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Abstract Mineral dust accumulated on the ocean floor is an important archive for reconstructing past
atmospheric circulation changes and climatological conditions in the source areas. Dust emitted from Southern
Hemisphere dust sources is widely deposited over the oceans. However, there are few records of dust deposition
over the open ocean, and a large need for extended geographical coverage exists. We present a large data set
(134 surface sediment samples) of Late Holocene dust deposition from seafloor surface sediments covering the
entire South Atlantic Ocean. Polymodal grain-size distributions of the lithogenic fraction indicate that the
sediments are composed of multiple sediment components. By using end-member modeling, we attempt to
disentangle the dust signal from non-aeolian sediments. Combined with ***Th-normalized lithogenic fluxes, we
quantified the specific deposition fluxes for mineral dust, crrent-sorted sediments and ice-rafted debris (IRD).
Although the method could not completely separate the different components in every region, it shows that dust
deposition off the most prominent dust source for the South Atlantic Ocean—southern South America—
amounts up to approximately 0.7 g cm™> Kyr™' and decreases downwind. Bottom-current-sorted sediments and
IRD are mostly concentrated around the continental margins. The ratio of the coarse to fine dust end members
reveals input from north African dust sources to the South Atlantic. The majority of the observations are in good
agreement with new model simulations. This extensive and relevant data set of dust grain size and deposition
fluxes to the South Atlantic could be used to calibrate and validate further model simulations.

Plain Language Summary Ocean records of mineral dust can be used to reconstruct past climatic
changes such as wind strength and aridity in the source regions, and also marine biological productivity.
However, in the remote open ocean, dust samples are difficult to obtain and therefore records are sparse. We
present a large data set of dust deposition, determined from the top centimeter of ocean floor sediments,
covering the entire South Atlantic Ocean. These appeared to be complex mixtures of different sediment types,
which we attempted to unmix mathematically. This resulted in four individual components, which are fine and
coarse mineral dust, current-sorted sediments and ice-rafted debris (IRD). Although the unmixing has its
limitations, it shows that the dust deposition off the most prominent dust source for the South Atlantic Ocean—
southern South America—is significant and decreases downwind as dust settles during transport across the
ocean. Current-sorted sediments and IRD are mostly concentrated around the continental margins. The results
also reveal dust transport across the equator from north African dust sources and show similarities with new
model simulations. This extensive and relevant data set of dust grain size and deposition fluxes to the South
Atlantic can be used to calibrate and validate further model simulations.

1. Introduction

Mineral dust is a major component of sediment input to the remote open ocean. Annually, about 2,000 Tg of dust
is emitted from dust sources worldwide, of which 25% is deposited into the oceans (Shao et al., 2011). In
sedimentary archives, including deep-sea sediment cores, dust fluxes and particle size can serve as paleo-climate
indicators for conditions such as source aridity, wind strength and wind direction (McGee et al., 2013; Rea, 2007).
Dust flux and particle size of deposited dust are also affected by the distance they have traveled, with more and
coarser-grained dust being deposited closer to the sources (Rea, 2007; van der Does, Brummer, et al., 2021; van
der Does et al., 2016). Closer to the continents, riverine sediments have become the main contributor to oceanic
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Figure 1. Modern dust deposition off southern South America (a), southern Africa (b) and interhemispheric transport from northern Africa across the Equator (c), where
the dust plumes are indicated by the yellow arrows. The red arrows in (c) show the sun's reflection on the ocean surface captured by the satellite. Images from NASA
Worldview Corrected Reflectance (True Color) NOAA-20/VIIRS, of 25 October 2021 (a), 27 June 2022 (b), and 1 February 2022 (c).

sediments (Rea, 2007). The most and largest dust sources are on the Northern Hemisphere, which produce up to
an order of magnitude more dust than Southern Hemisphere sources (Prospero et al., 2002; Rea, 1994).

Mineral dust has several direct and indirect impacts on climate. Atmospheric dust influences the radiation budget
through scattering and absorbing solar radiation (Arimoto, 2001) and acts as cloud condensation and ice nuclei
(Twohy et al., 2009). In addition, soluble iron-rich dust deposition affects marine biological productivity and the
global carbon cycle through iron fertilization of high nutrient low chlorophyll regions (Duce et al., 1991; Mar-
tin, 1990). Antarctic ice cores have recorded dust deposition over multiple glacial cycles, and these records reveal
a ~25-fold increase in dust deposition during glacial periods compared with interglacial periods (Lambert
etal., 2008). Paleoceanographic reconstructions found that iron fertilization through dust input in the Subantarctic
Zone of the Southern Ocean can explain up to 40 ppmv of the atmospheric CO, decrease observed during glacial
periods (Martinez-Garcia et al., 2014).

Model simulations show that about 10% of all global dust emissions come from Southern Hemisphere sources
(Kok et al., 2021b; Li et al., 2008). These simulations revealed that dust transport (<20 pm) over the Southern
Hemisphere mainly comes from sources including South America (~190 Tg a~ 1), Australia (~160 Tg a™h,
southern Africa (~100 Tg a™"), New Zealand, as well as inter-hemispheric transport from the Northern Hemi-
sphere, mainly from North Africa (Kok et al., 2021b; Neff & Bertler, 2015). The main carriers of dust from these
Southern Hemisphere sources are the southern westerly winds (SWW). Transport from southern African sources
is weak since these are more remote from the influence of the westerlies, but are rather transported by the
southeast trade winds (Dupont & Wyputta, 2003; Shi et al., 2001; Stuut et al., 2002). Therefore, their influence at
high Southern latitudes is relatively small.

