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Abstract. The source apportionment of aerosol iron (Fe), in-
cluding natural and combustion Fe, is an important issue be-
cause aerosol Fe can enhance oceanic primary production in
the surface ocean. Based on our previous finding that com-
bustion Fe emitted by evaporation processes has Fe isotope
ratios (8°0Fe) that are approximately 4 %o lower than those of
natural Fe, this study aimed to distinguish aerosol Fe sources
over the northwestern Pacific using two size-fractionated ma-
rine aerosols. The §°°Fe values of fine and coarse particles
from the eastern or northern Pacific were found to be similar
to each other, ranging from 0.0 %o to 0.4 %o. Most of them
were close to the crustal average, suggesting the dominance
of natural Fe. On the other hand, particles from the direction
of East Asia demonstrated lower 8°°Fe values in fine parti-
cles (—0.5 %o to —2.2 %o) than in coarse particles (on average
—0.02 £ 0.12 %o). The correlations between the §7°Fe values
and the enrichment factors of lead and vanadium suggested
that the low 8°°Fe values obtained were due to the presence
of combustion Fe. The §3°Fe values of the soluble compo-
nent of fine particles in this region were lower than the total,
indicating the preferential dissolution of combustion Fe. In
addition, we found a negative correlation between the §30Fe
value and the fractional Fe solubility in air masses from the

direction of East Asia. These results suggest that the pres-
ence of combustion Fe is an important factor in controlling
the fractional Fe solubility in air masses from the direction
of East Asia, whereas other factors are more important in the
other areas. By assuming typical §7°Fe values for combus-
tion and natural Fe, the contribution of combustion Fe to the
total (acid-digested) Fe in aerosols was estimated to reach
up to 50 % of fine and 21 % of bulk (coarse + fine) parti-
cles in air masses from the direction of East Asia, whereas
its contribution was small in the other areas. The contribu-
tion of combustion Fe to the soluble Fe component estimated
for one sample was approximately twice as large as the to-
tal, indicating the importance of combustion Fe as a soluble
Fe source despite lower emissions than the natural. These
isotope-based estimates were compared with those estimated
using an atmospheric chemical transport model (IMPACT),
in which the fractions of combustion Fe in fine particles, es-
pecially in air masses from the direction of East Asia, were
consistent with each other. In contrast, the model estimated
a relatively large contribution from combustion Fe in coarse
particles, probably because of the different characteristics of
combustion Fe that are included in the model calculation and
the isotope-based estimation. This highlights the importance
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of observational data on §7°Fe for size-fractionated aerosols
to scale the combustion Fe emission by the model. The av-
erage deposition fluxes of soluble Fe to the surface ocean
were 1.4 and 2.9 nmolm~2d~! from combustion and natu-
ral aerosols, respectively, in air masses from the direction of
East Asia, which suggests that combustion Fe could be an
important Fe source to the surface seawater among other Fe
sources. Distinguishing Fe sources using the §°°Fe values of
marine aerosols and seawater is anticipated to lead to a more
quantitative understanding of the Fe cycle in the atmosphere
and surface ocean.

1 Introduction

Iron (Fe) is an essential element for marine biota. Although
Fe is the fourth most abundant element in the Earth’s crust
(Taylor, 1964), the concentration of Fe in the surface ocean
can be as low as 0.05nM (Martin et al., 1989; Schlitzer et
al., 2018). In high-nutrient low-chlorophyll (HNLC) regions,
the deficiency of bioavailable Fe is considered one of the
main limiting factors of primary production of phytoplank-
ton (Martin et al., 1994; Martin and Fitzwater, 1988; Moore
et al., 2013). Phytoplankton activity has a major impact on
the biogeochemical cycles of various elements, such as car-
bon, nitrogen, sulfur, and other trace elements (Charlson et
al., 1987; Falkowski et al., 1998). In particular, ocean Fe
fertilization plays an important role in the uptake of carbon
dioxide (CO»), decreasing the partial pressure of CO; in the
atmosphere and positively affecting the global climate (Ciais
et al., 2014; Falkowski et al., 1998). Therefore, understand-
ing how Fe is supplied to the surface ocean is an important
issue.

Atmospheric aerosols, mainly in the form of mineral dust,
are considered to be one of the main components that supply
Fe to the surface ocean. Mineral dust transported from East
Asia has been recognized as an important supplier of Fe to
the surface of the North Pacific Ocean, including HNLC re-
gions, although there is significant seasonal variation in the
flux of mineral dust (Duce et al., 1991; Jickells, 2005; Ue-
matsu et al., 1983). In addition to aerosols, the dissolution of
Fe from coastal sediments (Lam and Bishop, 2008; Nishioka
et al., 2013; Nishioka and Obata, 2017) and hydrothermal
vents (Fitzsimmons et al., 2017; Tagliabue et al., 2010) has
been suggested to be an important source of dissolved Fe in
the surface ocean.

A great deal of attention has been paid to combustion Fe
in aerosols as an important source of Fe in the surface ocean
(Ito et al., 2019; Kurisu et al., 2016b, 2019; Sholkovitz et
al., 2009). The amount of Fe emitted globally from combus-
tion sources is estimated to be 2.1 0.5 Tg Fe yr~!, which is
an order of magnitude smaller than the mineral dust emission
(72+43TgFe yr_1 ; Myriokefalitakis et al., 2018). However,
combustion Fe is considered to be an important source of sol-
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uble Fe, which is thought to be easily bioavailable because
of its high Fe fractional solubility in comparison with that
of Fe in mineral dust (Schroth et al., 2009; Sholkovitz et al.,
2009; Takahashi et al., 2013). Moreover, the fertilizing effect
of combustion Fe has been increasingly examined in ocean
biogeochemistry models, some of which showed that com-
bustion Fe is more efficient at enhancing marine productivity
than Fe from mineral dust sources (Hamilton et al., 2020; Ito
et al., 2020). It is, however, still a major challenge to quanti-
tatively understand and predict the high variability and com-
plex aerosol chemistry of combustion Fe sources and the di-
verse marine biogeochemical responses (Ito et al., 2021a).
The fractional Fe solubility is defined as follows:

S-F
fractional Fe solubility (%) = ¢ x 100, @)
T-Fe

where T-Fe and S-Fe are the concentrations of acid-digested
(total) and soluble Fe, respectively (Buck et al., 2006; Mor-
ton et al., 2013). The fractional Fe solubility of aerosols is
controlled by various factors, such as (i) the size or surface
area of the particles (Baker and Jickells, 2006), (ii) the occur-
rence of atmospheric reactions with various acids (of both
natural and anthropogenic origin) and photochemical reac-
tions during transport (Chen and Grassian, 2013; Ito et al.,
2019; Takahashi et al., 2011), and (iii) differences in the
chemical forms of Fe. Variations in the chemical form of Fe
depend heavily on the source of Fe. Iron in mineral dust is
mainly found in the form of crystalline Fe oxides or Fe in alu-
minosilicates, which typically exhibit very low fractional sol-
ubility (approximately 0.1 % to 1%). Combustion aerosols
contain more labile forms of Fe, such as Fe (hydr)oxides, ag-
gregates of nano-sized Fe oxides, and Fe sulfates. They are
highly soluble (up to 80 %) or more easily solubilized by at-
mospheric reactions (Schroth et al., 2009; Takahashi et al.,
2011). However, the relative importance of these factors re-
mains unclear, particularly in the marine atmosphere.

The contribution of combustion and natural Fe in aerosols
has been estimated in various modeling studies (e.g., Ito et
al., 2019; Luo et al., 2008; Matsui et al., 2018; Myrioke-
falitakis et al., 2018), the results of which suggest the im-
portant contribution of combustion Fe to soluble Fe deposi-
tion (up to 90 % depending on areas and models). The pa-
rameterizations used in these studies differ depending on the
model used, especially in terms of the amount of Fe emitted
from various sources, the Fe solubility at emission (partic-
ularly for combustion Fe), and the solubilization processes
that occur during atmospheric transport, which lead to differ-
ent results. Myriokefalitakis et al. (2018) compared the re-
sults of several model calculations with observational data
and reported several problems, including (i) different estima-
tions of the contribution of combustion Fe to remote ocean
regions among the various models, (ii) an overestimation
of the concentration of atmospheric Fe near dust source re-
gions, and (iii) an underestimation of the Fe concentrations
in remote oceanic regions compared with observations. They
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claimed that some uncertainties remain, such as the relative
contribution of combustion and dust Fe to the soluble Fe that
is present over remote oceanic regions, aerosol size distri-
butions, and atmospheric processing under the presence of
combustion Fe and anthropogenic pollutants. These model
studies usually evaluate their results by comparing the es-
timated Fe concentrations and solubilities with observed T-
Fe and S-Fe concentrations. However, this method cannot be
used to directly compare the fractions from different sources
of Fe.

