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The iron (Fe) speciation and oxidation state have been considered critical factors affecting Fe solubility in the atmo-
sphere and bioavailability in the surface ocean. In this study, elemental composition and Fe speciation in aerosol sam-
ples collected at the Palmer Station in the West Antarctic Peninsula were determined using synchrotron-based X-ray
fluorescence (XRF) and X-ray Absorption Near-Edge Structure (XANES) spectroscopy. The elemental composition of
coarse-mode (>1 μm)Fe-containing particles suggests that the region's crustal emission is the primary source of aerosol
Fe. The Fe minerals in these aerosol particles were predominantly hematite and biotite, but minor fractions of pyrite
and ilmenite were observed as well. The Fe oxidation state showed an evident seasonal variation. The Fe(II) content
accounted for 71% of the total Fe in the austral summer, while this fraction dropped to 60% in the austral winter. Mul-
tivariate linear models involving meteorological parameters suggested that the wind speed, relative humidity, and
solar irradiance were the factors that significantly controlled the percentage of Fe(II) in the austral summer. On the
contrary, no relationship was found between these factors and the Fe(II) percentage in the austral winter, suggesting
that atmospheric photoreduction and regional dust emissionwere limited. Moreover, the snowdepth was significantly
(p < 0.05) correlated with the aerosol Fe concentration, confirming the limiting effect of snow/ice cover on the re-
gional dust emission. Given that the Antarctic Peninsula has experienced rapid warming during recent decades, the
ice-free areas in the Antarctic Peninsula may act as potential dust sources.
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1. Introduction

Iron (Fe) serves as an essential micronutrient for ocean primary produc-
tion and regulates global biogeochemical cycles (Falkowski, 1997; Martin
and Fitzwater, 1988; Sarmiento and Gruber, 2006; Tagliabue et al.,
2017). The emission, transport, and deposition of atmospheric dust is an
important pathway supplying Fe to the surface layers of the remote oceans
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(Duce and Tindale, 1991; Fung et al., 2000; Jickells et al., 2005). Due to in-
sufficient dust supply, iron deficiency has been confirmed as a limiting fac-
tor in the vast high-nutrient low-chlorophyll (HNLC) regions in the
Southern Ocean (Boyd et al., 2007; Coale et al., 2004). Previous modeling
studies and satellite observations have demonstrated that aeolian dust
over the Southern Ocean and Antarctica mainly originates from arid and
unvegetated regions in Australia, South Africa, and South America (Gassó
et al., 2010; Ito and Shi, 2016; Li et al., 2008; Mahowald, 2007). In recent
years, the impacts of likely local dust sources were reported in Antarctica
(Bory et al., 2010; Delmonte et al., 2013; Gao et al., 2013; Gao et al.,
2020; Winton et al., 2014).

Fe-containing particles derived from different sources (e.g., desert dust,
fuel combustion) may have vastly different mineralogical properties lead-
ing to considerable variability in Fe solubility and bioavailability (Journet
et al., 2008; Schroth et al., 2009; Spolaor et al., 2013; Ito et al., 2019).
For instance, Fe(III) minerals such as hematite, goethite, and ferrihydrite,
dominate Fe mineralogy in desert dust particles, whereas a significant frac-
tion of Fe in glacial flour is Fe(II) silicate; consequently, the Fe fractional
solubility of dust particles can be one to two magnitudes lower than glacial
flour (Schroth et al., 2009). Besides, anthropogenic combustion was sug-
gested as a critical source, which contributesmore than 40%of total soluble
Fe to the Southern Ocean due to the presence of highly soluble coquimbite
(Fe2(SO4)4·9H2O) and nanosized Fe3O4 aggregates in oil fly ash (Ito, 2015).
In addition to the Fe origination, aeolian Fe speciation is also controlled by
atmospheric processes. Acidic and photochemical reactions have proven to
influence the Fe solubility by modifying the Fe speciation and oxidation
state in aerosols (Ingall et al., 2018; Longo et al., 2016; Zhu et al., 1992).
Moreover, seasonal variation has also been found in the atmospheric Fe
properties over the global ocean (Gao et al., 2001). Large seasonal differ-
ences between austral summer and winter in the meteorological parame-
ters associated with atmospheric chemical reactions were observed in
Antarctic Peninsula (Kim et al., 2017). For instance, the highest monthly
mean air temperature in austral summer can be ~10 to 15 °C higher than
the coldest month in austral winter. Such a difference in temperature may
affect Fe speciation as ice crystals in the atmosphere may promote Fe pho-
toreduction (Desboeufs et al., 2001). In addition, the highest monthlymean
solar radiation is ~200Wm−2 in the austral summer, whereas this number
drops to 0 during the austral winter. Therefore, Fe speciation and oxidation
states in aerosols are likely to exhibit seasonable variability.

