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Abstract Bio-essential iron can relieve nutrient limitation and stimulate marine productivity in the
Southern Ocean. The fractional iron solubility of aerosol iron is an important variable determining iron
availability for biological uptake. However, estimates of dissolved iron (dFe; iron < 0.2 pm) and the factors
driving the variability of fractional iron solubility in pristine air masses are largely unquantified. To constrain
inputs of fractional iron solubility to remote East Antarctic waters, dFe, total dissolvable iron (TDFe), trace
elements and refractory black carbon were analyzed in a 9-year-old snow pit (2005-2014) from a new ice

core site at Aurora Basin North (ABN) in Wilkes Land, East Antarctica. Extremely low annual dFe deposition
fluxes were estimated (0.2 X 107% g m~2 y~!), while annual TDFe deposition fluxes (70 X 1076 g m~2 y~!) were
comparable to other Antarctic sites. TDFe is dominantly sourced from mineral dust. Unlike coastal Antarctic
sites where the variability of fractional iron solubility in modern snow is explained by a mixture of dust and
biomass burning sources, dFe deposition and fractional iron solubility at ABN (ranging between 0.1% and 6%)
is enhanced in episodic high precipitation events from synoptic warm air masses. Enhanced fractional iron
solubility reaching the high elevation site at ABN is suggested through the mechanism of cloud processing

of background mineral dust that modifies the dust chemistry and increases iron dissolution during long-range
transport. This study highlights a complex interplay of sources and processes that drive fractional iron solubility
in pristine air masses.

Plain Language Summary Photosynthetic microorganisms in the Southern Ocean play a critical
role in the global carbon cycle and support the extensive biodiversity and food web of the ocean. These
organisms are responsible for a process called primary productivity which converts carbon dioxide into organic
molecules via photosynthesis. Atmospheric deposition of iron to the ocean is an essential nutrient for primary
production in the Southern Ocean. Without iron supply, primary production is limited. While iron is highly
abundant on Earth, it is also very insoluble in seawater, making every source of soluble iron critical to life

in the ocean. Soluble iron is an important variable determining iron availability for biological uptake. This
study quantifies atmospheric deposition of soluble iron to Aurora Basin North, a new ice core site in East
Antarctica. We find that soluble iron is enhanced in large snowfall events due to dust processing by clouds in
the atmosphere that make it more soluble.

1. Introduction

Primary production is limited by micronutrient iron (Fe) in the high nutrient low chlorophyll (HNLC) modern
Southern Ocean (e.g., P. W. Boyd et al., 2000). With global climate change effects predicted to be particularly
severe in the Southern Ocean, phytoplankton will be influenced by many oceanic stressors, including iron supply
(P. W. Boyd et al., 2015, 2019; Deppeler & Davidson, 2017; Henley et al., 2020; Morley et al., 2020; Pinkerton
et al., 2021; Rose et al., 2009; Tagliabue et al., 2017). Therefore, quantifying the bioavailability and understand-
ing the factors that drive the solubility of iron inputs to Southern Ocean surface waters is crucial to understand
how iron biogeochemical cycles and the biological pump will respond to a changing ocean.

On a global scale, atmospheric iron has received much attention in terms of the factors that drive its solubility.
Stepwise leaching experiments of fractional iron solubility in atmospheric samples are used as an approxima-
tion of the bioavailable fraction of iron supplied to ocean surface waters (Mahowald et al., 2018). Soluble or
dissolved iron (dFe) in these experiments is operationally defined as the iron passing through a 0.2 or 0.45 pm
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filter. The large variability of dFe in the atmosphere has been attributed to a mixture of sources (i.e., mineral dust
vs. combustion sources (Sholkovitz et al., 2012)) and atmospheric processes that increase the solubility of iron
during aerosol aging and atmospheric transport. Such atmospheric processes include cloud processing, organic
complexation, photochemical reactions, and the interaction of iron bearing mineral dust with air masses laden
with polluted, acidic or combustion derived aerosol (e.g., Y. Chen & Siefert, 2004; Hand et al., 2004; Ito &
Shi, 2015; W. Li et al., 2017; Miller et al., 1995; Paris et al., 2011; Shi et al., 2015].

Marine microorganisms in most of the world's oceans depend on atmospheric iron inputs to support their growth,
and community structure, thus impacting on marine biogeochemical cycles (Mahowald et al., 2018). In the
Southern Ocean the link between atmospheric iron inputs and biological production and carbon export is well
recognized (Tagliabue et al., 2017). Atmospheric iron is amongst the sources of new iron to the Southern Ocean,
that is, icebergs and ice shelves, upwelling of deep waters, transport from continental margins by ocean currents,
and deposition of local and remote mineral dust (Dinniman et al., 2020; Gao et al., 2020; Rivaro et al., 2020;
Salmon et al., 2020; Weber, 2020; Winton, Dunbar, et al., 2016). In addition, dFe is entrained from seawater
into sea ice during freezing cycles and released in spring (Duprat et al., 2020; Lannuzel et al., 2016). Yet, the
Southern Ocean remains relatively under sampled and complex factors are emerging that concern the interplay of
sources and atmospheric processing that effect the solubility of atmospheric iron in pristine air masses (Chance
et al., 2015; Gao et al., 2013, 2020; Ito et al., 2019; Winton et al., 2015). A factor limiting the number of obser-
vations of atmospheric iron over the Southern Ocean is the extremely low concentrations of atmospheric dFe in
pristine air masses making trace metal sampling and mitigation of local contamination challenging (Ayers, 2001;
Heimburger, Losno, & Triquet, 2013).

