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Abstract

Atmospheric fluxes of iron (Fe) over the past 200 kyr are reported for the coastal Antarc-
tic Talos Dome ice core, based on acid leachable Fe concentrations. Fluxes of Fe to
Talos Dome were consistently greater than those at Dome C, with the greatest dif-
ference observed during interglacial climates. We observe different Fe flux trends at5

Dome C and Talos Dome during the deglaciation and early Holocene, attributed to
a combination of deglacial activation of dust sources local to Talos Dome and reorga-
nization of atmospheric transport pathways with the retreat of the Ross Sea ice shelf.
This supports similar findings based on dust particle sizes and fluxes and Rare Earth
Element fluxes. We show that Ca and Fe should not be used as quantitative prox-10

ies for mineral dust, as they all demonstrate different deglacial trends at Talos Dome
and Dome C. Considering that a 20 ppmv decrease in atmospheric CO2 at the coldest
part of the last glacial maximum occurs contemporaneously with the period of greatest
Fe and dust flux to Antarctica, we conclude that the maximum contribution of aeolian
dust deposition to Southern Ocean sequestration of atmospheric CO2 is approximately15

20 ppmv.

1 Introduction

Polar ice cores allow detailed reconstructions of atmospheric composition and aerosol
loading which are important for understanding the origins of climate transitions as well
as potential feedback effects (Wolff et al., 2006; Fischer et al., 2010). Mineral aerosol20

(dust) plays a role in several direct and indirect climate feedback processes (Maher
et al., 2010) with extremely large (up to 40-fold) changes in dust fluxes at polar and
high-latitude regions between glacial and interglacial climates (Fischer et al., 2007).
In Central Antarctica, increased dust fluxes arise due to stronger atmospheric cou-
pling with the arid dust-deflation zones of Southern South America in combination25

with reduced washout of dust (Lambert et al., 2008). Isotopic (Delmonte et al., 2010;
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Vallelonga et al., 2010) and modelling (Li et al., 2008; Mahowald et al., 2005) investi-
gations indicate changes in dust provenance from glacial to interglacial climates, with
a dominant Southern South American dust source during the glacial maxima and en-
hanced dust entrainment from Australia and local Antarctic ice-free areas during inter-
glacial periods. Marine sediments demonstrate that coupling between Southern South5

American dust sources and meridional dust transport intensified during the late Pleis-
tocene (Martinez-Garcia et al., 2009).

Records of past atmospheric fluxes of dust and elements such as iron (Fe) are es-
sential for testing the “Iron hypothesis” proposed by Martin (1990), in which CO2 draw-
down in some oceanic zones is controlled not by the availability of macronutrients,10

such as nitrogen and phosphorus, but by the availability of micronutrients essential for
biological growth, particularly Fe. Successful trials of ocean surface Fe addition in High-
Nutrient Low-Chlorophyll (HNLC) zones of the Southern and equatorial Pacific Oceans
have validated the basis for the Iron hypothesis (Sigman et al., 2010; Smetacek et al.,
2012). A complementary mechanism for the transport of nutrients to HNLC zones is15

wind-driven upwelling of nutrient-rich deep waters: Anderson et al. (2009) identified
changes in opal fluxes from a Southern Ocean sediment core which may have been
due to shifts in the latitude of Southern westerlies during the last termination (T1). Such
shifts consequently alter Southern ocean circulation, the strength of abyssal upwelling
and nutrient transport to the subantarctic oceanic zone. Syntheses of terrestrial, ma-20

rine and ice core dust data are essential for the contribution of aeolian dust deposition
to Fe fertilization to be accurately evaluated (Maher et al., 2010).

