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Abstract

This study presents 6 new water column profiles of the silicon isotopic composition
(δ30Si) of dissolved silicon (DSi) from the Atlantic and the Indian sectors of the South-
ern Ocean and a variable depth box model of silica cycling in the mixed layer con-
structed to illuminate the evolution of surface ocean δ30Si over the full course of a year.5

In keeping with previous observations, δ30Si values ranged from +1.9 to +2.4 %� in the
mixed layer (ML), +1.2 to +1.7 %� in Winter Water (WW), and +0.9 to +1.4 %� in Cir-
cumpolar Deep Water (CDW). These data also confirmed the occurrence of diminished
values for ML δ30Si at low DSi concentrations in early austral autumn on the Kergue-
len Plateau. The box model was used to investigate whether these low, post-growing10

season values of δ30Si were related to input of DSi to the ML from basalt weathering,
biogenic silica dissolution (with or without isotopic fractionation), the onset of winter
mixing, or some combination of the three. Basalt weathering and fractionation during
biogenic silica dissolution could both lower ML δ30Si below what would be expected
from the extent of biological uptake of DSi. However, the key driver of the early autumn15

decrease in δ30Si appears to be the switch from bloom growth (with net removal of DSi
and net accumulation of biogenic silica (BSi) biomass) to steady state growth (when
slow but continuing production of BSi prevented significant net increase in DSi concen-
trations with diffusive input of DSi from WW but not decrease in ML δ30Si towards WW
values). Lastly, fractionation during dissolution had only a negligible effect on the δ30Si20

of BSi exported throughout the course of the year, implying that seasonal changes in
export efficiency (e.g., favoring the export of bloom BSi vs. the export of BSi produced
during other times of the year) strongly influence the δ30Si of BSi accumulating in ma-
rine sediments. Altogether, these results suggest that as a paleoceanographic proxy,
δ30Si may more reflect the dominant mode of production of the BSi that is exported25

(i.e. bloom vs. steady state growth) rather than strictly the extent of DSi utilization by
diatoms.
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1 Introduction

Diatoms, which are phytoplankton that produce frustules of amorphous, hydrated silica
(opal), fractionate silicon isotopes when they take up dissolved silicon (DSi) and use it
to produce this biogenic silica (BSi). This results in BSi with a silicon isotopic compo-
sition (δ30Si) roughly 1.1 %� lower than its DSi source and marine surface waters with5

δ30SiDSi values that generally increase as DSi is increasingly removed by diatoms (De
La Rocha et al., 1997, 2000, 2011; Milligan et al., 2004; Varela et al., 2004; Cardinal
et al., 2005; Beucher et al., 2008, 2011; Fripiat et al., 2011a,b; de Brauwere et al.,
2012; de Souza et al., 2012). A pure relationship between the biological removal and
the isotopic composition of DSi is, however, complicated by input of DSi to the sur-10

face ocean through vertical mixing (and the episodic vs. continuous nature of this input
relative to the biological uptake of DSi), the dissolution of BSi (a process which may
have an isotopic fractionation of −0.55 %� associated with it; (Demarest et al., 2009)),
and, in relevant regions, the weathering of lithogenic silica such as basalt (Fripiat et al.,
2011a,b; Oelkers et al., 2011).15

One of the places where the distribution of silicon isotopes has been most intensely
investigated is the Southern Ocean, which, in addition to being one of the major high
nutrient, low chlorophyll (HNLC) regions of the ocean, is an ocean with a strong and
dynamic silica cycle. Among the Southern Ocean’s key features is the Antarctic Cir-
cumpolar Current (ACC) that connects the Indian, Atlantic, and Pacific ocean basins20

(Orsi et al., 1995). This strong circumpolar flow is diverted in places by submarine to-
pography and this is particularly the case for the Kerguelen Plateau (Fig. 1) (Orsi et al.,
1995; Cunningham, 2005; Park et al., 2008). The Kerguelen Plateau is a large igneous
province (LIP) in the Indian sector of the Southern Ocean that acts as a barrier to the
circumpolar flow of the ACC, forcing 2/3 of the flow to pass along the northern escarp-25

ment of the plateau, which lies to the north of Kerguelen Island, and the remaining
third to flow through the Fawn Trough, which lies to the south of Heard Island (Park
et al., 1993; Mongin et al., 2008; Roquet et al., 2009). Thus, despite being in the midst
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of the ACC, the relatively shallow region between Kerguelen Island and Heard Island
represents a zone of weak eastward circulation (Park et al., 1998b; McCartney and
Donohue, 2007; Roquet et al., 2009), with the potential for a high degree of nutrient
recycling (due to its retention of water and particulates) and of input of material from
the subaerial and submarine weathering of basalt. These factors allow considerable5

biological nutrient removal and buildup of standing stocks of chlorophyll and BSi to oc-
cur in this area during phytoplankton blooms relative to the surrounding open ocean
waters of the ACC (De La Rocha et al., 2011; Fripiat et al., 2011a).

Interestingly, in this region between Kerguelen Island and Heard Island, the δ30Si of
DSi in surface waters (depths of 10–50 m) at low concentrations of DSi is high (+2.4 to10

+2.7 %� at 2 to 12 µM) in late January/early February (about 6 weeks into austral sum-
mer) (De La Rocha et al., 2011; Fripiat et al., 2011a). This is as expected from a high
degree of biological removal of DSi, but by the end of March (early austral autumn)
this is no longer the case (De La Rocha et al., 2011). At this point, at concentrations of
DSi which are still low (4 to 17 µM), surface water δ30Si clusters around +1.8 %� (De15

La Rocha et al., 2011), suggesting some process lowered surface water δ30Si without
notably increasing DSi concentrations. This early autumn decrease in δ30Si could rep-
resent the beginning of seasonal mixing of Winter Water (whose δ30Si ranges between
+1.2 and +2.2 %� (Fripiat et al., 2011a)) with the surface mixed layer on the plateau.
Alternatively, the DSi pool in the mixed layer in early autumn, when DSi concentra-20

tions are low, could contain a maximal proportion of DSi from basalt weathering (which
could have a δ30Si anywhere from −1.0 to +1.5 %� (Douthitt, 1982; Ziegler et al., 2005;
Georg et al., 2007b), based on studies of the subaerial weathering of basalt). Lastly,
the early autumn DSi pool could also or instead contain a significantly high proportion
of DSi that was dissolved from sinking BSi, which would also act to lower its δ30Si.25

