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Aerosol dissolvable metals are considered to be readily bioaccessible so that their input would influence the
growth and composition of marine phytoplankton and affect elemental cycling globally. However, it is highly
challenging to measure or estimate reliable deposition fluxes of aerosol dissolvable metals in the ocean partially
due to the impacts of complicated processes involved in pre- and post-deposition of aerosols. We have collected
lithogenic dust from major Chinese deserts and size-fractionated aerosols from the East China Sea (ECS) to study
the variations of their dissolvable metals by using three operationally defined leaching protocols (ultrapure
water, buffer, and Berger leaches). We have systematically investigated the changes of the distribution patterns
of the metals to evaluate the potential impacts of the transport processes on the flux estimates of different el-
ements. In addition to the extremely high solubilities observed for anthropogenic type elements, we found
variations for solubilities of lithogenic type elements (Ti, Al, Fe) increase with increasing sizes by the three
leaching treatments. Without knowing the size specific information (mass and solubility), our observations
indicate that the deposition fluxes of lithogenic type elements would be significantly overestimated. Compared
with the solubility of the desert dust, we found that all solubilities for lithogenic type elements in the largest
aerosols were significantly enhanced. For example, the Fe solubilities increased up to 68, 6, and 3 folds for ul-
trapure water, buffer, and Berger treatments, respectively. Attributed to the difference of the impacts of the
transport processes in different regions, the extent of the enhancement would be region specific. Comparing some
other recent laboratory studies, we argue that the solubilities obtained by buffer and Berger leaches are more
realistic to represent aerosol solubility in the ocean than ultrapure water leach. It would be essential to carry out
similar field studies in other regions as this study to obtain region specific parameters of dissolvable aerosol
metals to achieve better global modeling estimates on the fluxes of dissolvable aerosol metals in the ocean.

1. Introduction photoreduction, and organic complexation (Meskhidze et al., 2019; Shi

et al., 2012; Wang and Ho, 2020). Although the complicated processes

The availability of the whole suite of biologically essential dissolved
trace metals (e.g., Fe, Co, Cu, Zn, Ni) is a major factor deciding the
growth and composition of different phytoplankton groups in marine
euphotic zone (Chen et al., 2022; Ho et al., 2003; Paytan et al., 2009)
and thus influencing material cycling in the ocean (Mackey et al., 2015;
Martin and Fitzwater, 1988; Morel et al., 2020). Aerosols are a major
source of dissolved trace metals in the euphotic zone of the ocean
(Jickells et al., 2016). Before and after depositing in the euphotic zone,
aerosols go through complicated atmospheric and aquatic physico-
chemical and transformation processes, such as acidification,

would transform aerosol properties and influence aerosol metal solu-
bilities (Longo et al., 2016; Takahashi et al., 2011), their impacts on the
solubilities largely remain unclear (Meskhidze et al., 2019).

To mimic the impacts of the complicated physicochemical and
transformation processes on aerosol metal solubilities, recent studies
have suggested to standardize several typical leaching protocols for data
compilation and flux estimate of the bioaccessible aerosol metals from
different studies (Meskhidze et al., 2019; Perron et al., 2020). Bio-
accessible aerosol metals are commonly and operationally defined as
dissolved and labile fractions (Meskhidze et al., 2019). Reflecting

* Corresponding author at: 128, Sec. 2, Academia Rd., Nankang, Taipei 115, Taiwan.

E-mail address: tyho@gate.sinica.edu.tw (T.-Y. Ho).

https://doi.org/10.1016/j.marchem.2023.104268

Received 24 January 2023; Received in revised form 16 May 2023; Accepted 13 June 2023

Available online 16 June 2023
0304-4203/© 2023 Elsevier B.V. All rights reserved.


mailto:tyho@gate.sinica.edu.tw
www.sciencedirect.com/science/journal/03044203
https://www.elsevier.com/locate/marchem
https://doi.org/10.1016/j.marchem.2023.104268
https://doi.org/10.1016/j.marchem.2023.104268
https://doi.org/10.1016/j.marchem.2023.104268
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marchem.2023.104268&domain=pdf

C.-C. Hsieh et al.

5.972

4.228
40°N

2.993

2119
20°N
1.499
xte-1

AOD

| I
80°E 100°E 120°E 140°E 160°E

Fig. 1. The location of aerosol and dessert dust sampling sites of this study with
aerosol optical depth as background. The annual averaged data of aerosol op-
tical depth (2002-2022) are obtained by NASA Giovanni software (https://gio
vanni.gsfc.nasa.gov/giovanni/). The abbreviated letters, PJ, BJ, TK1, TK2, TG,
and QD, stand for the sampling stations of aerosol samples or desert dust at
Penjia islet, Beijing (NIES CRM No. 28), Taklimakan Desert, Taklimakan Desert,
Tengger Desert, and Qaidam Desert, respectively.

Table 1
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instantaneously dissolved aerosol metals in the surface ocean, the dis-
solved fraction is obtained by passing ultrapure water through 0.2 or
0.45 pm aerosol filters (hereafter ultrapure water leach) (Buck et al.,
2006; Morton et al., 2013) and considered to be fully bioavailable to
phytoplankton (Raiswell and Canfield, 2012). To assess the labile frac-
tion, acetate buffer (hereafter buffer leach) and Berger leaches are two of
the most commonly used protocols. Buffer leach generally uses ammonia
acetate buffer solution at pH 4.7 to mimic aerosol metals dissolution
processes through atmospheric transport processes, such as the impacts
of rainwater (Baker and Jickells, 2006; Sarthou et al., 2003) or short
period ligand complexation in seawater (Perron et al., 2020). The Berger
leach uses much stronger agents to release soluble metals, leached with
acetic acid plus hydroxylamine hydrochloride for a fixed period of time,
e.g., 1 day (Berger et al., 2008). The solubility obtained by Berger leach
is thus considered as the upper limit of aerosol metals solubility in
marine environment (Meskhidze et al., 2019; Shelley et al., 2018). It has
been proposed that the solubility of Berger leach may represent the
dissolvable fraction in aeolian metals through the acidification and
reduction in zooplankton's gut, complexation by strong ligands (e.g.,
siderophores), and reduction in the microenvironment (Berger et al.,
2008; Meskhidze et al., 2019).

