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The fate of caesium-137 in a soil environment controlled by
immobilization on clay minerals

ATSUSHI NAKAO, SHINYA FUNAKAWA, HIROFUMI TSUKADA and
TAKASHI KOSAKI

Abstract

Caesium-137 (*Cs), with its high release rate and long half life, is the most important long-
term contributor to environmental contamination of all the radionuclides released by the
accident at the Fukushima Dai-ichi nuclear power plant in March 2011. There have been
many surveys of the fate of "Cs in terrestrial environments, especially after the atmospheric
nuclear tests of the 1950s and 60s and the Chernobyl accident in 1986. Previous surveys
revealed that most of the "*’Cs deposited on land remains in the surface soil for decades and
that "’Cs rarely exchanges with other cations (atoms that have lost an electron to become
positively charged). The immobilization of *'Cs in soil is mostly ascribed to selective
adsorption on clay minerals, particularly on illitic minerals. "“’Cs is irreversibly retained at
the fringe of the layered structure of illitic minerals, called the frayed-edge site, with much
higher selectivity than other cations. Comparison of the radiocaesium interception potential
(RIP) between soils and clay minerals indicates that the difference in the frayed-edge site
capacity is largely dependent on the degree of weathering and the degree of hydroxy-Al
interlayering in illitic minerals. Here we investigate the difference in the RIP values between
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mineral soils to predict the level of contamination of crops grown in "’Cs contaminated

fields.

Keywords
Fukushima nuclear disaster, caesium-137, illitic minerals, frayed-edge site, radiocaesium
interception potential (RIP)

1. Introduction

The accident at the Fukushima Dai-ichi nuclear plant triggered by the Great Tohoku
Earthquake on 11 March 2011 turned our attention to the fate of radionuclides in the
terrestrial environment in Japan. The accident caused fission products, such as iodine-131
(°'T), **Cs and ""Cs, to leak from the nuclear reactor into the atmosphere.

Caesium-137 is the most important long-term contributor to environmental
contamination because of its high release rate, simulated as 1.3x10'° Bq (Chino et al. 2011),
and longer half life (30.1 y) when compared with "'T (8 d) and “*Cs (2 y). The results of
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environmental gamma-ray dose rate monitoring and the measurement of "*’Cs concentration
in soil revealed that higher levels of *’Cs were deposited on land to the north west of the
Fukushima Dai-ichi nuclear plant than on other areas of Fukushima or other neighboring
prefectures. These areas of high *’Cs deposition reflected the wind and precipitation patterns
during the period when emissions were high.

The widespread dispersion of *’Cs prompted serious concerns about the risk to public
health. Consumption of food or water contaminated by "“’Cs can expose people internally
to radiation and was a cause of concern not just for those living in the highly contaminated
areas but also those living further afield. The Japanese Ministry of Health, Labor and Welfare
initially set official indices limiting the ingestion of radiocaesium ("**Cs plus *'Cs) at levels
of 200 Bq L in drinking water and milk and 500 Bq kg in vegetables, cereals and meat
(the official indices were later changed to 10 Bq L™ in drinking water, 50 Bq L™ in milk and
100 Bq kg in food). Subsequently, the Ministry of Agriculture, Forestry and Fisheries made
an official announcement that paddy fields where the concentration of radiocaesium in soils
collected from 0-15 cm depth is more than 5000 Bq kg-dry " cannot be used for agriculture.
As a result of this restriction, the concentration level in rice harvested in Fukushima in
autumn 2011 was found to be much lower than 500 Bq kg, except for a few irregular cases.
Nevertheless, most people tend to avoid purchasing and eating rice or other agricultural
products from Fukushima or other neighbor prefectures. This public trend is probably
inevitable because the health risks from long-term doses of low-level radiation are difficult to
predict. There also seems to be suspicion about the very low transfer rate of ’Cs from soil to
crops, which may be derived from insufficient information relating to the dynamics of "*’Cs in
the soil environment.

