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a b s t r a c t

Mineral dust is transported in the atmosphere and deposited in oceans, ice sheets and the terrestrial
biosphere. Temporal changes in locations of dust source areas and transport pathways have implications
for global climate and biogeochemical cycles. The chemical and physical characterization of the dust
record preserved in ice cores is useful for identifying of dust source regions, dust transport, dominant
wind direction and storm trajectories. Here, we present a 50,000-year geochemical characterization of
mineral dust entrapped in a horizontal ice core from the Taylor Glacier in East Antarctica. Strontium (Sr)
and neodymium (Nd) isotopes, grain size distribution, trace and rare earth element (REE) concentrations,
and inorganic ion (Cl� and Naþ) concentrations were measured in 38 samples, corresponding to a time
interval from 46 kyr before present (BP) to present. The Sr and Nd isotope compositions of insoluble dust
in the Taylor Glacier ice shows distinct changes between the Last Glacial Period (LGP in this study ranging
from ~46.7e15.3 kyr BP) the early Holocene (in this study ranging from ~14.5e8.7 kyr BP), and zero-age
samples. The 87Sr/86Sr isotopic composition of dust in the Taylor Glacier ice ranged from 0.708 to 0.711
during the LGP, while the variability during the early Holocene is higher ranging from 0.707 to 0.714. The
εNd composition ranges from 0.1 to �3.9 during the LGP, and is more variable from 1.9 to �8.2 during the
early Holocene. The increased isotopic variability during the early Holocene suggests a shift in dust
provenance coinciding with the major climate transition from the LGP to the Holocene. The isotopic
composition and multiple physical and chemical constraints support previous work attributing Southern
South America (SSA) as the main dust source to East Antarctica during the LGP, and a combination of both
local Ross Sea Sector dust sources and SSA after the transition into the Holocene. This study provides the
first high time resolution data showing variations in dust provenance to East Antarctic ice during a major
climate regime shift, and we provide evidence of changes in the atmospheric transport pathways of dust
following the last deglaciation.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Ice cores drilled from the Greenland and Antarctic ice sheets are
excellent archives of atmospheric composition and climate over
hundreds of thousands of years (EPICA communitymembers, 2004;
Jouzel et al., 1997; Petit et al., 1999). Climate parameters, such as
greenhouse gas (CO2 and CH4) concentrations, and climate proxies,
such as stable isotope variability in precipitation, are utilized in ice
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cores to reconstruct long-term records of atmospheric change
(Loulergue et al., 2008; Lüthi et al., 2008). Variations in dust fluxes
to polar ice sheets during glacial-interglacial periods are correlated
to proxies for temperature changes (reconstructed from dD and
d18O records) over long timescales (Basile et al., 1997; Biscaye et al.,
1997, and references therein). Physical and chemical characteriza-
tion of dust particles deposited in Antarctic ice is used to trace fine-
grainedmineral material (dust) to its origins as sediment generated
in potential source areas (PSAs) (Grousset and Biscaye, 2005, and
references therein).

The dominant source of dust to East Antarctica during the Last
Glacial Period (LGP in this study ranging from ~46.7e15.3 kyr BP)
was most likely Southern South America (SSA) (Grousset et al.,
Fig. 1. Location map of Taylor Glacier and surrounding area. The East Antarctic Ice Sheet sha
(yellow star) is shown relative to potential source areas of dust and important landmarks (D
age listed show the timing of the Ross Ice Shelf grounding line retreat (Licht et al., 1996; Co
South Pole, Vostok, Dome C, Taylor Dome, and Taylor Glacier (yellow star). Figure adapted fr
legend, the reader is referred to the web version of this article.)
1992; Vallelonga et al., 2010, and references therein). Higher
amounts of dust were transported to Antarctica during glacial pe-
riods, relative to interglacial periods, due to increased dust avail-
ability at the source area and windier conditions caused by a more
pronounced pole-equator temperature gradient (Hammer et al.,
1985; Petit and Delmonte, 2009; Sugden et al., 2009). In contrast,
dust transported to Antarctica during the early Holocene (in this
study ranging from ~14.5e8.7 kyr BP) and present day is not well
characterized from a geochemical perspective due to the extremely
small concentrations preserved in Antarctic ice (Delmonte et al.,
2010). The observation of larger dust particles in Holocene ice
from coastal East Antarctic sites such as Talos Dome (Fig. 1, see
inset) indicates a higher input of local (high-elevation ice-free
ded in white, the Ross Sea in blue, and exposed rock surfaces in brown. Taylor Glacier
rygalski ice tongue, Ross Island, and Coulman Island) discussed here. Dashed lines with
nway et al., 1999). Inset map shows locations of Antarctic ice core drilling sites EDML,
om Blakowski et al. (2016). (For interpretation of the references to colour in this figure
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Antarctic terrains) rather than remote (SSA) dust sources
(Delmonte et al., 2010). However, dust particles found in central
East Antarctic ice cores remain fine (always <5 mm) during the
Holocene, due to the constant input of dust from distal sources
(Delmonte et al., 2002). However, isotopic (Sr-Nd composition;
Revel-Rolland et al., 2006, lead (Pb) composition; Vallelonga et al.,
2010) and elemental (rare earth elements (REE); Gabrielli et al.,
2010; major elements; Marino et al., 2008) data show a shift in
dust composition with respect to the LGP, suggesting an influence
of sources other than (or in addition to) SSA (Revel-Rolland et al.,
2006, and references therein).

Here we investigate the dust cycle in the Ross Sea region during
the last climatic transition, from the LGP to the early Holocene. This
is a critical region from a climatic perspective as most of the major
components of the Antarctic climate system intersect here (i.e. the
East and West Antarctic Ice Sheet, the Ross Sea Ice Shelf and the
Southern Ocean). The intersection of the different Antarctic climate
system components, in tandemwith the presence of many ice-free
sites throughout the region increase the complexity of the dust
cycle in this portion of Antarctica (Albani et al., 2012; Delmonte
et al., 2013; Aarons et al., 2016). In this study, a high-volume,
multi-millennial horizontal ice core at Taylor Glacier was used to:
1) distinguish proximal versus distant dust sources; 2) determine if
changes in climate in the Ross Sea region from the last glacial
maximum (LGM, ~21 kyr BP) through the Preboreal Holocene is
recorded by particle compositional changes; and 3) provide a re-
cord of Southern Hemisphere dust at a coastal Antarctic site
through a major climate transition. Dust concentration and size
distribution, trace and REE concentrations, inorganic ion concen-
trations, and radiogenic isotope composition of dust within the
Taylor Glacier horizontal ice core are used to show the restructuring
of sources and transport pathways of dust in this region during the
last deglaciation. These records are integrated with the current
understanding of climate in the Ross Sea region and a record from
East Antarctica to understand the Antarctic dust record variation
with large-scale climate transitions on glacial-interglacial time-
scales. In particular, understanding the changes in dust
Fig. 2. Sampling transect locations (�) and the ‘zero-age’ sample at Round Mountain. Each s
and age relationship of sampling transect.
composition during a major climate transition provides insight into
the relationship between atmospheric transport, increasing
ambient temperatures, and large-scale ice shelf retreat.
2. Regional setting

