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ARTICLE INFO ABSTRACT

Keywords: Aerosol sizes are highly associated with the solubilities and the deposition fluxes of aerosol Fe in the surface
A?YOSOI ocean since the sizes may reflect the sources and decide the deposition velocities. However, systematic studies for
E‘]S;‘l’l";d Fe the association of the solubilities and fluxes have been limited. In this study, five size-fractions of dry aerosols
abtie e were collected monthly for a year at two islets in the East China Sea, where large amounts of both fine
Size-fractionated aerosol . A ) . .
Solubility anthropogenic and coarse lithogenic aerosols deposit. Both pure water and buffer leached methodologies were

applied to determine the two operationally defined dissolvable Fe fractions, instantly dissolved Fe (DFe) and
supposedly Fe-ligand complexed labile Fe (LFe), respectively. We found that the solubilities of DFe varied up to 4
orders of magnitude with the size spectrum and exhibited a highly linear correlation with non-sea-salt sulfur,
indicating that the solubilities of DFe were closely associated with the acidity. Finer aerosols (PM 3) accounted
for 90% of total DFe but coarser aerosols (>PM 3) contributed 66% of the difference between LFe and DFe (LFe-
DFe). The increasing trend of the difference with increasing sizes indicates that the residence time of coarse
aerosol particles and their interaction with Fe-ligands are critical factors deciding the total fluxes of LFe in the
ocean. Considering the deposition velocities of each size of aerosols, the averaged fluxes of aerosol Fe of the fine
and coarse aerosols were 1.8 and 5.9 nmol m 2 d~! for DFe; and 2.8 and 62 nmol m~2 d~! for LFe in the East
China Sea, respectively. Attributed to the relatively low deposition velocities of fine aerosols, we found that
either single or two averaged deposition velocities (fine/coarse) that were used in most of the previous studies
would significantly overestimate dissolvable Fe fluxes in regions where the contribution of fine anthropogenic
aerosols is dominant, such as the open ocean. In conclusion, this study demonstrates that aerosol sizes are
essential and powerful parameters to accurately estimate the solubility and the fluxes of aerosol dissolvable Fe.

Deposition flux
The East China Sea
GEOTRACES

1. Introduction

Since iron (Fe) is a major limiting micronutrient for phytoplankton
growth in the large area of the global ocean, Fe supply in the euphotic
zone may affect the oceanic biological pump and global carbon cycling
(Martin, 1990; Martin and Fitzwater, 1988). Aerosol deposition is a
major process supplying external Fe to the euphotic zone of the surface
ocean so that the quantification of aeolian bioavailable Fe supply in the
surface water is crucial to study biological pump and material cycling in
the ocean (Jickells et al., 2005; Tagliabue et al., 2017). Aerosol
dissolvable Fe is generally considered to be bioavailable to marine
phytoplankton (Raiswell and Canfield, 2012). However, the quantifi-
cation of aerosol dissolvable Fe in the euphotic zone of the ocean is a

highly challenging task operationally, attributed to the extremely
complicated atmospheric and aquatic physicochemical processes and
reactions involved in aerosol transport and the post-deposited phase
transformation of aerosol dissolvable Fe in the surface water (Meskhidze
et al., 2019).

The lack of a standard methodology for assessing aerosol dissolvable
iron is a major challenge (Meskhidze et al., 2019). Aerosol dissolvable or
bioavailable Fe can be separated into two fractions, dissolved Fe (DFe)
and labile Fe (LFe). Operationally, DFe is defined as instantly dissolved
aerosol Fe in pure water or seawater that passes through 0.2 pm filter
(Buck et al., 2006); LFe stands for buffer or acid leached Fe to present for
Fe release from aerosols in rainwater (Baker et al., 2006; Sarthou et al.,
2003) or Fe-ligand complexed fraction that may be bioaccessible
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(Perron et al., 2020b). DFe and LFe can thus be referred to the lower and
upper limits of bioavailable aerosol Fe post-deposited in the surface
ocean, respectively (Perron et al., 2020b), and the comparison of DFe
and LFe fractions among different studies would require standardized
leaching protocols. However, previous studies on the measurement of
aerosol Fe solubility have used various leaching methods with different
extraction solutions, pH, or leaching time et al. Large discrepancies of
the solubility of DFe and LFe are observed. Baker et al. (2016) recom-
mended using a common reference aerosol material to decide the solu-
bilities (Arizona Test Dust or ATD, Powder Technology Inc.). Perron
et al. (2020b) proposed a 3-step leaching protocol combining commonly
used approaches to obtain DFe and LFe in aerosols, in which DFe is
obtained by super pure water instant leach and LFe is by soaking aerosol
samples in 1.1 M ammonia acetate buffer solution at pH 4.7 for 1 h to
mimic Fe-ligand complexation. For future studies, it is necessary to
measure the solubilities of DFe and LFe in aerosol Fe studies by using
comparable approaches.

