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Abstract Southern South America (SSA) is an important source of dust, and its associated micronutrient
trace elements, to the waters of the Southern Ocean. As part of the UK contribution to the International
GEOTRACES program, an aerosol sampling site (Carcass Island) was established in the western Falkland
(Malvinas) Islands, downwind of dust sources in Patagonia. Samples were collected over two 7‐month long
periods and analyzed for soluble and total trace elements. Results indicated that dust was the dominant source of
aerosol iron and manganese, elements with limiting or co‐limiting roles for Southern Ocean primary
productivity. Other micronutrient trace elements (e.g., copper and zinc) appeared to be more strongly affected
by anthropogenic inputs, even in this sparsely populated region. Trace element fractional solubility at Carcass
Island appears consistent with previous observations over the wider Atlantic Ocean. In the case of iron, a
hyperbolic increase in solubility with decreasing atmospheric iron concentration was observed. This
relationship has been suggested to indicate enhancement of solubility during atmospheric transport, but the very
little available information on iron solubility in the region makes this difficult to verify. Soluble manganese to
iron ratios in aerosols at Carcass Island suggest that deposition of SSA dust is unable to alleviate Mn deficiency
in the waters of the Atlantic sector of the Southern Ocean.

Plain Language Summary Wind‐blown dust carries nutrients from southern South America to the
waters of the South Atlantic and Southern Oceans. Some of these nutrients, especially iron and manganese, are
in such short supply in the Southern Ocean that they limit microbial plant (phytoplankton) growth there. We
collected samples of this dust at an island site∼500 km to the east of South America and investigated its nutrient
content and properties. Our results show dust to be the major source of iron and manganese, with other nutrients
(copper and zinc) being impacted by pollution. The influence of wind‐blown nutrients on phytoplankton
depends on their soluble fraction, as insoluble materials are generally unavailable to organisms. This soluble
fraction may increase during atmospheric transport, but our results are not able to confirm whether this takes
place in this region. The balance between soluble manganese and iron in our samples implies that dust falling
into the ocean cannot supply sufficient manganese when this nutrient is lacking in the water.

1. Introduction
The atmospheric transport and deposition of mineral dust plays an important role in supplying trace elements
(TEs) to the surface waters of the remote ocean (Jickells et al., 2005; Mahowald et al., 2018). Changes in dust
deposition flux have been linked to variations in primary productivity and atmospheric CO2 concentrations over
glacial‐interglacial time‐scales (Martin, 1990), with dust sources in Patagonia being especially important in these
cycles (Albani et al., 2012). The relatively low supply of dust via atmospheric deposition is considered to be a
major factor in determining the current High Nutrient—Low Chlorophyll (HNLC) status of the Southern Ocean,
where nitrate and phosphate are present in abundance, but primary production is limited by the availability of
micronutrients, primarily of iron (Fe). In some regions of the Southern Ocean, primary productivity has been
identified as being subject to co‐limitation by Fe and manganese (Mn) or cobalt (Co) (Browning et al., 2021;
Browning & Moore, 2023). While micronutrients are also supplied to the HNLC waters of the Southern Ocean
from other sources, such as sediments and hydrothermal fluids (Tagliabue et al., 2009, 2010), understanding both
the flux of dust and the fraction of the trace elements that are contained within it that are available to microbial
populations is critical to the understanding of the biogeochemistry of this key component of the climate system.
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Dust is emitted into the atmosphere over the Patagonian region of southern South America (SSA) from alluvial
fans, dry lake beds and volcanic ash (Bullard et al., 2016). Patagonia is the dominant source of dust deposited in
the South Atlantic Ocean and Atlantic Ocean sector of the Southern Ocean (Erickson et al., 2003; Gassó &
Stein, 2007; Mahowald et al., 2007; Neff & Bertler, 2015). These sources are typically small in area and
ephemeral, and dust activity in Patagonia is highest in the dry summer months (Gassó & Stein, 2007; Gassó &
Torres, 2019). Records of dust‐derived aerosols within the footprint of SSA dust around the Southern Ocean show
similar seasonal variations. For example, higher summertime than wintertime concentrations of aerosol Mn,
aluminum (Al), lanthanum (La), cerium (Ce) and neodymium (Nd) have been reported at Neumeyer Antarctic
research station (70.65°S, 8.25°W) at the eastern border of the Weddell Sea (Wagenbach et al., 1988; Weller
et al., 2008) and isotopic signatures in dust deposited at Berkner Island (79.57°S, 45.65°W) are consistent with
contributions from sources in Patagonia during spring/summer (Bory et al., 2010).

However, efforts to understand the role of atmospheric deposition in the supply of available micronutrients to the
HNLC Southern Ocean are hindered by the limited availability of observations of dust/TE deposition flux in the
region and of the solubility of TEs in SSA dust. Two significant issues affect our understanding of TE solubility,
and hence of bioavailable micronutrient supply. Atmospheric chemical transport models are unable to reproduce
the relatively high fractional solubilities for Fe reported from observational studies (Ito et al., 2019; Myr-
iokefalitakis et al., 2018) and recent studies also suggest that the TE solubility in SSA dust source materials is
extremely low in comparison to solubilities reported for aerosols over the South Atlantic Ocean (Chance
et al., 2015; Cosentino et al., 2020; Simonella et al., 2022).

