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1. Introduction
Mineral dust is a vital component of the Earth system (Goudie & Middleton, 2006). By regulating micronutrient 
supply (Jickells et al., 2005; Mahowald et al., 2005, 2018), changes in mineral dust (here referred to as “dust”) 
transport can affect land and marine ecosystems (Aciego et al., 2017; Boyd et al., 2010; Maher et al., 2010), sur-
face albedo (Painter et al., 2007), influence cloud formation (Karydis et al., 2011) and the energy balance of the 
Earth via scattering and absorbing incoming solar radiation (Kok et al., 2018; Li et al., 2021; Shao et al., 2013). 
Nutrients delivered to the marine environment by dust may play a key role in regulating biogeochemical cy-
cles, in particular in remote ocean areas where nutrients may otherwise be limited (Jickells et al., 2005; Moore 
et al., 2013). This results in increased primary productivity and enhanced carbon export (Pabortsava et al., 2017; 
Sarmiento & Gruber,  2006), thus reducing atmospheric CO2 (Jickells et  al.,  2005; Martin,  1990; Sigman & 
Boyle, 2000).

Abstract Mineral dust is an important component of the Earth system due to its role in oceanic nutrient 
supply, cloud formation and its radiative properties. Changes in transport pathways and fluxes of mineral 
dust have attracted increased attention using radiogenic isotope analysis for detailed investigation of changing 
dust sources through time. However, multi-isotope studies provide complex datasets of dust provenance, 
often without exact quantification of source contributions. Here we use Bayesian mixing models and existing 
radiogenic isotope data to quantify changes in South Pacific dust provenance for the Holocene and the Last 
Glacial Maximum (LGM; ∼18–24 ka BP). Testing different model configurations showed grouping small 
source regions to single continental scale end members prior to modeling can lead to biased results, and so we 
group model outputs post-modeling. During the LGM, a higher proportion (mean 53%) of dust entering the 
South Pacific was South American in origin, compared to a Holocene mean of 31%. In contrast, Australian 
dust contributions were lower during the LGM (mean 38%) than Holocene (mean 55%), with significant spatial 
gradients for both time slices. In the subpolar South Pacific, the high representation of South American dust 
during the LGM (up to ∼75%) coincides with larger dust particles; together indicating that far-traveled dust 
transport was facilitated by long atmospheric residence times and an accelerated westerly wind circulation 
during this time. Our study shows how Bayesian mixing models provide valuable constraints for dust source 
contributions, an approach which may help in the calibration of atmospheric models, using complex isotopic 
datasets.

Plain Language Summary Mineral dust can influence the Earth's radiation budget, cloud 
formation, and the supply of nutrients to marine and terrestrial ecosystems. Southern Hemisphere oceans are 
of particular interest due to airborne nutrient supply from mineral dust promoting primary productivity. The 
geochemical fingerprint of dust can help to identify sources and transport pathways of dust in the Southern 
Hemisphere. Here, we model existing geochemical data to identify changes in dust sources in the South Pacific 
between the current warm interval (the Holocene) and the peak of the last ice age. Our results show that dust 
delivered to the South Pacific is generally related to emissions from Australia (dominating during the Holocene) 
and South America (dominating during the last ice age), with distinct gradients in the distribution of dust across 
the study area during the two time periods. The ice age dust input coincided with the delivery of larger particles 
to the study area, indicating dust remained in the atmosphere longer, driven by higher wind speeds in the 
circumpolar westerly wind system.
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In the Southern Ocean, the role of dust in controlling carbon cycling is profound, with evidence suggesting 
a coupling between Southern Hemisphere dust, CO2 and temperature changes during glacial cycles (Jaccard 
et al., 2013; Lambert et al., 2008; Martin, 1990; Martínez-García et al., 2011, 2014). In the Southern Ocean, 
availability of the micronutrients iron (Fe) and/or manganese (Mn) are considered important limiting factors for 
phytoplankton growth (Blain et al., 2007; Browning et al., 2021; Martin, 1990; Smetacek et al., 2012). As such, 
supply of these nutrients via the deposition of dust may alleviate deficiencies and enhance primary production 
(Maher et al., 2010; Tagliabue et al., 2017). Such a process would be especially important during glacial periods 
like the Last Glacial Maximum (LGM; c. 18–24 ka; Maher et al., 2010), when dust input to the Southern Ocean 
was three times greater than present (Lamy et al., 2014; Martínez-García et al., 2011).

The ability of dust to provide bioavailable Fe depends upon mineralogy, atmospheric transport, and processing 
of dust by sea-ice and in the water column (Albani et al., 2016; Li et al., 2021; Shi et al., 2012). Consequently, a 
comprehensive interpretation of the role of dust deposition on the carbon cycle requires knowledge of source are-
as and transport pathways (Loveley et al., 2017; Shi et al., 2012; Shoenfelt et al., 2018). The isotope compositions 
of neodymium (Nd), strontium (Sr), and lead (Pb) are powerful source tracers (Grousset & Biscaye, 2005). The 
size fraction of far-travelled dust (Delmonte et al., 2017; Kok et al., 2017; Mahowald et al., 2014) is also found 
in lithogenic marine sediments (Erhardt et al., 2021; van der Does et al., 2021; Wengler et al., 2019), which can 
be used to investigate dust sources and transport in ocean areas where atmospheric input is the exclusive (or at 
least predominant) source of lithogenic material in this size fraction. This approach has been applied to recon-
struct dust provenance in the South Pacific showing a shift from predominantly Australian sources in Holocene 
times (Wengler et al., 2019) to a stronger contribution from South American sources during the LGM (Struve 
et al., 2020). However, the published work relied upon simple two end-member mixing models and comparison 
of data to potential source regions (e.g., Struve et al., 2020; Trudgill et al., 2020; Wengler et al., 2019). Therefore, 
a more comprehensive approach providing absolute values for source contributions is desirable.

