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A B S T R A C T   

The distribution and cycling of biogenic silica (BSi) and lithogenic silicon (LSi) in the ocean play crucial roles in 
the global silicon cycle and marine ecosystem dynamics. This is especially the case in the Southern Ocean where 
diatoms constitute the predominant phytoplankton and participate in a major way to the biological carbon 
pump. This study presents an assessment of BSi and LSi concentrations along the GEOTRACES South West Indian 
Ocean Section (SWINGS, late austral summer 2021), where several and contrasting regions were encountered: 
oligotrophic Mozambique basin, HNLC (High Nutrient Low Chlorophyll) areas and regions fertilized by the 
Subantarctic islands. Suspended particles were sampled from Niskin bottles and in situ pumps, along with 
scanning electron microscope (SEM) observations and specific pigments measurements to support BSi and LSi 
analyses. With samples coming from a contrasting study area prone to diverse continental influences, our BSi and 
LSi results showed a reproducibility of 13 ± 7%, in the same range as the established protocol. BSi concentra
tions show a north-south gradient with maxima encountered in the Antarctic Zone, and contrasted results be
tween HNLC open ocean areas and naturally fertilized regions in the vicinity of the Subantarctic islands. Some 
open ocean stations have unusually high BSi (e.g. > 5 μmol L−1) likely resulting from fertilization by aerosols, 
upwelling or island mass effect when they are downstream of the islands. Coupling of BSi with SEM observations 
and pigments measurements respectively showed diatoms were the most representative of the carrying phase of 
BSi and suggested silicification changes, induced either by heavily silicified diatoms or by micronutrient limi
tation in HNLC regions. BSi is often dominated by the smallest size fraction (0.45–5 μm) which represent 47 ±
23% of the total BSi based on 29 measurements on size fractionated samples. LSi results highlighted atmospheric 
inputs at the surface and nepheloid layers in the water column, which makes LSi overall a good indicator of the 
origin of lithogenic materials. SEM observations supported these results, enabling characterization of the di
versity of lithogenic materials in the vicinity of the Subantarctic islands, more specifically volcanic ash around 
Heard Island, and within the nepheloid layers.   

1. Introduction 

Silicon (Si) constitutes the most abundant element by mass at the 
Earth’s surface after oxygen, and is a key nutrient for some aquatic or
ganisms. The marine biogeochemical Si cycle is controlled by fluxes 

between the dissolved pool (< 0.45 μm), composed almost exclusively of 
orthosilicic acid Si(OH)4, and the particulate pool (> 0.45 μm) (Tréguer 
et al., 2021). The latter consists of two components: biogenic silica (BSi) 
in the form of opal (amorphous SiO2 nH2O), a product of silicification by 
marine organisms such as siliceous plankton, and lithogenic silicon 

* Corresponding author. 
E-mail address: valentin.deteix@locean.ipsl.fr (V. Deteix).  

Contents lists available at ScienceDirect 

Marine Chemistry 

journal homepage: www.elsevier.com/locate/marchem 

https://doi.org/10.1016/j.marchem.2024.104412 
Received 20 December 2023; Received in revised form 4 April 2024; Accepted 27 May 2024   

mailto:valentin.deteix@locean.ipsl.fr
www.sciencedirect.com/science/journal/03044203
https://www.elsevier.com/locate/marchem
https://doi.org/10.1016/j.marchem.2024.104412
https://doi.org/10.1016/j.marchem.2024.104412
https://doi.org/10.1016/j.marchem.2024.104412
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marchem.2024.104412&domain=pdf


Marine Chemistry 263–264 (2024) 104412

2

(LSi), which is comprised of non-biogenic minerals containing Si, sili
cates being the main mineral group and making up the bulk of rocks in 
the Earth’s crust. 

The South Indian Ocean is a unique oceanic region composed of 
contrasting biogeochemical provinces including its austral region in the 
Southern Ocean. The latter is characterised by a relatively low phyto
planktonic primary productivity, despite the latitudinal gradient of 
macronutrients increasing southward. This paradox is mainly due to a 
lack of micronutrients in the surface waters such as iron (Fe) or man
ganese (Mn) (Martin, 1990), but other co-limitations are also present, 
such as light availability as well as macronutrients (Nelson and W. 0. 
Smith Jr., 1991; Sedwick et al., 2002). The Subtropical zone (STZ), 
located north of the subtropical front (STF) in the oligotrophic sub
tropical gyre, has Low Nutrient Low Chlorophyll (LNLC) conditions – 
where “nutrient” refers to macronutrients: NOx (NO3

− + NO2
−), dissolved 

inorganic phosphorus (DIP) and Si(OH)4. The Subantarctic zone (SAZ), 
between the STF and the subantarctic front (SAF), and the Polar Frontal 
zone (PFZ), between the SAF and the polar front (PF), display both 
relatively high NOx and DIP concentrations in the surface waters, yet Si 
(OH)4 concentrations remain low (i.e. often <5 μmol L−1). This results in 
the characterization of High Nutrient Low Silicon Low Chlorophyll (HN- 
Low Si-LC) conditions in the SAZ and PFZ (Dugdale et al., 1995; Nelson 
et al., 2001). Finally, the Antarctic Zone (AZ), located south of the PF, 
does not have Si(OH)4 limitation due to upwelling occurring at the 
Antarctic divergence, south of the PF, which is transported northward by 
Ekman surface transport on multiannual timescales (Sarmiento et al., 
2004), but also by seasonal mixing in the subsurface. The AZ is thus 
characterised by High Nutrient Low Chlorophyll (HNLC) conditions 
(Nissen et al., 2021). BSi exported to deep waters is remineralized, yet 
less quickly than organic matter, leading to a Si(OH)4 trapping in the 
deep waters (Holzer et al., 2014), which explains the stronger gradient 
of decreasing surface Si(OH)4 concentrations relative to NO3

− (Sarmiento 
et al., 2004). 

Despite this relatively low chlorophyll content, the Southern Ocean 
plays a crucial role in global climate regulation, by contributing signif
icantly to global primary production as well as to bottom water, inter
mediate water and mode water formation, which makes it a major 
carbon sink (Gruber et al., 2019). A minor though significant part of this 
carbon sink is due to the biological carbon pump, i.e. the transfer of the 
organic carbon biologically fixed by primary production, from the 
euphotic zone into the deep ocean through several processes, including 
the export of particulate organic carbon (POC) associated with particle 
settling (Le Moigne, 2019). Although the biological carbon pump has 
received significant attention, the magnitude of this process remains 
poorly quantified, from 5 to 13 PgC yr−1 depending on the constraints 
applied in biogeochemical models (Henson et al., 2011; Siegel et al., 
2014; DeVries and Weber, 2017; Clements et al., 2023). In the Southern 
Ocean, diatoms, a phytoplanktonic group that produces opal cell skel
eton called frustules, play a key role in the biological carbon pump and 
thus in global climate regulation. Contributing up to 40% of the total 
primary production in the global oceans (Field et al., 1998), diatoms 
control most of POC and BSi export, with a global opal pelagic pro
duction of 255 ± 52 TmolSi yr−1, of which 26% occurs in the Southern 
Ocean (Tréguer et al., 2021). 

Lithogenic silicon (LSi) is often neglected in the global ocean silicon 
cycle since it is considered as non-dissolvable (e.g. Tréguer et al., 2021). 
However, it is a good proxy for understanding the origin and transport of 
lithogenic materials, which can come from continental inputs in the 
form of aerosols such as dust and volcanic ashes (e.g. Geisen et al., 2022), 
fluvial or coastal erosion-induced inputs (Regard et al., 2022) and 
resuspension of sediments in the water column (Quéguiner et al., 1997). 
In some Southern Ocean areas, lithogenic material including LSi can be a 
significant source of Si and/or micronutrients and can possibly induce a 
phytoplanktonic response (Fripiat et al., 2011; van der Merwe et al., 
2019; Geisen et al., 2022). Thus, it goes hand in hand with BSi to un
derstand the relations between these two components of the particulate 

pool with the marine biogeochemical Si cycle. 
The SWINGS (South West Indian GEOTRACES Section) cruise took 

place during the late austral summer 2021 in the South Indian Ocean 
including the south Indian sector of the Southern Ocean. The general 
aim was to elucidate sources, transformations and fate of various bio
geochemically important elements, especially trace elements, along a 
transect covering a large spectrum of biogeochemical provinces. This 
includes (i) the South African coastal waters, (ii) the offshore waters 
with LNLC, HN-Low Si-LC and HNLC areas, and (iii) the waters affected 
by the island mass effect. This process in the study region results 
whether from natural iron fertilization for the Kerguelen Plateau (Blain 
et al., 2007) and the Crozet archipelago (Pollard et al., 2009), or from 
mesoscale eddies and Antarctic Circumpolar Current (ACC) frontal 
meanders for the Prince Edward Islands (Lamont et al., 2022). 