In addition to accessing aerosol metal solubilities during transport
processes by using different leaching protocols, the other major

The mass fraction of the 5 size-fractionated aerosols and the averaged deposition velocities estimated by using fine, coarse, or 5-size aerosols collected in this study.

Element Fraction Elemental mass fraction (w/w, %) Average deposition velocity
Size cut-offs (um) (ems™)
0.57 1.0 1.6 3.1 7.3 Fine Coarse 5-size*
Ultrapure 43 27 14 9.3 6.5 0.023 0.87 0.16
cd Buffer 42 27 15 8.9 7.2 0.024 0.89 0.16
Berger 42 29 14 8.1 6.9 0.023 0.90 0.16
Total 41 27 14 9.4 8.8 0.023 0.92 0.19
Ultrapure 37 25 16 13 9.5 0.025 0.88 0.21
7n Buffer 32 26 15 13 14 0.026 0.94 0.27
Berger 32 27 14 14 14 0.025 0.94 0.28
Total 28 25 15 16 17 0.027 0.94 0.33
Ultrapure 57 25 8.8 6.2 3.3 0.019 0.83 0.10
Pb Buffer 45 25 12 9.1 8.8 0.022 0.93 0.18
Berger 43 26 11 10 10 0.021 0.93 0.20
Total 41 23 11 12 13 0.022 0.94 0.25
Ultrapure 25 14 16 25 20 0.030 0.90 0.42
Mo Buffer 22 14 16 24 24 0.032 0.93 0.46
Berger 17 15 15 26 26 0.032 0.93 0.50
Total 13 12 15 28 32 0.036 0.95 0.58
Ultrapure 28 10 14 28 19 0.028 0.87 0.43
Co Buffer 21 12 17 25 25 0.033 0.93 0.48
Berger 16 10 13 28 33 0.033 0.96 0.60
Total 10 9.5 15 32 34 0.039 0.94 0.63
Ultrapure 71 7.6 5.8 10 6.3 0.015 0.86 0.15
Ni Buffer 60 12 7.9 10 11 0.018 0.95 0.21
Berger 54 11 7.4 11 17 0.018 1.0 0.29
Total 36 11 10 19 24 0.022 0.97 0.43
Ultrapure 82 13 2.8 1.8 1.0 0.013 0.83 0.04
v Buffer 72 16 4.8 4.2 3.5 0.015 0.90 0.08
Berger 59 13 7.8 10 11 0.018 0.94 0.21
Total 30 10 11 22 27 0.025 0.96 0.49
Ultrapure 59 16 14 9.1 2.3 0.021 0.73 0.10
Al Buffer 36 12 15 23 14 0.026 0.84 0.33
Berger 17 9.3 15 24 34 0.034 0.99 0.59
Total 8.2 8.3 13 31 39 0.039 0.97 0.69
Ultrapure 59 21 10 7.4 2.8 0.019 0.78 0.10
Fe Buffer 32 17 13 18 20 0.026 0.94 0.38
Berger 11 14 17 27 31 0.037 0.95 0.57
Total 3.6 6.8 13 33 44 0.046 0.98 0.76
Ultrapure 49 24 11 10 6.4 0.021 0.86 0.16
Ti Buffer 26 14 12 20 28 0.027 0.98 0.49
Berger 13 11 16 23 38 0.036 1.0 0.63
Total 2.9 6.0 12 31 48 0.047 1.0 0.80

* The averaged velocity is obtained by size specific solubility and mass from the 5-size fractions obtained in this study. Same approach is applied to the fine and

coarse fractions.
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challenge is to quantify the deposition fluxes of aerosol dissolvable
metals to the surface ocean (Baker et al., 2016; Jickells et al., 2005;
Mahowald et al., 2005). As aerosol sizes strongly influence their depo-
sition velocities and also reflect their sources, aerosol sizes are highly
associated with the deposition fluxes of dissolvable aerosol metals.
Moreover, the impacts of aeolian transport processes on aerosol metal
solubility are also associated with surface area to volume ratios in
aerosols (Baker and Jickells, 2006). However, most likely due to limited
sampling time to collect sufficient aerosol masses in scientific cruises,
many previous aerosol flux studies have only collected total suspended
aerosol samples in the remote ocean. Attributed to the spatial deviation
of aerosol size distribution and their composition and transport pro-
cesses, the deposition fluxes of aerosol metals are likely to be element
specific and also location specific. For example, the study of Hsieh et al.
(2022) observed that the Fe solubilities of size-fractionated aerosols
either for ultrapure water or buffer leaches showed difference up to two
orders of magnitude between the finest and coarsest aerosols. Without
using size-fractionated aerosols and their size-specific solubilities and
deposition velocities, dissolvable Fe flux would be greatly overestimated
(Hsieh et al., 2022). To obtain the reliable deposition fluxes of dissolv-
able aerosol metals and to reduce the uncertainties of the estimated
fluxes by models, it is essential to obtain the distribution patterns of
elemental concentrations in different size aerosol fractions by using
different leaching protocols at major oceanic regions (Foret et al., 2006).

The East China Sea (ECS) is located at the downwind side of main-
land China, a major aerosol source to the global ocean. The ECS receives
a large amount of aerosols mixed with relatively fine anthropogenic
aerosols and coarse lithogenic dust, originating from the populous
Eastern China (Cheng et al., 2012) and Western China with major des-
serts, respectively (Fig. 1). During the northeastern monsoon and the
Westerly prevailing periods, generally ranging from October to early
May, the mixed aerosols accompanying with other pollutants (e.g.,
inorganic acids) are transported to the ECS, the adjacent marginal seas,
and the Northwestern and subarctic Pacific Oceans. Contrarily, during
the southwestern (SW) monsoon season from June to September, the
ECS mainly receives aerosols originating from the South China Sea and
Southeastern Asia. The ECS thus provides an excellent platform to study
how aerosol metal solubility is affected by the natural transport process
and the interaction with anthropogenic pollutants.

