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Abstract.

Atmospheric deposition of aerosol iron (Fe) can stimulate marine primary productivity by supplying dissolved Fe (d-Fe) to the
surface ocean, thereby potentially influencing the global climate. Aerosol Fe solubility (Fes1%) is closely linked to its
bioavailability, and previous studies have shown that Fes,% generally increases as aerosol Fe concentration decreases.
However, the mechanism underlying this widely observed inverse relationship remains unresolved. In this study, aerosol
observations from East Asia, the North and South Pacific, and the Atlantic were compiled, and the enrichment factor of total
Fe (EFtre = (T-Fe/T-Al)acrosol/(T-Fe/T-Al)crust) and dissolved Fe to dissolved Al ([d-Fe]/[d-Al]) were used to estimate the
contributions of mineral-derived and anthropogenic Fe to aerosol d-Fe, as well as the Fes,% of each source fraction. Aerosol
d-Fe was found to be derived predominantly from mineral dust in many oceanic regions. In addition, both mineral-derived Fe
and anthropogenic Fe showed inverse relationships between concentration and solubility. If the inverse relationship between
Fe concentration and Fe,0% were controlled mainly by simple two-component mixing between low-solubility mineral particles
and highly soluble anthropogenic Fe, the Fes% of each source fraction would not be expected to vary systematically with
concentration. Instead, the results suggest that atmospheric chemical processing, together with depositional removal during
transport, progressively increases the solubility of Fe remaining in aerosol particles. The ability to estimate the sources and
dissolution processes of aerosol Fe from such fundamental concentration data may help improve the parameterization of

aerosol Fe dissolution in global climate models.
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1 Introduction

Aerosol particles play a central role in the biogeochemical cycling of the Earth's surface environment. One key process
is the fertilization of the oceans by aerosol-derived iron (Fe) (Jickells et al., 2005; Mahowald et al., 2009; Kanakidou et al.,
2018). In high-nutrient, low-chlorophyll (HNLC) regions, primary production is limited by the scarcity of dissolved iron (d-
Fe) in surface waters (Martin and Fitzwater, 1988; Martin, 1990; Martin et al., 1994; Boyd et al., 2007). The addition of d-Fe
to these regions stimulates the biological pump, thereby influencing the cycling of carbon, nitrogen, sulfur, and Fe (Charlson
et al., 1987; Krishnamurthy et al., 2009; Jin et al., 2008). Aerosols are recognized as a major source of d-Fe to the surface
ocean, and numerous studies have examined this contribution (Baker et al., 2006a, 2006b, 2013, 2020; Buck et al., 2006, 2010a,
2010b, 2013; Chance et al., 2015; Shelley et al., 2018; Marsay et al., 2022; Sakata et al., 2022; Kurisu et al., 2021, 2024).
These studies indicate that the fractional Fe solubility (Fes1%) in aerosols is primarily governed by (i) differences in Fes%
among emission sources (e.g., mineral dust, volcanic ash, anthropogenic aerosols) and their relative abundances, and (ii)
chemical alterations, including proton-promoted, ligand-promoted, and photoreductive Fe dissolutions. However, the relative
importance of these factors of Fes1% remains poorly constrained (Mahowald et al., 2009, 2018; Olgun et al., 2011; Sholkovitz
et al., 2012; Ito et al., 2019; Baker et al., 2021).

Although several recent studies have examined the seasonal variability of Fes1% (Takahashi et al., 2013; Sakata et
al., 2023, 2025; Zhang et al., 2023; Chen et al., 2026), such observations remain scarce globally, contributing to uncertainty
in identifying the factors controlling Fe solubility. The supply of aerosol Fe from East Asia to the North Pacific is modulated
by seasonal variations in both natural and anthropogenic sources. Mineral dust loading typically peaks in March-May (Uematsu
et al., 1983; Zhu et al., 2020; Kawai et al., 2021), whereas concentrations of several anthropogenic pollutants increase in
December-February due to higher residential fuel combustion (Ma etal., 2017; Zhang et al., 2018; Kurokawa and Ohara, 2020).
Previous work suggests that anthropogenic Fe (anthro-Fe) generally exhibits higher Fe1% than mineral dust, implying that
seasonal changes in their relative contributions influence Fes,% overall. Aerosol pH, which controls Fe dissolution rates,
particularly for proton-promoted processes, also varies seasonally in response to temperature and humidity changes (Guo et
al., 2016; Tao and Murphy, 2019a; Song and Osada, 2020; Pye et al., 2020; Zheng et al., 2020). Consequently, Fes1% is also
expected to exhibit seasonal variability. Given that most Fe in marine aerosols originates from continental regions, long-term
observations in both marine and continental atmospheres are essential for identifying the controlling factors of Fey,%. However,
studies covering longer than one year are scarce, even at land-based sites, and conducting such long-term observations during
research cruises is particularly challenging. Moreover, only limited attempts have been made to compile existing measurement

data to systematically evaluate the seasonal variability of Fes1% and the mechanisms governing it in marine aerosols.

To understand the seasonal variability of Fes1% in aerosols collected from both terrestrial and marine atmospheres,
as well as to elucidate the controlling factors, it is essential to compile existing data and discuss them in detail. This study
compiled a global dataset from previous observational work and associated measurements of total and dissolved Fe and Al

concentrations and their solubilities. The dataset encompasses East Asia (Duvall et al., 2008; Li et al., 2015; Kurisu et al.,
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2019; Hsieh et al., 2023; Sakata et al., 2023, 2025; Seo and Kim, 2023), the North Pacific (Buck et al., 2006, 2013; Marsay et
al., 2022; Sakata et al., 2022; Kurisu et al., 2024), the South Pacific (Buck et al., 2013, 2019; Sakata et al., 2022; Perron et al.,
2020a, 2021), and the Atlantic Ocean (Baker et al., 2006a, 2006b, 2013, 2020; Buck et al., 2010a, 2010b; Chance et al., 2015).
We included Al data because a plot of the enrichment factor of total Fe (EFr.re = (T-Fe/T-Al)acrosol/(T-Fe/T-Al)crust) plotted
against the molar concentration ratio of d-Fe to dissolved Al ([d-Fe]/[d-Al]) is a useful tool for identifying emission sources
of T-Fe and d-Fe (Sakata et al., 2023). We first calculated monthly means of T-Fe and T-Al concentrations and solubilities to
characterize seasonal variabilities. We then estimated the contribution of anthropogenic-derived d-Fe to total aerosol d-Fe, and
separately evaluated the Fey % of mineral dust and anthropogenic aerosols to assess the seasonal variability of their
atmospheric alteration processes. Finally, we reanalyzed the compiled data using standardized metrics, including EFr.r. and
[d-Fe]/[d-Al], to investigate the factors controlling Fes,%. This reanalysis aimed both to clarify spatiotemporal patterns linked

to these controlling factors and to identify key gaps that should be addressed in future observational studies.

2 Methods

2.1 Data compilation of total and dissolved Fe and Al concentrations

This study primarily utilized data reported in previous observations, supplemented by our unpublished data from size-
resolved aerosol samples collected in the Pacific Ocean. Detailed descriptions of the sampling and analytical procedures for
these unpublished data are provided in Section S1 of the Supplementary Information. For data compilation, only samples for
which concentrations of T-Fe, T-Al, d-Fe, and d-Al were concurrently available were included. In certain studies, d-Fe and d-
Al concentrations were derived based on their corresponding Feg1% or Als1%. All compiled data were acquired through filter-
based collection methods. Aerosol particles were sampled using cellulose, quartz fiber, or PTFE fiber filters (Buck and Paytan,
2012; Morton et al., 2013; Sakata et al., 2018). While the majority of previous studies collected total suspended particulates
(TSP), size-fractionated aerosol samples were occasionally utilized. In this study, coarse and fine aerosol particles are defined
as those with aerodynamic diameters greater than or less than 2.5 pum, respectively. Samples were predominantly preserved by
freezing at —20°C or by storage in a desiccator at ambient temperature under dry conditions (approximately 20% relative
humidity).

Given the variability in acid digestion and extraction protocols for Fe and Al across studies, specific criteria were
established for data compilation. A critical consideration was whether hydrofluoric acid (HF) was incorporated in the digestion
process. It is known that the incomplete digestion of Si-O bonds present in aluminosilicates, due to the omission of HF, leads
to an underestimation of the T-Fe and T-Al concentrations that are substituted or trapped within the minerals (Chao and
Sanzolne, 1992; Mitra and Rimstidt, 2009). Therefore, in this study, we only compiled concentrations obtained from aerosol

samples digested with acids that included both HNOs and HF, following the methodology of Morton et al. (2013). These
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elemental concentrations were primarily determined by inductively coupled plasma mass spectrometry (ICP-MS) or
inductively coupled plasma optical emission spectroscopy (ICP-OES), with occasional utilization of X-ray fluorescence
analysis (XRF) in the absence of total acid digestion.

