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HIGHLIGHTS

e Sub-Antarctic islands provide unique ice core records.

e Br, Na, MSA and I are highest in the sub-Antarctic region.

e Bromine is depleted in the sub-Antarctic region with respect to coastal Antarctica.
o Jodine reaches is enriched in inner Antarctica following the leapfrog mechanism.

ABSTRACT

Sub-Antarctic islands and Antarctic coastal regions provide valuable sites for investigating environmental processes in the Southern Ocean. The fact that these sites
are situated within the sea ice zone underscores their significance in investigating the impact of sea ice on the chemical composition of the boundary layer. In this
study we report multi-year average levels of marine aerosols, including bromine, sodium, methanesulphonic acid and iodine, measured in five firn cores collected
from sub-Antarctic Islands and coastal Antarctic sites. The records are compared with published Antarctic records to explore the spatial distribution of these species in
the Antarctic region and their relationship with sea ice variability. Being mainly sourced from sea-salt aerosols, sodium and bromine exhibit the largest concen-
trations in the sub-Antarctic region, with progressively reduced deposition from the coast towards the central Antarctic plateau. Due to its gas-phase chemistry,
bromine is depleted with respect to sodium in the sub-Antarctic sites. Bromine emitted in the form of sea-salt aerosols undergoes multi-phase recycling in the lower
troposphere and, together with gas-phase bromine emitted from sea ice, is likely to be transported away from the source, depositing in enriched concentrations in the
plateau compared to the Br/Na sea-water mass ratio. Similarly to bromine and sodium, methanesulphonic acid and iodine are found in higher concentrations in the
sub-Antarctic sites, especially where the ocean is sea ice-covered during spring as primary production is stronger than in the ice-free ocean. Sea-salt mediated
recycling of gas-phase iodine enhances its atmospheric lifetime, delivering enriched iodine depositions to the Antarctic plateau. Depicting the spatial distribution of
these elements is of great importance for understanding the processes delivering these impurities around Antarctica.

1. Introduction establishment of persistent stronger westerly winds around Antarctica
(Stammerjohn and Scambos, 2020; Thompson et al., 2011). These at-
Over the last four decades, the Southern Ocean region has undergone mospheric patterns are thought to be associated with a dramatic sea ice

profound changes (Yadav et al., 2022). One key aspect is the reduction as observed in early 2023 (Purich and Doddridge, 2023).
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Other than sea ice, atmospheric circulation influences several aspects of
the Antarctic environment, including the chemical composition of the
atmosphere, the heat transport toward the poles (Sen Gupta and En-
gland, 2006), the ocean currents (Herraiz-Borreguero and Naveira
Garabato, 2022), as well as the biological activity in Southern Ocean
waters (Lovenduski, 2005).

Surface winds are responsible for waves breaking and bubble
bursting, releasing significant amounts of sea-salt aerosols containing
sodium (Na) and bromine (Br) (de Leeuw et al., 2011). Bromide (Br™)
present in seawater is usually the main source of Br to the atmosphere,
but in polar regions atmospheric concentrations can increase following
the so-called “bromine explosions”, autocatalyzing reaction chains
occurring during the sunlit season that lead to the emission of gas-phase
bromine species to the boundary layer (Simpson et al., 2007). Such re-
actions are found to occur at the surface of the first-year sea ice (FYSI),
on salty blowing snow over first-year and multi-year sea ice and on
sea-salt aerosols produced from frost flowers and salty snow (Huang
et al., 2020; Peterson et al., 2019; Pratt et al., 2013). Therefore, a larger
FYSI extent results in enhanced reactive Br in the polar boundary layer,
which ultimately gets deposited causing the enrichment of bromine in
the snowpack compared to the Br/Na sea-water ratio. Bromine enrich-
ment (Brey,) measured in ice cores has been proposed as a tracer of past
sea ice variability (Burgay et al., 2023; Spolaor et al., 2016; Vallelonga
et al., 2021). This tracer would resolve the issue that Na™, previously
identified as a sea ice proxy (Severi et al., 2017; Wolff et al., 2006), is
present in sea-salt aerosols originating from both sea ice and open ocean,
and the amount of Na™ deposited to the Antarctic plateau is strongly
influenced by meteorological conditions (E. R. Thomas et al., 2022).
However, the complex reactivity of bromine hampers reliable sea ice
reconstructions. By examining records from the sub-Antarctic region, we
aim to further understand the different transport and deposition path-
ways of Br species over polar regions and the spatial distribution of Brep,.
A better understanding of Brep, distribution in the Southern Ocean re-
gion is important for the interpretation of ice core records for re-
constructions of sea ice extent beyond satellite observations.