To examine these possibilities, we constructed a biogeochemical model of silica and
silicon isotope cycling in the region. In this model, phytoplankton growth rates are con-
trolled by the availability of light (i.e. depending on day length and mixed layer depth)
and DSi concentrations. DSi is input to the mixed layer by deepening of the mixed layer
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depth and, in some simulations, from basalt weathering. The DSi incorporated into
BSi that does not dissolve within the mixed layer is exported from it through sinking.
This model differs considerably from the models recently presented by (de Brauwere
et al., 2012; Fripiat et al., 2012) by being driven by changes in mixed layer depth and
day length and by incorporating basalt as a potential source of DSi. This model can5

be used to track the size and δ30Si of dissolved and biogenic silica pools throughout
the year and to follow the δ30Si values relate to bloom vs. steady state phytoplankton
growth and silica production, surface ocean stratification vs. mixing, and the dissolution
of BSi and/or basalt.

2 Material and methods10

2.1 Data sampling and analyses

During the ANTXXIII/9 campaign, samples for silicon isotopes (δ30Si) were collected
for six depth profiles (Fig. 1) along the edge of the ice shelf in the Atlantic and In-
dian sectors of the Southern Ocean and on the Kerguelen Plateau (see De La Rocha
et al. (2011) for more details of the cruise). Water samples from the Niskin bottle rosette15

were filtered through 0.6 µm polycarbonate filters and then stored at room tempera-
ture in acid-cleaned LDPE bottles. The dissolved silicon concentrations of these never-
frozen samples were measured colorimetrically with a spectrophotometer (Shimadzu
UV-1700) following the formation and reduction of silicomolybdate (Strickland and Par-
sons, 1972).20

The first step in the isotopic analysis of the DSi was its extraction as triethylamine
silicomolybdate and then combustion to form SiO2 (De La Rocha et al., 1996). This
silica was dissolved in 40 % HF at a F : Si ratio of 100 molmol−1, ensuring enough of
an excess of F to form SiF2−

6 ions rather than SiF4 gas. The silicon was further purified
via anion exchange chromatography following Engström et al. (2006) as detailed in De25

La Rocha et al. (2011). In brief, samples of 4 µmolSi in 52 mMHF were loaded onto
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columns of AG 1-X8 resin (100–200 mesh, Eichrom) preconditioned with 2 M NaOH.
Any contaminants remaining after the initial extraction and combustion were eluted
using a solution of 95 mMHCl+23 mMHF. Purified Si was then eluted with a solution
of 0.14 MHNO3 +5.6 mMHF. All acids used were Suprapur (Merck) and were diluted
using MilliQ water (18.2 MΩ− cm).5

Purified samples were diluted to 2 ppm Si and doped with 0.1 ppm Mg and mea-
surement of silicon isotope ratios was carried out in Brest, France on a Neptune MC-
ICP-MS (Thermo Scientific) (see Table 1 for operating conditions). Values of 30Si/28Si
and 29Si/28Si were initially corrected for instrumental mass bias using Mg-correction
(Cardinal et al., 2003), for example:10 (

30Si
28Si

)
corr

=

(
30Si
28Si

)
meas

×
(

30SiAM
28SiAM

)εMg

(1)

where (30Si/28Si)corr (the corrected ratio of 30Si to 28Si) is calculated from
(30Si/28Si)meas (the measured ratio of 30Si to 28Si), 30SiAM and 28SiAM (the atomic
masses of 30Si to 28Si), and εMg, which has been calculated from the beam intensi-
ties at mass 25 and 26:15

εMg = ln


25MgA
26MgA(

25Mg
26Mg

)
meas

÷ ln

[
25MgAM
26MgAM

]
(2)

where 25MgA/
26MgA is the ratio expected based on the known natural abundances of

the isotopes, (25Mg/26Mg)meas is the ratio that was measured, and 25MgAM and 26MgAM

are the atomic masses of 25Mg and 26Mg.
Measurements of samples occurred between measurements of the standard NBS28,20

with each reported value consisting of 3 full measurements of a standard and 2 full
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measurements of a sample, with the values reported as δ30Si:

δ30Si =
Rsam −Rstd

Rstd
×103 (3)

where Rsam is the Mg-corrected sample 30Si/28Si and Rstd the mg-corrected ratio for
NBS28.

The precision on individual measurements of δ30Si was typically ±0.04 %� (1σ stan-5

dard deviation). The long term precision (also 1σ SD) for the procedure (i.e. including
the column chemistry) was ±0.07 %�. Backgrounds and procedural blanks were both
less than 1 % of the sample signal. Measured values fell along the expected mass
dependent fractionation line δ30Si= (δ29Si)1.93.

2.2 Model10

To better appreciate the δ30Si data from the Kerguelen Plateau, we built a one box
model of the silica cycle in the surface mixed layer in this area, as described in detail
in following sections. Among other things, this model takes into consideration the sea-
sonal variation in the depth of the mixed layer using techniques developed in previous
modeling studies (Evans and Parslow, 1985; Fasham et al., 1990; Platt et al., 2003).15

2.2.1 Model structure

We used a simple box-model to simulate the main features of the seasonal variations
in DSi and BSi observed around the Kerguelen Plateau. The model consisted of 1
variable depth box (Fig. 2), the Mixed Layer (ML), which is the sunlit (euphotic) zone
where phytoplankton grow. The model was forced using the observed climatology of20

(1) the ML depth, (2) the concentration of DSi below the ML, and light intensity at the
surface around the KERFIX time series station located at the edge of the Kerguelen
Plateau (50◦40′ S, 68◦25′ E) (Jeandel et al., 1998; Park et al., 1998a; Fasham et al.,
2006). The small intrinsic time step (0.05 d−1) allows consideration of the model as
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if all processes (mixing, production, dissolution, etc) happen concurrently. For each
simulation, the model was run from 1 July (austral winter) until 30 June. Model spin-up
was attained after the 3rd year; the results given in this paper are from year 6 of each
model run.