Atmosphere dFe deposition over the Southern Ocean has been investigated in relation to three sampling platforms
that determine the atmospheric iron deposition regime. The first deposition regime is dry deposition of aerosol
iron from land-based (Gao et al., 2020; Heimburger et al., 2012; Heimburger, Losno, Triquet, et al., 2013; Winton
et al., 2015) and ship-based (Bowie et al., 2009; Gao et al., 2013) sampling campaigns using high-volume air
sampling onto a filter. The temporal resolution of aerosol sampling studies in the Southern Ocean typically
ranges from daily to monthly. The second deposition regime is wet deposition of atmospheric iron at land based
stations using trace metal clean rain gauges with a hourly temporal resolution (Chance et al., 2015; Heimburger,
Losno, & Triquet, 2013). The final is total deposition (wet and dry) in Antarctic snow and ice layers that archive
atmospheric dFe over time (Du et al., 2019; Du et al., 2020; Edwards & Sedwick, 2001; K. Liu et al., 2021, 2019;
Winton et al., 2014; Winton, Edwards, Delmonte, et al., 2016). The temporal resolution of Antarctic snow pit
samples is sub-annual to annual depending on the snow accumulation rate. While standardised leaching methods
of fractional iron solubility in aerosols have been proposed (Perron et al., 2020), estimates of fractional iron
solubility in Antarctic snow and ice employ a range of leaching protocols. Conway et al. (2015) demonstrated
that both acid leachable iron methods (Gaspari et al., 2006; Vallelonga et al., 2013), to constrain the dFe and
total dissolvable iron (TDFe) content (unfiltered, weak acid leachable iron) (Du et al., 2019, 2020; Edwards
et al., 2006; K. Liu et al., 2019; Winton, Edwards, Delmonte, et al., 2016), can underestimate the total iron
fraction in snow and ice, that is, iron contained within the lattice of highly refractory aluminosilicate particles.
However, most of the iron contained within Antarctic snow and ice is rendered soluble under mildly acidic
conditions (Edwards & Sedwick, 2001). As refractory iron has a low bioavailability for phytoplankton, TDFe
concentrations are presented in Antarctic snow and ice studies.

Variations of fractional iron solubility in modern Antarctic snow over time and space have been attributed to a
variety of sources. At modern Antarctic snow sites sampled for dFe, the contribution of dFe from mineral dust is
attributed to multiple dust provenances from local and/or remote sources. Across Antarctica, remotely sourced
mineral dust is considered the background atmospheric dFe source (Du et al., 2019, 2020; Winton, Edwards,
Delmonte, et al., 2016). In terms of coastal sites, local mineral dust is an important contributor of dFe in snow as
observed at coastal East Antarctica (Gao et al., 2013; K. Liu et al., 2019) and Roosevelt Island (Winton, Edwards,
Delmonte, et al., 2016) with McMurdo Sound being the dustiest location in Antarctica (Winton et al., 2014).
Biomass burning is an additional dFe source to the Southern Ocean (Tang et al., 2021) and Antarctic coastal
snow (Winton, Edwards, Delmonte, et al., 2016). In terms of the variations in dFe sources over the past few
decades, mineral dust is also considered as the background dFe source with additional sporadic sources from
biomass burning and volcanic emissions in which volcanic derived acidic sulfate can increase dFe in volcanic
plumes (Du et al., 2020). However, less attention has been given to atmospheric processing of dFe. dFe deposition
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Figure 1. (a) Map of Antarctica showing Antarctic sites where measurements of dissolved iron (dFe) have been made in snow and ice cores, and potential source areas
of Antarctic dust. (b) Insert of Wilkes Land highlighting the location of the Aurora Basin North (ABN) study site.

fluxes along a transect from Zhongshan Station to Dome A in East Antarctica peaked around 500 km inland from
the coast, and were attributed to different sources and transport processes although the processes are yet to be
identified and explained (Du et al., 2019).

To date, studies of dFe in Antarctic snow attribute the variability of fractional iron solubility to a range of sources
without much consideration of atmospheric processes. Within the framework of the Aurora Basin North (ABN)
ice coring project, which recovered a continuous 303 m long ice core from Wilkes Land, East Antarctica during
the 2013/2014 austral Antarctic field season, we show that atmospheric transport and processing can significantly
elevate modern dFe concentrations in Antarctic snow.

2. Materials and Methods
2.1. Snow Pit Sampling and Dating

Snow pit samples were collected from ABN, East Antarctica (71° 10.003’S, 110° 22.401'E; 2690 m above sea
level, a.s.l.; Figure 1) between 7 and 11 January 2014 during the 2013/2014 ABN ice coring campaign. ABN,
located ~550 km inland from the coast, is an “intermediate” ice core site in terms of its elevation and snow accu-
mulation rate (~17 cm yr~! water equivalent; w. e.) as it lies between high accumulation coastal sites and low
accumulation plateau sites. The predominant wind direction at the site is northwest with a mean wind direction
of 279° between 2014 and 2017 (ABN Automatic Weather Station; AWS; 71° 9'59”S, 111° 22'13"E, elevation
2714 m a.s.l; http://aws.cdaso.cloud.edu.au/ last accessed 15 December 2021). To prevent contamination by
camp activities, a designated snow sampling site was located ~200 m upwind from the ABN ice core drilling
camp. Concurrent snow samples were collected from 10 parallel profiles in a 2.5 m deep snow pit for a range
of chemical analyses in various laboratories. This study utilizes measurements from three of those profiles which
are (a) stable water isotopes (8'%0) and sulfate (SO,%~) concentrations, (b) black carbon concentrations, and (c)
trace elements. Stable water isotopes and SO,?~ concentrations sampled at 2.5 cm resolution, have previously
been reported by Servettaz et al. (2020) and are also used in this study. Sulfate and 8§'%0 were measured in
the same profile sample and are referred to as the Australian Antarctic Division (AAD) snow pit in Servettaz
et al. (2020). Here we report concentrations of dFe, total dissolvable trace elements (sulfur; S, sodium; Na,
titanium; Ti, aluminum; Al, Fe, and lead; Pb) and refractory black carbon (rBC) from two additional profiles

sampled at 3 cm resolution.

