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Abstract: Biomass burning is an important source of soluble Fe transported to the open ocean;
however, its exact contribution remains unclear. Iron isotope ratios can be used as a tracer because
Fe emitted by combustion can yield very low Fe isotope ratios due to isotope fractionation during
evaporation processes. However, data on Fe isotope ratios of aerosol particles emitted during biomass
burning are lacking. We collected size-fractionated aerosol samples before, during, and after a biomass
burning event and compared their Fe isotope ratios. On the basis of the concentrations of several
elements and Fe species, Fe emitted during the event mainly comprised suspended soil particles in
all the size fractions. Iron isotope ratios of fine particles before and after the event were low due to
the influence of other anthropogenic combustion sources, but they were closer to the crustal value
during the event because of the influence of Fe from suspended soil. Although Fe isotope ratios
of soluble Fe were also measured to reduce Fe from soil components, we did not find low isotope
signals. Results suggested that Fe isotope ratios could not identify Fe emitted by biomass burning,
and low Fe isotope ratios are found only when the combustion temperature is high enough for a
sufficient amount of Fe to evaporate.
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1. Introduction

Iron (Fe) in combustion aerosols emitted mainly by human activities exerts various effects on
the environment and human health. The deficiency of dissolved Fe limits phytoplankton growth
in some areas in the open ocean [1–4]. Since supply of Fe to the surface ocean stimulates primary
production and affects carbon and nitrogen cycles, many studies have been conducted regarding
Fe cycle in the ocean. The main sources of Fe to the surface ocean are natural aerosols (mainly
aeolian dust), dissolution of coastal sediment, and hydrothermal vents [5], whereas Fe in combustion
aerosols has been recognized as another possible Fe source due to its high solubility to seawater [6–9].
Although model studies estimate that approximately 30% of atmospheric soluble Fe deposition is
from combustion sources, the relative contribution of natural and combustion aerosols to soluble Fe,
especially in the open ocean, remains unclear [10].

Iron in combustion aerosols also contributes to enhancing the shortwave absorption of solar
radiation. Iron emitted by anthropogenic combustions is mostly composed of aggregated nanoparticles
of Fe oxides—such as magnetite, maghemite, and hematite—which are often observed in urban
areas [11,12]. Iron oxides emitted by anthropogenic combustions are considered another important
source for shortwave absorption, in addition to black and brown carbons [13].
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Furthermore, Fe in combustion aerosols influences human health, which can enhance the
production of reactive oxygen species that cause damage in vivo via the Fenton reaction [14]. Actually,
magnetite nanoparticles were found in human brains, which possibly entered the brains directly via
the olfactory bulb as insoluble particles and had a harmful effect on human health [15].

Therefore, the source, emission flux, solubility, and chemical/physical characteristics of Fe in
various combustion aerosols should be clarified.

Iron stable isotope is an effective tool to distinguish the sources of Fe [5,16]. Iron isotope ratio
(δ56Fe) is defined as

δ56Fe (‰) = 1000 × ((56Fe/54Fe)sample/(56Fe/54Fe)standard − 1), (1)

Our previous studies analyzed Fe isotope ratios of size-fractionated aerosol particles near
anthropogenic emission sources, which were collected in a tunnel, from an incinerator, and near a steel
plant. We found that δ56Fe values of Fe emitted during the combustion processes ranged from −1‰
to −4‰ [17–19], which were much lower than those of terrestrial igneous rocks (0.00 ± 0.10‰, [20])
and other natural materials [21]. The remarkably low δ56Fe values were possibly caused by isotope
fractionation during evaporation under high-temperature condition. The low δ56Fe values can be used
to estimate the contribution of Fe of combustion aerosols within total aerosol particles.

Among various combustion sources, biomass burning—such as forest fires, savanna or grassland
fires, and crop residue burning—are considered one of the main Fe emission sources [8,22]. In a model
study, its contribution is estimated to be approximately half of total soluble Fe deposition in a part
of the southern hemisphere, where biomass burning is considered a dominant Fe source compared
with mineral dust and fuel combustion [8]. Although biomass burning can increase atmospheric
Fe concentration in the regional scale, the concentration is not higher than Fe emission due to dust
events [22–24]. Iron from biomass burning is important due to its high solubility, which is enhanced
during its transportation mixed with organic matters emitted by biomass burning [23,24].

On the basis of our previous studies on Fe isotope ratios, it is possible that Fe emitted by biomass
burning also has low δ56Fe values due to isotope fractionation during combustion. Given that
combustion temperature of biomass burning is possibly lower than those of other anthropogenic
sources, Fe amount emitted via evaporation can be small. However, the extent of isotope fractionation
differs not only by temperature but also by many factors, such as vapor pressure in each system, other
coexistent components, Fe species, and so on. [25,26] Therefore, it is unknown whether Fe isotope
fractionation is large enough to be observed in actual aerosol particles or not. In addition, some
plants originally have δ56Fe values as low as −1.6‰ [27], which can be reflected in biomass-derived
aerosol particles. However, data on δ56Fe values of aerosols emitted by biomass burning have not
been reported. A previous study suggested that low δ56Fe values detected in fine aerosol samples
may be derived from biomass burning, although strong evidence to support the presence of particles
originating from biomass burning is unavailable [28].

We chose a reed burning event held once in a year at Watarase control basin in Tochigi as an
observation site. This reed burning is one kind of grassland fire. Although reed burning is not a
popular type of burning [29,30], the burned area (approximately 15 km2) at a time is especially large
in Japan. Therefore, it is expected that emission from biomass burning is clearly observed with little
influence from other sources.

