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a b s t r a c t

The chemical and isotopic compositions of sediments and dust can be used to trace their provenance,
providing insights into many Earth surface processes. During past glacial climates, much of the New
Zealand (NZ) South Island was blanketed by erosive glacier systems that produced large volumes of
sediment. We estimate the expansion of glacial outwash plains based on a sea level lowering of 130 m at
the Last Glacial Maximum (LGM), and find that the Canterbury Plains in the central South Island likely
expanded by 30,000 km2, a nearly five-fold increase, while the Southland/southern Otago region may
have extended southward to cover an additional ~45,000 km2, an eight-fold increase of the coastal plain
area. Considering NZ’s extreme uplift and erosion rates (~10 m kyr�1), the South Island, though limited in
extent compared to larger Southern Hemisphere landmasses, may serve as an important dust source to
the high-latitude atmosphere and ocean.

To facilitate accurate tracing of the extent of aeolian and oceanic transport of NZ dust, this study
presents major/trace element and Sr-Nd-Pb isotope ratios on sediments from the major present-day dust
and sediment producing regions of the South Island. The sediment compositions strongly reflect the
regional geology. For example, compared to the central South Island, Nd isotope ratios in the southern
South Island are more variable and show younger crustal residence ages. The combined Sr-Nd-Pb iso-
topic ratios show that the central NZ South Island can be distinguished geochemically from many other
Southern Hemisphere dust sources. Although isotopic similarities between the central NZ South Island
and more northerly regions of South America, including Central Western Argentina and the Puna-
Altiplano Plateau, and Kati Thanda-Lake Eyre in Australia (based on new data in this study) hinder
downstream source attribution, a key finding is that these isotopes successfully discriminate NZ from
other locations in Australia, such as the Murray-Darling Basin, Northern Territory, and Western Australia,
as well as southern Africa and regions of South America south of ~37�S (Patagonia and Tierra del Fuego).
A comparison of the NZ data with East Antarctic ice core dust samples indicates that NZ was not a
significant dust supplier to East Antarctica; rather, the East Antarctic dust compositions can be explained
by dust supplied by Patagonia, Tierra del Fuego, and Central Western Argentina in South America, and
West Antarctic Rift System volcanism. In contrast, the compositions of marine sediments in the Pacific
sector of the Southern Ocean are compatible with mixing of South and North Island NZ dust sources,
consistent with NZ’s role as an active dust supplier to the Southern Ocean. New data from Kati Thanda-
Lake Eyre in Australia show that it may also be a contributor, if dust from this region is able to reach the
Pacific sector independent of other Australian sources.

© 2020 Elsevier Ltd. All rights reserved.
Colby College, USA.
fman).
1. Introduction

Determination of detrital sediment provenance is an important
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tool for understanding Earth surface processes and changes in the
climate system. Examples include the origins and causes of Hein-
rich events (e.g., Andrews and Tedesco, 1992; Hemming et al., 1998;
2000; Hemming, 2004); the influence of Saharan dust on soil for-
mation in the Caribbean (e.g. Muhs et al., 1990); and past atmo-
spheric circulation and climate around Antarctica (e.g. Grousset
et al., 1992; Basile et al., 1997; Delmonte et al., 2004; Fischer
et al., 2007). Beyond the ability to track transport patterns,
knowledge of dust provenance can elucidate the influence of at-
mospheric deposition on marine ecosystems and, in turn, global
biogeochemical cycles (e.g., Jickells et al., 2005; Moore et al., 2009).
The source of atmospheric dust is closely linked to its potential
influence on primary producers, whether through iron fertilization
(Schroth et al., 2009; Winton et al., 2016; Shoenfelt et al., 2017,
2018) or toxic effects from metal deposition (Paytan et al., 2009).

Recent work has shown that mechanically-weathered, glacio-
genic sediments contain a greater proportion of bioavailable Fe(II)
than arid-region sediments (Schroth et al., 2009; Shoenfelt et al.,
2017, 2019). Further, the flux of Fe(II) to the Southern Ocean
increased by a factor of ~15e20 during glacial periods, implicating
enhanced glacial weathering and suggesting a role for glacier-
derived Fe fertilization in the observed declines in atmospheric
CO2 (Shoenfelt et al., 2018). New Zealand’s South Island was
covered by an erosive temperate ice cap during the Last Glacial
Maximum (LGM, ~26,000e18,000 years ago), with estimated area
of 40,000 km2 (Porter, 1975; Barrell, 2011; Golledge et al., 2012).
High rates of glacial erosion, coupled with some of the highest
tectonic uplift rates in the world (up to 10 m kyr�1; Tippett and
Kamp, 1993; Hovius et al., 1997; Norris and Cooper, 2000), sug-
gest that the NZ South Island may serve as an important source of
glaciogenic Fe(II)-rich dust to the Southern Ocean.

Geochemical andmineralogical characterization of sediments in
regions up-wind or up-current from deposition sites is a critical
step in the process of source attribution (McLennan et al., 1993).
These potential source areas (PSAs) serve as end-members against
which to compare samples of unknown provenance. Approaches
include clay mineralogy (e.g., Biscaye, 1965), Ar/Ar and K/Ar
geochronology (e.g., Hemming et al., 1998, 2000, 2002), Sr, Nd, and
Pb isotopes (e.g., Grousset et al., 1992, 1998; Nakai et al., 1993;
Farmer et al., 2003; Grousset and Biscaye, 2005), rare earth ele-
ments (REEs; e.g., Wegner et al., 2012), and trace elements (e.g.,
Muhs et al., 1990; Marx et al., 2005b). The most prominent PSAs in
the Southern Hemisphere are southern South America, southern
Africa, Australia, New Zealand (NZ), and ice-free regions of
Antarctica (Fig. 1A). While geochemical characterization of South
American and Australian PSAs has been a major focus of previous
studies (e.g., Delmonte et al., 2004; Gaiero et al., 2004, 2007;
Gingele and De Deckker, 2005; Gaiero, 2007; Gili et al., 2016, 2017),
NZ has been less well studied. Previous isotopic characterization of
NZ South Island sediments includes 10 fine-grained (<5 mm
diameter, most relevant for Antarctic ice-core dust studies) samples
analyzed for Sr and Nd isotopes (Delmonte et al., 2004), 3 of the
same samples analyzed for Pb isotopes (Vallelonga et al., 2010), and
an additional 32 samples analyzed only for Nd isotopes (grain sizes
not stated; Frost and Coombs, 1989). The geomorphic context and
depositional age of many of these samples are uncertain.

This study aims to fill the information gap of NZ PSAs and pro-
vide a comprehensive geochemical characterization of NZ South
Island fine-grained sediments representing potential dust sources.
In light of the role that glaciers play as dust generators through
intense physical weathering (e.g., Sugden et al., 2009; Prospero
et al., 2012, Shoenfelt et al., 2018, 2019) and given recent work
highlighting the importance of atmospheric transport from NZ’s
South Island to Antarctica (Neff and Bertler, 2015), we seek to assess
the spatial variability of the South Island dust source and compare
2

NZ sediment compositions to those of other Southern Hemisphere
PSAs. To this end, we present major/trace element concentrations,
including REE, and Sr-Nd-Pb isotopic ratios on more than 20 NZ
sediment samples, significantly expanding existing PSA datasets.
Because far-traveled dust tends to be fine-grained (e.g., 2 mm
volumetric mode diameter; Steffensen, 1997), and because of po-
tential differences in the chemical and isotopic compositions of
different particle sizes, the data are measured on the <5 mm frac-
tion. For example, in the case of Sr and Pb, the isotopic composition
varies based on grain size, whereas Nd isotopes are generally
indistinguishable across grain sizes (Dasch, 1969; Biscaye and
Dasch, 1971; Goldstein et al., 1984; Biscaye et al., 1997;
Eisenhauer et al., 1999; Smith et al., 2003; Chen et al., 2007; Gaiero,
2007; Feng et al., 2009; Meyer et al., 2011; Bayon et al., 2015),
highlighting the need to compare similar grain sizes between
source and sink.