The iron stable isotope ratio can be used to distinguish Fe
from different sources (Dauphas et al., 2017). It is reported
as the value of §7°Fe relative to a standard material (IRMM-
014, Institute for Reference Material and Measurements) us-
ing the following equation:

(56Fe/54Fe)
(561::e /54Fe)

sample

IRMM-014

85%Fe (%o) = ( - 1) x 1000. )

The average 8%°Fe value of mineral dust is —0.01 = 0.08 %o,
which is similar to that of terrestrial igneous rocks or soil
(0.00 & 0.05 %o; Beard et al., 2003). In contrast, combustion
Fe has a comparatively low §°°Fe value (as low as —4 %),
which is a result of the kinetic isotope fractionation that oc-
curs during evaporation under high-temperature conditions
(>800°C), such as fossil fuel combustion, industrial produc-
tion of metals, and vehicle emissions, among others (Kurisu
et al., 2016a, b, 2019; Kurisu and Takahashi, 2019). Com-
bustion Fe can be distinguished from natural Fe, which is
not possible from the observed T-Fe and S-Fe concentra-
tions (Meskhidze et al., 2019), by using the isotope ratio as a
tracer. Ascertaining the source of Fe in seawater using 8°°Fe
values has been conducted in several studies, with aerosols
considered to be an important source of Fe, even in seawa-
ter (Conway and John, 2014; Labatut et al., 2014; Pinedo-
Gonzalez et al., 2020). Pinedo-Gonzalez et al. (2020) ob-
served low 8°°Fe signals in the surface seawater of the North
Pacific that may have originated from combustion Fe in East
Asia. However, the §°°Fe of the aerosols was not measured
during the same period in this study, and there have been few
reports concerning the collection of Fe isotope ratios from
aerosols over the ocean. Conway et al. (2019) reported the Fe
isotope ratios of marine aerosols over the North Atlantic and
suggested that the total (acid-digested) aerosols contained
a 8%°Fe value close to the crustal value, whereas soluble
aerosols had low 8°°Fe values due to the presence of com-
bustion Fe with low §°°Fe and high fractional Fe solubility.
Our previous study reported a limited dataset of §°°Fe val-
ues of two size-fractionated marine aerosols collected near
the Japanese coast, which indicated that acid-digested fine
particles had considerably lower values of §7°Fe than coarse
particles because of the presence of combustion Fe in fine
particles (Kurisu et al., 2016b). However, more data relating
to the §°°Fe of aerosols collected in the northwestern Pacific,
including the open ocean, are required to gain further insights
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into the atmospheric mixing among air masses of combustion
Fe of various origins. Furthermore, size-fractionated aerosol
sampling would make it possible to discuss the influence of
combustion Fe more clearly because of the difference in the
size distribution of combustion and natural aerosols.

In this study, two size-fractionated aerosol samples were
collected in the northwestern Pacific, to which aerosols from
the direction of East Asia can be transported and in which the
influence of combustion Fe can be observed. In this study,
we aimed (i) to discuss the contribution of combustion and
natural Fe to marine aerosols based on Fe isotope ratios and
(ii) to evaluate the importance of combustion Fe as a con-
trolling factor of fractional Fe solubility by combining data
relating to the fractional solubility, Fe species, and Fe iso-
tope ratios. We also compared the fraction of combustion Fe
in marine aerosols estimated using Fe isotope data with that
estimated by a model calculation, with the aim of discussing
the applicability of Fe isotopes to improving process-based
estimations.

2 Methods
2.1 Sample collection

Marine aerosol samples were collected during the R/V
Hakuho Maru KH-13-7 (12 December 2013 to 11 Febru-
ary 2014, samples 13-a to 13-e, Table S1) and KH-14-3
cruises (24 June to 9 August 2014, samples 14-A to 14-
O, Table S2) around the northwestern Pacific (Fig. 1). The
aerosol sampling was conducted on the compass deck (13 m
above sea level). Two size-fractionated aerosols (finer and
coarser than 2.5 um) were collected on polytetrafluoroethy-
lene (PTFE) filters (ADVANTEC, PF040, 90 mm @) us-
ing a high-volume virtual dichotomous air sampler (Kimoto,
Model AS-9, Japan) at a mean flow rate of 15 m3h~!. The
sampler was automatically controlled by a wind sector that
was operated only when the relative wind direction ranged
from —90 to 90° from the perspective of the bow and the rela-
tive wind speed was more than 1 ms~!. The typical sampling
duration was 3 d, and the mean volume of filtered air was ap-
proximately 720 m3. The samples were stored at —18 °C un-
til chemical analysis could be conducted. Filter blanks were
checked by setting filters on the sampler without running.

2.2 Acid digestion of aerosol samples

Acid digestion of the aerosol samples was conducted to de-
termine the total concentrations of Fe and other trace ele-
ments, including titanium (Ti), vanadium (V), and lead (Pb).
All the procedures were conducted in a HEPA-filtered (SS-
MACIS5, Air Tech, Japan) clean bench in a class-10000
clean room. Perfluoroalkoxy (PFA) vials (Savillex, USA) and
low-density polyethylene (LDPE) bottles (Nalgene, Thermo
Fisher Scientific, Germany) were used for sample process-
ing and storage of the solutions, respectively. All equipment
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Figure 1. Sampling areas in this study. The base figure was created
using General Mapping Tools (GMT; Wessel et al., 2019).

was preliminarily washed by sequential soaking overnight in
warm 3 mol L1 nitric acid (HNO3, for the electronics in-
dustry, FUJIFILM Wako Pure Chemical Corp., Japan), warm
3molL! hydrochloric acid (HCI, for the electronics in-
dustry, FUJIFILM Wako Pure Chemical Corp., Japan), and
ultrapure water (>18.2 M2 cm, Milli-Q, Millipore GmbH,
Japan). All acids used for the digestion, including HNO3,
HCI, and hydrofluoric acid (HF), were Tamapure AA-100
grade (each metallic impurity less than 100 pgmL~!, Tama
Chemical Co., LTD., Japan). Approximately 1/16 of each
sample filter was digested in a closed PFA vial by adding
2mL of 15.3molL~! HNO3, 2mL of 9.3 mol L~! HCI, and
1 mL of 22molL~! HF. The sample in the vial was then
heated at 150 °C for 1d and evaporated to near dryness. A
1 mL volume of 15.3molL~! HNO3; was then added, and
the sample was again heated at 150 °C for one day and evap-
orated to near dryness. The residue was then redissolved in
an appropriate amount of 0.3 mol L~! HNO; for concentra-
tion analysis, which was conducted using inductively cou-
pled plasma quadrupole mass spectrometry (ICP-QMS, Ag-
ilent 7700, Agilent, Japan). For the measurement of S6Fe,
helium collision cell mode was used to remove ArO inter-
ference. Acid digestion was conducted just once for each
sample as the quantity of each sample was limited. The ef-
fectivity of the measurement was confirmed by measuring
the certified reference material CJ-2 (simulated Asian min-
eral dust, Table S3; Nishikawa et al., 2000). The average
concentration of each element in the blank filter was sub-
tracted from those in the samples. The Fe concentration in
the blank filter was 2.5 4 0.6 ng Fe per cm? of filter. Coarse
particles were collected on the center part of the filter (5 %
of the filter area), whereas finer particles were collected on
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the outer part of the filter (95 % of the filter area). Thus,
the blank Fe concentration per the same volume of air was
larger in fine particles than in coarse particles. Assuming
that the total volume of filtered air was 720 m>, the detec-
tion limits of Fe mass concentrations were approximately
1 x 1072 and 2 x 10~ " ngm~3 for coarse and fine particles,
respectively. Detection limits of the other elements were
4x1073,3x 107, and 2 x 10~*ngm3 for coarse parti-
cles of Ti, V, and Pb, respectively, and 7 x 1072, 5 x 1074,
and 3 x 1073 ng m™—3 for fine particles of Ti, V, and Pb, re-
spectively.

The enrichment factor (EF), which is useful in understand-
ing the impact of anthropogenic materials relative to crustal
materials, was calculated according to the following equa-
tion:

(M / Ti)sample

= 3 3
(M/Ti)crust ( )

M

where M is the concentration of the target element. The
crustal value of each element was obtained from Tay-
lor (1964).

2.3 Fractional Fe solubility

The fractional Fe solubility was calculated according to
Eq. (1), for which soluble Fe (S-Fe) was evaluated via a
leaching experiment. We applied the “flow-through extrac-
tion” method to solubilize the labile Fe component (Buck
et al., 2006). For this method, extraction was conducted by
pouring 100 mL of ultrapure water onto a sample filter in a
pre-washed PTFE filter holder (47 mm single-stage filter as-
sembly, Savillex, USA) equipped with a pre-washed 0.4 um
polycarbonate filter. A vacuum was applied during the ex-
traction. The solution was collected in an LDPE vial and
acidified with HNOj3 to avoid precipitation of the iron hy-
droxides, then evaporated in a PFA vial. The residue was then
redissolved in 0.3 mol L~! HNO; for concentration analysis
with ICP-QMS. The filter blank was 0.018 4= 0.003 ng Fe per
cm? of filter, which was subtracted from each sample con-
centration. Although our previous studies applied different
extraction methods, the flow-through method was applied in
this study to compare the results with other studies of marine
aerosols (e.g., Buck et al., 2006; Conway et al., 2019; Morton
et al., 2013; Shelley et al., 2018).