This study aimed to investigate whether isotope fractionation can be practically observed in
aerosols emitted during biomass burning and if the isotope ratio can be used as a tracer to estimate the
contribution of biomass burning in aerosols. We collected size-fractionated particles emitted before,
during, and after a biomass burning event. For this purpose, we estimated sources of particles by
comparing concentrations of major ions and some elements. Iron solubility and Fe species were also
examined to characterize Fe in particles collected before, during, and after the event. Considering the
differences in Fe isotope ratios among the sample sets, we discussed whether Fe isotope ratio may be
used to quantify the amount of Fe emitted by biomass burning.
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2. Experiments

2.1. Sampling

Aerosol particles emitted by the biomass burning event were collected on the roofs of Oyama City
Office (36.3149◦ N, 139.8001◦ E, approximately 15 m above the ground) and Shimonamai Elementary
School (36.2473◦ N, 139.7091◦ E, approximately 10 m above the ground) during a reed (Phragmites
australis) burning event which is held once a year in March at Watarase Basin, Tochigi, Japan (36.1◦ N,
139.4◦ E). Oyama City Office and Shimonamai Elementary School are approximately 12 and 1 km
to the northeast from Watarase Basin, respectively (Figure 1). Since southwest wind is predominant
in this area in March, it was expected that emission from the burning event can be observed in both
sampling points [31]. Furthermore, Shimonamai Elementary School is surrounded by the basin, thus,
aerosol particles emitted from the burning event can be collected in any wind direction. We refer to
Oyama City Office and Shimonamai Elementary School as the ‘12 km site’ and ‘1 km site’, respectively.
Sample collections were conducted before, during, and after the event at the 12 km site, but only during
the event at the 1 km site (Table 1). Aerosol particles were collected on filters using a high-volume air
sampler (Kimoto, MODEL-123, Osaka) with a cascade impactor (Tisch Environmental Inc., Series 230),
and particles were separated into seven size fractions (stage 1, >10.2 µm; stage 2, 4.2–10.2 µm; stage 3,
2.1–4.2 µm; stage 4, 1.3–2.1 µm; stage 5, 0.69–1.3 µm; stage 6, 0.39–0.69 µm; backup filter (BF), <0.39 µm).
To minimize contamination from filter materials, PTFE sheets (Naflon tape; thickness: 0.2 mm; Nichias
Co., Ltd., Tokyo, Japan) were cut into a suitable form for stages 1–6, details of which is described in
Sakata et al. [32]. For BF, ADVANTEC PF050 PTFE filter was used. The PTFE filters for stages 1–6 were
washed by 3 M HNO3, 3 M HCl, and ultrapure water without heating for one day, respectively. Soil
and reeds in the Watarase Basin were also collected to compare their Fe isotope ratios with those in the
aerosol samples.
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Figure 1. (a) Large scale map of the sampling area. The map was made by General Mapping Tools map
generator (http://woodshole.er.usgs.gov/mapit/). The sampling points are plotted in detailed map
(b) obtained from Geospatial Information Authority of Japan (https://maps.gsi.go.jp/development/
ichiran.html).

Table 1. Aerosol sampling periods (in local time) at the 12 km site (Oyama City Office) and the 1 km
site (Shimonamai Elementary School)

Sample Start End Total Flow Volume (m3)

12 km (before) 19 March 2016, 12:22 p.m. 26 March 2016, 6:47 a.m. 5265.3
12 km (event) 26 March 2016, 7:07 a.m. 26 March 2016, 6:15 p.m. 385.6
1 km (event) 26 March 2016, 7:59 a.m. 26 March 2016, 4:55 p.m. 300.4
12 km (after) 26 March 2016, 6:34 a.m. 31 March 2016 1:42 p.m. 3996.8
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2.2. Acid Digestion and Leaching Experiments

Concentrations of Fe, aluminum (Al), titanium (Ti), zinc (Zn), and lead (Pb) were analyzed
using inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700, Tokyo, Japan). Filter
digestions were conducted under HEPA-filtered environment (SS-MAC 15, Air Tech, Tokyo, Japan).
All equipment was preliminarily washed with acid. Aerosol samples were digested with mixed acids
(HNO3, HCl, and HF, Tamapure AA-100, Tama Chemicals, Kawasaki, Japan), details of which are
described in Kurisu et al. [19]. Concentrations of these elements in washed PTFE and unwashed PF050
were subtracted from their concentrations in each sample. The Fe concentrations of the washed PTFE
sheet and PF050 filter in this study were 6.7 ± 4.8 ng Fe/cm2 sheet and 55 ± 44 ng Fe/cm2 filter,
respectively, which were less than 1% of Fe in aerosol particles collected before and after the event,
respectively, but less than 10% and 30% for PTFE and PF050 filters, respectively, during the event.
The larger blank ratios than those before and after the event were due to the shorter sampling durations.
Reed was washed by ultrapure water via ultrasonic treatment and dried before decomposition to
remove soil attached to the reed. Reed was decomposed with 2 mL of 15.2 mol/L HNO3 and 1 mL
of 11.7 mol/L H2O2 after the same procedure was employed for the aerosol samples to decompose
remaining organic matters completely.

Major ions (Cl−, NO3
−, SO4

2−, C2O4
2−, Na+, NH4

+, K+, Mg2+, and Ca2+) were analyzed
through ion chromatography (Dionex, ICS-1100). In addition, the concentration of water-soluble
Fe was measured by ICP-MS. For these analyses, approximately 1/40–1/20 of a filter (3–6 cm2) was
soaked in 15 mL of ultrapure water over night after ultrasonic treatment for 30 min. Columns and
eluent compositions for ion chromatography were the same as those employed by Kurisu et al. [18]
Non-sea-salt (nss) SO4

2− and K+ were calculated according to the equations

nss-SO4
2− = [SO4

2−] − [Na+] × 0.25, (2)

nss-K+ = [K+] − [Na+] × 0.037, (3)

where 0.25 and 0.037 are the weight ratios of SO4
2−/Na+ and K+/Na+ in seawater, respectively [33].

