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Chapter 1
Nuclear Magnetic Resonance Study of Cs
Adsorption onto Clay Minerals

Yomei Tokuda, Yutaro Norikawa, Hirokazu Masai, Yoshikatsu Ueda,
Naoto Nihei, Shigeto Fujimura, and Yuji Ono

Abstract The release of radioactive cesium into the environment in the aftermath
of disasters such as the Fukushima Daiichi disaster poses a great health risk,
particularly since cesium easily spreads in nature. In this context, we perform solid-
state nuclear magnetic resonance (NMR) experiments to study CsC ions adsorbed
by clay minerals to analyze their local structure. The NMR spectra show two kinds
of peaks corresponding to the clays (illite and kaolinite) after immersion in CsCl
aqueous solution; the peak at �30 ppm is assigned to CsC on the clay surface while
that at �100 ppm is assigned to CsC in the silicate sheet in the clay crystal. This
result is consistent with the fact that CsC with smaller coordination number yields a
small field shift in the NMR spectra. Moreover, after immersion in KCl aqueous
solution, these peaks disappear in the NMR spectra, thereby indicating that our
assignment is reasonable. This is because CsC on the clay surface and in the silicate
sheet is easily subject to ion exchange by KC. We believe that our findings will
contribute to a better understanding of the pathway through which Cs transfers from
the soil to plants and also to the recovery of the agriculture in Fukushima.
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1.1 Introduction

The occurrence of the Tohoku earthquake on March 11, 2011, led to the meltdown
of the Fukushima Daiichi Nuclear Power Station in Japan. The accident released
several kinds of radioactive elements such as 90Sr, 134Cs, 137Cs, and 131I into the
environment. Human exposure to 137Cs is a health risk because of its long half-life
[1]. The element 137Cs is mostly stabilized in the soil while small quantities are
absorbed by plants such as rice [2]. In this manner, 137Cs seeps into the food chain,
leading to its internal exposure in humans and animals. In order to avoid internal
exposure, it is important to understand the mechanism underlying its transfer from
the soil to plants. Recently, it has been reported that the Cs transfer coefficient
exhibits variation even for plants grown in soils with similar levels of radioactivity
[3, 4]. Moreover, artificially added 137Cs can be more easily absorbed by plants than
stable Cs in the soil [5]. Thus, we have considered that one of the reasons for this
phenomenon is the varied ways in which Cs (i.e., different Cs states) is adsorbed
onto clay minerals in the soils.

The clay minerals that stabilize Cs include 1:1-type layer silicates and 2:1-type
layer silicates [6]. These silicates stabilize Cs on the surface and silicate sheets
because of their negative charges. In particular, in the case of 2:1-type layer silicates,
Cs is strongly adsorbed at frayed edge sites (FESs) [7–10]. In this context, it is
necessary to understand the stabilization mechanism to analyze the structure of Cs
in the clay surface, silicate sheet, and FESs.

The concentration of Cs in the environment is of the order of parts per billion
(ppb) or parts per trillion (ppt). Thus, very fine measurement techniques are required
to measure such minute quantities and obtain their structural information. The
technique of X-ray absorption fine structure (XAFS) spectroscopy is suitable for
such measurements [11, 12]. However, the technique of XAFS requires synchrotron
radiation, and hence, the method cannot be used in the laboratory. Therefore, another
complementary method is required.

In this context, solid-state nuclear magnetic resonance (NMR) has been used to
analyze the local structure of Cs in crystals and conventional glasses [13]. As regards
the NMR spectra of cesium silicate crystals, CsC ions with large coordination
numbers (CNs) such as Cs6Si10O23 exhibit a large field shift while those with
smaller CNs (Cs2Si2O5) exhibit a small field shift. In addition, the same relationship
also holds for Cs present in mixed alkali silicate glasses. This relationship can be
used to study the local structure of Cs in clay minerals. Moreover, solid-state NMR
of clay minerals can be utilized to distinguish Cs on the surface and within silicate
sheets [14–17]. In this study, we discuss the structure of Cs adsorbed onto two kinds
of clay minerals (kaolinite as 1:1-type layer silicates and illite as 1:2-type layer
silicates) by using solid state NMR together with XAFS spectroscopy.



1 Nuclear Magnetic Resonance Study of Cs Adsorption onto Clay Minerals 5

1.2 Experimental

1.2.1 Sample Preparation

Kaolinite (Wako Chemicals), illite (G-O networks), 133CsCl (Wako Chemicals),
KCl (Wako Chemicals), and ultrapure water (Wako Chemicals) were used as
received in our experiments. First, 5 g of illite was immersed in 50 mL of
0.01 M CsCl aqueous solution over time periods of 1 day, 1 month, 6 months,
and 2 years. After immersion, the illite samples were separated by centrifugation.
Next, 50 mL of ultrapure water was added to each illite sample followed by
centrifugal separation. This washing process was performed twice. After washing,
the illites were dried overnight at 40 ıC. We referred to the various samples
as illite_1d, illite_1m, illite_6m, and illite_2y depending on their immersion
periods of 1 day, 1 month, 6 months, and 2 years, respectively. For comparison
purposes, kaolinite was also immersed in 50 mL of 0.01 M CsCl aqueous solution
over 1 day, 1 month, and 6 months. The kaolinites were also washed using
the abovementioned washing process. Following the nomenclature used for the
illite samples, we named the kaolinite samples as kaolinite_1d, kaolinite_1m, and
kaolinite_6m.

In order to remove the Cs adsorbed onto illite, 1 g of the sample illites_2y
was immersed in 50 mL of 0.01 KCl aqueous solution for 2 h and 2 days.
These illites were also washed as per the abovementioned washing process.
These “re-ion-exchanged” samples were referred to as illite_2y_KCl2h and
illite_2y_KCl2d.

Further, pristine samples of illite and kaolinite were also analyzed. Table 1.1
lists all the analyzed samples along with the corresponding experimental conditions.

Table 1.1 Sample notations of clay minerals used in this study

Notation Period of immersion in CsCl(aq)
Period of immersion in KCl(aq)
after immersion in CsCl(aq)

illite_prisitine – –
illite_1d 1 day –
illite_6m 6 months –
illite_2y 2 years –
illite_2y_KCl2h 2 years 2 h
illite_2y_KCl2d 2 years 2 days
kaolinite_pristine – –
kaolinite_1d 1 day –
kaolinite_6m 6 months –
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1.3 Structure Analyses

The crystal structures were analyzed by powder X-ray diffraction (XRD) (RINT
2100, RIGAKU). We used a Cu X-ray source that was operated at 40 kV and 40 mA
via the conventional 2™/™ method. The diffractions were acquired at intervals of
0.02ı. The extended X-ray absorption fine structure (EXAFS) spectra were obtained
at the cesium K-absorption edge via the fluorescence method (BL14B2, SPring-8).
The cumulated number of measurements was 40. The XAFS spectra were analyzed
by using ATHENA [18].

The solid-state 133Cs NMR spectra of all the samples were acquired using a
Chemagnetics CMX400 spectrometer utilizing a commercial probe (4 mm). The
rotation speed was set to 10 kHz with an accuracy ˙10 Hz. At an external field of
9.4 T, the resonance frequency was set to about 103.7 MHz. For each measurement,
the widths of the 90ı pulses were set to 2.2 �s. The spectra were obtained with a
cycle time of 10 s. The chemical shift reference was 1 mol/L CsCl aqueous solution,
whose chemical shifts were set to 0 ppm.

1.4 Results

Figure 1.1 shows the XRD patterns of the illite_pristine, illite_6m, kaolin-
ite_pristine, and kaolinite_6m samples. In the case of illite, the peak around 27ı
shows a shift to a higher angle after immersion in CsCl, thereby indicating a
decrease in the lattice constant. On the other hand, for kaolinite, the peak around
27ı shifts to a lower angle, which indicates an increase in the lattice constant.

Figure 1.2 shows k2-weighted K-edge EXAFS spectra for the illite_2y and
illite_2y_KCl2h samples. As previously reported for the radial distribution func-
tions (RDFs), the first, second, and third peaks can be assigned to Cs–O, Cs–Si, and
Cs–Cs, respectively [19, 20]. However, we have not obtained the RDF in the present
stage. We can just note that there is a little change in EXAFS spectra for the illite_2y
and illite_2y_KCl2h samples.

Figure 1.3 shows the 133Cs NMR spectra of the illite and kaolinite samples after
immersion in CsCl solution. The NMR spectra for all the illites exhibit peaks at
around �30 and �100 ppm. On the other hand, the NMR spectra for kaolinite_1d
and _1m exhibit only one peak at around �30 ppm. The kaolinite_6m sample (which
was immersed for a longer time) exhibits a clear peak at around �30 ppm and a
small peak at around �100 ppm.

The effect of re-ion-exchanging by KC on the NMR spectra was also studied
(Fig. 1.4). The NMR peak for illite_2y_KCl2d vanished, although the peak at
around �30 ppm was still observed for illite_2y_KCl2h.
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Fig. 1.1 XRD patterns of illite (a) as received and after immersion in KCl solution, (b) kaolinite
as received and after immersion in KCl solution. Highest peaks around 27ı assigned to (0 0 6) are
also shown as (c) and (d)

1.5 Discussion

After sample immersion in CsCl solution, the lattice constant change for illite is
different from that for kaolinite, as shown in Fig. 1.1; the lattice constant of illite
decreases, while that of kaolinite increases. This is because hydrated KC in the
silicate sheet is replaced by CsC in illite; on the other hand, in the case of kaolinite,
a proton is replaced by CsC. Alteration in the k2-weighted K-edge EXAFS spectra
for illite after immersion in CsCl solution as shown in Fig. 1.2 may support these
observations.

As shown in Fig. 1.3, the NMR spectra of illite exhibit two peaks at �30 and
�100 ppm, while those of kaolinite exhibit two peaks (one clear peak and one very
small peak at �30 and �100 ppm, respectively). Kaolinite has a negative surface
charge on the crystallite. Accordingly, the clear peak at �30 ppm can be assigned
to the surface CsC. In contrast, illite has a negative charge between silicate sheets.
As a result, the peaks at �100 ppm can be assigned to CsC in the silicate sheets.
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Fig. 1.2 k2-weighted K-edge EXAFS spectra for illite_2y and illite_2y_KCl2h
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Fig. 1.3 NMR spectra of clays immersed in CsCl aqueous solution for several perids (a) illite, (b)
kaolinite. The chemical shift reference is CsCl (aq)

These assignments agree well with the results of previous NMR experiments; CsC
with larger CN values exhibits a large field shift, while that with smaller CN values
exhibits a small field shift [13]. In another NMR experiment, there also existed
two kinds of peaks for illite immersed in CsCl [14]. These results also support our
assignment.

After re-ion-exchange (using KCl) over a relatively long period (2 days) for illite
(Fig. 1.4), no peak was observed in the NMR spectrum, thereby indicating that all
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Fig. 1.4 NMR spectra of illite (a) immersion in CsCl solution for 2 years, (b) ion-exchanged illite
by immersion in KCl for 2 h, (c) ion-exchanged illite by immersion in KCl for 2 days. The chemical
shift reference is CsCl (aq)

the CsC ions on the surface and in the silicate sheet had been replaced by KC. This
result supports our assignment because CsC on the clay surface and in the silicate
sheet is easily ion-exchanged by KC [6]. This result also indicates that no FESs
were observed in this experiment. One of the reasons for the absence of the FES
signature is the low concentration of the total amount of CsC. After re-ion-exchange
for a short period of time (2 h), we observed only one peak at �30 ppm. This result
can be attributed to the fact that CsC in the silicate sheet is more easily replaced by
KC than that on the surface.

