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Received 25 August 2004; revised 6 December 2004; accepted 15 February 2005; published 15 April 2005.

[1] We analyzed d29Si of dissolved silicate for eight water column profiles across the
Southern Ocean (south of Australia in spring 2001) from the Seasonal Ice Zone (SIZ)
north to the Subantarctic Zone (SAZ), including the first isotopic compositions measured
for Si-depleted seawaters. All profiles display mixed layer enrichments in heavy Si
isotopes relative to deep water in accordance with preferential uptake of the light isotope
by diatoms. As silicate levels decrease from the SIZ northward across the Polar Front
Zone (PFZ) to the SAZ, surface and mesopelagic d29Si signatures generally become
progressively heavier, but the most Si-depleted SAZ waters do not exhibit d29Si values
heavier than in the PFZ. This intricacy appears to derive from variations in the
vertical and horizontal supply of silicate to surface waters, and by applying a steady
state open system model, we estimate a fractionation factor, 29e, between diatoms and
seawater of �0.45 ± 0.17%, independently of zones and phytoplankton community.
Though encouraging, these results are related to latitudinal changes in mesopelagic
d29Si values, complexity in surface silicate�d29Si correlations, and differences from
previous studies, which underline the need for caution in the use of silicon isotopes in
paleoceanographic studies until systematic efforts have been undertaken to better
understand modern variations.
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1. Introduction

[2] The Southern Ocean is a major player in the global
carbon cycle. Although it represents less than 10% of the
open ocean, its High Nitrate–Low Chlorophyll (HNLC)
waters account for more than 20% of the modern global
ocean carbon sink [Metzl et al., 1999; Takahashi et al.,
2002]. Its coupling with the global thermohaline oceanic
circulation makes it a key factor for controlling oceanic
biogeochemical cycles even at low latitudes [Rintoul et al.,
2001]. Southern Ocean waters supply nutrients to tropical
and equatorial areas [Brzezinski et al., 2002] and even into
the North Atlantic Ocean [Sarmiento et al., 2004]. This
nutrient supply could account for three quarters of the
export production north of 30�S. Greater depletion of
silicate (or silicic acid, Si(OH)4), by diatoms in the Southern
Ocean relative to nitrate and phosphate [Dugdale et al.,

1995; Trull et al., 2001a; Nelson et al., 2001; Brzezinski et
al., 2002; Coale et al., 2004], separates the supply pathways
of Si, N, and P to the rest of the ocean, and restricts diatoms
to the role of a relatively minor phytoplankton group in
most of the other oceanic provinces [Yool and Tyrrell,
2003]. The hypothesis of a larger silicic acid leakage to
northern latitudes has recently been explored in order to
explain the low glacial atmospheric CO2 levels [Matsumoto
et al., 2002]. Similarly, paleovariations of silicate availabil-
ity and utilization in response to stratification changes and a
larger supply of the Fe micronutrient have been considered
to be important in increasing glacial Southern Ocean pro-
ductivity and contributing to lower glacial atmospheric CO2

levels [Martin, 1990; François et al., 1997; Popova et al.,
2000; Watson et al., 2000].
[3] To address these and other aspects of global marine

biogeochemical cycles and global change modeling, the
assessment of nutrient utilization efficiency and co-limitation
by phytoplankton is essential. Silicon isotope variations are
important to this effort because they offer a means to track the
sources and magnitudes of silicon transports and transforma-
tions within the ocean. The silicon isotopic compositions of
diatoms have been used for this purpose, in particular as a
paleoproxy of silicic acid utilization in the Southern Ocean
[De La Rocha et al., 1998; Brzezinski et al., 2002]. Indeed the
silicon isotope fractionation factor between seawater and
diatoms has been found to be independent of temperature
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(12�–22�C) and species [De La Rocha et al., 1997]. Recent
studies on physiological aspects [Milligan et al., 2004] and
freshwater ecosystems [Alleman et al., 2004] have confirmed
the broad applicability of this proxy and its great potential in
paleoceanography [Henderson, 2002]. Wischmeyer et al.
[2003] calculated the silicon isotope behavior of dissolved
and diatom fractions in the world ocean using current under-
standing of Si isotope cycle (e.g., diatom - seawater fraction-
ation factor [De La Rocha et al., 1997]) in an Ocean General
Circulation Model (HAMMOC4). They discussed the mod-
eled seasonal and spatial variations of Si isotopic signature in
regard to fractionation processes. Until now the only data to
test and support this modeling study of the silicon isotopes
cycle and its associated assumptions were those reported by
De La Rocha et al. [2000] and Varela et al. [2004]. Notably,
there have been no observations of the isotopic composition
for Si-depleted surface waters and no measurements of
complete water column profiles in the open ocean. To
fill this gap and better constrain silicon isotopes as a
proxy of silicic acid utilization, this study presents the
first series of complete water column profiles of dissolved
silicon isotopic compositions from the subantarctic to the
sea ice zones in the spring Southern Ocean, south of
Australia. This work also provides the first isotopic
compositions of silicic acid depleted subantarctic surface
waters (2–10 mmol L�1). We discuss a spatially well-
resolved isotopic data set (eight stations combining more
than 90 isotopic compositions in total) along theWOCE-SR3
line in terms of latitudinal variations, diatom abundance,
Si-nutrient sources and utilization, proxy validation, and
oceanic circulation.