Here we review the fundamental dynamics of *’Cs as well as the mechanisms behind
the dynamics of the soil environment that have been investigated in Japan and other countries
after the atmospheric atomic weapon tests and the Chernobyl accident. Particularly, we
focus on a specific, negatively charged site in soil that adsorbs "*'Cs strongly. This site,
called the frayed-edge site, plays a key role in determining the rate of *’Cs transfer from
soil to plant. The objective of this paper is to give non-experts of soil science information
about 1) the nature of the frayed-edge site, 2) the methods used to evaluate the capacity
of this site in soil, and 3) the relationships between soil type and the capacity of this site.
Comprehensive understanding of how soil can immobilize *’Cs will give a better prediction
of the concentration of "’Cs in crops harvested from a contaminated field, establish a proper
strategy to remediate contaminated soils and should, ultimately, reduce public anxiety by
showing that many fears are unlikely to become reality (eg. concerns that the high water

solubility of *’Cs” means it will leach from the soil surface down to the groundwater).
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2. Dynamics of "’Cs in soil environments

2.1. Transfer of 'Cs from soil surface to water system

Caesium-137 deposited on land tends to remain in the surface soil for decades. Even though
more than 40 years have passed since the highest annual deposition of *’Cs was recorded in
Japan, caused by the global fallout from atmospheric atomic weapon testing (Komamura et
al. 2005), "’Cs has not been detected below a 30 cm depth in soil profiles (eg. Fukuyama and
Takenaka 2004), indicating that the migration rate of *’Cs downward would be less than 1
cm yr' in soil. The downward migration rate of "*’Cs from the soil surface was investigated
in Belarus and Sweden after the Chernobyl accident and was calculated as 0.39 to 1.16 cm
yr' (Belarus; Arapis et al. 1997) and 0.5 to 1.0 cm yr' for the first year and thereafter 0.2
to 0.6 cm yr' (Sweden; Rosen et al. 1999). Such a low migration rate indicates that *'Cs
contamination in groundwater by way of leaching from the soil surface will not occur unless
some unforeseen event happens.

Although the migration rate of ’Cs in soil is very slow, it may be mobilized via soil
erosion. Most "*’Cs deposited on land is retained by fine particles (ie. silt or clay fraction) in
soil (Tsukada et al. 2008), which can be dispersed and eroded to a greater extent than coarser
fractions (Warrington et al. 2009). Therefore, soil erosion is a primary factor mobilizing "*’Cs
from the soil surface (Ritchie and McHenry 1990).

The effect from water erosion on mobilizing *'Cs from the soil surface may be
significant in Japanese upland forest because of high precipitation and steep slopes. Fukuyama
et al. (2005) reported that the "'Cs loss from a headwater catchment in Mie Prefecture,
central Japan, increased sharply when maximum rainfall intensity exceeded 30 mm h™.
Transmigration of "*’Cs via soil erosion from highly contaminated forest zones in Fukushima

. . . 137,
may result in a secondary dispersion of ~'Cs to downstream water systems.

2.2. Transfer of "’Cs from soil to above-ground biomass: crops and mushrooms

While most of the *’Cs deposited on land remains in the soil surface regardless of soil type,
transfer of *’Cs from soil to crops, represented by transfer factor (TF = ["’Cs in plant; Bq
kg-dry')/[’Cs in soil; Bq kg-dry™]), is dependent on crop type as well as soil type. Tsukada
et al. (2002) found the geometric mean of “’Cs TF values for polished rice to be 0.0016
(0.00021 to 0.012, n = 20) by using soils affected by the "*’Cs fallout from the atmospheric
nuclear testing that mainly occurred in the 1950s and 60s. The "’Cs TF value of 0.0016 means
that the concentration of *’Cs in polished rice would be 8 Bq kg" when it is grown in soil
contaminated by 5000 Bq kg of '’
compared with those of other crops, such as 0.026 (0.0021 to 0.33, n = 8) for cabbage (Tsukada
and Hasegawa 2002) and 0.03 (0.005 to 0.18, n = 8) for potato (Tsukada and Nakamura 1999).

The order of magnitude difference in ’Cs TF values in the same crops is mainly caused

Cs. Polished rice showed relatively low "“'Cs TF values

by the difference in soil types. Delvaux et al. (2000) revealed that the TF values obtained by
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using the same plant species (ryegrass) and 47 different soils under the same experimental
conditions differed by 3 to 4 orders of magnitude. The International Atomic Energy Agency
(IAEA) (2010) partitioned the *’Cs TF values of each crop type into those of sandy, loamy
and clay soils and revealed that sandy soils tend to show larger TF values than loamy or clay
soils. Clay content could be used as a rough indicator to predict the ’Cs TF values for crops.
However, Kruyts and Delvaux (2002) showed the *’Cs TF value is not significantly correlated
with clay content because soil clay contains several kinds of colloidal particles with different
affinity for *’Cs. Therefore it is not only clay content but also clay composition that is
important to determine the transferability of *’Cs in soil.