Taylor Glacier is located on the eastern portion of the East
Antarctic ice sheet (Fig. 1), close to the Ross Ice Shelf and the Ross
Sea seasonal sea ice. Taylor Glacier ice originates from its point of
accumulation at Taylor Dome (Bliss et al., 2011), and terminates on
land in the McMurdo Dry Valleys. The ice surface is mostly smooth
and crevasse free, but thermal contraction caused by variations in
summer and winter temperatures results in surface cracking that
may reach several meters below the surface. Katabatic-driven
movements of cold air masses originating from interior Antarctica
have a strong influence on the weather (Morse et al., 1998). These
cold air masses approach primarily from the southwest (Morse
et al., 1998), whereas warmer air masses with high amounts of
precipitation approach from the south (Morse, 1997).

The extremely low dust concentrations coupled with limited ice
available for measurements presents a major analytical limitation
for ice core science. Traditional ice cores are expensive and logis-
tically challenging to retrieve, and the small masses of ice recovered
from any given depth places limitations on the quantity and variety
of analytical measurements. Because of the extremely limited
amount of dust present in Antarctic ice, especially during the Ho-
locene, it is necessary to collect larger ice samples for more precise
and accurate radiogenic isotope measurements. To overcome this
obstacle, an alternative approach to traditional ice core collection
was employed using ice exposed in the ablation area of a glacier.

Ice sheet dynamics result in the oldest ice exposed at the abla-
tion area, or at the ice sheet margin as the ice flows outward from
the accumulation area. The horizontal exposure of ice stratigraphy
leads to the oldest ice at the toe of the glacier and progressively
younger ice towards the equilibrium line. Ice exposed in this
fashion has been referred to as a ‘horizontal ice core,’ and has been
used successfully in previous paleoclimate studies (Aciego et al.,
ymbol represents one sample. Inset map on right is a close up of the sampling transect
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2007; Reeh et al., 1991), as well as for the acquisition of previously
unobtainable measurements of trace gases, and isotopes of trace
gases (Buizert et al., 2014; Petrenko et al., 2016). Previous work
investigating trapped gas concentrations throughout the lower
Taylor Glacier (Buizert et al., 2014; Petrenko et al., 2016) found an
area of the glacier where a tight bend in the ice results in 40,000 yrs
of ice exposure in an across glacier transect (Fig. 2). This perpen-
dicular to ice flow ‘horizontal ice core’ drilled from Taylor Glacier,
East Antarctica was used in this study to characterize the dust
deposited during the LGP, the deglaciation, and the early Holocene.
2.1. Age scale of Taylor Glacier ‘horizontal ice core’

Ice spanning a large range of ages (in this study from ~45 to 0 kyr
BP) is present at the surface of Taylor Glacier, and any change in the
ice age occurs either down the center ice flow line or perpendicular
to the ice flow line (Aciego et al., 2007; Buizert et al., 2014).
Baggenstos (2015) established the ice age of the Taylor Glacier
across flow transect using trace gas measurements coveringmarine
isotope stage (MIS) 3, the LGM, and the deglaciation into the Ho-
locene. From this, an age model was created for the Taylor Glacier
transect using CH4 and CO2 inflection points (Bauska, 2013) and the
isotopic composition of atmospheric oxygen (d18O of O2, or d18Oatm)
as additional tie points (Baggenstos, 2015). Because the ice stra-
tigraphy of Taylor Glacier is folded with Holocene (spatial length of
Table 1
Radiogenic isotope compositions of dust from Taylor Glacier ice samples. Sample names, s
study, latitude, longitude, and approximate age based on a previously established timesca
Taylor Glacier soluble samples.

Sample ID Latitude (S) Longitude (E) Approximate age (yr

N203 77�45.6130 161�43.4240 46,711
N196 77�45.6120 161�43.4080 44,374
N168 77�45.5990 161�43.3600 36,281
N161 77�45.5960 161�43.3490 34,510
N147 77�45.5920 161�43.3390 30,080
N140 77�45.5890 161�43.3110 28,828
N133 77�45.5860 161�43.3010 26,820
N126 77�45.5830 161�43.2860 24,446
N119 77�45.5800 161�43.2720 21,891
N112 77�45.5780 161�43.2770 19,130
N105 77�45.5740 161�43.2600 17,138
N98 77�45.5620 161�43.2500 16,116
N91 77�45.5710 161�43.2380 15,333
P20 77�45.5280 161�43.0330 16,035
P40 77�45.4870 161�43.0980 14,491
P60 77�45.5110 161�42.9610 13,588
P75 77�45.5080 161�42.9430 13,174
P90 77�45.4990 161�42.9120 12,446
P110 77�45.4930 161�42.8690 11,609
P115 77�45.4920 161�42.8610 11,419
P125 77�45.4880 161�42.8480 11,071
P130 77�45.4860 161�42.8320 10,927
P140 77�45.4810 161�42.8200 10,735
P145 77�45.4790 161�42.8070 10,557
P155 77�45.4750 161�42.7940 10,259
P165 77�45.4710 161�42.7760 10,082
P170 77�45.4700 161�42.7680 9980
P175 77�45.4680 161�42.7570 9864
P180 77�45.4650 161�42.7530 9722
P185 77�45.4630 161�42.7500 9587
P190 77�45.4620 161�42.7280 9458
P195 77�45.4610 161�42.7190 9351
P200 77�45.4570 161�42.7060 9247
P205 77�45.4550 161�42.6960 9076
P210 77�45.4550 161�42.6950 8843
P215 77�45.4540 161�42.6870 8725
R01 77�41.5130 160�57.8490 0
R01-D 77�41.5130 160�57.8490 0
N91-Surface 77�45.5710 161�43.2380 15,333
horizontal core transect:þ30e260m) ice on one side and LGP (�80
to �300 m) ice on the other side of the fold, two separate age
models were developed for each side of the fold (Baggenstos, 2015).
The resulting age models have an overlap of ~2000 years, and more
details on the sample ice ages are presented in Table 1.
3. Materials and methods

3.1. Sample collection

The ‘horizontal ice core’ exposed at the Taylor Glacier surface
was collected during a field season in the austral summer
(NovembereDecember) 2013. Drilling was performed with the
Blue Ice Drill (BID) (Kuhl et al., 2014) provided by Ice Drilling Design
and Operations (IDDO). The BID retrieves ice cores that are 1 m in
length and 24 cm in diameter, weighing ~40 kg. The ‘horizontal ice
core’ (Fig. 2), consists of 119 samples (80 unique, 39 duplicate)
spanning the time interval of ~46e8.7 kyr BP (Fig. 2). The sampling
distance on the across flow transect ranged from one sample every
5 m for 195 m of Holocene ice and one sample every 7 m for 133 m
of LGP ice. Samples were not directly drilled from the surface, but at
a depth of 6e7 m to exclude dust and sediment from nearby mo-
raines that may have settled on the glacier surface and contami-
nated the top several meters due to surface thermal cracking. The
subsurface ice should not have been exposed after its initial
trontium and neodymium isotopic compositions of ice core samples measured in this
le (Baggenstos, 2015) are noted. See Table S5 for radiogenic isotope compositions of

