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Abstract Three east Antarctic ice cores (Dome B,
EPICA-Dome C and Komsomolskaia) give evidence for
a uniform dust input to the polar plateau during the last
glacial maximum (LGM)/Holocene transition (20 to
10 kyr BP) and the 87Sr/86Sr versus 143Nd/144Nd isotopic
signature of the mineral particles highlights a common
provenance from southern South America at that time.
However, the size distribution of dust from the three ice
cores highlights important differences within the east
Antarctic during the LGM and shows clearly opposite
regional trends during the climatic transition. Between
Dome B and Dome C the timing of these changes is also
different. A geographical diversity also arises from the
different phasing of the short-term (multi-secular scale)
dust size oscillations that are superposed at all sites on
the main trends of glacial to interglacial changes. We
hypothesize the dust grading is controlled by size frac-
tionation inresponse to its atmospheric pathway, either
in terms of horizontal trajectory or in altitude of trans-
port. Such mechanism is supported also by the dust size
changes observed during a volcanic event recorded in

Vostok ice. Ice core dust size data suggest preferential
upper air subsidence over the EDC-KMS region and
easier penetration of relatively lower air masses to the
DB area during the LGM. At the end of the last glacial
period and during the climatic transition the region of
relatively higher subsidence progressively moved south-
ward. The scenario proposed, supported also by the
LGM/Holocene regional changes of snow accumulation,
likely operates even at sub-millennial time scale.

1 Introduction

The Antarctic circumpolar vortex is one of the major
components of the global atmospheric circulation; its
variable strength, location and pattern result from the
complex heat exchanges between the Antarctic ice cap,
the sea ice and the circulation in the surrounding ocean
(King and Turner 1997). The circum antarctic current,
the deepwater formation in the Weddell Sea along with
sea-ice formation are of primary importance and
potentially imprint their own variability into the atmo-
spheric circulation over the Antarctic and the circu-
mantarctic (e.g. Van den Broeke 2000). The
reconstruction of the past variability in the atmospheric
transport of tracers such as aeolian dust of terrestrial
origin is a first-order tool for documenting the atmo-
spheric and climatic changes in the highlatitudes of the
Southern Hemisphere.

The paleo-dust cycle is documented today by many
terrestrial, marine and polar proxies, especially for the
Quaternary period (see Kohfeld et al. 2001, and refer-
ences therein). Among the cold periods of the Pleisto-
cene, the last glacial maximum (onwards LGM) has
become a major focus for dust cycle modelling (Maho-
wald et al. 1999), largely because of the considerable
amount of evidence documenting deposition rates and
transport paths of windblown lithogenic material. Such
estimates, moreover, are necessary for the evaluation of
general circulations model (GCM) results.
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The ca. 13 million km2 wide Antarctic continent is
still relatively poorly documented with respect to dust
studies: the Byrd ice core (80�S, 120�W) provides the
only west Antarctic dust record (Thompson and Mosley
Thompson 1981), while for the east Antarctic dust
concentration changes during the last climatic cycle are
documented at low temporal resolution by the first
Dome C ice core (old Dome C, 74�39¢S, 124�10¢E, Royer
et al. 1983), the Vostok (78�28¢S, 106�48¢E) ice core
(Petit et al. 1999), and the Dome B (77�05¢S, 94�55¢E) ice
core (Jouzel et al. 1995). Recently, Delmonte et al. (2002
a, b and in press) provided a new dust record for the last
220 kyr, which is particularly detailed for the last
27 kyr, from the EPICA-Dome C (EDC) ice core
(75�06¢S, 123�21¢E), drilled within the framework of the
European Project for Ice Coring in Antarctica.

The mineral dust archived in east Antarctic ice is
exclusively aeolian and originates from the Southern
Hemisphere continents (Basile et al. 1997). The short-
term and long-term variations of its concentration and
size distribution reflect several climatic and environ-
mental factors such as soil surface properties at the
source, meteorological conditions, the hydrological cycle
and the removal processes occurring from the source to
the sink, the atmospheric circulation and finally the
snow accumulation at the deposition site.

Antarctic ice cores indicate that the atmospheric dust
flux was higher by a factor 310–30 during the last
glacial with respect to the Holocene (Petit et al. 1981),
probably in response to increased terrestrial aridity and
more vigorous atmospheric circulation (Petit et al.
1999). A recent correlation between the Vostok and
EDC dust concentration profiles over the last 220 kyr
(Delmonte et al. in press) revealed that each ice core
record is representative of the entire east Antarctic pla-
teau in this respect.

Such a covariance between ice core dust records
suggests a first-order uniformity in the dust input over
east Antarctica and consequently in all parameters
influencing dust flux (source strength, scavenging pro-
cesses en route and transport conditions). Since these
parameters are closely linked, some difficulties arise in
isolating each of these processes. However, a parameter
directly linked to the transport conditions and charac-
teristics is the size distribution of microparticles (e.g.
Ruth et al. 2003).