Bayesian isotopic mixing models such as MixSIAR were developed in the biological field to apportion prey 
contributions to the diet of predators using the isotopic composition of both predator and prey tissue (Parnell 
et al., 2010, 2013). MixSIAR has previously been applied to the source apportionment of Pb isotopes in pollution 
reconstructions (Longman et al., 2018) and to sediment provenance (Blake et al., 2018; Huangfu et al., 2020), but 
only very recently to dust provenance (Erhardt et al., 2021). This is despite the ability of such models to apportion 
absolute contributions from many sources. An approach that provides robust estimates of shifting source input 
spatially and temporally will be valuable not only simply to better understand changing sources of dust but also 
to validate modeling approaches aiming to understand the deposition of dust using general circulation model 
(GCM) data (e.g., Albani et al., 2012; Lunt & Valdes, 2002), or air mass transport reconstructions (McGowan 
& Clark, 2008; Neff & Bertler, 2015). Here, we apply MixSIAR in a number of ways to the radiogenic isotope 
composition of the dust fraction from South Pacific marine sediments to better estimate contributions of various 
dust sources to the region spatially and temporally. In this study, we emphasize the importance of a critical as-
sessment of the dust compositions in the source regions and considerations of possible transport pathways for the 
meaningful interpretation of model results.

2. Methods
2.1. Model Outline

For all modeling completed in this work, we utilize the framework of MixSIAR, the latest version in a series of 
Bayesian mixing models (Stock et al., 2018; Stock & Semmens, 2013). MixSIAR relies upon the following equa-
tions, expressed here as a single isotope system with three sources:

𝑋𝑋𝑀𝑀 = 𝑓𝑓𝐴𝐴𝑋𝑋𝐴𝐴 + 𝑓𝑓𝐵𝐵𝑋𝑋𝐵𝐵 + 𝑓𝑓𝐶𝐶𝑋𝑋𝐶𝐶 (1)

1 = 𝑓𝑓𝐴𝐴 + 𝑓𝑓𝐵𝐵 + 𝑓𝑓𝐶𝐶 (2)

where f and X denote the fraction and the isotopic composition, respectively. The subscript “M” denotes the 
measured signal resulting from the mixture of the sources A, B, and C. Since this is an underdetermined system, 
with three unknowns and two equations, there is no unique solution. However, combinations of source contribu-
tions can be compared to mixture signature to determine potential solutions. By examining model fits developed 
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from multiple Markov Chain Monte Carlo simulations of possible source contribution configurations, a range of 
possible source proportions consistent with the data can be developed.

One of the primary advantages of MixSIAR is that it also allows for users to input variability in source regions 
into the model (Parnell et al., 2010). Using means and standard deviations of source compositions MixSIAR uses 
a natural (Dirichelet; Forbes et al., 2011) probability distribution to develop potential model fits. As the Diriche-
let-defined distribution is vague, the model is primarily driven by the data input from the user (Stock et al., 2018).

In dust provenance studies, contributions from different source regions may be highly variable, and the isotopic 
compositions of individual source regions may also cover wide ranges (Erhardt et al., 2021; Pichat et al., 2014; 
Struve et al., 2020; Trudgill et al., 2020). As such, an approach which allows for the incorporation of these uncer-
tainties in the modeling of dust mixtures represents a considerable increase in accuracy when compared to typical 
(often simple binary mixing) source apportionment techniques. MixSIAR allows the user to consider more than 
two sources in each model. However, as the model assumes a contribution from each source (even if very small), 
increasing the number of sources decreases the certainty of model outputs. A final advantage of the MixSIAR 
model is that it also allows for the interpretation of datasets across a range of isotopic systems, with no limit to 
the number used. In this work we utilize this aspect and include Pb, Nd, and Sr isotope compositions in our model 
solutions. This yields further advantages in apportionment studies, as variability in source regions can sometimes 
only be distinguished via interpretation of multiple isotope systems.

3. Data Used in This Study
3.1. Source Data

We apply MixSIAR to two published multi-isotope (Nd, Sr, and Pb) dust composition datasets from the polar and 
subpolar South Pacific Ocean (Figure 1). The first dataset comprises core top samples of Holocene age (Wengler 
et al., 2019). We compare these to a dataset of isotopic compositions of dust deposited in the same region during 
the LGM (Struve et al., 2020).

Following the approach of Struve et  al.  (2020), we include Southern Hemisphere potential dust source areas 
(PSAs) in Australia, South America, and Africa. We consider Australia to encompass all dust sources from the 

Figure 1. Location of all sites used in this study. Sites with samples of Holocene age only are marked with red circles, whilst sites with only Last Glacial Maximum 
(LGM) samples are marked by blue circles. Locations with samples from both periods are marked with circles containing red and blue filling. White outline indicates 
sample locations used for sensitivity tests (see also Table S3 in Supporting Information S1). Dashed white lines at 24°S and 32°S indicate subdivision of South 
American source areas based on their geochemical composition following Struve et al. (2020). APF, Antarctic Polar Front; AZ, Antarctic Zone; SACC, Southern ACC 
Front; SAZ, Subantarctic Zone; PFZ: Polar Frontal Zone; SAF, Subantarctic Front; STF, Subtropical Front. Map created with Ocean Data View (Schlitzer, 2019).
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Australian continent and New Zealand. Antarctica is not considered as a major dust source during glacial in-
tervals as the dust fluxes in the (sub)polar South Pacific (Lamy et al., 2014) are two orders of magnitude larger 
than dust fluxes at the Taylor Glacier located close to the most prominent Antarctic PSAs (Aarons et al., 2017). 
Similar differences in fluxes of terrigenic detritus are observed between Taylor Glacier and the (sub)polar South 
Pacific for the Holocene (Aarons et al., 2017; Wengler et al., 2019). We therefore follow the arguments of Struve 
et  al.  (2020) and include Antarctica primarily as a source of ice rafted debris (IRD) exported from the shelf 
seas to the polar South Pacific from the Ross Sea sector (Carlson et al., 2021; Hemming et al., 2007; Rackow 
et al., 2017). Notably, the IRD may contain particles that were previously deposited on the sea ice near poten-
tial dust sources in the Ross Sea area (Winton et al., 2014). The mean values of all PSA compositions and their 
single standard deviation (SD), which are the values used in the models, are listed in Table S1 in Supporting 
Information S1.