Average estimations from model simulations 68% of dust deposition to the South Atlantic reveal that about 68%
originates from South-American sources, 24% from Southern Africa, and minor inputs (~4%) from Northern
Hemisphere sources (Figure 1; Kok et al., 2021b). The main South-American dust sources include Patagonia, an
area of over 900,000 kmz, extending from 39°S to the southernmost tip of the continent; central-western
Argentina, a ~600,000 km? area extending from the eastern flank of the Andes to the western slope of the Si-
erras Pampeanas; and the Puna-Altiplano Plateau, which is a 1,000 by 200 km basin located in the central Andes
~4,000 m asl (Gili et al., 2017; Prospero et al., 2002). Dust from Patagonia has been traced to the free troposphere
in the Sub-Antarctic Atlantic Ocean, where it is quickly diluted by removal processes over the ocean (Gass6 &
Stein, 2007). Dust concentrations of South American sources are found to decrease sharply downwind and
eastward, with one order of magnitude decrease upon reaching the eastern margin of the Atlantic Ocean near
South Africa (Li et al., 2008).

In southern Africa, the main dust sources include the Makgadikgadi Depression in the lowest part of the Kalahari
Desert in Botswana, and the Etosha Pan in northern Namibia (Li et al., 2008; Prospero et al., 2002), but also
several coastal sources in Namibia from which the dust is transported toward the South Atlantic Ocean with strong
Berg winds (Gili et al., 2022). Dust emitted from southern African sources is not transported as far south as from
South American sources due to less efficient dust-transporting winds and therefore has a limited influence on the
Southern Ocean and Antarctica (Neff & Bertler, 2015). Dust transport from Australian sources to the South
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Atlantic is mostly blocked by the Andes Mountains in South America and therefore only has a minor contribution
(Li et al., 2008). Dust from Northern Hemisphere sources is also transported across the equator, although in very
small quantities and therefore contributes little to deposition in the South Atlantic (Kok et al., 2021b; Li
et al., 2008). Much of these data come from modeling studies, indicating the need for direct observational data in
this vast region.

Latest estimates from model simulations of annual dust (<20 pm) deposition in the South Atlantic range between
51 and 149 Tg (Kok et al., 2021b), of which the majority is deposited by wet-depositional processes (Duce
etal., 1991; Li et al., 2008). This is in agreement with findings by Gaiero et al. (2003), who estimated that ~30 Tg
of Patagonian dust is deposited in the South Atlantic, as well as ~40 Tg of sediments from coastal erosion and
~2 Tg of riverine sediments. Model simulations by Johnson et al. (2010) estimate a yearly Patagonian dust
emission flux of ~30 Tg and a deposition of 22 Tg to the South Atlantic Ocean for dust particles up to 12 pm. Wet
deposition is found to be the primary removal mechanism, accounting for 40% and 80% of total deposition near
the coast and over the open ocean, respectively (Johnson et al., 2010).

In addition to aeolian sediments, lithogenic material can also be delivered to and transported within the Atlantic
and the Southern Ocean by surface and deeper ocean currents such as the Atlantic Circumpolar Current flowing
eastward throughout the Southern Ocean following SWW, the Weddell Gyre, the Agulhas Current and Benguela
Current around southern Africa, and the Brazil Current flowing south along South America, as well as bottom
currents of Antarctic Bottom Water and Circumpolar Deep Water (Figure 2).

Records of dust deposition over the open ocean are sparse. Climate models can contribute to this by simulating the
dust deposition over these remote areas over recent and palaeo-timescales, but these models seem to underes-
timate the dust deposition compared to fluxes obtained from sediment records. This has been attributed to
inaccurate representation of (very) coarse dust particles in model simulations (Adebiyi & Kok, 2020). Large
discrepancies in the existing measurements also indicate the need for an expanded geographical coverage of direct
observations of dust deposition in the oceans. This will contribute to validate model simulations and satellite
observations.

Here, we present grain-size measurements and >°Th-normalized lithogenic fluxes of seafloor surface sediments
covering the entire South Atlantic Ocean, which will form an important data set of direct observations of dust
deposition over such a vast region. >**Th-normalized >**Th fluxes are often used as a proxy for dust fluxes in the
open ocean (Winckler et al., 2008, 2016). In places along continental margins with additional lithogenic input,
such as riverine, ice-rafted sediments or current-transported sediments, >**Th-based lithogenic fluxes of dust
deposition may be an overestimation (Diekmann et al., 2003; Ouyang et al., 2021). We propose an individual
characterization of different sediment fractions contributing to the total lithogenic flux, which is achieved by end-
member (EM) modeling of grain-size distributions. This results in more specific fluxes for fine-grained and
coarse-grained dust, in addition to current-sorted sediments as well as ice-rafted debris (IRD).

2. Material and Methods
2.1. Sample Material

A total of 134 surface sediments from the ocean floor from multiple expeditions with F'S Polarstern and FS
Meteor, obtained between 1988 and 2005 in the South Atlantic Ocean, were analyzed (Figure 2). Detailed in-
formation on the samples is provided in Table S1. Most samples were taken by a multicorer and some by a giant
box corer. To avoid large contributions from hemipelagic and riverine sediments, the samples were selected to be
>300 km away from the African and South American coasts, following the strategy outlined by Kienast
et al. (2016). This was not the case for samples close to the Antarctic continent. Since sedimentation rates in the
Atlantic Ocean are on the order of a few centimeters per thousand years, each sample represents several hundreds
of years of sediment accumulation and dust deposition (Stuut & Lamy, 2004). For the few samples for which
dating was available, most ages ranged between 0.23 and 0.44 ka BP, with two samples dated to 2.3 and
2.69 ka BP (Table S1), and therefore represent the Late Holocene.

