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§Karlsruher Institut für Technologie (KIT), Institut für Nukleare Entsorgung, D-76344 Eggenstein-Leopoldshafen, Germany
∥Japan Atomic Energy Agency, Department of Radiation Protection, Nuclear Science Research Institute, Tokai Research and
Development Center, Ibaraki 319-1195, Japan

*S Supporting Information

ABSTRACT: Plutonium (Pu) and non-natural uranium (U) originating from the
Fukushima Daiichi Nuclear Power Plant (FDNPP) were identified in the
atmosphere at 120 km distance from the FDNPP analyzing the ratio of number of
atoms, following written as n(isotope)/n(isotope), of Pu and U. The n(240Pu)/
n(239Pu), n(241Pu)/n(239Pu), n(234U)/n(238U), n(235U)/n(238U) and n(236U)/
n(238U) in aerosol samples collected before and after the FDNPP incident were
analyzed by accelerator mass spectrometry (AMS) and inductively coupled plasma
mass spectrometry (ICPMS). The activity concentrations of 137Cs and 134Cs in the
same samples were also analyzed by gamma spectrometry before the destructive
analysis. Comparing the time series of analytical data on Pu and U obtained in this
study with previously reported data on Pu, U, and radioactive Cs, we concluded
that Pu and non-natural U from the FDNPP were transported in the atmosphere
directly over a 120 km distance by aerosol and wind within a few days after the reactor hydrogen explosions. Effective dose of Pu
were calculated using the data of Pu: (130 ± 21) nBq/m3, obtained in this study. We found that the airborne Pu contributes only
negligibly to the total dose at the time of the incident. However the analytical results show that the amount of Pu and non-natural
U certainly increased in the environment after the incident.

■ INTRODUCTION

A large scale earthquake (moment magnitude 9.0) occurred on
March 11, 2011 in the northwest Pacific generating the tsunami
which seriously damaged the Fukushima Daiichi Nuclear Power
Plant (FDNPP). Further hydrogen explosions occurred in the
Unit 1 and 3 reactors on March 12 and 14, respectively. On
March 15, white smoke was observed at the Unit 2 and 4
reactors. Following the FDNPP incident, numerous data on
radioactive nuclides released into the environment were
published mainly focusing on the activity of 134,137Cs and
131I,1−7 because of their high concentrations in the atmosphere
and high dose effect on human beings. They can be analyzed
rapidly by gamma spectrometry without chemical treatment,
which may be another reason for their extensive publication.
Actinides, such as plutonium (Pu) and uranium (U) are also
important nuclides from the point of view of environmental
contamination, and for ingestion and inhalation dose assess-
ments as studied after the Chernobyl accident.8 Plutonium
release from the damaged FDNPP was confirmed analyzing
surface soil at the reactor site and observing a rapid decrease of
Pu with the distance from the facility.9 Reports on Pu atom
ratios in litter and soil samples collected around the FDNPP

were published,10,11 presenting a comparison of the ratio of
number of atoms, following written as “n(isotope)/n(isotope)”,
the n(240Pu)/n(239Pu) and the n(241Pu)/n(239Pu) among litter
samples near from the FDNPP, Chernobyl data and global
fallout in Japan. As a conclusion, the report confirmed that Pu
was released from the FDNPP. In another publication,12 the
n(235U)/n(238U) in soil samples from the 7−80 km zone
around the FDNPP were reported as natural U composition.
However, it is likely that the non-natural U emitted was
strongly diluted by the large amount of natural U present in the
soil, and thus its characteristic was obscured.
Due to the trace amount of Pu and non-natural U present in

the atmosphere, and difficulties of sample collection and
analysis, the release of Pu and U from the FDNPP to the
atmosphere is still not well-known. We analyzed the isotopic
compositions of Pu and U in aerosol samples collected at
monitoring and sampling stations at 120 km south−southwest
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(Tokai-mura) of the FDNPP, before and after the reactor
hydrogen explosions, using accelerator mass spectrometry
(AMS) and inductively coupled plasma mass spectrometry
(ICPMS) after chemical separation. The results obtained in this
study are compared with the Pu data on the litter samples from
the 20−30 km zone around the FDNPP10,11 and Chernob-
yl,13−15 and the data on global fallout of U16 and Pu17,39 in
Japan.

