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Abstract 

The deposition of insoluble radiocesium-bearing microparticles (CsMPs), which were released from the Fukushima 
Daiichi Nuclear Power Plant (F1NPP) accident in March 2011, has resulted in the widespread contamination of eastern 
Japan. Obviously, these deposited insoluble CsMPs may become the secondary contamination sources by atmos-
pheric migration or other environmental transferring process; however, the understanding of the transport mecha-
nism remains non-elucidation, and the relevant evidence has not been directly provided. This study, for the first time, 
provides the direct evidence for the resuspension of these insoluble CsMPs to the atmosphere from (1) proximity of 
137Cs radioactivity and resemblance of the morphology and the elemental compositions of CsMPs in the samples 
of soil and aerosol derived from the same sampling site, (2) the special characteristics of the resuspended CsMPs 
of which the ratios of Na/Si, K/Si and/or Cs/Si were smaller than those from the initially released CsMPs collected at 
either long distance or near F1NPP, which can be ascribed to the slowly natural corrosion of CsMPs by the loss of the 
small amount of soluble contents in CsMPs, and (3) high CsMPs concentration of 10 granules/g in the surface soil of 
our sampling site and high resuspension frequency of CsMPs in spring when predominant suspended particles were 
soil dust. Specifically, 15 single CsMPs were successfully isolated from the aerosol filters collected by unmanned high-
volume air samplers at a severely polluted area in Fukushima Prefecture, about 25 km away from F1NPP, from January 
2015 to September 2019. The mean diameter of these CsMPs was 1.8 ± 0.5 μm, and the average 137Cs radioactivity 
was 0.35 ± 0.23 Bq/granule. The contribution rate of the resuspended CsMPs to the atmospheric radiocesium was 
estimated from the ratio of 137Cs radioactivity of a single CsMP to that of the aerosol filter to be of 23.9 ± 15.3%. There 
has been no considerable decreasing trend in the annual CsMP resuspension frequency.
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Highlights

1.	 This study, for the first time, provides the direct 
evidence of natural resuspension contribution of 
the insoluble radiocesium-bearing microparticles 
(CsMPs) to the atmospheric radiocesium.
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2.	 This study introduces the evaluating method of 
resuspension contribution rate of CsMPs by the ratio 
of the radioactivity of 137Cs in a single CsMP to that 
of aerosol filter.

3.	 This work reveals that there is no clear downward 
trend in the annual frequency of CsMP resuspension 
and a slightly higher frequency in the springtime is 
attributed to high wind gust speed and low moisture 
of topsoil, though the distribution of CsMP resus-
pension is observed in each season.

1  Introduction
1.1 � Accident
The Fukushima Daiichi Nuclear Power Plant (F1NPP) 
accident was triggered by the 9.0-magnitude Tohoku-
Oki earthquake and the subsequent tsunami on March 
11, 2011 (Committee and on the Accident at the Fuku-
shima Nuclear Power Station of Tokyo Electric Power 
Company 2011; Fuchigami and Kasahara 2011), which 
resulted in the complete loss of all power and over-heat 
and over-pressurization of Units 1–3 (there are 6 Units 
in F1NPP and Units 4–6 had been “shut down” for regu-
lar maintenance prior to the earthquake (Tokyo Electric 
Power Company Holdings 2011)). Over the subsequent 
several days, despite the attempt to inject cooling water 
and/or perform venting operations for Units 1–3 (start-
ing at 10:40 JST on March 12 (Fuchigami and Kasahara 
2011), 10:15 JST on March 13 (Tokyo Electric Power 
Company Holdings 2011) and 08:41 JST on March 12 
(Hatamura et  al. 2014), respectively), hydrogen explo-
sions could not be avoided at Units 1 and 3 (at 15:36 JST 
on March 12 and 11:01 JST on March 14 (Committee and 
on the Accident at the Fukushima Nuclear Power Sta-
tion of Tokyo Electric Power Company 2011)). Thus, a 
large quantity of radioactive materials was released into 
the atmosphere (Igarashi et  al. 2015), the land (Yoshida 
and Kanda 2012; Yoshida and Takahashi 2012), and the 
Pacific Ocean (Hirose 2016). Specifically, the amount of 
total atmospheric release of 137Cs was up to 15–21 PBq 
(1 PBq = 1015  Bq), and 3–6 PBq was directly deposited 
onto the land (Aoyama et al. 2020). The rest of the 137Cs 
was distributed over the North Pacific, which was quan-
tified to be 15–18  PBq (Aoyama et  al. 2020). Moreover, 
Steinhauser et al. (Steinhauser et al. 2014) reported that 
the highly contaminated area, with 137Cs levels exceeding 
185  kBq  m−2, spread approximately 1700  km2 in Fuku-
shima Prefecture.