Extraction solutions (e.g., ultrapure water, weak or strong ligand solutions), extraction methodologies (batch versus flow-
through), and extraction durations varied among the referenced studies (Sholkovitz et al., 2012; Baker and Croot, 2010; Clough
et al., 2020; Perron et al., 2020b). In this study, Fe extracted by ultrapure water and ammonium acetate buffer were uniformly
classified as d-Fe, with the same approach applied for Al. Most aerosol samples from East Asia and the Pacific were extracted

using ultrapure water, whereas a subset of Atlantic samples underwent extraction using ammonium acetate buffer at pH 4.7.

2.2 Enrichment factor of Fe

To evaluate the sources of T-Fe in aerosol particles (i.e., mineral Fe or anthro-Fe), the enrichment factor of Fe (EFrrc) in

aerosol particles is calculated by the following equation:

(T_F T_Al)aeroso
EFr_pe = - : (Eq. 1)

(T—FE/T_Al)upper continental crust

where (T-Fe/T-Al)acrosol or upper continental crust ar€ mass ratio of T-Fe relative to T-Al ratio in aerosol particles and the average upper
continental crust (UCC), respectively. Considering that T-Fe/T-Al ratio of the UCC varies among literatures, the EFr.r. for all
aerosol particles were recalculated. In this study, a mean T-Fe/T-Al ratio of 0.52 + 0.12, derived from five reported values for
the upper continental crust, was used as the reference value to account for variability in crustal T-Fe/T-Al ratios (Turekian,
1961; Taylor, 1964; Taylor and McLennan, 1995; Wedepohl, 1995; Rudnick and Gao, 2003). EFrr. values exceeding 10 are
commonly used to indicate a substantial contribution from anthro-Fe. This threshold corresponds to a measured T-Fe/T-Al
ratio in aerosol particles exceeding 5.2. In this study, a lower EFr.r. threshold of 2.0 was adopted to include samples with
possible anthro-Fe contributions; this threshold corresponds to a measured T-Fe/T-Al ratio exceeding 1.04. This decision was
made because even after accounting for the T-Fe/T-Al ratio and twice its standard deviation in source samples of Asian dust,
Saharan dust, and other mineral dust, a statistically significant difference remained compared to twice the T-Fe/T-Al ratio of

upper continental crust (Liu et al., 2022).

2.3 Principle for a diagram between the EFr.rc and [d-Fe]/[d-Al] ratio

The [d-Fe]/[d-Al] ratio and EFr.f. in acrosol particles vary depending on emission sources and the dissolution processes
of aerosol Fe (Sakata et al., 2023). The dominant sources of T-Fe and d-Fe in aerosol particles can be categorized into five
groups (Figure 1). EFr.r. (vertical axis) is elevated by the influence of T-Fe-rich anthropogenic aerosols, whereas [d-Fe]/[d-
Al] (horizontal axis) fluctuates mainly due to mineral dust dissolution processes, including proton-promoted and ligand-
promoted dissolutions, and the input of highly soluble anthro-Fe. Aerosol samples strongly influenced by mineral dust are

predominantly plotted within areas (i) and (ii), both characterized by EFr.r. below 2.0. These areas differ based on the
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dissolution mechanisms of mineral dust. Area (i): [d-Fe]/[d-Al] ranging from 0.1 to 1.0 is associated with proton-promoted
dissolution (Kodama and Schnitzer, 1973; Desboeufs et al., 2001; Lowson et al., 2005; Duvall et al., 2008; Shi et al., 201 1a,
Bibietal., 2015; Bray et al., 2015). Area (ii): [d-Fe]/[d-Al] over 1.0 is associated with ligand-promoted dissolution, for example
by oxalate (Kodama and Schnitzer, 1973; Bray et al., 2015). Indeed, [d-Fe]/[d-Al] ratio of Asian dust (0.24 = 0.20) and Arizona
test dust (0.23 + 0.01) were within the range. Saharan dust has a [d-Fe]/[d-Al] ratio of 0.10 + 0.04, close to the lower limit of
the [d-Fe]/[d-Al] ratio observed for aluminosilicate minerals (Shi et al., 2011a; Desboeufs et al., 2024). Area (ii), where [d-
Fe]/[d-Al] exceeds 1.00, is associated with ligand-promoted dissolution, for example by oxalate (Kodama and Schnitzer, 1973;
Bray et al., 2015).

Aerosol particles plotted in areas (iii) and (iv) are influenced by anthro-Fe, indicated by EFr.r. greater than 2.0, with the
distinction between these areas being the solubility of the anthro-Fe. In area (iii), insoluble anthro-Fe is primarily thought to
stem from sources like non-exhaust vehicle particles (e.g., brake pad wear) and steel slag, which exhibited high T-Fe/T-Al
ratio compared to mineral dust. The Fe% of these anthro-Fe (<0.01%) is markedly lower than that of fresh mineral dust
(Feso1%: 0.10-1.00%) (Shupert et al., 2013; Halle et al., 2021; Cui et al., 2025). As a result, although anthro-Fe contributes to
enhance T-Fe/T-Al ratio, it has little impact on [d-Fe]/[d-Al] ratio. Therefore, [d-Fe]/[d-Al] ratio of aerosol particles in area
(iii) is similar to mineral dust. In contrast, the anthro-Fe in area (iv) is easily dissolved, leading to an increase in the [d-Fe]/[d-
Al] ratio. The readily soluble anthro-Fe discussed here includes both initially soluble anthro-Fe with high Fes,% at emission
and initially insoluble anthro-Fe plotted in area (iii), which subsequently becomes more soluble through proton-promoted and
ligand-promoted dissolutions. Finally, aerosol particles in area (v) originate from aluminosilicate glasses primarily emitted
during combustion processes, including coal burning and municipal solid waste incineration, and are characterized by a [d-
Fe]/[d-Al] ratio below 0.10 (Seidel and Zimmels, 1998; Praharaj et al., 2002; Kim et al., 2003; Huang et al., 2007; Chang et
al., 2009; Gitari et al., 2009; Komonweeraket et al., 2015)). Additionally, some samples from the Sharan Desert showed values
below 0.1, suggesting that these sources may also occasionally contribute (Shi et al., 2011a; Desboeufs et al., 2024).

Assuming a binary mixing between areas (i) and (iv) in Figure 1, the fractions of d-Fe derived from mineral dust (fuinerar-

are) and anthro-Fe (funmro-are) In aerosol particles are estimated by the following equations:

fmineral—dFe + fanthro—dFe =100% (Eq~2)

d—Fe d-Fe d-Fe
([d—Al])aerosol - ([d—Al])mineral X fmineral—dFe + ([m])anthro X fanthro—dFe (Eq~ 3)

A key limitation of this approach is the selection of appropriate representative [d-Fe]/[d-Al] for mineral dust and anthro-Fe.

Representative [d-Fe]/[d-Al] ratios of mineral dust in East Asian/North Pacific and Atlantic aerosols were determined utilizing
the values derived from Asian dust (= 0.24 + 0.20, Duvall et al., 2008) and Saharan dust (=0.11 £ 0.06, Desboeufs et al., 2001,
2024; Shi et al., 2011a). The mean [d-Fe]/[d-Al] ratio of fine aerosol particles collected in East Asia exceeding 1.5 was adopted
as the representative [d-Fe]/[d-Al] ratio for anthro-Fe, yielding a value of 2.67 + 1.88 (Sakata et al., 2023).

Previous studies have reported that Fe,,1% and Als,1% obtained by acetate buffer extraction are higher than those obtained

by ultrapure water extraction (Clough et al., 2019; Perron et al., 2020b; Tang et al., 2025). However, the increase in Fes,%



caused by acetate buffer extraction varies widely among studies, ranging from 1.4- to 7.0-fold (Perron et al., 2020b; Tang et
al., 2025), making it difficult to apply a consistent correction factor. Therefore, no correction was applied to the solubilities
160 obtained by acetate buffer extraction in this study. In addition, because the ratio of the increases in Fes,% and Als% does not
exceed a factor of two (Tang et al., 2025), the effect of extraction method on the [d-Fe]/[d-Al] ratio is expected to be relatively
small, and no correction was applied to the [d-Fe]/[d-Al] ratios obtained by acetate buffer extraction. Therefore, the influence

of differences in extraction methods on the source apportionment of T-Fe and d-Fe based on this diagram is considered to be

limited.
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Figure 1. Relationships of emission sources of T-Fe and d-Fe with [d-Fe]/[d-Al] ratio and EFr.r.. This figure was partially
modified from Sakata et al. (2025).

2.4 Calculation of source-specific Fe solubility

170 The Feg1% and Als1% were calculated by the following equations:
0 — d—Fe
Feyy % = (T_Fe)aerm1 x100  (Eq.4)
o _ (d-Al
Al % = (_T—Al)aemso] x100  (Eq.5)

In this study, Fes1% of mineral dust and anthropogenic aerosol (mineral-Fes% and anthro-Fes, %, respectively) were evaluated

separately. Mineral-Fe and anthro-Fe concentrations were determined using the following equations:

(Eq. 6)

T-Fe

175 Mineral Fe (ng m~3) = Total Al X (T Al) .
- aeroso




180

185

190

195

200

205

Anthro Fe (ng m™3) = Total Fe — Mineral Fe (Eq. 7)
The d-Fe concentrations dissolved from mineral dust and anthro-Fe (mineral-dFe and anthro-dFe, respectively) were calculated
by multiplying the d-Fe concentration by fuinerai-are and fanmrod-re, respectively.
Mineral dFe = dFe X fiinerai—dre (Eq. 8)
Anthro dFe = dFe X f ,ihro—dre (Eq.9)

Finally, mineral-Fes,% and anthro-Fe,% were calculated using the same equation as Eq. 4.

