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� ǺʇʜM"5ʞGȑƮ8`c+_# 

� ʟ 1ʞMƋ̆G*^"ʇʜLˇǫ"ɻɷKa+cʎ9@# 

� ʟ 2ʞGM"šȥȅĺŋLăɚɅťcƫŠ9"ʘALŶĿcȝǻH;_ 11ʘ

LʹćĺŋĕP͎ǿ¢¥�L˺ 12ʘLĺŋLȍ˻H"6`]Lĺŋc 1550ºC

LǽÃ«Găɚ¤ɋˢ9"Ɯ]`@ɫƮɟL”ɟśɷ¤ćśɷɠƩcȍ˻9@#

ȝŶLʹćKɯǾ;_H˂-]`_ĺŋK.+c"ƥ<9YĺŋȑƮ”ɟMȝ



ii 

 

ŶL”ɟʲƮcėǩ9J+6H"ʹ ćĺŋK.4_ SiO2,Al2O3,Fe2O3LĪM"

ʹćK\_ɫƮɟcŏ́KĦt@Xͺ+Ħǲɥcʎ;0"ƥ<9YȝǻG*_

ŶʅLćśʲƮcėǩ9c+J/C@#15507LăɚòɩK\^"ɽōćKă

-c̿́ōćYs]`@#15507LăɚƙKɫƮ8`@”ɟM" ��g�"p

�·���g�"��|g�G*C@# p�·���g�M;ocLĺŋ/]

ɫƮ9c+_§ǡ"��g�H��|g�M͔]`@ĺŋLòɩƙKŚļ9@# 

ćśʹćǀȓ(WI)Lȍ˻/]"ʹć0ɽƔ̮dG+_ĺŋ/]L��g�Lɫ

Ʈ0Ǩ]/HJC@#ɚòɩK\_Ͳ˛J̿́ɅKa+cM"ŝŵŶ"ɤșŶ"

ǜ¡gŶ"ˠʬŶ"ʅɐŶcȝǻH;_ Fe2O3cŏ2Ħtĺŋ.\P͎ǿ¢¥

�K.+cͲ˛J̿́Ʌ0̃X]`@6H\^"ʨĺɱô­K.4_ʨĺ”ɟ

LĦǲ́L̳+"ʨĺ”ɟʠLōćKɯǾ;_ˊȣ"̽ćͅ(III)L̸âKÏŚ

;_6H0˂-]`_# 

� ʟ 3ʞGM"ʒŹʀKƊ2ôƀ;_ʹć˒Ż͋ʹŶKȰɻ9">Lăɚɋˢ

ƙLɫƮɟLɟƩ̀Ðcʦǹ XʺĲƶȭ"l ä Xʺôȁȭ".\P EDS-SEM

ȭcɭ+cˣC@#ɠK"óɵɟ̔LʧƗK\_ɫƮɟLɽ̳HâʯLÜȁ.

\P�i w~p”ɟH��f~p”ɟHLͺɇăɚɋˢƙLɫƮɟLɽ̳ĕ

P Cs cɁæ8=@ʹć˒Ż͋ʹŶLͺɇăɚɋˢƙK.4_ Cs LǁąKa

+cȍ˻9@#r@"ʒŹʀîLʹćĺŋKɁĠɟH9cŚļ;_ɏŵɐLǁ

ącȍ˻;_@XK"͎ǿ¢¥�căɚɋˢ8=@ŅĠL Cs LǁąKa+c

Yȟ̞ȍ˻9@# 

� ʟ 4ʞGM"š͜KʒŹʀͶˏǼLĹŅc͖ȅ9@͜Kɵɫ9@šȥȅĺŋ

cɭ+@ɚòɩK\_zwh�Lǋɵ͖ēKa+c̀ÐcˣJC@#JAEAG



iii 

 

šǢ8`@ʇʜK\_Hzwh�Mĺŋ­LʨĺHƓķKʴĠ9"13007Lͺ

ɇGɚòɩ9cYǋɵ=<Kĺŋ­KȚɳ;_H8`_#zwh�0ǋɵ9J

+ĒĳH9c"ĺŋ0ͺɇGɋˢm�·ć;_@X"zwh�Lƽǖ0˛92

͑Ť8`_6H0˰ĳG*_H˂-]`_@X"ͺɇ«Gɋˢ8=<"zwh

�cŝŠ9cƽǖ8=_@XK"ĺŋKl wh�ʩLėƧÒ̮ýcɂă9"

Ǎƻòɩ9@ƙKɚòɩ9@H6a"zwh�LǋɵɥMŐƄKĤª9"ĺŋ

­KǙ¨ Bqkg-1Ħr`_ǑŪƩzwh�0"p�e�£·¡� (100 Bqkg-1)

Á«rGÈɅ8`_6Hcʊ̃9@#ǺʞGM"%ƆƮ 25ƇƍǑŪƩɟ̔Lô

͡K\_ɗđɐĕPȥȅĺŋL̓ǻćš˿̅Ȇŗ˼ȎĆCGƜ]`c@Ʈȃc

˽̟;_# 

� ʟ 5ʞMǺʇʜçËLʴ̆G*^"Ɯ]`@ʃ˲cʸƾ;_HYKǑŪƩƏ

ȋɟLɚòɩƳˤL̿˰ƩKa+c̨o@#ǺʇʜGʁɻ9@ɚòɩM"Ő́

Kɵɫ9@ƏȋɟLòɩ"òô"ïɫùɭKMƥ˰¬ĜȖG*_#ͺƍJɅť

ćƳˤH9c"­͍̑˝˾GÔʤ;_ƥ˰0*_ĺŋ́"O+cMǰʱòố
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Abstract 

Due to the accident at TEPCO Fukushima Daiichi Nuclear Power Plant, 

radioactive substances were spread and extensive contamination mainly in 

Fukushima Prefecture. Through the decontamination works, the 

contaminated soil with radioactive cesium generated enormously in the 

disaster-affected areas. The reduction of the storage amount at temporary 

storage / intermediate storage facilities etc. brings main issues of the 

decontamination works. This moment, heat treatment technology is 

considered as one of the most effective ways to reduce the volume of 

decontamination waste. However, there are insufficient fundamental data to 

investigate the characteristics of products by high-temperature heat 

treatment of soil and to confirm the safety of heat-treated purification 

products. From this background, the mineralogical and chemical 

characterization of heat-treated soils was examined in detail for assuming 

the volume reduction of decontaminated soil. 

This thesis consists of 5 chapters. 

Chapter 1 is an introduction, showing the background and purpose of the 

thesis. 

In chapter 2, we examined the mineralogical and chemical properties of 

the 11 soils weathered from different rock-types and one from Kanto loam, 

and their properties after heat treatment at 1550 ºC, assuming the volume 

reduction of actual contaminated soil. The constituent mineral of the 
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weathered soils does not necessarily reflect the mineral and chemical 

compositions of the host rock. The sum of SiO2, Al2O3, and Fe2O3 in the 

weathered soil is high content a large amount of the weathered product. 

Although the rate shows it does not necessarily reflect the chemical 

composition of the base material rock.  Due to heat treatment of the 11 

weathered soils and Kanto loam at 1550 ºC, the considerable weight loss and 

phase change was observed. The minerals produced after heating at 1550 ºC 

were mullite, cristobalite, and hematite. Mullite and hematite were present 

after treatment of limited soil, while cristobalite was produced from all soils. 

From the study of chemical weathering index (WI), the formation of mullite 

from the soil where the weathering has progressed considerably is revealed. 

As for the remarkable weight loss by heat treatment, significant weight loss 

was observed in the soil containing Fe2O3 and Kanto loam base material 

based on andesite, basalt, gabbros, serpentinite, limestone as a base 

material, It is thought that it depends on the difference in the content of clay 

minerals, the dehydration due to the change of clay minerals etc., and the 

reduction of iron (III) oxide. 