■ MATERIALS AND METHODS
Sample Collection. The sampling locations, MS-3

(vegetable field) and MS-4 (rice field) are located in Tokai-
mura (Figure 1). The place of MS-3 is 5 km to the southeast of

MS-4. The sampling filters are made of 70% cellulose and 30%
glass fiber (HE-40TA, Toyo Roshi Kaisha, Ltd.). The active
sampling area of the filters was 50 mm in diameter. The
sampling duration was typically one week and a total about
1000 m3 of aerosol was collected for each sample. Only for one
sample at MS-4 (March 7−21), the total about 1500 m3 aerosol
was collected in two weeks because of a power failure (March
11, 14:50−13, 21:30) due to the earthquake. The sampling
height was 1 m above ground and the air flow rate of the
vacuum system was 100 L/min. The particle collection
efficiency is more than 87% for dispersed oil particles with a
size of 0.07−1.0 μm under the condition that the face velocity
is 20−130 cm/s.18

Analysis of 137Cs, 134Cs, and Isotopic Composition of
Pu and U. The activity concentration of 137Cs and 134Cs was
measured by gamma spectrometry using high-purity germa-
nium detectors. After the gamma-ray measurements, the filter
samples were divided into several parts for atom ratio analysis
and quantitative analyses. The filter was ashed at ca. 550 °C and
Pu and U compounds were leached from the filter and
decomposed with nitric acid, hydrochloric acid and hydrogen
peroxide. Plutonium and U were then separated from the
matrix using commercially available ion exchange and ion
chromatographic resins. The analytical procedures are
described in detail elsewhere.19,20 After chemical separation of
U and Pu, each nuclide in the fraction was coprecipitated with
Fe(OH)3 using ammonium hydroxide. The precipitate was
washed with high purity water and prepared as Pu and U oxides
by heating at to 550 °C for 10 h. The Pu and U oxide was then
mixed with about 3 mg of Fe powder and pressed into an
aluminum sample holder. During the measurements, the solid
sample is sputtered with a Cs± beam, negative sample ions,
U16O− and Pu16O−, are extracted, and n(240Pu)/n(239Pu),
n(241Pu)/n(239Pu) and n(236U)/n(238U) are measured. After a
first mass separation, the ions are accelerated in the first stage of

a Tandem accelerator to an energy of 1.65 MeV. In the high-
voltage terminal the ions are stripped to positive charge states
in a helium gas cell. Since almost no molecular ions can exist in
the 3+ charge state, the atomic 236U3+ and Pu3+ ions can be
sorted out in a second mass spectrometer after acceleration to
6.7 MeV in the second stage of the tandem accelerator. The
recently discovered rare 235UH3+ ions are destroyed due to
collisional breakup by increasing the helium pressure.20 The
choice of the 3+ charge state and helium results in the
unusually high yield of 20%, which is four times higher than the
5% previously achieved for the 5+ charge state with oxygen.
The second mass spectrometer consists of four electric/
magnetic separators to fully suppress background from charge
exchange along the beamline.21

The n(236U)/n(238U) is determined by counting 236U3+ with
a gas ionization detector in sequence with measuring the 238U5+

beam current in a Faraday cup. To increase the precision of the
current measurement, the integration time for 238U5+ was
extended up to 1s. Where the uranium content was still too
low, 234U3+ and 235U3+ were measured with the ionization
chamber. The natural abundances of these isotopes were used
to estimate the n(236U)/n(238U). This is a valid approximation
considering our measurement precision and the isotopic ratios
obtained by ICPMS. The advantage of AMS to measure
isotopic ratios of small number of Pu atoms and 236U (about
106) is the complete suppression of isobaric hydrogen
compound like 235UH and 239PuH, and a low detection limit
for the n(236U)/n(238U) which can be as low as 10−13.21−24 The
detection limit of plutonium isotopic ratios is only limited by
the number of atoms present. At the level of sensitivity needed
for this work, traces of other Pu isotopes in a 242Pu spike could
compromise the detection limits. Therefore no Pu spike was
added to the sample for isotopic ratio analysis by AMS but for
one sample, the 239Pu concentration was measured with the
isotope dilution method using the 242Pu spike, IRMM-085.25