2. Material and Methods

[4] Sampling occurred during late spring 2001 along a
north-south transect at 140�E–144�E (CLIVAR SR3, cruise
AU0103, 29 October to 11 December 2001, R/V Aurora
Australis), in the Australian sector (Figure 1). The eight
sampling stations were located in the following Antarctic
zones (defined and described by Orsi et al. [1995]; Trull et
al. [2001a], and Rintoul et al. [2001]): the Subantarctic
Zone (SAZ: 46.9�S and 48.8�S); the Subantarctic Front
(SAF: 51.0�S); the Polar Front Zone (PFZ: 53.7�S); the
Interpolar Frontal Zone (IPFZ: 56.9�S); the southern Ant-
arctic Zone (AZ-S: 60.8�S) as well as two stations under sea
ice influence located between the Southern Antarctic Cir-
cumpolar Front (SACCF) and the Southern Boundary
(63.9�S) and between the SB and the Antarctic Slope Front
(64.9�S). These two southernmost stations are reported
below as located in the Seasonal Ice Zone (SIZ). The station
at 63.9�S was the only one covered by sea ice at the time of
sampling, while for the station at 64.9�S, visited 10 days
later, melting had taken place and sampling occurred in
partially ice-free conditions.
[5] Seawater was collected using CTD Rosette Niskin

bottles. Water samples were immediately filtered through
0.4-mm polycarbonate membranes and stored at room tem-
perature in the dark, in acid-cleaned polypropylene bottles.
Samples were processed after return to the laboratory
(MRAC, Tervuren). Silicon was precipitated following the

triethylamine molybdate co-precipitation method [De La
Rocha et al., 1996] (adapted from de Freitas et al.
[1991]). Complete Si recovery was monitored by checking
periodically that no detectable amount of silicic acid
remained in the water after filtering the molybdate precip-
itate. After combustion of the silicomolybdate precipitate
in covered Pt crucibles, the pure cristobalite phase was
transferred to pre-cleaned polypropylene vials. Dissolution
and isotopic measurements were then performed following
the methodology described by Cardinal et al. [2003] for
which the accuracy has been checked by intercalibration
[Cardinal et al., 2003; Carignan et al., 2004]. Briefly,
once the formed cristobalite was dissolved in a dilute
HF/HCl mixture, Si isotopic analyses were carried out on a
Nu Plasma MC-ICP-MS (ULB-MRAC, Brussels) using
Mg external doping in dry plasma mode. To avoid matrix
effects, systematic analyses of major elements (such as
Mg, Ca, Na, K) were performed by ICP-AES in order to
ensure the sample purity prior to isotopic analyses. As the
Nu Plasma MC-ICP-MS does not resolve the isobaric
interference of 14N16O on the 30Si peak, results are
calculated in % relatively to the NBS28 quartz standard
as d29Si [d29Si = [(29Si/28Si)sample/(

29Si/28Si)NBS28 � 1] �
1000]. Assuming a mass dependent fractionation, d29Si
results can be converted into d30Si values by applying a
multiplying factor of 1.93 [De La Rocha, 2002]. However,
because conversion and comparison of isotopic composi-
tions obtained originally from different isotope ratios is not
straightforward [Wombacher and Rehkämper, 2004], we
prefer to report and discuss our results using the actual
d29Si notation [Carignan et al., 2004]. Average analytical
standard error was 0.030% (1s) on d29Si (Table 1). Overall
reproducibility of co-precipitation and isotopic analyses,
assessed on 10 aliquots from the same seawater sample
entirely processed individually, was ±0.07% (±2 s) on
d29Si (Table 1).

Figure 1. Sampling area. STF: Sub-Tropical Front;
SAF: Sub-Antarctic Front; PF-N and PF-S: northern
and southern branches of the Polar Front, respectively;
SACCF, Southern Antarctic Circumpolar Current Front;
SBACC, Southern Boundary of the Antarctic Circumpolar
Current; SAZ, Sub-Antarctic Zone; PFZ, Polar Front Zone;
IPFZ, Inter-Polar Front Zone; AZ-S, southern Antarctic
Zone; SIZ, seasonal Ice Zone. See text andOrsi et al. [1995],
Trull et al. [2001a], and Rintoul et al. [2001] for more
details.
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[6] For silicic acid concentrations ([Si(OH)4]) less than
�10 mmol L�1, the precipitation protocol is inefficient, so
we applied an additional pre-concentration step adapted
by Brzezinski et al. [2003a] from the MAGIC method
[Karl and Tien, 1992]. It consists of precipitating Si(OH)4
along with brucite (Mg(OH)2) by increasing the pH with
ammonium hydroxide, centrifugation, and redissolution in
HCl. Brzezinski et al. [2003a] report that this method does
not fractionate Si isotopes at the precision level usually
required for isotopic dilution experiments. Since for natural
isotopic signature studies the analytical precision must be at
least an order of magnitude better, we verified that the
MAGIC pre-concentration step as applied here did not
induce any fractionation affecting the final d29Si results.
Table 2 shows the d29Si for 6 CLIVAR-SR3 samples (10–
16 mmol L�1 Si), analyzed with and without the pre-
concentration step. The average d29Si difference between
the two methods (D29Si) was +0.005%, showing that there
was no systematic isotopic bias toward heavier or lighter

d29Si. The absolute difference between samples and their
replicates using pre-concentration is 0.07%. These reproduc-
ibility results are similar to those observed for samples
without pre-concentration (see Table 1). We have also
checked for six seawater CLIVAR-SR3 samples (includ-
ing four with silicate concentrations below 10 mmol L�1)
that there was complete recovery of Si after NH4OH
addition: No detectable amount of Si(OH)4 was measured
on the supernatant by acid-molybdate colorimetric method
[Strickland and Parsons, 1968]. Since the minimum
detectable value of the instrument was 0.2 mmol L�1,
this indicates a yield of recovery of at least 95%.
Moreover, Si contents measured by ICP-AES in the
brucite phase redissolved in HCl (i.e., before the TEA-
Mo coprecipitation) also provide evidence of total recov-
ery on these samples (99 ± 8%) relative to the initial
Si(OH)4 content. This complete recovery is an essential
aspect of the successful application of the pre-concentra-
tion method.