In past decades, the environment in the Antarctic Peninsula has experi-
enced dramatic changes (Znój et al., 2017). Rapid regional warming
(Bromwich et al., 2013; Vaughan et al., 2003) has caused glacier retreat
(Cook et al., 2016), snow cover reduction (Fox and Cooper, 1998), and
summer melting unprecedented over the past thousand years (Abram
et al., 2013). Several ice-free areas have been reported on James Ross Is-
land, King George Island, and Anvers Island, among others, in the Antarctic
Peninsula (Bockheim et al., 2013). The low precipitation rate and high
wind speed conditions in this region likely make ice-free areas active dust
sources, contributing Fe-containing particles to the air (Kavan et al.,
2018). High-resolution records of ice core from James Ross Island showed
that the dust concentrations and deposition fluxes more than doubled dur-
ing the 20th century under ~1 °C warming (McConnell et al., 2007). Be-
sides changes in dust fluxes, measuring aerosol Fe speciation is needed as
well to better assess the impacts of environmental changes on the supply
of Fe to the oceans in this region. Nonetheless, most aerosol studies in
this region focused on measuring or estimating the total concentrations
and deposition fluxes of Fe (Artaxo et al., 1992; Correia et al., 1998; Gao
et al., 2020; Préndez et al., 2009). Field measurements of aerosol Fe speci-
ation and its variation in this region are still inadequate.

Aerosol Fe speciation and oxidation states can be characterized using
various methods. A commonly used method involves aqueous extraction
of Fe from aerosol samples followed by spectrophotometric analysis of
the extractant solutes (Gao et al., 2013; Gao et al., 2019; Longo et al.,
2016; Xu and Gao, 2017). This method provides limited information on
the solid-phase Fe speciation in aerosols. Mössbauer spectroscopy has also
been used to measure the Fe speciation and oxidation state in aerosol
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samples (Fu et al., 2012). However, this technique requires significant sam-
ple mass (~1 g aerosol sample) (Hoffmann et al., 1996), making it difficult
to apply to the determination of Fe in Antarctica aerosol samples due to the
low concentrations of aerosol Fe in this region (Gao et al., 2020). In recent
years, synchrotron-based X-ray Absorption Near-Edge Structure (XANES)
spectroscopy has been used to analyze the speciation and oxidation state
of Fe in aerosol particles (Elzinga et al., 2011; Ingall et al., 2018; Kurisu
et al., 2019; Longo et al., 2016; Oakes et al., 2012; Pattammattel et al.,
2021; Takahashi et al., 2011). This technique requires only a small amount
of aerosol material and no sample processing.

This study focuses on characterizing aerosol Fe mineralogy and oxida-
tion states for a better understanding of the sources and bioavailability of
aerosol Fe in the Antarctic Peninsula. Our previous study determined the
concentrations of total Fe and soluble Fe species in aerosols in this region
(Gao et al., 2020) and suggested that local and regional dust emissions
might affect the aerosol Fe speciation. To further explore this issue, com-
binedmicroscopic X-rayfluorescence (XRF) and FeK-edge XANES spectros-
copy were deployed to analyze the solid phase speciation of Fe in aerosol
particles collected at the Palmer Station in the western Antarctic Peninsula.
The results of this study are then combinedwith the total Fe concentrations
to further discuss the factors that affect local dust emissions in this region.