Sampling aerosols across a range of sizes is an additional challenge.
Although aerosol size is a critical factor reflecting the sources and
influencing the deposition velocities, limited studies reported size-
fractionated information in marine aerosol field observations (Baker
et al., 2020; Buck et al., 2010; Gao et al., 2020; Kurisu et al., 2016;
Sakata et al., 2018; Yang et al., 2020), mainly due to the limited sam-
pling time to obtain sufficient masses in cruises. On the other hand,
relatively long aerosol sampling time may encounter highly varying
meteorological conditions, which may introduce uncertainty for flux
estimates. The estimates of aerosol Fe deposition fluxes of previous
studies have been mostly based on bulk aerosol Fe concentrations and
fixed average deposition velocity (Buck et al., 2013; Hsu et al., 2010;
Perron et al., 2020a). The deposition velocities used to estimate aerosol
Fe fluxes are generally oversimplified and may introduce large un-
certainties (Duce et al., 1991). As pointed out by Foret et al. (2006),
increasing the number of size bins would significantly increase the ac-
curacy of the estimate of the fluxes. Moreover, aerosol sizes may reflect
their sources. For example, size-fractionated aerosols exhibited signifi-
cantly different Fe solubilities and composition (Kurisu et al., 2016). As
far as we know, the effects of aerosol sizes on the solubilities and the
deposition fluxes of aerosol Fe have not been systematically studied in
the surface ocean.

Right next to mainland China, the East China Sea receives a large
amount of fine anthropogenic and coarse lithogenic aerosols from the
continent, serving as an excellent sampling region for the size study.
Selecting two islets in the marginal sea, we have systematically inves-
tigated DFe and LFe solubilities among five different size-fractionated
dry aerosols collected at two islets in the oceanic region for one year
by following the standard protocols proposed (Perron et al., 2020b). We
have also evaluated the discrepancy of the deposition fluxes caused by
using different deposition velocities of aerosols. The findings of this
study shall provide insights for the impacts of aerosol sizes on the sol-
ubility and the fluxes and how to obtain a more accurate estimate of the
deposition fluxes of aerosol dissolvable Fe regionally and globally.

2. Method
2.1. Sampling sites and methods

Size-fractionated aerosol samples were collected on polytetra-
fluoroethylene (PTFE) filters (TE-230-PTFE, Tisch Environmental Inc.,
US) by using a high volume air sampler (TISCH Environmental Inc., US,
MODEL-TE-5170) with a cascade impactor (TISCH Environmental Inc.,
US, Series 235) on the roofs of buildings in Matsu Island (26.17°N;
119.92°E; with height about 6 m above the ground) and Pengjia Islet
(25.63°N; 122.08°E; with height about 6 m above the ground) from
September 2019 to August 2020 (Fig. 1). The flow rates of the samplers
were calibrated once per month, and the averaged flow rates were 1.0 +
0.1 m~3 min~!. The sampling sites of Matsu Island and Pengjia Islet are
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Fig. 1. The location of the sampling stations, Matsu island (MT) and Penjia islet
(PJ), and the decadal averaged aerosol optical depths from 2010 to 2020. The
aerosol optical depth data were obtained by NASA Giovanni software (https://
giovanni.gsfc.nasa.gov/giovanni/).

abbreviated as MT and PJ in the text hereafter, respectively. MT station
is close to mainland China, only about 19 km from Fujian province, with
area to be 30 km? and population to be 12,700. On the other hand,
mainly composed of igneous minerals, PJ station is a small islet with
area to be 1.1 km? and about 66 km from the northernmost of Taiwan
(Fig. 1). Except governmental staff who carry out routine meteorological
monitoring, there are no anthropogenic activities on PJ, which would
thus be ideal to serve as a representative aerosol sampling site for the
East China Sea. Monthly aerosol samples were obtained by collecting
dry aerosols for 7-8 days continuously in each month, but not included
the months of September, December, January, and July for MT and
October and November for PJ due to temporary breakdown and regular
maintenance of the samplers. The cascade impactor separated aerosols
into five size fractions, the size cut-offs including stage 1, 7.3 pm; stage
2, 3.1 pm; stage 3, 1.6 pm; stage 4, 1.0 ym; and stage 5, 0.57 pm
(Table 1). To simplify some of the discussion for size fractions, we have
separated the five fractions into coarse and fine modes by using 3 pm as
the cut-off. Fine and coarse aerosols mentioned in this study refer to PM
< 3 (the sum of sizes 0.57, 1.0, and 1.6 pm) and PM > 3 (the sum of sizes
3.1 and 7.3 pm), respectively (Table 1). Sampling filters were freeze-
dried and weighed at constant humidity before and after sampling.
The filters with aerosols were then stored in a -20 °C freezer before
further chemical processes. It should be noted that PM < 3 may still
contain a small amount of lithogenic aerosols and vice versa, although
the two size fractions may be representative for anthropogenic and
lithogenic aerosols in general. We would like to point out that the im-
pactors did not produce equal distributions of particles across all 10 slots
of the substrate. We have used the software ImageJ to quantify the
relative proportion by the intensity of the grayscale image in each slot
and to calculate the total concentrations of the whole filters.

