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Abstract

We present the first comprehensive dust provenance and lithogenic flux data set extracted from surface sediments dis-
tributed across the polar and subpolar South Pacific. The dataset comprises 230Th-normalized lithogenic fluxes combined with
rare earth elements, strontium, neodymium and lead isotope data to determine lithogenic fluxes, spatial distribution and
sources of dust (<10 mm) during the Holocene. We observe the highest lithogenic fluxes in surface sediments near New Zeal-
and which most likely indicate a combination of Australian dust and riverine input from New Zealand. Similarly, high fluxes
off West Antarctica are ascribed to sediment input from the nearby continental shelf and margin. In contrast, the lithogenic
fluxes in the remote open ocean are derived from dust input. Isotopic and REE data suggest that the Lake Eyre Basin in cen-
tral Australia is the most prominent potential source area for dust distributed over the South Pacific during the Holocene,
with additional input from the Darling Basin in southeast Australia.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Several studies have shown that dust plays a crucial role
in modulating the global climate system (e.g. Tegen and
Fung, 1994; Kohfeld and Harrison, 2001; Jickells et al.,
2005). Dust either impacts the climate directly, by influenc-
ing the radiative properties of the atmosphere through scat-
tering and absorbing light, or indirectly, by modifying
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cloud properties (Arimoto, 2001; Sassen et al., 2003). Fur-
thermore, dust is capable of influencing the climate through
its effect on surface ocean productivity. According to the
iron hypothesis (Martin, 1990), elevated dust fluxes to the
ocean can enhance the marine productivity in high-
nutrient low-chlorophyll regions, such as the Southern
Ocean, resulting in a drawdown of atmospheric CO2.
High-resolution dust records from the Southern Ocean
seem to support the iron hypothesis, indicating higher dust
deposition rates coupled with higher export productivity in
glacial periods compared to interglacial periods (Chase
et al., 2003; Bradtmiller et al., 2009; Martı́nez-Garcia
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et al., 2009; Martı́nez-Garcia et al., 2011; Martı́nez-Garcı́a
et al., 2014; Lamy et al., 2014).

Current knowledge about the distribution of dust in the
Southern Hemisphere is largely based on modeling studies
(Mahowald et al., 2006; Maher et al., 2010; Albani et al.,
2014; Neff and Bertler, 2015) and suggests Australia/New
Zealand as predominant source of dust to the Pacific sector
of the Southern Ocean (e.g. Prospero et al., 2002; Li et al.,
2008; Ginoux et al., 2012). However, no field studies on the
provenance and lithogenic fluxes of dust exist so far from
the southern South Pacific, the largest sector of the South-
ern Ocean.

In the ocean, the particle reactive element thorium is
produced at a constant rate due to the decay of highly sol-
uble uranium. Attached to sinking particles thorium is
transported to the seafloor where it can be measured as
‘‘thorium excess” (Bacon, 1984; Thomson et al., 1993;
Francois et al., 2004). Based on this concept, we reconstruct
the spatial accumulation of lithogenic material in the Pacific
sector of the Southern Ocean using the 230Th normalization
method (Bacon, 1984; Thomson et al., 1993; Francois et al.,
2004). Furthermore, we measured provenance-sensitive
proxies, including rare earth elements (REE), strontium
(Sr), neodymium (Nd) and lead (Pb) isotopes from the
lithogenic fine fraction (<10 mm) of marine surface sedi-
ments to determine the provenance of dust to the Pacific
Fig. 1. Map of the South Pacific with locations of surface samples recov
numbers) expeditions. White and blue numbers attached to the sampling
Pacific, yellow dots: Central South Pacific, red dots: Eastern South Pacifi
were used for provenance analyses. Small black dots highlight sediment co
core top age in kyrs, see Benz et al. (2016) for detailed information about
frontal systems (Orsi et al., 1995). STF: Subtropical Front, SAF: Subanta
and summer sea ice (WSI and SSI) is indicated by white lines. Blue arrow
White dashed arrows show the direction of the Southern Westerly Wind
brown line encircles the Murray-Darling Basin. The large blow arrow indi
Ocean Data View software (Schlitzer, 2015). (For interpretation of the re
web version of this article.)
sector of the Southern Ocean. The concept of using radio-
genic isotopes and REE concentrations in the lithogenic
fraction of marine sediment samples as provenance tracers
is based on their specific signatures in rocks of different
lithology and age, allowing the differentiation of potential
dust source areas (e.g. Grousset and Biscaye, 2005). Our
results show that the radiogenic isotopes clearly discrimi-
nate between Australian sources, whereas the use of REE
enables us to effectively exclude New Zealand as a potential
source of dust to the Pacific Southern Ocean. Therefore,
coupled analysis of radiogenic isotopes and REE is a valu-
able tool to identify the dust provenance.

2. SETTING OF POTENTIAL SOURCE AREAS TO

THE SOUTH PACIFIC

2.1. Australia

The Lake Eyre Basin in central Australia is the most
active dust storm area on the continent (McTainsh, 1989)
(Fig. 1). Dust activity in the Lake Eyre Basin may occur
anytime throughout the year, with highest dust entrainment
activities during late spring and early summer (September –
December), when precipitation rates are lowest (Ekström
et al., 2004). Dust entrainment in the Lake Eyre Basin needs
favorable atmospheric conditions, such as the presence of
ered during R/V Polarstern (white numbers) and R/V Sonne (blue
locations refer to the station numbers. Gray dots: Western South
c. The white outline and bold numbers highlight the samples that
res with age models (Benz et al., 2016). Black numbers illustrate the
the age models. Colored lines indicate the mean positions of major
rctic Front, APF: Antarctic Polar Front. Mean extension of winter
s indicate the flow direction of the Antarctic Circumpolar Current.
s. The dashed brown line encircles the Lake Eyre Basin. The solid
cates the dust transport direction. The map was generated using the
ferences to colour in this figure legend, the reader is referred to the
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sub-tropical cold fronts (Tsoar and Pye, 1987; McGowan
and Clark, 2008). The rivers in the northeast sector of the
Lake Eyre Basin contribute the largest amounts of sediment
load into the lower parts of the basin (McTainsh, 1989).

The Murray-Darling Basin in southeast Australia repre-
sents the largest river system on the continent (McTainsh,
1989; De Deckker et al., 2010; Marx and Kamber, 2010)
(Fig. 1). Due to the geographical extent of the Murray-
Darling Basin it experiences different rainfall seasonality.
The Darling river is predominantly fed by summer rainfall
originating in southeast Queensland and northern New
South Wales, whereas winter rainfall in the Snowy Moun-
tains is the main source for the Murray river (McTainsh,
1989). The Murray-Darling Basin is affected by seasonal
flooding events leading to the accumulation of fine sedi-
ments in the floodplains of the basin which are vulnerable
to dust entrainment (McTainsh, 1989). Therefore, the
Murray-Darling basin is an important source of modern
dust.

After dust entrainment, long-range dust transport from
both areas follows the southeast dust transport corridor,
which describes the major dust transport direction over
southeast Australia (Fig. 1) (Bowler, 1976; McGowan and
Clark, 2008). Based on sediment cores from the Tasman
Sea and their dust fluxes it was shown that the northern
margin of the corridor migrates between 33�S and 36.2�S
in interglacial periods and between 33�S and 30.33�S in gla-
cial stages (Hesse, 1994). The center of the dust transport
corridor is always located between 36.29�S and 42�S
(Hesse and McTainsh, 2003), after which the southern west-
erly wind belt (SWW) continue to transport the dust across
the Southern Ocean (Fig. 1).

