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Western Arctic Ocean mineral aerosols
are rich in hematite, ferrihydrite, while
Alaska's aerosols predominantly contain
biotite.

Aerosol Fe oxidation state is more oxi-
dized with increasing latitude.

A significant correlation was found be-
tween Fe oxidation state and Fe fractional
solubility.
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ABSTRACT

The mineralogy and oxidation state of aerosol iron (Fe) play important roles in controlling aerosol Fe solubility and
consequent bioavailability in seawater. In this study, the spatial variability of Fe mineralogy and oxidation states in
aerosols collected during the US GEOTRACES Western Arctic cruise (GNO1) were determined using synchrotron-
based X-ray absorption near edge structure (XANES) spectroscopy. Both Fe(II) minerals (biotite, ilmenite) and Fe
(1) minerals (ferrihydrite, hematite, Fe(IIl) phosphate) were found in these samples. However, aerosol Fe mineralogy
and solubility observed during this cruise varied spatially and can be grouped into three clusters based on the air
masses that affected aerosols collected in different regions: (1) biotite-enriched particles (87 % biotite, 13 % hematite)
with the air masses passing over Alaska, showing relatively low Fe solubility (4.0 + 1.7 %); (2) ferrihydrite-enriched
particles (82 % ferrihydrite, 18 % ilmenite) collected in the remote Arctic air, showing relatively high Fe solubility
(9.6 = 3.3 %); (3) the fresh dust derived from North America and Siberia, primarily dominated by hematite (41 % he-
matite, 25 % Fe(IIl) phosphate, 20 % biotite, 13 % ferrihydrite), showing relatively low Fe solubility (5.1 = 3.5). A
significant positive correlation was found between Fe oxidation state and Fe fractional solubility, suggesting that
long-range transport could modify iron (hydr) oxide such as ferrihydrite through atmospheric processing, influencing
aerosol Fe solubility and consequently Fe bioavailability in the remote Arctic Ocean.

* Corresponding author.
E-mail address: yuangaoh@newark.rutgers.edu (Y. Gao).

http://dx.doi.org/10.1016/j.scitotenv.2023.164301

1. Introduction

The Arctic is experiencing rapid warming approximately twice as fast as
the global average, known as Arctic amplification (Cohen et al., 2014;

Received 27 February 2023; Received in revised form 6 May 2023; Accepted 16 May 2023

Available online 20 May 2023
0048-9697/© 2023 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.164301&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2023.164301
mailto:yuangaoh@newark.rutgers.edu
http://dx.doi.org/10.1016/j.scitotenv.2023.164301
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

S. Fan et al.

Serreze and Barry, 2011). Higher temperature has not only caused a signif-
icant reduction of sea ice coverage (Meier et al., 2007) but also increased
terrestrial snow/ice-free areas during the summer (Ghatak et al., 2010). Ex-
posure of active dust sources associated with glacial processes in Arctic re-
gions is likely to enhance the dust emissions in some areas of the region
(Bullard et al., 2016). Previous satellite observations showed that the dust
plumes originating from southern Alaska and southern Iceland potentially
contribute a substantial amount of nutrient trace elements to the surface
seawater in the Gulf of Alaska (Crusius et al., 2011) and the North Atlantic
(Prospero et al., 2012), respectively. In combination with the atmospheric
processes (e.g., photoreduction, acidic reactions), atmospheric deposition
was suggested to supply a nonnegligible amount of bioavailable iron (Fe)
to the remote Canadian Arctic (De Vera et al., 2021).

