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Significant impact of lithogenic dissolution from subantarctic volcanic
islands on the regional marine silicon cycle

Edwin Cotard ,1* Valentin Deteix,1 Frédéric Vivier ,1 Arnaud Dapoigny,2 Sandrine Caquineau,1

Damien Cardinal1*
1LOCEAN-IPSL (Sorbonne Université, IRD, CNRS, MNHN), Paris, France; 2LSCE-IPSL (Paris Saclay, CEA, CNRS, UVSQ),
Saint-Aubin, France

Abstract
Silicic acid controls the production of diatoms, a predominant phytoplankton in the Southern Ocean.

Diatoms are major contributors to the biological carbon pump, which is particularly active in the Southern
Ocean as well as in areas naturally enriched in iron, such as around the Kerguelen Plateau. This study evaluates
the factors controlling the biogeochemical cycle of Si and its dynamics in this area and how it is impacted by
the island mass effect using the Si isotopic signatures of both dissolved and biogenic Si. While subsurface winter
waters have similar δ30Si signatures and dissolved Si concentrations, surface δ30Si and dissolved Si values are dif-
ferent between stations. We show that this results from both (i) a different degree of dissolved Si utilization by
silicifiers from winter water as the main Si source and (ii) an additional significant Si source to dissolved Si in
the mixed layer from lithogenic Si dissolution for areas under the influence of the shelf. Indeed, the δ30SiDSi sig-
natures near the islands are homogeneous and lighter by �0.33‰ � 0.07‰ in the mixed layer compared to
the outside plateau station. We estimate such lithogenic Si contribution to dissolved Si at 2.9 � 1.8 μmol L�1 for
a corresponding specific flux of 3.7 � 2.3 � 106 mol km�2 yr�1 in shallow areas around Heard and McDonald
Islands (< 100 m). This Si dissolution flux per surface area is among the highest in the ocean and has a traceable
biogeochemical impact over the Northern Kerguelen Plateau. It is likely due to the active volcanic nature of
these islands combined with subglacial erosion on Heard.

Silicon (Si) is a key element for silicifying marine organisms.
In the form of silicic acid (dissolved Si, DSi), Si controls the pro-
duction of diatoms, which are the predominant phytoplankton
in the Southern Ocean (e.g., Brzezinski et al. 2001; Tréguer and
De La Rocha 2013). Diatoms are key players in the biological
carbon and silicon pumps (Tréguer et al. 2018), which are
particularly active in the Southern Ocean, including in the
naturally iron-rich zones around the sub-Antarctic and Ant-
arctic islands (Blain et al. 2007; Closset et al. 2014). The biologi-
cal carbon pump is a crucial process in the oceanic carbon
cycle, contributing to the sequestration of ca. 13 PgC yr�1

(Khatiwala et al. 2009; Bouttes et al. 2012), although it remains
poorly quantified, with a large spread of estimates (Wang
et al. 2023). The biological carbon pump is often associated
with biogenic silica (BSi) export to deep waters via diatom frus-
tules (Dugdale et al. 1995), making the Southern Ocean a signif-
icant contributor to the global carbon and silicon cycles and
thus to climate (Tréguer et al. 2021).

The Southern Ocean, covering 20% of the World Ocean, is
predominantly a HNLC region (High Nutrient Low Chloro-
phyll), with primary production co-limited by the availability
of light and micronutrients such as iron (Dugdale et al. 1995;
Quéguiner and Brzezinski 2002). South of the Polar Front in
the Antarctic Zone, iron concentrations are very low
(< 1 nmol L�1, Tagliabue et al. 2012), and diatoms are very
abundant (e.g., Armand et al. 2005; Kopczy�nska et al. 2007;
Closset et al. 2015). In fact, their productivity in this zone rep-
resents one third of the silica production in the World Ocean
(Buesseler et al. 2001; Quéguiner and Brzezinski 2002; Tréguer
and De La Rocha 2013). The distribution of silicon at the
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surface is constrained by the upwelling of nutrients at the
Antarctic divergence, then transported northward by Ekman
transport and consumed by diatoms (Brzezinski et al. 2001;
Quéguiner and Brzezinski 2002). Indeed, this upper limb of
the meridional overturning circulation redistributes nutrients
toward low latitudes where the biological carbon pump is
therefore Si limited relative to nitrogen (Moore et al. 2001,
2004; Sarmiento et al. 2004, 2007).

In the Antarctic Zone of the Southern Ocean (south to the
Polar Front), the surface dissolved Si availability is also con-
trolled by the formation of winter water (WW). Winter water
corresponds to a subsurface temperature minimum visible dur-
ing the austral summer as a remanence of the deep winter
mixed layer (Park et al. 1998). As such, dissolved Si concentra-
tion in WW can be considered representative of winter surface
Si stocks and as the source of Si for the surface waters, prior to
the summer restratification (e.g., Trull et al. 2001; Cardinal
et al. 2005; Fripiat et al. 2011b, 2011a). The dissolved Si con-
centrations in the mixed layer (ML) of the Antarctic Zone are
generally non-limiting for diatoms. However, in specific envi-
ronments, such as areas naturally fertilized with micro-
nutrients like iron, the dissolved Si may limit or co-limit the
development of silicifying phytoplankton at specific periods
such as the end of summer (Mosseri et al. 2008; Closset
et al. 2014; Geisen et al. 2022). In this study, we focus on the
Kerguelen Plateau, including the coastal areas of Heard and
McDonald Islands (HMI), which are particularly dynamic
environments (e.g., Park et al. 2008) and naturally Fe fertilized
(e.g., Blain et al. 2007). Consequently, a large seasonal phyto-
plankton bloom dominated by diatoms takes place in the
region (Armand et al. 2008; Mosseri et al. 2008). The main
source of dissolved Si there is attributed to the mixing of the
silicon-rich WW (Fripiat et al. 2011a, 2011b). However, other
sources have been suggested as potentially significant, particu-
larly in late summer when dissolved Si becomes limiting: aero-
sols (Heimburger et al. 2013), basaltic weathering (Fripiat
et al. 2011b), volcanic ashes (Geisen et al. 2022; Deteix
et al. 2024). These different silicon inputs and the efficiency
of the use of the dissolved Si reservoir are difficult to discrimi-
nate and quantify.