An exceptionally high accumulation of ’Cs was shown in wild mushrooms (eg. Bem et
al. 1990). The ""’Cs TF values for wild mushrooms previously reported, eg. 9.3 (Tsukada et al.
1998), are much higher than those for crops. Although the "’Cs accumulation mechanisms of
wild mushrooms are not fully understood, very high organic matter content or very low clay
content of the forest floor may be a key factor in understanding such a high transfer of "*’Cs.
Kruyts and Delvaux (2002) showed that the *’Cs TF value was significantly and positively
correlated with organic matter content in soil and the largest *’Cs TF value was measured in
peaty soil (ie. soils mostly composed of organic matter). Rigol et al. (2002) showed that 90-
95 per cent of *’Cs was extractable with salt solutions from soils with more than 95 per cent
organic matter content, whereas the extraction yield was less than 20 per cent for a soil with
5.9 per cent organic matter content. Thus, an increasing amount of organic matter results in

higher mobility of *’Cs in soil, mainly due to the weak retention of *’Cs on organic matter.

3. Selective adsorption of "Cs on the frayed-edge site of illitic minerals

3.1. Immobilization mechanisms
Caesium-137 behaves as a monovalent cation (a singularly, positively charged ion), *’Cs”, and,

137 . PN . . .
Cs immobilization in soil

therefore, is adsorbed on negatively charged sites in soils. The
largely comes from the selective adsorption on a negatively charged site in illitic minerals, a
kind of 2:1 clay (ie. clay minerals composed of two parts of tetrahedrally coordinated Si-O
sheets, fused to one part of octahedrally coordinated Al-O (OH) sheet) commonly present
in soils. A structure model of an illitic mineral is presented in Figure 1. Negative structural
charges are created by isomorphic substitution of Si by Al in the tetrahedral sheet or Al
by Mg, Fe II in the octahedral sheet. The plane of oxygen ions bonding each side of a 2:1
clay forms a cavity with a radius of approximately 0.13 nm, called a hexagonal cavity. In
the presence of nearby isomorphic substitution, a hexagonal cavity attracts cations in the
interlayer site of a 2:1 clay.

Large monovalent cations such as K* (Ionic radius; 0.133 nm), NH," (0.143 nm),
Rb" (0.148 nm) or Cs' (0.169 nm) (Eberl 1980; Evans et al. 1983) have relatively low

hydration energy so they are easily dehydrated and can make a strong connection to the
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Figure 1. A schematic diagram of illitic minerals forming a frayed-edge site at the outer edge of the
interlayer site through weathering

hexagonal cavity without surrounding water molecules (ie. inner-sphere complex) (Sposito
1999). Because K’ is predominately present compared with NH,”, Rb™ and Cs’, negatively
charged hexagonal cavities are normally occupied by K'. The 2:1 clay composed of K -fixing
layers present in soil is called an illitic mineral (Barré et al. 2007).

Interlayer sites in “unweathered” illitic minerals are non-hydrated with a 1.0 nm
thickness and, therefore, not accessible for other cations incorporated into soil. Those at the
outer edge of the illitic layer, however, release K and are hydrated or expanded to a 1.4 nm
thickness through weathering processes and so become accessible for other cations. The
intermediate part between a non-hydrated and a hydrated interlayer site, called as a frayed-
edge site, is not accessible for hydrated cations but accessible for easily dehydrated cations
(ie. K', NH,", Rb" and Cs"). Because Cs" has the lowest hydration energy among these cations
(Eberl 1980), it can be preferentially adsorbed on the frayed-edge site.

The capacity of the frayed-edge site in 47 soils collected from selected European
countries (Austria, Belgium, Germany, Ireland, Italy and Sweden) — including sandy to clay
soils with variable physical and chemical properties — was estimated as 0.013 to 4.861 mmol
kg' (Delvaux et al. 2000). The radiocaesium contamination level of 5000 Bq kg, above
which agricultural activity is prohibited in Fukushima, corresponds to about 10™ mmol
kg', assuming that radiocaesium is totally "’Cs. This trace concentration of "’Cs as a molar
basis is much smaller than the estimated capacity of the frayed-edge site. Therefore, the
frayed-edge site capacity should be sufficient to immobilize *’Cs deposited on land by the

Fukushima accident.

