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[1] A detailed record of non-sea-salt calcium, a proxy for
dust, and sea-salt sodium, a proxy for sea salt, covering the
last 45 kyr is presented. It shows that in the first part of the
transition from the last glacial period to the Holocene (18–
15 kyr BP), the changes in dust flux mainly reflect changes
at the dust source, namely vegetation cover and local
climate. The changes in the later part of the transition (12–
11 kyr BP) are similar in extent to the changes seen in sea
salt and most likely reflect a reorganization of the
atmospheric circulation. During the last glacial period,
considerable variation of dust but not of sea salt is
observed, pointing to climatic changes in Patagonia, the
main dust source for Dome C. A comparison of the glacial
records from Dome C and Taylor Dome suggests that
similar influences controlled aerosol input at both sites
during this period. INDEX TERMS: 3344 Meteorology and

Atmospheric Dynamics: Paleoclimatology; 1620 Global Change:

Climate dynamics (3309); 9310 Information Related to

Geographic Region: Antarctica; 0368 Atmospheric Composition

and Structure: Troposphere—constituent transport and chemistry.

Citation: Röthlisberger, R., R. Mulvaney, E. W. Wolff, M. A.

Hutterli, M. Bigler, S. Sommer, and J. Jouzel, Dust and sea salt

variability in central East Antarctica (Dome C) over the last 45

kyrs and its implications for southern high-latitude climate,

Geophys. Res. Lett., 29(20), 1963, doi:10.1029/2002GL015186,

2002.

1. Introduction

[2] Dust and sea salt records from polar ice cores have
been widely used to infer past changes in atmospheric
circulation and climatic conditions in the source region as
well as in the Antarctic (e.g., [Legrand et al., 1988; Steig et
al., 2000]) and have served as a control for atmospheric
general circulation model (AGCM) simulations of atmos-
pheric dust distribution in the past [Reader et al., 1999;
Mahowald et al., 1999]. Generally, higher levels of impur-
ities have been observed during the last glacial period in all
Antarctic ice cores. The large increase in dust is assumed to
be caused by increased production in the dust source region
and more vigorous transport. Sea salt concentrations are

thought to be influenced by the sea ice position and wind
speed in the potential source region as well as the transport
from there to the ice core site.
[3] Compared to Greenland ice core records, the Antarc-

tic dust and sea salt records showed much smaller variations
during the last glacial period [Legrand et al., 1988; Legrand
and Delmas, 1988], which may at least partially be attrib-
uted to limited resolution. The only Antarctic record show-
ing marked variation of dust and sea salt during the last
glacial period was from Taylor Dome, a site next to the Ross
ice shelf, thus relatively close to the coast and possibly
susceptible to regional climate changes [Steig et al., 2000].
[4] Here we present the first high-resolution record of

calcium (Ca2+, a proxy for dust [Fuhrer et al., 1999]) and
sodium (Na+, a proxy for sea salt) together with deuterium
(dD) from an inland Antarctic site. The drilling in the frame
of the European Project for Ice Coring in Antarctica
(EPICA) at Dome C (75� 060S, 123� 240E, 3233 m a.s.l.,
approximately 1100 km from the nearest coast) reached a
depth of 780 m by the end of the 1998/99 field season,
corresponding to an age of approximately 45 kyrs [Schwan-
der et al., 2001]. The detailed records are discussed in terms
of changes in aerosol source and transport and compared to
the near-coastal records from Taylor Dome.

2. Methods

[5] Ca2+ and Na+ were analysed using a continuous flow
analysis system (CFA) [Röthlisberger et al., 2000]. Gener-
ally, the detection limit was of the order of less than 1 ppb
for Ca2+ and a few ppb for Na+. There may be some
intervals with larger uncertainty due to unstable conditions
of the analytical system, but a comparison with ion-chro-
matographic methods has shown a good overall agreement
[Littot et al., 2002]. Apart from 200 m that have been
analysed with the same setup at the Alfred Wegener Institute
in Bremerhaven, Germany in 2000, all analyses were made
at Dome C during the 1997/98 and 1998/99 field seasons.
dD measurements were carried out in Saclay, France using
the uranium reduction technique and an automatic sample
injection device [Vaughn et al., 1998].

