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Determining the sources and pathways of atmospheric mineral dust and marine aerosols remains a difficult
problem. In order to address this problem, the radiogenic isotopic composition of the dust and soluble ice
components of Greenland ice has been determined and used as a source tracer for mineral dust and marine
aerosols. Sr and Nd isotopic composition was measured, with a yearly to seasonal resolution, on both the
bulk dust and soluble fractions of a section of the Dye-3 (1988) ice core from Greenland in the age range of
1786-1793 A.D. Hf isotopic composition was also measured for three of the dust samples as a
complementary tracer of dust origin, the first direct measurement of Hf in paleo-atmospheric dust.
Keywords: Measured Nd and Sr isotopic composition of the dust corrected for carbonate contributions are compared to
Greenland literature potential source area (PSA) data (<5 pm size fraction) and shows variability of the potential source
dust area on short time scales. Half of the samples show similar Sr and Nd compositions as previous work from
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sea salts Greenland ice cores, indicating Asia as one potential source to the Greenland dust load with contributions
;Zgg;ﬁﬁm from the Taklimakan, Gobi desert and the Ordos Plateau. However, the remaining samples, with less
hafnium radiogenic Sr compositions, suggest another dust source mixing with the Asian dust. Hf isotopic
uranium compositions exclude volcanic aerosols as the other main mixing source and we propose the Sahara as

being this additional dust source to Greenland based on the limited data set from this region. The radiogenic
isotopes within the soluble fraction are found to be of marine origin with 87Sr/%6Sr values and 234U/%*8U
activity ratios close to seawater. eyq variations are significant (>6 ¢ units) and are decoupled from dust
composition, indicating that the Nd composition of seawater is preserved in the ice. The eyq of the ice
suggests variable mixing of aerosols from Arctic sea salts with another, more radiogenic, source during
transport.

© 2010 Elsevier B.V. All rights reserved.

solar radiation, extending cloud lifetime by decreasing precipitation
efficiency (Lohmann and Feichter, 2005). By supplying nutrients to the
marine environment, mineral dust also promotes oceanic productivity

1. Introduction

Among the different indicators of past climate in ice cores, the

changes in insoluble airborne mineral particles, hereafter termed dust,
records differences in atmospheric conditions through time. Mineral
dust is a major component of the overall atmospheric aerosol loading
with an estimated burden of 8 to 36 Tg and emissions of 1200 to
1800 Tgyr~—! (Zender et al., 2003). Atmospheric aerosols are estab-
lished direct climatic forcing factors (IPCC AR4, 2007) both on long and
short terms: by reflecting short wave radiation and by affecting cloud
physical properties and lifetimes. In both cases aerosols are thought to
act as a negative feedback within the climate system as increased
aerosol optical thickness results in a decrease of net surface solar
radiation (Haywood and Boucher, 2000) and high aerosol concentra-
tions result in the nucleation of smaller cloud particles that reflect more
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thereby affecting the global carbon cycle by transferring carbon from the
atmospheric to the geologic reservoir such as sediments (Martin, 1991).
The variability of Northern Hemisphere dust sources and transport
pathways through time remains poorly known. The main dust sources
i.e. potential source areas (PSAs) are situated in arid areas at tropical
latitudes, e.g. the Sahara and Arabia, and at higher latitudes due to
continentality and orography effects, e.g. the Northern Tibet and Inner
Mongolian deserts, and have been found to emit dust for long-range
transport (Uno et al.,, 2009).

One powerful tool for determining dust origin is the isotopic
composition of the dust, and the combination of Sr and Nd ratios has
been found to be an excellent “fingerprint” in most cases (Grousset
and Biscaye, 2005 and references therein). Pettke et al. (2002) have
also applied hafnium isotopes to dust provenance in Asia indicating
that Hf is a potential dust source tracer. However, little information is
available on the Hf isotopic composition PSAs around the globe.
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Fig. 1. Map of the Greenland ice sheet, (a) major ice drilling and sampling sites and Dye-3 ice core drilling location. (b) Range of exq values of the water masses around the Greenland
ice sheet with West the Labrador Sea and Baffin Bay, South the Northern Atlantic and East the Danemark strait, Fram strait and Icelandic Sea. Nd data from Andersson et al. (2008);

Lacan and Jeandel (2004a,c 2005a,b).

Pioneering studies on the dust origin in Greenland ice cores (Fig. 1)
compared ice core dust to the long-range transportable fraction of the
source area dust. Isotopic signals, and especially Sr isotopic ratios are
found to be size-fraction dependent (Dasch, 1969), and this has been
verified on aerosols (Kanayama et al., 2005) and Asian PSA samples
(Chen et al., 2007). The constraints imposed by the long distance
transport thus requires the analysis of consistent size fractions
between source and sink dust, which is the smaller size fraction
(<5um) of PSA samples that matches dust size fractions found in
Greenland (Steffensen, 1997). The combination of mineralogical
studies (i.e. kaolinite to chlorite ratios) and isotopic measurements
(Sr, Nd and Pb) on the dust silicate fraction extracted from the GISP2
and GRIP ice cores suggested that Asia was the main source of

Greenland dust at Summit during glacial periods (Biscaye et al., 1997;
Svensson et al., 2000; Burton et al., 2007). Based on similar arguments,
an Asian origin for the dust was also found in Holocene ice core
sections across the interior of the Greenland ice sheet (Bory et al.,
2003b) and in contemporaneous snow pits from the NGRIP site (Bory
et al., 2002; Bory et al., 2003a). However, due to analytical limitations,
dust isotopic measurements and mineralogy were carried out on long
core sections integrating several years to decades of dust deposition
history. In this context, distinguishing characteristics of multiple
source areas may be smoothed out by these long sampling intervals.
By comparing the isotopic characteristics of extracted dust from ice
cores with the fine fraction of different Asian source areas, previous
workers (Svensson et al., 2000; Bory et al., 2003a,b) have suggested
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that the Gobi and Taklimakan deserts are the best candidates for the
dust load in Greenland.

