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Abstract. In the North Pacific, transport and deposition of
mineral dust from Asia appear to be one of major sources
of iron which can regulate growth of phytoplankton in the
ocean. In this process, it is essential to identify chemical
species of iron contained in Asian dust, because bioavailability of iron in the ocean is strongly influenced by the solubility of iron, which in turn is dependent on iron species in
the dust. Here, we report that clay minerals (illite and chlorite) in the dusts near the source collected at Aksu (western China) can be transformed into ferrihydrite by atmospheric chemical processes during their long-range transport
to eastern China (Qingdao) and Japan (Tsukuba) based on
the speciation by X-ray absorption fine structure (XAFS)
and other methods such as X-ray diffraction and chemical extraction. As a result, Fe molar ratio in Aksu (illite : chlorite : ferrihydrite = 70 : 25 : 5) was changed to that
in Tsukuba (illite : chlorite : ferrihydrite = 65 : 10 : 25). Moreover, leaching experiments were conducted to study the
change of iron solubility. It was found that the iron solubility for the dust in Tsukuba (soluble iron fraction: 11.8 %
and 1.10 % for synthetic rain water and seawater, respectively) was larger than that in Aksu (4.1 % and 0.28 %, respectively), showing that iron in the dust after the transport
becomes more soluble possibly due to the formation of ferrihydrite in the atmosphere. Our findings suggested that secondary formation of ferrihydrite during the transport should
be considered as one of important processes in evaluating the
supply of soluble iron to seawater.
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Introduction

Iron (Fe) is an essential micronutrient and has been identified as a limiting factor for growth of phytoplankton in highnitrate low-chlorophyll (HNLC) regions of the ocean (Martin and Fitzwater, 1988; de Baar et al., 1995; Jickells et al.,
2005; Boyd and Ellwood, 2010). In the North Pacific, one of
the HNLC regions, transport and deposition of mineral dust
from Asia can be one of major sources of Fe (e.g., Duce and
Tindale, 1991). In the atmosphere, Fe can be found and transported in a variety of chemical forms, both water-soluble and
-insoluble. It is generally believed that the soluble fraction
of Fe is mainly considered as bioavailable for phytoplankton
(Jickells et al., 2005; Baker et al., 2006).
Overall solubility of atmospherically transported Fe at seawater pH is estimated to be 0.8–2.1 % (Jickells and Spokes,
2006). However, large uncertainties exist in the estimates
of bioavailable Fe deposited from the atmosphere, owing to
wide range of Fe solubility in seawater (Mahowald, 2005).
Although it has been suggested that atmospheric processes
can change the solubility of Fe as it moves from the source to
the deposition area in oceans, actual chemical processes affecting Fe species in the solid phase in the mineral dusts are
not clear. For example, photo-reductive processes (Siefert et
al., 1994), in-cloud processes (Desboeufs et al., 2001), and
uptake of secondary acids (Zhuang et al., 1992; Meskhidze
et al., 2003) can increase the solubility and bioavailability of
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
widely studied up to now.
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It is strongly suggested that the bioavailability of Fe is
influenced by its solubility which in turn is dependent on
chemical species of Fe contained in Asian dust. Thus, to
accurately assess the biogeochemical impact of the atmospheric input, an attempt was made in this study to identify the Fe species and quantify each species by synchrotronbased X-ray absorption fine structure (XAFS) spectroscopy,
a powerful technique used to investigate chemical speciation in aerosol samples (Takahashi et al., 2006; Higashi and
Takahashi, 2009; Schroth et al., 2009; Furukawa and Takahashi, 2011). The speciation data were confirmed by Xray diffraction and chemical extraction method to identify
specific phases. Moreover, leaching experiments were conducted for the natural Asian dust samples with thorough information of Fe species contained in the dust, by which it was
possible to show the relationship between Fe species and its
solubility.
In this study, we focus on the Asian dust-storm because
of its significance as a source of dust supplied to the North
Pacific region. In the springtime, large scale dust storms
frequently occur in the western China and a large amount
of dusts can be transported long distances over the HNLC
region of the North Pacific under the influence of westerly
winds. In addition, the dusts passing through the highly populated and industrialized regions in eastern China have ample opportunity to be subject to influence of pollutants (Akimoto and Narita, 1994), which can enhance the primary productivity and CO2 uptake of the ocean, assuming that anthropogenic emission of SO2 and NOx has some effects on
Fe dissolution from mineral dust (Meskhidze et al., 2003).
Hence, we describe the increase of Fe solubility caused by
transformation of initially stable atmospheric Fe into more
soluble phase during the long-range transport from western
China to Japan and subsequently discuss the anthropogenic
effect on the transformation of Fe species in the dust.

2
2.1

Experimental section
Sample collection and characterization

Aerosol samples used in this study were collected at Aksu
(40.61◦ N, 80.73◦ E), Qingdao (36.07◦ N, 120.33◦ E), and
Tsukuba (36.06◦ N, 140.14◦ E) as part of the Japan–China
joint project, “Asian Dust Experiment on Climate Impact
(ADEC)” (Table S1 in Supplement; Kanai et al., 2005;
Yabuki et al., 2005; Mikami et al., 2006). From 2000 to
2005, aerosol samples were constantly collected in these
sites simultaneously using both Andersen-type air samplers
(AN-200, Sibata, Tokyo) and high-volume air sampler (HV1000F, Sibata, Tokyo). The Andersen-type sampler was used
to obtain size-fractionated samples. The particle diameters
classified by the aerodynamic diameter in the Andersen-type
air sampler were as follows: >11 µm (sampling stage 0),
11–7.0 µm (stage 1), 7.0–4.7 µm (stage 2), 4.7–3.3 µm (stage
Atmos. Chem. Phys., 11, 11237–11252, 2011