2.4 TIron speciation

The average Fe species of each sample was determined by
Fe K-edge X-ray absorption fine structure (XAFS) spec-
troscopy at beamline BL-12C of the Photon Factory (PF),
KEK (Ibaraki, Japan). The methods used were similar to
those of previous studies (Kurisu et al., 2019; Takahashi
et al., 2011). The X-ray was monochromatized using an
Si(111) double-crystal monochromator and focused using a
bent cylindrical mirror. The energy resolution was AE/E ~
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0.2eV. The higher-order harmonic waves were eliminated
using Ni-coated double mirrors. The reference spectra were
recorded in transmission mode, whereas the sample spec-
tra were recorded in fluorescence mode by placing the sam-
ples 45° from the incident beam. The Fe Ko (6.41 keV) line
was detected using either a 19-element germanium solid-
state detector or a 7-element silicon drift detector (SDD).
X-ray absorption near-edge structure (XANES) spectra from
7.000 to 7.250keV were recorded. Spectra were normalized
at 7.200 keV, and linear combination fitting was conducted in
the energy range of 7.110 to 7.160 keV using REX2000 soft-
ware (Rigaku Co., Ltd., Japan). For the energy calibration,
the pre-edge peak energy of hematite was set to 7.112keV.
The quality of the fitting was checked using the parameter R,
which is defined using

D R= U (B) = La (B)P/Y s (E)Y, (4

where Iops(E) and Ieq(E) are the X-ray absorbance of the
original and calculated spectra, respectively, at a certain
energy. The fitting errors for the fraction of the reference
species were calculated as the difference in the fraction when
the R value is twice the best-fitted value (Kodama et al.,
2006). The error of each fitting was within 10 %. The sam-
ples contained just a small amount of Fe, so aerosol particles
were mounted on a Kapton tape from the sampling filter to
gather the particles at one point.

The micro-XAFS combined with X-ray fluorescence map-
ping (u-XRF-XAFS) was conducted at BL-4A and BL-15A1
of the PF for analysis of the narrow spot speciation and to
check the distribution of Fe and other elements. A 7.50 keV
or 3.00keV (for sulfur mapping) incident beam was used for
elemental mapping. The Fe Ka (6.41 keV), potassium (K)
Ko (3.31keV), and sulfur (S) Ka (2.31keV) lines were de-
tected using a single-element SDD. The incident beam sizes
at beamlines BL-4A and BL-15A were approximately 4 x 5
and 20 x 20 um?, respectively. Note that the beam sizes were
larger than the fine particles (with aerodynamic diameters of
<2.5um); therefore, each spot could contain several parti-
cles. All of the aerosol sample spectra were recorded using
the fluorescence mode of the SDD.

2.5 Iron isotope analysis

The sample preparation methods that were used for iso-
tope analysis were the same as those described in Kurisu et
al. (2019) except for the method used to separate Fe with an
anion exchange resin (AG-MP-1, 100-200 mesh, Bio-rad).
The amount of resin was reduced to lower the Fe contami-
nation from the resin, which can be problematic for the anal-
ysis of small amounts of Fe, such as those found in marine
aerosol samples. A microcolumn with a diameter of 2mm
was prepared with a heat-shrink PTFE tube (inner diameter:
7/81n., 4 : 1 heat shrink, Zeus Inc.), according to the method
described by John and Adkins (2010). A frit was made of
polyethylene. Approximately 20uL of resin was used for
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each separation, with the resin reaching a height of approxi-
mately 5 to 7 mm. The column was washed with 3.0 mol L~!
HCI prior to use. The resin was washed by sequential soak-
ing for 1 week in 0.5 mol L~! HNO3 and 0.5mol L~! HCI,
respectively, with rinsing with ultrapure water between steps.
The procedures that were used for the column separation are
described in Table S4 and were modified from the method
proposed by Conway et al. (2013). The procedure blank was
0.30£0.15ngFe (1 SD, n = 3), which was more than 100
times lower than the amount of Fe in the sample. The recov-
ery rate of Fe was 101 &5 %, and the efficient removal of
other elements was confirmed (Fig. S1).

Iron isotope analysis was conducted using a multi-
collector ICP-MS (MC-ICP-MS, Neptune Plus, Thermo
Fisher Scientific, Germany). The methods used for the anal-
ysis were also the same as those described in Kurisu et
al. (2016b, 2019). A standard-sample bracketing method
was adopted, with Cu doping as an external standard for
mass bias correction using the exponential law (Albarede
et al., 2004). The medium-resolution mode was used to re-
solve any argide interference (mainly *CAr'*N*, 40Ar100+,
4O0Ar!®0HT, and *°Ar'807). Data were obtained in dynamic
mode with the Faraday cup setting to monitor the isotopes of
32Cr, 34Fe, °Fe, *'Fe, and *3Fe in one cycle and ®3Cu and
%5Cu in another. Iron isotope ratios were reported as the ra-
tio of 3°Fe to >*Fe according to Eq. (2). The ratio of ’Fe to
34Fe was used to check the reliability of the measurement in
a three-isotope plot. The interference of >*Cr with >*Fe was
less than 0.1 mol % in each sample and was corrected using
32Cr /34Cr=0.0282 (Beard et al., 2003). By comparing the
8°°Fe in a Cr-free standard solution with the same solution
under Cr doping (**Cr /3*Fe up to 0.01 in mol fraction), it
was confirmed that no bias was observed between them. The
Fe concentration was adjusted to 500 ug L~! for the isotope
measurement. As the amount of Fe in each sample was small,
the volume of the samples was low; therefore, limited itera-
tions of the isotope measurements could be conducted.

Since the aerosol sampling filters contained some blank
Fe, the 8°°Fe for each sample was corrected by measuring
the §%°Fe of a blank filter (8°%Fepjank, 0.13£0.07 %o, n =
3). Based on the blank Fe to total Fe ratios (Tables S4 and
S5), the 836Fe of the sample Fe (656Fesample) was calculated
according to the following mixing equation:

§50Femeasured = 556Fesample X (fraction of sample Fe)

+ 8 6Feb]ank x (fraction of blank Fe). 5)

Some samples were not available because the blank Fe was
high (more than approximately 40 % of the total Fe) or be-
cause the amount of sample Fe was too small. In other sam-
ples, 8°°Femeasured and <356Fesample were similar in their range
of error (Tables S4 and S5); thus, this correction did not seri-
ously affect the results and discussion of the isotope data. Al-
though the Fe isotope and speciation data for samples 14-N
and 14-0 have already been reported in Kurisu et al. (2016b),
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they were combined with the other newly obtained data in
this study.

2.6 Atmospheric chemical transport model

This study compared the results of the fraction of combustion
Fe in aerosols with those estimated by the Integrated Mas-
sively Parallel Atmospheric Chemical Transport IMPACT)
model (Ito et al., 2021b; Rotman et al., 2004). Simulations
were performed for the same period as the aerosol sampling
using a horizontal resolution of 2.0° x 2.5° and 47 verti-
cal layers. The IMPACT model categorized the Fe origins
into mineral dust (Comp 1), oil combustion (ship emission,
Comp 2), anthropogenic combustion on land (mainly coal
combustion and the iron and steel industry, Comp 3), and
biomass burning (Comp 4) for four distinct aerosol size bins
(0.1-1.26, 1.26-2.5, 2.5-5, and 5-20um in diameter). We
compared the sum of Comp 2 and Comp 3 with the isotope-
based estimation for fine (i.e., the sum of bins 1 and 2) and
coarse (i.e., the sum of bins 3 and 4) particles. Although
biomass burning (Comp 4) may contain a combustion Fe
source, we did not include it for the comparison. This is be-
cause the Fe emitted by biomass burning does not yield §3°Fe
values that are as low as those from other anthropogenic com-
bustion sources, which is likely due to strong influences by
mineral dust aerosols entraining into the atmosphere during
biomass burning (Kurisu and Takahashi, 2019).

3 Results
3.1 Sources of aerosols

A 7d backward trajectory analysis was conducted using
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model to discern the source of the air masses
(Stein et al., 2015), which were then divided into three broad
groups (Fig. 2). The first group was mainly transported from
the direction of East Asia via westerly winds and corre-
sponded to samples 13-a, 13-d, 13-e, 14-A, 14-N, and 14-
O (group I, Fig. 2a). Winter samples (KH-13-7) were trans-
ported longer distances from the Eurasian continent, whereas
summer samples (KH-14-3) passed over Japan or the western
part of the Pacific. They possibly contained aerosols emitted
both by natural and anthropogenic sources. The second group
was from the central and eastern Pacific and comprised sam-
ples 13-b, 13-c, 14-B, 14-C, 14-D, 14-E, 14-F, 14-G, 14-H,
and 14-I (group II, Fig. 2b). The third group was from the
northern North Pacific and was composed of samples 14-J,
14-K, 14-L, and 14-M (group III, Fig. 2c¢).