Fractional Fe solubility was calculated as

fractional Fe solubility (%) = 100 × ([Fe]water-extracted/[Fe]total) (4)

The solution was filtered with 0.2 µm PTFE filter (DISMIC-25HP, ADVANTEC, Tokyo, Japan)
before ICP-MS measurements. This extraction method with ultrapure water to determine fractional Fe
solubility was similar to that reported in other studies [34–36].

2.3. X-Ray Absorption Fine Structure (XAFS) Analysis

Iron species of aerosol samples and soil were determined by XAFS analysis. X-ray absorption
near-edge structure (XANES) spectra of bulk aerosol particles in each size fraction and soil were
analyzed at the beamline BL-12C of Photon Factory (PF), KEK (Ibaraki, Japan) and BL01B1 of SPring-8
(Hyogo, Japan). Spot analysis of aerosol samples was also conducted by µ-XRF-XAFS at the BL-4A of
PF. Methods were the same as those reported by Kurisu et al. [19].

2.4. Scanning Transmission X-Ray Microscope (STXM) Analysis

Carbon K-edge XANES spectra were obtained by STXM at the BL-13A of PF [37]. Carbon
XANES spectra of black carbon (biochar) emitted by biomass burning can change by temperature.
Keiluweit et al. [38] investigated changes in C spectra by heating grass at different temperatures (0–700 ◦C)
for 1 h. Although original C component in reed may be different from that of grass in Keiluweit et al.,
characteristics of spectral change are basically consistent among various plants [39]. Therefore, their
results could be adopted to estimate rough combustion temperature in this study. Aerosol particles at
stage 6 of the 1 km site sample during the event collected on a molybdenum TEM grid were analyzed.
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2.5. Iron Isotope Analysis

Iron isotope analysis was conducted by multicollector-ICP-MS (MC-ICP-MS, Neptune Plus,
Thermo Fisher Scientific, Bremen, Germany). Decomposed aerosol samples for ICP-MS analysis were
evaporated nearly to dryness and dissolved into 2 mL of a mixture of 6 mol/L HCl and 0.3 mmol/L
H2O2 for Fe separation with Bio-Rad AG MP-1 (100–200 mesh) anion exchange resin. A sample was
loaded into a column (Poly Prep Chromatography Columns, Bio-Rad) filled with 0.6 mL of the resin
after washing and conditioning. Then 2 mL of a mixture of 6 mol/L HCl and 0.3 mmol/L H2O2 was
loaded into the column five times to remove interference elements including chromium and copper
(Cu). Subsequently, Fe was collected into a perfluoroalkoxy alkanes (15 mL) vial by loading 2 mL of
a mixture of 0.5 mol/L HCl and 0.3 mmol/L H2O2 four times. The solution was evaporated nearly
to dryness, redissolved into 0.2 mL of 15 mol/L HNO3, and heated at 150 ◦C for several hours to
decompose remaining organic matters. After evaporation, it was redissolved into appropriate amount
of 0.3 mol/L HNO3 so that Fe concentration became 500 µg/L for isotope analysis. Copper solution
(Wako Pure Chemical Industries., Osaka, Japan) was added to the Fe fraction so that Cu concentration
became 200 µg/L. Average Fe recovery was 95±12%, meaning that almost no isotope fractionation
occurred during the column separation.

Faraday cup setting of MC-ICP-MS is the same as Kurisu et al. [18]. Medium resolution mode
was adopted to separate Fe signals from molecular ions, such as argon oxide and nitride. A quartz
spray chamber was used for sample introduction and Ni sampling and skimmer cones were employed
at the interface. Typical intensity of 56Fe was 2.5–3 V. For mass bias correction with Cu isotope ratio,
exponential law was used [40]. Bracketing solution (IRMM-014) was measured before and after
each sample measurement with 60 cycles in each set of measurement, and average value of the two
bracketing measurements was used for calculation with Equation (1). An error (2 standard error, 2σ)
for a single sample analysis was calculated as

2σ = 2 × {σsamp
2 + (σstd1

2 + σstd2
2)/4}1/2 (5)

where σsamp, σstd1, and σstd2 represent standard errors of a sample and bracketing before and after the
sample, respectively.

An average δ56Fe value for repeated analyses of standard granite materials (JB-2, Geochemical
reference samples, Geological Survey of Japan) was 0.11 ± 0.14‰ (2 standard deviation, n = 13), which
was consistent with a previous report (0.06 ± 0.03‰, [41]).

We also analyzed soil, reed, and residual ash. Given the difficulty in distinguishing between
residual ash and soil in Watarase Basin, ash was produced by heating reed in a tube furnace (TMF-500N,
ASONE, Tokyo, Japan) under ambient air conditions at 400–500 ◦C for 7–9 h. Iron isotope ratios of
soluble Fe at stage 6 were also analyzed. For extraction, simulated rainwater (RW, 0.020 mol/L
oxalic acid/ammonium oxalate at pH 4.7) was used instead of ultrapure water because the amount of
extracted Fe by ultrapure water was too small for isotope analysis.

3. Results

3.1. Characteristics of Aerosols

3.1.1. Concentrations of PM2.5, Major Ions, Fe, and Other Trace Elements

Hourly concentration data of PM2.5 at Oyama City Office were obtained from Atmospheric
Environmental Regional Information System (Figure 2) [42]. The concentrations of PM2.5 was clearly
high during the reed burning event (26 March, 8 a.m. to 5 p.m.), thereby suggesting that the aerosol
samples during the event were greatly influenced by particles emitted by the burning event.