2.2. Grain-Size Analysis

Prior to grain-size analysis, the lithogenic fraction was isolated by removing the biogenic components chemically.
About 200-500 mg of the bulk freeze-dried sediments were weighed into 50 mL centrifuge tubes. First, organic
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Figure 2. Map with locations of the surface samples from the South Atlantic Ocean. Outliers marked in light orange (see text).
(a) Grain-size distributions of all samples (N = 134). Solid lines show main surface ocean currents, based on Diekmann

et al. (2003) and Peterson and Stramma (1991), mean positions of major front systems (Orsi et al., 1995), and mean extent of
sea ice (Comiso, 2003). SAF, Subantarctic Front; APF, Antarctic Polar Front; SACCF, Southern Antarctic Circumpolar
Current Front; WSI, winter sea ice; SSI, summer sea ice; ACC, Antarctic Circumpolar Current. The map was generated using
Ocean Data View (Schlitzer, 2018). Main dust source regions: PAP, Puna-Altiplano Plateau; CWA, central-western
Argentina; PAT, Patagonia; EP, Etosha Pan; MAK, Makgadikgadi Depression. (b) Clustered grain-size distributions of
samples marked with colored circles in (a). (c) Highlighted transects and their grain-size distributions.

matter was removed by adding 5 mL H,0, (35%) and the samples were placed in a hot water bath at 100°C for
~1-2 hr until the reaction stopped, adding small amounts of demineralized water to prevent the samples from
overflowing and also from boiling dry. The samples were then filled with demineralized water and subsequently
centrifuged, after which the overlying water was decanted using a water-jet pump. This rinsing was repeated
multiple times until the pH was neutral or similar to the demineralized water. Carbonates were removed from the
sediments by adding 5 mL HCI (10%). Since the reaction was immediate and complete, the samples were not
heated during this step but rather agitated using a vortexer, and subsequently rinsed and centrifuged until the pH
was neutral. As a final step, biogenic opal was removed with 15 mL NaOH (20%), and the samples were placed in
a hot water bath at 100°C for 3 hr, after which the samples were rinsed and centrifuged until the pH was neutral.
Smear slides of a selection of samples were made and a visual inspection using a light microscope ensured the
complete removal of all biogenic components prior to further analyses.
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Grain-size analyses were performed using a Beckman Coulter laser diffraction particle sizer LS13 320 equipped
with a micro liquid module at the Royal Netherlands Institute for Sea Research (NIOZ). Directly prior to grain-
size analysis, 2 mL of Na,P,0, - 10H,O (sodium pyrophosphate) was added to each sample and sonicated for a
few minutes to completely break up the aggregates that may have formed despite the previous chemical treatment.
Degassed water was used during analysis to minimize the influence of gas bubbles, and a magnetic stirrer ho-
mogenized the sample during analysis. This resulted in particle-size distributions divided into 92 size classes
ranging from 0.375 to 2,000 pm. Experiments with internal glass-bead standards reveal the reproducibility to be
better dan 0.7 and 0.6 pm for the mean and median particle size (1), respectively, and the average standard
deviation integrated over all size classes is better than 4 vol.% (van der Does et al., 2016).

2.3. End-Member Modeling

The lithogenic fraction contains, besides mineral dust, other sediment sources including IRD, riverine sediments
and hemipelagic sediments transported by (bottom) currents, as is illustrated by their highly unsorted and poly-
modal grain-size distributions (Figure 2a). In addition, the mineral dust deposited in the South Atlantic can have
different continental sources, such as South America and southern Africa, but also Northern-Hemispheric dust
sources. Since these all have overlapping grain sizes, they cannot be physically separated from each other, and
therefore a mathematical model is used to separate the different base components. Several algorithms are
available, so-called EM models, which unmix the grain-size distributions into sedimentologically meaningful
components (Weltje, 1997). A comparative study using artificial and published data sets revealed that the results
of the program AnalySize for MATLAB (Paterson & Heslop, 2015) are most accurate compared to other EM
models (van Hateren et al., 2018). AnalySize was primarily, but not exclusively, designed to unmix grain-size
data obtained by laser-diffraction particle-size analyzers.

Weltje and Prins (2007) provide a discussion on the difference between parametric EM modeling (or curve
fitting), where the end members are assumed to have unimodal distributions and non-parametric EM modeling,
where the shape of the end members is not pre-defined and can reflect polymodal grain-size distributions. The
latter proved to be better suited to reconstruct and reflect the mixing of different sediment types (related to
provenance) and the unmixing by sedimentary processes and deposition for better interpretation of the geological
context. McGee et al. (2013), on the other hand, argue for the parametric method, although a good fit between
model and data does not guarantee its aptitude of explaining the underlying geological processes (Weltje &
Prins, 2007).

For the purpose of unmixing the observed polymodal grain-size distributions of the samples, we performed the
non-parametric EM analysis using AnalySize v.1.1.2 using a non-parametric EM correlation. This method
identifies covarying components and reveals information about mixing dynamics or non-selective physical
processes and is based on non-negative matrix factorization (Paterson & Heslop, 2015). The EM analysis was
performed on 128 of the grain-size distributions after removing 6 outliers (marked in light orange in Figure 2a).
The grain-size distributions of these outliers differ much from the rest of the data set so that they influenced the
outcome of the basic components of the sediments, and were therefore left out of this reconstruction. End
members were calculated for 2-7 EM scenarios (Figure 3).

Up to four EMs show a clear increase in the linear correlation between the data and the EM reconstruction
(R* = 0.97; Figure 3). For the scenarios with five or more EMs, the linear correlation shows a much smaller
increase, and more principal components would over-complicate the interpretation of the mechanisms behind the
sediment's grain-size distributions, as seen from the EM grain-size distributions.