Following Fasham et al. (1990), the ML was considered biologically homogeneous.5

The depth of the ML varied from 72 to 215 m, depending on the time of year, in accor-
dance with data from KERFIX (Jeandel et al., 1998). The deepening of the mixed layer
via convective overturning in autumn diluted the ML diatom biomass and replenished
the surface box with DSi (whose concentration decreased during spring and summer
as it was used for diatom growth). Conversely, when the mixed layer shoaled, there10

was no dilution of biomass and nutrient input to the ML occurred only through diffu-
sion. BSi was produced only in the ML and it was not returned from WW to the surface
box via mixing. The concentration of DSi in the WW added to the ML was allowed
to vary through the seasons based on DSi data from KERFIX. The isotopic compo-
sition (δ30Si) of the WW, however, was fixed at +1.60 %�, representing an average15

between values from the KEOPS dataset (+1.80±0.24 %� (Fripiat et al., 2011a) and
the +1.40±0.04 %� from CTD 8 (see results)).

For the sake of simplicity and because the concentrations of the other macronutrients
are never low enough in this region to be limiting to phytoplankton growth (Jacques,
1983; Sommer, 1986), DSi was the only nutrient represented in this model. In addition,20

the diatoms (in the form of biogenic silica, BSi) were the only phytoplankton repre-
sented as they are the main group influencing the silica cycle in the modern day ocean
(Jeandel et al., 1998; Tréguer and De La Rocha, 2013).

BSi production in the ML was governed by the concentration of living BSi, the DSi
concentration, and the availability of light (which depended on day length and ML25

depth). BSi was lost from the ML through both sinking (export) or dissolution back
to DSi in the ML. Thus changes in the concentrations of DSi and BSi in the ML were
controlled by a combination of physical processes (mixing, BSi dissolution, and BSi
sinking) and biological processes (DSi uptake, BSi production, and diatom mortality).
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2.2.2 Model equations

Equations for change in concentrations of DSi and BSi

Temporal changes in the concentrations of DSi and biogenic silica (BSiA for living di-
atoms, BSiD for dead diatoms) are written:

dDSi
dt

=Mbst +MDSi
WW − P +D (4)5

dBSiA
dt

= −MBSiA
WW + P −Mt (5)

dBSiD
dt

= −MBSiD
WW +Mt −D−E (6)

In Eq. (4), Mbst (µmol−SiL−1) is the quantity of DSi input from the basalt weathering.
Basalt input is zero, constant, or variable depending on the run. The constant input10

(0.001103 µmolL−1 per time step) sums to an amount equivalent to 10 % of the yearly
total DSi input from the WW while the variable input is a quantity equal to 10 % of the
WW input at each time step. In all equations, MWW is the mixing of DSi or BSi between
the WW and the ML (through diffusion and entrainment). In Eqs. (4) and (5) P is the
production of BSi in the ML, and D is BSi dissolution. Finally, in Eqs. (5) and (6), Mt15

is the amount of dead diatom biomass and E is the quantity of dead diatom biomass
exported out of the ML. Each of these processes is described below.

Mixing (MWW) is parameterised in the same manner for BSiA and BSiD according to
(Evans and Parslow, 1985; Fasham et al., 1990). For DSi, this term is written:

MDSi
WW =

(DSiWWt −DSiMLt−1)×

 m
Ht−1

+
max((

Ht−1−Ht
dt ),0)

Ht−1

 , (7)20

where DSiWW and DSiMLare, respectively, the DSi concentrations in the Winter Water
and mixed layer, m is the mixing coefficient (in units of md−1), and H is the depth, in
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m, of the mixed layer at time t (d) and (DSiWW −DSiML) is the gradient of concentration
at the base of ML (Evans and Parslow, 1985; Fasham et al., 1990).This equation takes
into account vertical mixing at the boundary between the 2 water masses and the
motile and non-motile entities (Evans and Parslow, 1985; Fasham et al., 1990). This
results in increased concentration of DSi due to vertical mixing in the ML when mixed5

layer depth deepens, and in input of DSi to the ML from diffusive mixing only when the
mixed layer depth shoals (Platt et al., 2003). In the model, the depth of the mixed layer
(H) at each time t is calculated by interpolating monthly-averaged data from the times-
series station KERFIX (Jeandel et al., 1998; Park et al., 1998a; Fasham et al., 2006).
Similarly, seasonal variations of the DSi concentration in the Winter Water (DSiWW) are10

calculated using monthly-averaged data from KERFIX. The mixing of BSi is handled in
exactly the same way as DSi (see Eq. 5), although the concentration of BSi in the WW
is assumed to be 0 µmolL−1 so that BSi is not entrained into the ML from WW during
mixing.

The second process (P , µmol−SiL−1 d−1) represents the diatom growth rate, or the15

production of BSiA. It is written:

P = µmax ×
[

DSi
DSi+KSi

×
(

1−
(

exp

(
−ϕP ×IH ,t

µmax

)))]
·BSiA. (8)

In this equation, the diatom growth rate is governed by the availability of DSi and light by
a multiplicative limitation term (Paasche, 1973). The maximal growth rate is µmax (d−1)
and KSi (µmol−SiL−1) is the half-saturation constant for silicon uptake. The second part20

of the equation accounts for light limitation, with IH , W m−2 being the mean intensity of
light in the mixed layer and ϕP (d−1 (Wm−2)−1) being the affinity of the phytoplankton
for light (Platt and Jassby, 1976). The mean light intensity at time t is calculated using
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the Beer Lamberg law of light extinction:

IH ,t =
1
Ht

z=Ht∫
z=0

I0,texp(−KPAR,tz)dz, (9)

which gives:

IH ,t = (
I0,t

Ht
)×
[

(
1

KPAR,t
)− (

1
KPAR,t

)×exp(−KPAR,t ×Ht)
]

. (10)

In Eq. (9 and 10), Ht is the depth of the mixed layer (m), I0,t, is the photosynthetically5

available radiation (PAR) at the surface of the ocean (in Wm−2), and KPAR,t (m−1) is the
extinction coefficient for PAR.

