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The Fukushima nuclear accident released radioactive materials into the environment over the entire
Northern Hemisphere in March 2011, and the Japanese government is spending large amounts of money to
clean up the contaminated residential areas and agricultural fields. However, we still do not know the exact
physical and chemical properties of the radioactive materials. This study directly observed spherical
Cs-bearing particles emitted during a relatively early stage (March 14-15) of the accident. In contrast to the
Cs-bearing radioactive materials that are currently assumed, these particles are larger, contain Fe, Zn, and
Cs, and are water insoluble. Our simulation indicates that the spherical Cs-bearing particles mainly fell onto
the ground by dry deposition. The finding of the spherical Cs particles will be a key to understand the
processes of the accident and to accurately evaluate the health impacts and the residence time in the
environment.

n earthquake with a magnitude of 9.0 occurred in Japan on March 11, 2011. In addition to the earthquake

itself, a tsunami struck along the east coast of Honshu and damaged the Fukushima Daiichi nuclear power

plant (FNPP). The FNPP eventually lost its ability to cool the nuclear fuel, which caused hydrogen
explosions and released radioactive materials into the environment'. Because of the local contamination, many
people still cannot return home. Currently, the Japanese government is spending considerable amounts of money
to clean up the contaminated residential environment and agricultural fields.

The radioactive materials released to the atmosphere traveled over the entire Northern Hemisphere®”. In
Europe, for example, Masson et al.’> measured increases in radioactive cesium and iodine in the air from March 19,
2011 and showed that the maximum levels occurred between March 28 and 30. Although the accident has global
impacts, we still do not know exactly what happened in the reactors during the accident, and the estimates of the
radioactive Cs releases vary largely from 9 to 36 PBq**"°.

The chemical and physical properties (i.e., chemical forms, particle sizes, shape, phases (gas or aerosol), water
solubility, and residence time) of the radioactive materials released into the environment are not well known'".
Such knowledge is necessary to improve the numerical models to estimate the geographical distributions and
evaluate the human exposures during and after the accident. Because the mass of released radioactive material was
small, i.e., the release of *’Cs from the accident was <20 kg, and the material spread globally, it is extremely
difficult to chemically detect it other than by radioactivity detectors. In this study, we chemically detected Cs
within single particles for the first time by using electron microscopy and report the shape, composition, water
solubility, and sizes of the particles to evaluate the implications of their formation process, occurrences in the
environment, and potential health effects. This knowledge is still important for preventing further accidents,
finding effective ways to remove the radioactive materials from the environment, and preventing further resus-
pention of the materials.

Results

Two plume events. The major radioactive material release events occurred during March 12 and 23, 2011 at the
ENPP°. We collected aerosol samples on quartz fiber filters (25 cm X 20 cm) at the Meteorological Research
Institute, Tsukuba, Japan, which is located 170 km southwest of FNPP (see the Method section). In these samples,
we found two significant peaks in the radioactivity concentrations between March 14 and 15 (Plume 1) and
between March 20 and 22 (Plume 2) (Fig. 1). These significant plumes in the air were also reported in eastern
Japan and polluted the water and soil>'*""*>. Meteorological conditions, such as rain and the wind direction, and
the releases of radioactive materials were the main causes of the high surface deposition events'. We used the
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Figure 1 | The radioactivity of the aerosol particles after the Fukushima Daiichi nuclear power plant accident in Tsukuba, Japan. Red dots indicate the

midpoints of each sampling period.

filters that had the maximum radioactivity levels from each plume
(from March 14, 21:10 (local time) to March 15, 09:10 and from
March 20, 21:30 to March 21, 09:13) and analyzed portions of
these filters (~10 cm”® per filter) using an imaging plate (IP) and a
scanning electron microscope (SEM) to directly observe the
radioactive materials. In addition, we measured the aerosol particle
size distributions within the plumes (Figs. S1 and S2).