2.2. New Zealand

The New Zealand climate is significantly affected by the
northeast to southwest orientated Southern Alps. The large
loess areas at the west coast of the South Island were sup-
plied from the Southern Alps during Quaternary cold-
climate processes (e.g. freeze/thaw and glacial grinding)
(Eden and Hammond, 2003). Because New Zealand is pre-
dominately under the influence of the prevailing SWW, the
loess areas on the South Island likely act as a potential
source area (PSA).

3. METHODS

3.1. Sample selection

We analyzed sediment surface samples from across the
Pacific sector of the Southern Ocean recovered during expe-
ditions with R/V Polarstern (PS35, PS58, PS75, PS97)
(Gersonde, 1995; Gersonde, 2001; Gersonde, 2011; Lamy,
2016) and R/V Sonne (SO213) (Tiedemann, 2012)
(Fig. 1). All samples were collected with a multicorer
between 39�S to 70�S and 175�E to 80�W. Within this lon-
gitudinal range, the study area is subdivided into western
(175�E to 150�W), central (145�W to 107�W) and eastern
parts (105�W to 80�W) (Fig. 1). Our sample sites extend
across the Antarctic Circumpolar Current from the Antarc-
tic Zone south of the winter sea-ice margin, across the Polar
Frontal Zone into the Subantarctic Zone (Fig. 1). Litho-
genic fluxes were determined on the bulk sediment of 74
surface samples using the 230Th normalization method
(Francois et al., 2004) (Fig. 2). Provenance analysis, includ-
ing REE concentrations, Sr, Nd and Pb isotopes were per-
formed on the < 10 mm fraction of 19 sediment surface
samples (Fig. 1). The surface samples are assumed to be
representative of the Holocene because they are closely
located to sediment cores that have core top ages of < 11
kyrs BP (Fig. 1) (Benz et al., 2016). We selected the < 10 mm
fraction, because this fraction is typically considered resis-
tant to sediment redistribution by bottom currents
(McCave et al., 1995). Additionally, we measured Sr and
Nd isotopes using the < 5 fraction of 5 selected samples
from our data set to evaluate potential grain size effects.

3.2. Uranium – thorium methodology

The 230Th isotope is a product of the 238U decay series
with a half-life of 75.548 ± 110 years (Cheng et al., 2013).
The parent isotope 234U produces (through a-decay) the
highly insoluble (in seawater) and particle reactive 230Th
isotope at a uniform and well-known rate (b = 0.0267
dpm m�3 year�1). Attached to sinking particles, 230Th is
transported to the seafloor (Thomson et al., 1993;
Francois et al., 2004). Sediment particles are assumed to
contain a fraction of 230Th in a secular equilibrium with
lithogenic 234U. However, the total amount of 230Th in
deep-sea sediments near the sediment surface exceeds the
amount supported by 234U. This fraction of 230Th is called
230Thxs (230-Thorium excess) (Francois et al., 2004). This
relationship forms the basis for the 230Th normalization
method (Thomson et al., 1993). To determine the concen-
trations of Th and U isotopes, approximately 50 mg of
freeze-dried bulk sediment was spiked with known amounts
of 229Th and 236U. The sediment was digested in a CEM
Mars X-press microwave system in 2 mL concentrated
HCl, 3 mL concentrated HNO3 and 0.5 mL HF 40%
(suprapur�). The resulting solution was evaporated to near
dryness using the microwave XVap accessory and redis-
solved in 1 M HNO3 in the microwave system. Three con-
secutive steps of iron precipitation were then applied to
separate Th and U isotopes from the sample matrix. The
precipitate that contained Th and U was dissolved in 3 M
HNO3 and passed through equilibrated 2 mL columns filled
with Eichrom UTEVA resin for separation of Th and U
isotopes from iron. Th and U isotopes were measured sep-
arately by sector-field ICP-MS (Thermo Fisher Element 2
equipped with an ESI Apex desolvation nebulizer) in low-
resolution mode. External reproducibility was monitored
using a certified reference material (UREM 11) and proce-
dural blanks were run alongside the samples. All chemical
and analytical processing, including digestion, ion exchange
chromatography and mass spectrometric analyses was car-
ried out at the Alfred Wegener Institute in Bremerhaven
(AWI). Corrections for tailing from 232Th (238U), mass bias
and procedural blanks were applied as appropriate and
considered in the error propagation. Propagated analytical
uncertainties of 230Thxs for this method are less than 5%



Fig. 2. Spatial distribution of 230Th-normalized lithogenic fluxes in the study area in g m�2 yr�1. Blue lines mark the mean positions of major
frontal systems (Orsi et al., 1995). STF: Subtropical Front, SAF: Subantarctic Front, APF: Antarctic Polar Front. Mean extension of winter
and summer sea ice (WSI and SSI) is indicated by red lines. Thin blue arrows illustrate the Ross Gyre (Assmann et al., 2005). Dashed black
arrows indicate the Southern Westerly Winds. Thick blue arrows indicate the flow direction of the Antarctic Circumpolar Current. Brown
arrows indicate terrigenous sediment input in the flat Bellingshausen abyssal plain (Rebesco et al., 1996; Hillenbrand, 2000). Red shaded area
refers to the maximum iceberg probability with eastward decreasing abundances indicated by red arrows with fading colors (Tournadre et al.,
2012). Symbols with black outline show Holocene data from Chase et al. (2003) and Bradtmiller et al. (2009). Thin gray lines reveal the
modern modeled dust wet deposition in g m�2 yr�1 from Albani et al. (2014). The map was generated using the Ocean Data View software
(Schlitzer, 2015). (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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(1r). 238U was calculated from 235U using the natural iso-
tope abundance. Supported 230Th was calculated according
to Francois et al. (2004), using a 238U/232Th activity ratio of
0.4 (Henderson and Anderson, 2003). A part of the litho-
genic fluxes was produced via isotope dilution alpha-
spectrometry at the AWI (Tab. A 4), following the methods
in Walter et al. (1997). The precision of some values deter-
mined by alpha-spectrometry may be somewhat lower than
those determined by ICP-MS, in particular for 232Th, but
the isotope dilution method ensures excellent accuracy, as
regularly checked by replicates of reference material and
samples, and the analytical uncertainty is small compared
to the variation in samples. We used 230Thxs to calculate
the preserved vertical lithogenic fluxes by multiplying the
uniform 230Th production rate (b = 0.267 dpm m�3 yr�1)
and the water depth divided by the 230Thxs concentrations
(dpm g�1) (Francois et al., 2004; Geibert et al., 2005;
Martı́nez-Garcia et al., 2009; Lamy et al., 2014). The
232Th concentrations were used to determine the lithogenic
fraction in the surface samples assuming an average 232Th
concentration of 10 ppm for the upper continental crust.
The lithogenic end-member of 10 ppm for the upper conti-
nental crust was inferred from the relationship of our mea-
sured 232Th concentrations versus the sum of our non-
lithogenic fractions. In the following text, we refer to the
sediment redistribution-corrected vertical lithogenic fluxes
in short as lithogenic fluxes. The decay of 230Th was consid-
ered to be insignificant because our data set exclusively uses
surface samples.

3.3. Grain size separation and leaching

All samples selected for provenance analyses were pro-
cessed through a two-step grain size separation procedure
in the sediment labs at the AWI to extract the <10 and
<5 mm (only 5 test samples) fractions from the bulk sedi-
ment samples. First, all samples were wet sieved through
a 63 mm mesh followed by Stokes-based separation of the
target fine fraction from the < 63 mm fraction using Atter-
berg glass settling cylinders. Reagent grade ammonia solu-
tion was added to the settling tubes to raise the pH to �7 to
avoid aggregation of particles.