The measurement of stable silicon isotopes (28Si, 29Si, 30Si)
signatures, referred to as δ30Si provides essential information for
a better understanding of these key environments. Indeed, dia-
toms preferentially assimilate light silicon isotopes, thus
enriching the dissolved Si stock in surrounding waters with the
heavy isotopes while biogenic Si resulting from opal formation
by diatoms has a marked isotopic fingerprint (e.g., Varela
et al. 2004; Cardinal et al. 2007). The Si isotopic enrichment fac-
tor of diatoms’ uptake, 30ε, was first established at a mean value
of �1.1‰ � 0.2‰ for diatoms (de la Rocha et al. 1997). Com-
piling data from the ACC, the mean 30ε value was estimated at
�1.2‰ � 0.2‰ (De La Rocha et al. 2011; Fripiat et al. 2011b).
Most results from different ACC samples confirmed this mean
in situ fractionation factor estimate (e.g., Closset et al. 2016).

In this study, we focus on the biogeochemical province
south of the Polar Front and around the Kerguelen Plateau
with an unprecedented spatial resolution, including around
HMI that both have active volcanoes. Our goals are to better
characterize the island mass effects on the plateau and its
impact on the distribution of Si and include (i) the identifica-
tion of dissolved Si sources and sinks and (ii) the quantifica-
tion of the dissolution fluxes of lithogenic Si (LSi) on the
Kerguelen Plateau from Heard and McDonald shoal.

Materials and methods
Study site: Antarctic zone of the south-west Indian Ocean
GEOTRACES section GS02 (SWINGS)

The SWINGS cruise took place during the austral summer
onboard R/V Marion Dufresne along a transect in the south-
west Indian Ocean. On this transect, 11 stations were sampled
for dissolved Si and biogenic Si in the Antarctic zone from
15 February to 27 February 2021 (Table 1; Fig. 1). Seven shelf
stations (44, 45, 46, 65, 66, 67, and 68) were identified as
being above the geomorphologically unique Northern Kergue-
len Plateau (bottom depth < 500 m) and potentially naturally
fertilized with micronutrients.

The shelf stations are distributed along an arc following the
geostrophic circulation over the plateau from Heard to Kergue-
len Islands (Park et al. 2008) and were sampled within the
bloom (Fig. 1). Note that Station 68 in our study is at the same
location as the A3 station of the KEOPS and KEOPS-2 cruises
(Blain et al. 2007; Closset et al. 2016). In addition, some sta-
tions were chosen to be as close as possible to the islands in
their coastal zone: Stations 45 and 46 for Heard Island and
65 for McDonald (Table 1). These two islands are volcanically
active, in contrast to Kerguelen. Glaciers are present on the
Kerguelen and Heard islands but not on McDonald. Four sta-
tions (42, 47, 58, 63) are located outside the Kerguelen Plateau
(Table 1). Note that Station 42 was also sampled during the
KEOPS-2 campaign (labeled Kerfix). Station 47 is located in
the Southern Enderby Basin, at the southeastern edge of the
Kerguelen Plateau. Station 58, located in the Australian Antarc-
tic Basin, is the southernmost station on the SWINGS transect.
Finally, Station 63 is located in the core of the Fawn Trough
Current (FTC), where one third of the ACC flows and divides
the Kerguelen Plateau into two zones (Park et al. 2009).

Isotopic measurements
Sample collection, methodology for biogenic Si and

lithogenic Si concentrations are from Deteix et al. (2024)
and are briefly described in Supporting Information Text S1 as
well as the sample preparation for Si isotopes which is based
on well-established methods (MAGIC protocol, Karl and Tien
1992; Reynolds et al. 2006). Parameters for analytical measure-
ments of Si isotopic compositions (δ30Si) are detailed in
Supporting Information Text S2. The mass dependence of the
fractionation is checked by ensuring that δ30Si vs. δ29Si ratios
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plot on a mass fractionation line (Supporting Information
Fig. S2), precluding significant isobaric interferences.

