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Abstract Aecrosol deposition is one of the major processes providing bioavailable Fe to the surface ocean.
However, the quantification of aerosol Fe flux in the surface ocean is highly challenging operationally. In this
study, we measured both Fe isotopic composition and specific elemental ratios in 5 size-fraction aerosols
collected over the East China Sea (ECS) to quantify the relative contribution of lithogenic and anthropogenic
aerosol Fe. Both the isotopic and elemental ratios indicate that anthropogenic aerosol Fe mainly originates from
high-temperature combustion activities with the end member of the 5>°Fe to be —4.5%o. We found that the Cd/Ti
ratio is a much more reliable proxy to quantify the contribution of anthropogenic aerosol Fe in coarse aerosols
than 5°°Fe in the ECS. Attributed to extremely high deposition velocities and high total Fe concentrations for
large size aerosols, lithogenic aerosols are still the dominant dissolved aerosol Fe source in the ECS.

Plain Language Summary The supply of iron to the surface oceans is a crucial factor deciding
primary production and carbon cycling in the ocean. Traditionally, it was thought that natural dust was the
primary contributor of both total and soluble aerosol iron to the surface oceans. However, some studies suggest
that human-made aerosols could also play a significant role in supplying soluble Fe to surface waters. Yet,
accurately estimating the flux of either natural or human-made aerosol Fe to the ocean surface is complex and
challenging. During the winter and spring monsoon seasons, the East China Sea (ECS) receives substantial
amounts of both natural and human-made aerosols from East Asia and serves as an ideal location to study the
fluxes of natural and anthropogenic aerosol Fe. In this study, we used Fe isotopic analysis and elemental ratios
of some specific elements in the ECS aerosols to estimate the relative contributions of anthropogenic and natural
aerosol Fe. We found that in spite of the high anthropogenic aerosol input, natural dust remains the predominant
supplier of soluble Fe to the surface waters in the ECS.

1. Introduction

The supply of dissolved Fe is a major factor influencing primary production and carbon cycling in the ocean
(Martin, 1990; Tagliabue et al., 2017). Aeolian transport is one of the major Fe sources in the surface oceans in
addition to other sources, such as continental shelves and hydrothermal vents (Lam & Bishop, 2008; Nishioka
et al., 2007; Resing et al., 2015). Lithogenic aerosols have long been considered to be the major total and dis-
solved iron (Fe) source in the euphotic zone of the ocean (Jickells et al., 2016). However, some studies reported
that anthropogenic aerosols, featured with extremely high Fe solubility, may play a significant role as dissolved
Fe sources in the surface water (Conway et al., 2019; Luo et al., 2008; Mead et al., 2013; Sedwick et al., 2007).
Using Fe isotopic composition to estimate the dissolved anthropogenic aerosol Fe (AN-Fe) fluxes, studies re-
ported that the AN-Fe fluxes ranged from 20%-60% to 21%—59% of the dissolved Fe fluxes for the northwestern
and subarctic Pacific regions, respectively (Kurisu et al., 2021; Pinedo-Gonzalez et al., 2020). However, it should
be noted that the estimate of either lithogenic or anthropogenic aerosol Fe fluxes to the surface ocean is highly
challenging and highly uncertain (Meskhidze et al., 2019; Myriokefalitakis et al., 2018). The uncertainties at least
include the biases from the quantification of solubility, the evaluation of deposition velocities, the identification
of aerosol Fe sources, the sampling procedures of size-fractionated aerosols, and the pre-and post-deposition
transport processes of aerosols (Baker & Jickells, 2006; Hsieh et al., 2022; Perron et al., 2020; Wang & Ho, 2020).

In this study, we have applied both elemental and Fe isotopic composition to five size fractions of aerosol samples
collected over the ECS to identify and quantify the sources of total and dissolved aerosol Fe. The ratios of certain
specific metals to Ti are useful indicators of specific anthropogenic aerosol sources. For example, nickel (Ni) or
vanadium (V) in aerosols are known to be associated with oil combustion (Nriagu & Pacyna, 1988; Sholkovitz
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et al., 2009). Potassium (K) in fine aerosols is known to be an indicator for
biomass, wildfire, and fossil fuel burning (Andreae, 1983; Perron
et al., 2022). Aerosol sulfur (S) mainly originates from coal combustion in
East Asia (Lin et al., 2015, 2022). The elements cadmium (Cd), zinc (Zn), and
lead (Pb) are also enriched in fossil fuel combustion processes (Nriagu &
Pacyna, 1988). However, the EF of size-fractionated aerosol Fe does not
exhibit significantly different ratios (Buck et al., 2019; Hsieh et al., 2023). For
example, although the EF, ranged over 3 orders of magnitude from 3.1 to
= 2,873, the EFg, only ranged from 1.2 to 3.4 in the 5 size fraction aerosols
Northwest collected in the ECS (Hsieh et al., 2023). Fe isotopic composition in different
2 Pacific Ocean size aerosols may provide independent evidence to trace the sources of
i aerosol Fe and estimate their contribution. The §°°Fe value of lithogenic dust