In the Southern Ocean, emissions of methanesulphonic acid (MSA)
and iodine (I) are related to both sea ice and biological activity (Curran
et al.,, 2003; Osman et al., 2017; Saiz-Lopez et al., 2015). During the
winter season, sea ice expands encircling the Antarctic ice sheet for
thousands of kilometers, and almost completely melts away during the
summer season. As Antarctic sea ice is almost completely seasonal, it
provides microhabitats for the growth of unique sea ice microbial
communities, which are an important food resource for secondary and
higher-level consumers in the water column (Cowie et al., 2014). These
large sea ice variations result in the most productive waters on Earth
(Davis and McNider, 1997). MSA is formed in the atmosphere from the
oxidation of dimethyl sulfide produced by sea ice algae and the micro-
algal assemblage in the marginal ice zone (Curran et al., 2003). There-
fore, large MSA emissions are expected at the margin of the spring sea
ice. Iodine is emitted in both organic and inorganic form from the ocean
surface, but seasonally ice-covered areas can emit ~10 times more
iodine, as the result of microalgae living underneath and within sea ice
releasing iodine species upon oxidative stress induced by light during
springtime (Saiz-Lopez et al., 2015). Iodine efflux occurs in sea ice
fractures and brine channels, extending all the way to the marine
boundary layer. This process is particularly efficient in the Southern
Ocean, as most of the sea ice is relatively thin (<50 cm) and frazil,
allowing a fast release of iodine through sea ice channels.

Atmospheric and snow concentrations of bromine, sodium, MSA and
iodine are the result of a complex interplay of changing patterns of
winds, ocean currents, primary productivity and sea ice seasonality in
the Southern Ocean (E. R. Thomas et al., 2019). With the aim to
investigate the processes of emission, transport and deposition in the
Antarctic and sub-Antarctic region, we measured these trace species in
five firn cores collected from sub-Antarctic Islands and coastal Antarctic
sites (Bouvet, Young, Peter I, Mount Siple islands and Cape Hurley). We
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compile multi-year averages of available snow and ice records from the
Antarctic ice sheet and discuss the processes responsible for distributing
these trace species across the Southern Hemisphere.

2. Materials and methods
2.1. Firn core sites

Five firn cores were drilled from sub-Antarctic islands and coastal
Antarctic sites as part of the subICE project on board the Antarctic
Circumnavigation Expedition cruise in 2017 (Thomas et al., 2021;
Walton and Thomas, 2018). These include Bouvet Island, Peter I Island,
Mount Siple Island, Young Island and Cape Hurley dome in coastal East
Antarctica (Fig. 1).

Bouvet (54° 25’ 19.200” S, 3° 23’ 27.600” E) is a volcanic sub-
Antarctic island. The core was drilled on the eastern slope of the is-
land at approximately 350-m altitude to a depth of 14.2 m. Despite being
located at a relatively low latitude, surface melting is low, suggesting
minimal impact of melt water percolation (E. R. Thomas et al., 2021).
The core was dated using annual cycles in concentrations of oxygen
isotopes and major ions, resulting in an age scale from 2001 to 2016 for
the full core length (King et al., 2019).

Young Island (66° 31’ 44.256" N, 162° 33' 35.28" E, 238 m a.s.l.) is
part of the Balleny archipelago and sits in the Antarctic seasonal sea ice
zone at the boundary of the polar westerlies and Antarctic coastal
easterlies. The Young firn core is the first archive from the Balleny
Islands and with its 16.88 m in length covers the period from 1995 to
2016 (Moser et al., 2021). The Young site is strongly affected by melt
events, covering 47% of the total depth (E. R. Thomas et al., 2021).

Peter I1sland (68° 51' 50.4” S, 90° 30’ 54" W, 730 m a.s.l.) is located in
the seasonal sea ice zone of the Bellingshausen and Amundsen Seas. The
firn core is 12 m long and covers the period 2002-2016 (E. R. , Thomas
et al., 2023).