This paper reports a record of aerosol chemical composition obtained at a remote site (Carcass Island) in the west
of the Falkland (Malvinas) Islands for two consecutive ∼7‐month periods in 2010–2012. The western Falkland
Islands (including Carcass Island) are ideally located for studies on the influences of atmospheric transport on TE
solubility in aerosols. Westerly winds dominate atmospheric transport to the site and the vast majority of TE‐
containing aerosol sources (other than sea spray) affecting the site are located within a relatively small area of
SSA. Other sources, especially of dust, are so remote that they can probably be considered negligible. For
example, the nearest major dust sources in Australia and New Zealand are>10,000 km upwind of the site. The site
is directly downwind of dust sources in SSA without significant anthropogenic activities along the majority of the
transport pathway. The results are used to determine TE solubility in SSA dust after atmospheric transport and to
estimate dry deposition fluxes of TEs to the waters in the region.

2. Methods
2.1. Sampling Site

Aerosol sample collection was conducted at a site at the northern end of Carcass Island (51.268°S 60.591°W) in
the west of the Falkland Islands archipelago (Figure 1). The Falkland Islands lie ∼480 km east of SSA, under the
atmospheric transport pathway of SSA dust toward the southern South Atlantic and Southern Oceans. Carcass
Island is not inhabited all through the year, so sampling was only possible during the months of September to
April during two campaigns in 2010‐11 and 2011‐12 (Table 1).

Sampling equipment was mounted on an aluminum scaffolding tower, at heights of ∼3 m (in 2010‐11) and
∼4.5 m (in 2011‐12) above ground level, close to the island's grass‐covered airstrip and ∼500 m from the
shoreline. An automatic wind‐sector control system was used to ensure that aerosol sampling was only conducted
when the local wind direction was from South America (bearings 220–310° in 2010/11 and 220–350° in 2011/12).
Electrical power was supplied from a diesel generator situated 30 m away from the tower. Both the generator and
the air strip were downwind of the sampling site when the aerosol collector was operational. Ground cover on the
island is a combination of low vegetation and exposed rocky outcrops. Potential sources of mineral dust on the
island are minimal. There are no paved roads on Carcass Island and only a small settlement, which is ∼3.5 km
southeast (downwind) of the site. Most of the few islands in the Falklands archipelago that are within the sampling
arc are uninhabited, and there are very few local sources of anthropogenic pollution.

The volumetric flow‐controlled aerosol collector (Tisch) operated at a flow rate of ∼1.1 m3 min− 1 and was
equipped with a total suspended particulate (TSP) sampling head. Collection filters were Whatman 41 and were
washed prior to use in 0.5 M HCl and 0.1 M HCl baths for at least 1 hr, rinsed with copious amounts of ultrapure
(18 MΩ cm) water after each acid wash, then dried under a laminar flow hood and sealed in individual zip‐locked
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plastic bags. Aerosol filters were typically changed every week, regardless of the length of time that the collector
pump had been in operation over this period. Some samples were exposed for longer periods and there were
occasional breaks in the sampling record due to technical issues and the isolated nature of the site.

Sampling blanks were collected periodically during site visits by University of East Anglia (UEA) personnel,
which consisted of washed filters that were (a) unused, (b) placed in the TSP sampling head but kept covered and
(c) placed in the TSP sampling head and loaded into the aerosol collector without the pump in operation.

Aerosol samples were frozen immediately after collection and returned frozen to the UK at the end of each field
season aboard the British Antarctic Survey vessel RRS James Clark Ross. All analytical work on the samples was

performed at the UEA, with sample handling done under a laminar flow hood
housed inside a trace metal clean laboratory.

2.2. Sample Analysis

Aerosol samples were analyzed for their soluble (s‐) and total (t‐) trace
element and major ion (MI) composition using methods described in detail
elsewhere. Briefly, separate portions of each filter were used for determina-
tion of soluble TEs (s‐Al, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb, Th) after

Figure 1. Shaded relief maps showing (a) the location of the Falkland Islands in relation to SSA, (b) the location of Carcass
Island within the Falkland Islands archipelago and (c) the location of the sampling site, air strip (cross) and settlement
(square) on Carcass Island. Both (b, c) show the wind sampling sector used during the study (solid red lines 2010/11, dashed
red lines 2011/12). (d) Photograph of the sampling tower in 2011‐12, looking toward SSA (Photo: R. Chance).