3. Results and Discussion

[6] As some of the Ca2+ found in the ice at Dome C is of
marine origin, the Ca2+ concentrations reflect changes in
dust and in sea salt levels. Similarly, some Na+ derives from
continental dust. Assuming a Ca2+/Na+ ratio of 0.038 for
marine aerosols (Rm) and 1.78 for average crust (Rt)
[Bowen, 1979], we calculated the sea-salt-Na+ (ss-Na+=
Na+ - nss�Ca2þ

Rt
) and the non-sea-salt-Ca2+ (nss-Ca2+ = Ca2+
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� Rm � ss-Na+). In the Holocene, the terrestrial input at
Dome C is extremely low, the marine contribution to Ca2+ is
around 50% and the terrestrial Na+ is of the order of 2%.
During the last glacial maximum (LGM, 18–24 kyr B.P.),
only 7% of Ca2+ came from sea salt, whereas 24% of Na+

came from terrestrial dust. However, the Ca2+/Na+ ratio
varies for different types of terrestrial material. We did the
above calculation also for average soil and average sedi-
ment Ca2+/Na+ ratios. This led to similar percentages for
Holocene and glacial ss-Ca2+ and Holocene nss-Na+, while
the glacial nss-Na+ ranged from 3% to 24% depending on
the Ca2+/Na+ ratio used. However, based on aluminium
measurements [Legrand and Delmas, 1988], the ratio for
the average crust seems to be the most suitable value and
was thus used to calculate nss-Ca2+ and ss-Na+.
[7] In agreement with previous results obtained from

Antarctic ice cores (e.g., [Steig et al., 2000; Legrand et
al., 1988; Legrand and Delmas, 1988; Watanabe et al.,
1999]), nss-Ca2+ and ss-Na+ concentrations in the Dome C
record were higher during the last glacial period. At the
LGM, nss-Ca2+ concentrations were approximately 50
times higher than during the Holocene, and ss-Na+ approx-
imately 5 times. During the transition, nss-Ca2+ and ss-Na+

concentrations decreased steadily from glacial levels to a
relatively stable level during the Antarctic Cold Reversal
(ACR, 14–12.5 kyr B.P.), and then further to Holocene
levels. Concentrations of nss-Ca2+ changed by a factor of 23
from LGM to ACR levels, while ss-Na+ concentrations
decreased only by a factor of 2. Both nss-Ca2+ and ss-Na+

concentrations dropped further by a factor of 2.3 from the
ACR to the early Holocene. The changes seen in nss-Ca2+

concentrations agree with insoluble dust measurements
[Delmonte et al., 2001], with particle number and mass
concentration changing by a factor of 50 from the LGM to
the Holocene and a factor of 2 from the ACR to the
Holocene.
[8] At Dome C, the accumulation rate is very low (2.7 g

cm�2 yr�1, [Schwander et al., 2001]) and was reduced by a
factor of approximately 2 during the last glacial period.
Since there is so little precipitation, dry deposition is the

dominating process for sea salt and dust deposition
[Legrand, 1987]. In order to compensate as well as possible
for the dilution effect of changes in the accumulation rate,
we consider the changes in nss-Ca2+ and ss-Na+ flux calcu-
lated with the accumulation rates of Schwander et al., 2001
in the following discussion.

3.1. Transition

[9] The ss-Na+ flux was almost constant during the last
glacial period and changed only by a factor of 2 from the
LGM to the early Holocene (Figure 1). Most of the changes
during the transition happened after the ACR [Stenni et al.,
2001]. nss-Ca2+ flux on the other hand changed dramati-
cally in the early phase of the transition, and the change
from the ACR to the Holocene was of similar extent as for
ss-Na+. According to a recent study of dust transport to
Dome C based on back trajectory calculations [Lunt and
Valdes, 2001], the dust transport was reduced during the
LGM. These results are supported by dust particle measure-
ments [Delmonte et al., 2001], which showed a slightly
smaller particle mode and a smaller geometric standard
deviation of the particle size distribution in the glacial than
in the Holocene, indicative of a tendency to longer transport
paths and less meridional transport. On the other hand,
based on GCM simulations Krinner and Genthon [2002]
concluded that the dust transport from Patagonia to Dome C
was faster during the LGM, in contrast to the studies by
Lunt and Valdes [2001] and Delmonte et al. [2001]. But at
any rate, based on these studies the changes in dust transport
to Antarctica were small and cannot account for the large
changes seen in dust. Therefore, substantial changes at the
dust source, which is believed to be mainly located in
Patagonia [Basile et al., 1997], must have occurred in order
to explain the high dust input during the LGM and the
different behaviour of nss-Ca2+ and ss-Na+ during the
transition.
[10] The potential dust source area decreased with rising

sea level, but the period of rapid sea level rise (around 14
kyr BP [Guilderson et al., 2000]) coincides with a period of
almost no changes in dust, suggesting that the contribution