Mount Siple (Mt Siple, 73° 19'14.16" S, 126° 39' 47.34" W, 685 m a.s.
1) is a volcanic island surrounded by the Getz ice shelf. Impurities
transported by winds and deposited at Mt Siple can potentially be the
result of recent changes in the Amundsen sea low and sea ice conditions
in the Bellingshausen and Amundsen Seas. The firn core is 24 m long and
presents some visible melt layers (E. R. Thomas et al., 2021; Walton and
Thomas, 2018). The period covered by the core is 1998-2016.

Cape Hurley (67° 33’ 34.56" S, 145° 18 45" E, 320 m a.s.l.) is a low
elevation coastal dome adjacent to Mertz Glacier on the George V Coast
of East Antarctica. The Mertz glacier tongue, which extends over 100
km, floats on the ocean surface and traps pack ice upstream, forming the
third most productive polynya in Antarctica. The Cape Hurley firn core
is 20 m long and covers the period 1994-2016 (E. R. Thomas et al.,
2021).

2.2. Sample preparation and analyses

The five cores were drilled using a Kovacs Mark II Coring System and
transported frozen to the British Antarctic Survey (BAS) in Cambridge
(UK) for cutting, sample preparation and analysis. Ice core cutting was
performed using a steel band-saw blade in a —25 °C cold lab at BAS.
Discrete samples were stored in polypropylene vials that had been pre-
cleaned three times by microwaving them filled with Milli-Q water for 5
min. The cores were cut into 5-cm sections. MSA was measured with Ion
Chromatography (Thermo Scientific™ Dionex™ Integrion™ HPIC™
system) at BAS using an injection volume of 250 pL in a class-100
cleanroom. For the anion chromatograph, an AG17-C guard column
(2 x 50 mm) was used, together with an AS17-C analytical column (2 x
250 mm). Analytical precision, defined as the relative standard devia-
tion of the lowest level standard, is 0.07 ng g~ for MSA.

Additional discrete ice samples were transported to Ca’ Foscari
university of Venice, Italy, for the analysis of total Br, I and Na and
stored frozen. The samples analyzed in Venice had a depth resolution of
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Fig. 1. Spatial variability of Br, Na, MSA and I across Antarctica. a) Br (ng g !); b) Na (ng g 1); ¢) MSA (ng g 1); d) I (pg g ). The black dotted contours
represent September (winter) and February (summer) sea ice concentrations 2000-2016. The black dashed line represents December (spring) sea ice concentrations.
Sea ice concentrations are retrieved from the National Snow and Ice Data Center (https://nsidc.org/home). Elevation lines are drawn every 1000m.

28 cm for Bouvet, 25 cm for Young, 10 cm for Peter I, Mt Siple and Cape
Hurley, with an age coverage of the range ~0.3 years for Bouvet and
Young and of ~0.1 years for Peter I, Mt Siple and Cape Hurley. The
analysis of Na, Br and I has been conducted at the university of Venice.
The sample preparation was done in a class-1000 clean room, under a
class-100 laminar flow hood. Total concentrations of Na, Br and I were
determined with Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). These elements are mainly present in ice core samples as Na™, Br~
and I, while IOz is found to be rarer despite being more stable than I"™
(Spolaor et al., 2013). An Inductively Coupled Plasma Single Quadru-
pole Mass Spectrometer (ICP-SQMS, Thermo Fisher Scientific™ iCAP™
RQ ICP-MS) was used for Bouvet and Young cores in 2019, while Peter [,
Mt Siple and Cape Hurley cores were analyzed in 2021 with an Induc-
tively Coupled Plasma Sector Field Mass Spectrometer (ICP-SFMS,
Thermo Scientific™ ELEMENT2™). Concentrations were calibrated
using external standards and blank-corrected. Standard concentrations
ranged from 10 to 5000 ng g~ ! for Na, 0.1-50 ng g~* for Br, 0.01-5 ng
g’l for I. The limit of detection (LOD) of the analyses, defined as three
times the standard deviation of the blanks, was 7 ng g%, 0.44 ng g'1 and

0.01 ng g~ for Na, Br and I respectively. A percentage of 100%, 95%
and 98% of the samples is higher than the LODs. Reproducibility was
evaluated by repeating measurements of ~10% of the samples, showing
a percentage difference of 12%, 4% and 24%, for Na, Br and I
respectively.