Iron is a limiting micronutrient in marine biogeochemical cycles, which
controls the primary production in up to one-third of the world ocean (Boyd
and Ellwood, 2010; Falkowski, 1997; Martin and Fitzwater, 1988;
Tagliabue et al., 2017). The bioavailability of Fe in dust aerosols is critical
for evaluating the impacts of dust deposition on marine ecosystems (Ito
and Shi, 2016; Mahowald et al., 2005), but the factors affecting the Fe bio-
availability remain unclear. A common indicator of Fe bioavailability is
fractional solubility, which describes the percentage of dissolved Fe that
is readily used by microorganisms (Sholkovitz et al., 2012), although the
experimental procedures for determining Fe solubility differ among various
studies (Baker and Croot, 2010; Bowie et al., 2009; Buck et al., 2019;
Clough et al., 2019; Edwards et al., 2006; Gao et al., 2013; Kumar et al.,
2010; Mendez et al., 2010; Shelley et al., 2018; Siefert et al., 1999). Aerosol
Fe mineralogy and Fe oxidation state were closely associated with Fe solu-
bility and bioavailability (Ito et al., 2019; Journet et al., 2008; Schroth
et al., 2009; Spolaor et al., 2013). Fe(II) minerals are usually considered
to be more soluble and bioavailable than Fe(IIl), thus Fe in glacial flour
enriched with Fe(I) minerals may be ~10 times more soluble than the Fe
in Fe(IlI)-enriched tropical dust (Schroth et al., 2009). In addition, atmo-
spheric processes, including photoreduction (Zhu et al., 1993; Zhuang
et al., 1992), acidic reaction (Li et al., 2017; Ingall et al., 2018; Longo
et al., 2016; Meskhidze et al., 2005; Nenes et al., 2011; Oakes et al.,
2012; Shi et al., 2015; Baker et al., 2021), and organic complex association
(Wiederhold et al., 2006; Xu and Gao, 2008) may significantly modify the
Fe mineralogy and further control the Fe solubility in aerosols during
long-range transport. Consequently, determining the Fe mineralogy and ox-
idation states in aerosols is necessary for a better understanding of aerosol
Fe bioavailability as well as the effects of atmospheric processes during the
long-range transport.

2. Methods
2.1. Sample collection and wet chemistry analysis

To characterize aerosol Fe mineralogy and oxidation states over the Arc-
tic Ocean, aerosol sampling was carried out on the US GEOTRACES western
Arctic cruise (GNO1, also known as HLY1502) from Dutch Harbor, Alaska,
to the North Pole between 9th August and 12th October 2015 on the US
Coast Guard Cutter (USCGC) Healy (Fig. 1). Using a high-volume total
suspended particulate (TSP) sampler (TE-5170V-BL, Tisch Environmental,
USA), 14 bulk aerosol samples were collected during this cruise. In addi-
tion, 8 size-segregated particle samples were collected using a 10-stage
Micro-Orifice Uniform Deposit Impactor (MOUDI, MSP Corp., MN, USA).
Aerosol samplers were installed on the forward rail of Healy's flying bridge,
~23 m above sea level, to minimize the influence of sea spray. To minimize
potential contamination from the stack exhaust, samplers were forward of
the ship's stack and sampling was controlled by wind speed and direction,
through a Campbell Scientific CR800 data-logger interfaced with an ane-
mometer and wind vane set up near the samplers. Aerosol sampling was re-
stricted to periods when in-sector conditions (defined as a relative wind
direction from within #60° of the ship's bow and a relative wind speed of
>0.5m s~ 1) persisted for at least five continuous minutes. Sampling sum-
mary is given in Table 1. Bulk aerosol samples were used to characterize
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the major Fe mineralogy and Fe oxidation state. The total Fe concentrations
in aerosol samples were determined through the application of strong-acid
digestion of samples, followed by the analyses of the sample solutions using
inductively coupled plasma-mass spectrometry. The soluble Fe concentra-
tions were measured using UV/Vis spectroscopy with a modified Ferrozine
method. Then, the fractional Fe solubility for each sample was estimated by
the ratio of the soluble Fe concentration to the total Fe concentration. De-
tailed analytical methods can be found in Gao et al. (2019) for size-
segregated aerosols and Marsay et al. (2018) for bulk aerosols.