Dust size distribution changes provide therefore a
powerful tool for the investigation and the assessment of
the paleo-circulation dynamics. However, the recon-
struction of atmospheric circulation variability is more
complex for multiple sources located in different geo-
graphical regions. Therefore, the dust provenance has to
beidentified first; this is possible through the geochemi-
cal signature (87Sr/86Sr versus 143Nd/144Nd isotopes) of
the mineral particles (Grousset et al. 1992; Basile et al.
1997).

The EDC dust size record for the last 27 kyr (Del-
monte et al. 2002a, b) revealed some new aspects of the
atmospheric circulation during the last climatic transi-

tion with respect to prior studies from other sites,
showing finer dust particles during the LGM compared
to the Holocene, while opposite results were obtained
from the Vostok ice core (Briat et al. 1982). Moreover,
the EDC dust size distribution record showed some
short-term (millennial and secular scale) oscillations
(Delmonte et al. 2002b) over the last 13 kyr, that were
also found in a 7 kyr record from Vostok (Delmonte
et al. submitted).

In this study we investigate the dust concentration
and size distribution changes that occurred during the
last climatic transition (from 10 to 20 kyr BP) over the
94�E–123�E sector of east Antarctica. Three ice cores
have been studied (Fig. 1): Dome B (DB), Komsom-
olskaia (KMS) and EDC. Stable isotope analyses (Jou-
zel et al. 2001) indicate that the records encompass a
major change in the Earth’s climatic and environmental
history: the last glacial period (or marine isotopic stage
2), the Last Glacial Maximum (LGM), the deglaciation
(or termination 1), as well as the beginning of the
Holocene. The pattern of the temperature changes de-
duced from stable isotopes for the last climatic transi-
tion, thoroughly documented for east Antarctica (see
Jouzel et al. 2001), consists of a two-step process with
two warming trends interrupted by the Antarctic cold
reversal (ACR). Adopting the respective original chro-
nologies for several ice cores in east Antarctica, Jouzel
et al. (2001) found a considerable agreement among the
records and a quasi-synchronicity of the changes.

In this work, beside the dust concentration and size
distribution records, we identified the geographic prov-
enance for mineral dust in each ice core through the

Fig. 1 Map of Antarctica with indication of the ice core drilling
sites: Dome C (DC), DB (DB), Vostok (VK) and Komsomolskaia
(KMS)
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well-established geochemical method based on87Sr/86Sr
versus 143Nd/144Nd isotopic tracers.

2 Analytical techniques

2.1 The ice cores

The 780 m deep DB ice core (DB, 77�05¢S, 94�55¢E,
3650 m a.s.l) was obtained during the1987–1988 austral
season by the 33rd Soviet Antarctic expedition. The site
is located about 870 km from EDC, and has a similar
(33 g cm–2 a–1) accumulation rate (Jouzel et al. 1995).
The climatic record and the chronology were published
by Jouzel et al. (1995) along with a preliminary profile
for dust concentration. There cord covers the last
30 kyr.

The 885 m deep Komosmolskaia ice core (KMS,
74�05¢S, 97�29¢E, 3500 m a.s.l) was extracted in 1983
during the 28th Soviet Antarctic Expedition. The accu-
mulation rate for the Holocene is about 5 g cm–2 a–1;
the time scale for this core was established by Ciais et al.
(1992) and the climatic record by Jouzel et al. (2001).
The record goes back in time only until 16 kyr BP,
corresponding to the mid climatic transition.

The 788 m EDC core (75�06¢S, 123�21¢E, 3233 m
a.s.l.) has been described Jouzel et al. (2001) for the
climate record over the last 27 kyr; the ice core chro-
nology was established by Schwander et al. (2001), and
the first dust profile for the LGM to Holocene transition
produced by Delmonte et al. (2002a) is documented at
higher resolution in this work.

2.2 Samples for dust concentration and size
distribution measurements

The ice samples from the three ice cores were selected
from sections corresponding to the period from 10 to
20 kyr BP. For each core the total number of samples
analysed, the depth interval and the temporal frequency
of sampling are reported in Table 1. All samples measure
5–6 cm in length and represent 33 years of accumula-

tion. The procedure for sample preparation and decon-
tamination is described in detail elsewhere (Delmonte
et al. 2002a). Measurements were performed in random
order using a microparticle counter (Coulter Counter
Multisizer IIe �, 256-channels) set up in the class 100
clean room of LGGE-CNRS laboratory (Grenoble,
France), and calibrated with a 2.07 lm latex. The
instrument was set to detect particles with equivalent
spherical diameter from 0.7 to 20 lm. Each concentra-
tion and size distribution value represents the average of
at least three independent measurements on the same
sample. The total mass of insoluble dust has been cal-
culated from the volume size distribution assuming an
average density of 2.5 g/cm3. Laboratory blanks were
checked after each sample analysis and the average value
was around 1 ppb.

The mass-size distribution of aeolian particles in east
Antarctica is usually well sorted around a mean mass
diameter of 32 lm and the largest particle diameter is
35 lm. The contribution of particles smaller than
0.7 lm represents less than 310% ofthe total mass. The
mass-size distribution can be fitted with a Lognormal or
a Weibull function (Delmonte et al. 2002a), and the
modal value of the regression can be adopted as indi-
cator for particle dimensions. However, if the fitting
properly smoothes the data, it reduces also the vari-
ability of the signal, particularly important when dealing
with very low concentrated samples (see for example
Fig. 3d-f).