3), 3.3–2.1 µm (stage 4), 2.1–1.1 µm (stage 5), 1.1–0.65 µm
(stage 6), 0.65–0.43 µm (stage 7), and <0.43 µm (backup filter). The filters used for Stage-0 to -6 were Advantec PF050
polyflon filters (Advantec, Tokyo), and those for Stage-7 and
the backup filter were Tokyo Dylec 2500QAT-UP quartz filters (Dylec, Tokyo). The filters were weighed before and
after the sampling with a reading precision of 10 µg after
being stabilized in constant humidity in a desiccator. The
Fe signals from the both types of the filters were found to
be minimal in XAFS measurement. A high-volume type air
sampler was used to collect larger amount of total suspended
particulate (TSP) samples, though the size was not fractionated. The samples were collected on polyflon filters at Aksu
and Tsukuba, which were used to perform XRD analyses and
leaching experiments. Further details about the samples employed here were described in previous studies (Kanai et al.,
2005; Yabuki et al., 2005).
Various Fe compounds of analytical grade were obtained
from Wako Pure Chemical Industries Ltd. or Kanto Chemical Co. Inc as reference materials (Fe(III) oxalate, Fe(III)
citrate, Fe(III) sulfate, magnetite (Fe3 O4 ), FeO, siderite
(FeCO3 ), and Fe(II) sulfate). Clay minerals were received
from the Source Clays Repository of the Clay Mineral Society, USA including smectite (SWy-2), illite (IMt-1), and
chlorite (CCa-2). After dry sieving, the clay standards with
the grain size smaller than 20 µm were obtained. Minerals
such as fayalite (Fe2 SiO4 ), pyrrhotite (Fe7 S8 ), and pyrite
(FeS2 ) were received from Nichika Inc. (Kyoto, Japan).
2-line ferrihydrite was prepared by hydrolysis of ferric nitrate at pH 7.5 and 20±2 ◦ C (Schwertmann and Cornell,
2000). Goethite and hematite were also synthesized following Schwertmann and Cornell (2000). Desert sand in
the Taklimakan Desert used in Chang et al. (2000) was also
compared to dust source materials. Three-dimensional air
mass back-trajectories were calculated at three altitudes using the Hybrid Single-Particle Lagrangian-Integrated Trajectory (HYSPLIT4) model (Draxler and Rolph, 2003).
2.2

Chemical analyses, leaching experiments, and
chemical extraction

Bulk chemical analyses of the water-soluble components
and water-insoluble components in size-fractionated aerosol
samples stored under frozen conditions were conducted using a procedure reported previously (Kanai et al., 2005). For
the TSP and reference materials, about 10 mg of each sample
was treated in closed Teflon (PTFE) vials and digested with
1 mL of 70 % HClO4 and 3 mL of 38 % HF at 180 ◦ C for
approximately 3 days. The acids were evaporated to nearly
dryness at 160 ◦ C from the opened vials. The residue was
dissolved in 0.5 mL of HCl and 9.5 mL of 2 % HNO3 . After digestion, the solution in the vial was transferred to a
polyethylene bottle and diluted with 2 % HNO3 . This solution was used for the analysis of the total Fe concentration
(T-Fe) determined by ICP-AES.
www.atmos-chem-phys.net/11/11237/2011/
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Two types of leaching experiments were conducted with
TSP samples and reference materials to determine the dissolution of Fe in simulated rainwater and seawater. For a
system simulating rainwater, a weak acid (0.020 M oxalic
acid/ammonium oxalate, pH 4.7) was chosen to mimic release of Fe from aerosol to rainwater, where the pH is a median value for cloud droplets (Li and Aneja, 1992). In the
other system, 0.70 M NaCl (pH 8) with 0.10 mM ethylenediaminetetraacetic acid (EDTA) was used to simulate seawater
condition. In our experiments, 2.1±0.2 mg of TSP sample
was mixed with 15.0 g of one of the two solutions written
above. Dissolved Fe concentration (D-Fe) in the solution at
a temperature of 20 ◦ C after 24 h was determined by ICPAES after filtration through 0.20 µm membrane filter. The Fe
solubility here is defined as the percentage of Fe released in
the solution after 24 h: FeSol ( %) = (D-Fe/T-Fe) ×100.
Following Lafon et al. (2004), a chemical extraction experiment method was employed to confirm Fe speciation results obtained by XAFS using citrate-bicarbonate-dithionite
(CBD) reagent, by which we quantified Fe oxides in dust
samples for the TSP samples collected in Aksu and Tsukuba
(the experiments were not conducted for the samples in
Qingdao, since the TSP sample was not available for Qingdao). For the CBD method, about 3 mg of samples recovered
from the TSP filter by spatula were treated with CBD reagent
to determine amounts of various Fe oxides including ferrihydrite, goethite, and hematite. This method was an adaptation
for aerosol samples of the classical method developed for soil
analysis (Mehra and Jackson, 1960). Iron leached into the solution was determined by ICP-MS (Agilent 7700) by measuring 57 Fe in He-collision mode to suppress the matrix effect
from 40 Ar16 O using high energy plasma condition (1500 W).
This mode is effective to measure 57 Fe in high matrix solution such as for the CBD solution. In addition, final solution
for ICP-MS measurement was diluted from the leaching solution more than a factor of 15 to reduce the matrix effect.
Another chemical extraction experiment using oxalate was
conducted following Tessier et al. (1979) and LaForce and
Fendorf (2000), which is more specific to less crystalline Fe
oxides, that is ferrihydrite. This method uses oxalate solution
(0.10 M oxalic acid/ammonium oxalate, pH 4.7) to extract
ferrihydrite. The experimental procedure was similar to that
in the CBD method except for the extraction process.
2.3

