. (9) and (10), His the depth of the mixed layer plicity, we assumed that BSi was homogeneously distributed
(m), 1o, is the photosynthetically available radiation (PAR) betweenz; =0 andz = H. Integration of this equation be-
at the surface of the ocean (in W), andKpar; (M™1)is  tweenz=0 andz = H yielded
the extinction coefficient for PAR.

A climatology of the mean daily PAR at the surface of the gg_ 1 _ (1 _ e*;”) L (15)
ocean,ly; was built using predicted downward solar radia- TH
tion from the European Centre for Meteorological Weather
Forecast (ECMWEF, in Fasham et al., 2006)

The sinking velocityV is calculated as follows:

Vm ax

(130+ 20) : t V=Vhint ———— (16)
Ip; = ————+55xsin( 2 — +243). (11 min . -2’
0.1 > +55x < xnx365~|- ) (12) 1+<%)
In Eq. (10),Kpar; Was calculated using the formulation ) o )
of Nelson and Smith (1991): with Vinin and Vimax being the minimum and the maxi-

mum sinking velocities allowed (in nTd); g is the BSi
Kpar; = 0.04+0.0088x Chl, ; + 0.054 x Chlflf. (12) concentration (umol-Sit!) value at the inflexion point of
this function, i.e. the concentration above which the sink-

In the model, the biomass of chlorophyll a, Ghl was ing rate increases rapidly from its minimum value (1

calculated from the BSi concentration using the molar ratios, converges to the maximum sinking velocity (20T

Si:N of 4:1 (a typical value for the Southern Ocean (Pon- rpq choice of the minimum and maximum sinking veloc-
dgven et gl., 1993), gspgmally given Fhe heavy silicification Ofity was made based on the sinking speeds of individual cells
diatoms I|ke|_:rag|lar_|op5|s kerguelenss)_ and C_:N of 106 versus aggregates 0.5mm (marine snow). According to
16 (the Redfield ratio), and a mass ratio of C : Chlorophyll Omeayda (1970), individual cells will generally sink slowly,

80: 1 (Chan, 1980) as follows: e.g.~1md1, while aggregates, being larger, sink faster,

Chl. - — BSi C 12 Chl, 13 some more than 100 nTd (Alldredge and Gotschalk, 1988).
a,r = BOlg X X dex = (13) e have set the upper limit here at 20 mdThus:
Si:N and C:N values are quite variable in nature, espe-;, _ gy M, 17)

cially under conditions of silicon, light, and iron limitation.

Use of different values would have the ultimate effect of ei-  The mortality term of living diatoms (BS) is written as

ther increasing or decreasing the phytoplankton growth rate,

depending on the values used. BSia
The last parameter of Eq. (4p(umol-SiL-1d™1), ac- M, = <g * BSi,1+0.1)

counts for dissolution of BSi. In the model, only dead di-

atoms (BSp) are allowed to dissolve. It is calculated follow- with g being the mortality rate of diatoms(d). As higher

ing Nugraha et al. (2012). The fraction of BSi dissolved in trophic levels (i.e. zooplankton) are not explicitly included in

x BSiA> , (18)
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Table 2. Parameter values used in the model.

Symbol  Parameter Unit Value

Hmax Maximum growth rate of phytoplankton - 1.5

Ksj Half-saturation constant for Si-limited growth umott 3.9

m Mixing coefficient between ML and WW nrd H/50

g Mortality rate of phytoplankton ot 0.192

T BSi dissolution rate d-1 0.03%

Vinin Minimal sinking speed md-1 1

Vmax Maximal sinking speed md-1 20

830Sihst  Isotopic composition of DSi released during basalt weathering %o —1.00+1.8¢7
830Siyw  Isotopic composition of DSi from the WW %o 1.60

2 Sarthou et al. (2005}‘, Tyrrell (1999);¢ Demarest (2009}:! Douthitt (1982); Ziegler et al. (2005); and Georg et al. (2007b)

Table 3. Abbreviations and subscripts used in the model equationsdissolution of BSi, and in a subset of model runs, input from
the subaerial and/or submarine weathering of basalt:

Variables Abbreviation  Units dRDS
T =
DSi winter water DSivw (([DSilpstx RDSks)+(IDSil,, x RDSiy)— (IDSil , xRDS, ) +([DSilgs xRDSi,)) (20)
DSi mixed layer DS [DSir] :
DSi total DSir i It was difficult to ascribe a precise value for the silicon
DSi 3""53';_ DSist umol L isotope ratio produced through basalt weathering (RPSi
BSi dead diatom BY because to date there has been no study of isotope fractiona-
BSi alive diatom BSi . . . .
BSi total BSKr tion during the submarine weathering of basalt. Several stud-
ies have noted the typicaf°Si of basalt itself 0f—0.29 to
After mixing process  m —0.50 %o (Ziegler et al., 2005; Georg et al., 2007b; Abra-
After production p o ham et al., 2008; Bern et al., 2010; Opfergelt and Delmelle,
After death d Dimensionless 2012; Pogge von Strandmann et al., 2012). Other studies pro-
After dissolution ds vide data on thé3°Si of DSi produced during the subaerial
After sinking S

weathering of basalt, yielding values ranging freq.0 to
+0.4 %0. We have thus tested a range of values fosti8i

of DSi from basalt weathering from1.0 to+0.7 %o (Ziegler

the model, a quadratic formulation was used to parameterisg, ., 5405 Georg et al., 2007a, b; Pogge von Strandmann et
grazing on diatoms (see for example Steele and Hendersony 2"012) ’ " gl

