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ABSTRACT: Atmospheric deposition of Pu isotopes from the Fukushima

Daiichi Nuclear Power Plant (FDNPP) accident has been observed in the

terrestrial environment around the FDNPP site; however, their deposition Atmospheric deposition of Pu from the FDNPP
in the marine environment has not been studied. The possible e
contamination of Pu in the marine environment has attracted great
scientific and public concern. To fully understand this possible
contamination of Pu isotopes from the FDNPP accident to the marine
environment, we collected marine sediment core samples within the 30 km
zone around the FDNPP site in the western North Pacific about two years TESSSmesin s s s
after the accident. Pu isotopes (**°Pu, **°Pu, and ?*'Pu) and radiocesium contamination in marine environment
isotopes ("**Cs and "’Cs) in the samples were determined. The high |
activities of radiocesium and the '3*Cs/"3’Cs activity ratios with values
around 1 (decay corrected to 15 March 2011) suggested that these samples
were contaminated by the FDNPP accident-released radionuclides.
However, the activities of *****Pu and **'Pu were low compared with the background level before the FDNPP accident.
The Pu atom ratios (**’Pu/**Pu and **'Pu/>*’Pu) suggested that global fallout and the pacific proving ground (PPG) close-in
fallout are the main sources for Pu contamination in the marine sediments. As Pu isotopes are particle-reactive and they can be
easily incorporated with the marine sediments, we concluded that the release of Pu isotopes from the FDNPP accident to the
marine environment was negligible.

Isotope comi)o of e Cs-and Pu

H INTRODUCTION FDNPP, Pu isotopes were produced in the reactor units which
On 11 March 2011, a massive earthquake with a magnitude of used uranium-based nuclear fuels and especially in the Unit 3
M 9.0 occurred in the western North Pacific about 180 km off reactor, where 32 mixe%—oxide fuel assemblies containing ~6%
the Fukushima Daiichi Nuclear Power Plant (FDNPP) in the Pu were initially loaded.” Thus, information about the release of

Pu isotopes in the environment is also important to understand
the reactor core damages.

The FDNPP accident introduced radioactive contamination
into the marine environment through the deposition of the
radionuclides released into the atmosphere as well as through
the direct discharge of thousands of tons of radioactive liquid
waste.”'® As marine products play an important role in the
Japanese diet, seafood safety has attracted considerable public
and scientific concern. In the terrestrial environment around

northeast coast of Japan and it was followed by gigantic
tsunami. As a result, power supplies were lost at the FDNPP
and core cooling could not be carried out. This led to pressure
buildups which were relieved in venting actions by operators
and by hydrogen explosions. Consequently, large amounts of
radionuclides were released into the environment. Extensive
studies about the distributions and human health impacts of the
volatile fission products, such as *°Sr, *'I, 1**Cs, and "¥’Cs in
the environment after the accident have been conducted.'™>
However, only limited studies have focused on the nonvolatile

Pu isotopes in the environment. Pu isotopes present a high risk Received: May 21, 2014
for internal radiation exposure via ingestion of contaminated Revised:  July 15, 2014
agricultural crops and seafood products and are important for Accepted: July 22, 2014
long-term dose assessment due to their long half-lives.®” In the Published: July 22, 2014
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Figure 1. Map showing the locations for (a) sediment samples collected within the 30 km zone around the FDNPP site in this study and (b)
sediment samples collected outside the 30 km zone around the FDNPP site in our previous studies (redrawn from Zheng et al.'® and Bu et

al 17,18,20)

the FDNPP site, the Pu isotopes released from the accident
were detected in soil, litter, dust and aerosol samples after the
accident and the total released amounts of Pu isotopes were
estimated."'™'* However, the amount of Pu isotopes directly
released into the marine environment remains unknown. In the
high level radioactive accumulated water collected at the
FDNPP after the accident, high level radioactivities of Pu
isotopes were detected ((5.8—13) X 107> Bq mL™" for ***Puy,
(3.0-7.2) x 107> Bq mL™! for *****Py, (1.7-3.2) X 10* Bq
mL™! for **'Pu; decay corrected to 19 January 2012)."* These
values were 6—7 orders of magnitude higher than that of the
seawater in the western North Pacific. Thus, attention should
be paid to the contamination situation of Pu isotopes in the
marine environment off Fukushima since the FDNPP accident.