3. Results and Discussion

3.1 Overview of global dataset

This compiled dataset integrates aerosol samples collected in East Asia with marine aerosol samples observed over the
North and South Pacific, and Atlantic for which T-Fe, d-Fe, T-Al, and d-Al concentrations were all available. In total, the
dataset includes 1,096 samples (East Asia: 428; North Pacific: 233; South Pacific: 91; Atlantic: 361), comprising TSP from all
four regions and size-resolved coarse aerosol particles and fine aerosol particles from East Asia and the North Pacific where
such measurements were available. Table 1 summarizes, for TSP in each region and basin, the dominant sources of T-Fe and
d-Fe, as well as T-Fe concentration, d-Fe concentration, Fes,%, and faumro-are. Across the full dataset, T-Fe concentrations
ranged from <0.1 to 14166.7 ng m™ (mean: 278.1 + 860.7 ng m~; median: 33.3 ng m). High-T-Fe samples occurred mainly
in East Asia, whereas samples from the North Pacific and South Pacific were concentrated in the low-T-Fe range; Atlantic
samples showed an intermediate distribution (Table 1). d-Fe concentrations ranged from <0.1 to 212.7 ng m~, with the highest
value observed in the Atlantic (Table 1). Although East Asian aerosols showed the highest mean d-Fe concentrations, the
contrast with marine aerosols was much smaller than that for T-Fe, suggesting that d-Fe concentrations in marine aerosols
cannot be explained solely by the transport flux of Fe-bearing aerosols from continental source regions.

Feq1%, which strongly affects d-Fe concentrations, showed a wide range from 0.01% to 99.95% (mean: 9.76 + 15.2%;
median: 4.57%). Mean Fe,,1% was lowest in East Asia and higher in the North Pacific, reflecting the strong influence of East
Asian outflow. By comparison, Fes1% in the South Pacific and Atlantic was lower than in the North Pacific, suggesting that
these regions are less strongly affected by processes that enhance Fes,%. As in previous studies, Fes% increased as T-Fe
concentration decreased in all regions (Figure 2a; Sholkovitz et al., 2012; Mahowald et al., 2018). This inverse relationship
was observed commonly over both land and ocean, indicating that it is a globally shared characteristic (Figure 2a). Previous
studies suggest that this relationship mainly reflects (1) preferential removal of coarse mineral dust with low solubility relative
to fine anthro-Fe with higher solubility, which increases the relative importance of anthro-Fe as aerosol concentrations decrease,
and (2) increased Fes,1% through chemical processing during atmospheric transport (Mahowald et al., 2018). The sources of
d-Fe in aerosols from each region and basin were evaluated using the [d-Fe]/[d-Al]-EFrr. diagram. Many samples had EFr.re

ratios less than 2.0 and [d-Fe]/[d-Al] ratios less than 1.0 (Figure 2b), suggesting that T-Fe was derived mainly from mineral



dust and that d-Fe was produced primarily through proton-promoted dissolution of those particles. Moreover, mean Furo-dre
was less than 10% in all regions and basins, indicating that mineral dust-derived d-Fe is globally important for Fe supply to

210 the ocean.
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Table 1. Basin-scale summary of aerosol Fe sources, T-Fe and d-Fe concentrations, Fe solubility (Fes,%), and anthropogenic contribution to d-Fe (fuumro-are) in TSPs. Values are

presented as mean + standard deviation, with ranges in parentheses. Figure numbers below each region refer to figures showing the spatial distributions of these values.

Mean T-Fe conc.  Mean d-Fe conc.  Mean Fey, % Mean funtnro-are
Area T-Fe source(s) d-Fe source(s)
(ng m”) (ng m?) (%) (%)
TSP and coarse:
TSP and coarse aerosol:
Fe dissolution from mineral dust
Mineral dust 1101.3 £ 1861.7 12.6 £27.0 35+3.2
East Asia Fine aerosols: 79+10.3
Fine aerosol: (15.6-14166.7) (0.6-98.0) (0.1-17.5)
Fe dissolution from mineral dust and
Mineral dust + anthro-Fe
anthro-Fe emitted as insoluble Fe
Fe dissolution from mineral dust:
. . Fes1% in coarse aerosols were enhanced by
N. Pacific Asian outflow of 50.0+104.4 45+73 139+ 144
chemical alteration in the marine atmosphere 6.1+10.4
(Figure 6) mineral dust (0.2-764.5) (<0.1-45.9) (0.4-74.2)
episodic anthro-Fe supply from shipping
Fe dissolution from mineral dust:
Atlantic L ) 387.2+922.9 6.9+234 62+6.8
Saharan dust cloud processing in high altitude 5.1£9.7
(Figure 9) . (0.2-5650.0) (<0.1-212.7) (0.1-50.8)
Anthro-Fe mostly insoluble
Up to 20% near
Australia.
) Mineral dust and volcanic ~ Coastal Australia aerosols affected by anthro )
S. Pacific 17.6 +£25.3 1.0+234 73+£64 Apparent high values
. influence near Heard emissions acidified aerosols.
(Figure 12) (0.1-129.8) (<0.1-8.3) (<0.1-41.9) near Heard Island are

Island

Volcanic influence near Heard Island

driven by volcanic ash

(not anthro-Fe).

References. East Asia: Duvall et al., 2008; Kurisu et al., 2019; Hsieh et al., 2023; Sakata et al., 2023, 2025; Seo and Kim, 2023. The North Pacific: Buck et al., 2006, 2013; Marsay

et al., 2022; Sakata et al., 2022; Kurisu et al., 2024. The Atlantic Ocean: Baker et al., 2006a, 2006b, 2013, 2020; Buck et al., 2010a, 2010b; Chance et al., 2015. The South Pacific:

Buck et al., 2013, 2019; Sakata et al., 2022; Perron et al., 2020a, 2021.
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3.2 East Asian aerosols

3.2.1 Monthly trends of Fe and Al concentrations

Elevated T-Fe and T-Al concentrations were primarily observed from March to May (Figure 3a), consistent with the
seasonal trend of Asian dust transport from the Gobi and Taklamakan Deserts, which peaks in March-May (Uematsu et al.,
1983; Zhu et al., 2020; Kawai et al., 2021). T-Fe concentrations correlated strongly with T-Al concentrations in TSP samples
(Figure S1a), and the mean EFrr. (1.6 £ 1.6; monthly mean: 1.2—1.9) was below 2.0, indicating that T-Fe in East Asian TSPs
were mainly derived from mineral dust. Although the mean concentrations of T-Fe and T-Al were comparable in the coarse
and fine fractions, their median concentrations tended to be higher in the coarse fraction (Figure S2a). Approximately 70% of
aerosol Fe has previously been reported to reside in coarse aerosol particles (e.g., Kurisu et al., 2019; Sakata et al., 2023, 2025).
However, these studies generally used a cutoff diameter of approximately 1.0 pm to separate coarse and fine particles. Under
the size classification used in the present study, particles with diameters of 1.0-2.5 um were included in the fine fraction. This
difference in the cutoff diameter likely explains why the fine fraction accounted for a larger proportion of T-Fe in the present
study than in previous studies.

The d-Fe and d-Al concentrations in TSP ranged from 0.6 to 98 ng m™ and from 1 to 101 ng m™, respectively (Figure
S1b). d-Fe concentrations were positively correlated with d-Al concentrations, suggesting that the two dissolved metals are
influenced by similar processes (Figure S1b). Both d-Fe and d-Al concentrations tended to be higher in March-May, consistent
with the seasonal patterns of T-Fe and T-Al (Figure 3b). This indicated that the atmospheric loading of mineral dust and
anthropogenic aerosols was an important factor influencing d-Fe variability. However, no significant correlations were found
between T-Fe and d-Fe, or between T-Al and d-Al (Figures S1c and S1d), indicating that total elemental loading alone cannot
explain the variability in dissolved metal concentrations. In contrast to T-Fe and T-Al, fine aerosol particles exhibited higher
mean concentrations of d-Fe and d-Al than coarse aerosol particles (Figure S2a). These findings highlighted the important role

of fine aerosol particles in supplying Fe to surface seawater via atmospheric deposition.

11



240

245

250

{a) T-Fe and T-Al concentrations

6000_n=11 n=9 n=132 n=35 n=10 n=12 n=6 n=10 n=10 n=5 n=5 n=13

=

5000 4

4000 4 Element

O T-Fe

Ty fﬁmwmm

Mean Concentration (ng m

(b) d-Fe and d-Al concentrations

w
o

n=11 n=2% n=13 n=35 n=10 n=12 n=6 n=10 n=10 n=5 n=5 n=13

Element
] 1 d-Fe
m d-Al
20 A
104
0 } } } } } } 1
SO

. t . o ; o "
W \s\'o“‘ N ¥ v_oo" %@Q o < Qef‘

S
o

w
o

Mean Concentration (ng m=3)

Month

Figure 3. Monthly mean concentrations of (a) T-Fe and T-Al, and (b) d-Fe and d-Al in East Asian TSP.