1.2 � Radiocesium‑bearing microparticles
Water-insoluble radiocesium-bearing microparticles 
(hereafter CsMPs) (Adachi et  al. 2013; Igarashi et  al. 
2019a) were released and deposited in the environment 

by the F1NNP accident. In recent several years, research 
on the morphology, elemental compositions, classifica-
tions, and emission sources of CsMPs has been com-
prehensively reported (Adachi et al. 2013; Igarashi et al. 
2019a; Satou et  al. 2018; Snow et  al. 2016). Specifically, 
Adachi et  al. (2013) first reported that spherical CsMPs 
mainly contained O, Fe, and Zn as well as other trace 
elements. These CsMPs were referred to as the released 
and deposited CsMPs in early stage of the F1NPP acci-
dent (Ishizuka et al. 2017). Based on the difference of size 
and structure as well as the difference in the isotopic ratio 
of 134Cs/137Cs, the CsMPs have been classified into type 
A (possibly derived from Unit 2 or 3 with a size of less 
than 10  μm and 134Cs/137Cs ≈ 1.0) and type B (perhaps 
released from Unit 1 with a size of more than 100  μm 
and 134Cs/137Cs ≈ 0.9) (Igarashi et  al. 2019a; Satou et  al. 
2018). There are also reports suggesting that type A 
CsMPs were derived from Unit 2 (Hidaka 2019) or Unit 
1 (Abe et al. 2014). Moreover, the glassy state of CsMPs 
implied water insolubility [discussed in detail in refer-
ences (Adachi et al. 2013; Niimura et al. 2015)) and com-
paratively persistent toxicity and hazards in the terrestrial 
environment (Suzuki et al. 2020) (137Cs has a half-life of 
30.2 years (Press 2015)]. The high-dose internal radiation 
exposure by the inhalation of radioactive aerosols and the 
consumption of food associated with radioactive material 
is the most concerning health hazard (Yamamoto et  al. 
2019; Shannon 2012; Nakamura 2020). In order to assess 
and reduce the risk of radiocesium inhalation (Higaki 
et  al. 2020) and the intake of food (Miura et  al. 2021; 
Nihei et al. 2018) contaminated by CsMPs, it is necessary 
to understand its distribution and transport in the sec-
ondary processes in the environment.

1.3 � Resuspension of radiocesium
Hirose (2013) found that the deposition of the early-stage 
released radiocesium was significant from March to June 
2011 and that an obvious decrease in radiocesium depo-
sition rate occurred after July 2011. Hirose (2020) con-
cluded that most of the F1NPP-derived 137Cs deposited 
on the ground surface remained in the surface soil layer 
as a potential secondary source of atmospheric 137Cs, and 
Tanaka et al. (2012) reported that more than 90% of the 
radiocesium was fixed within the top 5  cm of the pro-
file. Although the F1NPP accident has passed for about 
10  years, most of the 137Cs is thought to remain there 
(Matsuda et  al. 2015), and thus the decontamination by 
removal of topsoil was conducted in Fukushima Prefec-
ture (Mishra et al. 2015; Evrard et al. 2019). Resuspension 
of radiocesium refers to the secondary migration of the 
deposited radiocesium into the atmosphere from sur-
faces and terrestrial ecosystems by winds (Ochiai et  al. 
2016), biomass burning (Igarashi et  al. 2015), and other 
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different anthropogenic disturbances (Yamaguchi et  al. 
2012; Akimoto 2015), which can be found in the reports 
about the F1NPP accident (Ochiai et  al. 2016; Yamagu-
chi et  al. 2012; Akimoto 2015; Kinase et  al. 2018) and 
the Chernobyl Nuclear Power Plant accident (Wagenp-
feil and Tschiersch 2001; Garger et  al. 1996; Yoschenko 
et  al. 2006). Regarding the issue, Igarashi et  al. (2015) 
emphasized, through their observation and data analysis 
of radiocesium in air over Tsukuba and Ibaraki, that “elu-
cidating the secondary emission processes of the F1NPP 
radionuclides remains an imminent scientific challenge, 
especially for heavily polluted areas. Secondary sources 
can include soil dust suspension from polluted earth 
surfaces, emissions from polluted vegetation and for-
ests, and volatilization and release from combustion of 
polluted garbage and open field burning. Although the 
main emission sources are not yet well understood, this 
elucidation must be performed as soon as possible.” Sig-
nificantly, this process is an uncontrollable route that can 
cause widespread secondary contamination (Nihei et al. 
2018) in previous noncontaminated or decontaminated 
areas. Although the radioactivity level of resuspension 
(Igarashi et al. 2015; Kinase et al. 2018) was a few orders 
of magnitude lower than that of the early-stage released, 
it would be a matter of public concern, especially for the 
evacuated people who lived in difficult-to-return areas.

Hirose (2013) suggested that the second increase in 
atmospheric radiocesium in the spring 2012 can be 
attributed to the resuspension process. Moreover, sea-
sonal variations of radiocesium in aerosol samples were 
observed in severely contaminated areas of Fukushima 
Prefecture (Ishizuka et  al. 2017; Kinase et  al. 2018; Kita 
et al. 2018; Igarashi et al. 2019b), being explained as the 
result of radiocesium resuspension because the observed 
seasonal dependence of the atmospheric radiocesium 
concentration cannot be interpreted from direct or 
delayed primary release from F1NPP accident site (Iga-
rashi et  al. 2019b). Specifically, Ishizuka et  al. (2017) 
measured and modeled the particle size distribution of 
suspended soil dust carrying radiocesium considering 
different soil textures. Kinase et  al. (2018) and Igarashi 
et  al. (Igarashi et  al. 2019b) discussed possible resus-
pension-hosting sources and showed that soil particles 
(Kaneyasu et  al. 2012) can be significant in the spring-
time and that bioaerosols such as pollens (Nakagawa 
et al. 2018), spores (Igarashi et al. 2019b), and microor-
ganisms (Kinase et  al. 2018) can be a major host parti-
cle in summer and autumn. Kajino et al. (2016) modeled 
the resuspension of 137Cs from bare soil and forest eco-
systems and suggested a similar seasonal change of the 
resuspension host particle to above-mentioned stud-
ies, namely, the high radiocesium concentration can be 
observed in warm seasons and the low can be obtained 

in cold seasons. They also estimated respective resus-
pension rates of 1–2 × 10−6  day−1 (Kajino et  al. 2016). 
These results were helpful to estimate the inhalation dose 
(EPA 1977; Garger and Talerko 2020). However, research 
on the resuspension of radiocesium has still been insuf-
ficient, and both observational and theoretical model 
studies are necessary for a quantitative understanding. 
Notably, these studies did not discuss the resuspension of 
the CsMPs.