Table 1
Summary of Aerosol Sample Collection During the 2010/11 and 2011/12
Field Seasons, Including Numbers of Samples Collected, Range of Air
Volumes Filtered and Number of Blank Samples Collected

Season No. samples Air volumes (m3) No. blanks

2010/11 19 742–7510 6

2011/12 15 403–13860 8

Global Biogeochemical Cycles 10.1029/2025GB009011

CHANCE ET AL. 3 of 14

 19449224, 2026, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

B
009011 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [17/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



extraction using ammonium acetate buffer at pH 4.7 (Chance et al., 2015), total TEs (t‐Al, P, Ti, V, Mn, Fe, Co,
Ni, Cu, Zn, Cd, Pb, Th, Cr, As, Sb, Ba, La, Ce, Nd and U) following microwave‐assisted digestion with
concentrated nitric and hydrofluoric acids (Shelley et al., 2025) and soluble MIs (Na+, NH4

+, Mg2+, K+, Ca2+,
Cl− , NO3

− , SO4
2− ) after extraction with ultrapure water (Baker et al., 2007). TEs were determined by inductively

coupled plasma mass spectrometry (ICP‐MS) and ICP optical emission spectroscopy (ICP‐OES). MIs were
determined by ICP‐OES and ion chromatography (IC). Results obtained for the analysis of Matrix Reference
Materials and Arizona Test Dust alongside total TE analyses are shown in Tables S1 and S2 of Supporting
Information S1.

2.3. Data Manipulation

Measured TE and MI concentrations in aerosol leachates and total digest solutions (Cx
aq) were converted into

atmospheric concentrations (Cx
atm) by calculating the total amount of analyte (X) on each filter (Qx, Equation 1),

subtraction of the mean amount of analyte on blank filters (Qx
bl, Equation 2) and division by the volume of air

sampled (Vair, Equation 3), where Vaq is the volume of leach or digest solution, f is the fraction of the filter used
and Qx′ is the blank‐corrected analyte amount.

Qx = Caqx Vaq
/f (1)

Qxʹ = Qx − Qbl
x (2)

Catmx = Qxʹ/Vair (3)

Fractional TE solubility of analyte x (FSx) was calculated according to Equation 4 and enrichment factors (EFx)
relative to shale (Turekian & Wedepohl, 1961) were determined using Al as the indicator of lithogenic material
(Equation 5).

FSx = 100 (s‐X/t‐X) (4)

EFx = (t‐X/t‐Al)sample/(X/Al)shale (5)

The non‐seasalt (nss) component of aerosol MI (e.g., SO4
2− and Ca2+) concentrations was determined by

calculating the ion's contribution from seasalt (ss‐X), based on the aerosol Na+ concentration and its ratio to Na+

in seawater ((X/Na)SW, Equation 6). This value was then subtracted from the ion's measured concentration to give
the nss concentration (Baker et al., 2007).

ss‐X = Nasample (X/Na)SW (6)

Dry deposition fluxes were estimated from aerosol concentrations using Equation 7, where vd is the deposition
velocity. Since vd is strongly dependent on aerosol particle size, we used values for this parameter of 1 cm s− 1 for
species that are predominantly associated with coarse mode mineral dust or seasalt (e.g., Fe, Mn, Co, NO3

− ) and
0.1 cm s− 1 for species that are associated with fine mode particles (e.g., Cu, Zn, Cd, NH4

+). Since our sampling
device does not provide information on particle size distribution, these assumed deposition velocity values are
inevitably somewhat crude. Deposition velocity is also dependent on other factors, such as wind speed, and
deposition fluxes derived in this way are probably uncertain to within a factor of 2–3 (Duce et al., 1991).

Fdryx = Catmx vd (7)

Uncertainties in measured parameters were propagated through calculations using standard procedures (Miller &
Miller, 2000), except for flux calculations. In this case, the uncertainty in deposition velocities is much greater
than the analytical uncertainties, so that the uncertainty in deposition velocity dominates the uncertainty in the
calculated flux.
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2.4. Air Mass Trajectories

In order to assess the likely origins of the aerosol material collected at Carcass
Island, 5‐day air mass back trajectories (AMBTs) were calculated for arrivals
at 50 m above the sampling site using the NOAA Air Resources Laboratory's
HYPLIT model (https://www.ready.noaa.gov/HYSPLIT_traj.php) with
NCEP/NCAR Reanalysis Project data sets (2.5° global latitude‐longitude
projection) (Stein et al., 2015). Trajectories were calculated only for start
times when the aerosol collector was in operation (as determined from the
automatic wind sector controller's log record).

Forward trajectories (also 5 days long) were calculated for the same start
times as backward trajectories to investigate the potential regions over which
aerosols passing over Carcass Island might be distributed.

3. Results and Discussion
3.1. Potential Dust Source Region and SSA Dust Composition at Carcass
Island

In‐sector AMBTs (Figure 2) show that the air sampled at Carcass Island is
strongly associated with SSA, with all trajectories passing over South
America to the south of 45°S and ∼84% of trajectories crossing longitude
70°W between 48°S and 53°S. Although SSA dust sources are not well
documented, several studies have identified dust sources within the area
covered by the trajectories shown in Figure 2 (Cosentino et al., 2020, 2021;
Gassó & Stein, 2007; Gassó & Torres, 2019; Meinander et al., 2022; Simo-
nella et al., 2022). Lake Colhué Huapi (∼45.5°S 68.5°W) is a significant dust

source in the region (Gassó & Torres, 2019) and may have occasionally contributed dust to the site at Carcass
Island (dark green trajectories in Figure 2).

