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Abstract

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in March 2011 emitted a considerable amount of
radioactive materials. This study isolated radiocesium-bearing microparticles (CsMPs), a form of radioactive materials
emitted from the FDNPP at the early stage of the accident, from aerosols collected hourly on filter tapes at seven
monitoring stations at the greater Kanto Region, including the Tokyo metropolitan area, on 15 March 2011. The
aerosols had a spherical shape ~ 1 um in diameter with activity of less than 1 Bq of '*’Cs per particle. Their physical
and chemical characteristics, including radioactivity ratio '**Cs/"*’Cs as well as chemical composition and state, are
essentially the same as previously reported CsMPs. This study demonstrated that air parcels containing CsMPs
emitted from the FDNPP were widespread over the greater Kanto Region, more than 250 km away from the
FDNPP, during the daytime of 15 March. Trajectory analysis indicated that these particles were emitted from the
reactor No. 2 of FDNPP between 14 March evening and 15 March early morning. The information obtained on the
widespread distribution of CsMPs can be useful for assessing the actual impacts of radioactive contamination from
the FDNPP accident on the environment and human health.

Keywords: Fukushima Daiichi Nuclear Power Plant accident, Radiocesium-bearing microparticle, Suspended
particulate matter, Synchrotron radiation X-ray analysis, Trajectory analysis

1 Introduction

Considerable amounts of radioactive materials were re-
leased into the environment following the Fukushima
Daiichi Nuclear Power Plant (FDNPP) accident caused
by tsunamis associated with the Tohoku Earthquake on
11 March 2011 (e.g., MEXT 2020; Steinhauser et al.
2014). To reveal the time evolution of atmospheric
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radionuclide concentrations immediately after the acci-
dent, Tsuruta et al. (2014, 2018) and Oura et al. (2015)
investigated suspended particulate matter (SPM) col-
lected on filter-tape at automated air pollution monitor-
ing stations across Eastern Japan. More than 400
stations in Eastern Japan were in operation during the
initial period of the FDNPP accident. Analyzing atmos-
pheric radiocesium concentrations at 99 of those SPM
monitoring stations, these studies revealed that radio-
active materials emitted into the air from the FDNPP
were transported over Eastern Japan via several major
plumes during 12-23 March (Tsuruta et al. 2014, 2018).
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As a form of radioactive materials emitted from the
FDNPP at the early stage of the accident, radiocesium-
bearing microparticles (CsMPs) have been investigated
by numerous researchers in recent years (Igarashi et al.
2019). They were solid particles and not easily dissolved
into water, which first discovered by Adachi et al. (2013)
from aerosols collected at the Meteorological Research
Institute (MRI) in Tsukuba, 170 km south-southwest of
EDNPP, during 2110 JST 14 March and 0910 JST 15
March 2011. After the discovery of the CsMP, many
studies focused on their physical and chemical charac-
teristics as well as their environmental distributions
(Igarashi et al. 2019). While several types of CsMPs have
been reported, almost CsMPs examined previously were
nearly spherical, several pm in diameter, and had rela-
tively high specific radioactivity, i.e., ~ 1 Bq per particle
as '*’Cs (Adachi et al. 2013; Furuki et al. 2017). Their
main matrices were silicate glass (Satou et al. 2016) with
Fe and Zn (Adachi et al. 2013; Abe et al. 2014), and trace
amounts of various heavy elements associated with nu-
clear fuel and fission products (FPs) were detected (Abe
et al. 2014). Physical and chemical characterizations of
radioactive materials, including their water solubility,
shape, size, and chemical composition and state, are crit-
ical factors that determine their behavior within the en-
vironment and human body. CsMPs and other
particulate radioactive materials have previously been
identified in various environmental samples collected in
Fukushima Prefecture as follows: soils collected around
the FDNPP (e.g., Satou et al. 2016, 2018, Ono et al.
2017, Furuki et al. 2017, Martin et al. 2019, 2020), a
non-woven fabric cloth laid on an agricultural field
(Yamaguchi et al. 2016), and river sediments (Miura
et al. 2018). Similar radioactive microparticles were also
found on masks worn during cleaning work in residen-
tial areas near the FDNPP 5 years after the accident
(Higaki et al. 2017). As mentioned above, these CsMPs
found previously consist primarily of silicate glass. It is
thus concerned that they have a long-term impact on
the environment compared to water-soluble radioactive
materials, whereas some recent investigations indicate a
very slow rate of dissolution of CsMP into pure-water or
seawater (Okumura et al. 2019; Suetake et al. 2019).
Meanwhile, some CsMPs containing chloride as a water-
soluble compound had been recently found from aero-
sols collected near the FDNPP after the hydrogen explo-
sion of the reactor No. 1 of the FDNPP (Onozaki et al.
2019). Comprehensive investigations of CsMPs with
various physical/chemical properties are therefore vitally
important in accurately assessing the impacts of radio-
active contamination from the FDNPP accident on the
environment and human health.