BP) 87Sr=86Sr Sr ± 2s 10�6
εNd Nd ± 2s (εNd)

0.710785 38 �3.9 0.7
0.709805 25 �2.4 0.5
0.709407 41 0.1 0.3
0.711300 86 �3.0 2.3
0.709926 9 �3.3 0.6
0.709370 37 �2.9 0.4
0.708000 32 �1.6 0.2
0.708870 47 �1.6 0.2
0.708324 28 �1.5 0.2
0.708144 45 �1.1 0.2
0.710348 142 e e

0.708496 30 �1.4 0.4
0.710151 27 �4.9 3.9
e e �3.1 1.5
0.7109740 40 �3.5 0.4
0.711238 59 �3.0 0.9
0.713714 117 e e

0.710207 24 �4.7 1.1
0.710167 95 �4.6 0.7
0.709306 63 e e

e e e e

0.711525 64 �2.3 0.8
0.711879 111 �5.6 3.2
0.710797 142 e e

0.707556 101 e e

e e e e

0.711790 164 �5.0 4.3
0.712290 38 �4.1 1.1
e e e e

0.712877 70 �7.8 3.2
0.713742 64 �1.1 1.3
0.713899 212 e e

0.708625 120 �7.2 3.2
0.708355 58 �2.7 0.4
0.711243 61 1.9 2.2
0.711306 73 �2.4 3.4
0.714944 65 �6.9 1.2
0.714179 27 �3.5 1.2
0.733621 32 �8.2 1.2
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deposition as snow and subsequent transition into ice. Another
potential phenomenon affecting the glacier surface is the concen-
tration of morainal or dust material due to sublimation. To assess if
surface contamination was present, we collected two samples of
the same age (located at the same distance on the across flow
transect). The first sample was collected at a depth of 6e7 m
(following the sample protocol for all samples collected, sample
name N91). A second sample was collected from superficial ice at a
depth of 0e1 m (hereafter referred to as ‘surface sample’, sample
name N91 surface). The surface sample and that at 6e7m depth are
the same age based on previous measurements showing that
changes in ice age occur spatially across the ice flow (Aciego et al.,
2007; Buizert et al., 2014). Two samples were collected at 6e7 m
depth near Round Mountain, the accumulation-ablation transition
zone (77�410 S, 160�570 E, Fig. 2). These samples are an approxi-
mation of zero-age ice (hereafter referred to as ‘zero-age ice’,
sample names R01 and R01-D) due to their proximity to the equi-
librium line at Taylor Glacier (Kavanaugh et al., 2009). None of the
samples fractured during collection. Immediately after drilling and
retrieval, the ice samples were cut in half with an electric chainsaw,
and boxed and stored in an ice trench on site until transfer to
McMurdo Station. Samples were then transported to the University
of Michigan frozen.

3.2. Sample preparation and processing

Fourteen samples from the LGP (defined here as ~46-15 kyr BP
time interval), 23 samples from the early Holocene (defined here as
~14.5e8.7 kyr BP time interval), and two ‘zero-age’ samples from
Round Mountain (R01 and R01-D) were selected for analysis. The
second zero-age sample (R01-D) was processed and measured
separately to provide additional radiogenic isotope evidence for
dust provenance. Trace and REE concentration and dust particle
size distribution and concentration data were not obtained for
sample R01-D. Each ~20 kg ice core sample was decontaminated
and processed at the Glaciochemistry and Isotope Geochemistry
Laboratory (GIGL) at the University of Michigan (UM). A longitu-
dinal portion of each samplewas cut using a custom-made stainless
steel handsaw in a freezer at �15 �C for trace element (TE), REE, ion
chromatography (IC, see Supplementary Information section S2.1),
and Coulter® Counter analysis. The remaining portion of ice (for
radiogenic isotope analysis) was decontaminated by sawing off the
outer layer of the ice core and rinsing it with distilled ethanol prior
to transfer into a custom-made acrylic ice core holder. The
following sections describe specific sample handling procedures for
different analyses.

3.3. Dust particle size and concentration analysis and dust flux
calculations

The ice samples for dust concentration and size distribution
analysis were triple-rinsed using MilliQ water with acid pre-
cleaned low-density polyethylene (LDPE) pliers and stored in
triple-rinsed polytetrafluoroethylene (PFTE) centrifuge tubes
frozen until analysis following procedures described by Delmonte
et al. (2004a). Approximately 20 mL were available for Coulter®

Counter microparticle concentration and size distribution mea-
surements in the diameter range of 0.6e17.9 mm. Each sample
underwent five consecutive measurements. Blanks consisted of
triple-rinsed PFTE centrifuge tubes filled with MilliQ water, and
were negligible. The uncertainty for highly concentrated samples is
<2% of the total concentration for 500,000 particles g�1. Lower
concentrated samples (from the Holocene) tend to experience
some scattering (~2% for 1000 particles g�1) (Delmonte et al., 2002).
The dust flux rates at Taylor Glacier are determined by multiplying
the variable water equivalent accumulation rates (calculated from
ice equivalent) for each time period (Morse et al., 1998) by the dust
concentrations (this study; see Table S4, Fig. 3a). We assume that all
0.6e17.9 mm particles measured by the Coulter® Counter are min-
eral dust.

3.4. Trace and rare earth element analysis

Ice core sections for TE and REE concentration analysis were
triple-rinsed using MilliQ water and HNO3 acid pre-cleaned LDPE
pliers, and melted in pre-cleaned LDPE Nalgene bottles using pro-
cedures established by Boutron et al. (1990). The meltwater (con-
taining both insoluble and soluble portion) was immediately
acidified in 2% HNO3 for approximately 1 month prior to analysis
(procedural blanks are presented in Tables S1 and S2). Trace
element (Li, Na, Al, V, Cr, Mn, Fe, Co, As, Rb, Sr, Nb, Ba, Bi, and U) and
REE (La, Ce, Pr, Nd, Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu)
concentrations were determined at The Ohio State University on a
Thermo Element2 Inductively Coupled Plasma Sector Field Mass
Spectrometer (ICP SFMS) coupled with a micro-flow nebulizer and
a desolvation system (Apex Q). The system allows TE and REE
detection down to the sub-pg g�1 levels (Gabrielli et al., 2006;
Uglietti et al., 2014). For TEs, low mass resolution was used for
the detection of Li, Na, Rb, Sr, Nb, Ba, Bi, and U, medium mass
resolution for Al, V, Cr, Mn, Co, and high mass resolution for As.