A systematic shift towards less radiogenic 8’Sr/%°Sr in Greenland
dust compared to PSA isotopic compositions is attributed to mixing with
circum-pacific volcanic ash or aerosols that may contribute up to 25% of
the dust load (Biscaye et al., 1997). High-resolution (2 month to annual)
snow-pit dust samples, allowed Bory et al. (2002) and Bory et al
(2003a) to detect a seasonal variability in dust origin, which the authors
attributed to a dominant Taklimakan source in spring and to an Inner
Mongolian source in autumn. The seasonal to annual variation in dust
source regions over Asia could be linked to changes in the arctic
oscillation and the position of the westerly jet (Han et al., 2008),
emphasizing the need for precise and high-resolution dust source
tracing. The contribution of other PSA mineral dust in Greenland has not
yet been shown. A Saharan contribution was not detected (Biscaye et al.,
1997) but no fine fraction Sr and Nd isotopic data are available for this
region, which accounts for nearly half of the total atmospheric dust load
(Tanaka and Chiba, 2006). North America is also a potential candidate
for exporting dust to Greenland. Donarummo et al. (2003) proposed
that the central U.S. plains are important dust sources for Greenland
during severe droughts and identified a possible dust transport event to
Greenland. Palynological evidence also points toward North America as
a potential source area (Rousseau et al., 2006).

The dissolved component of ice core has also received much
attention within the last decade. Various dissolved major element sea
salts (SS) and non-sea salts (nSS) have been recognized in polar ice
and can be used for paleoclimatic reconstructions (e.g. Laj et al., 1997;
Wolff et al., 2003; Fisher et al., 2007). Sea salt, one of the major
contributors to the dissolved species in polar ice, is formed from
bubble bursting over open seawater and sea ice covered with highly
saline brine and frost flowers. This last mechanism is thought to be
dominant, at least for coastal sites, which could explain the higher SS
concentrations observed during winter and glacial periods (Wagen-
bach et al., 1998; Fisher et al., 2007) making SS in ice cores a potential
proxy for sea-ice production in high latitudes (Wolff et al., 2003). The
relative contribution of the different sources and origin of SS to the ice
remains unknown and the use of other tracers, such as radiogenic
isotopes, could improve our understanding of the recorded dissolved
signal.

In this study we used high precision isotopic measurements along
with ultra clean preparation procedures to investigate the feasibility of
aseasonal to yearly dust record on a Greenland ice core to capture dust
origin variations on small ice samples. To avoid ambiguity between
various source areas and detect contributions of other aerosols, such as

Table 1

volcanic ash, to the Greenland dust load we introduced Hf isotopic
compositions of samples as a complementary tracer to Sr and Nd to
determine dust origin. In addition to dust analysis, we also focused on
the composition of the dust-free soluble fraction of the ice core to
investigate whether the isotopic compositions of Sr, Nd and U of the
filtered ice are tracers of marine aerosols origin and test whether they
could be valuable tools for further climate reconstructions.

2. Samples and methods

Available samples used in this work are part of the 183 m shallow
ice core drilled at the Dye-3 site (65”11’N, 43749’W) in 1988 on the
Greenland ice sheet (Fig. 1). The high accumulation rate of the Dye-3
site (0.55m ice equivalent/year) is responsible for low dust
concentrations in the ice core of 0.1 to 0.2 mg/kg for Holocene ice
(Hammer et al., 1985). The low dust to ice ratio allows us to measure
the isotopic composition of both dust and soluble fractions at high
temporal resolution despite the overall low elemental concentrations.

The samples were 10.2 cm diameter ice core sections from 128 m to
132 m depth from which 1 m (130-131 m) was not available. The
studied section was dated by correlating hydrogen peroxide compo-
sition to the hydrogen peroxide composition of the well-dated 1986
Dye-3 core (Sigg, 1990). The 128-132 m section covers the years
1786-1793 A.D., each sample covering on average one year of
precipitation. The exact time span covered by each sample was not
determined, but age-depth correlation shows that in this section, one
year precipitation is recorded as 57 cm of ice (consistent with the local
accumulation rate). We cannot exclude that our largest sample (130A)
covering 60 cm of ice records more than a year of precipitation, but
recording two full winters/summers is unlikely as this would need
more than a meter of ice core.