3. Results

Na, Br, MSA and I average levels resulting from our measurements,
along with main information on the five firn cores, are displayed in
Table 1. The Bouvet MSA record was previously published by King et al.
(2019). While several melt layers have been reported in all sub-Antarctic
cores (Moser et al., 2021; E. R. Thomas et al., 2021), likely vertically
displacing impurities, in this study we consider only the absolute con-
centrations over multi-year time periods and assume that melt layers do
not affect substantially multi-year average concentrations (Moore et al.,
2005). To evaluate the spatial variability of the deposition of these
species in snow, a compilation of multi-year averages is made including
results from this study and ice core records from the Antarctic ice sheet
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Table 1
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Average and 95% confidence level of Na, Br, MSA and I in the Bouvet, Young, Peter I and Mt Siple and Cape Hurley firn cores. The table also includes the main
details on the drilling locations and firn core properties.

Firn core Bouvet Young Peter I Mt Siple Cape Hurley
Age cover (CE) 2001-2016 1995-2016 2002-2016 1998-2016 1994-2016
Latitude 54° 25'19.20" S 66 31' 44.3" S 68° 51' 50.4" S 73°19'14.16" S 67° 33 34.56" S
Longitude 3°23'27.600" E 162 33 21.5"E 90° 30' 54" W 126° 39' 47.34" W 145° 18' 45" E
Elevation (m a.s.l.) 350 238 730 685 320

Ice core length (m) 14.05 16.92 12.25 24.13 20.22

Snow accumulation (kg m~2 y 1) 715 506 484 600 590

Na(ng g™ 543 + 120 3290 + 400 896 + 110 453 + 42 342 + 36

Br (ngg™H) 22+04 15+2 53+0.7 2.4+0.2 09+0.1

MSA (ng g 1) 1.9+ 0.4 40 + 4 34+7 22+2 19+2
Ipgg™H) 32+5 82+18 67 +15 24+ 4 50 +11

(Fig. 1). When available, the averages are calculated considering the
most recent 20 years covered by each core. Published Antarctic ice core
records were retrieved from different locations of the plateau: Talos

Dome to GV7 traverse (Maffezzoli et al., 2017), Law Dome (Vallelonga
et al., 2021), Talos Dome to Dome C traverse (Vallelonga et al., 2021),
Dome C (Burgay et al., 2023), EAIIST (East Antarctic International Ice
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Fig. 2. Snowpack concentrations of Bre,r, Br and Na with respect to the distance from the Antarctic coastline. Panel a) Bre,, vs distance from the Antarctic
coastline (km). Negative distance values indicate sites located in the Southern Ocean, positive values indicate sites located in the Antarctic ice sheet. Only sites for
which both Na and Br have been measured are shown here. Panel b) Br (ng g’l) and Na (ng g’l) vs distance from the Antarctic coastline (km). Panel c¢) Bre,, Vs
elevation (m a.s.l.); Panel d) Br (pg g’l) and Na vs elevation (m a.s.l.); Panel e) Representation of spatial Bre,, variability in the Antarctic region. The black dotted
contours represent September (winter) and February (summer) sea ice concentrations 2000-2016. Sea ice concentrations are retrieved from the National Snow and
Ice Data Center. Elevation contour lines are drawn every 1000m.
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Sheet Traverse) traverse (Celli et al., 2023), individual sites in West
Antarctica (McConnell et al., 2014), Dronning Maud Land (Weller et al.,
2004), and Roosevelt Island (RICE ice core) (Vallelonga et al., 2021).
Additionally, Na and MSA ions measured in shallow cores retrieved
during the US International Trans-Antarctic Scientific Expedition (US
ITASE) are available at https://www.icecoredata.org/cci/Antarctica.
html (Sneed et al., 2011). The database also contains data from addi-
tional cores such as Dominion range (Mayewski et al., 1995), Taylor
Dome (Mayewski et al., 1996), Siple Dome A (Mayewski et al., 2013),
and Detroit Plateau (Potocki et al., 2016). Finally, a compilation of Na
and MSA ions has been published in Osman et al. (2017).