Before each session and regularly during the analysis
sessions, Diatomite, a secondary reference material, was

measured: δ30Sidiat = 1.26‰ � 0.10‰ (Reynolds et al. 2007).
Over the 2 yr of analysis of this dataset, the Diatomite values
are 1.22‰ � 0.05‰ (1sd, n = 50). In addition, another sec-
ondary reference material (seawater GEOTRACES Aloha,
1000 m) was also measured, δ30SiAloha1000 = 1.24‰ � 0.10‰
(Grasse et al. 2017). Over the 2 yr of analysis of this dataset, the
Aloha1000 values are 1.20‰ � 0.05‰ (1sd, n = 15). Chemical
and analytical replicates were also measured over separate ses-
sions for most samples (89% of δ30SiDSi and 71% of δ30SiBSi sam-
ples replicated). The average measured reproducibility for
δ30SiDSi is 0.07‰ (1sd, n = 80) and 0.05‰ for δ30SiBSi (1sd,
n = 30). Note that there was no difference between analytical
reproducibility (single chemical processing of one sample with
several analyses of the same solution) and full replicates (several
chemical purifications), suggesting that most of the uncertainty
comes from the isotopic measurement itself.

Complementary data sets and isotopic models used (open
steady state and Rayleigh models) as well as the calculation for
isotopic mass balance are explained in the Supporting Infor-
mation, respectively Supporting Information Text S3 and S4.

Results
We observed a typical depletion of dissolved Si concentra-

tions toward the surface and a shallower silicicline toward the
south of the transect while the dissolved Si (DSi) isotopic sig-
nature becomes heavier as its concentration decreases because
of the isotopic fractionation at the surface due to the preferen-
tial uptake of light isotopes by diatoms (Fig. 2).

Table 1. Stations are classified into different categories: Northern Enderby Basin, Southern Enderby Basin, Australian Antarctic Basin,
Fawn Trough for stations deeper than 1000 m and HMI (Heard–McDonald Islands) Trough, HMI Shoal and KI (Kerguelen Island) Trough
for stations shallower than 500 m. The mixed layer depth (MLD), determined from visual inspection of temperature, salinity, and density
anomaly profiles, with the density criteria of 0.03 kg m�3 (De Boyer Montégut et al. 2004), and the winter water (WW) depth deter-
mined from visual inspection of the subsurface temperature minimum. For a detailed map of the different sub-areas, the reader is
referred to Supporting Information Fig. S1.

Station Sub-area
Over/outside

Northern Kerguelen Plateau Sampling date Bottom depth (m) MLD (m) WW (m)

42 Northern Enderby Basin

(Kerfix, KEOPS-2)

Outside 15/02/21 1690 107 201

44 HMI Trough Over 17/02/21 289 80 na

45 HMI Shoal Over 18/02/21 82 82 na

46 HMI Shoal Over 18/02/21 116 66 na

47 Southern Enderby Basin Outside 18/02/21 2139 126 198

58 Australian Antarctic Basin Outside 22/02/21 2087 53 80

63 Fawn Trough Outside 24/02/21 2399 97 130

65 HMI Shoal Over 26/02/21 138 22 na

66 HMI Trough Over 26/02/21 409 108 180

67 HMI Trough Over 26/02/21 420 116 150

68 KI Trough (A3, KEOPS and

KEOPS-2)

Over 27/02/21 479 100 180

Fig. 1. Selected hydrographic stations with Si sampling during the
SWINGS cruise between 15 and 27 February 2021. Bathymetry, represen-
ted by a blue color scale, is from the ETOPO1 global relief model. The
Polar Front and the Southern ACC Front, as determined by Park et al.
(2019), are indicated by magenta lines. Arrows denote the average
satellite-derived surface geostrophic velocity field between 16 and
27 February 2021. Green areas represent Kerguelen, Heard, and
McDonald Islands.
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Fig. 2. Sections of (a) dissolved Si concentrations, (b) δ30SiDSi, (c) biogenic Si (BSi) concentrations from Deteix et al. (2024) and (d) δ30SiBSi, of the
SWINGS stations south of the Polar Front, around the Kerguelen Plateau. Graphics from Ocean Data View (Schlitzer 2024).
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Outside plateau stations (42, 47, 58, and 63)
The surface-bottom gradient is particularly marked between

Stations 42 and 58 (Fig. 2; Supporting Information Fig. S3).
Outside Plateau stations are compared with three stations
from the KEOPS, KEOPS-2, and ANTXXIII/9 cruises, respec-
tively (Supporting Information Fig. S3). Surface dissolved Si
concentrations are higher toward the south, ranging from less
than 5 μmol L�1 to more than 25 μmol L�1 (Fig. 2a;
Supporting Information Fig. S3a). Surface δ30SiDSi values range
between 3.38‰ and 2.07‰ for Stations 42 and 58, respec-
tively. The values then homogenize around 1.28‰ � 0.03‰
at 500 m, except for Station 58 with light signatures around
1.0‰ down to 100 m (Fig. 2b; Supporting Information
Fig. S3b). These results are consistent with the concentration
and isotopic ranges found during the cruises over a similar
study area, except for the signatures from Station 42, which
are significantly heavier by 1‰ at the surface (Fig. 2;
Supporting Information Fig. S3; Supporting Information
Table S1).