3. Results

[7] Complete d29Si water column profiles are presented in
Figure 2 and Table 3 along with the silicic acid profiles. All
profiles display a heavier isotopic composition in surface
relative to deep waters, similar to that commonly observed
in the ocean for d15NO3

� [Sigman et al., 1999; Altabet and
François, 2001; Karsh et al., 2003]. Average d29Si signa-
tures for different depth ranges were as follows: within the
mixed layer, 0.97 ± 0.09% (n = 14); mesopelagic waters
(200–1000 m), 0.70 ± 0.11% (n = 28); deep waters
(>1800 m), 0.62 ± 0.06% (n = 30). These values are in
good agreement with the few previous results from the
Southern Ocean: 1.19 ± 0.25% (n = 8), 0.67 ± 0.05% (n = 5),
0.57 ± 0.04% (n = 9) for surface (spring samples from Varela
et al. [2004]), intermediate, and deep [De La Rocha et al.,
2000]waters respectively.Our averaged deep-water signature
is also close to the estimate of the oceanic steady state
signature (0.70%) in the model simulation study of
Wischmeyer et al. [2003].
[8] d29Si and [Si(OH)4] profiles at 46.9 and 48.8�S in the

SAZ superpose closely (Figure 2), except at 2000 m. This

Table 1. Molybdate Coprecipitations’ and d29Si Analyses’

Replicationa

Date of Run
ID

Number
Volume Seawater,

mL

d29Si,
% Versus
NBS28

Standard Error,b

%

19 Feb. 2004 1 50 0.723 0.030
19 Feb. 2004 2 50 0.722 0.032
19 Feb. 2004 3 50 0.692 0.032
19 Feb. 2004 4 50 0.688 0.029
24 Feb. 2004 5 50 0.623 0.031
19 Feb. 2004 6 100 0.666 0.034
19 Feb. 2004 7 100 0.629 0.029
19 Feb. 2004 8 100 0.667 0.031
19 Feb. 2004 9 100 0.712 0.030
24 Feb. 2004 10 100 0.683 0.027

Average 0.681 0.030
Standard deviation 0.035

aTen aliquots (50 or 100 mL) were split from CTD124, 800m depth with
a Si(OH)4 content of 107.9 mmol L�1. They were independently processed
following De La Rocha et al. [1996] for precipitation and purification of
Si(OH)4 and then Cardinal et al. [2003] for the isotopic analyses.

bStandard error is the cumulated analytical error on Mg and Si isotopic
ratios measured both on the standard and sample propagated to d29Si [see
Cardinal et al., 2003].

Table 2. Replicates of d29Si Using Preconcentration Stepa

CTD Depth, m [Si(OH)4], mmol L�1

No Preconcentration With Preconcentration

D
29Si, %Run Number d29Si, % Run Number Volume, mL d29Si,b %

17 300 3.8 NA 12672c 500 0.842 ± 37
24 300 3.6 NA 12666c 500 0.933 ± 43
24 500 4.1 NA 12670c 500 0.834 ± 35
37 50 5 NA 12674c 335 1.127 ± 42
37 300 10.4 6579 0.897 ± 37 12678c 250 1.024 ± 39 0.126
51 140 13.1 6212 1.073 ± 37 12668c 205 1.067 ± 39 �0.006
51 5 10.9 6203 1.023 ± 33 12445d 250 0.913 ± 42 �0.110
51 100 11.8 6210 0.972 ± 33 7672 250 0.992 ± 35 0.020
63 50 15.8 7625 0.965 ± 34 12538 500 0.885 ± 43 �0.080
63 100 16.2 8085 1.003 ± 38 12540 307 1.079 ± 43 0.076

All D29Si average 0.005
Average of absolute D

29Si 0.070

aNA denotes not applicable.
bNumbers after d29Si represent the analytical standard error of each isotopic signature (last two digits of the d29Si).
cTotal recovery of Si has been checked for these samples (see text for details).
dThis sample has been diluted twice; that is, the actual Si content of the water before adding NH4OH was 5.5 mmol Si L�1.
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reflects the homogeneity of this zone in terms of prevalent
water masses (see Figure 3) and of biogeochemical pro-
cesses acting on the Si cycle. The upper 500 m of the
SAZ consist of Subantarctic Mode Water (SAMW), a layer
homogeneous in density and temperature [Rintoul et al.,
2001; Sarmiento et al., 2004]. Surface waters at 51�S have
d29Si values which differ from those in the SAZ. In contrast,
at depths >400 m the data fit well with the d29Si� [Si(OH)4]
trend observed for the 46.9 and 48.8�S profiles (not shown).
This is in accordance with the trend in the T-S diagram
(Figure 3), showing the intermediate and especially deep
waters at 51�S to merge with the SAZ waters, while
respective upper water column waters diverge more
notably, reflecting the fact that SAMW does not reach
as far south as the SAF. This zone where isotopic profiles
merge corresponds to the Antarctic Intermediate Water
(AAIW), which appears in the SAZ-SAF system as a salinity
minimum below 500 m [Rintoul et al., 2001].
[9] Southward, the latitudinal gradient toward higher Si

concentrations is more pronounced. Stations at 53.7� (PFZ)
and 56.9�S (IPFZ) have quite similar [Si(OH)4] and also
d29Si profiles in the upper 1000 m (Figure 2), but diverge
between 1000 and 2500 m. In this depth zone, both profiles

also diverge in their T-S plots (Figure 3). The waters below
the mixed layer in the AZ-S (60.8�S) have a homogeneous
d29Si signature except in bottom waters. At 63.9�S in the
SIZ the 1000- to 2000-m-depth layer exhibits slightly
heavier d29Si values, similar to what is observed at
56.9�S. These features remain unexplained.
[10] In general, the deep waters are isotopically homoge-

neous and do not show large changes of d29Si with latitude
and depth. Indeed, the combined standard deviation (s) of
all the deep samples (>1800 m), is 0.06% (i.e., only slightly
more than one s obtained on 10 replicates, Table 1). This
contrasts with the situation for silicic acid, displaying
increasing concentrations with depth.