3.2.2 Factors controlling Fesoa% of East Asian TSP

The annual mean Fey, % in East Asian TSP was 3.5 + 3.2%, ranging from 0.1% to 17.5%, and tended to be higher during
June—August (Figure 4a). Both mineral-Fes,% and anthro-Fes,% showed similar seasonal patterns of Fes1%, although the
solubility of anthro-Fe was lower than that of mineral-Fe (Figure 4a). Despite lower anthro-Fes,% than mineral-Fes, %, anthro-
dFe also increased during June—August, indicating that anthro-Fe may have partly contributed to the seasonal variation in bulk
Fes01%. Nevertheless, the annual mean foumro-ar. in TSP was only 7.9 + 10.3% (Figure 5a). Accordingly, most East Asian TSP
samples plotted within areas (i) and (iii) of the [d-Fe]/[d-Al]-EFr.r. diagram (Figure 5b). This distribution indicates that T-Fe
originated primarily from mineral dust and poorly soluble anthro-Fe, whereas d-Fe was derived mainly from proton-promoted

dissolution of mineral dust, with only a limited contribution from anthro-Fe.
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Figure 4. (a) Monthly variations in Fes,%, mineral-Fe%, and anthro-Fe% for TSP, and (b) their relationships with Fe
concentration. (c, d) Same as (a, b), but for coarse aerosol particles. (e, f) Same as (a, b), but for fine aerosol particles.

Cyan circles, orange squares, black diamonds, and gray triangles represent Fes %, mineral-Feg, %, combusted

255 anthro-Fes,%, and non-combusted anthro-Feg,1%, respectively. Brown dashed lines indicate the power-law fits for
mineral-Fes1%, whereas black dashed lines denote the boundaries separating combusted and non-combusted anthro-

Fe.

To investigate the mechanism underlying the inverse relationship between Fe% and T-Fe concentration, the variations
260 in mineral-Fe,% and anthro-Fes,% with their respective Fe concentrations were examined. If this inverse relationship were
governed solely by mixing between mineral dust with low Fes,% and highly soluble anthro-Fe, neither mineral-Feg,% nor

anthro-Fes,% would be expected to depend on concentration. However, both mineral-Fes, % and anthro-Fes, % increased as
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Fe concentration decreased (Figure 4b). These results indicate that the inverse relationship between Fes,% and T-Fe in East
Asian TSP cannot be explained by simple source mixing alone, but instead reflects enhanced Fe dissolution of both mineral
dust and anthro-Fe during chemical processing during the atmospheric transport. To evaluate regional differences, two-sided
Mann—Whitney U tests with Holm correction were applied because the data were not normally distributed. The analysis
showed that TSP collected in Japan during the Asian outflow season exhibited significantly higher Fe solubility than those
collected in China and Korea: bulk Fe,,% for the TSP samples collected in Japan (mean + SD = 4.9 + 3.6%) was higher than
those in China and Korea (= 2.5 + 2.5%; Holm-adjusted p = 0.0017). Significant differences were also observed for mineral-
Fes01% (Japan: 6.2 + 3.5%, China and Korea: 3.2 &+ 4.1%; Holm-adjusted p = 0.0012) and anthro-Fes,% (Japan: 2.5 + 4.2%,
China and Korea: 0.9 £+ 1.2%; Holm-adjusted p = 0.0057). Together, these results support the progressive solubilization of
both mineral-Fe and anthro-Fe during transport from the East Asian continent.

Anthro-Fes1% in East Asian TSP exhibited a wider variation than mineral-Fes % (Figure 4b). Although combustion-
derived anthro-Fe is generally considered to be more soluble than mineral-Fe, some samples showed anthro-Fesol% lower
than mineral-Fe;% and below 0.1%, the approximate lower limit reported for combustion-derived Fe. Such low-solubility
anthro-Fe was likely derived from sources other than high-temperature combustion. To account for changes in the solubility
of mineral-Fe and anthro-Fe during atmospheric transport, the use of a fixed threshold such as 0.1% was avoided. Instead, a
boundary line parallel to and below the log—log regression line between mineral-Fe concentration and mineral-Fesol% was
defined so that 5% of the mineral-Fe samples fell below it. For each mineral-Fe sample, the relative deviation from the
regression relationship was quantified as the logarithm of the observed-to-predicted mineral-Fes, % ratio [log(observed
mineral-Feg,%/predicted mineral-Fes1%)]. The 5th percentile of these relative deviations was then added to the intercept of
the regression equation to define the boundary line. Based on this boundary, anthro-Fe samples below the boundary line were
operationally classified as non-combusted anthro-Fe, whereas those above the line were classified as high-temperature
combustion-derived anthro-Fe, with solubility comparable to or higher than that of mineral-Fe (Figure 4b).

In the non-combusted anthro-Fe group below the boundary, all anthro-Fes,% values were below 1.0%, with an average
of 0.3 = 0.2%. Several samples with high anthro-Fe concentrations showed particularly low values of less than 0.1%. Such
low solubility is consistent with non-combusted anthro-Fe, including Fe associated with brake-pad debris and tire-wear
particles (Halle et al., 2013; Shupert et al., 2021; Cui et al., 2025). By contrast, the high-temperature combustion-derived
anthro-Fe group above the boundary had an average anthro-Fes,% of 4.0 £ 5.7%, higher than the average mineral-Fes,% of
2.4 £4.1% in East Asian TSP. This characteristic is consistent with the generally higher solubility of anthro-Fe derived from
high-temperature combustion. However, anthro-Fes% was generally only approximately 1% even in high-concentration
samples dominated by relatively fresh aerosol particles. This observation implies that these particles were emitted with
relatively low initial solubility rather than in a highly soluble form and that they subsequently underwent solubilization through

chemical processing during atmospheric transport (Sholkovitz et al., 2009; Ito et al., 2021).
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and their magnified figures. (d) Monthly trends of fiinerai-are and fansro-are in TSP, coarse and fine aerosol particles.

300 3.2.3 Factors controlling Fes% of East Asian coarse aerosol particles

The mean Feg,% in coarse aerosol particles was 1.0 & 1.1%, with higher values observed from June to August (Figure
4c). This value was lower than the mean mineral-Fe% of 2.3 £ 2.9% but higher than the mean anthro-Fes,% of 0.1 + 0.2%
(Figure 4c). As observed for TSP, most coarse aerosol samples were distributed within regions (i) and (iii) of the [d-Fe]/[d-
Al]-EFr.fe diagram (Figure 5c¢). These results indicate that T-Fe in East Asian coarse aerosol particles was derived primarily
305 from mineral dust and poorly soluble anthro-Fe, whereas d-Fe was supplied mainly through proton-promoted dissolution of
mineral dust. Indeed, the contribution of anthro-Fe to d-Fe in coarse aerosol particles remained low throughout the year, with

an annual mean of only 2.4 + 3.9% (Figure 5a).
Even in coarse aerosol particles, mineral-Fes,% increased with decreasing mineral-Fe concentration (Figure 4d).

Because there is little reason to assume multiple mineral-dust endmembers with different initial Feso% values, this inverse
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relationship is interpreted as resulting not from simple mixing but from the combined effects of chemical processing during
atmospheric transport and depositional removal. The mean mineral-Fe% in coarse aerosol particles was 2.3 & 2.9%, slightly
exceeding the range reported for fresh mineral dust (Duvall et al., 2008; Shi et al., 2011a; Desboeufs et al., 2001). However,
mineral dust in coarse aerosol particles occurs predominantly as crystalline aluminosilicates and contains relatively high
proportions of alkaline minerals such as calcite (CaCOs), making coarse particles less susceptible to strong acidification than
fine aerosol particles. Proton-promoted Fe dissolution from Fe-bearing aluminosilicates is generally considered to proceed
only after the buffering capacity of CaCO; has been depleted. Nevertheless, CaCO3 is known to remain in coarse particles
even after transport from the Gobi and Taklamakan deserts to Japan (Meskhidze et al., 2005; Fairlie et al., 2010; Takahashi et
al., 2009; Miyamoto et al., 2020). Substantial Fe solubilization through aerosol acidification is therefore unlikely in coarse
aerosol particles. Instead, the modest increase in the observed mineral-Fes % was likely attributable to the partial
transformation of Fe in chlorite and biotite into ferrihydrite and Fe(II, III) sulfates (Takahashi et al., 2011; Sakata et al., 2025).

Most anthro-Fe in coarse aerosol particles was distributed below the boundary line separating combusted from non-
combusted anthro-Fe, and the low-solubility group exhibited an extremely low mean anthro-Fes,% of 0.05 + 0.05% (Figure
4). These particles likely corresponded primarily to non-combustion anthro-Fe, including resuspended non-exhaust vehicle
particles and slag originating from raw-material and by-product storage areas at steel-production facilities (Harrison et al.,
2012; Kajino et al., 2020; Kurisu et al., 2019, 2026). Because Fe in these particles occurs mainly as Fe oxides, which are less
soluble than Fe in aluminosilicates under weakly acidic to neutral conditions, its contribution to d-Fe in coarse aerosol particles

was likely limited (Journet et al., 2008; Shupert et al., 2013; Halle et al., 2021; Cui et al., 2025).