For the ICPMS measurements, the final fraction was
dissolved in 2% nitric acid and the n(234U)/n(238U) and
n(235U)/n(238U) in the aerosol samples were analyzed by
sector-field inductively coupled plasma mass spectrometry (SF-
ICPMS) without spike. The final results were obtained after
reagents and filter blanks and mass bias correction using a linear
law,26 and impurity measurements.27 The U concentration in
the aerosol samples was determined using a split filter with the
isotopic dilution method using the 233U spike, IRMM-057.28

■ RESULTS AND DISCUSSION
Cs-137 and Uranium in Aerosol Samples. The U

concentration in the aerosol samples ranged from 3.2 to 22 pg/
m3 (Table 1) and this corresponds to a previous observation of
(14 ± 10) pg/m3 at Tsukuba, Japan, about 70 km distance from
the monitoring stations of this study.29 However, an obvious
signal is visible in the activity concentration of 137Cs (7.81 ±
0.17 Bq/m3), and n(235U)/n(238U): 0.00790 ± 0.00019 and
n(234U)/n(238U): 0.000100 ± 0.000028 in sample 4, which was
collected soon after the first hydrogen explosions (Figure 2A, B,
C). The sudden increase of the radiocesium concentration was
accompanied by an activity ratio 137Cs to 134Cs close to unity,30

which shows that the origin was from the FDNPP. The activity
concentrations and behavior of 137Cs and 134Cs observed at
MS-4 are close to those of MS-3. Emission of spherical cesium-
bearing particles collected at Tsukuba, Japan on March 14−15
was investigated by another group.31 They found that the
particles coexist with Fe, Zn and possibly other elements,

Figure 1. Monitoring and sampling stations in Tokai-mura (blue
point) and FDNPP (red star).

Environmental Science & Technology Article

dx.doi.org/10.1021/es404961w | Environ. Sci. Technol. 2014, 48, 3808−38143809



insoluble in water, and mainly fell onto the ground by dry
deposition. The diameters of the particles they studied are
approximately 2 μm.
The observation of enriched U in this study, however, cannot

necessarily be associated with the FDNPP. For example, a

previous accident, which occurred at the JCO Company
Limited in Tokai-mura in 1999, released enriched U into the
environment. Uranium isotopic ratios in soil samples at the
JCO campus in Tokai-mura indicate that atom of n(235U)/
n(238U) ranged from 0.0076 to 0.0162.32 Such enriched U
particles may have been resuspended to the atmosphere as
previously observed in the Chernobyl area33 and trapped by our
sampling filters. However, we think that an origin from the
FDNPP is a more plausible explanation referring to the sudden
increase of the activity concentration of radio-cesium and the
n(236U)/n(238U) (Figure 2D) in the sample collected in the
same period.
In the weeks immediately after the reactor hydrogen

explosion, a higher n(236U)/n(238U) than before was observed
by AMS (Figure 2D), corresponding to the behavior of 137Cs,
and the n(235U)/n(238U) and the n(234U)/n(238U). The two
data points of samples B1 and B2 are obtained with two
different aliquots of the filter. The ratios decreased over time
and after one month they settled to the global fallout level in
Japan. From the observed time trend and the atom ratios, we
conclude that the U on the filter with increased n(236U)/
n(238U) are affected by the FDNPP but strongly diluted by
natural U, whose isotopic abundances are 234U: 0.0055%, 235U:
0.720% and 238U: 99.274%.34 The isotope 236U does not exist in
the nature above n(236U)/n(238U) ∼ 10−10, except for
contamination from nuclear facilities and weapon tests.
If a radioactive particle of reactor fuel as observed after the

Chernobyl accident35−38 had been trapped on the filter, the
ratio would be several orders of magnitude higher than
observed. The highest value of the n(236U)/n(238U) observed in

Table 1. Sampling Period and the Corresponding Sample
Name (Arabic Number: MS-3; Alphabet Character: MS-4),
and the Concentration of U. −: Not Analyzed