2.2. Synchrotron-based X-ray analysis

To identify the major Fe mineralogy and oxidation states of the Fe-
containing particles collected during the GNO1 cruse in the Arctic Ocean,
the X-ray absorption near edge structure (XANES) spectroscopy was per-
formed at the beamline 2-ID-D Station of the Advanced Photon Source,
DOE Argonne National Laboratory in Lemont, Illinois. Fourteen bulk aero-
sol samples were analyzed by Fe XANES to determine Fe mineralogy and Fe
oxidation states. The pre-edge centroid of Fe XANES is a reliable indicator
of Fe oxidation state (Wilke et al., 2001), and in this study it is used to re-
flect the variation of aerosol Fe oxidation states over the Arctic Ocean.
More detailed methodology was discussed in Fan et al. (2022).

2.3. Data analysis

For data analyses, the Athena software's built-in function was used for
the background correction and normalization of the original spectra
(Ravel and Newville, 2005). We used the XANES dactyloscope software
to subtract the baseline in order to isolate the pre-edge signals
(Klementiev, 2002). Then pre-edge centroids were fitted by up to 4 Gauss-
ian peaks using PeakFit 4.0 to estimate the pre-edge centroid positions. For
assessing the major Fe composition, k-means clustering was used to group
the sample Fe XANES. Principal component analysis (PCA) was performed
to extract the main Fe composition in each group. Next, we conducted lin-
ear combination (LC) through the use of Athena software to obtain the
major Fe composition. The following standards were used for LC fitting,
which included Fe(Il) oxide (FeO, >99.6 %, Sigma-Aldrich), Fe(Il) oxalate
(FeC,042H50, >99 %, Thermo Fisher), Fe(Il) sulfate (FeSO4xH-0,
>99.999 %, Sigma-Aldrich), Fe(IlI) oxalate (Fe5(C504)36H50, >97 %,
Thermo Fisher), Fe(IIl) sulfate (Fe»(SO4)3xH>0, >97 %, Sigma-Aldrich),
Fe(II) phosphate (FePO,2H,0, Sigma-Aldrich), goethite (a-Fe(OH)O,
Sigma-Aldrich), and hematite (a-Fe,O3, 99.9 %, Atlantic Equipment Engi-
neers). These are common standard materials that have been used for char-
acterizing the composition of Fe-containing particles in other remote
regions, such as the Antarctic Peninsula (Fan et al., 2022). To better quan-
tify different Fe-containing particles, the spectra of biotite (K(Mg,Fe)3
(AlSi304¢)(F,0H),), ferrihydrite (Fe,05:0.5H,0), pyrite (FeS,), and ilmen-
ite (FeTiO3) measured at the same beamline that were reported in Ingall
etal. (2013) were also included in the LC fitting analysis of the data derived
from this study. However, standards with low contributions to the LC fitting
(<10 %) were eliminated, and this treatment included those which resulted
in a poor fit. The pre-edge centroid positions were fitted by up to 5 Gaussian
peaks and used to represent the variation of Fe oxidation states during data
processing.

3. Results
3.1. Aerosol Fe minerology

Linear combination (LC) fitting of Fe K-edge XANES was used to deter-
mine aerosol Fe mineralogy over the Arctic Ocean (Fig. 3). Due to the low
Fe loadings on sample filters of Aer4, Aer5, and Aer14, the Fe XANES of
these three samples are not available, and therefore these samples were
not included in this study. The major Fe-containing minerals include both
Fe(II) minerals: biotite, ilmenite; and Fe (III) minerals: hematite, ferrihy-
drite. The k-means clustering identified two sample groups. The first
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Fig. 1. Cruise track showing the locations of aerosol sampling along the cruise of the US GEOTRACES GNO1. AerX and MX represent bulk samples and size-segregated

samples, respectively.

group consists of the samples collected near the continental edge (Aer01
and Aer13). Biotite, a Fe(II) silicate, accounted for a high fraction of the
total Fe in this group (Aer01: 87 % and Aer13: 39 %). Additionally, hema-
tite (Aer01: 13 % and Aer13: 43 %) and ilmenite (Aer13: 18 %) were also
found in these samples.