Among the major polluted plumes identified by Tsur-
uta et al. (2014), the second plume (P2) carried the
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aerosols collected at the MRI on 14 and 15 March 2011
(Adachi et al. 2013). After being observed at SPM moni-
toring stations in the vicinity of the MRI (Tsukuba) dur-
ing the morning of 15 March, P2 was then spread into
the Kanto Plain, including the Tokyo metropolitan area,
one of the most populated areas in the world. The
southward spread of P2 was due to low-level northerlies
associated with an eastward-moving low-pressure system
located south of the Kanto Region (Takemura et al.
2011). Hypothesizing that CsMPs were the major carrier
of radioactive Cs in P2, this study aims to verify the
widespread distribution of CsMP in P2 over the greater
Kanto Region (in and around the Kanto Region) on 15
March, focusing on how far CsMPs were transported
southwest from the FDNPP by the local wind system.
We examined radioactive aerosol particles from the
SPM filter-tape samples collected hourly on 15 March at
several stations in the greater Kanto Region to compare
their physical/chemical characteristics with those of
previously reported CsMPs isolated from various
environmental samples. To investigate detailed chemical
characteristics of the radioactive aerosols isolated from
the SPM filter-tape samples, we applied multiple X-ray
analytical techniques using a synchrotron radiation
microbeam (SR-p) X-ray in a nondestructive manner.
The SR-p-X-ray analysis is an analytical technique that
is commonly used for microscopic chemical
characterization of various materials in the nondestruc-
tive manner and is quite suitable for CsMPs as demon-
strated by several previous studies (Abe et al. 2014; Ono
et al. 2017; Onozaki et al. 2019; Miura et al. 2020; Kuri-
hara et al. 2020a). This study has implications for the
impacts of radioactive materials on the environment and
human health as well as the reactor condition during the
early stage of the accident.

2 Methods/experimental

2.1 SPM filter-tape samples and separation method of
particles

The SPM monitors within the Japan air pollution moni-
toring network are routinely operated by local govern-
ments (prefectures and municipalities designated by
ordinance). Particulates less than 10 um in diameter
were automatically collected on the filter tape installed
in the SPM monitors as a sample spot (11 or 16 mm in
diameter) for 1 h at a flow rate of 15.0, 16.7, or 18.0 1/
min. The filter tape was made of glass fiber or polytetra-
fluoroethylene. Detailed information of the SPM filter-
tape samples has been described in previous studies
(Tsuruta et al. 2014, 2018; Oura et al. 2015). Seven
pieces of the filters sampled at seven monitoring stations
designated as A, B, C, D, E, F, and G within the greater
Kanto Region (see Table 1 and Fig. 1) were used in this
study. Each piece was selected which had the highest
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Table 1 Information of seven monitoring stations (A~G) and SPM filter-tape samples investigated in the present study

Station Latitude Longitude Distance from FDNPP Sampling time (JST) 37Cs/Bqm™
A 35.85 140.25 189 km 15 March 0800-0900 22.1
B 36.19 139.13 218 km 15 March 1200-1300 59.1
C 35.78 139.62 229 km 15 March 1000-1100 819
D 35.65 139.59 236 km 15 March 1000-1100 294
E 3537 13922 280 km 15 March 1400-1500 293
F 36.33 13844 261 km 15 March 1600-1700 221
G 3641 138.24 273 km 15 March 1600-1700 328