To overcome this in convenience we introduce a dif-
ferent indicator here for dust size, calculated directly
from the raw data without mathematical fit: the pro-
portion of fine particles (fine particle percentage, or
FPP) or coarse particles (coarse particle percentage, or
CPP) with respect to the total mass. The size intervals
used for fine or coarse dust can be arbitrary chosen,
provided that the upper limit of FPP is smaller than the
modal value of the distribution (32 lm) and the lower
limit of CPP is higher. In this work we calculated the
FPP parameter in the interval from 1 to 2 lm. Actually,
the pattern of the three profiles obtained (Fig. 2) is ra-
ther insensitive to the interval selected, as far as the
limitation stated above is respected.

Table 1 Ice samples and dust concentration measurements. Number of samples and relative depth interval, frequency of sampling (each
sample being representative of 33 years of accumulation). Mean dust concentration for each climatic period: LGM, ACR, pre-Holocene
dust minimum and beginning of Holocene period

Ice Core Number of
samples

Sampling
depth (m)

Sampling
frequency
(sample/year)

Dust concentration (ppb)

Late LGM
(18–20 kyr BP)

ACR
(14.5–12.2 kyr BP)

Pre-Holocene dust
minimum
(11.3–12.1 kyr BP)

Beginning
Holocene
(10–11.3 kyr BP)

DB 186 360–609 1/52 854 46 7 18
KMS 102 662–870 1/50 nm 25 9 nm
EDC 138 322–500 1/53 from 10 to

14.5 kyr BP
730 25 8 18

1/100 from 14.5
to 20 BP
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2.3 Samples for Sr-Nd isotopic measurements

Two samples for each site have been selected for
87Sr/86Sr and 143Nd/144Nd isotopic analysis. For the DB
and EDC ice cores they were taken from the LGM
period, while for the KMS core they were taken from the
climatic transition.

Sample preparation involved decontamination of the
samples through three repeated washings in ultra-pure
(MilliQ) water in a class 100 clean room (LGGE-CNRS,

Grenoble). The mineral fraction was extracted by cen-
trifugation as in Basile (1997). The evaporation method
used in previous studies (Grousset et al. 1992; Basile
et al. 1997) was not adopted in this work in order to
avoid possible Sr contributions from marine aerosols.
After centrifugation, the supernatant of the samples was
removed using a syringe and bottom samples gathered
for a next centrifugation. The final bottom liquid (320–
30 ml from about 300–900 g initial sample) was evapo-
rated. The total mass of dust collected, estimated by

Fig. 2 Climate and dust
records for the deglaciation a, b:
Stable isotopes profiles of EDC
ice core (light gray) from Jouzel
et al. (2001) and DB ice core
(black line) from Jouzel et al.
(1995). c: Dust concentration
records from DB (black line)
EDC (light gray line) and KMS
(dark gray line) smoothed with
a 200-yrs running average. d:
Dust FPP records (fine particle
percent, see text) from DB
(black line) EDC (light gray
line) and KMS (dark gray line)
ice cores. Lines correspond to
the 200-years running average;
in bold the mean trend of each
series is reported. The squares
on the right-hand side indicate
the average FPP for DB and
EDC ice cores during the LGM
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Coulter Counter from final sample, was very low and
variable (a factor 10) among the samples from 310 lg
to 3100 lg (Table 2).

Coulter Counter measurements gave evidence for
residual and very diluted particles in the supernatant,
whose size distribution was identical to the whole initial
sample. This observation suggested an overall lack of
size differentiation induced by the centrifugation and a
probable absence of mineralogical (hence isotopic) dif-
ferentiation. However, a test was made by analysing the
isotopic composition of particles from the supernatant
of a DB sample collected by filtration.

The chemical procedures for Sr and Nd separation
and the isotopic measurements were performed at the
Cosmochemistry Department of the Max-Plank-Insti-
tute in Mainz, Germany. The laboratory procedures are
described in detail by Bogdanovski (1997). The separa-
tion of Sr and Nd has been done through ionic exchange
columns. The total amount of Sr and Nd collected was
calculated assuming an average upper continental crust

(UCC) concentration for both elements (350 ppm and
26 ppm respectively, Taylor and Mc Lennan 1985), and
a 395% efficiency for each passage through the col-
umns. Laboratory blanks were lower than 20 pg for
both elements.

The extremely low amounts of Sr and Nd extracted
are reported in Table 2 and span from 33 ng to 340 ng
for Sr and from 30.2 to 3 ng of Nd. Isotopic analyses
on such small amounts require a highly-sensitive ther-
mo-ionization mass spectrometer (TIMS) like the one
we used in this study; it was especially set up for small
terrestrial and extraterrestrial samples by Dr. E. Jagoutz
(MPI, Mainz; see Bogdanovski 1997). Before measure-
ments, the samples were put at 3800 �C for 10–12 h to
enhance the sample purification and improve the signal.
Then, they were heated slowly up to 1200–1300 �C for
measurements. Each sample measurement was made
over a duration of 317–24 h and the Sr and Nd isotopic
ratios that are reported represent the average of 3600
individual ratios (Table 3).