The snow pit profiles presented here were dated using annual layer counting of a range of trace elements and solu-
ble ions including non-sea-salt total dissolvable sulfur (nss-TDS), non-sea-salt sulfate (nss-SO,>~) concentrations
and 880 values. In this study, the dating of the AAD snow pit profile reported in Servettaz et al. (2020) is revised
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based on new nss-SO,>~ aerosol timeseries data from nearby Dome C that shows monthly mean nss-SO,>~ aero-
sol concentrations peak in summer (Becagli et al., 2022). Following the same approach as Servettaz et al. (2020)
but using summer rather than spring as the annual marker position for nss-SO,?~ concentration peaks, dating was
performed as follows. Summers were determined as 1 January and were positioned where the nss-SO,*~ concen-
tration peak aligned with peaks or shoulders of peaks in the §'0 record. Due to the high surface roughness at the
site and consequent uneven annual snow layers as indicated by the back lit stratigraphy of the snow pit (Figure S1
in Supporting Information S1), spatial variability was observed in the depth profiles of nss-TDS concentrations,
nss-SO,>~concentrations and §'%0 values between parallel profiles. Therefore, nss-TDS peaks were aligned with
previously dated summer nss-SO,2~ peaks from Servettaz et al. (2020). Annual layer counting shows the snow pit
spans a 9-year period from January 2005 to 2014, with an age uncertainty of +1 year at the base of the snow pit
(Figure S2 in Supporting Information S1). The snow accumulation rate of the snow pit ranged between 3 and
18 cmyr~! (water equivalent; w. e.).

2.2. Trace Element Concentrations, Enrichment Factors and Refractory Black Carbon Concentrations

A detailed description of the snow sampling procedure and analysis of rBC and trace elements at the TRACE
Facility, Curtin University can be found in Winton, Edwards, Delmonte, et al. (2016). Briefly, dissolved trace
metal fractions were determined by filtering a 10 mL aliquot of snow melt through a 0.2 pm filter. The remain-
ing (unfiltered) sample was leached with 1% HCI (ultrapure) for 3 months to determine the total dissolvable
trace element fraction. The leaching time of 3 months was conducted following Edwards & Sedwick (2001)
that demonstrated a significant increase in measured iron concentrations of acidified Antarctic snowmelt for
up to 3 months following acidification. Total dissolvable solutions and dissolved leachates were analyzed by
high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS). The accuracy of the trace element
concentrations was determined by repeated measurements of a certified reference material (ICP200.7-6 solution
A, High-Purity Standards, n = 10) and resulted in an accuracy of >95% for lead, iron, and aluminum concen-
trations. HR-ICP-MS operating conditions and analytical figures of merit (including blanks and precision) are
reported in Tables S1 and S2 respectively. Due to the low snow density at the surface of the pit and thus low
sample volumes, the top 9 cm of the pit contains missing total dissolvable trace element data. Fractional iron
solubility was calculated using Equation 1:
dFe

Fractional iron solubility (%) = x 100 €))
TDFe

where dFe is the soluble or dissolved Fe fraction and TDFe is the total dissolvable fraction.

Crustal enrichment factors (EFs) were calculated using the measured total dissolvable trace metal concentrations
and Wedepohl (1995) composition of the upper continental crust (UCC) to determine the contribution of mineral
dust to the observed total elemental concentrations. We acknowledge the limitation of using UCC values (Eichler
etal., 2015; Reimann & Caritat, 2000) as they are not necessarily representative of the ABN site or regional back-
ground potential source area (PSA) of dust. Total dissolvable titanium (TDTi) was used as a marker for mineral
dust. For an element (Z) in a sample, the EF relative to TDTi is calculated using Equation 2:

Z Z
BF = (52) e (77)
Ti ) sample Ti/ crust (2)

rBC was determined using a single particle intracavity laser-induced incandescence photometer (SP2) following
Sterle et al. (2013) and Winton, Edwards, Delmonte, et al. (2016). In this study, rBC blank concentrations and
detection limits are 0.001 and 0.003 ng g~! respectively. Refractory black carbon and trace element data are
available in Winton et al. (2022).

2.3. Stable Water Isotopes and Sulfate Concentrations

Stable water isotopes (5'80) were measured using a Picarro L2130-i cavity ring down spectrometer at the AAD
and the data are reported in Servettaz et al. (2020). The standard deviation for repeated measurements of labo-
ratory reference water samples was less than 0.05 %o for §'%0. Sulfate concentrations, reported in Servettaz
et al. (2020), were measured at the AAD using a Dionex ion chromatograph according to the methods of Curran
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& Palmer (2001) and Plummer et al. (2012). The analytical figures of merit for sulfate include a limit of detection
of 0.004 uM, procedural blank concentrations of P > 0.1, an accuracy of >97%, and precision of <3%.