4. Discussion

4.1. Deep Water Signatures

[11] The absence of a systematic decrease of d29Si below
1800 m suggests that the progressive opal dissolution at
depth is not large enough to change the dissolved Si isotopic
signature there. This agrees both with model expectations
[Wischmeyer et al., 2003] and observations on opal disso-
lution with depth. Indeed, Nelson et al. [2002] report for the

Figure 2. Seawater d29Si (circles) and Si(OH)4 concentrations (lines without symbols) during CLIVAR-
SR3. Average standard error (2 s) of d29Si analyses is given (0.07%). The stations were grouped in pairs
whenever they are adjacent with comparable [Si(OH)4] profiles. See caption of Figure 1 for details on
zonal acronyms.
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Southern Ocean that most diatoms skeletons are remineral-
ized in the upper 1000 m, and Nelson and Gordon [1982]
observed that the Southern Ocean particulate Si remains
remarkably constant between 1000 m and 3000–4000 m.
The efficient remineralization of opal-dominated material
fluxes in the upper 1000 m has also been pointed out by
other studies [François et al., 2002; Klaas and Archer,
2002], including in the CLIVAR-SR3 transect [Cardinal et
al., 2001, 2005]. At the basin scale the deep water d29Si
changes are very small, falling below present methodolog-
ical capabilities. As a result, the abyssal isotopic signature
does not differ from model expectations for the oceanic
steady state (0.70% [Wischmeyer et al., 2003]). De La
Rocha et al. [2000] show that the d29Si values become
lighter along the deep branch of the thermohaline circula-
tion, owing to the progressive accumulation of Si(OH)4
from the dissolution of isotopically lighter biogenic silica
(BSi). However, between deep Subantarctic Atlantic and
deep Central Pacific waters, they report this change in d29Si
to be less than 0.1%. Therefore, considering the small area
investigated in this work, we may expect an even smaller
range of variation, hardly detectable by the available ana-
lytical tools.
[12] At 64.9�S, the bottom water d29Si signature (at

2550 m) is heavier by 0.14% compared to the signature
at 1900 m. This change is also mirrored by the Si(OH)4
concentrations (decreasing in bottom waters) and is likely
an imprint of surface water sinking along the Antarctic
slope to form Antarctic Bottom Water (AABW). It has
been reported that bottom water formation occurs, among
other places, off Adelie Land, close to the 64.9�S station
sampled here [Rintoul, 1998; Orsi et al., 1999; Trull et
al., 2001a]. The presence of AABW, clearly witnessed
during the CLIVAR-SR3 cruise [see Jacquet et al., 2004],
therefore supplies isotopically heavy waters low in Si(OH)4
to the ocean abyss.

4.2. Surface and Mesopelagic Processes

[13] Most of the Si isotopic signature variations versus
latitude and depth occur in the upper 1000-m layer. In order

to discuss those variations, d29Si and silicic acid contents
are presented as an interpolated latitudinal transect in
Figure 4. In the upper 600-m layer there is a clear trend
toward heavier d29Si signatures from south to north (SIZ
to SAF). The mixed layer isotopic signatures of the SAF
are the heaviest observed during CLIVAR-SR-3 (d29Si =
1.12%, Table 3). North of the SAF, in the SAZ, the trend
reverses, with surface water isotopic compositions becoming
lighter and similar to values observed in the PFZ and IPFZ,
although SAZ waters are significantly more Si-depleted
([Si(OH)4] < 5 mmol L�1) compared to concentrations
of 10 and 15 mmol L�1 for PFZ and IPFZ, respectively.
In the following section we discuss possible explanations
for these variations of silicon isotopes in the spring
Southern Ocean.
4.2.1. Open Versus Closed Models
[14] The biologically driven Si isotopic fractionation in

the mixed layer can be described in a first approximation by
two simple models: (1) The Rayleigh type distillation model
[Mariotti et al., 1981; De La Rocha et al., 1997] assumes a
closed system (i.e., nutrient consumption is not replenished
by external sources) and writes the evolution of the isotopic
signal as

d29SiSi OHð Þ4 ¼ d29Siinitial þ 29e� ln f : ð1Þ

(2) The open steady state model [e.g., Sigman et al., 1999;
Varela et al., 2004] assumes a continuous supply of
nutrients from the same external source,

d29SiSi OHð Þ4 ¼ d29Siinitial � 29e� 1� fð Þ: ð2Þ

[15] In equations (1) and (2), f is defined by

f ¼
Si OHð Þ4
� �

observed

Si OHð Þ4
� �

initial

: ð3Þ

[16] 29e is the fractionation factor between opal and silicic
acid (note that 29e is negative) and can be approximated as
the difference between the d29Si signature of a single diatom
and the one of the water from where it was precipitated. The
d29Siinitial and [Si(OH)4]initial are the Si isotopic composition
and concentration of the silicic acid reservoir, i.e., the
seawater properties before any Si consumption has taken
place.
[17] Both models assume steady state conditions and a

constant fractionation factor. A constant e was supported by
the experimental investigation of De La Rocha et al. [1997].
Indeed, these authors found it to be independent from
temperature (12�–22�C range) on three tropical diatom
species (for d30Si values, 30e = �1.08 ± 0.41%, which
corresponds to 29e = �0.56 ± 0.21%, i.e., for d29Si).
However, considering the relatively large uncertainty of e
deduced from experimental work, new estimates are
needed, especially for the low temperature range of the
Southern Ocean. On the basis of the rationale applied for
d15N [e.g., Sigman et al., 1999; Altabet and François,
2001; Karsh et al., 2003], equation (1) or (2) can be used
to calculate apparent e values. Doing so and assuming

Figure 3. Potential temperature (T-pot)–salinity diagram.
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constant initial conditions, Varela et al. [2004] obtained e
estimates that were shifted toward higher absolute frac-
tionation (�0.88% < 29e < �0.52%) compared to De La
Rocha et al. [1997]. In contrast to fully controlled in
vitro incubations, the in situ approach is delicate because
equation (1) or (2) is unlikely to describe the system
correctly. Moreover, Wischmeyer et al. [2003] warn
against the potentially biased use of the Si isotopic signature
in cases where the initial conditions of equations (1) and (2)
(concentrations and isotopic signature of the source) are not
constrained. Therefore the following discussion focuses first
on the status of the phytoplankton activity encountered during
CLIVAR-SR3, then on the identification of these initial
conditions before applying a model to the data.
4.2.2. Spring Phytoplankton Activity in the Mixed
Layer
[18] Before using any model describing nutrient utilization

and its associated impact on Si isotopes, one must demon-
strate that a significant Si-nutrient utilization has been going