1995). The grazing term selected was 0.2 .e. 70/365)

i _ h L 2012 Likewise, the change in the isotopic ratio of live BSi

(Tyrre ’.1999’ Nu_gra aetal, 2012). 11 . (BSiy) over time represented a mixture of old and newly pro-
The final term in Eq. (6), E (umol-Sit-d—"), describes duced BSi (see Table 3 for abbreviation):

the loss of dead diatoms due to sinking out of the mixed layer.

dRBSis _ ([BSix], x RBSis,)

v _ [BSislr @)
E =— xBSip (19)

H, Similarly, the change in thé®Si/?8Si of dead diatoms

The parameter values utilised in the modelling are given(BSip) with time represents mass balance between inputs
in Table 2. due to BSi production by live diatoms and to output due to
the death of live diatoms and the dissolution of BSi:
Equations for change in the isotopic composition dRBSi,
of DSi and BSi = (22)
(([BSiD]pxRBSiD,,)+([BSiD[]é,SxiR]BSiDd)—([BSiD]dSxRBSiDd.\.)) .
DIT

In the model, the ratioK) of silicon isotopes 3°Si/28Si)
of DSi and BSi was calculated based on mass balance and Isotope fractionation occurred during the production of
by isotopic fractionation during processes for which this live BSi from DSi and during the dissolution of non-living
is known to be important. For example, the change in theBSi. Isotope fractionation during BSi production within each
305j /283 of DSi of the ML with time is influenced by mix-  time step was calculated following Rayleigh distillation. Al-
ing with the WW, removal of DSi for BSi production, the though given the very small time step used, the DSi reservoir

www.biogeosciences.net/11/1371/2014/ Biogeosciences, 11, 1371-1391, 2014
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was never depleted by more than 1.4 % during one time ste| [DSi] (umol L) 5% DSi (%)
(i.e. the inclusion of Rayleigh distillation in the calculation 0 20 40 6 20 100 120 00 05 10 15 20 25 30
had an insignificant effect on the model outcome): OT o ao = T e mgo
g v -@\'o A Ao./\ s} r‘nol B

. - 1 _ (Xp 100 - owv ‘me B 0Lre w

RBSi4, = RDSi,, x (—f) (23)
(1_f) EZOO on v - o
where f is the remaining fraction ang, is the isotopic frac- ﬁsi 00 . .
&)

tionation factor of 0.9988 during biogenic silica production
(De La Rocha et al., 1997). 400
Likewise, fractionation during the dissolution of non-

living BSi occurred, producing new DSi and altering theiso- 30— iy

topic composition of the dead BSi pool as follows: 1000 . | o
. . (_’]__fCXd) 1500 o v e ve 8]
RDSlZ RBS|Dd X Tf‘)’ (24) g 2000 v ... ..'.
'Fa 2500 v v

with a4 the isotopic fractionation factor for biogenic silica & 3000 |® cm1 v v
dissolution set at either 1 (no fractionation) or 0.9995 (De- 3500+ c1s vl A v
marest et al., 2009), depending on the run. 2000 | a oo o v

o o CID8

4500
3 Results and discussion Fig. 3. Profiles of(A) DSi concentration data versus depth Bl

. 30 . ) §30si5g; versus depth from the CTD stations.
3.1 Concentration andé°"Si of DSi and BSi on the

Kerguelen Plateau and at the Antarctic Divergence

As expected, DSi concentrations in Southern Ocean surfaci (De La Rocha et al., 2011)). This is not, however, true for
waters increased southwards, ranging from 11 pM in the surthe surface water samples taken at the same time just outside
face layer at CTD8 located on the edge of the Kerguelenof the relatively shallow area<(1000 m) between Kergue-
Plateau to 56 uM at CTDL1 in the Antarctic Divergence in len and Heard islands (surface transect samples 43-50 in De
the Atlantic sector of the Southern Ocean (Fig. 3a) (DafnerLa Rocha et al., 2011) or at the edge of the plateau (surface
and Mordasova, 1994; Brzezinski et al., 2001; Varela et al.,values from CTD8 where the seafloor was at 2100 m). These
2004; De La Rocha et al., 2011). As also expected based 082°Si values remain relatively high, arourd.3 to+2.5 %o,
previous studies (Brzezinski et al., 2001; Varela et al., 2004;at DSi concentrations ranging from 10 to 25 uM. Together,
Cardinal et al., 2005; Fripiat et al., 2011c), the isotopic com-these data are suggestive of a process which has lowered
position of DSi §3°Sips;) generally increased with decreas- the surface watef3°Si without notably increasing DSi con-
ing DSi concentration, both at the surface (Fig. 4), and withcentrations in the shallow, restricted circulation region of the
depth in the water column (Fig. 3b), reflecting the effects of Kerguelen Plateau and without lowering ##Si of DSi in
biological discrimination against the heavier isotopes duringsurrounding surface waters more open to exchange with the
DSi uptake and/or BSi production. waters of the Antarctic Circumpolar Current (ACC).