For those locations in the Holocene dataset that are located south of 68°S in the dataset (see Supporting Infor-
mation S1), the lithogenic fluxes are significantly increased compared to the central South Pacific (Wengler 
et al., 2019). Therefore, we consider it likely that the composition of the dust fraction near the continental margin 
of West Antarctica is controlled by local input (Carlson et al., 2021). As such, we model these three Holocene 
samples separately, considering a range of isotopic source values from West Antarctica (Carlson et al., 2021), 
listed in Table S2 in Supporting Information S1. We note that this assumption is based on the fluxes of bulk 
lithogenic material at these sample locations (Wengler et al., 2019), whereas the <5 μm fraction may still contain 
significant amounts of dust from remote sources. However, the range of geochemical compositions of West Ant-
arctic shelf and margin sediments (Carlson et al., 2021; Simões Pereira et al., 2018) overlaps with important dust 
source regions in Australia and South America. Hence, our model is unable to provide unequivocal quantification 
of local versus remote input sources of lithogenic <5 μm fraction particles at these three locations. We suggest 
that the available provenance and flux data could be complemented by grain size analysis to better distinguish 
between local versus remote sources of the lithogenic <5 μm fraction at these locations.

3.2. Model Optimization

Prior to any modeling, all sources were plotted on a series of two-dimensional cross sections of isotopic space. 
Using the mixing envelopes derived from this exercise, it is possible to ascertain which mixtures fall outside, 
and thus indicate a contributing source that has not been considered (Figure S1 in Supporting Information S1). 
When completed on our dataset, this exercise indicates two samples (one LGM and one Holocene; see Supporting 
Information) located very close to New Zealand that plot outside of mixing envelopes and cannot be modeled 
(see also below).

As recommended by previous work, we follow the approach of considering all possible sources in the initial 
model before combining model outputs a posteriori (Longman et al., 2018). Such an approach allows for the 
investigation of broad source changes (using grouped model outputs) and more specific shifts (using the raw 
outputs). We also model entire datasets initially (Holocene, LGM sediments, and Holocene samples from the 
West Antarctic margin; Figures 2 and 4a), before modeling each individual sample (Figures 3 and 4b,c). For 
the grouped outputs, we combine all potential sources into four primary source regions (a) Australia, (b) South 
America, (c) South Africa, and (d) Ross Sea (representative of IRD from Antarctica to the Southwest Pacific). All 
primary sources and groups used in this modeling, along with isotopic compositions and original references, are 
presented in Table S1 in Supporting Information S1. For the samples that are located close to Western Antarcti-
ca (Holocene samples south of 68°S), we present a separate model that only considers sources from Antarctica 
(Table S2 in Supporting Information S1), taken from Carlson et al. (2021). All model outputs are included in the 
Supporting Information S1.

To optimize the approach for the specific application of the model to dust provenance studies, we investigate 
the impact of changing specific model parameters on the model results using the sources listed in Table S1 in 
Supporting Information S1 with two examples; Holocene sample PS75/084-1 and LGM average value of core 
PS75/097-4.

Grouping model outputs a posteriori allows for both the consideration of all sources in the isotopic mixture and 
to improve the precision of modeled contributions (Longman et al., 2018). To illustrate this we compare the ap-
proach which considers all sources individually in the model to one in which all Australian sources are replaced 
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by a single, integrated value, derived from the composition of dust deposited in the Tasman Sea (Borunda, 2019; 
Revel-Rolland et al., 2006; Struve et al., 2020). Comparison of these two approaches shows that a single integrat-
ed Australian source results in very low contributions from this source region to the Southwest Pacific for both 
the LGM and the Holocene. Instead, the model provides solutions for mixtures predominantly from sources in 
South America (Table S3 in Supporting Information S1), which appears unrealistic considering the proximity of 
the Southwest Pacific to Australia. This is an inherent feature of the model, related to the reduction of possible 
source regions in Australia/New Zealand, and results in an increased number of solutions calculated for the re-
maining source regions.

We also consider the effect of reducing the isotopic variability of the sources included in the model. Using a 
smaller standard deviation for the individual source regions should reduce overlap, and potentially tighten the 
range of model outputs. However, a reduction from 2SD to 1SD (Table S3 in Supporting Information S1) also 
reduces the ability of the model to capture the whole range of isotopic compositions in the source dataset. A test 
run with a sample from the Holocene and sample from the LGM shows that the 2SD solution is similar to the 
preferred model setup using 1SD (Table S3 in Supporting Information S1).

The combination of Sr, Nd, and Pb isotopes is a common approach in dust provenance studies (Grousset & Bis-
caye, 2005). Notably, Sr isotope compositions are sensitive to grain size and mineral sorting (Gili et al., 2017; 
Grousset & Biscaye, 2005; Struve et al., 2020), whereas the Nd and Pb isotope compositions are typically less 
affected by these processes (Garçon et al., 2014; Gili et al., 2017; Grousset & Biscaye, 2005). Therefore, we also 
test the dependence of the model output for the exclusion of Sr. Interestingly, the results of the exercise with and 
without the Sr isotope system display very similar model results (Table S3 in Supporting Information S1), but 
we exclude Sr from our preferred model approach to avoid potential grain size biases. Yet, we recommend its 
inclusion on a case-by-case basis after careful consideration of potential grain size effects.