As discussed in Deteix et al. (2024), biogenic Si (BSi) con-
centrations generally decrease with depth over the first 500 m,
with a marked gradient at Station 58 where we observe a high
biogenic Si patch exceeding 3 μmol L�1 in the first 60 m
(Fig. 2c; Supporting Information Fig. S3c). The isotopic signa-
tures of biogenic Si at the surface are contrasted, with differ-
ences of more than 1.5‰ between Stations 58 and
42 (Fig. 2d; Supporting Information Fig. S3d). This distribution
is inversely proportional to biogenic Si concentrations. Isoto-
pic signatures at Station 58 are particularly light (< 0.9‰),
while they are heavier for Station 42 (> 2.3‰) (Fig. 2d;
Supporting Information Fig. S3d). For Stations 47 and
63 (FTC), the biogenic Si signatures are around 1.6‰ and
remain homogeneous over the first 500 m (Fig. 2d). The data
measured during the KEOPS cruises are similar in concentra-
tion and isotopic signatures, except for one point at 150 m at
Station A11 (KEOPS), where the concentration is higher and
the isotopic signature is lighter, as well as R2 (KEOPS-2),
δ30SiBSi < 0.8‰ (Supporting Information Fig. S3c,d).

Over plateau stations (44, 45, 46, 65, 66, 67, and 68)
Compared with the non-plateau stations, dissolved Si

concentrations in the ML of the plateau stations are more
homogeneous, with a variability of � 7 μmol L�1 (1sd) com-
pared with � 12 μmol L�1 (1sd) for the so-called outside pla-
teau stations (Fig. 2; Supporting Information Table S1).
Surface concentrations range from 23 to 5 μmol L�1 at Stations
65 (McDonald) and 68 (A3, Kerguelen), respectively
(Supporting Information Fig. S4a). Around Heard Island, dis-
solved Si concentrations are particularly homogeneous and
relatively high (> 20 μmol L�1), and are associated with a light
isotopic anomaly in the ML, compared to outside plateau sta-
tions (Fig. 2a,b; Supporting Information Fig. S4a). This anom-
aly extends over all stations with a bottom depth shallower
than 150 m (stations 45, 46, and 65) which have a dissolved

Si isotopic signature of 1.70‰ � 0.14‰ (Fig. 2b; Supporting
Information Fig. S4b).

For stations with bottom depth between 150 and 500 m,
dissolved Si surface concentrations range from 6 μmol L�1

(Station 68) to 15 μmol L�1 (Station 44). As for the outside pla-
teau stations, the values homogenize with depth, with values
exceeding 60 μmol L�1 below 400 m (Fig. 2a; Supporting
Information Fig. S4a). The resulting isotopic signatures in the
ML are 2.23‰ � 0.17‰ and tend toward a value lighter than
1.5‰ with depth. The SWINGS values on the Kerguelen Pla-
teau are homogeneous and consistent with those from KEOPS
Station A3 (Supporting Information Fig. S4a,b).

Biogenic Si concentrations are described in Deteix et al.
(2024). Their Si isotopic compositions are more variable than
δ30SiDSi. Stations 44, 66, and 67 have very homogeneous
δ30SiBSi values at 1.62‰ � 0.03‰ in the ML (Supporting
Information Fig. S4d) and are homogeneous throughout the
water column for Stations 66 and 67. The biogenic Si isotopic
signatures for Station 68 are heavier: 2.00‰ (Fig. 2b;
Supporting Information Fig. S4d). For Stations 44 and 68, the
biogenic Si isotopic data are close to the dissolved Si isotopic
data and lighten with depth (Fig. 2b,d; Supporting Informa-
tion Fig. S4b,d). The biogenic Si SWINGS isotopic values are
similar to those from Station A3 KEOPS (also corresponding to
a summer sampling) and are more than 1‰ heavier than the
spring data from KEOPS-2 at A3 (Supporting Information
Fig. S4d).

Winter water
Winter waters are often used as the sole source of Si in

steady state and Rayleigh models in the Southern Ocean
(e.g., Cardinal et al. 2005; Fripiat et al. 2011b; Closset
et al. 2016), since they are representative of the initial condi-
tions before summer stratification (Park et al. 2014; Blain
et al. 2015). We compile in Table 2 δ30SiDSi signatures of WWs
with their associated dissolved Si concentrations from differ-
ent campaigns in the Antarctic Zone.

While most of the values converge toward isotopic signa-
tures around 1.5‰ to 1.7‰ and dissolved Si concentrations
between 30 and 40 μmol L�1, we note a greater variability in
certain dissolved Si and δ30SiDSi values in the WW. This is par-
ticularly noticeable for the southernmost cruises, as expected
since they are closer to the Antarctic divergence upwelling;
therefore, with higher concentrations and isotopically lighter
dissolved Si.

Nevertheless, the data for the Kerguelen Plateau are similar
between the KEOPS and SWINGS surveys, with no significant
difference between the on-plateau and outside-plateau stations
for SWINGS (excluding Station 58). The variation in dissolved
Si in WW is significant due to the relatively large area covered;
however, the isotopic variations remain remarkably small.
Therefore, in the following, we test a single WW source
(Fig. 3a).
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Dynamics of surface processes
We distinguish two different trends between over and out-

side plateau stations for ML δ30SiDSi vs. dissolved Si concentra-
tion for the SWINGS, KEOPS, and KEOPS-2 cruises (Fig. 3).
This suggests two distinct isotopic systems: outside-plateau
stations (42, 47, 58, and 63) and on-plateau stations (44, 45,
46, 65, 66, 67, and 68). See the Supplementary Text S3 for a
general description of Rayleigh and steady-state isotopic
models and their equations. The stations over plateau or
coastal influence are, on average, 0.58‰ lighter compared to
outside-plateau stations (Fig. 3a; Supporting Information
Table S1).