XAFS measurements and data analysis

Iron speciation was conducted by Fe K-edge XAFS. In our
analysis, we used mm size X-ray beam used for the sub mg
aerosol particles collected on the filter, showing that Fe speciation data in this study are bulk analysis in our study. Iron
K-edge XAFS spectra were measured at beamline BL12C at
Photon Factory (PF), KEK. Incident X-rays were monochromatized with a Si(111) double-crystal monochromator and
focused to 0.5×0.5 mm2 with a bent cylindrical mirror. The
samples appearing on the filter as dark spots (spot size:
www.atmos-chem-phys.net/11/11237/2011/
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0.5–2 mm) were directly exposed to the incident X-ray beam.
Energy calibration was made by defining the pre-edge peak
maximum of hematite fixed at 7.110 keV. The measurements
were carried out at room temperature under ambient air condition. XAFS spectra of the samples were mainly recorded
in fluorescence yield (FY) mode. The filter with the aerosol
sample was placed at 45 degrees from the incident beam, and
the fluorescent X-rays were measured with a 19 element Ge
solid-state detector to obtain the spectra. One to three scans
were summed to improve the signal-to-noise ratio. All the
spectra were normalized to unit step in the absorption coefficient. No radiation damage was found during the data acquisition, because multiple scans gave identical spectra to one
another.
Measurement of XAFS in the conversion electron yield
(CEY) mode was also conducted using a CEY detector unit.
The KLL Auger electrons induced by X-ray absorption were
amplified by He gas and collected by another electrode biased at 500 V. Probing depths of Fe KLL Auger electron from
selected minerals were estimated using the “universal curve”
(Schroeder, 1996). Considering the particle size of mineral
dust (mainly less than 10 µm), CEY-XAFS is surface sensitive with the probing depth of less than 0.30 µm, whereas FYXAFS can be regarded as a bulk method with that of greater
than 5 µm. The supplement data were also obtained at beamline BL01B1 in SPring-8, which gave the identical spectra to
those measured in Photon Factory.
Contribution of various Fe species to each sample was estimated by calculating the X-ray absorption near-edge structure (XANES) spectra of the unknown samples by those
of known reference materials using the linear combination fit (LCF) technique using a XAFS software package
REX2000 (Rigaku, Japan). The LCF using XANES was
conducted in the energy ranges of 7.110–7.150 keV. The
quality of the LCF was given by the residual value, the
goodness-of-fit parameter R, defined by R = 6[Iexp (E) −
Ical (E)]2 /6[Iexp (E)]2 ×100 where Iexp and Ical are the absorption of the experimental and calculated spectra, respectively. Precision of relative ratios of each Fe species determined by the LCF was estimated to be better than 3 % obtained from three scans of same and different aerosol spots
on filters, respectively. In addition, principle component
analysis (PCA) to determine number of end members to fit
the spectra was conducted by a software Athena (Ravel and
Newville, 2005).
Iron speciation analysis was also conducted by similar
LCF techniques employed for EXAFS in k space. EXAFS
spectra were background-subtracted and normalized. Then,
the smooth Fe K-edge absorption of free atom (µ0 ) was removed using a spline smoothing curve. The energy unit was
transformed from keV to Å−1 to produce the EXAFS function χ (k), where k(Å−1 ) is the photoelectron wave vector. In
this study, a threshold energy (energy at which k equals to
zero) was fixed at 7.120 keV. Subsequently, the k 3 –weighted
EXAFS spectra were also fitted using the LCF of reference
Atmos. Chem. Phys., 11, 11237–11252, 2011
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spectra at a k range of 1.0–10.0 Å−1 by minimizing the residual of the fit, defined as above. The goodness of the fitting
can be evaluated also by R value defined as R = 6[k 3 χexp (k)
– k 3 χcal (k)]2 /6[k 3 χexp (k)]2 ×100.

3
3.1

Results and discussion
Physical and chemical characteristics of Asian dust

In all stations, mass concentrations of aerosols with the grain
size above 1 µm during the dust period were much higher
than those during the nondust period (August 2001 and January 2001) by factors of 16, 7.0, and 3.6 in Aksu, Qingdao, and Tsukuba, respectively (Figs. 1 and 2). In addition, mass concentrations of the aerosols decreased successively from Aksu > Qingdao > Tsukuba. Samples were actually collected during a “super large dust event” simultaneously observed in the three sites (Shao et al., 2003; Kanai et
al., 2003, 2005), which strongly suggests that the dust particles originating in the desert area of western China were
transported to Japan (Kanai et al., 2003, 2005). To identify the source of mineral dust collected in all the sampling sites, backward trajectory analysis was performed using the Hybrid Single-Particle Lagrangian-Integrated Trajectory (HYSPLIT4) model (Draxler and Rolph, 2003). Threedimensional 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 consistent with observations at these sites (Shao et al., 2003; Kanai
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
March 2002. There can be various particles classified into the
coarse particle fractions such as sea salt, volcanic ash, and
plant particle in addition to mineral aerosols (Finlayson-Pitts
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 transformation of elements in Asian dust during their long-range transport from Aksu, close to the Taklimakan Desert, to Qingdao
and Tsukuba. Although other source areas may also contribute 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
below.
Mass concentrations of insoluble fractions for aluminum
(Al) and Fe were very high in Aksu and decreased in the order of Aksu,> Qingdao > Tsukuba; the size-distribution patterns of Fe are consistent with those of Al in all the sites
(Fig. 1). Atmospheric Al has commonly been used as a refAtmos. Chem. Phys., 11, 11237–11252, 2011