3.5. Strontium and neodymium isotope analysis

After transport to ISO class 7 clean room at UM, the ice samples
were rinsed with deionized water and melted using infrared radi-
ation over a 24-h period, and the meltwater was immediately
filtered through an acid-cleaned 0.2 mm Teflon filter. The filtrate
(hereafter defined as the ‘soluble fraction’) was collected and dried
down inside ISO class 4 laminar flow hood under nitrogen flow and
infrared radiation before dissolution in 9 M HCl acid for ion-
exchange column chemistry following the procedures of Aciego
et al. (2009). The separated dust (hereafter defined as the ‘insol-
uble fraction’) was digested and dissolved directly off the 0.2 mm
filters using HCl, aqua regia, and a concentrated HNO3-dilute HF
acid mixture, and subsequently dissolved in 9 M HCl acid. The
samples were chemically separated using ion-exchange columns
with Eichrom resins following previously established procedures
(Aarons et al., 2016; Aciego et al., 2009) for Sr and Nd isotopic
analysis.

After ion-exchange chemistry, chemically separated strontium
(Sr) samples were measured on the UM Thermo Scientific Triton
Plus Thermal Ionization Mass Spectrometer (TIMS) and normalized
to 88Sr/86Sr ¼ 8.375209 to account for mass bias using the expo-
nential law (Nier,1938). Rubidium interferences weremonitored by
observing 85Rb in the center cup, and all beam sizes were less than
10�13 A. The long-term reproducibility of Sr isotopic standard
SRM987 (100 ng) is 87Sr/86Sr ¼ 0.710256 ± 8 (2s SD, n ¼ 322). The
United States Geologic Survey (USGS) reference material BCR-2 was
measured concurrently with the Taylor Glacier samples and aver-
aged 0.704999 ± 24 (2s SD, n ¼ 2), similar to published values
(0.705000) (Jweda et al., 2015). The neodymium (Nd) samples were
measured on a Thermo Scientific Triton Plus TIMS at the UM and
normalized to 146Nd/144Nd ¼ 0.7219 using the exponential mass
law and mass 149 was monitored for Sm interference. The long-
term average for JNdi-1 is 0.512101 ± 24 (2s SD, n ¼ 19). The
concurrently measured BCR-2 (10 ng) average is 0.512642 ± 21 (2s
SD, n ¼ 4), close to the established measured values (0.512637)
(Jweda et al., 2015). All Nd isotope compositions are reported here
as εNd, which is defined as: εNd ¼ ([(143Nd/144Nd)sample/
(143Nd/144Nd)CHUR]-1) x 104, where (143Nd/144Nd)CHUR is the Nd



Fig. 3. Dust flux with respect to time and ratio of fine to coarse dust (RFP/CP). a) Dust flux of Holocene and Glacial dust in 2 size fractions: 0.6e5 mm (black and white circles for
Holocene and Glacial respectively) and 5e10 mm (teal and white diamonds for Holocene and Glacial respectively). A surface sample (N91 surface) is shown as gray triangle and
square for 0.6e5 and 5e10 mm size fractions respectively. Also shown is dust flux from EDC (Lambert et al., 2012) (gray line). b) Ratio of fine (<5 mm) to coarse (5e10 mm) dust from
Holocene and Glacial periods in Taylor Glacier samples (black and white triangles respectively), surface sample (gray triangle), and Taylor Dome ice core samples (black and white
squares respectively) (Aarons et al., 2016). Also shown is the oxygen isotope composition of ice from the Taylor Dome ice core (blue line) (Steig et al., 2000) using the new age scale
defined by Baggenstos (2015) and the approximate location of the Ross Ice Shelf grounding line (Licht et al., 1996; Conway et al., 1999). The timing of the Ross Ice Shelf evolution is
based on 14C ages of organic material incorporated within sediment cores from Licht et al. (1996) and Conway et al. (1999), with errors ranging from 45e610 and 50e97 years
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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isotopic composition of the Chondritic Uniform Reservoir (CHUR),
which is 143Nd/144Nd ¼ 0.512638 (Jacobsen andWasserberg, 1980).
4. Results

4.1. Dust concentration, flux, and size distribution

The dust concentrations of Taylor Glacier ice samples are
generally higher during the LGP, with lower concentrations after
the transition into the early Holocene (Fig. S1, Table S4). The Taylor
Glacier dust exhibits a pattern similar to dust analyzed from the
EPICA Dome C (EDC) ice core, higher during glacial periods and
lower during interglacial periods, with dust ranging from 0.7 to
20 mm in diameter (Delmonte et al., 2004a). While dust concen-
trations reach over 1000 ppb during the LGP, they remain less than
100 ppb during the early Holocene. During the LGP, the concen-
tration of fine fraction (0.6e5 mm diameter) dust closely resembles
the EDC dust concentration. Meanwhile, the coarser Taylor Glacier
dust (5e10 mm diameter) accounts for considerably less (a factor of
10 by number, nearly a factor of 100 by mass) of the total dust
deposited at Taylor Glacier. Following the last deglaciation, the
difference between fine and coarse dust concentration in the Taylor
Glacier is smaller, suggesting that the input of coarser dust particles
is larger in relative terms during the Holocene. The average fine to
coarse concentration (by number) ratios during LGP and Holocene
are 22 and 6 respectively, despite the lower total dust concentration
during this time period. The surface sample, N91-surface (red
symbols, Fig. S1), displays similar dust particle diameter and con-
centration with respect to the remaining Taylor Glacier samples.
Dust particle diameter and concentration is a valuable tool for
determining changes in dust sources and atmospheric pathways,
and is discussed further below.

As dust is transported, coarse particles gravitationally settle out
of the atmosphere first, resulting in finer particles with distance
from the dust source area. The wind transport of dust is therefore
size-specific, leading to well-sorted dust particle size distributions
at distal deposition sites. In terms of particle size, the Holocene dust
is not well sorted compared to the LGP dust, likely due to a shorter
atmospheric transport time. The LGP dust exhibits lognormal size
distributions with an average dust particle diameter of ~2 mm
(Fig. S2), similar to findings for other ice cores from interior East
Antarctica (Delmonte et al., 2002). As mentioned earlier, the rela-
tive input of coarse dust particles (>5 mm) toTaylor Glacier is higher
during the Holocene compared to the LGP, which is also observed at
Talos Dome, another coastal East Antarctic site located in the Ross
Sea region (Albani et al., 2012; Delmonte et al., 2010, 2013). The
presence of larger dust particles during the Holocene is not
observed in ice cores from the Central East Antarctic Plateau
(Delmonte et al., 2004b). The dust particle diameter data from
Taylor Glacier during the Holocene is indicative of the influence of
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local dust sources since larger dust particles will settle in close
proximity to the source due to gravitational settling. It is possible
that more vigorous atmospheric circulation at dust source areas
(i.e. SSA) could result in coarser dust from remote sources depos-
ited at Taylor Glacier, however this is unlikely based on the
geochemical data (which suggests that input during the Holocene is
originating from a likely combination of local and distal sources).