Samples in the second group were all collected over the remote Arctic
Ocean. Variability in Fe-XANES spectra in this group suggests samples in
this group received inputs from distinct sources during this cruise. There-
fore, subclusters were generated by one more step k-means clustering.

Samples Aer02-09 and Aer10-12 were grouped into two subclusters, re-
spectively. To obtain the dominant Fe mineralogy, PCA was performed to
extract the main features of Fe XANES for samples in the two clusters.
The results of PCA indicated that the first main components could explain
>99.8 % variance for both Aer02-09 and Aer10-12 groups. Consequently,
the remaining components represent a very small fraction of the total Fe
mass, and the first main components of the two subclusters were used to
perform LCF to further determine the major Fe mineralogy in the remote
Arctic Ocean. Samples Aer02-09 contained a high fraction of ferrihydrite

Table 1

Sampling information of aerosol bulk samples and size-segregated samples during the GNO1 cruise.

Sample Start date & time Latitude (°N) Longitude ("W) End date & time Latitude (°N) Longitude ("W) Air volume per filter (m®)
Aer01 10 Aug 2015 17:53 56.07 170.51 17 Aug 2015 17:15 69.93 167.69 559.7 + 115.4%
Aer02 20 Aug 2015 05:34 75.57 170.75 23 Aug 2015 18:12 80 174.95 173.7
Aer03 23 Aug 2015 19:21 80 174.96 27 Aug 2015 16:19 83.57 —174.73 270.4
Aer04 27 Aug 2015 20:49 83.76 —175.04 30 Aug 2015 21:40 86.24 —170.65 116
Aer05 30 Aug 2015 23:57 86.36 —171.69 04 Sep 2015 02:42 88.4 —176.64 12.8
Aer06 04 Sep 2015 10:02 88.41 -176.75 08 Sep 2015 04:34 89.94 97.85 275.6
Aer07 08 Sep 2015 06:05 89.94 104.19 12 Sep 2015 03:45 87.35 149.43 118.4
Aer08 12 Sep 2015 06:13 87.27 149.04 16 Sep 2015 04:30 85.15 149.85 72.7
Aer09 17 Sep 2015 00:20 85.16 150.40 20 Sep 2015 22:13 82.26 149.38 102.9
Aer10 21 Sep 2015 01:10 82.1 150.81 26 Sep 2015 03:05 78.97 148.5 321.3
Aerll 26 Sep 2015 04:38 78.80 148.09 29 Sep 2015 19:34 75.05 150.18 116.6
Aerl2 29 Sep 2015 20:31 75.06 150.21 03 Oct 2015 16:25 73.43 156.79 211.8
Aerl3 03 Oct 2015 18:41 73.4 156.77 07 Oct 2015 17:33 72 162.56 152.2
Aerl4 07 Oct 2015 18:40 72 162.56 09 Oct 2015 23:50 65.95 168.45 90.5
M1 10 Aug 2015 17:53 56.07 170.51 17 Aug 2015 17:15 69.93 167.69 208.8
M2 20 Aug 2015 05:34 75.57 170.75 23 Aug 2015 18:19 83.57 —174.73 133.9
M3 27 Aug 2015 20:49 83.76 —175.04 04 Sep 2015 02:42 88.4 —176.64 54.8
M4 04 Sep 2015 10:02 88.41 -176.75 12 Sep 2015 03:45 87.35 149.43 119.2
M5 12 Sep 2015 06:13 87.27 149.04 20 Sep 2015 22:13 82.26 149.38 53.5
M6 21 Sep 2015 01:10 82.1 150.81 26 Sep 2015 03:05 78.97 148.5 99.0
M7 26 Sep 2015 20:31 78.80 148.09 03 Oct 2015 16:25 73.43 156.79 102.8
M8 03 Oct 2015 18:41 73.4 156.77 09 Oct 2015 23:50 65.95 168.45 74.3

@ Sampling duration time for Aer01 sample is uncertain due to power problems.
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(82 %) and a small fraction of ilmenite (18 %). In contrast, Fe in samples
Aer10-12 were mainly in the form of hematite (41 %), with smaller frac-
tions of Fe(III) phosphate (26 %), biotite (20 %), and ferrihydrite (13 %).