2.2. Quantification of DFe, LFe, and TFe

All chemicals used in this study were ultra-high purity grade,
including nitric acid, hydrochloric acid, hydrofluoric acid, ammonium

Table 1
The information of the size cut-offs and size ranges of size-fractionated aerosols
collected in this study.

Impactor stage 5 4 3 2 1
Size range (pm) 0.57-1.0 1.0-1.6 1.6-3.1 3.1-7.3 >7.3
Size cut-off (um) 0.57 1.0 1.6 3.1 7.3



https://giovanni.gsfc.nasa.gov/giovanni/
https://giovanni.gsfc.nasa.gov/giovanni/

C.-C. Hsieh et al.

hydroxide, and acetic acid (J.T. Baker). All of the laboratory procedures
were carried out in a positive pressured class 5 cleanroom, either in a
HEPA-filtered class 5 laminar flow bench or hood. Powder-free polyvi-
nyl chloride (PVC) gloves were worn while handling samples. We fol-
lowed the suggested protocols of the GEOTRACES Cookbook to carry out
the cleaning procedures for storage vials and sample digestion (Cutter
et al., 2017).

For leaching procedures, we have followed the protocols suggested
by Perron et al. (2020b) and made some modifications. The fractions of
dissolved (DFe), labile (LFe), and total Fe (TFe) concentrations in
aerosols were defined by three different digestion and leaching pro-
tocols. The samples for the three fractions were obtained from different
slots of filters. DFe was leached by 5 mL of ultrapure water (Millipore
Elix plus Element purification system) with gentle shaking for 10 s, then
filtered through a 13 mm pre-acid washed polypropylene syringe filter
with 0.2 pm hydrophilic PTFE membrane (Advantec) into a pre-acid
washed 15 mL polypropylene vial (Buck et al., 2006). The LFe leach
was processed using another aerosol filter soaked in 8 mL of ammonium
acetate (1.4 M, pH 4.7) for 1 h. Then, the samples were centrifuged after
removing the filter (Baker et al., 2006; Sarthou et al., 2003). The su-
pernatant was collected by an autopipette for the quantification of target
elements. TFe was obtained by digesting aerosol samples using a freshly
prepared mixture of 4 M HF, 4 M HCl, and 4 M HNO3 for 4 h at 120 °C
(Ohnemus et al., 2014). The blank concentrations were measured by
processing new filters with same digestion procedures as samples. The
concentration levels of almost all of the digested samples were at least
two orders of magnitude higher than the blank value for TFe, DFe, and
LFe, which were 0.13, 0.036, and 0.023 pmol m~3, respectively
(Table S1 & S2).

The leachates and digests were diluted by super ultrapure water to
obtain the final concentration of 0.5 M HNO3 and with 1 ppb of indium
as an internal standard. All of the samples were analyzed by a sector field
high resolution ICP-MS (Element XR, Thermo Fisher Scientific). The
detailed information of the analytical method, blank, precision, accu-
racy was reported in our previous studies (Ho et al., 2010; Wang et al.,
2014). In brief, the isotopes of 1151, 207ph and 2°8Pb were determined at
low resolution (M/AM ~ 300), #7Al, 325, 47Ti, 49Ti, 5'v, 3!p, 5*Fe, *Fe,
60Ni, INi, and '!°In were analyzed at medium resolution (M/AM ~
4000), and 2>Na, and '*°In were determined at high resolution (M/AM
~10,000). Na and S were only determined in the dissolved fraction, and
all other elements were determined in all fractions. We also used Ari-
zona Test Dust (ATD, <3 pm, Powder Technologies Inc.) and NIES CRM
No. 28 Urban Aerosols collected in Beijing (BJ, National Institute for
Environmental Studies) as reference material for accuracy validation.
The ratios of our measured value to the previously reported value for
Arizona test dust were 92% (Al), 100% (Ti), 102% (V), and 97% (Fe)
(Shelley et al., 2015); The ratios to the certified values for urban aerosol
reference material, NIES CRM No. 28, were 92% (Al), 93% (Ti), 101%
V), 97% (Fe), 114% (Ni), and 99% (Pb) (Table S3). The concentrations
and solubilities of DFe and LFe in these two reference materials were
also reported in Table 2 for future comparison from other laboratories.
The solubilities of DFe or LFe were calculated as the leached concen-
tration ratios of either DFe or LFe to TFe concentrations.