We tested different leaching procedures at the Institute
for Chemistry and Biology of the Marine Environment
(ICBM) in Oldenburg with respect to their efficiency in
extracting an original lithogenic signal from our marine
sediment samples. Note that the samples were triple-
rinsed with Milli-Q water (MQ) after every leaching step.
First, all surface samples were treated with 5% H2O2 to
remove organic material followed by an acetic acid (buf-
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fered with NaOH to pH = 5) leach to eliminate carbonate.
Then, the samples were treated with 13 mL of 0.02 M
hydroxylamine hydrochloride (HH) – acetic acid (AcOH)
in two consecutive steps followed by separation of the
<10 mm fraction. After the separation of the <10 mm frac-
tion, all samples were triple-rinsed with Milli-Q water
(MQ) and freeze-dried. Subsamples of �50 mg were taken
from the freeze-dried fine fraction material for digestion
and chemical extraction of target elements.

We selected a subset of five freeze-dried samples which
were chemically treated with a second reductive HH-
AcOH leach as described above, but after grain size separa-
tion of the <10 mm fraction to test the efficiency of the
reductive leaching protocol for removal of contaminant
metal-bearing phases induced during sample preparation
and grain size separation. Again, the samples were freeze-
dried and subsamples of �50 mg were taken for digestion
and further processing. Subsequently, all residual freeze-
dried fine fraction samples were exposed to 1 M HCl over-
night, followed by an overnight exposure to 0.03 M EDTA
and a final sequence of five MQ washing steps. The samples
were then freeze-dried again and subsamples of �50 mg
were taken for further sample processing.

3.4. Chemical extraction of strontium, neodymium and lead

All chemical and analytical sample processing including
digestion and ion exchange chromatography was carried
out at the ICBM in Oldenburg using either Fisher Scientific
optima gradeTM reagents and/or acids purified under ISO
class 4–5 clean room conditions using the Savillex� DST-
1000 acid purification system. The external reproducibility
at 95% confidence (2 standard deviations, 2SD) was assessed
with repeated analyses of USGS rock reference materials
AGV-1 and BCR-2 included in each batch of samples. Prior
to digestion, �50 mg of the freeze-dried sediment was first
treated over night with aqua regia at 130 �C to destroy
any remaining organic matter and followed by HNO3-HF-
HClO4-based pressure digestion at 180 �C using a PicoTrace
digestion block for >12 hours. The resulting clear solutions
were dried and fumed off three times with 6 MHCl and con-
verted to bromide form with HBr. For REE analyses, a 10%
aliquot of the total digest was dried and taken up in 0.3 M
HNO3 in preparation for analysis. The remaining solution
was then passed through a two-stage HBr-HNO3-based Pb
extraction using 100 mL AG1-X8 (100–200 mm mesh) resin
(after Lugmair and Galer, 1992). The alkaline earth metals
including Sr were separated from the REE using a HCl-
based procedure with Biorad� AG50W-X8 (200–400 mm
mesh) resin (Strelow, 1960; Struve et al., 2016). Strontium
was isolated from the remaining sample matrix using Tris-
Kem Sr spec� resin (Horwitz et al., 1992) and Nd was sep-
arated from the REE using TrisKem LnSpec� chemistry
(Pin and Zalduegui, 1997).

3.5. Analysis of rare earth element concentrations, strontium,

neodymium and lead isotopes

All mass spectrometric analyses of REE concentrations
and Sr, Nd, and Pb isotopes were carried out at the ICBM
in Oldenburg. The REE concentrations were determined
using a Thermo Finnigan Element IITM ICP-MS in low res-
olution mode using indium as an internal standard. Analyt-
ical precision and accuracy (determined by simultaneous
runs of AGV-1 and BCR-2; n = 5) was better than 8%
and 14% (2SD) for all elements, respectively. Procedural
blanks were �1% of the signal intensity of the samples
and therefore insignificant.

Radiogenic isotope compositions were determined using
a multi-collector ICP-MS (Thermo Scientific Neptune Plus).
For Nd isotope analyses, mass bias was corrected for using
146Nd/144Nd = 0.7219 and an exponential law yielding JNdi
values of 143Nd/144Nd = 0.512082 ± 0.000012 (2SD) (n = 8)
and 143Nd/144Nd = 0.512089 ± 0.000014 (2SD) (n = 11) for
the two analytical sessions, respectively. The mass bias-
corrected 143Nd/144Nd ratios of all samples and secondary
reference materials were corrected for this instrumental off-
set from the JNdi-1 reference ratio of 0.512115 ± 0.000007
(Tanaka et al., 2000). The external reproducibility (2SD)
of normalized Nd isotope ratios of BCR-2 and AGV-1 ref-
erence material was 0.512645 ± 0.000010 (n = 16) and
0.512796 ± 0.000017 (n = 16), respectively. These results
are in excellent agreement with literature values of
0.512637 ± 0.000012 (2SD) (Jweda et al., 2016) for acid-
leached BCR-2 residues and 0.512791 ± 0.000013 (2SD)
for unleached AGV-1 rock powder (Weis et al., 2006).
The sample results are expressed in epsilon notation,
eNd = [(143Nd/144Nd)sample/

143Nd/144Nd)CHUR � 1] * 104

where CHUR is the Chondritic Uniform Reservoir
(Jacobsen and Wasserburg, 1980).

For Sr isotope analyses, internal mass bias was corrected
using 86Sr/88Sr = 0.1194 and an exponential law yielding
87Sr/86Sr = 0.710270 ± 0.000016 (n = 11) and 87Sr/86

Sr = 0.710264 ± 0.000012 (n = 11) for two analytical ses-
sions, respectively. The mass bias-corrected 87Sr/86Sr ratios
of all samples and secondary reference materials were cor-
rected for this instrumental offset from the reported NIST
SRM 87Sr/86Sr of 0.710248 (Thirlwall, 1991). Analyses of
BCR-2 (n = 16) and AGV-1 (n = 16) Sr isotopic composi-
tions yielded 87Sr/86Sr = 0.704997 and 0.703949, while the
external reproducibility (2SD) was ±0.000017 and
±0.000035, respectively. These values are consistent with
the values reported for acid-leached residues of BCR-2
(0.705000 ± 0.000011 2SD, Jweda et al., 2016) and AGV-
1 reference materials (0.703950 ± 0.000012 2SD, Weis
et al., 2006). Krypton ‘gas blanks’ measured on 83Kr used
to correct for 86Kr on 86Sr were below 0.1 mV (while 86Sr
was measured at 2–3 V).