The Fe concentration was significantly affected by
the source of air masses. The bulk Fe concentrations
(fine + coarse) were 2.6 to 41.8ngm™> in the vicinity of
East Asia (group I, 19.8 +£13.8 (SD)ngm~3). Among the
group I samples, KH-13-7 samples showed high concentra-
tions even when the sampling points were relatively far from
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the Japanese coast. This is possibly because they contained
a large number of particles transported from the Eurasian
continent. Samples in groups II (1.97 4 1.48 ngm™3) and
III (1.78 = 0.68 ng m~3) showed Fe concentrations of less
than 5ngm~> (Fig. 3a, Tables S4 and S5). The concentra-
tions were relatively low, even in group I, compared with
concentrations reported from previous studies conducted in
the Pacific (1 to 800 ng m~3; Buck et al., 2006, 2019; Duce
and Tindale, 1991, Sakata et al., 2018), in which more than
100 ng m~3 of Fe was often observed during dust events from
East Asia. Therefore, it is assumed that our samples were not
affected by a large dust event from the continent. Samples
14-G and 14-H showed Fe concentrations that were slightly
higher than the samples from neighboring locations, espe-
cially in the coarse particles, which may be derived from the
Hawaiian islands. The Fe concentrations of the fine particles
in the group III samples were below the detection limit be-
cause of a smaller quantity of Fe in the samples than that in
the blank.

The concentrations of other elements are also shown in
Fig. S2. Titanium (Ti), which is abundant in the Earth’s crust,
showed similar concentration distributions as those of Fe
(Fig. S2a). In addition, V and Pb, which originate mainly
from oil and coal combustion (e.g., Nriagu and Pacyna, 1988;
Zhang et al., 2009), respectively, were also found at high
concentrations near East Asia (group I, Fig. S2b and c) and
were at especially high concentrations in the fine particles,
suggesting the significant influence of material from com-
bustion sources. To further investigate the sources of the
aerosols, the EF values were also compared. An EF value
of more than 10 usually suggests a significant influence of
anthropogenic materials (Buck et al., 2019; Shelley et al.,
2015). The EFg, values were 0.4 to 3 (Fig. 4a), although sev-
eral of the samples showed large errors. The average values
(£ SD) were 1.52£0.48 (group I of the coarse particles),
1.274+0.56 (group II of the coarse particles), 0.98 +0.08
(group III of the coarse particles), 1.23 £0.35 (group I of
the fine particles), and 1.20 £ 0.73 (group II of the fine parti-
cles). Their values were close to 1, suggesting that Fe mainly
originated from crustal sources. When we compared the dif-
ference among the groups, a significant difference between
groups I and III for the coarse particles was found and was
not found in the other groups (by the Wilcoxon rank-sum
test, significant difference at p<0.05). The higher EFg, value
of the coarse particles of group I than group III indicates
that group I contained Fe-rich particles. Considering that the
high EFg. values were observed near the Japanese coast (14-
A and 14-0), coarse particles of group I possibly contained
some amount of anthropogenic Fe emitted by industrial ac-
tivities in Japan, in addition to crustal materials. The influ-
ence of combustion Fe in the other groups was not clear only
from the EFg.. EFpy values were more than 10 for most of
the samples, especially in the fine particles, indicating that
most of the samples contained anthropogenic Pb (Fig. 4c).
The EFpy, of the fine particles in group I (EFp, = 764 £ 739
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Figure 2. The 7d backward trajectories along the ship tracks for (a) group I, (b) group I, and (¢) group III. The arrival height was set to
500 m, and a new trajectory was obtained every 12 h. The maps were created using GMT. Red and blue lines indicate trajectories during the

KH-13-7 and 14-3 cruises, respectively.

— SD) was higher than that of the other samples (203 £ 142
and 161 %23 for groups II and III, respectively), especially
in the winter (KH-13-7, EFp, = 1289 £+ 727), which is in-
dicative of a large influence from coal combustion in East
Asia. EFy values varied from 1.7 to 840, with higher EFy
values in fine particles (EFy = 74 & 185) than in coarse par-
ticles (Fig. 4b, EFy = 4.92 +3.82). The EFy values of the
fine particles in the group III samples (EFy =370 4 320)
were more than 100, which is higher than the other samples,
but this was not the case for Pb. Because V is mainly emit-
ted during the combustion of heavy oil, the group III samples
were likely influenced by ship emissions, which is plausi-
ble considering that many ships traverse the northern Pacific
(https://www.marinetraffic.com, last access: 30 May 2021).

3.2 Fractional Fe solubility

The fractional Fe solubility varied from 0.1 % to 23 %, with
the highest solubility observed in the fine particles in 13-c
(Fig. 3c). The fractional solubilities were in a similar range
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as those observed in other studies conducted in the North
Pacific (Buck et al., 2006; Wang and Ho, 2020; Wu et al.,
2007). The average fractional Fe solubility (& SD) of each
group was 1.46 +1.51 %, 1.13£1.62 %, and 2.22 +1.43 %
for the coarse particles of groups I, II, and III, respectively,
whereas it was 5.89 £ 4.04 % and 4.52 & 6.69 % for the fine
particles of groups I and II, respectively. Although there were
no clear differences in the fractional solubilities of the dif-
ferent air mass groups (by the Wilcoxon rank-sum test, sig-
nificant difference at p<0.05), fine particles often showed a
higher soluble Fe concentration and fractional Fe solubility
than the coarse particles of the same sample, which is con-
sistent with previous reports (Kurisu et al., 2016b; Ooki et
al., 2009). A scatter plot of the atmospheric Fe concentration
and the fractional Fe solubility also showed a similar trend
as previous studies, with high fractional solubilities obtained
when Fe concentrations were low (Fig. S3; Mahowald et al.,
2018; Sholkovitz et al., 2009, 2012); the reason for this trend
will be discussed later.
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Figure 3. Atmospheric concentrations of (a) Fe and (b) soluble Fe, as well as the (c) fractional solubility of Fe of fine and coarse particles,
during the KH-13-7 and KH-14-3 cruises. Errors were calculated from ICP-MS errors and blank subtraction errors. Yellow, blue, and purple
areas indicate groups I (air masses from the direction of East Asia), II (air masses from the central and eastern Pacific), and III (air masses
from the northern North Pacific), respectively. < D.L.: below the detection limit due to higher concentrations in the blanks than samples;

n.a.: not available because the total Fe concentration was too low. * Not analyzed due to insufficient sample amount.

3.3 Iron species

The difference in the peak energies of the XANES spectra
reflects the oxidation state of Fe. The higher peak energy
of the Fe K-edge XANES spectrum corresponds to a larger
amount of ferric species, as seen in the reference materials
(Fig. 5a; Berry et al., 2003; Maggi et al., 2018). The peak
energies of some of the samples (such as the coarse parti-
cles of sample 13-a) were approximately 7.126 keV, whereas
those of other samples (such as the fine particles of 13-a)
were higher in the range between 7.126 and 7.131 keV, indi-
cating that they contained a larger fraction of ferric species.
The spectra of the samples were successfully fitted by lin-
ear combination to those described by the reference samples.
The ratios obtained by fitting are tabulated in Table S7. For
simplification, the main Fe species were categorized into Fe-
containing silicates (fayalite, weathered biotite, chlorite, and

Atmos. Chem. Phys., 21, 16027-16050, 2021

illite with various Fe(Il) fractions) and Fe (hydr)oxides (mag-
netite, goethite, hematite, and ferrihydrite; Fig. Se), consider-
ing that Fe-containing silicates are of natural origin, whereas
Fe (hydr)oxides can be of both natural and combustion ori-
gin. The fraction of each species in coarse and fine particles
was similar within a range of approximately 10 % error in
most of the group II samples from the central and eastern
Pacific, whereas the fractions of (hydr)oxides in the group
I samples from the direction of East Asia and some of the
group II samples were higher in fine particles than in coarse
particles.