3.2.4 Factors controlling Feso% of East Asian fine aerosol particles

The annual mean bulk Fes,% in fine aerosol particles was 21.1 + 23.6%, approximately one order of magnitude higher
than that in coarse aerosol particles (1.0 + 1.1%) (Figure 4c, e). In fine aerosol particles, both mineral-Fes,% (mean: 27.9 +
28.0%) and anthro-Fes,% (mean: 16.0 + 22.3%) exceeded 10% (Figure 4e), corresponding to higher d-Fe concentrations than
those in coarse aerosol particles (Figure S2a). Unlike TSP and coarse aerosol particles, fine aerosol particles were plotted in
area (iv), indicating that anthro-Fe with high Fesol% contributed to d-Fe sources (Figure5d). Indeed, the fraction of d-Fe
derived from anthro-Fe averaged 21.0 = 26.3% and was therefore not negligible (Figure 5a). Nevertheless, anthro-Feg,% was
lower than mineral-Fes,% (Figure 4e) due to the presence of insoluble anthro-Fe plotted in area (iii) (Figure 5d). Most anthro-
Fe in fine aerosol particles was distributed above the boundary separating combusted from non-combusted anthro-Fe, although
the contribution of anthro-Fe below the boundary was also non-negligible (Figure 4f). This distribution indicates that fine
aerosol particles contained not only highly soluble combusted anthro-Fe but also poorly soluble non-combusted anthro-Fe.
The contribution of the latter likely partly explains why anthro-Fes,% was lower than mineral-Fes,% in fine aerosol particles.

In fine aerosol particles, both mineral-Feg,% and combusted anthro-Fes,% increased with decreasing concentrations of

their respective Fe components, providing clear evidence that both components underwent solubilization during atmospheric
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transport (Figure 4f). This likely reflects the large specific surface area of fine aerosol particles and their greater susceptibility
to reactions with acidic species and organic ligands. Fine aerosol particles are particularly susceptible to acidification because
their pH is generally more than one unit lower than that of coarse aerosol particles, which retain CaCOj3 (Guo et al., 2018; Pye
et al., 2020). Consistent with this interpretation, single-particle analyses have identified sulfate coatings on both mineral dust
and anthro-Fe in fine aerosol particles, and Fe(Ill)-sulfates have been detected in TSP and fine aerosol particles collected in
Japan (Sullivan et al., 2007; Li et al., 2017; Zhu et al., 2022; Takahashi et al., 2013; Sakata et al., 2025). Furthermore, Fe(III)-
sulfates form under highly acidic conditions (pH < 3.0), and CaCOs3 has not been detected in fine aerosol particles in Japan,
suggesting that acidification of poorly buffered fine particles strongly promoted Fe dissolution (Meskhidze et al., 2005; Fairlie
et al., 2010; Miyamoto et al., 2020; Sakata et al., 2022). In both coarse and fine aerosol particles, mineral-Fes,% and anthro-
Fes01% were elevated from June to August, consistent with the lower aerosol pH and higher [nss-SO4*>7]/[T-Fe] ratios observed
during this season (Tao and Murphy, 2019b; Pye et al., 2020; Song and Osada, 2020; Sakata et al., 2025). These results indicate
that acidification was the dominant factor controlling the solubilization of both mineral dust and anthro-Fe in fine aerosol
particles. Although anthro-Fe emitted from heavy-oil combustion is known to exhibit Fes,% values exceeding 30% at the time
of emission, samples with anthro-Fes,% above 30% were uncommon in this study (Sedwick et al., 2007; Schroth et al., 2009;
Oakes et al., 2012; Ito et al., 2021). This suggests that anthro-Fe derived from solid-fuel combustion and high-temperature
industrial processes, such as coal combustion and steel production, contributed more strongly than highly soluble anthro-Fe
from liquid-fuel combustion, such as heavy-oil and gasoline combustion.

In the group below the boundary, anthro-Fes,% was frequently below 0.1%, with a mean value of 0.9 + 0.8%. As
inferred for coarse aerosol particles, this group likely reflected the influence of non-combustion anthro-Fe, including brake-
pad and tire-wear debris in non-exhaust vehicle particles (Kajino et al., 2020; Sakata et al., 2025). Because the maximum
anthro-Fesol% in this group was only 3.7%, it was likely composed of Fe species that are intrinsically resistant to atmospheric
solubilization. These results suggest that combusted and non-combusted anthro-Fe differ markedly not only in their initial

solubility but also in their reactivity toward solubilization during atmospheric transport.

3.3 The North Pacific Ocean

3.3.1 Monthly and spatial trend of T-Fe and d-Fe concentration

The North Pacific is strongly influenced by aerosol outflow from East Asia, particularly mineral dust transported from
the Asian continent. T-Fe and T-Al concentrations in North Pacific TSPs ranged from 0.2 to 764.5 ng m™ and 0.4 to 1320.7
ng m?, respectively. T-Fe was strongly correlated with T-Al, and the slope of the regression line was comparable to the T-
Fe/T-Al ratio characteristic of mineral dust (Figure S3a). This suggests that T-Fe in North Pacific TSPs was primarily derived
from mineral dust, consistent with the near-unity mean EFr.r. value (1.3 £ 1.2). Concentrations of d-Fe and d-Al ranged from

<0.1 to 45.9 ng m™ and 0.1 to 70.8 ng m™, respectively, with d-Fe showing a strong correlation with d-Al (Figure S3b). The
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mean [d-Fe]/[d-Al] ratio of 0.39 + 0.29 aligns with values for mineral dust subjected to proton-promoted dissolution (Figure
S4a). These results indicate that both T-Fe and d-Fe in North Pacific TSPs largely originated from mineral dust.

Distinct from East Asian aerosols, North Pacific aerosols exhibited strong correlations between d-Fe and T-Fe
concentrations, as well as between d-Al and T-Al concentrations (Figure S3¢ and S3d). This suggests that the amount of d-Fe
supplied to the North Pacific is primarily controlled by the total transport flux of T-Fe-containing aerosols. Shipboard
observations revealed that T-Fe and d-Fe concentrations in the marine boundary layer decreased with increasing distance from
East Asia (Figures 6a and 6b), indicating the deposition of T-Fe and d-Fe-containing particles from the atmosphere to the
ocean during transport. Furthermore, the highest T-Fe and d-Fe concentrations were observed in March—May, coinciding with
the period of mineral dust transport from the Gobi and Taklamakan deserts (Figures 7a and 7b).

This spatial and seasonal pattern is broadly consistent with satellite-derived dust aerosol optical depth (DAOD), a proxy
for the atmospheric column abundance of mineral dust (Song et al., 2021). Satellite observations also show enhanced surface
seawater chlorophyll a following dust events over the North Pacific (Luo et al., 2020; Yoon et al., 2022), suggesting that
continental mineral dust is an important source of d-Fe supporting biological primary production in this region. These results
highlight the importance of understanding both the seasonality of Fe emission sources and the processes controlling Fes,% in

North Pacific aerosols.
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Figure 7. Monthly trends of (a) T-Fe concentration, (b) d-Fe concentration, (c) Fesi%, and (d) fansro-are in the North Pacific
TSP samples.

3.3.2 The impact of anthro-Fe on Fes0% in the North Pacific aerosols

Figure S4a shows the relationship between [d-Fe]/[d-Al] and EFr.r. in North Pacific TSP samples. Consistent with the
mineral dust dominance described above, most samples were distributed within the proton-promoted dissolution regime for
mineral dust (area (i) in Figure S4a). Nevertheless, several samples exhibited EFr.r. values greater than 2.0, indicating that
anthro-Fe contributed to T-Fe in North Pacific aerosols. Moreover, 67 of the 155 samples had a detectable anthro-Fe
contribution to d-Fe (funhro-are > 0). Among these, 37 samples had fiumro-are values above 10% (maximum: 73.7%), indicating
that anthro-Fe contribution to d-Fe cannot be negligible in at least some North Pacific aerosols.

Following the same approach used for East Asia, anthro-Fe was further classified into combusted anthro-Fe (33 samples)
and non-combusted anthro-Fe (34 samples) according to whether anthro-Feg,1% overlapped with mineral-Fes,% at similar Fe
concentrations (Figure 8a). Most samples below the boundary were collected from February to May, when East Asian outflow
is strong, suggesting a substantial influence of continental anthropogenic emissions. Their mean anthro-Fes,% was 1.0 = 0.8%,
and although anthro-Fes % increased slightly with decreasing concentration, the maximum value was only 2.7%. These
particles occurred in both coarse and fine aerosol particles, and their persistently low solubility resembled that of non-exhaust

vehicle particles such as brake-pad debris (Figures 8b and 8c). Accordingly, non-combusted anthro-Fe, including non-exhaust
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vehicle particles, likely remains largely insoluble even after long-range transport over the marine atmosphere and probably
contributes little to d-Fe supply in the North Pacific.