Samples (with size ranging from 1.3 to 2.9 kg ice, see Table 1) were
handled and decontaminated under HEPA laminar flow benches by
removing the outer ice layers with acid cleaned PFA chisels. The core
sections were subsequently melted while buffered to neutral pH with
ultra-pure ammonia and EDTA and the liquid immediately filtered
through two pre-cleaned 0.2 pm and 30 pum filters. The 30 pm filter
was used to prevent mixing of any non-mineral aerosol with the
filtered dust fraction. The dust fraction was directly dissolved off the
0.2 um filters for elemental separation. The liquid fraction was
evaporated under nitrogen flow and infrared light before being re-
dissolved for subsequent chemistry. Elemental separation of Sr, Nd, Hf
and U was performed by a sequential ion exchange chromatography
procedure described in Aciego et al. (2009). Elemental concentrations

Dust and ice isotopic composition and concentrations. Isotopic measurements were corrected for mass fractionation and normalized: Sr isotopic ratios were normalized to 8Sr/
865r = 8.375209; Nd isotopic ratios were normalized to '“5Nd/"#4Nd = 0.7219; U isotopic ratios were normalized to 233U/2>U = 137.88; Hf isotopic ratios were normalized to '7°Hf/

177Hf = 0.7325.

Sample Depth Size 6'%0 Sr Nd  Hf U 875r/86sr 143Nd/144Nd End 176Hf /1 7THE Gt [BESUZE]
(m) (g) (%.) V-SMOW (ppt) (ppt) (ppt) (ppt) +£2010~° +2010=° 20 +2010°° 20 20
120A  1283-1286 1298 Dust nd. nd nd 003 0712416 (337) 0512290 (96) —6.8(1.9) nd. nd. 0.92 (0.05)
1283-1286 1298 Ice  —30.6 nd. nd nd 014 0709975 (15) 0512163 (55) —92(1.1) nd. nd. 1.1 (0.03)
1298 1286-129.0 2594 Dust nd. nd nd 004 0717700 (42) 0511932 (69) —13.7 (1.4) nd. nd. 0.88 (0.05)
128.6-129.0 2594 Ice —27.7 n.d. nd. nd 017 0710359 (10) 0.512339 (131) —5.8(2.6) n.d. n.d. 1.12 (0.02)
130A  129.0-129.6 2886 Dust 59 1 02 014 0716440(22) 0512186 (37) —88(0.7) 0282867 (70) 34 (25) 098 (0.03)
129.0-129.6 2886 Ice —26.1 29 0.9 0.1 024 0.710114 (18) 0.512187 (55) —8.8(1.1) n.d. n.d. 1.12 (0.02)
Ice 0710123 (11)
130B 129.6-130.0 2221 Dust nd. nd nd 003 0717021 (118) 0511929 (94) —13.8(1.8) nd. nd. 0.98 (0.05)
1206-130.0 2221 Ice  —28.2 nd. nd nd 017 0710008 (11) 0511991 (112) —12.6(2.2) nd. nd. 1.1 (0.02)
132A 131.0-131.5 2854 Dust 6.3 0.9 0.3 0.16 0.720226 (25) 0.511982 (44) —12.8(0.9) 0.282646 (75) —4.4(2.7) 0.99 (0.02)
131.0-131.5 2854 Ice —27.6 317 12 0.1 023 0.710524 (19) 0.512051 (30) —11.4(0.6) n.d. n.d. 1.12 (0.01)
Ice 0710522 (22)
132B 131.5-132.0 2986 Dust 19 03 0.2 0.05 0.717407 (27) 0.511818 (191) —16 (3.7) 0.282562 (146) —73(5.2) 0.92 (0.05)
131.5-132.0 2986 Ice —254 143 05 0.1 0.11 0.710343 (17) 0.512140 (54) —9.7 (1.1) nd. n.d. 1.11 (0.03)
Ice 0.710352 (19)
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were determined by subtracting a spiked aliquot from the samples
and analyzed the exact same way.

Blank levels were measured regularly and yielded less than 54 pg (Sr),
3 pg (Nd and U) and 6 pg (Hf) for the dust fraction and 220 pg (Sr) and
20 pg (Nd and U) for the liquid fraction accounting for less than 1% of the
sample size. All measurements were carried out at the IGMR, ETH Zurich.
Sr and Nd isotopic composition were determined on a TRITON TIMS and
the NBS987 standard was measured at ”Sr/%®Sr =0.71026 4 0.000027
(20 SD. n=20) on 1-10 ng samples. JNdi-1 was measured at *3Nd/
144Nd = 0.512106 + 0.000051, n = 10, 0.5-5 ng samples. Hf and U were
measured on a Nu-Instrument MC-ICPMS and JMC475 was measured at
176Hf/177Hf = 0.282135 £ 0.000028, n=21 with 10-50 ppb solutions
corresponding to 3 to 12ng of Hf. Spiked uranium samples were
bracketed with SRM960 for mass bias and ion counter efficiency
corrections, (20 SD) reproducibility of our external standard (AThO)
was better than 1% for concentrations of 2 ppb, or 1 ng per measurement
with a measured value of 22U/238U activity of 1.001 4+ 0.013,n=91. Fora
complete description of the methods, see Aciego et al. (2009).

3. Results

The Sr, Nd and Hf concentrations and isotopic composition of the Dye-
3 dust and ice samples are summarized in Table 1. Six ice core sections
have been analyzed for ice and dust isotopic composition and elemental
concentrations have been determined on 3 sections (130A, 132A and
132B). Hf isotopic compositions have been measured on dust samples
only, because the concentration in the soluble fraction was expected to be
too low (0.1 ppt). Valid Hf isotopic measurements were obtained only for
half of the samples (1304, 132A and 132B). The complete down-section
isotopic compositions for Sr, Nd, U and O are shown in Fig. 2.