The data from the CTD profiles can be pooled into three At the same time, the plot 8£%Si of DSi versus DSi con-
categories: DSi concentrations between 0 and 45 uM (the suieentration for all the Southern Ocean samples (Fig. 4) sug-
face mixed layer), DSi concentrations between 45 and 90 uMyests that in general, thé%Si values of DSi at concentrations
(WW), and DSi concentrations 90 uM (Circumpolar Deep  below 20 uM are somewhat variable and depressed. Isotope
Water, CDW). Thes3%Sips; of the surface layer ranged be- fractionation during DSi removal should result in values of
tween+1.90 %o and+2.39 %o, thes3Sips; of WW ranged  §39Si of DSi upwards 0f+2.5 %o or +3.0 %o at these low
from +1.20 %o to+1.65 %o, and th&3%Sips; of CDW varied concentrations, based on either open system (continuous in-
from 4+0.92 %o to+1.44 %0, all in accordance with previous put) or closed system (single input) models for the evolution
observations (De La Rocha et al., 2011; Fripiat et al., 2011b)of §3°Si in the surface layer during the net growth of diatoms

The §39Si of surface water on the Kerguelen Plateau, be-(De La Rocha et al., 1997; Varela et al., 2004). Instead, many
tween Kerguelen and Heard islands, has been observed #3°Si values from the Southern Ocean at DSi concentrations
decrease from values af2.7 to+2.0 %0 at DSi concentra- <20 uM fall betweert-1.5 %o and+2.5 %0 (Fig. 4). While
tions of 2 to 20 uM in late January/early February (australmany of these values are the low values from the shallow
summer) (Fripiat et al., 2011b) to around..8 %0 at the end  region of the Kerguelen Plateau in March, not all of them
of March (early austral autumn) at DSi concentrations thatare, suggesting that whatever process is at work, it is not
are essentially equivalent (4-17 uM) (samples 51-53 and 58nique to this somewhat special region. For example, data
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port of BSi with a slightly elevated3°Si, due to fraction-

4.0 ;
@ Atlantic Oce: . . . .
o FociboOosan ation during dissolution (Demarest et al., 2009)) causes the
3.5 | @ Indian Ocean drop ins30Si of DSi in these surface waters without increas-
@ O @ Shallow Kerguelen Plateau . . .
304e Q d' ©  Kerguelen Plateau ing the DSi concentration. In the model of de Brauwere et
' O

al. (2012), because BSi production continues after the peak
of the bloom, the post-peak of BSi should parallel £#3eSi
of DSi (Fig. 8b), as in our model (Fig. 6). However, the
530S of BSi remains flat even as t18&°Si of DSi in the de
Brauwere et al. (2012) model declines. This most likely re-
flects the increasing importance of dissolution in their model
at this time to the point where the D : P ratios exceed 1. Thus
in their model, thes3°Si of BSi becomes increasingly sim-

' ' ' ' ilar to that of DSi because fractionation during dissolution
0.0 0.5 14 1.3 20 235 prevents a decline in th°Si of BSi in their model.

Log(DSi) (umol L™) Lastly, the downward shift ira3°_Si of DSi at low concen-
trations of DSi may be seasonal in nature, related to input of

Fig. 4. The 539Si DSi versus the Log(DSi) of samples from the lower§3°Si of DSi from WW at the beginning of autumn oc-
Southern Ocean from the Atlantic sector and the Indian sector (thiurring with no notable increase in ML DSi concentrations
study and De La Rocha et al., 2011; Fripiat et al., 2011a; de Souz#ecause of the continued, albeit minimal due to light limita-
et al., 2012b), the Kerguelen Plateau (De La Rocha et al., 2011tion, production of BSi.
Fripiat et al., 2011b), and the Pacific sector (Varela et al., 2004; \W\e have used the box model approach to evaluate each of
Cardingl etal., 2005; Cardinal et al., 2007).. The dptted line occUrsthe three hypotheses mentioned above.
at a DSi concentration of 20 uM and the solid line is the regression
line for the data, except for the samples from the Kerguelen Platea . .
and from Cardinal etgl. (2005), Wrﬁ)ich are outliesg (g: —1.37x 3.2 The basic behaviour of the model
+4.00, Ry o= 0.64 for p < 0.001).

