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a b s t r a c t

High-elevation sites from the inner part of the East Antarctic plateau sample windborne dust repre-
sentative of large portions of the Southern hemisphere, and are sensitive to long-range atmospheric
transport conditions to polar areas. On the periphery of the ice sheet, conversely, the aeolian transport of
particles from high-elevation ice-free areas can locally represent a relatively important additional input
of dust to the atmosphere, and the interplay of atmospheric dynamics, dust transport and deposition is
strictly related to the regional atmospheric circulation behaviour both at present-day and in the past. The
understanding of the spatial extent where local sources can influence the mineral dust budget on the ice
sheet is fundamental for understanding the atmospheric dust cycle in Antarctica and for the inter-
pretation of the dust history in marginal glaciological settings.

In this work we investigate the spatial variability of dust flux and provenance during modern (pre-
industrial) and Holocene times along a transect connecting Talos Dome to the internal sites of the
Antarctic plateau and we extend the existing documentation of the isotopic (SreNd) fingerprint of dust-
sized sediments from Victoria Land source areas.

Dust flux, grain size and isotopic composition show a marked variability between Talos Dome, Mid
Point, D4 and Dome C/Vostok, suggesting that local sources play an important role on the periphery of
the ice sheet. Microscope observations reveal that background mineral aerosol in the TALDICE core is
composed by a mixture of dust, volcanic particles and micrometric-sized fragments of diatoms, these
latter representing a small but pervasive component of Antarctic sediments. A set of samples from
Victoria Land, mostly consisting of regolith and glacial deposits from high-elevation areas, was collected
specially for this work and the isotopic composition of the dust-sized fraction of samples was analyzed.
Results reveal a close relationship with the parent lithologies, but direct comparison between source
samples and firn/ice core dust is problematical because of the ubiquitous volcanic contribution to the
environmental particulate input in the Talos Dome area.

The frequency of events potentially suitable for peripheral dust transport to Talos Dome appears
relatively high for present-day conditions, according to back trajectories calculations, and the related air
flow pattern well-defined from a seasonal and spatial perspective. Also, as expected from palaeo-data,
these events appear extremely uncommon for internal sites.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The aeolian deflation of continents and the mineral dust trans-
port long-range responded to the major climate and environmental

changes during the Quaternary (e.g. Petit et al., 1999; Lambert et al.,
2008; Maher et al., 2010). Dust particles can be transported around
the globe in suspension in the troposphere at a wide variety of
heights, and their deposits can be far away from their origins
(Kohfeld and Harrison, 2001). The long and detailed aeolian se-
quences obtained from ice cores drilled onto the interior of the
Antarctic ice sheet allowed assessing the past atmospheric
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circulation variability on a variety of timescales and the related
environmental changes that occurred at high southern latitudes
(Petit et al., 1999; Lambert et al., 2008). During glacial/interglacial
cycles, most of the variability in dust concentration in central East
Antarctica (Vostok, Dome C) was related to the supply of small
mineral particles from the remote continental sources, to the snow
accumulation rate, and to the atmospheric transport efficiency
(lifetime of aerosol), all factors related to temperature and to the
hydrological cycle (Petit and Delmonte, 2009).

On the periphery of the Antarctic plateau, an additional input of
fine dust particles to the atmosphere and to the ice sheet can derive
from ice-free terrains frequently occurring in mountain ranges or
protruding above the ice sheet surface as nunataks (e.g. Tedrow and
Ugolini, 1966). The supply of sediments from proximal sources was
likely faint or nil for inner, high elevation sites such as Vostok and
Dome C both during glacial periods, when the dust signature is
consistent with a South American origin (Grousset et al., 1992;
Basile et al., 1997; Delmonte et al., 2008; Gabrielli et al., 2010;
Vallelonga et al., 2010), and during the Holocene, when dust is
believed to derive from multiple remote sources (Revel-Rolland
et al., 2006; Marino et al., 2009; Gabrielli et al., 2010). Conversely,
the contribution from these areas may become important for pe-
ripheral areas (Bory et al., 2010; Delmonte et al., 2010a; Albani et al.,
2012a), in particular those that are close to the Transantarctic
Mountains, that represent the sole extensive area with important
rock outcrops in this sector of East Antarctica. Under cold climate
conditions such as those of Antarctica, moreover, it is known that
dust mass transport rates may be significantly higher than for the
equivalent wind speed in warm and hot climates, in relation to the
extremely lowair humidity, to air density and turbulence (McKenna
Neuman, 2004); thus, the export of sediments from Antarctic ice-
free terrains can be relevant. Furthermore, even small amounts of
dust have the potential to influence the overall budget in low
deposition environments such as the East Antarctic ice Sheet.

At the site of Talos Dome, located in the Ross Sea sector of East
Antarctica in Northern Victoria Land (Frezzotti et al., 2007), some
physical-chemical properties of dust (grain size, concentration, Sre
Nd isotopic composition) suggested a contribution from local
sources, mostly represented by unconsolidated Pleistocene glacial
deposits and regolith located at high elevation and outcropping
above the ice sheet surface in Victoria Land (Delmonte et al., 2010a).
Data also suggested that this local contributionwas relatively more
important during the Holocene e at a time when the remote dust
input was extremely low e with respect to the Last Glacial period
(Albani et al., 2012a).

Under the peculiar conditions of the Talos Dome site, the
entrainment and transport of local dust particles to the site is
influenced by local meteorological conditions, in turn related to
regional climate (Albani et al., 2012a). Thus, the dust and climate
record from the uppermost 670 m of the w1620 m deep TALDICE
(TALos Dome Ice CorE drilling project) ice core (Stenni et al., 2011)
offers an extraordinary opportunity to investigate in detail the
regional atmospheric circulation changes during the Holocene and
their relationship with the deglaciation history of the Ross Sea.

Despite the demonstrated importance of aeolian dust transport
to Antarctica, still little information exists on the entrainment,
transport and deposition of mineral aerosol from marginal ice-free
areas towards the Antarctic interior, one major difficulty consisting
in the extremely low dust concentration in firn and ice cores during
interglacial climate conditions (Petit and Delmonte, 2009). In order
to form a better view of the spatial extent where peripheral, high-
elevation dust sources can play a significant role with respect to the
mineral dust input on the ice sheet during modern (pre-industrial)
times, we investigate in this work the flux, grain size and 87Sr/86Sre
143Nd/144Nd isotopic composition of aeolian dust from different firn

and ice cores drilled along a transect from Talos Dome all through
the interior of the ice sheet (Dome C e Vostok area, Fig. 1a). These
measurements are complemented by a number of microscopic
(SEM) morphological observations that provide fundamental in-
dications for data interpretation. In addition, the isotopic compo-
sition of the dust-sized fraction of sediments collected for this
study in some target potential source areas located inside northern
Victoria Land (NVL) and southern Victoria Land (SVL) is presented.
This work represents the expansion of a former study (Delmonte
et al., 2010a), and a contribution to the documentation of local
mineral aerosol fingerprint, which can be of use for the inter-
pretation of dust origin in peripheral East Antarctica in the past. We
also investigate the modern frequency and pathways of air masses
flowing from Victoria Land potential source areas (PSAs) to the
selected drilling sites in order to obtain a first assessment of the
occurrence of events potentially suitable for peripheral dust
transport and an overview of air mass flow paths at present-day,
which can be compared with evidences from palaeo-data.

2. Materials and methods

This study was carried out in different steps:

1. Sampling of firn cores and dust measurements
2. Field sampling of PSAs in Antarctica, sample preparation

Fig. 1. Satellite image (Landsat image mosaic of Antarctica project) of Victoria land
with indication of the TALDICE ice core drilling site at Talos Dome (TD), typology and
location of the dust source samples analyzed for Sr and Nd isotopic composition (this
work and Delmonte et al., 2010a) and topography. Insert: Antarctica and ice core
drilling sites mentioned in the text. TD (Talos Dome), MdPt (Mid Point), D4, DC
(Dome C), VK (Vostok).
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3. Microscope observations
4. Isotopic analyses
5. Air mass back-trajectories calculations

2.1. Firn sampling

Four firn cores aligned along an array from Talos Dome to
Dome C, passing through Mid Point and D4 (Fig. 1a) were selected
for this study. The transect, spanning more than 1400 km, starts at
an elevation of 2315 m a.s.l. and reaches a maximum elevation of
3230 m at Dome C. A detailed study of the surface mass balance in
the area together with a description of the morphological and
climatological characteristics of the sites is provided by Frezzotti
et al. (2004, 2005, 2007). These studies provide also the liter-
ature source for local accumulation and elevation data reported in
Table 1.