In conclusion, solid-state 133Cs NMR is useful for analyzing CsC adsorbed onto
clay minerals; this method can be used to distinguish CsC sites in the clay minerals.
In the near future, we plan to perform structure analysis of CsC in soil in order to
understand the mechanism of transfer of Cs from the soil to plants. We believe that
this study will contribute to the recovery of agriculture in Fukushima in the near
future.

1.6 Conclusions

We performed 133Cs NMR experiments in conjunction with XRD and EXAFS to
analyze the adsorption of CsC onto clay minerals such as illite and kaolinite. Our
NMR results indicate that the observed peaks at �30 and �100 ppm can be assigned
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to CsC on the surface and in the silicate sheet, respectively. After re-ion-exchange
by using aqueous KCl, the CsC ions were replaced by KC ions. We believe that
our findings will contribute to a better understanding of the mechanism of Cs
transfers from the soil to plants. We plan to use the NMR method in our future
studies on understanding of the mechanism of transfer of CsC from the soil to
plants.
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Chapter 2
Speciation of 137Cs and 129I in Soil After
the Fukushima NPP Accident
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Abstract We evaluated the migration of radionuclides (131I, 129I, 134Cs, 136Cs,
137Cs, and 132Te) in the surface soil after the Fukushima nuclear accident. The
radionuclides in the soil collected late March in 2011 were barely leached with
ultrapure water, indicating that these are insoluble. We observed the chemical
behavior of 137Cs and 129I in soil: (1) 137Cs was predominantly adsorbed within
a depth of 2.5 cm from the ground surface; (2) 137Cs was hardly released from soil
by the water leaching experiments that lasted for 270 days; (3) approximately, more
than 90 % of 137Cs was adsorbed on organic matters and the residual fractions,
while 129I was mainly fixed on the Fe-Mn oxide and organically bounded fraction.
Therefore, we conclude that 137Cs and 129I in soil seldom leach into the soil
water and migrate downward because of the irreversible adsorption. The shallow
groundwater which residence time is short.
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2.1 Introduction

A number of radionuclides (including 137Cs, 134Cs, 136Cs, 131I, 132Te) were released
into the atmosphere from the Fukushima Daiichi NPP accident in March, 2011. On
March 15–17 and 21–23, deposition increased in the areas surrounding Fukushima
prefecture because north–easterly, easterly, and south–easterly winds under a low-
pressure system transported the radionuclides from the Fukushima NPP, and
subsequent precipitation associated with the same system washed radioactive
materials out of the radioactivity plume, thereby effectively depositing them on land
[1–5]. In addition to the radioactive plume that covered the Fukushima Prefecture,
two other large plumes suffered severe radioactive contamination over north Japan.
Precipitation from these plumes caused high-radioactive spots across wide areas
including the Tokyo metropolitan [1].

Although the eastern parts in the Tokyo metropolitan area are located far from
the Fukushima NPP, high 137Cs and 131I deposition was observed in the areas.
Therefore, the Tokyo metropolitan area is one of the hot spots of radioactive fallout
from the Fukushima NPP accident [4]. The Tokyo metropolitan hot-spot area has a
high-density population, and many residents have been worried about the radiation
exposure from the Fukushima NPP. The released 131I from the Fukushima NPP
contaminated tap water with rainfall that precipitated in the Tokyo metropolitan
hot-spot areas on March 23, 2011, whereas 131I was also detected in the tap water
of the Kanto and Tohoku regions through mid-April [1].

At present, 131I released from the Fukushima NPP accident in March, 2011 is
not detected in the environment, because its short half-life is only 8 days. On the
contrary, 129I with a half-life of 15.7 Ma is easily found. The 129I/127I ratio measured
in surface soil could provide information on the local deposition of 131I released
from the Fukushima NPP, if the ratio of 131I and 129I before release from the broken
reactors can be estimated [6, 7]. The 131I behavior in the unsaturated zone and
shallow groundwater immediately after the accident may be inferred from the 129I
content.

This study has two objectives: (1) to examine the behavior of 137Cs and 131I
in the surface soil of the Kanto loam in the Tokyo metropolitan hot-spot areas
and Fukushima immediately after the accident and (2) to determine the 137Cs and
129I speciation in the soil to evaluate 137Cs and 131I contamination in the shallow
groundwater which residence time is short.

2.2 Material and Methods

2.2.1 Soil Samples

One surface-soil sample within a depth of 0.5 cm and four surface-soil samples
within a depth of 1 cm were collected on March 29, 2011 at the western Tokyo
metropolitan area (WTMA, W1) and on March, 30 and 31, 2011 at the eastern Tokyo
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metropolitan hot-spot area (ETMA, E1-4), respectively. The soil samples collected
at western Tokyo were placed in a polypropylene vessel (vessel A), 5 cm in diameter
and 10 cm in height, and each of the four soil samples collected at eastern Tokyo
was packed into a polypropylene vessel (vessel B), 2.2 cm in diameter and 1.2 cm
in height.

Surface-soil core samples (5 cm2 � 10 cm) were collected at the WTMA on
August 25, 2011 and ETMA, on October 14–18, 2011, respectively. The undisturbed
soil cores were sampled using a cylindrical stainless steel core sampler, 0–10 cm in
depth. The soil core samples were cut into the lengths of 0–2.5, 2.5–5 cm, and 5–10
or 0–2.5 and 2.5–5.0 cm. Each sample was stored in plastic vessels (vessels A). We
also collected soil in the same manner in Nagadoro, Fukushima (N1) in May, 2012.
Then we measured the vertical profiles of 137Cs in soil.

2.2.2 Column-Infiltration Experiments Using the Rainwater
from the Tokyo Metropolitan Hot-Spot Area

It rained in the southern Ibaraki Prefecture from 0:00 to 2:00 LT on March 31, 2011,
resulting in a total precipitation of 5.5 mm in Tsukuba. A rainwater sample was
collected during precipitation at the ETMA (Japan Meteorological Agency). The
rainwater sample (101 mL) was placed in a polypropylene vessel (5 cm in diameter
and 10 cm in height, vessel A).

We investigated the infiltration of 137Cs from the rainwater in the soil environ-
ment via column experiments on April 1, 2011. Sand (Toyoura Standard Sand,
Toyoura Keiseki Kogyo Co., Ltd., Yamaguchi, Japan) and soil were used in the
columns. The soil, classified by the World Reference Base as a haplic stagnosol,
was collected from a depth of approximately 30 cm from an outcrop at the campus
of Kyoto University Research Reactor Institute (KURRI), Osaka, Japan. The soil
contained a small amount of organic matter (organic carbon 2.7–2.8 %, pH 5.7–5.8)
and was devoid of 137Cs and 134Cs.

The sand was rinsed several times to remove clay minerals using deep ground-
water that did not contain 137Cs. The sand and soil samples were packed into
two columns (20 mm in diameter and approximately 1 cm in depth). After filling,
columns A (sand) and B (soil) were soaked in pure water for 3 h. Next, the rainwater
sample (50 mL) was passed through each column at a rate of 0.7 mL�min�1, and
then, each column was rinsed with ultrapure water (84 mL). Although the flow rate
used was faster than the actual rate of rainwater infiltration in the Kanto district
(approximately 1.5 m�y�1), this provides a conservative estimation of radionuclide
migration. After infiltration, the sand and soil samples were stored separately in
polypropylene containers (vessel B). Then, these vessels were placed into a different
container, and the radioactivity of the samples in each container was measured using
a gamma-ray spectrometer.
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Table 2.1 Concentrations of major ions in groundwater

Element Concentration (mg�L�1) Element Concentration (mg�L�1)

Na 6.92 Cl� 5.83
K 7.00 SO4

2� 13.4
Ca 22.0 HCO3

� 110
Mg 7.87 pH 8.3

2.2.3 Leaching of Radionuclides from Soils Using the Batch
Method

Radioactivities of the 100-g soil samples collected on March 29, 2011 at WTMA
were immediately measured by the following method. The soil samples were mixed
with the ultrapure water and shaken by hand for 30 min. The mixture was stored
for 15 min, and the solution was separated by ultra-centrifuge (Kokusan Co., Ltd,
Japan), and then, radioactivity in the supernatant was measured by gamma-ray
spectrometry.

Approximately 10 g of the surface-soil samples collected from the WETA were
added to ultrapure and groundwater samples, and then, they were agitated at a speed
of 100 rpm for 90 and 270 days. The groundwater sample was discharged from
the Kanto-loam layer in the Tokyo metropolitan hot-spot area, and was sampled in
March, 2010 before the Fukushima NPP accident. The concentrations of NaC, KC,
Mg2C, and Ca2C in the groundwater were measured by cation chromatography and
those of Cl�, SO4

2� and NO3
� were measured by anion chromatography, whereas

HCO3
� was measured by titration using HCl. Table 2.1 lists the major cation and

anion of the groundwater samples.
After leaching, solid-liquid separation was conducted by centrifugation at

2000 rpm for 5 min. Then, the solution was filtered through a membrane filter
with a pore size of 0.45 �m (Advantech, Co., Ltd., Japan). After storing each
fraction in a U-8 vessel, radioactivities of 131I, 134Cs, 136Cs, 137Cs, and 132Te were
measured by gamma-ray spectrometry.

2.2.4 Separation of 137Cs and 129I in Soil Samples

We extracted 137Cs and 129I from three surface soil samples from the Kanto-loam
layer in the ETMA and the Nagadoro in Fukushima. The soil of depths of 0–2.5 cm
(E5, E6, N1) was well mixed and approximately 10 g soil sample was taken by
cone and quartering method. Approximately 10 g of the samples were used in the
sequential-extraction experiment [8, 9]. A ratio of solution to sample of 5 (v/w) was
used for extraction in each step.
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Fraction 1: After ultrapure water was added to the soil sample, the suspension
was shaken for 24 h at room temperature, and then the suspension was stored
overnight. After extraction, solution was separated from the soil residue by
centrifugation at 2000 rpm for 5 min. The solution was filtered through a
membrane filter with a pore size of 0.45 �m (Advantech, Co., Ltd., Japan). The
fraction of the filtrate represents water-soluble species. The remaining solid on
the membrane filter was combined with the residue for the next leaching step.

Fraction 2: 1 M of NaAc was added to the residue from Fraction 1. The suspension
was shaken for 12 h at room temperature and stored overnight. The fraction of
the filtrate represents exchangeable species.

Fraction 3: 1-M NaAc � HAc (pH 5) was added to the residue from Fraction 2, and
the suspension was shaken for 12 h at room temperature. The fraction of the
filtrate represents carbonate-bound species.

Fraction 4: 0.04-M NH2OH�HCl in 25 % (v/v) HAc (pH 2) was added to the
residue from Fraction 3 and stirred in a hot-water bath at 80 ıC for 4 h. The
fraction of the filtrate represents species associated with solids via chemical-
sorption mechanisms that can be released into the extraction solution with a weak
reducing agent, and they mainly include species bound to Fe/Mn oxides.

Fraction 5: 30 % H2O2 was added to the residue, in which HNO3 had already
been added to adjust the final pH to 2. The suspension was agitated for 2 h at
85 ıC. After the suspension was cooled to room temperature, 1.8-M NH4Ac in
11 % HNO3 (v/v) was added, and the extraction continued for 30 min at room
temperature. The fraction of the filtrate is associated with organic matter.

After each fraction was stored into a U-8 vessel, 137Cs was measured by gamma-
ray spectrometry.