All tracers present their largest values at Young, followed by Peter I,
highlighting that the largest concentrations are over regions that every
year are completely surrounded by FYSI (Table 1). On the other hand,
Mt Siple and Cape Hurley are located on the coast of the Antarctic
continent and have a larger influence of MYSI, while Bouvet lies on the
edge of the sea-ice coverage during the winter. In comparison with
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records from the Antarctic ice sheet, bromine and sodium have a larger
concentration in sub-Antarctic and coastal sites (Fig. 1a,b) in compari-
son to the continental ice sheet. This is in agreement with observations
by Bertler et al. (2005), Simpson et al. (2005), Maffezzoli et al. (2017)
and Vallelonga et al. (2021). Bromine concentration at sub-Antarctic to
coastal locations ranges from 1.5 to 16 ng g~ while sodium concen-
tration ranges from 50 to 3300 ng g~ '. Bromine and sodium generally
show lower concentrations on the inner plateau, with Br ranging from
0.1 to 1.5 ng g~! and Na ranging from 17 to 50 ng g~'. Bromine
enrichment (Brenr = [Brlg00/ (INQ g0 ® [BT/Nagoqaeer)»> instead, shows a
different spatial pattern with levels <1 at the sub-Antarctic islands
further from the coast (Bouvet, Young and Peter I) and >1 at coastal to
continental Antarctic locations (Fig. 2). Br becomes again depleted in
the sites located furthest from the coast (>600 km) with Bre, < 1,
similarly to the sub-Antarctic sites. These sites are also the one with the
highest elevation ~3000 m a.s.l.

MSA concentration has a spatial pattern similar to that of Na and Br,
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Fig. 3. Snowpack concentrations of I., I and Na with respect to the distance from the Antarctic coastline and elevation. Panel a) I.,, vs distance from the
Antarctic coastline (km). Negative distance values indicate sites located in the Southern Ocean, positive values indicate sites located in the Antarctic ice sheet. Only
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National Snow and Ice Data Center. Elevation lines are drawn every 1000m.
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with larger concentrations close to marine sources and progressively
lower concentrations going inland toward the inner ice sheet (Fig. 1c). In
fact, the largest concentrations are found at sub-Antarctic sites like Peter
I, Mt Siple and Young cores, with 34, 22 and 40 ng g}, respectively.
Lower concentrations are found at coastal sites (i.e. 10 — 25 ng g~ ' in the
Ronne ice shelf), while the lowest concentrations are found inland, with
a range of ~2-10 ng g~!. The iodine concentration range is between 20
and 200 pg g~ ! in the sub-Antarctic to coastal region (Fig. 1d). Consis-
tently, lower concentrations are instead found in the inner plateau, with
a range between 13 and 40 pg g~ . Interestingly, considering iodine
enrichment with respect to sea-water mass ratio (calculated as I, = [I]/
([Na] e 5.6 @ 1079), higher levels are evident in the inner plateau (Fig. 3).
There, iodine is enriched more than 300 times, further evidencing a
different emission and transport pathway with respect to sea-salt Na.

It must be noted, however, that any spatial pattern of these con-
centrations is affected by local features such as annual snow accumu-
lation, distance from the coast and elevation. There are no clear
associations between snowpack chemistry of these tracers and accu-
mulation rate, despite several studies were conducted on the topic
(Abram et al., 2013). In our case, concentrations and fluxes are posi-
tively correlated, meaning that the change in accumulation is not the
main driver of the spatial distribution of these species. Also, from the
emission source to the deposition site, atmospheric circulation, topog-
raphy and precipitation patterns modify the trajectory of air masses and
influence the distance at which trace species are deposited. The inter-
action between these processes makes it challenging to pinpoint the
singular influence of any one factor on the spatial distribution of trace
species.

4. Discussions
4.1. Bromine and sodium in sub-Antarctic firn cores

In the sub-Antarctic region (e.g., Bouvet), Br and Na are mostly
emitted to the polar boundary layer in the form of sea-salt aerosols lifted
from the unfrozen Southern Ocean ( M. A. Thomas et al., 2022). Both Br
and Na are deposited in greater concentrations at sub-Antarctic and
coastal sites as they are close to the sources of emission (Fig. 1a,b), while
the concentrations are gradually lower when moving inland. Similar
results were previously found by Bertler et al. (2005), where Nat shows
larger concentrations at coastal sites. The atmospheric residence time of
sea-salt aerosols is estimated to be of a few days (Schiipbach et al.,
2018), implying deposition of most aerosol-phase Br and Na relatively
close to the source of emission and lower levels transported for long
distances. The production of sea-salt aerosols is strongly influenced by
surface wind speed (Liu et al., 2021). Therefore, how much of these
elements is deposited and preserved in sub-Antarctic glaciers may be
proportional to past wind strength variability. However, bromine in the
atmosphere does not only stem from sea-salt aerosols, but it is also
emitted in organic form from the open ocean and as reactive gas from
the sea ice during bromine explosion events. Instead, Na only occurs in
aerosol phase and its low reactivity makes it better suited for re-
constructions of past wind variability.