The 3-EM scenario likely has too few EMs, which is also shown by their polymodal grain-size distributions,
indicating additional subpopulations. For the 4-EM scenario, the grain-size distributions are more uniform except
the coarsest EM, which would fit well to the characteristic unsorted nature of IRD. In the 5-EM scenario, the two
coarsest EMs show such unsorted grain-size distributions indicative of IRD. In the case of our data set, where we
are primarily interested in the mineral dust fractions, having two separate IRD EMs would only complicate the
interpretation of the results further. Given the nature of the sediments, the possible sediment sources and transport
mechanisms, we find that the four-EM scenario would best describe the variability in our data set. These EMs 1-4
have a modal grain size of 1.7, 10.4, 34.6, and 72.9 pm, respectively. The angular deviation between the data and
EM reconstruction (theta) equals 6.69 for the 4-EM scenario, and the correlation between the different EMs (EM
R?) equals 0.03.
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Figure 3. End-member (EM) grain-size distributions for 2—7 EM scenarios (top graphs) and statistics (bottom graphs). The linear correlation (R?; black line) indicates the
fit between the data and the EM reconstruction, while the EM correlation (EM R*; gray dashed line) shows the linear (in)dependence of the EMs. The angular deviation
(theta) represents the angular deviation between the data and EM reconstruction. A low linear correlation and high angular deviation are an indication of a poor fit. A
high EM R? value indicates that the data are over-fitted and the number of EMs should be reduced.

2.4. Lithogenic Fluxes by **Th-Normalization

A total of 134 samples were analyzed for U/Th isotopes on a Thermo Scientific Element 2 ICP-MS at LDEO.
Sample preparation utilized a similar procedure to that of Fleisher and Anderson (2003). Briefly, aliquots of about
100 mg of freeze-dried bulk sediment samples were weighed and spiked with a *U-?°Th solution. Subse-
quently, the samples were completely digested with a mixture of concentrated nitric acid (HNOs;), perchloric acid
(HclOy), and hydrofluoric acid on a hot plate. U/Th purification was achieved via Fe-coprecipitation and anion
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exchange chromatography. Each batch contained a procedural blank, and blank levels were subtracted from the
final isotope values. The average reproducibility of 11 replicates was 7%. This variability between replicates is
small relative to the differences between samples. In order to quantify reproducibility, an internal sediment
standard (VOICE Internal MegaStandard, or VIMS) was run in each batch, with a maximum difference of 2.2%
for 2°Th and 7.4% for >**Th (n = 4).

We apply the >**Th normalization method to constrain vertical fluxes of sedimentation (for a complete review, see
Francois et al., 2004; Costa et al., 2020). This method allows to separate the vertical rain rate of sediments from
lateral fluxes into or away from the sample site (i.e., sediment redistribution). Briefly, **Th is produced in the
water column by a-decay from its parent ***U with a half-life of 75,584 =+ 110 years (Cheng et al., 2013). ***Th is
quickly scavenged and has a very short residence time in the water column and therefore a limited extent of lateral
transport (Costa et al., 2020; Francois et al., 2004). The >**Th normalization method, originally proposed by
Bacon (1984) and increasingly adopted by the paleoceanography community, is based on the assumption that the
flux of scavenged *°Th reaching the seafloor is equal to the well-known production of **°Th in the overlying
water column. Since the production rate of ***Th is uniform, the measured concentration of ***Th (corrected for
detrital input and decay through time—excess °°Th or > Th, ) in a sediment sample can be used to determine an
instantaneous vertical sediment rain rate. The excess 22°Th flux is calculated following the method described by
Costa et al. (2020), correcting for the lithogenic **°Th activity, using the lithogenic ***U/***Th ratio of 0.6 + 0.1
for the Atlantic Ocean (Henderson & Anderson, 2003). No large differences in absolute values for the BT
derived lithogenic flux exist when a lithogenic 2**U/***Th ratio of 0.4 + 0.1 for the Southern Ocean is used
instead as well as for the spatial trends (maximum 1.85 g cm™ Kyr~! difference for the individual samples).
Therefore, we chose the value for the Atlantic Ocean (0.6 + 0.1) as the most appropriate for our South-Atlantic set
of samples. Since the samples represent the top centimeter of the seafloor sediments, we assumed a sediment age
of 0 Kyr for the above calculations. Indeed, published ages for the used samples mostly indicate ages well below
1 Kyr (Table S1). In addition, ?°Th-normalized fluxes are relatively insensitive to age-model errors (<1% flux
error for 1 Kyr age error) (Costa et al., 2020).

The sediment mass accumulation rates (MAR) derived from 2>°Th are then calculated as follows:

Mass Flu@30Th = Ifi (1)
230Thxs0

where f3 is the production rate of *>°Th in the water column (2.562 * 107> dpm cm ™ Kyr™') by radioactive decay
of 2**U (Costa et al., 2020), z is the water depth in cm, and A,z is the 2°Thxs activity at the time of initial
sediment deposition.

While the rare isotope >*Th allows estimates of sediment MAR, common Thorium (***Th) can be used as a proxy
for terrestrial input to the ocean (Kienast et al., 2016; McGee et al., 2016; Noble et al., 2012; Winckler et al., 2008,
2016). The concentration of ?>*Th in continental sources is found to be quite consistent across a range of locations,
with an average concentration for the upper continental crust of 10.7 ppm (Taylor & McLennan, 1995). By
analyzing fine-grained aeolian dust samples, McGee et al. (2016) found a systematic grain-size effect, showing
increasing 2**Th concentrations with decreasing grain size. They recommend an average >**Th concentration for
fine-grained aeolian dust (<5 pm) of 14 &+ 1 ppm. Since our main aim is reconstructing mineral dust fluxes over
the ocean and since most of mineral dust, especially after long-range transport, consists of particles <5 pm (Kok
et al., 2021a), we have used this recommended concentration of 14 + 1 in our calculations. Using the measured
232Th concentration [232Th], 232Th-derived lithogenic fluxes were calculated as follows (Costa et al., 2020):

[232Th] * Mass Flux230Th
14

)

Lithogenic flux =
In the following text, we refer to the 2**Th-normalized fluxes of lithogenic ***Th in short as lithogenic fluxes.