2.5
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3.2.1 The predicted seasonal Si cycle around the
Kerguelen Plateau

from the Antarctic Circumpolar Current (ACC) south of Tas- As mentioned previously (see Sect. 2.2), the goal of the mod-
mania (Cardinal et al., 2005) also have relatively BRSi elling was not specifically to reproduce the results from the
values of+1.4 to+2.3 %0 at DSi concentrations as low as 1.8 KERFIX time series site or from the plateau depth profile

to 18 uM. and surface sampling stations, but to simulate a system that
There are at least three possible explanations for the lowvas behaving similarly enough to this general region to in-
values of$39Si of DSi observed. vestigate the processes controlling the behaviour of silicon

First DSi input from basalt weathering on the LIP that isotopes in the mixed layer throughout the course of the year.
is the Kerguelen Plateau may be reducing the surface waO©ur first benchmark for the model was for it to represent the
ter §30Si values in the shallow region from the high post- main features of the annual silica cycle in the Southern Ocean
diatom bloom values reported by Fripiat et al. (2011b). Thesen the general region around the Kerguelen Plateau, since that
authors observed some 1o%°Si values (around1.90 %o is where the input parameters and data for comparison with
for DSi at 10 to 50 m) very close to Heard Island, prompt- the model output come from. Figure 5 shows that the model
ing them to suggest that basalt weathering would add DSindeed does a reasonable job of simulating an annual silica
with a low §39Si, decreasing the average surface water valuecycle typical of the Kerguelen Plateau and environs.
Assuming thes39Si of basalt 0f—0.3 to —0.4 %o (Douthitt, The annual maximum DSi concentration in the model ML
1982; Ding et al., 1996; Ziegler et al., 2005; Georg et al., (24.5 uM) and the yearly minimum in the model BSi concen-
2007a; Georg et al., 2007b; Savage et al., 2011) and no fradration (1.19 umol £1) occurred in spring (September) asso-
tionation during weathering, Fripiat et al. (2011b) estimatedciated with the annual maximal mixed layer depth (216 m)
that 104+ 5 % of the DSi would have had to come from basalt (Fig. 5), as expected. Although the 5-year average KERFIX
dissolution to explain the 10wA°Si values near Heard Island. DSi concentrations (15.7%2.95uM) and BSi concentra-
Data from isotopes of other elements (e.g. Nd) support thigions (0.2%+ 0.10 umol 1) at this time are slightly lower,
estimate (Jeandel et al., 2011; Oelkers et al., 2011), assumirte differences are not alarming. The model successfully pro-
their congruent release with Si during the submarine and/oduced a spring bloom of phytoplankton, although by occur-
subaerial weathering of basalt (an assumption that is unlikelying in spring (November) and resulting in a maximal con-
to be true). centration of BSi of 4.90 umolt?, it was earlier and larger

Another possibility is that the progressively more impor- than the bloom observed at the KERFIX site (which typi-
tant recycling of silicon later in the growing season (and ex-cally attained BSi concentrations around 1.0 oL The
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Fig. 5. Seasonal evolution dfA) modelled concentrations of dis- o
solved silicon (DSi) and biogenic silica (BSi) shown alongside the
mixed layer depth (ML) of the model ar§B) monthly averaged DSi
and BSi from the KERFIX data set (Jeandel et al., 1998). 11 Sso
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model also produced a second bloom in early autumn (April), 719 6. Annual evolution of5*"Sips; and6™Sigs; in the model.
Blue represents DSi and green represents BSi. Solid lines repre-

as expected from the onset of the seasonal deepening of the

ML. Thi t bl lted in BSi trati f sent the initial run without fractionation during BSi dissolution and
- 1TIS autumn bioom resulted in I concentrations ot a4 lines are the simulation with fractionation during BSi disso-

-1
2.86 pmol L. ) . lution. Data points are from KEOPS (Fripiat et al., 2011b).
Exact values for the modelled concentrations of DSi and

BSi are sensitive to the values selected for DSi uptake ki-
netics and BSi dissolution rates, and the parameterisations &.2.2 Model simulation without fractionation during
diatom mortality and BSi sinking. We certainly could have BSi dissolution, and no input from basalt
tuned these models to yield more perfectly matching results,
but decided against this. The similarity obtained betweenDuring the basic run of the model (no fractionation dur-
modelled and measured values is good enough to use thiag BSi dissolution and no input from basalt), th&’Si of
model to consider the processes contributing to the day-tobSi and BSi increased during spring growth to reach max-
day values 083°Si in the ML. imal values by the end of spring (from2.0 to +3.7 %o for

