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Abstract

Despite a growing body of work that uses diatom d30Si to reconstruct past changes in silicic acid utilisation, few studies
have focused on calibrating core top data with modern oceanographic conditions. In this study, a microfiltration technique is
used to divide Southern Ocean core top silica into narrow size ranges, separating components such as radiolaria, sponge spic-
ules and clay minerals from diatoms. Silicon isotope analysis of these components demonstrates that inclusion of small
amounts of non-diatom material can significantly offset the measured from the true diatom d30Si. Once the correct size frac-
tion is selected (generally 2–20 lm), diatom d30Si shows a strong negative correlation with surface water silicic acid concen-
tration (R2 = 0.92), highly supportive of the qualitative use of diatom d30Si as a proxy for silicic acid utilisation. The core top
diatom d30Si matches well with mixed layer filtered diatom d30Si from published in situ studies, suggesting little to no effect of
either dissolution on export through the water column, or early diagenesis, on diatom d30Si in sediments from the Southern
Ocean. However, the core top diatom d30Si shows a poor fit to simple Rayleigh or steady state models of the Southern Ocean
when a single source term is used. The data can instead be described by these models only when variations in the initial con-
ditions of upwelled silicic acid concentration and d30Si are taken into account, a caveat which may introduce some error into
quantitative reconstructions of past silicic acid utilisation from diatom d30Si.
Crown copyright � 2012 Published by Elsevier Ltd. Open access under CC BY license.
1. INTRODUCTION

Reliable palaeoproductivity and nutrient utilisation
proxies are essential to our knowledge of the role played
by the marine biosphere in climatic change. Such records
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are of particular importance in regions such as the Southern
Ocean, the Equatorial and Sub-Arctic Pacific, and areas of
coastal upwelling which have a direct influence on atmo-
spheric CO2 concentration and are sensitive to changes in
biological carbon pumping (Sarmiento and Toggweiler,
1984; Elderfield and Rickaby, 2000; Sigman and Boyle,
2000; Takahashi et al., 2002; Kohfeld et al., 2005; De La
Rocha, 2006). In these areas, a lack of carbonate preserva-
tion limits the use of traditional nutrient utilisation or pro-
ductivity proxies based on foraminifera (e.g. Benthic
Foraminiferan Accumulation Rates, d13C) (Swann and
s under CC BY license.
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Leng, 2009). As a result we must turn to less conventional
media, such as biogenic silica, to gain insight into past var-
iation in nutrient utilisation.

Diatoms, siliceous walled phytoplankton, are the domi-
nant contributor to modern biogenic silica deposition (Tré-
guer et al., 1995). Diatoms play an important role in carbon
export; in nutrient rich and coastal environments they may
account for up to 75% of primary production (Nelson et al.,
1995; De La Rocha et al., 1998). Their silica frustules also
provide an effective ballast material for sinking organic
matter (Buesseler, 1998; Baines et al., 2010). As primary
producers making a significant contribution to the biologi-
cal carbon pump, and which have an absolute requirement
for silicon, diatoms represent an important link between the
silicon and carbon cycles.

The silicon isotope signature preserved in diatom opal
may be used as a proxy for their silicic acid utilisation
(De La Rocha et al., 1997, 1998, 2006). During silicification
diatoms biologically discriminate against the heavier Si iso-
topes (30Si and 29Si) with a fractionation factor (30e) of
�1.1 ± 0.4& (De La Rocha et al., 1997; Milligan et al.,
2004). This imparts a high d30Si (d30Si = ([(30Si/28Si)sample/
(30Si/28Si)std] � 1) � 1000]) signature on surface water silicic
acid, and hence on subsequent diatom silica which forms
from it. At depth, remineralisation of diatom silica releases
silicic acid with a lower d30Si than the surface silicic acid,
and creates a gradient between high d30Si, low silicic acid
surface water and high silicic acid, low d30Si deep water.
Upwelling re-supplies the high silicic acid, low d30Si water
to the surface ocean. Diatom d30Si is therefore a measure
of diatom silicic acid utilisation, which is itself a balance be-
tween the amount of diatom silicification and the rates/
composition of upwelled water. This is the basis of the dia-
tom d30Si proxy, where high d30Si represents high utilisa-
tion. However, diatom d30Si is still a developing proxy,
with areas of both methodology and calibration that re-
quire some refinement.

One important caveat is that the impact of non-diatom
components on diatom d30Si measurements is under-con-
strained. Due to their small size, it is generally considered
impractical to hand-pick diatom frustules (Swann et al.,
2008) and a sequence of chemical and physical separation
techniques are instead employed to purify diatom material
(e.g. Morley et al., 2004). However, samples will almost al-
ways contain some level of non-diatom material (Morley
et al., 2004; De La Rocha, 2006; Leng and Barker, 2006;
Swann and Leng, 2009). Non-diatom components may con-
tribute silica with significantly different d30Si to diatom
opal, for example sponges are known to fractionate silicon
with 30e up to approximately �4&, much greater than that
of the diatoms (De la Rocha, 2003; Hendry et al., 2010).
Assessment of the effect of non-diatom sedimentary compo-
nents on measured d30Si is therefore required to ensure the
reliability of silicic acid utilisation records based on diatom
d30Si.

Additionally, little work has been undertaken to estab-
lish how well modern sedimentary diatom d30Si reflects si-
licic acid utilisation in the surface ocean or the associated
uncertainties involved in reconstructing utilisation from
downcore records (De La Rocha et al., 2011; Fripiat
et al., 2011b). The d30Si of both silicic acid and diatom opal
may be described using either a Rayleigh or steady state
fractionation model (e.g. De La Rocha et al., 1998). Ray-
leigh fractionation considers the surface ocean to have a fi-
nite pool of silicic acid that is progressively depleted by
diatoms and exported to the deep ocean. With increasing
export both silicic acid and diatom d30Si become progres-
sively higher. In the steady state model, a continuous sup-
ply of silicic acid from the deep ocean to the surface is
matched by diatom uptake and export. These models may
allow the reconstruction of past changes in surface water si-
licic acid utilisation by diatoms, but require knowledge of
the initial conditions from which fractionation occurs i.e.
the starting silicic acid concentration and its d30Si value.
It is currently not clear whether such models, with one fixed
set of initial conditions, are applicable over large areas of
the modern ocean, and if so, which are the most appropri-
ate starting conditions to use in reconstructions. To this
end, a body of work has been published on the d30Si of both
silicic acid and filtered biogenic opal (De La Rocha et al.,
2000; Varela et al., 2004; Cardinal et al., 2005, 2007; Beu-
cher et al., 2008, 2011; Reynolds et al., 2008; Fripiat
et al., 2011a,b,c), but despite this, opinion is divided over
whether the Southern Ocean may be modelled as a single
system. Given the growing number of oceanic studies avail-
able for comparison, the step of core top calibration is
overdue.

Here, we aim to develop the diatom d30Si proxy both in
terms of methodology and calibration, which, especially if
used in combination with other proxies such as the d30Si
of sponge spicules (deep water silicic acid concentration
(De La Rocha et al., 1997, 2003; Hendry et al., 2010)),
and diatom d15N (nitrate utilisation (Sigman et al., 1999;
Brzezinski et al., 2002; De La Rocha, 2006)), has great po-
tential for the reconstruction of past productivity and nutri-
ent dynamics. Core top calibration of the Southern Ocean,
representing a first assessment of the contribution made by
different components to measured d30Si, is presented.
Through comparison of this latitudinal transect of core
top diatom d30Si with modern surface water silicic acid con-
centrations, the extent to which simple models may allow
quantitative reconstruction of past silicic acid utilisation
is assessed.