In this study, we have collected both lithogenic dusts directly from
major Chinese deserts, including Taklimakan and Gobi Deserts, and the
size-fractionated aerosols from the ECS to investigate the potential ef-
fects of transport processes and aerosol sizes on aerosol metal solubilities
and deposition fluxes. We have systematically determined the solubil-
ities of ultrapure water, buffer, and Berger leached metals and their
corresponding deposition velocities among five different size-
fractionated aerosols collected at Pengjiayu (PJ), a small islet located
in the ECS, for one year. We have evaluated the discrepancy of the
deposition velocities for different elements among the leaching treat-
ments and the bias of flux estimates from a single velocity obtained by
total suspended particle data. The findings of this study shall provide
useful information for how to obtain a more representative estimate of
the deposition fluxes of dissolvable aerosol metals regionally and
globally.

2. Method
2.1. Sampling sites and method

For desert dust, the samples were directly collected from the land
surface of three major Chinese deserts, Tengger Desert (TG, part of Gobi
Desert, at 39°00'N, 103°34'E), Taklimakan Desert (TK1, at 36°48'N,
82°16'E; TK2, at 41°04'N, 83°29'E), and Qaidam Desert (QD, at 37°20'N,
97°09'E) (Fig. 1). The desert samples serve as the original lithogenic dust
without being impacted by aeolian transport processes. The ECS aerosol
sampling site, Pengjiayu (PJ, 25.63°N, 122.08°E), is located at 66 km
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from the northernmost point of Taiwan (Fig. 1). Except for limited
governmental staff from Central Weather Bureau and Coastal Guard
Administration, there are no other general residents or any other
anthropogenic activities on the islet. The top of the volcanic islet, with
area of 1.1 km?, is mainly covered with grasses. PJ thus serves as an ideal
aerosol time series sampling site for the East China Sea. Set up right next
to the weather station of Central Weather Bureau on PJ, the high volume
aerosol sampler (TISCH Environmental Inc., US, MODEL-TE-5170) was
coupled with a cascade impactor (TISCH Environmental Inc., US, Series
235) to collect size-fractionated aerosol samples with average flow rate
to be 1.0 + 0.1 m~3 min~!. The cascade impactor sorted aerosols into
five size fractions, including stage 1 (>7.3 pm), stage 2 (3.1-7.3 pm),
stage 3 (1.6-3.1 pm), stage 4 (1.0-1.6 pm), and stage 5 (0.57-1.0 pm)
(Table 1). Size-fractionated aerosol samples were collected by poly-
tetrafluoroethylene filters (TE-230-PTFE, Tisch Environmental Inc., US).
Fine and coarse aerosols mentioned in this study refer to PM < 3 (stage
3-5) and PM > 3 (stage 1 and 2), respectively. Since aerosol samples
were not evenly distributed into 10 strips on each slotted filter in the
impactor, we used the software ImageJ to measure the grayscale in-
tensity value of each strip and summed up all strips in the whole filter.
We then carried out total digestion or other leaching treatments by using
one of the strips to calculate the concentrations of each strip and the
whole filter by using the ratios of the intensities. To collect sufficient
masses for the measurement of elemental and isotopic composition for
different treatments, aerosols were continuously collected for 7-8 days
on one filter every month from September 2019 to August 2020. As the
sampler was under maintenance in October and November in 2019, data
are not available for the two months. Aerosol samples were stored in a
—20°C freezer before further chemical processes. Right before the
chemical processes, each filter was freeze-dried and weighed.

2.2. Leaching procedures and quantification of aerosol metals

We have followed the procedures suggested in the GEOTRACES
Cookbook to process aerosol samples and to clean vials used for sample
storage and digestion (Cutter et al., 2017). All acids and bases used for
sampling pretreatment were ultra-high purity grade, including nitric
acid (HNOs), hydrochloric acid (HCl), hydrofluoric acid (HF), acetic
acid (CH3COOH), ammonium hydroxide (NH4OH)(J. T. Baker), except
hydroxylamine hydrochloride (NH,OH.HCI), which was high purity
grade (>99%, Merck). Aerosol filters were sub-sampled with a trace
metal clean ceramic scissor for different leaching treatments. All of the
laboratory procedures were carried out in a positive pressurized class 5
cleanroom by wearing powder-free polyvinyl chloride (PVC) gloves
while handling sample pretreatment procedures.

In addition to total digestion, we conducted three different leaching
protocols, including instantaneous ultrapure water, acetate buffer
(buffer), and Berger treatments. The ultrapure water leach was obtained
by immersing aerosol samples in 5 mL of ultrapure water (> 18.2 MQ.
cm) with gentle shaking for 10 s. The leaching solution was then filtered
into a pre-acid washed 15 mL polypropylene vial through a 13 mm pre-
acid washed 0.2 pm hydrophilic PTFE syringe filter (Advantec) (Sarthou
et al., 2003). Samples for buffer leach were soaked in 8 mL of ammo-
nium acetate (1.4 M, pH 4.7) at room temperature for 1 h (Baker and
Jickells, 2006). Samples for Berger leach were heated at 90°C (heater
temperature) for 10 min with 5 mL leaching solution containing 25%
acetic acid and 0.02 M hydroxylamine hydrochloride in PFA vials
(Savillex)(Berger et al., 2008). The leaching treatment was maintained
at room temperature for 24 h before further processes. Samples for total
digestion were heated for 4 h at 120°C (heater temperature) in 2 mL of a
freshly prepared mixed solution containing 4 M HF, 4 M HCl, and 4 M
HNO3 (Eggimann and Betzer, 1976). For buffer leach, Berger leach, and
total digestion, after removing the filters, the leaching or digested so-
lution were centrifuged to remove insoluble particles (Baker et al., 2006;
Sarthou et al., 2003). The supernatant was dried up with open caps then
the dried samples were redissolved in 10 mL 0.5 M HNOs solution at
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Fig. 2. The averaged elemental (a) concentrations and (b) solubilities obtained by ultrapure water, buffer, Berger and total digestion treatments in the size-
fractionated aerosols collected at PJ. Light green, green, dark green and orange stand for the data of ultrapure water, buffer, Berger and total digestion treat-
ments, respectively. Error bars stand for one standard deviation of all monthly data during the sampling period. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