First plume (March 14-15). We measured the radioactive materials
that were collected in the filter at ground level on March 14-15 using
the IP (Fig. 2). The radioactive materials were distributed spotty,
suggesting that the number of radioactive particles was relatively
small but that their activity levels were relatively strong. Within
this filter sample, we counted approximately 100 spots caused by
radioactive materials, suggesting a concentration of approximately
10 radioactive particles per m®. For reference, the average particle
number concentration was 4.1 X 107 per m?® for particles larger than
0.5 pm from March 15 (Fig. S1). The spotty distribution in the IP

3/14 21:10- 3/1509:10

3/1521:11- 3/16 09:00

3/1509:19-3/1515:22

3/20 21:30-3/21 09:13

image was also observed in the rooftop filter sample from March 15
(Fig. S3).

To detect radioactive particles using SEM, it is necessary to reduce
the number of non-radioactive particles on the filter. Therefore, we
cut the filter into many small parts to include the radioactive spots
features (Fig. S4). We then measured the radioactivity of each seg-
ment using IP and/or a Ge detector to chase the radioactive particle.
After reducing the particle numbers in the segments from the three
radioactive spots, we used the SEM and found three radioactive Cs-
bearing particles.

In Figure 3, we show a particle containing Cs (Cs Particle 1).
The particle is spherical with a diameter of 2.6 pm. The energy
dispersive X-ray spectrometer (EDS) spectrum shows Cs peaks.
The Cs distribution in the elemental mapping image indicates that
the spherical particles consist of Cs along with substantial
amounts of Fe and Zn and minor amounts of Cl, Mn, and O.
The decay-corrected activity (as of March 2011) of Cs Particle 1 is
3.27 = 0.04 and 3.31 = 0.06 Bq for '*’Cs and '*Cs, respectively

3/1515:30- 3/15 21:02

3/21 09:18- 3/21 21:20

Figure 2 | The distribution of radioactive materials on the filter ssmples measured with the IP. Black dots indicate the presence of radioactive materials.
The outer rims (dotted line) of the filters were added artificially. This study focused on the filter samples from March 14, 21:10 to March 15, 09:10 (upper

left), and from March 20, 21:30 to March 21, 09:13 (bottom center).
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Figure 3 | SEM and EDS mapping images of a radioactive Cs-bearing particle from the sample collected during March 14, 21:10 and March 15, 09:10.
(a) A Cs-bearing particle partially embedded within a carbon paste. (b) The same Cs-bearing particle as a) but measured the next day. The particle shows a
spherical shape. (c) An elemental mapping (Cs) of the particle (a). (d) The EDS spectrum of the particle a) (black line). The red line shows the

spectrum from the glass substrate. The Cs in the particle shows multiple peaks. (e) An elemental mapping of the other elements within the area. O, Si, Cl,

Mn, Fe, and Zn are possibly coexistent with Cs within the particle.

(Fig. S5). Assuming a particle density of 2.0 g/cm’, the Cs mass
percentage within the particle is estimated from its activity (Bq) to
be 5.5. Another Cs-bearing particles (Cs particles 2 and 3) from
the same filter but different spots are similar to Cs Particle 1,
although they have weaker activity (Fig. $6). The particles consist
of Fe, Zn, and Cs and are approximately 2.0 um in diameter. The
radioactivity for Cs particle 2 is 0.66 = 0.02 and 0.78 * 0.04 Bq
for ’Cs and '**Cs, respectively. The Cs mass percentage within
Particle 2 is estimated from its activity to be 2.5. Assuming that
the entire the radioactivity in the Plume 1 was from the Cs-bear-
ing spherical particles gives an average of 1.4 Bq per particle,
which is comparable to that of Particle 2.

We analyzed the water solubility of Cs Particle 1 by comparing the
particle’s shape before and after exposure to water (Fig. S7). The
results show that there was no change in shape, suggesting that

the particle was insoluble to water at least during atmospheric trans-
portation.

