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Abstract. In the North Pacific, transport and deposition of 1 Introduction

mineral dust from Asia appear to be one of major sources

of iron which can regulate growth of phytoplankton in the Iron (Fe) is an essential micronutrient and has been identi-
ocean. In this process, it is essential to identify chemicalfied as a limiting factor for growth of phytoplankton in high-
species of iron contained in Asian dust, because bioavailNitrate low-chlorophyll (HNLC) regions of the ocean (Mar-
ability of iron in the ocean is strongly influenced by the sol- tin and Fitzwater, 1988; de Baar et al., 1995; Jickells et al.,
ubility of iron, which in turn is dependent on iron species in 2005; Boyd and Ellwood, 2010). In the North Pacific, one of
the dust. Here, we report that clay minerals (illite and chlo-the HNLC regions, transport and deposition of mineral dust
rite) in the dusts near the source collected at Aksu (westfrom Asia can be one of major sources of Fe (e.g., Duce and
ern Chma) can be transformed into ferrihydrite by atmo- Tindale, 1991) Inthe atmosphere, Fe can be found and trans-
Spheric chemical processes during their |ong-range transpoﬂOl’tEd in avariety of chemical forms, both water-soluble and
to eastern China (Qingdao) and Japan (Tsukuba) based oisoluble. It is generally believed that the soluble fraction
the speciation by X-ray absorption fine structure (XAFS) of Fe is mainly considered as bioavailable for phytoplankton
and other methods such as X-ray diffraction and chemi-(Jickells et al., 2005; Baker et al., 2006).

cal extraction. As a result, Fe molar ratio in Aksu (||- Overallsolubility of atmosphericallytransported Fe at sea-
lite : chlorite : ferrihydrite =70: 25: 5) was changed to that water pH is estimated to be 0.8-2.1% (Jickells and Spokes,
in Tsukuba (illite : chlorite : ferrihydrite =65 : 10 : 25). More- 2006). However, large uncertainties exist in the estimates
over, leaching experiments were conducted to study thedf bioavailable Fe deposited from the atmosphere, owing to
change of iron solubility. It was found that the iron solu- wide range of Fe solubility in seawater (Mahowald, 2005).
bility for the dust in Tsukuba (soluble iron fraction: 11.8% Although it has been suggested that atmospheric processes
and 1.10% for Synthetic rain water and seawater, respeccan Change the SO|Ubi|ity of Fe as it moves from the source to
tively) was larger than that in Aksu (4.1% and 0.28 %, re- the deposition area in oceans, actual chemical processes af-
spectively), showing that iron in the dust after the transportfecting Fe species in the solid phase in the mineral dusts are
becomes more soluble possibly due to the formation of fer-not clear. For example, photo-reductive processes (Siefert et
rihydrite in the atmosphere. Our findings suggested that secal., 1994), in-cloud processes (Desboeufs et al., 2001), and
ondary formation of ferrihydrite during the transport should uptake of secondary acids (Zhuang et al., 1992; Meskhidze

be considered as one of important processes in evaluating tHet al., 2003) can increase the solubility and bioavailability of
supply of soluble iron to seawater. Fe in the dust particles, which is an important pathway for

the fertilization of remote oceans with subsequent climate
impacts. However, change of Fe species during long-range
transport based on actual data on the Fe species has not been

idely studied up to now.
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It is strongly suggested that the bioavailability of Fe is 3), 3.3-2.1 um (stage 4), 2.1-1.1 um (stage 5), 1.1-0.65um
influenced by its solubility which in turn is dependent on (stage 6), 0.65-0.43 um (stage 7), at@l43 um (backup fil-
chemical species of Fe contained in Asian dust. Thus, taer). The filters used for Stage-0 to -6 were Advantec PF050
accurately assess the biogeochemical impact of the atmapolyflon filters (Advantec, Tokyo), and those for Stage-7 and
spheric input, an attempt was made in this study to iden-the backup filter were Tokyo Dylec 2500QAT-UP quartz fil-
tify the Fe species and quantify each species by synchrotrorters (Dylec, Tokyo). The filters were weighed before and
based X-ray absorption fine structure (XAFS) spectroscopyafter the sampling with a reading precision of 10 ug after
a powerful technique used to investigate chemical speciabeing stabilized in constant humidity in a desiccator. The
tion in aerosol samples (Takahashi et al., 2006; Higashi and-e signals from the both types of the filters were found to
Takahashi, 2009; Schroth et al., 2009; Furukawa and Takabe minimal in XAFS measurement. A high-volume type air
hashi, 2011). The speciation data were confirmed by X-sampler was used to collect larger amount of total suspended
ray diffraction and chemical extraction method to identify particulate (TSP) samples, though the size was not fraction-
specific phases. Moreover, leaching experiments were corated. The samples were collected on polyflon filters at Aksu
ducted for the natural Asian dust samples with thorough in-and Tsukuba, which were used to perform XRD analyses and
formation of Fe species contained in the dust, by which it wasleaching experiments. Further details about the samples em-
possible to show the relationship between Fe species and ifgloyed here were described in previous studies (Kanai et al.,
solubility. 2005; Yabuki et al., 2005).

In this study, we focus on the Asian dust-storm because Various Fe compounds of analytical grade were obtained
of its significance as a source of dust supplied to the Northfrom Wako Pure Chemical Industries Ltd. or Kanto Chem-
Pacific region. In the springtime, large scale dust stormdcal Co. Inc as reference materials (Fe(lll) oxalate, Fe(lll)
frequently occur in the western China and a large amountitrate, Fe(lll) sulfate, magnetite (§®s), FeO, siderite
of dusts can be transported long distances over the HNLEFeCQ), and Fe(ll) sulfate). Clay minerals were received
region of the North Pacific under the influence of westerly from the Source Clays Repository of the Clay Mineral So-
winds. In addition, the dusts passing through the highly pop-ciety, USA including smectite (SWy-2), illite (IMt-1), and
ulated and industrialized regions in eastern China have amehlorite (CCa-2). After dry sieving, the clay standards with
ple opportunity to be subject to influence of pollutants (Aki- the grain size smaller than 20 um were obtained. Minerals
moto and Narita, 1994), which can enhance the primary prosuch as fayalite (F£5i0s), pyrrhotite (FeSg), and pyrite
ductivity and CQ uptake of the ocean, assuming that an- (Fe$) were received from Nichika Inc. (Kyoto, Japan).
thropogenic emission of SCand NG has some effects on 2-line ferrihydrite was prepared by hydrolysis of ferric ni-
Fe dissolution from mineral dust (Meskhidze et al., 2003).trate at pH 7.5 and 2B2°C (Schwertmann and Cornell,
Hence, we describe the increase of Fe solubility caused by000). Goethite and hematite were also synthesized fol-
transformation of initially stable atmospheric Fe into more lowing Schwertmann and Cornell (2000). Desert sand in
soluble phase during the long-range transport from westerithe Taklimakan Desert used in Chang et al. (2000) was also
China to Japan and subsequently discuss the anthropogeniompared to dust source materials. Three-dimensional air
effect on the transformation of Fe species in the dust. mass back-trajectories were calculated at three altitudes us-

ing the Hybrid Single-Particle Lagrangian-Integrated Trajec-
tory (HYSPLIT4) model (Draxler and Rolph, 2003).