Fig. 1. Physical and chemical characteristics of aerosol samples.
(a) Mass distributions of aerosols with different particle diameters.
Samples were collected during the large dust event simultaneously
observed in Aksu, Qingdao, and Tsukuba in March 2002. (b, c)
The distributions of chemical compositions of the water-insoluble
Al and Fe, respectively.
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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.
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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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erence indicator for aerosols provided from soil and crustal
Figure 3
weathering processes because of the high Al-silicate content
of the aerosols (Duce et al., 1980). Thus, a concentration ratio 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 different Chinese desert source regions (Zhang et al., 1997). The
Fe/Al ratios of Aksu samples at particle size greater than
1 µm (Fe/Al = 0.79) were analogous with that of dust particles near the Taklimakan Desert (Fe/Al = 0.83), whereas different 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 significant differences in the ratio (Fe/Al = 0.79–0.85), showing atmospheric transport of Fe in the Asian dust originating 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
(Zhang et al., 1997).
The anthropogenic origins of lead (Pb) in eastern China
and Japan were also determined by calculations of its enrichment factor (EF), based on its crustal abundance relative to
Al, EF = (Pb/Al)aerosol /(Pb/Al)crust . The EF values increased
tenfold to a hundredfold with transport of Asian dust from

Figure
2
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Fig. 4. Enrichment factor (EF) for lead (Pb) in Aksu, Qingdao, and
Tsukuba. EF value was calculated y using the following equation:
EF = (X/Al)aerosol /(X/Al)crust , where (X/Al)aerosol is the concentration ratio of a given element X to Al in aerosols, and (X/Al)crust is
the concentration ratio in the average crustal abundance (Taylor and
McLennan, 1985).

western China to eastern China as seen in the data of Qingdao and Tsukuba employed here (Fig. 4), which are indicative of supply of anthropogenic lead. Thus, anthropogenic
chemicals such as SO2 , sulfuric acid, and NOx are expected
to cause some chemical effects on the Asian dust, even for
the samples rich in mineral particles. As a result, calcite
originally contained in the dust collected in Aksu was transformed into gypsum during the long range transport for the
same samples collected in March 2002, as shown in our previous studies on calcium (Ca) speciation by XAFS (Takahashi et al., 2009). The pH of water contacted with the total
suspended particulate (TSP) samples was 9.3 for the sample
collected in Aksu, which decreased to pH 6.0 in Tsukuba.
These results showed that the dusts experienced reactions
with acidic species during the transport.
3.2

Dust mineralogy and iron speciation

Mineralogical analyses of desert sand in the Taklimakan
Desert and TSP collected at Aksu and Tsukuba provide insights into their implications on the regional aeolian processes in East Asia. Although the desert sand consists mainly
of quartz, feldspar, and calcite, its XRD pattern indicates a
predominance of clay minerals such as illite and chlorite in
the particles less than 2 µm that were separated by sedimentation in water (Fig. 5). TSP collected in Aksu was also characterized by clay minerals, quartz, and calcite. The mineralogy of PM10 collected during severe Asian dust events in
2000 and 2002 in eastern China (Shi et al., 2005) was primarily clay minerals (>40 %), followed by quartz and nonAtmos. Chem. Phys., 11, 11237–11252, 2011

Fig. 5. X-ray diffraction patterns of the desert sand in the Taklimakan Desert and total suspended particulates (TSP) collected at
Aksu and Tsukuba without filter. The desert sand less than 2 mm
was separated from the bulk sample by sedimentation in water based
on Stokes’ settling law. I, illite; C, chlorite; Q, quartz; C+K, chlorite+kaolinite; G, gypsum; Pl, plagioclase; Cal, calcite; H, halite.

crystalline materials, with smaller amounts of calcite, plagioclase, K-feldspar, pyrite, and other trace minerals. Fine
soil particles released by saltating sand particles and blown
to high altitudes can be transported over long distances, suggesting that clays could initially be the main components of
Asian dust.
Among
Figure
4 the numerous mineralogical species that may contain iron (clays, oxides, and hydroxides), a useful mineralogical classification distinguishes three Fe categories: (i)
“structural Fe” as Fe(II) or Fe(III) trapped in the crystal
lattice of Al-silicate minerals; (ii) “crystalline Fe minerals” such as goethite and hematite; (iii) “non-crystalline Fe”
as amorphous Fe(III) hydroxide particles, or ferrihydrite.
XAFS, which consists of XANES and EXAFS, is effective
in the Fe speciation, including amorphous species that cannot
be identified by XRD. Variation in the XANES region at the
Fe K-edge has been known to be sensitive to the local structural environment of Fe because of the multiple scattering of
photoelectrons (Schilling et al., 1999), by which Fe species
can be identified. Many past studies applied XAFS to Fe
speciation in various samples and compared the results with
other speciation methods such as chemical extraction, and
concluded that the effectiveness of the XAFS method for Fe
speciation (LaForce and Fendorf, 2000; Wilke et al., 2001;
O’Day et al., 2004; Prietzel et al., 2007; Itai et al., 2008).
For size-fractionated Aksu samples (particle size >2.1 µm),
the spectra can be perfectly fitted by a combination of those
of illite, chlorite, and ferrihydrite using least-squares fitting
(Fig. 6; the spectra for other reference materials are shown
in Fig. S1 in the Supplement). If the scan was repeated to
yield better statistics, each sample spectrum was obtained as
the average of multiple runs. The results are consistent with
www.atmos-chem-phys.net/11/11237/2011/
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Fig. 6. Selected XAFS spectra and the results of linear combination fit (LCF). (a) Normalized Fe K-edge XANES spectra of reference
materials (hematite (α-Fe2 O3 ), ferrihydrite, magnetite (Fe3 O4 ), illite (IMt-1), chlorite (CCa-2), and fayalite (Fe2 SiO4 )) 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 diameter
>11 µm as shown in Methods) collected at Aksu. Taklimakan desert sand is obtained as shown in Chang et al. (2000). (b) Normalized
k 3 -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-0 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 the
presence of chlorite and illite without large peaks of other
Fe minerals such as goethite and hematite for the samples
studied here. It is also reasonable that ferrihydrite does not
give any peaks because of its amorphous nature. The perfect
consistency between XANES and XRD analyses indicates
that the XANES fitting, which assumes illite and chlorite as
primary Fe species in the dust, is valid. Based on linear combination fits (LCF), Fe species of the samples consist of approximately 70 % illite, 20 % chlorite, and 10 % ferrihydrite.
However, this result does not exclude the presence of other
minor Fe species, when the amount relative to the total Fe is
less than 10 %. Addition of one component in the fitting is
justified when the R value decreased by at least 10 % and if
www.atmos-chem-phys.net/11/11237/2011/