The presence of Fe-containing silicates was confirmed by
spot analysis of some of the samples (13-a, 13-b, 14-N, and
14-0O) using p-XRF-XAFS. For example, there were sev-
eral Fe-concentrated spots in the coarse and fine particles
(Figs. S4-S7). These were Fe-containing aluminosilicates,
such as weathered biotite, illite, and chlorite, the presence

https://doi.org/10.5194/acp-21-16027-2021
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Figure 4. Enrichment factors of (a) Fe, (b) V, and (c) Pb. Errors were calculated from ICP-MS error and blank subtraction errors. Yellow,
blue, and purple areas indicate groups I (air masses from the direction of East Asia), II (air masses from the central and eastern Pacific), and
III (air masses from the northern North Pacific), respectively. * Not available due to insufficient sample amount.

of which was also supported by the correlation with the in-
tensity of potassium (K) in the u-XRF maps (Fig. S4b and
d). These species were also previously observed in aerosols
that were collected in East Asia (Kurisu et al., 2016b; Taka-
hashi et al., 2011), suggesting the presence of mineral dust
from East Asia. The presence of Fe (hydr)oxides was also
observed in the spot analysis, with some particles contain-
ing ferrihydrite, goethite, magnetite, and hematite (Figs. S5,
S6, and S7). Ferrihydrite was often found in the fine parti-
cles within sample 13-c that was collected in the open ocean,
which was also consistent with the bulk XANES analysis
(Fig. S6). In addition to Fe-containing aluminosilicates and
Fe (hydr)oxides, Fe(IIl) sulfate, a highly soluble Fe species,
was also observed in the coarse particles of sample 13-c, al-
though it was not detected as a main Fe species in the bulk
analysis. The presence of Fe(III) sulfate was supported by the
co-presence of Fe and S (spots 5 and 6 in Fig. S5b).
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3.4 Iron isotope ratios

Negative §°°Fe values ranging from —0.45 %o to —2.16 %o
were observed in the fine particles of group I (on aver-
age —1.104+0.63%0 — SD) in air masses from the direc-
tion of East Asia (Fig. 6, Tables S4 and S5). These values
were much lower than those observed for the coarse parti-
cles (on average —0.02 +0.12%o). The §°°Fe values were
particularly low in the fine particles of samples collected in
the vicinity of the Japanese coastline (13-a, 14-N, and 14-
0). The bulk (coarse + fine) §°°Fe values calculated from
the Fe concentration and 8%°Fe of each size fraction ranged
from —0.07 %o to —0.91 %o (Tables S5 and S6, on average
—0.45 £0.32 %o); this is considerably lower than the values
obtained from North American or European air masses in the
North Atlantic, which reached as low as —0.16 %o (Conway
etal., 2019), suggesting an important contribution of aerosols
with low 8°°Fe values in the North Pacific aerosols. These

Atmos. Chem. Phys., 21, 16027-16050, 2021
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low 8°°Fe values may have originated from combustion Fe,
which is discussed in more detail later.

In air masses from the central, eastern, or northern Pacific
(in groups II and III), the 8°°Fe values of both the coarse
(on average 0.25 +0.14 %o and 0.14 £ 0.10 %o for groups 11
and III, respectively) and fine (on average 0.23 & 0.17 %o for
group II samples and 0.43 £ 0.17 %o for 14L in group III)
particles were close to or higher than 0%o. The coarse and
fine particles in each sample yielded similar 8%°Fe values to
each other, although the 8°°Fe of the fine particles in some
samples could not be measured due to the low quantity of
sample Fe compared with blank Fe. Most of the values were
close to the crustal value, whereas the §°°Fe of some sam-
ples was higher than the crustal average, reaching as high
as 0.43 %o, which did not correspond to typical crustal values
(—0.3 %o to 0.3 %o, Johnson et al., 2003; Majestic et al., 2009;
Mead et al., 2013).

Atmos. Chem. Phys., 21, 16027-16050, 2021

The coarse and fine particles in sample 13-e and the
fine particles of sample 13-d contained sufficient solu-
ble Fe for isotope analysis to be conducted (Table S5).
The resulting values were —0.27 £ 0.03 %o, —1.14 £ 0.03 %o,
and —2.23 £0.04 %o for the coarse particles in 13-e, fine
particles in 13-e, and fine particles in 13-d, respectively,
which were lower than those of the acid-digested (total) Fe
(0.10£0.14 %o, —0.47 £ 0.18 %o, and —0.45 £ 0.28 %o, re-
spectively), especially for fine particles (Table S5). These
low values in fine particles were due to the preferential dis-
solution of components with a low §°°Fe value (i.e., com-
bustion Fe). It should be noted that these lower 85Fe val-
ues could be due to kinetic isotope fractionation taking place
during the partial dissolution of a single phase (Revels et al.,
2015; Wiederhold et al., 2006). However, such fractionation
would become large as the fractional Fe solubility decreases,
which was not the case with our results; the difference be-
tween the §°°Fe values in the total and soluble fractions of

https://doi.org/10.5194/acp-21-16027-2021
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Figure 6. Iron isotope ratios of KH-13-7 and KH-14-3 samples in (a) coarse and (b) fine particles. Data in the clear circles were not available.
Values are also shown in Tables S5 and S6. The figures were produced using Ocean Data View (Schlitzer, 2020).

the samples was greater when the fractional Fe solubility
was large (Tables S5 and S6; Fig. 3c). It is possible that the
soluble component of the coarse particles of 13-¢ had §7°Fe
lower than that of the total due to kinetic isotope fractiona-
tion. However, the low §°°Fe values, especially in terms of
the fine particles, cannot be explained solely by kinetic iso-
tope fractionation, and the component with a low §°°Fe value
(combustion Fe) must have dissolved preferentially. The bulk
(coarse + fine) 8°°Fe value of —0.79 %o was calculated for
13-e from the concentration and 8°°Fe of soluble Fe in each
size component, and although the §°°Fe of the coarse parti-
cles in 13-d was not measured, the bulk (coarse + fine) §°°Fe
value was probably close to the §°°Fe of the fine particles
(—2.23 %o), as most of the soluble Fe in sample 13-d was
from fine particles (Fig. 3b and Table S5). These calculated
bulk §°°Fe values were in a similar range as or lower than
those observed previously in the North Atlantic (reaching as
low as —1.6 %o, Conway et al., 2019), indicating the signifi-
cance of low-8°°Fe components (i.e., combustion Fe) in the
northwestern Pacific.

4 Discussion

4.1 Source apportionment of Fe in aerosols based on
5%Fe values

4.1.1 Do the negative §°°Fe values in fine particles
mean they are of combustion origin?

The Fe isotope analysis indicated that low §°°Fe values were
observed in the fine particles within air masses from the di-
rection of East Asia. To check if the low §°°Fe values were
a result of the presence of Fe from anthropogenic combus-
tion, the relationship between §%°Fe and the concentration of
anthropogenic constituents was explored (Fig. 7). The §7°Fe
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values were weakly correlated with EFpy,, EFy, and the con-
centration of carbon monoxide, which indicated that aerosols
that contained anthropogenic materials also contained Fe
with low 83°Fe values.

Other possible sources of the observed low §°°Fe values,
such as biomass burning and volcanic emissions, were taken
into account. There was an impact from biomass burning
in Siberian forest fires during the sampling period of 14-M
and 14-N, according to Jung et al. (2016) and Kamezaki et
al. (2019). In addition, the fine particles in 14-N yielded a
low 8°°Fe value. However, our previous study suggested that
the 8°°Fe of aerosols emitted from biomass burning is not
particularly low because of (i) the preferential emission of
Fe by soil suspensions with a value of 8%°Fe that is close
to the crustal average and (ii) the low combustion temper-
atures (300 to 500 °C), which are not high enough for the
emission of large amounts of Fe to occur via evaporation
(Kurisu and Takahashi, 2019). Although some plants have
values of §°°Fe as low as —1.6 %o (Guelke and Von Blanck-
enburg, 2007), they are not considered to be an important Fe
source emitted by biomass burning because the Fe content in
plants is low compared with that of soil. The low 8°°Fe value
observed in 14-N may have been a result of the significant
influence of combustion Fe originating from coal combus-
tion because a high EFpy, was observed (Nriagu and Pacyna,
1988; Zhang et al., 2009). Taken together, these observations
suggest that biomass burning cannot explain the low §°°Fe,
although Fe from biomass burning may have influenced the
results in terms of Fe concentrations.

There are no data concerning the §7°Fe of aerosols emit-
ted by volcanic activity. The typical 8%°Fe range of vol-
canic rocks is —0.3 %o to 0.3 %o (Fantle and DePaolo, 2004,
Heimann et al., 2008), whereas it is possible that volcanic
emissions have a low §7°Fe value as a result of isotope frac-
tionation during evaporation, considering that Fe evaporates

Atmos. Chem. Phys., 21, 16027-16050, 2021
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as gaseous Fe chloride (FeCl; or FeCl3), based on thermody-
namic calculations (Symonds et al., 1992); further studies are
required to investigate this. According to the volcanic erup-
tion database (Global Volcanism Program, Smithsonian In-
stitution, https://volcano.si.edu/, last access: 30 May 2021),
there were several volcanic activity events around the Aleu-
tian Islands during the sampling periods. However, low 8°°Fe
values were not observed around this area, suggesting that
volcanic emission was not the reason for the low §°°Fe val-
ues observed in the present study.