A final option for this model is the implementation of different tracer concentrations in the terrestrial source ma-
terial. MixSIAR allows users to input the elemental composition of sources to account for the higher sensitivity 
of a given sample mixture to contributions from highly concentrated sources (and vice versa for sources with 
lower concentrations; Phillips et al., 2014; Stock & Semmens, 2013). This is a valuable tool, and we compare 
the results of the modeling approach with and without this feature in Table S3 in Supporting Information S1, 
using concentration data, where available, as compiled by Struve et al. (2020) and for New Zealand from Koff-
man et al. (2021). The differences of Pb and Nd concentrations are small between the sources used in this work 

Figure 2. Grouped model outputs for the entire Holocene (panel a) and Last Glacial Maximum (panel b) datasets. Results are represented as box and whisker diagrams 
of all Monte Carlo simulations which satisfy the isotopic mass balance. Boxes are constructed using the interquartile range of the dataset and the median value, with 
whiskers denoting the 5th and 95th percentiles of the data.
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resulting in a negligible change in model outputs (Table S3 in Supporting Information S1). However, if large 
differences in element concentrations exist between individual sources (from ∼1 order of magnitude variation), 
concentration data need to be implemented in order to generate accurate results. Due to the small variability in 
the element concentrations between the different Southern Hemisphere PSA and the incomplete nature of the el-
emental dataset (see Supporting Information in Struve et al., 2020), we use a model here that is not concentration 
dependent.

4. Results and Discussion
4.1. Model Limitations and Recommendations

It is crucial for the interpretation of the model outputs to consider also the limitations of the approach for dust 
provenance. The overlap of source compositions is a main limitation, as evident from the mixing envelopes 

Figure 3. Proportions of dust input from Australia and New Zealand (AUS/NZ) and South America (SAM) for the Holocene (panel a) and the Last Glacial Maximum 
(panel b). In both panels black dots indicate the sampling locations, with the proportion of each source contributing to the mixture indicated by a color scale. Sample 
location PS75/034 indicated by white ring (see text for details). APF, Antarctic Polar Front; AZ, Antarctic Zone; PFZ, Polar Frontal Zone; SACC, Southern ACC Front; 
SAF, Subantarctic Front; SAZ, Subantarctic Zone; STF, Subtropical Front; Map created with Ocean Data View software (Schlitzer, 2019).
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(Figure S1 in Supporting Information S1). This overlap can complicate the identification of source contributions 
using MixSIAR. For example, New Zealand dust is very similar in composition to dust from the Lake Eyre basin 
(Table S1 in Supporting Information S1). The overlap can be reduced by using smaller SD values and/or the 
statistical removal of outliers (e.g., 2SD outlier tests). Furthermore, source overlap can be reduced by a more 
detailed assessment of the source regions, that is, breaking down or combining source regions prior to modeling. 
We applied this approach, for example, to the South American sources, which we subdivided into southern, 
central and northern sources in order to better constrain the range of dust compositions for the respective regions 
(Table S1 in Supporting Information S1). This subdivision is based on the geochemical composition of the source 
regions and is sensitive to latitudinal variations of the predominating westerly wind system (Struve et al., 2020). 
Without such subdivision, the continent would be considered a single source region resulting in a wide range of 
values and greater overlap with other sources (Table S1 in Supporting Information S1).

Figure 4. Grouped model output of samples south of 68°S (panel a), considering only West Antarctic sources. Results are 
represented as box and whisker diagrams of all Monte Carlo simulations which satisfy the isotopic mass balance. Boxes 
are constructed using the interquartile range of the dataset and the median value, with whiskers denoting the 5th and 95th 
percentiles of the data. Panels (b) and (c) display the average values of individual model outputs from each of these three 
samples, plotted against latitude and longitude, respectively.
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Once the initial models have been run, it may be possible to discern sources that do not contribute to the mixture. 
As MixSIAR always considers a contribution from all sources, no source will contribute 0%. However, if the 
model shows a specific source providing relatively low, but constant contributions to sample mixtures of differ-
ent isotopic composition, it is justifiable to remove such sources from the model. Here, we considered source 
contributions of less than 5% mean contribution insignificant in the overall isotopic mixture. A re-run of the 
model without such insignificant sources provides then better constraints on the contributions from the remaining 
sources.

Our work also highlights some dust-specific and region-specific limitations. The first of these is the interpretation 
of sample compositions on the continental shelves, which can be affected by the input of local dust and rivers 
which may be poorly characterized, or not considered at all in the model. Furthermore, sample compositions on 
the continental shelves and slopes can be affected by mineral and/or grain size sorting during entrainment, trans-
port and/or deposition of terrestrial particles (Garçon et al., 2014; Struve et al., 2020). For example, dust from 
the New Zealand continental shelf shows highly radiogenic Pb isotope compositions, which fall outside of the 
mixing envelope (see Supporting Information). Recent work presented Pb isotope compositions for a location at 
the east coast from New Zealand’s South Island (Erhardt et al., 2021) similar to the signal recovered from shelf 
and margin sediments offshore (Struve et al., 2020; Wengler et al., 2019), but different to any other terrestrial 
signal in this source region (Koffman et al., 2021). A highly radiogenic Pb isotope signal has been identified for 
intraplate volcanic rocks in New Zealand (Hoernle et al., 2006), but their Nd and Sr isotope compositions are 
inconsistent with available terrestrial (Koffman et al., 2021) and shallow-marine fine fraction data in the area 
(Struve et al., 2020; Wengler et al., 2019). Therefore, it is likely that sorting processes during sediment transport 
have led to an accumulation of minerals which contain greater proportions of radiogenic Pb (Garçon et al., 2014; 
Struve et al., 2020). Another example of this feature may be seen in samples from the Patagonian shelf where our 
models reconstruct a fairly equal Australian and South American contribution (DataSet S1 in Supporting Infor-
mation S2; Figure 3), although local sources likely contribute the majority of dust fraction particles. We therefore 
recommend considering the depositional setting at specific locations and the inclusion of complementary meth-
ods of dust reconstruction such as lithogenic input fluxes and dust particle size analysis in the data interpretation.