The average calculated dust flux of fine diameter particles in the
Taylor Glacier during the LGP is 4.4 mg m�2 yr�1, drastically
dropping to 0.7 mg m�2 yr�1 in Holocene ice. For comparison, the
average dust fluxes of coarser dust particles to Taylor Glacier during
the LGP and Holocene were similar, at 0.3 and 0.2 mg m�2 yr�1

respectively. Overall, these trends in dust flux over the time period
are similar for both EDC and the Taylor Glacier (Fig. 3a), suggesting
that large-scale changes in dust transport occurring during major
climate transitions are similar for both this interior East Antarctic
site and for a coastal Antarctic site.

Changes in dust provenance can be discerned by comparing the
relative input of fine versus coarse dust particles. For this work on
the Taylor Glacier, we defined a parameter, RFP/CP, which is the ratio
of the concentration (in ppb) of fine dust (0.6e5 mm diameter) to
coarse dust (5e10 mm diameter). We also include the RFP/CP
parameter of samples from the Taylor Dome ice core (Aarons et al.,
2016) to provide a more complete time series analysis (Fig. 3b).
Similar to the dust concentration data, the RFP/CP parameter de-
creases significantly following the deglaciation, which occurred in
Antarctica at 18.2 ± 0.7 kyr BP (Stenni et al., 2011). During the early
Holocene, the Taylor Glacier record indicates large variability in the
RFP/CP parameter with a generally decreasing trend. The RFP/CP
parameter shows a higher relative input of fine particles during the
LGP compared to the Holocene (Fig. 3b), which is also observed at
Talos Dome (Albani et al., 2012) and within certain ice cores from
the East Antarctic Plateau (Dome C and Komsomolskaia, Dronning
Maud Land (EDML)) (Delmonte et al., 2004b; Wegner et al., 2015).
Analysis of dust particle diameters from three east Antarctic ice
cores (Dome C, Komsomolskaia, and Dome B) provides evidence of
uniform dust input during the LGM; however, opposite regional
Fig. 4. Normalized rare earth element concentrations of Taylor Glacier dust in ice with respec
time periods: a) last glacial period, ‘zero-age’, and by location (surface sample). The normaliz
Dome C (EDC) ice during the LGP (red and yellow solid lines respectively) are also shown (G
age’ and surface sample, also shown are the normalized concentrations of rare earth elemen
(Gabrielli et al., 2010; Wegner et al., 2012). c) Rare earth element concentrations of Taylor Gla
upon age, with blue being oldest and red being youngest. (For interpretation of the reference
trends occur during the transition between the LGP and the Holo-
cene (Delmonte et al., 2004b). The differences in dust particle
diameter input between Dome B and Dome C was attributed to
differences in atmospheric transport pathways (i.e. horizontal tra-
jectory or altitude of transport). During the Holocene, the wind
speeds were likely weaker compared to the LGP, as steepened
meridional temperature gradients during glacial periods lead to
gustier conditions (McGee et al., 2010). Although the transport
distance of dust to Taylor Glacier during the Holocene was probably
shorter, it is possible that the weaker wind speeds resulted in finer
dust transported from proximal sources. It is therefore important to
examine changes in dust particle diameter together with additional
geochemical parameters (e.g. radiogenic isotope composition, REE
concentrations) to infer the cause of shifts in the RFP/CP parameter
and the relationship to changes in dust source area and/or atmo-
spheric transport mechanisms.
4.2. Trace and rare earth element concentration

Concentrations of TEs and REEs in Taylor Glacier ice during the
LGP and the early Holocene are shown in Figs. S3 and 4 respectively.
Distinct variations in concentrations are observed for all elements
over the ~46,000 year time period studied here. Specific informa-
tion regarding TE concentrations, which can provide insight into
changes in dust and sea salt sources and strength, can be found in
Text S1 in the Supporting Material.

The concentrations of REE are within the sub-pg g�1 to pg g�1

range, and large variation is observed among all samples. Ice
samples from the Holocene (~0e14.5 kyr BP) exhibit lower REE
concentrations than those from the LGP (~14.5e46.7 kyr BP). This
difference in concentration is due to a higher dust input during
glacial periods. The full range of REE concentrations is summarized
in Table S2, and the REE concentrations (pg of element g�1 of ice)
normalized to mean crustal REE abundance (pg of element g�1 of
upper continental crust) (Wedepohl, 1995) are presented in Fig. 4.
Here, comparable REE pattern shapes may be indicative of uniform
dust source areas, or a congruent mixing of dust sources, whereas
t to mean crustal abundance (Wedepohl, 1995). Taylor Glacier samples are separated by
ed concentrations of rare earth elements from Dronning Maud Land (EDML) and EPICA
abrielli et al., 2010; Wegner et al., 2012). b) Holocene Taylor Glacier samples with ‘zero-
ts from EDML and EDC ice during the Holocene (red and yellow solid lines respectively)
cier ice throughout time period studied here (~46-0 kyr BP). Samples are colored based
s to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. Radiogenic isotopic composition of Taylor Glacier insoluble dust and ice throughout time. a) Strontium isotopic composition of Taylor Glacier dust (brown circles) and ice
(blue diamonds). In many cases symbol size is larger than error bar. b) Neodymium isotopic composition of Taylor Glacier dust (brown circles) and ice (blue diamonds) along with
Taylor Glacier surface sample dust (gray circle) and ice (gray diamond). Also shown is the description of the grounding line location of the Ross Ice Shelf. (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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variations from a constant pattern may be a result of a shift in dust
source area. The observed REE patterns during the LGP are similar
to concentrations observed in previous studies of Antarctic ice
cores (Gabrielli et al., 2005, 2010; Wegner et al., 2012). Nearly all
Holocene samples have a positive Eu anomaly (Fig. 4b) also
observed in samples from the Taylor Dome ice core (Aarons et al.,
2016), and some Holocene samples from EDML (Wegner et al.,
2012), but is not found in ice cores from the interior East Antarc-
tic ice sheet (Gabrielli et al., 2005, 2010). This may be indicative of
similar dust sources transported to both EDML and Taylor Glacier
during the Holocene, but not to other East Antarctic sites.
4.3. Radiogenic isotopic composition

Similar to radiogenic isotopes of dust (insoluble fraction)
measured in ice from the Taylor Dome ice core, the early Holocene
ice samples from this study span a broader range of Sr and Nd
isotopic composition compared to the LGP ice (Aarons et al., 2016)
(Fig. 5). The Taylor Glacier 87Sr/86Sr ratio ranges from 0.708000 to
0.711300 during the LGP, versus 0.707556e0.714944 during the
early Holocene (Table 1, Fig. 5). The surface sample, ‘N91 surface’, is
by far the most radiogenic with respect to Sr, at 0.733621 (Table 1,
Fig. 5). The Nd isotopic compositions of LGP dust range from
εNd ¼ �3.9 to 0.1, versus �8.2 to 1.9 during the early Holocene
(Table 1, Fig. 5). The majority of insoluble early Holocene samples
are more radiogenic with respect to Sr (median
Holocene ¼ 0.711274, median LGP ¼ 0.709407), which has also
been observed in ice from the Taylor Dome ice core (Aarons et al.,
2016). The Nd isotopic composition becomes less radiogenic dur-
ing the early Holocene (median Holocene εNd¼�4.4 versus median
LGP ¼ �2.4).