To discuss different characteristics of aerosols during the event and non-event, concentrations
of each component were averaged over (i) the 1 km and 12 km site during the event (referred as the
event) and (ii) the 12 km site before and after the event (referred as the non-event).
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Major ion concentrations (Cl−, NO3
−, C2O4

2−, SO4
2−, Na+, NH4

+, K+, Mg2+, and Ca2+) showed
certain characteristics during the event at stage BF (Figure 3). Concentrations of the measured ions
of the event sample were similar or lower compared with the non-event sample, except for stage BF
(<0.39 µm). The concentrations of Cl−, NO3

−, C2O4
2−, NH4

+, K+, Mg2+, and Ca2+ at stage BF were
much higher than the non-event. This result suggested that a large number of submicron particles
were emitted by the burning event. C2O4

2− was not detected in coarse particles of the non-event
sample, but it was detected in the event sample, which supported the large influence of the burning
event, as was also suggested in previous studies [23,24,43,44]. The NO3

- concentration was higher
than the non-event at stage BF, but that of nss-SO4

2− was lower, which may be derived from higher
NOx/SOx emission ratio from biomass burning than that from other anthropogenic sources [43,45].
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Figure 3. Size distributions of concentrations of (a) Cl−, (b) NO3
−, (c) C2O4, (d) SO4

2−, (e) Na+,
(f) NH4

+, (g) K+, (h) Mg2+, (i) Ca2+, (j) nss-K+, and (k) nss-SO4
2− in aerosols. Averaged values of the

event (the 1 km and 12 km site samples during the event) and the non-event (the 12 km site samples
before and after the event) were shown. Errors are standard deviation of the two values.
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Concentrations of K, Al, Ti, Fe, Zn, and Pb in Watarase soil, reed, and various plants are shown
in Table 2. Concentration of K, which is often used as a tracer of biomass burning [23,24,30,43,46],
was high in reed and various plants. Concentrations of crustal-abundant elements including Fe, Al,
and Ti in reed and various plants were lower than those in the soil. Concentrations of Zn and Pb,
often used as tracers of fuel combustion [47], were also lower in reed and plants than in the soil.
However, sometimes Zn is enriched in biomass-derived aerosols [46,48], possibly due to high volatility
and higher concentrations compared with other volatile elements such as Pb. Based on these results,
we characterized the aerosol samples. At stages 1–6, size distributions of concentrations of measured
elements including Al, Ti, Fe, Zn, and Pb of the event sample were basically similar to those of the
non-event sample (Figure 4). By contrast, at stage BF (<0.39 µm) during the event, the concentrations
of Al, Ti, and Fe were higher than those of the non-event (Figure 4). These results suggested that fine
particles containing these elements (Al, Ti, and Fe) were emitted by the burning event. Although we
do not know the exact reason for the high concentrations of crustal-abundant elements (Al, Ti, and Fe)
at stage BF even in the non-event sample, they may be due to the long-range transportation of Kosa
dust [49], which is also supported by the air masses coming from the Asian continent (Appendix A).
High Zn concentration at stage BF during the event was attributable to biomass combustion [46].

Table 2. Concentrations of Al, TI, Fe, Zn, and Pb of Watarase soil, reed at Watarase Basin, and
various plants

Element Watarase Soil (wt %) Reed
(wt %, Dry Biomass Basis)

Various Plants [50,51]
(wt %, Dry Biomass Basis)

K 0.64 0.26 0.1–7
Al 4.2 0.016 0.001–0.5
Ti 0.20 0.00083 0.001–0.02
Fe 2.2 0.013 0.002–0.5
Zn 0.04 0.00097 0.001–0.02
Pb 0.002 0.00025 0.00001–0.006
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Figure 4. Size distributions of concentrations of (a) Al, (b) Ti, (c) Fe, (d) Zn, and (e) Pb of aerosols.
Averaged values of the event (the 1 km and 12 km site samples during the event) and the non-event
(the 12 km site samples before and after the event) were shown. Errors are standard deviation of the
two values.
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Enrichment factors (EFs) of Ti, Fe, Zn, and Pb were calculated with the equation

EFM = (M/Al)sample/(M/Al)soil, (6)

where M is a target element, and M/Al is the concentration ratio of M and Al (Figure 5). (M/Al)sample
values were normalized to those of soils collected at Watarase Basin (Table 2). EFFe values of the
non-event were in the range of 1.5–2.0, with the highest value at stage 6 (0.39–0.69 µm). Considering
that Fe/Al of crustal average (0.68) is higher than that of Watarase soil (0.51) [52], EFFe values slightly
higher than 1 indicated that they were mainly transported from other regions than Watarase Basin,
possibly from the Asian continent. During the event, EFFe values were closer to 1, even at stage BF
(<0.39 µm), where Fe concentrations were especially high. Since Fe/Al ratios of reed and residual ash
were 0.83 and 0.87, respectively, they were not responsible for the lower EFFe values in the event sample
than those in the non-event sample. These results demonstrated that Fe was influenced by Watarase
soil even in fine particles. Titanium, a crustal abundant element, also showed EFTi values close to 1,
which supported the influence of soil particles. EFZn and EFPb were much higher than 1 in fine particles
in both of the samples. As Zn and Pb in fine particles are mainly emitted by fuel combustion [47],
the samples in this study were also constantly influenced by such anthropogenic combustion. EFZn

and EFPb values in the event sample were lower than those in the non-event sample (but still much
higher than 1), which could be caused by a large amount of Al derived from soil. Although the Zn
concentration of the event sample was high possibly due to biomass combustion, higher levels of EFZn

were not observed, thereby suggesting the strong influence of Al derived from soil.
To determine the influence of the burning event, we discussed the nss-K+ concentration, an

indicator of emission from biomass burning [53]. Given that K+ is also present in soils, we also
calculated EFK+ values and compared them with EFFe and EFTi values of the event sample (Figure 6).
nss-K+ concentrations in both of the samples were higher in finer particles than in coarse particles
(Figure 3j). The concentration was the higher during the event at stage BF (0.39 µm), suggesting that
a large numbers of K+-containing particles were emitted by the event (Figure 3j). EFK+ values were
much higher than 1, especially in fine particles, despite that EFFe and EFTi values were close to 1 for all
the size fractions. Hence, although a large number of biomass-derived particles were emitted by the
event, Fe was largely influenced by soil particles, not biomass.