I~ and loess, which have been thoroughly studied typically with values around
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+0.10 = 0.10%0 (Beard et al., 2003; Fitzsimmons & Conway, 2023; Waeles
et al., 2007). The 5°°Fe values in lithogenic aerosols do not significantly
change during atmospheric transport processes (Conway et al., 2019; Gong
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et al., 2016). In terms of AN-Fe isotopic features, it has been reported that
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120°E 130°E 140°E fossil fuel with high-temperature combustion can cause significant Fe isotope

fractionation during evaporation and yield much lower 6°°Fe, as low as

Figure 1. The location of the sampling station, Penjia islet (PJ), and 7-day air —3.2%o for total fine aerosols (Kurisu, Sakata, et al., 2016). Similarly, the
mass backward trajectory. The red, blue, and purple lines stand for temperature level in smelting activities is also extremely high, generally

southwestern monsoon, northeastern monsoon, and typhoon events,

respectively.

ranging from 1,000 to 2,000°C, and the 5°°Fe value in the emitted aerosols is
relatively light down to —3.5%0 and —3.9%c for toal and ultrapure water
leaching fine aerosols (<0.7 pm) (Kurisu et al., 2019). The §°°Fe value of high temperature combustion Fe is
suggested to range from —3.9 to —4.7%o (Kurisu, Takahashi, et al., 2016; Kurisu et al., 2019). Kurisu and
Takahashi (2019) observed insignificant Fe fractionation in aerosols collected from biomass burning and pro-
posed that it may be attributed to relatively low combustion temperature or the suspension of soil particles.
Overall, the isotopic composition and fractionation of Fe in fly ashes originated from biomass burning still remain
unclear. Without significant isotopic fractionation among different anthropogenic aerosol Fe sources, 5°°Fe alone
may not be useful to distinguish and quantify the sources. The coupling information of §°°Fe and some specific
elemental ratios shall be beneficial to distinguish the sources (Conway et al., 2019).

The East China Sea (ECS), receiving large amounts of both anthropogenic and lithogenic aerosols from East Asia
during the northeastern monsoon seasons, provides an excellent location to investigate the relative contribution of
different sources of aerosol Fe (Figure 1). We determined both §°°Fe and various elemental ratios of proxy el-
ements to estimate the contribution of different aerosol sources for total and dissolved aerosol Fe for both masses
and fluxes from 5 size-fraction aerosols collected in the ECS. The aerosol leaching Fe include ultrapure water and
buffer leached Fe using the procedures proposed (Perron et al., 2020). The findings of this study shall shed in-
sights on the relative contribution of lithogenic and anthropogenic aerosols Fe in oceanic surface water regionally
and globally.

2. Method

2.1. Sampling Site and Procedures

The aerosol samples were collected in a small islet in the ECS, Pengjia islet (PJ, 1.1 km2, 25.63°N, 122.08°E),
which is located at 66 km north of the northernmost point of Taiwan (Figure 1). There are only about 30
governmental staff stayed on the volcanic islet for meteorological observation and coastal guarding. Based on
aerosol optical depth data, PJ receives aerosols from the north during the northeast monsoon season and from the
south during the southwest monsoon season (Figure 1). This makes it an ideal time series sampling site to
investigate the impact of East Asian aerosols on the surface water of the northwestern Pacific Ocean (NWPO).
Size-fractionated aerosol samples were collected by polytetrafluorethylene filters (TE-230-PTFE, Tisch Envi-
ronmental Inc., US) installed on the high volume aerosol sampler (TISCH Environmental Inc., US, MODEL-TE-
5170) and coupled with a cascade impactor (TISCH Environmental Inc., US, Series 235). The cascade impactor
separated aerosols into five size fractions, including stage 1 (>7.3 pm), stage 2 (3.1-7.3 um), stage 3 (1.6
3.1 pm), stage 4 (1.0-1.6 pm), and stage 5 (0.57—1.0 pm). The stage 5 and stage 14 aerosols are referred to as fine
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and coarse aerosols in this study, respectively. The collection time for one single filter generally lasted for 7—
8 days each month from September 2019 to August 2020 to ensure sufficient mass for isotopic composition
analysis in different treatments. Detailed sampling information, including sampling dates and volumes, is shown
in Table S1 of Supporting Information S1. The filters with aerosol samples were freeze-dried and weighed after
collection. The aerosol samples were then stored at —20°C freezer prior to further chemical processing.