2. MATERIALS AND METHODS

2.1. Materials

We have analysed sediments from both the Atlantic and
Pacific sectors of the Southern Ocean covering a range of
silicic acid concentrations from annual averages of
�80 lM in the Firth of Tay (NBP07-03-KCO8A) to
�10 lM just north of the Polar Front (TAN0803-127)
(Fig. 1, Table 1). The Western Antarctic Peninsula cores,
JCR112-BC383 (383), JCR112-BC385 (385) and JCR112-
BC391 (391) were collected as part of an Antarctic Funding
Initiative Project (AFI4-02) in collaboration with the
Rothera Biogeochemical Time Series (Hendry and Rick-
aby, 2008). They represent approximately 10 years of mod-
ern sediment accumulation, as evidenced by: (i) the
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Fig. 1. (a) Core top locations with annual surface water silicic acid concentration (World Ocean Atlas, 2009, http://www.nodc.noaa.gov/
OC5/WOA05pr_woa05.html) and Southern Ocean Antarctic Circumpolar Current (ACC) Fronts (Orsi, 1995). Purple = ACC Southern
Boundary (SB), Red = Polar Front (PF), Yellow = Sub-Antarctic Front (SAF), Green = Sub-Tropical Front (STF); (b and c) Pacific Sector
Silicic acid concentration and d30Si, respectively, above 2000 m (Cardinal et al., 2005) with core top locations plotted at respective latitude; (d
and e) Atlantic Sector Silicic acid concentration and d30Si, respectively, above 2000 m (De La Rocha et al., 2011; Fripiat et al., 2011b) with
core top locations plotted at respective latitude. Note Core tops are compared to the nearest transect available and that as such longitudes are
not exactly the same. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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presence of photo-detrital fluff near site 383, and (ii) sedi-
mentation rates of 0.14 cm/yr and 0.13 cm/yr at two prox-
imal sites (210Pb dating, 391 and JCR112-BC388 (388)
respectively in Hendry and Rickaby (2008)). NBP07-03-
KCO8A (08A) was collected as part of the 2006 SHA-
DRILL II cruise to the north-western Weddell Sea; its
top has been 14C dated to 1706AD. Samples from the Paci-
fic sector of the Southern Ocean were supplied by the New
Zealand National Institute of Water and Atmospheric Re-
search (TAN0803-127 (TAN127) and TAN0803-124
(TAN124)) and Oregon State University (in subsequent text
‘NZ samples’: KN7812-04BC (NZ4), NBP9802-05MC1
(NZ5), KN7812-06BC (NZ6), NBP9802-07MC1 (NZ7),
KN7812-11BC (NZ11)) and have been 14C dated to
<10 k years.

To test the relationship between geological samples and
core top size fractions, we have analysed four downcore
samples from the Eocene and Oligocene of Ocean Drilling
Program Site 177-1090 in the Atlantic Sector of the South-
ern Ocean (Table 1). The site has a palaeodepth of 3700 m
and is currently situated just south of the Subtropical
Front. The age model is from Channell et al. (2003) on
the timescale of Cande and Kent (1995).

2.2. Methods

2.2.1. Biogenic silica extraction and size separation

Biogenic opal was separated from sediments using both
chemical and physical techniques following the protocol of
Hendry and Rickaby (2008), adapted from the methods of
Shemesh et al. (1995 onwards), Ellwood and Hunter (1999),
and Morley et al. (2004), with the addition of the novel
microseparation technique of Minoletti et al. (2009). The
eight stage methodology is outlined in Fig. 2 and described
below.

2.2.1.1. Chemical cleaning stage 1 and heavy liquid separa-

tion. Initial chemical cleaning steps used H2O2 and HCl to
remove organic matter and carbonate respectively. This was
followed by several heavy liquid separations using sodium
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Table 1
Core site summary.

Site (text reference) Latitude Longitude Depth (m) Age Modern annual
silicic acid range
and (annual
average) (lM)

Core type Source

JCR112–BC383 (383) �66.72 �70.44 578 Modern
accumulation
(photodetrital fluff)

34–74 (57) Box AFI 4/02

JCR112–BC385 (385) �68.02 �70.52 845 <10 years (210Pb) 43–92 (72) Box AFI 4/02
JCR112-BC391 (391) �67.86 �68.23 814 <10 years (210Pb) 55–65 (60) Box AFI 4/02
NBP07-03–KC08A
(08A)

�63.34 �55.87 629 1706AD (14C) 76–101 (88) Kaston Shadrill

TAN0803-124
(TAN124)

�58.69 160.23 4358 47600 ± 1800
radiocarbon years
at 11 cm

7–26 (17) Gravity NIWA

TAN0803-127
(TAN127)

�57.56 160.87 3830 7567 ± 100
radiocarbon years
at 1 cm

4–20 (12) Gravity NIWA

KN7812-04BC (NZ4) �61.77 174.42 4240 <10 Ka (14C) 3–39 (24) Box OSU
NBP9802-05MC1 (NZ5) �63.11 �169.74 2927 <10 Ka (14C) 19–53 (39) Multi OSU
KN7812-06BC (NZ6) �63.29 174.78 2429 <10 Ka (14C) 22–58 (40) Box OSU
NBP9802-07MC1 (NZ7) �60.42 �170.19 3860 <10 Ka (14C) 6–31 (18) Multi OSU
KN7812-11BC NZ11) �63.63 �169.32 2738 <10 Ka (14C) 19–53 (39) Box OSU
ODP177-1090B �41.81 8.9 3700 m

(palaeodepth)
25.5 Ma, 27.1 Ma,
33.8 Ma, 35.9 Ma

N/A Hydraulic
piston core/
extended
core barrel

Ocean drilling
program
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polytungstate (SPT, 8Na2WO4WO3�H2O) to remove clastic
grains and clay minerals. After each stage opal was thor-
oughly rinsed with deionised water to remove any traces
of reagents or heavy liquid.

2.2.1.2. Microseparation. In traditional methods, sieving is
employed either before or after initial chemical cleaning
with the aim of removing clay minerals and the siliceous
components of other organisms such as radiolaria and
sponges (e.g. Shemesh et al., 1988; Morley et al., 2004).
Here, rather than sieving, which is difficult below 63 lm,
we have employed a microfiltration technique (described
in Minoletti et al., 2009), which allowed us to separate
the samples into a range of size fractions between 2 and
100 lm. The technique involves filtering sediment suspen-
sions through a series of nylon meshes or Millipore� poly-
carbonate membranes with the aid of an ultrasonic bath
(Fig. 3). The gentle ultrasonication continuously re-sus-
pends the sediment and prevents clogging of the mem-
brane/mesh, ensuring effective separation. Separations
were made at 50 or 41, 20, 12, 8, 5 and 2 lm, and a sample
of the bulk silica (purified silica prior to size fraction sepa-
ration) was removed for analysis. As only the <63 lm frac-
tion was available from the NZ samples (Table 1),
separations for these samples were made at 2 and 20 lm.
Size fractions were dried and weighed. Smear slides of each
fraction were analysed for relative proportions of diatoms
to other siliceous organisms, as well as for diatom specific
abundances. If at this stage any clastic grains were ob-
served, a repeat heavy liquid separation was undertaken.
For 08A some clastic contamination proved impossible to
remove.
For the Antarctic Peninsula sites, a comparison of bulk
silica (i.e. no microseparation) with separated diatom size
fractions, using a scanning electron microscope, showed
that the microseparation removed clay minerals which were
adhered to and clogging the pores of frustules in the bulk
samples (Fig. 4). At all sites, optical and SEM observations
of the <2 lm fraction showed abundant clay.