In Chapter 3, focusing on weathered granodiolite which is widely 

distributed in Fukushima, the properties of heat-treated products were 

analyzed by using the powder X-ray diffraction method, fluorescent X-ray 

spectroscopy, and the EDS-SEM techniques. Particularly, I examined the 

differences of constituent mineral species and segregation of elements in 
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product depending on the particle size of the starting material, and also 

depending on the felsic mineral and mafic mineral after magnetic separation 

after high temperature treatment. Furthermore, I investigated the behavior 

of Cs after heating and melting of weathered granodiolite mixed with Cs. In 

order to investigate the behavior of volcanic ash existing as a mixture in the 

weathered soil in Fukushima prefecture, we also compared the behavior of 

Cs when heated and melted Kanto loam.�  

In chapter 4, I evaluate for the volatilization removal of radioactive cesium 

by heat treatment using actual contaminated soil that collected in Iidate 

village, Fukushima Prefecture. According to results conducted by JAEA, 

radioactive cesium strongly bonds to clay in the soil and is considered to 

remain in the soil without volatilization even if heat-treated at high 

temperature of 1300 ºC. The reason why cesium does not volatilize is 

considered to be that the diffusion of cesium is severely inhibited because 

the soil is molten at high temperature and then changes to the quenched 

glass. For the effective removal of cesium from the soil, it is necessary to 

make an un-melted state of soil at high temperature and to diffuse cesium 

stably in soil. A calcium-based reaction promoter was added to the soil and 

heat- treatment was carried out after stirring, the volatilization rate of 

cesium was greatly improved. After that radioactive cesium contained in the 

soil of tens of thousands Bqkg-1 decreased to the clearance level (100 Bqkg-1) 

or less.  The results is obtained in the project 'Consignment work on 
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utilization of fly ash and contaminated soil by separation of radioactive 

material in 2013'.�  

Chapter 5 is the conclusion of this thesis. I summarized the obtained 

findings and described the importance of heat treatment technology of 

radioactive waste. The heat treatment focused in this thesis is essential for 

waste treatment, disposal, and recycling. As an advanced volume reduction 

technology, there is a possibility that the amount of soil that needs to be 

stored in an intermediate storage facility, and eventually the amount of final 

disposal can be reduced, which is an extremely important approach from a 

long-term perspective. The obtained results will make a great contribution 

to the prediction and future prospects for coming civil works, that is, the 

utilization of backfill materials for civil engineering structures, embayment 

such as roads, aggregates for concrete, as well as reuse for applications such 

as intermediate sheathing materials. 
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Fig. 1-1 Air Dose rates Map of the evacuation-directed zones 
(Air dose rates at the height of 1m above the ground surface) 

(As of March 11, 2013). 
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Fig. 1-2 Photos of temporary storage area in Fukushima prefecture.  

a: Bird eye’s view of the area in Tomioka, b: Side view of the area in Iitate. 
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Fig. 1-3 Estimate of objects to be reduced / recycled. 
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Fig. 1-4 Photos of heat treatment facility in Fukushima prefecture. 

a:Komiya, Iitate, b: Warabidaira, Iitate. 
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âʯ.\Pe l�ĺͳ͂ųâʯcĦǲ9c+_#6LĺŋLȝŶG*_ȓɊ
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l�͂ųâʯ.\Pe l�ĺͳ͂ųâʯĦǲ́GM"Na2Oc 0.15wt%"CaO

c 0.05wt%"K2O c 1wt%ʗƍĦǲ9c+_#ȝŶG*_ȓɊɷJǜ¡gŶ

ͿJGb-2΀LćśʲƮHȟ̞;_H"ʹ ćK\^ Al2O3Ħǲ́0 9wt%ʗƍŉă

9"Fe2O3Ħǲ́0 2ÚƓKŉă9c+_0"SiO2Ħǲ́MŐN2ōć9c+

J+#§ǡ"MgOĦǲ́MʹćK\^ 6.18wt;/] 0.05wt %QŐN2Ʌŭ9

c+_#e l�͂ųâʯ.\Pe l�ĺͳ͂ųâʯLǁąGM"CaOĦǲ

́M 14 wt %/] 0.05wt %QHŐN2Ʌŭ9c.^"Na2OĦǲ́Y 1/6ʗƍ

KɅŭ9c+_#§ǡ"K2OĦǲ́M"0.06wt %/] 1wt %ʗƍKŉă9c+

_# 

� ǜ¡gŶʹćĺŋM"ͥȝʨĺ”ɟ"lk��g�"o�vg�"·�p|

g�"ʅ˕"��|g�GȑƮ8`c+_ͿFig. 2-1e΀#XRD�|¥£LĲƶ

Ɠƍ/]M"ʅ˕"lk��g�"o�vg�0ŏ2Śļ;_#ȝŶLȓɊɷ

Jǜ¡gŶLíĿɷJ®˰ȑƮ”ɟG*_Ǟ͊ʅ"̠ʅ"˷͋ʅ"e l�͊

ʅ"ͽͥȝ0ʹćK\^ȼŔ9c+_ɔM"� pLćśʲƮHYʂɾ9c+

J+#3507ăɚƙĹǝM"ͥȝʨĺ”ɟ"lk��g�"ʅ˕"��|g�

GȑƮ8`"o�vg�.\P·�p|g�KƂų8`_�¥p0ȼŔ9c+

@#5507ăɚƙĹǝM"3507ăɚƙL”ɟʲsĠb=HͳÆ;_0"lk

��g�KƂų;_�¥p0ȼŔ9c+@#15507ăɚƙĹǝM"��g�"

p�·���g�GȑƮ8`"ͩǭ̔ɟ̔LͲ˛JŚļM̃X]`J+#  
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� ăɚK\_́ǝLˑLōć0ǰYͲ˛K˥`"3507Kăɚ;_Hɐ˭ˑQ

ōć9"5507rGLăɚG\^Ǩ_+˗ˑQHōć9@#15507ăɚƙMɐ

ˑQHŐN2ōć9@ͿFig. 2-2΀#ăɚKHYJ+ʫ 16;L̿́Ʌ0ʊ̃8`

@ͿTable 2-1΀# 

�

����	 �zG�6=?�
��	��

� ®ƮôH9c"Si"Al"FecĦt#ĀƮôH9cMg"Ti"Mn"e l�͂

ųâʯ.\Pe l�ĺͳ͂ųâʯcb</KĦdG+_#íĿɷJˠʬŶM"

ˠʬʅ"/d]dʅc®˰ȑƮ”ɟH9">LȓɊɷJćśʲƮM"SiO2΄

40wt%"MgO΄52wt%"Fe2O3: 8wt%ʗƍG*_#ˠʬŶLʹćKÅ+"Al2O3

H Fe2O3LĦǲ́0ŐƄKŉă9" MgO0ŐƄKɅŭ9c+_0"SiO2Ħǲ

́MŐN2ōć9c+J+#e l�͂ųâʯ.\Pe l�ĺͳ͂ųâʯL

­GM"K2OĦǲ́0"0.01wt %/] 1wt %Kŉă9c+_# 

� ˠʬŶʹćĺŋM"lk��g�"ʅ˕"��|g�"�q�|g�GȑƮ

8`c+_#XRD�|¥£LĲƶƓƍ/]M"ʅ˕΁lk��g�0ŏ2Śļ

9@ͿFig. 2-1f΀#ȝŶLˠʬŶLíĿɷJ®˰ȑƮ”ɟG*_ˠʬʅ"/d]

dʅ0ʹćK\^ȼŔ9c+_ɔM"� pLćśʲƮHYʂɾ9c+J+#

3507"5507ăɚƙL”ɟʲsĠb=M"ăɚüĹǝL>`HͳÆ;_0"

�q�|g�KƂų;_�¥p0ȼŔ9c+@#15507ăɚƙĹǝM"��

g�"p�·���g�"��|g�GȑƮ8`"ͩǭ̔ɟ̔LŚļỸX]

`_#XRD �|¥£LĲƶƓƍ/]M"p�·���g�"��g�0ŏ+# 

� ăɚK\_́ǝLˑLōćM"3507"5507rGLăɚGM>`SĨX]
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`<"15507ăɚƙKZZɐˑK̦+ˑQHōć9@ͿFig. 2-2΀#ăɚKHY

J+ʫ 17;L̿́Ʌ0ʊ̃8`@ͿTable 2-1΀# 

�

����
 uG�6=?�
��
��

� ®ƮôH9c"SiO20 76wt%cĐX"¾K Al2O3H Fe2O3cĦt#ĀƮô

H9c MgO cb</KĦdG+_#e l�͂ųâʯ.\Pe l�ĺͳ͂

ųâʯGM"Na2Oc 1.4wt%"K2Oc 3wt%ʗƍĦs"CaOY 0.3wt%Hb<

/KĦǲ9c+_#ȝŶLʆŶMôͳªŃʚŶKĦr`">L®˰ȑƮ”ɟH

9c"ʅ˕"͊ʅ"ĕP>L¾L”ɟ¤Ŷɜ/]ȑƮ8`_#>L@X">L

ȓɊɷJćśʲƮcƜ_6HM͢92">LʹćK\_ćśʲƮōćcǆŠ;