3.1. Dust fraction

The 87Sr/36Sr and &yq composition for the dust fraction compared to
PSA isotopic characteristics (Fig. 3) shows the distinct compositions of the
Dye-3 dust content. Three distinct groups can be identified: (1) samples
129A and 130A are characterized by the least radiogenic Sr (0.712416,
0.71644) and most radiogenic Nd isotopic composition (— 6.8, — 8.8 &nq).

(2) 129B, 130B and 132B exhibit lower &yq values (—13.7, —13.8, — 16)
with intermediate Sr compositions (0.717700, 0.717021, 0.717407). (3)
132A is the most radiogenic Sr sample (0.720226) with intermediate &g
values (—12.8). Hf isotopic compositions of dust correlates with &yq
values, generally following the zircon-free sediments array defined by
Bayon et al. (2009). Concentrations of Sr (2-6 ppt), Nd (0.3-1 ppt) and Hf
(0.2-0.3 ppt) do not show particular patterns: while Sr and Nd are lower
for the deepest sample Hf concentrations remain constant. Sr/Nd ratios
are between 5.9 and 7 whereas Nd/Hf ratios show more variability (1.5-
5). The dust uranium isotopic composition varies by as much as 10%
(4U/%%8U activity ratios of 0.83 to 0.98). Concentrations of uranium in
the dust fraction vary by a factor of ten, but Sr/U ratios only vary between
36 and 42.

3.2. Soluble fraction

The isotopic composition of the soluble fraction is characterized by
small variations in 37Sr/%6Sr (less than 0.0006) with an almost
constant value of 0.7102205 but significant variations in &yq (6.8 €
units) (Figs. 2, 3). Concentrations of Sr and Nd vary by a factor of two
(15-30 ppt and 0.5-1.2 ppt respectively). The Sr concentrations are 5
to 7 times higher in the water than in the dust fraction whereas Nd
and Hf are respectively similar and lower. Sr/Nd and Nd/Hf ratios are
constant, respectively 30 and 10. Uranium isotopic compositions of
the soluble fraction are almost equivalent within the measurement
uncertainties: 23*U/?38U activity ratios vary between 1.10 and 1.12.
Similarly, the concentrations of uranium in the ice are relatively
constant, varying by a factor of two. While different from the dust
ratios, the Sr/U ratios for the liquid fraction also show little variability
between 123 and 140. Oxygen isotope data show large variations of
about 5%., the expected range for seasonal variability at high latitudes.

4. Discussion
4.1. Dust origin

The isotopic results of Sr and Nd isotopic composition in the dust
extracted from the Dye-3 ice core demonstrate the variability in
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Fig. 2. Strontium, neodymium, and uranium isotopic compositions of dust (diamonds) and ice (circles) of the analyzed Dye-3 ice core shown as a depth profile of core sections,
oxygen isotopic composition of ice also plotted. Vertical error bars denote depth integration of the analyzed sample. The (constant) isotopic composition of seawater is indicated for
Sr and U by dashed lines. 20 errors are smaller than symbols for all except Nd, where error bars are drawn.
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Fig. 3. (a) Strontium and neodymium isotopic composition of Dye-3 dust samples plotted (large diamonds) in context of literature derived potential source areas (PSAs) isotopic
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snow), errors for literature data are 0.5-1.0 &yq. (b) Strontium and neodymium isotopic composition of Dye-3 ice samples (large circles) in context of literature seawater values for
region around Greenland; waters off the West, South and East coasts indicated (Arsouze et al., 2007). 2o errors for 8’Sr/%Sr are smaller than the size of the symbols, individual errors
in &ngq are plotted for the new data.

source area contribution as previously proposed by Bory et al. 0.722 7

(2003a). Intrinsic variability in the isotopic composition from a single

source area alone cannot explain the observed variations of the 0.72

measured dust samples if the currently available PSA isotopic data is

representative of the different source areas. The radiogenic isotopic _ 0718 1

data show a weak correlation with oxygen isotopes (correlation 0

coefficients: ro_s;=0.59, ro_ng=0.58) with the most negative 5'%0 e‘: 0.716

(129A, —30.6%. — V-SMOW) corresponding to the least radiogenic Sr "z

(0.712416) and most radiogenic Nd (— 6.8 &nq) values in dust (Fig. 4). ® 0.714

If 5'80 is taken as a temperature or precipitation proxy, this suggests

that for our samples, the local climatic conditions are linked to long- 0.712

range dust transport and deposition. Asian sources such as the Gobi

desert, northern China, Mongolia and the Ordos plateau are likely 0.71 : . . : r= 0'59.
candidates for the analyzed dust. However, our dust data is .32 30 28 26 24 22
systematically shifted towards less radiogenic 7Sr/%6Sr values relative 5150 % (V-SMOW)

to these source areas. Three possibilities can be proposed for this shift: 4 A oA