Table 2
The concentrations and solubilities of DFe and LFe in the two reference mate-
rials, Arizona Test Dust (ATD) and NIES CRM No. 28 Urban Aerosols (BJ).

Sample n Concentration Solubility (%)

DFe LFe DFe LFe
Blank (ng) 5 1.7 +1.1 21+1.5 - -
ATD (mg g1) (4 3 3.8+0.7 347 +13 0.013 £ 0.002 1.2+0.1
BJ (mg g'l) 3 351 + 29 1360 + 24 1.24+0.1 4.7 £0.1
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2.3. The calculation of fluxes, enrichment factors, and non-sea-salt sulfur

We calculated the fluxes by multiplying size-fractionated aerosol Fe
concentrations measured (TFe, DFe, or LFe) with their individual
deposition velocities:

5 *
Fthy = § iZICFe_i"Vd_i

The term, Cp, ;, refers to the concentrations of aerosol Fe measured in
each size fraction, and V4 ; represents the dry deposition velocity of each
size range. The velocity is a function of aerosol sizes and atmospheric
conditions, which are mainly decided by wind speed, relative humidity,
and sea surface temperature. Since the relative humidity were extremely
high at the sampling sites (Table S4), we have calculated the velocities of
size-fractionated aerosols by assuming humidity equilibrium condition.
Meteorological data of the sampling sites were obtained from the reports
of the Weather Bureau of Taiwan (https://e-service.cwb.gov.tw/,
Table S4) and the velocities were calculated by using the model pro-
posed previously (Emerson et al., 2020; Quinn and Ondov, 1998; Slinn
and Slinn, 1980). The velocities estimated are comparable to the value
estimated by a recent study (Emerson et al., 2020).

The enrichment factors (EF) of some specific metals, such as Pb and
V, are useful indicators to distinguish anthropogenic aerosols from
natural lithogenic dusts (Jickells et al., 2016; Shelley et al., 2017;
Sholkovitz et al., 2009). Titanium (Ti) has been shown to be a more
reliable proxy to present the mass of upper or bulk continental crust than
Al (Lam et al., 2015). The EF presented in this study would be calculated
by the total mass ratios of the metals to Ti measured in aerosols divided
by the ratio of the upper continental crust (UCC):

EFp, = (Metals/Ti), 000/ (Metals/Ti) ycc

The term, (Metals/Ti)ycc, is the reference value of the upper conti-
nental crust cited from Hu and Gao (2008).

Acidic conditions on aerosol surfaces in the atmosphere solubilize
mineral Fe in aerosol particles (Meskhidze et al., 2003; Zhu et al., 1992).
Aerosol acidity is mainly decided by the concentrations of SO, NOy, and
NHj3 and its aeolian transport processes (Baker et al., 2021). Buck et al.
(2006) found the acidity of the aerosol samples has a significant corre-
lation with the concentrations of dissolvable Fe in the North Western
Pacific Ocean (NWPO) and non-sea-salt (nss-) sulfate is the major acidity
contributor. Indeed, nss-sulfate accounts for a major fraction of aerosol
acidity in our studied region. Normalized to nitrate acidity, the molar
ratios of the acidities of nss-sulfate and ammonium were 2.5 and 2.3 in
the East China Sea, 2.8 and 2.1 at Cape Fuguei station, and 5.5 and 3.9 at
Penghu (Chou et al., 2008; Hsu et al., 2010), respectively. Although the
acidity from nss-sulfate cannot represent total aerosol acidity, it is a
good proxy for the variations of total aerosol acidity in our studied re-
gion. In this study, we have measured Na and total S and assume that
nss-S is mainly from nss-sulfate and the concentrations were calculated
by subtracting the sulfate contribution from sea salt to the aerosols:
[nss-S] = [S]-[Na] x (S/Na)

seawater

The terms, [S] and [Na], are the dissolved concentrations of sulfur
and sodium measured by ICPMS, and (S/Na)seawater Stands for the molar
ratio of S to Na in seawater, which is 0.060.

3. Result and discussion
3.1. The distribution patterns of aerosol Fe concentrations

The prevailing seasons of northeastern (NE) and southwestern(SW)
monsoons in our studied region are October to April and May to
September, respectively. We found that the contribution of anthropo-
genic type elements (e.g., Pb or V) was generally higher in the NE
monsoon period than in the SW period (Fig. S1 & S2). The ratios of EFp
and EFy between the NE and SW seasons ranged from 2.2 to 4.8 and from
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1.3 to 2.9-fold at PJ, respectively, generally showing decreasing ratios
with increasing sizes. The ratios for EFg, were 1.4,1.0,1.1, 1.2, and 1.1-
fold for the aerosols from the smallest to the largest. As the seasonal
variations of Fe were insignificant for most of the size fractions, the
seasonality was not discussed in this study.