We previously studied Pu distributions in marine sediments
and seawater samples collected in the western North Pacific 30
km off the FDNPP site within a few months to about two years
after the accident and we observed no detectable Pu
contamination from the FDNPP accident in the investigated
areas.'®"*° Radiocesium isotopes from the accident have been
widely observed in the marine sediments off Fukushima after
the accident.>*"** Pu isotopes are more particle-reactive than
radiocesium and the sediment—water distribution coeflicient
(K;) of Pu in the marine environment is 1 X 10°, 2 orders of
magnitude higher than that of Cs.>>** In Irish Sea, where has
been contaminated by the discharged liquid radioactive waste
from Sellafield nuclear fuel reprocessing plant, Mitchell et al®
found that the concentrations of Pu isotopes in the seawater
and sediment declined with an availability time of ca. 100 years,
which was at least 1 order of magnitude longer than that of
37Cs. Thus, the possible FDNPP-released Pu isotopes in the
marine environment could be more easily incorporated with the
marine sediments and kept there for a long time. Recently
Perianez et al.”® modeled that if the discharge of Pu from the
FDNPP accident occurred in the marine environment, it would
remain within the 30 km zone around the FDNPP site.
Therefore, the Pu isotopes in the marine sediments in the near
coastal areas of Fukushima need to be investigated.
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Pu atom ratios (**Pu/?’Pu and **'Pu/?*°Pu) are used as
powerful fingerprints for Pu source identification, as they are
known to vary among different sources.”” The Pu isotopes
derived from the accident have been characterized by a high
20py/*Ppy (>0.3) atom ratio,"'~** which makes it easy to
distinguish them from global fallout (***Pu/**Pu atom ratio =
0.18) in the terrestrial environment.”® For the marine
sediments, however, Pu isotopes around the FDNPP site
could be attributed to global fallout and the Pacific Proving
Ground (PPG) close-in fallout, which was transported by the
oceanic currents from the nuclear weapon test sites in the
Marshall Islands to the western North Pacific before the 2011
accident.”*3° The FDNPP accident-derived >*°Pu/**Pu atom
ratio is higher than the global fallout ratio (0.18) but similar to
that (0.30—0.36) of the PPG source.'"'***3! Thus, the
determination of another fingerprint **'Pu/**’Pu atom ratio is
strongly needed for distinguishing Pu sources in the marine
sediments. The *'Pu/?*’Pu atom ratio (0.083—0.135)"""* of
the FDNPP accident released Pu is almost 2 orders of
magnitude higher than both the global fallout (0.0011)*® and
the PPG source (ca. 0.0020)*** values (**'Pu decay corrected
to 15 March 2011). However, the **'Pu activity in the marine
sediments is currently very low (<5 mBq g~') due to its short
half-life (14.4 years), which makes it difficult to measure.
Thanks to our established sensitive analytical methods based on
anion-exchange chromatography and sector field ICP-MS,
Py in the marine sediments can be accurately analyzed
with sample amounts over 10 g.'®

In this work, we collected marine sediment samples within
the 30 km zone around the FDNPP site about two years after
the accident to investigate the Pu distribution in the near
coastal marine environment off Fukushima. Pu activities
(®3°*py and **'Pu) and atom ratios (**°Pu/**Pu and
*1pu/?*Pu) were determined to give a more comprehensive
conclusion about the possible Pu contamination from the
FDNPP accident. The radiocesium activities (***Cs and '*’Cs)
and '**Cs/"¥Cs activity ratio in these sediment samples were
also measured.

dx.doi.org/10.1021/es502480y | Environ. Sci. Technol. 2014, 48, 9070—9078
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B MATERIALS AND METHODS

Sediment Sampling. Sediment core sampling locations
(NP2, 37°25.00'N 141°06.00’'E; NP1, 37°25.00'N
141°10.70'E; ANG6, 37°33.00'N 141°07.60'E; MO1,
37°33.00'N 141°13.08'E; 102, 37°14.00'N 141°13.08'E) were
in the western North Pacific within the 30 km zone around the
FDNPP site. Collection was done with a sediment multiple
corer during the UM 13—0S cruise (T/S Umitaka-maru, Tokyo
University of Marine Science and Technology) in May 2013.
The closest collection location (NP2) was ca. S km off the
FDNPP site. The core samples were cut into 1 cm segments
and stored in an on-board refrigerator until they were brought
back to the land-based laboratory. The locations of the
sampling sites within the 30 km zone around the FDNPP
site of this study and of the sampling sites outside the 30 km
zone in our previous studies'”'®*® are shown in Figure 1.