3.2. Variation of Fe oxidation state

Aerosol Fe oxidation state over the Arctic Ocean and Subarctic region
varied noticeably during the cruise. Samples collected at lower latitudes
had a high fraction of Fe(II), ~60-80 %, whereas this fraction dropped
down to ~20 % in the high latitude samples. The variation of Fe oxidation
state between individual samples is evident from the differences in the pre-
edge centroid positions in the Fe XANES spectra (Fig. 4). The lowest two
pre-edge centroid positions were found in the spectra of Aer0O1
(7112.8 eV) and Aer13 (7113.0 eV), which contained a high fraction of
Fe(II) silicate, whereas the highest pre-edge centroid was found in sample
Aer09 (7114.6 eV) which contained a high fraction of ferrihydrite. Sample
Aer11 had an exceptionally high total Fe concentration (Fig. 4), which was
attributed to high aeolian inputs from North America (Marsay et al., 2018).
The Fe oxidation state of Aerl1 (7113.9 eV) was significantly lower than
that of Aer10(7114.3 eV) and Aer12 (7114.4 eV), suggesting that the Fe ox-
idation state in dust originating from the crustal sources around the Arctic
was relatively reduced compared to the aerosol Fe derived from other
sources such as Chinese loess and African dust (Schroth et al., 2009).
While the Fe fractional solubility varied during this cruise (Gao et al.,
2019), a significant positive correlation (p < 0.05, R? = 0.46) between Fe
fractional solubility and increasing Fe oxidation state was found (Fig. 4).
This suggests that oxidation state could be an important factor affecting
Fe solubility in aerosols during long-range transport.

4. Discussion
4.1. Sources of aerosol Fe

A previous study revealed that aerosol Fe collected during the GNO1
cruise was primarily derived from crustal emissions (Marsay et al., 2018)
and was dominated by coarse-mode aerosol particles (Gao et al., 2019).
However, the Fe mineralogy showed notable changes in aerosols sampled
in different regions during the cruise. As mentioned above, samples belong-
ing to different clusters exhibited distinct Fe mineralogy. Interestingly, the