Generally, the masses of fine aerosols were less than coarse aerosols,
with average values to be 15 and 19 pg m~> at MT and 11 and 25 pg m >
at PJ (Table S6), respectively. As expected, the concentrations of total
aerosol Fe generally increased with increasing particle sizes for the two
sampling stations for almost all of the sampling time. On average, the
concentrations were 531, 938, 1743, 3849, and 3097 pmol m~2 with
increasing sizes at MT and 194, 368, 721, 1780, and 2368 pmol m~3at
PJ (Fig. 2, Table S7). The average TFe at MT was about twice that of PJ.
Based on the 5-day air mass back trajectories (Fig. S1), the relatively
high TFe observed for MT was probably attributed to the relative high
percentage of the aerosol transport pathways close to eastern mainland
China. However, the concentrations of DFe exhibit opposite patterns
with aerosol sizes. On average, the concentrations of DFe were 121, 46,
9.0, 9.5, and 2.6 pmol m~3 at MT and 74, 27,12, 9.3, and 3.6 pmol m3
at PJ (Fig. 2, Table S7). The differences between TFe and DFe increased
with increasing particle sizes for both stations and was up to 3 orders of
magnitude for size 7.3 pm, showing that the coarse fraction accounted
for most of non-instantly dissolvable Fe. The average concentrations of
LFe were 116, 60, 30, 46, and 48 pmol m~3, and 67, 36, 28, 38, and 42
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pmol m~3 for MT and PJ, respectively (Fig. 2, Table S7). The concen-
trations of LFe were similar to DFe for size 0.57 and 1.0 pm but were
significantly influenced by TFe for size 1.6, 3.1, and 7.3 pm, indicating
that dissolvable Fe in the two fine size fractions was mainly from DFe
and dissolvable Fe in the coarse fraction was mainly from LFe.

3.2. The solubility of DFe and the sources

The solubilities of DFe decreased exponentially with increasing
particle sizes for both stations in all months, ranging for almost 4 orders
of magnitude (Fig. 2, Table S8). The solubilities ranged from 0.011 to
44% and from 0.012 to 74% for MT and PJ, respectively. On average, the
solubilities were 25, 7.6, 0.87, 0.41, and 0.19 with increasing sizes at MT
and 50, 9.3, 2.2, 0.77, and 0.19 at PJ (Fig. 2, Table S8).

Although both anthropogenic and lithogenic aerosols may have
widely spanned size ranges, for most of the oceanic regions, anthropo-
genic aerosols account for a dominant fraction in fine aerosols (Matsui
et al., 2018). Aerosol sizes may thus reflect their sources (Mead et al.,
2013) and aerosol Fe solubilities. For example, Schroth et al. (2009)
reported that Fe solubility was 0.04% in African dust but was up to 81%
in oil fly ash. The enrichment factor of Pb has been used to evaluate the
contribution of anthropogenic and lithogenic aerosols in many previous
aerosol studies (Jickells et al., 2016; Shelley et al., 2017). In this study,
we found that the overall DFe solubility was linearly correlated with
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Fig. 2. The averaged concentrations of DFe, LFe, and TFe and the solubility of DFe and LFe in the size-fractionated aerosols collected among different months at MT
(left) and PJ (right). Red, light blue, and dark blue symbols stand for DFe, LFe, and TFe, respectively. The deviation bars stand for one standard deviation of all
monthly data during the sampling period (Table S7 and S8). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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EFpy, for both stations in this study (Fig. 3). The solubility increased from
0.011 to 74% with EFpp, ranging from 1.5 to 1067 (Fig. 3, Table S9). We
also found that the solubility variations within the same size fraction
may be up to 1 to 2 orders of magnitude. The variations are positively
associated with EFp, in most of the fractions. For example, the solubility
of size 0.57 pm in MT varied from 0.011 to 0.80 with EFp, increased for
about one order of magnitude. In brief, highly associated with the size
spectrum and EFpy,, the wide range of the Fe solubilities appears to be
associated with the relative contribution of lithogenic and anthropo-
genic aerosols, suggesting that the two end member physical mixing of
lithogenic and anthropogenic aerosols decides the patterns of DFe sol-
ubility (Fig. 3).

We have also found that the distribution of DFe and LFe solubilities
with EFpy, exhibits a significant spatial difference between MT and PJ but
the distribution patterns with EFy and TFe normalized non-sea-salt
sulfur (nss-S) are comparable (Fig. 4). As V serves as a representative
metal in heavy oil, the comparable results indicate that the source of
aerosols with highly dissolvable Fe and high nss-S are associated with
heavy oil burning. Moreover, the distribution of DFe solubility and TFe
normalized nss-S exhibits the highest correlation among EFpy, EFy, and
the TFe normalized nss-S, spanning over 4 orders of magnitude among
the 5 size fractions, in comparison to the 2 and 3 orders of magnitude for
EFy and EFpp, respectively. The strong correlation suggests that the
acidity may promote aerosol Fe solubilities in the size-fractionated
aerosols.