2. Material and methods

2.1. Sample collection

Aerosol particleswere sampled at Palmer Station (64°46′ S 64°03′W) on
the Anvers Island in the western Antarctic Peninsula (Fig. 1). Both size-
segregated and bulk samples were collected. Detailed sampling information
is given inGao et al. (2020) and Fan et al. (2021). In brief, bulk aerosol sam-
ples were collected on pre-acid cleaned cellulose filters (Whatman 41,
Maidstone, UK) by a high-volume sampler with ca. 1 m3 min−1

flow rate
between Nov 2015 and Jan 2017. Size-segregated aerosol samples were
collected on Teflon filters (1μm pore size, 47mm diameter, Pall Corp.,
NY, USA) by a ten-stage Micro-Orifice Uniform Deposit Impactor™
(MOUDI, MSP Corp., MN, USA) during two austral summers of
2015–2016 and 2016–2017. The sampling flow rate of theMOUDI sampler
was 30Lmin−1. Based on the particle-size distributions of aerosol Fe mea-
sured by theMOUDI sampler, the highest mass concentrations of aerosol Fe
were found on the 4th stages (50% cut-off size: 3.2 μm) of MOUDI samples
among all stages, and aerosol samples collected on that stage were selected
for analysis in this study. Meteorological data, including solar irradiance
and snow depth, were measured at the same site at Palmer Station.

2.2. Synchrotron-based X-ray spectroscopy analysis

The composition and Fe oxidation state of iron-bearing aerosol particles
were analyzed using the facility on the 2-ID-D beamline at the Advanced
Photon Source, located at Argonne National Laboratory, Lemont, Illinois.
X-ray fluorescence (XRF) microscopy and X-ray absorption near-edge struc-
ture (XANES) spectroscopy were used to obtain elemental maps and Fe K-
edgeXANES scans, respectively. An energy dispersive Si-drift detector (Vor-
tex EM, with a 50 mm2 sensitive area and a 12.5 μm Be window; SII Nano-
Technology, Northridge, CA) was used to collect the fluorescence signals.
Samples were placed into a helium-filled chamber during scanning to min-
imize the absorbance of fluorescence signal by air molecules. Both samples
and standards were analyzed following the same procedure.

Micro-XRF maps were collected first to locate the iron-containing parti-
cles on the sample filters and to analyze particle elemental compositions.
Scanning was performedwith the X-ray beam focused onto a ca. 200 nm di-
ameter spot size with the X-ray focusing optics (zone plate and order sorting
aperture). A randomly selected 1mm2 square was mapped in fly scanmode
to identify Fe-bearing particles. Next, step scan mode was utilized to zoom
in on iron-containing particles, which were mapped at a step size of 0.3 to
0.5 μm and a 0.5 s dwell time per step.



Fig. 1. Sampling site at Palmer Station on Anvers Island, western Antarctic Peninsula (satellite image credits: Google Earth Pro).

S. Fan et al. Science of the Total Environment 824 (2022) 153890
Selected iron-containing particles were also analyzed with micro Fe K-
edge XANES measurements, which were collected in single particle mode
using a focused X-ray beamwith a 0.2 μmdiameter. Because of time limita-
tion, it was not possible to scan all particles on the sample filters. Therefore,
XANES analyses of the aerosol samples were also performed in bulk mode,
where the X-ray focusing optics were removed from the beampath allowing
the unfocused X-ray beam to directly pass a ca. 0.4mm2 area on thefilter. In
both individual particle and bulk modes, the Fe XANES were scanned from
7100 to 7180 eV with a resolution of 0.5 eV and 0.5–5 s dwell time.

2.3. Data analysis

The elemental composition of iron-containing particles was obtained
through the elemental maps generated by the micro-XRF data using
MAPS software (Vogt, 2003). The X-ray for iron detection can also excite
the elements with masses ranging from magnesium to manganese (Mg,
Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn) and emit fluorescence signals. Then,
the fluorescence datasets were converted to the area concentrations (μg
cm−2) and calibrated with National Bureau of Standards (NBS) reference
material 1832 (Nietzold et al., 2018). To ensure the data quality, the XRF
data was compared with the trace element concentrations measured by a
total digestion method in Gao et al., 2020 and Fan et al., 2021 (Table S4).
Principal component analysis (PCA) was used to determine the dominant
sources of Fe-containing particles based on the elemental composition of
these particles. The area concentrations from elemental maps were normal-
ized by subtracting the mean and dividing the standard deviation before
PCA. The PCA analysis was conducted using the “FactoMineR” (ver. 1.34)
package in R (ver. 4.0.5) (Lê et al., 2008).
3