To the best of our knowledge, there are no reported aerosol
sources with a low 87Fe other than anthropogenic combus-
tion Fe. Thus, we conclude that the low §7°Fe values were
due to the presence of combustion Fe.

Atmos. Chem. Phys., 21, 16027-16050, 2021

4.1.2 The origin of Fe with §°°Fe values close to or
higher than 0 %o

Most of the coarse particles and some of the fine particles
from samples collected over the open ocean yielded §7°Fe
values close to 0.0 %o, which is the typical value of crustal
materials (Beard et al., 2003; Johnson et al., 2003). Consid-
ering that the major source of Fe is mineral dust, most of the
particles can be considered to be of crustal origin.

83%Fe values as high as 0.45 %o were observed in some of
the samples, especially those collected over the open ocean.
We confirmed that these values were not caused by inter-
ference from any other elements during measurements, such
as 2*Cr on 3*Fe or “°Ar?3Na on %Cu. On the whole, high
8%Fe values tended to be observed when the Fe concentra-
tion was low (<5 ng m3, Fig. S8a). Labatut et al. (2014) also

https://doi.org/10.5194/acp-21-16027-2021
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reported that §°°Fe values (0.27 & 0.15 %o to 0.38 & 0.08 %o)
in the western equatorial Pacific were relatively high com-
pared with those of typical mineral aerosols. Possible expla-
nations for these high 5%°Fe values are (i) another Fe source
with high §°°Fe values or (i) the long-range transport of
lithogenic aerosols along with a change in §°°Fe values.

In the case of (i), several sources can be considered, such
as mineral dust with high 8°°Fe values and sea spray aerosol
(SSA). The 8°°Fe values of crustal materials typically lie
within the range of —0.3 %o to 0.3 %o (Fantle and DePaolo,
2004; Johnson et al., 2003; Majestic et al., 2009; Mead et
al., 2013), and an average 83°Fe value of 0.09 + 0.03 %o has
been reported for the Chinese Loess Plateau (Gong et al.,
2017). However, Fe isotope fractionation can occur during
continental weathering, the extent of which is determined by
the combination of equilibrium and kinetic processes (Cor-
nell and Schwertmann, 2003; Dideriksen et al., 2010; Liu
et al., 2014; Wiederhold et al., 2007). If such minerals are
selectively transported as aerosols, §°°Fe values that are dif-
ferent from the average dust values may be observed. How-
ever, such high §°°Fe values have not been reported in coarse
aerosols on land, which contain a larger fraction of mineral
dust. Therefore, the reason why only marine aerosols show
such high 8°°Fe values is unclear. Surface seawater gener-
ally has a high 8%°Fe of dissolved Fe up to 0.7 %o as a re-
sult of biological uptake of lighter Fe (Conway and John,
2014; Ellwood et al., 2015; Radic et al., 2011). The concen-
tration of dissolved Fe in the surface seawater of the open
ocean in the North Pacific is generally low, typically less
than 0.2 nmol L~! (Nishioka and Obata, 2017), whereas its
concentration is approximately 2 orders of magnitude higher
in SSA compared with its concentration in the surface sea-
water, according to Weisel et al. (1984). Although no data
are available concerning the 8°°Fe of SSA, it is possible that
high values of 8°°Fe are reflected in SSA. Considering that
SSA contains Na as the main component, the Fe/Na molar
ratios and §°°Fe values were compared (Fig. S8b). However,
no clear trend was obtained, suggesting that the high §3°Fe
values cannot be explained by the presence of SSA alone.

In the case of explanation (ii), in which the long-range
transport of lithogenic aerosols is accompanied by a change
in 83°Fe values, a proportion of each particle with a low
83%Fe value needs to be selectively removed to change the
aerosol 8°°Fe values during transport. For example, consid-
ering the photochemical or acidification process of a single
particle, the surface of the particle preferentially reacts with
acidic water and becomes more soluble, isotope fractionation
occurs between the soluble and insoluble phases, and the sol-
uble and insoluble phases become enriched with lighter and
heavier Fe isotopes, respectively (Kiczka et al., 2010; Revels
et al., 2015; Wiederhold et al., 2006). However, the selec-
tive removal of the soluble phase of the particle is needed
to change aerosol 8§°°Fe values. Although soluble Fe is pref-
erentially incorporated into clouds and removed by precip-
itation, it is unknown whether the selective removal of the
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soluble phase in a single particle occurs. In addition, there
was no relationship between the §°°Fe value and the average
solar radiation flux calculated along the backward trajectory,
suggesting that the high §7°Fe values cannot be explained
solely by the difference in photochemical activity (Fig. S9a),
although we could not discuss the extent of the acidification
process. This possibility, therefore, requires further study.

Although it is not easy to obtain any clear conclusions at
present, clarifying the reason for the high §7°Fe will lead to
a better understanding of the transport processes and sources
of Fe. We plan to investigate this in the future, as the cur-
rent study was focused on whether the low §°°Fe observed is
caused by combustion processes.

4.2 Factors controlling fractional Fe solubility

As discussed in Sect. 4.1, low 8%°Fe values suggest the pres-
ence of combustion Fe. By comparing the §°°Fe values of
total (acid-digested) Fe and fractional Fe solubilities, the im-
portance of combustion Fe as a controlling factor to deter-
mine fractional Fe solubility can be discussed. A good cor-
relation between the fractional Fe solubility and §°°Fe value
of the total Fe was observed in the group I samples (Fig. 8a).
Assuming that combustion Fe has a constant §°°Fe value, a
lower 8°°Fe value corresponds to a larger fraction of combus-
tion Fe in a sample. The fact that the soluble fraction in the
fine particles of group I yielded 57°Fe values lower than the
total (acid-digested) Fe (Table S5) indicated that combustion
Fe with a low §°°Fe value was preferentially extracted.

Previous studies have suggested that combustion Fe is
more soluble than natural Fe because it is present mainly
as an amorphous glass or aggregates of iron (hydr)oxide
nanoparticles, which have higher solubilities and dissolution
rates than the natural Fe that is usually found in aluminosili-
cate structures (Chen et al., 2012; Ito and Shi, 2016). Further-
more, combustion Fe is often emitted along with other acids,
such as sulfates, leading to greater aerosol acidity and thus
larger fractional Fe solubility (Buck et al., 2006; Ingall et al.,
2018; Li et al., 2017). Our results indicated a weak correla-
tion between the fraction of (hydr)oxides and the 83%Fe value
(Fig. 8c) and between the fraction of (hydr)oxides and the
fractional Fe solubility in the group I samples, although there
were insufficient data concerning the latter (n = 4, Fig. 8e).
These results indicated that combustion Fe contained a large
fraction of (hydr)oxides, which was partially responsible for
the high fractional Fe solubilities. Therefore, the presence
of combustion Fe was an important factor in controlling the
fractional solubility in the area from which the group I sam-
ples were taken.

The fractional Fe solubilities of the group II and III sam-
ples were not correlated with §°°Fe (Fig. 8b); although their
8%0Fe values were close to or higher than 0 %o, their fractional
Fe solubilities varied from 0.1 % to 23 %. Therefore, factors
other than the effect of combustion Fe may be more impor-
tant for controlling the fractional Fe solubility in the open
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ocean. Although some of the fine particles showed higher
fractional Fe solubilities when the fraction of (hydr)oxides
was high, this was not the case for the other samples
(Fig. 8d), suggesting that the presence of (hydr)oxides cannot
fully explain the variation in the fractional Fe solubilities. A
high solar radiation flux enhances photochemical reduction
of Fe(IlI), especially under the presence of organic ligands,
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which can change fractional Fe solubilities and Fe species
(Chen and Grassian, 2013; Pehkonen et al., 1993). Because
KH-13-7 and KH-14-3 samples were collected during winter
and summer, respectively, their solar radiation fluxes were
substantially different (Tables S1 and S2). However, we did
not find any effects of solar radiation fluxes on fractional Fe
solubilities and Fe species between the winter (KH-13-7) and
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the summer (KH-14-3) samples (Fig. S9b and c). One possi-
bility is the presence of other Fe species with high fractional
Fe solubilities that could not be detected by XAFS analysis
(due to smaller fractions of <10 %). For example, Fe sulfate
has a high fractional Fe solubility, which was only found by
p-XAFS analysis (Fig. S5). In addition, other factors, such as
in situ aerosol acidity or the presence of Fe-binding organic
ligands (e.g., oxalate), may be important for Fe dissolution
following long-range atmospheric transport (Chen and Gras-
sian, 2013; Ito and Shi, 2016).