2.2.5 Purification of Iodine Isotopes for Accelerator Mass
Spectrometry (AMS) Measurement

One-milliliter solution of nitric acid (Kanto Chemical Co., Ltd.) and 0.5 mL of
H2O2 (Kanto Chemical Co., Ltd.) were added to sample solutions separated from
each fraction. The dissolved iodine was oxidized to I2 and was then separated from
the sample solution into 10 mL of chloroform (Wako Co., Ltd.). The chloroform was
separated from the sample solution, and then 10 mL of 0.1 M of NaHSO3 (Wako
Co., Ltd.) was added to the chloroform to extract I� into the NaHSO3 solution.
The NaHSO3 solution was separated from the chloroform, and 1 mL of 6 M NaCl
(Aldrich Co., Ltd.) was added to the solution. A 0.1 mL portion of 1 M AgNO3

(Aldrich Co., Ltd.) was then added to the solution, and the solution was agitated,
causing AgI to precipitate with AgCl. This precipitation was allowed to continue
for 30 min before the mixture was centrifuged for 5 min at 3000 rpm. The mixture
of AgCl and AgI precipitate was separated from the solution. AgCl was separated
from AgI by adding 4 mL of concentrated NH3 to dissolve AgCl only. The AgI
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precipitate was rinsed with 5 mL of ultrapure water to yield a pure AgI sample,
which was then dried in an electric oven at 70 ıC for 40 min. The AgI sample
was added to Nb powder at an Nb and AgI ratio of 4 (w/w). The detail chemical
separation was described by a previous paper [10]. 129I and 127I were measured by
AMS (Malt, Tokyo Univ., Japan), and detailed procedure of measurement of 129I/127I
atomic ratios were described by Matsuzaki et al. [11].

2.2.6 Measurement of Radioactivity in Environmental Samples
by Gamma-Ray Spectrometry

The radioactivity of the rainwater and soil sample was measured using a p-type
high-purity germanium detector (IGC-309, Princeton Gamma-Tech) with 40 %
relative efficiency and a multichannel analyzer (7600-000, Seiko EG&G) with a
high-voltage circuit (7600-310) and pulse height analyzer (7600-510) in KURRI.
The gamma-ray counting efficiency of the detector was estimated by constructing a
relative gamma-ray-counting-efficiency curve using a certified mixed-radionuclide
gamma-ray reference source containing 57Co (122.1 keV), 137Cs (661.7 keV), and
60Co (1173 and 1332 keV), which were normalized to the 1460-keV gamma-ray
peak of 40K in KCl. A quadratic function was fitted to the logarithmic relationship
between the relative counting efficiency and gamma-ray energy using the least-
squares method and was normalized at 1460 keV. The radiation energies of 131I,
134Cs, 136Cs, 137Cs, and 132Te were 364, 796, 818, 662, and 228 keV, respectively.
The sum effect of gamma rays from 134Cs was corrected by measuring the 134Cs
solution. 134Cs was produced by the neutron activation of CsCl at KURRI. CsCl
was dissolved in the ultrapure water and the prepared 134Cs solution. The detection
limits of 131I, 134Cs, and 137Cs with a measuring time of 10,000 s were 0.11, 0.099,
and 0.12 Bq for vessel B and 0.20, 0.19, and 0.23 Bq for vessel A, respectively.

The radioactivity of undisturbed core samples from the ETMA and radio-Cs
samples leaching into the ultrapure water and groundwater samples was measured
in the Isotopes Centre, Hokkaido University using a p-type, high-purity germanium
detector (model IGC-309, Princeton Gamma-Tech) with 40 % relative efficiency.
The detection limits of 134Cs and 137Cs with a measuring time of 864,000 s were
0.02 and 0.02 Bq for the U-8 vessel, respectively.

2.3 Results and Discussion

Table 2.2 shows the concentrations of 134Cs, 136Cs, 137Cs, 131I, and 132Te in the
surface soils collected in March, 2011 from the Tokyo metropolitan hot-spot area
(but only W6 was collected in August, 2011). Short half-lives for 136Cs, 131I, and
132Te were detected in the surface-soil samples except W6. The radioactivities of
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Table 2.2 Concentrations of 134Cs, 136Cs, 137Cs, 131I, and 132Te in surface soils in Tokyo
metropolitan area

Depth Sampling date 134Cs 137Cs
Sampling
site number

Sampling
sites cm kBq�kg�1 kBq�kg�1

W1 WTMA 0–0.5 March 29,
2011

0.517 ˙ 0.01 0.530 ˙ 0.07

E1 ETMA 0–1 March 30,
2011

2.86 ˙ 0.07 3.25 ˙ 0.07

E2 ETMA 0–1 March 30,
2011

2.70 ˙ 0.14 2.90 ˙ 0.12

E3 ETMA 0–1 March 31,
2011

1.01 ˙ 0.06 0.720 ˙ 0.06

E4 ETMA 0–1 March 31,
2011

1.80 ˙ 0.07 1.70 ˙ 0.18

W6 WTMA 0–5 Aug. 25,
2011

0.078 ˙ 0.002 0.093 ˙ 0.002

131I 136Cs 132Te 134Cs/137Cs
kBq�kg�1 kBq�kg�1 kBq�kg�1

W1 WTMA 3.43 ˙ 0.01a 0.051 ˙ 0.002a 0.373 ˙ 0.05a 1.03 ˙ 0.13
E1 ETMA 9.36 ˙ 0.10b 0.301 ˙ 0.360b 0.338 ˙ 0.050b 1.14 ˙ 0.03
E2 ETMA 11.1 ˙ 0.21b 0.220 ˙ 0.056b 0.168 ˙ 0.074b 1.07 ˙ 0.07
E3 ETMA 13.4 ˙ 0.2b 0.128 ˙ 0.050b 0.271 ˙ 0.056b 0.71 ˙ 0.10
E4 ETMA 7.32 ˙ 0.12b 0.632 ˙ 0.076b 0.328 ˙ 0.049b 0.94 ˙ 0.11
W6 WTMA – – 1.19 ˙ 0.03

WTMA Western Tokyo metropolitan area, ETMA Eastern Tokyo metropolitan area
aCorrection at 5:00 March 29, 2011 at local time
bCorrection at 2:00 March 31, 2011 at local time

131I, 134Cs, and 137Cs in the surface-soil samples except W6 collected at ETMA
were measured, and W6 measured only the radioactivities of 134Cs and 137Cs. 131I
was the source of the maximum radioactivity in the soil in March, 2011 in the
Tokyo metropolitan hot-spot area. The concentration of 131I ranged from 9.4 to
13 k Bq�kg�1 before rain (March 30, 2011) and from 7.2 to 11 k Bq�kg�1 after
rain, whereas that of 137Cs ranged from 0.72 to 3.3 k Bq�kg�1 before rain and 1.7–
2.9 k Bq�kg�1 after rain (March 31). As the fallout radionuclides on the surface
soils were mainly washed out from the atmospheric aerosol plume by precipitation,
137Cs concentrations being similar to 131I in the soil before rain on March 30 and
after rain on March 31 suggest that the rainfall on March 21 and 22 (and the very
small precipitation on March 15 and 16) was major source to most radionuclides in
the soil.

The concentrations of 131I, 134Cs, and 137Cs in the rainwater collected at the
ETMA toward the end of March, 2011 were 66 ˙ 3, 28 ˙ 2, and 31 ˙ 2 Bq�L�1,
respectively. The concentration of each radionuclide was corrected at 2:00 LT, 31
March 2011.
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Table 2.3 Radioactivities
collected in sand and soil
(column A and B), and
collection efficiencies

Sample ID Sand column Soil column

Material Sand Soil
Weight (g) 3.2 4.7
131I (Bq) ND 0.82 ˙ 0.06
137Cs (Bq) 1.44 ˙ 0.09 1.26 ˙ 0.08
131I collection efficiency (%) – 31 ˙ 3
137Cs collection efficiency (%) 93 ˙ 6 81 ˙ 5

ND: below detection limit

Table 2.3 lists radioactivities trapped in both columns of sand and soil, and the
131I- and 137Cs-trapping efficiencies in both columns. In column A (sand), almost all
of the 137Cs was trapped on sand with the trapping efficiency of 93 ˙ 6 %. In column
B (soil), the 137Cs-trapping efficiency was 81 ˙ 5 %. Therefore, we considered
almost all 137Cs in rainwater to be adsorbed on sand and the Haplic Gray Upland soil
within a depth of 1 cm from the ground, while the trapping efficiency of 131I in both
sand and soil columns was below the detection limit and 30 %, respectively. These
data indicate that retardation of 131I in both sand and soil downward was smaller
than that of 137Cs.

Table 2.4 shows the concentrations of 137Cs and 134Cs in the surface soil collected
at the ETMA in October, 2011, 7 months after the accident. Almost all 134Cs and
137Cs in the Kanto-loam soil were within a depth of 2.5 cm from the ground. The
column test and the distribution of 137Cs obtained from the core sample in the field
indicated that 134Cs and 137Cs were strongly adsorbed on the surface soil within a
depth of several centimetres from the surface. Vertical profiles of radionuclides in
soil in Koriyama, Fukushima, showed that more than 90 % of 131I was found to be
within about 5 cm depth from the surface in soil layer after the accident [12].

Following the leaching tests from the surface soil collected at WTMA into the
pure water immediately after sampling in March, 2011, the leachate was separated
from soil. 134Cs, 137Cs, 131I, 136Cs, and 132Te in soil did not leach into the water
(Table 2.5). Table 2.5 lists the amount of radioactive Cs in the leachate when the
surface soil of the ETMA or WTMA was mixed with the ultrapure water and
groundwater during 90 and 270 days. Both 137Cs and 134Cs in each soil of the Kanto-
loam layer and the Nagadoro were not released by leaching with both the ultrapure
water and groundwater after mixing during 90 and 270 days.

Table 2.6 shows the leaching fractions of 137Cs from each soil in the Kanto-loam
layer of the ETMA and in the Nagadoro, Fukushima according to the sequential-
extraction procedure described previously. The amount of 137Cs leached into water
(F1) from the Kanto-loam soil and Fukushima soil was below the detection limit.
This has been demonstrated by the leaching results of radioactive Cs from the
soil by the ultrapure water and groundwater, as shown in Table 2.5. The ratio of
exchangeable 137Cs from the two soil samples (E5 and E6) was less than 1 %,
with 50–60 % of 137Cs remaining in the residue. Approximately 98 % of 137Cs
was in the fraction of Fe–Mn oxide, organic matter, and the residue. The 137Cs in
the water fraction (F1) is undetectable and this is the same results of the extraction
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Table 2.4 Concentrations of 137Cs and 134Cs in surface soil collected in ETMA and Nagadoro

Depth 134Cs 137Cs 134Cs/137Cs
Sample No. cm kBq�m�2a kBq�m�2 Activity ratio

E5 0.0–2.5 173 ˙ 4 175 ˙ 3 0.99 ˙ 0.03
2.5–5.0 0.911 ˙ 0.059 0.722 ˙ 0.041 1.26 ˙ 0.11
5.0–10 3.94 ˙ 0.15 3.66 ˙ 0.12 1.08 ˙ 0.05

Total 0.0–10 178 ˙ 1 179 ˙ 1 0.99 ˙ 0.01
E6 0.0–2.5 147 ˙ 4 133 ˙ 4 1.11 ˙ 0.04

2.5–5.0 22.7 ˙ 0.8 20.3 ˙ 0.6 1.12 ˙ 0.05
5.0–10 12.0 ˙ 1.0 16 ˙ 1 0.75 ˙ 0.08

Total 0.0–10 182 ˙ 1 169 ˙ 1 1.07 ˙ 0.01
cm MBq�m�2 MBq�m�2 Activity ratio

N1 0.0–1.0 26.6 ˙ 0.5 26.4 ˙ 0.3 1.01 ˙ 0.02
1.0–2.0 17.3 ˙ 0.4 17.1 ˙ 0.2 1.01 ˙ 0.03
2.0–3.0 18.6 ˙ 0.4 18.9 ˙ 0.2 0.98 ˙ 0.02
3.0–4.0 5.50 ˙ 0.16 5.73 ˙ 0.10 0.98 ˙ 0.03
4.0–5.0 2.76 ˙ 0.06 2.82 ˙ 0.04 0.98 ˙ 0.03
5.0–10 1.44 ˙ 0.05 1.48 ˙ 0.03 0.97 ˙ 0.04
10–15 0.08 ˙ 0.01 0.09 ˙ 0.01 0.90 ˙ 0.13
15–20 ND ND –
20–25 ND ND –
25–29 ND ND –

Total 0.0–29 72.3 ˙ 0.7 72.5 ˙ 0.4 1.00 ˙ 0.01
aCorrection on March 11, 2011

test obtained in Table 2.5. The small fraction of exchangeable 137Cs suggests that
immediately after the 137Cs in rainwater dropping on the surface soil, 137Cs and
134Cs were strongly adsorbed onto the soil of the Kanto loam, and they were
not readily leached into the soil water. The amount of 129I in fraction of F1 and
F2 were 0.7–9.5 % and 1–3.8 %, respectively; therefore, 131I in unsaturated soil
moved downward faster than 137Cs. More than 90 % of 137Cs was in the fraction of
organic matter and the residue, while 129I was mainly fixed by Fe-Mn oxidation and
organically bound.