3.2. Quantitative estimates of the frayed-edge site in soil
Quantification of the frayed-edge site using a simple chemical adsorption-desorption
experiment, such as determining the cation exchange capacity (CEC), has proven to be

difficult. The main reason for this is the frayed-edge site is not accessible for hydrated cations
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but can irreversibly adsorb monovalent cations with low hydration energy (ie. K', NH,", Rb"
and Cs") with the formation of an inner-sphere complex.

After the Chernobyl accident, Cremers et al. (1988) obtained a quantitative indicator of
the frayed-edge site from the solid/liquid distribution coefficient of Cs and concentration of
K in solution. This indicator, the radiocaesium interception potential (RIP), is now widely
accepted by many researchers in Europe as a quantitative index of the frayed-edge site to
fix "'Cs in soils (eg. Smolders et al. 1997; Waegeneers et al. 1999; Delvaux et al. 2000). It is

described as
RIP =K," - mK =K%, - [FES] (mol kg") (1)

where K, is the solid/liquid distribution coefficient of Cs (L kg™), mK is the K

concentration in solution (mol L), K.,

sk 18 the selectivity coefficient of Cs against K
in the frayed-edge site, and [FES] is the amount of the frayed-edge site in soil (mol kg™).
As KCFES(CS_K) is a constant, then K, - mK is regarded as proportional to the amount of the
frayed-edge site.

Two experimental conditions are prerequisite to make Equation 1 valid. First,
exchangeable sites must be masked from Cs and K with silver thiourea to assume Cs and K
adsorption occurs only on the frayed-edge site. Based on this assumption, Cs-K exchange

reaction on the frayed-edge site can be expressed as
[Krgs] + mCs = [Cspgg] + mK )

where [Kgs] (or [Csggs]) is the amount of K (or Cs) adsorbed on the frayed-edge site (mol
kg"), and mK (or mCs) is the concentration of K (or Cs) in solution (mol L™). As this reaction
is an ion exchange between monovalent cations, the selectivity coefficient (ie. KCFES(CS_K)) can

be expressed as

K coy = ([Cspys] - mK) / ([Kygs] - mCs) G)

Second, the amount of Cs adsorbed on the frayed-edge site (ie. [Cspg]) must be
minimized using carrier-free "’Cs so it can be assumed the amount of K adsorbed on the
frayed-edge site (ie. [Kygs]) is identical to the amount of the frayed-edge site (ie. [FES] in Eq.

1). Based on this assumption, Equation 3 becomes
KcFES(Cs-K) (Cs—0) = KDCs - mK / [FES] 4

Equation 1 is thus formed by transposing the denominator on the right-hand side to the

left in Equation 4.
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Figure 2. Relationship between “’Cs transfer factor (TF) and
the radiocaesium interception potential (RIP) in soil
Source: authors, using data from Delvaux et al. 2000

The method of Cremers et al. (1988) was followed by Wauters et al. (1996), in which the
silver thiourea for masking exchangeable sites could be successfully replaced with specific
Ca/K ratio in solution (ie. 0.1 mol L™ CaCl, + 0.5 mmol L™ KCI) to make the method more
easily applicable. Because the average KCFES(CS_K) value is considered as about 1000 (Brouwers
et al. 1983; Wauters et al. 1996), the RIP divided by 1000 can approximate the hypothetical
frayed-edge capacity in soil. The RIP can be a reliable indicator to predict the *’Cs TF value,
which is supported by a significant negative correlation between the *’Cs TF value and the
RIP value obtained by Delvaux et al. (2000) using 47 soils with widely varying properties, as

shown in Figure 2.

3.3. Variations in RIP value dependent on soil conditions

What causes variance in the RIP value between soils? Although a positive correlation
between RIP value and clay content could be shown for selected soil samples (Waegeneers
et al. 1999) (Figure 3), it is not a direct relationship. The primary factor determining the RIP
value is the amount of illitic minerals in the soil. Illitic minerals are normally concentrated
in the clay fraction (Dultz 2000), therefore the clay content may be indirectly related to the
RIP value.