2 Experimental section ] . .
2.2 Chemical analyses, leaching experiments, and

2.1 Sample collection and characterization chemical extraction

Aerosol samples used in this study were collected at AksuBUlk chemical analyses of the water-soluble components
(40.6T N, 80.73 E), Qingdao (36.07N, 120.33 E), and and water-insoluble components in size-fractionated aerosol

Tsukuba (36.06N, 140.14 E) as part of the Japan—China samples stored under frozen conditions were conducted us-
joint project, “Asian Dust Experiment on Climate Impact ing a procedure reported previously (Kanai et al., 2005). For
(ADEC)” (Table S1 in Supplement; Kanai et al., 2005: the TSP and reference materials, about 10 mg of each sample

Yabuki et al., 2005; Mikami et al., 2006). From 2000 to Was treated in closed Teflon (PTFE) vials and digested with

2005, aerosol samples were constantly collected in thesé ML OT 70% HCIQ, and 3mL' of 38 % HF at 180C for
sites simultaneously using both Andersen-type air sampler@PProximately 3 days. The acids were evaporated to nearly
(AN-200, Sibata, Tokyo) and high-volume air sampler (HV- d_ryness at 160C from the opened vials. The residue was
1000F, Sibata, Tokyo). The Andersen-type sampler was usefSS0lved in 0.5mL of HCl and 9.5 mL of 2% HNO Af-

to obtain size-fractionated samples. The particle diameterder digestion, the solution in the vial was transferred to a
classified by the aerodynamic diameter in the Andersen-typ@0lyethylene bottle and diluted with 2% HNO This so-
air sampler were as follows>11pm (sampling stage 0), lution was used for the analysis of the total Fe concentration

11-7.0 um (stage 1), 7.0-4.7 um (stage 2), 4.7—3.3 um (stagd 7€) determined by ICP-AES.
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Two types of leaching experiments were conducted with0.5—-2 mm) were directly exposed to the incident X-ray beam.
TSP samples and reference materials to determine the di€nergy calibration was made by defining the pre-edge peak
solution of Fe in simulated rainwater and seawater. For amaximum of hematite fixed at 7.110 keV. The measurements
system simulating rainwater, a weak acid (0.020 M oxalic were carried out at room temperature under ambient air con-
acid/lammonium oxalate, pH 4.7) was chosen to mimic re-dition. XAFS spectra of the samples were mainly recorded
lease of Fe from aerosol to rainwater, where the pH is a mein fluorescence yield (FY) mode. The filter with the aerosol
dian value for cloud droplets (Li and Aneja, 1992). In the sample was placed at 45 degrees from the incident beam, and
other system, 0.70 M NaCl (pH 8) with 0.10 mM ethylenedi- the fluorescent X-rays were measured with a 19 element Ge
aminetetraacetic acid (EDTA) was used to simulate seawatesolid-state detector to obtain the spectra. One to three scans
condition. In our experiments, 2£D.2 mg of TSP sample were summed to improve the signal-to-noise ratio. All the
was mixed with 15.0g of one of the two solutions written spectra were normalized to unit step in the absorption coeffi-
above. Dissolved Fe concentration (D-Fe) in the solution atcient. No radiation damage was found during the data acqui-
a temperature of 20C after 24 h was determined by ICP- sition, because multiple scans gave identical spectra to one
AES after filtration through 0.20 um membrane filter. The Fe another.
solubility here is defined as the percentage of Fe released in Measurement of XAFS in the conversion electron yield
the solution after 24 h: k| (%) = (D-Fe/T-Fe)x 100. (CEY) mode was also conducted using a CEY detector unit.

Following Lafon et al. (2004), a chemical extraction ex- The KLL Auger electrons induced by X-ray absorption were
periment method was employed to confirm Fe speciation reamplified by He gas and collected by another electrode bi-
sults obtained by XAFS using citrate-bicarbonate-dithionite ased at 500 V. Probing depths of Fe KLL Auger electron from
(CBD) reagent, by which we quantified Fe oxides in dustselected minerals were estimated using the “universal curve”
samples for the TSP samples collected in Aksu and Tsukub&Schroeder, 1996). Considering the particle size of mineral
(the experiments were not conducted for the samples irdust (mainly less than 10 pm), CEY-XAFS is surface sensi-
Qingdao, since the TSP sample was not available for Qingtive with the probing depth of less than 0.30 um, whereas FY-
dao). For the CBD method, about 3 mg of samples recoveredAFS can be regarded as a bulk method with that of greater
from the TSP filter by spatula were treated with CBD reagentthan 5 um. The supplement data were also obtained at beam-
to determine amounts of various Fe oxides including ferrihy-line BLO1B1 in SPring-8, which gave the identical spectra to
drite, goethite, and hematite. This method was an adaptatiothose measured in Photon Factory.
for aerosol samples of the classical method developed for soil Contribution of various Fe species to each sample was es-
analysis (Mehra and Jackson, 1960). Iron leached into the sdimated by calculating the X-ray absorption near-edge struc-
lution was determined by ICP-MS (Agilent 7700) by measur- ture (XANES) spectra of the unknown samples by those
ing ®’Fe in He-collision mode to suppress the matrix effect of known reference materials using the linear combina-
from 4°Ar180 using high energy plasma condition (1500 W). tion fit (LCF) technique using a XAFS software package
This mode is effective to measuté-e in high matrix solu- REX2000 (Rigaku, Japan). The LCF using XANES was
tion such as for the CBD solution. In addition, final solution conducted in the energy ranges of 7.110-7.150 keV. The
for ICP-MS measurement was diluted from the leaching so-quality of the LCF was given by the residual value, the
lution more than a factor of 15 to reduce the matrix effect. goodness-of-fit parametet, defined byR = X[lexp(E) —

Another chemical extraction experiment using oxalate waslcal(E)1%/ [ Iexp( E)]?x 100 wherelexp and Ica) are the ab-
conducted following Tessier et al. (1979) and LaForce andsorption of the experimental and calculated spectra, respec-
Fendorf (2000), which is more specific to less crystalline Fetively. Precision of relative ratios of each Fe species deter-
oxides, that s ferrihydrite. This method uses oxalate solutionmined by the LCF was estimated to be better than 3% ob-
(0.10 M oxalic acid/ammonium oxalate, pH 4.7) to extract tained from three scans of same and different aerosol spots
ferrihydrite. The experimental procedure was similar to thaton filters, respectively. In addition, principle component

in the CBD method except for the extraction process. analysis (PCA) to determine number of end members to fit
the spectra was conducted by a software Athena (Ravel and
2.3 XAFS measurements and data analysis Newville, 2005).