According to core availability, firn samples were selected from
below the depth of the Tambora (1816 A.D.) volcanic marker; the
age interval of samples from each site is reported in Table 1. In this
work we refer to “modern” or “pre-industrial” samples in relation
to firn core samples spanning a time interval between the early
15th and the 19th centuries, which include the time period known
as the Little Ice age during which glaciers advanced also in Victoria
Land (Baroni and Orombelli, 1994; Hall, 2009).

2.1.1. Talos Dome
Talos Dome (TD, 72�480S, 159�060E, 2315 m a.s.l) is an ice dome

located on the periphery of the East Antarctic ice sheet (Fig. 1), ca
290 km from the Southern Ocean and 250 km from the Ross Sea
(Frezzotti et al., 2007). Between 2004 and 2007, a deep drilling
carried out in the framework of the TALos Dome Ice CorE drilling
project (TALDICE) led to the recovery of 1620 m of ice, spanning
w250 ka (Stenni et al., 2011). In this work we analyzed a set of 9
bags (i.e. 1-m long, 90-� “cut-A” sections) selected from the upper
(firn) part of the core (30e70 m depth) spanning the period from
1420 A.D. to about 1810 A.D. (Buiron et al., 2011; Severi et al.,
2012).

A dry decontamination procedure for firn was adopted at LGGE-
CNRS Laboratory (Grenoble, France) in cold room under laminar
flow bench. After scraping away the outer part of each core with
a ceramic knife, about 9e10 sub-samples were obtained from each
bag. These were inserted in clean Corning� centrifuge tubes and
melted in clean room at ambient temperature. Dust concentration
and grain size analysis was performed with a Multisizer IIe Coulter
Counter set for measurements of particles with equivalent spheri-
cal diameters between 0.7 and 20 mm, following the procedure
described in Delmonte et al. (2002).

Dust concentration data obtained from sub-samples of the same
section were then averaged (see supplementary information) and
the mean value was assigned to each bag.

2.1.2. ITASE cores: mid point, D4, Dome C
In the framework of the International TransAntarctic Scientific

Expedition (ITASE) project and as part of the Franco-Italian activities
at Concordia Station between 1998 and 2000, some shallow cores
were drilled in the E-NE part of the Dome C drainage area and in
Northern Victoria Land. Three cores recovered as part of that study
were made accessible for this project:

- The Mid Point (MdPt) core (75�320S, 145�510E; 2454 m a.s.l.);
- The D4 core (75�350S, 135�490E, 2793 m a.s.l.);
- The Dome C (DC) core (75�060S; 123�210E; 3230 m a.s.l.).

Samples for this work were selected from below the depth of the
Tambora eruption (1816 A.D.) identified in each core (Frezzotti
et al., 2005) by means of characteristic non-sea-salt (nss) SO4

2�

spikes. The MdPt core was sampled from 16 to 28 m depth (17
sections; 1620e1800 A.D.); the D4 core from 18 to 30 m depth (22
sections, 1420e1700 A.D.); the DC core from 12.5 to 24.5 m depth
(21 sections; 1570e1800 A.D.). Firn sections (with density
between 450 and 600 kg m3) consisted of entire cores, i.e. 360�

transversal sections, with only a few exceptions where half-cores
(180� transversal sections) were available. Decontamination was
performed at DISAT (Milano-Bicocca University) following the
same procedure adopted at LGGE, while dust concentration and
size measurements were performed by using a Multisizer� 3
Coulter Counter� analyzing particles from 1 to 30 mm. For each core,
a w15e20 ml aliquot was dedicated to particle analysis, while the
residual liquid was preserved in pre-cleaned Savillex PFA jars, and
subsequently filtered on a Nuclepore� track-etched membrane
(porosity 0.4 mm). Re-suspension of dust from the membranes was
then achieved through sonication, as in Delmonte et al. (2010a).

2.2. Victoria Land PSA sampling and sample preparation

Glacial deposits and glacially shaped bedrock preserved in
Antarctic ice-free areas offer valuable potential for identifying PSAs
at the margin of the ice sheet. Sampling sites were selected taking
into account the Cenozoic glacial history and the landscape
assemblage of Victoria Land depicted by previous geological and
geomorphological studies (e.g. Orombelli et al., 1990; Armienti and
Baroni, 1999; Meneghel et al., 1999; Baroni et al., 2004, 2005, 2008
and references therein). New potential key sites were also selected
through geomorphological survey in the Outback Nunatak area
(Northern Victoria Land) during the 2009/2010 Antarctic field
season. On the basis of results from a former study (Delmonte et al.,
2010a), the sampling strategy was principally focused in finding
high-elevation sites affected by old glacial deposits and relict sur-
faces with well-developed regolith (incoherent mantle of weath-
ered, disintegrated rock fragments resting upon solid bedrock,
possibly with old soils on top), which could represent source for

Table 1
Site and dust data.

Firn core Elevation
(m a.s.l.)

Acc. rate
(cm w.eq./yr)

Firn
sections

Time period 1e5 mm particles
ppb (�st.dev)

1e5 mm particles
(mg m�2 yr�1)
(�st.dev)

5e10 mm particles
(ppb) (�st.dev)

5e10 mm particles
(mg m�2 yr�1)
(�st.dev)

Talos Dome (TALDICE) 72�480S,
159�060E

2315 8.7 � 0.8 90 1420e1810 A.D. 8 (�4) 0.75 (�0.35) 4 (�3) 0.35 (�0.26)

Mid point (MdP-A) (ITASE)
75�320S, 145�510E

2455 3.6 � 1.8 17 1620e1800 A.D. 14 (�3) 0.50 (�0.27) 4 (�2) 0.14 (�0.10)

D4 (ITASE) 75�350S, 135�490E 2795 2.0 � 1.1 22 1420e1700 A.D. 9 (�4) 0.19 (�0.13) 3 (�2) 0.05 (�0.05)
DC (ITASE) 75�060S, 123�210E 3230 2.5 � 1.3 21 1570e1800 A.D. 8 (�4) 0.20 (�0.14) 1 (�1) 0.03 (�0.03)

Columns 1, 2, 3: Firn cores analyzed in this work with coordinates of drilling site, elevation, mean accumulation rate (Frezzotti et al., 2004, 2005; Buiron et al., 2011) for pre-
industrial conditions. Columns 4 and 5: Number of firn core sections analyzed in this work and integrated time period spanned by the cores. Columns 6, 7: Concentration
(�st.dev.) and flux (�st.dev.) of particles with diameter between 1 and 5 mm and between 5 and 10 mm.
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loose sediments available for wind transport and still undocu-
mented from a geochemical point of view.

Therefore, we selected sites carrying relict landscape features
that document a continuous and long lasting exposure to weath-
ering as documented by surface exposure dating conducted in key
sites (Schafer et al., 1999; Summerfield et al., 1999; Oberholzer
et al., 2003, 2008; Di Nicola et al., 2009; Strasky et al., 2009).

Additional fieldwork was carried out in the McMurdo Dry Val-
leys, given the well-recognized importance of those areas in min-
eral dust generation (e.g. Lancaster, 2002).

According to their geographic provenance, four different groups
-or families of PSA samples (Table 3) were collected. These are (1)
the northern samples (NTH in Table 3), collected on the Outback
Nunataks in Northern Victoria Land, located E-NE from Talos Dome
(Fig. 1), (2) the McMurdo Dry Valleys (DRV in Table 3), (3) the in-
termediate hills (IH in Table 3) between the Outback Nunataks and
the Mesa Range (only one sample from this group was analyzed in
this work), and (4) extremely inaccessible remote nunataks on the
polar plateau (PNTK in Table 3).