Outside plateau stations (42, 47, 58, and 63)
Using the mean values of the WWs (Table 2), either Ray-

leigh or steady state cannot explain the use of the dissolved Si
reservoir in the mixed layer for all the outside-plateau stations
(notably Station 42; Fig. 3a). This is different from the KEOPS
HNLC stations that could be systematically explained by a sin-
gle steady state model (Fripiat et al. 2011b). The mixed-layer
isotopic signatures at Station 47, located at the southern end
of the Kerguelen Plateau, can be fully described by a steady
state model (Fig. 3a), which may be induced by repeated
mixing events at depth supplying nutrients to the surround-
ing surface water (Park et al. 2008). The surface isotopic signa-
tures from Station 63, in the core of the Fawn Trough Current,
are more consistent with a Rayleigh model, but if the uncer-
tainty in 30ε is taken into account, the values are also very
close to the steady-state model (Fig. 3a). This is due to a small
f (low relative use of dissolved Si) making both the Rayleigh

and steady-state models indistinguishable. However, two sta-
tions (42 and 58) are atypical and are processed separately in
Supporting Information Text S5 and Supporting Information
Fig. S5.

Over plateau stations (44, 45, 46, 65, 66, 67, and 68)
Compared with the theoretical steady state model, calcu-

lated with the mean SWINGS WW as Si-source, the on-plateau
surface signatures are 0.33‰ � 0.07‰ lighter on average
(Fig. 3a) and cannot explain the plateau isotopic signatures.
During the KEOPS cruise, a similar finding had been reported
for the closest station to Heard Island (C1) and was suggested
to originate from a basaltic input (Fripiat et al. 2011b). A closer
look at Station A3 KEOPS shows that the Si isotopic signature
is also lighter than expected (Fig. 3a).

Moreover, the SWINGS plateau ML dissolved Si isotopic sig-
natures display a very good linear correlation with DSi con-
centration, including data from A3 KEOPS (Fig. 3a), whereas
no light isotopic anomalies were observed during KEOPS-2
(Closset et al. 2016). The KEOPS-2 cruise did not extend to the
south-east of the plateau and was a spring campaign, contrary
to SWINGS and KEOPS (late summer campaigns). Noteworthy,
the values for the WW over the plateau are similar to the
outside-plateau WW (Table 2) and are not impacted by this
anomaly restricted to ML only.

However, we note that the biogenic Si isotopic signatures
of the plateau stations (δ30SiBSi) in the ML are not necessarily
lighter than the outside-plateau stations (1.58‰ for Station
44 and 2.00‰ at Station 68, Fig. 3b) and are close to δ30SiDSi

plateau signatures. In light of the proximity of the bottom

Table 2. Dissolved Si concentrations and δ30SiDSi in WW for SWINGS stations (42, 47, 58, 63, 66, 67, and 68) and average on plateau
and out plateau compared with various oceanographic campaigns.

42 47 58 63 66 67 68

WW
On plateau,
average

Out plateau,
average, without 58

Out
plateau

Out
plateau

Out
plateau

Out
plateau

On
plateau

On
plateau

On
plateau

δ30SiDSi (‰) 1.76 � 0.06 1.74 � 0.09 1.68 1.84 1.51 1.70 1.70 1.81 1.78

DSi (μmol L�1) 31.6 � 4.3 29.1 � 4.8 24.1 29.7 64.2 33.7 32.1 27.0 35.6

SWINGS,
average

(this study) KEOPS-2* KEOPS†

WW 58
All data,

without 58
On

plateau
Out

plateau
On

plateau
Out

plateau ANTXXIII/9‡ BONUS-GH§ EIFEXjj
CLIVAR-
SR3¶

δ30SiDSi (‰) 1.51 1.75 � 0.07 1.76 � 0.03 1.71 � 0.03 1.9 � 0.1 1.5 � 0.0 1.2–1.7 1.57 � 0.33 1.6 � 0.2 1.3 � 0.2

DSi (μmol L�1) 64.2 30.3 � 4.3 31.6 � 2.2 32.9 � 2.2 34.2 � 1.9 52.5 � 3.3 45–90 59 � 22 37.3 � 2.8 60.9 � 9.3

*Closset et al. (2016): October–November 2011.
†Fripiat et al. (2011b): January–February 2005.
‡Coffineau et al. (2014); De La Rocha et al. (2011): February–April 2007.
§Fripiat et al. (2011a): February–March 2008.
jj(Cavagna et al. 2011): January–March 2004.
¶Cardinal et al. (2005): November 2001.
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Fig. 3. δ30Si (‰) vs. dissolved Si concentrations (μmol L�1) in the mixed layer for on-plateau stations (orange triangles for δ30SiDSi and orange circles for
δ30SiBSi), outside-plateau stations (blue triangles for δ30SiDSi and blue circles for δ30SiBSi), KEOPS (Fripiat et al. 2011b) and KEOPS-2 (Closset et al. 2016)
stations (squares) as well as for respective WW (light blue triangles). (a) Blue curves represent the steady state and Rayleigh models for a single
WW SWINGS source (30.3 � 4.3 μmol L�1; 1.75‰ � 0.07‰) and a fractionation factor of �1.2‰ (solid curves) � 0.2‰ (dashed curves). The
dashed orange curve represents the linear correlation for the SWINGS on plateau stations. (b) Orange curve represents the steady state and Rayleigh
models for a single on-plateau source as calculated in Supporting Information Text S6, for a fractionation factor of �1.2‰ (solid curves) � 0.2‰
(dashed curves).
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and the intense mixing over the entire water column, the dis-
solved Si reservoir could be non-synchronous with the bio-
genic Si reservoir in the ML. Indeed, storms were frequently
observed during the SWINGS campaign, particularly around
HMI shoal. Therefore, biogenic Si isotopic signatures will not
be discussed further. In the discussion, we focus on the possi-
ble origins of this dissolved Si isotopically light source.