Fig. 3 Examples of normalized
volume (mass) size distributions
around 16 and 12 kyr BP. The
volume-size distribution
corresponds to the average of
three to four adjacent samples
selected around 16 and 12 kyr
BP. The raw data were fitted by
using a four-parameters
Weibull function; the mode of
the distribution is also indicated

Table 2 Ice samples for isotopic composition measurements:
sample code, ice core sections selected and relative climatic period.
The modal value of the mass size distribution of each sample is also
reported, along with the net ice weight (after decontamination) and

total dust recovered estimated by Coulter Counter after centrifu-
gation procedures. The amount of Sr and Nd are also estimated
and reported in the last two columns

Sample Depth (m) Climatic
period

Mode of mass-size
distribution (lm)

Sample
Weight
(grams)

Dust (lg) Sr recovered
(ng)

Nd
recovered
(ng)

EDC-a 518.10–518.65
520.30–520.85

Stage 2 369–2 690 365–70 22.30 1.66

EDC-b 569.80–570.35 Stage 2 32.0 280 3100 34.30 2.55
DB-a 581 Stage 2 32.7–2.8 110 37.73 2.80
DB-b 641 Stage 2 32.4–2.5 860 100 34.30 2.55
KMS-a 850.08–851.23 Deglaciation 32.2 800 10 3.43 0.25
KMS-b 32.0 870 30 10.29 0.76
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The Neodymium isotopic composition is expressed as
eNd(0), defined as:

eNdð0Þ ¼ ðð143Nd=144NdÞmeas=ð
143Nd=144NdÞCHUR � 1Þ

� 104

where the 143Nd/144Nd ratio for the CHUR (Chondritic
Uniform Reservoir) is 0.512638 (Jacobsen and Was-
serbrug 1980). The measured 143Nd/144Nd ratios have
been corrected for mass fractionation by normalising to
146Nd/144Nd = 0.7219, while the 87Sr/86Sr ratios have
been normalised to 86Sr/88Sr = 0.1194.

3 Results

3.1 The dust concentration profiles

The dust concentration records for the three ice cores are
shown in Fig. 2c (running average over about 200 years)
along with the profiles of stable isotopes from DB and
EDC. The time period investigated spans the end of the
LGM and the climatic transition until the beginning of
the Holocene (20 to 10 kyr BP). The KMS record is
shorter and covers the climatic transition from about
16.4 BP to 11.2 kyr BP.

The microparticle concentration profiles from the
three ice cores are remarkably similar, and the general
trends covariate almost synchronously without time
scale adjustments. The mean particle concentrations for
each climatic period is shown in Table 1. The very high
levels characterizing the LGM (850 ppb at DB and
730 ppb at EDC respectively) started to decrease rapidly
around 18 kyr BP, reaching the very low values typical
for the Holocene around 14.5 kyr BP. A shallow re-in-
crease of dust concentration then follows between 14.5
and 12.2 kyr BP, in concomitance to the Antarctic Cold
Reversal (ACR). At this time, the particle concentration
at the three sites is about twice the mean Holocene level.
After a decrease following this event, a well-marked
period with extremely low dust concentrations (37–
9 ppb) and spanning 800–1000 years (from about 11.3
to 12.1 kyr BP) is evident in the three records. Such a
pre-Holocene dust minimum is very important both for
its climatic implications and because it represents a very
useful stratigraphic marker among the ice cores.

3.2 The dust size distribution records

The FPP records for the three ice cores are shown in
Fig. 2d (moving average over 3200 years), along with
the long-term trend of the changes (bold lines). The main
trends of particle size changes during the climatic tran-
sition highlights two important phenomena: first, the
opposite evolution of the dust size parameter between
DB, on one side, and EDC-KMS on the other; second,
the different timing and duration of the changes.
Moreover, the evolution of the dust size displays some
short-term (millennial to secular scale) oscillations over
the period studied.

During the late LGM, from 18 to 20 kyr BP, dust at
DB is characterised by high proportions of relatively
large particles and, conversely, by a lower quantity of
fine particles (FPP 341%, modal value 32.4 lm). At
the same time, EDC dust is marked by the opposite
characteristics: i.e., the dust is relatively fine (modal
value 31.9 lm, FPP 348%), as already noted by
Delmonte et al. (2002a). Indeed this difference between
the two sites already existed during the preceding mil-
lennia (since 326 kyr BP), as documented by a set of 12
additional samples from DB giving low FPP values
(341.5% on average) and by 45 additional samples
from EDC giving FPP of 347.3% on average.

The change from coarse LGM dust sizes to finer
particles begins around 18 kyr BP at DB, and is almost
synchronous with the large reduction of the total dust
concentration. At this site, the size changes operate over
33–4 kyr until about 14.5 kyr BP, when average
Holocene size particles (FPP 350%) are reached. The
timing of the dust size changes is different at EDC,
starting around 16 kyr BP, spanning a time period of
35–6 kyr and reaching the average Holocene values
(FPP 341%) around 10.5 kyr BP. Interestingly, the
KMS particle size profile for the climatic transition is
tightly similar to EDC. At 15 kyr BP the FPP for the
three dust records are comparable.