for some time at the moment of sampling. Previous pub-
lications have already shown that this was the case for this
cruise [Savoye et al., 2004a, 2004b; Cardinal et al., 2005]. In
Table 4 we summarize the main features of biomass and
carbon fluxes during CLIVAR SR-3. Southward of the PFZ,
diatoms accounted for 35 ± 15% of the total carbon biomass,
while in the SAF-SAZ regions this contribution dropped to
<4% [Cardinal et al., 2005]. Surface BSi concentrations
were up to 1.5 mmol L�1, reaching between 34 and 76% of
summer values for the SR-3 line section between SAZ and
AZ-S, Quéguiner [2001] and Beucher et al. [2004] report for
summer 1998 and 2003, respectively. During CLIVAR-SR3
new production (NP) was �6 mmol C m�2 d�1 for the
SAZ-SAF and PFZ-IPFZ systems and 16 mmol C m�2

d�1 for the SIZ-AZ-S system [Savoye et al., 2004a]. These
NP are somewhat lower than spring values reported for
other Southern Ocean sectors [Sambrotto and Mace,
2000]. Nevertheless, for SAZ-SAF and PFZ-IPFZ systems,
they present spring NP values that are larger than summer

Figure 4. Interpolation of d29Si, Si(OH)4 concentrations, and salinity in the upper 1000 m of the
CLIVAR-SR3 latitudinal transect. Interpolation is from R. Schlitzer (Ocean Data View, 2003, available at
http://www.awi-bremerhaven.de/GEO/ODV).
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NP values obtained in 1998 along the northern part
(SAZ-PFZ) of the same SR-3 line [Elskens et al., 2002].
During CLIVAR-SR3, particle export from 234Th-deficit in
the mixed layer was observed at every station [Savoye et
al., 2004b] and mesopelagic C remineralization, estimated
from the Baxs proxy, were quite significant, with the latter
accounting for 20 to 31% of NP in the mixed layer at the
PFZ and southward [Cardinal et al., 2005]. Since there is
a delay of a few weeks for the NP signal to be translated
into mesopelagic C mineralization [Cardinal et al., 2005],
it appears that the phytoplankton activity and biomass
observed during the sampling events had prevailed for 2–
3 weeks prior to sampling. Such late spring activity
(November) is not surprising given that significant
Si-nutrient deficit has been observed even earlier (between
August and September) in the SIZ, AZ-S, and PFZ [Trull et
al., 2001a]. Other evidence of spring activity before
November is provided by SeaWiFS images showing sig-
nificant Chl a increase from early October across most of
the SR-3 line. This seasonal cycle has been discussed for
earlier years (1997–1999) by Trull et al. [2001a, 2001b],
and the year 2001–2002 showed a similar seasonality.
Finally, the seasonal cycle of Si export to the deep ocean
at 47�S (SAZ), 51�S (SAF), and 54�S (PFZ) shows
significant BSi fluxes recorded in sediment traps well
before November for the 1997–1998 season [Trull et al.,
2001b].
4.2.3. Assessing Initial Conditions of Si(OH)4 Sources
[19] In the Southern Ocean characterized by a strong

seasonality of phytoplankton growth, nutrients are supplied
by vertical mixing, particularly intensive during winter and
early spring, and by surface water advection from the south
via Ekman drift [e.g., Pollard et al., 2002; Sarmiento et al.,
2004]. Sloyan and Rintoul [2001] estimated this Ekman
drift from all Southern Ocean sectors to account for 34 Sv,
and its consequences for nutrient supply and biological
production are discussed by Hoppema et al. [2003]. Given
both the strong latitudinal silicic acid and Si isotopic

gradients in the intermediate waters along the CLIVAR-
SR3 transect (Figure 4), it is not realistic to assume a single
source of silicic acid for all stations in spring. This contrasts
strongly with the situation for nitrate for which relatively
uniform concentrations and isotopic signatures exist for the
entire deep Antarctic Zone [Sigman et al., 1999]. Obviously,
this is not the case for silicon, for which the observed
concentration gradient results from several processes: (1) a
physical control due to the shoaling of the isopycnals south-
ward which brings nutrient-rich waters closer to the surface
[Pollard et al., 2002]; (2) the ‘‘silicate pump’’ as defined by
Dugdale et al. [1995] consisting in a less efficient Si reminer-
alization and dissolution in mesopelagic layers, compared to
N [Coale et al., 2004]; and (3) a high Si:N diatom uptake ratio
in the Southern Ocean [Brzezinski, 1985; Goeyens et al.,
1998; Brzezinski et al., 2003b] owing to Fe stress [e.g.,
Takeda, 1998; Hutchins and Bruland, 1998].
[20] These processes explain why Antarctic waters be-

come relatively more Si-depleted from south to north,
compared to nitrate [Trull et al., 2001a; Nelson et al.,
2001; Matsumoto et al., 2002; Anderson et al., 2002;
Sarmiento et al., 2004]. The fact that we observe a signif-
icant latitudinal gradient of the isotopic signal in the
mesopelagic layer but not in deep waters calls for a
significant biological control. Indeed, if the isotopic gradi-
ent in intermediate waters were simply due to a water mass
signature (i.e., due to the global inverse correlation between
[Si(OH)4] and d29Si), the d29Si versus silicic acid relation-
ship observed for surface waters should also hold for deep
waters, which is not the case. During their transport north-
ward, the intermediate waters become progressively isoto-
pically heavier because on a seasonal timescale they
experience both mixing with surface waters and dissolution
of sinking biogenic silica originating from surface waters,
which themselves also display latitudinal gradient.
[21] Given the occurrence of these processes, it is unlikely

that the Southern Ocean operates as a single closed system
for silicon isotopes at the seasonal or annual timescale,

Table 4. Summary of Biogeochemical Conditions Prevailing for Phytoplankton During CLIVAR-SR3 Cruise