A significant positive relationship between the RIP and the total K in soil clay — an
index of the amount of illitic minerals — was shown in Thailand’s soils (Nakao et al. 2009a).
Comparison of the RIP value between pure clay minerals also revealed a clear difference in
the value between illitic minerals and other negatively charged materials in soil. The RIP
values of “unweathered” illitic minerals, 10-15 mol kg" (Nakao et al. 2008; Delvaux et al.
2001), were much higher than those of other clay minerals, such as kaolinite (0.006 mol
kg') and montmorillonite (0.1 mol kg') (Nakao et al. 2008). Furthermore, peaty soils
containing more than 90 per cent organic matter had an RIP value of less than 0.02 mol

kg' (Sanchez et al. 1999), corresponding to the fact that organic matter does not retain "*’Cs
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Figure 3. Scatterplot of the radiocaesium interception rotential (RIP)
and the clay content for soils collected from northern Belgium
Source: authors, using data from Waegeneers et al. 1999

strongly. Vandebroek et al. (2012) compared the RIP values between soils classified into 12
different groups based on the soil classification system of the World Reference Base for Soil
Resources (WRB), an international and comprehensive classification system (International
Union of Soil Sciences Working Group WRB 2007). They found that the average RIP value
of ferralsols (highly weathered tropical soils) was 0.4 mol kg™, much lower than those of illitic
minerals. This result is appropriate because soil clays in ferralsols are mostly composed of
kaolinite with only small amounts of illitic minerals.

Weathering (the breaking down of minerals) causes a large variation in the RIP value
of illitic minerals. Expansion of the non-hydrated interlayer occurs randomly at the outer
edge of illitic minerals through weathering, multiplying the amount of frayed-edge site in a
mass of illitic minerals. This was confirmed by an increase in the RIP value of silt-sized illite
from 4.3 mol kg to 10.5 mol kg after continuous extraction of K from the illitic structures
(Figure 4). Nakao et al. (2009a) showed that the RIP values per a mass of illitic minerals in
Indonesian soils were significantly larger than those in Thai soils, which can be explained
by the greater degree of weathering of illitic minerals in Indonesia. Thus, a higher degree of
weathering of illitic minerals results in a larger RIP value in soil.

Frayed-edge sites formed by the expansion of the non-hydrated interlayer in illitic
minerals may be occluded by hydroxy-Al polymers in acidic soil environments. In moderately
acidic conditions (a soil pH of 4.0-5.0), as found in most Japanese forest soils, hydroxy-Al
polymers are formed and intercalated into the expanded interlayer of illitic minerals (Figure
5a). This occlusion largely decreases the accessibility of the frayed-edge site to *’Cs (Maes et
al. 1999), causing much smaller RIP values in soil clays than those expected from the amount
of illitic minerals (Nakao et al. 2009b). In strongly acidic soil conditions (ie. pH < 4.0),
hydroxy-Al polymers are not stable; they are monomerized as Al’", which is exchangeable

with other cations. In such conditions, the RIP value is particularly high because hydroxy-Al
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Figure 4. Amount of K extracted from silt-sized illite with time (h) and the RIP values
of silt-sized illite after being subjected to K extraction for a given time
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Figure 5. Schematic diagrams of illitic minerals intercalated by hydroxy-Al polymers in their
expanded interlayer sites at pH 4.0-5.0, followed by the decreasing accessibility of *'Cs
to the frayed-edge site (a). At strongly acidic soil condition, the hydroxy-Al polymers
can be monomerized, enabling "’Cs to access the frayed-edge site (b)
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polymers do not prevent ’Cs accessing frayed-edge sites inside of an expanded interlayer of
illitic minerals (Nakao et al. 2009b) (Figure 5b).

In normal circumstances, smectite (a kind of 2:1 clay with expandable interlayer
sites), does not adsorb "V'Cs selectively but markedly increases in RIP value after potassium
saturation and wet-dry repetitions. Vandenhove et al. (2003) showed a significant decrease in
the "’Cs TF value by adding K-saturated smectite (bentonite) in an experimental pot. They
ascribed the decrease to the formation of “pseudo-illite” in an expandable interlayer site of
smectite through wet-dry repetitions during the pot experiment. Subsequently, Degrys et al.
(2004) investigated the effect of K-saturation and wet-dry repetitions at 50°C on RIP values
and showed that the RIP yield by this method is up to 99 mol kg", much higher than the RIP
value of illitic minerals.

This knowledge can be applied to Japanese soils to understand the potential transfer
of "'Cs to crops. In general, as paddy soils in Japanese lowland contain smectite in their
clay fraction, this treatment may be used without addition of bentonite to reduce the *’Cs
transfer from soil to crops. However, it should be noted that the Cs-selective site created by
this treatment was degraded under K-deficient conditions. Nakao et al. (2011) showed that
although Kd values of Cs for smectitic soils became four to 10 times larger than the original
Kd values after potassium saturation and wet-dry repetitions, the Kd was decreased to near
the original value after a continuous K leaching experiment. Thus, the “pseudo-illite” created
by this method may not persistently function as a "*’Cs selective site in soil under leaching
conditions. Further research is required to understand whether this approach is can be used

practically as a countermeasure to reduce the transfer of *’Cs from soil to crops.