Records of aeolian Fe inputs to Antarctica are available for two sites: EPICA Dome
C (EDC) (Gaspari et al., 2006; Wolff et al., 2006) on the central Eastern plateau
and coastal Law Dome (Edwards et al., 2006), showing marked differences in glacial-25

interglacial Fe fluxes and ratios. EDC samples were leached at pH 1 for > 24 h (identical
to this study) while the Law Dome samples were acidified for 1 month, thus allowing
for more complete dissolution of acid-labile Fe. An early evaluation of oceanic dust
fertilization employed non-sea salt Ca2+ (nssCa2+) as a proxy for Fe (Röthlisberger
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et al., 2004). Consequently, the biological pump has been calculated to account for 10
to 50 % of the 80–100 ppmv CO2 changes observed over glacial-interglacial transitions
(Martinez-Garcia et al., 2009; Fischer et al., 2010). Here we present a record of Fe
fluxes at Talos Dome (TD) for the past 200 kyr to assess atmospheric dust deposition
controls on Southern Ocean paleoproductivity.5

2 Experimental

Samples were obtained from the TALDICE ice core (159◦11′ E, 72◦49′ S; altitude
2315 m a.s.l.; annual mean temperature −41 ◦C; snow accumulation 80 mm water
equivalent yr−1; Stenni et al., 2011). The TALDICE-1a chronology (Buiron et al., 2011;
Schüpbach et al., 2011) has an uncertainty of 300 yr over T1 and less than 600 yr10

over MIS 3. Discrete samples were obtained from a 32 mm×32 mm section of the in-
ner part of the ice core following Continuous Flow Analysis (Kaufmann et al., 2008).
Ice was melted on a gold-coated brass melthead at a rate of 3 cmmin−1, with discrete
samples collected in coulter counter accuvettes at a rate of 0.5 mLmin−1. Each 15 mL
sample integrated a metre of melted ice. Samples were transported frozen to Italy for15

analysis.
The sample preparation and analytical methods have been reported previously (Bar-

bante et al., 1999). Samples were prepared in a shipping container converted into
a particle-free laboratory, with HEPA-filtered overpressured working spaces rated to
Class 10 to 100 (US Fed. Std 209E, equivalent to ISO 4 to 5). Melted samples were20

acidified to pH 1 using sub-boiling distilled HNO3 (Romil, Cambridge, UK) and anal-
ysed at least 24 h later by Inductively Coupled Plasma Sector Field Mass Spectrome-
try (ICP-SFMS; FinniganTM ELEMENT2, Thermo Fisher Scientific Inc., Bremen, Ger-
many) coupled to an APEX Q desolvating introduction unit (Elemental Scientific, Om-
aha, NE, USA). The detection limit, defined as three times the standard deviation of25

the instrument blank, was 0.029 ngg−1, with precisions of 16 % for Holocene samples
and 10 % for Last Glacial Maximum (LGM) samples. We report here acid leachable Fe
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concentrations, following the techniques described by Gaspari et al. (2006), in order to
compare Talos Dome Fe fluxes directly to those reported for EPICA Dome C. We ac-
knowledge that the Fe fluxes reported here underrepresent total Fe in the samples, as it
has been demonstrated that at least one month of acidification is required to completely
dissolve Fe-bearing aerosol particles in ice (Edwards et al., 2006). Fluxes were calcu-5

lated by multiplying Fe concentrations by TALDICE-1a accumulation rates (uncertainty
±20 %). The time period integrated by each sample varies from about 15 y at 0.6 kyr
before present (BP, 1950 CE) to 30 yr at 15 kyrBP and 700 yr by MIS 6 (150 kyrBP). To
highlight the trends shown in the figures, we show running average smoothing filters
overlaying the data.10

3 Results and discussion

TALDICE Fe fluxes are shown in Fig. 1, demonstrating a well-described pattern of
higher dust and Fe concentrations during colder climate periods, and lower dust and Fe
fluxes during warmer climate periods (Wolff et al., 2006). Despite the reduced sampling
frequency, it is clearly seen that Fe and dust fluxes to TD and EDC during MIS 615

were less than those of MIS 2. Consistently greater interglacial Fe concentrations were
observed at TD compared to EDC during the last two interglacial periods. In addition
to greater interglacial Fe fluxes at TD, there was greater variability in the Fe and dust
fluxes to TD over the interglacials, compared to EDC. In Table 1, TD Fe concentrations
and fluxes are compared with other Antarctic sites for which Fe fluxes are available.20