The analyses of the Pb isotopic compositions were per-
formed as standard-sample bracketing using NIST SRM
981 as bracketing standard (Albarède et al., 2004) and cor-
recting for isobaric interference of Hg. The mass bias of
samples and certified reference materials were corrected
for by normalization of the raw SRM 981 values to the
literature values as reported by Galer and Abouchami
(1998). The external reproducibility (2SD) of Pb isotope
ratios for BCR-2 (n = 15) was 206Pb/204Pb = 18.8031
± 0.0015 (18.8029 ± 0.0010 2SD, Jweda et al., 2016),
207Pb/204Pb = 15.6258 ± 0.0015 (15.6239 ± 0.0008 2SD,
Jweda et al., 2016) and 208Pb/204Pb = 38.8346 ± 0.0056
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(38.8287 ± 0.0025 2SD, Jweda et al., 2016). Repeat analyses
of AGV-1 (n = 15) yielded 206Pb/204Pb = 18.9037 ± 0.0013
(18.9054 ± 0.0013 2SD, Weis et al., 2006),
207Pb/204Pb = 15.6154 ± 0.0009 (15.6165 ± 0.0001 2SD,
Weis et al., 2006) and 208Pb/204Pb = 38.5755 ± 0.0056
(38.5875 ± 0.0220 2SD, Weis et al., 2006). The reported lit-
erature values represent the acid-leached residues of BCR-2
and AGV-1 rock reference materials. The full procedural
blanks for Nd, Pb and Sr were below 40 pg, 110 pg and
2.5 ng, respectively. As such, the blank contamination con-
tributed typically less than 1% to the individual sample
yields with considerable effects only for the Pb isotopic
composition of two samples (see Section 4.2.2).

4. RESULTS

4.1. Lithogenic fluxes

The lithogenic fluxes range from 0.24 to 20.47 g m�2

yr�1 (Fig. 2, Tab. 1). The samples located offshore New
Zealand´s South Island show the highest lithogenic fluxes
in the study area (0.72–20.47 g m�2 yr�1) but decrease with
increasing distance to New Zealand (Fig. 2). The lithogenic
Table 1
Lithogenic fluxes from the Pacific sector of the Sothern Ocean in g m�2

ESP: Eastern South Pacific. For information about the sample locations

WSP CSP

Station Lithogenic flux (g m�2 yr�1) Station Lithogenic

70–1 0.38 51–2 0.95
72–3 0.40 53–1 1.22
74–1 0.58 55–1 0.49
76–1 0.91 62–1 0.65
80–2 0.78 63–1 0.59
82–2 0.53 64–2 1.06
84–1 0.43 65–2 1.92
85–2 0.63 68–1 1.82
91–6 0.59 69–2 1.46
92–1 0.62 213–54 0.29
94–3 0.42 213–26 0.29
95–6 1.82 264–1 3.18
97–5 1.08 265–1 2.64
98–6 2.31 266–4 1.57
99–1 0.72 267–4 1.50
100–1 2.74 268–1 2.15
101–2 2.95 269–4 1.39
104–2 8.28 270–1 1.33
105–1 9.48 272–4 1.09
213–78 8.01 274–4 1.08
213–76 7.70 276–1 0.49
213–79 3.41
213–84 11.84
213–87 20.47
fluxes in this area indicate a slight decline south of the
Subtropical Front (STF) with highest values north of the
STF (SO213_87-1, 20.47 g m�2 yr�1) (Fig. 2). Locations
close to the western Antarctic continental margin at
approximately 70�S and 120�W to 90�W represent the area
with the second-highest lithogenic fluxes ranging from 1.97
to 6.85 g m�2 yr�1. East of 145�W, lithogenic fluxes
increase along two south-north transects (�120�W and
�90�W transect) spanning the winter sea ice limit (WSI),
Antarctic Polar Front (APF) and Subantarctic Front
(SAF). Both transects reveal highest values south of the
WSI and a northward decrease in lithogenic fluxes
(Fig. 2). However, the �90�W transect has slightly higher
absolute lithogenic fluxes than the �120�W transect and
shows a prominent decrease at the APF (Fig. 2). In con-
trast, lithogenic fluxes along the �120�W transect are char-
acterized by a gradual decrease from the South to the North
(Fig. 2). In the southeast Pacific north of the SAF, the litho-
genic fluxes increase towards Patagonia (0.96–2.80 g m�2

yr�1). The samples located in the open ocean between 55�
S to 65�S and 180�E to 95�W show the lowest lithogenic
fluxes among all samples (0.38–1.06 g m�2 yr�1) (Fig. 2)
(see Table 1).
yr�1. WSP: Western South Pacific, CSP: Central South Pacific and
and the calculation of the lithogenic fluxes see Table A4.

ESP

flux (g m�2 yr�1) Station Lithogenic flux (g m�2 yr�1)

34–1 2.50
45–1 0.24
46–1 0.34
49–1 0.78
280–1 1.31
290–1 0.45
291–3 1.41
292–1 1.30
2659–2 1.72
2661–4 2.87
2663–4 1.54
2664–4 1.14
2667–3 1.46
2684–1 3.06
2687–5 4.53
2688–4 5.12
2690–1 2.11
2691–1 7.03
2692–1 2.90
2696–4 3.84
2697–1 5.38
2699–5 1.84
2700–5 2.14
2703–2 0.96
2715–3 1.50
2716–2 1.33
213–22 1.28
251–1 1.97
252–1 6.85
253–1 6.17
255–1 3.81
258–1 5.66



Table 2
Rare earth element concentration of surface samples from the Pacific sector of the Southern Ocean. WSP: Western South Pacific, CSP: Central South Pacific and ESP: Eastern South Pacific. The
ratios (subscript ‘N’) and anomalies (asterisk) are normalized to the Upper Continental Crust (UCC) (Taylor and McLennan, 1995) and obtained from the following calculations: Eu/Eu*N = EuN
/ (SmN � GdN)

0.5, LaN/YbN , HREE/LREEN = (TmN + YbN + LuN) / (LaN + PrN + NdN) and MREE/MREE*N = (GdN + TbN + DyN) / [(TmN + YbN + LuN + LaN + PrN + NdN) / 2)].

Station La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LaN/YbN Eu/Eu*N MREE/MREE*N HREE/LREEN

WSP

70–1 0.59 1.76 0.13 0.46 0.11 0.03 0.11 0.02 0.09 0.02 0.06 0.01 0.08 0.01 0.53 1.41 0.99 1.86
76–1 10.49 25.96 2.39 8.93 1.87 0.70 1.69 0.23 1.58 0.31 0.98 0.15 1.04 0.15 0.74 1.85 1.05 1.35
97–5 5.67 17.58 1.37 5.13 1.06 0.31 1.13 0.16 0.98 0.20 0.59 0.09 0.62 0.09 0.67 1.31 1.17 1.46
105–1 25.16 52.23 6.24 24.09 5.05 1.16 4.61 0.70 4.10 0.82 2.33 0.34 2.35 0.34 0.79 1.13 1.19 1.20

CSP

51–2 14.64 42.27 3.23 12.20 2.41 1.41 2.41 0.33 2.18 0.43 1.31 0.20 1.48 0.22 0.82 1.25 1.05 1.40
62–1 1.05 3.30 0.25 0.90 0.20 0.05 0.20 0.03 0.16 0.03 0.10 0.02 0.12 0.02 0.62 1.05 1.04 1.59
64–2 1.74 5.22 0.41 1.44 0.27 0.05 0.28 0.01 0.22 0.02 0.14 0.02 0.17 0.02 0.73 0.90 0.82 1.25
266–4 6.97 19.38 1.65 6.10 1.19 0.24 1.10 0.13 0.93 0.17 0.53 0.08 0.60 0.08 0.85 0.98 1.03 1.13
268–1 5.63 15.03 1.33 4.90 0.99 0.22 0.99 0.13 0.77 0.16 0.47 0.07 0.48 0.07 0.86 1.05 1.13 1.17
272–4 4.21 11.60 1.00 3.65 0.70 0.15 0.67 0.07 0.58 0.09 0.36 0.05 0.37 0.05 0.84 1.05 1.01 1.15
276–1 6.15 16.71 1.41 5.18 1.03 0.26 1.11 0.16 0.93 0.19 0.57 0.08 0.60 0.09 0.75 1.16 1.14 1.33