This study also presents Sr-Nd-Pb isotope data on the <5 mm
fraction of 14 samples from the Kati Thanda-Lake Eyre Basin (LEB)
and other sites in southern Australia, previously analyzed for Pb
isotopes on the bulk fraction (Vallelonga et al., 2010). We compare
these data to Southern Hemisphere mid-latitude PSAs, and assess
the NZ South Island as a potential source of dust to Antarctica and
the Pacific sector of the Southern Ocean.

2. Background

2.1. Geologic setting of South Island, NZ: bedrock, erosion,
glaciation

The NZ South Island is composed primarily of sedimentary and
low-grade metamorphic rocks of Triassic to Jurassic depositional
age. Argillites and graywackes of the Torlesse terrane predominate
on the eastern side of the Alpine Fault (Figs. 1B, S1), grading to
schist to the west and south (Mortimer and Roser, 1992; Roser and
Korsch, 1999; Cox and Barrell, 2007). Neodymium crustal residence
ages of these rocks typically range from 1.0 to 1.4 Ga (Frost and
Coombs, 1989). Younger (Eocene to Miocene) volcanic rocks also
occur on the South Island, with exposures limited to the Banks and
Otago Peninsulas on the east coast, and additional smaller outcrops
in southern Otago and Southland, within the Caples, Aspiring,
Brooks Street, Murihiku, and Maitai terranes (Fig. S1; Frost and
Coombs, 1989; GNS, 2004).

New Zealand’s South Island (Fig. 1B and C) has among the
highest tectonic uplift, exhumation, and erosion rates on Earth (up
to 10 m kyr�1; Tippett and Kamp, 1993; Hovius et al., 1997; Norris
and Cooper, 2000). Within the past glacial cycle alone, an estimated
800 m of exhumation from the central Southern Alps has occurred
(Herman et al., 2010), making this region a prolific source of sedi-
ment. During the last glacial period (~110,000 to ~15,000 years
ago), erosion and sediment transport were primarily glacial in
origin, an erosive force capable of outpacing tectonic uplift even in a
tectonically active region (Gulick et al., 2015). South Island alpine
glaciers expanded significantly and merged to form an ice cap with
estimated area of 40,000 km2 (Porter, 1975; Barrell, 2011; Golledge
et al., 2012). For example, the largest single glacial system, the
Rakaia, extended more than 60 km down-valley from its prein-
dustrial position (Putnam et al., 2013). On the eastern side of the
Alpine Fault, glacially fed streams drained onto the Canterbury
Plains, a large outwash plain (Suggate, 1963). Similarly, rivers
draining to the south provided sediment to outwash plains and
more distal land areas above sea level in what are now the districts
of Southland and Otago. Although these regions are less extensive
at present, during the Last Glacial Maximum (LGM, ~26,000 to
~18,000 years ago) a sea level lowering of ~130m (Osterberg, 2006)
would have exposed significant portions of continental shelf to the



Fig. 1. A) Map showing Southern Hemisphere dust potential source areas and locations of ice and marine sediment cores discussed in paper. Yellow-orange colors show the 8 ms�1

and 10 ms�1 westerly wind contours at 850 hPa (from ECMWF ERA5 reanalysis), and white arrows indicate general wind directions. Imagery reproduced from the GEBCO Grid,
version 1.3.0, www.gebco.net. B) Map of the NZ South Island showing sampling locations and types, and locations mentioned in the text (CP: Canterbury Plain; MB: Mackenzie
Basin; B: Buccleuch loess; GB: Galloway Bridge loess; SC: Stewart’s Claim loess). Digital elevation data courtesy of the Shuttle Radar Topography Mission (Jarvis et al., 2008). B)
Inferred expansion of outwash plains and associated glaciofluvial systems based on a sea level lowering of 130 m (Osterberg, 2006; Barrell, 2011). Green shading represents land
currently above sea level: yellow and red hatching indicates additional land above sea level during the LGM; these areas include mapped and inferred outwash plains, associated
glaciofluvial systems, and other terrestrial landscapes above sea level that would have been exposed to the atmosphere during glacials. Red lines indicate district boundaries, as
labeled on the map. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Zonally averaged zonal (west-to-east) 700 mb wind speed for the Australia-
New Zealand sector of the southern Indian and Pacific Oceans (i.e., 100� E to 180� E)
from NOAA NCEP reanalysis, 1979e2015 (Kalnay et al., 1996). Summer (DJF) winds have
a clearly defined peak at 50� S, while winter winds (JJA) are more evenly distributed by
latitude. Approximate latitude ranges of major Australian and NZ South Island dust
source regions are indicated by colored bars on the right. The hatched region shows
the southward extension of the NZ South Island land mass during the LGM, a time
when the westerlies are inferred to have shifted several degrees northward, although
studies do not agree on the direction or magnitude of change (Denton et al., 2010;
Kohfeld et al., 2013).

B.G. Koffman, S.L. Goldstein, G. Winckler et al. Quaternary Science Reviews 251 (2021) 106659
east and south of the South Island, significantly expanding both
outwash plains and landmasses in general (Fig.1C). By comparison,
to the west of the Southern Alps, glaciers terminated close to the
continental shelf edge, and thus did not create areally extensive
outwash plains (Barrell, 2011).

The east-west difference in glacier activity is reflected by
authigenic Nd isotopic evidence from marine sediment cores
indicating that the drier eastern side of the Southern Alps experi-
enced enhanced glacial erosion compared to the wetter western
side (Cogez et al., 2015). During the LGM, detrital Nd fluxes to the
east were 2e8 times higher than during interglacials, while glacial/
interglacial differences were negligible to the west of the South
Island (Cogez et al., 2015). Thus, the areas experiencing increased
erosion during glacial climates also provided sediment to extensive
outwash plains, where fine-grained material would be susceptible
to aeolian deflation and transport. For these reasons, our study
focuses on the eastern-central and southern regions of the NZ
South Island.

Glacial erosion and mobilization of sediment was significant in
NZ. For example, glacial outwash and braided river sediments
deposited over the past ~400 ka reach thicknesses of up to 650 m
on the eastern side of the South Island (Bal, 1996). Evidence of the
production and aeolian transport of fine-grained material is also
widespread, with meters-thick loess deposits in places, and mass
accumulation rates of ~70e150 g m�2 yr�1 on the South Island
(Eden and Hammond, 2003). Indeed, loess deposits >1 m thick
blanket 10% of NZ’s land area (Raeside, 1964; McCraw, 1975). While
modern observations demonstrate Australian dust transport into
NZ (e.g., Marx et al., 2005a; McGowan et al., 2000; 2005), current
evidence suggests that NZ loess deposits were sourced primarily
from glacially-fed NZ river valleys (Alloway et al., 2007), a finding
supported by our results. The spatial distribution of NZ dust in the
Southern Hemisphere and its possible impact on Southern Ocean
biogeochemistry are largely unconstrained.

2.2. Transport of dust from New Zealand

Neff and Bertler (2015) assessed the transport of dust from NZ
and other midlatitude dust source regions using HYSPLIT air mass
forward trajectory modeling, and found that transport of dust from
NZ toward Antarctica and the Southern Oceanwas favorable during
all seasons. They suggested that this consistently strong transport
could make up for the relatively small size of the NZ South Island,
making it a significant supplier of dust to the high southern lati-
tudes. General circulation model (GCM) approaches to modeling
Southern Hemisphere dust transport and deposition to date have
not included NZ as a potential source. However, results from these
studies are consistent with the finding of Neff and Bertler (2015):
both CCSM and GFDL simulations show consistent westerly and
southwesterly transport from Australian dust source regions
(model results by Li et al., 2008; Albani et al., 2011), which in turn
can be extended to NZ. In fact, both models (neither of which
included NZ as a source) showAustralia as the dominant supplier of
dust to the Pacific sector of the Southern Ocean.