2.5. Model Simulations of South Atlantic Dust Deposition

New model simulations by Kréitschmer, van der Does, et al. (2022) were compared to the observed dust deposition
fluxes over the South Atlantic Ocean. Here we summarize how these simulations were performed.
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The simulations are based on pre-industrial climate (1850-1880 CE), with a prior spin-up time of 10 years. The
setup consists of the general circulation atmosphere model ECHAMS6.3 fully coupled to the aerosol model
HAM?2.3. Monthly resolved 30-year means for the years 1870-1899 of sea surface temperatures and sea ice
concentration are prescribed based on the latest AMIP II data set (Durack & Taylor, 2019).

The spatial resolution of the model is 1.875° X 1.875°, which corresponds to grid cells of approximately 180 km at
the equator. In order to compare these simulations to the observed data, the simulated values are linearly inter-
polated in the grid cells at the according to coordinates. In the vertical, the model consists of 47 layers up to a
model height of approximately 80 km (0.01 hPa pressure level).

Mineral dust is prognostically calculated. Dust emission fluxes are parameterized based on the 10-m wind speed
and include particle sizes ranging from 0.2 to 1,300 pm. The mass flux is then transferred into two particle size
distributions (accumulation and coarse mode), which are assumed to be log-normal. Aerosol dynamics considers
microphysical processes such as coagulation, in- and below cloud scavenging (wet deposition), turbulent (dry)
deposition and gravitational settling (Stier et al., 2005).

The novelty of the model setup is the fully interactive coupling between dust emissions and the dynamic land
surface and vegetation model JSBACH, which is an integral part of ECHAMS6 (Reick et al., 2013; Stevens
et al., 2013). Instead of prescribing a source file, the emissions are calculated for each (land) grid cell in each time
step. Each grid cell is assumed to be tiled, allowing various shares of soil and 12 different plant functional types.
The soil types for each region are described in Tegen et al. (2002) and consist of varying proportions of coarse
sand, fine sand, silt and clay. Dust sources are based on a scheme by Stanelle et al. (2014), where terrestrial tiles
not covered by vegetation represent potential dust sources and tiles covered by snow or vegetation block dust
emissions. While gaps in low-stature vegetation (shrubs and crops) allow for dust emissions, gaps in forests
prevent them. This dynamic simulation of vegetation and thus the size of dust emission areas is a next step toward
a fully interactive coupling between global climate and the mineral dust cycle.

3. Results and Discussion
3.1. Sediment Grain Size and End Members

The grain-size distributions of the South Atlantic surface sediments show a wide variety of poorly sorted sedi-
ments. Most samples show polymodal grain-size distributions and are likely composed of multiple different base
components (Figure 2a). Modal grain sizes range from 1.5 to 127.6 pm. Samples from nearly the same location
(within a maximum radius of 55 km) show very consistent grain-size distributions (Figure 2b). Some of the
observed transects (Figure 2c) show the input of locally derived sediments or IRD. The Scotia Sea transect shows
nearly identical grain-size distributions again except for the southernmost sample, which is close to the South
Orkney Islands in the Southern Ocean, and therefore likely containing additional sediments than mineral dust
only. The two Antarctic transects show a northward fining, reflecting the input of IRD from the Antarctic
continent. Overall, the four EMs describe the variability of the original data set well (Figure 3).

The most important dust source in the South Atlantic is South America (Kritschmer, van der Does, et al., 2022;
Neff & Bertler, 2015). Dust collected at multiple sites in Patagonia with horizontal Big Spring Number Eight
(BSNE) samplers (representing dust in transport toward the ocean) reveals a finest EM with modal grain sizes of
10-17 pm, and a coarser EM of approximately 30-50 pm (Cosentino et al., 2021). This is in line with dust
collected at a monitoring station at the core of the loessic Pampean plains, Argentina, which shows a dominant
modal grain size and EM of 12 pm and a coarser EM with a mode of 3040 pm (Cosentino et al., 2020). The
former corresponds to the finer mode of various source sediments for the northern Puna (11.6 pm), southern Puna
(8.8 pm), southern Altiplano (15.2 pm) and the shores of Mar Chiquita Lake in Central Argentina (17.4 pm). The
finest EM they observed (6-8 pm) is interpreted to be the result of long-range dust transport (Cosentino
et al., 2020). This also agrees with EM reconstructions from Pampean Plain loess samples (Torre et al., 2020).
These findings correspond well to EM1 and EM2 found for the Atlantic surface sediments, although these are
finer grained due to the longer transport distance across the ocean. EM1 and EM2 are also similar to dust grain-
size distributions in the South Atlantic (ODP Site 1090) and South Pacific (PS75/056-1), which have modal grain
sizes of 2.7 pm (0-1 cm bsf) and 3.7 pm (7-8 cm bsf), identical to their long-term averages of 160,000 and
260,000 years, respectively (van der Does, Wengler, et al., 2021).

VAN DER DOES ET AL.

8 of 17

8518017 SUOLULLOD BA11E81D) 3[eot(dde auy Ag pauenob ake SoIMe YO ‘88N 4O S8InJ 10} Akeiq1 8UIIUO A8|IA UO (SUOTHIPUOD-PUR-SLLBILIOY A8 |1 A .q 1 BUI|UO//SANY) SUORIPUOD pUe SWiB | 8 88S *[7202/T0/0E] Uo Akeiqiauljuo 48| ‘imy Bunuosiosese I *N -fejod "4 Imisu| jeweBa pe1jly Aq SOTTTOODEZ02/620T 0T/10p/ w00 A Arelq1jeut|uosqndnBies/sdny wouj pepeojumod ‘T '¥20Z ‘£20252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011105