Analytical Procedure for Radiocesium and Pu Iso-
topes. The sediment samples were first dried at 105 °C for 24
h. The activities of '**Cs and '*’Cs were measured by gamma-
ray spectrometry using an HPGe detector (GX-2019,
Canberra) and the detection limit was ca. 1 mBq g™'. The
activities of radiocesium in the sediments were decay corrected
to the sampling date. After the measurement of radiocesium,
sediment samples were ashed in a microwave muffle furnace at
450 °C for 5 h to destroy the organic matter. The ignition
losses of the samples were calculated from the weights before
and after the ashing procedure.

About 2—40 g of dried sediment samples were weighed out
for Pu analysis. The sample preparation procedures for Pu
analysis were based on our previous work'® and are illustrated
in Supporting Information Figure SI1. Briefly, a sediment
sample and 20—40 mL concentrated HNO; were put in a
Teflon vessel (120 mL) which was then tightly closed.
Digestion was done on a hot plate at 160 °C for at least 4 h.
Then the sample solution was filtered and its acidity was
adjusted to that of 8 M HNO; NaNO, was added to the
sample solution to a concentration of 0.2 M and the mixture
was heated at 40 °C for 30 min to take Pu to the tetravalent
state. After preconditioning the AG 1 X 8 resin column with 20
mL 8 M HNO;-0.2 M NaNO,, the sample solution was loaded
onto the column. 50 mL 8 M HNO; was used for the washing
of U, Pb, and Fe and 30 mL 10 M HCI was used for the
washing of Th from the column and converting the resin back
to the chloride form. Then Pu was eluted with 40 mL 0.1 M
NH,I-8.5 M HCI. The eluent was evaporated to near dryness in
a 100 mL Teflon beaker. One mL aqua regia was added and the
mixture was heated to dryness; this addition of acid and heating
was repeated a second time to destroy the organic matter and
remove the residual iodine. Then 2 mL concentrated HCI was
added and the mixture was evaporated to dryness once more.
After adding 4 mL of freshly prepared HCI-H,0, and heating at
40 °C for 30 min, the sample solution was ready for loading
onto the second AG MP-1 M resin column. The second resin
column was preconditioned with 8 mL HCI-H,O, and then the
sample solution was loaded onto it. Twenty mL 8 M HNO;
and 8 mL HCI were used for the further washing of U and Th,
respectively. Pu was eluted from the AG MP-1 M resin with 16
mL concentrated HBr and the eluant was collected in a 30 mL
Teflon beaker. After evaporating the sample solution to near
dryness, 1 mL concentrated HNO; was added and this was
heated to near dryness to remove HBr. The final residue was
dissolved in 0.8 mL 4% HNOj; in preparation for analysis. All
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reagents were superpure grade and all the water that we used
was treated with a Milli-Q water system (>18.0 MQ).

The analysis of Pu isotopes was performed on a SF-ICP-MS
(Element 2, Thermo Finnigan, Bremen, Germany). When
combined with an APEX-Q high efficiency sample introduction
system, the sensitivity of the SE-ICP-MS was between 1.0 and
1.5 X 107 cps ppb™" for ***U*. The detailed operational setup
and parameters of this analytical system were described
elsewhere.** A certified Pu isotope standard solution (NBS-
947) was used for mass bias correction and two marine
sediment standard reference materials IAEA-368 and NIST-
4357 were used for the analytical method validation. Figure 2
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Figure 2. Typical mass spectra of (a) an operational blank and (b) a
sediment sample analyzed by our method. **Pu was used as chemical
yield tracer.

shows typical spectra of the marine sediments and the
operational blank of the method. Using our Pu separation
procedure and analysis system, we can sufficiently remove U
interference from the sediment sample matrix and Pu isotopes
can be reliably determined.'®

B RESULTS AND DISCUSSION

The results for Pu and radiocesium isotopes in the marine
sediments within and outside the 30 km zone around the
FDNPP site are summarized in Table 1. The vertical
distributions of Pu and radiocesium isotopes and the ignition
losses at sampling locations NP2, NP1, ANG6, 102, and MO1 are
illustrated in Figure 3. More detailed analytical results are
summarized in Supporting Information Tables S1 and S2.