(1) the contribution of Sr of carbonates in the dust fraction, (2) mixing
with some volcanic end member with low 87Sr/8Sr values or (3)
mixing with other source areas.
The dust samples from different PSA used for comparison with the
Greenland dust fraction have been analyzed after removal of
carbonates by acetic acid leaching in order to keep only the silicate ;;Z’
fraction. For the samples analyzed in this study leaching was not
performed in order to keep the uranium signal pristine. In this case,
the Sr carbonate contribution can be estimated and corrected for
using the Sr/Nd ratio of the different dust components. The presence
of carbonates was attested both in Asian dust (Schi et al., 2005;
Sullivan et al., 2007) and Greenland ice trapped dust (Biscaye et al.,
1997; Svensson et al., 2000) but in low concentrations (Laj et al.,
1997). The mean Sr/Nd ratio found in leached Greenland dust samples N
is 3.4 (£1) (Svensson et al. (2000) and Bory et al. (2002)). In this 870 %o (V-SMOW)
study the Sr/NFl raFlOS range I?Etween 5.9 and 7 (mean 6.4) indicating Fig. 4. Strontium and neodymium isotopic composition plotted against oxygen isotopic
that the contribution of Sr-rich carbonates to the overall Sr budget composition of the ice showing a correlation between temperature or moisture source
must be taken into account. (6"®0) and dust composition.
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In order to estimate the carbonate fraction, the Sr/Nd ratio of the
carbonate in the dust fraction must be known. There is no literature
data documenting the Sr and Nd concentrations of carbonates in size
fractions under 5 pm, but typical Sr/Nd ratios in bulk Asian loess
carbonates leachates range from 20 to 75 and these variations are
primarily controlled by variations in Sr concentration (Honda et al.,
2004). A simple mass balance calculation yields that the contribution
of carbonates to the overall Sr budget is smaller than 10%. This is in
agreement with Asian aerosol composition studies that found
carbonate contents ranging from 2.6 to 12.2% (Derbyshire et al.,
1998; Wang et al., 2005). The uranium activity ratios smaller than 1
are typical of a continental weathering environment and exclude
significant marine contamination of the dust fraction (Vigier et al.,
2001; Dosseto et al., 2008). Leaching experiments on Asian loess
samples show 37Sr/%Sr values ranging from 0.71073 to 0.71281 for
the leachates (Yokoo et al., 2004) and allow us to constrain the
possible carbonate contribution to the Sr isotopic compositions. By
correcting for 10% of carbonate-derived Sr, with a value of 8”Sr/26Sr of
0.71 that would maximize our correction, the dust isotopic compo-
sition of our samples is shifted towards higher 87Sr/%5Sr ratios. The
corrected 87Sr/38Sr ratios for our samples would be 0.71268 for the
least radiogenic sample (129A) and 0.72136 for the most radiogenic
sample (132A). No correction has been made to the Nd isotopic ratios
as the contribution of Nd from carbonates to the overall dust is small
and any correction attempt would lie within experimental errors. The
possible carbonate correction is able to explain part of the offset
between PSA samples and the dust extracted from the Dye-3 ice core,
but it is not sufficient to account for the full difference. This offset is in
agreement with other literature data, where an offset between PSAs
composition and dust samples remains even after carbonate leaching
(Biscaye et al., 1997; Svensson et al., 2000; Bory et al., 2003b).

Mixing of volcanic aerosols is a plausible hypothesis to explain the
observed shift toward less radiogenic Sr isotopic ratios. Northern
hemisphere volcanic activity is a potential source for mineral aerosols
in the atmosphere that may reach as far as Greenland (Clausen et al.,
1997). No major volcanic activity is known for the studied interval,
although the 133-134 m sections of the core recorded the Laki eruption
that occurred in Iceland in 1783-1784. Volcanic aerosols are character-
ized by less radiogenic 37Sr/%°Sr and more radiogenic yq values and
mixing with volcanic dust sources should lead to a shift towards more
radiogenic Nd and less radiogenic Sr values. Our Sr and Nd data do not
exclude this hypothesis but based on the Hf measurements no significant
contribution of a volcanic end member was detected in our samples.

The eyrand eng data measured for 132A and 132B is less radiogenic
than the Asian dust component found in Pettke et al. (2002) (Fig. 5),
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Fig. 5. Neodymium and hafnium isotopic compositions of the analyzed Dye-3 dust.
Asian dust end member and modern dust array from Pettke et al., 2002. Asian loess
from Aciego et al., 2009 falls in the Asian dust end member field. 20 errors for both &g
and gy are shown for each sample. Saharan dust end member from Rickli et al. (2010).

and only limited mixing between Asian dust and a volcanic end
member is possible. Sample 130A plots toward more radiogenic Hf
and Nd values than average Asian dust, but not directly on a binary
mixing line between Asian dust and a volcanic end member, which
makes an interpretation in terms of volcanic contribution more
difficult. Nevertheless 130A still closely agrees with a purely Asian
dust end member (as defined by Pettke et al. (2002): —10.8>&ng>
—9.0 and —4.7>¢&ye>2.5). The overall shift towards more radiogenic
eyrvalues compared to the terrestrial y/eng array of the dust samples
is thought to be due to sorting effects during transport. Zircons are
enriched in Hf and have a low &y value compared to the average
continental crust (van de Flierdt et al., 2007; Bayon et al., 2009) and
will be mainly concentrated in coarse-grained sediments (Patchett
etal., 1984). The high density of zircons compared to average minerals
makes it prone to segregation during surface processes. Mobilization
of zircons is not favored during atmospheric transport: for identical
grain sizes and according to Stocke's law, settling velocities of zircons
(d=4.85gcm—3) will be approximatively 1.8 times higher than
average continental crust minerals (d = 2.7 gcm™ 3). This implies that
eolian deposits should exhibit more radiogenic Hf isotopic ratios for a
given gyg value during long-range transport to Greenland. This “zircon
effect” was observed in Saharan dust samples, where concomitant low
Hf concentrations and high variability in ey was measured (Rickli
et al.,, 2010). But even taking into account this potential sorting effect,
measured Hf isotopic ratios are still too low to be explained by mixing
of Asian and volcanic dust (Fig. 5).