ESP

34–1 17.85 48.18 4.23 16.27 3.38 0.82 3.16 0.47 2.98 0.60 1.84 0.27 1.94 0.28 0.67 1.18 1.10 1.43
292–1 17.85 48.18 4.23 16.27 3.38 0.82 3.16 0.47 2.98 0.60 1.84 0.27 1.94 0.28 0.67 1.18 1.10 1.43
2687–5 20.17 46.52 4.67 17.71 3.49 0.86 3.46 0.48 2.87 0.57 1.66 0.24 1.64 0.23 0.90 1.16 1.18 1.10
2699–5 13.94 34.40 3.30 12.66 2.56 0.64 2.52 0.38 2.25 0.46 1.37 0.20 1.38 0.20 0.74 1.18 1.16 1.31
252–1 27.11 63.42 6.25 23.78 4.63 1.00 4.08 0.59 3.63 0.71 2.11 0.31 2.11 0.30 0.94 1.09 1.09 1.06
258–1 24.18 57.36 5.69 21.42 4.20 0.96 4.20 0.58 3.38 0.67 1.93 0.28 1.93 0.28 0.92 1.08 1.19 1.07
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4.2. Provenance sensitive proxies

4.2.1. Rare earth elements

The REE concentration results (n = 17) are listed in
Table 2. We normalized all REE concentration data to the
Upper Continental Crust (UCC) (Taylor and McLennan,
1995) and thus present the data as UCC-normalized (sub-
script ‘N’) ratios and anomalies (asterisk) obtained from
the following calculations: Eu/Eu*N = EuN / (SmN �
GdN)

0.5, LaN/YbN, HREE/LREEN = (TmN + YbN + LuN)
/ (LaN + PrN + NdN) and MREE/MREE*N = (GdN +
TbN + DyN) / [(TmN + YbN + LuN + LaN + PrN + NdN)
/ 2)]. Eu/Eu*N values range from 0.90 to 1.85 and LaN/
YbN ratios range from 0.53 to 0.94 (Fig. 3a). The majority
of samples from the central South Pacific show the lowest
Eu/Eu*N ratios (0.90–1.05) and intermediate LaN/YbN
ratios (0.62–0.86). In contrast, the samples from the western
part of the study area reveal the highest Eu/Eu*N ratios
(1.13–1.41) combined with the lowest LaN/YbN ratios
(0.53–0.79) (Fig. 3a, Tab. 2). The samples from the eastern
Fig. 3. a–c: Rare earth element composition of South Pacific dust sampl
Rare earth element data are normalized to Upper Continental Crust (U
Pacific), Central SP (Central South Pacific) and Eastern SP (Eastern So
Fig. 3c. a: Eu-anomaly versus LaN/YbN. b: HREE/LREEN versus MRE
samples used for provenance analysis. White numbers are station numbe
(Orsi et al., 1995). Samples with a black outline were not considered for th
STF: Subtropical Front, SAF: Subantarctic Front, APF: Antarctic Polar
is indicated by white lines. White dashed arrows show the direction of the
samples that do not show a clear dust signal. The map was generated us
part of the South Pacific can be characterized by intermedi-
ate Eu/Eu*N (1.08–1.13) and LaN/YbN ratios (0.69–0.94)
(Fig. 3a, Tab. 2). The HREE/LREEN ratios show values
from 1.06 to 1.86 and MREE/MREE*N ranges from 0.99
to 1.19 (Fig. 3b). The HREE/LREEN ratios and MREE/
MREE*N ratios of samples from the Western, Central and
Eastern South Pacific show no longitudinal and or latitudi-
nal trends in the study area (Fig. 3b) (see Table 2).

4.2.2. Lead isotopes

The Pb isotope results (n = 19) range from 206Pb/204-
Pb = 18.40 to 19.45, 207Pb/204Pb = 15.6297 to 15.68 and
208Pb/204Pb = 38.34 to 39.50 (Fig. 4a and b, Tab. 3). The
majority of our samples show intermediate ratios of 206-
Pb/204Pb (18.75–18.97), 207Pb/204Pb (15.65–15.66) and 208-
Pb/204Pb (38.67–38.93), comprising samples from across
the entire study area. Four samples from the central and
western part of the study area illustrate less radiogenic val-
ues (206Pb/204Pb = 18.40 to 18.65, 207Pb/204Pb = 15.63–
15.64, 208Pb/204Pb = 38.33–38.55) (Fig. 4a and b). The Pb
es and overview map of the samples used for provenance analysis.
CC) (Taylor and McLennan, 1995). Western SP (Western South
uth Pacific). The color code refers to the core locations shown in
E/MREE*N. c: Map of the South Pacific with locations of surface
rs. Colored lines refer to mean positions of major frontal systems
e provenance analysis because they do not show a clear dust signal.
Front. Mean extension of winter and summer sea ice (WSI and SSI)
Southern Westerly Winds. Symbols with black outline represent the
ing the Ocean Data View software (Schlitzer, 2015).



Table 3
Sr, Nd and Pb isotopic compositions of surface samples from the Pacific sector of the Southern Ocean. WSP: Western South Pacific, CSP:
Central South Pacific and ESP: Eastern South Pacific.

Station 87Sr/86Sr 2SD eNd 2SD 206Pb/204Pb 2SD 208Pb/204Pb 2SD 207Pb/204Pb 2SD

WSP

70-1 0.710446 0.000035 �4.3 0.34 18.5307 0.0015 38.4445 0.0056 15.6316 0.0015
76-1 0.709619 0.000035 �4.4 0.34 18.9010 0.0015 38.8663 0.0056 15.6555 0.0015
84-1 0.710855 0.000035 �6.0 0.34 18.4059 0.0015 38.3561 0.0056 15.6310 0.0015
97-5 0.709106 0.000035 �3.8 0.34 18.9053 0.0015 38.9381 0.0056 15.6565 0.0015
105-1 0.709713 0.000035 �4.2 0.34 19.4451 0.0015 39.5014 0.0056 15.6797 0.0015

CSP

51-2 0.710137 0.000035 �4.2 0.34 18.8178 0.0015 38.7798 0.0056 15.6449 0.0015
62-1 0.710498 0.000035 �4.8 0.34 18.3986 0.0015 38.3358 0.0056 15.6272 0.0015
64-2 0.711733 0.000035 �4.8 0.34 18.6523 0.0015 38.5508 0.0056 15.6391 0.0015
266-4 0.709895 0.000035 �4.5 0.34 18.8825 0.0015 38.7908 0.0056 15.6498 0.0015
268-1 0.709756 0.000035 �4.6 0.34 18.8617 0.0015 38.7678 0.0056 15.6464 0.0015
272-4 0.710190 0.000035 �4.7 0.34 18.7440 0.0015 38.6691 0.0056 15.6429 0.0015
276-1 0.709731 0.000035 �4.4 0.34 18.9698 0.0015 38.9291 0.0056 15.6565 0.0015