As noted in Sect. 3.2, high fractional solubilities were ob-
tained when Fe concentrations were low (Fig. S3). This trend
is considered to be caused by (i) the longer lifetime of fine
particles that contain large amounts of combustion Fe with
high fractional solubility and/or (ii) an increase in the frac-
tional Fe solubility during atmospheric transport (Mahowald
et al., 2018). From a scatter plot showing the atmospheric Fe
concentration and fractional Fe solubility in which the color
scale shows the difference in the values of §7°Fe (Fig. S10),
the importance of the presence of combustion Fe can be in-
vestigated. A high fractional Fe solubility was not obtained
only when the 5°°Fe was low, again suggesting that a com-
bination of several factors controls fractional Fe solubility.
The processes that influence fractional Fe solubility could be
investigated using the Fe isotope ratio as another parameter.

4.3 The contribution of combustion Fe to marine
aerosols

We estimated the relative contribution of combustion Fe
based on the mass balance equation for coarse (>2.5 um) and
fine (<2.5 um) particles using the following equations:

56 56
87°Fefine = 6” Fecombustion X feombustion-fine

56
+ 87 Fenatural X (1 — fcombustion-fine) s (6)
56 56
) Fecoarse = ) Fecombustion X f combustion-coarse
56
+ 87 Fenatural X (1 — fcombustion-coarse) @)

where fcombustion-fine a1d feombustion-coarse are the fractions of
combustion Fe in fine and coarse particles, respectively. The
representative §°°Fe value of combustion Fe was estimated
to be —3.9%o to —4.7 %o based on the §°°Fe values of the
aerosol samples collected at various sites, which included
suburban areas and sites near sources of anthropogenic emis-
sions (Kurisu et al., 2016a, 2016b, 2019; Kurisu and Taka-
hashi, 2019). The 87°Fe value of natural Fe was assumed to
be the same as the crustal average of 0.0 %o (Beard et al.,
2003). We assumed that samples were of natural origin even
when they exhibited values of §°Fe higher than 0.0 %o based
on the discussion in Sect. 4.1. Although the evaluation of
samples 14-N and 14-O has been already discussed in Kurisu
et al. (2016b, 2019), in the present study these results were
combined with the data describing the other 18 samples.
The calculated fractions of combustion Fe in fine and
coarse particles were up to 50 % and 6 %, respectively, near
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the Japanese coast and up to 21 % when calculating the
fraction for the bulk (fine + coarse) particles. These results
suggest the importance of combustion Fe even in marine
aerosols (Fig. 9, Table 1). The fractions in the group I sam-
ples were higher in the summer (KH-14-3, on average 20 %)
than in the winter (KH-13-7, on average 6 %), which suggests
that the influence of mineral dust from East Asia was greater
during the winter (KH-13-7) than the summer (KH-14-3).
However, the influence of combustion Fe was only seen in
group I (approximately 2000-3000 km from East Asia) and
was not observed in the group II and III regions. Natural Fe
was more important when air masses were from the eastern,
central, or northern Pacific.

The fraction of combustion Fe to soluble Fe was also cal-
culated from the §°°Fe of the soluble component in sample
13-e (—1.14 £ 0.03 %o, Table S5). We assumed that the §7°Fe
of the soluble component of combustion Fe is the same as
the total fraction (—3.9 %o to —4.7 %) and that the §7°Fe of
the soluble component of natural Fe is the same as that of
the coarse particles in 13-e (—0.27 £ 0.03 %o, Table S5) con-
sidering that kinetic isotope fractionation of natural Fe also
occurred in the fine particles, as discussed in Sect. 3.4. The
ratio of combustion Fe in the soluble Fe of fine particles was
approximately 22 42 %, which was higher than that of the
total (soluble + insoluble) Fe (11 4 %, Table 1). From these
results, the fractional Fe solubilities of natural and combus-
tion Fe could also be calculated according to the following
equation:

fractional Fe solubility ., (%) =
(SFefine X fsol-comb-fine)
(TFefine X fotal-comb-fine)

x 100, (8)

where SFegne and TFeg,e are the soluble and total (acid-
digested) Fe concentrations, respectively, and fsol-comb-fine
and fiotal-comb-fine are the fractions of combustion Fe in the
soluble and total fractions, respectively, estimated by Eq. (6).
The same calculation was conducted for natural Fe. The cal-
culated fractional Fe solubilities were 0.9 % and 11 % for nat-
ural and combustion Fe, respectively. The higher fractional
Fe solubility of combustion Fe than natural Fe again sug-
gests the importance of combustion Fe as a source of soluble
Fe, even though the emissions of combustion Fe are much
smaller than natural Fe emissions.

4.4 Comparison with a model estimation

The contributions of combustion Fe to the rotal (solu-
ble 4 insoluble) Fe in the marine aerosols estimated by the
IMPACT model during the sampling periods were compared
with those estimated by the Fe isotope ratios (Table 1).

The contributions from combustion Fe estimated by the
Fe isotope ratios and the IMPACT model were similar in
fine particles of groups I and II (Table 1). The high pro-
portions of combustion Fe in the fine particles in group I
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were not determined. The figures were produced using Ocean Data View (Schlitzer, 2020).

were reproduced mainly by Comp 3 (anthropogenic combus-
tion on land, mainly from coal combustion and the steel in-
dustry) in the IMPACT model, whereas there were smaller
contributions from oil combustion. The low contributions of
combustion Fe in group II were also reproduced by the IM-
PACT model. Although only the §°°Fe of fine particles of
sample 14-L could be analyzed in group III, the IMPACT
model estimated relatively large contributions from combus-
tion Fe (mainly oil combustion) in group III, which was not
suggested by the Fe isotope ratio. It is possible that (i) the
IMPACT model overestimated the contribution of Fe from
oil combustion in remote oceans or (ii) the §°°Fe value of
combustion Fe estimated at —3.9 %o to —4.7 %o could not be
applied to the estimation of the contribution of oil combus-
tion. Because most Fe in liquid fuels might be released into
the atmosphere (e.g., 93 % according to Wang et al., 2003),
there might be limited Fe isotope fractionation during oil
combustion. As there are no data concerning the §7°Fe of at-
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mospheric aerosols emitted by the combustion of oil, further
studies regarding the §7°Fe value of a more specific source
are required.

The combustion Fe fractions in coarse particles estimated
by the model were often higher than the isotope-based esti-
mates, especially near the Japanese coast (Table 1). A pos-
sible reason for this difference is the various characteristics
of the “combustion Fe” that are included in the calculation.
Combustion Fe estimated by the Fe isotope ratios is limited
to Fe with low values of 7°Fe, which is emitted by evapora-
tion under high-temperature conditions. Such evaporated Fe
comprises aggregates of Fe (hydr)oxide particles mainly con-
tained in fine-sized particle fractions (Kurisu et al., 2016a, b,
2019). In contrast, the model estimates emissions from an-
thropogenic combustion sources based on the emission in-
ventory dataset produced by the Community Emission Data
System (Hoesly et al., 2018) and the Fe fraction for each par-
ticle size and from each emission source (Ito et al., 2018).

https://doi.org/10.5194/acp-21-16027-2021
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Table 1. Comparison of the contribution of combustion Fe to total Fe estimated by the Fe isotope ratio and the IMPACT model. * Errors
were calculated based on 2 SD of the §°°Fe of samples and combustion Fe.

Sample  Group

Contribution of combustion Fe to total Fe in aerosols (%)

Fine ‘ Coarse ‘ Fine + coarse
Isotope™ IMPACT model ‘ Isotope IMPACT model ‘ Isotope IMPACT model
(i1) Anthropogenic (iii) Oil (ii) Anthropogenic (iii) Oil (ii) Anthropogenic (iii) Oil
combustion on land  combustion combustion on land  combustion combustion on land  combustion
(mainly coal (mainly coal (mainly coal
combustion) combustion) combustion)

13-a I 34+6 36 1 2+4 1 0 13+£3 34 1
13-b I 0 17 1 0 0 1 0 16 1
13-¢c 11 0 3 0 0 0 0 0 3 0
13-d I 10+7 21 1 0 0 0 2+1 17 1
13-e I 11+4 26 1 0 39 0 4+1 32 1
14-A I 15+5 4 7 NA 0 3 NA 4 7
14-B I 0 1 1 0 0 5 0 1 1
14-C I 0 1 2 0 0 2 0 1 2
14-D T NA 0 2 NA 0 10 NA 0 2
14-E T 0 0 1 0 0 0 0 0 1
14-F T 0 1 1 0 1 1 0 1 1
14-G I 0 1 1 0 31 2 0 1 1
14-H I 0 2 3 0 17 2 0 3 3
14-1 11 NA 1 3 0 0 14 NA 1 3
14-J I NA 6 16 0 0 0 NA 6 14
14-K I NA 6 12 0 0 1 NA 5 10
14-L I 0 4 8 0 1 1 0 4 7
14-M I NA 3 9 0 0 0 NA 3 8
14-N I 3446 9 7 0 1 0 18+4 8 6
14-0 I 50+38 45 5 6+6 97 0| 215 65 3

NA: not available.