Based on these isotopic characteristics, the influence of other
source areas should be examined. According to model studies, the
Saharan and Arabian regions contribute up to 75% of the total
atmospheric dust load (Tanaka and Chiba, 2006 and references
therein). No isotopic data of PSA size fractions smaller than 5 pm are
available for these regions, but the comparison of Sr and Nd dust
compositions to <30 pm size fractions of Sahara aerosols sampled off
the Atlantic coast (Fig. 3, see data of Grousset et al., 1998) shows that a
Saharan dust contribution to Greenland is a very probable explanation
for the offset between Greenland ice core dust and Asian PSAs. The Sr
and Nd isotopic compositions of modern Saharan aerosols (87Sr/8Sr:
0.715-0.725, eng: —12.8 to —14.6; Grousset et al.,, 1998) can explain
the offset toward less radiogenic 8Sr/26Sr values and are compatible
with &yg of samples 129B, 130B, 132A and 132B (Table 1).

An equally compelling argument for a Saharan dust contribution to
Greenland is found in the Hf isotopes. Recent work by Rickli et al.
(2010) presented the first direct measurements of Hf isotopes in
airborne dust collected off the coast of western Africa from a Saharan
dust storm (Fig. 4). The unradiogenic Hf and Nd values found in the
two of the three samples in the Dye-3 ice core compare very favorably
with the unradiogenic Hf and Nd values of the Saharan dust; both sets
of data plot on the more unradiogenic side of the Asian dust end
member.

Evidence for material transported from North America to
Greenland has also been found (Donarummo et al., 2003; Rousseau
et al., 2006) but the contribution of North America to the global dust
load is small: 0.1% (Tanaka and Chiba, 2006). Isotopic data is only
available for limited parts of the source area and does not explain the
measured variations in Greenland dust. Furthermore, the most
proximal North American dust source to Greenland, northeast Canada,
exhibits very unradiogenic crustal signatures for Nd ratios (Jeandel
et al.,, 2007), which would be partially inherited by the dust phase. But
this source cannot be an important contribution to the dust samples
we have analyzed as this would lead to a general shift towards less
radiogenic &yq values (Fig. 3) for the Greenland dust samples.

Among the three possible scenarios, carbonate contribution to the
isotopic signal, volcanic contribution to the dust load and contribution
of additional dust sources, mixing of Asian-derived dust with a
Saharan dust source is the best explanation for the observed dust
composition in the Greenland Dye-3 ice core.
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No direct evidence for Saharan dust export to Greenland has been
presented until now, but Saharan dust has been found to reach Europe
(e.g. Schwikowski et al., 1995; Vanderstraeten et al., 2008), Asia
(Tanaka et al., 2005) and America via trans-Atlantic (e.g. Chiapello
et al.,, 2005) and trans-Pacific transport (McKendry et al., 2007) which
supports the role played by the Sahara as a long-range dust source.
While northward meridional transport to Europe and westward
transport to Central America of dust is an unlikely to contribute
significantly to deposition over Greenland (Barkan et al., 2005;
Chiapello et al., 2005) eastward zonal transport over Asia is a
potential long-range pathway to Greenland. It has to be noted that
the analysis presented here only cover a very short time span (4 yr)
and that extrapolation to longer time series is hazardous. Trans-Pacific
transport of African dust has been documented only for one event
(McKendry et al., 2007) and its frequency is unknown. Nevertheless
the presence of at least 3 samples that point towards a Saharan
contribution to the Greenland dust load in a four year time series
indicates that this transport pathway could be active on a yearly basis
even if further confirmations on longer time scales are needed. It is
also improbable that Saharan dust was the main contributor to the
Greenland dust load in the past, as this would have been detected in
other, lower resolution ice core studies (Biscaye et al., 1997; Svensson
et al., 2000; Burton et al., 2007). However regarding the short time
series, we do not claim this frequency to be a climatological mean and
further confirmations on longer time scales are needed.

4.2. Origin of soluble component in ice

The origin of radiogenic species in the soluble fraction of ice cores
has not yet been studied and could be of great interest in interpreting
the dissolved chemical species signal of ice cores. Dissolved species in
polar ice are primarily inherited from sea salts that are formed over
sea ice and the open ocean (Fitzgerald, 1991; Wagenbach et al., 1998;
Rankin et al., 2000, 2002). Tracing the sources of these dissolved
elements would be a complementary proxy for atmospheric and
marine processes in the polar environment: such as SS production,
marine aerosol transport and sea-ice extent (Wolff et al., 2003).