3. Results and Discussion
3.1. Refractory Black Carbon

Based on the annual layer counting where nss-TDS defines summer deposition, the deposition of rBC in the
ABN snow pit occurs in late winter/spring with additional summer inputs in some years (Figure 2a). The late
winter/spring deposition is consistent with the timing of rBC deposition in West Antarctica (Bisiaux et al., 2012),
whereas summer rBC deposition is consistent with the timing of rBC deposition at Roosevelt Island, eastern
Ross Sea and occasional spikes at GV7, eastern Wilkes Land (Caiazzo et al., 2017). Deposition timing of rBC
at ABN is also consistent with atmospheric measurements of rBC at Halley and Neumayer Stations which show
a clear seasonal cycle with an autumn/winter minimum and summer maximum (Bodhaine, 1995; Wolff &
Cachier, 1998). Exceptionally high rBC concentrations were observed during the 2011/2012 summer in snow
pits at Roosevelt Island (Winton, Edwards, Delmonte, et al., 2016) and GV7 (Caiazzo et al., 2017) in which the
later study attributed the high rBC concentrations to significantly stronger Australian biomass burning that year.
This large rBC event was not observed at ABN suggesting ABN received rBC from a different source that year.
rBC concentrations were highest (up to 230 pg g7!) in the top three samples (2013/2014 summer). Concen-
trations on this order have been observed previously in Antarctic snow and could be due to an exceptionally
large burning event that year. However, mean monthly black carbon emissions from five global fire emissions
inventories (T. Liu et al., 2020) show that emissions from the 2014 fire season (austral dry winter/spring and
spring/summer) were below average that year for the Southern Hemisphere fire regions (Australia-NZ, Southern
Hemisphere Africa and Southern Hemisphere South America (FIRECAM; https://globalfires.earthengine.app/
view/firecam; last accessed 23 June 2020). Alternatively, the large rBC concentrations may result from contami-
nation from camp activities despite sampling in a designated clean zone upwind of the camp. A few days before
snow sampling, issues with the kerosene heater operating at high elevation caused an explosion of soot within a
>10 m radius of the camp. Airmass back trajectories show that the wind direction came from the northeast during
the “heater explosion event,” that is, the predominate wind direction changed and snow pit site was not directly
upwind from the camp at this time (Figure S3 in Supporting Information S1). Therefore, the kerosene heater may
have contaminated the upper three rBC and trace element samples (~9 cm of snow) in the snow pit. Excluding
these surface samples, rBC concentrations at ABN ranged between 3 and 63 pg g~! with a geometric mean of
20 pg g~! which is considerably lower than rBC concentrations in modern snow at other sites (Roosevelt Island,
West Antarctica, Law Dome and GV7) (Bisiaux et al., 2012; Caiazzo et al., 2017; Winton, Edwards, Delmonte,
etal., 2016).

3.2. Stable Water Isotopes at ABN

The interpretation of stable water isotopes at ABN is described in Servettaz et al. (2020). Briefly, water stable
isotopes measured in the ABN snow pit record atmospheric conditions during precipitation. Precipitation is
distributed throughout the year but with a larger prevalence in winter. High snowfall events occur at ABN as a
result of high-pressure anomalies that bring warm, moist air into the Antarctic continent. In particular, high snow-
fall events occurred in winter 2007, winter 2009, and winter 2011 (Figure 2d) associated with either (a) higher
830 values, a negative Southern Annular Mode (SAM), a higher Wilkes Land blocking index, and warm moist
air masses from the Indian Ocean, or (b) higher than expected §'30 values.

3.3. Enrichment Factor Analysis

The EFs of ABN snow samples are used to aid our interpretation of mineral dust versus other atmospheric
sources. We note the limitations of using EFs for this purpose, such as whether the reference material (TDTi) is
representative of mineral dust in the atmosphere compared to the crust (e.g., Shelley et al., 2015). The majority,
that is, 90%, of EFs for TDFe and TDAI are low or moderately enriched, that is, EFs between 0.1 and 8 for TDFe
and between 0.1 and 4 for TDAL EFs in this range are similar to the UCC, suggesting that these trace metals have
originated from other crustal material with a different composition from titanium (Duce et al., 1983). EFs for
TDPb are >10 for 80% of the samples implying a significant non-crustal enrichment attributable to anthropogenic
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pollution consistent with the modern lead isotopic composition of Antarctic ice cores (McConnell et al., 2014).
The low EFs for TDFe imply that biomass burning and pollution are relatively unimportant sources of atmos-
pheric iron at the site.

3.4. Total Dissolvable Iron and Total Dissolvable Aluminum

TDAI and TDFe concentrations ranged from 0.1 + 0.02 to 5.5 + 0.3 ng g™ and 0.1 + 0.01 t0 2.5 + 0.2 ng g~!
respectively (Figure 2). Deposition of TDAI, TDFe and TDTi is episodic, rather than seasonal, with the largest
deposition events occurring in winter 2005, winter 2007/summer 2007/2008, winter 2009, and spring 2011.
A mineral dust source of TDFe is evident through (a) covariation of TDFe, TDAI, and TDTi concentrations
in the snow pit (TDFe, TDAI: > = 0.23, P < 0.001) (Figure 2¢), (b) low fractional iron solubility (mean of
0.4 + 0.8%) typical of mineral dust (see Section 3.5), and (c) low EFs indicative of UCC sources. Although the
present-day geographic provenance of mineral dust is yet to be confirmed for the ABN site, modeling studies of
airmass fetch regions suggested dust deposited in the Wilkes Land region could originate from mixed Southern
Hemisphere sources including Australia and local Antarctic sources (F. Li et al., 2008; Neff & Bertler, 2015;
Tatlhego et al., 2020). We note that the TDFe fluxes (see Section 3.6) are similar to other sites in Antarctica
that are influenced by local dust, and thus cannot exclude a local dust source contributing to the TDFe fraction
at ABN. In terms of local sources, new PSA such as Bunger Hills, proximal to the ABN site in East Antarc-
tica, have been identified and the strontium (Sr) and neodymium (Nd) isotopic composition quantified in PSA
samples (Delmonte et al., 2020). While we analyzed the Sr and Nd isotopic composition of dust from surface
snow at ABN following Delmonte et al. (2020), the small dust sample with a low Nd concentration (~0.4 ng of
Nd) provided only one 37Sr/36Sr value of 0.714335. While this value is similar to modern mixed dust sources in
the Weddell Sea region and Princess Elizbeth Land in East Antarctica (Bory et al., 2010; Du et al., 2018), the
interpretation of the dust provenance at ABN based on a single sample is inconclusive (Figure S4 and Table S3
in Supporting Information S1). Further work is required to identify the dust provenance of modern dust arriving
at ABN.