4.2. Large-Scale Changes Between Holocene and LGM Dust Provenance

The modeling approach utilized here can clearly identify large-scale trends in contributions from individual 
sources to the dust deposition in the South Pacific. Using the sources in Table S1 in Supporting Information S1, 
the contribution from both Antarctica and South Africa is low across all models (Figure 2). For South Africa, this 
is in line with previous interpretations of isotopic mixtures for Holocene and LGM dust in the study area (Struve 
et al., 2020; Trudgill et al., 2020; Wengler et al., 2019), and model reconstructions of dust sources during the 
LGM (Albani et al., 2012). The lack of a considerable component from Ross Sea sources also supports previous 
work suggesting modest contributions of IRD to the dust fraction of sediments in the polar Southwest Pacific for 
both the Holocene configuration (Wengler et al., 2019) and the LGM (Struve et al., 2020).

For the Holocene samples close to the West Antarctic shelves (Figure 1), we consider local sources (Table S2 
in Supporting Information S1; Carlson et al., 2021), because the lithogenic fluxes at these locations are clearly 
elevated compared to the central South Pacific typically regarded as dust-dominated (Lamy et al., 2014; Wengler 
et al., 2019). The main contributor of dust fraction material is the nearby Amundsen East area (following the no-
menclature of Carlson et al., 2021; Figure 4) substantiating the idea of a direct input of local lithogenic material 
from the shelves at these locations (Wengler et al., 2019). However, this modeling scenario is based on the as-
sumption that the elevated fluxes of (bulk) lithogenic material observed at these locations (Wengler et al., 2019) 
dominate also the deposition of <5 μm fraction particles. We note that this may not be the case, but due to the 
wide range of isotopic compositions of sediments on the West Antarctic shelves, it is not possible to unequivocal-
ly distinguish between the contribution from local sources and the input from remote terrestrial sources.

The dust input at the remote open ocean locations is dominated by sources in Australia and South America with 
specific changes and trends in both, the Holocene and the LGM results. This is demonstrated by the shift in aver-
age South American dust contribution between all Holocene remote open ocean samples (mean 30%, n = 18) and 
LGM samples (mean 54%, n = 15), and the increase in Australian contribution from the LGM (mean 38%) to the 
Holocene (mean 56%; Figure 2). One exception is open ocean sample location PS75/034 in the Southeast Pacific 
showing a relatively invariable composition for both time intervals which is distinct from the remaining open 
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ocean dataset (DataSet S1 and S2 in Supporting Information S2, Figures 3a and 3b). Like the locations close to 
the continental margins (see above), location PS75/034 is not included in the statistical analysis of the large-scale 
trends in dust provenance discussed below.

The general picture of Holocene dust provenance is further supported by the model solution for the different grain 
size fractions (Figure S2 in Supporting Information S1). This is interesting considering that it has been hypoth-
esized that the different grain size fractions in Holocene samples from the South Pacific may be influenced to 
different degrees by anthropogenic particles (Struve et al., 2020). Overall, the model output supports previous 
work which has indicated a shift toward increased dust input from South American sources during the LGM, as a 
result of enhanced South American dust entrainment and transport at this time (Struve et al., 2020). In particular, 
our model ascertains maximum contributions of up to ∼75% of dust from South American sources, further sub-
stantiating previous conclusions based on binary mixing calculations (Struve et al., 2020).

4.3. Spatial Variations of the Dust Fraction Composition in the South Pacific

The model results resolve spatial trends in both, the Holocene and the LGM. In the Holocene dataset, we observe 
weak correlations between longitude and mean contributions from both Australia and South America (Table 1, 
Figures  3 and  5). Our data show a tendency toward an increased contribution of dust from Australia in the 
western South Pacific during the Holocene, consistent with air mass and dust models (Li et al., 2008; Neff & 
Bertler, 2015), but also the eastward decrease of the Australian dust contribution relative to South American dust. 
As the dust plumes travel predominantly eastwards at these latitudes (De Deckker et al., 2010; Li et al., 2008; 
Neff & Bertler, 2015; Wengler et al., 2019), this would suggest that Australian dust fallout has a shorter residence 
time over the South Pacific compared to dust reaching the area from South America, explaining the significant 
influence of local sources on lithogenic input near New Zealand (Trudgill et al., 2020; Wengler et al., 2019; 
Wu et al., 2021). Our results also show that the absolute contributions and spatial trends of dust from individual 
sources in Australia are distinct across the study area (Figure 7a). This may be related to different trends of re-
gional environmental change in important Australian dust source areas during the Holocene (e.g., Fitzsimmons 
et al., 2013; Marx et al., 2009), probably contributing to the relatively high variability of the dust fraction prove-
nance signal in the Holocene sediments (reflecting also different age intervals due to their different depositional 
settings) in the Southwest Pacific (Wengler et al., 2019; Figure 3).