137Cs concentration on March 15 at each station under
the direct influence of P2. We cut these filters into four
or eight portions in collecting radioactive particles. An
imaging plate (GE Measurement and Control, CR x 25P
computed radiography scanner) and micromanipulator
(AP-xy-01; Micro Support Corp.) were used to detect
and separate radioactive particles from the filters. The
amount and distribution of radioactive particles on the
filter was observed in a process similar to previous stud-
ies (Adachi et al. 2013; Abe et al. 2014). Prior to the SR
experiments, a low-vacuum scanning electron

microscope (SEM; SU 3500; Hitachi High-Technologies)
was used to observe the shapes of individual particles
isolated from the filters. The radioactivity of ***Cs and
"7Cs in each particle was determined by using a Ge
semiconductor detector (GC4018; CANBERRA) coupled
with a multichannel analyzer (Lynx Digital Signal
Analyzer; CANBERRA). The gamma-ray spectrum was
collected for more than 400,000 s per particle. Two
standard radioactive sources, '**Cs standard by Japan
Radioisotope Association and '*’Cs standard by Amer-
sham plc, were measured in the same manner to
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Fig. 1 Locations of monitoring stations A~G in the greater Kanto Region and radioactive particles isolated in this study. Coordinates and
collection time of the filters are shown for each station. White dashed lines on the map indicate distance from the FDNPP. Eight CsMPs were
isolated from these seven filters as displayed by SEM images around the map. They are nearly spherical in shape with a diameter of 1.3 um
(particle A1), 1.3 um (B1), 1.4 um (C1), 1.5 um (D1), 1.2 um (D2), 1.3 um (E1), 0.9 um (F1), and 1.8 um (G1). The scale bars under the SEM images
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calibrate radioactivity of the particles. Absolute value
and statistical error of radioactivity of ***Cs and **’Cs in
individual particles were calculated as decay-corrected
data at the time of 1446 JST 11 March 2011. After these
analyses, the radioactive particles on carbon tape frag-
ments were removed and then placed on a flat Kapton
tape with a plastic holder for the SR-p-X-ray analyses.

2.2 Synchrotron radiation X-ray analyses of CsMPs

The SR experiments using an X-ray microbeam were
carried out at the BL37XU (Terada et al. 2004, 2010), a
hard X-ray undulator beamline at SPring-8, located at
the Japan Synchrotron Radiation Research Institute
(JASRI). The sample was placed on an automatic XY
stage in the experimental hatch. Monochromatic X-rays
were obtained with a Si (111) double crystal mono-
chromator, and the X-ray microbeam with the size of ~
1 pm (V) x ~1 pm (H) was produced by focusing
Kirkpatrick—-Baez mirrors. We applied three X-ray analyt-
ical techniques: SR-p-X-ray fluorescence (XRF) analysis,
SR-p-X-ray absorption near edge structure (XANES) ana-
lysis, and SR-u-X-ray powder diffraction (XRD) analysis.
The measurement conditions of the SR-experiments were
the same as in our previous investigations (Abe et al.
2014; Ono et al. 2017; Onozaki et al. 2019).

The SR-p-XRF analysis was carried out using 37.5 keV
X-rays that enable to excite K-edges of Cs (36.0 keV)
and Ba (37.4 keV). Three types of energy-dispersive X-
ray detectors were used depending on the beamtime: a
Si (Li) detector for the beamtimes until 2017, and eight-
elements silicon drift detectors or a Ge semiconductor
detector for the beamtimes in 2018 and 2019. The SR-p-
XRF spectrum was measured for 200 s in live time per
sample. The intensity of each spectrum was normalized
to that of the Thomson scattering peak detected at 37.5
keV. The SR-u-XANES spectra of the particles and the
reference samples were measured in fluorescence mode
for the following absorption edges: Fe-K edge (7111 eV),
Zn-K edge (9661 eV), Mo-K edge (20,000 eV), and Sn-K
edge (29,200 eV). The intensity of Ka line of each target
elements in individual particles was scanned with a
measurement step of ~ 1 eV/step, integration times of
3.0~10.0 s/step, and an energy range of ~ 100 eV from
the lower to the higher energy sides of the absorption
edge. To normalize the Ka intensity of the target ele-
ments, an intensity of the incident X-ray beam (/;) was
monitored using an ionization chamber. Reference mate-
rials (powders of metals, typical oxides, sulfides, silicates,
and synthesized glass samples) containing each target el-
ements were also measured as a same manner. In the
SR-p-XRD analysis, the X-ray diffraction patterns of the
samples were measured with a Debye-Scherrer optical
system using a two-dimensional detector (CMOS flat
panel) placed 200 mm behind the sample. The energy of
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the incident X-ray was set to 15.0 keV with an exposure
time of 440 ms and an integration of 100 times/sample.