Among the six samples belonging to the NTH family, two were
collected on the Frontier Mountains, a nunatak rising about 600 m
above the regional ice sheet level. One of these, NTH_1, consists of
regolith developed 3179 m a.s.l. on granite, NTH_2 consists of
a granitic glacial drift collected 2606 m a.s.l. Other samples from
this group include regolith NTH_3 developed on granite and col-
lected 2920 m a.s.l. on the Miller Butte, regolith NTH_4 developed
on Ferrar dolerite and collected 3059 m a.s.l. on the Roberts Butte,
regolith NTH_5 from metamorphosed beacon sandstone collected
2740 m a.s.l. on Mt. Bower, and regolith NTH_6 developed on
Priestley Schist (Wilson Terrane) and collected about 2580 m a.s.l.
on Mt. Weihoupt.

Among samples from the DRV family, DRV_5 and DRV_6, both
developed on Ferrar dolerite, were collected 1780 and 1332 m a.s.l.,
respectively on Mt. Gran and on Mt. Peleus, in the Olympus Range.
In addition, a set of sand samples from barchan and whaleback
dunes from the Victoria Valley (350e420 m a.s.l., Bristow et al.,

2010a,b, 2011) was made available for this study (courtesy of P.
Augustinus). The optically stimulated luminescence (OSL) ages of
these dune deposits indicate they aremodern to 320� 80 years old.
Each sample was free from organic matter and carbonates, which
was formerly removed with hydrogen peroxide and HCl, respec-
tively (P. Augustinus, pers. comm.). In the specific case of Victoria
Valley, sand dunes are believed to be mostly inherited from sand-
stone units of the Beacon Supergroup (e.g Calkin and Rutford,1974).

Among samples from the IH group we selected only one sample
collected from the top of Sequence Hills about 2635 m a.s.l., con-
sisting of regolith developed on Ferrar dolerite, at a site charac-
terized by evident tors and abundant sandy sediments. Finally,
sample PNTK_1 collected 1720 m a.s.l. on the extremely inacces-
sible Mount Kring was selected for this study. Mt. Kring is an iso-
lated nunatak emerging more than 200 m on the East Antarctic
plateau located within the upper David Glacier basin in Oates Land
(SVL) at about 150 km from the coast. The sample represents the
matrix of a Late Pleistocene glacial drift; parent lithologies are
Beacon sandstone, Ferrar dolerite and Kirkpatrick basalts.

All sediment samples were handled in a dedicated environment
(class 10,000 clean room) available at DISAT (Milano Bicocca Uni-
versity). Particles with equivalent spherical diameter smaller than
5 mm were selected through humid sedimentation as in former
studies (Delmonte et al., 2010a), checking dust size by Coulter
Counter� Multisizer� 3. After size separation, dust was filtered on
a Nuclepore� track-etched membrane in order to remove soluble
compounds, and was then re-suspended through sonication.

2.3. Microscope observations

Scanning Electron Microscope (SEM) qualitative morphological
observations were carried out on a set of 20 Holocene samples from
the Talos Dome TALDICE ice core deriving from 25-cm long dust
strips representing about 3 years of accumulation in the ice core. All
samples were formerly analyzed for particle concentration and
grain size (Albani et al., 2012a). Aliquots were selected in order to

Table 2
Isotopic composition of pre-industrial and Holocene firn and ice core dust samples from East Antarctica.

Dust sample Climatic period 87Sr/86Sr �2smean
* 10�6 �2s * 10�6 87Sr/86Sr

normalized

143Nd/144Nd �2smean
* 10�6

3Nd(0) �2s Reference

Dome C (firn) 1570e1800 A.D. 0.707440 20 20 0.707468 0.512438 64 �3.90 1.2 This work
D4 (firn) 1420e1700 A.D. 0.708440 13 16 0.708468 n.d. n.d. n.d. n.d. This work
Mid Point (firn) 1620e1800 A.D. 0.707526 47 47 0.707554 0.512482 89 �3.04 1.7 This work
EPICA-Dome C

(ice)_1
Holocene 0.710013 55 n.d. 0.512407 101 �4.51 1.97 Delmonte

et al. (2007)
EPICA-Dome C

(ice)_2
Holocene 0.709435 37 n.d. 0.512347 95 �5.68 1.85 Delmonte

et al. (2007)
Vostok (ice)_1 Holocene 0.711200 35 n.d. 0.512126 17 �9.99 0.3 Basile (1997),

Delmonte et al.
(2007)

Vostok (ice)_2 Holocene 0.709289 50 n.d. 0.512379 44 �5.05 0.9 Basile (1997),
Delmonte et al.
(2007)

Talos Dome (ice)_1 Holocene 0.708437 14 16 0.512510 180 (J) �2.5 3.5 Delmonte et al.
(2010a)

Talos Dome (ice)_2 Holocene 0.707689 15 16 0.512643 32 þ0.1 0.6 Delmonte et al.
(2010a)

Columns 1, 2: Firn and ice core dust samples and age of the dust samples analyzed. Columns 3, 4, 5, 6: 87Sr/86Sr isotopic composition of samples, �2smean
* 10�6 (internal

precision, 2 standard errors of the mean), �2s * 10�6 (external precision). The external precision for 87Sr/86Sr as judged from running 200 ng loads of 987 standard is 16 ppm
(n ¼ 33), while loads in the range 10e50 ng result in a precision of 22 ppm (n ¼ 12). Internal precision is used if it exceeds the external (Deines et al., 2003). Normalized
87Sr/86Sr ratios from this work were corrected corresponding to a value of 0.710245 for NBS 987 standard (NBS 987 litt.0.710245; LIG 0.710217; Difference 0.000028). Columns
7, 8: 143Nd/144Nd isotopic composition �2smean

* 10�6 (internal precision, 2 standard errors of the mean). Accuracy correction was not necessary since the mean 143Nd/144Nd
ratio for nNdb standard was 0.511895 � 22 (n ¼ 20). Columns 9, 10: Nd isotopic ratios expressed as epsilon units given with uncertainty estimates based upon external
precision for standard runs. Internal precision is used if it exceeds the external (Deines et al., 2003). The external precision for 143Nd/144Nd as judged from values for 4e12 ng
loads of nNdb standard was 43 ppm. Corresponding values for >200 ng loads of La Jolla standard are 9.2 ppm and 0.5118484 � 4.7 (n ¼ 32). Accuracy correction was not
necessary since themean 143Nd/144Nd ratio was 0.511895� 22 (n¼ 20). 3Nd(0)¼ [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR� 1] $ 104; CHUR: CHondritic Uniform Reservoir, with
143Nd/144Nd ¼ 0.512638. Column 11: reference for data. (J) Enlarged error due to technical problem. n.d. ¼ no data.
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Table 3
Sr and Nd isotopic composition of Victoria land source samples analyzed in this work.

Sample
name

Geographic coordinates Elevation
(m a.s.l.)