Latitude,
�S Zone

Biomassa
New

Production,b

mmol C m�2 d�1

Mesopelagic C
Remineralization,c

Percent of NP
Depth,
m

Spring BSi,d

mmol kg�1
Summer BSi,e

mmol kg�1
Diatoms,
mgC L�1

Total,
mgC L�1

46.9 SAZ 0.3 19.5 0–50 0.10 0.75
48.8 SAZ 0.5 14.5 5 0.24
51.0 SAF 0.2f 11.3f 5–15 0.15 0.20
. . . Average SAZ-SAF 0.31 ± 0.13 15.1 ± 4.2 6.2 ± 1.8 7.5 ± 3.5 0.16 0.48
53.7 PFZ 4.2 10.9 5–90 0.38 0.9–2
56.9 IPFZ 4.6 18.2 8–90 0.86
. . . Average PFZ-IPFZ 4.4 ± 0.3 14.5 ± 5.2 5.9 ± 2.5 31 ± 0.2 0.62 1.45
60.8 AZ-S 16.2 32.3 5–100 1.52
63.9 SIZ 10.3 20.2 0–60 0.67 1.5
64.9 SIZ 2.0 13.2 0–80 0.43 0.8
. . . Average AZ-S � SIZ 9.5 ± 7 21.9 ± 9.7 16.1 ± 6 20 ± 4 0.87 1.15

See caption of Figure 1 and text for definition of acronyms.
All data are from CLIVAR SR3 spring 2001 cruise except summer BSi.
aData are from phytoplankton counts at 50–60 m depth [Cardinal et al., 2005].
bData are from 15N uptake [Savoye et al., 2004a].
cData are from mesopelagic (150–400 m) Baxs proxy expressed in percent from new production [Cardinal et al., 2005].
dData are from this study. BSi contents averaged for the given depth range. BSi was determined spectrophotometrically [Eriksen, 1997] after hot NaOH

leaching of the particles following Quéguiner [2001]. The CTD were not the same as the ones from isotopic Si data and biomass but were very close.
eData are from summer 1998 [Quéguiner, 2001] and summer 2003 [Beucher et al., 2004].
fBiomass counts for this latitude were obtained from a CTD that has been sampled 31 days from the sampling time of the other parameters.
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especially in spring, during which vertical mixing can be
still strong. Furthermore, Varela et al. [2004] report that
isotopic signatures of dissolved Si and diatoms cannot be
reconciled via a simple Rayleigh type model, and they
report ‘‘true’’ e for surface Southern Ocean waters to lie
between values estimated from open and closed system
models. Because the isotopic data of the CLIVAR-SR3
stations indicate strong site specificity, we will evaluate
the fractionation factors defined by equation (2) for each site
separately (i.e., a ‘‘multiple box approach’’). This approach
differs from the one discussed by Varela et al. [2004], who
considered a single Si source along their north-south tran-
sect feeding the surface from the south. They excluded data
for spring and late summer, when vertical mixing has been
too intense. Since our study took place in spring only and
included also the SAZ and SAF regions, we considered a
different scenario; that is, each site has a unique nutrient
supply from a local source located at the winter mixed layer
depth (MLD). This approach is supported by the modeling
results of Wang et al. [2001, 2003], who report that vertical
nutrient supply dominates over horizontal northward advec-
tion in spring and continues to be important into summer.
[22] Winter and late winter nutrient data are available

from three oceanographic cruises along the WOCE SR3
section: October 1991 [Rintoul and Bullister, 1999], July–
August 1995, and September 1996 [Trull et al., 2001a].
From Table 5 it appears that, except for the SAZ, these
surface water silicate contents in winter were lower than in
spring 2001. While this suggests that the conditions pre-

vailing during CLIVAR-SR3 (November) still reflected
winter, our multi-proxy data from the cruise do not support
this: These data clearly show that biological activity had
started at all stations as previously discussed in section 4.2.2.
Therefore we favored an approach consisting in reading the
initial silicate values directly from CLIVAR-SR3 profiles at a
depth range likely to reflect the remnant winter surface
properties, i.e., at the estimated winter MLD. In Table 5 we
compareMLD range for three winter cruises covering the full
SR-3 line [Rintoul and Bullister, 1999; Trull et al., 2001a],
cruises restricted to SAZ and PFZ [Rintoul and Trull, 2001]
with the CLIVAR-SR3 spring cruise which are generally
much shallower. The seasonal and interannual variations of
MLD along SR-3 line have been also recently compiled and
discussed by Chaigneau et al. [2004]. These winter MLD
estimates are also in accordance with model results [Wang
and Matear, 2001] and calculations based on satellite data
[Kara et al., 2003] for the same sector. They are also coherent
with estimates from Sigman et al. [1999], who show, for the
close by WOCE 19 line, that the water masses upwelling in
the AZ originate from depths between the summer MLD and
the Upper Circumpolar Deep Water, itself located between
250 and 500 m. Identifying the 100–200 m depth range,
which includes the temperature minimum, is also consistent
with Pondaven et al. [2000], who report unaltered remnant
winter water to occur in the temperature minimum layer.
4.2.4. The E Estimates: A MultiBox Approach
[23] As discussed above, our spring data and those of

Varela et al. [2004] do not support the use of a closed

Table 5. Fractionation Factor Estimates (Open System), 29e, as a Function of Spring and Winter Mixed Layer Propertiesa

Zones
Lat.,
�S

Spring Surface CLIVAR-SR3 Conditions Winter Conditionsd

29e Shallow
Winter MLD,e

%

29e Deep
Winter MLD,e

% 29e, %

Spring SR 3
MLD,b

m

[Si(OH)4]ML

Average,
mmol L�1

d29Si ML

Average,
% Versus
NBS28

Standard
Deviation,c

%

[Si(OH)4]ML

Winter,
mmol L�1

Winter
MLD,
m

SAZ 46.9 100 2.0 0.97 0.03 2.7–4.4 400–600 �0.373 �0.258
SAZ 48.8 580 3.0 0.93 0.03 3.7–4 500–700 �0.392 �0.247
SAF 51.0 99 5.0 1.12 0.03 3.5–5.2 170–300 NA �0.302
PFZ 53.7 76 11.0 1.02 NA 8–13 140–170 NA �0.698
IPFZ 56.9 92 15.8 0.99 0.01 8–14 140–200 �0.443 �0.217
AZ-S 60.8 97 28.1 0.97 0.04 25–35 110–130 �0.559 �0.442
SIZ 63.9 41 40.8 0.97 NA 40–57 75–125 �0.624 �0.644
SIZ 64.9 104 60.7 0.84 0.03 47–63 100–200 NA �0.632

Average for stations
south of PFZ

�0.54 ± 0.09 �0.53 ± 0.20

Average for
all stations

�0.48 ± 0.11 �0.43 ± 0.20

All 29e estimates �0.45 ± 0.17

aNA denotes not applicable.
bMLD is mixed layer depth during CLIVAR SR3 cruise (for the SAZ - PFZ: depth at which the density is 0.05 kg.m�3 heavier than the surface density

in accordance with Rintoul and Trull [2001a]) and for the IPFZ - SIZ depth at which the density is 0.02 kg.m�3 heavier than the surface density in
accordance with Chaigneau et al. [2004].