2.3 Trajectory analysis for the radioactive plume transport
A meteorological trajectory analysis was conducted to
evaluate air parcel positions every 10 min based on wind
fields from the Japan Meteorological Agency mesoscale-
model objective analysis. The analysis has a horizontal
resolution of 0.0625 x 0.05° with 50 vertical levels up to
21,800 m. Three-hourly analysis data of wind on model
levels were used, as well as 3-hourly analysis and 1-
hourly forecast data of 10 m surface wind. The three-
dimensional wind data cannot resolve small-scale turbu-
lence that is most vigorous within the mixed layer. Air
parcels were initially placed at 50 m intervals from 50 m
to 1000 m above the surface. For each parcel, the trajec-
tory calculation was terminated if it hit the surface.

3 Results and discussion

3.1 Physical/chemical characteristics of CsMPs isolated
from SPM filter-tape

In total, eight CsMPs were successfully isolated from
seven pieces of SPM filter-tape samples. As illustrated in
Fig. 1, the eight CsMPs were labelled as Al, B1, C1, DI,
D2, El, F1, and G1 in corresponding to the seven SPM
monitoring stations. The particles were spherical with
diameters of ~ 1 pm, and their radioactivity was less
than 1 Bq of '*’Cs per particle (Fig. 2). The radioactivity
ratios between **Cs and *"Cs (***Cs/**"Cs) were ~ 1.0,
suggesting that these particles were emitted from either
reactor No. 2 or 3 of FDNPP (Nishihara et al. 2010) (see
additional data Table S1 online). As first pointed out by
Satou et al. (2018), CsMPs from the FDNPP can be cate-
gorized into two major types, type A and type B, based
on the **Cs/"*’Cs ratio of individual particles. Type A
particles are characterized by '**Cs/**’Cs ratio of ~ 1.0,
in contrast to type B particles with ***Cs/**’Cs ratio of ~
0.9.

As a result of the SR-p-XRF analyses of individual par-
ticles, A1~G1 were found to have qualitatively-similar
chemical compositions. The SR-pu-XRF spectra of four
representative particles (Al, B1, C1, and E1) are shown
in Fig. 3 with that of a type A CsMP collected at the
MRI in a previous study (Abe et al. 2014). Note that all
these spectra were measured using the same Si (Li)
detector in several beamtimes. The XRF analysis using a
monochromatic SR-p-X-ray with high-energy (37.5 keV)
for the excitation can detect trace amounts of heavy ele-
ments within individual particles, although lighter ele-
ments (such as Si) that are major components of the
particle could not be detected in the spectrum. In
addition to sharp K-line peaks of Cs which had been
identified by the gamma-ray spectroscopy, the following
eight heavy elements were detected in all particles: Fe,
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Fig. 2 Radioactivity of '*’Cs and '**Cs/"*Cs activity ratio of individual particles. The radioactivity of '*’Cs (+ 1 x standard deviation, 6) of eight
particles (A1~G1) are as follows: 0471 + 0.016 Bq (particle A1), 0.426 + 0.015 Bq (B1), 0.546 + 0.019 Bq (C1), 0.425 + 0.014 Bq (D1), 0.318 + 0.011
Bq (D2), 0.156 + 0.008 Bq (E1), 0.317 + 0.011 Bg (F1), and 0.665 + 0.023 Bq (G1). The three dashed lines show estimates of the ">*Cs/"*’Cs ratio of
nuclear fuel in FDNPP reactors No. 1, 2, and 3, respectively, at the time of the accident, as calculated using ORIGEN2 Code (Nishihara et al. 2010).

Activity values shown here were decay-corrected as of 11 March 2011

Zn, Rb, Mo, Sn, Sb, Te, and Ba. Several trace elements
specific to certain particles were also found: Zr from
seven particles except for particle B1; Nb from particle
C1; Ag from particle F1, Cd from particles C1 and GI;
Pb from particles Al, Bl, C1, E1, F1, and G1; and U
from particles Al, B1, and F1.

The SR-p-XANES analysis examined the chemical
states of four metal elements (Fe, Zn, Mo, and Sn) and
indicated that these elements exist as cations in silicate
glass with high oxidation numbers (see additional data
Fig. S1 online). SR-p-XRD analysis of individual particles
showed no diffraction peaks caused by crystal structure
for any of the particles (see additional data Fig. S2 on-
line), confirming that these particles have glass bodies.