Iron speciation analysis was also conducted by similar
Iron speciation was conducted by Fe K-edge XAFS. In ourLCF techniques employed for EXAFS in k space. EXAFS
analysis, we used mm size X-ray beam used for the sub mgpectra were background-subtracted and normalized. Then,
aerosol particles collected on the filter, showing that Fe spethe smooth Fe K-edge absorption of free atqrg)(was re-
ciation data in this study are bulk analysis in our study. Ironmoved using a spline smoothing curve. The energy unit was
K-edge XAFS spectra were measured at beamline BL12C atransformed from keV td— to produce the EXAFS func-
Photon Factory (PF), KEK. Incident X-rays were monochro- tion x (k), Wherek(,&‘l) is the photoelectron wave vector. In
matized with a Si(111) double-crystal monochromator andthis study, a threshold energy (energy at whichquals to
focused to 0.50.5 mn? with a bent cylindrical mirror. The  zero) was fixed at 7.120 keV. Subsequently,iheweighted
samples appearing on the filter as dark spots (spot sizeEXAFS spectra were also fitted using the LCF of reference
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spectra at & range of 1.0-10.81 by minimizing the resid-
ual of the fit, defined as above. The goodness of the fitting
can be evaluated also ®/value defined ag = ©[k3 Xexp(k)

=N
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3.1 Physical and chemical characteristics of Asian dust s ]
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In all stations, mass concentrations of aerosols with the grain
size above 1pum during the dust period were much higher
than those during the nondust period (August 2001 and Jan-
uary 2001) by factors of 16, 7.0, and 3.6 in Aksu, Qing- , .
dao, and Tsukuba, respectively (Figs. 1 and 2). In addi- 0.1 1 10
tion, mass concentrations of the aerosols decreased succes- Particle size (um)
sively from Aksu> Qingdao> Tsukuba. Samples were ac-

tually collected during a “super large dust event” simultane-
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ously observed in the three sites (Shao et al., 2003; Kanai et

al., 2003, 2005), which strongly suggests that the dust par- T —e— Aksu K
ticles originating in the desert area of western China were t | —=—Qingdao

transported to Japan (Kanai et al., 2003, 2005). To iden- I Tsukuba 1,

tify the source of mineral dust collected in all the sam-
pling sites, backward trajectory analysis was performed us-
ing the Hybrid Single-Particle Lagrangian-Integrated Trajec-
tory (HYSPLIT4) model (Draxler and Rolph, 2003). Three-
dimensional air mass back-trajectories during the sampling
period in Tsukuba revealed that air mass in the vicinity of
Aksu on 19 March arrived in Qingdao and Tsukuba on 21
and 22 March, respectively (Fig. 3). The results were consis- 01 |
tent with observations at these sites (Shao et al., 2003; Kanai Particle size (um)
et al., 2003, 2005), showing that the Taklimakan Desert in
China was one of important source areas of mineral dust
for the dust event transported to eastern China and Japan in
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March 2002. There can be various particles classified into the 80 - |—e— Aksu < 14
coarse particle fractions such as sea salt, volcanic ash, and —#— Qingdao
plant particle in addition to mineral aerosols (Finlayson-Pitts ol U Tsukuba 3

and Pitts, 1999). Due to the very large scale of the dust event
in the period, it is most likely that contribution of aerosols
from other sources can be minor for iron supply compared
with the mineral dust originating from western China. Based
on these results, it is suggested that the samples collected in
this study at the three sites can trace the chemical transforma-
tion of elements in Asian dust during their long-range trans-
port from Aksu, close to the Taklimakan Desert, to Qingdao 0.1
and Tsukuba. Although other source areas may also con- Particle size (um)

tribute to the supply of the mineral dusts, the contribution of

Fe species from all the source areas is likely less than that

from the Taklimakan Desert, which will be also discussed Fig. 1. Physical and chemical characteristics of aerosol samples.
below. (a) Mass distributions of aerosols with different particle diameters.

Mass concentrations of insoluble fractions for aluminum Samples were collected during the large dust event simultaneously
observed in Aksu, Qingdao, and Tsukuba in March 20(2. c)

(Al) and Fe were very high in Aks.,u and decreased in the Ort¢ gigributions of chemical compositions of the water-insoluble
der of Aksuz Qingdao> Tsukuba; the size-distribution pat- 5| and Fe, respectively.

terns of Fe are consistent with those of Al in all the sites
(Fig. 1). Atmospheric Al has commonly been used as a ref-
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Fig. 2. Mass distributions of aerosols of various particle sizes in
August 2001 (1-7 August for Aksu; 11-17 August for Qingdao

2-21 August for Tsukuba), January 2002, and March 2002.
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Fig. 3. Three-dimensional air mass backward trajectories during
sampling periods of March 2002. The NOAA/ARL HYSPLIT
model (Draxler and Rolph, 2003) was used for the calculation. The
trajectories started at the altitude of 1000 m, 1500 m, and 3000 m
above the sampling site in Tsukuba.

erence indicator for aerosols provided from soil and crustal
weathering processes because of the high Al-silicate content
of the aerosols (Duce et al., 1980). Thus, a concentration ra-
tio of Fe to Al seems to be a good signature on the regional
scale, which allows us to identify the origin of the dust from
different regions, or to distinguish the Asian dust in differ-
ent Chinese desert source regions (Zhang et al., 1997). The
Fel/Al ratios of Aksu samples at particle size greater than
1um (Fe/Al=0.79) were analogous with that of dust parti-
cles near the Taklimakan Desert (Fe/Al =0.83), whereas dif-
ferent from 0.55 and 0.40 in northern desert in China and
Tadzhikistan in central Asia, respectively (Zhang et al., 1997;
Gomes and Gillette, 1993). Furthermore, comparison among
Aksu, Qingdao, and Tsukuba samples does not show any sig-
nificant differences in the ratio (Fe/Al=0.79-0.85), show-
ing atmospheric transport of Fe in the Asian dust originat-
ing from the Taklimakan Desert to east China and Japan in
this period. These results also indicate that other Fe species
are not supplied locally from terrestrial, anthropogenic, and
marine sources during the long-range transport, because the
elemental signature of dust particles derived from western
desert sources of Asian dust is different from other sources
(Zzhang et al., 1997).