Second plume (March 20-21). The IP image of the filter collected on
March 20-21 indicates that the radioactive materials are evenly
distributed within the filter with approximately 10 diffused spots
(Fig. 2). We cut the filter including a diffused spot, formed several
layers, and captured the IP image (Fig. S8). The radioactivity is
distributed along the filter segments, a result which differs from
that of Plume 1. We interpret that small amounts of the
radioactive Cs attach to other dominant aerosol particles and that
the occurrence is consistent with the results of Kaneyasu et al.'® about
the role of sulfate aerosols as carriers of **’Cs. An SEM analysis with
EDS elemental mapping shows numerous sulfate and mineral dust,
as is commonly found in aerosol samples (Fig. S8). The aerosol filter
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Figure 4 | The model simulation of the total deposition of the '¥Cs
released from the FNPP in Plume 1 (between March 14, 17:00 and March
15, 02:00 (JST)). We assumed that all Cs consists of relatively large, water-
insoluble particles. The Regional Air Quality Model 2 (RAQM2'7) was used
for the model calculation. We used the Generic Mapping Tools (GMT)
developed at University of Hawaii to draw the figure. The model elevation
in the figures was generated based on a 1 km resolution Global 30 Arc-
Second Elevation (GTOPO30) of U.S. Geological Survey (USGS).

sample from the rooftop site also indicates a similar distribution of
radioactive materials (Fig. S3).

Model. We simulated the depositions of the radioactive particles from
Plumes 1 and 2 using a tagged chemical transport model. Unlike other
simulation models (e.g.***'?), we considered the aerosol dynamical
processes explicitly and used the measured values and assumptions
of the particle physical and chemical properties from our observations,
i.e, on March 14-15, radioactive Cs consisted of 2.3 um hydrophobic
particles, whereas on March 20-21, the Cs was carried by hydrophilic
submicron particles (e.g., sulfate).

The tagged simulation result indicates that the aerosol particles on
the filter sample from Plume 1 were mainly emitted during March 14,
17:00 to March 15, 02:00 (JST) from the FNPP. On the other hand,
the aerosol particles on the filter sample from Plume 2 were mainly
emitted during March 19, 20:00 and March 20, 07:00.

In Figure 4, we show simulation of the total (dry + wet) *"Cs
deposition. Within Plume 1, 17% and 5.1 X 107°% of the '*’Cs
released from the FNPP fell onto the ground by dry and wet depos-
ition processes, respectively, and the rest (83%) was deposited into
the ocean or was transported out of the model domain. In contrast,
the deposition ratios onto the ground for the particles within Plume 2
were 1.9% and 3.8% by dry and wet deposition, respectively.

Discussion

This study reports for the first time the presence of spherical radio-
active Cs-bearing particles emitted from the FNPP during a relatively
early stage (March 14-15) of the accident. The particles coexist with
Fe, Zn, and possibly other elements, and their diameters are approxi-
mately 2 pm. Because these elements were evenly distributed within
the particle, we conclude that they are internally mixed and form an
alloy. This result differs from that reported by Kaneyasu et al.'®, who
showed that the Cs measured on samples collected during April and
May 2011 was carried by sulfate aerosol particles approximately
0.5 um in size. Due to its spherical shape and composition, the
particle is likely solid and is largely insoluble in water. Spherical
aerosol particles, such as fly ash, commonly form from liquidized

materials or during the condensation of vaporized materials depend-
ing on their sizes".

The spherical Cs-bearing particles were larger and less water sol-
uble than sulfate particles, resulting in more dry deposition and less
deposition in the region northwest of the FNPP (Figs. 4 and S9). If we
assume that all of the Cs had been carried by the sulfate aerosol
particles in Plume 1, 5.6% and 9.3% of the released *’Cs should have
been deposited through dry and wet deposition processes, respect-
ively. Accordingly, the geographical distribution of Cs deposition
differs depending on the physical and chemical properties (Fig.
S9), although the quantitative radioactivity levels for the total depos-
ition in the model depend on assumptions such as cloud microphy-
sics and the total amount of emissions from the FNPP, which is still
under debate. Our model results suggest that because the dry and wet
deposition processes are sensitive to the chemical form and sizes of
the Cs carriers, multiple numerical simulation models based on the
accurate chemical and physical properties of Cs-bearing particles will
be needed to reevaluate how the Cs from the early stages of the
accident was deposited.

It is probable that the emission processes had changed between the
emissions of Plumes 1 and 2 as the accident and water injection
progressed; however, further studies will be needed to reveal the
emission process during the accident.