its fractional contribution was above 10 % (Manceau et al.,
2000, 2002; Takahashi et al., 2003). The fitting results that
are shown here met the criteria (Fig. S2 in the Supplement).
The systematic peak shifts in the XANES spectra among
Aksu, Qingdao, and Tsukuba samples (Figs. 6a and 7) show
that the ratio of Fe(III) to total Fe increases during atmospheric transport from the Taklimakan desert to Japan because the absorption edge shifts toward higher energy with
increasing the average oxidation state of Fe. For sizefractionated Tsukuba samples, however, a large fraction (60–
70 %) of Fe was illite and the rest (20∼40 %) was ferrihydrite (= amorphous Fe hydroxide; Fig. 6a). In natural
samples, the combination of extremely fine grain size and
poor crystallinity make ferrihydrite difficult to identify and
Atmos. Chem. Phys., 11, 11237–11252, 2011
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Fig. 7. Normalized Fe K-edge XANES spectra for systematicallycollected dust samples. Solid line: FY-XANES; Dotted line: CEYXANES; Dashed line: main peak position of chlorite and ferrihydrite. Note the differences in the FY- and CEY-XANES spectra for
Qingdao samples and the systematic peak shift among Aksu, Qingdao, and Tsukuba, suggesting the increase of Fe(III) ratio to total
Fe during the atmospheric transport from the Taklimakan Desert to
Japan.

quantify by conventional techniques such as XRD. However, we could identify ferrihydrite since XAFS is sensitive
to short-range structural order such as valence, coordination
geometry, bond distance, and ligand coordination number
(Wilke et al., 2001; O’Day et al., 2004). The R values, the
residual of LCF, were very low (less than 2.3 % for XANES
fitting) showing that the fitting can give Fe speciation data
(Table S2 in the Supplement). Furthermore, a similar LCF
method was employed for the k-space spectra of extended
X-ray absorption fine structure (EXAFS). The results of the
Fe species estimated by EXAFS are very similar to those obtained by XANES in any of the samples (Fig. 6b; Table S2 in
the Supplement). The EXAFS spectrum of ferrihydrite is different from those of goethite and hematite (Figs. 6b and S1
in the Supplement), showing that the Fe (hydr)oxide species
formed in the samples is mainly ferrihydrite. All the data
above indicated that the Fe species in Asian dust in the source
region were mainly clay minerals (+ some ferrihydrite) derived from the Taklimakan Desert, whereas the Fe species
after the long-range transport (in Qingdao and Tsukuba) contained a larger amount of secondary ferrihydrite relative to
the total Fe in the dust.
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Considering the precision of the fitting procedure, the ferrihydrite fraction was estimated to be 10±5 % 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 solution (0.10 M). Consequently, 6.1 % and 16 % of the Fe
were dissolved in the samples from Aksu and Tsukuba, respectively. 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 suggested in Manceau et al. (2002), which shows that the presence of the minor component can be considered if its fractional contribution is above 10 %. Thus, the Fe speciation
data obtained by XAFS are essentially consistent with those
determined using conventional chemical extraction methods,
considering that XAFS detected the main Fe species with the
fraction above 10 %. This is partly caused by the fitting procedure, wherein the number of Fe species for the fitting was
limited to less than three.
The relative amounts of total Fe oxides determined by the
CBD method (= 10 % and 18 %) in Aksu and Tsukuba, respectively, were somewhat smaller than those reported in
other studies ranging from 30–60 % by CBT method (Lazaro
et al., 2004; Lafon et al., 2006) and 15 % (Weber et al., 2000)
including urban aerosols. Considering that our samples were
collected during very intense dust event, most of the Fe may
initially be contained in the mineral dusts from arid areas
in China. Iron(III) oxides are formed during the chemical weathering of various primary minerals. Since physical
weathering rather than chemical weathering is important for
the formation of desert sand in the arid areas, it is possible
that Fe(III) oxide contents cannot be high as those in the
aerosols originated from soils formed under humid climate.
Further support for the fitting results was obtained through
statistical data for the XANES and EXAFS fitting. Principle component analysis (PCA) in such fitting has been often used to estimate the number of end members required
to fit the spectra. The PCA for all the XANES spectra for
the Aksu, Qingdao, and Tsukuba samples measured both in
FY and CEY modes showed that the number of independent
end members can be three or four (Fig. S3 and Table S3 in
the Supplement). Given that chlorite and illite are main Fe
species in the samples collected in Aksu and Qingdao, these
www.atmos-chem-phys.net/11/11237/2011/
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Fig. 8. Normalized Fe K-edge XANES spectra of aerosol sample
collected at stage 2 in Tsukuba before and after the treatment with
oxalic acid solution (0.10 M).

two species are likely the end members of the Fe species.
In addition, the Fe oxide fraction should contain ferrihydrite,
goethite, and hematite as suggested by the CBD and the oxalate method. The comparison of the two leaching methods
suggests that ferrihydrite is the main Fe oxide species in the
samples. This is consistent with the absence of goethite and
hematite in the XRD results. Thus, we decided to employ
illite, chlorite, and ferrihydrite to fit all the XANES and EXAFS spectra in our samples. The fitting procedure was also
shown in Fig. S2 in the Supplement, showing that the three
end members can account for the spectra recorded.
Additional data to support the results were obtained from
the change in the XANES spectra of Fe in the aerosol
samples on the filter before and after the oxalate treatment
(Fig. 8). The spectrum after the oxalate treatment (i.e., selective dissolution of ferrihydrite) became closer to that of
illite, showing the dissolution of the ferrihydrite present before the treatment. The result also shows the reliability of the
estimation of Fe species using XANES and EXAFS fitting.
3.3