The estimated 137Cs migration rate for the Nishiyama loam soil, which was
obtained in situ at Nishiyama (Nagasaki), is 1.0 mm�y�1 [13]. This is considerably
less than the rainwater infiltration rate of 2.5 m�y�1. Furthermore, 137Cs was not
detected in the groundwater of the Nishiyama area, suggesting that 137Cs has not yet
migrated to the groundwater table [14]. We collected 4 L of shallow groundwater in
the Kashiwa city in the ETMA on August 17, 2012. The groundwater was filtered
through membrane filter with a pore size of 80, 3, and 0.45 �m. The groundwater
after the filtration was gradually reduced to 5 mL by a mantle heater. Both 137Cs
and 134Cs were not detected in the shallow groundwater and the suspended matters
collected from the filter (Table 2.7).
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Table 2.5 Extraction of cesium isotopes in soil by pure water and groundwater (in Bq)

Nuclides/media Pure water Pure water Groundwater Groundwater

Sampling site W1 W6 W6 E5
134Cs ND (0.17) ND (0.02) ND (0.02) ND (0.02)
137Cs ND (0.16) ND (0.02) ND (0.02) ND (0.02)
131I ND (0.19) – – –
136Cs ND (0.15) – – –
132Te ND (0.14) – – –
Period of extraction 30 min 90 day 90 day 90 day
Sampling date of soil March 29, 2011 Aug. 25, 2011 Aug. 25, 2011 Aug. 25, 2011
Measuring time 10,000 s 864,000 s 864,000 s 864,000 s
Nuclides/media Pure water Pure water Pure water Groundwater
Sampling site E5 E6 N1 N1
134Cs ND (0.02) ND (0.02) ND (0.02) ND (0.02)
137Cs ND (0.02) ND (0.02) ND (0.02) ND (0.02)
Period of extraction 270 day 270 day 90 day 270 day
Sampling date of soil August 25, 2011 August 25, 2011 May 24, 2012 May 24, 2012
Measuring time 864,000 s 864,000 s 864,000 s 864,000 s

ND: below the detection limit, (): detection limit value

Table 2.6 Distribution of
137Cs and 129I in the soil
dissolved in each fraction
solution

Fraction E5 (%) E6 (%) N1 (%)
137Cs
F1: Water 0.0 0.0 0.0
F2: Exchangeable 0.4 0.9 1.67
F3: Bound to carbonates 1.3 0.9 1.43
F4: Bound to Fe-Mn oxides 6.0 2.1 1.12
F5: Bound to organic matter 37.8 33.1 5.27
Residual 54.4 63.1 90.5
Total 100 100 100
129I
F1: Water 9.5 0.8 0.74
F2: Exchangeable 3.8 1.0 2.40
F3: Bound to carbonates 5.4 1.3 3.92
F4: Bound to Fe-Mn oxides 72 20.9 82.3
F5: Bound to organic matter 9.2 66.4 0.91
Residual – 9.6 9.74
Total 100 100 100

Although the 131I moving velocity deduced from that of 129I was greater than that
of 137Cs, the 129I migration rate is lower than the water infiltration rate, due to the
129I absorption on soil in the unsaturated zone.

In Kanto loam, soil water reaches depths of 20–30 cm, considering a 1–1.5 m�y�1

infiltration rate, after 80 days corresponding to the time length of 10 times of the 131I



2 Speciation of 137Cs and 129I in Soil After the Fukushima NPP Accident 23

Table 2.7 Concentrations of 137Cs and 134Cs in groundwater and radioactivities of suspended
matter (SS) of the groundwater sampled at the Tokyo metropolitan area after the accident

Nuclides 131I (Bq�kg�1) 137Cs (Bq�kg�1) 134Cs (Bq�kg�1)

Groundwater ND (0.007) ND (0.008) ND (0.008)
SS (�80 �m) ND ND ND
SS (80 �m � 3 �m) ND ND ND
SS (3 �m � 0.45 �m) ND ND ND

ND: below detection limit, (): detection limit value

half-lives. Mainly 137Cs was detected in litters in forest [5] but 137Cs was detected
to depth of 10 cm in soil without litter [15]. Because rainy force is buffered in
litters when the surface of soils has litters, rain is hard to directly enter to the deep
part of the soil. Water-soluble 131I would merely move downward to depths of 30–
40 cm, even if 131I penetrated a depth of 10 cm in the soil without litters and/or
grass immediately after the accident. Therefore, 131I could never reach the depths of
50 cm in the groundwater table.

2.4 Conclusion

The sequentially chemical fractionations of 129I and 137Cs in soil indicate that most
part of 137Cs and 129I were insoluble. Traces of 131I in the soil water did not reach
the 50-cm depth by late June, 2011, corresponding to the time length of 10 times of
131I half-lives after the Fukushima NPP accident. Therefore, shallow groundwater
could be safely useful water resource after the accident.
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Chapter 3
Isotopic Ratio of 135Cs/137Cs in Fukushima
Environmental Samples Collected in 2011

Takumi Kubota, Yuji Shibahara, Tomoko Ohta, Satoshi Fukutani,
Toshiyuki Fujii, Koichi Takamiya, Satoshi Mizuno, and Hajimu Yamana

Abstract The isotopic ratios of radioactive cesium derived from the Fukushima
accident were determined by ”-spectrometry and thermal ionization mass spec-
trometry (TIMS). In order to ascertain the initial ratios at the time of the accident,
environmental samples collected during 2011 were used for the analysis. Soil, litter,
and seaweed were incinerated, and the cesium contained therein was adsorbed into
ammonium phosphomolybdate powder. The cesium in the seawater was adsorbed
into AMP-PAN resin (Eichrom Technologies, LLC); its recovery ratio was almost
one without the carrier being added. Incinerated samples and the AMP-PAN
resin were then measured by ”-spectrometry. The cesium solution recovered from
adsorbers was subjected to TIMS measurements. The isotopic ratios of 134Cs/137Cs
and 135Cs/137Cs were found to be independent of the type of sample in question,
as well as the sampling location; the ratios were 0.07 and 0.36 (decay correction:
11 March 2011), respectively, which differ from the results of atmospheric nuclear
tests (i.e., 0 and 2.7, respectively). This difference in the ratio of 135Cs/137Cs will
contribute to estimations of the origin of radioactive contamination in the future.

Keywords Thermal ionization mass spectrometry • Fukushima accident • Envi-
ronmental samples • Isotopic ratio of 135Cs/137Cs and 134Cs/137Cs

3.1 Introduction

The Fukushima Daiichi Nuclear Power Plant (FDNPP) disaster gave rise to the
release of a large amount of radioactive material into the environment [1–3].
Radioactive cesium nuclides were spread and stored in east Japan because of
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their high volatility and long half-life. However, global fallout from atmospheric
nuclear tests was the main contaminant source before the Fukushima accident [4].
Yellow sand, which flies from China in the spring, is known to contain radioactivity
from atmospheric nuclear tests [5]. In addition to this periodic input, it is possible
that radioactive contaminants from the Fukushima accident may be present. Even
though the radioactive materials are found somewhere in the future, the environment
can be considered to be the same situation before the Fukushima accident as
long as they originate from the global fallout; in other words, the environment
is not contaminated by the Fukushima accident. The migration of contaminants
from the Fukushima accident is an important factor in resolving the Fukushima
accident. It is natural that radioactive materials will be found even in locations far
from Fukushima, such as west Japan, because of the global fallout. It is therefore
important, from the perspective of future studies on Fukushima, to determine
whether such contaminants originate from the Fukushima accident or not.

The use of nuclear energy, both in terms of nuclear reactors and nuclear
weapons, provides several radioactive cesium nuclides in its products. The different
production history in the two processes, however, results in different isotopic ratios
of cesium. 134Cs is produced as a result of neutron irradiation of 133Cs, which can
originate as a fission product. On the other hand, the production amount of 134Cs
in nuclear tests can be ignored because nuclear reactions and neutron irradiation
cease after an extremely short period of time. Accordingly, 134Cs is considered
to be contaminant in nuclear reactors. Although 135Cs and 137Cs are produced as
direct fission products, the production of 135Cs is affected by neutron irradiation
conditions. Because 135Xe, which is the parent nuclide of 135Cs, has a large neutron
capture cross section, the production of 135Cs is suppressed in long periods of
neutron irradiation; this results in the isotopic ratio of 135Cs/137Cs from nuclear
reactors being different from that of nuclear tests. In this way, the isotopic ratios
of Cs (e.g., 134Cs/137Cs and 135Cs/137Cs) can reveal the origin of contaminants in
the environment.

Isotopic ratios can be determined in two ways: ”-spectrometry and mass spec-
trometry. It is easy to measure 134Cs and 137Cs by ”-spectrometry, a nondestructive
analysis method. However, the 135Cs of pure beta emitter cannot be measured,
and the decay of 134Cs (with a relatively short half-life) prohibits the isotopic
analysis. On the other hand, mass spectrometry can determine the presence of
134Cs, 135Cs, and 137Cs nuclides after chemical and/or physical purification. The
measurement of 135Cs permits isotopic analysis even after the 134Cs has decayed out.
Mass spectrometry can potentially be hindered by isobar nuclides; however, thermal
ionization mass spectrometry (TIMS) with a high signal-to-noise ratio sufficiently
suppresses the isobar effect. In the ionization process, isobar nuclides (in this study,
cesium and barium) are separated according to their different ionization energies.
We investigated various environmental samples by using TIMS [6], which is suitable
for determining the isotopic ratios of radioactive cesium in the environment for long
periods of time.

The isotopic ratio of 135Cs/137Cs determined by TIMS can estimate the origin of
contamination in environmental samples; this process requires the ratio at the time
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of Fukushima accident to be used as the initial value. The initial values in various
samples – not only soil and litter but also seawater and seaweed – are important
factors in discussing the migration and mixing of radioactive cesium released in
the Fukushima accident, other accidental releases, and atmospheric nuclear tests. In
this study, the isotopic measurement of the various samples collected from May to
September 2011 was conducted by ”-spectrometry and TIMS.

