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Chapter 7

Weathered Biotite: A Key Material
of Radioactive Contamination

in Fukushima

Toshihiro Kogure, Hiroki Mukai, and Ryosuke Kikuchi

Abstract The eastern area of Fukushima Prefecture, where the Fukushima Daiichi
nuclear power plant is located, is covered mainly with weathered granitic soil origi-
nated from the geology of this area. Weathered biotite (WB), or partially to almost
vermiculitized biotite, is abundant in the soil. WB has frequently been found as
radioactive soil particles sorbing radiocesium and has been identified as “bright
spots” by autoradiography. Laboratory experiments using the '*’Cs radioisotope
indicated that WB collected from Fukushima sorbed '*’Cs far more efficiently than
other clay minerals from '*7Cs solutions whose concentration was comparable to
that expected for the radioactive contamination in Fukushima. This supports the
abundance of radioactive WB particles in the actual contaminated soil. The
Cs-desorption property of WB was also different from those of other minerals. If the
period of immersion in the Cs solution was more than a few weeks, the sorbed Cs in
the WB were hardly desorbed by ion-exchange with any electrolyte solutions. These
results imply that decontamination of the radioactive soils is difficult if using “mild”
chemical treatments and that most radioactive Cs are now fixed stably (dare one say
“safely””) by WB in the soil of the Fukushima area.

Keywords Weathered biotite - Radioactivity - Cesium - Sorption - Contaminated
soil - Desorption - Frayed edge sites - Ion-exchange

7.1 Introduction

The accident at the Fukushima Daiichi nuclear power plant (FDNPP) in March 2011
released a significant amount of radiocesium (Cs), which caused serious and long-
term radioactive contamination of the land around the power plant. It is essential to
understand the state and dynamics of radiocesium in the environment to consider its
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influence on life, agriculture, the decontamination processes, etc. in Fukushima at
present and in the future. More than 6 years after the accident, our knowledge of
radiation and radiocesium in Fukushima has been increased owing to the work of a
number of research groups in Japan. For instance, measurements of the depth profile
of radiation in the soil revealed that most radiocesium remains at a shallow depth
and it hardly moves downward with time (e.g., Honda et al. 2015), which suggests
that radiocesium is being trapped rigidly in specific materials such as clay minerals
in the soil. Many researchers have suggested, mainly based on laboratory experi-
ments, that micaceous minerals such as illite and vermiculite are important for the
sorption and retention of Cs in the soil (Comans et al. 1991; Cornell 1993; Evans
et al. 1983; Francis and Brinkley 1976; Poinssot et al. 1999; Zachara et al. 2002).
For instance, Cornell (1993) summarized the potential adsorption sites for Cs in the
micaceous minerals as follows: (1) cation exchange sites on the surface, (2) layer
edge sites, (3) frayed edge sites (FES), and (4) internal interlayer sites. Among
them, it has been suggested that FES, which are formed around the edges of platy
micaceous crystals by weathering, strongly and selectively adsorb Cs (Brouwer
et al. 1983; McKinley et al. 2004; Nakao et al. 2008). However, it was not certain
whether such micaceous minerals really retain radiocesium in the soil around
Fukushima. By analyzing the contaminated soils in Fukushima, we first reported
that WB or partially vermiculitized biotite, originating from granitic rocks which
constitute the geology of this area, is a dominant sorbent of radiocesium (Mukai
et al. 2014). Next, we demonstrated by laboratory experiments that WB sorbed Cs
more efficiently than other clay minerals from solutions if the Cs concentration in
the mineral was dilute, as in the actual soil in Fukushima (Mukai et al. 2016a).

This paper reviews our recent research with respect to WB in Fukushima, includ-
ing its structure and Cs-sorption/desorption properties, and discusses the role of WB
in the radioactive contamination in Fukushima. Details of the experiments to obtain
the results presented here are described in the original papers already published
(Mukai et al. 2014, 20164, b; Kikuchi et al. 2015; Motai et al. 2016).