The anthropogenic origins of lead (Pb) in eastern China
and Japan were also determined by calculations of its enrich-
. ment factor (EF), based on its crustal abundance relative to
Al EF = (Pb/Al)aerosofl (Pb/Al)cryust The EF values increased

tenfold to a hundredfold with transport of Asian dust from

Atmos. Chem. Phys., 11, 1MP&2-2011
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Particle size (um) Fig. 5. X-ray diffraction patterns of the desert sand in the Takli-

makan Desert and total suspended particulates (TSP) collected at

Fig. 4. Enrichment factor (EF) for lead (Pb) in Aksu, Qingdao, and Aksu and Tsukuba without filter. The desert sand less than 2 mm
Tsukuba. EF value was calculated y using the following equation:Was separated from the bulk sample by sedimentation in water based
on Stokes’ settling law. |, illite; C, chlorite; Q, quartz; C+K, chlo-

EF = (X/Al) aerosol OXIA) crust where (X/Alzerosolls the concentra- 8 > . - ’
tion ratio of a given element X to Al in aerosols, and (X/dd)stis rite+kaolinite; G, gypsum; PI, plagioclase; Cal, calcite; H, halite.

the concentration ratio in the average crustal abundance (Taylor and

McLennan, 1985). . . . .
crystalline materials, with smaller amounts of calcite, pla-

gioclase, K-feldspar, pyrite, and other trace minerals. Fine

western China to eastern China as seen in the data of Qingi0il particles released by saltating sand particles and blown
dao and Tsukuba employed here (Fig. 4), which are indicai0 high altitudes can be transported over long distances, sug-
tive of supply of anthropogenic lead. Thus, anthropogenicgesting that clays could initially be the main components of
chemicals such as $Qsulfuric acid, and NQare expected ~Asian dust.

to cause some chemical effects on the Asian dust, even for Among the numerous mineralogical species that may con-
the samples rich in mineral particles. As a result, calcitetain iron (clays, oxides, and hydroxides), a useful miner-
originally contained in the dust collected in Aksu was trans- alogical classification distinguishes three Fe categories: (i)
formed into gypsum during the long range transport for the‘structural Fe” as Fe(ll) or Fe(lll) trapped in the crystal
same samples collected in March 2002, as shown in our prelattice of Al-silicate minerals; (i) “crystalline Fe miner-
vious studies on calcium (Ca) speciation by XAFS (Taka- als” such as goethite and hematite; (iii) “non-crystalline Fe”
hashi et al., 2009). The pH of water contacted with the totalas amorphous Fe(lll) hydroxide particles, or ferrihydrite.
suspended particulate (TSP) samples was 9.3 for the samplAFS, which consists of XANES and EXAFS, is effective
collected in Aksu, which decreased to pH 6.0 in Tsukuba.in the Fe speciation, including amorphous species that cannot
These results showed that the dusts experienced reactiof$ identified by XRD. Variation in the XANES region at the

with acidic species during the transport. Fe K-edge has been known to be sensitive to the local struc-
tural environment of Fe because of the multiple scattering of
3.2 Dust mineralogy and iron speciation photoelectrons (Schilling et al., 1999), by which Fe species

can be identified. Many past studies applied XAFS to Fe
Mineralogical analyses of desert sand in the Taklimakanspeciation in various samples and compared the results with
Desert and TSP collected at Aksu and Tsukuba provide in-other speciation methods such as chemical extraction, and
sights into their implications on the regional aeolian pro- concluded that the effectiveness of the XAFS method for Fe
cesses in East Asia. Although the desert sand consists mainkpeciation (LaForce and Fendorf, 2000; Wilke et al., 2001;
of quartz, feldspar, and calcite, its XRD pattern indicates aO’Day et al., 2004; Prietzel et al., 2007; Itai et al., 2008).
predominance of clay minerals such as illite and chlorite inFor size-fractionated Aksu samples (particle siz&1 um),
the particles less than 2 um that were separated by sedimetthe spectra can be perfectly fitted by a combination of those
tation in water (Fig. 5). TSP collected in Aksu was also char-of illite, chlorite, and ferrihydrite using least-squares fitting
acterized by clay minerals, quartz, and calcite. The miner{Fig. 6; the spectra for other reference materials are shown
alogy of PM10 collected during severe Asian dust events inin Fig. S1 in the Supplement). If the scan was repeated to
2000 and 2002 in eastern China (Shi et al., 2005) was priyield better statistics, each sample spectrum was obtained as
marily clay minerals £40 %), followed by quartz and non- the average of multiple runs. The results are consistent with

Atmos. Chem. Phys., 11, 112371252 2011 www.atmos-chem-phys.net/11/11237/2011/
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Fig. 6. Selected XAFS spectra and the results of linear combination fit (L@F)Normalized Fe K-edge XANES spectra of reference
materials (hematiteo{-FeO3), ferrinydrite, magnetite (F£0y), illite (IMt-1), chlorite (CCa-2), and fayalite (&i04)) and some Asian

dust samples (Aksu-0 and Tsukuba-0). The sample name Aksu-0, for example, denotes that the sample was at stage 0 (particle diamete
>11pum as shown in Methods) collected at Aksu. Taklimakan desert sand is obtained as shown in Chang et al(hleNodmalized
k3-weighted EXAFS spectra at Fe K-edge. Examples of the fittings of the sample spectra by LCF of illite, chlorite, and ferrihydrite (dotted
lines) were also indicated for Ak-O and Tk-0, respectively. Circles show experimental values, while the solid curve indicates the spectrum
resulting from LCF.