3.2 Materials and Methods

The environmental samples were collected in Fukushima prefecture from May to
September 2011, and four of them were subjected to analysis. A litter sample
was collected along Route 399 in Iitate village, where severe contamination was
observed. Seawater and seaweed samples were collected at the Matsushita beach in
Iwaki city. A soil sample was collected in Hinoemata village, which is one of the
Fukushima local government’s sampling plots.

Before analyzing the specific activity and isotopic ratios of cesium, the samples
collected were treated as follows. The soil sample was dried at 105 ıC and sieved
through a 2 mm screen in order to remove pebbles, tree roots, and leaves; it was then
incinerated at 450 ıC in order to disintegrate organic matter. The litter sample was
dried, cleaned by hand, and then incinerated. The seaweed sample was dried and
incinerated without cleaning. An aliquot of these incinerated samples was dissolved
in HNO3 and then purified with ammonium phosphomolybdate (AMP) [6] in order
to recover the cesium fraction. The seawater sample was treated with AMP-PAN in
order to concentrate the cesium, which was eluted with NH4OH.

The radioactivity of 134Cs and 137Cs in incinerated samples and AMP-PAN
was measured by ”-spectrometry. The radioactivity was measured with a HPGe
semiconductor detector, which was calibrated with a standard radioactive source
of 137Cs (662 keV) and 60Co (1132 and 1337 keV) [7]. Each sample was placed
apart from the detector, thereby reducing the coincidence summing effect in the
determination of 134Cs. In this case, the lower detection limit would rise; however,
the radioactivity in samples was sufficiently high and could therefore be determined
in this study. The isotopic ratios of 134Cs/137Cs and 135Cs/137Cs in the purified
cesium fraction were measured by TIMS. The isotopic ratios of 134Cs/137Cs and
135Cs/137Cs were determined by TIMS, and a TaO activator was used to enhance the
counting efficiency. The effect of isobaric barium can be ignored owing to the fact
that it has a different ionization energy than cesium does [6].

3.3 Results and Discussion

In the analysis of radioactive cesium nuclides in seawater by ”-spectrometry, the
natural cesium carrier is ordinarily added into the recovery process of cesium
because of its low concentration. The addition of the carrier in mass spectrometry
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Table 3.1 Specific activity of 137Cs in AMP-PAN resin and the 137Cs recovery ratio

Weight (g)
Radioactivity
of 137Cs (Bq)

Specific activity
(Bq/kg) Recovery ratio

1st column 0.87 16.4 ˙ 0.2
2nd column 1.49 12.8 ˙ 0.2
Total (15 kg seawater) 29.2 ˙ 0.3 1.95 ˙ 0.02 0.97 ˙ 0.10
Initial [7] 2.0 ˙ 0.2

Table 3.2 Radioactivity of 134Cs and 137Cs as determined by ”-spectrometry

Radioactivity

Sample
Dry
weight (g) 134Cs (Bq) 137Cs (Bq)

Radioactivity
ratio of
134Cs/137Cs

Collection
date Location

Soil 12.98 3.4 ˙ 0.3 4.0 ˙ 0.1 0.87 ˙ 0.07 15 September 2011 Hinoemata
Litter 15.90 6562 ˙ 57 6194 ˙ 43 1.06 ˙ 0.01 23 May 2011 Iitate
Seaweed 17.78 10.4 ˙ 0.5 10.7 ˙ 0.2 0.97 ˙ 0.05 25 August 2011 Iwaki
Seawater AMP-PAN 28.9 ˙ 0.9 29.2 ˙ 0.3 0.99 ˙ 0.03 25 August 2011 Iwaki

could prevent to detection of the signal isotopes of interest by isotope dilution,
thereby decreasing isotopic ratios below detection limit and covering with large
signal from the carrier added. A seawater sample of known concentration was used
in order to confirm qualitative recovery without adding the carrier. The seawater
sample was treated with HNO3 to pH 1 and then passed through two columns,
connected in series and filled with AMP-PAN, at a rate of 5 kg/d. The specific
activity of 137Cs and the recovery ratio onto the AMP-PAN resin, listed in Table 3.1,
show that an AMP-PAN resin of about 2.5 g is sufficient for completely extracting
cesium isotopes from 15 kg of seawater.

The specific activity in environmental samples (as determined by ”-
spectrometry) and the activity ratio of 134Cs/137Cs are listed in Table 3.2.
The specific activity depends on the type of sample in question and the distance
of the collection point from the FDNPP. However, the activity ratio shows that
the contamination was derived from the Fukushima accident, although the activity
ratio for soil collected at Hinoemata village is slightly low. The activity ratios were
converted to isotopic ratios, which were then compared to the results of TIMS (see
below).

The results of TIMS measurements are listed in Table 3.3, where the isotopic
ratios evaluated from the results of ”-spectrometry are also listed. Among the four
samples – litter, soil, seaweed, and seawater – only the litter sample yielded isotopic
ratios for both 134Cs/137Cs and 135Cs/137Cs. In particular, the intensity of the signal
from the soil sample was too low to evaluate both isotopic ratios. Other elements
obviously interfered with the mass spectrometry measurements of the seaweed
sample, and thus neither isotopic ratio was evaluated. Both evaluation failures were
probably caused by inadequate processes and/or the shortcomings of the purification
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Table 3.3 Isotopic ratio of 134Cs/137Cs and 135Cs/137Cs as determined by ”-spectrometry and
thermal ionization mass spectrometry (TIMS)

Isotopic ratio of 134Cs/137Cs

Sample ”-spectrometry TIMS
Isotopic ratio of
135Cs/137Cs

Distance
from FDNPP Reference

Soil 0.059 ˙ 0.005 Not detected Not detected WSW, 160 km This work
Litter 0.073 ˙ 0.001 0.0691 ˙ 0.0014 0.3574 ˙ 0.0020 NW, 34 km
Seaweed 0.067 ˙ 0.003 Not evaluated Not evaluated SSW, 55 km
Seawater 0.068 ˙ 0.003 Not evaluated 0.3617 ˙ 0.0051 SSW, 55 km
Grass 0.069 ˙ 0.009 0.0722 ˙ 0.0004 0.3622 ˙ 0.0006 NW, 42 km [6]
Bark 0.067 ˙ 0.002 0.0698 ˙ 0.0005 0.3663 ˙ 0.0005 NNW, 3 km
Root 0.069 ˙ 0.001 0.0684 ˙ 0.0008 0.3586 ˙ 0.0008 WNW, 8 km
Moss 0.070 ˙ 0.000 0.0713 ˙ 0.0003 0.3663 ˙ 0.0007 SSW, 2 km

process, which first requires the purification of cesium. The mass spectrometry of
the seawater sample shows that the 134Cs signal overlapped with the tail of the 133Cs
signal (see Fig. 3.1); nevertheless, the isotopic ratio of 135Cs/137Cs can be obtained.
Despite the fact that it is based on only one result of the litter sample, the isotopic
ratio of 134Cs/137Cs evaluated from TIMS is in good agreement with that from ”-
spectrometry, thereby demonstrating the validity of both measurement methods. The
isotopic ratios of 135Cs/137Cs of the litter and the seawater sample collected in 2011
were both 0.36 (decay correction: 11 March 2011).

The results obtained in this study are now compared to those of other references.
Those of the previous work [6] are listed in Table 3.3. The isotopic ratio of
134Cs/137Cs in the samples (evaluated from both ”-spectrometry and TIMS) agrees
with the results of the other study; however, the ratio of soil from Hinoemata is
slightly lower. Furthermore, the isotopic ratios of 135Cs/137Cs in land samples are in
good agreement with that in the seawater sample, which did not yield an isotopic
ratio for 134Cs/137Cs. In another study [8], the isotopic ratios of 135Cs/137Cs in
litter, lichen, and soil samples were determined with inductively coupled plasma
tandem mass spectrometry (ICP-MS/MS) to be 0.333–0.375, depending on location
and distance from the FDNPP. These three studies showed that the environmental
samples (both land and marine samples) collected from the area remarkably
contaminated by the Fukushima accident had isotopic ratios of 134Cs/137Cs of 0.07
and 135Cs/137Cs of 0.36, which are quite different from the values that arise from
global fallout; such values were mainly the result of atmospheric nuclear tests
and were almost 0 and about 2.7, respectively [6]. The radioactivity of 134Cs will
decrease to 1/30 of its initial value 10 y after the Fukushima accident, which will
lead to difficulties in detecting 134Cs. However, 135Cs and 137Cs can be sufficiently
detected by TIMS at that time, and thus the isotopic ratio of 135Cs/137Cs related to
the Fukushima accident and global fallout will become 0.44 and 3.4, respectively.
The value of the isotopic ratio in environmental samples collected in the future can
therefore demonstrate the origin of radioactive cesium by TIMS.
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a

b

Fig. 3.1 Mass spectrometry measurements obtained by thermal ionization mass spectrometry
(TIMS) for (a) litter and (b) sea water

3.4 Conclusion

In order to obtain the initial isotopic ratios of cesium at the time of the Fukushima
accident, environmental samples were collected in Fukushima prefecture during
2011. The samples were treated with AMP and AMP-PAN in order to purify and
recover the cesium; using the latter technique, the cesium contained in seawater
was almost completely recovered. The isotopic ratios of cesium were determined
by ”-spectrometry and TIMS. These results were in good agreement with each
other (i.e., the results were independent of the determination method used) and
with other studies as well. However, further development in the purification of the
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seaweed sample is required. On the basis of the initial isotopic ratio derived from the
Fukushima accident, the isotopic ratio of cesium in environmental samples collected
in the future can be expected to estimate the contribution of the accident through
comparisons with the effects of global fallout.
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Chapter 4
Application of Mass Spectrometry for Analysis
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Abstract For the assessment of Fukushima Daiichi Nuclear Power Plant accident,
the applicability of the thermal ionization mass spectrometry (TIMS), which is
a type of mass spectrometry, was studied. For the study of the recovery/analysis
method of cesium and strontium, at first, the radioactive cesium and strontium
were generated by the irradiation of natural uranium at KUR. After this study, the
applicability of this method to the environmental samples obtained in Fukushima
prefecture was verified.
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4.1 Introduction

On the accident of Fukushima Daiichi Nuclear Power Plant (FDNPP), fission
products (FP) such as radioactive Cs and Sr were widely released. The amounts
of FP generated in each reactor were calculated by using ORIGEN code [1].
Many studies of radioactive Cs and Sr were performed to estimate external and
internal exposures and to analyze the source of radioactive nuclides. These studies
were typically performed by ”-ray spectrometry of 134Cs (T1/2 D 2.06 y) and 137Cs
(T1/2 D 30.2 y) for the analysis of radioactive Cs and by “-spectrometry of 90Sr
(T1/2 D 28.9 y) for that of radioactive Sr.

In addition to 134Cs and 137Cs, radioactive 135Cs (T1/2 D 2.3 � 106) is also gen-
erated during the operation of reactors. Because of the difference in the generation
process and the half-life of radioactive Cs, the isotopic ratios of 134Cs/137Cs and
135Cs/137Cs have been used for analyzing the operations of nuclear facilities [2–6].
Naturally occurring Sr has four stable isotopes (84Sr, 86Sr, 87Sr, and 88Sr), on the
other hand, and the isotopic composition of Sr generated in reactors [1] are totally
different from the natural abundance [7]. From the analysis data of the isotopic com-
positions, thus, the information on the origin of radioactive nuclide release would
be obtained. The mass spectrometry provides the isotopic compositions of elements.
Although mass spectrometry has been used for the analysis of radioactive nuclides
and actinides, few studies have reported the analysis of radioactive Cs and Sr.