7.2 Speciation of the Radioactive Particles in the Soil
of Fukushima

Although the air dose rate in the areas around FDNPP is quite high due to radioce-
sium in the soil, the actual concentration of radiocesium in the soil is generally too
low to specify its location, even if using recent advanced micro-analytical tech-
niques such as X-ray microanalysis with synchrotron radiation. At present, only
autoradiography, which is capable of detecting radiation with a certain (but not
enough) spatial resolution, is a practical method for finding radioactive particles in
the soil. Autoradiography using imaging plates (IPs), which are reusable and detect
radioactive rays efficiently and proportionally to the intensity of radiation, has been
applied frequently to find the distribution of radiation or radiocesium in various



7 Weathered Biotite: A Key Material of Radioactive Contamination in Fukushima 61

samples including soils, plant tissues, feathers of birds, etc. (e.g., Nakanishi 2016).
IP autoradiography of the samples from Fukushima often showed an inhomoge-
neous distribution of radiation in the samples, represented by a number of “bright
spots” in the IP images obtained by placing the IPs in contact with the samples for
a certain time. However, results or reports that identified the materials forming the
bright spots were few.

Mukai et al. (2014) collected soil particles of around 50 pm in size by sieving
litter soil collected from Titate village. The soil radioactivity was ~ 10° Bq/Kg, and
the researchers dispersed the soil particles directly on a special IP which had a fine
grid pattern formed by a laser marker (Fig. 7.1a). Using the grid pattern, the soil
particles which formed bright spots were easily located under an optical microscope
(Fig. 7.1b—d). Then the radioactive particles were picked up by a vacuum tweezer
on a micro-manipulator (Fig. 7.2), and moved onto a substrate with double-stick
tape for electron microscopy. About 50 radioactive particles were characterized by
their morphologies and chemical compositions by a scanning electron microscope
(SEM) with an energy-dispersive X-ray spectrometer (EDS), and they were roughly
divided into three types: an aggregate of fine mineral particulates, particles rich in
organic matter, and “weathered biotite” (Fig. 7.3) (Mukai et al. 2014). The particle
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Fig. 7.1 (a) Readout image from an imaging plate (IP, Fuji Film FDL-UR-V) with a grid pattern
formed using a laser marker, and with radioactive soil particles dispersed on the IP and exposed for
around 1 week in a dark box. (b) Magnified readout image including a “bright spot” with the image
of the grid pattern. (¢) The position of the IP corresponding to the image in (b). (d) The soil particle
corresponding to the bright spot in (b). Probably the particle is weathered biotite, considering its
platy morphology. (Mukai et al. 2014)
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Fig. 7.2 (Left) High-magnification stereomicroscope with a micro-manipulator, used to pick up
the soil particles dispersed on IPs. Vacuum tweezers (an evacuated capillary tube) are attached to
the micro-manipulator. (Right) A soil particle picked up by the capillary tube
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Fig. 7.3 SEM images (upper) and EDS spectra (lower) from the whole particle for typical radio-
active soil particles found by IP autoradiography. (a) Aggregate of fine mineral particulates. (b)
Particle consisting of organic matter and a small amount of minerals. (¢) Weathered biotite with a
platy shape. (Mukai et al. 2014)

shown in Fig. 7.3b had a definite platy morphology indicating a mono-crystalline
phyllosilicate mineral and had a composition similar to biotite but with less potas-
sium than normal biotite. It is well known that biotite partially changes gradually
into vermiculite by the oxidation of iron and by losing potassium through weather-
ing. Here we call such partially vermiculitized biotite “weathered biotite (WB)”.
The population ratios of the three types of radioactive particles were almost the
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same. The radioactivity of each particle estimated from the intensity of the IP signal
was in the range of 0.005 ~ 0.05 Bq (Motai et al. 2016), which is far lower than that
(a few Bq per particle) of radiocesium-bearing microparticles emitted directly from
the broken pressure vessel of FDNPP (Adachi et al. 2013; Yamaguchi et al. 2016).

7.3 Mineralogical Characterization of Weathered Biotite
(WB)

The western side of FDNPP is a mountainous area named the Abukuma highland,
which consists of granitic rock (Abukuma granitic-body). This granitic rock has
been altered by weathering during a geological time to a thick sandy soil called
“Masado” in Japanese (Fig. 7.4). By erosion and sedimentation, Masado is spread
over forests, agricultural fields, and residential areas in this region. WB is abundant
in Masado because biotite is a major constituent mineral of granite. Biotite is struc-
turally classified into a trioctahedral 2:1 type phyllosilicate, and its composition can
be roughly expressed as K(Mg, Fe?*, Fe**);Si;Al0,4(OH, F),. Due to weathering on
the terrestrial surface, ferrous irons in biotite were oxidized to ferric, which resulted
in the leaching of potassium (K) ions and substitution by hydrated magnesium or
calcium ions at the interlayer site between the silicate layers. Due to the substitution
or hydration, the interlayer space is expanded by ca. 0.4 nm, increasing the thickness
of the unit layer from 1.0 nm to 1.4 nm. If this substitution is complete, the resultant