3.3. The solubility of LFe and the sources

The distribution patterns of LFe solubility exhibit partial dissimi-
larities with DFe, with a much higher value for the coarse fraction but a
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relatively comparable value for the fine fraction (Fig. 2). The solubilities
ranged from 0.50 to 39% and from 0.78 to 59% for MT and PJ stations,
respectively. On average, the solubilities were 24, 8.2, 2.4, 1.6, and
2.0% at MT and 42, 12, 4.8, 2.8, and 2.4% at PJ from size 0.57 to 7.3 pm,
respectively (Table S8).

The overall labile solubilities were also linearly correlated with EFpy
for both stations, generally showing increasing solubilities and EFpp with
decreasing sizes (Fig. 3). Limited studies have focused on investigating
the causes for the differences between LFe and DFe. Using the same
buffer dissolution treatment, Perron et al. (2020b) reported that LFe
solubility was 1.4-fold of DFe solubility in total suspended aerosol par-
ticles. Using a weak and a strong Fe binding ligand-solution treatment
for 1 day, Clough et al. (2019) observed 1.5 and 1.7-fold of DFe solu-
bility, respectively. The LFe solubilities observed in these two studies
using bulk aerosols were comparable to our whole size result, 1.9 + 1.0
(Table S8). All of these previous studies have used total suspended
aerosols to carry out the leaching experiments so that the effects of
different leaching treatments on lithogenic and anthropogenic aerosols
remain unknown. To the best of our knowledge, the differences between
DFe and LFe solubilities have not been systematically investigated
among size-fractionated aerosols. Our results show that the coarser the
sizes the differences of the solubilities between DFe and LFe are larger.
The differences were over one order of magnitude for size 7.3 pm,
indicating the organic buffer can leach much more extra Fe in coarse
aerosols than fine aerosols (Fig. 5). Comparable to the solubilities
observed in the size 7.3 pm fraction of this study, the solubilities of LFe
we measured in ATD reference material was 1.2%, which is also about
two order of the magnitude higher than the solubility of DFe, which is
0.013% (Table 2). The coarse aerosols (>PM 3) contributed majorities of
the difference between LFe and DFe masses, 70% for MT and 73% for PJ

Fig. 3. The comparison of the solubilities of
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Fig. 5. The comparison of DFe solubility with LFe solubility among size-fractionated aerosols at MT and PJ.

(Table S8).

In brief, fine anthropogenic aerosols would instantly release soluble
Fe into seawater but lithogenic particles would need a relatively long
time to leach dissolvable Fe to seawater by organic ligand complexion,
presented by the buffer leach. The LFe availability would then depend
on the capacity of organic ligands available in the water. Thus, the
residence time of aerosol particles and the ligand capacity in seawater
would be critical factors on deciding their Fe solubility. Perron et al.
(2020b) proposed that the 1-h buffer leaching protocol is based on the
comparable solubility observation obtained by using strong ligand
treatment for 24 h (Clough et al., 2019). Kessler et al. (2020) reported
that the solubilities of total suspended particles increased 2-fold from 1
to 8 days by using siderophore desferrioxamine-B (DFOB) as Fe

complexation ligand. Based on 2**Th and sediment trap data, Black et al.
(2020) estimated that the residence time of 75% lithogenic aerosol
particles in oceanic surface water range from 10 to 100 days. For future
studies, long term laboratory leaching experiments may be required to
better estimate the fluxes of LFe.

3.4. The fluxes of DFe and LFe and the overestimate

The deposition velocities of dry aerosols are known to be size
dependent and may vary for a couple of orders of magnitude between
fine and coarse aerosols (Slinn and Slinn, 1980). Generally, the veloc-
ities used range from 0.03 to 0.3 and from 0.3 to 3 cm s~ ! for fine and
coarse aerosols, respectively (Duce et al., 1991). As most of the previous
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studies did not carry out size-fractionated aerosol sampling, the dry
aerosol Fe deposition fluxes were commonly estimated by multiplying
concentrations of total aerosol Fe with an ‘averaged’ deposition velocity.
For example, Buck et al. (2013) used 1.16 cm s~! to calculate total and
dissolvable aerosol Fe deposition fluxes in the Pacific Ocean.