Area Material (substrate) 87Sr/86Sr �2smean
* 10�6 �2s * 10�6 87Sr/86Sr

normalized*
143Nd/144Nd �2smean

* 10�6
3Nd(0) �2s

NTH_1 72�5901600S, 160�2005000E 3179 Frontier
Mountains

Regolith (granite) 0.725328 06 11 0.725356 0.512405 05 �4.5 0.10

NTH_2 72�5802900S, 160�2102900E 2606 Frontier
Mountains

Glacial drift (granite) 0.745529 09 11 0.745557 0.512387 07 �4.9 0.13

NTH_3 72�4200900S, 160�1401500E 2920 Miller Butte Regolith (granite) 0.798656 22 22 0.798684 0.512216 07 �8.2 0.3
NTH_4 72�39’0400S, 160�0702000E 3059 Roberts Butte Regolith (Ferrar dolerite) 0.712184 17 17 0.712212 0.512386 05 �4.9 0.3
NTH_5 72�3604500S, 160�3002900E 2740 Mt. Bower Regolith (beacon sandstone,

metamorphosed)
0.718124 08 11 0.718152 0.512348 04 �5.6 0.10

NTH_6 72�3600100S, 161�0302700E 2580 Mt. Weihoupt Regolith (shist) 0.721112 07 11 0.721140 0.512004 08 �12.4 0.2
DRV_1 77�2201900S, 162�1003900E 400 Dry Valleys Dune (beacon sandstone) 0.712120 07 11 0.712148 0.512222 19 �8.1 0.4
DRV_2 77�2202100S, 162�1005700E 400 Dry Valleys Dune (beacon sandstone) 0.712216 08 11 0.712244 0.512249 16 �7.6 0.4
DRV_3 77�2202200S, 161�5501800E 420 Dry Valleys Dune (beacon sandstone) 0.712677 09 11 0.712705 0.512244 10 �7.7 0.3
DRV_4 77�2204400S, 162�905200E 350 Dry Valleys Dune (beacon sandstone) 0.712930 05 11 0.712705 0.512246 06 �7.6 0.2
DRV_5 76�5505800S, 161�0205000E 1780 Dry Valleys

(Mt. Gran)
Regolith (Ferrar dolerite) 0.713708 05 11 0.713736 0.512344 06 �5.7 0.2

DRV_6 77�2900700S, 162�0505400E 1332 Dry Valleys
(Mt. Peleus)

Regolith (Ferrar dolerite) 0.715740 05 11 0.715768 0.512435 10 �4.0 0.3

IH_1 73�0202500S, 161�1005900E 2635 Sequence Hills Regolith (Ferrar dolerite) 0.714015 19 19 0.714043 0.512392 07 �4.8 0.2
PNTK_1 74�5902400S, 157�5502000E 1720 Mt. Kring Glacial drift (beacon

sandstone, Ferrar dolerite,
basalt)

0.728112 19 19 0.728140 0.512026 09 �11.9 0.4

Columns 1, 2, 3: Sample code (see text), geographic coordinates of the sampling site, elevation. Columns 4, 5: Geographic area of sample provenance, typology of material collected (in brackets: parent lithologies fromwhich the
materials are inherited). Columns 6, 7, 8, 9: 87Sr/86Sr isotopic composition of samples, �2smean

* 10�6 (internal precision, 2 standard errors of the mean),�2s * 10�6 (external precision). Internal precision is used if it exceeds the
external (see Table 2). Normalized 87Sr/86Sr ratios from this work were corrected corresponding to a value of 0.710245 for NBS 987 standard (NBS 987 litt.0.710245; LIG 0.710217; Difference 0.000028). Columns 10, 11, 12, 13:
143Nd/144Nd isotopic composition �2smean

* 10�6 (internal precision, 2 standard errors of the mean), Nd isotopic ratios expressed as epsilon units, uncertainty estimates based upon external precision for standard runs. Internal
precision is used if it exceeds the external (see Table 2).
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bewell-assorted in terms of concentration and size; some consisted
of typical Holocene background (10e25 ppb in the <5 mm size
interval), others displayed either grain size larger than back-
ground, or concentration higher than average, or atypical size dis-
tribution spectrumwith respect to background. A fewmillilitres per
sample (8e27 ml, according to microparticle concentration and
sample availability) were filtered in clean room (LGGE-CNRS) on
polycarbonate track-etched membranes (0.4 mm porosity), taped
to Al-stubs, and dedicated to SEM morphological observations and
to preliminary semi-quantitative analyses of major elements
through energy dispersive X-ray spectrometry (EDS).

Beside the routinely performed particle concentration and grain
size analyses of laboratory MilliQ water, the control of blanks was
assured by SEM visual inspection of polycarbonate membranes
after filtration of about 80 ml of MilliQ laboratory water previously
placed in accuvettes under artificial light conditions for 48 h.

2.4. Sr and Nd isotopic analyses

The firn core samples from Mid Point, D4, Dome C and those
from the PSAs were evaporated in clean conditions (class 100
laminar flow hoods) and weighted at the Laboratory for Isotope
Geology (LIG) of the Swedish Museum of Natural History. The
amount of dust recovered from firn core samples was about 100e
200 mg, while for PSA samples the weight spanned a broad inter-
val from 300 mg to some mg.

All samples were digested in an acid mixture (HNO3 þ
HF þ HClO4) and heated (60 �C) in closed vessels for 24 h. After
isotopic enrichment with a mixed 147Sm/150Nd spike and a 84Sr
enriched spike, the solution was evaporated to dryness on a hot
plate. The residue, dissolved in 4 ml 6 M HCl, was subjected to
identical chemical procedures for elemental separation adopted in
earlier studies and described in Delmonte et al. (2008),
supplementary online material.

Isotopic analysis of Nd and Sr were performed with a Thermo
Scientific TRITON TIMS. Neodymium was loaded mixed with
Aquadag graphite on double rhenium filaments and run as metal in
static mode using rotating gain compensation. Concentrations and
ratios were reduced assuming exponential fractionation. Calculated
ratios were normalised to 146Nd/144Nd ¼ 0.7219. Epsilon units are
calculated as follows:

3Ndð0Þ ¼
h
ð143Nd=144NdÞsample=ð143Nd=144NdÞCHUR � 1

i
� 104;

� ðwith 143Nd=144NdCHUR ¼ 0:512638Þ

External precision for 143Nd/144Nd as judged from values for
4e12 ng loads of Ndb standard was 43 ppm. Corresponding values
for >200 ng loads of La Jolla standard are 9.2 ppm and
0.5118484 � 4.7 (n ¼ 32); accuracy correction was not necessary
since the mean 143Nd/144Nd ratio was 0.511895 � 22 (n ¼ 20).
Purified Sr samples were mixed with tantalum activator and
loaded on a single rhenium filament. Two hundred 8 s in-
tegrations were recorded in multicollector static mode, applying
rotating gain compensation. Measured 87Sr intensities were cor-
rected for Rb interference assuming 87Rb/85Rb ¼ 0.38600 and
ratios were reduced using the exponential fractionation law and
88Sr/86Sr ¼ 8.375209. External precision for 87Sr/86Sr as judged
from running 200 ng loads of NBS SRM 987 standard is 16 ppm
(n ¼ 33), while loads in the range 10e50 ng results in a precision
of 22 ppm (n ¼ 12). Accuracy correction was applied to 87Sr/86Sr
ratios corresponding to a value of 0.710245 for NBS SRM 987
standard (NBS 987: literature value 0.710245, LIG value 0.710217;
Difference: 0.000028).

2.5. Present-day conditions: air mass back-trajectories calculations

In order to compare palaeo-data with present-day meteoro-
logical conditions, air mass back-trajectories were calculated with
the HYSPLIT Lagrangian model (Draxler and Rolph, 2012) initialized
with the ECMWF ERA INTERIM atmospheric model data Re-analysis
with a 1� � 1� regular grid. Five-days back trajectories were com-
puted daily from January 1,1980, to December 31, 2011 (11,680 back
trajectories) arriving at 12 UTC and at 500, 1000, 2000 and 4000 m
over the selected sites (Dome C, D4, Mid Point and Talos Dome). No
uncertainties in the resulting trajectories were calculated in this
work; however an error from 10% to 30% of the travel distance after
five dayswas estimated by Scarchilli et al. (2011) and Schlosser et al.
(2008). Each trajectory was projected onto the ERA INTERIM
snowfall (SF) þ 12 h forecast field, in order to associate each point
along the trajectory path with the SF value of the nearest model
grid, assuming a constant precipitation rate within the forecasted
12 h. The frequency and pattern of dust transport from the ice-free
areas of NVL and SVL towards the four selected sites duringmodern
times was estimated selecting trajectories where air masses were
lying for at least 3 h over the potential dust source areas (blue boxes
in Fig. 6b)e including the northern part of Victoria Land and coastal
Transantartic Mountains from the Ross Ice Shelf to the Melbourne
volcanoe and where no snowfall occurred since 48 h before the air
mass arrival at the site, in order to disregard any wet deposition en
route.

Air masses arriving 1000 m above the surface of each site were
considered. Actually, trajectories arriving at 500 m above the sur-
face of the sites are more suitable for the study of atmospheree
cryosphere interactions, but these were not taken into account
because of the strong influence of the underlying model top-
ography, especially over the steep Antarctic coast (Sinclair et al.,
2010).