Formation of ferrihydrite on Asian dust during
long-range transport

Iron species for all the samples determined here are shown
in Fig. 9. Comparing the three sites, illite was the dominant Fe species in the Asian dust and the ratio of illite to
chlorite (I/C) increased progressively as Aksu < Qingdao <
Tsukuba. There is a significant difference in the I/C ratio of
mineral dust collected at Chinese desert regions (low; Feng
et al., 2002) versus at the western North Pacific (high; Leinen
www.atmos-chem-phys.net/11/11237/2011/
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et al., 1994). In addition, ferrihydrite fraction to total Fe increased during the transport from western China to eastern
China and Japan, although illite fraction was almost constant
throughout. This fact suggests that the chemical transformation of structural Fe in chlorite particles into secondary ferrihydrite 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(II) can occur as a result of the dissolution of chlorite, oxidation to Fe(III), hydrolysis, and subsequent precipitation
(Zänker et al., 2006). Ferrihydrite is an important secondary
Fe phase which forms coatings on mineral surfaces (Zänker
et al., 2006) by the dissolution of ferrous ion, oxidation, and
precipitation in water phase. The formation of ferrihydrite
was also suggested by the reaction with water in aerosol such
as in cloud processing (Shi et al., 2009). Chlorite dissolution
rate (Brandt et al., 2003), or Si release rate in dissolution experiments at 25 ◦ C and pH 4, was 5.1×10−10 molSi m−2 s−1 ,
much larger than illite dissolution rate (Kohler et al., 2003)
of 1.0×10−13 molSi m−2 s−1 , showing that chlorite is much
more reactive than illite. These results confirm that structural
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).
Large amounts of air pollutants such as SO2 and NOx are
emitted in eastern China (Akimoto and Narita, 1994; Takahashi et al., 2009). Chemical speciation of Ca contained in
the same dust samples used in this study revealed the neutralization processes of anthropogenic sulfur species in the
atmosphere by calcite in the Asian dust. This finding was
consistent with a progressive decrease in the pH of water
equilibrated with dust samples in the order Aksu (pH 9.0)
>Tsukuba (pH 6.0) as shown in Takahashi et al. (2009). One
may think that the value of pH 6.0 is not acidic to facilitate alteration of chlorite. However, the pH in Takahashi et
al. (2009) was measured for 10 mL water in contact with
about 1–5 mg of aerosol. Since the amount of water phase
at aerosol surface is very small, in situ pH at the aerosol surface should be much lower than that measured in Takahashi
et al. (2009) as suggested in Ludwig and Klemm (1990). In
addition, the pH value included the effect of dissolution of alkaline salts such as carbonate remaining in the aerosols into
the solution, which can increase significantly the pH value.
However, it has been suggested that Fe-rich particles are often externally mixed with carbonate (Sullivan et al., 2007)
and that Fe-rich particles experience low pH condition during the long-range transport (Ito and Feng, 2010). Thus, it is
likely that in situ pH condition can be low which accelerates
the alteration of chlorite in the aerosol.
During the transport of Asian dust, several particles may
be mixed during in-cloud processes (Desboeuf et al., 2001).
Incorporation of acids to the mixed aerosols (Andreae et
al., 1986) results in formation of acidic hydration layers
in aerosol particles. Meskhidze et al. (2005) developed an
Atmos. Chem. Phys., 11, 11237–11252, 2011
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Fig. 9. Fraction of Fe species among total Fe at various particle sizes. (a)–(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 the
dust and anthropogenic pollutants related to the eastern Asia
outflow of the pollutants. Chemical reactions occurring in
the water layer coating on dust particles are very important,
since it regulates the pH of the water layer, mineral dissolution, and release of soluble Fe. The role of anthropogenic
acid on the change of Fe species have been suggested also in
other studies (e.g., Fan et al., 2006; Hsu et al., 2010).
3.4

Comparison with the CEY-XAFS spectra

The release of Fe(II) by the alteration of chlorite, its oxidation to Fe(III), and subsequent hydrolysis result in the formation nanoparticles of ferrihydrite (e.g., Krawczyk-Bärsch
et al., 2004) as aggregates, which can be associated with
other minerals in the coarser fractions (>1 µm), as suggested
in SEM images reported in Shi et al. (2009). SEM image
similar to Shi et al. (2009) was also obtained in this study
(Fig. S4), though the resolution of our apparatus is not very
good. In this case, ferrihydrite can be more sensitive to surface sensitive analysis due to its small size and formation at
other minerals’ surfaces. Thus, XANES in conversion electron yield (CEY) mode was also employed here, since the
method is sensitive to Fe species at surfaces less than 0.16 µm
(Itai et al., 2008).
The surface-sensitive CEY-XANES for size-fractionated
Aksu samples gave the I/C ratio identical to that given by
XANES in FY mode (Fig. 9), showing that (i) sizes of chlorite and illite are similar in each size-fractionated sample
and (ii) alternation of chlorite from the surface is minimal
in Aksu. For both Qingdao and Tsukuba samples, however,
CEY-XANES spectra are shifted to higher energy compared
with those measured in FY mode (an example is shown by
bold line for Qingdao sample in Fig. 7), reflecting the selective detection of more oxidized species by CEY-XANES. Fitting of the spectra showed that illite and ferrihydrite are predominant species in the CEY-XANES spectra without contribution of chlorite (Fig. 9).
Calcium speciation for the same samples showed that the
transformation of calcite to gypsum by the reaction with sulfuric acid proceeds from the surface of the calcite (Takahashi
et al., 2009). The transformation causes (i) the larger fraction
of gypsum in finer particles and (ii) gypsum fraction measured in CEY mode is larger than that in FY. The latter was
valid to the ferrihydrite fraction in the case of Fe speciation,
but similar trend to the size effect shown as (i) was not obvious for ferrihydrite/chlorite nor ferrihydrite/illite ratios in
this study. In contrast, the ferrihydrite fraction is almost similar among different sizes. The larger ratios of ferrihydrite
in CEY mode than in fluorescence mode can be due to either (i) selective formation of ferrihydrite at the surface of
the particle or (ii) finer particles sizes of ferrihydrite than
other Fe species in the samples. If the reaction producing
ferrihydrite proceeds from the chlorite surface and the ferrihydrite formed covers the chlorite surface, larger fraction of
www.atmos-chem-phys.net/11/11237/2011/
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ferrihydrite is expected for the smaller particle, which was
not the case for the preset results. Thus, the fact that the
ferrihydrite fraction in CEY mode is larger than that in FY
mode shows the smaller particle size of ferrihydrite, which is
more sensitive to CEY detection than illite and chlorite. The
results agreed well with the fact that ferrihydrite is formed
as nanoparticles (Cornell and Schwertmann, 2003). In addition, because the samples in this study were collected by
size-fractionated sampling, the present results suggested that
ferrihydrite is attached to larger particles in each size fraction, as suggested in other studies (Shi et al., 2009).
3.5