Large influence of Fe from soil particles was also suggested from Fe species by XAFS analysis,
in which the proportions of Fe in silicate minerals in fine particles were larger during the event than
those before and after the event. The result is explained in detail in the Appendix B.
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Figure 5. Enrichment factors of (a) Ti, (b) Fe, (c) Zn, and (d) Pb of size-fractionated aerosols defined as
(M/Al)sample/(M/Al)watarase-soil (M is target elements). Averaged values of the event (the 1 km and
12 km site samples during the event) and the non-event (the 12 km site samples before and after the
event) were shown. Errors are standard deviation of the two values.
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Figure 6. Enrichment factors of Ti, Fe, and nss-K+ during the event. Soluble K in soil was 0.080 wt %,
which was used for the calculation.

3.1.2. Fractional Fe Solubility

Fractional Fe solubilities were less than 1% for all the coarse particles (Figure 7), and this finding
was presumably derived from Fe in dust particles with fractional Fe solubility lower than 1% [9,54].
In fine particles, fractional Fe solubilities of the non-event sample increased up to 6% at stage 6
(0.39–0.69 µm). EFZn and EFPb were especially high at stage 6 before and after the event; thus,
the increased fractional Fe solubilities of fine particles were considered to be due to large amounts
of anthropogenic combustion aerosols with increased Fe solubility, as is usually observed in urban
aerosols [6–9]. During the event, fractional Fe solubilities of fine particles were lower (0.6–1.7%)
than those before and after the event and not extremely different from those of coarse particles in
the same samples. This fractional solubility was presumably caused by large influence of Fe from
suspended soil.
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3.1.3. Estimation of Combustion Temperature from C K-edge XANES

Carbon K-edge XANES spectra of several particles at stage 6 (0.39–0.69 µm) at the 1 km site during
the event were obtained (Figure 8). According to Keiluweit et al. [38], the peak of C=C aromatic bond
(around 285–286 eV) increase, whereas the peaks of other functional groups (e.g., carboxyl C–OOH
around 288.6 eV and C–O around 289.2 eV) decrease as the combustion temperature increases [38].
In the spectra of the present study, the peak height around 288.6 eV of each spectrum was almost
similar or higher than that at 285–286 eV, which were close to the spectra of grass combusted at
300–500 ◦C. Therefore, the samples were combusted under this temperature range.



Atmosphere 2019, 10, 76 10 of 20

Atmosphere 2019, 10, 76 9 of 20 

 

0.69 μm). EFZn and EFPb were especially high at stage 6 before and after the event; thus, the increased 
fractional Fe solubilities of fine particles were considered to be due to large amounts of anthropogenic 
combustion aerosols with increased Fe solubility, as is usually observed in urban aerosols [6–9]. 
During the event, fractional Fe solubilities of fine particles were lower (0.6–1.7%) than those before 
and after the event and not extremely different from those of coarse particles in the same samples. 
This fractional solubility was presumably caused by large influence of Fe from suspended soil. 

 

Figure 7. Fractional Fe solubility of size-fractionated aerosols extracted by ultrapure water. 

3.1.3. Estimation of Combustion Temperature from C K-edge XANES 

Carbon K-edge XANES spectra of several particles at stage 6 (0.39–0.69 μm) at the 1 km site 
during the event were obtained (Figure 8). According to Keiluweit et al. [38], the peak of C=C 
aromatic bond (around 285–286 eV) increase, whereas the peaks of other functional groups (e.g., 
carboxyl C–OOH around 288.6 eV and C–O around 289.2 eV) decrease as the combustion 
temperature increases [38]. In the spectra of the present study, the peak height around 288.6 eV of 
each spectrum was almost similar or higher than that at 285–286 eV, which were close to the spectra 
of grass combusted at 300–500 °C. Therefore, the samples were combusted under this temperature 
range.  

 

 

0

2

4

6

8

1 10

fra
ct

io
na

l F
e 

so
lu

bi
lit

y 
(%

)

Particle size (μm)

non-eventevent

Figure 8. (a) C K-edge spectra of several particles collected at 1 km site during the event. Energy step
numbers were limited except for the bottom spectra to avoid beam damage. (b) C K-edge spectra of
grass heated at temperatures 100–700 ◦C. The figure was reprinted with permission from reference [38].
Copyright (2010), American Chemical Society.

3.2. Iron Isotope Ratios

3.2.1. Soil, Reed, and Residual Ash

As possible sources of aerosol particles during the event, δ56Fe values of soil, reed, and residual
ash were analyzed and we found that the average values were +0.04 ± 0.20‰, +0.08 ± 0.10‰,
and +0.09 ± 0.03‰, respectively. No difference was found between reed and residual ash, thereby
indicating minimal fractionation between them. We then compared the Fe/Al concentration ratios of
reed and residual ash, considering that most Al remains in ash due to high refractoriness. The Fe/Al
weight ratio in residual ash was 90 ± 10% of that in original reed. The ratio of the residual ash being
slightly lower than that of reed suggests that approximately 10% of Fe in reed could evaporate. We did
not measure the δ56Fe values of the evaporated Fe, but the evaporated Fe possibly had low δ56Fe
values. This finding needs further investigation.

No difference was noted between reed and soil. Grass absorbs Fe by chelating Fe(III) in soil,
and little or no isotope fractionation occurred between Fe in reed and soil [27].