_6HMĴ͢G*_# 

� ʆŶʹćĺŋM"ʅ˕"͊ʅ"ͥȝʨĺ”ɟ"·�p|g�"lk��g�

GȑƮ8`c+_#XRD�|¥£LĲƶƓƍ/]M"ʅ˕0ŏ+ͿFig. 2-1g΀#

íĿɷJĪȬʆŶ 9΀M"®˰ȑƮ”ɟLʅ˕"͊ʅKă-ŶʅɜcĦs">L

ȓɊɷJćśʲƮM"Si0®G*_#ʹ ćKÅ+"\^ SiO2Ħǲ́0Č̘9"

e l�͂ųâʯ.\Pe l�ĺͳ͂ųâʯL Na2O .\P K2O Ħǲ́0

ŉă9@� pLćśʲƮōćH˂-]`_#3507ăɚƙL”ɟʲsĠb=

M"ʅ˕H͊ʅG*^"5507ăɚƙĹǝGM"ʅ˕"͊ʅ"ͥȝʨĺ”ɟG

*C@# 15507ăɚƙĹǝM"p�·���g�"ʅ˕GȑƮ8`"ͩ ǭ̔

ɟ̔LŚļỸX]`_#XRD�|¥£LĲƶƓƍ/]M"p�·���g�"

ʅ˕0ŏ+# 

� ăɚK\_́ǝLˑLōćM"3507"5507ăɚƙK˭ˑKōć9"15507
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ăɚƙMɐˑQHōć9@ͿFig. 2-2΀#ăɚKHYJ+ʫ 6;L̿́Ʌ0ʊ̃

8`@ͿTable 2-1΀# 

�

����� &*(G�6=?�
�����

� ®ƮôH9c"SiO20 65wt%cĐX"¾K Al2O3"Fe2O3"Mg OcĦt#Ā

ƮôH9c TiO2 cb</KĦdG+_#e l�͂ųâʯ.\Pe l�ĺ

ͳ͂ųâʯGM"CaO.\P Na2Oc 1wt%"K2Oc 3wt%ʗƍĦǲ;_#ɠ

ƢɷJćśƮôH9c" SO3c 3 wt%cĦs"ȍ˻9@́ǝ­GMǰŐÛG*

C@#ȝŶLw �ŶM"ôͳªŃʚŶ¤ȯŶKĦr`"ʧƗ 0.02-0.002¦Ϳĸ

͜ĺŋśÄK\_Šˀ΀Lw �GȑƮ8`_6H\^"ʨĺ”ɟLʲsĠb

=0ŏȒG*_#>L@X">LȓɊɷJćśʲƮcƜ_6HM͢92">L

ʹćK\_ćśʲƮōćcǆŠ;_6HMĴ͢G*_# 

� w �ŶʹćĺŋM"ͥȝʨĺ”ɟ"·�p|g�"lk��g�"ʅ˕"

͊ʅ"˷͋ʅ"��|g�GȑƮ8`_#XRD�|¥£LĲƶƓƍ/]M"ʅ

˕"͊ʅ"ͥȝʨĺ”ɟ0ŏ+ͿFig. 2-1h΀#3507ăɚƙĹǝM"ͥȝʨĺ

”ɟ"lk��g�"��|g�"ʅ˕"͊ʅGȑƮ8`_#5507ăɚƙĹ

ǝM"ͥȝʨĺ”ɟ"ʅ˕"͊ʅ"��|g�GȑƮ8`"lk��g�KƂ

ų;_�¥p0ȼŔ9c+@#15507ăɚƙĹǝM"ʅ˕"p�·���g

�GȑƮ8`"ͩǭ̔ɟ̔LŚļ0̃X]`_# 

ăɚƙĹǝLˑLōćM"3507rGLăɚGMSTōć0J2"5507G

ZZ˗ˑ0Ɏ2J^"15507Kăɚ;_HɐˑQH§ō9@ͿFig. 2-2΀#ăɚ

KHYJ+ʫ 8;L̿́Ʌ0ʊ̃8`@ͿTable 2-1΀# 
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����� �G�6=?�
�����

� ®ƮôH9c"SiO20 71wt%cĐX"¾K Al2O3"Fe2O3cĦt#ĀƮôH

9c TiO2HMgOcb</KĦdG+_#e l�͂ųâʯ.\Pe l�ĺ

ͳ͂ųâʯGM"CaO.\P Na2OMb</KĦs"K2OĦǲ́M 4wt%ʗƍ

Hȍ˻9@́ǝ­GMǰŐ́cĦt#ȝŶLͬŶM"ôͳªŃʚŶ¤ȯŶKĦ

r`"ɠKʶƮÌɭL̮ˣK\^þͪ͡0ɵ̲9@ŶʅG*^"ȑƮ”ɟG*

_ʨĺ”ɟLʲsĠb=0ŏȒG*_#>L@X">LȓɊɷJćśʲƮcƜ

_6HM͢92">LʹćK\_ćśʲƮōćcǆŠ;_6HMĴ͢G*_# 

ͬŶʹćĺŋM"ͥȝʨĺ”ɟ"lk��g�"ʅ˕"͊ʅ"�q�|g�

GȑƮ8`_#XRD �|¥£LĲƶƓƍ/]M"ʅ˕"͊ʅ0ŏ2Śļ;_

ͿFig. 2-1i΀#3507ăɚƙL”ɟʲsĠb=M"ăɚüĹǝL>`Hĉøa

/J+0"5507ăɚƙĹǝL XRD�|¥£GM"lk��g�KƂų;_

�¥p0ȼŔ9c+@#15507ăɚƙĹǝM"��g�"p�·���g�

GȑƮ8`"ͩǭ̔ɟ̔LŚļỸX]`_# 

� ăɚƙĹǝLˑLōćMƃɇL˞+ɐˑ/]"3507rGLăɚGZZ˗

ˑQōć9"5507ăɚƙrGˑLōćM˲]`J+#15507rGLăɚG˞

+˗ˑ/]"ZZ˞+ɐˑQHōć9@ͿFig. 2-2΀#ăɚKHYJ+ʫ 6;L

̿́Ʌ0ʊ̃8`@ͿTable 2-1΀# 

�

����� tdG�6=?�
��� ��

� ®ƮôH9c"Si΁Al΁FecĦt#ĀƮôH9c TiO2c 1.4wt%"MnOc

0.5wt%"MgOc 0.7wt%Ħǲ9c+_#e l�͂ųâʯ.\Pe l�ĺͳ
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͂ųâʯGM"Na2Oc 0.5wt%"CaOc 1.1wt%"K2Oc 2wt%ʗƍĦǲ9c

+_#ȓɊɷJʅɐŶͿJLs-1΀LćśʲƮM">LȑƮ”ɟG*_l vg�

LȑƮâʯ0®G*_6HZ"ʅɐŶ0 CaCO3c 50;ÁªĦtŃʚŶHŠˀ

8`c+_6HJI/]">LʹćK\_ćśʲƮōćcǆŠ;_LMĴ͢G

*_#  

� ʅɐŶʹćĺŋM"ͥȝʨĺ”ɟ"·�p|g�"lk��g�"o�vg

�" ʅ˕"��|g�GȑƮ8`_#XRD�|¥£LĲƶƓƍ/]M"ʅ˕"

o�vg�0ŏ2Śļ9"Ŵɡrg̽ņGM"lk��g�0ŏ+ͿFig. 2-1j΀#

3507ăɚƙĹǝM"ͥȝʨĺ”ɟ"lk��g�"o�vg�" ʅ˕"�

�|g�GȑƮ8`"·�p|g�KƂų;_�¥p0ȼŔ9c+@#5507

ăɚƙĹǝM"lk��g�KƂų;_�¥p0ȼŔ9"ͥȝʨĺ”ɟ"o

�vg�"ʅ˕"��|g�GȑƮ8`_#XRD�|¥£LĲƶƓƍ/]"ͥ

ȝʨĺ”ɟ"ʅ˕0ŏ+#15507ăɚƙĹǝM"��g�"p�·���g

�GȑƮ8`"ͩ ǭ̔ɟ̔LŚļ0˓ƅ̃X]`_#XRD�|¥£LĲƶƓƍ

/]M"��g�0ŏ+# 

ăɚK\_́ǝLˑLōćM"ƃɇLɐˑ/] 3507rGLăɚGȏXc˞

+˭ˑQHōć9"5507GZZͼˑL˗ˑQHōć9@#15507ăɚƙĹ

ǝMƃɇǪK̦+ɐˑcĨ9@ͿFig. 2-2΀#ăɚKHYJ+ʫ 18;L̿́Ʌ0

ʊ̃8`@ͿTable 2-1΀# 

�

������ NdG�6=?�
������

®ƮôH9c"Si"Al"FecĦt#ĀƮôH9cMgOc 2wt%Ħt#e 
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l�͂ųâʯ.\Pe l�ĺͳ͂ųâʯGM"CaOc 2wt%΁K2Oc 3wt%"