120°C (heater temperature) with closed caps for 1 h for further con- sector field high resolution ICPMS (Element XR, Thermo Fisher Scien-
centration quantification. The solubilities of the four leach fractions tific). The isotopes of 1OSRh, 111Cd, 115In, 207pp and 2°8pb were deter-
were calculated by dividing the leached concentrations to the total mined at low resolution (M/AM ~ 300), and ?’Al, #’Ti, 4°Ti, °1Vv, >*Mn,
concentrations for individual elements. The filter blanks of each treat- 54Fe, 56Fe, 59Co, 6ONi, 64Zn, 66Zn, 103Rh, and °In were analyzed at
ment were obtained by using new filters treated with exactly the same medium resolution (M/AM ~4000). In this study, we used two types of
leaching procedures as samples. The concentrations of >90% of the reference material for accuracy validation, including Arizona Test Dust
samples were two orders of magnitude higher than the blank and all (ATD, < 3 pm, Powder Technologies Inc.) to be lithogenic type CRM and
samples were one order of magnitude higher than the blank (Table S1). NIES CRM No. 28, an urban aerosols collected in Beijing (BJ, National

All of the leached or digested samples were added with 1 ppb (final Institute for Environmental Studies), as anthropogenic type CRM. The
concentration) of indium and rhodium as internal standards and were ratios of our measured concentrations to the certified or reported value

diluted with 0.5 M HNOj solution accordingly, then were analyzed by a for ATD were 92% (Al), 100% (Ti), 102% (V), 92% (Mn), and 97% (Fe)
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Fig. 3. The comparison of the elemental solubilities obtained by ultrapure water, buffer, and Berger treatments with the size cut-offs of 0.57 and 7.3 pm.

(Shelley et al., 2015); for BJ, 92% (Al), 93% (Ti), 101% (V), 95% (Mn),
97% (Fe), 125% (Co), 114% (Ni), 102% (Zn), 98% (Cd), and 99% (Pb)
(Table S2).

3. Result
3.1. The variations of concentration and solubility

Fig. 2 shows the variations in concentrations and solubility of the
metals obtained by three different leaching and digestion protocols for
the size-fractionated aerosols. The monthly data of elemental concen-
trations (pmol m_g) for the same size of particles by using relative
standard deviations are compiled in Tables S3-S7. We present the ele-
ments from upper left to bottom right with low to high deviation se-
quences, which are Cd, Zn, Pb, Mn, Co, Ni, V, Al, Fe, and Ti (Fig. 2).
Showing decreasing concentrations with increasing sizes, Cd and Zn
exhibit the highest solubilities and smallest deviations among different
protocols (Table S3). The average solubilities of ultrapure water, buffer,
and Berger phases were 87, 86, and 80% and 72, 77, and 79% for Cd and
Zn, respectively.

The concentration deviations of the elements, Pb, Mn, Co, and Ni,
ranged between 39% and 72%, with the smallest deviation in the
smallest size (0.57 pm) and increasing with sizes (Table S3). For the
largest size aerosol, the difference of the concentrations was up to one
order of magnitude among different leaching protocols. In terms of
solubility, the average solubilities ranged from 17 to 81% and decreased
with increasing sizes in all leaching fractions. For example, the average
solubilities of Co for the ultrapure water, buffer, and Berger leaches were
73, 26, 27, 28, 19% and 64, 39, 39, 29, 24% and 58, 37, 32, 31, 37% for
the aerosol fractions from small to large ones, respectively.

The third group of elements, including V, Al, Fe, and Ti, exhibit
>90% of concentration deviations among the protocols (Table S3). The
deviations were still relatively small for size 0.57 pm but were signifi-
cantly deviated for large size aerosols, with deviations up to 3 orders of
magnitude for 7.3 pm aerosols. In terms of solubility, the average sol-
ubilities of ultrapure water, buffer, and Berger leaches for the largest
aerosols were 2.2, 6.1, 22% and 0.37, 5.1, 23% and 0.19, 2.4, 12% and
0.07, 0.70, and 2.3% for V, Al, Fe, and Ti, respectively.

To highlight the deviation patterns of the elemental solubilities
among protocols and aerosol sizes, we present the deviations of the
solubility of ultrapure water, buffer, and Berger treatments for the
smallest and largest size aerosols (0.57 and 7.3 pm) with the sequence of
deviation from low to high (Fig. 3). The average solubilities of 0.57 pm

aerosol were all similarly high and >50% for most of the elements, with
the values (average + S.D.) tobe 88 £ 13,91 +£12,77 £ 18,80 £ 12, 65
+ 18,68 + 14,85 + 13,42 + 17, 48 £ 19, and 9.3 + 4.5% for Cd, Zn,
Pb, Mn, Co, Ni, V, Al, Fe, and Ti, respectively (Fig. 3). For 7.3 pm
aerosols, the deviation patterns of the solubilities were comparable to
the deviation patterns of the concentrations among the three groups of
elements mentioned above.

3.2. Enrichment Factor

Since aerosols are composed of multiple sources, the elemental ratios
of metals can be significantly different from the composition in litho-
genic dust. The enrichment factor (EF) of metals in aerosol samples may
be useful to evaluate the relative contribution of the non-crustal sources.
The enrichment factor (EF) is generally expressed as follows:

EF = (Metals/Ti),,;,;/ (Metals/Ti) c¢

The term, (Metals/Ti)ycc, stands for the reference value of the upper
continental crust, which is cited from Hu and Gao (2008) in this study.