The ratio of BSi dissolution to production (D:P) varied DSi and from+0.8 to+2.6 %o for BSi) (Fig. 6). These val-
throughout the year in the model (Fig. 7a), ranging from aues steeply decreased during summer and continued to de-
maximum of 0.64 in winter to a minimum of 0.19 in summer cline through autumn (from+2.6 to +2.2 %0 for DSi and
as diatom growth rates increased. This falls well within thefrom +1.5 to +1.0 %o, for BSi), while DSi concentrations
range observed over various timescales (daily to annual) inncreased and BSi concentrations decreased due to a combi-
the Southern Ocean (Tréguer and De La Rocha, 2013), witlmation of mixing of DSi up into the ML and light limitation
values< 0.3 taken to reflect conditions during blooms (when of phytoplankton growth.
rapid net production of BSi occurs) and the annual average If this basic model run represents the sum total of the pro-
D: P (0.37) falling close to the roughly expected value of 0.5. cesses influencing the isotopic composition and cycling of

The ratio between DSi uptake and supply also variedDSi and BSi, several conclusions may be drawn.
throughout the year, driven mostly by change in BSi produc- The first is that there is a period of time, specifically dur-
tion rates. Rates of BSi production (and therefore DSi up-ing summer stratification, when the DSi concentration in the
take) peaked during the spring bloom, the time when the ratéML is at its annual minimum and relatively constant, but the
of DSi supply due to mixing was relatively low (Fig. 7c), §3°Si of the DSi is decreasing over time (Fig. 6b). This is due
resulting in high DSi uptake to supply ratios. The ratio of to diffusive input of low§3%Si DSi from WW into the ML,
uptake and supply was lowest in early winter, not becausevhich brings down the averagé®Si of DSi in the ML. At
of a high rate of DSi supply (by this time the ML had fin- the same time, Si-limited growth of diatoms is able to main-
ished deepening and DSi concentrations were already closkin the DSi concentration at a minimum determined by the
between the ML and the WW, resulting in little net modelled DSi uptake kinetics of the diatom species present. Despite
change in ML DSi concentration), but due to very low rates gross production of BSi at this time, BSi concentrations in-
of BSi production (Fig. 7b). Over the course of the model creased only slightly (from 0.30 to 0.42 pmottd—1), due
year, the DSi uptake to supply ratio ranged from 0.5to 7.  to losses to sinking and dissolution that are nearly as great as
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the runs with and without fractionation during BSi dissolution (1.64
Fig. 7. Evolution of the main fluxes and ratios in the basic model run and 1.65 %o, respectively).
(with neither basalt input nor fractionation during biogenic silica
dissolution);(A) variation of the ratio of Dissolution to Production
and of the Uptake to Supply ratio during the ye@) evolution
of production, mortality, dissolution and sedimentation fluXe; out of the ML, while causing the retention of Si with slightly
evolution of the DSi supply and the ML depth throughout the year. |ower §39Si.

In contrast, the effect of fractionation during dissolution
on thes30Si of BSi did not occur evenly throughout the year,
but was largely confined to the highiSi values associated
with the seasonal phytoplankton bloom. The bloom values
were as much as 0.2 %o lower than they were without frac-
DSi without any increase in DSi concentrations. This alonet'.onatlon. durl_ng d|§solut|qn, wh|I.e thg lo#?°Si Va'“‘?s asso-

ciated with wintertime BSi were identical to those in the sim-

would explain the lowes™Si for ML DSi observed in early . ulations without fractionation during BSi dissolution (Fig. 6).
autumn by De La Rocha et al. (2011) compared to those i : . ;
he overall result is a damping of the annual rangé388i

the middle of summer by Fripiat et al. (2011b). In principle .
then, neither basalt dissolution nor fractionation durin BSiOf BSI.
: 9 The damping of the yearly range 88°Si of ML BSi with

d'sfﬁéu;'ggo'ﬁ dn?riizsti r)r/“t)?eait;at'ﬂ;?:i flﬂflfélihoo d. none of fractionation during BSi dissolution is a key result, but for

. . ' the moment it should be taken cautiously. Note, for example,
the published studies have sampled the Kerguelen Plateau, Nat the winter values for th#0Si of DS in all the different
anywhere else in the Atlantic and Indian sectors of the SOUth'simuIations (Fig. 6) did not converge on the WW value of
ern Ocean, early enough in the growing season to capture th .

highest possible values f6°Si in the mixed layer.

the gains due to production. Thus the input of B#Si DSi
from WW coupled with the export of BSi with &°Si lower
than thes30Si of the ML DSi drives down thé30Si of the