Fragmentation of siliceous components limits the ability
of microseparation to partition them on merit of their size
and/or shape. Fragmentation has two sources; initial frag-
mentation during sinking and early diagenesis, and frag-
mentation occurring during ultrasonication as part of the
microseparation technique. Initial fragmentation is particu-
larly high in coastal Antarctic Peninsula samples, while the
Pacific sector samples tend to have relatively low numbers
of fragments. To determine optimal sonication settings
and potential fragmentation, an experiment subjecting
whole diatom valves to different levels of sonication, over
various lengths of time, was undertaken (Electronic Annex
1). This shows that fragmentation is directly related to both
time and power setting, but that use of the lowest power
setting on the ultrasonic bath minimises fragmentation dur-
ing microseparation.

2.2.1.3. Chemical cleaning stage 2 (Oxford only). Silicon
isotope analyses were conducted at both Oxford University
and at the NERC Isotope Geochemistry Laboratory, Not-
tingham (NIGL). The latter facility was used for some sam-
ples as they were able also to analyse oxygen isotope ratios
from the same samples (data not shown here). Si isotope
data from the two laboratories have been shown to be com-
parable (Hendry et al., 2010). The samples analysed in Ox-



Fig. 2. Summary of methods. Steps 1 to 4 are biogenic silica purification techniques common to analyses performed both in Oxford and at
NIGL. Steps 5 and 6 (left hand side) are NIGL analysis steps and 5 to 8 (right hand side) are clean up steps and analysis techniques used in
Oxford. SPT = Sodium Polytungstate. MC-ICP-MS = Multi-collector inductively coupled plasma mass spectrometer.

178 K.E. Egan et al. / Geochimica et Cosmochimica Acta 96 (2012) 174–192
ford underwent an additional chemical cleaning stage, fol-
lowing the protocol of Ellwood and Hunter (1999)
(Fig. 2). This involves reductive cleaning (hydroxylamine
hydrochloride/acetic acid solution), etching (NaF) and oxi-
dative cleaning (strong acid solution of 50% HNO3/10%
HCl), to remove any remaining organic matter and surface
contaminants respectively. This was not required for NIGL
due to the different isotope extraction methods (see Sec-
tion 2.2.1.5 below).

2.2.1.4. Digestion and chromatographic separation (Oxford

only). The purified opal was dissolved via wet alkaline
digestion (Ragueneau et al., 2005; Cardinal et al., 2007) in
0.2 M NaOH at 100 �C for 40 min. The samples were then
acidified to pH �2 with 0.2 M thermally distilled HCl and
separated from major ions using cation exchange resin
(BioRad AG50W-X12) (Georg et al., 2006).
2.2.1.5. Vacuum line fluorination (NIGL only). At NIGL a
fluorination method was employed to convert the silica into
SiF4 (and O2) using a fluorine based reagent. The diatom
silica was reacted in three steps, and subsequently the Si
was extracted. Stage one involved ‘outgassing’ (dehydra-
tion) to remove surficial and loosely bound water in the
reaction tubes at room temperature. Stage two involved a
prefluorination step with a stoichiometric deficiency of the
reagent (BrF5) at low temperature which removes the hy-
droxyl and loosely bound water. The third stage was a total
reaction at 450 �C for 12 h with an excess of reagent to dis-
sociate the silica into O2 and Si (as SiF4) (Leng and Sloane,
2008).

2.2.1.6. Mass spectrometry and d30Si analysis. At Oxford,
d30Si analysis was carried out using a Nu Instruments Nu-
Plasma HR multi-collector inductively coupled plasma mass



Fig. 3. Ultrasonic filtration setup, Figure from Minoletti et al. (2009). The opal suspension is poured into the Pyrex tube. Larger particles are
retained on either a polycarbonate membrane (<20 lm) or nylon mesh (20–100 lm). The filtrate is collected and can then be re-filtered at a
smaller size if required. A variable power ultrasonic bath is used to minimize valve fragmentation (see Electronic Annex 1 for more
information on fragmentation during ultrasonication).
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spectrometer (HR-MC-ICP-MS). Samples were introduced
via a self-aspirating PFA microconcentric nebuliser (ESI)
in a Cetac Aridus II desolvating unit. The HR-MC-ICP-
MS was run in medium resolution mode (m/Dm �3500) in
order to resolve interferences on 29Si and 30Si. Standard-
sample bracketing was used to account for mass bias, and
eight repeats of 20 � 8 s integrations were made. Samples
were measured relative to the NIST RM 8546 standard.
The Diatomite standard (1.26& ± 0.2& (2rSD), Reynolds
et al., 2007) was analysed with each batch of samples. From
this, our long term reproducibility is 0.24& (2rSD, n = 52),
with a mean of +1.26& an average internal error of 0.18&

(2rSD of the eight repeat standard sample measurements).
At NIGL d30Si measurement was carried out using a

Thermo-Finnigan MAT253 gas source mass spectrometer.
The gaseous silicon tetrafluoride (SiF4) was produced off
line and introduced via a manifold. Samples were again
measured relative to NIST RM 8546. The diatomite stan-
dard BFC (Chapligin et al., 2011) was run with each batch
of samples to calibrate the sample data. From this, our long
term reproducibility is 0.2& (2rSD). Duplicate samples
had a mean reproducibility of 0.06& (2rSD). All measure-
ment values quoted in the text and figures have error values
equal to the 2rSD external reproducibility, except where
the internal reproducibility was greater, in which case this
is quoted instead.

2.2.1.7. Size fraction composition analysis. Area analysis of
smear slides images (taken with a high-resolution Zeisse
Scope A1 optical microscope and Zeiss AxioCam ICc1
camera) for both diatom to non-diatom component ratios
and diatom species were carried out using ImageJ software
(free to download from http://rsb.info.nih.gov/ij/in-
dex.html). It is noted that there are significant errors asso-
ciated with area analysis, particularly due to differences in
biovolume between the various components (especially be-
tween diatoms and radiolaria/sponge spicules).

3. RESULTS

In order to determine the size fraction most appropriate
to use to represent diatom d30Si in future downcore studies,
it is necessary to consider the mass, composition and iso-
tope signature of each size fraction.

3.1. Size fraction mass

For sites on the Antarctic Peninsula (383, 385, 391 and
08A), the <2 lm fraction contained the greatest mass of sil-
ica, ranging from 40% at 383 to 70% at 08A (Fig. 5a and b).
In contrast, sites in the Pacific sector of the Southern Ocean
had <2 lm fractions which contained <1% (TAN124) to
15% (NZ4, TAN127) of the total (Fig. 5c and d). SEM
observations of the <2 lm fraction showed it to contain sig-
nificant amounts of clay at all sites.

The Antarctic Peninsula sites display a general decrease
in the amount of silica contained in a size fraction with
increasing size e.g. from 15% in the 2–5 lm size fraction,
to <1% in the >50 lm at site 383 (Fig. 5a and b). However,
there is a small relative peak in silica mass in the 8–12 or
12–20 lm size fractions at all four sites (e.g. 25% in the
12–20 lm at site 383). For TAN127 and 124, there is a de-
crease in the mass of silica from 35% and 70% (respectively)
in the 2–5 lm fractions, to 5% in the 12–20 lm fractions

http://rsb.info.nih.gov/ij/index.html
http://rsb.info.nih.gov/ij/index.html
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Fig. 4. SEM images of diatoms before (left) and after (right) microseparation (a) Cheatoceros resting spores; (b) Fragilariopsis kerguelensis

and; (c) Thalassiosira sp. Images demonstrate the removal of adhered clays and clays lodged in the pores of diatom frustules (particularly b).
Images from Antarctic Peninsula sites.
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(Fig. 5c). The >50 lm fractions contain 5% of the total at sites
TAN127 and TAN124 respectively, in contrast to the <1%
found in the >50 lm fraction at any of the Antarctic Penin-
sula sites. For the NZ sites most silica is contained in the 2–
20 lm size fraction which contributes between 75% (NZ7)
and 90% (NZ11) to the total mass of silica (Fig. 5d).