3. Results

3.1. Spatial variability of dust flux, size, isotopic composition

Dust concentration and size data obtained from Dome C and TD
firn were compared with literature dust data respectively from
EPICA-Dome C and TALDICE Holocene ice sections, to test the
quality of the firn decontamination procedure adopted in this study
(see supplementary information). Results were very encouraging
since dust concentrations in the firn were lower than dust con-
centration measured in late Holocene ice samples, and the size
distributions very comparable. The individual dust concentration
values obtained for each firn core section are reported in the
Supplementary information along with a profile of dust concen-
tration versus depth. For each firn core under study, the mean dust
concentration (calculated averaging the single values from each
section) was used along with the average accumulation rate
(Frezzotti et al., 2004, 2005, 2007) to calculate dust fluxes in the 1e
5 mm and 5e10 mm size bins (Table 1).

The spatial variability of the average dust depositional flux
against the relative distance from Talos Dome is plotted in Fig. 2a
together with elevation of each drilling site and the approximate
distance from the nearest rock outcrop. Aeolian microparticles
having diameter between 1 and 5 mm display a marked decreasing
flux along the transect, from about 0.75 (�0.35) mg m�2 yr�1 at
Talos Dome and 0.50 (�0.27) mg m�2 yr�1 at Mid Point to about
0.19 (�0.13) and 0.20 (�0.14) mg m�2 yr�1 at D4 and Dome C,
respectively. The values obtained for Talos Dome and Dome C on
pre-industrial dust samples are in line with literature data for the
same sites for the Late Holocene (0.70 and 0.33 mg m�2 yr�1

respectively, 2e5 ka B.P.) and lower than those from the Early
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Holocene (1.84 and 0.47 mg m�2 yr�1 respectively, 8e11.7 ka B.P.),
in agreement with the respective trends during the current inter-
glacial (Delmonte et al., 2005; Albani et al., 2012a).

The flux of larger particles, with diameter between 5 and 10 mm,
is significant only at Talos Dome (0.35 � 0.26 mg m�2 yr�1) and to
a lesser extent at MdPt (0.14 � 0.10 mg m�2 yr�1), but becomes
close to the detection limit at D4 and Dome C. This evidence is also
in line with earlier observations on the Holocene section of the
EPICA-Dome C core (Delmonte et al., 2002). In summary, with
increasing distance from the periphery of the ice sheet (Talos Dome
area) and with increasing elevation, our data highlight a marked
decline of dust depositional flux, especially associated to a reduc-
tion of the coarse (>5 mm) size fraction.

The Sr and Nd isotopic composition of modern dust from the
Mid Point, D4 and Dome C firn cores is reported in Fig. 2b and
Table 2, along with the scarce literature data available from Holo-
cene Antarctic ice core dust. The extremely low weight of the dust
samples makes the 2s (2-standard error) relatively high for 3Nd(0).
Yet, the isotopic signature of pre-industrial dust measured in this
work for Dome C is coherent with that of early and mid-Holocene
dust from the EPICA-Dome C ice core (Delmonte et al., 2007).

Altogether, modern and Holocene firn and ice core dust samples
from TALDICE, Mid Point, Dome C and Vostok (this work, Basile,
1997; Delmonte et al., 2007, 2010a) display 3Nd(0) isotopic values
progressively decreasing, from the more radiogenic values of Talos
Dome and Mid Point to the less radiogenic values of inner plateau.
This difference between the periphery and the interior of the ice
sheet is particularly evident for Nd isotopes, despite the large
standard error, implying a spatial differentiation in the composition
of dust during Holocene.

3.2. Microscope observations

About 50% of samples (10 over 20), among which all those
displaying typical background characteristics, showed presence of
a mixture of (1) mineral dust, (2) volcanic materials as glass shards
and minerals, and (3) micrometric-sized fragments of diatoms,
whose genera and species cannot be recognized because of the
small dimension of the pieces. The volcanic material contained in
these samples was apparently fresh, relatively unabraded and with
incoherent heterogeneous composition. Four other samples did
not contain volcanic material but were composed of a mixture of
mineral dust and diatom fragments, as those reported in Fig. 3a
and b. Two other samples showed presence of dust particles only,
even larger than 5 mm in diameter, and finally, four samples
consisted of primary tephra layers, whose geochemical composi-
tion and provenance are described in Narcisi et al. (2012). These
primary volcanic deposits were associated to dust and diatom
fragments, but this association very likely derives from sampling.
Although the number of samples analyzed is too low for assessing
robust statistics, we highlight that diatom fragments were
observed in association with dust in the large majority of samples.
Not a single fragment of microfossils was observed on the mem-
branes where MilliQ water left under light conditions for 48 h was
filtered, thus excluding the possibility of laboratory contamination.

3.3. Isotopic analyses of PSA samples

The Sr and Nd isotopic composition of the fine (<5 mm) fraction
of PSA samples collected in this work is reported in Table 3 and
plotted in Fig. 4 along with additional isotopic data from Victoria

Fig. 2. Spatial variability of dust flux and isotopic composition. (A): Aeolian dust flux (mg m�2 yr�1) at TD, MdPt, D4, DC measured on firn cores (pre-industrial samples) for particles
with diameter between 1 and 5 mm (black squares) and 5e10 mm (black triangles). Dust fluxes (error bars: standard deviation of flux) are reported against the relative distance of
each site from TD. For comparison, the Late Holocene (2e5 ka B.P.) and the Early Holocene (8e11.7 ka B.P.) dust flux at TALDICE (Albani et al., 2012a), Dome C and Vostok (Delmonte
et al., 2005) is reported. The short-dashed line with crosses shows the topographic variability between drilling sites, the X symbol indicates the approximate distance from the
nearest rock outcrop. (B): Isotopic signature (87Sr/86Sr and 3Nd(0)) of pre-industrial and Holocene aeolian dust in firn and ice cores from the Antarctic sector investigated in this
work. MdPt and DC firn core data (pre-industrial): this work. Talos Dome (TALDICE), EPICA-DC, and Vostok ice core data (Holocene): Delmonte et al. (2007, 2010a), Basile (1997).
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Land PSAs measured in an earlier study (Delmonte et al., 2010a) on
the same grain size fraction. Samples are grouped according to their
geographic location inside Victoria Land; as it can be observed, the
samples collected NeNE from Talos Dome on the Outback Nuna-
taks, display very scattered isotopic composition, as it can be
expected from their very variable parent lithology (granite, Ferrar
dolerite, Beacon sandstone, Priestley shists). The 87Sr/86Sr values
span a broad interval (0.712184e0.798656) while 3Nd(0) displays
low radiogenic values (�4.5 to �12.4). Sand dune samples from
the Dry Valleys, on the opposite, display very clustered isotopic
composition, because of the high degree of mixing of these
materials and the uniform parent lithology (Beacon sandstone).
All samples from Dry Valleys, including those collected at high
altitude on Mt. Gran and Mt. Peleus (Ferrar dolerites) are
included in the isotopic field of sediments from Southern Victoria
Land. This latter field was constructed on the basis of isotopic
data from regolith, glacial drifts and aeolian materials collected
on the topmost part of Ricker Hills, The Mitten and Griffin
Nunataks measured on the same size fraction (Delmonte et al.,
2010a) plus an additional glacial drift sample from Mount Kring
measured in this work. All these SVL samples are derived from
a mixture of Beacon sandstone, Ferrar dolerites and Kirkpatrick
basalts.

The Mesa Range group includes regolith and glacial deposits
from the area of the Mesas, among which samples from Tobin and
PainMesa (Ferrar dolerites) and ChisholmHills (Beacon sandstone).
The characteristics of these samples were described in Delmonte
et al. (2010a). Also, isotopic data of one regolith from Sequence
Hills (Ferrar dolerites), a site belonging to the group of intermediate
hills between the Mesas and the Outback Nunataks, are reported.