Higaki et  al. (2014) reported that the main sources of 
radiocesium adhered to non-woven fabric face masks, 
which were worn both outdoors and indoors by 68 resi-
dents living in eastern Japan in the spring of 2012, were 
fugitive dust and CsMPs (Higaki et al. 2020) (the masks 
were worn by the Fukushima residents in the spring of 
2013). The CsMPs were also isolated from Japanese spin-
ach (Nihei et al. 2018). Although these results suggested 
the possibilities of the resuspension of CsMPs from the 
ground to the atmosphere, there has been no evidence 
to indicate that it occurred naturally (without anthropo-
genic interferences) and no discussion about the special 
features of the collected CsMPs to demonstrate whether 
they are derived from resuspension or other reasons. 
This study, for the first time, provides the direct evidence 
of resuspension of the CsMPs in the monitoring dura-
tion at our sampling site, and explains the transport vari-
ables and mechanism of the CsMPs. Therefore, this study 
aims at (1) detection and isolation of highly radioactive 
granules from aerosol and soil samples collected at a 
severely polluted area to identify them as CsMPs by anal-
yses of their morphology and elemental compositions, 
(2) describing the possibility of the natural resuspension 
of CsMPs to the atmosphere and (3) evaluating the fre-
quency of CsMP resuspension and its contribution ratio 
to the whole atmospheric concentration of radiocesium.

2 � Experiments and methods
2.1 � Sample collection
2.1.1 � Sampling of aerosols
Aerosol samples were collected at a site (37.6° N, 
140.8° E, and altitude 438  m) located in a highly con-
taminated zone that was difficult for residents to 
return to (approximately 25  km northwest from the 
F1NPP), as shown in Fig. 1. Details of the sampling site 
are described elsewhere (Ishizuka et  al. 2017; Kinase 
et  al. 2018; Igarashi et  al. 2019b; Kajino et  al. 2016). 
Aerosol samples were collected on quartz-fiber filters 
(2500QAT–UP, Pall Corp., NY, USA or QR100, Advan-
tech, Tokyo, Japan) with high-volume samplers (HV 
samplers; HV–1000R/F, Sibata Scientific Technology, 
Ltd., Saitama, Japan and 120SL, Kimoto Electric Co. 
Ltd., Tennoji, Osaka, Japan) at a sampling air flow rate 
of 0.7 m3 min−1 from January 2015 to September 2019. 
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We used the aerosol samples collected in 2015, 2016, 
2018, and 2019 because the aerosol sampling was inter-
rupted for several months in 2017. Additionally, aero-
sol samples with different aerodynamic diameters were 
also collected separately on slotted quartz-fiber filters 
using an HV sampler with a seven-stage cascade impac-
tor (TE–230, Tisch Environmental Inc., OH, USA) 
with slotted quartz-fiber filters. The aerodynamic size-
distribution ranges with a collection efficiency exceed-
ing 50% were sampled as follows: Q1 (> 10.3  μm), Q2 
(4.2–10.3  μm), Q3 (2.1–4.2  μm), Q4 (1.3–2.1  μm), Q5 
(0.69–1.3 μm), Q6 (0.39–0.69 μm), and Q7 (< 0.39 μm, 
working as a backup filter) at a sampling air flow rate 
of 0.556 m3/min. Note that the aerosol samples were 
successively taken by 10 timer-controlled HV samplers 
without anthropogenic interference, except for replac-
ing the sampling filters over the course of a few hours 
every 2–4  weeks. In all sampling processes, aerosol 

filter samples were collected at a height of 1.2 m above 
the ground. The sampling periods ranged from 3  days 
to 4 weeks.

2.1.2 � Collection of soil samples
About 200 g of surface soil samples was collected on June 
25, 2016, at the same site as the aerosol-sampling location 
with a 10 × 10 cm2 area and 1.5 cm depth and were trans-
ported to the laboratory and stored at ambient tempera-
ture. They were homogenized in a plastic bag (Onda et al. 
2015) for measurement of their radioactivity and stored 
for further analysis. For extracting the CsMPs, approxi-
mately 2.5  g soil sample was randomly retrieved (the 
radioactivity was 173.6 ± 2.00 Bq/g and 166.2 ± 0.40 Bq/g 
for 134Cs and 137Cs, respectively). The radioactivity data 
in this study were all corrected back to March 11, 2011, 
14:46 JST.

Fig. 1  Map of the sampling site (37.6° N, 140.8° E) in this study plotted over the surface contamination map for 137Cs obtained by the Japanese 
government (Ministry of Education, Culture, Sports, Science and Technology, Japan (MEXT) 2011) as of April 29, 2011 (Onda et al. 2015)
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2.2 � Detection and isolation of highly radioactive granules
An imaging plate (IP) system (CR × 25P portable com-
puted radiography, GE Measurement & Control, Massa-
chusetts, USA) and a micromanipulator (Axis Pro; Micro 
Support Corp., Shizuoka, Japan) were used to detect and 
isolate CsMPs from the aerosol filters. The isolation pro-
cedure of CsMPs from the aerosol filters and from the 
soil samples was conducted as the similar dry process 
(without use of water) of Adachi et al. (2013) and Satou 
et al. (2016), respectively.