Figure 1. Fluxes of ss-Na+ and nss-Ca2+, as well as the dD and the accumulation rate (yellow line, [Schwander et al.,
2001]) from the top 780 m of the EPICA Dome C deep ice core at 55 cm resolution. The vertical grey lines refer to the
beginning (a) and the end (b) of the Transition, the shaded area corresponds to the Antarctic Cold Reversal (ACR).
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from continental shelves to the total dust transported to
Dome C is not dominant. This is in agreement with a study
comparing the isotopic composition of dust from the Argen-
tine continental shelf and the dust from Dome C and Vostok
[Basile et al., 1997]. Based on various palaeoenvironmental
proxies, Patagonia experienced a warming and a concom-
itant glacier retreat around 17,330 yr BP (e.g., McCulloch
and Davis, [2001] and references therein). The warmer
climate promoted vegetation growth, which was supported
by an increase in effective moisture around 16,910 yr BP
[McCulloch and Davis, 2001]. Therefore, dust entrainment
was hindered by soil moisture and vegetation cover, which
led to a decrease in aeolian dust as observed in the Dome C
record. Changes in local wind speed might have had an
influence on dust uplift as well, with lower wind speeds
leading to less dust. From 15,330 yr BP to approximately
12,200 yr BP, McCulloch and Davis [2001] report a rela-
tively dry phase, accompanied by glacier advances. During
this period (ACR), the nss-Ca2+ fluxes at Dome C remained
more or less constant. Around 12,200 yr BP, trees and shrubs
started to spread, indicating a second warming step in
southern South America. However, this second warming
was not paralleled by an increase in precipitation, but a
relatively dry climate prevailed for several millennia. None-
theless the nss-Ca2+ flux at Dome C decreased further
between the ACR and the Holocene by almost a factor of
2. As the change is similar to the changes seen in ss-Na+, we
suggest that a reorganization of the atmospheric circulation
led either to changes in transport or source fluxes at both the
dust and sea salt source.

3.2. 25 to 45 kyr B.P.

[11] In the earlier part of the last glacial period, from 45
to approximately 25 kyr B.P., the dD record showed a few
distinct oscillations. These variation in stable isotopes have
been observed in other Antarctic ice cores [Blunier et al.,
1998] and have been referred to as A1 and A2 (Figure 1).
The nss-Ca2+ flux changed considerably during these two
major events, but even on a shorter timescale, it parallels the
minor variations seen in dD (Figure 1). The ss-Na+ flux on
the other hand seems unaffected by these changes.
[12] As seen in Figure 2, the lowest nss-Ca2+ fluxes

during the oscillations in the glacial period were as low as
during the Holocene. At 39 kyr B.P., nss-Ca2+ flux dropped

from 30 to 3 ng cm�2 yr�1 within approximately 400 years.
In contrast to nss-Ca2+, the variation in the ss-Na+ flux
during the glacial period was small compared to the change
from glacial to Holocene ice. The fact that sea salt fluxes
were doubled during the last glacial period compared to the
Holocene despite the expansion of sea ice indicates that
atmospheric circulation and the hydrological cycle are most
likely the factors dominating sea salt aerosol flux at Dome
C. Major changes in these two factors should therefore be
reflected in ss-Na+ as well as nss-Ca2+. Thus, the cause of
the glacial flux changes only seen in nss-Ca2+ must lie
instead in Patagonia, analogous to the above discussion of
the transition. This implies drastic changes in southern
Patagonian climate during the last glacial period, most
likely in temperature and precipitation, that were coeval
with changes in temperature at Dome C.
[13] In Figure 3, we compare the nss-Ca2+ and ss-Na+

concentrations of Dome C with the ones measured at Taylor
Dome [Steig et al., 2000]. The data are shown as 100-yr
averages based on the st9810 timescale. However, Mulva-
ney et al. [2000] have shown that this timescale needs to be
revised around the transition from the LGM to the Hol-
ocene. We therefore only refer to the general shape of the
nss-Ca2+ and ss-Na+ records but not to the timing of the
changes. Sea salt and dust concentrations were higher at
Dome C than at Taylor Dome by about a factor of 2, which
reflects most likely the dilution effect of higher accumu-
lation rates at Taylor Dome than at Dome C. While one
would expect that large changes in dust input would
manifest at Dome C and Taylor Dome in a similar way
[Mulvaney et al., 2000], it is rather surprising that also the
general shape of the sea salt records of both sites are similar,
as the sea salt source is so much closer to Taylor Dome than
to Dome C. However, empirical orthogonal function (EOF)
analysis of the chemical records from Taylor Dome has
shown that the dominant EOF, which is thought to reflect

Figure 2. Fluxes of ss-Na+ and nss-Ca2+ versus dD, 55 cm
averages.