For determining the mineral composition of iron-containing particles,
linear combination (LC) fitting was performed using the Athena software
package (Ravel andNewville, 2005). A total of 12 Fe K-edge reference spec-
tra were collected at the same beamline where the aerosol spectra were
measured, including those for Fe(II) oxide (FeO, >99.6%, Sigma-Aldrich),
Fe(II) oxalate (FeC2O4·2H2O, >99%, Thermo Fisher), Fe(II) sulfate
(FeSO4·xH2O, >99.999%, Sigma-Aldrich), Fe(III) oxalate (Fe2(C2O4)
3·6H2O, >97%, Thermo Fisher), Fe(III) sulfate (Fe2(SO4)3·xH2O, >97%,
Sigma-Aldrich), Fe(III) phosphate (FePO4·2H2O, Sigma-Aldrich), goethite
(α-Fe(OH)O, Sigma-Aldrich), and hematite (α-Fe2O3, 99.9%, Atlantic
Equipment Engineers). All standards were measured in fluorescence
mode using an unfocused X-ray beam. The spectra of biotite (K(Mg,Fe)3
(AlSi3O10)(F,OH)2), ferrihydrite (Fe2O3·0.5H2O), pyrite (FeS2), and ilmen-
ite (FeTiO3) reported in Ingall et al. (2013), which were measured at the
same beamline as well, were also included in the LC fitting analysis. The
sample Fe-XANES spectra were fitted by up to 4 standards. The results of
LC fitting were reflected by R-factor and reduced χ2. Standards with low
contributions to the LC fitting (less than 5%) or which resulted in a poor
fit were not included.

All the original Fe XANES spectra were background-corrected and nor-
malized using Athena's built-in function. Due to the low iron signal in sev-
eral samples, the measurements of Fe XANES were made 1–3 times. The
replicated measurements of Fe XANES spectra were merged to generate
one representative spectrum for each aerosol sample. Then, the pre-edge
signals were subtracted baseline using XANES dactyloscope software
(Klementiev, 2002) and fitted using PeakFit 4.0 by up to 5 Gaussian
peaks to estimate the pre-edge centroid position. The percentage of Fe(II)
(%Fe(II)) was roughly estimated through a linear equation (Eq.1) generated
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by the mean pre-edge centroids of selected Fe-containing minerals. In this
study, themean pre-edge centroid of biotite and Fe(II) sulfatewere selected
to represent 0% Fe(III), whereas hematite and Fe(III) sulfate were selected
to represent 100% Fe(III). Similar methods were applied in previous studies
to convert the pre-edge centroid of Fe K-edge XANES to the % Fe oxidation
state (Bajt et al., 1994; Oakes et al., 2012; Wilke et al., 2001).

%Fe IIð Þ ¼ 100−
Pre−edge Centroid Position−7113:11

0:0129
(1)

Multivariate linear models were used to discuss the impacts of meteorolog-
ical conditions on the Fe oxidation state during the austral summer and
winter. The bestmodelwas selected using stepwise regression and Bayesian
information criterion (BIC) as the criterion.

3. Results and discussion

3.1. The source of Fe-containing particles

A total of 15 coarse-mode Fe-containing particles from 7 samples were
scanned by the microscopic X-ray fluorescence. All particles were mixed
with sea salt crystals (cubic shape, Chlorine) (Fig. 2). The elemental maps
show that Fe in these particles was highly co-located with both Si and Al
and partially co-located with Ti and Mn, whereas no significant correlation
was found with other elements (Mg, P, S, Cl, K, Ca, V, Cr). The concentra-
tions of Fe were significantly correlated with crustal elements Si and Al (p
< 0.01). A relatively weak correlation was found between Fe and Ti/Mn
(Ti: r= 0.52, p=0.047;Mn: r= 0.49, p=0.066), whichmight be caused
by insufficient data points. In the Antarctic Peninsula, crustal emissions are
an important contributor to aerosol Al, Si, and Ti (Artaxo et al., 1992). The
Fig. 2.Elementalmaps (20×22 μm)of aluminum (Al), silicon (Si), sulfur (S), chlorine (C
PM9A-4 Teflon sample filter. Input Count Rate (ICR) was used here to show the overall sh
the white cross on the same position in each map. Information about the correlation
coefficient (r), and p-value (p), is shown in the lower right corner of each map.
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significant correlations between Fe and these crustal elements are clear ev-
idence that the crustal emission greatly controls the coarse-mode Fe-
containing particles in aerosols at Palmer Station as observed in Gao et al.
(2020).