Calculation of contributions from lithogenic silicon and
winter water

This calculation is developed in Supporting Information
Text S6. We can calculate the relative contributions of WW and
lithogenic silicon (LSi) to this source with a lighter δ30Si signature:

xδ30SiLSiþ 1�xð Þδ30SiWW ¼ δ30SiDSi,calculated plateau source ð1Þ

with, x = proportion coming from dissolution of LSi; δ30SiL-
Si = δ30Si signature of basalt = �0.4‰ � 0.1‰, (Douthitt
1982; Georg et al. 2007); δ30SiWW = 1.75‰ � 0.07‰ (Fig. 3,
Table 2); δ30SiDSi,calculated plateau source = 1.52‰ � 0.20‰
(Fig. 3b; Supporting Information Text S6).

The calculated contribution to ML dissolved Si from the
dissolution of lithogenic Si is 11% � 7% (error estimated from
a Monte Carlo simulation with normal distribution,
n = 1000). Indeed, the high uncertainty is due to the propaga-
tion of the isotopic variability of the plateau source, taken as a
single average source for all the plateau stations.

Calculation of dissolution flux of lithogenic silicon around
Heard and McDonald

Our study using Si isotopes can discriminate the contribu-
tion coming solely from the dissolution of lithogenic Si,
enabling us to calculate the flux. We consider the source area
of the isotopic anomaly on the Kerguelen Plateau to be
748 km2, corresponding to the area with a bathymetry of
maximum 100 m where the isotopic anomaly is visible
(i.e., Stations 44, 45, 46, and 65; Supporting Information
Fig. S6). The average depth in this selected area is 53 m, and
the average residence time from the station near Heard Island
to Station 44 is estimated at 15 d (Supporting Information
Fig. S6). We can thus calculate the Si flux that would be deliv-
ered by this coastal lithogenic Si source to the ML. The con-
centration of Si coming from the dissolution of lithogenic Si
being estimated at 2.9 � 1.8 μmol L�1 (see previous
section Calculation of contributions from lithogenic silicon
and WW), we calculated the Si flux around HMI as follows:

Fluxdissolution of LSi Kerguelen ¼
DSiLSi½ ��Volumeplateau 0 –100ð Þ=
Residence timeplateau

ð2Þ

with, [DSifrom LSi] = 2.9 � 1.8 � 10�3 mol m�3; Volumeanomaly

plateau (0–100) = 53 � 748 � 106 = 396 � 108 m3; Residence
Time = 15 � 2 d = 0.041 � 0.005 yr.

The dissolution lithogenic Si flux around HMI equals
2.8 � 1.8 � 109 mol yr�1, corresponding to a specific flux of
3.7 � 2.3 � 106 mol km�2 yr�1.

Discussion
Two major Si sources over the Kerguelen plateau: Winter
water and lithogenic silicon

To understand the contributions to the ML around the
HMI, it is important to consider the contributions from
the WW (see section Winter water) and from the dissolution
of particulate Si. Isotopic biogenic Si signature in the ML
(δ30SiBSi,ML plateau = 1.71‰ � 0.20 ‰) is not significantly dif-
ferent from the dissolved Si isotopic in the WW (δ30SiDSi

WW = 1.75‰ � 0.07‰, Table 2). This is expected since dis-
solved Si in the WW results from the biogenic Si dissolution
process: indeed, any nutrient contents below the surface are
the result of cumulated remineralization processes during the
water mass journey (neglecting the preformed contribution).
We therefore assume that the isotopic anomaly observed is
due solely to the dissolution of a non-BSi particulate Si pool
that is likely to be lithogenic Si from HMI. Indeed, a signifi-
cant amount of lithogenic Si (> 150 mmol m�2 integrated over
the 200 m) is observed around Heard (Stations 44, 45, and 46)
and McDonald Island (Station 65), while the integrated
lithogenic Si concentration is moderate in the center of the
Kerguelen Plateau (< 50 mmol m�2 for Stations 66, 67, and 68;
Deteix et al. 2024). It can be assumed that the lithogenic Si
decreasing gradient between Heard Island and Station 68 is
mostly due to settling, but also that a small lithogenic Si frac-
tion can be dissolved and transported along the pathway of
water parcels associated with the circulation over the plateau,
as mentioned just above.