Clearly a better clustering of data can be obtained grouping
samples according to their parent materials, as shown in Fig. 5. The
isotopic field of regolith and drifts developed on granite occupies an
area in quadrant IV that is markedly secluded from the others
because of the very radiogenic 87Sr/86Sr isotopic composition of
samples. The remaining groups consist of materials deriving from
(1) Ferrar dolerite, (2) Beacon sandstone, and from (3) a mixture of
Ferrar dolerite, Beacon sandstone, Kirkpatrick basalts plus in some
cases a possible additional contribution from SVL granites. Signifi-
cant differences among these groups, based on comparing the Sr
and Nd isotopic values separately, are suggested by a Kruskale
Wallis test (a nonparametric test that compares three or more
unpaired groups). A pairwise comparison (Dunn’s test, P ¼ 0.05)

Fig. 3. SEM pictures of insoluble material from the TALDICE ice core. Coarse diatom fragments can be clearly observed in the photos (centre), surrounded by smaller lithic material.
Mixture of volcanic and lithic material was observed in a good number of samples, often in association with diatom chips.

Fig. 4. SreNd isotopic signature of the fine (B < 5 mm) fraction of PSA samples from
Victoria land, grouped according to their geographic provenance. The isotopic field of
samples from the Outback Nunataks northern area, from the Dry Valleys, from high-
elevation sites in Southern Victoria Land and from the Mesa Range is shown. Sam-
ples consist of regolith, glacial drift, sand dunes and aeolian materials. Data source: this
work and Delmonte et al. (2010a).
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reveals that group 1 (Ferrar dolerites) and group 3 (Mixed dolerites,
basalts and Beacon sandstone) are significantly different for both Sr
and Nd isotopes, while group 2 (Beacon Sandstone) and group 3
(Mixture) differ significantly only for their Sr isotopic composition.

3.4. Air mass pathways connecting PSAs and drilling sites at
present-day

Results from back trajectory calculations are reported in Fig. 6a
and b. About 10% of the trajectories reaching Talos Dome at present-
day (1980e2011 A.D.) are potentially suitable for local dust
advection to the site, i.e. have been lying for at least 3 h above the

PSAs and reach the site 1000 m above surface without snow pre-
cipitation over the preceding 48 h. Conversely, for the more inner
sites of Mid Point, D4 and Dome C, the frequency of trajectories
fulfilling the above-mentioned conditions is extremely low, around

Fig. 5. Isotopic signature of Holocene and modern ice and firn core dust and dust-sized
fraction of Victoria land PSA samples differentiated according to the lithology of parent
materials (data source: this work, Delmonte et al., 2010a). Vertical bars for core data
correspond to 2-standard error for Nd; the volcanic end-member has been plotted on
the basis of the isotopic composition of East and West Antarctic volcanic rocks
(GEOROC database: http://georoc.mpch-mainz.gwdg.de/georoc/) along with the iso-
topic composition of two Antarctic tephra layers from the Vostok ice core (Basile et al.,
2001). Whole-rock data from dolerites, basalts and andesites from the Victoria Land
(Mesa Range and Prince Albert Mountains) are also reported for comparison (Elliot
et al., 1995; Fleming et al., 1995; Antonini et al., 1999; Faure and Mensing, 2010 and
references therein; GEOROC database: http://georoc.mpch-mainz.gwdg.de/georoc/).

Fig. 6. Potential dust-carrying events derived from back trajectory calculations. (A)
Frequency (%) of 5-days back trajectories lying for at least 3 h over the potential dust
source areas (blue boxes in BeE) and arriving at 1000 m above surface at Talos Dome
(TD), Mid Point (MdPt), D4 and Dome C (DC) without snowfall over the preceding 48 h.
(BeE) Frequency (filled contour, %) of number of back trajectories, fulfilling the con-
ditions mentioned in A, lying over each 0.5� � 0.5� area and connecting the potential
dust source areas (blue boxes) to the sites of TD, MdPt, D4 and DC, respectively. (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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0.7%, 0.4% and 0.2% respectively (Fig. 6a). It must be mentioned that
all the four studied sites are strongly influenced by katabatic wind
blowing from highest part of the plateau towards the coast for the
most part of the time. Seasonality analysis reveals that in the case of
Talos Dome, these trajectories mostly occur during spring and
summer seasons. Furthermore, the air mass pathways connecting
source areas to this site are mainly driven by the local atmospheric
circulation in the Ross Sea area, and mostly flow parallel to the
Victoria Land coast along an SeN direction (Fig. 6b). No significant
differences can be observed between prevailing surface wind
provenance (200�e160�) and direction of potential dust-
transporting events for the site of Talos Dome. For the other sites,
conversely, the extremely rare occurrence of these potentially dust-
carrying events does not allow creating a robust statistics, and the
transport patterns to inner sites seem to be more connected to
strong random events than to seasonal features. On the whole, air
mass intrusions towards the interior seem to occur over the area
between the Ross Ice Shelf and the Drygalski Ice Tongue. In any
case, these potential dust carrying events are connected to a shift of
about 90� from the main wind direction (180�e240�).

Among trajectories potentially suitable for local dust transport,
those reaching Talos Dome lie on average at lower altitude over the
potential source areas (ca 800 m above surface) with respect to
trajectories reaching internal sites (1300, 1180, 1140 m for MdPt, D4
and DC, respectively), but these estimates are affected by a high
degree of variability e up to 75% of mean value.

4. Discussion

4.1. Dust variability from the periphery to the interior of the ice
sheet

The depositional flux of aeolian mineral dust displays a marked
decrease with increasing distance from the margin of the ice sheet
(Talos Dome area) and with increasing altitude. For the pre-
industrial (1400 A.D.e1800 A.D.) samples analyzed, the average
flux of typical Aeolian dust particles having diameter smaller than
5 mm is about 4 times higher at Talos Domewith respect to Dome C.
A similar flux ratio was calculated for the Early Holocene (8e
11.7 ka B.P.) between TD and DC (about 4) and between TD and
VK (about 4.4), while for the Late Holocene (2e5 ka B.P.) it was
about 2 times higher at TD with respect to DC and VK.

Larger dust particles (5 mm < B < 10 mm) clearly represent
a non-negligible contribution to the total dust input only at Talos
Dome and to a lesser extent at Mid Point, while they are almost
absent at D4 and Dome C. This is noteworthy, as in the inner part of
the Antarctic plateau such large particles were exclusively observed
in association with tephra layers (Basile et al., 2001; Narcisi et al.,
2005), or with spurious counts caused by analytical noise and/or
contamination of samples (Delmonte et al., 2002). The spatial var-
iability of dust flux allows making a differentiation between typical
high-altitude plateau sites (Dome C and D4), where the extremely
low dust fluxes are representative of the pristine natural back-
ground of inner East Antarctica for the centuries preceding the
industrial revolution, and the peripheral site of Talos Dome, MdPt
displaying intermediate characteristics. Also, the isotopic compo-
sition of Holocene and pre-industrial mineral dust extracted from
plateau and from peripheral ice and firn cores highlights a similar
differentiation. Whilst 87Sr/86Sr ratios are very similar, the 3Nd(0)
values display a tendency from more radiogenic to less radiogenic
values when going from Talos Dome and Mid Point to Dome C and
Vostok. As the Nd isotopic composition of mineral dust is strongly
related to dust origin (e.g. Feng et al., 2009), the gradient observed
can be ascribed to a different dust composition from the periphery
to the interior of the ice sheet. The spatial gradient of dust flux and

the related variation of isotopic fingerprint can be reasonably
explained in terms of a different influence from local dust sources
with increasing distance from the ice-free terrains of the Trans-
antarctic Mountains and with increasing elevation. However these
are not the only factors involved, as this feature can be associated
also to different atmospheric circulation regimes at Talos Dome and
on the inner polar plateau (Section 4.4).

All these evidences between peripheral sites as Talos Dome
and plateau sites as D4 and DC are in line with evidences from
former studies (Proposito et al., 2002; Magand et al., 2004), where
a drastic decrease in concentration of primary aerosol compo-
nents was observed with increasing altitude and distance from
the coast, in parallel with lower accumulation rates and temper-
atures, with typical plateau conditions fully established between
Mid Point and D4.