0.01
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clusters generated based on Fe XANES in this study agreed well with three
sample clusters of aerosols impacted by different air mass types determined
from air mass back-trajectories reported in Mukherjee et al. (2021) (Fig. 2),
who worked with the same samples collected on this cruise. Mukherjee and
colleagues divided the relevant air masses over the Arctic Ocean into three
types: (1) air mass from the North Pacific and the Bering Sea regions; (2) en-
tirely marine Arctic air; and (3) a mix of marine Arctic air with continental
air mass, resulting in three corresponding sample clusters: (1) Aer01 (68 %
type 1, 18 % type 2, and 15 % type 3); (2) Aer02-09 (100 % type 2); and
(3) Aer10-13 (35 % type 2, 65 % type 3). The Fe in AerO1 impacted by
the type 1 air mass originated from the North Pacific and the Bering Sea re-
gions and contained a high fraction of the Fe(Il)-silicate biotite. Aeolian
dust derived from glacial sediment was suggested to be an important source
of bioavailable Fe during the summer in Alaska, attributed to the exposed
sediments due to the low river levels and reduced snow cover, and the
dust plume over the Gulf of Alaska sometimes can even be observed by sat-
ellites (Crusius et al., 2011). The principal Fe-containing mineral in Alaska
glacial flour was biotite, which accounted for 30-60 % of the total Fe
(Schroth et al., 2009). Similarly, a high fraction of biotite was also found
in mineral dust particles over the Antarctic Peninsula which were possibly
originated from glacial flour as well (Fan et al., 2022). Aer01 and Aer13
were sampled close to Alaska (Fig. 1) and found to contain a high fraction
of biotite, which agrees well with the results of Schroth et al. (2009).
When the cruise entered the remote Arctic Ocean, Fe(IIl) minerals pre-
dominated. The major Fe mineralogy of Aer02-Aer09 was dominated by
ferrihydrite. Ferrihydrite is widely found in dust aerosols and aerosol
source materials, including soils in arid regions and glacial flour (Schroth
et al., 2009; Takahashi et al., 2011). Ferrihydrite was also found to be a
major composition in aerosol Fe in the remote Pacific Ocean, affecting
the Fe fractional solubility in marine aerosols far from the continent
(Kurisu et al., 2021). In addition, the abundance of ferrihydrite increased
with increasing traveling distance and time for acidic reactions (Sakata
et al., 2022). The air mass back trajectories suggest that aerosol particles
in remote Arctic air traveled a long distance and were relatively aged
(Mukherjee et al., 2021). A previous study has suggested that atmospheric
chemical processing of clay minerals may lead to the formation of ferrihy-
drite during long-range transport (Takahashi et al., 2011). Although the
dust aerosols in the Arctic are primarily derived from the Asian and
African deserts (Fan, 2013; Vincent, 2018), the calculated back trajectories

Fig. 2. Results of air mass back trajectory analysis with the NOAA HYSPLT4 model from Mukherjee et al. (2021) for (a) group 1 samples, (b) group 2 samples, and (c) group 3
samples. The lines with different colors represent the relative impact of distinct sources: type 1: yellow, type 2: green, and type 3: red. The cruise track is shown in black line.
The relative spatial frequency of 100 h back-trajectories was calculated and represented by the shades of blue.
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Fig. 3. The results of linear combination fitting in this study. Solid lines and cycles represent the measured spectra and fitting results, respectively.

for 100 h in this cluster did not pass over any continental region (Mukherjee Air mass back trajectories suggested that Aer10-Aer12 received air from
et al., 2021), implying that the mineral dust traveled for at least 100 h pro- the remote Arctic and from continental northern Russia and Canada as well
viding ample time for atmospheric chemical reactions. (Mukherjee et al., 2021). The major Fe-containing minerals in these
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samples are more diverse and include hematite, Fe(Ill)-phosphate, biotite,
and ferrihydrite. As discussed above, biotite and ferrihydrite were likely de-
rived from glacial flour from high latitude continents and affected by atmo-
spheric chemical processes during long-range transport. Hematite is a
common Fe mineral widely found in soils in tropical areas (Cornell and
Schwertmann, 2003). However, Fe(IIl) phosphate is not typically found in
natural environments at high concentrations, and may be a product of at-
mospheric acidic processes (Ingall et al., 2018). Therefore, in addition to
the source material of aerosol Fe, atmospheric processing could play a crit-
ical role in modifying Fe mineralogy during long range transport over the

16
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Fig. 5. The correlation between pre-edge centroid and aerosol Fe fractional
solubility. Grey points are biotite-enriched particles (type 1), blue points are
ferrihydrite-enriched particles (type 2), and red points are hematite-enriched
particles (type 3). The red points were treated as outliers and not included for
regression.

Arctic. Although anthropogenic sources could contribute to aerosol Fe
(Ito et al., 2019; Sedwick et al., 2007; Petroselli et al., 2019), the calcula-
tions of crustal enrichment factors for the samples collected during this
cruise suggest that in general aerosol Fe was primarily derived from crustal
sources (Gao et al., 2019; Marsay et al., 2018).