Note that the MLD at 48.8�S was exceptionally deep owing to a storm before sampling and not reflected in nutricline, so we have taken 100 m for this
station.

cStandard deviation is calculated from the 1–4 samples analyzed in the mixed layer (ML) for each station (see Table 3).
It is NA when only one depth is analyzed in the ML for silicon isotopes.

dRange of winter ML conditions along SR-3 transect is as measured by Rintoul and Bullister [1999] in September–October 1991, Trull et al. [2001a]
and Rintoul and Trull [2001] in July–August 1995 and September 1996.

eThe e is calculated using equations (2) and (3) (open system). Initial conditions were read on the spring CLIVAR-SR3 profiles (Table 3) at shallowest
and deepest estimated winter MLD, respectively.

When no isotopic data were available from such depth, the closest deeper one has been used. It is NAwhen the shallow winter MLD is not applicable
to the CLIVAR-SR3 situation.

See caption of Figure 1 and text for definition of acronyms.
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system Rayleigh model to describe the behavior of silicon
isotopes in the Southern Ocean. Therefore we applied the
open system fractionation model (equation (2)) at every
station (‘‘multiple box approach’’), selecting initial condi-
tions for silicate content and isotopic composition in order
to calculate the fractionation factor, 29e. For each station, we
have determined these initial conditions from the CLIVAR-
SR3 profile at the estimated winter MLD. In order to better
quantify the error due to this approach (e.g., inter-annual
variability), we have used a winter MLD range whenever
possible, namely by calculating two 29e per station: for a
shallow and a deep estimated winter MLD (Table 5). When
no d29Siinitial value was available for the identified winter
MLD, we took the closest deeper value.
[24] The average calculated 29e is �0.45 ± 0.17% (n =

13), which is not significantly different from the e value
obtained experimentally (�0.56 ± 0.21%, n = 13 [De La
Rocha et al., 1997]). It is likely that most of the variability
of our estimates comes from the uncertainties linked to
equation (2) and the choice of the initial conditions. In that
regard, note that the choice of mixed layer depth does not
systematically bias e estimates (e.g., deeper depths do not
necessarily produce higher e estimates as shown in Table 5),
and that in general, mixing of surface and deeper waters
tends to recombine waters which have experienced frac-
tionation along the same path, and thus does not strongly
influence e estimates [Sigman et al., 1999]. Although our
approach is better constrained than the one based on winter
nutrient data, bias could still result because our d29Si
sampling resolution for intermediate waters, while high
relative to previous studies, is still relatively sparse. Never-
theless, the reasonable standard deviation on e estimated
with the open system model gives confidence that the
assumptions we formulated regarding spring and winter
Southern Ocean characteristics are sound.
[25] Although the fractionation factor seems to be slightly

larger south of the PFZ, the difference from the estimates for
the SAF and SAZ is not significant (Table 5), despite quite
different phytoplankton compositions and biomasses
[Savoye et al., 2004a; Cardinal et al., 2005]. This shows
that the d29Si proxy is independent of ecosystem type,
validating the tool for a wide range of phytoplankton
communities, temperature, and water mass conditions. A
recent study on Si isotopic signatures in Lake Tanganyika
further widens this conclusion to freshwater environments
[Alleman et al., 2004]. We recognize that our average 29e
(�0.45%) is smaller compared to the Southern Ocean
estimates reported by Varela et al. [2004] ranging between
�0.55 and �0.98%. However, in their study, spring and
late summer values were not taken into account and they
considered one single Si(OH)4initial source (65 mmol L�1) in
the calculation of f (equation (3)) for all stations south of the
PFZ. Although Law et al. [2003] show that vertical diffu-
sion represents a significant pathway for Si-nutrient supply
in late summer, such a single source assumption might be
appropriate for summer conditions because of increased
importance of Ekman transport advecting nutrient-rich sur-
face waters from the AZ across the PF [Sigman et al., 1999].
Our multiple box approach combined with the open system
model neglects this northward transport which is only

predominant in summer when warming and ice melting
reduce vertical mixing [Trull et al., 2001a; Wang et al.,
2001, 2003]. Our Si isotopes results support this view for
spring in the Southern Ocean as long as the initial Si
conditions can be identified. In this regard, note that the
application of the closed Rayleigh type model to each of our
stations gave very low fractionation factor estimates
(�0.32 ± 0.11). Similarly, considering one system with
a single southern Si-source [Varela et al., 2004] yields to
a fractionation factor of �0.32 ± 0.13 (open system) and
�0.20 ± 0.16 (closed system). Removing the SAZ
stations from such single system calculation does improve
the standard deviation, but the fractionation factor
obtained is even lower. We are in the process of assessing
Si isotopic signatures of diatoms sampled during CLIVAR-
SR3 in order to better constrain and compare these estimates
with those of Varela et al. [2004], who derived from their
measurements an estimate of 29e between diatoms and sea-
water of �0.80%. Other siliceous organisms might also be
studied more systematically. For instance, at the PFZ-IPFZ
CLIVAR-SR3 stations, silicoflagellates accounted for a sig-
nificant part of the biomass [Cardinal et al., 2005]. Since little
is known about their contribution to the silicon cycle, their
impact on the overall Si-isotopic signature cannot be evalu-
ated. Clearly, as stressed by the few studies on silicon
isotopes, there is a serious need for a more substantial data
set in the modern ocean in order to better understand the
processes controlling Si isotopic fractionation.
4.2.5. Surface Latitudinal Variations and Nutrient
Utilization
[26] The isotopic compositions of surface waters in the