Fig. 7.4 Weathered granitic soils or “Masado” consisting of hills in Fukushima (Ono-Town,
Tamura-county, Fukushima Prefecture). The rounded rocks are original granite buried in the soil
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new mineral is called “vermiculite”. However, WB is generally at an intermediate
stage between biotite and vermiculite, forming interstratification of the K-occupied
(biotite) and hydrated (vermiculite) interlayers. Such an interstratified structure can
be identified directly using recent high-resolution transmission electron microscopy
(HRTEM). Figure 7.5 shows a HRTEM image of biotite-vermiculite interstratifica-
tion in WB collected from Fukushima. The arrowed interlayer regions where the
contrast of K is missing were originally occupied by hydrated Ca>* or Mg** forming
a larger space but collapsed due to dehydration in the vacuum in TEM (Kogure et al.
2012). X-ray diffraction (XRD) of WB in Fukushima shows various complicated
patterns, depending on the ratio of biotite and vermiculite interlayers, and their mix-
ing feature (Fig. 7.6) (Kikuchi et al. 2015). If WB is immersed in a concentrated Cs
solution experimentally, Cs selectively substitutes the hydrated interlayer sites, as
revealed by the distinct bright contrast of Cs in the high-angle-annular-dark-field
(HAADF) scanning TEM (STEM) image (Fig. 7.7) (Okumura et al. 2014; Kikuchi
et al. 2015). However, considering its radioactivity (~0.1 Bq per particle), the actual
concentration of radiocesium in the radioactive WB in Fukushima is extremely low
compared to the concentration of the artificially Cs-sorbed WB like that shown in

Fig.7.5 High-resolution transmission electron microscope (HRTEM) image of biotite-vermiculite
interstratification in the weathered biotite collected from Fukushima. The arrowed interlayer
regions where the contrast of potassium is missing were originally hydrated but collapsed by dehy-
dration in the vacuum in TEM. The inset at the top-right is the simulated contrast for the biotite
structure with the potassium (K)-occupied (left) and K-missing (right) interlayers
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Fig. 7.6 Oriented XRD patterns of various “weathered biotite” specimens in Fukushima. (a)
Almost fresh or original biotite taken from granite. (b) Interstratification of the biotite and ver-
miculite layers. The biotite layers are dominant and the two types of layers are rather segregated.
(c) Finely-mixed interstratification of the biotite and vermiculite layers. (d) Interstratification of
the two types of layers and the vermiculite layers are dominant. The broad peak marked with “K”
is kaolinite or halloysite, and the sharp peak marked with “H” is hornblende. (Kikuchi et al. 2015)
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Fig.7.7 High-angle annular dark-field (HAADF) image of weathered biotite to which cesium was
sorbed experimentally, recorded using a scanning transmission electron microscope (STEM).
(Kikuchi et al. 2015)
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Fig. 7.7. Hence, direct localization of radiocesium sorbed in the weathered biotite
by high-resolution electron microscopy or any micro-analytical techniques is not
possible. We need to apply other techniques to determine (or at least form a conjec-
ture on) the sorption site for the radiocesium in WB.

As stated above, several researchers have demonstrated experimentally that
micaceous minerals such as illite and vermiculite have a high affinity with Cs, and
have suggested that this property is due to the FES located around the edge of the
platy crystals of the minerals, where Cs with a larger ionic radius than other alkali
ions are thought to be selectively and strongly fixed owing to the tapered interlayer
spaces (Mckinley et al. 2004; Poinssot et al. 1999; Zaunbrecher et al. 2015). To con-
sider its correctness and the actual sorption sites of radiocesium in WB, the follow-
ing experiment was conducted (Mukai et al. 2016b). In general, the special resolution
of IP autoradiography is not good enough to distinguish the distribution of radiation
in a radioactive particle of even a few hundred microns. Instead, we cut platy radio-
active WB crystals using a focused-ion-beam (FIB) micro-processing instrument
into several fragments and separated them from each other enough that they could
be resolved in the IP autoradiography using the micro-manipulator (Fig. 7.2). As
shown in Fig. 7.8, all the fragments had similar radiation, regardless of the location
in the grain, or with/without the original edge of the platy crystal, indicating that
radioactivity was not concentrated around the edge but rather homogeneously dis-
tributed in the crystal. However, it is unlikely that radiocesium is diffused deeply
inside the crystal structure of WB in Fukushima. The actual particles of WB are not
uniformly dense but have a laminated structure with many open spaces caused by
cleavages of biotite (Fig. 7.9). Probably, solutions containing radiocesium easily
filled the spaces by capillary action and Cs was sorbed to appropriate sites on the
cleaved surfaces of WB. This issue will be discussed further in the next section.