4. Conclusion

All soils that do not have high organic matter content contain illitic minerals that absorb Cs
with higher selectivity than other cations, resulting in very low mobility of *’Cs in the soil
environment. The strong adsorption of *’Cs in illitic minerals occurs at the frayed-edge site,
where 'V'Cs is large enough to fit the hexagonal cavity without the need for surrounding water
molecules to fill the cavity (ie. the inner-sphere complex). Differences in the frayed-edge site
capacity of mineral soils causes different ’Cs TF values, which should be investigated to
predict the contamination level of crops grown in "*’Cs contaminated fields.

Comparing the RIP values of soils and clay minerals indicated that the difference in the
capacity is largely dependent on the composition of clay minerals in the soil. In particular, the
degree of weathering and hydroxy-Al interlayering in illitic minerals govern the magnitude
of RIP values. The status of illitic minerals is established by a combination of geological,
climatic and chronological factors, which means we should consider the relationship between

137

soil clay mineralogy and soil formation processes to predict the *'Cs dynamics in soil.
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Sano et al. (2010) reported that 2:1 clays are dominant in a wide variety of paddy soils in
Fukushima. Geological factors may greatly influence the clay mineralogy because most of the
soils in Fukushima are developed from green tuff, sandstone, mudstone and granites, which
originally include illite (mica) and smectite. Although the "*’Cs fixing ability of Fukushima’s
soils has not widely been investigated, we can postulate that the ability would be relatively
high in this region and, therefore, the transfer of “’Cs from soil to crops might not occur to
any great extent. The determination of RIP values for a wide variety of soils in Fukushima is
required to clarify their *'Cs fixing ability before such information can be used to establish

effective strategies to remediate the "’Cs contaminated soils.

Acknowledgements

We greatly thank A. Takeda (Institute for Environmental Sciences), N. Yamaguchi (National Institute for Agro-Environmental
Sciences), K. Toriyama (Japan International Research Center for Agricultural Sciences) and H. Harada (National Agriculture and

Food Research Organization) for their valuable discussion of ’Cs dynamics in the terrestrial environment.

References

Arapis, G., Petrayev, E., Shagalova, E., Zhukova, O., Sokolik, G. and Ivanova, T. (1997) ‘Effective migration velocity of *’Cs and
Sr as a function of the type of soils in Belarus’, Journal of Environmental Radioactivity, 34: 171-185.

Barré, P., Velde, B. and Abbadie, L. (2007) ‘Dynamic role of “illite-like” clay minerals in temperate soils: facts and hypothesis’,
Biogeochemistry, 82: 77-88.

Bem, H., Lasota, W., Kusmierek, E. and Witusik, M. (1990) ‘Accumulation of ¥Cs by mushroom from Regozno area of Poland
over the period 1984-1988°, Journal of Radioanalytical Nuclear Chemistry, 145: 39-46.

Brouwer, E., Baeyens, B., Maes, A. and Cremers, A. (1983) ‘Caesium and rubidium ion equilibria in illite clay’, Journal of Physical
Chemistry, 87: 1213-1219.

Chino, M., Nakayama, H., Nagai, H., Terada, H., Katata, G. and Yamazawa, H. (2011) ‘Preliminary estimation of release amount of
T and "Cs accidentally discharged from the Fukushima Daiichi Nuclear Plant into the atmosphere’, Journal of Nuclear
Science and Technology, 48: 1129-1134.

Cremers, A., Elsen, A., De Preter, P. and Maes, A. (1988) ‘Quantitative analysis of rediocaesium retention in soils’, Nature, 335:
247-249.

Degrys, F., Smolders, E. and Cremers, A. (2004) ‘Enhanced sorption and fixation of radiocaesium in soils amended with
K-bentonite, submitted to wetting-drying cycles’, European Journal of Soil Science, 55: 513-522.

Delvaux, B., Kruyts, N. and Cremers, A. (2000) ‘Rhizosperic mobilization of rediocaesium in soils’, Environmental Science and
Technology, 34: 1489-1493.

Delvaux, B., Kruyts, N., Maes, E. and Smolders, E. (2001) ‘Fate of radiocaesium in soil and rhizosphere’ in Gobran, G.R., Wenzel,
W.W. and Lombi, E. (eds) Trace elements in the rhizosphere, pp 61-91. CRC Press.