In the downcore samples, 1090-18, 26 and 31 have 20%
to 25% of material contained in the <2 lm size fraction,
compared to 65% in 1090-20. The 2–10 lm size fraction con-
tains between 20% (1090-20) and 55% (1090-26), the 10–
20 lm size fraction between 6% (1090-20) and 25% (1090-
31) and the 20–41 lm size fraction up to �10% (1090-26).

3.2. Size fraction composition

At all of the core top sites studied for a full range of size
fractions, relative diatom abundance shows the same trend,
with diatom percentage lowest in the two largest size frac-
tions (Fig. 6) and closer to 100% in the smaller size fractions
(2–20 lm). The small size of material and dominance of
clay in the <2 lm fractions meant it was not possible or
informative to carry out area analysis, and they are not
considered further.

For the Antarctic Peninsula sites (Fig. 6a–c), diatom
percentage is highest between 2 and 20 lm, in all cases
being between 90% (e.g. site 383, 8–12 lm) and 100% (e.g.
site 385, 2–5 lm, 5–8 lm, 12–20 lm). The non-diatom con-
tribution between 2 and 20 lm comprises (in the case of
sites 383 and 385) radiolaria, sponge spicules and silicofla-
gellates. Individually these components never account for
more than 5%. In the 2–20 lm range at 08A, the non dia-
tom material is dominantly clastic grains, with a small con-
tribution from sponge spicules. The percentage of diatom
material decreases significantly in the larger size fractions,
dropping to only 5% in the >50 lm fraction of site 383
and the >41 lm of site 08A (the >50 lm fraction contained
almost no material at site 385 and so was not analysed).
The diatom percentage contained in the 20–50/20–41 lm
fractions falls between that of the 2–20 lm and >50/
41 lm fractions, containing 55% to 80% diatom material
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Fig. 5. Size fraction contributions to total silica (% by mass) for; (a) Sites 383, 385 and 391, and; (b) Site 08A on the Antarctic Peninsula; (c)
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at 08A and 383, 385 respectively. At all sites except 08A the
largest size fraction is dominated by radiolaria, which con-
tribute up to 95% of silica (e.g. >50 lm fraction at site 383).
At 08A, clastic grains account for 65% of the >41 lm
fraction.

At TAN127, the pattern is again very similar (Fig. 6d),
although diatoms are more abundant in the 20–41 lm frac-
tion, accounting for approximately 90% of the silica. Non-
diatom material in all size fractions is almost exclusively
radiolarian, and constitutes 94% of the >50 lm size frac-
tion. NZ samples were only analysed in the 20–63 lm
range, but are dominantly diatom material (82% at NZ4
to 99% at NZ6). Non-diatom material is generally radiolar-
ian (e.g. 16% at NZ4), with minor contributions from
sponge spicules and silicoflagellates.

3.3. Silicon isotope compositions

Size fractions in the range 2–20 lm have a higher aver-
age d30Si of +0.97 ± 1.20& with values ranging from
�0.47 ± 0.24& (08A, 12–20 lm) to +1.99 ± 0.26&

(TAN124, 8–12 lm), than size fractions >20 lm which
average +0.23& ± 1.97& and range from �1.84 ± 0.20&

(391, >50 lm) to +1.4 ± 0.24& (TAN124, 41–50 lm)
(Fig. 7). In general the greatest disparity is between the 2–
5 lm fraction and the largest size fraction (>41 or
>50 lm) e.g. at site 383 the 2–5 lm fraction has d30Si of
+1.04 ± 0.20& and the >50 lm a d30Si of
�1.21 ± 0.24&. d30Si of the 2–5 lm, 5–8 lm, 8–12 lm
and 12–20 lm fractions is high and stable, with these size
fractions being within at least external error at all sites ex-
cept 08A where the 12–20 lm fraction is significantly lower
(Fig. 7). The d30Si of the <2 lm fractions is lower than that
measured in the 2–20 lm (e.g. �1.14 ± 0.24& for KC08A)
at all sites except TAN127 where it is more positive
(+2.35 ± 0.31&). There was insufficient material in the
<2 lm fraction at TAN124 for analysis.

The NZ 2–20 lm d30Si ranges between +1.14 ± 0.24&

at NZ6 and +1.94 ± 0.24& at NZ4 (Fig. 9, Electronic An-
nex 2). At NZ4 and NZ5, the 20–63 lm fractions are signif-
icantly lower than the 2–20 lm, with offsets of 1.22& and
0.63& respectively. At sites NZ6 and NZ11 there is no
resolvable offset between the two.

All four 1090 downcore samples have 20–41 lm frac-
tions with significantly lower d30Si values than the
2–10 lm fraction by between 1.79& (1090-18) and 1.19&

(1090-26) (Fig. 8). For two samples, 1090-18 (25.5 Ma)
and 1090-20 (27.1 Ma), the 10–20 lm size fraction was also
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analysed, and is within error of the 2–10 lm fraction, e.g.
for 1090-18, 2–10 lm d30Si = +1.87 ± 0.24&, 10–20 lm
d30Si = +1.87 ± 0.24&.

4. DISCUSSION

4.1. Size fraction selection for diatom d30Si records

It is clear from Figs.7–9 that a consistent relationship ex-
ists between the size fraction of silica analysed and d30Si.
The smallest (<2 lm) and largest (>approximately 20 lm)
size fractions tend to have lower d30Si than those between
2 lm and approximately 20 lm (although the exact size-
d30Si association differs slightly at TAN127 and 08A). Size
fractions with lower d30Si contain non-diatom silica which
is variably composed of radiolarian tests, sponge spicules,
lithogenic components and clay minerals (Figs. 6 and 7),
consistent with published d30Si ranges of the components
present (Fig. 10). Using the size fraction d30Si values and
area analyses presented in this study, the size range which
most robustly represents diatom d30Si at each site can be
established, and the potential for these non-diatom compo-
nents to bias diatom d30Si assessed.

The d30Si of the <2 lm fraction at sites on the Antarctic
Peninsula (�1.14 ± 0.24& to +0.7 ± 0.20&, Fig. 7) is con-
sistent with the fraction being composed of a combination
of diatom fragments with a higher d30Si (e.g. 2–5 lm d30Si
+1.04 ± 0.20& at site 383) and lower d30Si clay minerals
(Fig. 10). Douthitt (1982) reports a kaolinite clay with
d30Si = +1.9&, indicating that the high d30Si of the
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<2 lm fraction at TAN127 is potentially compatible with Si
contribution from clay, but since the <2 lm fraction can
contain components other than clay minerals the offset
may not be entirely of clay mineral origin. Clay minerals
are much more likely to offset diatom d30Si in sediments
such as those from the Antarctic Peninsula, where the
<2 lm fraction contributes a large mass of silica to the bulk
sample, than the open ocean Pacific sites where it is only a
minor component (Fig. 5). Clay minerals adhered to, or
lodged in, diatom frustules have been problematic to re-
move in the past and have required sieving at 10 lm, neces-
sitating the loss of smaller diatom fractions (Morley et al.,
2004). This problem can be overcome using the microsepa-
ration technique, which effectively dislodges (Fig. 4) and
concentrates clays in the <2 lm size fraction.
At 383 and 385 the 2–20 lm size range consists of P90%
diatom silica. The size fractions found in this range have the
highest d30Si at their respective site, are all within error of
each other, and are considered the most representative of
diatom d30Si. The low d30Si of the >50 lm fraction at sites
383 and 391 is attributed to the presence of abundant radio-
laria (Figs. 6, 7 and 10). On this basis, and considering the
low d30Si of the radiolarian dominated fractions at other
our core top sites (Table 2) we suggest that the published
range of radiolarian d30Si extends to lower values than
previously documented. The d30Si of the 20–50 lm size
fractions at sites 383 and 391 is intermediate between the
2–20 lm and >50 lm fractions, suggesting that it represents
a mixture of diatoms and radiolaria. The area analysis
shows this fraction contains around 20% radiolaria at site
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383, and from this an expected value for the 20–50 lm frac-
tion can be calculated; a 20% contribution of silica with
d30Si = �1.2& (>50 lm d30Si i.e. radiolaria) to silica with
a d30Si = 0.9& (the mass-balanced 2–20 lm d30Si i.e. dia-
tom) yields a value of +0.5&, around 1& higher than the
measured 20–50 lm d30Si (�0.53 ± 0.20&). This difference
probably occurs for two reasons. Firstly, area analysis is
likely to underestimate the contribution of radiolarian sil-
ica, since radiolarian tests generally have a larger volume
than diatom frustules. Secondly, because of difficulty in
the homogenisation of biogenic silica samples, it is possible
that heterogeneity in analysed material led to over represen-
tation of radiolaria in the measured silicon.