A climatology of the mean daily PAR at the surface of the ocean, I0,t was built us-
ing predicted downward solar radiation from the European Centre for Meteorological
Weather Forecast (ECMWF, in Fasham et al., 2006)10

I0,t =
(130+20)

2
+55× sin(2×π× t

365
+243). (11)

In Eq.(10), KPAR,t was calculated using the formulation of (Nelson and Smith, 1991):

KPAR,t = 0.04+0.0088×Chl at +0.054×Chl a2/3
t . (12)

In the model, the biomass of chlorophyll a, Chl at, was calculated from the BSi con-
centration using the molar ratios Si : N= 4 : 1 (a typical value for the Southern Ocean;15

Pondaven et al., 1998) and C : N = 106 : 16 (the Redfield ratio), and the mass ratio
C : chlorophyll= 80 : 1 (Chan, 1980) as follow:

Chl at = BSiA · Si
N

· C
N
· 12
14

· Chl a
C

. (13)
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The last parameter of Eq. (4), D (µmol−SiL−1 d−1), accounts for dissolution of BSi. In
the model, only dead diatoms (BSiD) are allowed to dissolve. It is calculated following

Nugraha et al. (2012). The fraction of BSi dissolved in the ML, SR, depends on two
parameters, the specific remineralisation rate of detritus (τ,d−1) and the sinking velocity
of particles (V , md−1). In the box model, we derived estimates of SR using the following5

relationships:

SR =
1
Ht

z=Ht∫
z=0

(
1−e

(
−τx (Ht−z)

V

))
p(z)dz. (14)

where, H is the depth of the surface layer and p(z) is a probability distribution for
particles in the water column. For simplicity, we assumed that BSi was homogeneously
distributed between z = 0 and z = H . Integration of this equation between z = 0 and10

z = H yielded:

SR = 1−
(

1−e
−τH
V

) V
τH

. (15)

The sinking velocity V is calculated as follows:

V = Vmin +
Vmax

1+
(

BSiTt−1
1

)−2
, (16)

with Vmin and Vmax being the minimum and the maximum sinking velocities allowed (in15

md−1).
Thus

D = SR ·Mt. (17)
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The mortality term of living diatoms (BSiA), is written:

Mt = (g ·
BSiA

(BSiA +0.1)
·BSiA), (18)

with g being the mortality rate of diatoms (d−1). As higher trophic levels (i.e. zooplank-
ton) are not explicitly included in the model, a quadratic formulation was used to pa-
rameterise grazing on diatoms (see for example Steele and Henderson, 1995).5

The final term in Eq. (6), E (µmol−SiL−1 d−1), describes the loss of dead diatom due
to sinking out of the mixed layer.

E =
Vt
Ht

·BSiD (19)

The parameter values utilized in the modelling are given in Table 2.

Equations for change in the isotopic composition of DSi and BSi10

In the model, the ratio (R) of silicon isotopes (30Si/28Si) of DSi and BSi was calculated
based on mass balance and by isotopic fractionation during processes for which this
is known to be important. For example, the change in the 30Si/28Si of DSi of the ML
with time is influenced by mixing with the WW, removal of DSi for BSi production, the
dissolution of BSi, and, in a subset of model runs, input from the subaerial and/or15

submarine weathering of basalt:

dRDSi
dt

=
(([DSi]bst ·RDSibst)+ ([DSi]m ·RDSim)− ([DSi]p ·RDSip)+ ([DSi]ds ·RDSids))

[DSiT ]
(20)

It was difficult to ascribe a precise value for the silicon isotope ratio produced through
basalt weathering (RDSibst) because to date there has been no study of isotope frac-
tionation during the submarine weathering of basalt. Several studies have noted the20
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typical δ30Si of basalt itself of −0.29 to −0.50 %� (Ziegler et al., 2005; Georg et al.,
2007b; Abraham et al., 2008; Bern et al., 2010; Opfergelt and Delmelle, 2012; Pogge
von Strandmann et al., 2012). Other studies provide data on the δ30Si of DSi produced
during the subaerial weathering of basalt, yielding values ranging from −1.0 to +0.4 %�.
We have thus tested a range of values for the δ30Si of DSi from basalt weathering from5

−1.0 to +0.7 %� (Ziegler et al., 2005; Georg et al., 2007a,b; Pogge von Strandmann
et al., 2012).

Likewise, the change in the isotopic ratio of live BSi (BSiA) over time represented
a mixture of old and newly produced BSiA (see Table 3 for abbreviation):

dRBSiA
dt

=
([BSiA]p ·RBSiAp

)

[BSiA]T
. (21)10

Similarly, the change in the 30Si/28Si of dead diatom (BSiD) with time represents mass
balance between inputs due to BSi production by live diatoms and to output due to the
death of live diatoms and the dissolution of BSi:

dRBSiD
dt

=
(([BSiD]p ·RBSiDp

)+ ([BSiD]d ·RBSiDd
)− ([BSiD]ds ·RBSiDds

))

[BSiD]T
. (22)

Isotope fractionation occurred during the production of live BSi from DSi and during the15

dissolution of non-living BSi. Isotope fractionation during BSi production within each
time step was calculated following Rayleigh distillation. Although given the very small
time step used, the DSi reservoir was never depleted by more than 1.4 % in each time
step (i.e. inclusion of the Rayleigh distillation in the calculation had an insignificant
effect on the model outcome):20

RBSiA = RDSim ·
(1− f αp)

(1− f )
, (23)

where f is the remaining fraction and αp is the isotopic fractionation factor of 0.9988
during biogenic silica production (De La Rocha et al., 1997).
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Likewise, fractionation during the dissolution of non-living BSi occurred, producing
new DSi and altering the isotopic composition of the dead BSi pool as follows:

RDSi = RBSiDd
·
(1− f αd )

(1− f )
, (24)

with αd the isotopic fractionation factor for biogenic silica dissolution set at either 1 (no
fractionation) or 0.9995 (Demarest et al., 2009), depending on the run.5

3 Results and discussion

3.1 Concentration and δ30Si of DSi and BSi on the Kerguelen Plateau and at the
Antarctic Divergence

As expected, DSi concentrations in Southern Ocean surface waters increased south-
wards, ranging from 11 µM in the surface layer at CTD8 located on the Kerguelen10

Plateau to 56 µM at CTD1 in the Antarctic Divergence in the Atlantic Sector of the
Southern Ocean (Fig. 3a) (Dafner and Mordasova, 1994; Brzezinski et al., 2001; Varela
et al., 2004; De La Rocha et al., 2011). As also expected based on (Brzezinski et al.,
2001; Varela et al., 2004; Cardinal et al., 2005; Fripiat et al., 2011b), the isotopic com-
position of DSi (δ30SiDSi) generally increased with decreasing DSi concentration, both15

at the surface (Fig. 4), and with depth in the water column (Fig. 3b), reflecting the ef-
fects of biological discrimination against the heavier isotopes during DSi uptake and/or
BSi production.