2.3 � Measurement of gamma‑ray spectrometry and SEM 
observation

The gamma-ray peak intensities at 605 and 662 keV were 
used to identify and determine the radioactivities of 
134Cs and 137Cs, respectively (Satou et al. 2016). Identifi-
cation of the CsMPs was based on the morphology and 
elemental compositions of the single highly radioactive 
particle. The observation of the morphology and elemen-
tal compositions was conducted with an SEM (SU3500, 
Hitachi High-Technologies Co., Tokyo, Japan) equipped 
with energy-dispersive X-ray spectroscopy (EDS: X-max 
50  mm, Horiba Ltd., Kyoto, Japan) for aerosol CsMPs 
and a field emission SEM (JSM-7800F, JEOL Ltd. Tokyo, 
Japan) for visualizing soil CsMPs and water-immersed 
aerosol CsMPs.

3 � Results and discussion
3.1 � Identification of resuspension of CsMPs
3.1.1 � Aerosol CsMPs (A‑CsMPs)
Twenty highly radioactive granules were detected from 
the aerosol samples by using IP imaging, 15 of which 
have been successfully isolated, and the rest of which was 
lost during the isolation procedures. Their SEM observa-
tion images are shown in Fig. 2, and the detailed informa-
tion regarding radioactivity and elemental compositions 
is given in Table 1 and Additional file 1: Table S1. These 
results indicate that all isolated granules have character-
istics corresponding to those reported for type A CsMPs 
(Igarashi et  al. 2019a; Satou et  al. 2018) as described 
below.

All CsMPs were of an almost spherical or distorted 
spherical shape, and their diameter distribution ranged 
from 1.2 to 3.0 μm with the same mean and median val-
ues of 1.8 μm. The 137Cs radioactivity of the single CsMP 
varied from 0.13 to 0.87  Bq/granule, and the mean and 
median values of 137Cs radioactivity were 0.35 Bq/granule 
and 0.36  Bq/granule, respectively. The 134Cs radioactiv-
ity was less than the detection limit in most cases due to 
its shorter physical half-life of about 2 years than that of 
137Cs. The elemental mapping images (a) and EDS spec-
tra (b) of #11-HNVF-300601-Q are given in Fig.  3. It is 
obvious that Cs in the particle showed multiple peaks (Cs 

Lα and Cs Lβ at 4.42 and 4.55 keV), and O, Si, Na, S, Cl, 
K, Ca, Ti, Fe, and Zn also coexisted within the particle 
according to the elemental mapping images of major ele-
ments. Moreover, based on EDS analysis of 15 CsMPs, the 
main elemental components included Si (average atomic 
mass fraction 36.0 ± 5.3  wt.%), O (50.1 ± 3.7  wt.%), Cs 
(1.0 ± 0.2 wt.%), Zn (2.7 ± 1.0 wt.%), Sn (0.2 ± 0.2 wt.%), S 
(0.1 ± 0.1 wt.%), Na (3.2 ± 3.3 wt.%), K (2.5 ± 2.2 wt.%), Fe 
(1.0 ± 0.3 wt.%), Cl (0.2 ± 0.1 wt.%), and some other trace 
elements in some individual particles, such as Ba, Al, P, 
Ca, and Ti. The elemental composition of each CsMPs is 
given in Additional file 1: Table S1.

The water insolubility of radiocesium in CsMPs has 
been reported by Adachi et al. (Adachi et al. 2013), and 
other reports also support this fact [CsMPs can be iso-
lated from the wet-isolation method (Imoto et  al. 2017; 
Kurihara et al. 2020a) and can be detected in river water 
(Miura et al. 2018)]. The water insolubility of the CsMPs 
was also checked by immersion of the isolated A-CsMPs 
into water for 24  h (#11-NHVF-300601-Q) and 48  h 
(#12-NHVF-300906-Q), which is shown in Additional 
file  1: Fig. S1. There was no obvious detectable change 
in their radiocesium activity and seeable change in mor-
phology before and after the immersion. Therefore, we 
conclude that CsMPs exhibit very low water-solubility 
in short term. Regarding the long-term solubility, there 
have been a few research (Miura et  al. 2018; Okumura 
et al. 2019). The morphology, the 137Cs radioactivity, the 
elemental compositions and distributions, and the water 
insolubility of isolated CsMPs in this study were consist-
ent with those of the reported type A CsMPs (Adachi 
et  al. 2013; Igarashi et  al. 2019a; Satou et  al. 2018; Abe 
et  al. 2014). We can conclude that type A CsMPs are 
detected in aerosol samples and refer to aerosol CsMPs 
as “A-CsMPs.”

3.1.2 � Comparison of CsMPs isolated from aerosols and soil
There are 24 CsMPs detected in soil sample (namely, ten 
granules per gram, which was approximately consistent 
with the results of Ikehara et al. (2020)) and we refer to 
these soil CsMPs as “S-CsMPs.” The 137Cs radioactivity 
of these S-CsMPs mostly ranged from 0.06 to 0.95  Bq/
granule, except for one that exhibited 6.70  Bq. Their 
mean and median values were 0.29 and 0.22 Bq/granule, 
respectively, and the sum of 137Cs radioactivity of these 
S-CsMPs was 13.4 Bq. Six single granules from the group 
of 24 S-CsMPs have thus far been successfully extracted 
from the soil samples, and three of them have been 
observed and analyzed by SEM–EDS. The SEM images 
and their elemental compositions are given in Fig.  4 
and Additional file  1: Table  S2, respectively. They were 
all spherical particles, and their diameters were 1.8  μm 
(S-CsMPs-1, 0.93  Bq/granule), 1.6  μm (S-CsMPs-2, 
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0.56  Bq/granule), and 1.8  μm (S-CsMPs-3, 0.75  Bq/
granule), with an average diameter of 1.7 ± 0.1  μm 
(0.75 ± 0.18 Bq/granule).