The 2–20 lm range at 08A also contains >90% diatom
by area (Fig. 6), in agreement with the highest d30Si in
the 2–5 lm, 5–8 lm and 8–12 lm size fractions. However,
the 12–20 lm fraction has significantly lower d30Si which
tends towards the d30Si of the 20–41 lm and >41 lm frac-
tions (Fig. 7) despite containing significantly more diatom
material (Fig. 6). The d30Si of the 20–41 lm and >41 lm
fractions (�1.02 ± 0.24& and �0.74 ± 0.24&) is in keep-
ing with silicon supplied from clastic grains and sponge
spicules, although again the 20–41 lm fraction appears to
contain significantly more diatom material than the
>41 lm fraction. As discussed above, inconsistency be-
tween area analysis and measured d30Si is probably due
to inhomogeneous sampling or underestimation of the con-
tribution from non-diatom components by area analysis. In
particular, the low d30Si of the 12–20 lm fraction may be
due to sponge spicules, which, because they are generally
long and thin could carry a substantial volume of dense sil-
ica through a 20 lm mesh. At this site the 2–12 lm fraction
is most representative of diatom d30Si.
At TAN124 and TAN127 a large, radiolarian rich
>50 lm size fraction with low d30Si relative to the smaller,
diatom rich size fractions is again observed (Fig. 7), imply-
ing that radiolaria consistently form with a lower d30Si than
diatoms at a similar location (Fig. 10, Table 2). At both
sites, the 2–5 and 5–8 lm fractions have high d30Si, and
Fig. 6 shows that they are the fractions with most pure dia-
tom silica. By assuming the average d30Si of the 2–8 lm size
range is exclusively diatom, an appropriate upper size limit
can be determined: The d30Si of the 8–12 lm and 12–20 lm
size fractions at both sites is within error (internal or exter-
nal) of the 2–8 lm range, and so are considered to record
diatom d30Si. At both sites the 20–41 lm fraction is outside
this range, and so the 2–20 lm fraction in this region, as for
the Antarctic Peninsula, is considered the most representa-
tive of diatom d30Si. Although the 41–50 lm fraction at
TAN124 is within error of the 2–20 lm range, it will likely
be subject to the previously discussed issues with sample
heterogeneity and as such is best excluded.

For all NZ sites where a resolvable offset is observed, the
2–20 lm fraction has a higher d30Si than the 20–63 lm frac-
tion, and is taken to record diatom d30Si (Fig. 9, Electronic
Annex 2). The magnitude of the offset between the two frac-
tions at these sites is qualitatively related to the type and
amount of non-diatom component present, but is again
much greater than would be predicted from the area analy-
sis (Figs. 6e and 9, Electronic Annex 2). The two sites with
the greatest d30Si offset, NZ4 (offset = �1.22&) and NZ5
(offset = �0.63&) are the only two sites containing sponge
spicules in the 20–63 lm fraction (both 1% by area), with
NZ4 having a larger radiolarian component (16%) than
NZ5 (1%). This is consistent with the larger offset at
NZ4, but the low levels of contamination would not be ex-
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these are affected by non-diatom silicon. There is a better
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Fig. 10. Published d30Si ranges for the type of non-diatom
components present in our core tops and for diatoms filtered from
the modern ocean. Also plotted are the d30Si ranges of size
fractions from the core tops which contain diatoms (2–20 or 2–
12 lm), clay + diatoms (<2 lm, but TAN 127 not included),
radiolaria/sponges/clastics + diatoms (20–41/50/63 lm) and radio-
laria/clastics (>41/50 lm). See Section 4.2 for details of size
fraction contents at each site. Filtered marine diatom d30Si between
�0.5 and +2.6& (grey shading, Varela et al., 2004; Cardinal et al.,
2007; Fripiat et al., 2011a; data from top 100 m of the water
column only). It should be noted that inclusion of radiolarian tests
in this filtered opal cannot be ruled out (Cardinal et al., 2007).
Sponge d30Si between +0.5 and �5.7& (Hendry and Robinson,
2012). Clay d30Si from +0.1& to �2.3& (Basile-Doelsch, 2006).
Sedimentary, mafic and felsic rock d30Si observations between
�+0.4 and �1.2&, �0.1 and �0.4&, and +0.4& and �0.4&,
respectively (Reynolds, 2011). Few measurements of radiolarian
d30Si exist: Ding et al. (1996), measure three samples of radiolaria
from mid-Pacific sediments (d30Si of +0.3 to �0.2&), and a set of
radiolarian siliceous rocks from the Cambrian to Jurassic (d30Si of
+0.8& to �0.6), and Wu et al. (1997) measure a range of +0.2 to
+1.2& in downcore Pacific samples. The scarcity of measurements
and dominance of geological samples makes it difficult to assess the
actual range of radiolarian d30Si.

Table 2
Diatom/radiolarian d30Si offsets.

Site 2–20 lm averaged
(diatom)

>50 lm/>41 lm
(radiolarian)

Offset

383 0.9 �1.21 2.11
391 0.72 �1.84 2.56
127 1.64 0.45 1.19
124 1.80 �0.05 1.85
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pected to produce an offset at all if the sample analysed had
silica ratios equivalent to the area analysis. Of NZ 6, 7 and
11, NZ7 has the largest radiolarian contribution to 20–
63 lm silica (9%) and is the only one of the three to show
any offset.

The pattern of d30Si across size fractions from downcore
analysis of 1090 is very similar to TAN124 and 127, which
are located in a similar oceanographic setting north of the
modern Polar Front (Figs. 1 and 8), indicating that this
relationship holds as far back as 36 Ma. The d30Si of the
1090 20–41 lm fractions is generally lower than that of
the modern core tops, suggesting more influence from
non-diatom silica. For these downcore samples the 2–
20 lm range is again the most appropriate for targeting dia-
tom d30Si.

For core top sediments analysed in this study, the 2–
20 lm appears as the size fraction most consistently repre-



Table 3
Mass balance calculations of the percentage radiolarian silica required to produce published palaeoceanographic offsets.

Paper Time
period

Maximum d30Si (diatom)
(&)

Minimum d30Si
(&)

Offset (&) Required radiolarian
contamination (%)

De La Rocha et al.
(1998)

LGM 1.5 0.8 0.7 35

Brzezinski et al. (2002) 0–300 Ka 2 1 1 50
Beucher et al. (2007) LGM 1.7 1.1 0.6 30
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sentative of diatom d30Si. However, the low d30Si of the 12–
20 lm fraction at 08A highlights the need to tailor size frac-
tion selection to sediment composition. Another important
observation is the extent to which very minor amounts of
sponge and radiolarian silica can offset the d30Si of a sample
which under the microscope appears to be almost entirely
composed of diatom silica. The presence of non-diatom
material down to relatively small size is not a result of frag-
mentation of these components during microseparation
(Electronic Annex 1), and has previously been noted by
Singer and Shemesh (1995) and Crosta and Shemesh
(2002), who remove the >20 lm fraction from their samples
to avoid radiolarian contamination. Samples should be
carefully examined and the appropriate size fractions se-
lected prior to analysis to ensure that measured d30Si
represents robustly diatom d30Si. An initial test of d30Si
from a set of size fractions in representative downcore sam-
ples may be useful in such an assessment. Additionally, run-
ning two size fractions (e.g. the 2–10 lm and 10–20 lm)
from the same sample at selected intervals will help to en-
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Fig. 11. Core top diatom d30Si (2–20 lm or 2–12 lm) compared to filtere
the water column (Varela et al., 2004; Cardinal et al., 2007; Fripiat et al.
silicic acid concentration, and the filtered diatom d30Si against the silici
diatom d30Si and filtered diatom d30Si are remarkably consistent, especia
sure measured d30Si consistently reflects diatom d30Si
downcore.