Around HMI, the lithogenic Si can be of different origins:

i. Volcanic ash since Heard and McDonald are two volcani-
cally active islands that could generate plume of airborne
volcanic ash which eventually dissolves. With an assumed
isotopic composition similar to basalt (�0.38‰, Opfergelt
et al. 2010), ash dissolution could bring isotopically light
dissolved Si to the water column. Indeed, volcanic ashes
were observed in our mixed layer samples (Deteix
et al. 2024).

ii. Primary minerals since feldspars and amphiboles have also
been observed in our samples (Deteix et al. 2024), in accor-
dance with the basaltic nature of the Kerguelen Plateau.
The impact of minerals (probably including feldspars too)
from terranes in Patagonia has been reported on the isoto-
pic composition of δ30Si (< 0.45 μm, Pryer et al. 2020), simi-
lar to this study.

iii. Glacial weathering can be a source of ocean-reactive detri-
tal material from glacial flour as observed in Arctic fjord,
with a probable impact on coastal δ30Si, where a slight iso-
topic anomaly has been identified too: such glacial
weathering can supply very fine primary minerals along

Cotard et al. Lithogenic Si impact on subantarctic bloom
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with amorphous Si (Hatton et al. 2023). Note that Heard
and Kerguelen Islands have a glacier but Mc Donald
does not.

iv. Benthic LSi dissolution could originate from submarine
basalt weathering, including from hydrothermalism
(Tréguer et al. 2021) and/or direct interaction with coast
such as sandy beaches (Aparicio et al. 2025) or even LSi in
sediments as recently suggested in Antarctic shelf environ-
ments (Cassarino et al. 2020) or in open Southern Ocean
(Closset et al. 2022) from measurements of δ30Si in pore
water.

During the KEOPS survey, the lithogenic silicon (LSi) frac-
tion was estimated to be 32% � 8% of the total particulate Si
at Heard Island (Mosseri et al. 2008). Similarly, during the
SWINGS cruise near Heard Island (Stations 45 and 46) and
McDonald Island (Station 65), the fraction of lithogenic Si was
42% � 11% and 30% � 5%, respectively (Deteix et al. 2024).
The Kerguelen Plateau, being a large basaltic igneous province
(Freise et al. 2009), allows us to hypothesize that lithogenic Si
dissolution is mostly of basaltic origin (Fripiat et al. 2011b),
and indeed all LSi sources above could supply LSi with a
basaltic-derived δ30Si signature.

Contributions from lithogenic silicon and winter water
Since we have discussed that the Si source to the ML over

the plateau has likely two origins, WW and LSi, we calculated
the isotopic composition of this source (11% � 7%; see
section Calculation of contributions from lithogenic silicon
and WW) to fit the ML δ30SiDSi (Fig. 3b). Therefore, the
resulting lithogenic Si contribution is an average value that
includes the variability among the plateau stations. This pro-
portion combined with the calculated source concentration
(26.3 � 5.6 μmol L�1), corresponds to a dissolved Si input of
23.4 � 1.8 μmol L�1 from the WW and 2.9 � 1.8 μmol L�1

from the dissolution of lithogenic Si. This result is in agree-
ment with that obtained during KEOPS near Heard Island
established at 2.6 � 1.3 μmol L�1 or 10% � 5% coming from
LSi too. This initial estimate was based on few measurements
in the ML of only one station (Fripiat et al. 2011b) while ours
integrates the data from all SWINGS plateau stations (Eq. 1).
Similarly, a contribution of 10% from basalt alteration has
been tested with modeling on the Kerguelen Plateau and
appears to be consistent (Coffineau et al. 2014). However, no
distinction can be made between dissolution either directly
from the lithogenic Si in sediment, or from the oceanic crust
weathering or from dissolution within the water column.

Since the WW over the Plateau shows no isotopic anomaly,
this indicates that the lithogenic Si dissolution is significant
only in the upper 150 m around HMI. This could then fertilize
the inner part of the shelf and give rise to the bloom observed
in particular at Station 66. To explain the position of the
bloom which is not taking place in the coastal areas but is
located further north of Heard (Supporting Information

Fig. S1), Van Beek et al. (2008) suggested for the KEOPS cruise
that bathymetry plays a crucial role, constraining primary pro-
duction and limiting it immediately around HMI due to
intense mixing and turbulence. Dissolved elements from parti-
cles can then be transported to the surface via the geostrophic
current on the Kerguelen Plateau (Fig. 1; Park et al. 2008). In
the following, we now estimate the lithogenic Si dissolution
fluxes.

Dissolution flux of lithogenic silicon around Heard and
McDonald

The use of silicon isotopes makes it possible to isolate the
contribution from the dissolution of lithogenic silicon.
The resulting flux from the environments around HMI is
calculated in section Calculation of dissolution flux of
lithogenic silicon around Heard and McDonald (2.8 � 1.8
� 109 mol yr�1, corresponding to a specific flux of 3.7 � 2.3
� 106 mol km�2 yr�1). Recent studies have shown that detrital
(i.e., subglacial amorphous Si) material is supplying dissolved
Si to diatoms in glaciated margins (e.g., off Greenland; Ng
et al. 2024). Similarly, several experiments have reported sig-
nificant dissolution of river sediments (Oelkers et al. 2011;
Jones et al. 2012). In our case, the studies by Cheize et al.
(2019), Pearce et al. (2013) and Morin et al. (2015) are particu-
larly interesting as they consider basaltic material in seawater.
The silicon solubility of such basaltic particles can reach
0.17% over a period of around a few months for basalts in
Kerguelen sediments (Pearce et al. 2013) or even 0.33% �
0.04% for Heard Island basaltic sediments resuspended in sea-
water (Cheize et al. 2019). This dissolution can have a signifi-
cant impact on primary production (Jeandel et al. 2011).
Similarly, Geisen et al. (2022) report a Si solubility of 1.25% �
0.51% and 0.11% � 0.05% of desert dust and volcanic ash
aerosols (dry deposition), respectively, after 48 h in natural
Kerguelen area surface seawater, both aerosols containing feld-
spars; such Si supply induced a significant increase in diatoms
and primary production in microcosm incubations from Ker-
guelen Plateau.