Although the westerlies are not directly responsible for
Australian dust entrainment, which is largely the result of cold
fronts associated with contrasting wind and temperature gradients
(De Deckker, 2020 and references therein), the average position of
the westerlies does appear to influence the net transport of dust
from Australia into the Tasman Sea. For example, the Tasman Sea
contains a plume of deposited dust that extends eastward from the
Australian continent (Hesse, 1994). As NZ’s South Island lies 7e12�

to the south of Australia’s major dust source regions, it is more
directly in the path of the Southern Hemisphere westerlies in all
seasons (Fig. 2). Thus NZ fine-grained sediments may be more
4

susceptible to wind erosion by the westerlies, and associated low
pressure systems and fronts, than Australian sediments.

Transport of NZ dust to the high latitudes may have been even
stronger during glacial climates. Some paleoclimate proxies suggest
that the westerlies shifted equatorward during the LGM, likely as a
result of colder temperatures and a contraction of the Hadley cir-
culation, though there is not yet consensus about the magnitude of
the shift (Kohfeld et al., 2013). The inferred northerly shift during
the LGM is consistent with a northward shift in the trans-Tasman
dust plume, as recorded by marine sediments (Hesse, 1994; De
Deckker, 2020). A northward displacement of the wind belt
would move the core of the westerlies, presently located at around
52 �S (Swart and Fyfe, 2012), closer to NZ dust source regions
(Figs. 1A and 2). A shift of 3e6� would align the summer core of the
westerlies with the central South Island, while a concurrent
lowering of sea level would extend the South Island’s land mass
southward to about 48.5�S (red hatched region in Figs. 1C and 2),
further enhancing potential dust source areas and thus aeolian
transport.
3. Results

This study presents major element, trace element, and Sr-Nd-Pb
isotope ratios on the <5 mm fraction of samples from NZ South Is-
land PSAs, and Sr-Nd-Pb isotope ratios on the <5 mm fraction of
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samples from the LEB and other sites in southern Australia, whose
bulk samples were previously analyzed (Vallelonga et al., 2010). All
the samples were analyzed at the Lamont-Doherty Earth Obser-
vatory of Columbia University. Methods, including GIS analysis,
sample collection, and analytical methods are given in the Sup-
plementary Material. This includes a comparison between samples
dissolved via hotplate digestion using HF and HNO3 vs. sodium
peroxide sintering, because in the course of these analyses wewere
concerned about digestion of refractory minerals by hotplate
digestion. Consistent with previous studies (Bokhari and Meisel,
2017), our results show that hotplate digestions result in an
under-estimate of Zr and Hf concentrations (Analytical Methods in
Supplementary Information and Fig. S6). The analytical data for the
study can be found in Tables S1 and S2 and are available for
download from the EarthChem data repository https://doi.org/10.
26022/IEDA/111726.

3.1. Sr-Nd-Pb isotopes in central and southern NZ South Island
sediments

NZ South Island sediments strongly reflect the crustal age and
compositional variability of bedrock parentmaterial. In comparison
with the southern South Island, samples from the Torlesse-
dominated central South Island, including the Canterbury Plains
and Mackenzie Basin, form a tight cluster in SreNd space, with
87Sr/86Sr ¼ 0.7095e0.7165 and εNd ¼ �6.5 to �4.0 (Fig. 3A, blue
points). These fall within the εNd range of “Old Torlesse” sediments
analyzed by Frost and Coombs (1989). Neodymium isotope mea-
surements are presented as εNd, the fractional deviation in parts
per 10,000 of the 143Nd/144Nd ratio from the “chondritic uniform
reservoir” (CHUR) value of 0.512638 (Jacobsen and Wasserburg,
1980), calculated using the following equation:
Fig. 3. Sr-Nd-Pb isotopic compositions of NZ South Island sediments as a function of latitudin
B) 207Pb/204Pb vs. 87Sr/86Sr. C) 207Pb/204Pb vs. 206Pb/204Pb. D) 207Pb/204Pb vs. εNd. Error bar
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εNd ¼ {[(143Nd/144Ndsample/0.512638) �1] *104}. Lead isotope
compositions of central South Island samples also fall within a
relatively narrow range: 206Pb/204Pb ¼ 18.75e19.04,
207Pb/204Pb ¼ 15.65e15.68, 208Pb/204Pb ¼ 38.68e38.93,
208Pb/207Pb ¼ 2.470e2.485, and 206Pb/207Pb ¼ 1.198e1.215
(Fig. 3BeD, Fig. S3, blue points). The southern South Island,
including southern Otago and Southland, has more variable Sr-Nd-
Pb isotopic compositions, with more positive εNd-values and lower
207Pb/204Pb and 87Sr/86Sr ratios, all indicating younger average
crust formation ages, which may reflect the presence of Paleozoic
volcanic complexes. Here 87Sr/86Sr ¼ 0.7041e0.7140 and
εNd ¼ �4.0 to þ5.3 (Figs. 3A, S3, white to orange points). These
values reflect contributions from terranes of varying bedrock age,
including the Caples, Aspiring, Brook Street, Murihiku, and Maitai
terranes (Fig. S1, Frost and Coombs, 1989). While 206Pb/204Pb and
208Pb/204Pb isotope ratios in southern South Island sediments
overlap substantially with the central South Island data,
207Pb/204Pb isotope ratios are consistently lower, which allows for
discrimination between the two regions based on Pb isotope plots
(e.g. Fig. 3C) as well as 87Sr/86Sr vs 207Pb/204Pb (Fig. 3B) and εNd vs
207Pb/204Pb (Fig. 3D). Loess samples are indistinguishable isotopi-
cally from other sediments, including modern glacial river silts,
strongly supporting a NZ bedrock origin for all sample types. The
isotopic data presented here are consistent with the few existing
measurements on South Island fine-grained sediments (Fig. S3;
Frost and Coombs, 1989; Delmonte et al., 2004; Vallelonga et al.,
2010).

3.2. Major and trace element geochemistry and weathering effects

Sediment major and trace element compositions are very
similar among samples, lacking the clear regional variability
al position relative to the Alpine Fault (colorbars; see map, Fig. 1B). A) εNd vs. 87Sr/86Sr.
s are smaller than symbols.
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observed in the isotope ratios (Fig. 3). All samples have relatively
flat PAAS-normalized (Nance and Taylor, 1976; Taylor and
McLennan 1985; Pourmand et al., 2012) rare earth element (REE)
patterns and positive Eu anomalies (Fig. S4). Our data are consistent
with previously published sediment REE data, including some from
the same outcrops (Fig. S4B; Frost and Coombs, 1989; Marx et al.,
2005b). However, we do not observe the light REE depletion or
middle REE enrichment relative to average upper continental crust
(UCC) (Rudnick and Gao, 2003) described by Wegner et al. (2012).

The most prominent feature of the REE patterns is significant Ce
enrichment (Fig. S4, inset). We calculate the PAAS-normalized ‘Ce
anomaly’ (Ce/Ce*) as: (Cemeas/CePAAS)/[(Lameas/LaPAAS)^(2/3) x
(Ndmeas/NdPAAS)^(1/3)]. The data show no differences in the magni-
tudes of Ce/Ce* as a function of latitude or region, but there are
differences as a function of sediment depositional age. Modern
river silts have a much smaller and less variable Ce anomaly
(mean¼ 1.1, 1 s.d.¼ 0.05, n¼ 8) than older samples (mean¼ 1.54, 1
s.d. ¼ 0.51, n ¼ 11). In other words, longer surface residence times
result in higher Ce relative to other LREE. Ages of geomorphic
landforms are based on published values, and span 12e78 ka
(Berger et al., 2002; Eden and Hammond, 2003; Kennedy et al.,
2007; Barrell et al., 2011; Rowan et al., 2012). Previous work has
shown that redox-sensitive elements are susceptible to re-
mobilization during soil formation, with paleosols often identifi-
able based on negative Ce anomalies (Gallet et al., 1996). Cerium is
unique among the lanthanides in its ability to have a þ4 oxidation
state. The large positive Ce anomalies of older samples may,
therefore, indicate the formation of insoluble CeO2 under oxic
conditions, followed by the leaching and loss of more-soluble
trivalent REEs. We find that among older samples, Ce enrichment
is a consistent pattern across all sample types analyzed, suggesting
largely oxidizing conditions since their time of deposition ~12e78
ka.