In this paper, we investigated the spatial variability of BSi and LSi 
concentrations along the SWINGS section, comparing (i) sampling from 
Niskin bottles and in situ pumps, plus (ii) different size fractions. Results 
were coupled with high performance liquid chromatography (HPLC) 
pigments analyses and scanning electron microscope observations, to 
identify carrying phases of BSi and LSi. Finally, we discuss the BSi and 
LSi calculation methods to illustrate the relevance and limitations of 
each method. 

2. Materials and methods 

2.1. Cruise transect – Sampling strategy 

The SWINGS cruise was conducted along a transect in the South West 
Indian Ocean and Southern Ocean sectors, in both offshore waters and 
waters surrounding several Subantarctic islands, from January 11th to 
March 8th 2021, on-board R/V “Marion Dufresne II”. The sampling 
covers: oligotrophic Mozambique basin in the STZ, HN-Low Si-LC and 
HNLC regions in the SAZ, PFZ and AZ (Fig. 1a), and areas in the vicinity 
of the Subantarctic islands: Marion and Prince Edward Islands (Fig. 1b), 
naturally iron-fertilized Crozet archipelago (Fig. 1c) and naturally iron- 
fertilized Kerguelen Plateau, including Heard and MacDonald Islands 
(Fig. 1d). The study area covers several contrasting biogeochemical 
provinces and is influenced by important advective features: Agulhas 
return current, ACC and “Fawn Trough” current (Sokolov and Rintoul, 
2009). 

For BSi and LSi, 37 stations were sampled, with a total of 473 par
ticulate samples analysed in this study (Fig. 1). This includes 267 total 
particulate samples collected using Niskin bottles (NSK; > 0.8 μm; 37 
stations) and in situ pumps (ISP; > 0.45 μm; 15 stations), plus 170 size- 
fractionated samples collected using in situ pumps (ISP-SF; 5–53 μm; >
53 μm; 13 stations). NSK samples were collected using a Rosette 
equipped with 12 L Niskin bottles, with 3 to 5 depths in the first 200 m 
plus an additional sample from 500 m depth. Between 1 and 6 L of 
seawater was immediately filtered on-board through polyethersulfone 
(PES) membranes (PALL SUPOR®, 47 mm, 0.8 μm pore size) under air- 
filtered (Nuclepore® polycarbonate membrane, 0.6 μm pore size) 
pressurised filtration units. Membranes were rinsed with ~10 mL of 
Milli-Q water (18.2 mΩ) using a wash bottle while applying suction, 
dried for 24 h at 60 ◦C in plastic Petri dishes and then stored at room 
temperature. For ISP samples, 90 to 1200 L of seawater was filtered 
through polyethersulfone membranes (PALL SUPOR®, 142 mm, 0.45 
μm pore size) using in situ pumps, at 2 to 8 depths along the whole water 
column. For ISP-SF samples, 40 to 1400 L was filtered through woven 
mesh membranes generating two size fractions: 5–53 μm (PETEX®, 142 
mm, 5 μm pore size) and > 53 μm (PETEX®, 142 mm, 53 μm pore size), 
at 4 to 8 depths in the first 800 m. After pump recovery, both ISP and 
ISP-SF filter heads were immediately opened on-board and their mem
branes were cut for subsampling under a laminar-flow hood in an ul
traclean atmosphere, while ISP-SF were cut in a standard laboratory on- 
board. Approximatively one quarter of those membranes were dedicated 
to BSi and LSi analysis. For ISP-SF samples, particles were washed from 
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the cut PETEX membrane with filtered seawater (0.4 μm), and resus
pended aliquots were filtered through polycarbonate membranes 
(Nuclepore®, 25 mm, 0.4 μm pore size). Both final polyethersulfone 
(ISP) and polycarbonate (ISP-SF) membranes were dried for 24 h at 
60 ◦C in plastic Petri dishes and then stored at room temperature. 

2.2. Particle digestion – BSi and LSi analyses 

Before particle digestion, membranes were cut in thirds (ISP sam
ples), in half or quarter (ISP-SF samples), and in half (NSK samples). The 
exact cut portion was determined only for polyethersulfone filters, i.e. 
ISP and NSK samples, with a precision balance (METTLER TOLEDO® 
AG245, 0.1 mg). Extraction of BSi and LSi was performed under a 
laminar-flow hood in a clean room, following a protocol adapted from 
Ragueneau et al. (2005) initially developed for coastal samples (i.e. 
rather concentrated in LSi). Membranes were digested with two iden
tical wet-alkaline leachings using NaOH solution (4 mL, 0.2 M, AnalaR 
Normapur®) in Teflon tubes at 95 ◦C for 40 min, followed by neutrali
zation of the reaction with HCl solution (1 mL, 1 M, AnalaR Suprapur®); 
both Si and aluminium (Al) concentrations were measured in each leach 
solution (L1 and L2). Such alkaline leaching has been commonly used in 
the open ocean (Brzezinski and Nelson, 1989, Brzezinski and Nelson, 

1995), including the Southern Ocean (Franck et al., 2000). After the 
double alkaline digestion, a third acidic digestion (48 h at room tem
perature) was performed using HF solution (0.5 mL, 2.9 M, AnalaR 
Suprapur®) on dried filters, where only Si concentrations are measured 
(L3). Al concentrations in the alkaline digestions are used as an indicator 
of LSi dissolution, enabling the correction and quantification of BSi 
measurements using a sample specific Si:Al ratio (Ragueneau et al., 
2005; see section 2.3) as follows: 

[BSi] = [Si]1 − [Al]1*([Si] : [Al] )2. (1)  

[LSi] = [Si]3 + [Si]2 +
(
[Si]1 − [BSi]

)
. (2)  

where subscripts refer to # of leaching. 
Si1 and Si2 concentrations were determined by spectrophotometry 

(ThermoScientific® Evolution 220) following the colorimetric silico
molybdic acid method described by Grasshoff et al. (2009). Accuracy 
was checked with certified reference material (fluvial freshwater 
Perade-09, National Research Council Canada: 110.02 ± 6.98 μmol L−1) 
and secondary reference material that was intercalibrated for Si(OH)4 
(fluvial freshwater SLRS-6, National Research Council Canada: 79.43 ±
4.55 μmol L−1; Yeghicheyan et al., 2019). For the third leaching, as the 
presence of HF affects the absorbance of the solution above a 0.05% 

Fig. 1. (a) Map of the SWINGS study area (South West Indian Ocean sector) showing the locations of the stations of this study. The coloured dots represent the 
different station types for sampling: green for in situ pump and Niskin bottles, orange for Niskin bottles, grey for pigment sampling only. The colour represents the 
detailed map of the satellite-derived surface chlorophyll a concentration averaged over February 2021 (MODIS L3 product). The black lines represent the 1000 m 
isobath from GEBCO bathymetry. The dotted lines represent the positions of the Southern Ocean fronts determined from satellite-derived surface temperature 
averaged over February 2021 (CMEMS L4 product): STF = Subtropical Front (18 ◦C); SAF = Subantarctic Front (13 ◦C); PF = Polar Front (4.5 ◦C). Inset maps show 
details of the areas of particular interest: (b) Prince Edward islands area; (c) Crozet Archipelago; (d) Kerguelen Plateau. 
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concentration (= 0.025 μmol L−1, Eggimann and Betzer, 1976), samples 
have been diluted by a factor of 150 with a supersaturated boric acid 
solution (AnalaR Normapur®), to remain below this threshold and in
crease the sensitivity of LSi measurements (Brzezinski and Nelson, 
1995). Al concentrations were determined using an ICP-QMS (Induc
tively Coupled Plasma-Quadrupole Mass Spectrometry, Agilent® 7900) 
at the PARI analytical platform (Institut de Physique du Globe de Paris, 
IPGP, Paris, France) using a He collision cell, with scandium and indium 
as internal standards to correct the instrument drift. Accuracy was 
checked with certified reference material (fluvial freshwater SLRS-6, 
National Research Council Canada: 33.9 ± 2.2 ppb). 

Blank measurements were performed by applying the same protocol. 
For ISP blanks (n = 10), membranes were placed on in situ pumps but no 
seawater was pumped when deployed at sea (i.e. corresponds to “dip
ped” blanks). For ISP-SF blanks (n = 3), 100 mL of Milli-Q water was 
filtered on-board. For NSK blanks (n = 10), approximatively 2 L of Milli- 
Q water was filtered on-board. Blank values for Si in the first leaching 
(Si1) were 47.0 ± 36.6 nmol for ISP, 22.8 ± 17.0 nmol for ISP-SF and 
30.6 ± 26.9 nmol for NSK. The detection limits, defined as three times 
the standard deviation of the blanks, were 110, 51 and 81 nmol Si1 
respectively for ISP, ISP-SF and NSK. Blank measurements were also 
performed with new membranes processed directly in the clean lab (i.e. 
avoiding the blank due to water filtration on-board), which yielded 
detection limits of 1.5, 0.3 and 21 nmol Si1 respectively for ISP, ISP-SF 
and NSK. The detection limit obtained by Ragueneau et al. (2005) 
ranges from 0.6 to 1.5 nmol Si1, which shows that Si contamination of 
our samples mostly comes from on-board manipulations. However, 
because blanks had unstable values and were not performed at each 
station, we decided not to subtract the blanks from our samples; yet we 
excluded samples with BSi concentrations lower than the detection 
limit. This concerns 22 NSK samples of 5 stations from the STZ (St. 2, 3, 
8, 10 and 11). By doing so, the processing blank (Si1 = 30.6 nmol) is 
always lower than our lowest real sample (Si1 = 87.3 nmol). We 
acknowledge that BSi data slightly above our qualitative detection limit 
for NSK (Si1 = 81 nmol) have higher uncertainties. 