U concentration ± uncertainty,
(k = 1) [pg/m3]

sample name sampling period in 2011 MS-3 MS-4

1 Jan. 3−10 3.22 ± 0.65
2 Jan. 31−Feb. 7 9.7 ± 2.6
A Feb. 28−Mar. 7 3.60 ± 0.39
3 Mar. 7−14 3.79 ± 0.67 −
4, B Mar. 14−21, 7−21 17.6 ± 4.4 9.9 ± 1.2
5, C Mar. 21−28 22.0 ± 4.2 −
6, D Mar. 28−Apr. 4 − 4.6 ± 0.67
7, E Apr. 4−11 − 5.4 ± 1.1
8, F Apr. 11−18 − 3.85 ± 0.97
9, G Apr. 18−25 − −
10, H Apr. 25−May 2 17.6 ± 4.3 3.59 ± 0.61
11, I May 2−9 − −
12 May 9−16 − −
13, J May 30−Jun. 6 − 20.2 ± 1.9
K Jul. 4−11 −
14 Aug. 15−22 −
L Nov. 14−21 −
M Mar. 5−12 (2012)

Figure 2. The symbols in blue color indicate the analytical results of the samples collected before incident. (A): Activity concentration of 137Cs and
(B): n(235U)/n(238U), (C): n(234U)/n(238U) and (D): n(236U)/n(238U) in aerosol samples collected at 120 km south−southwest of the FDNPP. The
triangle and circle symbols indicate the data from MS-3 and MS-4, respectively. The bars indicate uncertainty (k = 1).
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sample B (Figure 2D) is diluted by natural U by a factor of 104,
taking into account that the fuel contains a few % of 236U as
typical. The content of 236U in this sample aliquot is (2.53 ±
1.1) × 107 atoms. For sample 5, a content of (2.83 ± 0.38) ×
107 atoms of 236U was obtained. Assuming that 236U is
distributed over the whole filter homogeneously, the concen-
tration of 236U in the atmosphere was calculated as (0.128 ±
0.053) nBq/m3 and (0.43 ± 0.16) nBq/m3 for sample B1 and 5,
respectively.
Uranium concentrations of blank filters were determined by

the isotope dilution method and ICPMS. The average amount
of U in five blank filters was (88 ± 16) pg in quarter pieces of
each filter, which size we mainly used for the analysis. The
maximum contribution to the U content of the aerosol samples
is about 4%. The concentration of total U in the aerosol
samples was calculated correcting the U amount present in the
blank filter and reagent blanks. The blank value for the atom
ratio analysis was in the range of 0.1−1.5%, and the influence of
this on the results is smaller than the uncertainties.
Plutonium in Aerosol Samples. Under similar measure-

ment conditions, the AMS detector count rate is roughly
proportional to the Pu concentration of the sample in the ion
source, and thus allows a relative comparison of the samples
from one measurement, although this estimate has uncertainty
of at least a factor two. Five samples show a significantly
enhanced count rate of 239Pu of more than 0.07 cps. The other
samples yield between 0.02 and 0.04 cps. The two process

blanks showed less than 0.003 cps (Figure 3A). The content of
239Pu in sample 5 determined by isotope dilution was (8.9 ±
1.4) × 106 atoms in the analyzed sample aliquot. Assuming that
Pu is distributed homogeneously on the filter, the activity
concentration of 239Pu was calculated as (130 ± 21) nBq/m3.
The activity of 241Pu was decay corrected to the March 15,

2011 (Figure 3C). The results of n(240Pu)/n(239Pu) and
n(241Pu)/n(239Pu) in five Pu-rich samples analyzed by AMS in
this study are clearly different from the global fallout in Japan,
and correspond to the ratio observed in the litter sample near
the FDNPP (Figures 3B and 3C). While the lower n(240Pu)/
n(239Pu) value of sample C might indicate mixing with Pu from
global fallout, the observed n(241Pu)/n(239Pu) does not support
such an assumption. We have presently no explanation for this
deviation. The atom ratios obtained for the 12 samples with
low 239Pu count rate are n(240Pu)/n(239Pu): 0.141 ± 0.032 and
n(241Pu)/n(239Pu): 0.0224 ± 0.0084 which are in agreement
with global fallout in Japan during 1999−200017 as well as
1963−197939 within uncertainties.
The data obtained in this study strongly suggest that this

series of unusual Pu and U were transported from the FDNPP
over 120 km distance after the incident.