In order to give an idea of the differences in particle
size distributions from site to site and for the different
climatic periods, we averaged the dust size distributions
of 3–4 adjacent samples from each ice core around 16
and 12 kyr BP; the results are shown in Fig. 3. Between
16 and 12 kyr BP, the average mode of DB decreases
from 32.3 lm to 31.8 lm (Fig. 3a, d), while at the

Table 3 Sr and Nd isotopic
composition of ice core dust:
87Sr/86Sr, 143Nd/144Nd and
eNd(0) from this study: each
value represents the weighted
average of a number of ratios
for each element indicated in
the last two columns

Sample 87Sr/86Sr 143Nd/144Nd eNd(0) Number
of Sr ratios

Number
of Nd ratios

EDC-a 0.708595 (21) 0.512553 (27) –1.66 (0.53) 600 570
EDC-b 0.708834(37) 0.512512 (32) –2.46 (0.62) 385 604
EDC-b repeated 0.709033 (81) 980
DB-a 0.708383 (32) 0.512608 (18) –0.59 (0.35) 675 213
DB-a repeated 0.708316 (39) 760
DB-a-filtered 0.708479 (18) 0.512613 (28) –0.49 (0.55) 600 733
DB-b 0.708544 (28) 0.512526 (29) –2.18 (0.57) 540 715
KMS-a 0.708493 (22) 0.512563 (51) –1.46 (0.99) 245 680
KMS-b 0.709058 (38) 0.512484 (99) –3.00 (1.93) 165 680
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same time the dust mode increases from 31.8 lm to
32.2 lm at KMS (Fig. 3b, e) and from 31.7 lm to
31.9 lm (Fig. 3c, f) at EDC respectively.

All records show that themain trend of FPP changes at
each site is overlaid bymulti-centennial tomillennial-scale
fluctuations. The sampling resolution is almost constant
in depth for the three ice cores, but as the accumulation
rate significantly changed during the deglaciation, the
time resolution of the samples gradually decreases with
depth; this prevents us from performing an accurate
spectral analysis. For the purpose of this study we just
limited to the visual observation that the minimum values
of the short-term fluctuations are separated by periods of
600–700 years.Due to the lack of stratigraphicmarkers, it
is difficult to evaluate the phasing of millennial-scale
fluctuations; however, when such a marker is available,
during the pre-Holocene dust minimum, then the FPP
profiles exhibit as clear antiphase.

3.3 The dust Sr-Nd isotopic signature

The 87Sr/86Sr versus 143Nd/144Nd isotopic ratios are re-
ported in Fig. 4a, b and in Table 3. The isotopic signa-
ture of the samples is almost identical and spans avery
narrow interval between 0.708316 < 87Sr/86Sr <
0.709058 and –3 < eNd(0) < –0.45. Figure 4a and the
greater detail in Fig. 4b show that the ice-core dust
(ICD) isotopic field for the LGM is extremely restricted

even taking the error bars into account. The isotopic
signature of the DB sample obtained by filtering the
supernatant (#DB-a-filtered) and that of particles ex-
tracted by centrifugation (D87Sr/86Sr 30.000096 and
DeNd(0) 30.097) are almost identical, thus confirming
that the extraction procedure used is reliable and does
not generate mineralogical and isotopic fractionation
inside the sample.

Figure 4b also shows for comparison, the Sr-Nd
isotopic values of an LGM old Dome C ice-core dust
sample analyzed by Basile (1997), that matches our data
very well.

4 Discussion

The dust input (flux) in Antarctica depends on many
factors, which canbe classified into three main catego-
ries. First the source strength, including soil properties,
vegetation cover and factors influencing the quantity of
particles available for deflation (Tegen et al. 2002); sec-
ond, the processes occurring en route and linked to
thehydrological cycle; third, the transport. Processes
occurring enroute are mainly the wet and dry deposition
processes (Tegen and Fung 1994), affecting the mean
residence time of the particles in the air.

At polar latitudes and in east Antarctica the domi-
nant deposition process is the dry deposition (Legrand
and Mayewski 1997). The residence time of the mineral

Fig. 4 Sr and Nd isotopic signature for the ice-core dust and South America: a comparison between the isotopic field for ice-core dust and
southern South America samples (from Delmonte et al. 2004). b Zoom on LGM and deglaciation ice-core isotopic signature from DB,
EDC and KMS with error bars
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aerosol in the atmosphere is also size-dependent, and for
particles with diameters between 1.6 and 3 lm it has
been estimated to be 3180–220 h (Tegen and Fung
1994). Finally, the transport medium also plays a key
role, both in terms of transit time between the source
and the sink, and in terms of transport pathway for
aerosol through the troposphere. Interestingly, the dust
size distribution depends mainly on transport condi-
tions.