2.2. Quantification of Dissolved and Total Concentrations and Isotopic Composition

All sample pretreated procedures were carried out in an ISO Class 4 positive pressure cleanroom by operators
wearing powder-free polyvinyl chloride (PVC) gloves. We followed the suggested protocols of GEOTRACES
Cookbook to clean sample vials (Cutter et al., 2017). Regarding the dissolved fraction, we conducted two
different leaching protocols, including instantaneous ultrapure water leached (ultrapure water) and acetate buffer
leached (buffer) treatments. The ultrapure water Fe was obtained by passing ultrapure water through 0.2 pm filters
instantaneously (Buck et al., 2006; Morton et al., 2013). For buffer leached Fe (buffer Fe), an ammonia acetate
buffer solution at pH 4.7 was used to mimic aerosol metals dissolution processes by rainwater (Baker & Jick-
ells, 2006; Sarthou et al., 2003) or short period complexation processes by seawater ligands (Perron et al., 2020).
For total digestion (referred as “total” hereafter), samples were heated for 4 hr at 120°C (heater temperature) in
2 ml of a freshly prepared mixed solution containing 4M HF, 4M HCI, and 4M HNO; (Eggimann & Bet-
zer, 1976). Solubilities were calculated by dividing the concentrations of elements leached with either Milli-Q
water or buffer by their total concentrations. Filter blanks for each treatment were obtained by subjecting new
filters to the same leaching procedures as the samples. In over 90% of the cases, the sample concentrations were at
least two orders of magnitude higher than the concentrations of the blanks, and in all cases, the samples were at
least one order of magnitude higher than the blank value. The detailed information about the pretreatment pro-
cedures, analytical method, blank test, and the validation of precision and accuracy were described in our previous
studies (Hsieh et al., 2022, 2023).

Iron isotopic compositions were determined by using multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS, Neptune Plus, Thermo Fisher Scientific) equipped with a sample inlet system APEX-IR
(no gas added), normal Ni sampler cone, and X-type skimmer cone from elemental scientific. Samples were
measured in high-resolution mode with **Cr correction on >*Fe and **Ni correction on *®Fe. The §°°Fe mea-
surements were conducted using the double-spike technique, involving the addition of mixed spike (*’Fe and
58Fe) with a sample-to-spike ratio of 1:2, as described by Dauphas et al. (2017). The 5°°Fe data (°°Fe/**Fe) ratios
are reported in per mil notation (%o) relative to the IRMM-014 Fe isotope reference material (Institute for
Reference Materials and Measurements) and described below:

(56Fe /54Fe)
(56Fe /

5%Fe (%0) = ( sample  _ 1) x 1000

55
Fe) ot

To minimize the Cr and Ni interferences, we purified all samples using an anion exchange resin (AG1-X8, Bio-
Rad, 100-200 mesh). The samples were loaded in 1.4 mL 7 N HCI solution onto perfluoroalkoxy alkanes (PFA,
Savillex) microcolumns filled with the resin. We then applied ultrapure 0.4 ml 7N HCl thrice to remove Ni and Cr.
The Fe was retained on the resin and later eluted out with 0.7 N HC1 (Figure S1 in Supporting Information S1).
The eluted off purified Fe samples were dried in open cap vials then redissolved subsequently in 1 ml of 0.5 M
HNOj; at 120°C for 2 hr with closed caps and then were ready for isotopic analysis. We measured IRMM-014
every 4 sample analyses and measured NIST-3126a every 8 sample analyses to validate analytical accuracy.
Our long-term 5°°Fe value of NIST-3126a is 0.36 + 0.03%o (n = 25), averaged from 5 different analytical periods
spanning for half year. This value is comparable to the value reported in previous studies 0.36 = 0.04%o by Sieber
et al. (2021), 0.35 = 0.06%0 by Stevenson et al. (2017), and 0.39 =+ 0.13%o reported by Rouxel and Auro (2010).
The precision and accuracy of 5 °Fe data in this study were validated using reference materials BCR2 and
BHVO?2 (Table 1 (Craddock & Dauphas, 2010)).
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Table 1

Precision and Accuracy Validation of 5°°Fe Using Reference Material BCR2 and BHVO2

Reference Purification blank® Digestion concentration recovery Purification recovery 5%Fe (%o) This 5%Fe (%o) Craddock,
material (%) (n=15) (%) (n=15) study® (n = 5) Dauphas, 2010
BCR2 99 + 1 94 +3 0.11 = 0.02 0.13 £0.03
BHVO2 98 + 1 99 +5 0.09 £+ 0.02 0.11 £ 0.02

#All of the samples were processed by the elution procedures twice (Figure S1 in Supporting Information S1) to purify Fe. The values of the errors represent one standard
deviation of 5 replicate CRM samples through pretreatment and analysis.