Therefore, combustion Fe in the model-based estimation in-
cludes Fe emitted not only by evaporation processes but also
by other processes, such as melting and fragmentation in coal
combustion (Rathod et al., 2020), especially in coarse parti-
cles. Actually, coarse particles with relatively high EFg, val-
ues and 8%°Fe close to 0 %o observed near the Japanese coast
suggest the presence of anthropogenic Fe, which was not
emitted by evaporation. This could have led to a larger contri-
bution from combustion Fe to the coarse particles near emis-
sion sources. Considering that the low §3°Fe corresponds to
high fractional Fe solubility, it is suggested that evaporated
Fe has high fractional Fe solubility and that the §°°Fe is im-
portant to estimate the contribution of combustion Fe with
high fractional solubility, although not all combustion Fe es-
timated by the model is included.

These results also indicate the importance of using §7°Fe
data on size-fractionated aerosols to evaluate the combus-
tion Fe emission estimated by the model. To explain this,
the 8°°Fe values were reproduced according to Eq. (6) us-
ing the fcombustion €stimated by the IMPACT model and were
compared with the observational results (Fig. 10). When the
8°°Fe values were reproduced for the bulk (coarse + fine)
particles based on the results of the IMPACT model, they
were much lower than the observed §°°Fe values, especially
in group I samples. However, when calculating the values for
fine particles only, they were better reproduced. Thus, the re-
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duction in the combustion Fe emissions to fit the observed
higher bulk §°°Fe could mislead the model into underesti-
mating the contribution of combustion Fe.

It should also be noted that the calculation of the fractions
of combustion Fe largely depends on the §3°Fe of combus-
tion Fe. Conway et al. (2019) conducted a similar compar-
ison by applying —1.6%o as the §°°Fe of combustion Fe,
which is higher than that used in this study. They estimated
50 % to 100 % of the contribution of combustion Fe to sol-
uble Fe in European and North American aerosols and sug-
gested the underestimation of combustion Fe in a model cal-
culation. As studies on the 5§°Fe of combustion Fe are lim-
ited, further studies into the 87°Fe of combustion Fe from
various sources and in different regions will lead to a more
quantitative understanding of the fraction of combustion Fe,
which in turn will contribute to a more accurate prediction of
the distribution of natural and combustion Fe in aerosols.

To further clarify the reasons for the difference between
the observed and model results, the Fe concentration of each
source was compared with that estimated by the model.
Although the bulk (fine + coarse) Fe concentrations were
reproduced well by the model, the model underestimated
the coarse Fe concentrations and overestimated the fine
Fe concentrations compared with those from observations
(Fig. S11). This is partly because of the different size dis-
tribution of mineral dust from observations and the IMPACT
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model (Fig. S11a and b); the IMPACT model tended to un-
derestimate the contribution of coarse mineral dust, as pre-
viously suggested by Adebiyi and Kok (2020) and Ito et
al. (2021b). The extent of overestimation and underestima-
tion was larger when the Fe concentrations were low. Ob-
servational data on Fe concentrations and §°°Fe for size-
fractionated aerosols in the open ocean will help improve the
accuracy of the model estimation.
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4.5 Contribution of atmospheric Fe deposition to the
surface seawater

Our results suggest that Fe from anthropogenic combustion
is an important source of soluble Fe in air masses from the
direction of East Asia. The dry deposition fluxes (F') of total
and soluble Fe from combustion and natural Fe were roughly
estimated for each group according to the following equa-
tion:

F=CxV, €))

where C is the atmospheric Fe concentrations, in which the
average total and soluble Fe concentrations in each group
were used for the calculation. V is the deposition rate of
coarse and fine particles, which was assumed to be 1000 and
260md~!, respectively, although these values can change
depending on the wind speed and humidity (Buck et al.,
2019; Duce and Tindale, 1991). To calculate the soluble Fe
concentrations of the combustion and natural Fe in group I,
the fractional Fe solubilities of combustion and natural Fe
were estimated to be 11 % and 0.9 %, respectively, based on
the values calculated from sample 13-e in Sect. 4.3.

The deposition fluxes of total Fe in group I were ap-
proximately 201 and 15nmolm~2d~! for the natural and
combustion sources, respectively (Table S8, Fig. 11), while
those of soluble Fe were 2.9 and 1.4 nmol m~2 d-1, respec-
tively. Group I received a large contribution of combustion
Fe (33 %) to the soluble Fe flux, suggesting the importance of
combustion Fe as a source of soluble Fe in surface seawater
despite its lower emission than natural sources. When con-
sidering the contribution of soluble Fe to the surface ocean,
combustion and natural aerosol deposition could be impor-
tant compared with other Fe sources, which are mainly trans-
ported from deeper layers of seawater, although this largely
depends on the area and the season with a wide range of
Fe flux from 0.5 to 20 nmol m~2d~! (Nishioka et al., 2007,
2020). Although there were no observational data for wet de-
position in the present study, wet deposition flux has been
shown to be larger than dry deposition flux in the western
North Pacific (Uematsu et al., 1985). The IMPACT model
also estimated the soluble Fe flux by dry and wet deposi-
tions during the group I sampling period, in which dry de-
position accounted for up to 20 % of the total deposition
flux (Fig. S12), indicating a much larger bulk (wet—+ dry)
deposition flux of soluble Fe than the dry deposition only.
If the contribution of combustion Fe to surface seawater is
substantial, the low 8%9Fe could be reflected in the surface
seawater (Pinedo-Gonzalez et al., 2020). Simultaneous sam-
pling and Fe isotope analysis of aerosols and surface seawa-
ter should allow the direct investigation of the importance of
Fe in aerosols to the budget of soluble and insoluble Fe in the
surface seawater.

The Fe deposition fluxes in groups II (27 and
0.2nmolm~2d~! for total and soluble Fe, respectively) and
III (32 and 0.4 nmol m~2d~! for total and soluble Fe, respec-
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tively) were only from natural sources. They were lower than
those in group I by an order of magnitude (Table S8) and also
considerably lower than those observed in previous studies
(Buck et al., 2019; Duce and Tindale, 1991; Uematsu et al.,
1983, 1985). Previous studies have reported the long-range
transport of a large quantity of mineral dust to the central
North Pacific during spring (e.g., Buck et al., 2006; Uematsu
et al., 1983). Therefore, if air masses are transported from
the direction of East Asia, it is possible that the larger in-
fluence of atmospheric Fe, including combustion Fe, could
occur more widely and also contribute to the increase in the
supply of Fe to HNLC regions.

5 Conclusions

Size-fractionated aerosol samples were collected in the
northwestern Pacific to estimate the relative contribution
of anthropogenic combustion Fe and natural Fe to marine
aerosols and to investigate the factors that control fractional
Fe solubility. Air masses from the direction of East Asia in-
cluded fine particles that yielded 87°Fe values 0.5 %o to 2 %o
lower than those of the coarse particles because of the pres-
ence of combustion Fe. The 8°°Fe values of coarse and fine
particles in air masses from the eastern, central, or northern
Pacific were close to the crustal value. It was also found that
in air masses from the direction of East Asia, fractional Fe
solubilities are mainly controlled by the presence of combus-
tion Fe. The proportion of combustion Fe in the total Fe in

https://doi.org/10.5194/acp-21-16027-2021

marine aerosols was up to 51 % and 20 % in fine and bulk
(fine + coarse) particles, respectively. In addition, the con-
tribution of combustion Fe was greater in the soluble com-
ponent, suggesting the importance of combustion Fe as a
source of Fe in the surface ocean. However, the influence of
combustion Fe was limited in the vicinity of East Asia, and
natural Fe was the main source of aerosol Fe in air masses
from the eastern, central, or northern Pacific. The compar-
ison of the contribution of combustion Fe estimated by the
IMPACT model with that estimated by the Fe isotope ratio
suggested that 8°°Fe values of size-fractionated aerosol are
important to make this comparison due to the different char-
acteristics of “combustion Fe” included in the different ap-
proaches, in which combustion Fe estimated using Fe isotope
ratios is limited to particles emitted by evaporation mainly
contained in fine particles. Considering that the 8°°Fe val-
ues were correlated with fractional Fe solubilities, isotope-
based estimation is important when discussing the contri-
bution of combustion Fe with high fractional Fe solubility.
Although the influence of combustion Fe was limited adja-
cent to the Japanese coast in terms of samples in this study
with relatively lower concentrations of Fe, the contribution
may be much larger when air masses are transported to the
open ocean from East Asia, such as during springtime in the
Northern Hemisphere. This study showed the applicability
of Fe isotope data to further understanding atmospheric Fe
sources and their fractional Fe solubilities. The large con-
tribution of combustion Fe to the marine atmosphere also
suggests the possible contribution of combustion Fe to the
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surface seawater. Iron isotope data will help clarify the con-
tribution of combustion Fe to seawater; it is anticipated that
this will lead to a more quantitative understanding of Fe cy-
cling in the atmosphere—surface ocean system.
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