Our measurements on the dust-free soluble fraction show
variability in eyq whereas the 87Sr/86Sr and 234U/?28U values are
homogeneous. Little is known about the origin and composition of
dissolved Sr, Nd, and U in precipitation (Martinez-Aguirre et al., 1991;
Herut et al., 1993; Stevenson and Pan, 1996; Negrel and Roy, 1998;
Nakano et al., 2006). For ice cores, either prior attempts have not been
made to separate the dust fraction or the water has not been buffered
to avoid carbonate dissolution during melting (e.g. Biscaye et al.,
1997; Bory et al., 2002, 2003a,b; Burton et al., 2007; Gabrielli et al.,
2009).

The contributions of Sr, Nd, and U to the dust-free ice have two
possible sources: (1) leaching from the dust fraction during dust
mobilization, long-range transport or ice processing and (2) oceanic
derived Sr and Nd carried by marine aerosols. Assessing the isotopic
compositions and concentrations of these elements should provide
some insight into the dominant source.

The 87Sr/86Sr ratios are close to the present day seawater value
0.70916, which has been relatively constant over the last 400 ka
(Palmer and Edmond, 1988; Henderson et al., 1994) and does not
show large variations from sample to sample. The measured 2*U/?*3U
activity ratios of the water fraction support a seawater origin of the
soluble fraction: activity ratios of 1.10-1.12 compare well to seawater
activity ratios, which have been constant at 1.14 for the last 500-
800 ka (Henderson, 2002). Furthermore, the Nd isotopic composition
falls within the range of expected values for surface seawater around
Greenland (Stordal and Wasserburg, 1986; Piepgras and Wasserburg,
1987; Lacan and Jeandel, 2004a,b,c, 2005a,b; Andersson et al., 2008;
Porcelli et al., 2009; Rickli et al., 2009) (see Fig. 3). Therefore, the

radiogenic isotope record generally supports a marine origin for the
dissolved species.

However, the small offset between the seawater values of Sr and U
and our measured values in the soluble fraction of the ice core must be
explained. Leaching of the dust phase during transport and precip-
itation processes when “dusty” air masses mix with moist oceanic air
cannot be excluded. Furthermore, leaching of dust during melting and
filtering of the ice core is an issue even if great care was taken to avoid
this effect (Aciego et al., 2009). Sr isotopic composition of the ice
correlates with Sr isotopic composition of the dust (Fig. 6) but using a
simple two component mixing model (Fig. 7), with the dust as one
end member and seawater as the other, one can quantify the amount
of leaching or dissolution that has taken place for these samples. The
parameter that controls the shape of the mixing hyperbola in a 8’Sr/
865r versus 234U/28U diagram is:

T = (STsea / Usea) / (STaust / Uaust)- (1)

Given the high Sr/U in seawater (close to 3000), lower values in
the continental crust, and our measured values of Sr/U in dust of 35
and in ice of 125, values of r>1 seem likely. The isotopic compositions
of the ice samples are plotted in Fig. 7 showing only a slight difference
from the seawater values, but the uncertainties in the 2>*U/?*3U make
it impossible to determine r better than 0.25<r<2.5. Even with this
large uncertainty, the amount of dissolution necessary to shift the
strontium and uranium isotopic compositions is 10-15% of the total
mass. In order to rule out the possibility of carbonate dissolution, we
also show the range in carbonate values for possible Asian dust
sources based on leaching experiments. The Asian loess leaching
experiments of Yokoo et al. (2004) distinguish between water soluble,
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soluble fraction isotopic composition is compatible with a mixing of seawater and carbonate dissolution (a), but carbonate dissolution is not compatible with the Sr/U ratios
measured. The most likely explanation of the isotopic offset between seawater composition and measured soluble fraction being bulk dust dissolution.

carbonate, strong-acid leachable and residual strontium thus provid-
ing a possible carbonate end member, and we can calculate the
fraction of Sr in the soluble fraction that could be derived from
carbonates (50%). A simple mixing model using Sr-U concentration
data and the ®/Sr/%6Sr ratios suggests that carbonate dissolution
would result in higher Sr/U ratios in the ice (Fig. 7b). Given these
constraints, we conclude that dissolution of the bulk dust during
transport or filtration is the most likely cause for the small shift in
isotopic composition. However the Nd isotopic composition of the
dust and soluble fraction are uncorrelated (Fig. 6), which supports the
Nd isotopic signature of the ice being unaffected by leaching. We
propose that the Nd signal can be used to trace the origin of marine
contributions to the dissolved component of the ice core.
Determining the origin of precipitation would be the most obvious
utilization of Nd isotopes, but the pathway for marine contributions to
ice sheets is likely complex. Models indicate that precipitation on
Greenland originates from different oceanic water masses: mainly the
Arctic, North Atlantic (Sodemann et al., 2008) and North Pacific (Werner
et al., 2001) surface waters. These water masses have contrasting &nq
due to Nd short oceanic residence time (500-1000 yr) and contrasting
lithogenic inputs from the surrounding continents (Lacan and Jeandel,
2005b). The Nd isotopic composition of North Atlantic Deep Waters
(NADW) has remained stable over glacial-interglacial periods (Foster et
al., 2007) even if changes in ocean circulation likely occurred over these
time periods (Hillaire-Marcel et al., 2001; Rasmussen and Thomsen,
2004). Even though Nd isotopic compositions of these northern
hemisphere water masses are compatible with the ones measured in
this study, it is expected that the Sr, Nd and U concentrations would not
be incorporated in the gas phase during evaporation processes.
Furthermore, the measured Sr/Nd, Sr/U and Nd/Hf concentration ratios,
respectively 30, 130 and 10, are lower than that of seawater (e.g.
Piepgras and Wasserburg, 1987; Palmer and Edmond, 1988; Henderson

et al., 1994; Henderson, 2002; Lacan and Jeandel, 2004a,b,c, 2005a;
Porcelli et al., 2009; Rickli et al., 2009; Zimmermann et al., 2009), and
indicate that the Sr, Nd, Hf and U measured in the ice cannot be directly
derived from seawater of the open ocean.