3. Result
3.1. Size and Seasonal Variations of 5°°Fe

The 7-day air mass backward trajectory analysis showed that the air mass transport pathways were generally
opposite between the northeastern monsoon (NE) season and the southwestern monsoon (SW) season (Figure 1).
Aerosols generally originated from East Asia during the NE monsoon seasons from September 2019 to May 2020;
aerosols mainly came from the oceanic region in the south during the SW monsoon seasons from June 2020 to
July 2020 (Figure 1). We did not include the August sample into the SW season since category 4 typhoon Maysak
passed through the ECS in August 2020. Our previous studies found that the concentrations of total Fe increased
with increasing particle sizes and the concentrations of ultrapure water leached Fe exhibited opposite patterns
with aerosol sizes (Hsieh et al., 2022, 2023). The differences between total Fe and ultrapure water leached Fe
increased with increasing particle sizes and were up to three orders of magnitude for size 7.3 pm. The solubilities
of ultrapure water leached Fe varied up to four orders of magnitude with the size spectrum and exhibited a highly
linear correlation with non-sea-salt sulfur. In terms of the seasonality, we did not observe significant differences
in concentration or Fe solubility. The seasonal variations of total, ultrapure, and buffer 5°°Fe in the size-
fractionated aerosol samples are also shown in Figure 2. The total Fe isotope composition remained relatively
consistent for the three larger aerosols with values ranging from +0.10 to —0.08 %0, +0.16 to +0.00%0, and +0.14
to —0.06%o for size cut-offs 1.6, 3.1, and 7.3 pum, respectively (Figure 2). However, for the two smallest size
aerosols, 8°°Fe sharply decreased with decreasing sizes with value ranging from —0.45 to —3.35 to —0.06 to
—1.16%o for size cut-offs 0.57 and 1.0 pm, respectively (Figure 2, Table 2). For the seasonality in total 5°°Fe
composition, the averaged values of the 2 smallest size aerosols collected during NE seasons were
—2.19 + 0.91%0 and —0.54 + 0.41%o for size cut-offs 0.57 and 1.0 pm, respectively, which were significantly
lower than the value obtained in SW seasons, —0.66 % 0.29%0 and —0.15 = 0.04%. (Table 2). The August 5°°Fe
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Figure 2. The seasonal total ultrapure water leached and buffer leached 5°°Fe compositions of the size-fractionated aerosols
collected in the ECS. As the analytical error was relatively small (0.04 £ 0.01%c) compared to the differences between the
samples, the error bars were not shown in the figure.
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Table 2
The 5°°Fe Compositions of Total, Ultrapure Water Leached, and Buffer Leached of the Size-Fractionated Monthly Aerosol Samples Collected in the ECS

Size 5%Fe (%o)

cut-

offs  Leaching

(pm)  fraction September December January February March April May June July August

0.57 Ultrapure —3.39 (0.06)* —4.46 (0.05) —3.88” (0.07) —1.82 (0.08) —3.34 (0.04) n.a.’ —2.40 (0.08) —1.46 (0.09) —1.33 (0.05) —2.79 (0.05)
Buffer —3.48 (0.04) —4.34 (0.05) —3.89(0.04) —1.48(0.05) —3.41(0.08) n.a. —2.34 (0.03) —1.73 (0.05) —1.47 (0.04) —2.78 (0.04)
Total —2.24 (0.04) —3.35(0.03) —2.93 (0.04) —0.94 (0.04) —2.29 (0.05) n.a. —1.36 (0.04) —0.45 (0.04) —0.87 (0.05) —1.77 (0.03)

1.0 Ultrapure —1.46 (0.04) —1.66 (0.04) —1.21(0.08) —0.13(0.09) —0.79 (0.03) —0.68 (0.07) —0.46 (0.08) —0.18 (0.08)  0.01 (0.05) —0.40 (0.04)
Buffer —1.74 (0.06) —1.88(0.04) —1.19 (0.04) —0.22 (0.05) —0.79 (0.06) —0.73 (0.07) —0.48 (0.05) —0.11 (0.05) —0.03 (0.05) —0.44 (0.05)
Total —0.87 (0.05) —1.16 (0.04) —0.76 (0.05) —0.06 (0.04) —0.41 (0.04) —0.38 (0.04) —0.11 (0.03) —0.18 (0..04) —0.12 (0.04) —0.38 (0.04)