3.2.2. Bulk Aerosol

Before and after the burning event, coarse particles (>1 µm) of all the samples had similar δ56Fe
values (on average 0.04 ± 0.08‰), which were close to those of Watarase soil (+0.04 ± 0.20‰), reed
(+0.08 ± 0.10‰), residual ash (+0.09 ± 0.03‰), and reported terrestrial igneous rocks (0.00 ± 0.05‰,
Figure 9) [20]. Fine particles (<1 µm) yielded δ56Fe values lower than those of coarse particles, especially
at stage 6 (0.39–0.69 µm; −1.06 ± 0.12‰ and −1.26 ± 0.13‰ before and after the event, respectively).
The low δ56Fe values in fine particles before and after the event were presumably because of particles
originated from anthropogenic combustion, which was suggested from the high EF values of Zn or Pb,
trace elements emitted by fuel combustion. These size distributions of δ56Fe values were similar to
those observed in Higashi-Hiroshima (suburban environment in Japan) [18], thereby suggesting that
the distribution is a typical pattern in these areas where aerosols originated from anthropogenic and
natural materials.
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During the event, the δ56Fe values of coarse particles were identical to those before and after
the event (on average 0.01 ± 0.17‰), and fine particles yielded lower δ56Fe values (−0.61 ± 0.13‰
and −0.36 ± 0.08‰ for stage 6 of the 12 and 1 km sites, respectively) than coarse particles. However,
the values in fine particles were clearly higher than those before and after the event. Furthermore,
the δ56Fe values of fine particles were higher at the 1 km site than at the 12 km site, indicating that Fe
emission from the burning event had high δ56Fe values. Considering that EFFe values during the event
were close to 1 and large amount of Fe originated from silicate minerals were noted during the event,
Fe from Watarase soil with δ56Fe value close to 0‰ was suspended and collected as aerosol particles.
This procedure caused the δ56Fe values to be higher than those obtained before and after the event.Atmosphere 2019, 10, 76 11 of 20 
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3.2.3. Soluble Fe Fraction of Aerosols

Most of Fe in aerosol particles were of soil origin, as was suggested in the previous sections.
To evaluate δ56Fe values of combustion aerosols including evaporated Fe by the burning event and
other anthropogenic Fe, the δ56Fe of extracted Fe at stage 6 was measured, considering that Fe
in combustion aerosols are more soluble than Fe in soil [9,54]. Simulated RW (0.020 mol/L oxalic
acid/ammonium oxalate at pH 4.7) extracts larger amount of Fe sufficient for isotope analysis compared
with ultrapure water; however, simulated RW still extracts Fe (hydr)oxides preferentially compared
with silicate minerals [7]. Most of the Fe in combustion aerosols is Fe (hydr)oxide, hence, its influence
could be observed clearly, although quantitative evaluation of the δ56Fe values of combustion aerosols
are difficult due to the coexistence of Fe (hydr)oxides in soil.

Before the event, δ56Fe values of soluble Fe at stage 6 (0.39–0.69 µm) were lower than those of
total Fe (Figure 10). This result was similar to our previous results in Higashi-Hiroshima, thereby
indicating that anthropogenic Fe with low δ56Fe values was preferentially extracted [18]. During the
event, the δ56Fe values of soluble Fe were similar or slightly lower than those of total Fe at each site,
and the difference between soluble and total Fe was smaller than that before the event. This smaller
difference is partially because of dissolution of soil-derived Fe (hydr)oxides, but we did not find a clear
sign of low δ56Fe values even in the soluble fraction. Thus, biomass burning is not an important source
of Fe with very low δ56Fe values. It should be noted the δ56Fe values of soluble Fe after the event,
in addition to the samples during the event, did not change to a large degree. We did not examine the
clear reason for these similarities, but Fe emitted by the event was partially present in the sample after
the event, which was supported by the slightly higher PM2.5 concentrations after the event than before
the event (Figure 2). Therefore, soluble Fe possibly contained a high amount of soil-derived Fe (mainly
(hydr)oxides) after the event.
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4. Discussion

4.1. Atmospheric Concentration and Fractional Solubility of Fe Emitted by Biomass Burning

In this study, high Fe concentration during the event was not observed except for stage BF
(<0.39 µm). Iron emitted during the event mostly originated from suspended soil regardless of
particle size, which was suggested from EFFe values and Fe species. Soil suspension was enhanced by
convection during biomass burning [55].

The burning event in this study was caused by the combustion of reed. However, many other
kinds of biomass burnings exist, such as forest fires, savanna, or grassland fires, and burning of crop
residue [29,30]. Therefore, characteristics of emitted materials can differ among various kinds of
fires or burned plants, and the amount of suspended soil varies depending on burning conditions,
such as vegetation, density of vegetation (high density of vegetation can cover soils and suppress their
suspension), and wetness of soils [56]. Iron concentration in plants also differ depending on plant
species and soil conditions (Table 2, [51]). Nevertheless, similar results have been observed in other
studies focusing on other kinds of biomass burnings [23,24,57]. Paris et al. [23] collected aerosol samples
during African savannah fire season and suggested that Fe concentrations during that time were lower
than those during the dust event; whereas high influence of soil during biomass burning was observed
based on similar Fe/Al ratios between dust and biomass burning periods. Siefert et al. [57] also
collected aerosols during forest fire events in Pasadena and suggested the influence of Fe from soil
suspension. Therefore, Fe from soil rather than Fe from biomass combustion is presumably crucial in
aerosols emitted by numerous biomass burnings.