Bren; presents a different spatial pattern with respect to that of Br and
Na (Fig. 2e). In the sub-Antarctic region, particularly in ocean areas
covered by sea ice during spring, Brey, levels are on average smaller than
1, indicating a zone of depletion of bromine species compared to sea-
water ratio in the snowpack. Here, bromine is activated over sea ice
surfaces or on salty blowing snow above sea ice, emitting reactive gas-
phase inorganic Br species (Bry) to the boundary layer (Marelle et al.,
2021). Bry can then be taken up by particles and liberate more halogens
from the condensed phase (Krnavek et al., 2012; Saiz-Lopez and von
Glasow, 2012). The multiphase chemistry of bromine is such that a
bromine atom may undergo several aerosol-gas phase exchanges during
its transport. Given that the recycling of bromine is efficient primarily
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over FYSI, these cycles of reactions can sustain gas-phase bromine in the
boundary layer over longer periods than sodium, which exists only in
aerosol phase and is not involved in chemical reaction chains. Therefore,
bromine species emitted from sea ice are likely transported by atmo-
spheric circulation and deposited in enriched concentrations on the
interior of the ice-sheet (Vallelonga et al., 2021). This behavior is sup-
ported by a 1-D chemistry model simulation by Spolaor et al. (2016),
which predicted an increase of bromine deposition on the snowpack
after 24-48 h of bromine recycling over sea ice. During this time, sea
ice-sourced bromine can be transported south and reach inner
Antarctica where it deposits in enriched amounts with respect to the
sea-water ratio due to its longer atmospheric lifetime, as previously
reported at Alert, Canada (Toom-Sauntry and Barrie, 2002). Vallelonga
et al. (2021) stated, based on snow and ice measurements, that Bre,,
progressively increases from the coast proceeding inland, where it rea-
ches peak values at a distance of 300-600 km from the coast. In central
Antarctica, at distances >600 km from the coast, Bre, becomes again
depleted, possibly because gas-phase Br concentrations in the boundary
layer are too low to sustain an efficient Br reactivity and only aerosols
strongly depleted in Br reach the central plateau (Vallelonga et al.,
2021). Similarly, considering the relation between Bre,, variability and
the elevation at which observations are taken, we find that the highest
Brenr levels are found at sites in coastal Antarctica at an elevation be-
tween ~1500 and 2500 m above sea level (Fig. 2¢). However, while it is
difficult to distinguish between the effects of Brey, levels being influ-
enced by the distance from the coast versus elevation, it appears that this
ratio changes in a steeper way with changing distance from the coast,
suggesting this process to have a stronger influence. In this context, the
depletion of bromine we find in the sub-Antarctic cores suggests that a
great fraction of bromine is suspended in gas-phase in the boundary
layer over the Southern Ocean, matching satellite measurements
(Schonhardt et al., 2012). Further inland, Br reactivity is less efficient
and bromine-poor sea-salt aerosols get deposited over the Antarctic
plateau.

Thus, for the purpose of investigating past trends or changes in wind
patterns around Antarctica using ice core records, Na deposition in sub-
Antarctic sites may be used for investigating past changes in wind pat-
terns and distance to the sea ice margin. However, the hydrological cycle
constitutes the primary driver of sea salt aerosols removal from the at-
mosphere, and its changes must be carefully considered when inter-
preting records of sea-salt aerosols (Markle et al.,, 2018). For
investigating past sea ice variability, ice cores retrieved in the coastal
Antarctic plateau should be considered, as the enrichment in Br with
respect to sea-water ratio is likely to be proportional to sea ice related
bromine chemistry, i.e. the larger the FYSI extension, the more efficient
bromine recycling and the larger increase in Bre,, at the coast. Even
though bromine chemistry is influenced by polar processes including
light availability and boundary layer dynamics influencing emission,
recycling and deposition of bromine (Marelle et al., 2021), Brey, in
coastal sites may give an indication of past sea ice variability when
considering periods of decadal to centennial time scales.