Diatom species composition has been suggested as a fac-
tor which may influence d30Si (De La Rocha, 2006). The
species composition of our size fractions is shown in Elec-
tronic Annex 3. Size fractions in the 2–20 lm range, with
consistent d30Si, contain different diatom assemblages, indi-
cating that diatom vital effects are unlikely to affect d30Si.
However, because it was not possible to separate 100% spe-
cies specific size fractions we cannot as yet draw any firm
conclusions regarding this issue.

4.1.1. Implications for published d30Si records

The previously highlighted potential for common sedi-
mentary components to bias measured d30Si away from
diatom d30Si could lead to misrepresentation of palaeo-
environmental changes. This is especially significant as geo-
logical studies tend to focus on climatic boundaries, when
the abundance of taxa such as radiolaria and sponges rela-
tive to diatoms may change rapidly, as well as the ratio of
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biogenic to non biogenic components such as clay. Addi-
tionally, downcore, the preservation of biogenic opal may
change significantly, and of particular relevance to the sep-
aration of diatoms from radiolarian/sponges, the degree of
fragmentation may change, something which can compli-
cate the separation of radiolarian and diatom silica.

Low d30Si is generally recorded at the Last Glacial Max-
imum (LGM) (De La Rocha et al., 1998; Brzezinski et al.,
2002). The LGM is also frequently defined by a peak in
relative abundance of the radiolarian Cycladophora davisi-

ana (De La Rocha et al., 1998), raising the possibility of
an increased glacial contribution from low d30Si radiolarian
silica. Examples of negative offsets observed during glacial
stages in published records are 1.5& (De La Rocha et al.,
1998), 1.7& (Beucher et al., 2007) and 2& (Brzezinski
et al., 2002) (Table 3), and would require 30–50% radiolar-
ian contribution to explain the entirety of the offset (calcu-
lated by taking diatom d30Si to be the most positive value
observed in the records and offsetting this by�2& (Table 2)
to give the radiolarian d30Si). It seems unlikely that such
levels of contamination are present in any of the published
records, since authors are generally careful to eliminate
non-diatom components. Although it is not always clear ex-
actly what size fraction has been analysed, diatom d30Si
studies generally follow methods such as those of Shemesh
et al. (1988), Singer and Shemesh (1995), and Crosta and
Shemesh (2002), which use the <20 lm (Singer and She-
mesh, 1995; Crosta and Shemesh, 2002), or <38 lm (She-
mesh et al., 1988) fractions, and should exclude the
majority of radiolarian or sponge silica.

4.2. Diatom d30Si as a proxy for silicic acid utilisation

In Section 4.1 the size range most representative of dia-
tom d30Si was determined to be the 2–20 lm (or 2–12 lm
for 08A) and in this section either the d30Si of this size frac-
tion or the mass balanced d30Si from size fractions within
this range will be referred to as core top diatom d30Si.

Core top diatom d30Si correlates well with both the an-
nual average silicic acid concentration and the minimum
annual silicic acid concentration at each site (Fig. 9,
R2 = 0.82 and 0.92 respectively). The silicic acid concentra-
tions were estimated from the nearest grid point to the core
site in the World Ocean Atlas, 2005. The poorer correlation
between silicic acid concentration and the 20–50/20–41/20–
63 lm (depending which was measured at each site) d30Si
(Fig. 9, R2 = 0.55 or 0.66) confirms that this fraction should
be excluded from silica analysed in studies targeting silicic
acid utilisation. Fig. 9b shows a particularly robust rela-
tionship between core top diatom d30Si and the minimum
surface water silicic acid concentration when the correct
size fraction of sedimentary silica is analysed, validating
the use of diatom d30Si as a proxy for silicic acid utilisation
and highlighting the need for careful size fraction selection.
Core top d30Si is remarkably consistent with mixed layer fil-
tered diatom d30Si from the equivalent sector of the South-
ern Ocean (Fig. 11), indicating that surface diatom d30Si is
faithfully recorded in the sediments, with minimal effect of
either dissolution, which should act to increase the d30Si of
the diatom opal (Demarest et al., 2009), or of early diagen-
esis. Minimal effect of dissolution is consistent with sedi-
ment trap d30Si and filtered diatom d30Si-depth profiles,
which have found no evidence for d30Si modification during
sinking (Varela et al., 2004; Cardinal et al., 2007; Fripiat
et al., 2011a). This is again supportive of the qualitative
use of diatom d30Si as a proxy for silicic acid utilisation.
It should be noted that as we plot our core top data against
minimum silicic acid concentration, they are less compara-
ble to the spring data measured in the Pacific by Cardinal
et al. (2005), and the spring data included in Varela et al.
(2004). This likely explains why a portion of these filtered
data are offset somewhat from the core top d30Si data.

However, there are still some important considerations
which should be taken into account when interpreting dia-
tom d30Si records. Firstly, there is a significantly better cor-
relation (p > 0.95) between core top diatom d30Si and
minimum silicic acid concentration (Fig. 9b) compared to
the mean annual silicic acid concentration (Fig. 9a)
(R2 = 0.92, 0.82 respectively). The significance of the differ-
ence in goodness-of-fit between the minimum and mean an-
nual models was estimated using a bootstrapping method
which accounts for the error bars on the d30Si measure-
ments (Electronic Annex 4). Unfortunately, we have been
unable to obtain good error estimates for the silicic acid
concentrations from the World Ocean Atlas (2005), which
has precluded us taking these into account when testing this
significance. This difficulty stems from two main issues.
Firstly, the World Ocean Atlas is a gridded field, meaning
that for a number of our core top locations, the silicic acid
estimates are based on one or fewer actual measurements.
Secondly, the error bars which are quoted in the World
Ocean Atlas are determined not only by the actual variation
in silicic acid on an annual basis, but by both the number of
measurements and, for the mean annual estimates, the sea-
sonality of a given location, making their inclusion rather
uninformative. Nevertheless, the better correlation between
minimum silicic acid concentration and 2–20 lm diatom
d30Si suggests that sedimentary diatom d30Si documents
seasonal diatom silicic acid utilisation. This could be ex-
plained by sedimentary diatom d30Si recording silicic acid
utilisation only at the time when diatoms are growing
(e.g. during summer stratification in the Southern Ocean,
when silicic acid is driven to a minimum and d30Si to high
values (Varela et al., 2004; Fripiat et al., 2011c)), whereas
average annual silicic acid concentration may include large
portions of the year when diatom production is minimal
and surface silicic acid concentration is high (e.g. during
winter mixing), and so will be biased towards higher silicic
acid concentrations. The extent to which the annual silicic
acid concentration is offset from the minimum will be
dependent on the degree of seasonality at a given location,
creating the observed variation in the R2: At sites such as
383 and 385, the minimum silicic acid concentration is
much lower than the annual average indicating there is a
seasonal nature to diatom driven silicic acid drawdown (Ta-
ble 1). In contrast at core top locations where production is
either more continuous throughout the year (e.g. near
TAN127/124 (Sigmon et al., 2002)) or where the extent of
seasonal drawdown is very small (e.g. 391 (Clarke et al.,
2008)), the annual silicic acid concentration is more similar