The NZ southern and central South Island samples can be
discriminated based on combining trace element with isotopic
data, but the distinction is almost completely based on the isotopic
distinctions. While the sample population is small, we suspect that
additional data will show that central South Island samples tend to
have somewhat higher La/Yb and extend to lower CIA values
(chemical index of alteration; Nesbitt and Young 1982), while some
southern samples extend to higher Sm/Nd ratios (Figs. S5, S7). The
southern vs. central data arrays also appear to confirm a shared
geochemical end-member, with high La/Yb (~15), low Sm/Nd
(~0.18), low εNd (~�6), high 207Pb/204Pb, and high 87Sr/86Sr
(Fig. S5), which is also consistent with the isotopic data variations
(Fig. 3).

To assess the impact of weathering processes on measured
isotopic ratios, we use the chemical index of alteration, CIA, defined
as: 100*[Al2O3/(Al2O3 þ CaO þ K2O þ Na2O)], all in wt% (Nesbitt
and Young 1982). While the time scales of ~12e78 ka captured by
our samples (Berger et al., 2002; Eden and Hammond, 2003;
Kennedy et al., 2007; Barrell et al., 2011; Rowan et al., 2012) are too
short to significantly alter the isotope ratios analyzed here by
radioactive decay, some minerals are more susceptible to chemical
weathering than others. For example, when fresh glaciogenic
sediment is subjected to chemical weathering, minerals with high
Rb/Sr and high 87Sr/86Sr ratios, such as biotite, are more easily
weathered than minerals with low Rb/Sr and low 87Sr/86Sr ratios,
such as plagioclase (e.g. Blum et al., 1994; Blum and Erel 1997),
resulting inweathered sediment with lower 87Sr/86Sr ratios than its
unweathered protolith. Thus, samples that have been exposed to
weathering at the surface (e.g., moraines and outwash samples as
compared with modern river silts) may have lower 87Sr/86Sr ratios
along with higher CIA values. We see no systematic differences in
Sr, Pb, or Nd isotope ratios as a function of CIA, sample type, or
6

depositional age (Figs. S7, S8), indicating that chemical weathering
processes operate too slowly in this environment to impact sedi-
ment isotopic compositions over the past ~80 ka.

3.3. Sr-Nd-Pb isotopes in Australian sediments

The nine new Kati Thanda-Lake Eyre Basin (LEB) sediments
define relatively small fields in SreNd and PbePb isotope spaces
(Fig. S9; Table S2). 87Sr/86Sr ratios range from 0.7093 to 0.7110 and
εNd values range from �4.4 to �2.6 (Fig. 4A). These values are very
similar to those previously published for this region (Revel-Rolland
et al., 2006; De Deckker, 2019). Lead isotopes span relatively small
ranges as well, with: 206Pb/204Pb ¼ 18.74e19.00,
207Pb/204Pb ¼ 15.62e15.64, 208Pb/204Pb ¼ 38.58e38.86,
208Pb/207Pb ¼ 2.469e2.484, and 206Pb/207Pb ¼ 1.199e1.215
(Figs. 4B, S9; Table S2).

We also compare the LEB digested fine fraction (<5 mm) Pb
isotope compositions to previously published values on the bulk
fraction of the same samples, which were processed using two
different approaches. Vallelonga et al. (2010) used a HNO3eH2O2
leach for their “extracted” fraction, and a standard HFeHNO3eH2O2

digestion for their “digested” fraction, both on bulk samples. In
contrast to the interpretation that the “extracted” samples repre-
sent the fine fraction of dust (Vallelonga et al., 2010), we find that
our <5 mm data match more closely with the bulk digested sample
compositions (Fig. S9). Specifically, we find higher 206Pb/207Pb and
206Pb/204Pb ratios than “extracted” values, and lower 208Pb/204Pb
and 207Pb/204Pb values (Fig. S9A-C). Our Pb values are more similar
to that study’s “digested” bulk-fraction samples, though with lower
207Pb/204Pb values (Fig. S9G). The lower 207Pb/204Pb ratios
contribute to somewhat higher 206Pb/207Pb and 208Pb/207Pb ratios
in the fine fraction compared to the bulk fraction (Fig. S9D-E).

We analyzed an additional five samples from southern Australia
for SreNd isotopes, including three from Lake Mungo and two from
Brachina Gorge (locations given in Table S2). These samples have
higher 87Sr/86Sr ratios than LEB sediments, with
87Sr/86Sr ¼ 0.7144e0.7215, and lower εNd, ranging from �10.7
to�8.9, with one sample at�5.6 (Fig. 4A). We analyzed Pb isotopes
on two of the Lake Mungo samples, finding:
206Pb/204Pb ¼ 18.90e19.04, 207Pb/204Pb ¼ 15.64e15.67,
208Pb/204Pb ¼ 38.88e39.00, 208Pb/207Pb ¼ 2.487e2.489, and
206Pb/207Pb ¼ 1.209e1.216 (Fig. 4B). The Pb isotope ratios are very
similar to the LEB values, though with slightly higher 208Pb/204Pb
and 208Pb/207Pb. In general, these values fall within the fields of
other sediments from southern Australia (Revel-Rolland et al.,
2006; De Deckker, 2019), with the exception of one Lake Mungo
data point that has relatively high εNd ¼ �5.6. We also observe Pb
isotope offsets between our fine fraction samples and previously
published “extracted” and bulk “digested” values on the same
samples analyzed by Vallelonga et al. (2010), as described above
(Fig. S9).

4. Discussion

4.1. Comparison of NZ to other Southern Hemisphere PSAs

4.1.1. Distinguishing New Zealand from Australia
Australia’s arid environment and diverse bedrock geology lead

to a large range of 87Sr/86Sr and εNd values, as represented by
published PSA sediment data from the Murray-Darling Basin, LEB,
Western Australia, and Northern Territory (87Sr/86Sr ¼ 0.708 to
>0.78; εNd ¼ �28 to 2) (Basile et al., 1997; Delmonte et al., 2004;
Gingele and De Deckker, 2005; Revel-Rolland et al., 2006; De
Deckker, 2019; Table S2 in this study). Given that some regions
share a geologic history with NZ’s South Island, it follows that the