The data from the CTD profiles can be pooled into three categories: DSi concen-
trations between 0–45 µM (the surface mixed layer), DSi concentrations between 45–20

90 µM (WW), and DSi concentrations> 90 µM (Circumpolar Deep Water, CDW). The
δ30SiDSi of the surface layer ranged between +1.90 %� and +2.39 %�, the δ30SiDSi of
WW ranged from +1.20 %� to +1.65 %�, and the δ30SiDSi of CDW varied from +0.92 %�
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to +1.44 %�, all in accordance with previous observations (De La Rocha et al., 2011;
Fripiat et al., 2011a).

The δ30Si of surface water on the Kerguelen Plateau, between Kerguelen and Heard
Islands, has been observed to decrease from values of +2.7 to +2.0 %� at DSi con-
centrations of 2 to 20 µM in late January/early February (austral summer) (Fripiat et al.,5

2011a) to around +1.8 %� at the end of March (early austral autumn) at DSi concentra-
tions that are essentially equivalent (4–17 µM) (samples 51–53 and 58 in (De La Rocha
et al., 2011)). This is not, however, true for the surface water samples taken at the same
time just outside of the relatively shallow area (< 1000 m) between the Kerguelen and
Heard Islands (surface transect samples 43–50 in De La Rocha et al., 2011) or at the10

edge of the plateau (surface values from CTD8 where the seafloor was at 2100 m).
These δ30Si values remain relatively high, around +2.3 to +2.5 %�, at DSi concentra-
tions ranging from 10 to 25 µM. Together, these data are suggestive of a process which
has lowered the surface water δ30Si without notably increasing DSi concentrations in
the shallow, restricted circulation region of the Kerguelen Plateau and without lowering15

the δ30Si of DSi in surrounding surface waters more open to exchange with the waters
of the Antarctic Circumpolar Current (ACC).

At the same time, the plot of δ30Si of DSi vs. DSi concentration for all the Southern
Ocean samples (Fig. 4) suggests that in general, the δ30Si values of DSi at concentra-
tions below 20 µM are somewhat depressed. Isotope fractionation during DSi removal20

should result in values of δ30Si of DSi upwards of +2.5 %� or +3.0 %� at these low con-
centrations, based on either open system (continuous input) or closed system (single
input) models for the evolution of δ30Si in the surface layer during the net growth of di-
atoms (De La Rocha et al., 1997; Varela et al., 2004). Instead, many δ30Si values from
the Southern Ocean at DSi concentrations< 20 µM fall between +1.5 %� and +2.5 %�25

(Fig. 4). While many of these values are the low values from the shallow region of the
Kerguelen Plateau in March, not all of them are, suggesting that whatever process is
at work, it is not unique to this somewhat special region. For example, data from the
Antarctic Circumpolar Current (ACC) south of New Zealand (Cardinal et al., 2005) also
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have relatively low δ30Si values of +1.4 to +2.3 %� at DSi concentrations as low as 1.8
to 18 µM.

There are at least three possible explanations for the low values of δ30Si of DSi
observed.

The first is that DSi input from basalt weathering on the LIP that is the Kerguelen5

Plateau may be reducing the surface water δ30Si values in the shallow region from
the high post-diatom bloom values reported by Fripiat et al. (2011a). These authors
observed some low δ30Si values (around +1.90 %� for DSi at 10 to 50 m) very close
to Heard Island, prompting them to suggest that basalt weathering would add DSi
with a low δ30Si, decreasing the average surface water value. Assuming the δ30Si of10

basalt of −0.3 to −0.4 %� (Douthitt, 1982; Ding et al., 1996; Ziegler et al., 2005; Georg
et al., 2007a,b; Savage et al., 2011) and no fractionation during weathering, Fripiat
et al. (2011a) estimated that 10±5 % of the DSi would have had to come from basalt
dissolution to explain the low δ30Si values near Heard Island. Data from isotopes of
other elements (e.g., Nd) support this estimate (Jeandel et al., 2011; Oelkers et al.,15

2011), assuming their congruent release with Si during the submarine and/or subaerial
weathering of basalt (an assumption that is unlikely to be true).

Another possibility is that the progressively more important recycling of silicon later
in the growing season (and export of BSi with a slightly elevated δ30Si, due to frac-
tionation during dissolution; Demarest et al., 2009) causes the drop in δ30Si of DSi in20

these surface waters without increasing the DSi concentration.
Lastly, the downward shift in δ30Si of DSi at low concentrations of DSi may be sea-

sonal in nature, related to input of lower δ30Si of DSi from WW at the beginning of
autumn occurring with no notable increase in ML DSi concentrations because of the
continued, albeit minimal due to light limitation, production of BSi.25

We have used the box model approach to evaluate each of the three hypotheses
above mentioned.
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3.2 The basic behaviour of the model

3.2.1 The predicted seasonal Si cycle around the Kerguelen Plateau

The purpose of the model was to represent the main features of the annual silica cycle
in the Southern Ocean with particular attention paid to the Kerguelen Plateau. Figure 5
shows that the model does a reasonable job of simulating the annual silica cycle on5

the Kerguelen Plateau. The annual maximum DSi concentration in the ML (24.5 µM)
and the yearly minimum in BSi concentration (1.19 µmolL−1) occurred in September
associated with the annual maximal mixed layer depth (216 m) (Fig. 5) as expected,
although the 5 yr average Kerfix DSi concentrations (15.77±2.95 µM) and BSi concen-
trations (0.29±0.10 µmolL−1) at this time are slightly lower. Likewise, the spring bloom10

of phytoplankton occurred in November resulting in a peak in BSi of 4.90 µmolL−1, ear-
lier and larger than the bloom observed at Kerfix (1.08 µmolL−1). A second bloom in
April (early autumn), expected from the onset of the seasonal deepening of the ML,
resulted in BSi concentrations of 2.86 µmolL−1. Exact values for the modeled concen-
trations of DSi and BSi are sensitive to the values selected for DSi uptake kinetics and15

BSi dissolution rates, and the parameterizations of diatom mortality and BSi sinking.
The similarity obtained between modeled and measured values is encouraging.