Solubilities of iron in simulated rainwater and
seawater

In this study, Fe solubilities in simulated rainwater and seawater were defined as dissolved Fe fractions in 24 hours using a weak acid (0.020 M oxalate, pH 4.7) and 0.70 M NaCl
solution with EDTA (EDTA: 0.10 mM; pH 8), respectively
(dust sample: 2.1 mg; solution volume: 15 mL). Our experiments contained high levels of organic ligands with the potential to form complexes with dissolved Fe, which can contribute to the enhancement of Fe solubility in seawater. The
presence of such ligands is essential for the dissolution of
Fe(III), the main Fe species in seawaters. Indeed, organic
ligands (e.g., oxalate) as natural Fe chelators are likely to
be present in rainwater and ambient aerosols (Siefert et al.,
1994; Sempere and Kawamura, 1996). In seawater, it has
been suggested that Fe(III) is dissolved as complexes with
organic ligands such as siderophores. We employed EDTA
to simulate the process in seawater, since the stability constants of Fe-siderophores (Witter et al., 2000; Hasegawa et
al., 2004) and Fe-humic substance complexes (Takahashi et
al., 1997) are similar to that of Fe(III)-EDTA. In these systems, Fe-binding ligand concentrations may vary considerably over a wide range, which can primarily decide the dissolved concentration of Fe(III), since Fe(III) cannot be dissolved without formation of these complexes. In fact, leaching experiments using solutions with much lower concentration of EDTA (EDTA: 1.0 µM; pH 8) showed that dissolved
concentrations of Fe were less than 0.2 % of total Fe originally contained in the three reference materials (illite, chlorite, and ferrihydrite) and any samples in size-fractionated
and TSP samples collected in Aksu and Tsukuba. Thus, the
increase of Fe concentration in natural seawater is thought to
be due to the presence of natural organic ligands. Since total
concentration of Fe in our leaching solution is by far larger
than actual total Fe concentration in rain water and seawater,
it is necessary to use the high concentrations of oxalate and
EDTA. Hence, it is possible that Fe solubility estimated in
our leaching experiments can be different from “true” aerosol
Fe solubility. However, the relative differences in Fe solubility in this study must reflect differences in Fe reactivities and
solubilities to actual rainwater and seawater among ferrihydrite and clay minerals.
Atmos. Chem. Phys., 11, 11237–11252, 2011

11248

Y. Takahashi et al.: Change of iron species and iron solubility in Asian dust

Table 1. Solubilities of Fe in simulated rainwater and seawater.
TFe (wt%)
ferrihydite∗∗∗
chlorite (CCa-2)∗∗∗∗
illite (IMt-1)∗∗∗∗
Aksu TSP
Tsukuba TSP

63.8±1.5
20.3±0.2
5.13±0.05
4.02±0.08
3.97

Pb/Al (1000)

12.0±0.1
63.0

rainwater∗
FeSol (%)

seawater∗∗
FeSol (%)

40.0±5.3
6.83±0.17
1.91±0.12
4.13±0.21
11.8±0.06

2.61±0.05
1.91±0.12
0.57±0.05
0.28±0.07
1.10±0.07

The iron solubility (FeSol (%)) is calculated as follows: FeSol (%) = (D-Fe/T-Fe) ×100, where D-Fe is dissolved Fe concentration in leaching solution at a temperature of 20 ◦ C for
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 NaCl (pH 8) solution with 0.10 mM ethylenediaminetetraacetic acid (EDTA).
∗∗∗ 2-line ferrihydrite was prepared by hydrolysis of ferric nitrate at pH 7.5 and 20±2 ◦ C according to Schwertmann and Cornell.
∗∗∗∗ 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 (Table 1), Fe in ferrihydrite was more soluble than those in clay
minerals (e.g., illite and chlorite). It appears that ferrihydrite
which is rich in Fe with large surface area releases a larger
amount of Fe into the solution than those from the clays. Ferrihydrite is thermodynamically metastable and chemically
more reactive, and therefore more bioavailable than highly
crystalline Fe phases such as hematite or goethite (Wells
et al., 1983; Nodwell and Price, 2001). It is also reported
that sunlight increases the lability of ferrihydrite in seawater
(Wells et al., 1991).
The solubility of TSP collected in Tsukuba was threefold
greater than that of TSP collected in Aksu; our XAFS results clearly showed that ferrihydrite content in the dust in
Tsukuba is much larger than that in Aksu. These results suggest that ferrihydrite secondarily formed in the atmosphere
can be a significant source of soluble Fe species in the North
Pacific. This clearly confirms the results in several studies
showing that marine or anthropogenic aerosols are more soluble than original crustal aerosols (Colin et al., 1990; Spokes
et al., 1994) and that pollution from Asia can increase Fe solubility (Andreae et al., 1986; Duvall et al., 2008). Indeed, it
was suggested in this study that a large amount of anthropogenic material (e.g., Pb) is expected to contaminate the
Asian dust, as discussed before.
The solubility of Fe in simulated seawater is low (Table 1),
which is consistent with the solubility in seawater by Saharan and anthropogenic aerosols (0.05 to 2.2 %; Bonnet and
Guieu, 2004). The much lower Fe solubility in seawater
than in rainwater may be related to seawater pH of 8, because the Fe(III) hydroxide solubility under alkaline condition is very low. Zhu et al. (1992) suggested that ferric
ion solubility from Fe(III) hydroxide varies by a factor 1010
when the pH varies from 2 to 8. Even so, ferrihydrite is
also more soluble in seawater than clay minerals. Amorphous Fe is released slowly (within hours) from aerosol particles into seawater by complexation with natural dissolved
organic ligands, whereas Fe trapped in Al-silicate lattice or
crystalline Fe minerals dissolves in seawater too slowly (in
Atmos. Chem. Phys., 11, 11237–11252, 2011