188 K.E. Egan et al. / Geochimica et Cosmochimica Acta 96 (2012) 174–192
to the minimum (Table 1). That the seasonal maximum of
silicic acid utilisation is being recorded in sedimentary dia-
tom d30Si is an important point to acknowledge when inter-
preting downcore records, since the season of diatom
productivity may be as little as only 3 months in some re-
gions south of the Polar Front (Sigmon et al., 2002). If dia-
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model), assuming a fractionation factor of �1.1& and taking the silicic
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water mass in the literature: UCDW (Pacific) = 78 ± 13 lM, 1.23 ± 0.13&

UCDW (Atlantic) = 69 ± 8 lM, 1.47 ± 0.37& (Fripiat et al., 2011b) (erro
the range of d30Si observed in our core top data, particularly at sites nort
Rayleigh and Steady state evolutions, but in this case with initial conditio
the Pacific Polar Front surface water composition (25 ± 8 lM, 2.4 ± 0.3&

2004, error bars are 1rSD, n = 16). The mixing line between these two en
can be taken to represent the source waters from which diatom silici
fractionation curves from anywhere on this mixing line will plot between
satisfactorily explain the variation in d30Si of our core tops, and the major
the Pacific Winter Water (averaged between the Polar Front and the Sout
Cardinal et al., 2005; Fripiat et al., 2011b, error bars as quoted in Fripiat
Front (1 lM, 3&, based on the estimate of Fripiat et al. (2011b); no data
Pacific). This fractionation and mixing can account for the low apparent
noted that these mixing lines would not look significantly different using
tops are located in the Pacific, we have chosen to use the Pacific end
SIZ = Seasonal Ice Zone; PF = Polar Front; PF–SB = Polar Front
WW = Winter Water. (For interpretation of the references to colour in
article.)
tom d30Si records are produced from cores located in
regions where silicic acid uptake is highly seasonal or if sea-
sonality changes through time, changes in silicic acid util-
isation recorded by diatom d30Si may exaggerate the
change in silicic acid concentration of the wider, annually
integrated surface ocean. This is also something which
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Table 4
Estimated e and d30Si(OH)4 initial.

Data set Fractionation factore (&) Initial silicic acid d30Si(OH)4 initial (&) R2

2–20 (12) lm core top �1.9 ± 0.2 (steady state) 2.0 ± 0.1(steady state) 0.92
UCDW Fripiat et al., 2011b �1.8 ± 0.2 (Rayleigh) 2.2 ± 0.1 (Rayleigh) 0.88
2–20(12)lm core top �2.2 ± 0.2 (steady state) 1.9 ± 0.1(steady state) 0.92
UCDW Cardinal et al., 2005 �2.1 ± 0.2 (Rayleigh) 2.2 ± 0.1 (Rayleigh) 0.92

Top 100 m silicic acid compilation (Frip UCDW) �0.9 ± 0.1 (steady state) 1.6 ± 0.05 (steady state) 0.48
Top 100 m silicic acid compilation (Card UCDW) �1.1 ± 0.1 (steady state) 1.4 ± 0.05 (steady state) 0.47
Mixed layer filtered diatoms (Frip UCDW) �2.5 ± 0.1 (steady state) 2.0 ± 0.05 (steady state) 0.82
Mixed layer filtered diatoms (Card UCDW) �3.2 ± 0.1 (steady state) 2.0 ± 0.05 (steady state) 0.82
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should be kept in mind when interpolating results between
cores which are located in different oceanic regimes.

Secondly, the reliability of quantitative silicic acid recon-
structions from diatom d30Si pivots on the assumption that
simple Rayleigh or steady state models, with a single silicic
acid concentration/d30Si source term and a consistent dia-
tom fractionation factor are sufficient to describe the
Southern Ocean d30Si distribution. This would appear not
to be the case for our core top data.

Rayleigh Fractionation is characterised by the following
equations;

d30SiðOHÞ4 ¼ d30SiðOHÞ4 initial þ 30e ln f ð1Þ

d30Si–bSiO2 ¼ d30SiðOHÞ4 þ 30e ð2Þ

d30Si–bSiO2 acc ¼ d30SiðOHÞ4 initial � 30eðf lnf =1� f Þ ð3Þ

where Si(OH)4 is silicic acid, Si(OH)4 initial is initial silicic
acid, bSiO2 is diatom silica, bSiO2 acc is accumulated diatom
silica, and f is the fraction of silicic acid remaining in the
surface ocean. In this model, sedimentary diatom silica
should reflect the accumulated diatom d30Si (Eq. (3)).

For the steady state model,

d30SiðOHÞ4 ¼ d30SiðOHÞ4 initial � 30eð1� f Þ ð4Þ

d30Si–bSiO2 ¼ d30SiðOHÞ4 initial þ 30ef ð5Þ

In order to test how well core top diatom d30Si fits these
models, an estimate of the initial conditions from which
fractionation occurs must be made. Upper Circumpolar
Deepwater (UCDW) is probably the most ubiquitous ulti-
mate source of silicic acid to the mixed layer, either by
upwelling or Ekman Transport, over the latitudinal range
of our Southern Ocean core tops (Whitworth III et al.,
1994; Pollard et al., 2002; Clarke et al., 2008; Fripiat
et al., 2011b) (with the exception of 08A where Lower Cir-
cumpolar Deepwater and Antarctic shelf water are more
likely to control silicic acid supply (Whitworth III et al.,
1994)). We have therefore used two different estimates of
the silicic acid concentration/d30Si signature of UCDW
(Cardinal et al., 2005; Fripiat et al., 2011b) to represent ini-
tial conditions (Fig. 12a). The expected Rayleigh and steady
state d30Si evolution from UCDW were calculated assum-
ing a fractionation factor of �1.1& (De La Rocha et al.,
1997), and are shown compared to our core top diatom
d30Si in Fig. 12a. Values of 30e and initial silicic acid d30Si
were also calculated (Table 4) from the gradient and inter-
cept of the linear regression of core top diatom d30Si against
either f or (f lnf)/(1 � f) for steady state and Rayleigh accu-
mulated opal, respectively (Eqs. (3) and (5)). f was set as the
minimum silicic acid concentration at each site divided by
the UCDW concentration. Quoted errors for 30e and
d30Si(OH)4 initial are ±1SE on the gradient and intercept
of the regression line respectively.

Values of 30e estimates from our core top diatom d30Si
vs. minimum silicic acid concentration are between
�1.9 ± 0.2& and �2.2 ± 0.2& (both models are in agree-
ment, Table 4). The gradient of the core top d30Si is there-
fore too large to be compatible with a fractionation factor
of �1.1& using these simple models, explaining the lack
of coherence with any of the model fractionations illus-
trated in Fig. 12a. This is highlighted by the high estimates
of d30Si(OH)4 initial from the core top diatom d30Si (Table 4).
In situ studies have also observed a steeper than expected
increase in surface filtered diatom d30Si with silicic acid con-
centration when using 30e = �1.1& and simple single
source models (Varela et al., 2004; Cardinal et al., 2007;
Fripiat et al., 2011a). Varela et al. (2004) estimate 30e to
be �2.1 ± 0.2& for filtered biogenic silica, using a steady
state model starting from 65 lM, which is remarkably con-
sistent with our estimate from the core top data. Taking all
the Southern Ocean mixed layer filtered diatom d30Si data
published to date, and using either UCDW estimate as a
starting point, the steady state model yields 30e = �2.5
± 0.1& or �3.2 ± 0.1& (Table 4), which is again very high.
On the contrary 30e estimates made in the same way assum-
ing the single source steady state model and published silicic
acid d30Si from the Southern Ocean mixed layer are
�0.9 ± 0.1& or �1.1 ± 0.1&. This is very similar to the
compiled Antarctic Circumpolar Current 30e estimate of
�1.2 ± 0.2& from Fripiat et al. (2011c), despite the fact
that this estimate includes studies which considered frac-
tionation from a variable source targeted at the specific
location being considered (Cardinal et al., 2005; Fripiat
et al., 2011c). The large difference in 30e estimates from core
top diatom d30Si and silicic acid d30Si leads to an increase in
the apparent fractionation factor (offset between d30Si of si-
licic acid and of core top/filtered diatoms) with increasing
latitude (silicic acid concentration) (Varela et al., 2004; Car-
dinal et al., 2007; Fripiat et al., 2011a) which can be clearly
seen in Fig. 12. Such observations demonstrate that the
simple fractionation models cannot account for the d30Si
distribution recorded in Southern Ocean sediments.