XRD analysis of TSP samples from Aksu, which shows theits fractional contribution was above 10% (Manceau et al.,
presence of chlorite and illite without large peaks of other2000, 2002; Takahashi et al., 2003). The fitting results that
Fe minerals such as goethite and hematite for the sampleare shown here met the criteria (Fig. S2 in the Supplement).
studied here. It is also reasonable that ferrihydrite does not The systematic peak shifts in the XANES spectra among
give any peaks because of its amorphous nature. The perfegtksu, Qingdao, and Tsukuba samples (Figs. 6a and 7) show
consistency between XANES and XRD analyses indicateghat the ratio of Fe(lll) to total Fe increases during atmo-
that the XANES fitting, which assumes illite and chlorite as spheric transport from the Taklimakan desert to Japan be-
primary Fe species in the dust, is valid. Based on linear comcause the absorption edge shifts toward higher energy with
bination fits (LCF), Fe species of the samples consist of apincreasing the average oxidation state of Fe. For size-
proximately 70 % illite, 20 % chlorite, and 10 % ferrihydrite. fractionated Tsukuba samples, however, a large fraction (60—
However, this result does not exclude the presence of othef0 %) of Fe was illite and the rest (2@0%) was ferri-
minor Fe species, when the amount relative to the total Fe iwydrite (=amorphous Fe hydroxide; Fig. 6a). In natural
less than 10 %. Addition of one component in the fitting is samples, the combination of extremely fine grain size and
justified when ther value decreased by at least 10 % and if poor crystallinity make ferrihydrite difficult to identify and
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T 1t T T T Considering the precision of the fitting procedure, the fer-
e rinydrite fraction was estimated to be 8% and 24-5 %

of the total aerosol samples (TSP) collected in Aksu and
Tsukuba, respectively. The presence of ferrihydrite in the
Aksu sample is not definitive based on the XAFS method.
These values were confirmed by the chemical extraction of
. the ferrihydrite fraction in the TSP sample using oxalate so-
N lution (0.10 M). Consequently, 6.1% and 16 % of the Fe
were dissolved in the samples from Aksu and Tsukuba, re-
spectively. These results are qualitatively consistent with the
XANES and EXAFS data shown above, though the values in
the chemical extraction can be lower than the values obtained
spectroscopically, possibly due to the incomplete dissolution
of ferrihydrite.

The total Fe oxide fractions were also estimated using
the CBD method: 10% and 18 % for the TSP samples in
Aksu and Tsukuba, respectively. These percentages were
larger than those obtained by the oxalate method, presumably
caused by the presence of more crystalline Fe oxides such as
goethite and hematite. However, the relative abundances of
the sum of goethite and hematite were lower than 5%. Such
small fractions cannot be identified by XAFS method, as sug-
gested in Manceau et al. (2002), which shows that the pres-
Fig. 7. Normalized Fe K-edge XANES spectra for systematically- €Nc€ of the minor component can be considered if its frac-
collected dust samples. Solid line: FY-XANES; Dotted line: CEY- tional contribution is above 10%. Thus, the Fe speciation
XANES; Dashed line: main peak position of chlorite and ferrihy- data obtained by XAFS are essentially consistent with those
drite. Note the differences in the FY- and CEY-XANES spectra for determined using conventional chemical extraction methods,
Qingdao samples and the systematic peak shift among Aksu, Qingeonsidering that XAFS detected the main Fe species with the
dao, and Tsukuba, suggesting the increase of Fe(lll) ratio to totafraction above 10 %. This is partly caused by the fitting pro-
Fe during the atmospheric transport from the Taklimakan Desert tcedure, wherein the number of Fe species for the fitting was
Japan. limited to less than three.

The relative amounts of total Fe oxides determined by the
quantify by conventional techniques such as XRD. How-CBD _melthod (=10% ang 18 %) Illn AT]SU a?]d Tsukuba, (;eT
ever, we could identify ferrihydrite since XAFS is sensitive spective y, Were somew at smaller than those reported in
to short-range structural order such as valence coordinatior?ther studies ranging from 30-60 % by CBT method (Lazaro

' et al., 2004; Lafon et al., 2006) and 15 % (Weber et al., 2000)

geometry, bond distance, and ligand coordination numbeEncluding urban aerosols. Considering that our samples were
(Wilke et al., 2001; O’Day et al., 2004). The values, the i

residual of LCF, were very low (less than 2.3 % for XANES _cql!ected during very |_ntense d.USt event, most of th? Fe may
o A " . - initially be contained in the mineral dusts from arid areas
fitting) showing that the fitting can give Fe speciation data.

(Table S2 in the Supplement). Furthermore, a similar LCFIcnaIC\/\r/](Ier;?r'lerliLongR/ ac;?((;ﬂis fil;r?a:ormier%rglljsnngirgzz Cﬂegi]c;
method was employed for thespace spectra of extended 9 P y ) phy

X-ray absorption fine structure (EXAFS). The results of theweathenng rather than Cheml_cal Weathermg IS |_mportant_for
. : o the formation of desert sand in the arid areas, it is possible
Fe species estimated by EXAFS are very similar to those ob:

inedby ANES iy ofth sample (i G Tabe 52 o o1 05 Sorterts ol e il e s e
the Supplement). The EXAFS spectrum of ferrihydrite is dif- 9 '

) : : Further support for the fitting results was obtained through
ferent from those of goethlte and hematite (F|gs..6b and .Slstatistical data for the XANES and EXAFS fitting. Princi-
in the Supplement), showing that the Fe (hydr)oxide species ; . i

: . . . . ple component analysis (PCA) in such fitting has been of-
formed in the samples is mainly ferrihydrite. All the data . )
L 7 . . ten used to estimate the number of end members required
above indicated that the Fe species in Asian dust in the sourcg ..
. . ; . . o fit the spectra. The PCA for all the XANES spectra for
region were mainly clay minerals (+ some ferrihydrite) de-

rived from the Taklimakan Desert, whereas the Fe speciethe Aksu, Qingdao, and Tsukuba samples measured both in

after the long-range transport (in Qingdao and Tsukuba) con?:Y and CEY modes showed that the number of independent

. . . . end members can be three or four (Fig. S3 and Table S3 in
tained a larger amount of secondary ferrihydrite relative to : : o .
: the Supplement). Given that chlorite and illite are main Fe
the total Fe in the dust.