Previous research has suggested that the Lake Eyre basin is the primary contributor of dust from Australian sourc-
es to the Holocene South Pacific (De Deckker et al., 2010; McGowan & Clark, 2008; Revel-Rolland et al., 2006; 
Wengler et al., 2019). Here, we revisit this suggestion by using the raw outputs (prior to a posteriori grouping) 
from the Holocene models (Figures 7a and 7c). For this exercise, we calculate the contribution of each Austral-
ian source as a proportion of the total contribution from Australia, rather than as a proportion of the total dust 
mixture (see caption of Figure 6 for more details). This approach shows that the Lake Eyre basin contributes an 
average of 33% to the total amount of Australian dust deposited in the South Pacific during the Holocene (i.e., 
17% of all dust). New Zealand is the second most considerable source from this region (mean 26%), with the 
Darling basin contributing on average 18% of the Australian component (Figure 6a). Sources from New Zealand 
show geochemical similarity with important PSA in Australia, limiting the significance of both, simple mass 
balance calculations (Struve et al., 2020; Wengler et al., 2019) and Bayesian modeling approaches (this work). 

Holocene Latitude p-value Longitude p-value n

Australia 0.26 0.30 −0.23 0.35 18

South America −0.31 0.21 0.10 0.70 18

LGM Latitude p-value Longitude p-value n

Australia −0.84 <0.01 −0.38 0.16 15

South America 0.84 <0.01 0.38 0.16 15

Note. Statistically significant at the fifth percentile (p-value <0.05) regressions are highlighted in italics.

Table 1 
Correlation Coefficients (Pearson’s r) Between Individual Model Outputs and Longitude or Latitude, for Grouped Continental Sources
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Yet, our findings largely support data based and modeled evidence suggesting that the Lake Eyre basin is the 
most active source of dust on the Australian continent, with the Darling basin a secondary component of the 
mixture (De Deckker, 2019; De Deckker et al., 2010; McGowan & Clark, 2008; McTainsh, 1989; Prospero, 2002; 
Wengler et al., 2019). Investigation of the outputs from individual models can provide additional insight into the 
trends of Australian dust contributions in the Holocene samples (Table 2, Figures 6a, 7a, and 7c). No significant 
correlations are observed between changes in Australian source contributions and latitude in these Holocene 
samples (Figure 7c). There is a positive correlation between the contribution from Lake Eyre and longitude for 
the Holocene samples (r = 0.48, p-value <0.05, n = 18), indicating that a higher proportion of dust entrained 
from this basin is transported further east into the South Pacific than other Australian sources via the “Southeast 

Figure 5. Model outputs representing the contribution of South American (orange circles) and Australian (green circles) sources to individual sample mixtures, plotted 
against longitude and latitude. Unfilled circles indicate those which are not considered open ocean, and so are not included in statistical analysis (see Methods). Panels a 
and b are the contributions from the two sources plotted against longitude for the Holocene and Last Glacial Maximum (LGM) configuration, respectively. Panels c and 
d are source contributions plotted against latitude, again for the Holocene and LGM configuration, respectively. In each case, circles indicated the mean output of each 
model. Linear regression fits are indicated by solid lines in respective colors if they are considered statistically significant at the 0.05 level (i.e., a p-value <0.05; see 
Table 1). Details on these regressions can be found in Table 1.
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dust transport corridor” (McGowan & Clark, 2008), whereas the total contribution of Australian dust decreases 
eastward (Figure 5a). Contributions of dust from other sub-continental scale sources show also tendencies for 
zonal changes, but the regressions are not statistically significant at the 0.05 level (Table 2). Notably, the relative 
proportion of dust from western Australia seems to be lower at the eastern compared to the western sites, as illus-
trated by a negative correlation (r = −0.45, p-value = 0.06, n = 18; see Table 2). However, the modeled Western 
Australian component in these Holocene samples from the central polar South Pacific may also be explained by 
a possible contribution from anthropogenic particulates and/or specific IRD sources to these samples having an 
overall extremely low trace metal content (see Struve et al., 2020; Wengler et al., 2019; Supporting Information). 
Since we are unable to fully characterize the composition of possible anthropogenic and/or rare IRD particles in 
these samples we suggest careful interpretation of the results for these specific samples.

Figure 6. Grouped model output of Australian sources for the Holocene (panel a) and LGM (panel b) datasets. Results are 
represented as box and whisker diagrams of all Monte Carlo simulations which satisfy the isotopic mass balance. Boxes 
are constructed using the interquartile range of the dataset and the median value, with whiskers denoting the 5th and 95th 
percentiles of the data. Note that these results are based on all model solutions for the individual source regions, that is, 
different to the average values of individual model outputs for the South Pacific samples shown in Figure 7.
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For the LGM, our modeling results show that Australian contributions were broadly similar, but accounted for a 
smaller proportion of the isotopic mixture. Lake Eyre remains the primary Australian source (mean 39%), with 
New Zealand (mean 20%) and the Darling Basin (mean 18%) being again the other main source regions (Fig-
ure 6b). The similarity in contributions between the two periods suggests that the same general source regions 
were active in Australia/New Zealand during the LGM and the Holocene, a finding supported by previous studies 
which have indicated the importance of Lake Eyre as a source for LGM dust in the South Pacific (Molina-Kescher 
et al., 2016; Revel-Rolland et al., 2006; Struve et al., 2020). The latitudinal changes dominate the spatial trends 
in the LGM open ocean dataset with an overall higher contribution from South American sources and an increase 
toward the north (Figure 3), reflected in correlations between latitude and the contribution from South American 