T 6 %o. In part this can be blamed on BSi production which
occurs throughout the year and thus always consumes some
DSi (Fig. 7a and b), elevating the surface water values of
3.2.3 Model run including fractionation during 830Si, even in winter. By itself, this is both reasonable and
biogenic silica dissolution realistic; phytoplankton growth may slow to a crawl during
winter, but it does not cease entirely. However, the failure of
In some of the model runs, fractionation during BSi dis- the §39Si values for DSi in winter to drop all the way down
solution was allowed to occur with a fractionatios) (of to the WW value may also be partly an artefact of the mod-
—0.55%0. At the full extent of expression of the fractiona- elling. In winter in the model, gross input of DSi into the ML
tion, this would produce DSi with &°Si that was—-0.55%. is relatively low because the model tracks net input which
compared to the BSi being dissolved. This fractionation re-decreases over the course of the winter as the DSi concen-
sulted in a diminishment of th&9Si of DSi in the model by  tration of the WW and the ML become similar. In the real
roughly 0.2 %o throughout the entire year (Fig. 7). Such frac-world, while there would also be little net input of DSi into
tionation during dissolution should lower t13€%Si of DSi the ML at this time, exchange of DSi between the ML and
recycled in the ML, while slightly increasing th##°Si of the large pool of WW would still occur vigorously, and the
BSi exported. Thus discrimination against the heavier iso-winter ML values ofs3°Si of DSi in the real world are thus
topes during dissolution will pump Si of slightly high#t°Si probably closer to the WW values than they are in the model.
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Fractionation during dissolution also affected 83€Si of ML from basalt weathering. This was done in two ways. In
BSi exported from the ML, decreasing it by 0.2 %. during the first, or “constant basalt input” scenario, a small and con-
the bloom period but increasing it by 0.3 %o during winter stant amount of DSi from basalt was input directly to the
(Fig. 8b). Despite this, it did not have a significant effect on ML at each time step to simulate input from weathering on
the yearly averagé®’Si of BSi exported from the ML. The  Kerguelen and Heard islands and in shallower areas (seafloor
annual average value of exported BSi walt64 %o in the ab- < 250 mbsl) of the Kerguelen Plateau. Over the course of the
sence of fractionation during dissolution a#d.65 %0 with  year, this basalt input was equivalent to 10 % of the total in-
fractionation during dissolution, values that are both veryput from mixing, in accordance with Fripiat et al. (2011a). In
close to the+-1.60 %o value of DSi input to the ML from WW  the “variable basalt input scenario”, t4é°Si of WW input
(Fig. 8Db). to the ML was set to reflect a maximum of 10 % contribution

The efficiency of BSi export (BSi exported divided by from basalt weathering at each time step and was therefore
BSi produced) was not controlled in the model, but variedlinked to the ML depth evolution.
throughout the year due to changes in the mixed layer depth, Values for thes39Si of the basalt DSi from —1.0 %o to
BSi concentration, and the sinking velocity of the BSi. In +1.8 %0 were tested, spanning most of the range of values
reality, the controls on export efficiency are not well un- known for DSi solutions produced during basalt weathering
derstood, but include the compositions and abundances adn land (Ziegler et al., 2005; Georg et al., 2007b; Pogge von
the phytoplankton and zooplankton communities, the foodStrandmann et al., 2012). For example, DSi witASi val-
web structure, the episodic versus continuous nature of priues ranging from-1.1 to +2.0 %0 have been reported for
mary production, and concentrations of sticky exopolymerssoil solutions and rivers associated with basalt weathering
that enable the formation of large, rapidly sinking particlesin Hawaii (Ziegler et al., 2005), while a range of values
through aggregation. In short, it is likely that export effi- from —0.08 %o to+1.51 %0 has been reported for DSi in Ice-
ciency varies considerably from one time of the year to an-landic rivers, also a product of basalt weathering (Georg et
other. Therefore, given the large annual range ins#¥8i of al., 2007b).

BSi (Fig. 6), the exaci3°Si of BSi exported and accumulat- Unfortunately, there have been no studies addressing the
ing in the sediments must be strongly influenced by the varia$3°Si of DSi produced during the submarine weathering of
tions in BSi export efficiency throughout the year. For exam-basalt. While inputs of Si from basalt weathering on the is-
ple, if BSi produced during the spring bloom (representinglands must certainly occur, given that only a small portion
maximals3°Si values) is preferentially exported to sediments of the Kerguelen Plateau resides above sea level, it is likely
relative to BSi produced during other times of the year (rep-that much of the basalt-derived DSi in the region is released
resenting lowe30Si), the sedimentary record 6#°Si will during submarine weathering. Because a significant fraction
be higher than if winter BSi was preferentially exported, or of the Si released during submarine dissolution of basalt will
if there was no variation in export efficiency throughout the become incorporated into clay minerals like smectite, it is
year. This strongly implies that interpretation of paleoceano-inappropriate to use instead the averadeSi of basalt of
graphic records 0839Si would be improved by understand- —0.35%.. Isotope fractionation during clay formation will
ing the extent to which the sedimentary record serves as aause thé3°Si of the DSi that is released to seawater to be
yearly integrated signal or that biased towards one season dtifferent than the basalt, just as is seen with the weathering
another. of basalt on land.