In comparison to the insoluble fraction of dust, the soluble
particulate fraction (i.e. sea salt) exhibits more uniform Sr and Nd
isotopic compositions (Table S5, Fig. 5). The average soluble Taylor
Glacier 87Sr/86Sr ratio is 0.708577 during the LGP and 0.709023
during the early Holocene; both are close to the established mod-
ern seawater 87Sr/86Sr composition of 0.70917 (Hodell et al., 1990).
The average soluble Taylor Glacier εNd composition decreases
following the transition from LGP to the early Holocene, shifting
from �0.6 to �1.9.

For the most accurate characterization of dust sources, we
include PSA data from the Southern Hemisphere; representing both
long and short-range transport distance (Blakowski et al., 2016;
Delmonte et al., 2013, 2010, 2004a; Gaiero, 2007). We consider
PSA samples from the margin of the East Antarctic ice sheet in the
Ross Sea Region, as well as samples from SSA to determine the
relative contribution of local versus distal dust during the early
Holocene. We also incorporate Australia in our coupled Sr-Nd
isotope plot (Fig. 6), as this is a possible source of dust to the East
Antarctic ice sheet (Revel-Rolland et al., 2006).

The combined Sr and Nd isotopic signatures of the samples vary
based on sample age (Fig. 6). The LGP samples plot within the SSA
source area, as specified by Delmonte et al. (2004a) and Gaiero
(2007) (Fig. 6). The early Holocene samples are in general more
radiogenic with respect to Sr, and suggest a mix of Ross Sea Sector
potential source areas defined by Blakowski et al. (2016). The ‘zero-
age’ samples have an even more Sr radiogenic signature, while the
surface sample (N91-surface) plots far outside the range of either
LGP or Holocene samples (Fig. 6a). Furthermore, the ‘zero-age’
sample also shows a distinct variation from the remainder of the
Holocene REE concentrations, supporting the conclusion that the
modern dust deposition at Taylor Glacier is different from both the
LGP and Holocene.

The Sr and Nd isotopic composition of a surface sample (N91-
surface) was used to assess the potential input of surface contam-
inating dust. Surface contaminating dust had a very radiogenic Sr
dust composition (Fig. 5a). The Nd isotopic composition of surface
dust (N91-surface) was considerably lower than subsurface ice of
the same age (N91). The Sr-Nd isotopic composition of surface dust
indicates that close range dust input (i.e. moraine material) to



Fig. 6. Radiogenic isotopic compositions of Taylor Glacier ice core dust and potential source areas. a) Sr and Nd isotopic compositions of Taylor Glacier ice core dust from Holocene
(black circles), Glacial dust (white circles), surface dust (gray diamond), and ‘zero-age’ dust (black triangles) with regional potential source areas plotted in various colors (colored
crosses are individual data points) (Blakowski et al., 2016; Delmonte et al., 2013; Delmonte et al., 2010). Long-range potential source area of Southern South America is plotted
within dashed gray lines (Delmonte et al., 2004a; Gaiero, 2007). b) Sr and Nd isotopic compositions of Taylor Glacier ice core dust from throughout time period studied here (~46-
0 kyr BP). Samples are colored based upon age, with blue being oldest and red being youngest. Also shown in gray are regional and long-range potential source areas (Blakowski
et al., 2016; Delmonte et al., 2013; Delmonte et al., 2010; Delmonte et al., 2004a; Gaiero, 2007). (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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Taylor Glacier does not diminish the isotopic signal of longer range
transported dust (Fig. 6). It is unlikely that the surface contami-
nation present in the surface sample (N91-surface) is coming
directly from the Taylor Valley moraine material (77�390 S, 162�54’
E), which measures between 87Sr/86Sr ¼ 0.710e0.712 (Blakowski
et al., 2016).
5. Discussion

Physical and chemical measurements of dust in ice cores are
widely used to determine dust provenance (Basile et al., 1997;
Delmonte et al., 2004a; Grousset et al., 1992; Vallelonga et al.,
2010). In this work, we use these measurements to investigate
whether some of the dust preserved within the Taylor Glacier was
generated from a regional or proximal dust source area. In turn,
these data can be extended to infer regional climate changes that
occurred following the transition from the LGP to the early Holo-
cene. We have characterized the Taylor Glacier dust by combining
dust concentration and size distribution, REE concentrations, and
Sr and Nd isotopic compositions to gain the most comprehensive
understanding of dust sources, transport pathways, and inferred
changes in atmospheric conditions. Additionally, chloride and sea
salt sodium (ssNa) concentration measurements of the Taylor
Glacier ice (see Supplementary Material for analytical methods and
discussion) provide further insight into ice chemistry changes with
respect to the opening of the Ross Sea. High chloride and ssNa
concentrations in Taylor Glacier ice are observed following the
retreat of the Ross Ice Shelf and increase in sea salt source strength.
The higher concentration of chloride and ssNa compared to Taylor
Dome ice is most likely a result of this coastal proximity (Fig. S4).

The Ross Ice Shelf retreat would have likely been driven by
changes in global oceanic circulation and ambient temperatures,
and we use the d18Oice composition from Taylor Dome (Steig et al.,
2000) as a climate proxy for data comparison. The isotopic
composition of oxygen in H2O in the ice (d18Oice) has been used as
an indicator of air temperature at the ice core deposition site (Jouzel
et al., 1997). The RFP/CP parameter (Fig. 3b) provides insight into dust
particle size deposited on Taylor Glacier, and this is a reflection of
distance to source and wind strength. We examine these two pa-
rameters together to explore the relationship between climate
shifts, Ross Ice Shelf retreat, and dust variation.
5.1. Dust provenance during the last glacial period and deglaciation

The d18Oice at Taylor Dome (Steig et al., 2000) (Fig. 3b) is
contemporaneous with the stages of the Ross Ice Shelf retreat. The
d18Oice composition during the LGP is low (between �44
and�40‰) and is generally decreasing until after the LGM, when it
begins to rise rapidly at ~17 kyr BP. During this d18Oice increase at
~17 kyr BP, the RFP/CP values of dust particles remain high until ~15.5
kyr BP (Fig. 3b). A negative correlation between Taylor Glacier dust
particle size and d18Oice composition (Fig. 3b), illustrates the link
between background dust flux and large-scale temperature
changes (Lambert et al., 2008). During the LGP, the d18Oice is low,
and the RFP/CP value remains high; whereas, following the degla-
ciation, the d18Oice is higher, and the RFP/CP value decreases (Fig. 3b).
The relationship between the timing of changes in the Taylor
Glacier dust particle size and a proxy for temperature (d18Oice)
provides further evidence that changes in dust sources and trans-
port pathways are likely to coincide with large-scale climate shifts.