The EF of size-fractionated aerosol metals are shown in Fig. 4 and
Table S8. Overall, the averaged EF of all sampling periods decrease with
increasing sizes for all elements. In terms of the deviation of the EF in
each size, Cd, Zn, Pb, Ni show relatively high variations, spanning up to
one order of magnitude for most sizes. For example, the ranges for Cd
were 199-3754, 67-1290, 12-317, 5.7-108, and 3.1-77 from the
smallest to largest sizes, respectively. These high EF values indicate high
anthropogenic aerosol contribution to the elements for all sizes. Even in
coarse fractions, the average EF of Cd, Zn, Pb were significantly higher
than 1, which are 32, 14, and 7.1, respectively. The coarse aerosol with
high anthropogenic aerosol contribution might be attributed to coarse
anthropogenic aerosols or the aggregation of fine anthropogenic aero-
sols on the coarse samples (Li et al., 2017). Seasonally, the average EF of
Cd, Pb, and V were significantly higher (p < 0.05) during the NE
monsoon period than the SW monsoon period (Fig. S1). Using Cd as an
example, the EF value (average + S.D.) with increasing sizes were 2025
+ 1024, 645 + 451, 167 + 112, 46 + 28, 29 + 20 and 364 + 233,110
+ 61,28 + 23,11 + 7.3,6.7 + 5.1 for the NE and SW monsoon seasons,
respectively. All elements (except Zn) show significant seasonality in
size 0.57 pm (p < 0.05).

For Al and Fe, the average EF values for the fine aerosols are 1.3 +
1.2 and 1.8 + 0.4, respectively. Even for the smallest size, the averaged
EF are only 2.2 and 2.1 for Al and Fe, respectively. However, the
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ultrapure water solubilities of fine aerosols for Al and Fe were extremely
high, 38 and 50% (Fig. 4), indicating relatively high anthropogenic
aerosol fractions in fine aerosols. The comparable EF between anthro-
pogenic and lithogenic aerosols for Al and Fe indicates that EF is not a
useful indicator to distinguish the relative contribution of crustal and
non-crustal sources for Al and Fe.

4. Discussion
4.1. EF and leaching solubility

We found that the coupling of EF and solubilities may provide
additional information to evaluate the sources of aerosols (Fig. 4). Using
Al as an example, the EF of Al for the two extreme size aerosols (0.57 and
7.3 pm) are statistically indistinguishable, 2.2 + 1.9 and 0.84 + 0.55,
but their averaged ultrapure water solubilities show dramatic difference
up to two orders of magnitude, 38 + 15 and 0.37 + 0.52%, respectively.
Normalized to the surface area of these two size aerosols, the Al solu-
bility of 0.57 pm aerosols is still one order of magnitude higher than 7.3
pm aerosols. Thus, the extremely high ultrapure water solubility
observed in the finest aerosols, whose EF is relatively close to 1, suggests
that the soluble Al in the fine aerosols mainly originated from anthro-
pogenic aerosols. Sakata (2022) also observed Al-sulfate and organic
complexes in PM; 3 of the Western Pacific Ocean aerosol, strongly sup-
ported our suggestion. Similarly, the EF of Fe for the two sizes of aerosols
are 2.1 + 0.6 and 1.4 + 0.1, but the ultrapure water solubilities were 50
+ 22 and 0.19 + 0.27%, respectively. We did observe correspondingly
high solubilities in the fine aerosols with slightly higher EF for Fe,
indicating that anthropogenic aerosols were also the major source of
ultrapure water Fe in fine particles. For Cd, Zn, and Pb, their EF in
almost all coarse aerosol samples were significantly higher than 1, and
the solubilities were all relatively high. For Mn (and Co), the EF were
mostly under 10. Although the EF values in fine and coarse particles
were slightly different, 4.4 + 4.0 and 1.3 + 0.4, their ultrapure water
solubilities were statistically insignificant, 65 + 20 and 44 + 21%,
respectively. In brief, the Ti-normalized EF of Al, Fe, Mn, and Co in fine
aerosols are either insignificantly different or just slightly higher than
the EF in coarse aerosols in the samples. For Mn, Co, Ni, and V with EF
smaller than 2, we observed high deviations of ultrapure water solu-
bilities, ranging from 15 to 95, 4.2-59, 4.5-17, and 0.2-14%, respec-
tively, indicating that the information of EF alone is impractical to be a
useful proxy to evaluate the solubilities and the relative contribution of
non-crustal source. For Cd, Zn, Pb, Ni, V, Mn and Co, the EF were up to
100 or even 1000, and their ultrapure water solubilities were all rela-
tively high, with average solubilities for data with EF higher than 10 to
be 86 + 15, 77 + 19, 45 + 16, 59 + 25, 90 + 14, 92 + 12, and 74 +
23%, respectively. Overall, the coupling information of EF and solubil-
ities serves as a much more reliable and useful indicator than EF itself to
reflect the relative contribution of crustal and non-crustal sources on the
ultrapure water metals in size-fractionated aerosols.

The comparison of the solubility obtained by the three leaching
treatments for the size-fractionated aerosols exhibits elemental disso-
lution characteristics among aerosol sources. The results show that most
metals in fine aerosols are released into water instantaneously
(Figs. 2-4). Previous studies reported that anthropogenic type metals
exist in highly soluble salts, mainly nitrate and sulfate, or complexed
with organic ligands in aerosols (Sakata et al., 2014), which explains the
high metal solubilities observed in fine aerosols. However, the ultrapure
water fraction of Pb are significantly lower than other fractions, which
may be attributed to the contribution of relatively insoluble forms,
2PbCO3-Pb(OH), and PbSQy, in both fine and coarse aerosols (Sakata
et al., 2017). In terms of lithogenic type elements (e.g., Al, Fe, and Ti) in
the coarsest aerosol, their ultrapure water solubilities were extremely
low, which are attributed to their relatively stable crystalline lattice
structure in lithogenic aerosols (Nicholls, 1963). However, their buffer
and Berger solubilities increased significantly in comparison to
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pm) to the Chinese dust for the three leaching treatments.

ultrapure water solubilities in the coarsest fraction (Fig. 3). Using ul-
trapure water and buffer leaches in aerosol samples collected in a Chi-
nese city, Li et al. (2023) also reported that the solubility ratios of buffer
and ultrapure water leaches were significantly higher for Al and Fe than
other metals with high ultrapure solubilities.