4.2. Aerosol Fe oxidation state and bioavailability

The oxidation state has a significant impact on the Fe solubility, with Fe
(ID) species generally showing higher bioavailability than Fe(III) (Spolaor
etal., 2013). In the current study, aerosol Fe solubility was positively corre-
lated with an increased Fe oxidation state (Fig. 5). This suggests that Fe ox-
idation state could contribute to the variation in Fe solubility.

Biotite and ilmenite are the major Fe(Il) minerals found in aerosol sam-
ples analyzed from the GNO1 cruise. Although the Fe silicates in biotite-
enriched glacial flour were suggested to be more soluble than the Fe(III)
minerals in tropical dust, the Fe fractional solubility in glacial flour is
only ~0.1-1 % (Schroth et al., 2009). In contrast, the highest Fe fractional
solubility was found in the samples collected in the remote Arctic Ocean in-
cluding the North Pole during this cruise, and these particles were predom-
inantly under the influence of the Arctic marine air based on the air-mass
back trajectories and aged. Consequently, ferrihydrite produced by atmo-
spheric processing likely dominated the major Fe mineralogy in these
samples. A previous study indicated that chlorite in Asian dust can be trans-
formed into ferrihydrite during long-range transport, and that this process
significantly increased the Fe fractional solubility (Takahashi et al.,
2011). Both biotite and chlorite are Fe-containing phyllosilicates, and
their Fe XANES spectra closely resemble each other (O'Day et al., 2004).
Therefore, given that Asian desserts are the primary source of dust aerosols
over the Arctic Ocean (Vincent, 2018), the atmospheric processes might
transform Fe silicate into ferrihydrite during long-range transport. It is
worth noting that the solubility of ferrihydrite may change with time. For
instance, dry ferrihydrite is much less soluble than fresh ferrihydrite
(Raiswell et al., 2010). The Fe fractional solubility in our ferrihydrite-
enriched samples was 9.6 = 3.0 % (Gao et al., 2019), which is much higher
than the ferrihydrite-enriched dust samples (<0.1 % total solubility after
three leaches) reported in Schroth et al. (2009). This suggests that the ferri-
hydrite in our samples was not fresh source materials but was modified
through atmospheric processes. The correlation between Fe fractional solu-
bility and Fe oxidation states in type 1 and type 2 samples (Fig. 5) may
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Fe fractional solubility, dry deposition flux, pre-edge centroid, and Fe mineralogy in aerosols over the western Arctic Ocean.

HV MOUDI  SFe(ID® (%)  SFeD (%)  Fe(Il) deposition®  FeT deposition® Pre-edge centroid ~ Fe mineralogy
(umol m~2yr~')  (umol m 2 yr~')  of Fe XANES (eV)
Group1  AerOl, Aer13 MI1,M8 2.3-4.3 2.9-5.2 0.031-0.034 4.2-6.5 7122.8-7113.0 Biotite, hematite
Group 2  Aer02-Aer09 M2-M5 3.3-8.6 5.9-12 0.054-0.13 0.76-5.6 7113.3-7114.6 Ferrihydrite, ilmenite
Group3  Aerl0-Aerl2 M6-M7  2.5-5.3 2.6-7.6 0.025-0.13 2.6-6.0 7113.9-7114.4 Hematite, Fe(III) phosphate, biotite, ferrihydrite

@ Data from Gao et al. (2019).

result from the oxidation of Fe(II) in minerals, such as biotite to ferrihydrite.
The oxidation process is likely more extensive in samples with longer trans-
port times and thus, could enhance both the fraction of ferrihydrite in the
total Fe and Fe fractional solubility. Part of the cruise (Aer11) directly re-
ceived air masses from continental sources, including North America and
Siberia (Fig. 4) (Marsay et al., 2018). The Fe fractional solubility of these
samples (type 3) was significantly lower than the type 2 samples (Fig. 4),
which may be related to a decrease of the soluble ferrihydrite fraction
and increases in the hematite and biotite fractions.