Principal component analysis (PCA) was performed to further investi-
gate the major sources of Fe-containing particles (Fig. S1). The first princi-
pal component explains 65.9% of the variance and has a high positive
association withmost elements (Mg, S, Cl, K, Ca, Ti, V, Cr, Mn). The second
principal component explains 20.5% of the variance, with high loading of
Al, Si, and Fe. The third component showed high loading for P only and ex-
plained 7.4% of the variance. These three components explain more than
90% of the variance, and all have an eigenvalue greater than or close to
1. The results of PCA suggest the aerosol elemental composition was pri-
marily affected by three main sources.

In the Southern Ocean and coastal Antarctica, aerosol trace elements are
derived from various sources, including sea-salt emission, crustal sources,
anthropogenic emissions, etc. (Weller et al., 2008; Xu and Gao, 2014).
Given that Palmer Station is a coastal site in the Antarctic Peninsula, sea-
salt aerosol was reported as the dominant species, contributing to a consid-
erable amount ofMg, S, Cl, K, Ca in the air. In addition, remote and regional
crustal emissions are themain sources of some elements, including Al, Si, P,
Ti, V, and Mn, in the Antarctic Peninsula (Artaxo et al., 1992; Fan et al.,
2021). During the sampling periods, the particle size distributions of crustal
elements (Al, Ti, Mn, Fe) in aerosols were mostly accumulated in coarse
mode particles (>1.8μm), suggesting that these crustal elements in aerosols
were likely dominated by regional sources (Gao et al., 2020; Fan et al.,
2021). The results of Fe mineralogy also show that local crustal sources
played a more important role than remote sources and are discussed in
Section 3.2. At Palmer Station, amodest enrichment in Pwas observed, sug-
gesting that the resuspension of regional soil particles might deliver P-
l), titanium (Ti), manganese (Mn), and iron (Fe) of an iron-containing particle on the
ape of the individual particle. The center of the iron-containing region is marked by
between Fe and each element, including sample number (n), Pearson correlation
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enriched particles to the air from bird colonies (Otero et al., 2018). More-
over, Polluted aerosols containing Cr derived from long-range transport
were also detected in this region (Artaxo et al., 1992). The concentrations
and particle size distributions of Pb in aerosols observed at Palmer Station
were occasionally affected by air masses from the South America, suggest-
ing the anthropogenic impact through long-range transport (Fan et al.,
2021). Therefore, we conclude that three components derived from the
PCA results represent major contributions from (1) the mixture of sea salt
aerosol, remote crustal emission, and other remote sources, (2) local crustal
emission, and (3) P-enriched aerosols that might derive from specific local
biogenic emission, respectively.

3.2. Iron mineralogy in Fe-containing particles

The Fe mineralogy was determined by LC fitting of the bulk Fe K-edge
XANES spectra collected for the aerosols (Fig. 3). Hematite and biotite were
the most abundant Fe-minerals, dominating the Fe mineralogy of the bulk
aerosols in both austral summer and winter. The LC fits of the coarse-mode
size-segregated samples yielded similar results but with a higher percentage
of hematite (Fig. 3). The fraction of biotite slightly decreased during the win-
ter season. In Antarctic Peninsula, both hematite and biotite were previously
found in soils, sediments, and rocks (Armstrong and Willan, 1996; Hawkes
and Littlefair, 1981). Satellite-based remote sensing data further confirmed
that biotite is widely distributed in the Antarctic Peninsula (Pour et al.,
2018). In addition, a relatively small fraction of pyrite and ilmenite was ob-
served in the bulk samples as well (Fig. 3). Sand-sized pyrite originating
from quartz-pyrite rocks is distributed widely in the Antarctic Peninsula
(Cox et al., 1980; Khim and Yoon, 2003). Ilmenite is a titanium‑iron oxide
mineral. Minor amounts of ilmenite have been reported in aerosol samples
collected from the Southern Ocean and coastal East Antarctica (Ingall et al.,
2018). The ilmenite observed in summer samples may explain the weak cor-
relation between Fe and Ti.