Wind Direction and Transport of Radionuclides. The
wind direction from the FDNPP on March 12−17, 2011 was
computed with the NOAA-Hysplit Model program (http://
ready.arl.noaa.gov/HYSPLIT_traj.php) (Figure 4). The first
explosion of the Unit 2 and 3 reactors occurred on March 12 at

Figure 3. (A) Count rate of 239Pu in the sample sources. The data with sample name is used for further discussion, (B) n(240Pu)/n(239Pu) and (C)
n(241Pu)/n(239Pu) in the aerosol samples. The orange, green, blue, and pink colors indicate the data obtained in this study, in the litter samples in the
20−30 km zone around the FDNPP,9,10 global fallout in Japan17 and in Chernobyl samples,13−15 respectively. The bars indicate uncertainty (k = 1)
except for (B), (C) Global fallout in Japan. The bar of Global fallout in Japan indicates the range of the analytical results. (B) Global fallout in Japan:
0.17 − 0.25,17,39 (C) Global fallout in Japan: 0.00255−0.00314.39
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around 15:36 (Unit 1) and 14 at around 11:01 (Unit 3).
However no influence of radioactive material was found in the
aerosol samples collected on March 7−14. This is likely related
to the fact that the direction of the wind on March 12−14 was
not toward Tokai-mura. Most probably the Pu and the non-
natural U found in this study were transported by wind on
March 15 and 16 together with the plume of the hydrogen
explosion in the Unit 3 reactor, which was equipped with a
mixed core of uranium fuel, and mixed uranium and plutonium
oxides (MOX). Gamma-ray dose rate monitored by a NaI(Tl)
scintillation detector at 1 km west of the sampling stations
indicate that the gamma-ray dose rate began to increase on
March 15 at 01:00 and the highest value was observed on the
same day at 08:00.40,41 This observation together with the wind
direction allow us to assume that the unusual Pu and U were
transported with this plume from the FDNPP over 120 km
distance on March 15, in a few days after the hydrogen
explosions occurred on March 12 and 14. After the Chernobyl
accident, at a distance of 480 km a large number of radioactive
particles (up to 10,000 particles per m3) were found containing
233U, 234U, 235U, 238Pu, 239Pu, 240Pu, 241Pu, 242Cm, 244Cm and
other radionuclides.37 It was also reported that hot particles
derived from Chernobyl were found widely in Europe.38 The

trace amount of Pu and U detected in this study were
presumably small particles from the fuel removed by some
process and transported over long distance by wind. To our
knowledge, this is the first verification using the analytical data
of Pu and non-natural U that the fuel materials from the
FDNPP were transported in the atmosphere over a distance of
120 km.

Effective Dose of Plutonium. In the following, we assume
that the concentration of Pu of FDNN origin in aerosol was
130 nBq/m3 (7 in Figure 4) with an isotopic ratio n(240Pu)/
n(239Pu) = 0.318 ± 0.10 and n(241Pu)/n(239Pu) = 0.117 ±
0.032 (average of samples 4, B, 5, and C ± standard deviation).
With this assumption, effective dose for each Pu isotope was
calculated using the exposure condition for the members of the
public recommended by the International Commission on
Radiological Protection (ICRP)40 (Table 2). The main activity
and dose are from 241Pu: half-life (14.325 ± 0.006) a,41,42 which
decays into 241Am: half-life (432.6 ± 0.6) a.41 The alpha emitter
241Am gives an even larger radiation risk in the environment.
The results show that airborne Pu on site contributes only
negligibly to the total effective dose evaluated with radioactive
Cs and iodine at the same location on March 13 − May 23,
2011 by another group.43

Figure 4. Wind direction on March 12−17, 2011 from the FDNPP.

Table 2. Effective Dose of Pu Calculated for Public/Adult for the FDNPP Accident Using Dose Coefficients Recommended by
the ICRP and Assuming a Concentration of Pu in the Atmosphere of 130 nBq/m3 (This Work)a

isotope concentration [Bq/m3] inhalation rate43 [m3/h] dose coefficient [Sv/Bq] exposure time [h] effective dose [Sv]
239Pu 1.3 × 10−7 0.925 5.0 × 10−5 1 6.0 × 10−12

240Pu 1.5 × 10−7 0.925 5.0 × 10−5 1 6.9 × 10−12

241Pu 2.5 × 10−5 0.925 9.0 × 10−7 1 2.1 × 10−11

aActivity median aerodynamic diameter (AMAD): 1 μm; Absorption type: moderate.40,44 Exposure time: 1 h by way of an example.
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