Two main hypotheses on the cause of such deviations
from the idealised models can be considered. Firstly, the
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assumption of a single source is likely to be wrong, given
the significant mixing which occurs both vertically and hor-
izontally in the Southern Ocean mixed layer from which
diatoms produce their silica (Cardinal et al., 2005, 2007;
Fripiat et al., 2011b). Secondly, the assumption of a con-
stant fractionation factor with latitude may be incorrect
(Varela et al., 2004; Cardinal et al., 2007; Hendry and Rob-
inson, 2012). Although a change in the diatom fraction-
ation factor with latitude cannot be ruled out, it can be
demonstrated that when the effects of water mass mixing
are taken into account, variation in the core top diatom
d30Si can be satisfactorily explained using a constant frac-
tionation factor of approximately �1.1& (Fig. 12b).

Fripiat et al. (2011a) have shown that in the Atlantic
Sector of the Southern Ocean, the sub-surface (Winter
Water) silicic acid concentration and d30Si plot on a mixing
line between the characteristic signatures of UCDW and the
seasonally depleted mixed layer. This Winter Water may be
considered the starting point for diatom silicon isotope
fractionation over large areas of the Southern Ocean (Car-
dinal et al., 2005; De La Rocha et al., 2011; Fripiat et al.,
2011a). Simplistically, a mixing line of this type, for exam-
ple between Pacific UCDW and the Polar Front surface
ocean (Fig. 12b), can be taken to represent the possible
range of silicic acid concentration and d30Si which may be
present at the beginning of seasonal diatom production
(this line would not appear significantly different using
Atlantic end member estimates from Fripiat et al.
(2011a)). Steady state or Rayleigh fractionation models
can then be used to calculated the evolution of silicic acid
and diatom d30Si from anywhere on this spectrum of initial
conditions (following Cardinal et al. (2005) and Fripiat
et al. (2011a)). Any such fractionation will plot somewhere
between the fractionation lines from UCDW and the Polar
Front surface water silicic acid which are illustrated in
Fig. 12b. Our core top diatom d30Si data are compatible
with such a model (i.e. fractionation, either Rayleigh or
steady state, from an initial water mass composition de-
scribed by mixing between UCDW and surface waters at
the Polar Front) of Southern Ocean d30Si fractionation
(Fig. 12b), which also describes much of the variation in
surface water silicic acid and filtered diatom d30Si from
in situ studies (with the exception of some very low filtered
diatom d30Si values at high silicic acid concentration in the
Pacific). In particular, this description of the system can
provide an explanation of the relatively high core top dia-
tom d30Si at silicic acid concentrations <20 lM (Fig. 12b).
The fit between this mixing model and our core top diatom
d30Si is in good agreement with Fripiat et al. (2011a). Their
modelling of seasonal mixed layer d30Si evolution at the Po-
lar Front shows that biogenic silica exported from the
mixed layer can be satisfactorily replicated by a Rayleigh
accumulated product. As demonstrated by Fripiat et al.
(2011a,b), the unexpectedly low d30Si of the surface water
silicic acid at low silicic acid concentrations, which also
contributes to the low apparent fractionation factor, can
be explained by mixing of an evolved water mass having
very low silicic acid concentration and high d30Si (driven
by diatom production), with subsurface waters sourced
from the Polar Front having higher silicic acid concentra-
tion and lower d30Si. This is illustrated on Fig. 12b by a
mixing line between the Pacific Winter Water (averaged be-
tween the Polar Front and the Southern Boundary of the
ACC; in Fripiat et al. (2011b), from the data of Cardinal
et al. (2005)) and a hypothetical mixed layer from north
of the Polar Front (1 lM, 3&, based on the estimate of Fri-
piat et al. (2011b); no data are available for summer condi-
tions north of the Polar Front in the Pacific). Such a mixing
line is a good example of how the relationship between
physical mixing and biological uptake might control the
d30Si distribution in the surface waters of the Southern
Ocean.

Since dissolution acts to increase the d30Si of diatom sil-
ica (Demarest et al., 2009), it could provide an alternative
explanation for the relatively high d30Si, and the small
apparent fractionation factor, at core top locations with si-
licic acid <20 lM. However, good agreement between our
core top diatom d30Si and mixed layer filtered diatom
d30Si, and the preservation of surface diatom d30Si signa-
tures in both deep sediment traps (Varela et al., 2004) and
through depth profiles of filtered diatoms (Cardinal et al.,
2007; Fripiat et al., 2011a) all argue against dissolution as
the driver of these relatively high values. Additionally, the
modelling results of Fripiat et al. (2011a) indicate that there
should be no significant effect of dissolution on the d30Si of
accumulated diatom silica.

Reconstruction of surface water silicic acid concentra-
tions from diatom d30Si does appear to be robust (Fig. 9).
However, any attempt to fully quantify changes in the de-
gree of silicic acid utilisation will be subject to major uncer-
tainties regarding the initial surface water mass composition
and mixing regime. A particularly optimistic note from this
study is that the diatom d30Si signal appears unaltered by
dissolution over million year timescales (Fig. 8).

5. CONCLUSIONS

A consistent size-d30Si pattern, related to the propor-
tions of diatom and non-diatom components in a sample,
has been demonstrated. This study highlights the great po-
tential for small amounts of non-diatom silica to signifi-
cantly offset measured d30Si to lower values than diatom
d30Si. In order to create reliable downcore records of dia-
tom d30Si, it is essential to eliminate such contamination
by selecting the correct size fraction for analysis. In general
the 2–20 lm fraction has been found most appropriate for
core tops in this study, although this is not a hard and fast
rule, and rather must be tailored to the sediment composi-
tion of each sample set.

When a pure diatom size fraction is selected, an extre-
mely good correlation with surface water minimum annual
silicic acid concentration is documented (R2 = 0.92). In
comparison, larger size fractions (�20–50 lm) exhibit a
poorer correlation (R2 = 0.66), again emphasising the need
for size targeted analyses.

Correlation with surface silicic acid concentration, and a
good agreement between core top diatom d30Si and surface
filtered diatom d30Si, are highly supportive of the use of
sedimentary diatom d30Si as a proxy for surface water silicic
acid utilisation and indicate no significant effect of dissolu-
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tion or early diagenesis. The better correlation with mini-
mum annual silicic acid reflects the fact that diatom d30Si
records the seasonal extent of silicic acid utilisation by dia-
toms, which should be kept in mind when interpreting dia-
tom d30Si records.

Core top diatom d30Si can be satisfactorily explained
using steady state or Rayleigh fractionation without the need
to invoke a variable diatom fractionation factor, as long as
changes in the silicic acid concentration and d30Si from
which diatom uptake occurs are properly accounted for i.e.
it is not possible to model the entire Southern Ocean with
a single set of initial conditions. This represents a major
source of error in quantitative silicic acid utilisation recon-
structions. However, it should not detract from the strong
relationship which exists between sedimentary diatom d30Si
and surface water silicic acid concentration, proving this to
be a reliable qualitative proxy for silicic acid utilisation.
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