These show that Holocene fluxes of Fe at the coastal sites of Talos Dome and Law
Dome are an order of magnitude higher than at Dome C, although LGM fluxes are of
the same order of magnitude. For Talos Dome, the elevated interglacial dust flux has
been attributed to the deglacial activation of proximal dust deflation zones in Victoria
Land (Albani et al., 2012), which will be discussed below. For Law Dome, dust fluxes25

or particle size distributions have not been reported, so the source(s) of interglacial
dust cannot be speculated upon. The deposition of dust from local (Antarctic) sources
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at Law Dome cannot be discounted, as locally-sourced dust has also been observed
at Berkner Island, based on the analysis of Sr and Nd isotopic compositions in recent
snowpack (Bory et al., 2010).

Deglacial variability of Fe, dust and non-sea salt (nss) Ca2+ fluxes are shown in
Fig. 2, showing a clear decoupling of coastal Antarctica (TD) from Central Antarctica5

(EDC) from 20 to 10 kyrBP. As mentioned previously, fluxes of these parameters were
similar during the LGM, but have been consistently greater at TD since the deglacia-
tion. This deglacial decoupling trend was first observed by Delmonte et al. (2010) for
TD dust fluxes and particle size distributions and was attributed to the activation of
local (Victoria Land) dust deflation areas during the deglaciation. Albani et al. (2012)10

reported TD dust particle size distributions at greater temporal resolution (fine/coarse
particle size ratios are also shown in Fig. 2), finding a similar deglacial decoupling,
which was then followed by a convergence of TD and EDC dust fluxes since 8 kyr
BP, as a result of changes to atmospheric transport patterns around the Ross Sea
embayment. The retreat of the Ross ice shelf grounding line appears to have led to15

a preference for the transport of air masses over the Ross Sea, which is not conducive
to the deflation of dust in high-altitude areas of Victoria Land.

Dust fluxes to Talos Dome and EDC diverge during transition T1, a period of large-
scale atmospheric reorganization across Antarctica and the sub-Antarctic region. Post-
glacial changes in atmospheric transport and/or provenance have been observed for20

dust particle sizes (Delmonte et al., 2004) and dust components such as Rare Earth
Elements (Wegner et al., 2012; Gabrielli et al., 2010) and Pb isotopes (Vallelonga
et al., 2010). The Talos Dome dust record does not demonstrate the “pre-Holocene
dust minimum” observed in EDC, DB and Komosmolskaia ice cores in Central East
Antarctica (Delmonte et al., 2004), suggesting that different atmospheric transport25

regimes develop in these different sectors of Antarctica as interglacial conditions de-
velop. Atmosphere-ocean coupled models, supported by stable water isotope data,
indicate that the various sectors of Antarctica have differing responses to rapid climate
variations such as the deglacial (Buiron et al., 2012). Further, systematic variations
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have been observed for Rare Earth Element compositions in EDC ice which have
been attributed to changing dust provenance during and after the deglaciation (Gabrielli
et al., 2010).

Such variability can also be observed in the deglacial Fe flux record (Fig. 2), as
a distinctive Fe peak in the Antarctic Cold Reversal (ACR) observed at EDC (Gaspari5

et al., 2006) between 13.0 and 12.7 kyrBP is not present at TD. A similar-size Fe peak
is observed later at TD from 12.1 to 11.8 kyrBP. The core chronologies in this period
have been synchronized by CH4 tiepoints, so there is no possibility of attributing this to
a misalignment or a dating error. Instead, it appears that these Fe peaks reflect differ-
ent dust histories for different sectors of Antarctica over the deglacial. Figure 1 shows10

greater TD Fe/dust ratios during the Holocene compared to the glacial, suggestive of
a change in TD dust sources from the LGM to the Holocene.