Blank values for Al in the first leaching (Al1) were 72.9 ± 68.8 nmol 
for ISP and ISP-SF (n = 9), and 294.1 ± 171.3 nmol for NSK (n = 9). 
Blank values for Al in the second leaching (Al2) were 120.1 ± 112.0 
nmol for ISP and ISP-SF, and 70.2 ± 49.9 nmol for NSK. The detection 
limits were 206 and 514 nmol Al1 for respectively ISP plus ISP-SF and 
NSK, and 336 and 150 nmol Al2 for respectively ISP plus ISP-SF and NSK. 
When Al1 and Al2 concentrations from a sample are lower than the 
detection limit, no lithogenic correction was applied. Hence, for these 
samples, BSi corresponds to Si1, and LSi to the sum of Si2 and Si3. This 
method, called hereinafter “no correction”, will be compared to the 
initial method from Ragueneau et al. (2005). 

2.3. Hypotheses associated with BSi and LSi extractions 

The protocol presented by Ragueneau et al. (2005) implies three 
main hypotheses. First, measured Al comes only from the lithogenic 
fraction, thus neglecting any BSi contribution; yet some Al is integrated 
in the silica matrix of the diatom frustules (Gehlen et al., 2002; Tian 
et al., 2022). Gehlen et al. (2002) report Al:Si ratios from Thalassiosira 
nordenskjiöldii frustules equal to 1.3 × 10−3 grown under Al concen
trations of 9 nmol.L−1 – which corresponds to the maximum concen
trations observed in the Indian Ocean including its Southern sector (Thi 
Dieu, and H., and Y. Sohrin., 2013). Although this Al:Si ratio is very low, 
this Al interference can lead to an overestimation of LSi concentrations, 
in both offshore waters with low dissolved Al concentrations and in 
coastal areas with high dissolved Al (Van Bennekom et al., 1991; 
Ragueneau et al., 2005). However, we do not have any tool to measure 
diatom Al:Si ratios so we have to neglect the contribution of biogenic Al. 
Nevertheless, this potential error should be much smaller than the error 
from the correction and the reproducibility of the method since it con
cerns an overestimation of LSi from the first leaching, which represents 

on average 20% of Si1 while the overall reproducibility of the method is 
13% (see section 3.1 and 4.1). Second, the protocol imposes that BSi 
must be entirely digested in the first alkaline digestion (L1). According 
to Ragueneau et al. (2005) this implies that the BSi content of the sample 
should not exceed 10 μmol, that no more BSi is dissolved during the 
second leaching, and that Si2:Al2 ratio of the second leaching should 
reflect the Si:Al ratio that is extracted from the lithogenic fraction. Third, 
the Si:Al ratios from LSi dissolved during the first and second alkaline 
digestion steps are assumed to be the same. 

Another way to correct for the LSi contribution to BSi is by using a 
crustal lithogenic Si2:Al2 ratio of 3.74 (Taylor and McLennan, 1985): 

[BSi] = [Si]1 − [Al]1*3.74. (3)  

[LSi] = [Si]3 + [Si]2 +
(
[Si]1 − [BSi]

)
. (4)  

where subscripts refer to # of leaching. This has been applied in the 
Kerguelen region by Fripiat et al. (2011a). This method, called herein
after “average crustal ratio”, will be compared to the initial method from 
Ragueneau et al. (2005). 

2.4. Scanning electron microscope (SEM) observations 

Approximatively 50 mL of seawater sampled from Niskin bottles was 
immediately filtered on-board through polycarbonate membranes 
(Nuclepore®, 25 mm, 0.4 μm pore size) and processed with the same 
filtration units and conditions as for BSi NSK which includes rinsing the 
membrane with Milli-Q water to remove sea salt. Observations were 
carried out with a SEM (Zeiss EVO® LS15) operating at 15 kV at the 
Alysés analytical platform (Institut de Recherche pour le Développement 
– Sorbonne Université, IRD-SU, Bondy, France). Approximatively ¼ of 
each filter was beforehand glued to a metallic support and carbon 
coated. While biogenic particles were easily identifiable by their 
morphology, elemental spectra obtained with an energy dispersive X-ray 
microprobe (INCA Energy 350 system, Oxford Instruments®) coupled 
with the SEM were also used to identify lithogenic particles (mineral or 
at least mineralogical group). 

15 samples from 12 stations selected from contrasting regions and 
from our BSi and LSi results were analysed using SEM-EDX. For each, a 
few pictures were taken at fixed magnifications in order to get an insight 
of the diversity and abundance of the biogenic and lithogenic materials. 
However, no particle counting was carried out, as our SEM research 
objectives were primarily (i) to check for the presence or absence of 
lithogenic materials, (ii) to identify these minerals when present and (iii) 
to check if silicifiers other than diatoms were present and could signif
icantly contribute to the BSi pool. 

2.5. Pigment measurements 

Between 1 and 2 L of seawater sampled from Niskin bottles was 
immediately filtered on-board through glass-microfiber membranes 
(Whatman® GF/F, 25 mm, 0.7 μm pore size). Filters were then stored in 
2.5 mL cryovials, flash-frozen in liquid nitrogen and stored at −80 ◦C 
until analysis at the SAPIGH analytical platform (Institut de la Mer de 
Villefranche, IMEV, Villefranche-sur-Mer, France). Filters were analysed 
by HPLC pigment analysis described in Ras et al. (2008). Briefly, filters 
were extracted in 3 mL of 100% methanol, sonicated once and then 
clarified by filtration. Analysis of extracts was carried out within 24 h 
after extraction on a HPLC Agilent® Technologies 1200. In this study, 
we will use total chlorophyll a and fucoxanthin to support our BSi 
measurements. 

3. Results 

All BSi and LSi data from either ISP, ISP-SF or NSK, and all total 
chlorophyll a and fucoxanthin pigments data are available in the Data 
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availability section. 

3.1. Reproducibility of biogenic silica and lithogenic silicon 

Although BSi is commonly measured to study the marine biogeo
chemical Si cycle, it is often not replicated, either with replicate samples 
or with replicate analysis or filter subsamples. We replicated 20 SWINGS 
samples (10 ISP + 10 NSK) by cutting each filter into three subsamples 
each filter, using the protocol. We selected the analytical replicated 
samples, called hereinafter “triplicates”, from contrasting regions 
encompassing a wide range of BSi and LSi concentrations. Based on the 
relative standard deviation (RSD) results from the 20 triplicates, BSi and 
LSi show a mean and standard deviation respectively of 25 ± 17% and 
47 ± 37% (Table 1). No significant differences were noticed between ISP 
and NSK RSDs, either for BSi (Kruskal-Wallis test: p-value = 0.11) or for 
LSi (Kruskal-Wallis test: p-value = 0.50). Although these values seem 
high, they are most of the time sufficient to discuss the differences be
tween stations through the water column, as the concentrations are 
generally highly variable. Moreover, above the 1 μmol L−1 threshold and 
excluding an outlier (St. 44, ISP, 50 m; see explanation on Fig. 2), mean 
and standard deviations of the RSDs drop to a reproducibility of 13 ±
7% for both BSi and LSi (Fig. 2), which falls in the same range as 
Ragueneau et al. (2005) (11% for BSi and 7% for LSi, 1 standard devi
ation) as well as the RSDs reported by Krause et al. (2021) for BSi (9 ±
15% and 6 ± 5% for upper and lower euphotic zone, respectively). The 
higher variability with the inclusion of the outlier probably comes from 
the ISP sample processing procedure: larger seawater volumes pumped, 
combined with the need of not exceeding 10 μmol for the first BSi 
digestion (see section 2.3), can result that a tiny portion (up to 3%) of 
the initial membrane was cut for the analysis. Thus, there is a risk that 
the BSi was not homogeneously distributed on the membrane. 