Moreover, the EDS spectra of an A-CsMP (#15-HNVA-
190919) and an S-CsMP (S-CsMPs-3) are shown in com-
parison in Fig.  5. These EDS spectra showed that both 
A-CsMPs and S-CsMPs mainly consist of Si, O, Cs, Fe, 

Fig. 2  Scanning electron microscopic images of 15 single A-CsMPs isolated from the aerosol filter samples
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Zn, K, Na, and Cl. Specifically, the average atomic mass 
fraction of the main elemental compositions of the 
three S-CsMPs were evaluated, given as following; Si 
(6.4 ± 6.7 wt.%), O (29.2 ± 4.7 wt.%), Cs (1.7 ± 2.48 wt.%), 
Zn (3.5 ± 4.6 wt.%), Fe (1.9 ± 2.4), Na (1.0 ± 0.7 wt.%), K 
(0.3 ± 0.4 wt.%) and Cl (0.4 ± 0.6 wt.%). The radiocesium 
activities, morphologies, and elemental compositions of 
A-CsMPs and S-CsMPs were almost consistent with each 
other. These results imply that A-CsMPs were derived 
from the resuspension of S-CsMPs.

3.2 � Possibility of natural resuspension of CsMPs 
into the atmosphere

The possibility of CsMP resuspension from the contami-
nated surface soil was suggested in studies (Ishizuka et al. 
2017; Higaki et  al. 2020; Nihei et  al. 2018; Utsunomiya 
et  al. 2019). Specifically, CsMPs were detected in face 
masks worn by Fukushima residents in the spring of 2013 
(Higaki et  al. 2020). The resuspended CsMPs were also 
found on Japanese mustard spinach in Fukushima Pre-
fecture cultivated from August to December 2017 (Nihei 
et al. 2018). The resuspension of radiocesium caused by 
decontamination work has also been reported by several 
studies (Ikehara et al. 2020; Hosoda et al. 2019; Doi et al. 
2018), suggesting a possibility of the resuspension of the 
CsMPs induced by decontamination work by the govern-
ment. However, these studies have not discussed whether 
the resuspension of CsMPs into the atmosphere can 
occur naturally or not because CsMPs in these studies 

were found in living areas or in association with human 
activities. In contrast, A-CsMPs of this study were found 
in aerosol samples collected by unmanned-operated HV 
samplers at a site located in an evacuated area that was 
difficult for residents to return to, indicating the possi-
bility that A-CsMPs were derived from naturally resus-
pended S-CsMPs, without anthropogenic activities. 
Furthermore, it is possible that the A-CsMPs were trans-
ported from F1NPP or areas where decontamination and 
other remediation activities were carried out. If a signifi-
cant number of radioactive pollutants, including CsMPs, 
were transported to the sampling site, the atmospheric 
concentration of 137Cs should have increased. However, 
a systematic increase in atmospheric 137Cs concentra-
tion was not detected during the sampling periods of 
A-CsMPs, and no leakage events of radioactive pollutants 
from the F1NPP were reported. These results imply a low 
likelihood that A-CsMPs were derived from decontami-
nation work at the F1NPP site and the severely contami-
nated areas. On the one hand, transport of contaminated 
soil by dump trucks has increased along a road near the 
sampling site since 2018, and decontamination activi-
ties in areas adjacent to the sampling sites (within 500 m 
range) were also conducted between June and December 
2019. On the other hand, there was no increasing trend 
in the detected numbers of A-CsMPs in 2015, 2016, 2018, 
and 2019. More specifically, only one A-CsMP was found 
after June 2019, as shown in Table 2. Therefore, it seems 
unlikely that A-CsMPs in this study were derived from 
human activities.

Table 1  Information of 15 single isolated insoluble Cs-bearing particles (The radioactivity is corrected back to 11/03/2011 14:46, JST)

No. Sample name 137Cs (Bq) in filter 
(T)

137Cs (Bq) per 
granule (P)

Resuspension contribution ratio of 
CsMPs ( P

T
× 100%)

D / μm

1 NHVA-270504_Fri-Q–a 2.03 0.18 8.7% 1.2

2 NHVA-270504_Fri-Q-b 2.03 0.40 20.1% 2.0

3 NHVA-270618_Wed-Q–a 1.53 0.13 8.6% 1.7

4 NHVF-270730-J-Q3 2.44 0.38 15.7% 1.2

5 NHVA-271015_Mon-Q 1.77 0.36 20.5% 2.5

6 NHVA-271105_Tue-Q 1.61 0.13 8.3% 1.9

7 NHVF-280128-Q 0.84 0.17 20.6% 1.8

8 NHVB-280310-I-Q7 1.36 0.67 49.5% 1.4

9 NHVB-280429-I-Q7 1.91 0.52 27.0% 1.8

10 NHVF-300322-Q-b 1.16 0.17 15.0% 1.5

11 NHVF-300601-Q 1.73 0.87 50.6% 2.0

12 NHVF-300906-Q 3.55 0.18 5.0% 1.4

13 NHVA-190327-C-Q-b 0.65 0.17 25.6% 3.0

14 NHVA-190425-B-Q 1.36 0.60 43.9% 2.0

15 NHVA-190919-A-Q 0.90 0.36 39.2% 1.2

Mean 1.66 0.35 23.9% 1.8

Median 1.61 0.36 20.5% 1.8
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a