The purpose of the present study is to analyze Cs and Sr isotopes in environ-
mental samples in Fukushima prefecture for source analysis and safety assessment.
Although the amounts of radioactive Cs and Sr released in this accident were very
huge, the contaminated environmental samples show the small radioactivity per unit
weight of the contaminated environmental samples, since the contaminated area is
very wide. For the study of the recovery/analysis method of cesium and strontium, at
first, the radioactive Cs and Sr were generated by the irradiation of natural uranium
at KUR. After this study, the applicability of this method to the environmental
samples obtained in Fukushima prefecture was verified.

4.2 Experimental

4.2.1 Irradiation of UO2 for Study of Radioactive Cs and Sr

10 mg of UO2 of natural uranium was irradiated for 3 h at the Kyoto University
Research Reactor with the neutron flux 5.5 � 1012 n/s cm2. From the calculation
with ORIGEN-II code [8], the amounts of the major radionuclide of Cs and Sr
were estimated as 7.4 � 10�11 g (137Cs) and 4.5 � 10�11 g (90Sr), respectively. After
standing for ca. 2 days, radioactive Cs and Sr were recovered and analyzed.
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4.2.2 Recovery of Cs and Sr

4.2.2.1 Isolation of TRU Elements

Cs and Sr were recovered with UTEVATM-resin (100–150 �m, Eichrom Technolo-
gies), Sr-resin (100–150 �m, Eichrom Technologies), ammonium phosphomolyb-
date (AMP), the cation exchange resin DOWEXTM 50WX8 (100–200 mesh), and
the anion exchange resin DOWEXTM 1 X 8 (100–200 mesh).

The irradiated UO2 was dissolved in 8 M HNO3 (TAMAPURE-AA-100) and
was evaporated to dryness at 403 K. 8 M HNO3 was added and the insoluble
residues removed by centrifugation. After centrifugation, H2O2 (TAMAPURE-AA
100) was added for the preparation of 8 M HNO3/0.3 % H2O2 sample solution to
isolate TRU elements such as U and Pu by the extraction chromatography with
UTEVA-resin [9].

Three milliliter of the UTEVA-resin conditioned with diluted nitric acid was
filled into a column of 54 mm in length and 6.5 mm in diameter and pretreated
with 10 mL of 8 M HNO3/0.3 % H2O2 before loading the solution. After loading
the solution, the UTEVA-resin was rinsed with 8 M HNO3 to elute alkaline earth
metal elements [10]. The effluent was evaporated to dryness and dissolved in 10 mL
of 3 M HNO3 solution for the extraction chromatography with Sr-resin.

4.2.2.2 Recovery of Strontium

The solution was loaded to the Sr-resin conditioned with diluted nitric acid and
filled into a column of 54 mm in length and 6.5 mm in diameter up to 3 mL. This
effluent was evaporated at 403 K and the residue dissolved in 0.05 M HNO3 for the
recovery of Cs. After washing of the Sr-resin with 3 M HNO3, Sr was recovered
with 20 mL of 0.05 M HNO3, evaporated to dryness, and dissolved in 10 �L of 1 M
HNO3.

4.2.2.3 Recovery of Cesium

After adding of 0.1 g of AMP to the Cs solution and stirring for several hours, the
supernatant was removed from the mixed solution by centrifugation. A 20 mL 3 M
ammonium hydroxide (TAMAPURE-AA 100) solution was used to dissolve the
residue for subsequent anion-exchange ion chromatography.

After the final conditioning [11], a 3 mL portion of the anion-exchange resin
was added to a column of 54 mm in length and 6.5 mm in diameter. The sample
solution was added to the column, and the resulting eluate was collected and heated
to dryness. The residue was dissolved in 20 mL of 0.1 M HNO3 for the final
purification with the cation-exchange ion chromatography.
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The cation-exchange resin conditioned with hydrofluoric acid (TAMAPURE-
AA-100), etc. [12] was filled into a column of 42 mm in length and 5.0 mm in
diameter up to 1.5 mL. After loading the sample solution, the resin was washed
with diluted nitric acid followed by 20 mL of 1.5 M HCl (TAMAPURE-AA 100)
to recover Cs. The effluent was heated to dryness, and the residue was dissolved in
20 �L of 1 M HNO3 for the analysis of the isotopic composition of Cs.

4.2.3 Analysis of Isotopic Composition of Cesium
and Strontium

Isotopic compositions of Cs and Sr were measured with a TIMS (Triton-T1, Thermo
Fisher Scientific). A 1 �L aliquot of each solution was loaded onto a rhenium
filament with a TaO activator [13]. The standard material of SRM987 [14] was used
as a reference material of mass spectrometry of Sr. The mass spectra of radioactive
Cs and Sr were obtained with a secondary electron multiplier detector (SEM)
because of the low total amounts of radionuclide loaded onto the filament.

4.2.4 Analysis of Environmental Samples

The plant samples were obtained from the south area of Iitate village, the northeast
area of Okuma town, the southeast area of Futaba town, and southwest area
of Futaba town in Fukushima prefecture from November 2012 and May 2013
(Table 4.1). The samples were washed three times with pure water and dried at
373 K. About 2.5 g of the dried samples was incinerated with a ring furnace at 873 K
and dissolved in concentrated HNO3 at 403 K and evaporated to dryness. 20 mL of
8 HNO3 was added and the insoluble residues removed by centrifugation for the
preparation of recovery of Cs and Sr. Recovery of Cs and Sr from environmental
samples was also carried out by the same manner described above.

The concentration of 88Sr was measured with an inductively coupled quadrupole
mass spectrometer (ICP-QMS, HP-4500, Yokoagawa) and radioactivity of 90Sr by
Cherenkov counting [15]. The total concentration of radioactive Cs was measured
by ”-spectrometry. The sample solutions were prepared as 50 ppm of 88Sr in 1 M
HNO3 for the analysis of Sr and 5000 Bq/mL for 137Cs in 1 M HNO3 for the analysis
of Cs. The mass spectra of radioactive Cs and Sr were obtained with a SEM, while
those of stable Cs and Sr were obtained with Faraday cup detector, since the amounts
of stable nuclide were much larger than those of radionuclide.
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Table 4.1 List of samples and results of 87Sr/86Sr isotopic ratio measurement

Sampling area Sample ID Type •87/86
a Remarks

Iitate village
(37.61 N,
140.80E)

ITT01 Grass
(Artemisia
indica)

�3.28(01) ITT01 to 07
were prepared
by division of
one sample

ITT02 �3.04(04)
ITT03 �3.20(09)
ITT04 �3.05(07)
ITT05 �3.11(07)
ITT06 �3.13(08)
ITT07b �3.14(04)

ITT-av �3.14(06)
Okuma town
(37.41 N,
141.03E)

OKM01b Moss �1.42(12)

OKM02c Moss �1.83(05)
OKM03 Bark

(Metasequoia
glyp-
tostroboides)

�4.42(08)

Futaba town-1
(37.45 N,
141.62E)

FTB01b Bark
(Cryptomeria
japonica)

�2.51(08)

FTB02 Leaves of tree
(Camellia
japonica)

�3.75(09)

FTB03 Leaves of tree �3.87(15) Same tree
(Cryptomeria
japonica), 03:
attached leaves;
04: fallen leaves

FTB04 Leaves of tree �4.14(09)
FTB05 Grass

(Artemisia
indica)

�3.29(09)

FTB06 �4.23(08)
Futaba town-2
(37.45 N,
140.94E)

FTB35Rb Grass(Artemisia
indica)

�2.96(08) Same grass,
35R: roots;
35 L: leaves

FTB35L �4.30(08)
Austria IAEA-156 Grass (Clover) �2.27(03)

aParentheses means experimental error in ˙2 s.d
bIsotopic ratio of radioactive Cs has been reported in our previous study [11]
cIsotopic ratio of radioactive Cs was analyzed in this study
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4.3 Results and Discussion

4.3.1 Isotopic Analysis of Radioactive Cs and Sr
from Irradiated UO2

Figure 4.1a shows the mass spectra of Cs recovered from the irradiated UO2.
In this measurement, 135Cs, 136Cs, and 137Cs were detected: 134Cs was not
detected, because of the difference in the generation scheme. The observed
isotopic ratios of 135Cs/137Cs and 136Cs/137Cs were obtained as 0.9103 ˙ 0.0008 and
0.00022˙ 0.00001. From our calculation with ORIGEN-II code [8], the loading
amounts of 135Cs, 136Cs, and 137Cs in this time were about 3.5, 0.03, and 3.7 pg
respectively. This means that the femtogram level of Cs is detectable by TIMS.

Figure 4.2 shows the mass spectra of Sr both of stable (a) and radioactive (b)
isotopes. At the measurement of 2.6 days later, 89Sr, 90Sr, and 91Sr were detected.
From our calculation with ORIGEN-II code [8], the loading amounts of 89Sr, 90Sr,
and 91Sr in this time were about 3, 4, and 0.04 pg respectively. This means that the
femtogram level of Sr is also detectable by TIMS.

The measured isotopic ratios were 0.80 for 89Sr/90Sr and 0.01 for 91Sr/90Sr
showing the agreement with the calculated value (0.79 for 89Sr/90Sr and 0.01
for 91Sr/90Sr). Because the half-life of 91Sr is 9.5 h, the mass spectrum of 91Sr
disappeared at the measurement of 31 days later. The measured isotopic ratio of
89Sr/90Sr is 0.53 showing the agreement with the calculated value of 0.54. At
the measurement of 574 days later, only the mass spectrum of 90Sr was observed
because the half-life of 89Sr is 50.5 days. This means that 89Sr/90Sr could not be
analyzed by using a typical mass spectrometer after Sep. 2012, if we obtain the
sample containing femtogram level of 90Sr. The isotopic ratio of 90Sr/stableSr would
be therefore needed for our purpose.

Fig. 4.1 Mass spectra of Cs.
(a) Recovered from UO2

irradiated in KUR. (b)
Recovered from
environmental sample from
Fukushima prefecture
(Reproduced from Ref [11])
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Fig. 4.2 Mass spectra of Sr. Stable isotopes (a) were obtained by measurement of Sr of SRM987
with a Faraday cup detector, and radioactive isotopes (b) were obtained by measurement of Sr
recovered from UO2 irradiated in KUR with a secondary electron multiplier detector

4.3.2 Analysis of Isotopic Compositions of Cs and Sr
from Environmental Samples

4.3.2.1 Analysis of Cs

Figure 4.1b shows three peaks, representing 134Cs, 135Cs, and 137Cs, were observed
on the typical mass spectra of Cs recovered from environmental samples obtained
in Fukushima prefecture [11], while the peak representing 136Cs was not observed
because of the half-life (T1/2 D 13.2 d). From the calculation with ORIGEN-II code
[1], the isotopic ratio of 136Cs/137Cs in the fuel was estimated as ca. 0.00032. This
value shows the same order compared with that of the irradiated UO2, suggesting
that we could obtain the three isotopic ratios of 134Cs/137Cs, 135Cs/137Cs, and
136Cs/137Cs until July 2011. Since there are three reactors in FDNPP, three isotopic
ratios would bring the important information for the source analysis of radioactive
Cs in the contaminated area in Fukushima prefecture.

Although we could not obtain the isotopic ratio of 136Cs/137Cs after July 2011,
we can obtain the two-dimensional map with the isotopic ratios of 134Cs/137Cs and
135Cs/137Cs as shown in Fig. 4.3. All of the isotopic ratios of 135Cs/137Cs showed less
than 0.4. This value was also much smaller than reported isotopic ratios of global
fallout (�0.5 for Chernobyl accident and �2.7 for nuclear weapon testing, corrected
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Fig. 4.3 135Cs/137Cs (atomic ratio) vs 134Cs/137Cs (activity ratio). Error here means ˙2SE. Data
of OKM01, FTB01, FTB35R and ITT07 were reproduced from Ref [11]. Both of isotopic ratio
was corrected to March 11, 2011. Single asterisk (*) represents calculation results from estimation
of radioactive nuclides with ORIGEN-II code [1]. Double asterisk (**) represents values reported
for 134Cs/137Cs activity ratio in polluted water [22]

to March 11, 2011 [11]) and the long half-life of 135Cs (T1/2 D 2.3 � 106 y), meaning
that only the isotopic ratio of 135Cs/137Cs would also provide the information for the
origin of radioactive Cs among Chernobyl accident, nuclear weapon testing, and
FDNPP accident for the long term.