By contrast, anthro-Fe in TSP plotted above the boundary showed a high mean anthro-Fes,% of 23.2 + 26.5% (Figure

8a). These particles occurred predominantly in fine aerosol particles, with only minor contributions in the coarse fraction

415 (Figures 8b and 8c), suggesting a primary association with high-temperature combustion sources. During February to May,

when East Asian outflow is strongest, anthro-Fe,% in this group tended to be lower than the overall mean, consistent with a

substantial contribution from East Asia-derived solid-fuel combustion, for which anthro-Fes,% at emission is not necessarily

high. In contrast, during June-August, particularly in September when the influence of Asian outflow weakened, combusted

anthro-Fe often showed anthro-Feg,1% values higher than the mean for samples above the boundary separating non-combusted

420 and combusted anthro-Fe. This pattern likely contributed to the enhanced influence of anthro-Fe in TSP during this period

(Figure 7c). One plausible seasonal source is heavy-oil combustion from ship traffic along the major shipping route linking

East Asia and North America. A previous modeling study estimated that approximately 40% of d-Fe in North Pacific aerosols

was derived from ship emissions (Ito, 2013), and ship emissions are known to contain highly soluble Fe at emission (Fes1% >

30%; Schroth et al., 2009; Oakes et al., 2012). Thus, ship-related anthro-Fe may efficiently enhance Fes,% in June-August.

425 However, because d-Fe concentrations in North Pacific aerosols were lower in June-August than in other seasons (Figures 7b

and 7d), the annual contribution of ship-related anthro-Fe to total d-Fe deposition is likely limited.
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Figure 8. Inverse relationships between T-Fe, mineral-Fe, and anthro-Fe and their respective Fe solubilities in (a) TSP, (b)
430 coarse aerosol particles, and (c) fine aerosol particles collected in the North Pacific. Brown dashed lines indicate the
power-law fits for mineral-Fes,%, whereas black dashed lines denote the boundaries separating combusted and non-

combusted anthro-Fe.
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3.3.3 The impact of chemical alterations on Fesa% in the North Pacific aerosols

The mean Feg,1%, mineral-Feg,1%, and anthro-Fes,1% in North Pacific TSP were higher than those in East Asian aerosols
collected during winter and spring, when Asian outflow is strongest (Table 2). This suggests that aerosols transported from
East Asia undergo further chemical alteration during transport over the North Pacific. Size-resolved comparisons showed that
both mineral-Fes,1% and anthro-Fes,% increase in coarse aerosol particles during transport from Japan to the North Pacific,
whereas no pronounced changes were observed in fine aerosol particles. A similar pattern was observed for Als,1%, an indicator
of mineral-dust alteration. Als1% in TSP and coarse aerosol particles was higher over the North Pacific than in Japan, whereas
no pronounced difference was observed for fine aerosol particles between Japan and the North Pacific (Table 2). Although
size-dependent differences in the mineralogical composition of source dust may potentially affect Fe solubility, differences in
Fes1% appear to be minimal for freshly emitted mineral dust (Shi et al., 2011a). Additional input of anthro-Fe from ship-
derived heavy-oil combustion may provide highly soluble Fe to the marine atmosphere (Sedwick et al., 2007). However, such
emissions are expected to affect mainly fine aerosol particles and therefore cannot fully explain the preferential increase in
solubility observed in coarse aerosol particles. Thus, the concurrent increases in mineral-Fes,% and Also% in coarse aerosol
particles suggest that mineral dust undergoes further chemical alteration during transport through the marine atmosphere. In
contrast, the absence of substantial changes in solubility in fine aerosol particles between East Asia and the North Pacific
suggests that their alteration pathway differs from that of coarse aerosol particles. Given that fine aerosol particles generally
have larger specific surface areas and are therefore expected to be more reactive than coarse aerosol particles, the pronounced
increases in Feq% and Also% specifically in coarse aerosol particles are particularly notable and require further explanation.

Focusing first on fine aerosol particles, the similarity in Fes % between East Asia and the North Pacific suggests that
substantial Fe solubilization in this size fraction had already occurred during the early stages of transport within East Asia,
rather than during subsequent long-range transport over the North Pacific (Table 2). Such rapid Fe dissolution was likely
promoted by strongly acidic conditions during transport from China to Japan. This interpretation is consistent with kinetic
models showing rapid initial Fe dissolution followed by an approach to a plateau (Shi et al., 2011b). It is also consistent with
previous applications of such models, which indicate that Fe dissolution in fine aerosol particles over the Sea of Japan and the
North Pacific is already close to this plateau stage (Shi et al., 2011b, 2015; Maters et al., 2016; Sakata et al., 2022, 2025). Thus,
additional acidification during subsequent marine transport would not be expected to produce a large further increase in Fes%.
However, aerosol particles likely underwent cloud processing during marine transport. In the absence of organic complexation,
such processing would favor ferrihydrite precipitation under moderately acidic conditions, where inorganic Fe solubility is
low, approximately pH > 4.0-6.0 (Pye et al., 2020). The persistence of high Fe,,% during marine transport therefore implies
that dissolved Fe is stabilized against removal. Complexation with organic ligands is a plausible mechanism, as strong Fe-
binding ligands can keep Fe soluble after dissolution. Supporting this idea, Wu et al. (2023) showed that the Fes,% of fine
aerosol particles collected on Matsu Island remained high for 10 days in seawater amended with deferoxamine, whereas it

decreased to below 1% without deferoxamine. This finding suggests that strong organic ligands can prevent the decrease in Fe
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solubility and maintain dissolved Fe over extended periods. Consistent with this interpretation, previous studies have reported
or suggested organic ligands capable of stabilizing Fe(II) and/or Fe(IlI) in marine and coastal rainwater. Microorganisms in
cloud water have also been suggested to produce siderophores, a class of strong Fe-binding ligands (Kieber et al., 2003; Willey
et al., 2008; Cheize et al., 2012; Vinatier et al., 2016). Fe(III)-HULIS complexes have also been detected in fine aerosol
particles over the North Pacific (Sakata et al., 2022; Kurisu et al., 2024). Because these Fe-organic complexes can remain
soluble over a wide pH range, organic ligands present in cloud water may help preserve d-Fe during cloud processing and
suppress the decrease in Fe solubility that would otherwise occur in the absence of strong organic ligands.

By contrast, aerosol acidification is unlikely to be the main reason for elevated Fes,% in coarse aerosol particles over the
North Pacific, because previous modeling studies have suggested that calcite buffering remains effective during transport, and
charge-balance calculations likewise indicate that coarse aerosol particles over the North Pacific do not contain sufficient
acidity to exhaust the buffering capacity of calcite (Meskhidze et al., 2005; Ito and Feng, 2010; Fairlie et al., 2010; Sakata et
al., 2022). In the case of coarse aerosol particles, organic ligands may have contributed not only to the stabilization of Fe that
had already been released into the dissolved fraction but also to further Fe dissolution from aerosol particles, because a larger
fraction of low-solubility mineral Fe likely remained. Indeed, several coarse aerosol samples in this study were plotted in area
(i1) of the [d-Fe]/[d-Al]-EFrr. diagram, where d-Fe is interpreted to be supplied mainly by ligand-promoted dissolution of
mineral dust, and these samples showed a high mean Fey% of 39.9 + 22.4%. Experimental results from Wu et al. (2023)
support this interpretation, showing that the Fe,,% of coarse acrosol particles from Matsu Island increased from a few percent
to about 10% in the presence of a strong Fe-binding ligand under seawater pH conditions. These results indicate that coarse
aerosol particles retain a pool of Fe that can undergo further ligand-promoted dissolution. This interpretation is also consistent
with the inter-laboratory comparison of Tang et al. (2025), which showed that, under the stronger leaching conditions of the
Berger method, the increase in Fey% relative to ultrapure water extraction was larger than that in Als,%. Such preferential
enhancement of Fe relative to Al dissolution can increase [d-Fe]/[d-Al] ratios. Although the number of such samples was
limited, the coexistence of high Fey,% and high [d-Fe]/[d-Al] ratios suggest that organic ligands in the marine atmosphere can
enhance Fe dissolution from coarse aerosol particles during transport. Nevertheless, more direct observational evidence is

needed to constrain the importance of this process over the North Pacific.
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Table 2. Annual and December—-May means of Fesol, mineral-Fesol, anthro-Fesol, and fanthro-dre in total suspended particles (TSP), coarse
aerosol particles, and fine aerosol particles collected in East Asia and the North Pacific. Values are given as mean + standard
deviation, with the number of samples (N) shown in parentheses. Italicized values denote means calculated from 10 or fewer

samples (N < 10) and should be interpreted with caution because of their greater uncertainty.