1.6 Ultrapure  0.08 (0.06) —0.16 (0.03)  0.20(0.09)  0.26 (0.09) 0.06 (0.04) 0.22 (0.09) —0.03(0.11) 0.13(0.08)  0.24 (0.06)  0.09 (0.04)
Buffer —0.31 (0.09) —0.18 (0.04) —0.09 (0.04) 0.22 (0.04) 0.03 (0.06) 0.05(0.07) —0.04 (0.04) 0.07 (0.05)  0.04 (0.03) —0.13 (0.05)
Total —0.02 (0.03)  0.03 (0.04) —0.04 (0.04) —0.02(0.03) 0.05(0.04) 0.10 (0.05) 0.05(0.06) —0.04 (0.07) —0.04 (0.06) —0.08 (0.04)

3.1  Ultrapure  0.23 (0.03) -0.02 (0.06) 0.19 (0.07)  0.14(0.08) 0.36 (0.05) 0.10(0.09) —0.11 (0.10) 0.04 (0.09)  0.27 (0.05) 0.21 (0.04)
Buffer 0.05 (0.05)  0.05(0.04) —0.01(0.04) 0.04 (0.03) 0.12(0.07) 0.12(0.07) —0.12(0.04) 0.09 (0.04) 0.03 (0.05) 0.04 (0.04)
Total 0.04 (0.05)  0.06 (0.04)  0.05(0.05) 0.16 (0.04) 0.08 (0.05) 0.03(0.04) 0.07 (0.04) 0.00(0.05) 0.01(0.05) 0.01 (0.04)

7.3  Ultrapure  0.28 (0.08)  0.25(0.07) —0.11(0.10) 0.38(0.09) 0.20 (0.04) 0.06 (0.10) 0.03 (0.13) 0.04 (0.09)  0.40 (0.06) 0.00 (0.04)
Buffer 0.20 (0.05)  0.14 (0.05)  0.00 (0.04)  0.05 (0.06) 0.06 (0.06) 0.10 (0.07) —0.01 (0.05) 0.00 (0.03)  0.08 (0.04) —0.01 (0.04)
Total 0.01 (0.05)  0.06 (0.04) 0.04 (0.02) 0.08 (0.04) 0.14 (0.03) 0.03 (0.05) 0.03 (0.04) 0.08 (0.05) —0.06 (0.05) 0.05 (0.03)

The values in parentheses represent the analytical error (2 standard deviations). "We observed abnormal MC-ICPMS isotopic signals for certain samples analyzed,
which are highlighted in italics. To address this, we redigested the purified samples overnight (approximately 12 hr) and subsequently obtained stable and consistent
isotopic signals. “n.a: Samples are not available.

value for 0.57 pm fraction was relatively low, —1.8%o, which was supposedly attributed to elevated anthropo-
genic aerosol input brought to the PJ by Maysak typhoon with radius up to 100 km.

In terms of ultrapure water and buffer leached samples, the deviation pattern among different size aerosols is
similar to total samples with consistent values for the three large sizes and significantly lower values for the two
small size aerosols. However, compared to total digestion samples, we found that the value observed in ultrapure
water and buffer fractions were significantly lower than the value of total digestion for size cut-offs 0.57 and
1.0 pm. The deviations for ultrapure water and buffer leached samples from the total samples were 0.96 to 0.97%o
for size cut-offs of 0.57 pm and were 0.25 and 0.32%o for size cut-offs of 1.0 pm, respectively (Figure 2, Table 2).

4. Discussion
4.1. Two End Member Mixing: Evidence From Elemental Ratios and §°°Fe

Regarding elemental ratios, titanium (Ti) has proven to be a more reliable tracer of lithogenic material in aerosols
than aluminum (Al). For example, in high lithogenic aerosol loading samples collected over the Pacific Ocean
(GEOTRACES GP-15 cruise), Fe/Al ratios were significantly deviated from mean upper continental crust values
than Fe/Ti ratios (Marsay et al., 2022). Figure 3 shows the correlations between the Ti-normalized ratios of the
five elements and Fe and §°°Fe in total aerosols. All of the ratios exhibit a negative linear correlation with 5°°Fe in
the two finer size aerosol fractions. Although we did observe high non-sea-salt (nss-) K to Ti ratios, it is unclear
whether the extremely low 5°°Fe originate from low temperature biomass burning aerosols or not. Similarly, as V/
Ti ratios in heavy fuel oil aerosol emissions ranging from 120 to 1,000 mol mol™" (Basha et al., 2020; Streibel
et al., 2017), the relatively low V/Ti ratios observed indicate that heavy oil burning is unlikely to be the major
source of fine aerosol Fe.