species in the samples collected in Aksu and Qingdao, these

ferrihydrite

Tsukuba

Normalized Absorption

chlorite

Energy (keV)
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T et al., 1994). In addition, ferrihydrite fraction to total Fe in-
creased during the transport from western China to eastern
China and Japan, although illite fraction was almost constant
throughout. This fact suggests that the chemical transforma-
tion of structural Fe in chlorite particles into secondary fer-
rihydrite takes place during long-range transport of mineral
dust. Contribution of any Fe species provided from the local
sources near the sampling site can be negligible, as discussed
before. The formation of ferrihydrite following the release of
Fe(ll) can occur as a result of the dissolution of chlorite, ox-
idation to Fe(lll), hydrolysis, and subsequent precipitation
(Zanker et al., 2006). Ferrihydrite is an important secondary
Fe phase which forms coatings on mineral surfacésker
et al., 2006) by the dissolution of ferrous ion, oxidation, and
: precipitation in water phase. The formation of ferrihydrite
with0.10M . . .
Pt was also suggested by the reaction with water in aerosol such
AT S R as in cloud processing (Shi et al., 2009). Chlorite dissolution
7.10 7:12 714 7.16 rate (Brandt et al., 2003), or Si release rate in dissolution ex-
Energy (keV) periments at 25C and pH 4, was 52109 molgim=2s71,
B much larger than illite dissolution rate (Kohler et al., 2003)
Fig. 8. Normalized Fe K-edge XANES spectra of aerosol sample Of 1.0x 10—_13 mols; m—z s~%, showing that chlorite is much
collected at stage 2 in Tsukuba before and after the treatment witfnore reactive than illite. These results confirm that structural
oxalic acid solution (0.10 M). Fe trapped in the crystal lattice of chlorite in Asian dust can
change into secondary ferrihydrite through the reactions in
water layer at dust surface (Shi et al., 2009).
two species are likely the end members of the Fe species. Large amounts of air pollutants such as;Sd NQ, are
In addition, the Fe oxide fraction should contain ferrihydrite, emitted in eastern China (Akimoto and Narita, 1994; Taka-
goethite, and hematite as suggested by the CBD and the ozashi et al., 2009). Chemical speciation of Ca contained in
alate method. The comparison of the two leaching method¢he same dust samples used in this study revealed the neu-
suggests that ferrihydrite is the main Fe oxide species in théralization processes of anthropogenic sulfur species in the
samples. This is consistent with the absence of goethite andtmosphere by calcite in the Asian dust. This finding was
hematite in the XRD results. Thus, we decided to employconsistent with a progressive decrease in the pH of water
illite, chlorite, and ferrihydrite to fit all the XANES and EX- equilibrated with dust samples in the order Aksu (pH 9.0)
AFS spectra in our samples. The fitting procedure was also-Tsukuba (pH 6.0) as shown in Takahashi et al. (2009). One
shown in Fig. S2 in the Supplement, showing that the threemay think that the value of pH 6.0 is not acidic to facili-
end members can account for the spectra recorded. tate alteration of chlorite. However, the pH in Takahashi et
Additional data to support the results were obtained fromal. (2009) was measured for 10 mL water in contact with
the change in the XANES spectra of Fe in the aerosolabout 1-5mg of aerosol. Since the amount of water phase
samples on the filter before and after the oxalate treatmenat aerosol surface is very small, in situ pH at the aerosol sur-
(Fig. 8). The spectrum after the oxalate treatment (i.e., seface should be much lower than that measured in Takahashi
lective dissolution of ferrihydrite) became closer to that of et al. (2009) as suggested in Ludwig and Klemm (1990). In
illite, showing the dissolution of the ferrihydrite present be- addition, the pH value included the effect of dissolution of al-
fore the treatment. The result also shows the reliability of thekaline salts such as carbonate remaining in the aerosols into
estimation of Fe species using XANES and EXAFS fitting. the solution, which can increase significantly the pH value.
However, it has been suggested that Fe-rich particles are of-
3.3 Formation of ferrihydrite on Asian dust during ten externally mixed with carbonate (Sullivan et al., 2007)
long-range transport and that Fe-rich particles experience low pH condition dur-
ing the long-range transport (Ito and Feng, 2010). Thus, itis
Iron species for all the samples determined here are showlikely that in situ pH condition can be low which accelerates
in Fig. 9. Comparing the three sites, illite was the domi- the alteration of chlorite in the aerosol.
nant Fe species in the Asian dust and the ratio of illite to During the transport of Asian dust, several particles may
chlorite (I/C) increased progressively as AksuQingdao< be mixed during in-cloud processes (Desboeuf et al., 2001).
Tsukuba. There is a significant difference in the I/C ratio of Incorporation of acids to the mixed aerosols (Andreae et
mineral dust collected at Chinese desert regions (low; Fengl., 1986) results in formation of acidic hydration layers
etal., 2002) versus at the western North Pacific (high; Leinerin aerosol particles. Meskhidze et al. (2005) developed an

Normalized abzorption

Original sample
ofstage2 in
Tsukuba.

After treated
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Fig. 9. Fraction of Fe species among total Fe at various particle si@s(c) LCF results obtained in FY- and CEY-XANES in Aksu,

Qingdao, and Tsukuba, respectively.
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extensive mechanism to describe the interaction of Fe in thderrihydrite is expected for the smaller particle, which was
dust and anthropogenic pollutants related to the eastern Asiaot the case for the preset results. Thus, the fact that the
outflow of the pollutants. Chemical reactions occurring in ferrihydrite fraction in CEY mode is larger than that in FY
the water layer coating on dust particles are very importantmode shows the smaller particle size of ferrihydrite, which is
since it regulates the pH of the water layer, mineral dissolu-more sensitive to CEY detection than illite and chlorite. The
tion, and release of soluble Fe. The role of anthropogeniaesults agreed well with the fact that ferrihydrite is formed
acid on the change of Fe species have been suggested alsods nanoparticles (Cornell and Schwertmann, 2003). In ad-

other studies (e.g., Fan et al., 2006; Hsu et al., 2010). dition, because the samples in this study were collected by
size-fractionated sampling, the present results suggested that
3.4 Comparison with the CEY-XAFS spectra ferrihydrite is attached to larger particles in each size frac-

tion, as suggested in other studies (Shi et al., 2009).