4.2. Iodine and MSA in sub-Antarctic firn cores

In the Southern Ocean region, MSA and iodine concentration in the
atmosphere is related to sea ice and biogenic activity (Curran et al.,
2003; Saiz-Lopez et al., 2015; Welch et al., 1993). The highest MSA
concentrations are found in the sub-Antarctic area, especially in the
Young and Peter I cores (40 and 34 ng g}, respectively). High con-
centrations are also deposited at coastal sites and ice shelves, while they
decrease proceeding inland (Fig. 1c). MSA concentration in Bouvet Is-
land is comparatively low (1.9 ng g~ 1), likely because the site is located
at the edge of the winter sea ice, while sea ice algae are found to be most
productive after sea ice decay, in the spring/summer marginal sea ice
zone (Fig. 1c) close to the Antarctic coast (Curran et al., 2003). Higher
concentrations of MSA along the spring sea ice are in line with previous
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observations (Bertler et al., 2005; Osman et al., 2017) and modeling
(Hezel et al., 2011), which report decreasing MSA with increasing dis-
tance from the marine source. This spatial distribution is also caused by
post-depositional loss processes of MSA from low accumulation conti-
nental sites (Abram et al., 2013). In this line of reasoning, MSA deposited
in sub-Antarctic sites lying in the spring-to-summer marginal sea ice
zone is representative of the in-situ biological productivity and mea-
surements conducted in ice retrieved from sub-Antarctic regions is
comparatively less influenced by loss along transport toward the Ant-
arctic ice sheet.

In a similar way, iodine concentrations are higher in coastal and sub-
Antarctic sites. Here, high levels of iodine released from sea ice areas
into the atmosphere result in high concentrations of iodine species
deposited directly at these sites. Mt Siple and Bouvet iodine concen-
trations (24 and 32 pg g}, respectively) are however lower than Young,
Peter I and Cape Hurley (82, 67 and 50 pg g}, respectively). The hy-
pothesis for lower concentrations at Bouvet is that this island is located
outside the spring sea ice zone, where westerly winds move around
impurities reflecting the ice-free ocean conditions, which are poorer in
iodine content. In addition, the oceanic HOI/I; source due to iodide
oxidation occurring at the seawater surface (Carpenter et al., 2013;
Prados-Roman et al., 2015) is also reduced due to the low ozone abun-
dance prevailing at the high latitudes of the Southern Hemisphere.
Lower levels deposited at Mt Siple may be related to the neighboring
ocean being mostly covered by MYSI and in an area with comparatively
lower primary productivity, as well as the site being located at a high
elevation (685 m a.s.l.). Low iodine concentrations are found in the
inner plateau, ranging between 18 and 45 pg g, which can easily be
explained by the increasing distance from the source areas of emission
and lower precipitation (Turner et al., 2019). However, it should be
highlighted that the reduction in iodine concentrations from the coast to
the interior is at most a factor of 10 (Fig. 3b) while for the case of
bromine the decrease in Br concentrations from the coast to the interior
can be larger than a factor of 100 (Fig. 2b). This highlights that iodine
has a much more reactive recycling efficiency on the snowpack because
of low snow accumulation and of post-depositional processes induced by
UV radiation which take place for iodine species, but are not observed
for bromine (Burgay et al., 2023; Li et al., 2022; Spolaor et al., 2021).

To understand the behavior of iodine in the atmosphere, we consider
iodine enrichment with respect to sea-salt sodium, as the latter does not
participate in halogen reactions. Higher I/Na ratios are found in inner
Antarctica (Fig. 3a), which coincides with the highest elevations
(Fig. 3c). These high levels are likely explained, similarly to bromine
species, by the gas-phase iodine recycling on sea salt-aerosols,
enhancing its atmospheric lifetime (Saiz-Lopez et al., 2008). Addition-
ally, high levels may be explained considering the fate of iodine once
deposited in snow. Iodine in the snowpack is mostly in the ionic forms of
iodide (I7) and iodate (IO3), which are strongly photoactive in snow
matrices (Spolaor et al., 2021). UV radiation photoactivates iodine
species producing Iy and I3, which are released to the atmosphere (Kim
et al., 2016). Iodine species are then deposited as iodine reservoirs and
undergo heterogeneous recycling in ice (photo-oxidation of iodide and
photoreduction of iodate) and re-emission of active gaseous iodine to the
atmosphere, which initiates the process again (Fernandez et al., 2019).
This mechanism is called “leapfrog” and allows the transport of iodine
from the coast to the interior of Antarctica, thereby reproducing satellite
observations of enhanced IO over inner areas such as the Ronne and Ross
ice-shelves (Schonhardt et al., 2012). These cycles of deposition, recy-
cling and re-emission of iodine could explain the enrichment of iodine in
inner Antarctica with respect to sea-salt Na measured in ice cores. Ob-
servations of iodine in sub-Antarctic sites, therefore, support the hy-
pothesis of long-range transport of iodine, reaching far inside the
Antarctic plateau.
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5. Conclusions