3.5. Dissolved Iron and Fractional Iron Solubility

dFe concentrations were lower than TDFe concentrations and ranged between 0.001 +0.0003 and 0.02 + 0.0001 ng
¢~! (Figure 2). Fractional iron solubility ranged from 0.1% to 6% and parallels dFe concentration (Figure 2f).
Fractional iron solubility has a positive linear relationship with dFe concentration (1> = 0.89, P < 0.001). Although
the exposure blank concentrations of dFe are exceptionally low (Table S2 in Supporting Information S1), the dFe
blank background is similar to some of the snow pit samples. Due to the extremely low dFe concentration of the
snow pit samples, it is possible that the uncertainty on the blank concentrations could be responsible for some
of the temporal variation. Nevertheless, there are periods in the ABN profile when fractional iron solubility at
ABN exceeds the characteristic value for mineral dust of ~1%, suggesting other sources or processes influence
fractional iron solubility during those periods (e.g., Ito et al., 2019; Sholkovitz et al., 2012). dFe deposition
is episodic with the two largest deposition events occurring in summer 2007/2008 and late summer/autumn
2012 and smaller deposition events occurring in spring 2008, winter 2009, winter 2011, and spring 2011. These
dFe deposition events are not consistently associated with deposition of mineral dust (TDAI and TDTi), TDFe,
biomass burning (rBC), or lead pollution (TDPb concentration) but rather occur at same time as elevated 580
values, high precipitation, a negative SAM, and a high Wilkes Land blocking index. We discuss the possible
reasons for the higher dFe deposition during such events in Section 3.7.

Figure 2. Variability in snow chemistry along the Aurora Basin North (ABN) snow pit profile (a) refractory black carbon (rBC) concentrations, (b) Wilkes Land
blocking index (Servettaz et al., 2020), (c) Southern Annular Mode (SAM) Marshall monthly index (Marshall, 2003), (d) 8'30 values, (e) total dissolvable aluminum
(TDAL) iron (TDFe) and titanium concentrations (TDTi), (f) dissolved iron (dFe) concentrations and fractional iron solubility (% Fe sol), (g) non-sea-salt-total
dissolvable sulfur (nss-TDS) concentrations, and (h) total dissolvable lead (TDPb) concentrations. Periods of high snow accumulation, particularly negative SAM and
high Wilkes Land blocking index, identified by Servettaz et al. (2020), are highlighted in blue with additional periods of negative SAM and high Wilkes Land blocking

index highlighted in gray.
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Table 1

Annual Dissolved Iron (dFe) and Total Dissolvable Iron (TDFe) Deposition
Fluxes at Aurora Basin North

3.6. Atmospheric Iron Fluxes

We calculate dFe and TDFe annual fluxes for the ABN record following

the approach of Winton, Edwards, Delmonte, et al. (2016) and report the

TdFe flux (10~ g m~? yr™) dFe flux (10°gm™yr™")  yajyeg in Table 1. Annual mean dFe and TDFe fluxes are 0.2 + 0.01 X 10 g

2005 116 0.2 m~2 y~! and 75 + 0.01 x 107% ¢ m~? y~! respectively. The only directly
2006 47 0.2 comparable study is the high-resolution snow pit from Roosevelt Island
2007 62 02 (Winton, Edwards, Delmonte, et al., 2016) that employed the same iron
leaching protocol. The dFe and TDFe fluxes at ABN are lower than those

2008 187 03 at Roosevelt Island due to the higher elevation (2690 m vs. 550 m a.s.l) and
AL e 0.02 longer distance inland (~500 vs. ~100 m) of ABN from the coast. In terms
2010 23 0.1 of TDFe variability between the sites, distally derived coarse mineral dust
2011 45 0.1 particles could reach coastal sites, such as Roosevelt Island, but are not trans-
2012 93 0.7 ported further inland to higher elevation sites on the plateau. Furthermore,
2013 94 02 the coastal Roosevelt Island site is influenced by proximal dust sources from

Marie Byrd Land contributing to the higher dFe and TDFe fluxes. In addition
to Roosevelt Island, there are a few other sites in Antarctica where present
day atmospheric iron fluxes have been estimated using similar iron leaching
methods in Antarctic snow. Annual dFe and TDFe fluxes at Lambert Glacial Basin, East Antarctica, estimated
from a snow pit spanning 2012-2017, are greater than ABN and remarkably similar to Roosevelt Island (dFe:
1.3 x 10 g m~2 y~!; TDFe 140 x 107% g m~2 y~'); the Lambert Glacial Basin site may also be influenced by
local dust sources in East Antarctica (K. Liu et al., 2019). dFe and TDFe fluxes in surface snow along a transect
from Zhongshan Station to Dome A in Princess Elizabeth Land, East Antarctica in austral summer 2017 were
variable and ranged from 1.6 to 22 x 1070 and 2.3 to 110 X 107% ¢ m~2 y~! respectively (Du et al., 2019). In
a firn core, recovered 200 km from the coast along the Zhongshan Station to Dome A transect, dFe and TDFe
fluxes averaged 21 and 61 x 107% g m~2 y~! respectively between 1990 and 2017 and the variability was attrib-
uted to a mixture of mineral dust, volcanic and biomass burning sources of atmospheric iron (Du et al., 2020).
Other estimates of TDFe in East Antarctic surface snow range from 28 X 107 g m~2 y~! at Dumont D'urville
to 60 X 107% g m~2 y~! at Princess Elizabeth Land to 78 X 107% g m~2 y~! at Prydz Bay to 87 x 10 g m=2 y~!
in the Ross Sea (Edwards & Sedwick, 2001). In summary, dFe fluxes at ABN are the lowest ever observed in
Antarctica, while the TDFe fluxes are comparable to other sites in Antarctica.