b

Fig. 3  Elemental mapping images (a) and EDS spectra (b) of #11-NHVF-300601-Q. The Cs in the particle shows multiple peaks and O, Si, Na, S, Cl, K, 
Ca, Ti, Fe, and Zn are coexistent within the particle according to the elemental mapping of main elements within the area
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Significantly, we can find that the atomic ratios of Na/
Si (≈ 0.086), K/Si (≈ 0.045), and/or Cs/Si (≈ 0.031) of our 
isolated A-CsMPs are smaller than that of the CsMPs 
(~ 0.139 / ~ 0.055 / ~ 0.040) released in the early stage 
(approximately 6  months after the Fukushima acci-
dent) (Okumura et al. 2020), even lower than that of the 
CsMPs collected at far distance away from F1NNP (Cs/
Si ≈ 0.208) (Utsunomiya et  al. 2019), herein, the con-
centration of Cs has been corrected back to March 11, 
2011, 14:46 JST, and assuming that there has been no 
decrease in Si. This special characteristic of our isolated 
A-CsMPs quantitatively exemplifies the high possibility 
of A-CsMPs resulted from the resuspension of S-CsMPs. 
This phenomenon may be attributed to the slow environ-
mental erosion by the loss of the very small amount of 
Na and K, even the loss of Cs, which is consistent with 
the report of slow environmental weathering dissolv-
able CsMPs (Okumura et  al. 2019). This information of 

lowering the Cs concentration with time lapse implies 
mitigation of the anxieties for the hazard resulting from 
the resuspension of the CsMPs. Moreover, we observed 
a typical suspension phenomenon of surface soil on April 
22, 2021, in the playground of Ibaraki University, where 
have similarly environmental circumstances as our sam-
pling site. It can indirectly provide the natural resuspen-
sion condition of CsMPs by the wind gust of which speed 
exceeding 4 m s−1, as shown in Additional file 1: Fig. S2 
and Additional file 2: Supporting video.

3.3 � Resuspension frequencies of CsMPs
In this study, 165 aerosol filter samples collected over 
4  years (2015, 2016, 2018, and 2019) were used to 
detect and isolate the CsMPs. Although they were not 
all aerosol samples because of time and cost consid-
erations, the sampling periods of the used samples 
(165 samples) covered more than 80% of the total sam-
pling period: 290.5(days)/365(days) in 2015, 352.5/366 
in 2016, 346.5/365 in 2018, and 225.5/274 in 2019, and 
1215/1461 = 0.83 overall. As mentioned above, 20 highly 
radioactive granules were detected in these 165 samples, 
and 15 single A-CsMPs have been successfully obtained. 
The detailed data for A-CsMPs and aerosol filters are 
given in Tables  1, 2, and Additional file  1: Table  S3. If 
all 20 CsMPs were A-CsMPs, the sampling probabil-
ity of A-CsMPs at the sampling site can be estimated as 
1.6 × 10−2 granule per sampling day or 1.2 × 10−5 granule 
per unit sampling-air volume (m−3).

Furthermore, the yearly frequency was obtained 
as follows: 2.1 × 10−2  granule·day−1 in 2015, 
8.5 × 10−3 granule·day−1 in 2016, 8.7 × 10−3 granule·day−1 
in 2018, and 1.3 × 10−2  granule·day−1 in 2019. There 
was no considerable decreasing trend of these resus-
pension frequencies, which strongly suggests necessity 
of the long-term monitoring of resuspended CsMPs. 
Alternatively, the seasonal frequency variation of resus-
pended A-CsMPs can be found in Table 2. The number 

Fig. 4  Scanning electron microscopic images of 3 single S-CsMPs isolated from the soil samples (The average diameter of all spherical S-CsMPs was 
1.7 ± 0.1 μm, which is conspicuously close to that of A-CsMPs)

Fig. 5  Energy-dispersive X-ray spectrum of A-CsMPs (#15-HNVA-1909 
19) and S-CsMPs-3. (Cu and C are derived from copper and carbon 
tape substrates, which were used to confirm the existence of silicon 
and the fixation of CsMPs)
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and seasonal frequencies of A-CsMPs detected in four 
seasons of four sampling years are as follows: (a) 1 and 
4.5 × 10−3  granule·day−1 in December–February (DJF), 
(b) 8 and 2.4 × 10−2  granule·day−1 in March–May 
(MAM), (c) 4 and 1.1 × 10−2  granule·day−1 in Jun–
August, and (d) 2 and 6.9 × 10−3  granule·day−1 in Sep-
tember–November. The seasonal frequency tended 
lower in DJF and higher in MAM. In DJF the surface soil 
is mostly frozen or very wet, and snow often covers the 
ground at the sampling site (Ishizuka et  al. 2017), and 
these conditions can inhibit the resuspension of CsMPs 
from the surface soil in this season. Kinase et al. (2018) 
showed that soil mineral particles were major coarse 
aerosols at our sampling site in the springtime (MAM), 
indicating that the suspension of soil particles from the 
ground surface occurred in this season. It is reasonable 
and possible that this dispersion process may cause the 
resuspension of CsMPs. Kinase et  al. (2018) also found 
that the peak of the atmospheric radiocesium concentra-
tion was consistent with maximal average wind speed in 
the springtime. Based on the above discussion, it would 
be obvious that the atmospheric radiocesium concentra-
tion was associated with wind-driven suspended soil in 
the springtime. This seasonality is consistent with the 
natural resuspension of the CsMPs in this study.