TSP Coarse aerosol particles Fine aerosol particles
Variable Period
East Asia North Pacific East Asia North Pacific East Asia North Pacific
35+£32 139+144 1.0£1.0 92+12.8 21.0+£23.6 243 +24.9
Annual
(N=139) (N =155) (N=110) (N =31) (N=181) (N=47)
Fes%
28+2.7 10.5+6.5 0.8+0.7 6.0+4.6 16.3+19.3 13.1+164
Dec.-May
(N=91) (N=173) (N=57) (N =10) (N =286) (N =20)
4.7+4.5 16.3+16.6 23+£29 8.9+11.0 279 +£28.0 28.5 +£28.7
Annual
(N=137) (N =155) (N=110) (N =31) (N=181) (N =47)
Mineral-Feso1%
3.8+4.2 13.4+10.7 2.8+2.7 4.8+10.0 22.5+234 152 +18.1
Dec.—May
(N=91) (N=173) (N=57) (N =10) (N =286) (N =20)
1.7+4.1 12.1 £21.8 0.1+£0.2 11.3+30.2 16.0£224 26.2+32.0
Annual
(N=91) (N=069) (N =45) (N =10) (N =56) (N=23)
Anthro-Fesa%
1.0£2.0 54+89 0.1+£0.1 0.9+3.0 12.3+£20.1 17.4+27.5
Dec.—May
(N=281) (N =44) (N=21) (N=23) (N=181) (N=38)
29+24 105+9.3 22+25 11.8+16.2 16.3+£15.0 202+17.0
Annual
(N=139) (N =155) (N=110) (N=31) (N=181) (N=47)
Alsol%
25+£2.6 8.5+5.1 1.5+1.8 11.4+153 132+11.7 13.5+13.1
Dec.-May
(N=91) (N=173) (N=57) (N =10) (N =286) (N =20)

495 3.4 The Atlantic aerosols

3.4.1 Spatial and monthly trend of T-Fe and d-Fe concentrations

The T-Fe and T-Al concentrations in the Atlantic TSPs ranged from 0.2 to 5650.0 ng m and from 0.8 to 7485.0 ng m"

3, respectively. The high concentration of T-Fe was mainly found in the coastal region of the Saharan Desert extending to 20—

30°W between 10—20°N (Figure 9a). T-Fe concentration in the Atlantic TSPs was correlated with T-Al concentration and the

500 slope of its regression line closely matched T-Fe/T-Al ratio of mineral dust (r: 0.60, Figure S5a). Indeed, the mean value of

EFrr. was 1.5 £+ 1.7, indicating that mineral dust is the most dominant source of T-Fe in the Atlantic TSPs.
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Concentrations of d-Fe and d-Al ranged from <0.1 to 212.7 ng m™ and from <0.1 to 336.6 ng m™> respectively. In

Atlantic TSP, d-Fe concentration was correlated with d-Al concentration, suggesting that the dissolved fractions of these metals

were controlled by similar processes (Figure S5b). In contrast to the spatial distribution of T-Fe, the highest d-Fe concentrations

505 were not observed in the coastal region near the Sahara Desert, but mainly between 20-30°W and 10-20°N (Figure 9b). This
result suggests that, unlike North Pacific aerosols, d-Fe and d-Al concentrations in Atlantic aerosols were not controlled simply

by mineral dust loading, as also reflected by the weak correlations of d-Fe with T-Fe and d-Al with T-Al (Figures S5c and

S5d). The relatively low d-Fe concentrations in the coastal Saharan region likely reflect the dominance of freshly emitted
mineral dust with low Fes%. In contrast, the higher d-Fe concentrations observed around 20-30°W may indicate that mineral

510 dust became more soluble during atmospheric transport through chemical alteration. Indeed, many samples were plotted in
area (i), suggesting that mineral dust was solubilized through proton-promoted dissolution during atmospheric transport
(Figure S4b). Atlantic acrosols showed a relatively large number of samples in area (v), where the influence of fly ash derived

from high-temperature combustion is generally expected to be significant, compared with the other oceanic regions (Figure

S4b). Considering that Saharan dust often exhibits [d-Fe]/[d-Al] ratios below 0.10, the samples plotted in area (v) likely reflect

515 the contribution of Saharan dust with low [d-Fe]/[d-Al] ratios, rather than fly ash derived from high-temperature combustion.
This interpretation is consistent with the near absence of samples in the area characterized by high-temperature combustion-
derived EFt_r. and anthro-Fe with high [d-Fe]/[d-Al] ratios. By contrast, acrosols with high EFr.re were mainly plotted in area

(iii), indicating that anthro-Fe over the Atlantic was likely present mainly as insoluble Fe.

(a) T-Fe concentra&n [ng/m?’]
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520 Figure 9. Spatial distributions of (a) T-Fe concentration, (b) d-Fe concentration, (c) Fes1%, and (d) funmro-dre in the Atlantic

aerosols.
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Unfortunately, Atlantic TSP samples collected from February to April are not available in this dataset. However,

shipboard observations showed that T-Fe and T-Al concentrations were clearly higher in December—February than in June—

525 August (Figure 10a). Considering the spatial variability in the sampling locations, the high concentrations observed in
December—February likely mainly reflect the influence of the region offshore of the Sahara Desert. Indeed, similar seasonal
variations in T-Fe concentrations have also been reported from ground-based observations at Cape Verde, located offshore of

the Sahara Desert (Carpenter et al., 2010; Fomba et al., 2013; Patey et al., 2015). In contrast, satellite observations of DAOD

over the same latitudinal region indicate a June—August peak, which is also consistent with the seasonal variability of dust

530 deposition fluxes recorded by sediment traps in seawater (Yu et al., 2019; van der Does et al., 2021). This discrepancy is most
likely explained by seasonal differences in the transport altitude of Saharan dust. During June-August, the northward shift of

the Intertropical Convergence Zone (ITCZ) leads to the convergence of moist air from the south and dry air from the north
between 15°N and 22°N, forming the Saharan Air Layer (SAL), which lifts mineral dust to altitudes of 5—7 km and transports

it westward over the Atlantic Ocean (Adams et al., 2012; Muhs et al., 2013). In December to May, mineral dust is transported

535 mainly in the lower troposphere and is therefore readily captured by shipboard and ground-based observations. As a result,
DAOD and wet deposition to the ocean are enhanced in June-August, whereas the signal in near-surface observations becomes
weaker (van der Does et al., 2021). Therefore, in the Atlantic Ocean, particularly in regions offshore of the Sahara, it may be

difficult to comprehensively understand aerosol Fe supply processes based solely on shipboard and ground-based observations.
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3.4.2 The impact of anthro-Fe on Fesa%

The annual mean Feg,% of Atlantic TSPs was 6.2 + 6.8% (range: 0.1-50.8%), and Fes,1% tended to be higher in June-
August (Figure 10c). High Fes% values (>10%) were predominantly observed in the coastal regions of Europe and North
America (Figure 9c¢). Previous studies have reported negative Fe isotope signatures attributable to combustion-derived anthro-
Fe in these regions (Conway et al., 2019). However, comparison of Figures 9c and 9d shows that the locations of high Fes, %
do not necessarily coincide with those of elevated fiuiro-are, Suggesting that combustion-derived anthro-Fe is not a primary
driver of the spatial variability in Fe,,% over the Atlantic.

This interpretation is further supported by the source apportionment results for anthro-Fe. Most anthro-Fe in Atlantic
aerosol samples was distributed below the boundary line separating non-combusted and combusted anthro-Fe, with a mean
anthro-Feg,% of 1.0 £ 1.7% (Figure 11a). This indicates that anthro-Fe in Atlantic aerosols was dominated primarily by non-
combustion-derived, low-solubility Fe. In contrast, samples influenced by relatively soluble combustion-derived anthro-Fe,
represented by those plotted above the boundary line (mean anthro-Fes,%: 14.5 + 22.2%), were less common than samples
influenced by non-combustion-derived anthro-Fe (Figure 11a). A similar pattern was observed in both coarse and fine aerosol
particles (Figures 11b and 11c). These results suggest that anthro-Fe contributed little to the direct increase in d-Fe or to the
enhancement of bulk Fey,%. Therefore, the seasonal and spatial variability of Fes % in Atlantic aerosols was more likely

controlled by the aging state of mineral dust than by anthro-Fe input.
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Figure 11. The inverse relationship of T-Fe, mineral-Fe, and anthro-Fe with their respective concentrations in (a) TSP, (b)
coarse aerosol particles, and (c) fine aerosol particles collected in the Atlantic. Brown dashed lines indicate the
power-law fits for mineral-Fe,1%, whereas black dashed lines denote the boundaries separating combusted and non-

combusted anthro-Fe.
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3.4.3 The impact of chemical alteration on Fesa%

The monthly average Fes,1% of Atlantic aerosols tended to be higher in June-August than in other seasons (Figure 10c).
The same trend was found in the latitude band most affected by the Sahara Desert (Equator to 30°N). The East Asian region
shows comparable seasonal variability in Fes% (Figure 4a—4c), which has been attributed primarily to the temperature
dependence of aerosol pH (Tao and Murphy, 2019b; Zhang et al., 2023; Yang and Weber, 2022). In contrast, the Sahara-
affected latitude band (Equator to 30°N) experiences relatively minor annual temperature effects, suggesting that other factors
contribute to the observed seasonal variability of Feg%.