3.7. Enhanced Soluble Iron Deposition by Atmospheric Processing

Here we investigate possible sources and processes to explain the episodic periods of elevated dFe deposition
and fractional iron solubility in the ABN snow record. In terms of sources, mineral dust is generally considered
the background source of dFe over Antarctica and the Southern Ocean (e.g., Vallelonga et al., 2013). Both the
timing of dFe and TDFe/TDAI deposition is episodic with three periods of elevated dFe deposition coincid-
ing with a spike in TDFe/TDALI deposition (winter 2007/summer 2007/2008, winter 2009, and spring 2011).
However, not all spikes in TDFe deposition result in elevated dFe concentrations. Similar to other locations in
the remote Southern Ocean, we suggest that mineral dust is the background source of dFe at ABN but as the dFe
fluxes are the lowest observed over Antarctica, iron leached from long-range transported mineral dust reaching
ABN is likely to supply relatively low inputs of bioavailable iron to the ocean. As with global datasets of frac-
tional iron solubility (K. Liu et al., 2021; Sholkovitz et al., 2012; Winton, Edwards, Delmonte, et al., 2016), we
observe a non-linear, inverse hyperbolic relationship between fractional iron solubility and TDFe in ABN and
Roosevelt combined datasets suggesting additional sources and/or processes are acting to enhance the fractional
iron solubility in Antarctica (Figure 3). At ABN, the majority of the fractional iron solubility values display the
characteristic value for mineral dust of ~1% consistent with trace metal observations of a mineral dust source.
While biomass burning is a suggested source of the higher fractional iron solubility at Roosevelt Island (Winton,
Edwards, Delmonte, et al., 2016), the Antarctic compilation in Figure 3 highlights spatial differences in sources
and processes influencing the atmospheric iron solubility. Recent global modeling of present day atmospheric
soluble iron sources to oceanic waters estimates that sources of atmospheric dFe to Indian Ocean waters proximal
to ABN are Australian and southern African dust and southern African combustion (Mahowald et al., 2018). We
continue the discussion focusing on the periods of elevated dFe concentrations.
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Figure 3. Inverse hyperbolic relationship between fractional iron solubility and total dissolvable iron (TDFe) in Antarctic
snow pits from Aurora Basin North (ABN) and Roosevelt Island (RICE). The red line is a simple two endmember
conservative mixing model between two source end members of (a) low fractional iron solubility and high TDFe
concentrations (typical of mineral dust source) and (b) higher fractional iron solubility and low TDFe concentrations (typical
of combustion source or atmospheric processing). RICE data source: Winton, Edwards, Delmonte, et al. (2016).

Biomass burning has been attributed to high dFe concentrations at a couple of coastal Antarctic sites and in
long-range transported aerosol over the Southern Ocean by direct observation and modeling (Ito et al., 2019, 2020;
Tang et al., 2021; Winton, Edwards, Delmonte, et al., 2016). Iron in freshly emitted biomass burning aerosol is
relatively insoluble (Winton, Edwards, Bowie, et al., 2016) but biomass burning can indirectly impact atmos-
pheric dFe during long-range transport through aggregation of iron and rBC particles (Ellis et al., 2015), oxalate
modification in biomass burning plumes (Ito & Shi, 2016), and aging of combustion derived particles (Ito, 2015;
Winton, Edwards, Bowie, et al., 2016). Although modeling studies show that fractional iron solubility and dFe
fluxes over the ABN site lie in a plume directly downwind from southern African combustion sources (Ito
etal., 2019; Ito & Shi, 2015), the extremely low rBC concentrations and non-coincident deposition timing of rBC
and dFe suggests that biomass burning was an unimportant source of dFe during the study period.

Lead concentrations in modern Antarctic snow are derived from Southern Hemisphere anthropogenic activities.
Furthermore, the non-crustal lead enrichment at ABN indicates anthropogenic pollution (see Section 3.3). We
find no correlation between lead and dFe concentrations or fractional iron solubility at ABN. In summary, aside
from the three deposition events where mineral dust contributed to the fractional iron solubility, we find that
atmospheric iron sources such as mineral dust, biomass burning and lead pollution cannot explain the episodic
high dFe concentrations and fractional iron solubility at ABN.

There is strong evidence that atmospheric processing can at least partly explain the enhanced fractional iron
solubility in aerosols compared to fresh dust (Shi et al., 2012). In terms of atmospheric processes, oxalate modi-
fication, iron acidification and cloud processing are known to influence fractional iron solubility in long-range
transported aerosol. Only trace concentrations of oxalate are found in air masses in lower latitudes over Antarc-
tica and the Southern Ocean (Keywood, 2007). Although, little is known about the enhancement of fractional
iron solubility in these pristine air masses, the concentrations of oxalate could be too low to influence fractional
iron solubility of mineral dust. For example, no relationship was observed between oxalate and fractional iron
solubility in a year long record of baseline air over the Southern Ocean at the Cape Grim Baseline Air Pollution
Station (Winton et al., 2015).
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Iron acidification occurs in the atmosphere by sulfur which is often the main acidic component of aerosols, and
largely determines the acidity of fine particles. As such, studies show that the incorporation of sulfur dioxide
(80,) into mineral dust plumes can subsequently acidify the iron contained in the mineral dust through SO,
oxidation (Meskhidze et al., 2003; Zhuang et al., 1992). The spring 2010 deposition events of dFe coincided
with elevated nss-TDS concentrations and higher TDFe/TDAI deposition in the snow pit and thus iron acidi-
fication by SO, could possibly explain the elevated dFe concentrations in snow. Previous observations of SO,
acidification of iron bearing mineral dust occurred in highly polluted air masses over China with significantly
higher concentrations of SO, in the atmosphere than over coastal East Antarctica where SO, concentrations are
considerably lower and atmospheric sulfur is dominantly sourced from seasonal phytoplankton blooms (e.g., Jang
et al., 2019). Given higher nss-TDS concentrations do not occur at all periods of enhanced dFe deposition, we
suggest that SO, concentrations are too low to promote acidification of dFe in mineral dust in the East Antarctic
region (Meskhidze et al., 2005). As acidity is relatively low in the atmosphere over Antarctica, we recommend
future studies investigate the atmospheric processes that drive atmospheric iron solubility in remote, pristine air.