4.2. Microscope observations

Electron microscope morphological observations on Holocene
ice core dust samples from Talos Dome provide fundamental sup-
port for data interpretation. Important evidences sustaining the
hypothesis of a proximal origin for dust at the site are represented
by the presence of large particles with high settling velocity and by
micrometric-sized diatom fragments. It is well known that diatom
frustles, which are light and easily carried by winds, represent
a small but pervasive component of Antarctic sediments even at
high elevation sites (>2000 m a.s.l., McKay et al., 2008). These
micro-organisms can be windborne to and on the Antarctic polar
ice cap (Burckle et al., 1997), occasionally reaching internal sites
such as South Pole (Kellogg and Kellogg, 1996). According to
Burckle and Delaney (1999), the entrainment of microfossils (dia-
tom clasts, sponge spicules, opal phytoliths) along with dust in rock
cracks is a very common process in Antarctica. Burckle et al. (1997)
also proposed a mechanism for the emplacement and concentra-
tion of diatom clasts in glacial deposits, and for their possible
recycling. In the specific case of Talos Dome, the small size of the
fragments suggests reworking from subaerially exposed sediments.
Yet, post-depositional comminution related to glacial compression
after diatom trapping and burying in snow layers cannot be
excluded a priori. Although atmospheric circulation may allow
sampling of windborne material from large portions of the South-
ern hemisphere and transport to Antarctica, the very common
presence of diatom fragments in Antarctic sediments and in the
Antarctic atmosphere in proximity of the Transantarctic Mountains
(McKay et al., 2008) strongly points towards a transport processes
from local sources.

Microscopic observations also highlighted presence of abundant
volcanic material in the samples, including those that are repre-
sentative of background environmental conditions at the site. The
characteristics of the volcanic particles as well as their geochemical
heterogeneity suggest these represent an intrinsic component of
the environmental background mineral aerosol in the area. The
characteristics of this volcanic component, incompatible with
derivation from a primary volcanic eruption, suggest a remobiliza-
tion of volcanic particles from different volcanic sources. The
presence of a persistent volcanic component in the samples, even in
low-concentrated ones, is also very important for the interpretation
of isotopic data, as discussed below.We note that Holocene samples
from Talos Dome also revealed anomalously high magnetization,
pointing towards a volcanic contribution to this highly magnetic
dust (Lanci and Delmonte, in press). The importance of the volcanic
contribution was already inferred for the Holocene on the basis of
trace elements and lead isotope data from various drilling sites in
Victoria Land (Van de Velde et al., 2005) and from the Taylor Dome
ice core (Matsumoto and Hinkley, 2001), where volcanic fallout is
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mostly in gaseous or condensed form. For Vostok and Dome C,
conversely, a volcanic contribution to the total Pb content was
observed but it seems quantitatively minor (Hong et al., 2003;
Vallelonga et al., 2005, 2010). Ice and firn layers can incorporate
together the gaseous and the solid silicate (tephra) components of
volcanic plumes. While gas-derived aerosol fallout recorded in
polar ice can be used for instance to document interactions be-
tween volcanism and climate changes (e.g. Castellano et al., 2004),
insoluble tephra layers derived from primary volcanic eruptions
can be fundamental for chronostratigraphic correlation and can
contribute significantly to paleoclimate interpretations (e.g. Narcisi
et al., 2005). In the case of Talos Dome, where several primary
volcanic tephras have also been detected (Narcisi et al., 2012), we
highlight in this work the recurrent occurrence of geochemically
heterogeneous volcanic particles, that represent a fraction of the
total insoluble aerosol flux to the site and likely derive from
deflation of different volcanic sources located along the air mass
pathways. In this scenario, these heterogeneous volcanic particles
underwent two processes: first, atmospheric injection during the
primary eruption, transport governed by the atmospheric condi-
tions at the time of the volcanic event and deposition, and suc-
cessively a “recycling” associated to wind remobilization of the
small volcanic particles from the area(s) of primary deposition,
following the same dynamics of Aeolian dust transport and depo-
sition to the ice core drilling site.

4.3. Dust sources in Victoria Land

On the periphery of the East Antarctic ice sheet, sizeable ice and
snow free areas occur both at low altitude, particularly in coastal
regions, and at high altitude even above 3000m a.s.l. Many of these
outcrops were ice-free since millions of years (e.g. Oberholzer et al.,
2008; Strasky et al., 2009) and were subject to physical and
chemical weathering processes leading in some cases to the for-
mation of soil or regolith (Tedrowand Ugolini,1966). The fine, loose
sediments deriving from alteration of exposed surfaces represent
primary sources for mineral dust potentially available for aeolian
deflation and transport, together with unconsolidated Pleistocene
glacial deposits.

In general, the SreNd isotopic composition of dust and sedi-
ments is primarily related to lithology and geologic age of parent
materials (Faure,1986), although the Sr isotopic compositionmaybe
influenced by dust grain size, when diameters in the interval be-
tween 2 and 50 mmare considered (Feng et al., 2009, and references
therein). The samples analyzed in this work were size-selected
(B < 5 mm) in order to be comparable to ice core dust and in co-
herency with similar studies in Antarctica. Therefore, the size-
dependent Sr isotopic fractionation can be neglected in this case.

When data are grouped according to the geographic origin of
the sediments (Fig. 4) the data scattering becomes important and
isotopic fields overlap. Scattering is more pronounced when parent
lithologies from which the materials are inherited are more het-
erogeneous inside the group, and when the degree of mixing of the
deposits is low. As an example, the high degree of scattering
associated to the isotopic field of the Northern samples from the
Outback Nunataks can be related to the lithological heterogeneity
and to the low degree of mixing of samples, consisting of regolith
developed on Ferrar dolerite, on granite, on shist and on meta-
morphosed Beacon sandstone as well as glacial deposits from
granite. Conversely, the much clustered isotopic composition of the
dunes located within the Dry Valleys is related to the intrinsic
nature of these deposits, subjected to intense aeolian reworking
and transport, and likely inherited from Beacon sandstone units.

Isotopic data on the dust fraction of sediments appears much
more homogeneous when considering the parent rocks fromwhich

the materials are derived (Fig. 5); this is also related to their low
degree of chemical weathering. In this respect, we clearly dis-
tinguish granitic materials, very radiogenic in Sr, from those
derived from Ferrar dolerite, Beacon sandstone, and from amixture
of different lithologies such as Ferrar dolerite, Beacon sandstone
and Kirkpatrick basalt. As it can be observed in Fig. 5, the isotopic
fingerprint of small-sized dust samples is coherent at first order
with literature data from whole-rock dolerites, andesites and ba-
salts from the Mesa Range and Prince Albert Mountain areas (Elliot
et al., 1995; Fleming et al., 1995; Antonini et al., 1999; GEOROC
database: http://georoc.mpch-mainz.gwdg.de/georoc/; Faure and
Mensing, 2010 and references therein).

A comparison of Victoria Land PSA and Holocene/modern ice
and firn core dust samples is reported in Fig. 5. For Talos Dome,
where a local contribution is apparent, data interpretation is
complicated by the ubiquitous mixing of volcanic particles with
continental dust sensu stricto in the background mineral samples.
Therefore, although aeolian dust samples are remarkably similar to
Ferrar dolerite, the influence of the volcanic pole on the geo-
chemical signature of the samples prevents a clear discrimination
of the other end-members. This is a first important limitation to the
identification of a local sub-region. Also, it is well known that the
composition of a dust plume can evolve along the pathway of air
masses when these lie over different substrates; therefore, the
geochemical composition at the deposition site represents the final
result of aeolian deflation from different terrains. Finally, an addi-
tional dust input from one or more remote sources is also likely, but
this latter cannot be discriminated with isotopic techniques
because of the volcanic and local contributions. Despite these
limitations, the PSA isotopic data obtained in this work represent
an essential step forward towards the documentation of northern
and southern Victoria Land dust fingerprint, which can be very
useful for tracking dust provenance in many areas of the ice sheet.