The ratios of Cd and Pb exhibited relatively high linear correlation with §°°Fe among the six elements with
correlation coefficients of 0.94 and 0.84, respectively. Although both Cd and Pb have low melting/boiling
temperatures, 321/767 and 327/1,749°C, respectively, these two metals in fly ash mainly originate from high-
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Figure 3. The correlation between elemental ratios (to Ti) and 8°°Fe for total treatment in the size-fractionated samples.

temperature combustion anthropogenic activities, including coal and oil burning, metal smelting and refining, and
waste incineration. The two metals would thus be evaporated, condensed, aggregated, and adsorbed on flying
ashes so that they are highly enriched in fine anthropogenic aerosols. Based on the strong correlation between Cd/
Ti (and Pb/Ti) and 6°°Fe (Figure 3), Cd/Ti and Pb/Ti ratios may be useful to quantify the contribution of AN-Fe in
the studied region. Our two-end members mixing assumption for aerosol Fe (anthropogenic and lithogenic
aerosol Fe) is also strongly supported by the high correlation observed between decreasing 5°°Fe and increasing
Cd (and Pb) to Ti ratios. The lowest 5°°Fe value observed in the smallest size (0.57 pm) aerosol in this study was
—3.35%0 comparable to the values reported in previous studies for aerosol samples collected in heavy traffic or
near steel plants, —3.2%0 and —3.5%o, respectively (Kurisu, Sakata, et al., 2016; Kurisu et al., 2019). Our low
5°Fe values in the fine aerosols are consistent with the high-temperature fossil fuel combustion. The strong
correlation (> = 0.83) between 5°°Fe and nss-S/Ti further supports that fly ash from coal burning is the major
source of fine aerosol Fe (Figure 3).

Since dissolved Fe obtained from ultrapure water and buffer leached treatments in fine aerosol mainly originates
from AN-Fe, the isotopic value of the dissolved Fe would thus be close to the end member of anthropogenic
aerosol Fe. The lowest values measured in this study were —4.46 and —4.34%o in the ultrapure water and buffer Fe
fractions, respectively (Figure 3, Table 2). Derived from high-temperature combustion, Kurisu et al. (2019)
suggest the isotopic composition of AN-Fe aerosols in East Asia shall fall between —3.9 and —4.7%o. Conway
et al. (2019) proposed an isotopic range from —1.6 to —1.8%o as the end member of AN-Fe in the North Atlantic
Ocean. In this ECS study, we then used the lowest 5°°Fe value observed in our studied region as the end member
of AN-Fe, which is —4.4%o. As the intercept of y axis for the 5°°Fe versus Cd/Ti plot is +0.06% (Figure 3) also
comparable to the typical 6°°Fe range of lithogenic aerosols (+0.10 + 0.10%c) (Beard et al., 2003; Conway
etal., 2019; Mead et al., 2013; Waeles et al., 2007), we thus use +0.1%o as the end member of lithogenic aerosols.
Based on the correlation between 5°°Fe and Cd/Ti ratios, the estimated end members of Cd/Ti and Pb/Ti ratios in
anthropogenic aerosols would be 50 and 1,030 mmol mol ™', respectively (Figure 3).

4.2. 6°°Fe Versus Fe Solubility

We further compared 8°°Fe in total size fractionated aerosols with aerosol Fe solubilities obtained with ultrapure
water and buffer leaching treatments (Figures 4a—4d). A significant linear correlation was observed between total
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Figure 4. (left) The correlation of total aerosol 6>°Fe with Fe solubility in size-fractionated aerosols (right) The comparison between nss-S to Ti ratio with Fe solubility
and 5°°Fe obtained by ultrapure water and buffer leached.