4.2. Reflecting the impacts of the transport processes on solubilities

We compile the solubility data between the desert dust (hereafter the
dust in Section 4.2) and the largest size aerosols (size cut-off 7.3 pm,
hereafter the aerosols in 4.2) to evaluate the potential impacts of aeolian
transport processes on the three different solubilities of the largest
aerosols collected (Fig. 4 and Table S9). Overall, except Cd, Zn, and Pb in
the aerosols, the enrichment factors of the dust and the aerosols are both
close to 1 for most of the elements measured (Fig. 4). The averaged EF of
Cd, Zn, and Pb in the aerosols were up to 25, 12, and 5.9; and their
averaged ultrapure water solubilities were 80, 47, and 14%, respec-
tively. However, the ultrapure water solubilities of Cd, Zn, and Pb were
extremely low in the dust, which were down to 0.14, 0.02, and 0.01%,
respectively. The high EF and contrasting solubilities between the
aerosols and the dust indicate that the largest aerosols are still mixed
with a significant amount of Cd, Zn, and Pb originating from anthro-
pogenic aerosols. For buffer and Berger leaches, the solubilities of Cd
and Pb in the dust were significantly enhanced to 77 and 24% for buffer
leach, and 81 and 39% for Berger leach, respectively, which are rela-
tively close to the value observed in the aerosols. These significant sol-
ubility enhancements in the dust can be attributed to their relatively
soluble composition in the dust. Using Cd as an example, the enhance-
ment of solubility is likely caused by the most commonly found primary
speciation in the dust, Cd oxides and sulfide (ATSDR, 1999), in which
the solubilities are much higher in weak acid than in ultrapure water.
Since buffer leach has been generally proposed to represent the effect of
rainwater and organic ligand complexation fractions in seawater (Baker
et al., 2006; Perron et al., 2020; Sarthou et al., 2003), these enhanced
high solubilities observed in the dust indicate that the solubilities of Cd
and Pb for lithogenic aerosols would be relatively high in rainwater or
seawater. However, the averaged solubilities of the buffer and Berger
leaches of the dust for Zn were 2.8 and 12%, respectively, which were
significantly lower than the levels of Cd and Pb, most likely attributed to
the relatively rigid mineral composition of Zn in the dust, such as
willemite (zinc silicate) (Gunchin et al., 2021). Similar patterns for Mn,
Co, Ni, and V are observed as Zn. Specifically, the effects of the three
leaching treatments on Mn were close to the patterns of Cd and Pb. The
buffer and Berger solubilities of Co, Ni, and V in the dust were signifi-
cantly lower than the value observed in the aerosols. For Al and Fe, the
instant solubilities for both the dust and the aerosols were both
extremely low and relatively close to each other; the buffer and Berger
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Fig. 6. The comparison of the averaged dry deposition fluxes estimated from the data obtained by ultrapure water, buffer, Berger, and total digestion treatments of

the size-fractionated aerosol metals.

solubilities were significantly higher in the aerosols than the value
observed in the dust.

We further present the solubility ratios between the aerosols to the
dust (S7.3um/Sdesert) from the three leaches together to illustrate the
deviation patterns among all of the metals measured (Fig. 5). We found a
converging trend of the ratios of the three leach treatments from
anthropogenic to lithogenic type metals, which is defined as litho-
tendency here for the elements measured. The ratios of ultrapure
water leach decrease with litho-tendency with the value ranging from
3017 to 68. As pointed out previously, except Cd, Zn, and Pb, the low
solubilities and EF (close to 1) in the aerosols indicate that the other
metals are mostly lithogenic origin. The elevated ratios thus suggest that
aeolian transport processes enhance ultrapure water solubilities of most
elements significantly in the largest aerosols collected. Previous studies
have reported that highly soluble metal salts are formed during trans-
port processes with inorganic acids, such as sulfuric and nitric acid, from
SO, and NOy emissions, respectively. (Baker et al., 2021; Seinfeld and
Pandis, 2016). By chemical reactions with the acids via in-cloud pro-
cesses, the newly formed salts may include metal nitrate, sulfate, chlo-
ride, and organic complexes for Pb, Zn, and Mn (Ohta et al., 2006;
Sakata et al., 2014; Takahashi et al., 2011), possibly for some other
metals in the dust too. For ultrapure water treatment, the solubility ra-
tios for Mn, Co, and Ni between the dust and the aerosol are significantly
higher than V, Al Fe, and Ti, suggesting the differentiated effects of
transport processes on forming the readily soluble metal compounds in
the dust.

On the other hand, the ratios of buffer and Berger leaches exhibit an
increasing trend with elemental sequence from Cd to Ti, increasing with
the litho-tendency and varying from around 1 to 35. The relatively low
ratios observed in the Cd, Zn, and Mn were mainly attributed to highly
enhanced solubilities caused by the buffer and Berger leaches for both
the aerosols and the dust. For Co, Ni, V, Al, Fe, and Ti, the ratios of buffer
and Berger leaches generally increase with the tendency. The deviations
of the three ratios for Ti, the element with the highest litho-tendency,
were down to be the same order of magnitude, which were 86, 17,
and 33 for ultrapure water, buffer, and Berger treatments, respectively.
In brief, the convergent patterns of the three ratios with the tendency

reflect the coupling effects of the transport processes on the aerosols of a
specific element under the leaching protocol (numerator) and the sol-
uble behavior of any specific element in the dust under the leaching
protocol (denominator). The converging tendencies and highly elevated
ratios indicate that the transport processes enhance the solubilities of all
elements under all leaching protocols and the enhancement extent is
litho-tendency associated. In the other words, the transport impacts on
the aerosols are element specific, which are partially attributed to the
contribution of anthropogenic aerosol metals in the aerosols and
partially attributed to the readiness of the metal composition in the
aerosols to be solubilized during atmospheric transport processes.