By comparing both the initial Ragueneau et al. (2005) method (Eq. 1 
& 2) and average crustal ratio method (Eq. 3 & 4), only two triplicates 
have significant differences for BSi between the two methods (Kruskal- 
Wallis test: p-value <0.05). Both triplicates in question are ISP samples 

Table 1 
Replicates performed on 10 Niskin bottle samples (NSK) and 10 in situ pumps samples (ISP). Values of biogenic silica (BSi), lithogenic silicon (LSi) and their relative 
standard deviation (RSD) correspond to mean ± standard deviation. Means that are not significantly different (Kruskal-Wallis test: p-value >0.05) are labelled with the 
same letter within a replicate. Acronyms for BSi and LSi values correspond to the three correction methods: RAG = correction from the initial Ragueneau et al. (2005) 
method (Eq. 1 & 2); ACR = Average Crustal Ratio method (Eq. 3 & 4); NOC = No correction. KERFIX and A3 annotations refer to two reference stations sampled on 
previous oceanographic cruises around the Kerguelen Plateau, respectively KERFIX and KEOPS programs (Jeandel et al., 1998; Blain et al., 2008).  

Station Features Type Depth Biogenic silica (BSi) [μmol L−1] Lithogenic silicon (LSi) [μmol L−1]    

[m] RAG ACR NOC RAG ACR NOC 

11 STZ ISP 70 0.05 ± 0.01a 0.05 ± 0.02a 0.05 ± 0.02a 0.01 ± 0.00a 0.01 ± 0.00a < 0.01a 

25 PFZ ISP 30 0.62 ± 0.17a 0.66 ± 0.18a 0.67 ± 0.18a 0.08 ± 0.01a 0.03 ± 0.01b 0.03 ± 0.01b   

ISP 60 0.24 ± 0.14a 0.37 ± 0.03b 0.37 ± 0.03b 0.17 ± 0.13a 0.04 ± 0.01b 0.04 ± 0.01b   

ISP 250 0.70 ± 0.18a 0.71 ± 0.17a 0.71 ± 0.17a 0.02 ± 0.01a 0.01 ± 0.00a 0.01 ± 0.00b   

ISP 3655 0.38 ± 0.14a 0.71 ± 0.05b 0.82 ± 0.10b 0.54 ± 0.11a 0.22 ± 0.05b 0.10 ± 0.02c 

42 KERFIX ISP 25 1.52 ± 0.23a 1.68 ± 0.13a 1.68 ± 0.13a 0.23 ± 0.20a 0.07 ± 0.04a 0.07 ± 0.04a 

44 Heard Island ISP 50 5.57 ± 3.11a 5.64 ± 3.02a 6.69 ± 3.31a 1.35 ± 0.27a 1.28 ± 0.57a 0.23 ± 0.04b   

NSK 60 1.74 ± 0.22a 1.64 ± 0.19a 2.01 ± 0.20a 0.34 ± 0.04a 0.44 ± 0.13a 0.06 ± 0.02b 

46 Heard Island NSK 30 2.55 ± 0.15a 1.89 ± 0.62a 3.36 ± 0.27b 1.04 ± 0.14a 1.70 ± 0.46b 0.23 ± 0.03c   

NSK 100 6.26 ± 0.54a 5.36 ± 0.91a 7.83 ± 0.58b 2.09 ± 0.10a 2.99 ± 0.91a 0.52 ± 0.07b 

58 AZ ISP 30 9.06 ± 1.63a 9.25 ± 1.63a 9.27 ± 1.65a 0.38 ± 0.33a 0.20 ± 0.19a 0.17 ± 0.16a   

NSK 40 3.10 ± 0.43a 3.47 ± 0.37a 3.49 ± 0.38a 0.52 ± 0.67a 0.14 ± 0.15a 0.13 ± 0.14a 

63 “Fawn Trough” NSK 40 0.84 ± 0.37a 0.93 ± 0.48a 0.94 ± 0.48a 0.14 ± 0.16a 0.05 ± 0.06a 0.04 ± 0.05a   

NSK 60 0.47 ± 0.08a 0.57 ± 0.10a 0.59 ± 0.10a 0.16 ± 0.08a 0.06 ± 0.06a 0.04 ± 0.05a 

65 MacDonald island NSK 120 3.89 ± 0.36a 3.28 ± 0.28a 4.96 ± 0.39b 1.33 ± 0.11a 1.94 ± 0.67a 0.26 ± 0.02b 

68 A3 ISP 30 1.45 ± 0.15a 1.48 ± 0.17a 1.49 ± 0.17a 0.05 ± 0.04a 0.02 ± 0.01a 0.01 ± 0.01a   

NSK 40 1.31 ± 0.41a 1.34 ± 0.42a 1.36 ± 0.43a 0.08 ± 0.04a 0.05 ± 0.03a 0.04 ± 0.02a   

NSK 80 0.43 ± 0.26a 0.75 ± 0.08a 0.79 ± 0.05a 0.49 ± 0.20a 0.17 ± 0.05b 0.13 ± 0.08b   

ISP 430 4.60 ± 0.91a 5.06 ± 0.80a 5.35 ± 0.89a 0.86 ± 0.29a 0.40 ± 0.18a 0.11 ± 0.05b   

NSK 459 3.43 ± 0.30a 3.51 ± 0.27a 3.75 ± 0.27a 0.39 ± 0.09a 0.31 ± 0.10a 0.07 ± 0.01b   

Station Features Type Depth Biogenic silica (BSi) RSD [%] Lithogenic silicon (LSi) RSD [%]    

[m] RAG ACR NOC RAG ACR NOC 

All replicates (ISP) ISP – 30 ± 16 20 ± 14 20 ± 13 50 ± 31 45 ± 22 46 ± 23 
All replicates (NSK) NSK – 21 ± 18 20 ± 14 16 ± 15 44 ± 44 55 ± 35 54 ± 46 
All replicates (ISP + NSK) – – 25 ± 17 20 ± 14 18 ± 14 47 ± 37 50 ± 28 50 ± 35 

STZ = Subtropical Zone; PFZ = Polar Frontal Zone; AZ = Antarctic Zone. 

(  )

Fig. 2. Evolution of the relative standard deviation from replicates as a func
tion of biogenic silica (BSi) or lithogenic silicon (LSi) concentrations, from 
Niskin bottles (NSK) and in situ pumps (ISP), using the correction method from 
Ragueneau et al. (2005). The grey hatched box covers the area where BSi or LSi 
concentrations are below 1 μmol L−1. The black dashed horizontal line shows 
the reproducibility value of 13% from the relative standard deviations of trip
licate samples, with BSi or LSi concentrations above 1 μmol L−1 (see section 
3.1). The outlier excluded for the reproducibility calculation is represented in 
brackets. Results from a Dixon’s test (0.752, with n = 17, xn considered as 
potential outlier, r22 = 0.605 < 0.752, considering α = 0.005) support the 
objective exclusion of this outlier from the small triplicate dataset (> 1 μmol 
L−1), despite shortcomings and limits of this test (Efstathiou, 2006). 
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with relatively low BSi concentrations (< 0.4 μmol L−1, see Table 1). For 
LSi, five triplicates have significant differences between the two 
methods (Kruskal-Wallis test: p-value <0.05). Both initial Ragueneau 
et al. (2005) and average crustal ratio methods are thus generally 
coherent, especially for BSi NSK samples that represent most of our BSi 
data. Therefore by default, the initial method from Ragueneau et al. 
(2005) will preferentially be used for lithogenic correction, as it con
siders the Si2:Al2 ratio fluctuations among samples rather than a global 
crustal ratio. This implies also that both Al1 and Al2 are above detection 
limit. If Al1 is below detection limit, then no correction is applied. This 
concerns 128 NSK samples, 14 ISP samples and 87 ISP-SF samples. 
Finally, when the 10 μmol threshold of Si1 is exceeded and/or Al2 con
centrations are lower than the detection limit (see section 2.2), BSi and 
LSi concentrations will be calculated with the average crustal ratio 
method. This concerns 7 out of 189 NSK samples, 34 out of 78 ISP 
samples and 56 out of 170 ISP-SF samples. 

3.2. Distribution of biogenic silica, total chlorophyll a and fucoxanthin 

Results are displayed in several oceanic sections: one global section 
displaying all ISP samples values (Fig. 3) and three sub-sections, starting 
south of the SAF and displaying NSK samples values (Fig. 4, 5 and 6). 
Most NSK BSi concentrations north of the SAF (St. 2, 3, 8, 10 and 11) are 
under the detection limit (see section 2.2). Only St. 4 close to the South 
African margin was above the detection limit and showed BSi concen
trations <0.07 μmol L−1 (Fig. 3, Fig. S1). 

Fig. 3 highlights the BSi gradient between the biogeochemical 
provinces encountered. BSi concentrations in the STZ were the lowest 
measured throughout this section and did not exceed 0.05 μmol L−1. To 
the south, BSi content in the PFZ increased gradually, ranging up to 0.7 
μmol L−1 in the first hundred meters and decreased in the deep waters to 
<0.1 μmol L−1. South of the PF in the AZ, high and variable BSi con
centrations were measured. First, in the surface waters, HNLC stations 
(St. 42 and 47) had lower BSi concentrations (1.7–3.7 μmol L−1) than 
naturally fertilized stations (St. 44: 3.9–5.6 μmol L−1). Nevertheless, BSi 
at St. 58 in an HNLC region reached 9.1 μmol L−1 and St. 68 (A3) in a 
naturally fertilized regime was in the same range as HNLC stations. 
Second, higher BSi concentrations were observed at the bottom of the 
Kerguelen Plateau compared to those in the deep waters, independent of 
the sampling method (St. 44, 68: ISP: 3.9–5.1 μmol L−1; NSK: 1.9–3.4 
μmol L−1; Fig. 3, Fig. S1). This increase in bottom waters also occurred 
but to a lesser extent at several HNLC stations in the PFZ (St. 25, 33, 36; 
0.3–0.7 μmol L−1 Fig. 3). These increases of BSi in bottom waters were 
not associated to any chlorophyll a increase as measured with the 
fluorescence sensor on the CTD-Rosette (data not shown). 