As discussed above, physical/chemical characteristics
obtained for the eight CsMPs (A1~G1) collected at the
seven SPM monitoring stations in the greater Kanto Re-
gion are essentially the same as those of type A CsMPs
found in the previous studies (e.g., Abe et al. 2014; Igara-
shi et al. 2019). As first reported by Utsunomiya et al.
(2019), it is already-known fact that air parcels contain-
ing type A CsMPs passed over Tokyo City at some point
on 15 March. Our results strongly support their pioneer-
ing report. At the same time, this paper first demon-
strated that CsMPs emitted from the FDNPP were
widespread over the greater Kanto Region, including
West side of Tokyo metropolitan area, during the day-
time of 15 March with a temporal resolution of an hour.

1 oD I>2 = v = 5]
23 187 % & ¢ Sg S, 0¥
Z 9 ¥ = c © $¥ gwn
@ 189 I8 g @ @ g 25
S [\ 2/ >3 3 AN
c AV | T T \
o
8
= et MRI-A
© \ )
£ - Particle Al
g .. Particle B1
Particle C1
_ Particle E1
0 5 10 15 20 25 30 35 40
Energy /keV

Fig. 3 SR-u-XRF spectra of four representative CsMPs (A1, B1, C1, and E1) isolated from the SPM filter-tape samples, showing the heavy elemental
composition of individual particles. The intensity of each spectrum is displayed on a logarithmic scale and shifted in a longitudinal direction. The
spectrum of MRI-A shows datum obtained for one of type A CsMPs (particle A) collected at the MRI in the previous study (Abe et al. 2014)
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3.2 Transport pathway of CsMP from FDNPP to greater
Kanto Region

To estimate the emission time of the CsMPs and identify
their transport pathway(s) from the FDNPP to the
greater Kanto Region, we conducted trajectory analysis
of air parcels that passed over the seven monitoring
stations A~G. As an example, Fig. 4 shows backward
trajectories for air parcels situated at different heights
over station B starting at 1200 JST 15 March, where the
SPM aerosols including particle B1 were collected dur-
ing 1200-1300 JST. The trajectories are color-coded to
distinguish parcel heights at station B in Fig. 4a and also
color-coded by parcel height at each time step in Fig. 4b.
Figure 4a, b suggests that the air parcels situated at 150—
600 m above station B at 1200 JST were likely to be
located below the 500 m level within 20 km range from
the FDNPP sometime between 0040 and 0330 JST on
the same day. The vertical profile of potential
temperature at station B (Fig. 4c) indicates that the at-
mospheric mixed layer was as deep as 800 m above the
surface, suggesting that air parcels within the layer
should have experienced vigorous turbulent mixing and
thus be well-mixed down to near-surface levels. Like-
wise, air parcels from the FDNPP were released into the
night-time mixed layer. Advected by low-level norther-
lies, these air parcels then travelled along the coast
mostly within the marine mixed layer (Fig. 4b), which
was probably well developed in the early morning given
the cool offshore northerlies over the relatively warm
ocean.

Results of our backward trajectory analysis for the
seven monitoring stations are summarized in Table 2.
Although the estimated emission times have ranges that
span several hours, we concluded that polluted air par-
cels containing CsMPs that passed over the greater
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Kanto Region on 15 March were emitted from the
FDNPP between the evening of 14 March and early
morning 15 March. After being released into the mixed
layer, these polluted air parcels were advected southward
by low-level northerlies and later by northeasterlies. The
parcels very likely underwent vigorous mixing down to
near-surface levels, within the mixed layer above the sta-
tions. The earliest emission time is estimated for the
parcels above station E, as the trajectories detoured far
offshore under the northwesterlies shortly after emitted.
Our trajectory analysis implies that individual aerosol
particles that were emitted locally from the FDNPP sub-
sequently spread widely over the greater Kanto Region
within a relatively short period of time (within 18 h at
the longest) under time-varying flow conditions. Based
on the results of our backward trajectory analysis, we
calculated forward trajectories for air parcels over the
EDNPP starting at 0100 JST 15 March 2011 and showed
them on the map with the seven monitoring stations
A~@G (Fig. 5). The air parcels situated above the FDNPP
at that time moved southward and then widespread over
the greater Kanto Region within a day.