Total and soluble trace element concentrations and fractional solubilities in the Carcass Island aerosol samples are
summarized in Table 2 and examples of the variations in total Fe, Mn, Co and Zn concentrations during the two
sampling periods are shown in Figure 3. There are very few reports in the literature of similar data for the regions
downwind of SSA. Concentrations reported for coastal Antarctic sites and from shipboard sampling (Table 3) are
substantially lower than the concentrations observed at Carcass Island, probably as a consequence of the
remoteness of most of the observation sites from SSA dust sources (in comparison to Carcass Island, see Figure 6)
and the scarcity of other dust sources in the region. Modeling studies have estimated annual average concen-
trations of ∼1800 pmol m− 3 for t‐Fe (Myriokefalitakis et al., 2018) and 1–10 pmol m− 3 for t‐Mn (Lu et al., 2024),
which are similar in magnitude to the observations at Carcass Island (Table 2).

Dust emission from Patagonian sources is more intense in austral summer (Cosentino et al., 2021; Gassó &
Stein, 2007; Proestakis et al., 2025). Sampling was not possible at Carcass Island during the winter months and
there is not strong evidence of seasonality in the records of dust‐related element concentrations during the two
sampling periods there (e.g., Figure 3). However, the seasonality in dust sources implies that the observations at
Carcass Island record the upper range of dust aerosol annual variability for the years sampled. The large number
of small dust sources in Patagonia and the intermittent nature of emissions (only every two or 3 years) from these
individual sources (Cosentino et al., 2020; Meinander et al., 2022) suggest that several distinct sources may have
been sampled during each of the sampling seasons shown in Figure 3 (depending on wind direction) and that these
sources may have been different in each year of sampling.

In terms of micronutrient delivery to the HNLC waters of the Southern Ocean, enrichment factors close to unity
(Figures 3 and 4) and ratios to Al (Table S4 in Supporting Information S1) indicate that atmospheric inputs of Fe
and Mn are dominated by mineral dust. The supply of Co via the atmosphere also appears to be largely associated
with mineral dust (EF ∼ 1), although there were a few occasions in 2011/12 for which EF > 5, implying a more
significant contribution from non‐dust sources in these samples. For Zn, EF was generally greater than 10, which
suggests that this micronutrient's atmospheric supply was dominated by non‐dust (presumably anthropogenic)

Figure 2. Air mass back trajectories for in‐sector sampling events (n = 87)
with arrivals at Carcass Island at 50 m above the sampling site. Trajectories
are color‐coded according to the latitude at which they cross the longitude of
70°W.
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sources. EF values for Zn were also much more variable than those of Fe, Mn
and Co (Figure 3), suggesting that the non‐dust Zn sources are more localized
than dust sources or more sporadic over time.

The total element composition at Carcass Island is compared to that of po-
tential dust source soils and suspended atmospheric dust collected in Pata-
gonia in Figure 4 and Table S4 of Supporting Information S1. Gaiero and co‐
workers (Gaiero et al., 2003, 2004, 2007) noted that several elements (Co, Cu,
Zn, Pb) were present in dust samples over SSA in noticeably higher pro-
portions to Al than in Patagonian soils (Figure 4). This suggested the presence
of local non‐dust, presumably anthropogenic, sources of these elements in the
collected dust samples. The same elements, together with Cr and Ni, also have
higher proportions relative to Al (and hence EF values) in the Carcass Island
samples than in Patagonian soils. In most cases, the ratios to Al and EF values
are even higher at Carcass Island than in the SSA dust samples, suggesting
further enrichment during longer‐range transport. Exceptions to this were Co
and Pb, for which ratios to Al for the Carcass Island samples were generally
lower than those reported for Patagonian dust samples. In the case of Pb, this
may be due to a decline in the use of leaded gasoline between the collection of
the Patagonian dust samples (mid to late 1990s; Gaiero et al., 2003) and the
work at Carcass Island. (Leaded gasoline was banned in Argentina in 1998
and in Chile in 2001 (Ritchie, 2022)). Comparison to elemental ratios in shale
(Figure 4) suggests that P, Sb, As and Cd are also enriched (median EFs 5.4,
10, 20, 83, respectively) in the Carcass Island samples relative to potential
mineral source materials. Lu et al. (2024) estimated that 30%–40% of at-
mospheric Mn at the Falklands Islands was due to anthropogenic emissions
(equivalent to EF values of 1.4–1.7), but few of the Carcass Island samples
showed this level of enrichment (Figure 4, median 1.1).

SSA is sparsely populated, with Comodoro Rivadavia (45.86°S, 67.48°W),
Rio Gallegos (51.62°S, 69.21°W) and Punta Arenas (53.17°S, 70.93°W)
being the only substantial settlements (>100,000 inhabitants, other settle-
ments <25,000 inhabitants (Pesaresi et al., 2024)) within the area covered by
the Carcass Island AMBTs (Figure 2). Nevertheless, the anthropogenic
contributions to TE concentrations at Carcass Island presumably result from
domestic and industrial activities in SSA as well as shipping.