Records of the diatom species composition of Southern Because the WW input to the ML in the model has*¢sSi
Ocean sediments show that over time, different types of di-of +1.6 %o and the highest value tested for the basalt-derived
atoms (produced at different times of the year) accumulate irDSi was+1.8 %o, the general effect of adding basalt-derived
the sediments. For example, in some cores from the Antarcti©Si at either a constant daily rate or a variable rate linked to
Polar Frontal Region, heavily silicified (and strongly resis- changes in the ML depth was to lower #€Si of DSi and,
tant to dissolution) winter resting stagessoicampia antarc- consequently, of BSi in the ML (Fig. 9). Likewise, the lower
tica can represent half of the diatom frustules present at thehe §3°Si of the basalt-derived DSi, the greater the diminish-
Last Glacial Maximum (perhaps not coincidentally the time ment of ML §39Si. Thus the hypothesis that basalt-derived
of lowest recorded®°Si values (e.g. De La Rocha et al., DSicould be driving down th&3°Si of DSi in the ML on the
1998; Brzezinski et al., 2002)), while in other cores and atKerguelen Plateau is not contradicted by tests covering most
other times these winter stages are numerically never moref the range of possible*°Si for basalt-derived DSi.
than 10% of the diatom frustules present (Des Combes et Although the lowering effect persisted throughout the

al., 2008). year, the strongest diminishment in ME®Si occurred dur-
ing the period of greatest net BSi production (spring), result-
3.2.4 Model runs including basalt weathering ing in much lower annual maximum values&PSi for ML

DSi (and subsequently BSi) than would have occurred other-
One set of simulations was run, both with and without frac- wise (Fig. 9). Essentially, input of basalt-derived DSi with its
tionation during BSi dissolution, but with DSi input into the low §3°Si values worked against the effects of fractionation
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study. Fig. 10. (A) DSi and BSi concentrations with time for model runs
With Pmax valuest 50 % of the initial value (jax= 1.5d™1), (C)
DSi and BSi concentrations with time for model runs wifg; val-
uest 50 % of the initial value Ksj = 4 umol-Si), andB) and(D)
530si of DSi and BSi versus time for the model runs whegeut
(B) andKs;j (D) were tested. Black: BSi, grey: DSi, solid line: ini-
tial run, dashed lines: values tested.

during BSi production. In contrast, the effect of the basalt-
derived DSi was minor during the middle of summer when
BSi production declined due to nutrient limitation and the
ML values of§3°Si approached th&%°Si of the inputs as a
whole.

Unfortunately, this modelling cannot be used to constrain
the possible range of values for basalt-derived DSi on thevhere Xsq is the initial model solution for the variabl®
Kerguelen Plateau. However, it is worth noting that when the(DSi or BSi and concentration @°Si), X, is the model
530S of basalt-derived DSi is set to1.0 %o, the model out-  solution for a given variation, andis the time. The SI gen-
put yields its best match with th£°Si data from Kerguelen erally varies between zero and one, with values of one indi-
Plateau stations A3 and B1 (Fig. 9), which are the KEOPScating a 100 % change in the model output (Table 4).
campaign stations identified as best representing the plateau The sensitivity was tested in one of two ways: by varying
locality. Studies directly addressing the release and isotopi¢he parameters used in the initial modelling$0 % or by
composition of DSi during basalt weathering (subaerial andtesting with values of interest taken from the literature.
submarine) on the Kerguelen Plateau are however necessary The maximum growth rate gy (d=1)) was fixed in the

to confirm this. initial modelling at 1.5 d* (solid line in Fig. 10a and b). In-
creasing this value by 50 % had only a limited effect on con-
3.3 Sensitivity analysis centrations of DSi and BSi throughout the year (Fig. 10a),

with what effect there is to be seen (generally less than

The parameters that are important for the behaviour of thel kmol L™* difference) confined to the summer (Table 4).
model in terms of the silicon concentration are the maximumbPecreasing the value ofnidx by 50% (Fig. 10a) drives a
diatom growth rate (pay), the mortality rate of the diatoms, Slightly larger change in the concentrations, up to about
the dissolution rate of the BSi, and the half-saturation con-2-5Mmol L™, with the largest effect again observed dur-
stant Ksj) for DSi uptake by the diatoms. In terms of di- g summer. The Sl values associated with these tests for
rectly affecting silicon isotopes, th&%Si input to the mixed ~ Hmax+ 50 % ranged from a low of 0.009 in the winte60 %
layer through mixing, and the fractionation factors for BSi case to a high of 0.754 in the summer, again for-& %
production éprod) and dissolutionggise are key. case (Table 4). In both cases, the timing and general pattern
We tested the sensitivity of the model to these differentof DSi drawdown in spring and recovery in autumn and win-

parameters by calculating a sensitivity index (SI), as follows:ter as well as peaks in BSi biomass in spring and autumn
remain unchanged.