3.3 Possible source of CsMPs distributed over greater
Kanto Region

The chemical composition of particles emitted primarily
from the FDNPP could reflect the reactor condition dur-
ing the early stages of the accident. As indicated by Oku-
mura et al. (2019), we cannot ignore the possibility that
CsMP collected from soils years after the accident was
altered physically or chemically in the environment even
if they are hardly soluble into the water. Unlike such
field samples, there would be little change in physical
and chemical properties of the CsMPs as they were sam-
pled on the SPM filter-tape shortly after emission. The
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Fig. 4 Backward trajectories calculated for air parcels placed above station B at 1200 JST 15 March 2011. The trajectories are color-coded (a) to
distinguish heights (m) of the parcels at station B and (b) according to their heights at each time step. Small and large dots on the trajectories
indicate intervals of every hour and 3 h, respectively, after the calculation start time. ¢ Vertical profile of potential temperature (K) above station B
at the trajectory start time
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Table 2 Summary of the backward trajectory analysis for seven monitoring stations (A~G)

Station Starting time Depth of Estimated paths of air parcels between the station and 20 km range from FDNPP
gaszllv(\:;r d :E:;ﬁ:;;ic Height above Height above 20 Estimated emission time
trajectories above the station the station km range from FDNPP (JST) from FDNPP

A 15 March 0800 ~500 m 750-800 m 0-600 m 15 March 0000-0220

B 15 March 1200 ~800 m 150-600 m 0-500 m 15 March 0040-0330

C 15 March 1100 ~900 m 800-900 m 100-700 m 15 March 0210-0340

D 15 March 1100 ~900 m 850-900 m 50-650 m 15 March 0120-0310

E 15 March 1400 ~700 m 750-850 m 100-650 m 14 March 2000~ 15 March 0130

F 15 March 1600 ~200 m 50-650 m 50-550 m 15 March 0040-0340

G 15 March 1600 ~200 m 50-300 m 100-300 m 14 March 2330- 15 March 0200

chemical compositions of the CsMPs discussed in this
study are thus likely to be preserved except for radioactive
decay effects. Therefore, our analysis offers important infor-
mation regarding raw materials and the generation process
of CsMP in the reactor. All elements identified in the
CsMPs can be associated with materials in the FDNPP. As
a result of the nuclear fission reaction of ***U, the FPs
yielded 11 elements (Rb, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Te,
Cs, and Ba) (Crouch 1977, Burns et al. 2012, Yamamoto
2012). It is also possible that Zr and Sn in the CsMPs ori-
ginate to Zr—Sn alloy used for fuel cladding within the reac-
tors. On the other hand, vaporous elements, such as Rb
(e.g., the boiling points of RbOH and RbI are about 1660 K
and 1577 K under 1 atm, respectively) and Cs (e.g., the boil-
ing points of CsOH and CsI are about 1263 K and 1553 K
under 1 atm, respectively), in the CsMPs were richer than
the original composition of FPs derived from U fuel. There-
fore, condensation of these elements by vaporization in the
reactor pressure vessel (RPV) could happen during the par-
ticle generation process. Moreover, the amounts of Cs in
the particles would be higher than those of Mo even

-
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Fig. 5 Forward trajectories calculated for air parcels placed above
the FDNPP at 0100 JST 15 March 2011. The trajectories are color-
coded to distinguish heights (m) of the parcels at FDNPP. Small and
large dots on the trajectories indicate intervals of every hour and 3 h
since the calculation start time, respectively

considering the difference in excitation efficiency from
monochromatic X-rays (37.5 keV). Although Cs,MoO, was
suggested as one possible source for the vapor phases carry-
ing Cs at high temperature (Kissane and Drosik 2006;
Gouello et al. 2013; Do et al. 2018), our result indicates that
the volatilization and condensation of Cs,MoQ, were not
predominant processes of the generating of the CsMPs. Do
et al. (2018) have pointed out that CsOH is the predomin-
ant cesium species when the damaged fuel temperature is
higher than 2000 K at higher steam pressures, but
Cs;MoO, would become more important at lower
temperature. In this connection, Imoto et al. (2017) re-
ported the presence of nanoparticles of CsFeSi,Og within
CsMP and pointed out that the material could be formed
by the CsOH chemisorption onto Si-bearing stainless
steel. Iron, Cr, Mn, Ni, and Mo could originate from stain-
less steel, which composed RPV and FDNPP buildings.
Regarding a possible source for Zn, we previously identi-
fied an additive agent of primary cooling water (Abe et al.
2014), but a thin plating of steel and inorganic paint on
RPV and buildings could be other potential sources (Itou
et al. 2018). Lead metal and Pb-containing materials are
commonly used for shielding of radiation. To make a
more detailed interpretation of the generation process of
the CsMPs, it is indispensable to carry out further scien-
tific investigation using other analytical methods to reveal
more quantitative chemical composition and isotopic fea-
tures of individual particles, such as secondary ion mass
spectrometry (Imoto et al. 2017; Kurihara et al. 2020a;
Kurihara et al. 2020b).