Na2Oc 0.8wt%ʗƍĦǲ;_#ȝŶLñɐŶM"+b[_íĿɷJŐ̋ʅG*

^"ôͳªMȶʬŶ̔˷ʍñɐŶH8`"ɏŵɐ¤̝ʅ¤ʆʍʠcYHH;_#

ʅ˕"͊ʅ"ͽͥȝ"̠ʅ"{k�g�"m�·̔ɟ̔"�£��¢�g�¤

v��g�ʠLʨĺ”ɟcĦdG+_#>LȓɊɷJćśʲƮcƜ_6HM͢

92">LʹćK\_ćśʲƮōćcǆŠ;_6HMĴ͢G*_# 

� ñɐŶʹćĺŋM"·�p|g�"lk��g�"ʅ˕"͊ʅ"��|g�

GȑƮ8`_#XRD�|¥£LĲƶƓƍ/]M"ʅ˕"͊ ʅ0ŏ+ͿFig. 2-1k΀# 

3507ăɚƙĹǝM"ͥȝʨĺ”ɟ"·�p|g�"lk��g�"ʅ˕"͊

ʅ"��|g�GȑƮ8`_#ăɚüĹǝKMʊ̃GNJ/C@ͥȝʨĺ”

ɟLȑƮ́0ōć9c+_#5507ăɚƙL”ɟʲsĠb=M"3507ăɚƙL

>`HĢȒG*C@#15507ăɚƙĹǝM"p�·���g�"ʅ˕GȑƮ

8`"ͩǭ̔ɟ̔LŚļ0̃X]`_#XRD�|¥£LĲƶƓƍ/]M"p�

·���g�0ŏ+# 

� ăɚK\_́ǝLˑLōćM"5507rGLăɚGMͲ˛GMJ2"15507

rGLăɚG˞+˭ˑQHōć9@ͿFig. 2-2΀#ăɚKHYJ+ʫ 10;L̿́

Ʌ0ʊ̃8`@ͿTable 2-1΀# 

�

������ �Z,.)�
������

� ͎ǿ¢¥�M">LŠˀªɏŵʈűZ>LʹƮ¶ȗŃʚɟLʸʕG*_#®

ƮôH9c"Si"Al"FecĦt#ĀƮôH9c TiO2HMgOc 1-2wt%Hb<

/KĦdG+_#e l�͂ųâʯ.\Pe l�ĺͳ͂ųâʯGM"CaOc
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1.5wt%"Na2OH K2Oc 0.2-0.3wt%ʗƍĦǲ;_# 

� ͎ǿ¢¥�M"ͥȝʨĺ”ɟ"ʅ˕"͊ʅGȑƮ8`_#XRD�|¥£LĲ

ƶƓƍ/]M"ʅ˕0ŏ+ͿFig. 2-1l΀#3507ăɚƙĹǝM"lk��g�"

ʅ˕"͊ ʅGȑƮ8`_#5507ăɚƙĹǝM"ʅ˕H͊ʅGȑƮ8`"lk

��g�KƂų;_�¥p0ȼŔ9c+@#15507ăɚƙĹǝM"��g�"

p�·���g�GȑƮ8`"ͩǭ̔ɟ̔LŚļ0˓ƅ̃X]`_#  

ăɚK\_́ǝLˑLōćMͲ˛GMJ2"3507rGLăɚG˞+˗ˑQ

Hōć9"5507G˞+ɐˑ"15507GɐˑQHōć9@ͿFig. 2-2΀#ăɚK

HYJ+ʫ 27;L̿́Ʌ0ʊ̃8`"ăɚK\_̿́ōą0ǰYŐN+ͿTable 

2-1΀# 

�

��� � ~D�

������ 9w�6=?9�fAq-6AqgO�

ğʘʹćĺŋL”ɟśɷ.\PćśɷɠƩcȍ˻9">Lʴȃc̛r-c>

`]Lɚòɩ.\PɋˢòɩK\_ɫƮɟL”ɟśɷ.\PćśɷɠƩcȍ˻

9@#ʹćM"ŶʅZ”ɟ0Ľ˥̦2LƃĻ¤ƃɇ«G"ŝŠJɫƮɟ"+b

[_¶ȗɫƮɟͿʨĺ”ɟ"̽ćɟȣ̽ćɟʠ΀cÌ^ó;ÌɭG*_#Ŷʅ

Z”ɟLʉŊK\_ɟɩɷʹćÌɭH"ͣȣ¤Ľ«ȣʠcŘËH9c"Ŷʅ¤

”ɟ08]8`@ćśɷɪňK.+c">LćśʲƮLōćcÅ,ćśɷʹć

ÌɭKŐN2ôͳ8`c+_#6`]Lɧ̌MÙøK̖6_6HJ2"STĢ

ǪK̮ˣ9c+_#̬Ŷ”ɟM"ɠKćśɷʹćÌɭK\^">LȑƮâʯ0

ȣɪň«GɋˊHȩȜ9">LʴȃǠ9+ɪňK.+cŝŠJɟ Ϳ̔ʨĺ”ɟ"
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̽ćɟ"ȣ̽ćɟʠ΀Kō̔9c+2#̬Ŷ”ɟM"+b[_ʹćʩõK\^

>LćśʲƮ¤ʴǭȑ̬L̳+cėǩ9c"ʹćō̔Lʗƍ0ɴJCc.^"

/d]dʅ¤̠ʅ¤˷͋ʅ� →� ͥȝǣ¤͊ʅǣ� →� ʅ˕LʩõGʹćō̔

KŨ9cƹƵƩcǲ;_ 10)#� � �  

ȍ˻9@ 12ʘLʹćĺŋK.+cY" ŝŵŶʹćĺŋÁŎLçcKʅ˕0

Ħr`_6HM6LʹćʩõKʂɾ9J+#/d]dʅ" ̠ʅ" .\P˷͋

ʅM">Lʹć̰ʗK.+c" ͩǭ̔Ħȣ̽ćɟcʳc" o�vg�"s¥

|g�ʠLȣ̽ć”ɟ" .\P��|g�"�q��g�ʠL̽ć”ɟKō̔

;_# ͊ʅǣM"lk��g�Zo�vg�QHō̔;_# 6`]Lɧ̌M"

ǺʇʜK.4_ǜ¡gŶHʅɐŶcȝǻH;_ʹćĺŋK.+cʊ̃8`_l

k��g�Zo�vg�"ŝŵŶ"ɤșŶ"ǜ¡gŶ"ˠʬŶ"w �Ŷ" ʅ

ɐŶ"ñɐŶcȝǻH;_ʹćĺŋK.+c̃X]`_��|g�LʴȃKʂ

ɾ9J+#8]K"͊ʅǣ0˒ŻŶ"͋ʹŶ"ʆŶ"w �Ŷ"ͬŶ"ñɐŶ

cȝǻH;_ʹćĺŋ.\P͎ǿ¢¥�KĦr`_0"ŝŵŶ"ɤșŶ"ǜ¡

gŶ"ɣ ʬŶHʅɐŶcȝǻH;_ʹćĺŋKĦr`J+LM" ƙ˃LʹćL

̮ˣ0˛9+@XH˂-]`_#ͽͥȝ¤ɶͥȝʠLͥȝǣMʹćK\^ͥȝ¤

�¥�n��g�ɁĠŴ”ɟ"�¥�n��g�ʠcʳc"·�p|g�ʠK

ō̔;_#ǺʇʜK.+cY" ͥȝʨĺ”ɟMŝŵŶ"˒ŻŶ"͋ʹŶ"ǜ¡

gŶ"ʆŶ" w �Ŷ"ͬŶ"ʅɐŶ"ñɐŶcȝǻH;_ʹćĺŋ.\P͎

ǿ¢¥�K̃X]`"·�p|g�M"͋ʹŶ"ǜ¡gŶ"ʆŶ"w �Ŷ"

ʅɐŶ"ñɐŶcȝǻH;_ʹćĺŋK.+c̃X]`_#/d]dʅ"̠ ʅ"

˷͋ʅ"ͥȝǣ"͊ʅǣM"8]Kʹć̰ʗ0̮ˣ;_Hlk�£”ɟQHō
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PɋˢòɩK͎;_ńĩMNbXcŭJ2"ɠK 12007c̗-_ͺɇQLă
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WI=(2* Na2O/0.35+MgO/0.9+2*K2O/0.25+CaO/0.7)*100�  

 

cȤX 14)"ʹćĺŋ (WIwet)HĒŶͿWIori΀HLȟcćśʹćǀȓ

WIwet/WIoriH9cȤX@#  
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Table 2-1 � Starting materials, sampling localities and weight loss of 

weathered rocks by heating under the condition of 1550 7. 