Figure 7. Contributions from individual Australian sources to the total amount of dust exported from the Australian region to the South Pacific (see text for details). 
Unfilled circles indicate those which are not considered remote open ocean, and so are not included in statistical analysis (see Methods). Panels a and b display the 
contribution of each individual source to the mixture plotted against longitude, for the Holocene and LGM configuration, respectively. Panels c and d are source 
contributions plotted against latitude, again for the Holocene and LGM configuration, respectively. Linear regressions are indicated if they are considered statistically 
significant at the 0.05 level (i.e., a p-value <0.05; see Table 2 for details). Note that excluding LGM10 from the results shown in panel (d) would yield a p-value of 0.02 
for the Darling Basin LGM data versus latitude (see DataSet S2 in Supporting Information S2). Details on these regressions are listed in Table 2. Note also different 
y-axis scales in (a) and (c) versus (b) and (d).
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sources (r = 0.84, p-value <0.01, n = 15) and Australian sources, respectively (Figure 5). This tallies well with 
previous work, which has indicated that during the LGM intensified westerlies brought greater amounts of South 
American dust into the South Pacific in general and to the Subantarctic Zone in particular (Struve et al., 2020). 
Furthermore, our model results reveal strong positive correlations between latitude and individual Australian 
source regions (i.e., greater contribution to northern sites) for the Lake Eyre, Lake Mungo, and Darling basins 
(Table 2; Figure 7d). This suggests greater transport of dust from these PSA to the subpolar South Pacific during 
the LGM relative to other Australian sources (note that the relative contribution of Australian sources to the 
total dust deposition was lower during the LGM). In contrast, negative correlations between latitude and dust 
from New Zealand, Western Australia and the Murray Basin indicate reduced long-distance transport from these 
sources to the subpolar South Pacific (Table 2; Figures 6b and 7d). The LGM dust transport from all these source 
areas to the mid-latitude South Pacific is controlled by the Southern Hemisphere Westerly Winds (SWW; Lamy 
et al., 2014; Struve et al., 2020, van der Does et al., 2021). As such, the distinct latitudinal trends in the contri-
bution of individual PSA to the total Australian dust export are probably the result of specific (seasonal) changes 
in the source areas (moisture conditions, vegetation cover, sediment availability etc.; De Deckker et al., 2020; 
Ginoux et al., 2012; McTainsh, 1989; Prospero, 2002), their interaction with local winds and the predominating 
SWW system (De Deckker et al., 2010; Marx et al., 2009; McGowan et al., 2005; McTainsh, 1989) and the con-
ditions of deposition in the study area (e.g., sea-ice cover, particle settling; Struve et al., 2020).

Our LGM model output also reveals a pronounced longitudinal variation of Australian source contributions, ex-
pressed in a positive correlation between the Lake Eyre basin and longitude (r = 0.78, p-value =<0.01, n = 15), 
again suggesting a greater contribution from this source to the eastern sites compared to other Australian sources 
(Figures 7b and Table 2). This implies particularly high levels of long-distance transport of dust from this area 
of Australia during the LGM, whereas the Murray Basin in Southeast Australia and New Zealand show negative 
correlations and thus a reduced range of Australian dust exported from these PSA (Figure 7b). We completed 
a similar exercise for South American sources (Figure 8). Using this approach, a lack of correlation between 

Holocene Latitude p-value Longitude p-value n

Darling Basin 0.06 0.80 −0.37 0.13 18

Lake Eyre Basin −0.02 0.95 0.48 0.05 18

Lake Mungo 0.05 0.84 0.23 0.34 18

Murray Basin 0.02 0.95 0.24 0.35 18

New Zealand 0.09 0.73 0.33 0.18 18

Western Australia −0.08 0.74 −0.45 0.06 18

S. America 20–24°S −0.05 0.84 −0.11 0.66 18

S. America 24–32°S (selected) −0.06 0.80 0.05 0.85 18

S. America >32°S 0.10 0.69 −0.02 0.93 18

LGM Latitude p-value Longitude p-value n

Darling Basin 0.48 0.07 0.18 0.52 15

Lake Eyre Basin 0.77 <0.01 0.78 <0.01 15

Lake Mungo 0.76 <0.01 0.41 0.13 15

Murray Basin −0.58 0.02 −0.48 0.07 15

New Zealand −0.76 <0.01 −0.41 0.13 15

Western Australia −0.68 <0.01 −0.54 0.04 15

S. America 20–24°S −0.80 <0.01 −0.42 0.12 15

S. America 24–32°S (selected) 0.80 <0.01 0.42 0.12 15

S. America >32°S −0.79 <0.01 −0.42 0.12 15

Note. Statistically significant at the fifth percentile (p-value <0.05) regressions are highlighted in italics.

Table 2 
Correlation Coefficients (Pearson’s r) Between Individual Model Outputs and Longitude or Latitude, for Individual Australian and South American Sources
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longitude or latitude during the Holocene can be observed, with all three PSAs contributing variable amounts 
of dust to the mixtures. In contrast, it is clear that central South American (24–32°S) dust predominates during 
the LGM, comprising up to ∼90% of all South American dust preserved in some cores (Figures 8b and 8d). 
This finding supports the assertions of Struve et al. (2020), who concluded that the radiogenic Pb isotope signal 
observed in South Pacific dust during the LGM was derived from a central South American source (which is 
geochemically distinct from the regions to the south and north; Gili et al., 2017) and delivered to the study area by 
strong westerly winds. Active dust emissions from this source region have been proposed to contribute to the dust 
deposition in East Antarctic ice cores during glacial times (Gili et al., 2017) and satellite observations reveal that 
dust plumes are moved around the globe by high altitude westerly winds (Uno et al., 2009). The similar spatial 
trends of far-travelled dust from Central South American and Central/East Australian sources (Figures 7 and 8; 
Table 2) further support the idea that the westerly wind circulation plays an important role in the distribution of 

Figure 8. Contributions from individual South American sources to the total amount of dust exported from South America to the South Pacific (see text for details). 
Panels (a) and (b) display the contribution of each individual source to the mixture plotted against longitude, for the Holocene and LGM configuration, respectively. 
Panels (c) and (d) are source contributions plotted against latitude, again for the Holocene and LGM configuration, respectively. Unfilled circles represent samples not 
used in statistical analyses as described in caption of Figure 7. Linear regressions are indicated if they are considered statistically significant at the 0.05 level (i.e., a 
p-value <0.05; see Table 2 for details). Note different y-axis scales in (a) (c) versus (b) (d).
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dust from both continents across the South Pacific (Struve et al., 2020). At the same time, the dust delivered to 
the Southeast Pacific during the LGM was coarser than dust reaching the area during the Holocene (van der Does 
et al., 2021). Therefore, the high proportion of South American dust in the subpolar Southeast Pacific suggests 
that the delivery of larger far-travelled dust particles during the LGM was related to longer atmospheric residence 
times of the dust particles and higher wind speeds of the circumpolar westerly wind system rather than an in-
creased contribution from a single proximal source alone.