4.3.2.2 Analysis of Sr

The FP of Sr in each reactor has mainly five isotopes [1]: two stable isotopes of
86Sr and 88Sr and three radioactive isotopes of 89Sr, 90Sr, and 91Sr. The relationship
between the isotopic ratio of radioactive Cs and that of Sr estimated by ORIGEN
Code calculation [1] is plotted in Fig. 4.4. In addition to the radioactive isotopes,
the stable isotopes of Sr generated in each reactor show the characteristic profile.
This suggests that the stable isotopes of Sr could be also used for the analysis of the
FP of Sr.

Among the isotopic ratios of stable isotopes, the isotopic ratio of 87Sr/86Sr is
important in the field of the geological chronology [16], because 87Sr is generated
by the “-decay of 87Rb having the half-life of 4.9 � 1010 y. Thus, the isotopic ratio
of stable isotopes, in this study, will be focused on the isotopic ratio of 87Sr/86Sr.
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Fig. 4.4 Estimated relationship between isotopic ratios of 134Cs/137Cs, 89Sr/90Sr and 87Sr/86Sr and
that of 135Cs/137Cs. Isotopic ratios were estimated by calculation results with ORIGEN Code [1].
Open circle means isotopic ratio of 89Sr/90Sr. Closed circle represents isotopic ratio of 87Sr/86Sr

The certified value for SRM987 of the isotopic ratio of 87Sr/86Sr showing the
95 % confidence intervals is 0.71036 ˙ 0.00026 [14]. The averaged measurement
value was obtained as 0.71025 ˙ 0.00002 (n D 26) showing the agreement with the
certified value.

In this study, the variations in the isotopic ratio of 87Sr/86Sr were normalized with
that of SRM987; this would be expressed as delta-value (•87/86) in per mill notation
as the following equation:

ı87=86 D
 �

87Sr=86Sr
�

sample

.87Sr=86Sr/ SRM987

!
� 1000:

The samples of ITT01 to ITT07 were prepared by the division of one sample.
The •87/86–values of samples ITT01 to ITT07 in Table 4.1 agreed within the error
showing the reproducibility of the isotopic ratio measurement including chemical
treatment. From the •87/86–values of samples ITT01 to ITT07, the averaged •87/86–
value of them was obtained to be •87/86 D �3.14 ˙ 0.06 %�.

The results of the isotopic ratio measurements for all samples are summarized in
Table 4.1 and shownin Fig. 4.5a. The result of the measurement for the reference
material of IAEA-156: Radionuclides in clover [17] is also included. This reference
material contains ca. 0.0075 Bq/g in June 2015. The •87/86-values of the samples of
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Fig. 4.5 Results of 87Sr/86Sr isotopic ratio measurement for plant samples (a), and isotopic ratio
of 87Sr/86Sr as a function of 135Cs/137Cs (b). Bark is results of comparison between OKM03
and FTB01. Grass shows results of comparison between FTB35R and FTB35L. Isotopic ratio
of 135Cs/137Cs of OKM01, FTB01, FTB35R and ITT07 were reproduced from Ref [11], and used
after time correlation on March 11, 2011. Open square and open circle mean analytical results in
this study and results of estimation by calculation results with ORIGEN Code [1]
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Okuma range from �1.4 to �4.4, while those of Futaba range from �2.5 to �4.2.
It is found that these values have significant difference, by comparison with the
•87/86-value of Iitate samples.

Though the samples OKM03 and FTB01 are bark samples from the plants of
the same family, these showed different magnitudes (Fig. 4.5a and Table 4.1). The
isotopic ratio of 87Sr/86Sr has received attention as the indicator of the production
region of plants and reported the •87/86–values ranged from �25.0 to 5.5 [18]. As
the reason of the difference in the •87/86–values among samples OKM03 and FTB01,
two origins could be considered: the first is the difference in the •87/86–values of soils
of sampling point (as the supply source of Sr) and the second is the difference in
the degree of the isotope fractionation during the translocation process (considered
as the reason of the difference in the isotopic ratio between the parts of the identical
organism). Because of the comparison of the •87/86–values of the same parts in this
case, the difference in the •87/86–value among samples OKM03 and FTB01 might
be caused by the soils in sampling area.

If the difference of •87/86–values between samples OKM03 and FTB01 originated
from a difference of contamination level by the FP of Sr, the isotopic ratio may show
a correlation as��

87Sr
�

OKM03
=
�
86Sr

�
OKM03

� D ��
87Sr

�
nat=

�
86Sr

�
nat

� � .1 –X/

C ��
87Sr

�
FP=
�

86Sr
�
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� � X;��
87Sr

�
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=
�
86Sr

�
FTB01

� D ��
87Sr

�
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�
86Sr

�
nat

� � .1 –Y/
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87Sr

�
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�

86Sr
�

FP

� � Y:

According to the relation and the concentrations of Sr; 72 ppm for OKM03 and
24 ppm for FTB03, the amount of the FP of 86Sr contained in the sample OKM03
would be higher than that of FTB01, about 10.3 ng. This is equivalent to ca. 10.5 �g
of 90Sr (ca. 5.3 � 107 Bq) according to the averaged isotopic ratio of 90Sr/86Sr of the
FP of Sr [1]. 90Sr was not found in the plant samples by TIMS and Cherenkov
counting having the detection limit of several ten mBq/g [15], however, suggesting
that our samples contain 90Sr < <10 fg and was less than 1 Bq/g.

Sample FTB35R is roots, while FTB35L is leaves, of the same plant. The •87/86-
values (Fig. 4.5a and Table 4.1) showed a significant difference. Sample FTB35R
shows higher •87/86-value compared with sample FTB35L. The isotopic fractiona-
tions were observed in some biological processes. For example, the isotopic analysis
of Sr [19], Fe [20], and Zn [21] proves that roots are isotopically heavy compared
with the aerial parts; the maximum •87/86-value was ca. �5.0 for Sr, the maximum
•56/54-value was ca. �1.4 for Fe, and the maximum •66/64-value was ca. �0.26 for
Zn, respectively. Since the Cherenkov counting showed the amounts of 90Sr in these
samples were under the detection limit, the difference in the •87/86-value between
samples FTB35R and FTB35L might be caused by the isotopic fractionations in the
biological processes along with the contamination of sample FTB35R by the soil.
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The isotopic ratios of radioactive Cs in samples FTB01, OKM01, FTB35R, and
ITT07 measured by TIMS have been reported in our previous study [11], and that
in OKM02 was measured in this study. The relationships between the isotopic ratio
of 87Sr/86Sr as •87/86-value of these samples and that of 135Cs/137Cs are plotted in
Fig. 4.5b. The isotopic ratios of 135Cs/137Cs show the significant difference from
the reported values of the global fallout (ca. 0.5 for Chernobyl accident and ca. 2.7
for nuclear weapon testing corrected on March 11, 2011 [11]), while these values
agreed with the estimated values with the results of ORIGEN Code calculation [1].
This means that all of the samples are contaminated by radioactive Cs released from
FDNPP. The •87/86-values of these samples, on the other hand, are far from that of
the FP calculated by ORIGEN Code [1]. This suggests that the amount of deposit of
90Sr is very little compared with that of Cs and agrees with our previous report [15].

Although 90Sr was not found in the plant samples suggesting that our samples
contain 90Sr < < 10 fg, typical mass spectrometers have the external analytical
precision of ppm level. Assumed that this precision could be applied for the isotopic
ratio of 90Sr/stablesSr, the isotopic ratio of 90Sr/stableSr must be higher than 10�6.
For the natural sample, since the Sr concentration ranges from ppb level to several
hundred ppm level (Fig. 4.6), the detectable lower limit of the isotopic ratio of
90Sr/stableSr can be evaluated.

Fig. 4.6 Detectable lower limits of 90Sr in environmental samples with TIMS. Solid line indicates
a limit for 90Sr/84Sr, and broken line a limit for 90Sr/88Sr
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If 88Sr having the natural abundance ca. 82 % was used as reference isotope, the
concentration of 90Sr should be higher than 1 Bq/g in almost any type of sample.
When the isotopic ratio of 90Sr/84Sr is used, because the abundance of 84Sr (ca.
0.56 %) is lower than that of 88Sr, the applicable range will become much wider
than the case of 88Sr (Fig. 4.5). The improvement in the sensitivity of 90Sr detection
and the obtaining of samples including small amounts of natural Sr will also bring
wide applicable range.

4.4 Conclusions

Cs and Sr recovered from samples were analyzed by TIMS to study the applicability
of TIMS for safety assessment and source analysis.

For the study of the recovery/analysis method of Cs and Sr, Cs and Sr were
recovered from the natural uranium irradiated at KUR. From the measurement of
radionuclide recovered from irradiated UO2, it was concluded that several tens of
femtogram level of radionuclide is detectable.

Cs and Sr were recovered from the environmental samples obtained from
Fukushima prefecture and were analyzed by a method based on the results of
irradiated UO2. In the case of the analysis of Cs, it was confirmed that the analysis
of the radioactive Cs by TIMS would provide important information for the source
analysis. The isotopic ratio of 135Cs/137Cs was useful for the precise evaluation
of the radioactive Cs from FDNPP apart from that of global fallout after the
radioactivity of 134Cs became below the detection limit of ”-ray measurement.

In the case of the analysis of Sr, on the other hand, the presence of 90Sr was not
detected in any samples, while the changes in the isotopic ratios of 87Sr/86Sr were
observed. From the discussion for the amount of the FP of Sr, it was conjectured
that the changes in the isotopic ratios of 87Sr/86Sr might be brought by some isotopic
fractionation in the biological processes. The evaluation of the detectable lower limit
of the isotopic ratio of 90Sr/stableSr suggests that the isotopic ratio of 90Sr/84Sr is the
most suitable index to judge a source of radioactive Sr released during the accident
of FDNPP by TIMS.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 5
Migration of Radioactive Cesium to Water
from Grass and Fallen Leaves

Hirokuni Yamanishi, Masayo Inagaki, Genichiro Wakabayashi,
Sin-ya Hohara, Tetsuo Itoh, and Michio Furukawa

Abstract The TEPCO Fukushima Daiichi Nuclear Power Plant accident in March
2011 led to high amounts of emitted radioactive Cs being deposited on land by both
rainwater and snowfall. In addition, a significant amount of Cs was deposited on the
surface of leaves, and after the accident, both trees and grasses absorbed radioactive
Cs through their roots. In order to assess the effect on water sources, it is therefore
important to evaluate the amount of radioactive Cs migrating to the water from both
grass and fallen leaves.

A number of samples of clover, dandelion, and mugwort were collected from
the Yamakiya elementary school in Kawamata-machi, Date-gun, Fukushima-ken in
May 2013 and May 2014. Fallen leaves were also sampled from the wood adjoining
the school. Measurement of the Cs content in water was carried out by placing the
sample in water for over 400 days at 10–30 ıC. The radioactive Cs content was
measured using the HPGe detector. In the case of grass, the amount of migration to
water was saturated after about 120 days. The saturation levels of migration rate to
water varied with kinds of grass in the range of 0.2–0.8. The migration rate for fallen
leaves was not larger than 0.13. In addition, after leaching from grass or fallen leaves
into water, the absorption of radioactive Cs to soil was observed, and therefore,
migration would be limited to a small area.