Here, we have presented multi-year average levels of Br, Na, MSA
and I measured in five sub-Antarctic and Antarctic coastal sites. The
chemistry of these elements is linked to oceanic processes in the
Southern Ocean region and atmospheric patterns, responsible for
uplifting and transporting trace species. The five cores were retrieved
from the Bouvet, Young, Peter I and Mt Siple islands, and a coastal site
near Mertz glacier. By comparing our measurements with published
Antarctic records, we evaluate the spatial variability of these species. We
find higher levels of Br, Na, MSA and I at these sites with respect to the
Antarctic ice sheet. This study helps to expand our knowledge of the
emission, transport and deposition processes of these species in a pre-
viously unexplored region.

Br and Na show the highest levels in the sub-Antarctic region and
progressively lower values proceeding inland, in line with previous
studies. Na and Br deposited in sub-Antarctic sites are likely to be
influenced by winds lifting sea-salt aerosols from the ocean and sea ice
surface and may vary concomitantly with changes in atmospheric cir-
culation patterns. Breyy, instead, appears to be depleted or close to sea-
water ratio in sub-Antarctic and coastal sites. This can be explained
through the reactivity of gas-phase Br species, which are involved in
heterogeneous recycling and remain suspended in the atmosphere,
travelling longer distances than sea-salt bromide. In coastal to inner
Antarctic sites, Br is enriched in the snowpack, reflecting effective
transport of Br species originated from sea ice processes that are
deposited over the snowpack. Therefore, when considering Brey, for past
sea ice reconstructions, these sites may be better suited than sub-
Antarctic islands. More inland, Bre, is again depleted, probably
because Br heterogenous chemistry is less efficient.

We find relatively high levels of MSA deposition in the sub-Antarctic
and coastal region, probably as a result of MSA production in the spring
sea ice area during spring phytoplankton bloom. Progressively lower
levels are deposited proceeding toward the Antarctic interior due to loss
along transport and to post-depositional processes within the snow, in
line with previous studies. Compared to other sub-Antarctic sites, con-
centration levels are lower at Bouvet Island situated near the margin of
Antarctic winter sea ice, because the site is outside the primary pro-
duction zone near spring sea ice break-up. Future Antarctic sea ice
decline in the coming years, with 2022 hitting the lowest minimum
record, may have consequences for biological production in the South-
ern Ocean, as shown by higher MSA and iodine within the spring sea ice
zone.

Iodine depositions show a similar pattern compared to MSA, how-
ever, few observations are available and are not homogeneously
distributed in the sub-Antarctic and Antarctic region. Considering the
iodine enrichment with respect to sea-salt aerosols, we find levels two
orders of magnitude higher in inner Antarctica with respect to the sub-
Antarctic region. Iodine recycling on sea-salt aerosols, together with the
photoactivity of iodine on snow and ice allows its transport for longer
distances than sea-salt aerosols. Further, the iodine recycling efficiency
and its photo-activation in the snowpack allow iodine species to be
transported inland more efficiently than bromine. An evaluation of the
spatial pattern of iodine deposition requires further in-situ observations,
as well as satellite observations and modelling of iodine transport.

In their ability to capture atmospheric and oceanic processes in the
Southern Ocean, such as changes in biological productivity and sea ice
extent, sub-Antarctic glaciers and ice caps hold precious information
about changing climate in the Southern Hemisphere. Considering the
record minimum in sea ice observations in the Southern Ocean in 2023,
delving into these processes becomes particularly important for antici-
pating future developments in the Antarctic region. To gain a deeper
understanding, future research efforts should focus on analyzing sub-
seasonal trends of trace species preserved in the ice layers of these gla-
ciers. Additionally, conducting drilling campaigns to retrieve
centennial-long ice cores can provide valuable insights into past climate
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variability in the Southern Ocean region. This comprehensive approach
will contribute to our knowledge of the complex and dynamic climate
system in the Southern Hemisphere.
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