The ratio of BSi dissolution to production (D : P) varied throughout the year in the
model (Fig. 6a), ranging from a maximum of 0.64 in winter to a minimum of 0.19 in
summer as diatom growth rates increased. This falls well within the range observed20

over various timescales (daily to annual) in the Southern Ocean (Tréguer and De La
Rocha, 2013), with values< 0.3 taken to reflect conditions during blooms (when rapid
net production of BSi occurs) and the annual average D : P (0.37) falling close to the
roughly expected value of 0.5.

The ratio between DSi uptake and supply also varied throughout the year, driven25

mostly by change in BSi production rates. Rates of BSi production (and therefore DSi
uptake) peaked during the spring bloom, the time when the rate of DSi supply due to
mixing was relatively low (Fig. 6c), resulting in high DSi uptake to supply ratios. The
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ratio of uptake and supply was lowest in early winter, not because of a high rate of
DSi supply (by this time the ML had finished deepening and DSi concentrations were
already close between the ML and the WW, resulting in little net modelled change in
ML DSi concentration), but due to very low rates of BSi production (Fig. 6b). Over the
course of the model year, the DSi uptake to supply ratio ranged from 0.5 to 7.5

3.2.2 Model simulation without fractionation during BSi dissolution, and no
input from basalt

During the basic run of the model (no fractionation during BSi dissolution and no input
from basalt), the δ30Si of DSi and BSi increased during spring growth to reach maximal
values by the end of spring (from +2.0 to +3.7 for DSi and from +0.8 to +2.6 %� for10

BSi) (Fig. 7). These values steeply decreased during summer and continued to decline
through autumn (from +2.6 to +2.2 %� for DSi and from +1.5 to +1.0 %�, for BSi), while
DSi concentrations increased and BSi concentrations decreased due to a combination
of mixing of DSi up into the ML and light limitation of phytoplankton growth.

If this basic model run represents the sum total of the processes influencing the15

isotopic composition and cycling of DSi and BSi on the Kerguelen Plateau, several
conclusions may be drawn.

The first is that there is a period of time, specifically during summer stratification,
when the DSi concentration in the ML is at its annual minimum and relatively constant,
but the δ30Si of the DSi is decreasing over time (Fig. 7b). This is due to diffusive input20

of low δ30Si DSi from WW into the ML, which brings down the average δ30Si of DSi in
the ML. At the same time, Si-limited growth of diatoms is able to maintain the DSi con-
centration at a minimum determined by the DSi uptake kinetics of the diatom species
present. Despite gross production of BSi at this time, BSi concentrations increased only
slightly (from 0.30 to 0.42 µmolL−1 d−1), due to losses to sinking and dissolution that25

are nearly as great as the gains due to production. Thus the input of low δ30Si DSi from
WW coupled with the export of BSi with a δ30Si lower than the δ30Si of the ML DSi,
drives down the δ30Si of the DSi without any increase in DSi concentrations. This alone
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would explain the lower δ30Si for ML DSi observed in early autumn by De La Rocha
et al. (2011) compared to those in the middle of summer by Fripiat et al. (2011a). In
principle then, neither basalt dissolution nor fractionation during BSi dissolution is nec-
essary to attain this result.

The second thing to note is that in all likelihood, none of the published studies have5

sampled the Kerguelen Plateau, or anywhere else in the Atlantic and Indian sectors
of the Southern Ocean, early enough in the growing season to capture the highest
possible values for δ30Si in the mixed layer.

3.2.3 Model run including fractionation during biogenic silica dissolution

In some of the model runs, fractionation during BSi dissolution was allowed to occur10

with a fractionation (ε) of −0.55 %�. At the full extent of expression of the fractionation,
this would produce DSi with a δ30Si that was −0.55 %� compared to the BSi being dis-
solved. This fractionation resulted in a diminishment of the δ30Si of DSi in the model by
roughly 0.2 %� throughout the entire year (Fig. 7). Such fractionation during dissolution
should lower the δ30Si of DSi recycled in the ML, while slightly increasing the δ30Si of15

BSi exported. Thus discrimination against the heavier isotopes during dissolution will
pump Si of slightly higher δ30Si out of the ML, while causing the retention of Si with
slightly lower δ30Si.

In contrast, the effect of fractionation during dissolution on the δ30Si of BSi did not
occur evenly throughout the year, but was largely confined to the higher δ30Si values20

associated with the seasonal phytoplankton bloom. The bloom values were as much
as 0.2 %� lower than they were without fractionation during dissolution while the low
δ30Si values associated with wintertime BSi were identical to those in the simulations
without fractionation during BSi dissolution (Fig. 7). The overall result is a damping of
the annual range of δ30Si of BSi.25

The damping of the yearly range in δ30Si of ML BSi with fractionation during BSi
dissolution is a key result, but for the moment it should be taken cautiously. Note,
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for example, that the winter values for the δ30Si of DSi in all the different simulations
(Fig. 7) did not converge on the WW value of +1.6 %�. In part this can be blamed on
BSi production which occurs throughout the year and thus always consumes some DSi
(Fig. 6a and b), elevating the surface water values of δ30Si, even in winter. By itself,
this is both reasonable and realistic; phytoplankton growth may slow to a crawl during5

winter, but it does not cease entirely. However, the failure of the δ30Si values for DSi
in winter to drop all the way down to the WW value may also be partly an artefact of
the modeling. In winter in the model, gross input of DSi into the ML is relatively low
because the model tracks net input which decreases over the course of the winter as
the DSi concentration of the WW and the ML become similar. In the real world, while10

there would also be little net input of DSi into the ML at this time, exchange of DSi
between the ML and the large pool of WW would still vigorously occur, and the winter
ML values of δ30Si of DSi in the real world are thus probably closer to the WW values
than they are in the model.