Figure 3. Concentrations of ss-Na+ and nss-Ca2+ (100-yr
averages) from Dome C and Taylor Dome [Steig et al.,
2000].
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atmospheric circulation systems, explains more than 90% of
the variability of sodium and calcium [Steig et al., 2000]
The similarity of the sea salt as well as the dust records of
the two sites during the last glacial period suggests that not
only sea salt and dust aerosol were closely linked through
large-scale circulation patterns, but that this influenced
primary aerosol input to central and near coastal Antarctica
in a similar way.

4. Conclusions

[14] The dust record of the EPICA ice core from Dome C
is closely linked with palaeoclimatic records from southern
Patagonia during the transition from the last glacial period
to the Holocene. The vast changes by a factor of 24 in nss-
Ca2+ flux observed in the early part of the transition reflect
changes in vegetation cover and soil moisture in Patagonia
that prevented dust uplift. During the last glacial period,
considerable changes in the nss-Ca2+ flux are observed, but
no changes in ss-Na+. It is unlikely that the massive
changes in atmospheric transport that would be necessary
to cause the changes in dust flux would not be reflected in
ss-Na+. Therefore, the nss-Ca2+ record from Dome C
documents relatively rapid climatic changes in southern
South America, coeval with temperature variations at Dome
C. The nss-Ca2+ as well as the ss-Na+ records from Dome C
and Taylor Dome are very similar in form during the last
glacial period, with little variation in the sea salt concen-
tration in contrast to huge changes in dust, indicating
similar influences controlling aerosol input in near coastal
and central Antarctica.
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Correction to ‘‘Dust and sea salt variability in central East Antarctica
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high-latitude climate’’ by R. Röthlisberger et al.
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Citation: Röthlisberger, R., R. Mulvaney, E. W. Wolff, M. A.

Hutterli, M. Bigler, S. Sommer, and J. Jouzel, Correction to ‘‘Dust

and sea salt variability in central East Antarctica (Dome C) over

the last 45 kyrs and its implications for southern high-latitude

climate’’ by R. Röthlisberger et al., Geophys. Res. Lett., 30(5),

1216, doi:10.1029/2003GL016936, 2003.

[1] In the paper ‘‘Dust and sea salt variability in central
East Antarctica (Dome C) over the last 45 kyrs and its
implications for southern high-latitude climate’’ by Regine
Röthlisberger, Robert Mulvaney, Eric W. Wolff, Manuel A.
Hutterli, Matthias Bigler, Stefan Sommer, and Jean Jouzel
[Geophys. Res. Lett. , 29(20), 1963, doi:10.1029/
2002GL015186, 2002], an incorrect version of Figure 1
was published. The correct Figure 1 and its caption appear
below.
[2] The following reference appeared incorrectly. The

correct version follows: Delmonte, B., J. R. Petit, and V.
Maggi, Glacial to Holocene implications of the new 27,000-
year dust record from the EPICA Dome C (East Antarctica)
ice core, Clim. Dyn., 18(8), 647–660, doi: 10.1007/s00382-
001-0193-9, 2002. Consequently, the correct citations for
this reference appear below.

[3] In paragraph [7], the last sentence should read as
follows: The changes seen in nss-Ca2+ concentrations agree
with insoluble dust measurements [Delmonte et al., 2002],
with particle number and mass concentration changing by a
factor of 50 from the LGM to the Holocene and a factor of 2
from the ACR to the Holocene.
[4] In paragraph [9], the fifth sentence should read as

follows: These results are supported by dust particle
measurements [Delmonte et al., 2002], which showed a
slightly smaller particle mode and a smaller geometric
standard deviation of the particle size distribution in the
glacial than in the Holocene, indicative of a tendency to
longer transport paths and less meridional transport. The
sixth sentence should read as follows: On the other hand,
based on GCM simulations Krinner and Genthon [2002]
concluded that the dust transport from Patagonia to
Dome C was faster during the LGM, in contrast to the
studies by Lunt and Valdes [2001] and Delmonte et al.
[2002].
[5] The following acknowledgment was incorrectly

published. In paragraph [15], the first sentence should
read as follows: Acknowledgments. This work is con-
tribution No. 49 to the ‘‘European Project for Ice Coring
in Antarctica’’ (EPICA), a joint ESF (European Science
Foundation)/EC scientific programme, funded by the
European Commission and national contributions from
Belgium, Denmark, France, Germany, Italy, the Nether-
lands, Norway, Sweden, Switzerland, and the United
Kingdom.

Figure 1. Fluxes of ss-Na+ and nss-Ca2+, as well as the dD and the accumulation rate (yellow line, [Schwander et al.,
2001]) from the top 780 m of the EPICA Dome C deep ice core at 55 cm resolution. The vertical grey lines refer to the
beginning (a) and the end (b) of the Transition, the shaded area corresponds to the Antarctic Cold Reversal (ACR).
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