3.2. Trace Element Solubility

3.2.1. Iron Solubility

Observations of TE fractional solubility in aerosols in the SSA/South Atlantic
region and Southern Ocean are generally rather scarce. However, much of this

work has focused on the solubility of Fe due to the importance of this element's supply in regulating primary
productivity in HNLCwaters. A variety of analytical methods have been used in these studies, including ultrapure
water (UPW) leaches (Cosentino et al., 2020; Simonella et al., 2022), ammonium acetate (pH 4.7–5.3) buffer
(AmA) (Baker et al., 2013; Chance et al., 2015; Gao et al., 2020; Sholkovitz et al., 2012) and dilute (pH 2) nitric
acid (NAc) (Cosentino et al., 2020; Gaiero et al., 2003; Simonella et al., 2022). The Carcass Island Fe solubility
values are generally lower than previously reported FS values for samples collected within the SSA deposition
footprint using the same analytical method (Baker et al., 2013; Chance et al., 2015; Sholkovitz et al., 2012).
However, total Fe concentrations at Carcass Island were generally higher than for the within‐footprint samples
and the pH 4.7 data set as a whole falls within the same trend of increasing solubility with decreasing total
concentration (Figure 5d) observed over the Atlantic Ocean as a whole (Jickells et al., 2016). Using a similar
leaching protocol and spectrophotometric determination using ferrozine after a hydroxylamine hydrochloride
reduction step, Gao et al. (2020) determined FSAmA values for “labile” Fe in the range 2.5%–7.3%.

Table 2
Summary (Medians and Ranges) of Total and Soluble TE Concentrations and
Fractional Solubilities for the Aerosol Samples Collected at Carcass
Island (n = 34)

Total conc. pmol m− 3 Soluble conc. pmol m− 3 Solubility %

Al 3170 (590–21100) 150 (40–13800) 4.3 (0.9–129)

4.3 (0.9–17)a

P 154 (45–1194) – –

Ti 120 (24–680) 0.13 (<0.01–1.19) 0.10 (0.04–0.30)

V 2.7 (1.1–10.4) 0.82 (<0.32–2.00) 28 (10–77)

Cr 20.9 (2.3–358) – –

Mn 20 (5–111) 11.1 (2.7–233) 49 (20–234)

Fe 910 (150–3960) 29 (8–150) 3.2 (1.0–9.7)

Co 0.63 (0.09–3.04) 0.22 (<0.04–2.23) 41 (7–114)

Ni 8.6 (0.7–116) 4.8 (<0.5–46.6) 51 (6–259)

Cu 3.9 (<1.1–132) 3.2 (0.6–174) 88 (20–163)

Zn 25 (5–828) 11.3 (2.7–4420) 57 (8–534)

55 (8–114)a

As 3.2 (0.6–59.9) – –

Cd 0.26 (0.02–5.53) 0.50 (0.03–5.74) 72 (1–1180)

57 (1–215)a

Sb 0.15 (0.04–3.29) – –

Ba 3.7 (0.7–36.7) – –

La 0.16 (0.04–1.43) – –

Ce 0.29 (0.07–3.00) – –

Nd 0.113 (<0.009–1.51) – –

Pb 0.22 (0.05–3.89) 0.20 (0.03–5.05) 79 (30–206)

Th 0.07 (<0.02–0.49) 0.002 (0.001–0.012) 3.7 (1.0–5.5)

U 0.018 (<0.007–0.109) – –

TINb – 8100 (3400–37700) –

Note. Results for soluble total inorganic nitrogen (TIN) are also shown. For
MI and nss species concentration summaries, see Table S3 in Supporting
Information S1. aExcluding sample collected from 27 February to 6 March
2011. bSum of NO3

− and NH4
+.
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Studies on SSA dust aerosols collected prior to transport over the ocean have indicated that the “instantaneous”
solubility of Fe (measured after brief exposure to ultrapure water) is extremely low (FSUPW = 0.03%–0.15%
(Cosentino et al., 2020); 0.007%–0.12% (Simonella et al., 2022)), which may imply a very limited potential for
SSA dust to supply available Fe for primary productivity (Cosentino et al., 2020). However, Fe solubility in the
same samples was also measured in these studies using a more aggressive leaching solution (dilute HNO3 at pH
2), achieving much higher Fe FSNAc values of 4.4%–6.6% and 6 ± 3%, respectively (similar to FSNAc values of
7%–10% obtained by Gaiero et al. (2003) for other Patagonian dust samples). Cosentino et al. (2020) suggest that
this latter measurement represents the upper limit of Fe availability to marine ecosystems. Interestingly, the FSNAc

values from these studies are very similar to those we report for the Carcass Island samples (FSAmA= 1.0%–9.7%,
Table 2) using ammonium acetate leaching at pH 4.7. This suggests that the bulk of the Fe which is available at pH
2 in SSA dust is also soluble under the milder conditions of the pH 4.7 leach. Thus, both NAc and AmA leaches
may represent the maximum potential Fe solubility in SSA dust.