Dultz, S. (2000) ‘Effects of silicate weathering and lessivage on K-content in forest soils derived from Pleistocene sediments’,
Journal of Plant Nutrition and Soil Science, 163: 299-305.

Eberl, D.D. (1980) ‘Alkali cation selectivity and fixation by clay minerals’, Clay and Clay Minerals, 28: 161-172.

Evans, D.W., Alberts, J.J. and Clark III, R.A. (1983) ‘Reversible ion-exchange fixation of caesium-137 leading to mobilization from
reservoir sediments’, Geochimica et Cosmochimica Acta, 47: 1041-1049.

Fukuyama, T. and Takenaka, C. (2004) ‘Upward mobilization of "’Cs in surface soils of Chamaecyparis obtuse Sieb. Et Zucc.
(hinoki) plantation in Japan’, Science of the Total Environment, 318: 187-195.

Fukuyama, T., Takenaka, C. and Onda, Y. (2005) “9Cs loss via soil erosion from a mountainous headwater catchment in central
Japan’, Science of the Total Environment, 350: 238-247.

International Atomic Energy Agency (2010) Handbook of Parameter Values for the Prediction of Radionuclide Transfer in
Terrestrial and Freshwater Environments, technical report series no. 472.

International Union of Soil Sciences Working Group WRB (2007) ‘World Reference Base for Soil Resources 2006, first update
2007°, World Soil Resources Reports No. 103, Food and Agricultural Organisation, Rome.

Komamura, M., Tsumura, A., Yamaguchi, N., Kihou, N. and Kodaira, K. (2005) ‘Monitoring *Sr and "’Cs in rice, wheat and soil

in Japan from 1959 to 2000°, Miscellaneous Publication of National Institute for Agro-Environmental Sciences, 28: 1-56.

27



The fate of caesium-137 in soil environments

Kruyts, N. and Delvaux, B. (2002) ‘Soil organic horizons as a major source for radiocaesium biocycling in forest ecosystems’,
Journal of Environmental Radioactivity, 58: 175-190.

Maes, E., Vielvoye, L., Stone, W. and Delvaux, B. (1999) ‘Influence of the nature of clay minerals on the fixation of radiocaesium
traces in an acid brown earth-podzol weathering sequence’, European Journal of Soil Science, 50: 107-115.

Nakao, A., Thiry, Y., Funakawa, S. and Kosaki, T. (2008) ‘Characterization of the frayed-edge site of micaceous minerals in soil
clays influenced by different pedogenetic conditions in Japan and northern Thailand’, Soil Science & Plant Nutrition, 54,
479-489.

Nakao, A., Funakawa, S., Watanabe, T. and Kosaki, T. (2009a) ‘Pedogenic alterations of illitic minerals represented by
radiocaesium interception potential in soils with different soil moisture regimes in humid Asia’, European Journal of Soil
Science, 60: 139-152.

Nakao, A., Funakawa, S. and Kosaki, T. (2009b) ‘Hydroxy-Al polymers block the frayed-edge sites of illitic minerals in acid soils:
studies in south-western Japan at various weathering stages’, European Journal of Soil Science, 60: 127-138.

Nakao, A., Takeda, A., Tsukada, H., Funakawa, S. and Kosaki, T. (2011) ‘Potassium saturation and wet-dry repetition treatment for
multiplication of caesium-selective sites in smectitic soils in Japan: comparison between smectitic and allophonic soils’,
Japanese Journal of Soil Science and Plant Nutrition, 82: 290-297.

Rigol, A., Vidal, M. and Rauret, G. (2002) ‘An overview of the effect of organic matter on soil-radiocaesium interaction:
implications in root uptake’, Journal of Environmental Radioactivity, 58: 191-216.

Ritchie, J.C. and McHenry, J.R. (1990) ‘Application of radioactive fallout caesium-137 for measuring soil erosion and sediment
accumulation rates and patterns: a review’, Journal of Environmental Quality, 19: 215-233.

Sanchez, A.L., Wright, S.M., Smolders, E., Naylor, C., Stevens, P.A., Kennedy, V.H., Dodd, B.A., Singleton, D.L. and Barnet, C.L.
(1999) ‘High plant uptake of radiocaesium from organic soils due to Cs mobility and low soil K content’, Environmental
Science and Technology, 33: 2752-2757.

Sano, D., Ito, T., Ando, T., Nanzyo, M., Saito, G. and Saigusa, M. (2010) ‘Clay mineralogical composition of representative paddy
soils in southern part of north-eastern Japan’, Pedologist, 54: 83-92.