Fig. 4. Comparison of NZ and Australian (AUS) fine-grained (<5 mm) sediments. A) εNd vs. 87Sr/86Sr. Note that Australian samples extend beyond the scale of the figure to the right.
B) 206Pb/207Pb vs. 208Pb/207Pb. Note that colors correspond by region between A and B, and not all regions in A are represented in B due to a lack of Pb isotope data on corresponding
samples. There are two fields for the Lake Eyre Basin (light green) and Southern Australia (dark green) reflecting two different sample processing procedures: complete digestion of
the <5 mm fraction (this study) and HNO3eH2O2 extraction (Vallelonga et al., 2010); see section 3.3. Error bars are smaller than symbols. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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isotopic compositions of some of their sediments are similar. In fact,
there is substantial overlap of SreNd isotopes between NZ and
certain regions of South Australia and New South Wales, namely
the Kati Thanda-Lake Eyre and Darling River Basins (Fig. 4A;
Gingele and De Deckker, 2005; De Deckker, 2019), including the
new SreNd isotope data in this study. We find that LEB sediments
overlap the central South Island field, though generally with
slightly higher εNd values for a given Sr isotope ratio. Darling Basin
sediments also trend toward higher εNd values (>�4), but do
overlap the South Island field. For these locations, NZ and Austra-
lian sources cannot be distinguished by SreNd isotopes. Nonethe-
less, there are some important dust-producing regions of Australia
that can be distinguished fromNZ sediments using SreNd isotopes:
the Northern Territory, including the Simpson Desert and area near
Uluru (Ayers Rock), has εNd < �10 and 87Sr/86Sr > 0.714 (Revel-
Rolland et al., 2006); Western Australia has εNd < �14 and
87Sr/86Sr > 0.714 (De Deckker, 2019); the Murray River Basin has
87Sr/86Sr > 0.716 and εNd generally < �7 (Delmonte et al., 2004;
Gingele and De Deckker, 2005); and southern Australia, including
Eyre Peninsula, Lake Mungo, and Brachina Gorge, has
87Sr/86Sr > 0.712 and εNd generally < �7 (De Deckker, 2019; this
study). Therefore, depending on the sites of interest and on which
regions of Australia were actively producing dust during the in-
tervals of interest, SreNd isotopes may be useful in discriminating
sources.

Lead isotopes distinguish NZ from Australian sediments more
successfully (Fig. 4B). For instance, Murray-Darling Basin sediments
have lower 206Pb/207Pb and lower 208Pb/207Pb than NZ samples,
while southern Australian sediments tend to have higher
208Pb/207Pb ratios (Fig. 4B). However, our new data on the fully
digested fine fraction (<5 mm) of sediments from LEB overlap the
NZ field in Pb isotope space. Nevertheless, for many Australian dust
sources where SreNd isotope ratios do not discriminate well, the
combination of SreNd and 208Pb/207Pb may be especially useful for
distinguishing between these source regions at downstream and/or
downwind sites. Unfortunately, there are limited data available
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with Sr-Nd-Pb isotopes measured on the same sediment samples,
and the ability to determine downwind provenance would be
improved if isotope ratios of all three elements were available.

Although others have documented visual and geochemical ev-
idence of Australian dust transport to the NZ South Island (e.g.,
Marx et al., 2005; McGowan et al., 2000; 2005; De Deckker, 2020
and references therein), we do not see any compositional vari-
ability among NZ samples (e.g., loess vs. modern river silt from the
same river valley) that would suggest a clear Australian contribu-
tion to NZ loess. It is possible that the long-term Australian
contribution is swamped geochemically by a higher flux of local NZ
dust.
4.1.2. Distinguishing New Zealand from South America
South America has variable crust formation ages, with εNd

values in published PSA samples (i.e., fine-grained sediments)
(Fig. 5A,B,D) ranging from �12 to þ5 (e.g. Grousset et al., 1992;
Smith et al., 2003; Delmonte et al., 2004; Gaiero et al., 2007; Gaiero,
2007; Gili et al., 2017). However, in contrast to the extreme range of
Sr isotope ratios found in Australia, up to ~0.78 (Gingele and De
Deckker 2005), South American 87Sr/86Sr values span a narrower
range between 0.705 and 0.730 (Grousset et al., 1992; Smith et al.,
2003; Delmonte et al., 2004; Gaiero et al., 2007; Gaiero, 2007; Gili
et al., 2017). In SreNd isotope space, some South American regions
overlap with NZ while others are distinct. For example, the
southernmost PSA regions of South America, Patagonia and Tierra
del Fuego, have higher εNd (>�5) and mostly lower 87Sr/86Sr than
central NZ South Island sediments, allowing separation of fields
(Delmonte et al., 2004; Gili et al., 2017), although there is some
overlap with the southern NZ South Island data (Fig. 5A). In Pb
isotope space (Fig. 5C), the separation of NZ from Patagonia and
Tierra del Fuego is distinct, and holds for both the central and
southern South Island samples. On the other hand, the NZ data
fields overlap with Central Western Argentina (including the
Pampas), as well as the Puna-Altiplano Plateau (following the
naming scheme of Gili et al., 2016), regions to the north of ~37 �S



Fig. 5. Comparison of NZ and South American (SAM) fine-grained (<5 mm) sediments. A) εNd vs. 87Sr/86Sr showing that Patagonia and Tierra del Fuego have more radiogenic εNd
than NZ central South Island sediments, allowing separation of fields. B) εNd vs. 87Sr/86Sr showing that Central Western Argentina and the Puna-Altiplano Plateau cannot be
distinguished from NZ central South Island sediments. C) 207Pb/204Pb vs. 206Pb/204Pb showing that Patagonia and Tierra del Fuego have less radiogenic Pb isotope compositions than
NZ South Island sediments. D) 208Pb/204Pb vs. εNd showing that Patagonia and Tierra del Fuego have less radiogenic 208Pb/204Pb and more radiogenic εNd than NZ sediments.
Together these plots show that regions south of ~37 �S can be discriminated from NZ South Island sediments using a combined Sr-Nd-Pb approach. Naming of SAM regions follows
Gili et al. (2017), with approximate latitude ranges as follows: Puna-Altiplano Plateau, 18-26� S; Central Western Argentina, 26-37� S; Patagonia, 38-52� S; Tierra del Fuego, 53-54� S.
Error bars are smaller than symbols.
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(Fig. 5BeD). Thus the NZ data cannot easily be distinguished from
these northern South American dust source regions. Notably, these
more northerly South American sources show higher geochemical
heterogeneity than New Zealand’s South Island as is evident from
their larger ranges in the isotope plots (Fig. 5BeD). To summarize,
using a combined Sr-Nd-Pb approach, the southern regions in
South America south of ~37�S (e.g., Patagonia and Tierra del Fuego)
can be discriminated from the key NZ central and southern South
Island PSAs, in particular because they show different, non-
overlapping ranges of Pb isotopes. However, the NZ sources
cannot easily be distinguished from more northerly dust source
regions of South America.
4.1.3. Distinguishing New Zealand from southern Africa
Data from southern Africa are sparse. However, the published

values clearly differ from the NZ sediment signature (Fig. 6).
Southern African sediments have higher 87Sr/86Sr (>0.719), lower
εNd (<�8) and lower 208Pb/207Pb (<2.464) compared to NZ samples
(Delmonte et al., 2004; Vallelonga et al., 2010). These regions
therefore should be straightforward to distinguish from one
another as end-members.
4.2. NZ outwash plain expansion during the LGM

Outwash plains play an important role in sediment mobilization
and dust supply to the atmosphere. This is primarily for two rea-
sons: first, glaciers produce large volumes of sediment which are
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effectively spread by braided streams migrating across the outwash
plain; and second, glacier melt responds to temperature fluctua-
tions on diurnal and seasonal timescales, with the net result that
sediments deposited on the outwash plain routinely dry out
(Sugden et al., 2009; Bullard and Austin, 2011) and provide an
efficient dust source to be entrained and transported offshore.