4.1 The geographical provenance of dust

The dust isotopic signature appears almost identical
among the three ice cores (Fig. 4a, b), giving evidence
for a common dust provenance for the three sites and
probably to the whole of the east Antarctic plateau. The
same conclusion was drawn by Delmonte et al. (in press)
for cold stages 2, 4 and 6 from dust isotopic investiga-
tions performed on EDC and Vostok ice cores. In this
latter study, the isotopic signature of dust in ice cores
was compared to the signature of potential source areas
(PSAs) from the Southern Hemisphere continents. The
Sr-Nd signature of the PSAs was measured on the grain
size fraction equivalent to the dust that is transported
long range (i.e. on the <5 lm fraction), in order to
prevent size-dependent isotopic fractionation.

Southern South America (>31�S of latitude) was
confirmed as the dominant dust source for EDC and
Vostok during cold periods, as previously proposed by
Grousset et al. (1992) and Basile et al. (1997). The iso-
topic ratios of the < 5 lm fraction of loess and aeolian
samples from the Pampas, Patagonia and Chile are
shown in Fig. 4a for comparison; the excellent match
between the LGM dust isotopic signature and the
southern South American one (Fig. 4a) nicely confirms
the same conclusion for DB and KMS sites as well.

4.2 The dust concentration records

The dust concentration changes from the late LGM to
the beginning of the Holocene period (20 to 10 kyr BP)
show parallel evolution at DB, DC and KMS sites,
giving evidence for an overall uniformity of dust input to
the east Antarctic plateau. Since the accumulation rate
at DB and EDC sites is almost the same (Jouzel et al.
1995) the dust fluxes are also comparable.

The features of the dust changes initially depicted in a
first EDC dust record at low resolution (Delmonte et al.
2002a) are now characterized in better detail and con-
firmed by the DB and the KMS records. The shallow
further increase of dust concentration accompanying the
ACR phase and the pre-Holocene dust minimum, in
particular, were both interpreted as possible changes in
environmental conditions in the dust source regions
(Delmonte et al. 2002a). The ACR dust event probably
reflects a return to cooler conditions during the last
termination. As largely discussed elsewhere (Delmonte

et al. 2002a), however, paleo-environmental indicators
from the high latitudes of the Southern Hemisphere do
not all confirm this hypothesis.

The pre-Holocene dust minimum on the other hand,
is thought to be primarily related to the hydrological
cycle, either in terms of increased humidity at the source
(e.g. a humid period in South America) and weakening
of its strength, or in terms of increased scavenging en
route by wet deposition (Delmonte et al. 2002b). As the
dominant dust provenance is likely the same for the
whole east Antarctic plateau, the pre-Holocene dust
minimum is probably a climatic event affecting the dust
input over all east Antarctica, and a very important
marker for stratigraphic correlations.

4.3 The regional differences of dust transport
during LGM

The general covariance of the particle concentration
records during the last climatic transition contrasts
markedly with the opposite regional evolution of dust
size. The relatively small size of EDC LGM particles was
interpreted as an enhanced isolation of the Dome C site
from meridional penetration of air masses (Delmonte
et al. 2002b). The new data from DB and KMS allow us
to complete the picture for the 94�E–123�E sector of east
Antarctica, showing a clear regional variability at
mesoscale. The enhanced isolation of some sites during
the glacial period occurred in tandem with preferential
incursions of dust-carrying air masses towards other
sites on the plateau. For the drilling site of Vostok, lo-
cated 3300 km far from DB, particle size data are
available for the Holocene period (Delmonte 2003) and
some from the LGM (Briat et al. 1982), but the degla-
ciation is not documented. Nevertheless, particles at
Vostok appear corser during the LGM than in the
Holocene, and at first order more similar to DB.

The LGM dust is characterised by significant differ-
ences in particlesize between the DB and EDC ice cores,
and from 20 to 18 kyr BP the D FPP is 37% (corre-
sponding to difference in mode Dl 30.5 lm). The KMS
core does not cover this climatic period. However, its
evolution is closely similar to EDC during the deglaci-
ation suggesting the same similarity holds for the LGM.

The regional differences of particle size can be, in
principle, the result of different transport times (t). In
turn, this could reflect either (1) a contribution from two
or more independent sources at different distance and
leading to different transit times for aerosols, or (2)
different wind speeds of the dust-carrying air masses
from the source(s) to the sites, or (3) different dust tra-
jectories from a common source. Since the geographic
provenance of mineral aerosol is the same for the three
sites (See Sect. 4.1) and the processes occurring ‘‘en
route’’ (dry/wet deposition processes) are likely the
same, then hypotheses 1 and 2 can be reasonably dis-
carded and aerosol trajectories in the troposphere have
to be considered. According to Ruth et al. (2003), when
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all parameters of transport are identical (dry deposition
mechanisms and velocity, mixing heights, and compa-
rable size distributions), the transit time (t) from the
source to the sink may be deduced directly from the dust
mode. Longer or shorter t, in turn, can be related to
different atmospheric pathways.

The DB to EDC ratio for the dust mode (lDB/
lDC)LGM is 31.26 for the LGM and the transit time
ratio between the two sites (tDB/tDC)LGM that can be
derived from Ruth et al. (2003) is 30.6–0.8, depending
on different scenarios. In other words, the time of dust
transport from South America to EDC can be estimated
to be 31.25 to 31.7 times longer than to DB, assuming
wind speeds are the same. A similar proportion is de-
duced for the length of the respective atmospheric tra-
jectories. With respect to the long-range transport from
southern South America to east Antarctica, the
3870 km distance between DB and EDC sites can
hardly explain the large size differences observed.
Therefore, air masses must have followed very different
pathways to reach the sites.