Focusing on NSK samples in the first 200 m (Fig. 4, 5 and 6), BSi 
concentrations are highly variable depending on the biogeochemical 
provinces. The “NW-SE" section (Fig. 4) emphasizes a BSi gradient from 
the PFZ (0.1–1.3 μmol L−1) to the AZ, reaching at the surface 5.3 μmol 
L−1 at St. 29. Even though they are in the PFZ, St. 26 and 27 also had 
higher BSi and LSi than other PFZ stations. The “W-E" (Fig. 5) and 
“Kerguelen Plateau” (Fig. 6) subsections show stations around the 

Fig. 3. Vertical distribution in the whole water column of (a) BSi (black isolines and interpolation) and (b) LSi (black isolines and interpolation), both from in situ 
pumps, with GEBCO bathymetry along the section “04-58 – Global section”. The dotted lines represent the approximate positions of the Southern Ocean fronts 
crossed during the SWINGS cruise. STF = subtropical front; SAF = subantarctic front; PF = polar front. Sections from Ocean Data View (Schlitzer, 2024). 
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different Subantarctic islands which have contrasting BSi concentra
tions. On the one hand, stations near the Prince Edward Islands and 
Crozet archipelago follow the same pattern, with BSi ranging from 0.3 to 
0.6 μmol L−1 (Fig. 5). One exception is St. 35 near the East island of 
Crozet, with a BSi maximum of 2.5 μmol L−1, which drops to the pre
vious low range in the subsurface. On the other hand, stations around 
the Kerguelen Plateau show much higher BSi concentrations, ranging 
from 1.1 to 3.9 μmol L−1, with a peak of 5.4 μmol L−1 at the bottom of St. 
46 (Fig. 6). As for ISP samples, BSi at St. 58 in HNLC regime was higher 
than other HNLC stations in the AZ, reaching 3.7 μmol L−1 at the surface. 

For the three NSK transects (Fig. 4, 5 and 6), the vertical distribution 

of BSi generally mirrors that of fucoxanthin. This is particularly the case 
on Fig. 4 and the southern parts of the transect (Fig. 5 and 6) while St. 66 
displays a strong fucoxanthin maximum with limited BSi. The vertical 
distribution of chlorophyll a follows a pattern like fucoxanthin except in 
Fig. 5. Maxima of fucoxanthin (1.1 mg.m−3) and chlorophyll a (3.1 mg. 
m−3) were observed at St. 66 where a phytoplankton bloom occurred off 
Heard Island (Fig. 6). BSi concentrations observed during this bloom, 
ranging from 1.5 to 3.3 μmol L−1, were not as high as other stations that 
showed much lower pigment concentrations, such as St. 29 (5.3 μmol 
L−1) or St. 58 (3.7 μmol L−1). 

Fig. 4. Vertical distribution in the first 200 m of (a) BSi (black isolines and interpolation) and LSi (red dotted isolines) from Niskin bottles, (b) total chlorophyll a and 
(c) fucoxanthin with (d) GEBCO bathymetry along the section “14-29 – NW-SE". The dotted lines represent the approximate positions of the Southern Ocean fronts 
crossed during the SWINGS cruise. SAF = subantarctic front; PF = polar front. Sections from Ocean Data View (Schlitzer, 2024). 
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3.3. Distribution of size-fractioned biogenic silica 

Size fractionation of BSi can complement the description of the 
diatom communities by providing information on their sizes, even 
though the presence of biogenic fragments can alter this information. 
Fraction of 5–53 μm, comprised of most of the nano-sized (3–20 μm) and 
some micro-sized (> 20 μm) BSi, can correspond to small and medium 
diatom species. Fraction >53 μm, comprised of the large micro-sized 
BSi, can correspond to large diatom species, large colonies of diatoms 
and sometimes Rhizaria. The fraction 0.4–5 μm, which can correspond 
to small and fragmented diatoms and Si in Synechococcus sp. (Baines 
et al., 2012), can be derived from the difference between the ISP > 0.45 

μm and the sum of ISP-SF data. Note that Synechococcus sp. is likely to 
contribute in the subtropical zone but not in the Southern Ocean 
regarding zeaxanthin concentrations and Fuco:Zeaxanthin ratios (data 
not shown). However, the sampling depth sometimes differs slightly 
between ISP and ISP-SF (Fig. S1). 

3.4. Distribution of lithogenic silicon 

In the open ocean stations, LSi concentrations remained very low and 
did not exceed 0.1 μmol L−1 throughout most of the water column. 
However, some exceptions were noted, in the surface at St. 26 to 29 and 
58, where LSi concentrations were slightly higher, sometimes reaching 

Fig. 5. Vertical distribution in the first 200 m of (a) BSi (black isolines and interpolation) and LSi (red dotted isolines) from Niskin bottles, (b) total chlorophyll a and 
(c) fucoxanthin with (d) GEBCO bathymetry along the section “16-58 – W-E". The dotted lines represent the approximate positions of the Southern Ocean fronts 
crossed during the SWINGS cruise. PF = polar front. Sections from Ocean Data View (Schlitzer, 2024). 
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0.3 μmol L−1 (Fig. 4). Similarly, stations in the vicinity of the Subant
arctic islands displayed higher LSi concentrations compared to open 
ocean stations. Maxima were observed around Heard Island: at St. 45 
and 46 LSi values were >2.0 μmol L−1, with a peak of 3.0 μmol L−1 at 
100 m depth for St. 46. Stations near the Crozet archipelago and in the 
Southern African margin were characterised by much lower LSi con
centrations, reaching a maximum of 0.2 μmol L−1 (Fig. 3 and 5). On the 
other hand, LSi values from stations near the Prince Edward Islands were 
like open ocean stations. As for BSi, higher LSi concentrations were also 
observed at the bottom of several stations compared to those in deep 
waters. This concerns St. 68 above the Kerguelen Plateau (0.4 μmol L−1) 
and several open ocean stations in the PFZ quoted above (see section 

3.2): e.g. St. 25 and 36 (0.1–0.2 μmol L−1 Fig. 3). Similar increases were 
observed in the subsurface of St. 42 (0.3 μmol L−1 at 120 m) and St. 68 
(0.5 μmol L−1 at 80 m) by the Kerguelen Plateau. 

3.5. Scanning electron microscope observations 

Observations performed by SEM revealed the presence of both 
biogenic and lithogenic material in suspended particles collected along 
the SWINGS transect. Focusing first on the biogenic fraction within 
surface samples, a biogenic abundance typical of the previous north- 
south gradient was observed (Fig. S2): starting with a very low abun
dance of diatoms and coccolithophores in the STZ (Fig. S2a) contrasted 

Fig. 6. Vertical distribution in the first 200 m of (a) BSi (black isolines and interpolation) and LSi (red dotted isolines) from Niskin bottles, (b) total chlorophyll a and 
(c) fucoxanthin with (d) GEBCO bathymetry along the section “58-70 – Kerguelen Plateau”. The dotted lines represent the approximate positions of the Southern 
Ocean fronts crossed during the SWINGS cruise. PF = polar front. Sections from Ocean Data View (Schlitzer, 2024). 
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Fig. 7. SEM pictures of lithogenic particles collected at the surface near Heard (St. 46) and MacDonald Islands (St. 65), with their respective EDX spectrum. (a) and 
(e) Alkali feldspar at St. 65; (b) and (f) Plagioclase feldspar at St. 65; (c) and (g) Volcanic ash at St. 65; (d) and (h) Volcanic ash at St. 46. 
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with a predominance of diatoms in the AZ (Fig. S2g) or around the 
Subantarctic islands (Fig. S2j). Among siliceous phytoplankton, some 
silicoflagellates and chrysophytes (Fig. S2i and S2l, respectively) were 
noticed in the Kerguelen Plateau stations and few Rhizaria from ISP 
samples were observed (data not shown), but they represented only a 
minor fraction in all samples in comparison to diatoms (Fig. S2i and S2l). 
Diatoms from the Kerguelen Plateau stations were more fragmented 
than those at the HNLC stations, whereas St. 58 displayed the least 
degraded and the most diverse diatom community, including small, 
medium and large diatoms. These SEM observations are consistent with 
our previous results for size fractioned BSi and support them by clearly 
indicating that the 0.45–5 μm fraction is mainly composed of diatom 
fragments at St. 44 (see section 3.3). 