We note also that the isotopic composition of Holocene and
modern dust from Dome C is consistent with the isotopic signature
of Antarctic Ferrar Dolerites and Beacon sandstone, and compatible
with a mixture of these latter with a minor volcanic component.
Although this intriguing geochemical similarity points towards
a possible contribution of Antarctic dust to Dome C during Holo-
cene, caution must be taken in this comparison since a mixed
Australian and South American dust provenance to these inner sites
is expected on the basis of other geochemical evidences (Revel-
Rolland et al., 2006; Delmonte et al., 2007; Marino et al., 2008;
De Deckker et al., 2010; Gabrielli et al., 2010) and atmospheric
general circulation models (e.g. Krinner et al., 2010 and references
therein). Also, as remarked inSection 3.4, the exceptionally low
frequency of back trajectories lying over the potential dust source
areas and arriving at low altitude above inner plateau sites suggests
that low-level air mass advections enhanced by cyclonic systems
are extremely unlikely for Dome C. For this site and in general for
the interior of the Antarctic plateau, dust advection likely occurs via
air mass convergence in the middle-high troposphere above Ant-
arctica (Li et al., 2008; Krinner et al., 2010). Therefore, at this stage
no definite conclusions can be drawn for inner sites concerning
candidate end-members. In this respect, a more comprehensive
comparison including local and remote sources is demanded.

4.4. Dust-related information from inner and from peripheral
Antarctic ice cores

The most well-known information obtained from long ice core
dust sequences coming from the interior of the East Antarctic ice
sheet comes from their capability to reconstruct past atmospheric
circulation changes on a hemispheric to global scale, environmental
conditions at the dust source areas, and the efficiency of aerosol
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transport to the polar regions, that is related to the hydrological
cycle (Yung et al., 1996; Petit et al., 1999). The coupling between
dust and climate on glacial/interglacial timescale has been studied
in detail from the EPICA-Dome C (EDC) and from the Vostok deep
ice cores (Lambert et al., 2008; Petit and Delmonte, 2009). The large
(a factor about 50) dust concentration changes occurring during the
major glacial/interglacial climate changes were largely attributed to
synergetic changes in accumulation rate in Antarctica, source pro-
ductivity and dust atmospheric life-time, all factors related to
temperature and to the hydrological cycle. During the Last Glacial
Maximum and the early deglaciation the westerly circulation
regime allowed an efficient dust transfer from southern South
America to most of the East Antarctic plateau (Basile et al., 1997;
Marino et al., 2009; Delmonte et al., 2010b), and the depositional
flux of mineral particles was fairly uniform (Albani et al., 2012b).
During the current interglacial, conversely, different areas of the
East Antarctic plateau show site-specific dust characteristics, as
well as a marked compositional variability throughout the Holo-
cene, that point towards a possible variable contribution from
multiple remote sources, perhaps South America and Australia
(Basile et al., 1997; Delmonte et al., 2007; Gabrielli et al., 2010;
Vallelonga et al., 2010; Wegner et al., 2012). Model-based attempts
to quantify the contribution of the major Southern Hemisphere
sources in Antarctica (Li et al., 2008; Albani et al., 2012b) revealed
that dust depositing in central East Antarctica (Dome C and Vostok
area) in modern times comes from South America and Australia in
comparable amounts, in agreement with the conclusions of Revel-
Rolland et al. (2006).

For the area of Talos Dome, the modelled contribution of each
source to the dust mass burden and deposition shows an important
contribution from Australia, but neither Antarctic local sources nor
volcanic material is taken into account by models (Li et al., 2008;
Albani et al., 2012b). Analyses of back-trajectories carried out in this
work show that aeolian drift of mineral dust from high-elevation
sources of Victoria Land towards Talos Dome is not a rare event,
and that it is mostly associated tomesoscale atmospheric processes
leading to northward air mass flow in Victoria Land over the Prince
Albert Mountains-Deep Freeze Range andMesa Range. Therefore, it
is not only the altitude of the sites and distance from the exposed
source areas that modulates the importance of local dust transport
but also the regional atmospheric circulation regime. The air flow
pattern identified for present-day conditions likely resembles the
scenario in the time period between the 15th and the 19th cen-
turies spanned by the firn core samples. In fact, this time frame
includes the Little Ice Age, for which only local variations were
observed in the western Ross Sea and Victoria Land (Baroni and
Orombelli, 1994; Hall, 2009). In earlier Holocene times, con-
versely, the regional air mass circulation patterns were likely dif-
ferent, in relation to the varying sea ice conditions in the Ross Sea
(Hall et al., 2006) which is known to influence the mesoscale at-
mospheric circulation in the area (Albani et al., 2012a), as also
suggested by chemical data (Becagli et al., 2004; Traversi et al.,
2004).

The Ross Sea sector of East Antarctica is an area of intense
mesoscale cyclogenesis, even in dry form (Carrasco et al., 2003)
which is more favourable for dust transport inland. It is very likely,
therefore, that dust mobilization from exposed terrains of the
Transantarctic Mountains and transport to the peripheral regions of
the ice sheet is a common phenomenon both today and in the past.
However, the regional atmospheric circulation patterns probably
changed through time as consequence of the retreat of the Ross Ice
Shelf and the opening of the Ross Sea embayment (Albani et al.,
2012a), and from a spatial perspective the areas involved by aeo-
lian deflation inside Victoria Land may have changed in time.
However, the marked difference in dust flux between Talos Dome

and Dome C during the whole Holocene (Albani et al., 2012a)
suggest that the spatial gradients of dust flux observed in this work
for modern times were likely present all through the current
interglacial, andwere probablymore pronounced after deglaciation
in early Holocene times.

From a palaeoclimatic perspective, this work highlights that
climate and environmental information which can be extracted
from palaeo-dust records from the Antarctic ice sheet can be sig-
nificantly different according to the origin of dust and transport
processes involved. Actually, dust analysis in ice cores acquires
specific significance for palaeoclimatic reconstruction when the
geomorphological setting and the surface exposure age of potential
sources are defined.While dust records from high elevation plateau
sites from central East Antarctica undoubtedly reflect the envi-
ronmental and climate history of large portions of the Southern
hemisphere and are sensitive to long-range atmospheric transport
conditions to Antarctica, the dust history at marginal sites located
in proximity of the Transantarctic Mountains afford insights into
regional atmospheric circulation and sea ice behaviour under
conditions that, at times, may have been significantly different than
present.

5. Conclusions

A marked decrease of dust flux and grain size, along with
a changing isotopic composition, have been observed along
a transect from Talos Dome to the higher, internal plateau sites
(Dome C and Vostok area) on the basis of firn core data spanning
the pre-industrial period from the 15th to the 19th century. Such
a spatial variability has been associated to a different provenance of
the aeolian dust on a regional scale, and in particular to an
important contribution of particles from Antarctic high-elevation
sources to the marginal site of Talos Dome and to a lesser extent
at Mid Point, but absent in central plateau areas. Particle supply
from proximal sources is also suggested by the presence of small
diatom fragments e a typical characteristic of Antarctic sediments
e in the Talos Dome ice core all through the Holocene part of the
core. Comparison with Holocene data suggests that spatial gradi-
ents of dust flux were present all over the Holocene.

The isotopic composition of high-elevation potential source
areas from Victoria Land documented in this work and in literature
appears closely related to the parent lithology of the materials;
however, the pervasive presence of volcanic particles representing
a typical feature of background aerosol at Talos Dome prevents
a direct comparison of isotopic fingerprints. For present-day con-
ditions and likely for the pre-industrial period investigated, the
frequency of air mass trajectories potentially suitable for local dust
transport to Talos Dome is moderately high, and displays a well-
defined seasonality (spring/summer) and spatial pattern, this lat-
ter following southerly flow directed northward alongside the
Transantarctic Mountains. Conversely, for all the other sites inves-
tigated the occurrence of potential dust-carrying events seem
extremely uncommon.

Peripheral ice sheet locations close to ice-free areas are thus
important for an improved characterization of the dust cycle in
polar areas, and for a deeper understanding of interactions between
atmospheric circulation and aeolian dust transport, which is rele-
vant to palaeoclimate reconstructions.
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