4.3. Element specific deposition velocity and flux

Since both the solubilities and mass fractions are significantly
different among different elements in size-fractionated aerosols (Fig. 2),
the authentic deposition velocity of dissolvable aerosol metals shall be
element specific. The accurate estimate of deposition flux for the
dissolvable metals would thus require the information of the soluble
mass among different sizes and their corresponding deposition veloc-
ities. For example, the deposition velocities of Fe for 5 size cut-offs vary
up to 2 orders of magnitude, which are 0.008, 0.018, 0.063, 0.39, and
0.94 cm s~ ! in the East China Sea, respectively (Hsieh et al., 2022). In
addition to the importance of aerosol sizes, deposition velocity is also
closely associated with aerosol density and atmospheric conditions,
which are mainly decided by wind speed, relative humidity, and sea
surface temperature (Slinn and Slinn, 1980).

Considering the velocities of each size fraction, we have calculated
the deposition velocities of individual element for each size with ultra-
pure water, buffer, Berger, and total digestion treatments (Table 1). We
have also calculated the deposition velocities for fine, coarse, and size-
fractionated (5-size) aerosols based on the solubility and mass fraction
data obtained in this study (Table 1). Using Cd as an example in
anthropogenic type elements (Cd, Zn, Pb), due to its comparable mass
fractions and high solubilities in all size fractions, the deposition ve-
locities of Cd for same size aerosols are highly comparable among the
four leaching or digestion treatments, which are 0.16, 0.16, 0.16, and



C.-C. Hsieh et al.

Marine Chemistry 253 (2023) 104268

[0}

o Ultrapure water Buffer Berger

To]

g 1000 - /,\ . E L 1000
= [ N

N // ® /'\

2 e 0 /N

=] 7

B e - . ‘f\‘ L /’\ L 100
Q /. —-@ -O-Q / ¢ \

] . b /p © e '/.\\.,‘ /.\ / \\\ /.-\.

£ () jo , O-Q -9 \q / @

D 10 4 Q\ 4 L | @ N L // L

) 4 _O / Nes 10
i Pl / o ®

: o f2 o ?

;\3 O/O\\ / /Q i \ S

= 14 @ 1size (TSP) Lo o} L e el
S O 2 sizes (fine & coarse) N/ /Q N / VN

8 CdZnMnCoPb Ni V AlFe Ti CdZnMnCoPb Ni V AlFe Ti CdZnMnCoPb Ni V Al Fe Ti

Fig. 7. The offset (or bias) of the deposition velocities obtained with one-size sampling (total suspended particles, TSP) with red circle symbol or with two-size
sampling (fine & coarse) with open circle symbol to the velocities obtained by 5-size aerosol sampling for flux calculation. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

0.19 cm s}, respectively. Similarly, the velocities are 0.21, 0.27, 0.28,
and 0.33 cm s~ for Zn, and 0.10, 0.18, 0.20, and 0.25 cm s~ ! for Pb,
respectively. The relatively low velocity of the ultrapure water treat-
ment (0.10 cm s~ 1) for Pb is attributed to its low percentage of coarse
fraction (9.5%). On the other hand, the solubilities of lithogenic type
elements vary dramatically among different size aerosols, particularly in
coarse particles. Using Fe as an example, the relative mass fractions were
59, 21, 10, 7.4, 2.8%; 32,17, 13, 18, 20%; 11, 14, 17, 27, 31%; and 3.6,
6.8, 13, 33, 44% for the four protocols, respectively. The mass fractions
result in the deposition velocities to be 0.10, 0.38, 0.57, and 0.76 cm s !
for the 4 treatments, respectively (Table 1). Similarly, the velocities are
0.10, 0.33, 0.59, and 0.69 cm s~ for Al and 0.16, 0.49, 0.63, and 0.80
cm s~ ! for Ti, respectively. The deviation of the 4 velocities for V is the
highest among all elements, which are 0.04, 0.08, 0.21, and 0.49 cm s’l,
respectively, mainly attributed to its low percentage in coarse fraction
for the ultrapure water and buffer treatments. Attributed to the high
deviations among elements and the treatments, it is thus essential to
obtain the soluble mass fraction information of size-fractionated aero-
sols for the accurate estimate of deposition velocities for individual
element. The four velocities for both Mn and Co range from 0.42 to 0.63
cm s~!, which are generally between the value of anthropogenic and
lithogenic type elements (Table 1). Due to the comparable mass frac-
tions among the four treatments, the deviations of the velocities are
relatively small among the treatments, which are 0.42, 0.46, 0.50, and
0.58 cm s~! for Mn and 0.43, 0.48, 0.60, and 0.63 cm s™' for Co,
respectively. The velocities for Ni are 0.15, 0.21, 0.29, and 0.43 cm s
respectively. The relative contribution between anthropogenic and
lithogenic aerosols in each size may differ spatially and result in region
specific velocities for each element. Comparable studies in the adjacent
regions of this study are needed to validate whether the deposition ve-
locities reported in this study may represent the Northwestern Pacific
Ocean. We suggest that more studies as what we have carried out in the
ECS are also needed to obtain the spatially specific deposition velocities
in other major oceanic regions.

Thus, without knowing the mass fraction information by different
leaching treatments, the metal flux estimates from total suspended
aerosols would overestimate the fluxes for all elements, except Cd. We
have evaluated the bias of the deposition fluxes of dissolvable aerosol
metals among three different size categories, 5 sizes, two sizes (fine and
coarse), and 1 size (total) by using the following calculation.

5
iy =Y CixVy i (orCp x Vs +Cc x Ve or Crsp X Visp)

The term, C;, Cp, C¢, and Crsp refer to the metal concentration of each

leaching treatment in each size fraction. And Vg4;, Vg, V¢, and Vrsp
represent the dry deposition velocities of each size range. Fig. 6 exhibits
the variations and the deviations of the dry deposition fluxes by five
different leaching and digestion protocols for the size-fractionated
aerosols (Tables S10-S13). The extremely high deposition velocity in
coarse aerosols is the major factor deciding the distribution patterns of
the fluxes in size-fractionated aerosols. Overall, the fluxes of all elements
increased with aerosol sizes even for the elements (e.g., Cd, Zn, and Pb)
with relatively high concentrations in fine aerosols (Fig. 2). Using Cd as
an example, the percentages of total Cd mass decreased with sizes, from
41 to 8.8% for the finest to coarsest aerosols but the total fluxes
increased from 2.1 to 61%, respectively. The contribution of coarse
aerosols to the total fluxes for all other elements are even higher. For V,
Al, Fe, and Ti, the coarsest aerosol accounts for 63, 82, 82, and 89% in
instant ultrapure water fluxes; 83, 95, 96, and 97% in buffer fluxes; 93,
98, 97, and 98% for Berger fluxes 97, 98, 99, and 99% in total fluxes,
respectively (Tables S10-S13).