In addition, SEM observations identified lithogenic material (i) pri
mary minerals such as feldspars (Fig. 7a and b) and amphiboles (not 
shown) mainly in the Kerguelen Plateau and (ii) volcanic ashes (Fig. 7c 
and d) near Heard and MacDonald Islands. EDX data (Fig. 7e to 7h) 
indicates a predominance of alkali feldspars ((K,Na)[AlSi3O8]) 
compared to plagioclase feldspars (NaxCa1-xAl2-xSi2+xO8). Volcanic ash 
particles can be distinguished by both their morphologies (angular, 
vesicular pumiceous particles) and/or their more complex chemical 
composition (Si, Al, Na, K, along with traces of Mg, Cl, Fe, and some
times P and Ti). Some primary minerals and volcanic ashes were also 
observed in two bottom samples at St. 36 in the PFZ and St. 68 (A3), 
which is consistent with the LSi results (see section 3.4). 

4. Discussion 

4.1. Relevance and limits of the methods via aluminium correction 

The method proposed by Ragueneau et al. (2005) clearly states it 
applies especially for coastal waters to more adequately correct high 
lithogenic interferences during the first leaching. This protocol was 
already applied for samples collected in both open ocean regions and 
continental-influenced areas in previous cruises (Mosseri et al., 2008; 
Fripiat et al., 2012). Nevertheless, it remains delicate in open ocean 
areas, where LSi concentrations are very low and with high BSi. When 
BSi particles count for an important fraction of the collected suspended 
matter, Al interference in diatom frustules can lead to a BSi underesti
mation (Ragueneau et al., 2005). For instance, Lasbleiz et al. (2014) 
proposed not to apply an aluminium correction for open ocean samples 
as Al can be dominated by biogenic phases. In our samples where the 
Ragueneau et al. (2005) correction was applied (i.e. mainly continental- 
influenced samples), the correction remains small since BSi represents 
79% of the fraction from the first leaching (NSK: 77%; ISP: 77%; ISP-SF: 
84%). 

For some samples satisfying all criteria from the Ragueneau et al. 
(2005) method, measured Si2:Al2 ratio can be still variable and even 
high, suggesting that the lithogenic fraction from the second leaching 
was Al-depleted. As an example, some samples showed high LSi con
centrations (St. 29: 0.29 μmol L−1; St. 68: 0.13 μmol L−1 at 80 m, Fig. 6) 
and also displayed high Si2:Al2 ratios (respectively 126 and 95). Un
fortunately, no SEM samples were collected at the latter depths. How
ever, some Al-free primary minerals, such as quartz (SiO2) or olivine 
((Mg,Fe)2[SiO4]) were observed in St. 68 at 120 m, although its LSi and 
Si2:Al2 values were lower (LSi = 0.01 μmol L−1; Si2:Al2 = 9). Assuming 
by interpolation that high LSi concentrations at St. 29 and 68 are related 
to Al-free minerals, their presence emphasizes the importance of the 
sequential digestions in the Ragueneau et al. (2005) method and thus 
the importance of using individual Si2:Al2 ratio. Otherwise, using an 
average crustal Si:Al ratio would underestimate LSi by excluding po
tential Al-free minerals, and consequently overestimate BSi. 

An alternative would be to apply a correction of lithogenic inter
ference with titanium (Ti) to limit the issue of Al assimilation in diatom 
frustules. This correction has already been applied on biogenic mate
rials, either siliceous or even calcareous (Murray et al., 1993; Blain et al., 

2022). However, Cardinal et al. (2001) have reported that samples from 
the Australian sector of the Southern Ocean contain a great fraction of 
authigenic Ti, i.e. precipitated in the water column. Moreover, Ti- 
containing particles and aggregates, from 1 to ~100 μm have been 
observed in most of our samples during SEM observations, ruling out the 
use of Ti for correcting lithogenic interferences. 

Nevertheless, an important outcome of the reproducibility we have 
tested between the Ragueneau et al. (2005) and average crustal ratio 
methods is that they provide BSi results not significantly different for 18 
out of 20 samples, and their reproducibility is comparable (Table 1). 
This indicates that even when different methods have been used in 
previous works in the Southern Ocean (e.g. Fripiat et al. (2011a) vs 
Lasbleiz et al. (2014) vs this study), data can still be compared. 

4.2. Lithogenic silicon as a tracer of lithogenic matter sources 

4.2.1. Synoptic view 
In the study area, LSi concentrations generally do not exceed 0.10 

μmol L−1 or 10 mmol m−2 when integrated over 200 m depth (Fig. 8b). 
These concentrations are in the same range as those measured previ
ously in the South Indian and Southern Oceans: < 0.03 μmol L−1 in the 
STZ of Australian sector (Quéguiner, 2001), < 0.14 μmol L−1 in the SAZ 
of the South Indian sector (Leblanc et al., 2002) and < 0.10 μmol L−1 in 
the PFZ of either the South Atlantic or the Australian sector (Quéguiner 
et al., 1997; Quéguiner, 2001). Near but outside the Kerguelen Plateau, 
Lasbleiz et al. (2014) report several stations equivalent to St. 42 and 69, 
with LSi concentrations <0.10 μmol L−1 typical of the open ocean. 

However, we identified a few continentally-influenced stations with 
higher LSi contents (> 10 mmol.m−2 when integrated over 200 m; 
Fig. 8b). For instance, high LSi concentrations, observed at the surface of 
St. 26, 27 and 29 south of the PF, were most likely caused by atmo
spheric inputs (Fig. 4 and 8b). Indeed, the first results of aerosol depo
sition measurements performed during the cruise show that these 
stations were characterised by the highest aerosol deposition over the 
entire SWINGS section. Moreover, 10-day back-trajectories generated 
with the NOAA HYSPLIT (Hybrid Single-Particle Lagrangian Integrated 
Trajectory) model suggest a desert origin for these atmospheric inputs, 
more specifically from Patagonia. Dust from this region has been shown 
to be able to reach the Southern Ocean (Li et al., 2008). In section 4.3.3 
we discuss the potential impact of this lithogenic aeolian supply on 
diatoms. 

4.2.2. Heard and MacDonald Islands 
Mosseri et al. (2008) reported LSi values not exceeding 0.7 μmol L−1 

during the KEOPS cruise, in the Kerguelen Plateau region. This is very 
consistent with our results with LSi < 0.73 μmol L−1. There is an 
exception for one station close to Heard Island, where the lithogenic Si 
fraction reached 32 ± 8% of total particulate Si in Mosseri et al. (2008). 
In our study, stations near Heard Island (St. 45 and St. 46) and Mac
Donald island (St. 65) have also a LSi fraction of 42 ± 11% (LSi = 1.95 
± 0.65 μmol L−1) for Heard Island and of 30 ± 5% (LSi = 1.25 ± 0.08 
μmol L−1) for MacDonald Island and integrated LSi exceed 200 mmol. 
m−2 (Fig. 8b). SEM observations showed that basaltic primary minerals 
such as feldspar, accompanied by volcanic ashes, dominated these 
lithogenic fractions (Fig. 7). Previous works have shown that these 
volcanic ashes come from a phreatomagmatic hotspot volcanism and 
have a basaltic with phonolite tendency composition (Wise Jr. et al., 
1992; Quilty and Wheller, 2000; Fox et al., 2021). Despite the low 
nutrient solubility from volcanic ashes reported by Geisen et al. (2022), 
their study showed that the nutrient concentrations released by ashes 
were equal for Si and higher for Fe compared to those released by 
Patagonian dust. Ash deposition could play a role in supplying 
bioavailable Fe and Si in the vicinity of Heard and McDonald Islands – 
which are active volcanoes (in contrast to Kerguelen) –, especially in late 
austral summer when Si(OH)4 is depleted after being consumed by di
atoms during the spring blooms over the Kerguelen Plateau (Closset 
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et al., 2014). Such lithogenic supply of nutrients around Heard Island 
during KEOPS was already hypothesized from Si and Ra isotopes (van 
Beek et al., 2008; Fripiat et al., 2011). Recent studies also highlight the 
importance and magnitude of glacial erosion phenomenon from Heard 
Island in supplying bioavailable Fe and Si (van der Merwe et al., 2019). 

4.2.3. Nepheloid layers 
We observed several LSi increases (Fig. 3) often associated with an 

increase of turbidity corresponding to nepheloid layers, i.e. resuspended 
particles (McCave, 2009), at the bottom (St. 25, 33 and 36 in the PFZ) or 
at the margin of continental slopes (St. 4). Such increase was also 
observed at the bottom of St. 68 on the Kerguelen Plateau (~ 500 m) 
associated with high BSi concentrations, as already reported in previous 
studies (Lasbleiz et al., 2014; Closset et al., 2016). The nepheloid layers 
are likely reflecting a resuspension of BSi-rich and clay mineral-rich 

(mainly illite and smectite) sediments (Borchers et al., 2011) which 
can release significant quantities of micronutrients (Fe and Mn), and 
which fertilize water masses over the Kerguelen Plateau (Blain et al., 
2007; Cheize et al., 2019). 