This study aims to show the presence of spherical radioactive Cs-
bearing particles to stimulate and facilitate further studies across
multidisciplinary fields that will enable the proper understanding
and evaluation of particle effects. We believe the finding of the Cs-
bearing particles will have implications to the following studies.

1) The composition and the spherical shape of the Cs-bearing
particles emitted by the FNPP accident will be a key to under-
stand what happened in the nuclear reactors during the
accident.

2)  The spherical Cs-bearing particles likely have longer retention
times on the land surface than those of the water-soluble Cs
particles. The retention time of the particles in the soil or other
environments needs to be reconsidered.

3) The health effects of the particles should be evaluated based on
the particle sizes and insolubility in water.

Methods

Sampling. The samples were collected at the Meteorological Research Institute
(Tsukuba, 36.05N, 140.13E) using both a high-volume aerosol sampler (Sibata
Scientific Technology Itd., HV-1000F; 1000 m?/24 h) placed on the ground and a
PM2.5 aerosol sampler (24 m*/24 h) placed on the roof of the 6-floor building
(approximately 25 m from ground level). Quartz fiber filters were used in both
samplers. The sampling times were 6, 12, or 24 h for the high volume air sampler and
24 h for the PM2.5 aerosol sampler. The particle size distributions were monitored
using an aerosol particle sizer (APS; TSI-3321) and a scanning mobility particle sizer
(SMPS; TSI-3080 and TSI-3775) on the rooftop site for particle sizes >0.5 pm and
between 7 and 289 nm in diameter, respectively, with a 2.5 pm cutoff size.

Analyses. An imaging plate (IP; GE CRx25P) was used to detect the radioactivity on
the filters with a pixel spatial resolution of 50 pm. An intrinsic Ge detector (SEIKO
EG&G) coupled with a multi-channel analyzer was used to obtain the gamma spectra
of each Cs-bearing particle and filters. A scanning electron microscope (SEM; Hitachi
high-Technologies SU 3500) and an energy dispersive X-ray spectrometer (EDS;
Horiba Itd. X-max 50 mm) were used to observe and analyze the shapes and
compositions of the particles. The particles attached to the filter fibers were mounted
within a carbon tape (Fig. S4). A manipulator (Micro Support Corp., AP-xy-01) was
used to cut the carbon tape into as small segments as possible (<0.1 mm).

Model. We used the Regional Air Quality Model 2 (RAQM2'®), which implements a
triple-moment modal aerosol dynamics module assuming a log-normal size
distribution of the aerosol populations. This model describes the nature of the aerosol
dynamical processes, such as nucleation, condensation, coagulation, dry deposition,
grid-scale cloud condensation and ice nuclei activation, and the subsequent cloud
microphysical processes (rainout) and the washout processes. A non-hydrostatic
meteorological model (NHM)" was used to produce the meteorological field. There
were 215 X 259 grids with a 3 km horizontal grid resolution in both the NHM and
RAQM2. There were 50 vertical layers to 50 hPa in the NHM, and 20 layers to 10 km
in the RAQM2. The Japan Meteorological Agency (JMA) Meso-Regional Objective
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Analysis data sets (3 h, 5 km X 5 km) were used for the initial and boundary
conditions for the NHM and for the spectral nudging method. The '*Cs released from
the FNPP was tagged with a temporal resolution of 1 hour. We assumed 0.43 PBq
(Plume 1) and 0.39 PBq (Plume 2) for the total amounts of "*’Cs activity released from
the FNPP by using the inventory of Katata et al.”’. We used a number equivalent
geometric mean dry diameter Dy, 4, = 2.3 pm (an averaged value of the Cs-bearing
particles 1 and 2), geometric standard deviation 6, = 1.3, particle density p, = 2.0 g/
cm’, and hygroscopicity « = 0 for Plume 1. For Plume 2, we used Dy, 4, = 102 nm
(measured by SMPS), 6, = 1.6, p, = 1.83 g/cm’, and k = 0.4. The calculated dry
deposition velocities of the particles in Plume 1 are approximately 4-5 times greater
than those of the particles in Plume 2. For the particles in Plume 2, both the rainout
and washout processes were considered, whereas for particles in Plume 1, only
washout was considered because no cloud condensation nuclei activity is assumed
(ie, k = 0).
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