5°°Fe and the solubilities of ultrapure water and buffer aerosol Fe with correlation coefficients (%) to be 0.81 and
0.76, respectively, demonstrating that dissolved Fe mainly originated from anthropogenic aerosols. The overall
ultrapure water solubilities varied up to four orders of magnitude for all of the five size samples, and the isotopic
values of total Fe varied by about 3.6%o, ranging from +0.16 to —3.4%.. However, the ultrapure water Fe sol-
ubilities for aerosol sizes from 1.6 to 7.3 pm varied up to two orders of magnitude (0.01%-5.4%) but §>°Fe only
ranged from +0.16 to —0.08%0 (Figure 4a). Due to the relatively large uncertainty for Fe isotopic analysis
(0.04%o), the variability of 5°°Fe for larger fractions aerosols (7.3, 3.1, and 1.6 pm) was within or close to
analytical uncertainty value and was too small to effectively quantify the contribution of anthropogenic aerosols.
Instead, the Cd/Ti ratios for the three larger size aerosols also varied up to two orders of magnitude, 0.04—
3.62 mmol mol ™" (Hsieh et al., 2023), and Cd/Ti and Pb/Ti also exhibited high correlation in three larger fractions
(Figure 5d). Thus, Cd/Ti ratios are a much more sensitive and reliable parameter to represent the contribution of
anthropogenic aerosol (Fe) than Fe isotopic ratio in this study.

Assuming two-end-member mixing and using the end member value of Cd/Ti ratios observed in anthropogenic
aerosol (50 mmol mol™}) (Figure 3) and in the lithogenic dust (0.012 mmol mol™}) (Hu & Gao, 2008), we thus
estimated 5°°Fe for the highest Cd/Ti value in the three coarser fractions. The estimated value is —0.14%o, which
is quite close to the value measured (—0.08%o0). Assuming the end member of Fe solubility to be 80% (Figure 4a),
the predicted or estimated solubility for the sample (—0.08%o) is 5.4%, which is also relatively close to the value
observed, 3.7%. Further studies are needed to validate the value of applying Cd/Ti ratios as a proxy to estimate the
contribution of AN-Fe and Fe solubility.

The strong linear correlation between Cd/Ti ratios and low 5°°Fe for PM 1.0 strongly supports that the PM 1.0 was
driven by lithogenic and anthropogenic aerosols two end members mixing (Figure 3). However, the correlation
between solubility and 5°°Fe in the two finest fractions was relatively poor (Figures 4c and 4d) with solubilities
varying from 2.5% to 74%, and §°°Fe varying from —0.11 to —3.4%o. We argue that other physical and chemical
conditions may be important in influencing the solubilities. For example, nss-S/Ti exhibits better correlations with
the solubilities of ultrapure water and buffer leached Fe than 6°°Fe (Figures 4e and 4f), suggesting that inorganic
acid concentrations in aerosol samples are a critical factor controlling Fe solubility. Other potential factors may
include the availability of organic acids, inorganic, and organic ligands in different types or speciation of
anthropogenic particles or the strength of solar radiation and in-cloud processes.
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Figure 5. The correlation between 5°°Fe, Cd/Ti, and Pb/Ti ratios for total digestion samples. The correlation coefficients of
plots b and d for the two coarse fractions are 0.0013 and 0.86, respectively.

4.3. Quantify AN-Fe by Using 6°°Fe and Cd/Ti Ratio

Using +0.10/—4.4% and 0.012/50 mmol mol ™" as the two end members of 5>*Fe and Cd/Ti ratios in lithogenic
aerosol Fe and AN-Fe, respectively, we quantified the relative contribution of each end member by a two-
component mixing model for each size fraction (Conway et al., 2019; Ho & Hsieh, 2024; Kurisu et al., 2021)
(Table 3 and Tables S2 and S3 in Supporting Information S1):

Femeasured = Fedusl Xfc‘lust + Feanthmpogenic Xfamhropogenic

The terms of Fey, and Fe stand for end member values, either §°°Fe or Cd/Ti ratios, for dust and fossil

anthropogenic
fuel high-temperature combust?ogn aerosols. Fe,..cureq Stands for the 5°°Fe or Cd/Ti ratios measured in each size
fraction. The terms, fy,5 and fynhropogenic» Stand for the fractions of the aerosol sources in the total aerosol, with
sum to be one or 100%. We then quantified the two fraction terms using either 5°°Fe or Cd/Ti ratios for each
aerosol size of all of the samples measured. We found that the contribution estimated by Cd/Ti ratio for total AN-
Fe is comparable to the value obtained by 5°°Fe among size cut-offs 0.57—1.0 pm (Ho & Hsieh, 2024) (+* = 0.92,

Table 3, Table S3 in Supporting Information S1). The two comparable values, obtained by two independent

Table 3
The Estimated Contribution of Anthropogenic Aerosol Fe for Concentrations and Fluxes Using Two Independent Estimation
Approaches ( 5°%Fe vs. Cd/Ti) in the Two Representative Months of NE and SW Monsoon Seasons, Respectively

YR E A NE (December 2019) SW (July 2020)

approach Ultrapure Buffer Total (%) Ultrapure Buffer Total (%)