A likely explanation is the seasonal difference in the transport altitude and atmospheric processing of Saharan dust. In
December-February, mineral dust is transported mainly below 3 km. Because there are no heavily polluted regions between
the Sahara Desert and the Atlantic Ocean, the dust is not strongly aged by atmospheric pollutants such as sulfate and nitrate
(Fitzgerald et al., 2015). Furthermore, relatively low precipitation in December-February likely suppresses wet deposition and
chemical alteration in cloud water. Consequently, Atlantic aerosol samples collected near the surface in December-February
exhibited higher Fe concentrations but lower Fes%. During June-August, by contrast, mineral dust is predominantly
transported above 3 km, where precipitation is higher. In particular, the increase in precipitation from August to October
(Varela-Lopes and Molion, 2014) likely promotes the incorporation of mineral dust into cloud water, where aqueous-phase
reactions driven by proton-promoted and ligand-promoted dissolution may enhance Fes1%. However, under the moderately
acidic conditions of Atlantic cloud water (pH > 4.0; Shah et al., 2020), Fe dissolution is not expected to be as substantial as in
more acidic regions, even in the presence of organic ligands (Bibi et al., 2011; Paris et al., 2011; Paris and Desboeufs, 2013;
Bray et al., 2015). Observations using aerosol time-of-flight mass spectrometry also confirmed that mineral dust over the
Atlantic undergoes chemical alteration by oxalate in cloud water (Fitzgerald et al., 2015). Thus, June-August cloud-water
processing likely enhances Fes,% in Atlantic aerosols, but not to the extent observed in the North Pacific, where aerosol acidity

is often much stronger, as reflected by the lower mean Fes% of Atlantic aerosols (5.9%) than of North Pacific aerosols (15.1%).

3.5 The South Pacific Ocean

The T-Fe and T-Al concentrations in South Pacific TSPs ranged from 0.1 to 129.8 ng m™ and 0.2 to 207.2 ng m?,
respectively, with the highest values observed in coastal regions (Figure 12a). T-Fe was strongly correlated with T-Al (slope
=0.92), and the mean EFr.r, was 1.9 + 1.4 (range: 0.1-7.6). The EFr.rc in the South Pacific TSPs was slightly higher than in
North Pacific and Atlantic TSPs but still close to unity. EFr.r. tended to be elevated in the marine area southwest of Australia,
especially around Heard Island (Figure S6), likely reflecting the influence of volcanic bedrock on the island (Perron et al.,
2021). Overall, however, T-Fe in South Pacific TSPs was derived mainly from mineral dust.

The concentrations of d-Fe and d-Al ranged from <0.1 to 8.3 ng m™ and <0.1 to 12.6 ng m~, respectively, and showed a

strong correlation (r = 0.77). Fesn% ranged from <0.1 to 100% (mean: 8.5 + 12.5%); excluding one sample with Fes % of
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100%, the maximum was 41.9% and the mean was 7.3 £+ 6.4%. The mean [d-Fe]/[d-Al] ratio in South Pacific TSPs was 0.73
+ 1.30, higher than those in North Pacific and Atlantic TSPs (0.39 = 0.29 and 0.25 £ 0.48, respectively). High fuumro-are values,
characterized by elevated [d-Fe]/[d-Al], were mainly detected near Heard Island, where EFr.r. was also high (Figure S6).
Given the basaltic volcanic rocks on Heard Island, this enrichment is more plausibly explained by volcanic source composition
than by enhanced anthropogenic input (Perron et al., 2021).

TSP samples with Fes1% exceeding 10% were mainly observed along the Australian coast (Figure 12c). Previous studies
reported that elevated Fes,% on the southeastern coast reflects anthro-Fe from urban areas together with aerosol acidification
driven by anthropogenic SO, and NOx (Perron et al., 2020a). Consistent with this interpretation, our [d-Fe]/[d-Al] analysis
suggests that up to ~20% of d-Fe in this region was derived from anthro-Fe. In northern and northeastern Australia, high Fe,,%
has also been linked to biomass burning (Perron et al., 2020a). However, previous studies suggest that Fe associated with
biomass burning mainly reflects resuspended dry soil rather than direct Fe emission (Andreae et al., 2001; Kurisu and
Takahashi, 2019), and observations at Gun Point indicate that the elevated Fes% is driven not by direct d-Fe emission but by
chemical interactions between Fe and organic matter emitted during fires (Winton et al., 2016). Consistent with this, TSP
samples from northeastern Australia showed [d-Fe]/[d-Al] ratios above 1.0 despite EFt.re values below 2.0 (Figure S6), a
pattern consistent with ligand-promoted dissolution of mineral dust. High faumr0-ar. values were also observed in southeastern
Australia (Figure 12d), where volcanic rocks with high T-Fe/T-Al ratios have been reported. This suggests that the elevated
[d-Fe]/[d-Al] ratio in this region may likewise reflect source-composition effects rather than anthropogenic input, although

further investigation is needed.
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Pacific aerosols.
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4. Implications

The factors controlling Fes,% in aerosol particles were investigated by compiling data for total and dissolved Fe and Al
in aerosol particles. An inverse relationship between total Fe and Fes,% was observed, as has been reported in previous studies
(Sholkovitz et al., 2009; Mahowald et al., 2018). When similar plots were constructed separately for mineral-Fe and anthro-
Fe, inverse relationships between concentration and solubility were found for both components. The inverse relationship for
mineral-Fe is likely explained by chemical alteration during atmospheric transport, because freshly emitted or unaged mineral
particles generally have low Fey%. In contrast, the anthro-Fe results indicated more diverse behavior. In samples with
comparable anthro-Fe and mineral-Fe concentrations, two major groups were identified: one in which anthro-Fe,,% was lower
than mineral-Feg%, and another in which anthro-Fes, % was comparable to mineral-Feg,%. The former group was mainly
found in coarse aerosol particles collected in East Asia and showed extremely low anthro-Fes% (<0.1%), suggesting
contributions from brake-pad wear from vehicles and related sources. The latter group was mainly found in fine aerosol
particles and showed a high average anthro-Feo% of 22.2 +24.0%. Although anthro-Fe in fine particles is generally associated
with high-temperature combustion processes, only a limited number of samples had anthro-Fes,% higher than that reported
for highly soluble emissions such as heavy oil combustion (>37.0%). This suggests that a part of the anthro-Fe emitted with
initially low solubility from solid fuel combustion, including coal combustion and the steel industry, was solubilized during
atmospheric transport. Similar inverse relationships between concentrations and solubilities for mineral-Fe and anthro-Fe were
also observed in marine aerosol particles. Therefore, inverse-correlation plots for mineral-Fe and anthro-Fe may provide a
useful approach for evaluating source-dependent variations in Fes% and for distinguishing anthro-Fe derived from high-
temperature combustion from that derived from non-high-temperature combustion sources.

This study also estimated fiur0-ar. in marine aerosol particles based on the [d-Fe]/[d-Al] ratio. As a result, the contribution
of anthro-Fe to d-Fe in the marine TSP samples was not large (North Pacific: 6.1 + 10.4, Atlantic: 5.1 + 9.7%). Although high
Sfanthro-are Was occasionally found in North Pacific TSPs influenced by ship emissions, fuumr-dre in the open ocean was lower
than coastal regions. Complementing our findings, Fe isotope analysis of d-Fe in marine aerosols consistently indicates large
and small anthropogenic contributions to d-Fe in coastal and in the open oceans, respectively (Labatut et al., 2014; Conway et
al., 2019; Kurisu et al., 2021, 2024). In contrast to these observational results, modeling studies have indicated substantial
anthropogenic contributions to d-Fe, with faumro-are €xceeding 20% (Scanza et al., 2018; Hamilton et al., 2019; Rathod et al.,
2020, 2024; Ito et al., 2021; Ito and Miyakawa, 2023). The discrepancy in faumro-are between models and observations may be
partly explained by the lower mineral-Fes,% represented in the models compared with values derived from field observations.
Representative model calculations generally predict mineral-Fesol% of less than 10% for fine aerosol particles over the North
Pacific. In contrast, mineral-Fes,1% in fine aerosol particles frequently exceeded 10% in this study, with mean values of 28.5
+ 28.7% in the North Pacific and 11.3 + 16.7% in the Atlantic. Thus, underestimation of mineral-Fe% in fine particles may
lead to an underestimation of mineral-derived d-Fe and, consequently, an overestimation of the relative contribution of anthro-

Fe to total d-Fe. Incorporating a size-dependent scheme capable of representing higher mineral-Fe% in fine particles may
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therefore improve the representation of atmospheric Fe supply to the surface ocean and its source apportionment in Earth
system models.

To better understand the sources of d-Fe in marine aerosols and their chemical alteration processes, observational studies,
focusing on the [d-Fe]/[d-Al] ratio and Fe isotope ratios, are essential. These studies help us grasp the factors influencing fanro-
dFes fmineral-dFe, Mineral-Fes%, and anthro-Feg, % variability. While representative values for mineral dust are established for
both [d-Fe]/[d-Al] and Fe isotope ratios, large uncertainties persist regarding representative values for anthro-Fe and the
variability among different emission sources. Constructing a robust database of [d-Fe]/[d-Al] and Fe isotope ratios for
individual anthropogenic emission sources (e.g., coal combustion, steel industry, biomass burning, and non-combusted anthro-
Fe) is crucial because the representative values of [d-Fe]/[d-Al] and Fe isotope ratios for anthro-Fe affect the calculation results

Ofﬁnineral-dFe andf;mthm-dFe-
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