 

 

  

Sample
No. Starting material Locality Weight

loss (%)

No.1 Weathered andesite Kakumashinden, Suwa-shi, Nagano 19.29
No.2 Weathered basalt Genbudou, Akaishi, Toyooka-shi, Hyogo 16.60
No.3 Weathered granite Mannariyama, Okayama-shi, Okayama 3.70
No.4 Weathered diorite Kadohara, Ōno-shi, Fukui 8.30
No.5 Weathered gabbro Kohyama, Susa-cho, Hagi-shi, Ymaguchi 15.94
No.6 Weathered serpentinite Tkahama-cho, Ōi-gun, Fukui 16.76
No.7 Weathered sandstone Izumi, Hannan-shi, Osaka 6.14
No.8 Weathered siltstone Fukakusa, Fushimi-ku, Kyoto-shi, Kyoto 8.26
No.9 Weathered shale Kiyotaki, Ukyo-ku, Kyoto-shi, Kyoto 5.57

No.10 Weathered limestone Edou, Mitou-cho, Mine-shi, Yamaguchi 17.37
No.11 Weathered tuff Ohya, Utsunomiya-shi, Tochigi 9.14
No.12 Kanto loam Okamoto, Setagaya-ku, Tokyo 26.76
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Table 2-2� Chemical compositions of starting materials and their related original rocks. 

 

  

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10 No.11 No.12
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��� �����
����� �

����� ��

����

��� �����

���� �
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�����

��� �����

����� ���
����� ����

�����

��� �����
�!��


�� �
�����

SiO2 45.42 62.27 46.53 52.37 61.35 76.83 54.47 72.3 48.61 46.47 39.97 39.5 75.57 64.65 70.85 46.18 0.12 67.85 42.30

TiO2 1.59 0.7 1.06 1.32 0.72 0.044 0.89 0.26 1.13 0.56 0.90 0.01 0.88 0.97 0.65 1.40 0.002 0.26 1.73

Al2O3 35.67 15.56 31.97 14.53 22.86 12.47 25.20 14.24 32.08 23.48 18.76 0.24 13.62 18.17 17.61 30.57 0.0207 18.84 32.70

Fe2O3 15.50 6.6 17.28 8.99 7.30 0.97 8.41 2.18 15.97 6.69 36.99 8.14 3.87 5.85 5.50 16.55 0.0168 4.56 18.64

MnO 0.57 0.104 0.50 0.153 0.14 0.016 0.28 0.063 0.31 0.13 0.72 0.11 0.10 0.12 0.30 0.49 0.00209 0.17 0.52

MgO 0.00 3.72 0.42 7.71 0.00 0.037 2.45 0.74 0.05 6.18 0.73 51.64 0.74 1.41 0.57 0.67 0.606 1.93 1.46

CaO 0.26 6.24 0.06 9.25 1.53 0.7 3.84 2.2 0.05 14.1 0.24 0.13 0.32 1.09 0.05 1.15 55.09 1.89 1.46

Na2O 0.03 3.19 0.48 2.77 2.74 3.54 2.07 3.38 0.15 0.92 0.09 0.15 1.42 1.18 0.13 0.55 0.00194 0.82 0.24

K2O 0.36 1.41 1.29 1.43 2.93 4.71 1.68 3.98 1.00 0.059 1.15 0.01 2.88 3.23 3.82 2.05 0.00297 3.20 0.29

P2O5 0.59 0.116 0.33 0.255 0.43 0.002 0.71 0.099 0.38 0.017 0.28 0.04 0.60 0.51 0.53 0.36 0.0295 0.49 0.56
SO3 0.00 � 0.08 � 0.00 � 0.00 � 0.25 � 0.16 � 0.00 2.81 0.00 0.02 � 0.00 0.11
CO2 � � � � � � � � � � � � � � � � 43.58 � �

�� �� 100.00 99.91 100.00 98.78 100.00 99.32 100.00 99.44 100.00 98.61 100.00 99.96 100.00 100.00 100.00 100.00 99.47 100.00 100.00

)��	
��	�

���
�����

�AIST� 7� 
	RITE� 8� 
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Table 2-3� Mineral assemblage of untreated samples and heat-treated 

samples at 350, 550 and 1550 �. 

 
  

�1 #�5 �5 #5$1C'$5�H 
5��%#1$ ,'1$CF )"$!�$5!�5 ��31 	�1(���!5$1�% 
1"��!�C5 (���%�C5 �1M!5C�C5 )5 1C�C5 	$�%C�1��C5 �'���C5
�1 051C�5$5��1!�5%�C5 ���� , , ,

��� - K
��� , -

�!C$51C5� , , - ,
�� 051C�5$5���1%1�C ���� , ,

��� , K - -
��� , , -

�!C$51C5� , , ,
�3 051C�5$5���$1!�C5 ���� , ,

��� , , K
��� , , K -

�!C$51C5� , , K -
�� 051C�5$5����"$�C5 ���� , ,

��� , , K K
��� , , K K K -

�!C$51C5� , , K K K -
�5 051C�5$5���1��$" ���� , ,

��� , K K
��� , K , K

�!C$51C5� , K K , , K
�� 051C�5$5��%5$#5!C�!5 ���� K , - ,
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��� , , , K
��� , , , K K

�!C$51C5� , , K , K K K
�� 051C�5$5��%�1�5 ���� - ,
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�!C$51C5� , K K , , ,
�� 051C�5$5��C'�� ���� , ,
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��� / ,
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Table 2-4 Abundance of mullite and hematite in the samples heated at 

1550 � , and the  abundance of feldspar, the chemical weathering 

index, ,SiO2/Al2O3 ratio and Fe2O3 contents in the untreated samples. 
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Fig. 2-1 X-ray powder diffraction patterns of starting materials and heat-

treated samples at 350, 500 and 1550 � . (a) Weathered andesite, (b) 

Weathered basalt , (c) Weathered granite, (d) Weathered diorite, (e) 

Weathered gabbro, and (f) Weathered serpentine. Symbols for the 

identified minerals are shown in each figures. 
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Fig. 2-1 (Continued)  (g) Weathered sandstone, (h) Weathered siltstone, 

(i) Weathered shale, (j) Weathered limestone (k) Weathered tuff and (l) 

Kanto loam. Symbols for the identified minerals are shown in each figures. 
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Fig. 2-2 Changes in color tone of samples at room temperature, and after the heat-treatment at 350, 550 and 1550 �. 
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G � F� � �	 %DR$L+OJ*�;M�@.23A/=�>. 

�

��  �
1.�

� ǟĭôıÆÓ%Ś¢š$36Ōà2ǁĦ®$��6ēåĂMJ>i%œƛ2

¥Ǥ	�4$ň®ś%Ü�Ă:ŸƼ�6x!&	ĵ�#ëŵǃŏ%ÆÓ%ªŚû

%ǘśÛŬÔ®$ǝ�6ÍźVvP%Ǣƃ�ǓƱ!�6��%�0	2Ƈ$�	

 	12 ƂǮ%ĶŐÆÓ: 1550ºC %Ĩ�!ªŚ�	őƪ$35ü47�Ţćś

%ǘśÛŬ�3)®ÛŬŜĂ:Ĳƶ���2Ƈ!%ĲƶƔĬ:¬İ�6"	ēå

ĂMJ>i:¾/ǟĭôıÆÓ%Ś¢š:ĄÝ��Ð»	Žìű�%ēåĂś

ǂ%ùǩ:Ʀ��¹��ÈÌ$(8�¥ï�6ƢíëuƢíǚƗë%ǯ®ś(g

I)%ªŚůÔ®%ƻƒ#šƵ"	ªŚû%MJ>i%Ď«:šƵ�6ÿƱ��

6"ƞ�476���!	ĥƇ!&Žìű$ò�¥ï�6ǯ®ƢíǚƗë$ņŮ

�	�%ªŚőƪû%Ţćś%śĂƹ�:ƊĤ XƘÂċŅ	Ʃ� XƘ¥īŅ	

�3) EDS-SEM Ņ:Ť	 ƫ���Ŝ$	£Ūśǂ%Ƌú$36Ţćś%ů

ǌ"�Ƒ%�ī�3)`?qJSEǘś"g`<SEǘś"%ǱōªŚőƪû

%Ţćś%ůǌ	�3)MJ>i:Ŋ����ǯ®ƢíǚƗë%ǱōªŚőƪ

û$��6MJ>i%Ď«$�	 Ĳƶ���-�	Žìű�%ǯ®ÆÓ$Ŋ»