Marine aerosols and sea salts are the more likely source of dissolved
radiogenic species to the Greenland ice sheet. Marine aerosols are
found to affect snow chemistry even in central Greenland (e.g. Fischer
and Wagenbach, 1996) and originate both from open water and sea ice
(Wolff et al., 2003). It has been recognized that this latter source is the
dominant source for sea-salt aerosols (Rankin et al., 2002) and could
generate aerosols with a different chemical composition from that of
bulk seawater (Rankin et al., 2000; Kaleschke et al., 2004).

While little is known about the atmospheric cycle of radiogenic
isotopes, especially marine aerosols and sea-ice composition, we
nevertheless propose an origin for the sea salts measured in the Dye-3
section. With gyg values of our samples ranging from —12.6 to —5.8,
the contribution of sea salt from the surface waters west of Greenland
to our samples is limited, as typical Labrador Sea and Baffin Bay
isotopic composition is unradiogenic with values from — 25 to —14.5
(Lacan and Jeandel, 2005a,b). North Atlantic does not appear to be the
dominant source either as surface waters range from —14.8 to —13.6
eng (Lacan and Jeandel, 2005a). Sea-salt sources to the east of
Greenland are more likely contributors to the Dye-3 record:
neodymium isotopic composition of surface waters from the Denmark
strait with —11.5 to — 9.5 &ng (Lacan and Jeandel, 2004a) and further
north to the Fram strait with waters from — 10.7 to — 9.8 &nq and up to
—8 in the Icelandic sea (Lacan and Jeandel, 2004c; Andersson et al.,
2008). A more radiogenic end member is however needed to account
for values up to —5.8 eng. Even if our data set does not allow us to
draw firm conclusions two different sources could provide this
radiogenic end member: on both sides of the Denmark strait the
Icelandic and Tertiary basalts on the east coast of Greenland (between
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68°N and 70°N) with a radiogenic &yq signature (Mertz et al., 1991;
Bernstein et al., 1998; Lacan and Jeandel, 2004a) could locally enrich
oceanic water to higher &yq values due to crustal radiogenic inputs
(Arsouze et al., 2007).

These areas could act as a marine aerosol source with a radiogenic
signature especially when covered by seasonal sea ice. Long-range
transport should not be excluded and Fischer (2001) suggests from
meteorological re-analysis data that sea-salt deposition onto
Greenland is mainly controlled by eastern and northern Pacific
cyclonic activity. North Pacific waters have positive &ygq values
(Piepgras and Jacobsen, 1988) and are compatible with the needed
radiogenic end member. Unfortunately Nd isotopic composition alone
is not able to resolve these two possible additional sea-salt sources to
Greenland without further information about sea-ice processes.

5. Conclusions

Previous ice core studies argued for Asia as the primary source of
the mineral dust transported to the Greenland ice sheet. However,
low concentrations of dust had limited radiogenic isotopic measure-
ments compared to dusty glacial ice, or to large-volume modern snow
samples. Previous ice core studies did not show the variability
observed in the high-resolution snow-pit studies, likely due to the
integration of the signal over hundreds of years. This work
demonstrates the feasibility of high-resolution dust isotopic measure-
ments on small sample sizes, including the measurement of hafnium
isotopes, on a section (1789-1793 A.D.) of the Dye-3 ice core.

The significance of the resulting ice core dust record is twofold.
First, we confirm Asia is the main contributor to the dust content in
the sections analyzed from the Dye-3 ice core. Variability within Asian
sources is detected, with alternating contributions from the Gobi and
Taklimakan deserts and the Ordos plateau, consistent with previous
studies. Second, differences in isotopic composition between known
PSAs and dust samples suggest the existence of an additional dust
source mixing with Asian dust in Greenland. Hf isotopic data show
that in our samples volcanic aerosols contribute only to a minor
degree, if at all, to the dust load at Dye-3. More importantly, we are
able to pinpoint this source based on the limited PSA and dust data
sets available and we find that the Sahara is the most likely additional
source. These isotopic results are the first pieces of chemical evidence
supporting models for Saharan dust transport to the higher latitudes.

There is further potential for investigating paleo-transport path-
ways by using the dust-free soluble fractions. The ice fraction carries a
strong marine signature and the observed Nd isotopic variations are
interpreted in terms of sea-salt origin. These interpretations are
hindered by our limited knowledge of the behavior of radiogenic
isotopes in the atmospheric cycle. Further work aimed to under-
standing the formation of marine aerosols from sea ice or open ocean,
with a special focus on Nd isotopes is needed to draw firm conclusions
and fully interpret the dissolved Nd record. Nevertheless we see high
potential in dissolved isotopic composition studies in potentially
addressed paleo-atmospheric circulation or sea-ice extent questions.
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