Riverine and hemipelagic sediments sampled close to continental shores are often found to be finer-grained
components of deep-sea sediments than aeolian dust (Holz et al., 2004; Stuut et al., 2002; Stuut &
Lamy, 2004). In our study, this is largely avoided due to the location of the sediment samples >300 km from the
African and South American coasts. In places at large distances from the sediment sources, it was found that
(long-range) aeolian dust can be finer-grained than hemipelagic sediments (e.g., Rea & Hovan, 1995). Therefore,
EM2 and EM1 are considered to represent coarser-grained and finer-grained dust components, respectively.
These two dust components could potentially be related to the atmospherically traveled distance, with coarser-
grained dust deposited closer to the dust sources, and finer-grained dust transported over greater distances
(van der Does et al., 2016). EM1 is also comparable to long-range dust transport to Antarctica, which typically
shows modal grain sizes of ~2 pm, with maximum particle diameters of approximately 5 pm (Delmonte
et al., 2020). Possible contributions from riverine sediments could still be represented in the two dust EMs,
especially at the site close to the continents and major rivers (Figure 2).

Present-day dust collected directly from the atmosphere over the course of several hours to days off the Namibian
coast (Stuut et al., 2002) and Angola (Stuut et al., 2005) is, with modal grain sizes of about 20 and 30 pm, coarser-
grained than the two dust end members EM1 and EM2. However, seafloor surface sediments are generally finer
grained than aerosol samples from the same location (Stuut et al., 2005; van der Does, Brummer, et al., 2021).
This is due to the short time span aerosol samples represent and are therefore susceptible to short-term meteo-
rological conditions compared to seafloor sediments that can span several hundreds of years per centimeter.

EM3 has a clear (bottom)current-driven character with a modal grain size of 34.6 pm and nearly 70% of particles
in the sortable silt fraction (SS; 10-63 pm). Sortable silt is sensitive to bottom-current sorting due to its non-
cohesive behavior, and for that reason, it is often used as a paleocurrent indicator (McCave et al., 1995). The
good relation between the SS mean grain size SS (um) and percentage SS (%) (R* = 0.79) is an indication that the
SS fraction is mainly sorted by currents (McCave & Andrews, 2019). The correlations between EM3 and SS and
SS (%) are lower, with R> = 0.46 and R = 0.64, respectively, but still give a good indication that EM3 is pre-
dominantly composed of current-sorted sediments. Generally, long-range transported dust is mostly limited to
particles <30 pm (Ryder et al., 2013; van der Does et al., 2016), although sometimes coarser particles may persist
(Ryderetal., 2019). Therefore, EM3 is not considered to represent an important dust fraction in the South Atlantic
surface sediments, although perhaps not negligible in some areas. An alternative 5-EM scenario could possibly
include a (super-)coarse dust EM. For the long-range dust transport that these samples represent, however, this
would represent a very small fraction of the total dust flux. In addition, EM4 in the 5-EM scenario would in turn
represent SS, showing an uncharacteristic coarse and unsorted distribution, making this scenario unlikely.

The sediments of the SS fraction alone might not be reliable for current-speed reconstructions as it is also
composed of IRD and coarse dust particles. An alternative method for isolating the current-sorted sediment
fraction was proposed by Stevenard et al. (2023) using a similar EM modeling approach, except with a higher
number of end members. However, mineral dust has generally overlapping grain sizes with SS, and would be
contained in that fraction in areas with higher dust concentrations using their method.

IRD, which is released by icebergs, can be another potential sediment source to the South Atlantic Ocean and has
a highly unsorted character (Dowdeswell, 2009; McCave & Andrews, 2019). Icebergs may drift up to thousands
of kilometers from their glacial sources, which include East Antarctica, the Antarctic Peninsula, Southern Ocean
Islands such as the South Sandwich Island and Bouvet Island, as well as Patagonian ice sheets during glacial
periods (Diekmann et al., 2003; Nielsen et al., 2007). IRD often contains (coarse) sand particles, which are too
large to be transported to the remote open ocean by bottom currents (Diekmann & Kuhn, 1999; Jonkers
et al., 2015). In marine sediments, the terrigenous sand content >63 pm is often used as a proxy for IRD input.
EM4 is comprised for ~46% of particles >63 pm, and the correlation between the >63 pm fraction of the samples
and EM4 is very good (R* = 0.98), while the correlation between EM3 and the >63 pm fraction is zero. Therefore,
EM4 is considered to represent the IRD fraction in the sediments, and close to landmasses these coarse particles
can also be supplied directly by debris flows.

The contributions of each EM to the South Atlantic yield important information (Figure 4), although these are
only relative values and not absolute fluxes. The two dust end members EM1 and EM2 make up the majority over
the central south Atlantic, and the coarser-grained end members have a relatively larger contribution close to the
coasts. EM4, which is considered to represent IRD, is only observed north of Antarctica up to approximately 50°
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Figure 4. Grain-size distributions of the four EMs (lines), with the range of grain-size distributions of the original data set
(shaded area; both top left insert), and the relative contributions (%) of each end-member to the total grain-size distributions
of the samples (map and top right inserts, N = 128). The map was generated using Ocean Data View (Schlitzer, 2018).

S. This is consistent with previous observations of icebergs in the South Atlantic up to 50°S, much further north
than the maximum sea ice limit (Kienast et al., 2016; Tournadre et al., 2012), therefore confirming the ice-rafted
origin of EM4. Absolute fluxes of the four different end members would provide more information on the dis-
tribution of the different sediment components over the South Atlantic Ocean.

3.2. Lithogenic Fluxes

The lithogenic fluxes comprise all lithogenic components, including mineral dust, as well as current-transported
sediments and IRD. These are shown in Figure 5 as an interpolated background, using Data Interpolating
Variational Analysis (DIVA; Troupin et al., 2012) with Ocean Data View (Schlitzer, 2018), which is an inter-
polation method that also takes into account coastlines and bathymetry features for structuring and subdividing
the domain.