GCM simulations for dust during the LGM suggest a
preferential pathway for dust reaching Antarctica. The
modelled seasonal dust flux in the Southern Hemisphere
during the LGM (Andersen 1998) for the austral spring
(September to November) shows a possible dust advec-
tion from Patagonia to the east Antarctic either through
short-cut trajectories around the Weddel sea and onto
the Queen Maud Land or via longer and more zonal
circumpolar paths. The author gave evidence that dust
flux lines from Patagonia enter the Antarctic from about
45�E during LGM and about 80�E during the present-
day, a conclusion that may account for LGM dust at the
DB site. Indeed, difficulties arise when interpreting the
Early Holocene period during which EDC would have
to be on a short-cut trajectory with respect to DB, while
it is located to the east of DB and more downwind with
respect to the general atmospheric circulation.

4.4 A scenario for the dust grading: effect of the altitude
of the pathway to Antarctica

The dust size differences observed can be attributed to a
different pathway for dust, that has to be considered in a
three-dimensional space. The size of the mineral aerosol
in the atmosphere decreases with height (Tegen and
Lacis 1996) and the higher the altitude reached by dust,
the longer the residence time.

For dust transport to Antarctica, the effect can be
well illustrated by the dissemination and transport of
volcanic products such as ash and gases (mostly SO2)
after an eruption. Visible ash layers are sometimes
present in ice cores, which may contain volcanic parti-
cles as large as 50 lm. Such very large particles are
carried to Antarctica through a tropospheric path. On
the other hand, H2SO4 spikes in ice reflect a pathway
through the stratosphere, where SO2 is converted in to
sulfuric acid.

Here we give an example of a volcanic event
(33.5 kyrs BP) detected by a strong acidic spike in a
Vostok ice core around 130 m depth (Fig. 5). The tro-
pospheric transport (first arrival) is represented by a
sharp increase in both the total dust concentration and
size. The value rises to 33–4 lm, becoming significantly
higher than background levels. Microscopic observa-
tions allowed us to identify volcanic particles by dark
minerals and small glass shards. After this first phase, a
huge spike of sulfuric acid can be clearly observed. This
second phase corresponds to the stratospheric dust ar-
rival. At the culmination of this second phase, the dust
concentration is still significant but the modal value
drops to 31.5–1.7 lm, i.e.well below background levels
that will be re-established later.

Due to its cold surface, Antarctica acts as a large
thermal anticyclone with divergent wind fields over the
surface and, at altitude, a large low-inducing upper air
convergence and sinking (subsidence, see James 1989).
The advection from layers above the inversion over
Antarctica, for example, leads to a shallow temperature
rise during winter time, responsible for the ‘‘coreless
winters’’ (Schwerdtfeger 1984).

Fig. 5 Evolution of dust characteristics in correspondence to a
volcanic event on Vostok ice core. Record versus depth (meters
below the surface) of: upper right, H+ concentration (ppb) mostly
from H2SO4 as deduced from the ionic balance of the samples;
upper left, mode (lm) of the dust size distribution; lower right dust
mass concentration (ppb); lower left number concentration (N. per
ml). The event around 128 m occurred circa 33.5 kyr BP. Time
goes from right to left. The tropospheric (first) and the strato-
spheric (second) arrivals are associated with dust with very different
size characteristics
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For the dust emitted into the troposphere from the
continents around Antarctica, the local advection of
mid-to-high troposphere air masses (higher than 4000 m
a.s.l and likely up to the tropopause) is made possible by
deep lows at altitude. Subsequently, air subsidence
from different tropospheric levels may lead to a
variable grading of dust reaching the interior of Ant-
arctica, smaller particles being associated with a prefer-
ential subsidence from upper air levels and larger
particles, conversely, with lower paths within the
troposphere.

4.5 A sketch for evolution of the subsidence strength
during the last climatic transition

The climatic changes associated with the LGM-Holo-
cene transition, such as the reduction of the sea-ice ex-
tent and the weakening of the meridional temperature
gradient implied a general reorganization of the atmo-
spheric circulation in the circumAntarctic (e.g. Jouzel
et al. 1995).

If the covariance of the dust input suggests a general
uniformity of the net dust transport poleward, the con-
versed regional evolution of the particle size during the
last climatic transition, and the asynchronous timing
and duration of the changes, clearly highlight a meso-
scale diversity of dust transport patterns.

As pointed out in Sect. 4.4, small-sized dust with a
long atmospheric residence time is probably carried
through upper troposphere air masses, that subside

preferentially over certain areas. The very low tem-
peratures during the LGM made subsidence more
pronounced every where in Antarctica compared to the
Holocene. Our data, however, suggest that during the
LGM a preferential upper air subsidence would have
covered the EDC-KMS region, when DB and probably
Vostok were under influence of air from relatively
lower levels and probably advected through short-cut
trajectories.