Since the larger the sizes are, the higher the deposition velocities
would be, the fluxes of coarse aerosols would be weighted more in
comparison to concentrations (or masses) among different sizes. The
weighting extents for the flux estimate would be dependent on the
quantitative information of the masses for size-fractionated aerosols in
TFe, LFe, and DFe. In terms of the masses of TFe, coarse aerosols
accounted for 68% and 76% at MT and PJ, respectively. In terms of the
fluxes, considering the deposition velocities of aerosol sizes, the
contribution of coarse aerosols at MT and PJ would up to 97 and 98%,
respectively. The averaged TFe fluxes were 3.8, 15, 94, 1286, and 2536
nmol m 2 day’1 at MT and 1.7, 6.2, 41, 875, and 2547 nmol m 2 day’1
at PJ for aerosols from size 0.57 to 7.3 pm (Fig. 6, Table S10), respec-
tively. For the fluxes of LFe, the contribution of coarse aerosols becomes
dominant, which were 94% and 95% at MT and PJ, respectively, in
comparison to 31% and 38% on the masses. The LFe fluxes were 0.82,
0.93, 1.6, 15, and 39 nmol m~2 day ' at MT and 0.59, 0.60, 1.6, 18, and
44 nmol m 2 day’1 at PJ from size 0.57 to 7.3 pm (Fig. 6, Table S10),
respectively. For the fluxes of DFe, the contribution of fine aerosols
decreased in comparison to the contribution on masses. In comparison to
6.4% of aerosol mass at MT and 10% at PJ, the contribution of coarse
aerosols for the fluxes increased to 72% and 77% at MT and PJ,
respectively, with averaged fluxes to be 0.85, 0.72, 0.49, 3.2, and 2.1
and 0.66, 0.45, 0.69, 4.5, and 1.4 nmol m~2 day ™! for MT and PJ from
size 0.57 to 7.3 pm, respectively (Fig. 6, Table S10). In brief, the
quantitative information of the masses for each aerosol size is essential
to obtain an accurate estimate of the fluxes.

Since the relative contribution of each size fraction on the masses of
TFe, DFe, and LFe varies dramatically (Fig. 2), the averaged velocities
calculated from the individual size in this study vary significantly among
the three different fractions, TFe, LFe, and DFe, which were 0.45, 0.22,
and 0.045 cm s at MT and 0.76, 0.38, and 0.097 cm s7! at PJ,
respectively. Without knowing the relative contribution, single deposi-
tion velocity, which is commonly used in most of the published field
studies, would cause significant bias for the flux estimates. For aerosol
samples with a relatively high percentage of fine particles, a general
single deposition velocity would tend to overestimate the fluxes of DFe
due to their relatively high solubility but relatively low deposition ve-
locity. Table 3 exhibits the fluxes estimated by using individually size-
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Table 3

Sensitivity test for the flux calculation of DFe and LFe by using different depo-
sition velocities. The offset (%) is defined as the percentage of the difference
(between the fluxes obtained by the two or single velocities and the fluxes ob-
tained by the size-fractionated velocities) to the fluxes obtained by the size-
fractionated velocities.

Sampling site Velocity* Fe flux (nmol m~2 day™?)
DFe Offset (%) LFe Offset (%)
Size-fractionated 50 0 241 0
MT Fine & coarse avg 106 74 284 2
Total avg 286 880 455 100
Size-fractionated 45 0 202 0
PJ Fine & coarse avg 81 46 234 7
Total avg 220 680 368 102

* Size-fractionated velocities used for flux calculations from size cut-offs 0.57 pm
to 7.3 pm were 0.008, 0.018, 0.063, 0.39, 0.94 cm s ! at MT and 0.010, 0.019,
0.070,0.59,1.3cms *atPJ, respectively. The fine and coarse average velocities
were 0.041 and 0.63 cm s~ at MT and 0.046 and 0.98 cm s~ ! at PJ, respectively.
The total average velocity were 0.45 and 0.76 cm s ' for MT and PJ,
respectively.

fractionated deposition velocities and the offsets from the fluxes esti-
mated by either using fine and coarse averaged or total averaged ve-
locities. In terms of dissolved fluxes, the value obtained by fine/coarse
and total averaged velocities are 1.7- and 9.8-fold of the value obtained
by 5 size-fractionated velocities at MT, and are 1.5- and 7.8-fold at PJ,
respectively. In terms of labile Fe fluxes, the values were 1.02- and 2.0-
fold at MT and 1.07- and 2.0-fold at PJ, respectively. The offset of the
fluxes obtained by fine/coarse averaged velocity is significantly smaller
than the one estimated by total averaged velocity. With the relatively
high percentage of labile Fe in large aerosols, the value of labile Fe
estimated by fine/coarse velocities is only 2 to 7% higher than the value
estimated by size-fractionated velocity (Table 3). These results show
that the information of aerosol size spectrum and their solubilities are
essential to obtain reliable dissolvable Fe fluxes, particularly in the
oceanic regions where fine anthropogenic aerosols are the dominant
fraction.