4.4. Further Work and Outlook

Our work has demonstrated the applicability of Bayesian mixing models to multi-isotope provenance studies of 
dust deposition and we propose to apply this approach more widely to (dust) provenance studies. The application 
of such model approach can provide improved estimates of source contributions, and thus supporting interpreta-
tion of datasets, for all spatial and temporal scales.

The construction of the model also allows for the inclusion of more variables, each of which may help further 
constrain source provenance. For dust related studies, one such variable is the rare earth element (REE) content. 
REEs can be enriched or depleted as a result of changing mineralogy (Ferrat et al., 2011; Yang et al., 2007), and 
may provide an additional tracer of dust provenance (Gili et al., 2017; Struve et al., 2020). In addition, other 
provenance tracers such as Sr, Hf, or Th-He isotopes (Blakowski et al., 2016; Grousset & Biscaye, 2005; McGee 
et al., 2016) can be included to help distinguishing between sources which otherwise have very similar Pb and 
Nd isotope compositions. Finally, we anticipate to expand the use of non-traditional stable isotope analyses as 
source tracers in the future (Schleicher et al., 2020), especially in studies which consider anthropogenic sources 
(Souto-Oliveira et al., 2018). To this end, the isotopic systems of elements such as copper, zinc and iron could 
potentially yield useful source information and may easily be included in future MixSIAR modeling.

In this work, we have only considered the contribution of each source to the mixture, a method which does not al-
low for the interpretation of absolute levels of dust to be interpreted. For example, although our work shows great-
er Australian dust input to the Holocene South Pacific than during the LGM, it is not possible to know exactly 
how much dust this represents. This information is however provided by complementary dust flux data showing 
a substantial increase in dust fluxes in the subpolar South Pacific during the LGM (Lamy et al., 2014; Shoenfelt 
et al., 2018). For example, lithogenic flux estimates are available for both the Holocene (Wengler et al., 2019) and 
LGM (Lamy et al., 2014) at location PS75/076 (Figure 1). Using the Holocene provenance model output for this 
core (Figure 3), we estimate the absolute flux of Australian dust to be 0.5 g/m2/year, with 0.28 g/m2/year from 
South America. For the LGM, the absolute Australian contribution remains similar, at 0.68 g/m2/year, but the 
South American component is much greater, at 0.97 g/m2/year. Consequently, the output of our models can be 
combined with lithogenic flux calculations, to convert from proportional data into absolute depositional values at 
locations where lithogenic fluxes reflect atmospheric dust input.

5. Conclusions
Here, we present the results of the utilization of a Bayesian mixing model to apportion source contributions to 
dust mixtures, using their Pb and Nd isotope compositions in the South Pacific. Our work clearly shows the ap-
plicability of this approach and that the model results are dominated by Pb and Nd isotope compositions, whereas 
the moderate variation of metal concentrations in the source material as well as the Sr isotope composition have 
only very modest influence on the overall results. Testing different model configurations reveals that grouping 
multiple small source areas to a single continental scale dust source can lead to biased results in comparison to 
using multiple smaller subcontinental scale sources and grouping the individual contributions a posteriori. Our 
model output supports previous work by indicating a high proportion of South American dust deposition in the 
South Pacific during the LGM, but also a contribution from this source to the Holocene dust fraction. During both 
time periods the remaining portion is supplied predominantly by Australian sources.

In addition, our results reveal spatial trends in the data. For the Holocene configuration, the contribution of Aus-
tralian dust tends to decrease eastward relative to the contribution from South American sources, thus indicating 
a reduced atmospheric residence time of Australian dust over the South Pacific. In contrast, the LGM dataset 
is dominated by strong latitudinal gradients with a contribution of up to 75% of the total dust deposition in the 
subpolar South Pacific being sourced from South America. Our work has also investigated the contribution of 
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sub-continental scale source areas to the total amount of dust exported from Australia and South America, re-
spectively. We identified the Lake Eyre basin as the most important contributor of dust from Australia during 
both the LGM and the Holocene, with an eastward increasing proportion of dust from the Lake Eyre basin in the 
total amount of Australian dust delivered to the southern South Pacific. However, the distribution patterns of dust 
from the individual sub-continental scale source areas, both in Australia and South America, show predominantly 
latitudinal trends during the LGM with the most prominent of these trends being the northward increase of dust 
input from Central South America. The relatively coarse dust fraction sediments in the subpolar Southeast Pacific 
were consequently delivered from both South American and Australian sources during the LGM, which requires 
increased atmospheric residence times and an accelerated glacial westerly wind regime facilitating the circumpo-
lar atmospheric transport of coarser-than-Holocene dust.

Data Availability Statement
All data produced in this study are available in the Supporting Information S1 file and under doi: https://doi.
org/10.6084/m9.figshare.17074811. All geochemical data used in this modeling study are available in Wengler 
et al. (2019), Struve et al. (2020) and Carlson et al. (2021). The MixSIAR model is available in Stock and Sem-
mens (2013) and Stock et al. (2018).
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