Fractionation during dissolution also affected the δ30Si of BSi exported from the ML,15

decreasing it by 0.2 %� during the bloom period but increasing it by 0.3 %� during winter
(Fig. 8b). Despite this, it did not have a significant effect on the yearly average δ30Si of
BSi exported from the ML. The annual average value of exported BSi was +1.64 %� in
the absence of fractionation during dissolution and +1.65 %� with fractionation during
dissolution, values that are both very close to the +1.60 %� value of DSi input to the20

ML from WW (Fig. 8b).
The efficiency of BSi export (BSi exported divided by BSi produced) was not con-

trolled in the model, but varied throughout the year due to changes in the mixed layer
depth, BSi concentration, and the sinking velocity of the BSi. In reality, the controls
on export efficiency are not well understood, but include the compositions and abun-25

dances of the phytoplankton and zooplankton communities, the food web structure,
the episodic vs. continuous nature of primary production, and concentrations of sticky
exopolymers that enable the formation of large, rapidly sinking particles through aggre-
gation. In short, it is likely that export efficiency varies considerably from one time of
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the year to another. Therefore, given the large annual range in the δ30Si of BSi (Fig. 7),
the exact δ30Si of BSi exported and accumulating in the sediments must be strongly
influenced by the variations in BSi export efficiency throughout the year. For example,
if BSi produced during the spring bloom (representing maximal δ30Si values) is prefer-
entially exported to sediments relative to BSi produced during other times of the year5

(representing lower δ30Si), the sedimentary record of δ30Si will be higher than if winter
BSi was preferentially exported, or if there was no variation in export efficiency through-
out the year. This strongly implies that interpretation of paleoceanographic records of
δ30Si would be improved by understanding the extent to which the sedimentary record
serves as a yearly integrated signal or that biased towards one season or another.10

3.2.4 Model runs including basalt weathering

A final set of simulations was run, both with and without fractionation during BSi dis-
solution, but with DSi input into the ML from basalt weathering. This was done in two
ways. In the first, or “constant basalt input” scenario, a small and constant amount of
DSi from basalt was input directly to the ML at each time step to simulate input from15

weathering on Kerguelen and Heard Islands and in shallower areas (seafloor< 250
mbsl) of the Kerguelen Plateau. Over the course of the year, this basalt input was
equivalent to 10 % of the total input from mixing. In the “variable basalt input scenario”,
the δ30Si of WW input to the ML was set to reflect a maximum of 10 % contribution
from basalt weathering at each time step and was therefore linked to the ML depth20

evolution.
Values for the δ30Si of the basalt DSi from −1.0 %� to +1.8 %� were tested, spanning

most of the range of values known for DSi solutions produced during basalt weathering
on land (Ziegler et al., 2005; Georg et al., 2007a; Georg et al., 2007b; Pogge von
Strandmann et al., 2012). For example, DSi with δ30Si values ranging from −1.1 to25

+2.0 have been reported for soil solutions and rivers associated with basalt weathering
in Hawaii (Ziegler et al., 2005), while a range of values of −0.08 %� to +1.51 %� has
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been reported for DSi in Icelandic rivers, also a product of basalt weathering (Georg
et al., 2007b).

Unfortunately, there have been no studies addressing the δ30Si of DSi produced
during the submarine weathering of basalt. While inputs of Si from basalt weathering
on the islands must certainly occur, given that only a small portion of the Kerguelen5

Plateau resides above sealevel, it is likely that much of the basalt-derived DSi in the
region is released during submarine weathering. Because a significant fraction of the
Si released during submarine dissolution of basalt will become incorporated into clay
minerals like smectite, it is inappropriate to use instead the average δ30Si of basalt of
−0.35 %�. Isotope fractionation during clay formation will cause the δ30Si of the DSi10

that is released to seawater to be different than the basalt, just as is seen with the
weathering of basalt on land.

Because the WW input to the ML in the model has a δ30Si of +1.6 %� and the highest
value tested for the basalt-derived DSi was +1.8 %�, the general effect of adding basalt-
derived DSi at either a constant daily rate or a variable rate linked to changes in the15

ML depth was to lower the δ30Si of DSi and, consequently, of BSi in the ML (Fig. 9).
Likewise, the lower the δ30Si of the basalt-derived DSi, the greater the diminishment of
ML δ30Si. Thus the hypothesis that basalt-derived DSi could be driving down the δ30Si
of DSi in the ML on the Kerguelen Plateau is not contradicted by tests covering most
of the range of possible δ30Si for basalt-derived DSi.20

Although the lowering effect persisted throughout the year, the strongest diminish-
ment in ML δ30Si occurred during the period of greatest net BSi production (spring),
resulting in much lower annual maximum values of δ30Si for ML DSi (and subsequently
BSi) than would have occurred otherwise (Fig. 9). Essentially, input of basalt-derived
DSi with its low δ30Si values worked against the effects of fractionation during BSi pro-25

duction. In contrast, the effect of the basalt-derived DSi was minor during the middle of
summer when BSi production declined due to nutrient limitation and the ML values of
δ30Si approached the δ30Si of the inputs as a whole.
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Unfortunately, this modeling cannot be used to constrain the possible range of values
for basalt-derived DSi on the Kerguelen Plateau. However, it is worth noting that when
the δ30Si of basalt-derived DSi is set to −1.0 %�, the model output yields its best match
to the δ30Si data from Kerguelen Plateau Stations A3 and B1 (Fig. 9), which are the
KEOPS campaign stations identified as best representing the plateau locality. Studies5

directly addressing the release and isotopic composition of DSi during basalt weath-
ering (subaerial and submarine) on the Kerguelen Plateau are however necessary to
confirm this.