In addition to the processes of modifying Fe minerals during long-range
transport, other processes affect Fe solubility as well. Atmospheric photore-
duction (Zhu et al., 1993; Zhuang et al., 1992) and acidic reaction (Ingall
etal., 2018; Longo et al., 2016; Nenes et al., 2011; Shi et al., 2015) can mod-
ify the Fe mineralogy and affect Fe solubility. In Gao et al. (2019), soluble
Fe(II) accounted for 2.3 % to 8.6 %, of total Fe with a mean of 4.9 %.
This was substantially lower than the percentage contribution of overall
Fe(Il) to the total Fe in the samples (18 %-87 %), indicating that a large por-
tion of Fe(II) was not soluble. However, Fe(I) accounted for 55 %-96 % of
the total soluble Fe. The extremely high Fe(II) fraction of the total soluble
Fe is evidence that part of soluble Fe(III) might be reduced to Fe(II) through
atmospheric processes such as photoreduction. Furthermore, Fe(III) phos-
phate was suggested to be a product of acidic reaction since it does not com-
monly exist in the natural environment at high concentrations (Ingall et al.,
2018). Therefore, our results suggest that atmospheric processing, which
may include cloud processing (Fan, 2013; Shi et al., 2015), organic ligand
dissociation (Wiederhold et al., 2006), acidic reaction (Ingall et al.,
2018), and photoreduction (Zhu et al., 1993), is an important factor affect-
ing the aerosol Fe mineralogy over the Arctic Ocean.

In this study, the relatively high fractional solubility over the remote
Arctic Ocean was possibly attributed to the modification of Fe mineralogy
in aged dust particles, indicating that the solubility and consequent bio-
availability of aerosol Fe could be enhanced during the atmospheric long-
range transport. The Fe fractional solubility and Fe(II) fractional solubility
in coastal sites (groups 1 and 3) were lower than the remote sites (Gao
et al., 2019), as shown in Table 2. Although the deposition fluxes of total
Fe in coastal regions were higher than the remote regions, both Fe frac-
tional solubility and Fe(II) fractional solubility were lower in these regions,
resulting in lower deposition fluxes of bioavailable Fe compared to those in
the high Arctic. These results suggest that the atmospheric deposition po-
tentially supply more soluble Fe in the remote Arctic Ocean affected by
the processes during atmospheric long-range transport, which could poten-
tially impact the marine ecosystems in the remote Arctic Ocean.

5. Conclusions

Fe mineralogy in aerosols in air masses from different source regions
over the Arctic Ocean can be divided into three clusters: (1) High fraction
of biotite with relatively low Fe oxidation states and low Fe solubility de-
rived from Alaskan glacial flour; (2) ferrihydrite with high Fe oxidation
states and the highest Fe solubility contributed by remote Arctic air; and
(3) hematite with relatively high oxidation states and low Fe solubility de-
rived from fresh continental dust (mostly North America and Siberia). A
positive correlation between Fe oxidation state and Fe fractional solubility
suggests that atmospheric processes could transform Fe-containing min-
erals, such as biotite, into ferrihydrite and increase Fe fractional solubility.
Although the percentage of Fe(Il) dropped to approximately 20 % in the

remote Arctic Ocean, the soluble Fe(II) still accounted for 55 %-70 % in
the total soluble Fe. Many atmospheric processes likely contribute to the ob-
served Fe (II) during this study. Photochemical reduction under sunlight may
produce Fe(I) in marine aerosols (Zhu et al., 1993). The processing in acidic
cloud waters may also affect Fe dissolution in dust, leading to the production
of Fe(II) (Desboeufs et al., 2003). Therefore, we conclude that the aerosol Fe
bioavailability in the remote Arctic Ocean should be higher than the freshly
emitted dust close to the continental margin. Further studies involving more
detailed mineralogy methods such as extended X-ray absorption fine struc-
ture (EXAFS) with more samples for analyses are needed to precisely quantify
the Fe mineralogy over the different regions in the Arctic.
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