Fig. 4c illustrates the REE concentrations of Taylor Glacier ice,
and samples are color-coded according to age. REE compositions
clearly vary based on their age: REE concentrations are high in
samples from the LGM whereas REE concentrations are lower in
samples from the LGP (>35 kyr BP). The REE patterns for the Taylor
Glacier samples are temporally invariable throughout the LGP
(Fig. 4a), which is indicative of one predominant source of dust or
alternatively a constant mix of several different sources. These
Taylor Glacier REE patterns are very similar to observed REE pat-
terns from interior East Antarctic ice cores such as EDML and EDC



S.M. Aarons et al. / Quaternary Science Reviews 162 (2017) 60e71 69
(Gabrielli et al., 2010; Wegner et al., 2012), suggesting that the
sources and atmospheric pathways of dust to both interior East
Antarctica (EDML and EDC) and coastal sites (Taylor Dome and
Taylor Glacier) during the LGP remain similar, despite their
considerable distance from each other.

As for Sr and Nd isotopic compositions, all dust samples from LGP
ice plot within or at themargin of the source area designation for SSA
(Fig. 6), the dominant source of dust to East Antarctica during this
time period (Delmonte et al., 2010, 2004a, 2004b). Close examina-
tion of variations in Sr and Nd isotope composition based on sample
age during the LGP reveals trends related to the time of deposition
not discernible in REE patterns. The oldest samples from the LGP
(Fig. 6b) span between �3.9 < εNd < 0.1 and
0.709926 < 87Sr/86Sr < 0.711300. This large isotopic range suggests
that the LGP dust is originating frommore than one source, possibly
from SSA, as well as from local Ross Sea Sector PSAs. In contrast, the
samples from the LGM (26.8e19.1 kyr BP) (Fig. 6b) are tightly
clustered together between �1.6< εNd < �1.1 and
0.708000<87Sr/86Sr < 0.708870, similar to results from EDC
(Delmonte et al., 2008), indicating a singular, uniform source region
(SSA). Finally, ice samples from the deglaciation and into the early
Holocene (coinciding with the time period of ~18.2e8.7 kyr BP)
(Fig. 6b) span a broad range in Sr and Nd isotope composition:�7.8<
εNd < 1.9 and 0.708355<87Sr/86Sr < 0.713742. Based on this large
variation it is likely that dust from this time period originates from a
mixture of two or more sources (SSA and McMurdo Sound are
possible source areas).

5.2. New dust source(s) during the Holocene

The dust flux (Fig. 3a) to Taylor Glacier and EDC are markedly
similar, specifically in the fine fraction (0.6e5 mm) of Taylor Glacier
dust. There is a time period of exclusion (~10-9 kyr BP), where the
dust flux is higher in the Taylor Glacier; however, the primary
significance of the Taylor Glacier record is that larger dust particles
comprise more of the total dust input during the Holocene. The
higher input of large dust particles during the Holocene may be
indicative of a change in dust source area/distance. The higher local
input during this time period (supported by both dust particle size
and geochemical data) could be attributed to a shift in atmospheric
transport mechanisms (i.e. an alteration in storm trajectories and/
or dominant weather pathways as hypothesized in Morse et al.
(1998)). This hypothesis is supported by the change in dust prov-
enance discussed below.

The timing of the climate shifts recorded in the d18Oice record
and retreat in the Ross Ice Shelf is a reflection of the strong rela-
tionship between changes in ice cover and temperature on a
hemispheric scale. The timing of the Ross Ice Shelf retreat is sup-
ported by the ssNa and Cl� concentration data, which vary based on
the opening of the Ross Sea (Fig. S4). The Ross Ice Shelf retreat
occurred at the same time as the shifts in dust particle size variation
in the Taylor Glacier record (Fig. 3b), and the correlation between
RFP/CP ratios and d18Oice composition illustrates that dust sources
and transport pathways at this coastal East Antarctic site are linked
to the rapid retreat of the Ross Ice Shelf precipitated by large-scale
temperature changes.

The REE concentrations gradually decrease with respect to
decreasing age, excluding the zero-age sample (R01), which has a
higher REE concentration and a REE pattern similar to samples from
~15 to 10 kyr BP. The majority of samples from the early Holocene
display a positive Eu anomaly (Fig. 4b) observed in the Taylor Dome
ice core record (Aarons et al., 2016) and some Holocene samples
from EDML (Wegner et al., 2012), although the anomaly is not
present in EDC (Gabrielli et al., 2010). Previous work by Wegner
et al. (2012) characterizing the REE concentration patterns of
Antarctic PSA samples from the ice-free areas within the Dry Val-
leys, New Zealand and SSA showed that all three areas had an Eu
anomaly. The positive Eu anomaly is also found in young volcanic
source area dust from Patagonia (Gaiero et al., 2004). The presence
of an Eu anomaly in the Taylor Glacier ice may be attributed to the
mixing of dust originating from both local sources and a constant
baseline input of long range transported dust (e.g. SSA). The Ho-
locene REE patterns of interior East Antarctic (EDC) ice is very
different than the Taylor Glacier (this study) and Taylor Dome ice
(Aarons et al., 2016), suggesting differences in dust provenance
related to the coastal proximity of the ice core locations. However,
the previous work by Wegner et al. (2012) identified a strong Eu
anomaly in 24 Holocene samples from EDML, which may be evi-
dence of locally (Antarctic) derived dust input to both EDML and
Taylor Glacier.

A significant portion (7 out of 17 samples) of coupled Sr and Nd
isotope compositions for our early Holocene dust are not entirely
constrained to the observed SSA array (Fig. 6). The Eu anomaly
appears consistently in the REE concentration patterns of the Ho-
locene samples from Taylor Glacier, and indicates that the dust
deposited on Taylor Glacier during the early Holocene could origi-
nate from SSA and local Ross Sea sector dust sources. The ‘surface
sample’ (N91-surface) also has a positive Eu anomaly, which may
imply that Ross Sea Sector sources can be attributed to dust input to
the Taylor Glacier during the Holocene. The ‘surface sample’ (N91-
surface) is similar in REE pattern to the majority of the Holocene
samples from Taylor Glacier (Fig. 4a and b); thus, early Holocene
samples at Taylor Glacier may also be originating from local dust
sources.