Radiocesium contamination in the marine sediments.
134Cs and '¥Cs are two of the major radionuclides released
from the FDNPP accident into the environment. It has been
estimated that the total atmospheric release of '*’Cs from the
accident was 9.9—36 PBq and more than 70% was deposited in
the ocean.”**™>’ In addition, 2.3—27 PBq '¥’Cs was directly
released to the sea.'®*®* Although Cs is regarded as a
“soluble” element in the marine environment, it can be
selectively absorbed by clay minerals and subsequently
deposited on the seafloor.

dx.doi.org/10.1021/es502480y | Environ. Sci. Technol. 2014, 48, 9070—9078
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Figure 3. Vertical distributions of 137Cs activities, 2*****Pu activities, >'Pu activities, **Cs/"*'Cs activity ratios, 240py /2Py atom ratios, and

241py /23%Py atom ratios in the sediment core samples.

The activities of '**Cs and '*Cs in the sediments investigated
in this study ranged from 3.0 to 78.4 mBq g~' and from 7.2 to
154.9 mBq g, respectively (decay corrected to the sampling
date). These values are significantly higher than that of the
background level (0—2 mBq g™' for "’Cs in the surface
sediments off Fukushima in 2010) before the FDNPP
accident.”® Kusakabe et al®> studied the distribution of
radiocesium in marine sediments collected 30 km off
Fukushima in 2011 and 2012, and they found that the activities
of "¥’Cs in the surface sediments ranged from 1.7 to 580 mBq
g_l. Our results for the sediments within the 30 km zone
around the FDNPP site were within their reported concen-
tration range. The highest activity of radiocesium in the
sediment cores was observed at location 102 southeast of the
FDNPP site. It has been simulated that the contaminated water
released from the FDNPP accident had generally flowed
southward from the adjacent area of the FDNPP site in March
and April 2011,'° which could lead to higher deposition of
radiocesium at location 102 than at other locations even though
102 was the furthest from the FDNPP site among all the
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sampling locations in this study. Moreover, the sediments
collected at 102 had a higher percentage of silt and contained a
higher amount of organic matter than sediments collected at
the other locations, which would lead to them incorporating
more radiocesium from the seawater.

The FDNPP-released radiocesium was characterized by a
134Cs/137Cs activity ratio of 1 on 15 March 2011.%"*" In our
study, the **Cs/"’Cs activity ratios for the sediments ranged
from 0.82 to 1.24 with an average of 0.99 + 0.07 (Figure 4),
clearly indicating that these sediments were contaminated with
radiocesium from the FDNPP accident. The inventories of
radiocesium in the sediment core samples were shown in SI
Table S1. The inventories (0—10 cm) of '**Cs and '*’Cs
ranged from 743 to 11162 Bq m™2 and from 1663 to 18867 Bq
m ™, respectively, not significantly higher than that reported for
the sediments collected 30 km off the FDNPP site.”*"** The
ratios of radiocesium inventories in the surface layers (0—3 cm)
to that in the whole sediment cores (0—10 cm) (F,_;) ranged
from 0.19 to 0.54. Otosaka et al.*"** also reported that for the
sediments in the shallow depth of 100 m in the coastal areas of

dx.doi.org/10.1021/es502480y | Environ. Sci. Technol. 2014, 48, 9070—9078
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Figure 4. Results of 137Cs activities and **Cs/'®’Cs activity ratios in
the marine sediments (decay corrected to 15 March 2011). The blue
dashed line represents the 134 /19 Cs activity ratio fingerprint of the
FDNPP accident released radiocesium.

Ibaraki and Fukushima, the F,_; values of radiocesium were less
than 0.5.