The release of Fe(ll) by the alteration of chlorite, its oxida-
tion to Fe(lll), and subsequent hydrolysis result in the for- 3.5 Solubilities of iron in simulated rainwater and
mation nanoparticles of ferrihydrite (e.g., KrawczykBch seawater
et al., 2004) as aggregates, which can be associated with S .
other minerals in the coarser fractionsl(pum), as suggested N this study, Fe solubilities in simulated rainwater and sea-
in SEM images reported in Shi et al. (2009). SEM image Water were defined as dissolved Fe fractions in 24 hours us-
similar to Shi et al. (2009) was also obtained in this studying a weak acid (0.020 M oxalate, pH 4.7) and 0.70 M NaCl
(Fig. S4), though the resolution of our apparatus is not verySolution with EDTA (EDTA: 0.10 mM; pH 8), respectively
good. In this case, ferrihydrite can be more sensitive to sur{dust sample: 2.1 mg; solution volume: 15mL). Our exper-
face sensitive analysis due to its small size and formation atments contained high levels of organic ligands with the po-
other minerals’ surfaces. Thus, XANES in conversion elec-tential to form complexes with dissolved Fe, which can con-
tron yield (CEY) mode was also employed here, since thelribute to the enhancement of Fe solubility in seawater. The
method is sensitive to Fe species at surfaces less than 0.16 phesence of such ligands is essential for the dissolution of
(Itai et al., 2008). Fe(lll), the main Fe species in seawaters. Indeed, organic

The surface-sensitive CEY-XANES for size-fractionated igands (e.g., oxalate) as natural Fe chelators are likely to
Aksu samples gave the I/C ratio identical to that given by be present in rainwater and ambient aerosols (Siefert et al.,
XANES in FY mode (Fig. 9), showing that (i) sizes of chlo- 1994; Sempere and Kawamura, 1996). In seawater, it h_as
rite and illite are similar in each size-fractionated samplePeen suggested that Fe(lll) is dissolved as complexes with
and (i) alternation of chlorite from the surface is minimal ©rganic ligands such as siderophores. We employed EDTA
in Aksu. For both Qingdao and Tsukuba samples, howeverl©® Simulate the process in seawater, since the stability con-
CEY-XANES spectra are shifted to higher energy comparedStants of Fe—S|deropho_res (Witter et al., 2000; Hasegawa et
with those measured in FY mode (an example is shown byal., 2004) and F_e-_humlc substance complexes (Takahashi et
bold line for Qingdao sample in Fig. 7), reflecting the selec-2l-» 1997) are similar to that of Fe(ll)-EDTA. In these sys-
tive detection of more oxidized species by CEY-XANES. Fit- t€ms, Fe-binding ligand concentrations may vary consider-
ting of the spectra showed that illite and ferrihydrite are pre-aPly over a wide range, which can primarily decide the dis-
dominant species in the CEY-XANES spectra without con- Solved concentration of Fe(lll), since Fe(lll) cannot be dis-
tribution of chlorite (Fig. 9). solved without formation of these complexes. In fact, leach-

Calcium speciation for the same samples showed that th@g experiments using solutions with much lower c_oncentra-
transformation of calcite to gypsum by the reaction with sul- ion of EDTA (EDTA: 1.0 uM; pH 8) show(()ad that dissolved
furic acid proceeds from the surface of the calcite (Takahashfoncentrations of Fe were less than 0.2% of total Fe origi-

etal., 2009). The transformation causes (i) the larger fractiod@ly contained in the three reference materials (illite, chlo-
of gypsum in finer particles and (i) gypsum fraction mea- rite, and ferrihydrite) and any samples in size-fractionated

sured in CEY mode is larger than that in FY. The latter was@"d TSP samples collected in Aksu and Tsukuba. Thus, the
valid to the ferrihydrite fraction in the case of Fe speciation, Ncréase of Fe concentration in natural seawater is thought to
but similar trend to the size effect shown as (i) was not ob-Pe dueto t_he presence of natura_l orgamclllga.nds. Since total
vious for ferrihydrite/chlorite nor ferrihydritefillite ratios in concentration of Fe in our leaching solution is by far larger

this study. In contrast, the ferrihydrite fraction is almost sim- an actual total Fe concentration in rain water and seawater,

ilar among different sizes. The larger ratios of ferrihydrite It IS Necessary to use the high concentrations of oxalate and

in CEY mode than in fluorescence mode can be due to ejEDTA. Hence, it is possible that Fe solubility estimated in

ther (i) selective formation of ferrihydrite at the surface of OUr leaching experiments can be different from “true” aerosol
the particle or (ii) finer particles sizes of ferrihydrite than Fe solubility. However, the relative differences in Fe solubil-

other Fe species in the samples. If the reaction producindty in this study must reflect differences in Fe reactivities and

ferrihydrite proceeds from the chlorite surface and the ferri-Solubilities to actual rainwater and seawater among ferrihy-
hydrite formed covers the chlorite surface, larger fraction ofdrite and clay minerals.
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Table 1. Solubilities of Fe in simulated rainwater and seawater.

TFe (Wt%)  Pb/Al (1000) rainwatef seawater*

Feso1(%) Fesol(%)
ferrihyditg*** 63.8£1.5 40.G6:5.3 2.6H0.05
chlorite (CCa-2¥***  20.3+0.2 6.83:0.17 1.910.12
illite (IMt-1) **** 5.13+0.05 1.9%0.12 0.540.05
Aksu TSP 4.020.08 12.3:0.1 4.13:0.21 0.28:0.07
Tsukuba TSP 3.97 63.0 148.06 1.16:0.07

The iron solubility (Fgq (%)) is calculated as follows: kg (%) = (D-Fe/T-Fe)x 100, where D-Fe is dissolved Fe concentration in leaching solution at a temperaturg®fd0
24 h and T-Fe is total Fe concentration determined by acid digestion. Error ranges represent standard error based on triplicate analyses.

* Simulated by a solution containing 0.020 M oxalic acid/ammonium oxalate at pH 4.7.

** Simulated by 0.70 M NacCl (pH 8) solution with 0.10 mM ethylenediaminetetraacetic acid (EDTA).

*** 2-line ferrihydrite was prepared by hydrolysis of ferric nitrate at pH 7.5 are2Z@ according to Schwertmann and Cornell.

*k*E IMt-1 and CCa-2 were received from the Source Clays Repository of the Clay Mineral Society.