Figure 3. Example total element concentrations (bars) and EF values (crosses) over the two sampling campaigns at Carcass
Island for Mn, Fe, Co and Zn, with the 2010/11 campaign shown on the left and 2011/12 campaign on the right. Bar widths
are proportional to the total deployment time of each sample. Note that one value for t‐Zn (830 pmol m− 3) is off scale in
2010/11.
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3.2.2. Manganese and Other Element Solubility

The fractional solubility of Mn in aerosols at Carcass Island (median 49%) is
considerably higher than that of Fe (Table 2 and Figure 5), as has been
observed in aerosols collected previously over the high latitude South Atlantic
(Figure 5) and over the Atlantic Ocean in general (Jickells et al., 2016; Shelley
et al., 2018). The solubility behavior of Mn in mineral dust aerosols is unusual
because FSMn has been reported to be relatively constant as a function of
atmospheric dust concentration for Saharan dust aerosols over the Atlantic
Ocean (e.g., Jickells et al., 2016; Shelley et al., 2018), in contrast to the
increasing solubility with decreasing dust load of Fe (and several other ele-
ments, e.g., Al, Ti) noted above. Mn solubility in the Carcass Island samples
also appears to be relatively constant with dust load (Figure 5c). Baker
et al. (2020) also reported similar stable solubility relationships with dust load
for Co and Th in Saharan aerosols over the Atlantic. The Carcass Island Th
data shows similar stable solubility behavior (Figure 5f), while there may be
more variability with dust load for Co solubility (Figure 5e). The other dust‐
dominated elements in the Carcass Island data set (Al, Ti and V) appear to
show similar solubility—dust load relationships to Fe (Figures 5a, 5b and
Figure S1 in Supporting Information S1).

Table 3
Previously Reported Aerosol Total TE Concentrations (pmol m− 3) for
Samples Collected in the Atlantic Sector of the Southern Ocean

Neumeyera Palmerb Oceanc

Al <8–140 139–7340

V <0.3–4.2

Mn <1–53

Fe 13–32 <25–2440

Co <0.1–4.0

Zn <3–92

La <0.0005–0.004

Ce <0.0012–0.075

Nd <0.0006–0.031

Note. See Figure 6 for sample locations. aWeller et al. (2008). bGao
et al. (2020). cSholkovitz et al. (2012), Baker et al. (2013), Chance
et al. (2015).

Figure 4. Box and whisker plots showing the enrichment factors (EF) of total trace elements in Carcass Island aerosols
relative to the composition of shale (Turekian & Wedepohl, 1961) (blue boxes). The ranges of EF in Patagonian soils (gray
bars) and atmospheric dust (black bars) collected in Patagonia calculated from ratios to Al reported by Gaiero et al. (2003,
2004) and Gaiero et al. (2007) are also shown. Dashed lines represent mean values, solid lines in boxes for Carcass Island
data are medians. Note the different scales on y‐axes in the upper and lower panels.
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There are very few reports of TE solubility in SSA dusts, although Gaiero et al. (2003) measured FSNAc in three
Patagonian dust samples, obtaining values of 8%–36% for Mn, 11%–27% for Ni, 9%–93% for Co, 32%–64% for
Cu and 41%–69% for Pb.

3.2.3. Solubility Change During Atmospheric Transport

Modeling studies that explored the potential for Fe solubility enhancement during atmospheric transport have
predicted small increases in FSFe (reaching values of up to ∼1%) during transport from SSA to the Weddell Sea
(Ito & Shi, 2016; Johnson et al., 2010; Myriokefalitakis et al., 2018). Cosentino et al. (2020) argue that Fe
solubility in SSA dust was low because the majority of Fe in the dust was in the form of insoluble Fe (III) and that
enhancement of Fe solubility above the levels indicated by ultrapure water leaching, as a result of atmospheric
processing, was unlikely due to low atmospheric levels of acidic pollutants in the region. We do not have in-
formation on the speciation of Fe in the Carcass Island aerosol samples, but nss‐SO4

2− concentrations were in the

Figure 5. Fractional solubility (FSAmA) of (a) Al, (b) Ti, (c) Mn, (d) Fe, (e) Co and (f) Th as a function of each element's total
atmospheric concentration for the Carcass Island site. Data acquired during research cruises in the South Atlantic identified
as having South American and Marine sources are also shown (hollow symbols)—see text for description of the sources of
these data. Equivalent plots for V, Ni, Cu, Zn, Cd and Pb can be found in Figure S1 of Supporting Information S1.
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range<0.3–9.7 nmol m− 3 (Table S3 in Supporting Information S1). These are
certainly lower than nss‐SO4

2− concentrations observed in polluted airmasses
over the North Atlantic (∼2–35 nmol m− 3) (Baker & Jickells, 2017), but dust
concentrations over the South Atlantic are also considerably lower than those
over the North Atlantic. For example, arithmetic mean aerosol t‐Al concen-
trations at Barbados and Bermuda were 44,000 and 19,000 pmol m− 3,
respectively (Arimoto et al., 1992), compared to a range of 590–
21,100 pmol m− 3 at Carcass Island (Table 2). From a simplistic point of
view (i.e., a molar equivalence of acidic species with soluble Fe), the
observed nss‐SO4

2− concentrations at Carcass Island are sufficient to account
for the observed s‐Fe concentrations (Table 2). However, acid promoted
dissolution of aerosol TEs is dependent on aerosol pH and this parameter is
determined by a range of factors including the balance between acidic and
basic components in the aerosol and gas phases and liquid water content.
These factors are highly variable over the individual particles in an aerosol
population (Baker et al., 2021; Pye et al., 2020) and we do not have sufficient
information to assess the potential impact of acid processing on TE solubility
in the Carcass Island samples.