During the LGM, NZ’s outwash plains were actively aggrada-
tional (Alloway et al., 2007), and more expansive than today. Using
a sea level lowering of 130 m at the LGM (Osterberg, 2006), we
estimate that the Canterbury Plains likely expanded from their
modern extent of ~8000 km2 (Leckie, 2003) to cover ~38,500 km2

(Fig. 1C). They were supplied by sediment from multiple glacially-
fed braided streams, most notably the Waimakariri, Rakaia, Ran-
gitata, and Ashburton, as well as by alluvium from non-glaciated
catchments (Barrell, 2011). Farther to the south, the Mackenzie
Basin, comprised of the Tekapo, Pukaki, and Ohau valleys, con-
tained an active inland outwash plain, with water ultimately
draining to the sea via the Waitaki river (Barrell, 2011). In the
Southland/southern Otago region, sediment was transported pri-
marily by the Clutha and Mataura rivers and their tributaries,
including drainage from the glaciated Wakatipu valley (Barrell,
2011). We estimate an outwash plain area of ~6000 km2 above
modern sea level, based on high-resolution digital elevation data
and previous work (Fig. 1; Barrell, 2011; Craw et al., 2015). During
the LGM, outwash plain sediments and exposed continental shelf in
Southland/southern Otago together may have encompassed
50,500 km2, significantly extending the NZ landmass southward



Fig. 6. Comparison of NZ and southern African fine-grained (<5 mm) sediments. A) εNd vs. 87Sr/86Sr. Note that one southern African sample with εNd ¼ �24.5 and 87Sr/86Sr ¼ 0.7472
is not shown for reasons of scale. B) 206Pb/207Pb vs. 208Pb/207Pb. Available data, shown here, suggest that Sr, Nd, and Pb isotopes are capable of distinguishing between southern
African and NZ sediments. Error bars are smaller than symbols.
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and into the path of the southern westerly winds (Figs. 1C and 2).
Stewart Island, which has cirques and moraine-dammed ponds
estimated to be of MIS 2 age, would have existed as hills sur-
rounded by a low coastal plain (Barrell, 2011). Considering the ev-
idence for enhanced glacial sediment production in NZ as well as
the expansion of outwash plains, and exposed land area in general,
we expect that during the LGM both the emissions and transport of
NZ dust were likely much greater than today.

4.3. New Zealand as a source of dust to Antarctica

Much attention has focused on determining the sources of dust
to Antarctica, as recorded by ice cores. The Sr-Nd-Pb compositions
of dust can provide information on dust transport pathways (e.g.,
Aarons et al., 2016; 2017; Gili et al., 2017), changes in glacier activity
(e.g., Sugden et al., 2009), and the importance of different regions in
supplying iron and other micronutrients to the ocean (e.g., Winton
et al., 2014, 2016). Previous studies on dust from the high-elevation
East Antarctic ice cores Vostok and EPICA Dome C concluded that
South America is the dominant source of dust, particularly during
glacial climates (Grousset et al., 1992; Basile et al., 1997; Delmonte
et al., 2004, 2007, 2010; Vallelonga et al., 2005, 2010; Gaiero, 2007,
Gaiero et al., 2007; Gili et al., 2016, 2017). Most of these studies have
relied on SreNd isotopes, supported by modeled transport and
deposition patterns (e.g., Li et al., 2008; Albani et al., 2011). How-
ever, there are significant overlaps between key dust source regions
of South America, Australia, and NZ in SreNd isotope space (Figs. 4
and 5), limiting the ability of these isotopes to discriminate among
PSAs. In fact, one could use SreNd isotope ratios to argue that NZ is
a plausible end-member of dust supplied to East Antarctica (Fig. 7).

To test whether NZwas a likely source of dust to ice core sites on
the East Antarctic Ice Sheet (EAIS) plateau during glacials (i.e.,
Vostok and Dome C ice cores; Fig. 1A), we compare the EAIS dust
NdeSr data and Pb isotope data (none of which have PbeSr or
PbeNd isotope data on the same samples) to the South American
and NZ PSA data (which do have Pb-Nd-Sr isotopes on the same
samples) (Fig. 8). The EAIS isotope data form arrays in NdeSr
isotope space and 206Pb/207Pbe208Pb/207Pb space that define at
least two and probably four end-members. One end-member, with
low Sr-high Nd isotope ratios (Fig. 8A) and high 206Pb/207Pb and
208Pb/207Pb ratios (Fig. 8B) has previously been identified as Ant-
arctic volcanics (Matsumoto and Hinkley, 2001; Vallelonga et al.,
2004, 2005, 2010). A second is characterized as a continental
non-volcanic dust source with higher Sr-lower
Nd-206Pb/207Pbe208Pb/207Pb isotope ratios (Fig. 8A and B).
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Vallelonga et al. (2010) showed that there must also be at least one
additional EAIS continental non-volcanic dust source with inter-
mediate 206Pb/207Pb and 208Pb/207Pb ratios, and consistent with
that observation, all of the ice core dust data fall within a mixing
envelope bounded by four end-members: West Antarctic Rift Sys-
tem (WARS) volcanics, Patagonia, Tierra del Fuego, and Central
Western Argentina in NdeSr isotope and 206Pb/207Pbe208Pb/207Pb
space (Fig. 8). Along with the EAIS dust data, representative com-
positions for the South American PSAs and the WARS volcanic end-
member are shown, as are calculated mixing trends. Our estimates
of the compositions of potential Antarctic volcanic and South
American end-members, based on median values from published
data where available, are listed in Table 1.

Next, we apply a combined Sr-Nd-Pb isotope approach to assess
NZ as a potential end-member to East Antarctica. In the NdeSr and
206Pb/207Pbe208Pb/207Pb isotope plots (Fig. 8), NZ cannot be pre-
cluded as an EAIS dust contributor, because the NZ data lie at the
continental dust end of the EAIS NdeSr isotope trend and within
the 206Pb/207Pbe208Pb/207Pb data envelope. However, having
determined the Nd, Sr, and Pb isotopic compositions of the different
PSA end-members (Table 1), we can predict the compositional
limits of mixtures in PbeNd and PbeSr space, something not
possible with existing EAIS ice core data because SreNd and Pb
isotopes have not been measured on the same samples. In addition,
having determined whether the sources are Antarctic volcanics or
continent-derived dust, and given some geochemical data on the
PSA samples, we are able to estimate the Sr, Nd, and Pb concen-
trations (Table 1) and to constrain the mixing envelopes (Fig. 9).

This combined Sr-Nd-Pb isotopic approach allows for a robust
test of NZ as a potential dust source to the EAIS, even though Pb
isotopes were not measured on the same EAIS samples as SreNd
isotopes. As the EAIS data fall between the Antarctic volcanics
and South American end-members in NdeSr and
206Pb/207Pbe208Pb/207Pb isotope space (Fig. 8), we can expect them
to do so in PbeNd and PbeSr isotope space as well (Fig. 9), as long
as the samples measured for Pb isotopes and those measured for
SreNd isotopes are both broadly representative of EAIS dust, a
reasonable assumption given the large number of data (Figs. 7 and
8). We find that the NZ data fall outside of the inferred South
American data envelope (Fig. 9). The data thus indicate that NZ has
not been a significant contributor of dust to East Antarctica during
glacial climates. Our analysis likewise indicates that the Puna-
Altiplano region of South America has played no more than a mi-
nor role as a dust source to the EAIS during glacial climates (Fig. 9).