The early Holocene samples span a broad range of Sr
(0.707556 < 87Sr/86Sr < 0.714944) and Nd (�8.2 < εNd < �1.9)
isotope compositions and are most likely a mixture of previously
identified Ross Sea Region dust sources (Blakowski et al., 2016) and
dust from SSA. Dust from PSAs throughout the Ross Sea Region and
Victoria Land span more radiogenic compositions with respect to
Sr, up to 0.750 in Northern Victoria Land (Delmonte et al., 2010),
and dust from the McMurdo Sound region is more radiogenic with
respect to Nd, εNd up to 7.0 (Blakowski et al., 2016). Although dust
from the Ross Sea Region overlaps with PSA dust frommore remote
Southern Hemisphere sources in Sr and Nd isotopic composition,
the additional geochemical and physical characterization of Taylor
Glacier dust (dust concentration and size distribution, TE and REE
compositions) is supportive of a dust input from a mixture of local
areas during the early Holocene. Previous research geochemically
characterizing PSAs from Victoria Land and the McMurdo Sound
sector noted that the majority these PSAs have been ice-free and
exposed to wind erosion during glacial and interglacial periods due
to the extremely arid environmental conditions (Blakowski et al.,
2016). Therefore, it is unlikely that deglacial exposure of local
dust sources is contributing to dust input changes at Taylor Glacier.

5.3. A new source of dust to Antarctica?

Southern South America has been attributed as the primary
source of dust to East Antarctica during the LGP and the Holocene
(Basile et al., 1997; Delmonte et al., 2004a; Gaiero, 2007; Grousset
et al., 1992; Vallelonga et al., 2010). However, Revel-Rolland et al.
(2006) noted that glacial Sr and Nd isotopic compositions of dust
in East Antarctic ice overlaps with dust originating from the
Australian Lake Eyre Basin. Vallelonga et al. (2010) then excluded
Australian PSAs as a major contributor of dust to Antarctica during
the LGP on the basis of 208Pb/207Pb isotope compositions. The fine
fraction of Australian PSAs are more radiogenic with respect to
208Pb/207Pb compared to the majority of Pb isotope signatures
identified in LGP samples from EDC ice (Vallelonga et al., 2010).
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Recent work by Gili et al. (2016) used Pb isotope data to confirm
that SSA is the main contributor of dust to East Antarctica during
the LGP and the Holocene; however, both SSA and Australia may be
mixing end-members. There are several interglacial dust
208Pb/207Pb compositions from EDC that overlap with the Austra-
lian PSA compositional trend, and in this study Holocene samples
from Taylor Glacier plot within the Australian Sr-Nd compositional
trend (Fig. 6). Therefore Australia cannot be entirely excluded as a
potential contributor of dust during the Holocene.

In addition to radiogenic isotopes, the physical properties of
dust particles can aid in determining changes in provenance and
transport distance. The relationship between RFP/CP and Sr and Nd
isotope composition in Taylor Glacier samples is not linear (Fig. S5),
suggesting that changes in the observed isotopic compositions are a
result of changes in dust provenance rather than grain-size related
fractionation (see Supplementary Information section S3.1). One of
our ‘zero-age’ samples, R01, has a RFP/CP value higher than the
majority of Holocene samples (Fig. 3b), indicating that the dust
originates from a more distal source. The ‘zero-age’ sample (R01)
also does not have a pronounced positive Eu anomaly found in
other samples from the early Holocene (Fig. 4a and b). This supports
the suggestion that dust sourcesmay have changed from local input
during the early Holocene to a more distal source (i.e. input from
SSA and Australia) during the late Holocene. The 87Sr/86Sr ratios of
samples R01 and R01-D are more radiogenic than all other samples
(Figs. 5a and 6), excluding the surface sample, N91-surface. The Nd
isotopic composition of R01 is distinctly negative, plotting on the
periphery of the remaining early Holocene samples cluster (Figs. 5b
and 6), whereas R01-D is more positive and may be comprised of a
dust mixture frommore than one source (i.e. Australia, SSA, and/or
Northern Victoria Land).

When viewed in the context of the Sr-Nd isotope plot of
Southern Hemisphere PSA's (Fig. S6) sample R01 plots within the
established Australian source area (Delmonte et al., 2004a; Revel-
Rolland et al., 2006), also suggesting that Australia cannot be
excluded as a possible dust source to East Antarctica during the
Holocene. In addition, satellite images and back trajectory
modeling demonstrate that air masses from Australia circumnavi-
gate Antarctica, indicating that there is potential for Australian dust
deposition in Antarctica (De Deckker et al., 2010). The observed
87Sr/86Sr and εNd isotope compositions for Australian dust span
from 0.709 to 0.732 and from �3 to �15, respectively (Revel-
Rolland et al., 2006), and samples R01 and R01-D are within
those boundaries (87Sr/86Sr ¼ 0.714944, 0.714179 and
εNd ¼ �6.9, �3.5). The Sr and Nd isotopic compositions are quite
variable and the recent input of Australian dust to East Antarctica is
consistent with only one combined Sr-Nd data point. Therefore, it is
not possible to conclude with certainty the provenance of late-
Holocene dust sources and suggests future work should address
this late Holocene change in dust provenance.

6. Conclusions

Our combined physical and chemical analyses of Taylor Glacier
ice provide the first multi-millennial record of dust input to a
coastal East Antarctic site during a full transition from the LGP to
the early Holocene. The increased number of samples facilitates
observation of temporal changes in REE concentrations and
radiogenic isotope composition throughout the LGP, deglaciation,
and early Holocene. The dust concentrations, particle size distri-
bution, REE concentrations, and isotopic compositions of Taylor
Glacier ice suggest a shift in dust source provenance following the
deglaciation. It is likely that dust sources to Taylor Glacier have
changed from SSA during the LGP to local Ross Sea Sector with
input partially originating from SSA during the early Holocene. The
dust transport pathways are possibly still evolving/variable, as a
‘zero-age’ sample appears uniquely different than the other early
Holocene samples. The retreat in the Ross Ice Shelf is strongly
correlated with temperature at the ice core location site (d18Oice
composition), and the study shows that changes in local dust inputs
occur at approximately the same time (to the extent that they are
known) as the stages of Ross Ice Shelf retreat. Future recession of
the ice shelf and a retreat of the ice sheet margin may result in
higher input of local dust sources as evidenced from the change of
local atmospheric circulation patterns surrounding Taylor Glacier
(Morse et al., 1998). To resolve the primary and secondary sources
of dust during the Holocene, it would be beneficial to characterize
more Antarctic PSAs in larger size fractions, as this would have an
effect upon observed isotopic compositions. A cross-disciplinary,
multi-proxy approach to determine dust sources transported to
Antarctica both in the ice core record along with modern collection
techniques can provide further insight into environmental changes
occurring both in the past and future. The potential of increasing
Australian dust input to Antarctica during the Holocene due to
amplified dust availability at the source area(s) is worthy of further
investigation in future ice core studies.
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