Fractional Fe solubilities in fine particles were lower during the event than before and after
the event. This is possibly due to the large amount of soil-derived Fe with low solubility in fine
particles, and this finding was consistent with the results of EFFe and Fe species. Iron emitted by
biomass burning becomes highly soluble during transportation by interacting mainly with organic
matters, such as oxalate, in biomass-burning aerosols [8,23,24]. The sampling points in this study were
close to the emission source, thus, high fractional Fe solubility caused by the reactions during such
transportation was not observed, as was the case for other studies [24]. Although our results suggested
that Fe emitted by the burning event was not an important soluble Fe source near the emission site,
the solubility of Fe (mainly of soil origin) possibly increases during transportation and becomes an
important soluble Fe source to the open ocean.

4.2. Can Low δ56Fe Values Be Used as a Tracer of Biomass Burning?

The δ56Fe values at stage 6 (0.39–0.69 µm) during the event were higher than those before and after
the event, thereby indicating the influence of Fe from soil, as described in Section 3.2.2. However, the
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values were still lower than those of coarse particles, possibly because some particles with low δ56Fe
values were mixed with soil particles. We discuss the possible sources of these particles with low δ56Fe
values to clarify if they are signals related to the burning event. Possible sources of aerosol particles
other than soils are reed, residual ash, evaporated Fe by biomass burning, and similar anthropogenic Fe
detected before and after the event. Reed and residual ash were not possible sources for the low δ56Fe
values because their δ56Fe values were close to 0‰. The evaporation of Fe during the burning event could
be a reason for the low δ56Fe values, if Fe isotope fractionation occurred during evaporation [17–19]. We
calculated the possible amount of Fe evaporated by the burning event on the basis of the concentrations
of Fe and K in aerosols and reed. The concentrations of total K (decomposed by mixed acid and measured
by ICP-MS) and Fe at stage 6 of the 1 km site were 64 and 30 ng/m3, respectively. Since concentrations
of Fe and K in reed were 0.013 wt % and 0.26 wt %, respectively (Table 2), the Fe/K weight ratio in reed
in this study was approximately 0.05. In addition, amount of evaporated Fe is approximately 10% of
total Fe in reed, on the basis of the result of comparison of the Fe/Al weight ratio between reed and
residual ash in Section 3.2.1. In this case, the ratio of evaporated Fe and K from reed is approximately
0.005, assuming that most of K in reed is evaporated. Even if all K at stage 6 of the 1 km site is of reed
origin, the evaporated Fe concentration is less than 0.32 ng/m3, which is approximately 1% of total Fe
at stage 6 (30 ng/m3). Assuming that (i) the δ56Fe value of evaporated Fe fraction is as low as −4.7‰
based on our previous studies [17–19], and (ii) the δ56Fe value of the other Fe sources is 0.0‰, the δ56Fe
value of the aerosol sample becomes −0.047‰, which cannot explain the observed δ56Fe value (−0.36
± 0.08‰). Therefore, evaporation of Fe during the burning event was not a possible Fe source for the
observed δ56Fe value. Considering that the Fe concentration at stage 6 during the event was similar to
that of the non-event sample, the external Fe was possibly from any anthropogenic sources similarly
observed before and after the event, which contributed to the low δ56Fe values during the event.

Thus, the Fe isotope ratio was difficult to use for distinguishing Fe emitted by biomass burning
from Fe in mineral dust. Some of the plants may originally have negative δ56Fe values [27]. However,
the values cannot be reflected in aerosol particles because soil-derived Fe is predominant in most
observed biomass burnings [23,24]. Further studies are necessary to verify these findings.

4.3. Fe Isotope Fractionation During Combustion

In this study, we did not find low Fe isotope signals from biomass burning mainly because of the
influence of suspended soil emitted during biomass burning. Moreover, we measured the δ56Fe values
of soluble Fe fraction to reduce the influence of soil, in which we did not find low δ56Fe due to biomass
burning. The samples were influenced constantly by human activities, such as fuel combustion, as
was suggested from high EFPb values, which made detecting clearly low δ56Fe values due to biomass
burning difficult. Given that the Fe/Al ratio of residual ash was lower than that of reed, some amount
of Fe possibly evaporated during combustion. Therefore, further investigation such as combustion
experiments are necessary to clarify Fe isotope fractionation process during biomass burning.

To discuss the relationship of Fe isotope fractionation and combustion processes, we compared the
results in this study with those of aerosol particles originating from vehicle emission [17]. Fine aerosol
particles collected in a tunnel showed δ56Fe values up to 3.5‰ lower than those of coarse particles
(Figure 11a). This sampling was conducted in a tunnel where approximately 38,000 vehicles pass
daily. No particular source of low δ56Fe values was found except for combustion in vehicles. We noted
that a good correlation between δ56Fe value and inverse of Fe concentration of each size fraction,
when a considerable amount of Fe was emitted by the combustion (Figure 11b). However, such a
correlation was not found in aerosols collected in the present study (Figure 11c). The correlation
in the tunnel indicated that Fe was derived from two different sources, and the δ56Fe values were
explained by mixing the two sources [19]. In the case of the particles in the tunnel, one source was
crustal materials with δ56Fe values close to 0.22‰ (intercept of the correlation line) and the other
source was isotope-fractionated particles with δ56Fe values lower than −3.2‰ (the lowest value of
aerosol particles). The Fe with low δ56Fe values may be derived from Fe nanoparticles emitted from the
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cylinder engines, where temperature exceeds 2200 ◦C [58]. In such high temperature, Fe can partially
evaporate because the vapor pressure of Fe increases around 2200 ◦C (Appendix C, [59]). Therefore,
evaporation during combustion in vehicles occurred and was accompanied with emission of particles
with low δ56Fe values. Furthermore, Fe was the main component in the source materials (i.e. cylinder
engine), which allows the emission of a considerable amount of evaporated Fe, in spite of partial
evaporation. On the other hand, C K-edge XANES analysis revealed that the combustion temperature
of the burning event was approximately 300–500 ◦C, which was possibly too low for any considerable
amount of Fe to evaporate. Iron may evaporate at low temperatures as more volatile Fe species, such
as Fe chloride. However, the temperature was still too low for significant amount of Fe chloride to
evaporate (Appendix C). In addition, the Fe content in reed was small compared with Fe emission
from soil, as discussed in Section 4.2. Therefore, the amount of Fe evaporated by biomass burning
was low.
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Figure 11. (a) Size distributions of δ56Fe values of the size-fractionated aerosol particles collected in
a tunnel [17] and near Watarase Basin in this study; Correlation of δ56Fe values and inverse of Fe
concentrations of size-fractionated particles collected (b) in the tunnel and (c) near Watarase Basin.