Meteorological data, including the gust, the average 
wind speeds (the wind speeds were sampled at a height 
of approximately 10 m from the ground), the mean soil–
water content, and the relative humidity (RH), were 
measured at the sampling site in 2015, when six CsMPs 

were sampled. These data from May 2015 are plotted in 
Fig.  6. Two CsMPs were collected when the wind gust 
speed exceeded 4  m  s−1 and the soil water content was 
not notably high (significantly, during the sampling time, 
wind gust speeds exceeding 4  m  s−1 can be frequently 
observed and sometimes even exceeded 8  m  s−1, as 
shown in Fig.  6 and Additional file  1: Fig. S3). Further-
more, Wu et  al. (1992) observed that particles (with 
diameters ranging from 7.0 to 42.3  μm) could be sus-
pended occasionally at wind speeds of 4 m s−1, with more 
than half of the particles suspended within 2 s at a wind 
speed of 8  m  s−1. Nicholson (1993) obtained a gentle 
increasing trend for suspension of particles with a 4.1 μm 
diameter along with increments of wind speed, and a 
positive correlation between PM2.5 and a wind speed 
higher than 3 m s−1 was also found by Wang and Ogawa 
(2015). These characteristics of microparticle suspension 
can indirectly explain the resuspension of CsMPs and the 
low frequency of A-CsMP detection in this work. Addi-
tionally, Ishizuka et  al. (2017) developed a size-resolved 
suspension scheme for soil particles from the ground 
surface to estimate and explain measured size distribu-
tion of resuspended radioactive particles at the sampling 
site same as ours. They found that the particle size dis-
tributions of radioactive particles, adopting sandy loam 
and silty loam as soil textures, were in good agreement 
with that of the particles with diameters ranging around 
1–2  μm in the size-resolved atmospheric radioactivity 
concentration observation. Thus, natural resuspension 
of CsMPs with diameter of 1–2 um by wind could be 

Table 2  Seasonal or yearly frequency variations of 15 single isolated insoluble CsMPs

Sampling year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total Yearly frequency

2015 Number of CsMPs 0 0 0 0 2 1 1 0 0 2 0 0 6 2.1 × 10−2 granule·day−1

Sampling period/days 18 0 14 14.5 31 30 31 31 30 31 29 31 290.5

2016 Number of CsMPs 1 0 1 1 0 0 0 0 0 0 0 0 3 8.5 × 10−3 granule·day−1

Sampling period/days 31 29 31 30 31 30 31 31 30 31 30 17.5 352.5

2018 Number of CsMPs 0 0 1 0 1 0 0 1 0 0 0 0 3 8.7 × 10−3 granule·day−1

Sampling period/days 12.5 28 31 30 31 30 31 31 30 31 30 31 346.5

2019 Number of CsMPs 0 0 1 1 0 0 0 1 0 0 0 0 3 1.3 × 10−2 granule·day−1

Sampling period/days 23.5 0 30.5 30 31 30 31 31 18.5 0 0 0 225.5

Seasonal frequency

Dec.–Feb. (DJF) Number of CsMPs 1 4.5 × 10−3 granule·day−1

Sampling period/days 221.5

Mar.–May (MAM) Number of CsMPs 8 2.4 × 10−2 granule·day−1

Sampling period/days 335

Jun.–Aug. (JJA) Number of CsMPs 4 1.1 × 10−2 granule·day−1

Sampling period/days 368

Sep.–Nov. (SON) Number of CsMPs 2 6.9 × 10−3 granule·day−1

Sampling period/days 290.5
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possibly and reasonably observed when wind speed was 
high and soil moisture was low. Especially, the large scale 
of a SEM image of a representative aerosol filter sample 
collected on May 16, 2016, as shown in Additional file 1: 
Fig. S4, exhibits many microparticles from topsoil, which 
can also be observed in the report of Kaneyasu et  al. 
(Kaneyasu et  al. 2017). Obviously, it was almost impos-
sible to find the location of a CsMP in a filter or soil 
sample before isolation. However, these observations 
confirmed the resuspension of CsMPs absorbing/attach-
ing on surface soil by strong winds. Also, in Fig. 2, it can 
be found that the isolated aerosol CsMPs (#9 NHVB-
280429-I-Q7 and #14 NHVA-190425-B-Q) were still 
adsorbed on other large particles. In addition, in our iso-
lated S-CsMPs, the phenomenon of S-CsMPs absorbing 
other particles was not clear, but it was able to find in the 
reports of Satou et  al. (2018) (samples of FT-13#01 and 
NM-14#02). These results further supported the resus-
pension mechanism of CsMPs: they are readily absorbed/

attached on topsoil particles and resuspended into air 
by high wind speed. Therefore, we speculate that CsMP 
resuspension needs both a strong wind of 4  m  s−1 and 
incidental phenomena such as aggregate lumps formed 
by attachment/collisions of CsMPs with larger dust par-
ticles scattered by winds. Furthermore, according to SEM 
observations of aerosol CsMPs and soil CsMPs, the pos-
sibility of soil dust working as the carriers of the resus-
pended CsMPs is high. Moreover, it is unable to exclude 
CsMP resuspended by itself, obtained from the reasons: 
(1) the high CsMPs concentration of 10 granules/gram 
in the surface soil of our sampling site, (2) high resus-
pension frequency of CsMPs in spring when major sus-
pended particles sampled there was soil dust, and (3) the 
reports of Ishizuka et al. (2017) that the particle size dis-
tributions of radioactive particles, adopting sandy loam 
and silty loam as soil textures, were in good agreement 
with that of the particles with diameters ranging around 
1–2  μm in the size-resolved atmospheric radioactivity 
concentration observation. However, the organic matter 
works as the carrier of the resuspended CsMPs were not 
clear in this study. Additionally, because some holes that 
were presumably dug by wild boars were found around 
the sampling site (within a few hundred meters), a pos-
sibility, that the dispersion of CsMPs occurred with such 
animal activities, cannot be ruled out. It is a great chal-
lenge to discuss more detailed information by random 
appearance of wild animals in the sampling location, also, 
this consideration is waiting for more observations.