As described above, type A CsMPs including eight
particles investigated in this study have been thought to
be originated to either reactors No. 2 or No. 3 of the
FDNPP based on their '**Cs/'*’Cs ratio: there are two
opinions about from which the type A CsMPs were
emitted (e.g., Igarashi et al. 2019; Ikehara et al. 2020).
We therefore consider the source of the type A CsMPs
in relationship to the accident progress, making use of
high time-resolution of the SPM filter-tape samples. Our
trajectory analysis suggests that the emission time for the
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type A CsMPs isolated from the greater Kanto Region was
between midnight and early morning 15 March, although
emission time could have been as early as the evening of
14 March for parcels that reached station E (Table 2).
Consistent with these estimated emission times, pressure
inside the RPV in reactor No. 2 decreased after the usage
of a safety relief valve around 1903 JST on 14 March,
followed by three sharp RPV pressure peaks around 2100
and 2300 JST 14 March and 0100 JST 15 March (TEPCO
2015). Around 0300 JST on 15 March, the pressure inside
the primary containment vessel of reactor No. 2 exceeded
its designed value (TEPCO 2015). In contrast, no incident
was reported for reactor No. 3 during the same period ex-
cept for a hydrogen explosion at 1101 JST 14 March. We
therefore hypothesized that the incident(s) in reactor No.
2 were the most likely cause of the type A CsMPs, rather
than reactor No. 3. Our hypothesis is strongly supported
by recent investigation of isotopic ratios of U and Cs in
CsMPs (Kurihara et al. 2020b).

4 Conclusions

Eight CsMPs were isolated successfully from aerosol parti-
cles collected hourly on filter tapes at seven monitoring
stations in the greater Kanto Region, including the Tokyo
metropolitan area, on 15 March 2011. Our finding dem-
onstrates clearly that air parcels containing CsMPs emit-
ted from the FDNPP were widespread over the greater
Kanto Region, farther than 250 km away from the FDNPP,
during the daytime of 15 March. Detailed physical and
chemical properties of individual CsMPs were investigated
by SR-p-X-ray analyses. As a result, it was concluded that
the incident(s) in reactor No. 2 of FDNPP were the most
likely cause of CsMPs distributed over the greater Kanto
Region. Our trajectory analysis also suggests that air par-
cels containing the CsMPs as water-insoluble microparti-
cles with radionuclides likely passed over the greater
Kanto Region including Tokyo metropolitan area on 15
March. Some of those particles could have been deposited
on the ground or suspended in the near-surface air, al-
though most of them were transported to the ocean. Fur-
ther investigation is necessary to estimate the
environmental and health impacts from the CsMPs that
travelled into the metropolitan area. Information regard-
ing widespread distribution of CsMPs can be useful to-
ward calculating an inhalation dose of radionuclides
during the early stage of the accident.

5 Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540645-020-00403-6.

Additional file 1: Table $1. '**Cs and '*Cs radioactivities and
134Cs/'3Cs activity ratio of eight particles (A1~G1). Figure S1. SR-p-
XANES spectra of four representative CsMPs (A1, B1, C1, and E1) isolated
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from the SPM filter and reference materials. (a) Fe-K edge, (b) Zn-K edge,
(c) Mo-K edge, and (d) Sn-K edge. Figure S2. SR-pu-XRD patterns of four
representative radioactive particles (A1, B1, C1, and E1) isolated from the
SPM filter and reference material. (a) Particle A1, (b) particle B1, (c) particle
C1, (d) particle E1, and (e) silicon powder (NIST SRM 640c). In contrast to
sharp diffraction peaks detected in silicon powder, no obvious peaks
were detected in four radioactive particles.
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