Due to a process called boundary scavenging, an offset between the 2°Th burial flux and its overlying production
can exist. Simulations with a general circulation model with a simple particle-flux module suggested that 70% of
the ocean floor receives a flux within 30% of that expected from the overlying production in the water column
(Costa et al., 2020; Henderson et al., 1999). However, these uncertainties related to the transport of Thorium
fluxes to the ocean floor are not incorporated into the uncertainties of the flux calculations, which only consider
the analytical errors.

The highest lithogenic fluxes are concentrated around the continental margins, and only little lithogenic material
reaches the remote open ocean (Figure 5). These fluxes and their absolute values are very similar to published
230Th-normalized lithogenic fluxes of the Holocene (Kohfeld et al., 2013; Ouyang et al., 2021). In the Weddell
Sea, where no surface sediments were analyzed, the published data show relatively high lithogenic fluxes.
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Figure 5. Lithogenic fluxes in the South Atlantic. Interpolated (Data Interpolating Variational Analysis, or DIVA)
background: results from this study (sample locations in green points, N = 128). Circles: lithogenic fluxes from Kohfeld
et al. (2013) and Ouyang et al. (2021). Top-right insert: comparison between lithogenic fluxes from this study (with 1o error
bars) and the literature data (no errors available) from identical stations (N = 17). The map was generated using Ocean Data
View (Schlitzer, 2018).

Off southern South America, the main source of lithogenic material is mineral dust (Figure 4). As a result, the
lithogenic fluxes decrease downwind, as increasingly more dust settles along its trajectory during transport. Off
Antarctica, increased fluxes likely result from lithogenic particles transported by icebergs and meltwater runoff
from the continent. The high flux off western Africa is the result of a single sample, and is likely riverine runoff
from the Congo River.

Many studies often regard the lithogenic flux in remote locations as solely composed of dust. Here, we quantify
the dust flux more specifically and accurately by using an EM-defined dust fraction.

3.3. Sediment Components in the South Atlantic

Since the data presented here cover a vast area of the globe, and the samples are complex mixtures of different
sediment types (mineral dust, hemipelagic, riverine and current-sorted sediments, IRD), different sources of said
sediment types with different signatures and characteristics, as well as sorting processes during transport and
deposition, unmixing these is challenging and comes with certain limitations. Especially, close to the Antarctic
continent, the sediment input is found to be more difficult to discriminate. Therefore, all samples within the
Antarctic Circle (66.5°S, or approximately <300 km from the Antarctic continent) were excluded from the
determination of specific sediment fluxes (N = 18). For the initial sample selection, samples <300 km from the
African and South American coasts were already rejected to avoid hemipelagic and riverine sediment input (after
the strategy outlined by Kienast et al., 2016), which is now also applied to the Antarctic coast. Riverine sediments
are difficult to separate from mineral dust in our 4EM model, since their grain sizes overlap and no dedicated EM
for riverine sediments was reconstructed. Samples with a large 1o relative uncertainty were additionally removed
(>10%, N = 7), resulting in a filtered data set of 103 samples considered for the specific flux determination.

After having defined the dust fraction in the sediments (EM1 + EM2), multiplying this with the Th lithogenic
fluxes will result in absolute dust fluxes in the South Atlantic Ocean, as well as the current-sorted (EM3) and IRD
(EM4) fluxes (Figure 6). A similar method was applied by McGee et al. (2013) for down-core aeolian-dust
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Figure 6. Sediment fluxes (g cm™> Kyr_l) for the four individual end-members in the South Atlantic Ocean (a—d), dust flux (e; defined as EM1 + EM?2) and the aeolian
grain size ratio (f; defined as the ratio of the coarse over the fine dust end member EM2/(EM2 + EM1)), interpolated using Data Interpolating Variational Analysis
(DIVA). Exact sample locations are marked with green points. Each graph uses the same color scale. N = 103, after additional filtering (see text). The maps were
generated using Ocean Data View (Schlitzer, 2018).

records off northwest Africa. The ratio of the coarse over the fine dust end member (EM2/(EM2 + EM1);
Figure 6f) reflects the aeolian grain size ratio. For down-core records this is usually interpreted as a proxy for wind
strength (Stuut et al., 2002). Here, we interpret the acolian grain size ratio as a measure for the traveled distance, or
the distance to the dust source. Higher values mean coarser-grained dust, and therefore closer to the dust source as
these are deposited earlier, and finer-grained particles are transported over greater distances. The aeolian grain
size might in some locations also be partly influenced by precipitation, where especially below-cloud scavenging
favors the deposition of coarse-grained particles (Bergametti & Forét, 2014; van der Does, Brummer, et al., 2021).
However, it is difficult to identify such processes from the presented samples, that represent several hundreds of
years of dust deposition, and therefore variable precipitation patterns.

Dust fluxes in the South Atlantic range between 0 and 0.84 g cm™2 Kyr~' (Figure 6e). The dust fraction shows
increased fluxes off southern South America (up to 0.71 g cm™2 Kyr™ '), the main dust source to the South Atlantic
Ocean, and a clear decrease downwind as a result of dust settling into the ocean. Satellite images of modern dust
deposition show a similar SE transport pathway as the decrease in dust flux (Figure 1). The expected downwind
fining of the aeolian grain size ratio is not clear (Figure 6f). However, both individual dust end members sharply
decrease downwind (Figures 6a and 6b), with only very low fluxes in the remote open ocean. As they decrease at
almost the same rate, this results in little variation of the aeolian grain size ratio, demonstrating that the fine dust
end member (EM1) is not simply a background component deposited over the entire South Atlantic but also has a
clear track downwind of its South American and southern African sources. The coarse dust end member (EM2) is
primarily focused on the prominent South American sources. Dust fluxes are also increased off southern Africa,
close to prominent dust sources. This dust is transported by less-efficient dust-transporting winds, and therefore
does not reach as far south as South American dust. The aeolian grain size ratio further displays areas with
increased values in the central South Atlantic, which might be the result of reworking of sediments, or current
transport. However, these values might not be very representative, since the total lithogenic flux and dust flux are
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Figure 7. Simulated (background, Late Holocene) and observed (circles;
defined as EM1 + EM2) dust deposition fluxes over the South Atlantic
Ocean. The top-left insert shows the relation between the observed and

simulated dust fluxes.