Fig. 7. Comparison of NZ South Island sediments with glacial-age East Antarctic Ice Sheet (EAIS) ice core dust εNd vs. 87Sr/86Sr. Gray arrow shows potential end-member mixing
pathway for ice core dust samples, and colored fields indicate South American PSA regions for reference. Based on these data alone, the NZ South Island cannot be ruled out as an
end-member for East Antarctic glacial dust. Error bars are smaller than symbols.
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4.4. New Zealand as a source of dust to the South Pacific

The absence of significant NZ dust in East Antarctica might be
unsurprising, given the NZ South Island’s location at ~170�E
longitude and modeled dust transport patterns (described in Sec-
tion 2.2). Instead, HYSPLIT (Neff and Bertler, 2015) and GCM (Li
et al., 2008; Albani et al., 2011) models support the transport of
NZ dust to the Pacific sector of the Southern Ocean and to West
Antarctica. An assessment of NZ versus Australian sources to this
region over the Holocene can be made using the geochemical and
isotopic data of core-top samples from 36 cores recovered from
36�S to 70�S between New Zealand and South America (Molina-
Kescher et al., 2014; Wengler et al., 2019). We note that these cores
span a large geographic range (Fig. 1A, S10) and reflect a wide range
of sedimentation rates. The two studies also analyzed different
grain size fractions, bulk detritus (Molina-Kescher et al., 2014) and
<10 mm diameter (with five samples at <5 mm; Wengler et al.,
2019). This size difference may impact the Sr isotopes but is un-
likely to affect Nd isotopes (Dasch, 1969; Biscaye and Dasch, 1971;
Goldstein et al., 1984; Biscaye et al., 1997; Eisenhauer et al., 1999;
Smith et al., 2003; Chen et al., 2007; Gaiero, 2007; Feng et al., 2009;
Meyer et al., 2011; Bayon et al., 2015). Molina-Kescher et al. (2014)
concluded, based on SreNd isotopes, that the dust is sourced from
both NZ and Australia, while Wengler et al. (2019) concluded that
NZ is not a significant dust source for that region. Wengler et al.
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(2019) excluded NZ mainly based on NZ dust samples having
high La/Yb compared to the South Pacific core-top samples, using
the limited REE data set available at that time and lithogenic flux
data from south of New Zealand. We replotted the diagram used to
exclude New Zealand, La/Yb vs Eu/Eu*, adding our new data set
(Fig. S11). The NZ samples used by Wengler et al. for comparison
included dust trap and glacial dust from the west coast of NZ;
among these, several samples were previously interpreted as con-
taining 60e90% Australian dust (Marx et al., 2005b), and these have
high La/Yb. However, our NZ samples and the NZ loess samples
from Marx et al. (2005b) have La/Yb like the South Pacific samples
(Fig. S11). Therefore, the La/Yb ratios do not exclude NZ to be a
possible dust source. Moreover, several of the Wengler et al. (2019)
samples have very low REE concentrations, 1e2 orders of magni-
tude lower than typical crustal values, resulting in low analytical
precision and accuracy. This is evident in the REE plots, which show
unrealistic jagged patterns for these samples (Fig S12A). Excluding
these data, the REE patterns of the remaining Pacific sector sedi-
ments and our NZ sediments are effectively indistinguishable
(Fig. 10). In contrast, the Australian-sourced west coast NZ dust
samples used by Wengler et al. (2019) to exclude NZ as a dust
source do show different REE patterns than our NZ samples and the
Pacific core-top sediments (Fig. S12B). Therefore, based on REE
patterns and La/Yb ratios, NZ PSAs cannot be ruled out as potential
dust sources to the Pacific sector of the Southern Ocean.



Fig. 8. EAIS glacial-age ice core dust (stars) plotted with NZ and South American sediments (colors as in Figs. 5 and 7), showing inferred end-member compositions required to
explain majority of EAIS dust compositions (large colored circles with labels). These compositions (given in Table 1) are used in Fig. 9 to predict mixing in PbeNd and PbeSr isotope
spaces. Dashed lines represent calculated mixing curves between end-member compositions. WARS: West Antarctic Rift System. Error bars are smaller than symbols. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Predicted mixing patterns (dashed lines) between the four inferred end-members for EAIS glacial-age ice core dust shown in Fig. 11: WARS volcanism, Patagonia, Central
Western Argentina, and Tierra del Fuego. NZ South Island and Puna-Altiplano samples plot largely outside the region of inferred mixing, suggesting that neither was a significant
dust supplier to the EAIS during glacials. Error bars are smaller than symbols.

Table 1
End-member values used to calculate SrePb and NdePb mixing curves in Fig. 9.

WARS Volcanism Central Western Argentina Tierra del Fuego Patagonia

206Pb/207 Pb 1.26 1.22 1.2 1.19
208Pb/207 Pb 2.51 2.475 2.475 2.46
epsNd 6 �6 �1 1
87Sr/86Sr 0.709 0.712 0.708 0.706
[Sr] 380 267 260 264
[Nd] 17.2 28 16 20
[Pb] 2.95 26 23 25

(Data from Keller et al., 1992; Luttinen et al., 1998; Gili et al., 2016; 2017; several concentrations estimated where data unavailable).
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Sr-Nd-Pb isotope ratios are also compatible with NZ as an
important dust source to the Pacific sector. SreNd isotope data
show that the NZ South Island was a likely, but not an exclusive,
11
source of dust to these cores. The sediment compositions can be
explained by a mixture of South Island and North Island sources
(Fig. 11A), with the sediment data enveloped by those of the NZ



Fig. 10. Rare Earth Element (REE) data from New Zealand (this study) compared to
data from the South Pacific, showing similar patterns characterized by relatively flat
PAAS-normalized profiles with variable Ce and Eu enrichment. Wengler et al. (2019)
samples are colored as in original publication; WSP: western South Pacific; CSP:
central South Pacific; ESP: eastern South Pacific. Values are normalized to Post-
Archean Australian Shale (PAAS) (Nance and Taylor, 1976; Taylor and McLennan,
1985; Pourmand et al., 2012) and further normalized to Yb.

B.G. Koffman, S.L. Goldstein, G. Winckler et al. Quaternary Science Reviews 251 (2021) 106659
North and South Island samples. For the NZ North Island, the figure
shows published PSA samples (gray triangles, Delmonte et al.,
2004) and rock samples, mainly volcanics and some sedimentary
rocks, with Sr-Nd-Pb isotope data from the GEOROC database
(GEOROC pre-compiled data sets, convergent margins, New_-
Zealand.csv), used because there are no published Pb isotope data
on the North Island PSA samples. As might be expected, the rock
data mostly have even lower 87Sr/86Sr and higher εNd than the PSA
samples. Given the North Island’s abundant volcanic activity over
the last ~30 ka (e.g. Lowe et al., 2008), the composition of the Pacific
data between the North and South Island fields may indicate con-
tributions from North Island tephra or remobilized ash along with
South Island PSAs. It can be seen in Fig. 11A that the SreNd isotopes
of South Pacific sediments follow a calculatedmixing trend (dashed
lines) between the central South Island and the North Island of NZ,
consistent with this interpretation (Molina-Kescher et al., 2014;
Wengler et al., 2019).

The Pacific sector SreNd isotope data are also consistent with
dust contributions from Australia’s Darling and Kati Thanda-Lake
Eyre Basins (Molina-Kescher et al., 2014; Wengler et al., 2019).
While LEB SreNd compositions are similar to the South Pacific
core-top data, the LEB sediments tend to have slightly higher εNd
and 87Sr/86Sr values than the Pacific sediments (inset, Fig. 11A).
Although a strong case exists for LEB as a dust source to the Pacific
sector based not only on geochemistry but also on modern satellite
observations (Wengler et al., 2019), the LEB sediments cannot fully
explain the Pacific sediment compositions, as the cluster of core-
top data sits largely at lower εNd and 87Sr/86Sr values than the
LEB sediments, and thus outside the LEB field. Pb isotope data from
these source areas can help narrow things down, as Darling Basin
sediments have higher 208Pb/207Pb, higher 208Pb/204Pb, and lower
206Pb/204Pb compared to the South Pacific core-top and NZ sedi-
ments (Fig. 11BeD). In contrast, the new LEB Pb data overlap with
our NZ data. Therefore, the LEB remains viable as a dust source to
the South Pacific based on Sr-Nd-Pb isotopes.