Fig. 7.8 (a) SEM image of radioactive WB cut into four fragments by FIB, and a readout IP image
from the four fragments, after separating them from each other. (b) SEM image of the fragment
“B”, cut into four fragments, and readout IP image of the four fragments, after separating them
from each other. (Mukai et al. 2016b)
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Fig. 7.9 (a) SEM image of a radioactive WB from which the cross-sectional thin section for TEM
was fabricated by FIB, from the area indicated with the elongated square around the center. (b)
Cross-sectional TEM image of the WB in (a), showing a laminated structure with many cleavages
and spaces. (Mukai et al. 2014)

7.3.1 Sorption and Desorption Behavior of Cs to WB

Based on the analyses of the radioactive soil particles in the field as described above,
itis suggested that WB is an important material sorbing radiocesium in the soil, influ-
encing the dynamics and fate of radiation in the soil around Fukushima. Hence, we
investigated the Cs-sorption/desorption properties of this mineral in the laboratory.
For instance, a question to be answered is why WB was frequently found as radioac-
tive soil particles in Fukushima? Was it owing to the abundance of WB in Fukushima
or its superior Cs-sorption ability? A study by NIMS (the URL is provided in the
Reference section) which surveyed the Cs-sorption ability of various clay minerals
after the accident indicated that WB (vermiculite in the study) does not predomi-
nantly sorb Cs, in contrast to other micaceous clay minerals like illite and smectite.
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However, these data were obtained using a solution with a cesium concentration as
low as sub-ppm (~107 mol L™). It is natural to expect that the Cs-sorption ability of
minerals is dependent on the concentration of cesium in the solution and/or the solid-
solution ratio because there are various sorption sites in the minerals. The actual
concentration of radiocesium in the rain which caused the radioactive contamination
of the soil in Fukushima is considered to be very low. For instance, the amount of
rainfall in litate village, a seriously contaminated area in Fukushima, over a few
weeks after the nuclear accident was around 10 mm according to the records of the
Japan Meteorological Agency (the URL is provided in the Reference section). On the
other hand, the amount of '¥’Cs per unit area deposited on litate village was ~10° Bq/
m?, according to a report by JAEA (the URL is provided in the Reference section).
From these values, the concentration of radiocesium in the rain should have been of
the order of 10 ppt (107! mol L™!). To discuss the contamination event affecting the
Fukushima soil, sorption experiments should be conducted with such a low concen-
tration. However, this is close to or below the detection limit of the most sensitive
analytical instruments. This problem is solved if radiocesium itself is used as the
cesium source and the sorption/desorption amount is estimated by measuring the
radiation of the sorbed radioisotope, as used in previous studies (Poinssot et al. 1999;
Ohnuki and Kozai 2013). Moreover, we evaluated the sorption amounts of '¥’Cs in
the minerals by measuring the radiation in the individual mineral particles quantita-
tively using IP autoradiography, instead of counting gamma-rays. An advantage of
using IP autoradiography is that we can investigate a reaction between a solution and
multi-minerals. Such reaction can reproduce more practically the event in which
radiocesium in the rain was sorbed to the soil composed of several mineral species.
The following RI experiment was conducted: Several mineral species including
WB, with four or five particles ~50 pm in size for each species, were arranged
within an area of ~6 mm X 6 mm on an acrylic substrate with double-stick tape.
Then, 50 pL solutions containing 3.7, 37 and 370 Bg/mL (0.185, 1.85 and 18.5 Bq
in the solutions) of '¥’Cs were dropped to cover all the particles on the substrates.
After immersion in the solutions for a certain time, the substrates were washed away
with running water and dried, then placed in contact with an IP. The readout images
of the IPs are presented in Fig. 7.10. Under all conditions with different '¥’Cs con-
centrations and immersion periods, the amount of *’Cs sorbed by WB collected
from Fukushima was much higher than that by other minerals. In the case of lower
concentrations of '¥’Cs and/or shorter reaction periods, radiation was detected only
from WB. At the concentration of 18.5 Bq/50 pL and with a reaction length of
1 day, the amount of '*’Cs sorbed by WB was about two orders of magnitude higher
than that sorbed by the other clay minerals. These results definitely indicate that WB
has an ability to sorb radiocesium very efficiently in the soil of Fukushima, and our
observation above, that WB was frequently found as the radioactive soil particles in
Fukushima, is reasonable. Besides its high Cs-sorption ability, the Cs-sorption
mechanism of WB at a low concentration is probably different from that of other
minerals such as smectite. Figure 7.11 shows the amount of radiocesium sorbed to
WB and ferruginous smectite (SWa-1, a reference sample of Clay Mineral Society,
USA) as a function of immersion time in the Cs solution. For smectite, the sorption
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Fig. 7.10 A matrix of the readout images of IPs exposed by the substrates with various mineral
particles (five particles for each species) sorbed radiocesium from the solutions. The radioactivity
input to the solution and reaction time are at the top and left, respectively. The figure at the top-
right of each image is the percentage of radioactivity (or '*’Cs) sorbed to the whole mineral parti-
cles, estimated from the IP signal. The abbreviations at the bottom-right mean FB: fresh biotite,
WB: weathered biotite, K: kaolinite, H: halloysite. IL: illite, M: montmorillonite, A: allophan, IM:
imogolite. (Mukai et al. 2016a)