Comparison of the FSAmA results for Fe obtained at Carcass Island to the FSUPW values reported for SSA dust
(Cosentino et al., 2020; Simonella et al., 2022) does not demonstrate that Fe solubility has actually increased
during atmospheric transport. Several studies have shown that Fe solubility is higher when leaching samples with
AmA than with UPW (Li et al., 2023; Majestic et al., 2006; Upadhyay et al., 2011), and that the magnitude of the
difference between the two leaches varies with aerosol source (Tang et al., 2025). Similar effects, to varying
degrees, have also been observed for several of the other elements studied here (Al, V, Mn, Ni, Cu, Pb: Tang
et al., 2025). Further work, involving the use of consistent leaching protocols applied to aerosol samples collected
over and downwind of SSA, would be needed to unambiguously establish whether TE solubility is affected by
atmospheric transport in this system.

Regardless of the potential for differences in solubility introduced by the different leaching regimes discussed
above, the similarity in TE solubility behavior at Carcass Island to samples collected downwind of SSA using the
ammonium acetate leach (Figure 5) is noteworthy. Transport regime (and perhaps dust source) varies consid-
erably for the cruise samples in Figure 5, and it is therefore possible to interpret the increase in solubility (e.g., for
Fe, Al) with decreasing concentration in this, and similar data sets (Jickells et al., 2016; Shelley et al., 2018;
Sholkovitz et al., 2012), as solubility enhancement during atmospheric transport. The transport regime of SSA
dust to Carcass Island is relatively constant (Figure 2) and therefore, variation in atmospheric transport should
have a much lower influence on defining the very similar solubility—total concentration relationship of the
Carcass Island data set. Other factors which might determine TE solubility in the Carcass Island samples include
the properties of the dust at source (e.g., their clay content and particle size distribution (Simonella et al., 2022))
and the initial dust load (and whether this influences acid uptake onto dust particles via the relative proportions of
dust particles and acidic species).

None of the above leaching methods (UPW, NAc, AmA) can be expected to reproduce Fe dissolution from
aerosols in the complex inorganic and organic matrix of seawater in the South Atlantic/Southern Ocean, or to
reproduce aerosol dissolution over timescales relevant to the post‐deposition lifetime of aerosol particles in
seawater (Tang et al., 2025).

3.3. Likely Deposition Footprint and Dry Deposition Fluxes

Forward air mass trajectories calculated from the arrivals at the site shown in Figure 2 were used to give an
indication of the potential area over which dust transported over Carcass Island might be distributed (Figure 6). In
agreement with the results of a similar analysis (Neff & Bertler, 2015) and atmospheric dust transport modeling
(Albani et al., 2012; Mahowald et al., 2007), the footprint of dust deposition within 5 days of transport over
Carcass Island appears to lie in the southern South Atlantic and Atlantic sector of the Southern Ocean between
70°W and 20°E and 70°S to 40°S. Primary productivity in these waters is reported to be limited by the availability
of Fe or co‐limited by Fe and Mn (Browning & Moore, 2023).

Figure 6. Five‐day forward trajectories starting at 50 m above the Carcass
Island sampling site (star) for the same in‐sector arrival times shown in
Figure 2. Sampling start positions for aerosol samples collected during
research cruises in the region (Baker et al., 2013; Chance et al., 2015;
Sholkovitz et al., 2012) are also shown (circles), together with the locations
of the Neumeyer (triangle) and Palmer (square) sampling stations.
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Calculated dry deposition fluxes for soluble nutrients and mineral dust and the
flux ratios of s‐Mn to s‐Fe and TIN to s‐Fe are shown in Table 4. Cosentino
et al. (2020) estimated that ∼70% of dust emitted from sources on Tierra del
Fuego in SSA was deposited to proximal waters on the continental shelf and
around the Falkland Islands, while observed vertical dust fluxes at coastal
sites in SSA are substantially higher (14–90 mg m− 2 d− 1) (Cosentino
et al., 2021) than the estimated dust flux at Carcass Island. These observations
indicate a strong gradient in dust flux away from SSA and are consistent with
the much lower aerosol TE concentrations at distal locations (Table 3) than at
Carcass Island. Note that the use of the abundance of Al in shale (8%) in our
calculation may introduce a small bias into the calculated dust flux. The Al
abundance reported for SSA dusts (7.6%; Gaiero et al., 2003) implies dust
deposition fluxes ∼5% higher than the values reported in Table 4 and thus is
insufficient to account for the apparent gradient in dust deposition.

Enrichment factors (Figure 4) for Fe, Mn and Co imply that the atmospheric
supply of these elements is largely driven by mineral dust, although anthro-
pogenic contributions may be more important for s‐Fe deposition than these
EF values imply, given the relative solubilities of Fe in dust and anthropo-
genic sources. The other micronutrient TEs (Cu & Zn) are much more clearly

impacted by anthropogenic emissions. Atmospheric nitrogen emissions and deposition are also dominated by
anthropogenic perturbation, primarily through combustion (NOx) and agricultural (NH3) emissions (Jickells
et al., 2017). Comparisons of Carcass Island dry deposition fluxes to total (wet plus dry) deposition flux estimates
from modeling studies are shown in Table 5. These show generally good agreement between the median values
for our two sampling seasons and the annual averages simulated by the models, with most model results in the
same order of magnitude as the observations. Wet deposition is likely to make a significant contribution to total
deposition in the South Atlantic region, but we are not able to estimate the magnitude of this flux with the data
available to us.