Vertical Distribution of Pu Activities and Inventories.
In previous studies,"”'®*° we determined the distribution of Pu
isotopes in the marine sediments collected 30 km off
Fukushima and we found that there was no detectable Pu
contamination originating from the FDNPP accident. The
239+240py and **'Pu activities in the sediment cores within the
30 km zone around the FDNPP site ranged from 0.25 to 0.97
mBq ¢! and from 031 to 1.12 mBq g~', respectively
(Supporting Information Table S2), typically lower than that
of the sediments collected outside the 30 km zone as
summarized in Table 1. The 2°***Py activities were
comparable with the values (0.7—1.0 mBq g~') observed in
the surface marine sediments off Fukushima in 2008—2010
before the accident.”* *'Pu is regarded as a more sensitive
indicator for the recently released Pu as the background level of
24Py in the environment is currently very low due to its short
half-life (14.4 years). In a location (37°12'N, 141°20’E) close
to 102, a **'Pu activity of 0.99 mBq g~ was reported in the

surface sediment in 2008, which was similar to the results we
found at location 102 and higher than that observed at other
locations.** These results suggested that there were no
abnormal values for Pu concentration in the sediments
collected within the 30 km zone around the FDNPP site.

In the marine environment with a high sedimentation rate,
usually a subsurface Pu activity maximum corresponding to the
year of 1963, when the largest global fallout Pu occurred, can be
observed.*> However, in Figure 3, both the 239+240py and **'Pu
activities were almost constant in each sediment core from the
surface to the investigated depth and no distribution peaks
could be found. As most of the sediments were sandy with low
organic matter content, the bioturbation effect in the sediments
was low. Thus, the strong coastal current and the earthquake
and tsunami happened in March 2011 could be the main
reasons that led to the sufficient mixing of Pu in these
sediments. The inventories of >***°Py at NP2 (0—10 cm),
NP1 (0—3 cm), AN6 (0—14 cm), MO1 (0—7 cm), and 102 (0—
10 cm) were calculated to be 52.3, 13.7, 119.3, 37.3, and 102.6
Bq m™?, respectively, and they were comparable with that of the
sediments outside the 30 km zone around the FDNPP site
observed in our previous study.'” The inventories of **'Pu at
NP2 (0—10 cm), NP1 (0—3 cm) and 102 (0—10 cm) were
66.0, 16.6, and 126.4 Bq m™?, respectively. These values are the
first reports for vertical distributions of **'Pu in the marine
sediments in the western North Pacific.

Distribution of Pu Atom Ratios and Pu Source
Identification. Pu atom ratios (***Pu/*Pu and **'Pu/**Pu)
have been regarded as powerful fingerprints for Pu source
identification. In soil and litter samples obtained around the
FDNPP site, Zheng et al.'* observed that the accident-released
Pu isotopes were characterized by high **°Pu/**’Pu (0.30—
0.33) and **'Pu/**Pu (0.103—0.135) atom ratios. Shinonaga et
al.'"* determined Pu isotopes in aerosol samples collected 120
km from the plant site a few days after the accident and they
found similar Pu atom ratios (0.32 =+ 0.10 for ***Pu/**’Pu and
0.117 + 0.032 for 241Pu/Z”Pu) in these samples. These Pu
isotopic composition values could be considered as the
indicator for the FDNPP-derived Pu. The **°Pu/**°Pu and
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Figure 5. Mixing plot of **'Pu/*’Pu atom ratio vs ***Pu/**’Pu atom ratio in the Fukushima sediments, comparison with the Pu compositions of
global fallout, FDNPP release, and the PPG close-in fallout. The closed orange circles (soil and litter samples, cited from Zheng et al.'") and closed
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21Pu/?%Pu atom ratios in the marine sediments within the 30
km zone around the FDNPP site showed very small variations,
ranging from 0.233 to 0.258 and from 0.0012 to 0.0016,
respectively. In Figure S, we plotted the Pu atom ratios in the
sediments within 30 km zone around the FDNPP site, in the
surface sediments outside the 30 km zone and in other sources.
The values for Pu isotopes in the Fukushima marine sediments
within the 30 km zone around the FDNPP site were far from
the mixing line between global fallout and the FDNPP source
but along the mixing line between global fallout and the PPG
source. This result suggested that global fallout and the PPG
close-in fallout were still the two main sources for Pu
contamination in the marine sediments in the near coastal
areas of Fukushima after the accident.