ś"� ÚÇ�6Ŕêŕ%Ď«:Ĳƶ�6�0$	ǝĩsvi:ªŚőƪ��

�Ð»%MJ>i%Ď«$�	 1ĽǆĲƶ��� 

�

��� � N2�38�

� Þǰ$&	ŽìűťħǏæǔŦ%æǔęŦæÛĮFotX$�	 ď¸��

ǯ®ƢíǚƗë:Ť	�(Fig. 3-1)��%Ļë&	�ÈǂÄ Navi�1)$36"	ë

ŵ¥Ǯ!ƴǚŵǲǥĻƢíǚƗë"�7 	6�ď¸��ƺĖ&ǯ�û	�õ`

q=$35 2000 µm>d>500 µm	500 µm>d>250 µm	250 µm>d>125 µm	125 

µm>d$¥Ɛ�	£Ūśǂ"��(Table 3-1)� 

£Ūśǂ 30.00 g:Ƨ��ǱƏó;qhYqTe(įõ�żZSBWv	SSA-
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SƯ)$�7	řćǦľŖ(nvsJLUiįõ�ż	EF88-1500)$35ªŚ¢š

���ªŚ¢š&	ßō
4 1550 ºC-! 3Ġǜ
�Ğō�	1Ġǜ�Č���

�%û	ǞōǊó%Ţćś*%ùǩ:ƽ+6�0	Ŀ{$ƺĖ:ŉŒ� ā¡�

�6ĚŅ	�3) 6Ġǜ-�& 90Ġǜ
� ßō-!Ǟō�6ĚŅ% 3Ĩ�!

ªŚƺĖ:¡³����4$	wǐƺĖǳ250 µm>d>125 µm%ŧ¥Ǵ$�	 

&	[AKiŹŵ:Ť	 ŘǶūơǘś(`?qJSEǘś)"ģơǘś(g`<

SEǘś)$¥Ǥ��û	¼ĵ%ªŚ¢š:ƫ		Ĵćǘś%Ɠ.»9�%ǌ	

�ªŚůÔ®$z�6ùǩ:Ĳƶ��� 

ªŚůÔ®"MJ>i%Ď«:šƵ�6�0$	25.00 g%£Ūśǂ" 5.00 g 

% CsOH :Ŋ»���ƺĖ$ä� xƷ"¼ĵ%Ĩ�!ªŚ¢š:ě���-

�	Ŕêŕ%Ď«1Ĳƶ�6�0	ǝĩsviǳįõ�żZRB	wƠÆÓĶĥ	

2101-511	GSS 30):Ť	 	xƷ"¼ĵ%Ĩ�$ CsOH:¾-#	Ð»"

¾/Ð»%Ţćś%ǌ	1Ĳƶ��� 

ªŚu¡³û%ƺĖ&	ǱƏó;qhYqTe"�$	Q=lktX¤:Ʈ�

��ëŵBSPv$ ƚ$¦Ę�	wǐ&j\>~Ǘ:Ť	 Ɗŷû$�y%

ĚŅ$ ¥ī���£Ūśǂ�3)ªŚ¢šû%ƺĖ%ǘśƓ.»9�&	ƊĤ

X ƘÂċ¥īƮƝǳįõ�żpCE	RAD-XǴ$35¼Ý���]qE®ÛƓ

ć&	@[qDv¥ĔÊƩ� XƘ¥īƮƝǳĝĥǦØįõ�ż	JSX-3220Ǵ$

35¥ī���ƺĖ�ć&�ŭŝƺĖĪ:Ť	 	brLķ$35ƺĖ:Ë0ǈ

/apGSWĚŅ:Ť	��ªŚû%ƺĖ&	�4$ SEM-EDSǳĝĥǦØįõ

�ż	ÊŨ JSM-5600LVǴ$35�%øą"®ÛƓć¥ï:ƽ+�� 

�

��� � I6�

���� �  H!-�4�@N2�

� ǯ�û%ǯ®ƢíǚƗë	�3)�%�õ`q=$35¥Ɛ��£Ūśǂ%

®ÛƓć: Table 3-1$Ż��ǯ�û%ǯ®ƢíǚƗë	�3)ǯ�û�õ`q

=$35¥Ɛ��£Ūśǂ% XRD^Pvt: Fig. 3-2�3) Fig. 3-3$Ż��

XRD ¥ī%ƔĬ	ǯ®ƢíǚƗë%|ƱĴćǘś& Mg	Fe-dqtartX	
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ėǙŵǳ;\vI=WǴ	ŵƥ!�6�XRD^Pvt%÷ó
4&	¥Ɛ��£

Ūśǂ%ñÉƋú�æ��#6Ɓ	¾ģ�76ŵƥ%Ǖ&Ōç�6�	ėǙŵ¶

)dqtartX%Ǖ%ñÉƋú$ä�6ƎƕŬ#Ô®&ŸƼ!�#
���

wĚ	Ƌúļ%®ÛƓć$ǝ� &	ŵƥ%Ǖ%Ô®$Ā� 	SiO2� 67 wt%


4 54 wt%*"Ōç���CaO$ǝ� &	2000 µm>d>500 µm%ŧ¥% 4.8 

wt%Ɓó
4	�7�y%ñÉƋú%ŧ¥!% 7 wt%$Òª���Al2O3&	�

%ƋúÔ®$Ā� 	12 wt%Ɓó
4 25 wt%Ɓó$Òª� 	6��74%

Ô®&	XRD¥ī
4&§Ę!�#
��Ǚŵ¶)dqtartX%Ǖ%Ô®	

�4$&ǧġǂśǂ%Ǖ%Ô®$Ā� 	6"ƞ�476� 

�

������  H!-�;M�@N2T�

ǯ�û%ǯ®ƢíǚƗë: 1550ºC!¢š��û	Ŀ{!ā¡��Ð»	6Ġ

ǜ-�& 90Ġǜ!Ǟō��Ð»%Ţćś% XRD^Pvt: Fig. 3-4$Ż��

Ŀ{!ā¡��Ð»$&	¡³$�
ǧġǂśǂ"EpLW]o=W%_vE

�Ƽ047��6Ġǜ!Ǟō��Ð»$1	¼ĵ$ǧġǂśǂ"EpLW]o=

W%_vE�Ƽ047��wĚ	90 Ġǜ!Ǟō��Ð»$&	ėǙŵǳ;\v

I=WǴ�|ć¥!���� 

¥Ɛ��ŧ¥: 1550ºC!¢š��û	6Ġǜ!Ǟō��Ð»%Ţćś% XRD

^Pvt: Fig. 3-5$Ż��ŵƥ:Õ�¾/ 2000 µm>d>500 µm%ŧ¥:¢š

��ƺĖ$&	ğŸ#EpLW]o=W%Ţć"ǧġǂśǂ%ÚÇ:Ƽ0��ñ

ÉƋú%Ōç	�#9�ŵƥ¾ģǕ%Ōç$Ā� 	Ţć�6EpLW]o=W

%Ǖ&Ōç�	ǧġǂśǂ%ÚÇ:Ż�asvX#_vE�°Ǆ���őƪ¢š

û	ëŵBSPv!¦Ę��ƺĖ%xǐǨ"yǐǨǳ�ǐǨǴ%®ÛƓć: Table 

3-2$Ż��2000 µm>d>500 µm%ŧ¥:¢š��ƺĖ$�	 &	ŵƥ¾ģ

Ǖ��%ŧ¥ƺĖ$Ľǆ� Õ�	ğŸ#®ÛƓć%ǌ	�Ʋ47#
����


�	�%ŧ¥:¢š��ƺĖ$�	 &	ƺĖ%xǐǨ"yǐǨǳ�ǐǨǴ!