However, LSi increases observed at the subsurface of St. 42 and 68 
are more difficult to explain, since these stations are far from continental 
influence (Fig. 6 and 8). This was also observed during KEOPS at A3 
station, equivalent to St. 68. These features are perhaps due to an in
termediate nepheloid layer coming from different seamounts around the 
Kerguelen Plateau, possibly transported by the ACC (Park et al., 2008). 
The potential seamounts, both peaking at 50 m below the surface, would 
be the Leclaire Rise Seamount (65◦E, 50◦S) for St. 42, and Pike Bank 
(70.5◦E, 51.3◦S) for St. 68. 

Fig. 8. (a) Integrated BSi, (b) integrated LSi and (c) integrated BSi:Fuco ratios from NSK data for stations in the Polar Frontal Zone and in the Antarctic Zone. Data 
have been integrated between 0 and 200 m depth. The labels correspond to the SWINGS station number. The black lines represent 1000 m isobath from GEBCO 
bathymetry. The dotted lines represent the positions of the Southern Ocean fronts determined from satellite-derived surface temperature averaged over February 
2021 (CMEMS L4 product): SAF = Subantarctic Front (13 ◦C); PF = Polar Front (4.5 ◦C). Figure from Ocean Data View (Schlitzer, 2024). 
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4.3. Biogenic silica as an indicator of diatoms in the Southern Ocean 

4.3.1. Synoptic view 
The Southern Ocean surface waters become Si(OH)4 depleted more 

rapidly northwards due to the Si(OH)4 trapping in the deep waters 
compared to N and P, which are remineralized at a shallower depth and 
can be more efficiently brought back to the surface by mixing (Sar
miento et al., 2004; Nissen et al., 2021). Stations located south of the PF 
have high surface Si(OH)4 concentrations (> 10 μmol L−1, Fig. S3), 
precluding Si limitation for siliceous primary production, which is 
consistent with the highest BSi values at St. 29 (Fig. 4) and those in the 
Kerguelen Plateau (Fig. 3 and 6). From size-fractioned BSi results within 
the first 200 m (Fig. S1, n = 29), we estimate that the fraction 0.45–5 μm 
accounts for 47 ± 23% of the BSi in the region with no significant dif
ferences between the STZ, PFZ and AZ. The particles contributing to the 
small-size fraction can be identified from SEM observations. For 
instance, St. 44 has the highest proportion of this BSi fraction 0.45–5 μm 
(77%), with lots of BSi fragments from diatoms (Fig. S2j and S2k). But 
there are also some small siliceous phytoplankton skeletons, either 
entire diatoms (St. 58, Fig. S2i) or Chrysophyceae (Fig. S2l). Therefore, 
even though our SEM observations are not quantitative, they shed light 
on the different particle types contributing to the small size BSi fraction. 
Nevertheless, SEM observations confirmed that diatoms dominate the 
siliceous phytoplankton (either as fragment or well-preserved frustules) 
and illustrate differences in diatom abundance between stations 
(Fig. S2). The decreasing BSi gradient from the AZ to the STZ can be 
attributed to a decrease in diatom abundance and a shift from a 
microphytoplankton community towards nano- and picophytoplankton 
(Geisen et al., 2022). 

Comparison of BSi results in our study with previous oceanographic 
cruises is reported, for integrated BSi results between 0 and 200 m in 
Table 2 for PFZ and AZ and open ocean (i.e. bathymetry >1000 m) vs 
stations close to Subantarctic islands (i.e. bathymetry <1000 m). We use 
BSi:Fuco mass ratios (Fig. 8c) as indicators of the Si:C elemental ratios of 
diatoms. Si:C was usually found to be higher for diatoms in Fe-depleted 
areas compared to Fe-repleted areas, which has been attributed to 
higher diatom silicification (Takeda, 1998; Mosseri et al., 2008; Baines 
et al., 2010). However, recent studies pointed out that Si:C ratios are 
mainly driven by the taxonomic composition of the diatom community 
rather than a short response to iron fertilization (Closset et al., 2014; 
Lasbleiz et al., 2014; Lafond et al., 2020). 

4.3.2. The polar frontal zone 
Integrated BSi in the PFZ from our study are higher than those 

measured during the BONUS GH cruise which was not under any in
fluence from Subantarctic islands, and lower than those measured on the 
KEOPS2 and MOBYDICK cruises (Table 2) which included stations close 
to the Kerguelen Plateau where heavily silicified diatom species such as 
Fragilariopsis sp. have been reported (Lasbleiz et al., 2014; Lafond et al., 
2020). Indeed, most of the SWINGS PFZ stations are located west of 
Kerguelen where relative contribution of diatoms to the phytoplankton 
community is lower (Seeyave et al., 2007), helping to explain the in
termediate integrated BSi at the SWINGS PFZ stations. 

A closer look at open ocean PFZ stations close to Subantarctic islands 
(St. 69–70 north to Kerguelen; St. 33, 34 and 35 around Crozet) are 
characterised by higher BSi, TChla and fucoxanthin concentrations 
(Fig. 5 and 6) except for St. 18 to 21 around Prince Edward Island. The 
higher BSi concentrations are probably due to the island mass effect. 
Around the Subantarctic islands, there is a persistent supply of micro
nutrients downstream from the islands that can contribute to phyto
plankton productivity and facilitate ephemeral blooms in open ocean 
regions (Robinson et al., 2016; Baldry et al., 2020). BSi and pigment 
results (Fig. 5), coupled with satellite observations (Fig. 1c and d), 
highlight the presence of this pattern. However, BSi is not a good tracer 
as pigments of diatom blooms induced by island mass effects, because 
BSi is affected both by micronutrient availability modifying Si:C ratios 
and diatom abundance. This is why BSi:Fuco ratios help in under
standing phytoplankton community structure in such patterns, since we 
expect higher BSi:Fuco ratios under limitation of diatoms primary 
production. 

Integrated BSi:Fuco ratios (Fig. 8c) clearly highlight the stations that 
might have experienced micronutrient fertilization. All stations around 
and downstream of Crozet until St.38 have BSi:Fuco ratios <200 while 
the southernmost stations of the PFZ (31 and 40) have much higher BSi: 
Fuco ratios (491–534). Stations around the Prince Edward Islands (St. 
19–23) have intermediate integrated BSi:Fuco ratios (200–360) that 
probably result from limited micronutrient fertilization due to the small 
size of the islands and associated plateau. Finally, the stations to the 
northeast of the Kerguelen Islands have high BSi concentrations (St. 69, 
70; Fig. 6) likely under the influence of the north-western Kerguelen 
bloom (Fig. 1d, pigment data not available). Recent studies highlight the 
importance of inputs resulting from glacier melting and weathering, 
which could bring a significant amount of Fe and Si to the ocean 

Table 2 
Integrated BSi concentrations (

∫
BSi, mmol m−2) in the Polar Frontal Zone and the Antarctic Zone from SWINGS and previous cruises in the Southern Ocean. Data have 

been integrated between 0 and 200 m, except for the WC-17 cruise (82–150 m) and SWINGS PFZ Subantarctic island (0–131 m). Values of integrated BSi correspond to: 
mean ± standard deviation if number of stations visited is ≥3; mean (range) if number of stations visited is = 2; value if number of stations visited is = 1. The category 
“Subantarctic islands” is based on bathymetry <1000 m only, i.e. not based on micronutrient fertilization that can extend further. Bold values were computed using ISP 
data. The A3 reference station established during the KEOPS program (Blain et al., 2008) is referred as M2 for the MOBYDICK cruise and as St. 68 for the SWINGS 
cruise. Stations 26 to 29 were classified in the cruise section “SWINGS ***” apart from the rest of the SWINGS stations, to better highlight the influence of atmospheric 
inputs at these stations (see section 4.2.1).  

Cruise Season Sector 
∫

BSi in PFZ [mmol m−2] 
∫

BSi in AZ [mmol m−2] References 

(year) (period)  Open ocean Subant. islands Open ocean Subant. islands A3 Station  

KEOPS 
(2005) 

Summer 
(01/19–02/13) Indian – – 392 ± 131 781 ± 473 1111 ± 608 Mosseri et al. (2008) 

BONUS GH 
(2008) 

Late Summer 
(02/08–03/08) 

Atlantic 
38 
(37–38) 

– 81 ± 29 – – Fripiat et al. (2012) 

KEOPS2 
(2011) 

Spring 
(10/10–11/20) 

Indian 185 ± 130 – 245 ± 119 401 ± 197 452 
(164–741) 

Lasbleiz et al. (2014); 
Closset et al. (2016) 

WC-17 
(2017) 

Winter 
(06/28–07/13) Indian 21 – 52 ± 42 – – Weir et al. (2020) 

MOBYDICK 
(2018) 

Late Summer 
(02/26–16/03) Indian 

166 
(139–193) – 319 ± 175 192 ± 23 192 ± 23 Lafond et al. (2020) 

SWINGS 
(2021) 

Late Summer 
(01/11–03/08) 

Indian 82 ± 49 58 206 ± 90 250 ± 65 183 This study 

SWINGS *** 
(2021)   

407 
(369–443) 

– 701 – – This study 

PFZ = Polar Frontal Zone; AZ = Antarctic Zone; Subant. islands = Subantarctic islands. 
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(Hawkings et al., 2017; van der Merwe et al., 2019), and it is known that 
the Kerguelen Cook Ice Cap is currently melting at a fast rate mostly on 
the northern part of the island (Verfaillie et al., 2021). 