and because this area is not a prominent sink for increased fluxes of long-
range wind-blown dust. These may also have overlapping grain size with
the dust fraction (Stevenard et al., 2023), which the EM modeling did not
separate completely. However, some local dust sources exist in Antarctica
(Meinander et al., 2022), although these are more likely to supply coarser-
grained particles than EM1 and EM2 due to their proximity. The IRD flux
reaches values up to 3.6 g cm™ > Kyr~! for the unfiltered samples and decreases northward until it is virtually
absent north of 50°S. IRD mainly contributes to the sediments on the Antarctic shelf but is a minor source of deep-
sea sediments (Petschick et al., 1996). In addition to IRD transported by Antarctic ice bergs, it can also be
transported by icebergs from the Antarctic and sub-Antarctic islands, and possibly (glacial) Patagonia
(Bigg, 2020), explaining increased fluxes of EM4 (and EM3) around the (sub)Antarctic islands in the Southern
Ocean.

Another interesting feature that can be seen in the dust fluxes over the South Atlantic Ocean is an increased dust
flux northeast of South America, mostly the result of high EM1 fluxes. Here, the aeolian grain size ratio is small,
indicating that the dust is deposited far from its source. It is therefore very likely that this dust is transported from
Northern Hemisphere dust sources, such as the southern regions of the Sahara Desert in northern Africa.
Transport across the equator from the sources has been observed previously but has been found to be limited due
to low latitudinal wind speeds and high (wet) deposition around the equator (Lamancusa & Wagstrom, 2019).

The flux of EM3, which represents current-transported sediments, has a close similarity to concentrations of
particulate matter just above the seafloor from nepheloid layers (Gardner et al., 2018). These nepheloid layers are
the result of increased (bottom) current velocities, and are concentrated around the continental margins. Like the
dust fraction, EM3 shows increased fluxes off southern South America, although these represent only a few single
samples and are mostly close to the South American coast. Close to the Antarctic Peninsula and off the Antarctic
coast, EM3 is also increased, where the dust fraction is also higher. The aeolian grain size ratio, however, is large,
indicating local sources, which would be in line with increased IRD input instead of mineral dust.

3.4. Comparison to Model Simulations

Since direct observations of dust deposition in the remote open ocean are difficult to obtain, many studies aim at
bridging that gap with model simulations of global dust deposition (e.g., Albani et al., 2016; Kok et al., 2021a;
Mahowald et al., 2014). These do not always produce dust fluxes that are in line with direct observations, which
are the result of for example, incorrect characterization of coarse dust particles (Adebiyi & Kok, 2020) or sea
surface temperatures (Kritschmer, Cauquoin, et al., 2022).

When comparing new model simulations of dust deposition over the South Atlantic Ocean from Krétschmer, van
der Does, et al. (2022) to our EM-defined dust fluxes, there are clear similarities (Figure 7). First, the order of
magnitude of the deposition fluxes compares very well, although the observed dust fluxes are systematically
higher. Both data sets show a prominent dust plume coming from South America that decreases downwind.
Interhemispheric dust transport from the Sahara Desert is also reflected in the model simulations, although with
lower fluxes than the observed data in the western equatorial Atlantic, and higher simulated fluxes in the central
equatorial Atlantic. In the remote open ocean, both simulated and observed dust fluxes are low. The increased dust
fluxes off Antarctica of the observed data are not reflected by the model simulations. This supports the
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explanation that these increased fluxes are locally derived sediments and IRD, and not dust deposition. The
resulting correlation between observed and simulated fluxes is very low due to these mentioned discrepancies
(R* = 0.0004).

The match between direct observations and model simulations of dust deposition off the main sources in South
America and southern Africa, both independent approaches to a hard-to-study phenomenon, highlights the
importance of this data set. Observations like the ones presented here are important to validate and calibrate model
simulations. The model simulations can in turn provide a wider geographical coverage for remote areas and can
provide additional context to observed fluxes or anomalies.

4. Conclusions

We have studied an extensive set of samples covering the entire South Atlantic Ocean for dust grain-size and
fluxes. By using EM modeling, we aimed to disentangle the polymodal grain-size distributions into a fine and
coarse dust components, as well as current-sorted sediments and IRD. These were combined with 2*°Th-
normalized lithogenic fluxes to quantify the specific fluxes for these four lithogenic end members. The dust
fluxes are generally found to be lower than published records and global compilations of lithogenic fluxes to the
remote open ocean, due to the assumption that all pelagic fluxes are mineral dust. We conclude that dust fluxes
characterized by EM modeling are a major step in order to better quantify modern and past dust input to the ocean.

In general, the new dust flux estimates are highest off the major sources off southern South America and southern
Africa, and decrease downwind. In some places, the dust fluxes appear to be influenced by fine-grained IRD or
riverine sediments, which may have overlapping grain sizes. However, in dust-dominated areas, the dust fluxes
seem very accurate. Therefore, when interpreting these specific dust fluxes, their location and sedimentological
context need to be carefully considered. The aeolian grain size ratio (the ratio of the coarse over the fine dust EM)
gives additional information on the traveled distance of dust particles and reveals input from Northern Hemi-
sphere dust sources to the South Atlantic. The observations show apparent similarities to independent model-
based dust fluxes over the South Atlantic Ocean, and these can complement each other for validation and
reconstruction of dust deposition in remote areas.
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