was completed very quickly (probably in less than 1 h) but for biotite, the progress
of the sorption was slow, continuing probably more than 1 day.

Next, we investigated the Cs-desorption property of WB, using the Cs-sorbed
WB particles prepared by the experiments in Fig. 7.10. In the experiments, sub-
strates with the '¥’Cs-sorbed WB particles were immersed in various electrolyte
solutions and the amount of leached radioactive Cs was estimated also by IP autora-
diography before and after the immersion (Fig. 7.12a). The results of the experi-
ments are summarized in Fig. 7.12b. The solutions of NH,NO;, KNO;, and CsNO;
(1 M) desorbed only small amounts of *’Cs from the WB. In addition, the desorp-
tion ratios of *7Cs of these solutions remained almost unchanged with time. In con-
trast, 1¥Cs was considerably desorbed by LiNO; and NaNO;, whereas Mg(NO3),
and Ca(NO,), were not so effective at desorbing '¥’Cs. The acidic solutions (HCI and
HNO; 0.1 M) also desorbed '¥'Cs effectively from WB. In this experiment, the
immersion time of WB in the '¥’Cs solution to sorb radioactive Cs was 24 h. We
extended this to 168 h, 336 h, and 672 h. Radioactive particles of WB collected from
Fukushima, or WB which sorbed radioactive Cs in the field (“natural radioactive
WB”), were also subjected to the same desorption experiment (Fig. 7.13). LiNO;
and NaNO; solutions were effective in desorbing *’Cs from WB when the sorption
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Fig. 7.11 A matrix of the readout images of IPs exposed by the substrates with four mineral par-
ticles of WB (top) and SWa-1 (bottom), reacted with 1.85 Bq '*’Cs solution for various immersion
times which are shown at the top. Notice that only one mineral species was placed on the substrates
and the mineral particles were different for each run. (Mukai et al. 2016a)