The high resolution of the TALDICE record also allows centennial-scale variations
to be evaluated over the Holocene, as shown in Fig. 3. Iron fluxes varied between
higher (> 10−1 mgm−2 a−1) and lower (< 5×10−2 mgm−2 a−1) values throughout the15

Holocene, with highest values during the mid-Holocene (7–10 kyrBP). The period of
higher Fe fluxes from 7–10 kyrBP was not matched by consistent changes in dust flux
or Fe/dust ratio although there was some tendency toward a greater proportion of fine
dust particles at Talos Dome between 7 and 10 kyrBP (Albani et al., 2012). In con-
trast, there was a consistent change in dust and Fe fluxes and dust size fractions after20

7 kyrBP (Fig. 3), which coincided with the retreat of the Ross ice shelf and resulting
shifts in regional atmospheric transport patterns away from dust deflation trajectories
(Albani et al., 2012). After 7 kyrBP, there are clear decreases in Fe and dust fluxes to
Talos Dome, as well as tendency toward deposition of coarser dust. The TD Holocene
Fe record displays many spikes with up to 6-fold flux variations in adjacent samples,25

attributed to the influence of large dust particles emitted from local sources. Delmonte
et al. (2010) observed that 5–20 µm diameter dust particles account for 60 to 70 % of
total dust mass during the Holocene. By comparison, large particles constitute less
than 20 % of total TD dust mass during MIS 2.
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Figure 2 also shows clearly that deglacial trends of nssCa2+, dust and Fe have many
individual features on millennial to centennial timescales, which inhibit their applica-
bility as proxies for each other. It is recognized that the common terrestrial sources
of dust, Fe and nssCa2+ is the cause for their similar atmospheric flux patterns over
glacial-interglacial time scales, but such commonality cannot be assumed for shorter5

time periods (Wolff et al., 2006). Comparing the deglacial EDC dust trend to Fe and
nssCa2+ at EDC, we see that the dust minimum at 11.9 kyrBP is not mirrored by minima
in Fe or nssCa2+. Similarly, deglacial peaks in Fe at EDC (12.9 kyrBP) and Talos Dome
(11.9 kyrBP) occur in the absence of corresponding features in deglacial dust fluxes.
Some noise may be induced in the nssCa2+ record because it relies on Cl− fluxes10

to calculate the contribution of Ca from marine salts. Dust/Fe ratios shown in Fig. 1
change from 0.03 to 0.1, demonstrating that also Fe should not be assumed a 1-to-1
proxy of dust. Variability in dust/Fe ratios could be due to variations in dust sources as
well as Fe solubility, both of which are dependent upon dust mineralogy. These exam-
ples are sufficient to demonstrate that interpretations should be made cautiously when15

using one of dust, Fe or nssCa2+ as a proxy for another, especially when considering
changes on millenial or centennial time scales.

In the absence of Fe data, Rothlisberger et al. (2004) evaluated the response of the
biological pump to varying dust fluxes by considering changes in EDC nssCa2+ over
the period 40–60 kyrBP. They observed that large nssCa2+ variations coincided with20

20 ppmv CO2 variations, and used such a scenario to conclude that changes in Fe
fertilization could account for at most 20 ppmv of CO2 drawdown. We apply a similar
approach for the LGM, but take advantage of the Fe flux records now available for
EDC and TD (Fig. 4) and investigate a time period of much greater Fe fluxes. We note
that the atmospheric concentration of CO2 decreases from 212 ppmv (35–40 kyrBP)25

to 190.6 ppmv (17–27 kyrBP) at the same time as dust and Fe fluxes increase to their
LGM peak. Aeolian contributions to marine primary productivity before 37 kyrBP can
be considered minimal because dust and Fe fluxes were close to interglacial values.
On this basis, we find a comparable result to those of Röthlisberger et al. (2004), that
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approximately 20 ppmv of the glacial-interglacial atmospheric CO2 change can be at-
tributed to atmospheric transport of mineral dust to the Southern Ocean. Both the Fe
and CO2 data are too sparse to conduct a similar evaluation for the penultimate glacial
maximum.