Based on the Fe solubility in simulated rainwater (Ta- months) to be detected in laboratory experiments (Wu et al.,
ble 1), Fe in ferrihydrite was more soluble than those in clay2007). Thus, ferrihydrite can be soluble species and more
minerals (e.qg., illite and chlorite). It appears that ferrihydrite importantly can be directly used by some photosynthetic al-
which is rich in Fe with large surface area releases a largegae species (Nodwell and Price, 2001). Moreover, Visser et
amount of Fe into the solution than those from the clays. Fer-al. (2003) showed that amorphous and nanopatrticulate Fe in
rihydrite is thermodynamically metastable and chemically the Saharan dust correlates positively with Fe bioavailability
more reactive, and therefore more bioavailable than highlyfor two diatom species.
crystalline Fe phases such as hematite or goethite (Wells Some previous studies only gave Fe(ll)/Fe(lll) ratio
et al., 1983; Nodwell and Price, 2001). It is also reported(zhuang et al., 1992; Zhu et al., 1997; Luo et al., 2005;
that Sunlight increases the |abl|lty of ferrihydrite in seawater Majectic et al., 2007)’ which was used to discuss the reac-
(Wells et al., 1991). tions in the atmosphere and their solubilities in water. Based

The solubility of TSP collected in Tsukuba was threefold on more detailed Fe speciation and solubility experiments
greater than that of TSP collected in Aksu; our XAFS re- in this study suggest that oxidation into Fe(lll) can increase
sults clearly showed that ferrihydrite content in the dust inthe solubility of Fe, whereas previous studies (Zhuang et al.,
Tsukuba is much larger than that in Aksu. These results sug1992; Zhu et al., 1997) assumed that Fe(ll) is much more
gest that ferrihydrite secondarily formed in the atmospheresoluble that Fe(lll) species. However, Luo et al. (2005) sug-
can be a significant source of soluble Fe species in the Nortlgested that there is not clear correlation between Fe(ll) frac-
Pacific. This clearly confirms the results in several studiestion and iron solubility, while Majestic et al. (2007) reported
showing that marine or anthropogenic aerosols are more sokhat Fe(lll) contributed to a large fraction of soluble Fe. Our
uble than original crustal aerosols (Colin et al., 1990; Spokegesults also suggested that the oxidation of Fe(ll) (mainly in
et al., 1994) and that pollution from Asia can increase Fe sol-chlorite) to Fe(lll) as ferrihydrite can increase the Fe solubil-
ubility (Andreae et al., 1986; Duvall et al., 2008). Indeed, it ity, probably because Fe(ll) in clay minerals is incorporated
was suggested in this study that a large amount of anthroin the aluminosilicate structures. Thus, more information on
pogenic material (e.g., Pb) is expected to contaminate thé&e speciation data not limited to Fe(ll)/Fe(lll) ratio is needed
Asian dust, as discussed before. to discuss more clearly the relationship between Fe species

The solubility of Fe in simulated seawater is low (Table 1), and Fe solubility in seawater.
which is consistent with the solubility in seawater by Saha- Several studies have emphasized that in-cloud processes
ran and anthropogenic aerosols (0.05 to 2.2 %; Bonnet andnd photochemical processes in the atmosphere can mod-
Guieu, 2004). The much lower Fe solubility in seawater ify Fe solubility of desert dust (Jickells and Spokes, 2001;
than in rainwater may be related to seawater pH of 8, beDesboeufs et al., 2001; Hand et al., 2004). The data of
cause the Fe(lll) hydroxide solubility under alkaline con- Fe solubility and solid-state speciation presented here pro-
dition is very low. Zhu et al. (1992) suggested that ferric vide evidence that the increase of Fe solubility is also caused
ion solubility from Fe(lll) hydroxide varies by a factor 40 by another important factor, which is the formation of fer-
when the pH varies from 2 to 8. Even so, ferrihydrite is rihydrite by chemical transformation of Fe in chlorite dur-
also more soluble in seawater than clay minerals. Amor-ing the long-range transport of Asian dust. This study indi-
phous Fe is released slowly (within hours) from aerosol par-cates that ferrihydrite must be considered as an important Fe
ticles into seawater by complexation with natural dissolvedphase associated with atmospheric deposition in the North
organic ligands, whereas Fe trapped in Al-silicate lattice orPacific. By increasing the bioavailable Fe in surface seawa-
crystalline Fe minerals dissolves in seawater too slowly (inter, it is possible that atmospheric aerosol dissolution affects
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primary productivity which in turn induces the uptake of at- the approval of KEK-PF (Proposal No. 2008G691, 2009G655,

mospheric C@ and the stimulation of biological DMS pro- 2010G072, and 2011G197) and JASRI (Proposal No. 2008A1261,
duction (Zhuang et al., 1992; Turner et al., 1996). 2009A1170, 2010A1452, and 2011A1980). This research is a
contribution to the Surface Ocean Lower Atmosphere Study (SO-
LAS) and a Core Project of the International Geosphere—Biosphere

4 Conclusions Program (IGBP).

This study focuses on the speciation of Fe in mineral dustd=dited by: N. Mihalopoulos
transported from Aksu (near Taklimakan Desert) to Qingdao

(eastern China) and Tsukuba (Japan). Based on the fitting %eferences

XANES and EXAFS spectra measured in both fluorescence

and electron yield modes, it was revealed that Fe Spedeﬁkimoto, H. and Narita, H.: Distribution of S§ NOy and CG

were changed from illite and chlorite originally contained  emissions from fuel combustion and industrial activities in Asia

in dusts in Aksu to illite and ferrihydrite in Qingdao and  with 1° x1° resolution, Atmos. Environ., 28, 213-225, 1994,
Tsukuba. The validity of the speciation by XANES and EX- Andreae, M. O., Charlson, R. J., Bruynseels, F., Storms, H., Van-
AFS were confirmed by X-ray diffraction and chemical ex-  grieken, R., and Maenhaut, W.. Internal mixture of sea salt, sili-
traction methods. The speciation showed that chlorite origi- cates, and excess sulfate in marine aerosols, Science, 222, 1620
nally contained in the dusts was selectively transformed into 1623, 1986. _ _ _
ferrihydrite during the long-range transport from Aksu (jl- Baker, A. R., Jickells, T. D., Witt, M. and Linge, K. L.: Trends in
lite : chlorite : ferrihydrite = 70 : 25: 5 as average values of Fe € Solubllity of iron, aluminum, manganese and phosphorus in

. . . . g aerosol collected over the Atlantic Ocean, Mar. Chem, 98, 43—
molar ratio at various particle sizes shown in Fig. 9 and Ta- 58 2006

ble S2) to ng_df_io (|II|te:_chlorlte_:ferr_|hydr|te:65 : 15 :20) Bonnet, S. and Guieu, C.. Dissolution of atmospheric
and Tsukuba (|Il|te : chlor!te : ferrlhy(_jrlte:65 15! 25)inthe  jon in seawater, Geophys. Res. Lett, 31, L03303,
event we studied. The high reactivity of chlorite compared oj:10.1029/2003GL01842, 2004.
with illite has been suggested in alteration experiments ofBoyd, P. W. and Ellwood, M. J.: The biogeochemical cycle of iron
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