ESP

34-1 0.708625 0.000035 �4.2 0.34 18.8721 0.0015 38.8272 0.0056 15.6415 0.0015
292-1 0.708761 0.000035 �3.0 0.34 18.8700 0.0015 38.7850 0.0056 15.6461 0.0015
2687-5 0.708950 0.000035 �4.4 0.34 18.8866 0.0015 38.7886 0.0056 15.6489 0.0015
2699-5 0.708588 0.000035 �3.2 0.34 18.8455 0.0015 38.7309 0.0056 15.6468 0.0015
252-1 0.709593 0.000035 �5.0 0.34 18.8679 0.0015 38.7696 0.0056 15.6486 0.0015
258-1 0.709091 0.000035 �4.2 0.34 18.8883 0.0015 38.7674 0.0056 15.6498 0.0015
027-1 0.709442 0.000027 �4.8 0.26 18.9416 0.0015 38.9284 0.0056 15.6461 0.0015
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blanks of the samples PS75/70-1 and 84-1 exceed the critical
value of 1% (70–1 = 4%, 84–1 = 2.7%) which could have
caused a deviation from their real Pb isotope ratios. There-
fore, we applied a blank correction assuming the worst case
contamination scenario using the lowest sample Pb content
(3 ng), the respective batch Pb blank (110 pg) and the mea-
sured laboratory Pb isotope signature. These calculations
reveal that blank contamination had a relevant effect on
only two samples (PS75/70-1 and 84-1). We added the
blank-corrected values for these samples to our supplemen-
tary data file (Tab. A 1). Sample PS75/105-1 located off
New Zealand shows unusual Pb isotopic compositions (208-
Pb/204Pb = 39.50 and 206Pb/204Pb = 19.45), inconsistent
with the REE and Sr-Nd isotope data from the same sam-
ple and potential local background and with cross contam-
ination. However, we cannot reconcile this offset with the
available data, and therefore exclude the Pb results of
PS75/105-1 from the discussion.

4.2.3. Strontium and neodymium isotopes

The Sr isotope results (n = 19, Tab. 3) range from
87Sr/86Sr = 0.7086 to 0.7117 and eNd (n = 19) reveals val-
ues from �3.0 to �6.0 (Fig. 4 c). In Nd-Sr space, surface
samples from the Western and Central South Pacific range
from 87Sr/86Sr = 0.7091 to 0.7109 and eNd = �3.8 to �4.4
and 87Sr/86Sr = 0.7098 to 0.7117 and eNd = �4.2 to �4.8,
respectively (Fig. 4 c). In contrast, the samples from the
eastern South Pacific reveal the least radiogenic 87Sr/86Sr
ratios from 0.7086 to 0.7091 combined with the most radio-
genic eNd values of �3.0 to �4.2 (Fig. 4 c).
5. DISCUSSION

5.1. Lithogenic fluxes

Only a few studies (e.g. Chase et al., 2003; Bradtmiller
et al., 2009) have published lithogenic flux data for the Paci-
fic sector of the Southern Ocean. Consequently, most dust
deposition estimates for this area are based on climate/dust
models (e.g. Mahowald et al., 2006; Maher et al., 2010;
Albani et al., 2012; Albani et al., 2014). While our modern
lithogenic fluxes are consistent with the data provided by
Chase et al. (2003) and Bradtmiller et al. (2009) the modern
modeled deposition in the Southern Ocean underestimates
the sediment-derived lithogenic fluxes by up to a factor of
�10 (e.g. Albani et al., 2014) (Fig. 2).

The highest lithogenic fluxes offshore New Zealand´s
South Island might reflect a combination of Australian/
New Zealand sourced dust input admixed with riverine
input from New Zealand sources (Fig. 2). Terrigenous trac-
ers including plant wax n-alkanes and soil derived branched
glycerol dialkyl glycerol tetraethers (Jaeschke et al., 2017)
provide independent evidence for increased terrigenous
input at our sample locations (Fig. A 1). South of New
Zealand (50�S and 164�E) lithogenic fluxes increase to
8.30 g m�2 yr�1 (Fig. 2) (Bradtmiller et al., 2009). Because
New Zealand sourced input can be excluded at this location
the lithogenic fluxes are probably related to Australian
dust. In the open ocean (55�S to 65�S and 180�E to 95�
W), we observe the lowest lithogenic fluxes (0.38–
1.06 g m�2 yr�1) (Fig. 2), which are consistent with the low-
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est fluxes of leaf wax n-alkanes (Jaeschke et al., 2017)
(Fig. A 1). Leaf wax n-alkanes are major components of
higher land plants, preserved in soil they can be transported
to the marine realm by erosion, wind, riverine input and
smoke aerosols (Eglinton and Hamilton, 1967; Eglinton
and Eglinton, 2008). Subsequently, the occurrence of leaf
wax n-alkanes in marine sediments is indicative for litho-
genic input from land masses with higher land plants. The
absence of higher land plants on Antarctica therefore rules
out an Antarctic contribution to the n-alkanes in our sam-
ples. Moreover, based on the large distance of the open
ocean samples from potential source areas (PSAs), we
exclude the input of fluvial derived sediment advected to
our open ocean sample locations. In addition, through nor-
malizing 232Th (common Th) concentrations to the flux of
230Thxs, we calculated lithogenic fluxes which are unaffected
by lateral sediment redistribution at the seafloor. The cor-
rection for lateral sediment redistribution relies on the
assumption that the lateral distributed and the vertically
deposited sediment have identical Th concentrations, so
that the flux calculation is not biased through lateral input
(Geibert et al., 2005). In the remote open ocean, the 232Th
isotope can be used as a dust proxy because particles
derived from continents are the only known source of
232Th to the ocean (Brewer et al., 1980). Hence, we suggest
that the open ocean lithogenic fluxes are solely derived from
atmospheric dust input. Lithogenic fluxes north of the SAF
(51�S to 57�S and 95�W to 80�W) range from 0.96 to
2.80 g m�2 yr�1 with increasing lithogenic fluxes towards
Patagonia, likely indicating a slightly elevated eolian depo-
sition signal (Fig. 2). Tournadre et al. (2012) suggest that
some icebergs travel further north than the iceberg maxi-
mum concentration at approximately 150�W (Fig. 2), where
the ACC transports these icebergs eastward (Tournadre
et al., 2012). Therefore, we assume that the high lithogenic
fluxes along the �120�W transect south of the APF repre-
sent the influence of ice-rafted sediment resulting in
increased lithogenic fluxes. This is supported by the occur-
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rence of gravel particles in surface sediments in a nearby
north to south transect located in the central Amundsen
Sea (Hillenbrand, 2000). North of the APF, the lithogenic
fluxes decrease markedly, suggesting dust as the main litho-
genic source (Fig. 2). The high lithogenic fluxes south of the
WSI in the �90�W transect cannot be solely explained by
ice-rafted sediment input, because of an eastward decrease
in iceberg probability (Fig. 2) (Tournadre et al., 2012). In
addition, the southernmost location of these samples rules
out dust input from Australian/New Zealand PSAs. Rather
we argue that this increase reflects the presence of Antarctic
Peninsula-derived turbidity currents (Rebesco et al., 1996;
Hillenbrand, 2000; Esper et al., 2010) resulting in elevated
lithogenic fluxes (Fig. 2). The occurrence of turbidity cur-
rents in this area was shown by the presence of mound-
shaped sedimentary bodies between 63�S and 69�S, which
consist of fine-grained sediment material derived from tur-
bidity currents (Rebesco et al., 1996). In addition, Esper
et al. (2010) studied the diatom distribution and preserva-
tion in southeastern Pacific surface sediments using the
same sample transects (90�W and 120�W). The best diatom
preservation rates were found in the 120�W transect,
whereas the samples in the 90�W transect show only mid-
ranging diatom concentrations and moderate diatom
preservation rates. The differences in diatom occurrence
and preservation rates in the two transects were explained
by increased sediment input through turbidity currents
from the Antarctic Peninsula affecting the preservation of
biogenic opal after the deposition (Esper et al., 2010).