4 Conclusions5

We show that deglacial Fe, dust and nssCa2+ fluxes varied across Antarctica, with
TALDICE Fe fluxes consistently greater than those of EDC due to the deglacial activa-
tion of Antarctic coastal dust deflation sites as well as changing atmospheric transport
patterns across Antarctica. Further, we show that fluxes of dust, nssCa2+ and Fe can
vary considerably from each other on millenial to centennial time scales. Based on the10

similar timing of LGM CO2 drawdown and heightened Fe fluxes, we follow the technique
of Rothlisberger et al. (2004) to attribute 20 ppmv of glacial-interglacial CO2 variability
to aeolian dust deposition over the Southern Ocean. Iron fluxes during MIS 6 were
substantially less than those of MIS 2, implying that Fe fertilization contributed less to
the similar-magnitude CO2 increase during the penultimate deglaciation. One of the15

assumptions of Röthlisberger et al. (2004) was that of constant Fe solubility in dust.
Ongoing studies should consider the solubility of Fe deposited to the sub-Antarctic re-
gions: Fe/dust ratios calculated from Table 1 vary from 0.01 to 0.02 (EDC) and from
0.05 to 0.08 (TD), potentially reflecting different dust sources, transport pathways and
atmospheric residence times, as well as different chemical properties such as Fe spe-20

ciation (Spolaor et al., 2012).
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Table 1. Deposition of Antarctic Fe and dust before and after the last deglaciation. Talos Dome
Fe data compared to EPICA Dome C (EDC) (Gaspari et al., 2006; Delmonte et al., 2010) and
Law Dome (Edwards et al., 2006). Dust concentrations and fluxes are also shown for EDC and
Talos Dome (Delmonte et al., 2010). Note that Fe and dust concentrations are shown in normal
font while fluxes are shown in bold font. Indicative Holocene accumulation rates are also shown
for comparative purposes.

Talos Dome Law Dome Dome C

Holocene accumulation
(m H2O eq. yr−1)

0.07 0.8 0.034

Concentrations (ngg−1)
Fluxes (10−2 mgm−2 yr−1)

Fe Dust Fe Fe Dust

Holocene
(2–16.5 kyrBP)

1.5
9

20
130

0.06
4.5

0.2
0.7

15
40

LGM
(18–25 kyrBP)

14.8
45

250
850

6.4
45

16
24

750
1000

LGM/Holocene 10
5

12
6

107
10

74
36

50
25
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Fig. 1. Talos Dome Fe (this work) and dust (Delmonte et al., 2010) fluxes and δ18O (Stenni
et al., 2011) compared to Fe (Wolff et al., 2006) and dust (Lambert et al., 2008) fluxes at
EPICA Dome C. CO2 concentrations were compiled from various Antarctic ice cores for the
period 0.2–138 kyrBP (Schilt et al., 2010) and from EDC before 138 kyrBP (Lüthi et al., 2008).
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Fig. 2. Deglacial changes in Fe, nssCa2+ and dust at Dome C and Talos Dome. TALDICE δ18O
values are from (Stenni et al., 2011). Fine (1–5 µm)/coarse (5–10 µm) dust particle ratios are
from Albani et al. (2012) and dust fluxes are from Delmonte et al. (2010). nssCa2+ data are
shown for TD (this study) and EDC (Röthlisberger et al., 2004) ice cores. Deglacial EDC Fe
fluxes are from Gaspari et al. (2006). The vertical dashed lines, located at 11.9 and 12.9 kyr
BP, highlight enhanced Fe fluxes which occur independently of dust fluxes at Talos Dome and
Dome C, respectively.
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Fig. 3. Holocene Fe (this work) and dust (Delmonte et al., 2010) fluxes and fine (1–5 µm)/coarse
(5–10 µm) dust particle ratios (Albani et al., 2012) in the TALDICE ice core (blue lines). EPICA
Dome C dust fluxes (Wolff et al., 2006) are also shown (red squares). Note the fine/coarse dust
particle ratios are plotted here on a reversed scale.
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Fig. 4. Comparison of LGM Fe fluxes and late glacial drawdown of CO2. TALDICE δ18O pa-
leotemperature values are from (Stenni et al., 2011). CO2 concentrations were compiled from
various Antarctic ice cores (Lüthi et al., 2008; Schilt et al., 2010) while Fe fluxes are shown for
TD (this work) and EDC (Wolff et al., 2006; Gaspari et al., 2006) ice cores.
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