The changes that occurred during the last climatic
transition, following this interpretation, would reflect
atmospheric circulation arrangements from a late glacial
state with subsidence occurring preferentially over the
EDC-KMS area (Fig. 6e), to an Early Holocene state
when the zone of preferential subsidence moved over DB
and Vostok (Fig. 6b).

The timing of the changes suggests that at 318 kyr
BP (Fig. 6e) the vortex over EDC and KMS probably
started to expand or to shift southward towards DB and
Vostok (Fig. 6d). This time period corresponds also to
the beginning of the drastic LGM/Holocene dust con-
centration reduction. Around 15 kyr BP, at the end of
the LGM dust reduction, all sites were likely under the
same circulation regime (Fig. 6c). The southward
migration of the vortex seemed to have continued until
the beginning of the Holocene (Fig. 6b).

The scenario proposed suggests progressive south-
ward displacement of the polar vortex during the last
climatic transition, in other terms a change in the
eccentricity, intended as distance of the central posi-
tion of the vortex from the geographic pole.

Fig. 6 Sketch of the vortex
migration during the
deglaciation: a dust size
evolution at the three sites, as in
Fig. 2d. b–e Average position of
the areas of preferential upper
air convergence and subsidence
over central east Antarctica
suggested by the data. After the
LGM, at 18 kyr BP the vortex
probably expanded or shifted
southwards towards the DB
region. At about 15 kyr BP all
sites were likely under the same
circulation regime. The
displacement continued until
10 kyr BP, corresponding to the
beginning of the Holocene
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4.6 Supporting evidences

In addition to this study, there is only limited evidence
for regional differences in the atmospheric transport
over Antarctica. Vimeux et al. (1999, 2001) study that
used deuterium excess as proxy for reconstructing the
temperatures of the oceanic moisture source for Vostok,
suggested that such sources were located at lower lati-
tudes during the last glacial period than during the
Holocene and that meridional transport was enhanced.
Observing the variations in the deuterium excess profile
calculated at Dome C, Stenni et al. (2001) supported the
idea that the ocean sources supplying moisture to Vo-
stok and Dome C could be different, at least in the
Holocene.

Moreover, a recent study on snow accumulation rates
at EDC and Vostok spanning the last 40 kyr (Udisti
et al. in press) suggests glacial to Holocene relative
changes that could be linked to the influence of the
vortex. The EDC/Vostok accumulation rate ratio for the
Holocene was estimated as 31.4 and only close to 1 for
the last glacial period. This means that accumulation
rate was higher at Vostok and/or smaller at EDC during
the last glacial period, in response to a different trans-
port regime and advection of air masses, with different
humidity, to the two sites. Indeed, our dust size data
suggest that over the EDC region high-altitude air mass
advection is likely to have occurred during the LGM,
and a probable negative anomaly in the accumulation
rate should to be expected at this site. At the same time
in contrast, the Vostok region would have been influ-
enced by lower altitude and relatively wetter airmasses,
coarser dust particles and a positive anomaly in snow
accumulation.

4.7 The sub-millennial oscillations

Some short-term oscillations with periodicity of 3600–
700 years (Fig. 2d) are evident in all three records,
superposed on the main trend of dust size changes
associated with the vortex migration. Millennial and
centennial-scale periodicities of dust size variability have
already been shown for the late deglaciation and Holo-
cene periods from the EDC ice core (Delmonte et al.
2002b). The Antarctic vortex has been a permanent
pattern of the Earth’s atmospheric circulation since the
beginning of the Quaternary period and its variability is
spread over a large spectrum of periodicities, from daily
to glacial/interglacial cycles.

Spectral analyses (not shown) of each record indicate
that millennial and secular-scale oscillations are signifi-
cant with respect to a red noise signal. An important
point for our purpose is that millennial oscillations also
appear in the opposite phase during the pre-Holocene
dust minimum, suggesting that regional diversity of
circulation regimes can occur at higher frequencies than
those associated to the glacial/interglacial changes. In
order to test the scenario proposed, GCM simulations of

the polar vortex and air subsidence with adequate spa-
tial resolution over east Antarctica are needed at this
stage.

5 Conclusions

The general uniformity of the mineral dust provenance
and flux to East Antarctica during the last climatic
transition masks the significant differences of dust
transport pathways that can be depicted through the
particle size distributions.

Dust size data from three ice cores in the 94�E–123�E
sector of East Antarctica show clearly a bipolar mode of
variation during the last climatic transition. During the
LGM, upper air convergence and sinking dominated in
the EDC-KMS area, while DB and probably Vostok
were under the influence of lower-level air masses with
shorter trajectories. The progressive changes occurred
between 20 and 10 kyr BP are interpreted as a gradual
change in the eccentricity of the polar vortex. The
presence of ubiquitous and out-of-phase secular and
millennial scale dust size oscillations superposed on the
main trend of the changes, moreover, points out that
regional differences in the atmospheric circulation
regime may exist also at these timescales.

Model simulations of the polar vortex and air sub-
sidence zoomed over different sectors of the southern
polar region are necessary to test this scenario.
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