Cloud processing is where aerosols undergo multiple cycles of condensation and evaporation during their lifetime
before being removed from the atmosphere through wet or dry deposition. These cycles induce large variations in
the chemistry of the water around the aerosol particle which can increase the fractional iron solubility in those air
masses (Desboeufs et al., 2001; Shi et al., 2009). Iron leaching and modeling experiments simulating the cycling
of iron-bearing dust between wet aerosol and cloud droplets show that iron in mineral dust readily dissolves under
acidic conditions that are relevant to wet aerosols. Whereas under higher pH conditions in clouds, iron dissolution
is lower and dFe precipitates as poorly crystalline nanoparticles (Shi et al., 2015). As this process of evaporation
and condensation is repeated, iron in both the nanoparticles and mineral dust continues to dissolve. The more
cycles and longer duration of the acidic wet aerosol stage, the higher the solubility of atmospheric iron.

In addition, wet deposition by precipitation scavenging has been proposed to be more efficient than dry depo-
sition in supplying dFe to the ocean. Modeling suggests that wet deposition of atmospheric iron over the open
ocean in the Southern Ocean accounts for ~60% of total deposition and contains a greater fractional iron solu-
bility than dry deposition of atmospheric iron (Gao et al., 2003). Observations in the subAntarctic Islands also
show that wet deposition supplies more dFe to the ocean than dry deposition (Chance et al., 2015; Heimburger,
Losno, & Triquet, 2013). dFe in rainwater collected from Kerguelen Island had an exceptionally high fractional
iron solubility of 80% which was attributed to atmospheric iron undergoing several cloud and chemical processes
during transport that significantly increased the iron solubility. Despite the emerging importance of wet deposi-
tion of atmospheric iron supply in the Southern Ocean and on a global scale, wet deposition of atmospheric iron
is largely under quantified in the Southern Ocean as most observational studies have focused on dry deposition.
Furthermore, iron input by precipitation scavenging may be related to episodes of high productivity in some
oceanic regions (Gao et al., 2003).

We observe that the periods of enhanced dFe and fractional iron solubility in the ABN snow record occur during
large snowfall events that are associated with higher 8'80 values (Figure 2). Servettaz et al. (2020) show that
these high snowfall events are driven by synoptic, warm conditions that bring oceanic air masses to the ABN
site. The start of the largest dFe event in 2012 is associated with high 8'80 values and negative SAM consistent
with the other periods of enhanced dFe. While §'30 values decrease during the 2012 event, a high Wilkes Land
blocking index and warm temperatures modeled by Servettaz et al. (2020) indicate that the 2012 event was not
associated with a sudden drop in temperature and that warm synoptic scale air masses delivered moisture to the
site and increased dFe concentrations consistent with the other periods of enhanced dFe (Figures 2b and 2c). We
note that our dFe measurements in snow reflect total (wet and dry) deposition of atmospheric iron. Although we
cannot separate out the wet and dry deposition fluxes, based on previous estimates of wet deposition in the South-
ern Ocean we suggest that wet deposition of dFe during extreme precipitation events could be an important input
of atmospheric iron to water surrounding coastal East Antarctica. Furthermore, iron dissolution can be promoted
during multiple cycles of cloud processing, as discussed above. As dFe deposition appears unrelated to biomass
burning, anthropogenic activities or mineral dust sources, cloud processing is the most plausible explanation
for the elevated dFe deposition in high snowfall, synoptic conditions. This explanation is in agreement with
another study of high dFe and fractional iron solubility in precipitation over the Southern Ocean (Heimburger,
Losno, & Triquet, 2013). Therefore, we suggest that dFe deposition at intermediate elevation sites in East Antarc-
tica is related to atmospheric transport and processing rather than atmospheric iron sources of biomass burning
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and mineral dust which drive the variability of fractional iron solubility in coastal Antarctic locations (Winton,
Edwards, Delmonte, et al., 2016). In summary, we suggest that enhanced dFe deposition in the ABN snow pit can
be explained by air masses arriving at ABN containing long-range transported iron particles, that did not pass
over major land masses and as a consequence underwent multiple cycles of cloud processes over the Southern
Ocean which markedly increased the fractional iron solubility.

3.8. Implications for Ice Core Studies of Bioavailable Iron

While the focus of this study is on the modern variability of fractional iron solubility in pristine air masses, and
we are not debating the importance of atmospheric iron inputs to the climate during glacial periods (e.g., Latimer
et al., 2006; Martinez-Garcia et al., 2014), we note the implications of this study on longer ice core records of
atmospheric iron. The higher elevation ABN site highlights the complex interplay of sources and processes that
modulate fractional iron solubility in pristine air masses that vary over time and space in Antarctica and the
Southern Ocean. Rather than the total iron deposition, it is the bioavailable fraction of iron that is relevant for
primary production. Fractional iron solubility, estimated from modern Antarctic snow, does not always parallel
mineral dust, TDAI or TDFe concentrations. Rather, fractional iron solubility is episodic, and dFe concentrations
reflect multiple sources and processes. The non-linear relationship between TDFe and fractional iron solubility
is most apparent at ABN which is the furthest inland Antarctic site (Figure 3), where the correlation between
dFe and TDAI or TDFe concentrations is the weakest. Due to this non-linear relationship in Antarctica, ice core
proxies of mineral dust, TDFe or TDAI cannot simply be scaled up to estimate dFe inputs over time (e.g., Wolff
et al., 2006). Previous atmospheric iron studies using Antarctic ice cores either have not measured the dFe frac-
tion of iron (i.e., <0.2 pm), or they assumed a constant fractional iron solubility derived solely from dust and total
iron sources (Edwards et al., 2006; Gaspari et al., 2006; Vallelonga et al., 2013). A few ice core methods have
been developed for iron speciation (Burgay et al., 2021) or the continuous flow analysis (CFA) of iron concen-
trations in ice cores (Hiscock et al., 2013; Spolaor et al., 2013; Traversi et al., 2004) but each method employees
a different leaching protocol that assesses a different pool of iron from mineral dust. Given our current under-
standing of the variability of fractional iron solubility, future studies should focus on direct measurements of dFe
concentrations in ice cores. We recommend a standardized method for both dFe measurements in discrete snow
samples and ice core dFe measurements using CFA. A standardized iron leaching method has been proposed by
the aerosol iron community for more reliable intercomparison studies of atmospheric iron on different spatial and
temporal scales (Perron et al., 2020).