The Pacific sector core sediments plot almost entirely within the
NZ-LEB field for all Pb isotope ratios, with the exception of five
samples. These exceptions include a core recovered near the NZ
continental shelf (Fig. S10; core 105 in Wengler et al., 2019) that is
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offset geographically from the other samples, with 206Pb/207Pb and
206Pb/204Pb ratios much higher than the rest of the Pacific samples.
Given the proximity to NZ rivers, we suggest these values reflect
inclusion of heavy minerals such as zircon, which can cause bulk
samples to show high 206Pb/204Pb (e.g., Garçon et al., 2014). The
other four samples are located between ~58�S-61�S and ~135�W-
160�W (shown as white circles in Fig. S10, cores 62, 64, 70, and 84
in Wengler et al., 2019). These also fall outside of the NZ data field
(Fig. 11BeD), but to low 206Pb/207Pb and 206Pb/204Pb ratios (high
208Pb/206Pb and 207Pb/206Pb). Moreover, they follow Pb isotope
trends similar to those of Murray-Darling sediments from Australia
(De Deckker et al., 2010a). We suggest that these four samples
either were influenced by dust from the Murray-Darling region, or
that their Pb isotope ratios reflect the presence of Pb from Aus-
tralia’s Broken Hill mine that was extensively used as an additive to
gasoline and often taken as an indicator of anthropogenic Pb
contamination, which has been discussed for Murray-Darling sed-
iments (Kamber et al., 2010; De Deckker et al., 2010b). Given that
the four cores cluster geographically (Fig. S10), their Pb isotope
ratios plausibly reflect a mix of sources different from the other
cores. Three of these four samples are among those from Wengler
et al. (2019) with very low REE abundances (Fig. S12A), and if this
is the case with Pb then these samples might be easy to contami-
nate (Pb concentrations and blank values were not reported). These
four samples are located near the main export route of icebergs
from the Ross Sea, and may reflect this additional source of litho-
genic material (Struve, pers. comm.). However, they form a trend
toward the NZ-South Pacific data cluster, consistent with a NZ end-
member (Fig. 11BeD). The compositions of these five samples
notwithstanding, the rest of the Pacific sector sediment composi-
tions are consistent with a NZ source. Moreover, the new Pb isotope
data from LEB also overlap with the field of the South Pacific core-
tops, although outside of the field formed by the data of Vallelonga
et al. (2010) on the same samples. These differences are presumably
related to the different processing of the samples (leached bulk
samples vs digested <5 mm fractions as discussed in Section 3.3).
Thus Sr-Nd-Pb isotope ratios allow Kati Thanda-Lake Eyre to be a
South Pacific source area, provided that atmospheric circulation
patterns allow the dust from this region to reach the Pacific sector
independent of other Australian sources.

In sum, our new data show that both NZ and LEB are likely dust
sources to the Pacific sector of the Southern Ocean during the
Holocene.While neither the South Island of NZ nor LEB can serve as
an exclusive dust source, given that the South Pacific core-top data
form a cluster slightly outside their respective fields, both are viable
end-members. Specifically, we argue that Pacific sector core-top
sediment compositions can be explained by a mixture of dust
and/or ash from the North and South Islands of NZ, along with LEB.
The published Pb isotope data from Australian PSAs other than the
LEB indicate that they are not major contributors to most Pacific
sector sediment samples. Marine sediment cores from the Pacific
sector show a three-fold increase in dust deposition during glacial
climates, potentially reflecting enhanced glaciogenic dust produc-
tion from NZ (Lamy et al., 2014), or dust input from other regions.
We expect that NZ’s role as a dust source to the Pacific sector was
enhanced during glacial climates.

5. Conclusions

Abundant evidence exists of NZ’s dustiness and prolific sedi-
ment production during the LGM and past glacials, both in wide-
spread terrestrial loess deposits and in offshore cores (Bal, 1996;
Eden and Hammond, 2003). Outwash plains, such as those that
were exposed on the eastern side of the South Island downstream
from actively eroding glaciers, serve as important dust emissions



Fig. 11. Comparison of South Pacific sediment isotope compositions with NZ and Australian (AUS) fine-grained (<5 mm) sediments. A) εNd vs. 87Sr/86Sr. Black and gray stars
represent core-top data from Wengler et al. (2019; gray points indicate low REE concentrations), while magenta and cyan stars show points from Molina-Kescher et al. (2014)
(magenta points are <40� S; cyan are >40� S; see Fig. S10 for map of core locations). Given the limited data on sediments available from the North Island of NZ, we include bedrock
data available through the GeoRoc database to characterize the volcanic end-member. South Pacific sediments can be explained by a mixture of South and North Island, NZ dust and/
or ash (dotted lines represent mix of central South Island and North Island sediments and volcanic materials, respectively), along with LEB sediments. B) 206Pb/207Pb vs. 208Pb/207Pb.
C) 206Pb/204Pb vs. 208Pb/204Pb. D) 208Pb/204Pb vs. εNd. South Pacific sediments lie within the PbePb field defined by the South and North Islands of NZ, except for four samples, which
overlap sediments from the Murray-Darling Basin of Australia (see text). Insets in each panel show data points for regions considered most relevant to interpreting the Pacific core-
top data. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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regions (Prospero et al., 2012). We estimate the expansion of glacial
outwash plains based on a sea level lowering of 130 m at the LGM
(Osterberg, 2006), and find that the Canterbury Plains likely
covered ~38,500 km2 (an increase of ~30,000 km2 relative to today;
Leckie, 2003). Moreover, due to a lower sea level, the Southland/
southern Otago region may also have expanded to 50,500 km2 (an
increase of ~45,000 km2 relative to today; see section 4.2),
extending NZ’s landmass southward into the path of thewesterlies.
Considering NZ’s extreme uplift and erosion rates (~10m kyr�1), we
suggest that the South Island, though limited in extent compared to
larger southern landmasses, likely served as an important dust
source to the high latitudes of the Southern Hemisphere.
13
We present Sr-Nd-Pb isotope and major/trace element data of
fine-grained sediments (including loess, glaciogenic materials, and
modern river silts) for the purpose of characterizing NZ’s South
Island as a source of dust and fine-grained sediment to the high-
latitude atmosphere and ocean. We find significant isotopic varia-
tions corresponding to differences in crust formation ages between
the central and southern regions of the South Island. The central
region (Canterbury Plains) is easily distinguished from the southern
region by having more negative εNd and lower 207Pb/204Pb, and
generally higher 87Sr/86Sr. There is no relationship between Sr, Nd,
or Pb isotopic ratios and the CIAweathering index in samples or the
age of samples deposited over the past ~80 ka.
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Using a combination of Sr-Nd-Pb isotope ratios, we show that
the NZ South Island can be distinguished geochemically frommany
Southern Hemisphere dust sources. A key finding is that Sr-Nd-Pb
isotopes can help to discriminate NZ from southern Africa, re-
gions of South America south of ~37�S (i.e., Patagonia and Tierra del
Fuego), and many sources in Australia. However, geochemical
similarities between the NZ South Island and more northerly re-
gions of South America, including Central Western Argentina
(including the Pampas) and the Puna-Altiplano Plateau, somewhat
hinder downstream source attribution. Nevertheless, our evalua-
tion indicates that PbeNd and PbeSr isotopes are themost effective
discriminants for NZ versus South American sources. Moreover, we
present new Sr-Nd-Pb isotope data on PSA samples from the Kati
Thanda-Lake Eyre Basin that showmajor overlap with the NZ South
Island.

By determining the compositional range of possible mixtures of
NZ, South American and Antarctic sources, we find that East Ant-
arctic ice core dust samples fall within a mixing envelope defined
by WARS volcanism and key South American dust sources. The NZ
samples fall outside this envelope, and we conclude that NZ is not a
major dust source for East Antarctica. In contrast, using REEs and
Sr-Nd-Pb isotopes, we demonstrate that the NZ South and North
Islands together can explain the dust delivered to the Pacific sector
of the Southern Ocean during the Holocene, with potential con-
tributions from LEB as well. With the exception of four geograph-
ically related samples, Holocene South Pacific sediments are
consistent with these sources, and do not require the contribution
of any other sourcematerial. Therefore, we conclude that NZ should
be considered as a source of glaciogenic dust to the Pacific sector of
the Southern Ocean, and by extension West Antarctica, during
glacial climates and through the Holocene.
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