Hematite is themost common Femineral on Earth and accumulates as a
secondary mineral in soils during weathering, particularly in tropical areas
(Cornell and Schwertmann, 2003). A high abundance of hematite was
found in African dust (Kandler et al., 2009). Thermodynamically, hematite
is the most stable ferric oxide and has the lowest solubility (Jang et al.,
2007). As Fe solubility is usually considered a critical index of Fe bioavail-
ability (Sholkovitz et al., 2012), Fe present in hematite is considered to
have a low bioavailability. Biotite, on the other hand, is a type of Fe(II)-
phyllosilicate. Due to its high Fe(II) content, this mineral is relatively unsta-
ble, making biotite Fe more labile and bioavailable than the Fe(III) present
in desert dust (Schroth et al., 2009; von der Heyden et al., 2012). The input
of glaciogenic sediments enriched in Fe(II) silicates to the ocean has been
suggested to mitigate Fe limitation at a low total Fe condition (Crusius
et al., 2011; Shoenfelt et al., 2017), and the high proportion of Fe(II) sili-
cates such as biotite and hornblende in natural dust could increase the bio-
available Fe flux by a factor of 15 to 20 during glacial periods (Shoenfelt
et al., 2018). In Antarctica, mechanical weathering produces extensive
rock flour composed of fine-size particles (below 1 μm to several μm)
(Campbell and Claridge, 1987), which contain abundant biotite and are
readily released into the air, thus acting as dust sourcematerial. Pyrite is an-
other mineral with high Fe bioavailability, as it is readily weathered into
bioavailable nanoparticles in seawater and utilized by marine microorgan-
isms, and the low level of pyrite Southern Ocean marine sediments may be
attributed to its high weatherability in these systems (Raiswell and
Canfield, 1998).

The LCfits that included the Fe sulfate and Fe oxalate references yielded
poor results (high R-factor), which indicates that these components were
missing or only contributed limited fraction of Fe (<5%) in our samples.
Fe(II) sulfate was widely found in marine aerosols as a product of acidic re-
actions and photoreduction in the atmosphere (Ingall et al., 2018). Fe-
sulfates were also reported to be the primary components in the aerosol
source materials from industrial combustion (Schroth et al., 2009). Their
absence in aerosols observed at Palmer Station during this study suggests
that Fe mineralogy is dominated by regional local dust emissions, and
5

that atmospheric processing does not modify the Fe mineralogy to a great
extent. In addition, previous studies found organic complexed Fe increases
the Fe solubility (Paris et al., 2011; Xu andGao, 2008). Coastal areas in Ant-
arctic Peninsula were suggested to contribute limited oxalate to the atmo-
sphere compared with the nearby open ocean (Rinaldi et al., 2020),
which might explain the lack of Fe-oxalate complex in aerosols in this re-
gion observed in this study.

Overall, our findings indicate that the aerosol Fe speciation at the
Palmer Station is dominated by local dust emissions and that atmospheric
acidic reactions appear to play a minor role in controlling the Fe mineral-
ogy. The high fraction of Fe(II) minerals implies that Fe in dust derived
from the Antarctic Peninsula has a high bioavailability following its deposi-
tion in adjacent seas.

3.3. Seasonal variation of aerosol Fe oxidation state

The results derived from fitting the pre-edge centroids of Fe XANES
showed that the oxidation state of aerosol Fe in bulk aerosol samples varied
considerably with seasons. The results of LC fitting suggested that the %Fe
(II) accounted for 71% of the total aerosol Fe during the austral summer,
whereas this fraction dropped to 60% during the austral winter. This sug-
gests that aerosol Fe in Antarctic Peninsula is more bioavailable during
the austral summer. The variation of Fe oxidation state can also be seen
in the pre-edge centroids of the Fe XANES spectra (Fig. 4). Since the pre-
edge centroid method of Wilke et al. (2001) was developed to determine
the oxidation state of Fe oxideminerals, the presence of substantial of pyrite
(a Fe(II)-sulfide) may affect the accuracy of the results. Therefore, this
method was only applied to summer samples and suggested that the %Fe
(II) ranged from 55% to 87% with a mean of 73%, which is consistent
with the LC fit results.