&ğŸ#îũ�Ƽ047��ůäŬ$ƭǨ�$	SiO2 " K2O �Õ�	�ǐ$

Al2O3	Fe2O3	MgO	�3) CaO�œǢ�6�½�Ʋ47�� 
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��

������ E7 QN2�"<C($�

� ¥Ɛ��ŧ¥:őƪ¢š��Ð»$	xǐǨ"yǐǨǳ�ǐǨǴ!�Ƒ%�Ç

�Ʋ47��":ƞĆ�	250 µm>d>125 µm%ŧ¥ƺĖ:	[AKiŹŵ:Ť

	 	̀ ?qJSEǘś"g`<SEǘś"$¥Ǥ�	Ĵćǘś%Ɠ.»9�%

ǌ	�ªŚůÔ®$z�6ùǩ:Ĳƶ���¥Ǥû%`?qJSEǘś"g`

<SEǘś% XRD^Pvt: Fig. 3-6$Ż�	1550ºC!¢š��û	6Ġǜ

!Ǟō��Ð»%Ţćś% XRD^Pvt: Fig. 3-7$Ż���74%Ţćś%

®ÛƓć: Table 3-3$Ż��1550ºC!¢š��g`<SEǘś% SEM-EDS

¥īƔĬ: Fig. 3-8$Ż�� 

� `?qJSEǘś&|"� ŵƥ¶)ėǙŵ
4Ĵć�7	g`<SEǘś

&|"� dqtartX
4Ĵć�76�ªŚû%Ţćś!&	g`<SEǘ

ś
4&gFcg=W�3)ėĚǇŵ	`?qJSEǘś
4&EpLW]o

=W%Ţć�Ƽ047��	ŵƥ%ĺÚ$ª�	ƔġĂ$}�	�Table 3-3$

Ż�3
$	`?qJSEǘś"g`<SEǘś%őƪ¢šû%Ţćś%®Û

Ɠćć¥%Ɠ.»9�"� 	`?qJSEǘś!& SiO2-Al2O3-CaO-Na2O-

K2O	g`<SEǘś!& SiO2-Al2O3-Fe2O3-MgO-CaO"#���g`<SE

ǘś%őƪ$36Ţćś% SEM-EDS �Ƒ¥ïƔĬ	Si %¥ï" Fe %¥ï!

Ǔư��	G=ǒÑǘś"ǖƎǘś"%¥Ǥ:ŸƼ��� 

�

��������	 49����R$L+OJ*�S:"<;M-.
�3 �	 �0#�

CsOH:Ŋ����ǯ®ƢíǚƗë: 1550ºC!¢šû	Ŀ{*%ā¡	6Ġ

ǜ�3) 90Ġǜ!Ǟō��Ð»%Ţćś%ƊĤ XRD^Pvt: Fig. 3-9$Ż

��Ĵćǘś%Ɠ.»9�%ǌ	$36ªŚůÔ®:Ĳƶ�� 250 µm> d >125 

µm%ŧ¥ƺĖ$�	 135ƻƒ#Ď«:Ĳƶ����%ƊĤ XRD^Pvt

: Fig. 3-10$	�ĸǦØ�¶)·åǦØ�-Ɠć�%Ƴã	¥īƔĬ: Fig. 3-

11-13$Ż�� 

ǞōǊó$35Ţćś%Ɣġ®�Ö��ũ#���Ŀ{*%ā¡!&	ā¡$
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�
ǧġǂśǂ:|"�	9�
$fqSELŵ%Ɣġ�Ţć���¡³Ǌó%

�y$�		fqSELŵ%ƔġŢćǕ%Òª�Ƽ047���4$	ėǙŵ¶

)gF[P=W%Ţć:Ƽ0�� 

Fig. 3-9 $&	´ƞ"� CsOH :ŋª��$	¼Ĩ�!¢š��Ţćś%

ƊĤ XRD^Pvt1Ż���250 µm> d >125 µm%ŧ¥ƺĖ$ CsOH:ŋª

��$ 1550ºC!ªŚőƪ��Ð»$&	ėǙŵǳ;\vI=WǴ�|ć¥!�

����7$ä�	CsOH:ª��Ð»	ėǙŵǳ;\vI=WǴ%ÚÇ&Ƽ0

476�	fqSELŵ%Ɣġ�Ţć��ǳFig. 3-10-13Ǵ�fqSELŵ%ţŝ

&�ǉ5�5	ƭǨ2ġŇǐ¥!&�¯ÁǨ�%ƟøƔġ�Ƽ0476�ĘǨ{

$Š76fpmvI=W&ǭƦ#ƔġǨ:Ż�#	ǳFig. 3-11Ǵ��ƑgS_t

F$35fqSELŵ%®ÛƓć:¼Ý���CsOH :wÝǕŋª��Ð»$

&	fqSELŵ�»ć�7	�Cs + Si + Al + K + Ca�"�Fe + Mg + Na�"

%Ɠ.»9�$¥Ǒ�76�CsOH :wÝǕŋª"�	Si &� fqSELŵ

$ƀƫ���-�	ƟøƔġ"�7:¸5Ã/ǐ¥!%®ÛƓć%ůǌ�Ƽ04

7	Cs& Fe	Mg	Ca	Na"&�Ú��	K"Ǯ��6Ď«:"6"ƞ�4

76� 

�

������ � ��5�49����P5���C'�S:"<;M-.
�3��

5��0#�

ǝĩsvi&	ǥĻƍÆǘś	ŵƥ	Ǚŵ!Ĵć�76� CsOH:ª��$	

1550�!ªŚőƪû$&	cgP=W	io=W	EpLW]o=W	 ǖL_

[q	cqJY=W	JpgY=W%Ţć�Ƽ047��-�	ǧġǂśǂǳC

oLǴ%ÚÇ�ƣð.476�XRD%÷ó
4&	io=W	EpLW]o=

W�Õ	ǳFig. 3-14Ǵ�CsOH:ª��Ð»	ǯ®ƢíǚƗë%ǱōªŚőƪû

%Ţćś"¼ĵ$fqSELŵ%Ɣġ�Ţć��� 

ǝĩsviÆÓ% 1550ºC ªŚû%Ţćś$��6�Ƒ¥ï: SEM-EDS $

35ŎÝ��ƔĬ: Fig. 3-15$Ż��Al" O:ǟ�º�Ƒ&	Cs + Si + K + 

Ca" Fe + Mg + Na% 2^Pvt$¥Ǒ�76�ưǣƎ!�6]qE%ÆÓƺ
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Ė:ǱōªŚ��û$�ƑgS_tF:ƫ���&#�	�%ƔĬ&�û%ř

³¢¥$ǝ�6ÍźŬŴƲ"#6� 

�

��� � K)�

� ¥Ɛŧ¥%őƪ$36Ţćś%Ŝý"� 	ƌƋƺĖ!&EpLW]o=W

*%Ô®$36�Ń�Ƽ047	ƒƋƺĖ!&ǧġǂśǂ%Ţć�ŸƼ�7��

őƪ	¡³û%Ţćś%ĘǨ%ĢƭǨ$cgP=W�Ţć�6�	£Ūśǂ$�

�6Ƌú%ůǌ�Ţćś%ƓƜ$¶,�ùǩ&Ö�	�şǙǂǐ"Ƥǖǂǐ$

¥Ǥû	�7�7:őƪ�6"Ɣġó&�y�61%%Ţćś"� ğŲ#ů

ǌ�Ƽ047��£Ūśǂ%şǙǂǐ$ÚÇ��	ŵƥ2 Caǂ;q]=W&ő

ƪû$�Ń:ģ�6EpLW]o=W"ŵƥ"$Ô®�6�-�	Ƥǖǂǐ$�

	 |ć¥!�6 Mg	Fe dqtartX
4&	Ř�Ń%gFcg=W	H

otQi	Mg;qh\şǒÑƈ�Ţć����Ƒ¥ï$ǝ� &	àÀxǨ"

yǐ"! Si-K	Mg-Al-Fe-Ca-Na% 2ů*%�Ç�.47�� 

őƪ¢šû%ǘśƓć$�	 & 2 Ƈ!Ż���ǥĻƍÆǘś	BApY=

W	ƴMtŵ	ŵƥ	Ǚŵ	dqtartX!Ĵć�7 	6ǚƗëǯ®ÆÓ&	 

1550�ªŚû$&	EpLW]o=W	cgP=W	ǧġǂśǂǳCoLǴ%Ú

Ç�ƣð.476�ŵƥ	Ǚŵ	ǥĻƍÆǘś	BApY=W!Ĵć�7 	6

Ƣíëǯ®ÆÓ% 1550�ªŚûƺĖ&	ŵƥ	EpLW]o=W!Ĵć�7	

ǧġǂśǂ%ÚÇ�ƣð.476�Ŕêŷé2�%ǯć�ĸÎƃś%Ɩſ!�

6ǝĩsvi&	ǥĻƍÆǘś	ŵƥ	Ǚŵ!Ĵć�7	1550�ªŚû&	io

=W	EpLW]o=W"ǧġǂśǂ$Ô®���ǯ®ÆÓ&	�%ţŝ$35

®ÛƓć$Ô®�.476�	Õ�%ÆÓ� SiO2 $â/�":ǅ-�6"	

1550�ªŚû$&	|#Ţćś�EpLW]o=W!�6ŗ&	�Â%ƔĬ"

ųŰ�#	� 

MJ>i:ª��Ð»$&	1550�ªŚû%Ţćś&|"� fqSELŵ

!����ǯ®ƢíǚƗë�3)ǝĩsvi!1¼w%ƔĬ�Ƽ047��ªŚ

û%Ţćś&	MJ>i:ª�#	Ð»%Ď«"¼ĵ$	£Ūśǂ!�6ǯ®Æ
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Ó%Ô®$Ö���Ú�#	�"�§ğ���fqSELŵ%ÍĥĴǋ&	Ěń