The Fukushima accident-derived Pu isotopes were evidenced
in the terrestrial environment. The total amount of 2%**4°Py
released into the atmosphere was estimated to be 1.0—3.5 X 10°
Bq, which was 4 orders of magnitude lower than that of the
Chernobyl accident.*"® If we assume that half of these Pu
isotopes deposited in the sea around the FDNPP site in a circle
with a radius of 100 km and all finally incorporated into the
corresponding marine sediments. We can estimate that the
extra inventory of *****Pu was ca. 0.1 Bq m™2; this amount of
2391240py input was negligible compared to the inventory of
239+240py (around 100 Bq m™2) in the marine sediments before
the accident. Therefore, the contamination of Pu isotopes in
the marine environment from the FDNPP accident through
atmospheric deposition could be small considering the dilution
effect of seawater. The direct discharge of radioactive liquid
waste should be the main way for possible Pu contamination
from the FDNPP accident to the marine environment.
However, very limited information is available regarding Pu
concentration in the directly discharged radioactive liquid waste
from the accident. In our previous study,” we investigated the
Pu distribution in seawater samples (collected from May 2011
to January 2013) in the western North Pacific after the FDNPP
accident and found that both the 2%***°Py activities and
240py /2%9Py atom ratios were in the range of the background
values before the accident. As the Pu isotopes are particle-
reactive and they can be easily incorporated by sinking particles,
Pu distribution in the near coastal marine sediments can give
direct information about Pu contamination in the marine
environment. As no detectable Pu isotopes from the FDNPP
accident could be identified in the marine sediments within the
30 km zone in this study, we concluded that the release of Pu
isotopes from the FDNPP accident to the marine environment
was negligible compared with the background levels. Global
fallout and the PPG close-in fallout are the two main sources
for Pu contamination in the marine environment before and
after the FDNPP accident.

It can be seen in Figure S, the 240py /23¥py and *'Pu/?*Pu
atom ratios in the surface marine sediments collected outside
the 30 km zone around the FDNPP site were slightly lower
than that of the sediments collected within the 30 km zone
around the FDNPP site. However, high Pu atom ratios
(**Pu/**Pu > 0.27) have been commonly observed in the
deeper layer sediments outside the 30 km zone due to the
direct deposition of the PPG close-in fallout.'” As discussed
before, the strong physical sedimentation mixing process in the
near coastal marine environment resulted in the constant
distribution of Pu atom ratios in the marine sediments within
the 30 km zone around the FDNPP site. Based on a simple
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two-end-member mixing model,** we calculated the inventory-
weighted contributions of these two sources for Pu distribution
in the marine sediments investigated in this study. Global
fallout and the PPG close-in fallout contributed 47 + 3% and
53 + 3%, respectively to the Pu contamination in the marine
sediments within the 30 km zone around the FDNPP site. The
results were similar to the results (38—43% for the PPG close-
in fallout and 62—57% for global fallout) we observed in the
western North Pacific outside the 30 km zone around the
FDNPP site.”’

In this study, for the first time, we investigated the
distribution of Pu activities (*****Pu and **Pu) and Pu
atom ratios (***Pu/**Pu and **'Pu/?*’Pu) in sediment core
samples collected in the western North Pacific within the 30 km
zone around the FDNPP site after the March 2011 accident.
We provided new information for a better understanding of the
influence of the FDNPP accident on Pu contamination in the
marine environment. We found that the release of Pu isotopes
from the accident to the marine environment was negligible to
date. Pu isotopes in the marine sediments originated from
global fallout and PPG close-in fallout. However, in the water
intake position of the reactor unit 1, ***Pu and *****Pu
activities were found to be 0.21 mBq g~ and 1.2 mBq g™' in
the surface sediment in July 2011, respectively, two to three
times higher than those in the sediment before the accident.*
The 23¥Pu/******Pu activity ratio of 0.175 was also higher than
that (0.037) of the global fallout material in Japan.*® These
results revealed the local deposition of the FDNPP derived Pu
in that region although the Pu activities were still relatively low.
Presently, 270 000 tons of radioactive liquid waste are stored in
large tanks within the FDNPP site boundary and the total
amounts of 2Py, 2**24Py, and 2'Pu contained in this were
estimated to be 3 X 10° Bq, 1 X 10°® Bq, and 1 X 10" Bgq,
respectively.*’ Future earthquakes and other unexpected events
could cause leakage of this stored liquid waste and introduce
new Pu contamination into the sea. Therefore, Pu isotopes in
the marine environment, especially in the trench or very local
coastal site near the FDNPP site should be continuously
investigated.
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