5.2. Extraction of the dust signal from marine sediments

This is the first targeted investigation of dust provenance
using surface sediments from the Pacific sector of the
Southern Ocean. To identify the most reliable and robust
procedure for the extraction of the original dust signal from
our marine sediment samples, we tested different leaching
protocols and analyzed subsamples of leached sediment
residues for their REE content, Nd, Sr and Pb isotopic
composition (Section 3.3). We considered this approach
to be necessary because the preparation of our samples
required different sedimentological methods (e.g. wet siev-
ing and grain size separation) to receive the dust fraction
(Section 3.3). The different methods applied to the samples
may have had the potential to contaminate the samples
with metal-bearing phases introduced during the sample
preparation and grain size separation.

The REE data show no significant differences between
the different leaching approaches, whereas small differences
are evident for Nd and Sr isotopes (Tab. A2). Yet, the most
sensitive tracer among the geochemical tools used in this
study are Pb isotopes which indeed resolve significant differ-
ences between the leaching approaches. Repeated HH-
AcOH leaching removed a fraction which carried an unra-
diogenic Pb isotope signature (Fig. 5, Tab. A2). Typical
sources of an unradiogenic Pb isotopic composition in the
detrital residue of acid-leached marine sediments can com-
prise incomplete removal of authigenic seawater-derived
precipitates (Frank, 2002) and/or contamination from local
(anthropogenic) background particles (Bollhöfer and
Rosman, 2001) e.g. introduced during sample preparation.
The exposure to the HCl-based leaching protocol removed
additional fractions of unradiogenic Pb isotopic composi-
tion from the sample matrix (Fig. 5) suggesting that the
HCl-based leaching was more efficient in removing the con-
taminant phases from our sediment samples.

It is noted that clay minerals may be subject to partial
dissolution when exposed to strong acids. However,
Carroll and Starky (1971) showed that many abundant clay
minerals remain largely intact after exposure to 6.45 M HCl
over 10 days. Hence, we are confident that the benefits of
complete removal of authigenic and/or contaminant phases
by our HCl-based leaching protocol outweigh potential
partial dissolution of clay minerals. In addition, the use
of our HCl-based leaching protocol allows better compar-
ison with recent results from important terrestrial dust
source areas which applied HCl-based leaching protocols
to extract original silicate fine fraction signals from sedi-
ments (Gili et al., 2017). A further benefit is the rigorous
external quality control provided by processing our rock
reference materials and samples with the same leaching
protocol.

5.2.1. Geochemical fingerprinting of South Pacific dust

We compare our dust fraction (<10 mm) to PSA data
from southern South America, New Zealand and Australia.
For the interpretation of PSAs to the South Pacific we
exclusively use the open ocean samples with the lowest
lithogenic fluxes (see Section 5.1). It should be noted that
the southern South American PSA data have been mea-
sured on the <5 mm fraction (Delmonte et al., 2004;
Sugden et al., 2009; Gili et al., 2016; Gili et al., 2017).
The REE data from Australia include the coarse fraction
(<90 mm), whereas REE data from New Zealand have been
measured on material from dust traps, glacier and loess
deposits (Marx et al., 2005; McGowan et al., 2005; Marx
and Kamber, 2010; this work). The Australian and New
Zealand Sr, Nd and Pb PSA data were obtained from the
fine fraction (<2 mm and <5 mm) (Delmonte et al., 2004;
Gingele and De Deckker, 2005; Revel-Rolland et al.,
2006; De Deckker et al., 2010; Vallelonga et al., 2010).
While it has been shown that Nd and Pb isotopes show only
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little grain size dependency (Goldstein et al., 1984; Meyer
et al., 2011; Gili et al., 2016; Gili et al., 2017), Sr isotopes
tend towards substantially higher isotopic ratios in the fine
fraction (Dasch, 1969; Blum et al., 1993; Blum and Erel,
1997). Our parallel analysis of the <5 mm and <10 mm frac-
tion, however, shows no or only a very small grain size
dependency for Nd isotopes (Fig. 6a, Tab. A 3) and a very
small grain size dependency for Sr isotopes (Fig. 6 b, Tab.
A 3). We did not evaluate potential grain size effects on
REE. However, studies show contradicting results ranging
from no significant grain size dependency to large varia-
tions within different grain size fractions (Honda et al.,
2004; Kanayama et al., 2005; Feng et al., 2011; Gili et al.,
2017).

5.2.2. Is there a southern South American component in the

South Pacific dust?

Many studies strongly emphasize the role of dust
derived from southern South America in locations as
remote as Antarctica, especially during past glacial periods,
thereby indicating its long-range transport potential (e.g.
Delmonte et al., 2004; Vallelonga et al., 2010; Gili et al.,
2016; Delmonte et al., 2017; Gili et al., 2017). Source areas
located on the western side of the Andes in northern South
America primarily supply dust to the eastern Equatorial
Pacific and show different isotopic compositions in Pb iso-
tope space compared to our South Pacific dust samples
(Pichat et al., 2014) (Fig. 8a and b). Hence, westward dust
transport from southern South American dust sources to
our study area can be excluded. Given the direction of
the SWW, eastward circumpolar dust transport appears
to be the only mechanism to supply dust from southern
South American sources to the Pacific sector of the South-
ern Ocean. However, modern air mass (Neff and Bertler,
2015) and dust (Tanaka and Chiba, 2006; Li et al., 2008)
modeling studies in the Southern Hemisphere clearly show
that wind trajectories and dust plumes originating on the
eastern side of the Andes and Patagonia are predominantly
transported eastward to the Atlantic sector of the Southern
Ocean and do not reach our study area. Besides the physical
constraints of dust input to the Pacific sector of the South-
ern Ocean, we emphasize that the REE data also do not
support input from northern South American and Patago-
Fig. 6. a and b: a: Grain size comparison for eNd. b: Grain size compariso
used for the comparison. The samples can be tracked in Fig. 1.
nian sources. Given the geographical distance from these
sources to the Pacific sector of the Southern Ocean and that
the PSAs were exclusively located at eastern side of the
Andes or in eastern Patagonia, we suggest that a potential
influence of these sources would be highest in the western
part of our study area. However, especially our samples
from the western South Pacific do not correspond with
the South American source areas (Fig. 7a and b). In addi-
tion, our isotopic data are clearly confined in Nd-Sr and
in Pb space (Fig. 8a–d). We argue that zonally varying con-
tributions of South American dust to the Pacific sector of
the Southern Ocean would result in a less confined isotopic
pattern.

5.2.3. New Zealand and Australian potential dust source

areas

The calculated South Pacific Eu/Eu*N versus LaN/YbN
and HREE/LREEN versus MREE/MREE*N enable us to
effectively rule out New Zealand as a PSA to the South
Pacific because of considerably different REE anomalies
and ratios compared to our samples (Fig. 7a and b). There-
fore, the distinct disagreement between our South Pacific
dust samples and New Zealand dust sources in REE space
clearly illustrates that New Zealand is not a significant
source of dust to the South Pacific during the Holocene
(Fig. 7a and b).

Australian PSAs include data from the Lake Eyre Basin
and the Murray-Darling Basin as the most active dust
sources in Australia today (Fig. 8e). Our South Pacific
Eu/Eu*N versus LaN/YbN and HREE/LREEN versus
MREE/MREE*N ratios are broadly encircled by REE
ratios representative of the Darling area and the Murray
area (Fig. 7a and b). The REE ratios from the Lake Eyre
Basin also correspond with our South Pacific dust samples
(Fig. 7a and b). However, based on the REE anomalies and
ratios it appears to be difficult to identify potential Aus-
tralian source areas to the South Pacific.