With our new understanding of dFe variability in Antarctic snow, we carry out a simple thought experiment to
estimate dFe deposition during the last glacial transition by applying the mixing model of the two end member
components in Figure 3 to the European Project for Ice Coring in Antarctica (EPICA) Dome C ice core dust
record (Lambert et al., 2008). We acknowledge a number of limitations and assumptions in this approach. As no
direct TDFe concentrations are available for the Dome C core, we assume the total iron content in dust is 3.5 wt%.
The calculated fractional iron solubility values therefore represent a lower limit. We also assume that the total
iron content in dust is constant through time, although we acknowledge that the relationship between dust and
total iron in Antarctic snow and ice is not always linear, especially for sites influenced by long-range transported
dust. We find that fractional iron solubility is 20 times higher during the Holocene and drops off during the last
glacial maximum (LGM; Figure S5 in Supporting Information S1). Based on our present day understanding of
the mixing model, the increase in fractional iron solubility during the Holocene could be related to a shift from
mineral dust to combustion atmospheric iron sources or increased atmospheric processing. Both higher dust
concentrations (e.g., Delmonte et al., 2002) and more frequent Southern Hemispheric biomass burning (A. Chen
et al., 2022) during the LGM than the Holocene have been observed. Alternatively, accumulation rates were
higher during the Holocene which could lead to increased cloud processing and wet deposition. More evidence
is required to support a shift in iron source and/or increased cloud processing as an explanation for the higher
fractional iron solubility during the Holocene in the Dome C record. Interestingly, higher fractional iron solubility
was observed during the Holocene compared to the LGM in the North Greenland Eemian Ice Drilling (NEEM)
ice core attributed to changes in dust composition, grain size and other potential factors (Xiao et al., 2021). While
in Antarctica, higher fractional iron solubility was observed during the LGM relative to the Holocene (Gaspari
et al., 2006), although different iron leaching protocols pose limitations on the direct comparison of these studies.
This highlights the large information gaps for past Antarctic iron deposition and solubility which requires future
work.
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While fractional iron solubility over the last glacial may have been minimal, atmospheric bioavailable iron depo-
sition to the Southern Ocean was twice as high during the LGM, that is, the input of atmospheric dFe to phyto-
plankton was double than the present atmospheric input. New inputs of dFe from upwelling in the modern and
paleo-Southern Ocean have been shown to be a key driver of primary production (Dulaiova et al., 2009; Jong
et al., 2012; Marsay et al., 2014). Even if past natural iron-fertilization was low, future inputs of dFe could be
higher, for example, combustion sources are predicted to rise over the next century (Lin et al., 2015; Pacyna &
Pacyna, 2001; Scheiter et al., 2015), impacting the response of primary production to future ocean conditions
(Boyd et al., 2015; Boyd et al., 2016; Henley et al., 2020; Morley et al., 2020). This simple thought experiment
highlights that the relationship between dFe and mineral dust is complex and direct measurements of dFe are
required to estimate atmospheric bioavailable iron inputs to the Southern Ocean over time.

4. Conclusions

A mean annual dFe deposition flux of 0.2 + 0.01 X 107 g m~2 y~! and a mean annual TDFe flux of
70 + 0.01 X 107% g m~2 y~! have been observed in modern Antarctic snow at the ABN site between 2004 and
2014. The dFe flux is the lowest observed for modern Antarctic snow, while the TDFe is comparable to other
Antarctic sites. These fluxes to the Antarctic snow represent total atmospheric iron deposition (wet and dry).
We find that wet deposition of dFe during high snowfall events is the dominant deposition mode at intermediate
sites in East Antarctica (i.e., 2690 m a.s.l and 550 km from the coast). While TDFe at ABN originates from
mineral dust, as does background dFe deposition, episodic deposition of elevated dFe is unrelated to atmospheric
iron sources of mineral dust or biomass burning. rBC concentrations at ABN are relatively low, averaging ~20
pg g~ between 2005 and 2014 with rBC deposition occurring at different times of the year. This study shows
that the five periods of enhanced dFe deposition in the ABN snow pit record are associated with warm synoptic
conditions (high snowfall and high 8'30 values), and we interpret this to reflect cloud processing of iron bearing
mineral dust that increases the solubility of atmospheric iron during long-range transport from Southern Hemi-
spheric dust sources. Therefore, dFe at ABN reflects atmospheric processing and transport rather than sources.
This is the first study in modern Antarctic snow highlighting the importance of atmospheric processing, aero-
sol aging and transport on dFe deposition. While mineral dust likely supplies the background atmospheric dFe
inputs to Southern Ocean and Antarctic waters, episodic deposition of atmospheric iron from other sources, for
example, mineral dust, biomass burning and volcanic emissions, are observed at coastal Antarctic sites. At ABN,
fractional iron solubility ranged from 0.1% to 6%. Even at the extremely remote, higher elevation Antarctic site
of ABN, the relationship between fractional iron solubility and TDFe concentration is not linear, as observed on
a global scale. We caution against using mineral dust or TDFe in ice cores as a proxy for bioavailable iron supply
to the Southern Ocean over time. Overall, this study highlights a complex interplay of sources and processes that
drive the solubility of atmospheric iron in pristine air masses over the Southern Ocean. Given the importance of
wet deposition at higher elevation Antarctic sites and at other subAntarctic Island sites, and the scarcity of such
measurements in the region, we recommend future studies quantify wet deposition of dFe in the Southern Ocean.
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