SAZ are less heavy than predicted by the model of
Wischmeyer et al. [2003] from the extent of silicate
depletion. For instance, the 46.9�S surface d29Si is
+0.97% with [Si(OH)4] less than 2 mmol L�1. This
isotopic signature is very similar to the one observed at
60.8�S (AZ-S), but the silicate concentration there reaches
28 mmol L�1. This discrepancy with the model might be
partly ascribed to a seasonal effect. Indeed, our study
took place in late spring, whereas the surface water
isotopic compositions modeled by Wischmeyer et al.
[2003] reflect annual averages. It is likely that our surface
water isotopic signatures would progressively shift toward
heavier values with progress of the season [Wischmeyer et
al., 2003; Varela et al., 2004].
[27] Another explanation can be drawn from Figure 5,

where we compare the relative Si utilization ([1 � f ])
calculated from mixed layer silicate and the initial concen-
tration as defined in Table 5 (average silicate over the winter
MLD range) with our spring mixed layer isotopic signa-
tures. While both parameters correlate for stations south of
the PFZ (r2 = 0.84), the SAZ-SAF stations do not fit the
regression, especially for the SAZ. Assuming a constant
d29Siinitial at all stations the slope of such regression line is
an estimate of 29e [Varela et al., 2004]. For the five
southernmost stations, we obtain a 29e of �0.54 ± 0.14
(significant at p < 0.03), which is within the range of our
estimates calculated from all stations in Table 5. This
reflects that the variations of [Si(OH)4]initial between south-
ernmost stations (taken into account in Figure 5 through the
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calculation of f ) has larger influence than the d29Siinitial on
the calculation of 29e. In contrast, the changes in both
[Si(OH)4]initial and d29Siinitial must be considered in the
SAZ-SAF system to obtain 29e estimates that are not
significantly different from the other southern stations
(Table 5). Therefore, Figure 5 emphasizes again that mixed
layer isotopic signature is not a simple reflection of the Si
concentration but that latitudinal differences in physical and
biogeochemical processes in the mesopelagic zone affect
the surface isotopic signature, chiefly in setting initial
conditions before growth onset.

4.3. Paleoceanographic Implications

[28] As also stated by Wischmeyer et al. [2003], time and
spatial variations of initial conditions must be better con-
strained to interpret the d29Si as a proxy of relative Si
utilization in the past, especially because the interpretation
of sedimentary diatom-associated Si-isotopic signals is of
great relevance in paleoceanography [cf. Anderson et al.,
2002; Crosta and Shemesh, 2002; Brzezinski et al., 2002;
Robinson et al., 2004]. The debate is still open as to whether
or not Southern Ocean fronts were shifted northward in the
Last Glacial Maximum compared to the Holocene [e.g.,
Wells and Connell, 1997; Asmus et al., 1999; Moore et al.,
2000; Dezileau et al., 2003], and sea ice extent and vertical
mixing are also parameters that could have changed through
time with a probable glacial enhanced water stratification
[François et al., 1997; Sigman et al., 2004]. All these
processes have shaped the nutrient characteristics of the
Southern Ocean water masses and surface silicate pump.
Therefore Quaternary sedimentary records integrate varia-
tions of surface phytoplankton activity with potential lati-
tudinal shifts of the properties (concentration and isotopic
signature) of the waters upwelling in the Antarctic Circum-
polar Current. Our detailed modern d29Si data set highlights
large isotopic variations in the surface and intermediate
Southern Ocean waters even within a single functional

zone. For paleoceanographic reconstructions this makes it
difficult to decipher between changes in relative utilization
and initial conditions. Our present range of estimates for
d29Siinitial (0.25%, from 0.71 in the PFZ to 0.96% in the
SAF) is significant in regard to the 0.3–0.4% changes
observed between LGM and Holocene Southern Ocean
diatoms [De La Rocha et al., 1998]. Therefore, although
this does not contradict the qualitative conclusions drawn to
date from sedimentary d30Si records [De La Rocha et al.,
1998; Brzezinski et al., 2002], highlighting a relatively
reduced Si utilization south of the PFZ during glacials, it
is likely that these records actually integrate information
from a larger area than just the overlying water column.

5. Conclusions

[29] By doubling the open ocean Si isotopes database, this
study presents significant insights on this new proxy that
carries a high potential for paleoceanographic studies. The
large depth and latitudinal d29Si coverage achieved, which
includes the different functional zones of the Southern
Ocean from Subantarctic to ice edge, highlights significant
variability. Such variability does not corroborate the concept
that Southern Ocean surface waters operate as a closed
system during spring. The deep waters are found to be
isotopically homogenous, whereas in the mesopelagic
waters a north-south gradient toward lighter signature is
observed. In the mixed layer, this latitudinal trend is more
pronounced, except in the SAZ whose isotopic signatures
are not heavier than in the PFZ-IPFZ system, although these
northern stations are much more Si-depleted.
[30] To examine the origins of the observed isotopic

variations, we applied a multiple box approach based on
the open system concept [Sigman et al., 1999] to assess the
Si fractionation between seawater and diatoms associated
with uptake. We did not observe significant latitudinal
differences, and our average result (29e = �0.45 ± 0.17%)
is similar to the one reported by De La Rocha et al. [1997].
This gives support to the use of the d29Si proxy for a wide
range of ecosystems and environments, including freshwa-
ter systems [Alleman et al., 2004]. Nevertheless, this study
underlines the necessity to further monitor variations of the
Si isotopic signatures in the modern ocean in order to better
validate this proxy for past reconstructions. In particular,
constraining the dissolved Si isotopic fingerprint of waters
below the mixed layer is essential to investigate the
processes which dominate nutrient resupply to the mixed
layer. The development of such a data set would also
open other applications of silicon isotopes in the context
of the current global silicon cycle (water masses and
circulation) and ocean nutrient limitation (e.g., Si versus
Fe limitation).
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suspended particles in the Subantarctic and Polar Front Zones south of
Australia: Constraints on export and advection processes, J. Geophys.
Res., 106(C12), 31,637–31,656.

Cardinal, D., L. Y. Alleman, J. De Jong, K. Ziegler, and L. André (2003),
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