4.3.3. The Antarctic zone 

4.3.3.1. Comparison with previous cruises. Integrated BSi contents 
describe well the biogeochemical contrasts between two station types 
(Table 2 and Fig. 8a), where stations above the Kerguelen Plateau 
benefit from natural micronutrient fertilization with less limitation for 
diatom growth than at stations far removed from the island influence. 
These differences were also observed during KEOPS and KEOPS2 cruises 
with higher integrated BSi compared to our study (Table 2). For KEOPS, 
Mosseri et al. (2008) emphasized that the bloom during the austral 
summer of 2005 was unusually intense and almost exclusively composed 
of large diatoms (Armand et al., 2008). KEOPS2 took place in spring 
when bloom intensity is always stronger (Closset et al., 2014). Only BSi 
from the MOBYDICK cruise shows open ocean integrated BSi higher than 
those above the Kerguelen Plateau, yet it shares the same season as the 
SWINGS cruise. Lafond et al. (2020) suggest that such high BSi con
centrations were due to heavily silicified diatom species particularly 
abundant at HNLC stations. This leads to integrated BSi values exceeding 
those above the Kerguelen Plateau, as its seasonal bloom declines during 
the late austral summer. Overall, this highlights the large interannual 
variability of BSi in the HNLC waters in the vicinity of the Kerguelen 
Plateau. 

4.3.3.2. Focus on St. 68: A3 reference station (Kerguelen plateau). Above 
the Kerguelen Plateau, St. 68 corresponds to the St. A3 of KEOPS, 
KEOPS2 and MOBYDICK (Table 2). The integrated BSi from the SWINGS 
cruise is in the same range as reported during MOBYDICK. By compar
ison, the integrated BSi range during KEOPS and KEOPS2 was much 
higher and as described above, the KEOPS bloom intensity was unusu
ally high while KEOPS2 was sampled during early spring consistent with 
a decrease of integrated BSi at A3 throughout the season. The structure 
of the diatom community evolves throughout the growing season where 
heavily silicified species that can drive BSi towards high values (Armand 
et al., 2008; Lafond et al., 2020) such as Eucampia antarctica, are 
replaced by lightly silicified diatoms such as Corethron inerme, Chaeto
ceros spp. and their resting spores (Lafond et al., 2020). We clearly 
identified E. antarctica frustules both below the mixed layer at 120 m 
and at the bottom, whereas no evident Chaetoceros spp. frustules were 
observed except one resting spore at the bottom (Fig. S4). Therefore, St. 
68 was probably sampled before the late austral summer diatom com
munity shift. 

4.3.3.3. Focus on St. 29 and St. 58: Unusual high BSi fuelled by distinct 
processes. Two open ocean stations in the AZ showed intriguing results. 
First, St. 29 displays a BSi peak of 5.3 μmol L−1, which is 4-fold higher 
than those measured during BONUS GOODHOPE (Fripiat et al., 2012), 
and an integrated BSi of 701 mmol.m−2, which is 3-fold higher than 
regular open ocean AZ stations (Table 2). Stations 26 and 27 in the PFZ 
also shared this distinctive feature (Table 2) and form with St. 29 a small 
transect of higher integrated BSi and LSi (Fig. 8). This difference might 
be explained by atmospheric inputs measured from St. 26 to 29 as 
already pointed out in section 4.2.1. Such aerosols, which were not 
sampled during the BONUS GOODHOPE cruise, are known as a micro
nutrients source to trigger a phytoplanktonic response in HNLC areas 
(Mahowald et al., 2009) especially for diatoms (Geisen et al., 2022). 

Second, St. 58 which is the southernmost and easternmost stations of 
SWINGS displayed very high BSi values, reaching 3.7 and 9.1 μmol L−1 

respectively for NSK and ISP sampling (Fig. 3, 5 and 6). Moreover, SEM 
observations highlight the very diverse and fresh diatom community, 
compared to other stations (Fig. S2). These elevated concentrations 
might be explained by the Antarctic divergence upwelling which could 

have brought Si(OH)4 to the surface as seen from shoaling of Si(OH)4 
concentrations at St. 58 (Fig. S3) and possibly other nutrients, fuelling a 
late summer/early autumn bloom. 

4.3.3.4. Biogenic silica and pigments. Open ocean BSi:Fuco ratios are not 
significantly different from those above the Kerguelen Plateau (Kruskal- 
Wallis test, p-value = 0.52). However, two groups of stations above the 
Kerguelen Plateau can be discriminated (Fig. 8c). St. 45, 46 and 65 close 
to Heard and MacDonald Islands display high integrated BSi:Fuco ratios 
(840–1040) despite having a naturally Fe-fertilized character. This is 
probably due to intense mixing near the Subantarctic islands during 
SWINGS sampling, as SEM observations revealed the significance of 
highly fragmented frustules (Fig. S2j) so that the contribution of living 
diatoms is minor. St. 44, 66 and 68 are stations relatively away from the 
islands but still above the Kerguelen Plateau with low integrated BSi: 
Fuco ratios (80–230) caused by relatively high pigment concentrations 
(Fig. 6) which is in accordance with diatoms bloom. 

5. Conclusion 

Over the whole SWINGS transect, our results showed that the spatial 
distribution of BSi was impacted both by the surface water character
istics constrained by the ACC fronts and by an ensemble of contrasting 
regions. SEM observations on selected samples showed that diatoms 
were always the dominant siliceous phytoplankton community and 
therefore likely the most representative of the carrying phase of BSi. 
Coupled with pigment measurements, BSi results highlighted the con
trasts between the HNLC open ocean areas and the naturally fertilized 
regions close to Subantarctic islands. HNLC open ocean stations were 
characterised by variable sizes of diatoms and biogenic particles and 
high BSi:Fuco ratios due to heavily silicified diatoms and/or to the 
micronutrient limitation. Naturally fertilized regions close to the Sub
antarctic islands were characterised by the dominance of small biogenic 
particles, either small and fresh diatoms leading to low BSi:Fuco ratios, 
or fragmented diatom frustules due to intense water mixing close to the 
shore and leading to high BSi:Fuco ratios. Overall, size-fractioned results 
showed that the BSi fraction 0.45–5 μm contributes to 47 ± 23% of the 
total BSi pool in the upper 200 m, mostly as diatom frustule fragments 
and occasionally small diatoms and Chrysophyceae. We also show that 
some open ocean stations can have high BSi contents likely due to three 
different modes of fertilization: aerosol inputs, upwelling or advection 
when they are downstream of islands. Second, our results showed that 
LSi is a good tracer of the different lithogenic materials which can be 
found over the whole SWINGS transect, whether they had a distant 
wind-driven origin or came from the Subantarctic islands. SEM obser
vations coupled with elemental chemical analyses allowed us to identify 
a basaltic geochemical composition of LSi in the Kerguelen Plateau re
gion, typical of the geological environments of the islands. In addition, 
volcanic ashes around Heard and MacDonald Islands are also contrib
uting to the lithogenic particles. Finally, BSi and LSi reproducibility 
results from two distinct methods using the lithogenic correction by Al 
confirmed that the initial method proposed by Ragueneau et al. (2005) is 
more suitable to better correct the BSi concentrations from LSi dissolu
tion, as the study area was prone to diverse continental and volcanic 
influences whose composition fluctuates. This protocol led to a satis
factory reproducibility of 13 ± 7% for BSi > 1 μmol L−1, which is in the 
same range of the one reported by Ragueneau et al. (2005) for equiva
lent samples. In addition, having verified the good reproducibility of 
both Ragueneau et al. (2005) and average crustal ratio methods vali
dates the comparison with previous studies reporting BSi data acquired 
from different chemical leaching methods. However, for most open 
ocean Niskin samples, Al concentrations below detection limits pre
cludes lithogenic correction for BSi concentrations. 

Our BSi and LSi data bring new information for understanding the 
marine biogeochemical Si cycle in the South Indian Ocean and Southern 
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Ocean. In future work, these data will be combined with dissolved and 
particulate (i.e. biogenic) Si isotopes (δ30SiDSi and δ30SiBSi) to better 
understand the marine biogeochemical Si cycle in the region (Closset 
et al., 2016). These data can also be coupled with the 234Th flux method 
where the BSi will enable estimation of BSi export fluxes (Cao et al., 
2020) for a better understanding of the functioning of export within the 
biological carbon pump. 
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