Smolders, E., Brande, K.V.D. and Merckx, R. (1997) ‘Concentration of *’Cs and K in soils solution predict the plant availability of
Cs in soils’, Environmental Science and Technology, 31: 3432-3438.

Sposito, G. (1999) ‘Surface geochemistry of the clay minerals’, Proceedings of National Academy of Science USA, 96: 3358-3364.

Tsukada, H., Shibata, H. and Sugiyama, H. (1998) ‘Transfer of radiocaesium and stable caesium from substrata to mushroom in a
pine forest in Rokkasho-mura, Aomori, Japan’, Journal of Environmental Radioactivity, 39: 149-160.

Tsukada, H. and Nakamura, Y. (1999) ‘Transfer of '”’Cs and stable Cs from soil to potato in agricultural fields’, Science of the Total
Environment, 228: 111-120.

Tsukada, H., Hasegawa, H., Hisamatsu, S. and Yamasaki, S. (2002) ‘Transfer of ’Cs and stable Cs from paddy soil to polished rice
in Aomori, Japan’, Journal of Environmental Radioactivity, 59: 351-363.

Tsukada, H. and Hasegawa, H. (2002) ‘Soil-to-plant transfer of '*’Cs and other essential and trace elements in cabbage plants’,
Environmental Pollution, 117: 403-409.

Tsukada, H., Takeda, A., Hisamatsu, S. and Inaba, J. (2008) ‘Concentration and specific activity of fallout *’Cs in extracted and
particle-size fractions of cultivated soils’, Journal of Environmental Radioactivity, 99: 875-881.

Vandebroek, L., Van Hees, M., Delvaux, B., Spaargaren, O. and Thiry, Y. (2012) ‘Relevance of radiocaesium interception potential
(RIP) on a worldwide scale to assess soil vulnerability to *’Cs contamination’, Journal of Environmental Radiactivity,
104: 87-93.

Vandenhove, H., Smolders, E. and Cremers, A. (2003) ‘Potassium bentonites reduce radiocaesium availability to plants’, European
Journal of Soil Science, 54: 91-102.

Waegeneers, N., Smolders, E. and Merckx, R. (1999) ‘A statistical approach for estimating the radiocaesium interception potential
of soils’, Journal of Environmental Quality, 28: 1005-1011.

Warrington, D.N., Mamedov, A.I., Bhardwaj, A.K. and Levy, G.J. (2009) ‘Primary particle size distribution of eroded material
affected by degree of aggregate slaking and seal development’, European Journal of Soil Science, 60: 84-93.

Wauters, J., Elsen, A., Cremers, A., Konoplev, A.V., Bulgakov, A.A. and Comans, R.N.J. (1996) ‘Prediction of solid/liquid
distribution coefficients of radiocaesium in soils and sediments. Part one: a simplified procedure for the solid phase
characterisation’, Applied Geochemistry, 11: 589-594.

28



Atsushi Nakao et al.

Atsushi Nakao is an assistant professor at the Graduate School of Life and Environmental Sciences,
Kyoto Prefectural University. Previously, he worked at the Institute for Environmental Sciences. His
main field of work is clay mineralogy and its association with elemental dynamics in soil. He received a
PhD in agriculture from Kyoto University in 2008.

Shinya Funakawa is a professor at the Graduate School of Global Environmental Sciences, Kyoto
University. His expertise is in soil science with an emphasis on pedology, environmental soil chemistry
and biogeochemistry, including studies of nutrient cycling in agroecosystems in tropical Asia and
Africa. He received a PhD in agriculture from Kyoto University in 1993.

Hirofumi Tsukada is a senior researcher at the Institute for Environmental Sciences and a visiting
professor at Fukushima University. His expertise lies in radioecology, with an emphasis on
geochemistry and health physics. His work includes a study of the cycling and transfer mechanisms
of the radionuclides in the atmospheric environment and in the soil-plant system, the determination
of transfer parameters and influencing soil properties, environmental risk assessment and counter
measures. He received his PhD in agricultural science from Tohoku University in 2001.

Takashi Kosaki is a professor at the Department of Tourism Science, Tokyo Metropolitan University.
He is an expert in soil and environmental sciences and has tackled the environmental issues relating to
land degradation in Africa and Asia. His current challenge is to extend the importance of agricultural
sustainability through ecotourism. He received a PhD in agriculture from Kyoto University in 1982,

29