Previous oceanic studies on estimating the deposition fluxes of
aerosol soluble metals are mainly based on total aerosol mass informa-
tion. However, as shown in Table 1, the dissolvable fractions of different
sizes vary significantly under different leaching protocols. We have
estimated the offset or bias of the deposition fluxes between using the
velocities obtained from one-size (total) or two-sizes (fine and coarse)
and the velocities obtained from 5-size in this study (Table 1 and Fig. 7).
The percentage of bias of ultrapure water metal fluxes are 54, 40, 48,
174,180, 1266, 581, 682, 408% for Zn, Mn, Co, Pb, Ni, V, Al, Fe, and Ti,
respectively (Fig. 7). The metals Pb, Ni, V, Al, Fe, and Ti have higher
offsets for buffer metal fluxes estimates with bias to be 42, 100, 485,
111, 102, and 65%, respectively. The mass fraction of Berger leach is
similar to the total treatment so only Ni and V have high offsets for flux
estimates, with bias to be 39 and 123%, respectively. After the correc-
tion by multiple size aerosol collection mentioned above, two aerosol
size sampling may significantly reduce the bias, with bias all within 50%
for all leaching treatments and almost all elements with offset under
10% for buffer and Berger treatments (Fig. 7).

Although we did not collect wet deposition samples, it should be
noted that wet deposition is important in our studied region. We have
carried out a preliminary estimate on the wet deposition fluxes by using
the proposed equation (Duce et al., 1991). The results are shown in
Fig. S2.
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2019; Kessler et al., 2020; Wu et al., 2023.).

4.4. The implication to aerosol Fe flux estimate by models in the global
ocean

The model accuracy for estimating global aerosol dissolvable metal
fluxes to the ocean relies on the applicability of aerosol metal solubilities
chosen in models. Although most of the global models, i.e., CAM4,
GEOS-Chem, IMPACT, TM4-ECPL, have already considered the differ-
ences of the deposition velocities of multiple aerosol sizes (2—4 size bins)
(Myriokefalitakis et al., 2018), the solubilities applied in those models
did not clearly distinguish or consider the implications of the different
solubilities obtained by the leaching treatments as shown in this study.
The solubilities of aerosol metals can vary significantly and the varia-
tions are specific in aerosol sizes, leaching methods, and elements,
especially for lithogenic type elements. For example, the ratios of
dissolvable Fe concentrations (or solubility) by normalizing to ultrapure
water leach for the three leaching treatment in bulk aerosols are 1: 1.6:
5.8, showing limited solubility difference between ultrapure water and
buffer treatments (Tables S5-S7). However, the ratios in aerosol size 7.3
pm increased dramatically, with the ratios to be 1: 12: 64. Using long
term seawater leaching or adding sufficient organic ligand approaches
to lithogenic dusts, some recent laboratory studies also reported rela-
tively high aerosol metal solubilities (Fig. 8). The solubilities of Fe and
Al in many of these studies were comparable to the solubility levels
observed by buffer and Berger leaches in this study (Fig. 8). For the
model estimates of global aerosol dissolvable Fe fluxes, we argue that
the solubilities obtained by buffer and Berger leaches are more realistic
to represent aerosol Fe solubility in the ocean than the value obtained by
ultrapure water leach.

5. Conclusion

This study demonstrates that solubilities obtained by different
leaching treatments are highly varied for different metals in coarse
aerosols. Thus, the impacts of transport processes on aerosol metal sol-
ubility and deposition velocities are element-specific. As shown in Fig. 5,
the transport processes enhance the solubilities of all elements under all
leaching protocols and the enhancement extent increases with litho-
tendency. Based on the data of size specific solubilities and masses ob-
tained in this study (Table 1, last column), the average deposition ve-
locities varied significantly among different elements, ranging from a
few folds to one order of magnitude, which are 0.04-0.43, 0.08-0.49,
0.20-0.63, and 0.19-0.80 cm s~ ! for ultrapure water, buffer, Berger, and

10

total leaching treatments, respectively (Table 1). However, while sepa-
rating the size-fractionated aerosols to two fractions (fine and coarse),
the velocities are relatively constrained either for fine or coarse size
aerosols (Table 1), in which the velocities are 0.013-0.030,
0.015-0.033, 0.018-0.037, and 0.022-0.047 among the elements for
fine fraction; and 0.73-0.90, 0.84-0.98, 0.90-1.0, and 0.92-1.0 cm s *
for coarse fraction, respectively. Due to extremely low deposition ve-
locities of fine aerosol, the effects of the deviation of the fine aerosol
velocities for total flux estimate would be further reduced. In brief, two-
size aerosol sampling provides a much more reliable flux estimate for
aerosol metal deposition than total suspended particle sampling.
Without knowing the metal mass fraction in multiple size-fractionated
aerosols, one may use two-size deposition velocities to obtain more ac-
curate estimates for aerosol metal fluxes. Since it is highly challenging to
obtain sufficient multiple size aerosols onboard due to cruise time lim-
itation and low aerosol mass over the open ocean, for related studies in
other major oceanic regions, we suggest to carry out multiple size-
fractionated aerosol sampling on an islet as this study first to obtain
the value of region specific deposition velocities for flux estimates. These
velocities can then be used to obtain region representative deposition
velocities for 1-size or 2-size sampling. In terms of solubility applied to
global model flux estimates, we think that ultrapure water leach un-
derestimates the aerosol solubility of V, Al, Fe, and Ti in the surface
water of the ECS. The buffer and Berger leaches are more realistic to
represent the metal solubility in the ocean.
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