Low δ56Fe values due to evaporation should be observed only when (i) Fe content in original
materials is high and (ii) the combustion temperature is high enough to produce a sufficient amount
of evaporated Fe. Such high temperature conditions are basically limited to anthropogenic sources,
such as engine combustion, fuel combustion, and metal manufacturing. Although the difference in the
degree of Fe isotope fractionation among these anthropogenic sources remains unknown, they yield
approximately −3.9‰ to −4.7‰ [17–19]. The extent of evaporation and δ56Fe values are determined
by many factors, such as temperature, vapor pressure in each system, other coexistent elements,
viscosity of Fe in solid or liquid phase, and Fe species [25,26]. It should be pointed out that volcano
activities have possibly high temperatures that are enough to evaporate Fe [60], and Fe emitted by
volcanoes may have low δ56Fe values; however, no reports have been made on this process. Further
studies on Fe isotope fractionation during combustion are necessary to know how to employ low δ56Fe
values as a tracer of evaporated Fe from various combustion sources.

5. Conclusions

This study focused on Fe isotope ratios of particles emitted by biomass burning to investigate
Fe isotope fractionation during combustion and determine if Fe isotope ratios can be used as tracers
of Fe aerosol particles from biomass burning. Most Fe particles were derived from suspended soil,
which made δ56Fe values of fine particles during the burning event higher than those before and
after the event. We did not find clear signals of Fe isotope fractionation during the burning event,
possibly because of the lower combustion temperature compared with other anthropogenic combustion
processes. Therefore, low δ56Fe values could not be used as a tracer for biomass burning but as a tracer
of human activities including high-temperature processes.
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Figure A1. Results of backward trajectory analyses calculated with Hybrid Single-Particle Lagrangian
Integrated Trajectory model [61] (a) before, (b) during, and (c) after the burning event. Trajectories
were conducted at the height of 500 m and each run time was 72 h.

Appendix B

All XAFS spectra measured for aerosol samples were well fitted with (hydr)oxides (mainly
ferrihydrite) and Fe-containing silicate minerals (mainly biotite and illite) (Figures A2 and A3). Moreover,
the presence of biotite, illite, and ferrihydrite were also confirmed via µ-XRF-XAFS analysis (Figure A4).
The presence of these species were observed from Watarase soil (Figures A2 and A3) and aerosols
collected in Tsukuba and Hiroshima, Japan [7,18,62]. Before and after the event, ratios of silicate minerals
(biotite and illite) were slightly higher in coarse particles than in fine particles, whereas the ratios
of (hydr)oxides were higher in fine particles than in coarse particles. Iron (hydr)oxides, including
ferrihydrite, are present in soils, whereas many reports have shown that nanoparticles of Fe (hydr)oxides
are emitted by anthropogenic combustion [11]. Thus, these results suggested that anthropogenic Fe
was also present in fine particles. During the event, ratios of silicate minerals in fine particles were
slightly higher compared with those before and after the event. We compared the first derivatives of
the spectra of the four sample sets at stage 6 (0.39–0.69 µm) because first derivatives can clarify slight
spectral difference (Figure A4). The peaks of samples during the event had an obvious shoulder at
7.12 keV compared with those at the 12 km site before and after the event, which was possibly due to
the influence of biotite and illite having different peak positions from that of ferrihydrite (Figure A4b).
These results indicated that increased amounts of biotite/illite were present in the fine particles during
the event, possibly due to the increased contribution of Fe in soil suspended by the burning event.
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(hydr)oxides, including ferrihydrite, are present in soils, whereas many reports have shown that 
nanoparticles of Fe (hydr)oxides are emitted by anthropogenic combustion [11]. Thus, these results 
suggested that anthropogenic Fe was also present in fine particles. During the event, ratios of silicate 
minerals in fine particles were slightly higher compared with those before and after the event. We 
compared the first derivatives of the spectra of the four sample sets at stage 6 (0.39–0.69 μm) because 
first derivatives can clarify slight spectral difference (Figure A4). The peaks of samples during the 
event had an obvious shoulder at 7.12 keV compared with those at the 12 km site before and after the 
event, which was possibly due to the influence of biotite and illite having different peak positions 
from that of ferrihydrite (Figure A4b). These results indicated that increased amounts of biotite/illite 
were present in the fine particles during the event, possibly due to the increased contribution of Fe 
in soil suspended by the burning event. 
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Figure A3. Fraction of each Fe species of (a) the 12 km site before the event, (b) the 12 km site after
the event, (c) the 12 km site during the event, (d) the 1 km site during the event, and (e) Watarase soil
obtained from linear combination fitting of XANES spectra.
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Figure A4. (a) XANES spectra at stage 6; (b) first derivatives of the XANES spectra.
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Figure A5. (a,b) µ-XRF maps of Fe of coarse particles (stage 2; 4.9–10.2 µm) at the 1 km site during the
event and (c) Fe K-edge XANES spectra of the spots in the maps.
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Figure A6. Vapor pressures of FeCl3, FeCl2, and Fe at different temperatures calculated based on [59].
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