3.5. Implications to the estimates of global Fe fluxes

Our study demonstrates that sufficient size-fractionated sampling is
required to accurately estimate the fluxes of dissolved and labile aerosol
Fe. Table 4 compiles the studies with the data of aerosol Fe concentra-
tions and fluxes estimated by using different leaching protocols. Either
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Fig. 6. The comparison of the averaged fluxes of DFe, LFe, and TFe of the size-fractionated aerosols at MT and PJ (Table S10).
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Table 4

Marine Chemistry 241 (2022) 104106

The comparison of the concentrations and the deposition fluxes of TFe, DFe, LFe, and DFe/TFe in dry aerosols of this study and some of the previous studies.

Sampling site Size no. Fe conc. (pmol m~%) DFe/TFe (%) Fe flux (nmol m~2 day 1) DFe/TFe (%)
TFe DFe LFe TFe DFe LFe

MT, ECS 5 10100 190 300 1.9 3920 7 58 0.19

PJ, ECS 5 5400 130 210 2.4 3150 7 59 0.22

NWPO* 2 355 12 n.a. 3.4 265 4 na. 1.6

YECS" 11 9700 620" n.a.* 6.4 8380 466" n.a. 5.6

NWPO" 9 2080 1107 n.a.* 5.3 890 52" n.a. 5.8

NWPO' 1 460 44 na. 9.6 461 44 n.a. 9.5

NEPO® 1 164 13 n.a. 7.9 165 13 na. 7.9

a,b,c

" n.a.: not available.
# The samples were ultrasonically extracted in Milli-Q for 40-min.

ab¢ The data are from the studies of Kurisu et al. (2021), Yang et al. (2020), and Buck et al. (2013), respectively. High aerosol events are excluded from the dataset of

Buck et al. (2013).

in marginal seas or the open oceans, while only collecting total sus-
pended particles, we found that the ratios of dissolved to total Fe con-
centrations are comparable to the ratios of their corresponding fluxes,
indicating that the two flux estimates were based on onesame average
deposition velocity, which was tended to be weighted or biased by
coarse fraction. However, once five size-dependent deposition velocities
are applied for the estimate, our data indicate that the flux ratios are
only one-tenth of the concentration ratios (Table 4). In order to accu-
rately estimate DFe or LFe fluxes, the deposition velocities used have to
be size dependent. For studies without size-fractionated information, we
suggest using fine aerosol deposition velocity to estimate dissolved Fe
fluxes because dissolved Fe mainly originates from fine aerosols, with
the exception for samples dominated by lithogenic particles in fine
aerosols. For the estimate of LFe fluxes, both the solubilities of DFe and
LFe should be determined. Then, two different velocities can be applied
to estimate the fluxes: including the dissolved Fe fraction mainly from
fine aerosols, [DFe], and the fraction between the labile and dissolved
concentrations mainly from coarse aerosols, [LFe] - [DFe].

[LFe] = [DFe] 4 ([LFe] — [DFe] )
Fire = [DFe] X V4_Fine + ([LFE]—[DFQ] ) X V_Coarse

where [LFe] and [DFe] stand for the concentrations of LFe or DFe; Fig,
refers to the flux of LFe; V4 fine and V{ coarse represent the dry deposition
velocities of fine and coarse aerosols.

Only a few studies collected size-fractionated aerosols in large scale
cross basin studies. Buck et al. (2010) surveyed DFe in the Northern
Atlantic Ocean, and Gao et al. (2019) reported LFe solubility and fluxes
in the Arctic Ocean. Both studies reported one kind of solubility only,
either DFe or LFe. In addition, DFe stands for instantly dissolved aerosol
Fe and LFe solubility is supposed to be closely associated with organic
ligand availability in the surface water. While oceanic surface water
receiving a large amount of aerosol input, organic ligands may be fully
saturated by DFe, such as the pulse events of dust storms (Meskhidze
et al., 2017). To fully understand Fe cycling mechanisms among dis-
solved Fe, abiotic and biotic particulate Fe in the surface ocean would
rely on the information of dissolved and labile Fe fluxes of aerosols,
organic ligand concentrations, and the residence time of the particles.
Thus, it is essential to measure both dissolved and labile Fe solubilities in
size-fractionated aerosols in the global ocean.

In brief, the size-dependent distribution patterns of DFe, LFe, or TFe
vary dramatically so that the averaged deposition velocities also vary
significantly among the three pools in the East China Sea. We found that
either single or two averaged deposition velocities that are used in most
of previous studies may significantly overestimate dissolvable Fe fluxes
in regions with a significant contribution of fine anthropogenic aerosols.
The findings of this study show that size-fractionated sampling is critical
for the estimate of aerosol dissolvable Fe fluxes for both DFe and LFe.
Aerosol sizes are essential and powerful parameters to obtain a more

accurate estimate for the solubility and the fluxes of aerosol dissolvable
Fe.
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