time was 24 h and 168 h. However, with a longer time, the desorption ratio was
significantly decreased, becoming similar to NH,NO;. In addition, radioactive Cs
was hardly desorbed by these solutions from the natural radioactive WB. On the
contrary, in the case of HCI, almost no decrease of the desorption ratios was observed
with an extension in the sorption time. Furthermore, nearly half of the radioactivity
of the natural radioactive WB was removed after treatment with HCI. In the treat-
ment with the NH,NO; solution, small amounts of the radioactive Cs were desorbed,
irrespective of the sorption time. Probably these results in Fig. 7.13 indicate a kind
of “aging effect”, namely as the sorption period is lengthened, Cs probably migrates
along the interlayer regions of WB, to reside in more stable sites, and becomes
almost impossible to remove by the normal ion-exchange process. Because natural
radioactive WB particles collected from Fukushima have been in the field for more
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Fig. 7.12 (a) An example of the desorption experiments for the weathered biotite (WB). The
readout IP images on the left and right were taken from WB particles before and after immersion,
respectively, in an electrolyte solution (I M NaNO; in this case) for a certain time. The figure
represents the decrease ratio of the integrated IP intensity around the spots for each particle, and
that at the bottom represents the average and is used as the “desorption ratio (%)” in (b). (b)
Desorption ratios of *’Cs from WB for various solutions and immersion times. For each sample,
137Cs was sorbed to four particles of WB from a 50 pl solution with 2.5 Bq for 24 h. WB particles
sorbing '¥'Cs were immersed in the electrolyte solutions 50 pl. Error bars represent the minimum
and maximum desorption ratios in four particles as shown in (a). (Mukai et al. 2018)
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Fig. 7.13 Desorption ratios of WB as a function of '*’Cs-sorption time (24 h, 168 h, 336 h, and
672 h), and the desorption ratio of radioactive WB collected from the field at Fukushima.
Desorption time was 168 h. (Mukai et al. 2018)

than 2 years, radiocesium has already been fixed at such stable sites. The effective-
ness of HCI in removing a certain amount of Cs regardless of “aging” is probably
due to the different leaching mechanism from ion-exchange; HCI partially dissolved
the WB structure, particularly around the surface, and radiocesium fixed around the
surface was leached to solutions with the other constituent elements.
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Fig. 7.14 (a) Comparison of the Cs-sorption abilities between WB and several zeolites. The
experimental procedure was the same as those in Fig. 7.10. (b) Desorption properties of WB and
several zeolites. The solution for desorption was CsCl (1 M)

These distinct properties of WB can explain several aspects of the radioactive
contamination in Fukushima. For instance, most of the radiation that fell on the
ground was trapped in a very shallow depth of the soil and has hardly moved into
deeper soils (Honda et al. 2015). The distribution coefficients of radiocesium
between sediments and river water are far larger (rich in sediment) in Fukushima
than in Chernobyl (Konoplev et al. 2016). The transfer factors of radiation (radioce-
sium) from the soil to plants have decreased rapidly since the accident (e.g., Takeda
et al. 2013). Probably these observations in the field in Fukushima are related to the
high sorption and fixation ability of WB.

Cs in WB is hardly desorbed by ion-exchange with other alkali or alkali-earth
cations in normal electrolyte solutions, particularly for WB that has remained for a
long period in the field. Six years after the accident is probably long enough to
change radiocesium in WB in such a passive state. Hence, decontamination of the
radioactive soil by a process based on conventional ion-exchange is probably
unlikely. Partial dissolution of WB in soils by strong acidic or basic solutions may
be an answer but such solutions are not mild to the environment. Thermal decompo-
sition of WB by calcination with additives is an alternative but the cost-performance
ratio should be considered. On the other hand, WB is a promising candidate as an
immobilizer of radiocesium, applicable to soil-improvement materials for agricul-
ture or barriers at storage facilities for radioactive waste. For instance, Fig. 7.14
indicates the difference of sorption/desorption properties between WB and zeolites,
typical sorbents used to remove radiocesium from contaminated water. The
Cs-sorption ability from dilute Cs solutions is almost the same between WB and
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zeolites, but the sorbed Cs in zeolites was easily desorbed by electrolyte solutions
whereas that in WB was hardly removed, indicating that WB is superior as a retainer
of radiocesium, if radiocesium should be immobilized permanently.

7.4 Conclusions

Radiocesium released from FDNPP has fallen on the ground where, fortunately or
unfortunately, WB was abundant in the soil, and a large portion of radiocesium is
now expected to be fixed in this mineral. In such areas, the dynamics of radiocesium
should be considered on the basis of the character and properties of WB. Although
our knowledge of WB has been increased considerably by the research carried out
during the last few years, several substantial questions remain unanswered. For
instance, the actual location(s) of dilute Cs in the WB structure, and the atomistic
mechanism of “aging” as shown in Fig. 7.13, etc. are not clear yet. For future stud-
ies, these unknowns should be elucidated using fundamental research. Such research
is still necessary because the radiation of ¥7Cs will not rapidly decay for several
decades and because similar disasters may occur in the future.
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