Supporting Information Table S2 compiles some of the
global and regional Si fluxes of lithogenic origin to the ocean
and shows great variability. In the global ocean, the dissolu-
tion flux of lithogenic Si from the weathering of basaltic oce-
anic crust has been estimated at 1.9 � 0.7 � 1012 mol yr�1

(Tréguer et al. 2021). This flux includes the dissolution of ter-
restrial lithogenic material brought by erosion from rivers on
shelves that are not differentiated from the alteration of oce-
anic basalt crust. Dissolved Si fluxes from oceanic basalt are
indeed among the most poorly constrained in the marine Si
cycle, and Frings (2017) estimates a global specific flux
10 times higher than Tréguer et al. (2021). These global fluxes
are not focused on shallow areas, and they use a very large sur-
face (including e.g., carbonate ooze sediments), which
decreases dramatically the specific flux. Focusing on coastal
areas, a recent study reports a global Si supply from the
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dissolution of sandy beaches to the ocean similar to that of
rivers (Aparicio et al. 2025; Supporting Information Table S2),
a process that was already highlighted by measurements of
the Si isotopic composition of the surrounding waters (Ehlert
et al. 2016; Supporting Information Table S2) but not quanti-
fied globally.

Comparison with regional and global specific lithogenic
silicon dissolution fluxes

Our Si specific flux estimate based on Si isotopic anomaly is
much higher than the specific fluxes estimated globally on
opal-poor sediment by Tréguer et al. (1995; 2021; by a factor
of �270 and �140, respectively) and 20 times higher than the
global estimate of Frings (2017). This reflects first the high
uncertainty of the global Si fluxes to the ocean but most prob-
ably also the particularity of the Heard and McDonald region.
Indeed, our specific flux is comparable to the Si dissolution
flux from simulated volcanic ash dry deposition (single event
of 25 mg ash L�1; Geisen et al. 2022) while being two orders
of magnitude higher than the one measured from simulated
resuspended Heard sediment (5 mg sediment L�1; Cheize
et al. 2019). This suggests that fresh lithogenic material,
including volcanic ashes from Heard and McDonald to the
surrounding coastal zones, is more likely to be the cause of
the Si isotopic anomaly than only the strong connection
between shallow sediment and the ML with the intense
mixing of the water column. Indeed, the nepheloid may
remobilize lithogenic material already weathered that releases
relatively less Si, as reported by Cheize et al. (2019).

Recently, diffusive fluxes of dissolved Si to the bottom
waters from interstitial waters have been estimated at 3.2
� 104 to 5.5 � 104 mol km�2 yr�1 from the dissolution of
lithogenic Si in the HNLC Antarctic zone (Closset et al. 2022).
These fluxes are much lower than ours, which is expected
since they are based on open ocean deep Southern Ocean sedi-
ments. The amount of lithogenic Si resuspended on the pla-
teau, particularly in Heard and McDonald areas, is obviously
greater than in the open ocean HNLC zone, as confirmed by
the presence of primary minerals and volcanic ashes in our
shallow samples (Deteix et al. 2024). Mixing is particularly
intense at Heard and McDonald Stations, likely favoring
greater dissolution (Jeandel 2016; Aparicio et al. 2025). At this
stage, it is difficult to ascertain whether subglacial and/or vol-
canic supply dominates our additional Si source, but both
have been shown from previous studies to possibly supply sig-
nificant dissolved Si to diatoms (Ng et al. 2024; Geisen
et al. 2022).

Indeed, subglacial specific Si fluxes from the northern high
latitudes are also very variable but could reach a magnitude
approaching ours (see the higher limit of Ng et al. 2020 esti-
mate compiled in Supporting Information Table S2). Since
McDonald Island is ice-free, the common feature with HMI is
the presence of active volcanoes which would favor the
hypothesis on the significant role of volcanic ashes. Heard

and McDonald Islands volcanic aerosols have previously been
identified as Fe suppliers to the surrounding waters (Perron
et al. 2021). Noteworthy, van der Merwe et al. (2019) report
that subglacial erosion is a significant source of Fe around
Heard, while active hydrothermalism could be the main pro-
cess for Fe supply around McDonald. Our very high specific Si
flux estimate for HMI stations of SWINGS could therefore
result from a combination of these particular processes in the
area (volcanism, subglacial erosion, maybe also hydro-
thermalism). Further studies would be needed, focusing on
quantifying HMI volcanic aerosol fluxes and fate, Si solubility
of fresh continental eroded material (including subglacial par-
ticles from Heard), as well as implementing a survey on sub-
marine hydrothermalism and/or basalt weathering. Our study
confirms the recent interest in studying the land-to-ocean
continuum in polar environments to better constrain the Si
fluxes and their biogeochemical impacts in the ocean
(Jankowski et al. 2023), including the use of Si isotopes
(e.g., Hirst et al. 2020; Brzezinski et al. 2021; Hendry
et al. 2025).
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