The effect on thé30Si of DSi and BSi of changes tqux

2
1y (v (X'std— Xvar) ) is a change in the timing of the peak at the end of spring
Sl= i § :,:1 Xatd ’ (25) (Fig. 10b). The effect is really observable for a decrease in
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Table 4. Sensitivity index (SI) per season for coefficients tested; Sl varies from 0 (0 %) to 1 (100 %).

Spring  Summer Autumn  Winter

[DSI] 0.259 0.735 0.238 0.026

0.75 830sipsi 0.032 0.036 0.002  0.005

[BSi] 0.096 0.055 0.068  0.050

umax s30siBSi  0.044 0.059 0.004 0.011
[DSI] 0.069 0.178 0.067  0.009

225 s30sipsi 0.013 0.007 0.001  0.001

[BSi] 0.032 0.014 0.021  0.017

830siBsi  0.016 0.013  0.002  0.002

[DSi] 0.203 0.476 0.296  0.048

9 830siDSi 0.041 0.019 0.012  0.003

[BSi] 0.091 0.043 0.118  0.092

KSi s30SiBSi  0.046 0.041 0.021  0.006
[DSI] 0.177 0.449 0.223  0.035

6 s30siDSi 0.024 0.025 0.008  0.001

[BSi] 0.067 0.038 0.082 0.073

830siBSi  0.034 0.041 0.014  0.003

[DSI] 0.314 0.291 0.245  0.092

0.096 §30siDsi 0.093 0.016 0.020 0.025

[BSi] 0.294 0.175 0.279  0.422

Mortality rate 530siBsi 0130 0037  0.034 0.041
[DSi] 0.250 0.255 0.175  0.048

0.988 s30siDSi 0.049 0.024 0.012 0.012

[BSi] 0.153 0.080 0.138  0.180

s30siBsi  0.071 0.040  0.020 0.016

[DSi] 0.011 0.004 0.007  0.005

0.023 s30sipDsi 0.007 0.001 0.003  0.005

[BSi] 0.006 0.001 0.003  0.013

Dissolution rate 530siBsi 0007 0001  0.001 0.002
[DSI] 0.334 0.182 0.218  0.094

0.2 830sipsi 0.129 0.036 0.068  0.068

[BSi] 0.141 0.061 0.076 0.214

s30siBSi  0.126 0.032  0.052 0.048

[DSi] 0.000 0.000 0.000  0.000

1.4% 830sipsi  0.074 0.074 0.083  0.096

[BSi] 0.000 0.000 0.000  0.000

53051 WW 830siBSi  0.137 0.121 0.147  0.195
[DSI] 0.000 0.000 0.000  0.000

1.8%, 830sipsi 0.074 0.074 0.083  0.096

[BSi] 0.000 0.000 0.000  0.000

830siBsi  0.137 0.121 0.147  0.195

[DSI] 0.000 0.000 0.000  0.000

o 054 0%°SiDSi 0213 0210 0175 0.121

prod [BSi] 0.000 0.000 0.000  0.000

Fractionation 830siBSi  0.150 0.036 0.089  0.290
[DSI] 0.000 0.000 0.000  0.000

o i —209 830sipsi 0.377 0.372 0.310 0.214

prod [BSI] 0.000 0.000 0.000  0.000

s30siBSi  0.265 0.063 0.157 0.513
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Fig. 11.Influence of the differentd) mortality rates on th&30Si of The mortality rate is another important parameter in the
DSi and BSi versus DSi concentratiqi) dissolution rates on the model, especially because it is linked to dissolution in that
539si of DSi and BSi versus DSi concentration g@J variation of  only dead diatoms are allowed to dissolve. The sensitivity
the 53°Si DSi and BSi versus time for differenprog. Black: BSi,  of the model to this parameter was also tested for values
grey: DSi, solid line: initial run, dashed lines: values tested. 150 % of the initially assigned value of 0.192% In Table 4

we can see that the mortality influences both DSi concentra-

tion and thes3Si of both BSi and DSi mainly at the lowest
Mmax by 50 %, something which leads to a roughly 15-day and highest DSi concentrations. It affects BSi concentrations
delay in the peaks of3°Si in DSi and BSi. An increase of also (Fig. 11a). These two periods of greatest influence cor-
50 % has little effect (Table 4). respond to the ends of winter and summer. A 50 % increase

The half-saturation constant for silicon uptal&gs( (umol- in the mortality rate leads to higher values of #38Si of DSi

SiL~1)) controls the affinity of diatoms for DSi uptake in and BSi just before the end of summer (i.e. just before DSi
the model and was initially fixed at 4 umol-Sitk (Fig. 10c  concentrations cease decreasing) as well as slightly higher
and d), based on values from the literature. Decreakiggg  minimal values of DSi concentration in late summer and a
to 2 uM (the parameter minus 50 % sensitivity test) allowedhigher peak concentration of DSi in the mixed layer in win-
diatoms to take up DSi at ma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>