To determine the factors that affect the aerosol Fe oxidation state, mul-
tivariate linear models were developed for the austral summer (Table 1).
The model shows that relative humidity (p < 0.01), solar irradiance (p <
0.01), and wind speed (p < 0.05) all significantly affected the %Fe(II),
explaining ~70% of the variation in the austral summer (adjusted R
squared 0.682). The positive coefficients of relative humidity and solar irra-
diance suggest that the photochemical reduction of aerosol Fe is enhanced
by high relative humidity and strong solar irradiance. A previous study has
shown that photoreduction can effectively lower the Fe oxidation state in
marine aerosols (Zhu et al., 1993), and the icy conditions in the polar region
were suggested to make speed up this process (Kim et al., 2010). Atmo-
spheric photoreduction converts less labile Fe to labile Fe in aqueous
phase (Faust and Hoigné, 1990), and it is unlikely that the dominant Fe
(II) species observed in this study (biotite, pyrite, and ilmenite) are the
end products of photoreduction. Since the samples were collected at a
coastal site, Fe(II) salts such as sulfates or phosphates are plausible products
of atmospheric photoreduction. In addition, Fe-organic complexes found in
dust aerosols can promote the photoreduction of Fe and increase the Fe
fractional solubility (Pehkonen et al., 1993; Siefert et al., 1994). Some stud-
ies showed the Fe oxides nanoparticles attached on the surface of clay min-
erals or refractory Fe could be labile (Lieke et al., 2011; Scheuvens et al.,
2011) and participate photoreduction. Therefore, potential product Fe(II)
may also exist as Fe(II)-organic complexes and/or as Fe(II) surface com-
plexes on clay minerals or Fe(III)-(hydr)oxides. Gao et al. (2020) observed
that that approximately 90% of the labile Fewas in the form of Fe(II) in our
samples, but labile Fe accounted only for a small fraction in the total aerosol
Fe, ranging from 2.5% to 7.3% with an average of 3.8% (Gao et al., 2020).
As Fe species with low contribution were not included in LC fitting, the Fe
(II) end products of photoreduction are likely not represented in the fit re-
sults because of low abundance.

The enhanced emission of Fe(II)-enriched source materials by high
winds was another factor affecting the overall Fe oxidation state. The posi-
tive coefficient of wind speed in the summer model (Table 1) indicates that
high wind conditions could significantly increase %Fe(II) in aerosols. The
crustal enrichment factors of aerosol Fe in the samples collected at Palmer
Station were close to 1, and most of aerosol Fe was accumulated in



Fig. 3. Fits of Fe XANES spectra were conducted by linear combination (LC) fitting.
The spectra of reference materials were collected at the same beamline. The solid
line and cycle represent the measured spectra and fitting results, respectively.

Fig. 4. A comparison of Fe XANES pre-edge centroids of summer and winter
samples.
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coarse-mode particles (>1.8 μm) (Gao et al., 2020). Those results suggested
regional and local dust emissions are the dominant sources of aerosol Fe.
High wind speeds could raise the amount of Fe-enriched dust emitted to
the atmosphere. Similar Fe (II)-enriched glacial flours dominated by biotite
minerals were reported in Alaska, accounting for~70 to 80%of the total Fe
(Schroth et al., 2009). Therefore, the relatively lower %Fe(II) in the winter
might not be only caused by the cessation of photoreduction due to the lack
of solar irradiance, but also partially attributed to the limited Fe(II)-
enriched dust emissions in regional/local dust source areas.

3.4. The emission of Fe-containing particles

In Antarctica, higher dust deposition fluxes were reported in coastal re-
gions, including the Antarctic Peninsula, and the dust particles in both aero-
sol (Gao et al., 2020) and ice-core samples (Albani et al., 2012; Bory et al.,
2010; McConnell et al., 2007) were dominated by coarse-mode particles.
The analyses of elemental composition and mineralogy reported in this
study further suggest that the aerosol Fe-containing particles were primar-
ily derived from crustal sources.