By 6°°Fe Conc. 85% 40% 7.6 22% 10% 3.5
Flux 32% 0.7% 1.1 0.1% 0.8% 3.1

By Cd/Ti Conc. n.a. n.a. 7.3 n.a. n.a. 0.9
Flux n.a. n.a. 0.7 n.a. n.a. 0.3

Note. *n.a: data are not available. The deposition velocities used in the flux calculation are based on Hsieh et al. (2022).
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approaches, validate the two end member assumption and the accuracy of the estimates. In terms of the two coarse
sizes, 5°°Fe shows poor correlation with Cd/Ti ratio (+* = 0.0013, Figure 5b). However, Cd/Ti ratios still maintain
a strong linear correlation (r* = 0.86) with Pb/Ti in coarse aerosols with the same slope as fine aerosols
(Figure 5d). Not only the elemental ratios varying up to a few orders of magnitude in the size-fractionated aerosols
but their concentrations were relatively high and can be measured precisely, the elemental ratios thus were
relatively reliable proxies to estimate the contribution of anthropogenic aerosols in comparison with §°°Fe
particularly for coarse sizes. In brief, §°°Fe is not a reliable parameter to estimate the contribution of AN-Fe in
coarse aerosols. The strong and same linear correlation between Cd/Ti and Pb/T1i in both fine and coarse aerosols
indicates that both Cd and Pb in coarse aerosols still originated from anthropogenic aerosols (Figure 5). Although
the 8°°Fe values in coarse aerosols were generally close to lithogenic aerosol Fe, the possible contribution of AN-
Fe in the coarse fraction should not be fully excluded. The dissolved Fe in coarse fraction of lithogenic aerosols
may also be impacted by the anthropogenic aerosols.

The average total mass contributions of AN-Fe for the two finest aerosols (0.57/1.0 pm) would be 51/14% and 17/
5.6% for the NE and SW monsoon seasons, respectively (Table S2 in Supporting Information S1 (Ho &
Hsieh, 2024)). However, the averaged AN-Fe mass only accounts for 5.2% and 2.7% of total aerosol mass during
the NE and SW monsoon seasons, respectively. Using the December sample as an example, AN-Fe contributed
7.8%, 41%, and 87% of Fe for total, buffer, and ultrapure water masses, respectively (Table 3). In terms of flux
estimates, we have calculated the deposition fluxes by multiplying size-fractionated aerosol Fe concentrations with
size specific deposition velocities. Considering size and atmospheric condition specific deposition velocities
(Hsieh et al., 2022), the AN-Fe flux contributions were only 1.1% and 1.4% for total and buffer treatments and 34%
for ultrapure water leached treatment, respectively, in December (Table 3). Using the same two-end member
approach by Cd/Ti ratios, the contribution of AN-Fe in total Fe was only 0.7%, which is similar to the value
estimated by §°°Fe approach (Table 3). These estimates are only for aerosol dry deposition. In terms of wet
deposition, since the scavenging ratio of coarse aerosols are much higher than fine aerosols in wet deposition (Duce
et al., 1991), coarse aerosols would also account for a higher contribution than fine aerosol for aerosol Fe wet
deposition fluxes in our studied region. Supposedly, AN-Fe would still account for a minor contribution in wet
deposition.

5. Conclusion

The lowest §°°Fe values of total, buffer, and ultrapure water leaches were —3.35, —4.46, and —4.34%o, respec-
tively, indicating that AN-Fe in the aerosols originated from high-temperature combustion. Using the elemental
and isotopic end members, we have quantified the relative contribution of lithogenic and anthropogenic aerosol
Fe. We also found that Cd/Ti ratio is a sensitive and reliable proxy to quantify the contribution of total AN-Fe in
coarse aerosols collected in the ECS. Although anthropogenic aerosols are a major source of dissolved Fe
concentrations in fine aerosols, lithogenic aerosols are still the dominant source of ultrapure water, buffer, and
total Fe in the surface water of the ECS and its marginal seas.

Data Availability Statement

Monthly meteorological conditions during the sampling periods was obtained from the Weather Bureau of
Taiwan at https://e-service.cwb.gov.tw/HistoryDataQuery/index.jsp. The iron isotope and elemental ratio data
(Cd/Ti) used to estimate the contributions of anthropogenic and lithogenic aerosol Fe in this study has been
published in the Dryad data repository (Ho & Hsieh, 2024). The data set is archived at Dryad, https://doi.org/10.
5061/dryad.rv15dv4h3, and is also accessible in the Supplementary files.
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