4 Conclusions

The results from the variable mixed layer depth model of silica and silicon isotope cy-10

cling presented here not only offer insight into the behavior of silicon isotopes in the Ker-
guelen Plateau region, but to the interpretation of marine silicon isotope data in general.
For example, the model illustrated that the decline in δ30Si of DSi observed between
summer and early autumn in this area, decoupled from notable change in DSi concen-
trations (De La Rocha et al., 2011; Fripiat et al., 2011a), could be entirely ascribed to15

a shift from bloom dominated growth (BSi production by diatoms vastly outpacing DSi
supply to the ML via mixing) to steady state growth (BSi production by diatoms keeping
almost perfect pace with the supply of DSi to the ML via diffusion). Such a decrease
in δ30Si of ML DSi is likely to occur (without notable net change in DSi concentrations)
with the stratification that follows the seasonal phytoplankton bloom in coastal margins,20

upwelling zones, and, in general, any locality featuring episodic phytoplankton blooms.
This may in turn suggest that the δ30Si of diatom silica as a paleoceanographic proxy
(De La Rocha et al., 1998; Brzezinski et al., 2002; Crosta et al., 2007) may more
strongly reflect the dominant mode of production (higher δ30Si=bloom growth, lower
δ30Si= steady state growth) rather than reflecting the extent of removal of DSi for BSi25

production.
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Fractionation during the dissolution of BSi had a visible effect in the model, lowering
the δ30Si of DSi in the ML by about 0.2 %� throughout the duration of the year, and
diminishing the yearly range of δ30Si of BSi (by reducing the maximum δ30Si value
attained at the peak of bloom growth) also by roughly 0.2 %�. In this case for the Ker-
guelen Plateau, this represented a 13 % reduction in the amplitude of the seasonal5

δ30Si signal in BSi in the water column. Both the overall decrease in the δ30Si of ML
DSi and the potential damping of the full seasonal signal in the δ30Si of BSi suggest
that paleoceanographic reconstructions based on δ30Si need to take fractionation dur-
ing dissolution into account (provided that this fractionation can be better confirmed
and quantified) or else risk underestimating the full extent of bloom growth during the10

year. In addition, season variations in BSi export efficiency should have a significant
impact on the δ30Si of BSi accumulating in sediments.

Lastly, the model results suggest that the input of DSi from basalt weathering on the
Kerguelen Plateau could have a significant influence over ML δ30Si, provided that the
δ30Si of this released DSi is low enough relative to that of waters mixing into the ML.15

However, this topic requires direct investigation of the amount and isotopic composition
of DSi added by this process.
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Table 1. Operating conditions for the Neptune MC-ICP-MS.

resolution medium

sensitivity ∼ 6 Vppm−1

forward power 1200 W
accelerating voltage 10 kV
cool gas 15.5 Lmin−1

auxiliary gas 0.8 Lmin−1

sample gas 1 Lmin−1

sampler cone standard Ni cone
skimmer cone standard Ni cone
desolvator Apex (ESI)
nebulizer 60 µLmin−1 PFA microconcentric
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Table 2. Parameter values used in the model.

Symbol Parameter Unit Value

µmax Maximum growth rate of phytoplankton d−1 1.5a

KSi Half-saturation constant for Si-limited growth µmolL−1 3.9
m Mixing coefficient between ML and WW md−1 H/50
g Mortality rate of phytoplankton d−1 0.192b

τ BSi dissolution rate d−1 0.035c

Vmin Minimal sinking speed md−1 1
Vmax Maximal sinking speed md−1 20
δ30Si Isotopic composition of DSi released during basalt weathering %� −1.00 +1.80d

δ30Si Isotopic composition of DSi from the WW %� +1.60

a Sarthou et al. (2005)
b Tyrrell (1999)
c Demarest (2009)
d Douthitt (1982), Ziegler et al. (2005) and Georg et al. (2007b)
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Table 3. Abbreviations used in the model equations.

variables abbreviation units

DSi winter water DSiWW
DSi mixed layer DSiML

DSi total DSiT µmolL−1

BSi dead diatom BSiD
BSi alive diatom BSiA
BSi total BSiT

after mixing process m
after production p
after death d dimensionless
after dissolution ds
after sinking s
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Fig. 1. Map of the study area in the Atlantic and Indian sector of the Southern Ocean. Red
dots are surface water samples from De La Rocha et al. (2011) and green dots represent the
CTD stations from this study. A zoom is made from the north of Kerguelen Island to the south
of Heard Island to target the Kerguelen Plateau. Stations numbered A3R, B1, B5 and C1 are
KEOPS stations from Fripiat et al. (2011a), Kerfix station is from Jeandel et al. (1998), stations
numbered from 50 to 55 are surface data from De La Rocha et al. (2011), and CTDs from 1 to
8 are from ANTXXIII/9 (this study).
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t
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variable        
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Fig. 2. Schematic representation of the box model, adapted from Platt et al. (2003). Dissolved
silicon in the mixed layer (DSiML) is supplied by the Winter Water (WW) through mixing, by
non live diatoms (BSiD) dissolved in the Mixed Layer (ML), and depending of the runs by DSi
from basalt weathering. DSibst can be null, a constant, or variable input to the ML. DSiML is
converted to biomass (BSiA and BSiD). BSiD is produced by mortality of BSiA. BSiD is exported
by sedimentation and by mixing process, while BSiA is not allowed to sink. A part of the biomass
is lost at each time step by mixing and/or when biomass gets under the ML depth. The ML depth
(Hm) is modulated by Kerfix data (Jeandel et al., 1998) in a time step t of 0.05 d−1.
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Fig. 3. Representation of CTDs data for (A) DSi concentration data vs. depth and (B) δ30SiDSi
vs. depth.
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Fig. 4. Representation of the δ30Si DSi vs. the Log(DSi) data available for the Southern
Ocean. Data from the Altantic sector of the Southern Ocean including data from De La Rocha
et al. (2011) and from ANTXXIII/9 (this study), data from the Indian sector of the Southern
Ocean including data from De La Rocha et al. (2011) and from this study. The shallow Ker-
guelen Plateau including data from De La Rocha et al. (2011), from Fripiat et al. (2011a) and
from this study and data for the Pacific Ocean are from Varela et al. (2004), from Cardinal
et al. (2005) and from Cardinal et al. (2007). The dotted line represents the DSi concentration
of 20 µM and the solid line is the regression line for the full range of data except from the Ker-
guelen Plateau and data from Cardinal et al. (2005) that are exception (y0 = −1.5885·x+4.4526,
R2

adjusted = 0.70 for p < 0.0001).
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averaged DSi and BSi (Jeandel et al., 1998).
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