The warming of the Antarctic Peninsula has induced unprecedented
summer melting in recent years (Abram et al., 2013). In 2009–2017, the
West and Northeast Peninsula ice sheet deduced 42 ± 5 Gt yr−1 (Rignot
et al., 2019), and there are up to 130 days per year with an air temperature
above 0 °C in the northern Antarctic Peninsula, causing an expansion of ice-
free areas (Siegert et al., 2019). Increased exposure of ice-free land surfaces
is likely to lead to considerable changes in the dust fluxes in this region.

The satellite image reveals several ice-free areas on the Antarctic Penin-
sula including some areas around the Palmer Station (Fig. 1). The exposed
rocks and soilmight act as potential dust sources. To evaluate the impacts of
snow/ice melting on the emission of dust, the snow depths were recorded
during the summer sampling periods, and we assume this measurement re-
flects the variation of snow/ice-covered areas around the sampling site
(Fig. 5). Higher average air temperature (0.37 ± 1.20 °C) and thinner
snow depth (15.7 ± 24.1 cm) were observed in the 2016–2017 summer
Table 1
Results from multivariate linear regression model of %Fe(II) in the total aerosol Fe
during the summer.

Coefficients Stand error p-value

Intercept −109 37.4 0.02
Wind speed 2.88 1.18 0.04
Relative humidity 1.66 0.330 0.001
Solar irradiance 0.224 0.0582 0.005
Multiple R2 0.769 Adjusted R2 0.682
F-statistics p-value = 0.006



Fig. 5. The variation of atmospheric Fe concentrations (solid lines) during 2015–2016 (blue) and 2016–2017 (orange) austral summer. The snow depth in 2015–2016
(shaded white) and 2016–2017 (shaded grey) austral summer were measured in the “backyard” of Palmer Station. The snow depth data before December 1, 2015, and
after January 28, 2016, were missing.
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than those in the 2015–2016 summer (mean air temperature: 1.53 ± 1.27
°C; mean snow depth: 69.2±59.6 cm). Significant linear relationships (p<
0.05) were found between snow depth and aerosol Fe concentrations
(Fig. 6). In addition, it has been suggested that a slight increase in temper-
ature might cause rapid melting and significant expansion in ice-free areas
(Abram et al., 2013). Therefore, the impact of warming on regional dust
emission could severely affect the crustal Fe emission. Moreover, the cur-
rent melting is expected to accelerate due to the increased upwelling of
warmer circumpolar deep water (Siegert et al., 2019). By the end of this
century, the total ice-free area in Antarctica could expand 25%, and more
than 85% of the new ice-free area will emerge in the Antarctic Peninsula
(Lee et al., 2017). With ice-free area expanding, some areas in the Antarctic
Peninsula has potential to be a forthcoming dust source and contributes a
noticeable fraction of Fe(II) into the atmosphere.

4. Conclusions and implications

This study suggests that the regional dust emission in ice-free areas of the
Antarctic Peninsula dominates the local aerosol Fe speciation. A large portion
of Fe is in the form of Fe(II) minerals, mostly biotite, in both coarse-mode and
bulk samples. Similar results were reported in Alaska glacial flours with
Fig. 6. Correlation between snow depth and aerosol Fe concentrations.
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higher Fe solubility and bioavailability than for dust derived from mid-
latitude deserts (Schroth et al., 2009). In addition, the aerosol Fe oxidation
state exhibited an evident seasonal variation. High %Fe(II) was observed in
the austral summer, attributed to the atmospheric photoreduction and stron-
ger regional Fe(II)-enriched dust emissions. On the other hand, the atmo-
spheric photoreduction was suspended due to the lack of solar radiation in
the austral winter. The Fe(II)-enriched dust emission was greatly restricted
during thewinter because of the snow/ice cover. Nowadays, Antarctic Penin-
sula is experiencing rapid warming. The expansion of ice-free areas is likely
to release more Fe(II)-enriched dust into the air. Although the atmospheric
dust deposition only contributes a small amount of Fe to the adjacent seas
(Gao et al., 2020), the importance of regional dust emissions in the Antarctic
Peninsula may need to be re-evaluated.
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