In Pb space, our South Pacific 206Pb/204Pb and 208-
Pb/204Pb ratios clearly correspond with 206Pb/204Pb and 208-
Pb/204Pb ratios from the Lake Eyre Basin (Fig. 9a). In
contrast, 206Pb/204Pb and 208Pb/204Pb ratios from the
Murray-Darling Basin are mainly less radiogenic. Only
the most radiogenic samples from this area match the data
n for 87Sr/86Sr. The y-axis shows the five selected samples that were
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of our samples from the South Pacific (Fig. 9a). The 207-
Pb/204Pb and 206Pb/204Pb data from the Murray-Darling
Basin are clearly less radiogenic and overlap only with four
samples from the South Pacific (Fig. 9b). The 207Pb/204Pb
and 206Pb/204Pb ratios from the Lake Eyre Basin reveal a
slight offset compared to our samples (Fig. 9b). However,
it was shown that potential anthropogenic Pb contamina-
tion may affect the Australian PSA Pb isotopic composition
and thus, may limit the use of Pb isotopes in provenance
studies (e.g. Kamber et al., 2010). Therefore, it was recom-
mended that the identification of PSAs should not rely on
Pb isotopes alone (e.g. Kamber et al., 2010).

In Nd-Sr space, our South Pacific dust samples clearly
correspond with samples from the Lake Eyre Basin
(Fig. 9c). The majority of the Darling area samples are
more radiogenic in eNd, whereas the 87Sr/86Sr ratios are
similar to those of our South Pacific dust samples
(Fig. 9c). The Nd and Sr isotope data from the Murray area
show different Sr-Nd isotopic compositions compared to
our South Pacific dust samples (Fig. 9c). In Nd-Pb space,
the samples from the Lake Eyre Basin and the Darling area
partly correspond with our samples from the South Pacific.
In contrast, the Murray area shows a different orientation
in Nd-Pb space (Fig. 9d). Calculated mixing trends between
the potential Australian source areas in Nd-Sr and Nd-Pb
isotope space reveal that mixing between the Darling and
Murray areas can be ruled out for all but two samples
(Fig. 9d). In contrast, a mixture of the Lake Eyre Basin
and the Darling area is the most likely source of dust to
the South Pacific during the Holocene (Fig. 9c and d). If
at all, Murray sources contribute only small amounts to
the South Pacific dust fraction (Fig. 9c and d).

Consequently, based on the consistency between the
Lake Eyre Basin PSA data and our South Pacific dust sam-
ples, we suggest that the Lake Eyre Basin is the dominant
source of dust to the South Pacific in the Holocene. How-
ever, we emphasize that the Darling area also provides a
minor source of dust. Our provenance results are consistent
with model-based investigations of modern dust distribu-
tion in the Southern Hemisphere, which suggest that dust
from the Australian continent has the potential to dominate
dust accumulation across the whole Pacific sector of the
Southern Ocean (Li et al., 2008). Satellite observations
identified the Lake Eyre Basin to be the most active source
of dust in Australia (Prospero et al. 2002; Ginoux et al.,
2012) and modeled modern dust transport pathways origi-
nating in the Lake Eyre Basin show that dust transported
via the southeast dust transport corridor and the prevailing
SWW can supply dust to large parts of the South Pacific,
even as far as southern South America (McGowan and
Clark, 2008). Based on two samples (PS75/034-1 and
PS97/027-1) close to Patagonia and their isotopic composi-
tion identical to the remaining samples, we are able to sup-
port the long-range transport potential of Lake Eyre Basin
derived dust (Figs. 3c, 4a–d).

5.2.4. The role of airborne mineral dust for the supply of iron

to the South Pacific

Based on our lithogenic flux data set, we are able to dis-
tinguish between different sediment transport mechanisms
to the Southern Ocean. However, we emphasize that the
open ocean samples show dust-derived lithogenic fluxes
(see Section 5.1). In this context, the process of natural iron
fertilization needs to be considered, which is an effective
way drawing down atmospheric CO2 by stimulating the
biological productivity through the input of iron (Fe) to
the ocean (Martin, 1990). Based on distinct similarities of
Antarctic CO2, temperature and dust records (Jouzel
et al., 2007; Lambert et al., 2008; Lüthi et al., 2008;
Lambert et al., 2012) with Fe records from the Pacific
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and Atlantic sectors of the Southern Ocean (Martı́nez-
Garcia et al., 2009; Lamy et al., 2014), it was suggested that
iron fertilization in the Southern Ocean was an important
driver of the glacial - interglacial change in atmospheric
CO2 (80–100 ppmv in total) and likely responsible for an
atmospheric CO2 reduction of �40 ppmv during late glacial
periods (Kohfeld et al., 2005; Martı́nez-Garcia et al., 2009;
Martı́nez-Garcia et al., 2011). The addition Fe to the
Southern Ocean derives from different sources (e.g. dust,
icebergs and upwelling). Raiswell et al. (2016) showed that
the modern input of bioavailable Fe to the Southern Ocean
derived from dust (<1.7 Gt a-1) is considerably lower com-
pared to iceberg derived input (180 to 1400 Gt a-1). The fer-
tilization potential of dust depends on the bioavailability of
Fe, which results from the chemical form of Fe (Shoenfelt
et al., 2017; Shoenfelt et al., 2018). Iron(II), which is mainly
produced by glacial physical weathering processes, is more
important for the iron fertilization compared to total Fe
(Shoenfelt et al., 2017; Shoenfelt et al., 2018). A recent com-
parison of Fe(II) in the Atlantic and Pacific (the used sedi-
ment core from the South Pacific is well located in our
identified dust area) sectors of the Southern Ocean shows
that the Fe(II) content is distinctly enriched in the Atlantic
sector during glacial periods (Shoenfelt et al., 2018). This
pattern indicates that Australian dust is likely less bioavail-
able compared Patagonian dust. Subsequently, Australian
dust may have contributed less to the glacial-interglacial
CO2 variability.
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6. CONCLUSION

We present a comprehensive data set of surface sediment
samples, representing terrigenous sedimentation through
the Holocene in the Pacific sector of the Southern Ocean.
To identify PSAs that deliver dust to the South Pacific,
we combine lithogenic fluxes with provenance sensitive
proxies (REE concentrations, Sr, Nd and Pb isotopes).
Lithogenic fluxes provide a general overview of the distri-
bution and different transport mechanisms of terrigenous
material into our study area. We observe the highest litho-
genic fluxes off New Zealand, which likely indicate a com-
bination of accumulated dust from Australia admixed
with riverine input from New Zealand. The sites in the
remote open ocean reflect a clear dust signal. Despite geo-
chemical similarities between South Pacific dust and north-
ern South American and Patagonian sources, modern air
mass modeling studies in the Southern Hemisphere show
that wind trajectories originating in southern South Amer-
ica do not reach our study area. We conclude that the Lake
Eyre Basin in central Australia is the most important PSA
for atmospheric dust distributed over the South Pacific in
the Holocene. However, we acknowledge the possibility of
admixture from the Darling area. We emphasize the need
for better characterization of PSAs, including the west coast
of South America, New Zealand´s South Island and
Antarctica. Furthermore, provenance analysis in the Atlan-
tic sector of the Southern Ocean is required to better eval-
uate the contributions from southern South America. These
studies will provide the stepping-stones for understanding
past variations in atmospheric dust and its link to climate
variability.
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