Keywords Fallen leaves • Grass • Migration • Radioactive cesium • Waste
decontamination • Water
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5.1 Introduction

A large amount of radioactive material was released by the nuclear power plant
accident at the TEPCO Fukushima Daiichi site (1F site) in March 2011 [1]. The
radioactive particles were transported by the prevailing wind and were deposited on
the ground by both rain and snowfall. Due to these factors, the level of radiation
in surrounding areas has been raised through the presence of radioactive material
on the ground. As radiocesium is a source of both external exposure and internal
exposure, its environmental behavior is of particular interest. Radiocesium adheres
strongly to clays in the surface soil [2], and a very small amount is absorbed upon
contact with water. Radiocesium was also deposited on the surface of leaves. In
addition, following the deposition on the soil surface, trees and grasses absorbed the
radiocesium in the soil through their roots.

Due to their long half-lives, Cs-134 (2 years) and Cs-137 (30 years) are respon-
sible for the ongoing presence of radioactive materials outside the 1F site, even
4 years after the event. In the contaminated area outside the 1F site, decontamination
work is now underway on residential land spaces and public facilities. During this
process, the topsoil is removed and collected, and dried grass and fallen leaves
are collected as contaminated waste. The waste for decontamination is stored in
a flexible impermeable 1-m3 bag and kept in a temporary depot for subsequent
decontamination.

We are particularly interested in determining the quantity of radiocesium that
migrates to water from grasses, fallen leaves, and soil. The environmental behavior
of radiocesium was previously studied following the Chernobyl nuclear plant
accident [3]. However, it is difficult to apply the result to Fukushima, as the
environmental conditions such as soil type, precipitation amount, and temperature
are very different at the two sites. The annual rainfall is approximately 1166 mm
in Fukushima but only 621 mm in Pripyat, the town of Chernobyl. Due to the
higher quantity of rainfall in Fukushima, it is possible that radiocesium is transferred
through water. In addition, it should be considered that the chemical form of
radiocesium that deposits in Fukushima is different to that deposited in Chernobyl.
It is therefore necessary to use samples collected in Fukushima to study the
environmental behavior of radiocesium in this area.

In order to assess the effect on water sources, it is therefore considered important
to evaluate the amount of radiocesium migrating to the water from grass and
fallen leaves. We herein report a process for the determination of the Cs content
in grass and fallen leaves and in water following leaching. Samples collected
in Fukushima will be used for the studies. We expect that it will be possible
to use the obtained results for the prediction of radiocesium behavior in the
environment.
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5.2 Materials and Methods

5.2.1 Sample Collection

Environmental samples for this study were collected from the grounds of the
Yamakiya elementary school, Kawamata-machi, Fukushima-ken, Japan. Fallen
radiocesium gave a high topsoil Cs-137 content of 50 Bq/g in May 2011 [4].
Accuracy was expected to be improved using grass collected from the contamination
site, rather than grass grown in a laboratory. In addition, at the contamination site,
fallen leaves contained radiocesium on their surface due to deposition. Samples of
clover, dandelion, pine needles, and mugwort were collected in May 2013 and May
2014. Fallen leaves were also collected in the forest that adjoins the school. In May
2013 and May 2014, the measured ambient dose rates at 1 m above ground level are
0.5–1.2 and 0.2–0.8 �Sv/h, respectively.

Kawamata-machi is located approximately 40 km to the northwest of the 1F
site. Following the accident, as the estimated annual dose was expected to exceed
20 mSv, the Yamakiya area in the southeast of Kawamata-machi was appointed a
planned evacuation zone on April 22, 2011. The staff at the Atomic Energy Research
Institute of Kinki University investigated the environmental radiation in cooperation
with Kawamata-machi and began the collection of data, which contributed to
understanding the radiation situation and aided in the discussions relating to the
implementation of control measures [4, 5].

5.2.2 Sample Preparation

In order to prepare the plant samples for measurement, they were first preprocessed.
First, the roots were removed from the grass samples, as they held soil that was
contaminated with radiocesium. Other samples were washed with water to remove
the soil particles on the surface of the samples. After washing, the samples were
dried either in air or in an oven at 60 ıC. The dried samples (15 g) were chopped
finely (<1 cm length) and were placed into a U-8 container for measurement.
The radiocesium concentration in each sample was measured using a hyperpure
germanium semiconductor detector (HPGe detector).

5.2.3 Radiocesium Migration to Water

The measured samples (15 g) were divided into four equally sized portions and
each portion placed into a water-permeable bag (95 � 70 mm), which was weaved
with composite fiber composed of polyethylene, polypropylene, and polyester. The
four bags containing the samples were soaked in water (500 mL) in a plastic
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container (18 � 13 � 5 cm), which was tightly closed, and allowed to stand for over
400 days. After this time, the resulting contaminated water was filtered, collected,
and weighed. As the radiocesium concentrations in the sample were low, it was
desirable to remove as much water as possible from the sample to precisely measure
radioactivity. This was initially achieved by means of an evaporating dish and mantle
heater. The dried matter was scraped away from the surface of the dish by washing
with water (10 mL) and was moved to a U-8 container. The sample was then dried
further by evaporation using an infrared oven. The radiocesium contents of samples
were measured using the HPGe detector to give the radioactivity of the radiocesium
that migrated to water from the plant samples.

Using the sample collected in May 2014, a similar experiment was conducted,
which compares the migration rate to water using both deionized water and
rainwater. The soaking period was 10–135 days, and the temperature was controlled
at 25 ıC.

5.2.4 Radiocesium Deposition in Soil

Radiocesium migrates to water from grass by means of soaking. However, water is
often in contact with soil, and as the clay minerals present in soil strongly adsorb
radiocesium, it is expected that the radiocesium in water can be deposited in soil.
We therefore decided to investigate this by exposing soil to a solution containing
radiocesium for 3 days, and the variations in radiocesium concentration in the
solutions were measured. The solution required for this experiment was prepared
using fallen leaves gathered at the Yamakiya Elementary School. Radiocesium
was leached from the leaves by means of an ultrasound bath. The radiocesium
concentration was then increased by reduction in the water content using an
evaporating dish and a heating mantle. The radiocesium concentration in the
solution was determined using an HPGe detector. A solution containing radiocesium
(100 mL) was added to samples of dry field soil (10 or 30 g), and the resulting
mixture was left to stand at 20–25 ıC for either 14 h or 3 days. After this time, the
aqueous solution was filtered to remove all soil particles and collected. The resulting
residual radiocesium concentrations of all four solutions (10 g, 14 h), (30 g, 14 h),
(10 g, 3 days), and (30 g, 3 days) were measured using an HPGe detector.

5.3 Results and Discussion

We first examined the sample collected in May 2013. The radioactivities of Cs-
137 in the dried sample (15 g) before soaking were calculated to be 5.9 ˙ 0.2 Bq,
2.6 ˙ 0.2 Bq, 18.5 ˙ 0.4 Bq, 3.0 ˙ 0.1 Bq, 102 ˙ 2 Bq, and 369 ˙ 3 Bq, for
clover, pine needles, mugwort, dandelion, fallen leaves (broad leaf), and fallen
leaves (needle leaf), respectively. The amounts of Cs-137 eluted from each sample
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Fig. 5.1 Change in migration
rate from grass with the
elapsed days

after soaking for 9 days were calculated to be 2.7 ˙ 0.1 Bq, 1.60 ˙ 0.04 Bq,
5.5 ˙ 0.2 Bq, 0.70 ˙ 0.03 Bq, 8.2 ˙ 0.2 Bq, and 6.3 ˙ 0.2 Bq, with an approximate
10-fold difference between the maximum and minimum values obtained. The
migration rate is defined as the ratio of the radioactivity that migrated to water
to the radioactivity of the sample before soaking. These migration rates were
calculated to be 0.45 ˙ 0.03, 0.60 ˙ 0.04, 0.30 ˙ 0.01, 0.23 ˙ 0.01, 0.08 ˙ 0.002,
and 0.017 ˙ 0.001. Fallen leaves have ratios in the range of 0.02–0.08 while grass
exhibited larger ratios of 0.23–0.60.

After collection of the water, it was poured once more into the plastic container
and was left to stand at 10–30 ıC. This operation was repeated three times over
different timeframes, more specifically, 50, 60, and 280 days, corresponding to 60,
120, and 400 days after beginning the soaking period, respectively. Figures 5.1 and
5.2 show the variation in migration rate over time. As shown in Fig. 5.1, in the
case of grass, almost all the radiocesium which can be migrated had migrated to
water after 60 days. In addition, it could be seen that after 120 days, little migration
was observed, and so the total migration rate for 120 days was comparable to
that for 400 days. In contrast, as shown in Fig. 5.2, the migration rate for fallen
leaves was small, although an increase in migration rate even after 400 days was
observed. This difference between grass and fallen leaves may be due to a number
of reasons. Firstly, it must be considered that the radiocesium present in grass had
been absorbed through the roots from the soil. This component of radiocesium might
be present within the grass tissue due to weak adsorption, and thus may migrate to
water. This would therefore result in a large migration rate for grass. In contrast,
the radiocesium released following the accident was deposited on the surface of
fallen leaves and was not absorbed through the roots. In addition, the radiocesium
present on the fallen leaves did not migrate as easily to water, as the fallen leaves
had been exposed to rain, and their surfaces washed before sampling. The migration
rate shown in Fig. 5.2 is therefore small.
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Fig. 5.2 Change in migration
rate from fallen leaves and
soil with the elapsed days

Figure 5.2 also shows the migration rate of radiocesium from dry soil (90 g) to
water (500 mL). It was observed that the migration rate was very low. In addition,
the migration rates increased over time, with a rate of (3.5 ˙ 0.1) � 10�4 recorded
after 10 days and (1.2 ˙ 0.1) � 10�3 after 400 days.

Using the sample collected on May 2014, the migration rate for deionized water
was compared with that obtained for rainwater. These samples were soaked in water
for 10–135 days at 25 ıC. As can be seen in Fig. 5.3, the differences between the
two specifications of water were very small. Figures 5.4 and 5.5 show the variation
in migration rate over time. The increasing trends of total migration have a similar
pattern to Figs. 5.1 and 5.2. The migration rates from clover or pine needle were
larger than that from mugwort, while the migration rate from fallen broad leaves
was larger than that from fallen needle leaves.

Finally, Fig. 5.6 shows the results of the residual rate to solution (i.e., the ratio of
concentration after soaking to concentration before soaking). The concentration of
Cs-137 in the solution before the adsorption experiments was 0.177 ˙ 0.004 Bq/g.
The residual rate in the case of 10 g soil was 0.29 ˙ 0.02 after soaking for 14 h
and 0.17 ˙ 0.01 after soaking for 3 days. The residual rate in the case of 30 g soil
was calculated as 0.11 ˙ 0.01 after soaking for 14 h and 0.07 ˙ 0.01 after soaking
for 3 days. These data demonstrate that the residual rate decreases according to
both the quantity of soil and according to the number of days in the soaking period.
This is likely due to the large quantities of soil present in the area, and thus the
radiocesium could not be transported through a large area. This would also not
be possible even through migration to water, as the radiocesium would be rapidly
adsorbed into the soil.
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Fig. 5.3 Comparison of
water, deionized water (dw)
and rain water (rw)

Fig. 5.4 Change in migration
rate from grass with the
elapsed days (using the
sample May 2014)

Fig. 5.5 Change in migration
rate from fallen leaves and
soil with the elapsed days
(using the sample May 2014)