months) to be detected in laboratory experiments (Wu et al.,
2007). Thus, ferrihydrite can be soluble species and more
importantly can be directly used by some photosynthetic algae species (Nodwell and Price, 2001). Moreover, Visser et
al. (2003) showed that amorphous and nanoparticulate Fe in
the Saharan dust correlates positively with Fe bioavailability
for two diatom species.
Some previous studies only gave Fe(II)/Fe(III) ratio
(Zhuang et al., 1992; Zhu et al., 1997; Luo et al., 2005;
Majectic et al., 2007), which was used to discuss the reactions in the atmosphere and their solubilities in water. Based
on more detailed Fe speciation and solubility experiments
in this study suggest that oxidation into Fe(III) can increase
the solubility of Fe, whereas previous studies (Zhuang et al.,
1992; Zhu et al., 1997) assumed that Fe(II) is much more
soluble that Fe(III) species. However, Luo et al. (2005) suggested that there is not clear correlation between Fe(II) fraction and iron solubility, while Majestic et al. (2007) reported
that Fe(III) contributed to a large fraction of soluble Fe. Our
results also suggested that the oxidation of Fe(II) (mainly in
chlorite) to Fe(III) as ferrihydrite can increase the Fe solubility, probably because Fe(II) in clay minerals is incorporated
in the aluminosilicate structures. Thus, more information on
Fe speciation data not limited to Fe(II)/Fe(III) ratio is needed
to discuss more clearly the relationship between Fe species
and Fe solubility in seawater.
Several studies have emphasized that in-cloud processes
and photochemical processes in the atmosphere can modify Fe solubility of desert dust (Jickells and Spokes, 2001;
Desboeufs et al., 2001; Hand et al., 2004). The data of
Fe solubility and solid-state speciation presented here provide evidence that the increase of Fe solubility is also caused
by another important factor, which is the formation of ferrihydrite by chemical transformation of Fe in chlorite during the long-range transport of Asian dust. This study indicates that ferrihydrite must be considered as an important Fe
phase associated with atmospheric deposition in the North
Pacific. By increasing the bioavailable Fe in surface seawater, it is possible that atmospheric aerosol dissolution affects
www.atmos-chem-phys.net/11/11237/2011/
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primary productivity which in turn induces the uptake of atmospheric CO2 and the stimulation of biological DMS production (Zhuang et al., 1992; Turner et al., 1996).
4

Conclusions

This study focuses on the speciation of Fe in mineral dusts
transported from Aksu (near Taklimakan Desert) to Qingdao
(eastern China) and Tsukuba (Japan). Based on the fitting of
XANES and EXAFS spectra measured in both fluorescence
and electron yield modes, it was revealed that Fe species
were changed from illite and chlorite originally contained
in dusts in Aksu to illite and ferrihydrite in Qingdao and
Tsukuba. The validity of the speciation by XANES and EXAFS were confirmed by X-ray diffraction and chemical extraction methods. The speciation showed that chlorite originally contained in the dusts was selectively transformed into
ferrihydrite during the long-range transport from Aksu (illite : chlorite : ferrihydrite = 70 : 25 : 5 as average values of Fe
molar ratio at various particle sizes shown in Fig. 9 and Table S2) to Qingdao (illite : chlorite : ferrihydrite = 65 : 15 : 20)
and Tsukuba (illite : chlorite : ferrihydrite = 65 : 5 : 25) in the
event we studied. The high reactivity of chlorite compared
with illite has been suggested in alteration experiments of
the two minerals in mineralogical studies, which supports
our results. Since alteration of calcite to gypsum due to
the reaction with sulfuric acid and also enrichment of Pb
in finer particles were found in Qingdao and Tsukuba for
the same samples examined here, it is suggested that the
transformation of chlorite to ferrihydrite is facilitated by the
anthropogenic effects. Solubility experiments showed that
Fe in ferrihydrite (soluble Fe fraction (FeSol ): 40 %) can be
more soluble than those in illite (FeSol = 1.9 %) and chlorite
(FeSol = 6.8 %). For natural samples, FeSol in Tsukuba sample (main Fe host phase: illite and ferrihydrite) was 11.8 %
and 1.10 % for synthetic rainwater and seawater, respectively,
where were more soluble than those in Aksu sample (main Fe
host phase: illite and chlorite; FeSol were 4.13 % and 0.28 %,
respectively) in our leaching experiments. The results of our
observation suggested that the transformation of chlorite to
ferrihdyrite in aerosols during the long-range transport can
be one of important factors that can control the solubility of
Fe in dusts to seawater.
Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/11/11237/2011/
acp-11-11237-2011-supplement.pdf.
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