3.4 � Contribution of the resuspended CsMPs 
to atmospheric radioactivity

Various studies (Ikehara et  al. 2020, 2018) have shown 
that significant levels of CsMPs were released into the 
environment (Furuki et  al. 2017) and that a consider-
able part of the deposition of radiocesium should be 
attributed to the released CsMPs (Imoto et  al. 2017; 
Utsunomiya et  al. 2019). Based on the results and dis-
cussion above, CsMPs can be directly resuspended into 
atmosphere. Herein, the contribution ratio of the resus-
pended CsMPs to atmospheric 137Cs can be defined as 
the ratio of the radioactivity of single CsMPs (137Cs) to 
that of the aerosol filters from which the A-CsMPs was 
obtained. As given in Table 2, the resuspension contribu-
tion ratios of CsMPs ranged from 5.0 to 50.6%, and the 
mean and median values were 23.9% and 20.5%, respec-
tively. The remainder of the resuspension hosts of atmos-
pheric radiocesium can be attributed to bioaerosols and 
soil particles bearing with low concentrations of radi-
ocesium (Igarashi et al. 2019b; Kita et al. 2020) as well as 
low-level radioactive CsMPs. Although A-CsMPs were 
not detected by one-hour exposure by IP, the radioactive 
spot was detected in the aerosol filter by IP inspection 

Fig. 6  Temporal variations of the average wind speed, the gust 
speed, the mean soil–water content, and the relative humidity data 
collected in May 2015 (The average wind speed and gust speed 
mean an average wind speed was recorded per 30 min by the 
sampler. Also, for Gust wind, the value was output only considering 
data when it is 1 m/s or more)
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when the IP plate was exposed for tens of hours, as 
shown in Additional file 1: Fig. S5. Because of the exces-
sive amount of time and human resources required for 
the extraction procedure, further extraction of CsMPs in 
these filters has not been conducted. Moreover, the aver-
age contribution ratio of A-CsMPs, which is the ratio 
of total 137Cs radioactivity of 15 A-CsMPs to that of all 
165 aerosol samples, was estimated to be about 2.0%, as 
shown in Additional file  1: Table  S3. Correspondingly, 
the ratio of total 137Cs radioactivity of S-CsMPs to that of 
the surface soil sample used in this study was about 8.0% 
(= 13.40  Bq/166.2  Bq); the contribution of A-CsMPs to 
the total atmospheric radioactivity, therefore, was smaller 
than that in the corresponding surface soil.

4 � Conclusions
This study reveals the occurrence of direct resuspension 
of water-insoluble CsMPs, composed of silicate glass, to 
the atmosphere without human interference. The fact can 
be confirmed by (1) their successful extraction from aer-
osol samples collected by unmanned-operated samplers, 
(2) the nearly resembling characteristics of A-CsMPs and 
S-CsMPs, which were extracted from the respective aer-
osol and surface soil samples collected at the same sam-
pling site in a heavily contaminated area of F1NPP and 
(3) the seasonality of the A-CsMP detection. The sizes 
and radioactivities of both A-CsMPs and S-CsMPs found 
in the present study were situated within the distribu-
tions of the reported type A CsMPs, but they were gener-
ally smaller than those reported for type A CsMPs (with 
a diameter of less than ca. 10  μm) (Adachi et  al. 2013; 
Abe et  al. 2014) sampled in primary emission from the 
F1NPP accident in 2011. This can be used to exclude the 
probability that A-CsMPs may be derived from the pri-
mary release and may be explained by surface-deposited 
CsMPs subjected to their very slow dissolution rates in 
the natural environment, as suggested by Okumura et al. 
(Okumura et al. 2019). Therefore, the erosion of CsMPs 
in the natural environment should be a significant pro-
cess to be clarified by future studies.

This study also reveals the frequency of CsMP resus-
pension and its contribution to atmospheric radiocesium, 
although this can vary with the location depending on 
the amount of radiocesium and CsMP deposition (sur-
face contamination extent). The resuspension of insolu-
ble type A CsMPs is indeed infrequent, and their absolute 
activity remains at the sub-Bq level. On the other hand, 
the detection of type A CsMPs has been continued up 
to 2019 and no obvious decreasing trend has been found 
from annual resuspension frequencies, suggesting its 
persistence. The CsMPs can also work as the transferring 
medium of fuel debris (Ochiai et al. 2018), trace uranium 
(Abe et al. 2014; Kurihara et al. 2020a), strontium (Zhang 

et  al. 2019), and plutonium (Kurihara et  al. 2020b) into 
the environment, although they are at very low level, and 
CsMPs resuspension increases the possibility of unpre-
dictable inhalation. If they are inhaled, they can easily 
reach the deep respiratory system (Assessment N. C. f. E., 
NC 1996). Thus, more investigation is necessary regard-
ing the risk assessment of even the single CsMP radiation 
exposure (Suzuki et al. 2020) and long-term monitoring 
of these resuspended insoluble type A CsMPs.
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