Surface waters of the Atlantic sector of the Southern Ocean (where Mn co‐limitation of phytoplankton growth has
been observed) are depleted in Mn with respect to Fe (molar Mn:Fe < 4) relative to the Indian sector (Mn:Fe > 4),
where such limitation has not been observed (Tagliabue et al., 2025). The observed s‐Mn: s‐Fe at Carcass island
(Table 4) suggests that atmospheric deposition is unlikely to alleviate Mn depletion in the Atlantic sector. On the
other hand, the TIN: s‐Fe ratio at Carcass Island is considerably lower than the N:Fe quota for microalgae in Fe‐
deficient waters (∼12,000; Sunda (1997)), so that atmospheric deposition does appear to be a net source of new Fe
to the region (including the non‐HNLC waters of the South Atlantic Ocean).

Table 4
Summary (Medians and Ranges) of Calculated Dry Deposition Fluxes of
Selected Total and Soluble TEs, Total Inorganic Nitrogen (TIN) and Mineral
Dust, and the Ratios of s‐Mn to s‐Fe and TIN to s‐Fe in Deposition at Carcass
Island for the 2010/11 and 2011/12 Sampling Periods

Parameter Units 2010/11 2011/12

TINa μmol m− 2 d− 1 2.4 (1.0–13) 2.4 (1.4–8.6)

s‐Fe nmol m− 2 d− 1 24 (7.5–130) 33 (7.2–62)

s‐Mn nmol m− 2 d− 1 9.3 (2.3–200) 9.8 (2.3–34)

s‐Co nmol m− 2 d− 1 0.16 (<0.03–1.9) 0.25 (0.03–0.65)

s‐Cu nmol m− 2 d− 1 0.5 (0.1–13) 0.15 (0.06–15)

s‐Zn nmol m− 2 d− 1 1.4 (0.3–380) 0.5 (0.2–19)

Dustb mg m− 2 d− 1 0.8 (0.2–3.3) 1.0 (0.2–9.1)

s‐Mn: s‐Fe mol mol− 1 0.5 (0.2–1.6) 0.3 (0.1–1.0)

TIN: s‐Fe mol mol− 1 110 (17–400) 69 (32–480)
aThe sum of NO3

− and NH4
+. bCalculated from t‐Al, assuming that Al is 8%

of the mass of dust (Turekian & Wedepohl, 1961).

Table 5
Summary of Deposition Fluxes Estimated From Modeling Studies for Various Parameters Studied at Carcass Island

Dust mg m− 2 d− 1 Total Fe nmol m− 2 d− 1 “Soluble” Fe nmol m− 2 d− 1 Total Mn nmol m− 2 d− 1 Reference

∼1 18–36 Johnson et al. (2010)

0.3–0.5 Albani et al. (2012)

1.5–6.2 Ito and Shi (2016)

∼5,000 ∼50 Myriokefalitakis et al. (2018)

15–30 Ito and Miyakawa (2023)

20–50 Lu et al. (2024)

0.8, 1.0 520, 1,400 24, 33 15, 27 Carcass Island, this work

Note. Values quoted for modeling studies are for deposition to the South Atlantic near the Falkland Islands and represent annual averages. Median dry deposition fluxes
for the 2010/11 and 2011/12 sampling seasons respectively are shown for comparison (Sources variously describe the “soluble” Fe fraction as “labile” and
“bioaccessible”).
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4. Conclusions
The TE content of aerosol samples at Carcass Island was found to be very similar to that of Patagonian soils and
dust for a number of elements, including the micronutrients Fe, Mn and Co. These elements had enrichment
factors relative to shale which were consistent with their origin being from arid regions of SSA. The solubilities of
the dust‐sourced elements were consistent with their solubility—concentration relationships observed elsewhere
over the Atlantic Ocean. For Fe, observed fractional solubilities at Carcass Island were similar to other data from
the remote Southern Ocean obtained using similar leaching protocols (Gao et al., 2020; Sholkovitz et al., 2012).
However, there were large differences in FSFe values reported for samples collected in dust source areas of
Patagonia using a less aggressive leaching protocol (UPW). These methodological differences confound attempts
to investigate whether TE solubility is influenced by atmospheric transport in this region and merits further
investigation.

Several TEs were found to be enriched in the Carcass Island aerosols, despite the relatively low population density
and levels of industrial activity upwind of the site. Some of these elements (Cu, P, Ni, Zn, As, Cd) have known
metabolic functions or toxicity in marine microbes, so there is potential for anthropogenic perturbation of the
impacts of atmospheric deposition of these elements, even in this remote marine environment away from major
centers of anthropogenic activity.

Calculated dry deposition fluxes for Fe and Mn were of similar magnitude to estimates of total (wet + dry)
deposition from modeling studies. Dry deposition of SSA dust does not appear to be able to alleviate Mn defi-
ciency in the waters of the Atlantic sector of the Southern Ocean.
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