ŵ"¼w!�6 2Ǵ�OvQo=WGvK1��& β-GvK"¿'7 	6ǫŗ

:¸5ǟ	�Ĺ�Ǩ�ǳWotG=U<SXAEPcXstǴ��!ƅǜ:Ë0

è���1%!�6��%ƒÙú&	0.5-0.7 nm!�6�Ěńŵ&	�%Ǳáó

#Ĵǋ%ƅǠ$=At�đĂ% Na =At:Ǜ�ǈ0�1%!�6	fqSE

Lŵ&	Na =At%�95$ Cs =At�­Ē�7�1%!�6�β-GvK{

%Cs=At&	wó­Đ�76"�%ƒÙú�Cs=At%Ö��35æ��	

�%ő£&Ċ�476 3Ǵ� 

ĥŶƄ$�	 	�û%ǟĭôıÆÓ%Ōà¢š!ǓƱ#Ś¢š!Ţ�6Ţ

ćś%ǘśÛŬu®ÛŬŜĂ:	ǯ®ƢíǚƗë:Ť	 Ĳƶ���£Ūśǂ%

Ƌú�3)¡³Ǌó$35Ţćś%Ɣġ®Ɓó&Ö��ũ#6�":ğ4
$

���-�	ªŚőƪ¢š$35	g`<SEǘś
4&gF[P=W�3)±

ėǇŵ	̀ ?qJSEǘś
4&EpLW]o=W:Ţ�	Fe" Si"|"�6

Ţćś$Ö¨�7���4$	CsOH :ŋª� ªŚ�6"fpmvI=W�

Ţ�	Fe" Cs"&�Ú�#	�"�ğ4
"#��� 

8,000 Bqkg-1 �x%čÝôıś%¢š$�	 &	ř³¢¥:{þ"�6Ō

à®$36{ǜ¢š:ƫ		ĜÚ%¢¥Ðµ&Å�ƸƝ�6¢¥Ð$Ë0Ɔ 

476�-�	100,000 Bqkg-1%čÝôıś$�	 &	ǎ*	Ê¢¥Ð$�	

 Ë0Ɔ �Ĳƶ�7 	6��%ǡ	HtEpvW$36ǎ*	�©$	-�	

ƍÆŧ¥*%¥Ɛû$	ř³(őƪ)$36{ǜ¢š:ƫ
�"�ÿǬ!�6�ĥ

ƔĬ
4ü47�ªŚû%Ţćś%ŜĂ$ǝ�6ŴƲ:Í$	ŁĭÆÓ%ªŚ

¢š$��6ŌàĚŅ%ĢǍĨ��ŸƆ�7	�û%ǟĭ
4{ǜǀƨěƸ¶

)ƉšÊ¢¥Ð*%Ĩ��łÝ�76� 

�

��� � G � F�,B1?�

öŤĕŞ 
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https://gbank.gsj.jp/geonavi/. 
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Table. 3-1� Chemical compositions of starting material after the 

classification (wt%). 

�  �  
2000>d 

>500 

500>d 

>250 

250>d 

>125 
125>d 

�  SiO2 67.31  59.65  55.66  54.21  

�  TiO2 0.77  0.64  0.58  0.59  

�  Al2O3 12.26  17.01  20.40  25.02  

�  Fe2O3 7.36  7.60  7.61  6.65  

�  MnO 0.18  0.22  0.23  0.23  

�  MgO 2.61  2.17  1.85  0.64  

�  CaO 4.79  7.40  8.45  7.20  

�  Na2O 1.97  3.19  3.48  2.99  

�  K2O 2.24  1.71  1.37  1.76  

�  P2O5 0.51  0.41  0.36  0.72  

�  �  100.00  100.00  100.00  100.00  

      

 

 
  

Unit of “d” is µm 
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Table. 3-2 Chemical compositions of heat-treated products from the classified starting material.  

Upper side and bottom side of the solid products.�  Unit of “d” is µm 
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Table. 3-3 Chemical compositions of heat-treated products from felsic and 
mafic parts of magnetically sepatrated starting material (250µm>d>125µm). 
Unit of “d” is µm 
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Fig. 3-1� Sample locality of the weathed granodiolite as starting material  
(X) at Ono-niimachi elementary school, Fukushima prefecture, plotted on 
the geological map (GeoNavi: https://gbank.gsj.jp/geonavi/).  
G2a: Hornblend-biotite granodiolite; G2b: Biotite granite; MG: Silicic and 
mafic metamorphic rocks.  
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Fig. 3-2� X-ray powder diffraction pattern of air-dried starting material 
(weathered granodiolite) . Solid circle: Cristobalite; Open circle: Plagioclase; 
Open triangle: Kaolinite; Solid triangle: Hornblende; Solid square: Quartz. 
 
  

20 40 60 

2q, 
a
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Fig. 3-3 X-ray powder diffraction patterns of starting materials (weathered 
granodiolite) after classification. Solid circle: Cristobalite; Open circle: 
Plagioclase; Open triangle: Kaolinite; Solid triangle: Hornblende; Solid 
square: Quartz. 
 
 
  



58 

 

 
 

 
 

 
Fig. 3-4� X-ray powder diffraction patterns of products heat-treated at 
1550 6 from air-dried starting material (weathered granodiolite). a; 

Product quenched into water; b: Product cooled in 6 hours; c: Product cooled 
in 90 hours. Solid circle: Cristobalite; Open circle: Plagioclase, Open square: 
Magnetite. 
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Fig. 3-5� X-ray powder diffraction patterns of products from the classified starting 

material, which are heated at 1550 6 and cooled in 6 hours. Solid circle: Cristobalite; 

Solid square: Quartz. 
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Fig. 3-6 X-ray powder diffraction patterns of felsic and mafic parts of 
magnetically sepatrated starting material (250µm>d>125µm). Solid circle: 
Cristobalite; Open circle: Plagioclase; Solid triangle: Hornblende; Solid 
square: Quartz. 
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Fig. 3-7 X-ray powder diffraction patterns of products heat-treated at 1550 6 

and cooled in 90 hours from felsic and mafic parts of magnetically sepatrated 
starting material (250µm>d>125µm). Solid circle: Cristobalite; Solid square: 
Quartz; Open square: Magnetite; Double circle: Clinopyroxene. 
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Fig. 3-8� SEM- and BEI-images and the chemical mapping for Si, Fe and 
Si-Fe of the product treated products at 1550 6 and cooled in 6 hours from 

mafic parts of magnetically separated starting material (250µm>d>125µm). 
 
  



63 

 

 
 

 
 

Fig. 3-9� X-ray powder diffraction patterns of products heat-treated at 

1550 6 from air-dried startimg material (weathered granodiolite) with 

CsOH. a; Product quenched into water; b: Product cooled in 6 hours; c: 
Product cooled in 90 hours. Solid star: Pollucite; Open circle: Plagioclase: 
Open square: Magnetite. 
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Fig. 3-10� X-ray powder diffraction patterns of products heat-treated at 
1550 6 and cooled in 90 hours from the classified starting material 

(250mm>d>125mm) with and without CsOH. Solid star: Pollucite; Open 
circle: Plagioclase: Open square: Magnetite. 
  



65 

 

 
 
 
 

 
Fig. 3-11 SEM images of products heat-treated at 1550 6�and cooled in 90 

hours from the classified starting material (250µm>d>125µm) with CsOH. 
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Fig. 3-12� SEM image and EDS mappings for O, Na, Mg, Al, Si, K, Ca, Fe, 
and Cs of products heat-treated at 1550 6�and cooled in 90 hours from the 

classified starting material (250µm>d>125µm) with CsOH. 
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Fig. 3-13 SEM image and analytical results by EDS of products heat-treated 
at 1550 6�and cooled in 90 hours from the classified starting material 

(250µm>d>125µm) with CsOH. 1: Euhedral pollucite;  
2: Area surrounding pollucite. 
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Fig. 3-14� X-ray powder diffraction patterns of products heat-treated at 
1550 6 and cooled in 90 hours from Kanto loam with CsOH. Solid star: 

Pollucite; Reverse open triangle: Hematite; Reverse solid triangle: Mullite; 
Solid circle: Cristobalite. 
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Fig. 3-15� SEM and BEI image and EDS mappings for Cs, O, Na, Mg, Al, 
Si, K, Ca, and Fe, of products heat-treated at 1550 6�and cooled in 90 hours 

from Kanto loam with CsOH. 
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Table 4-1 Mix proportion of Cs adsorbed clay. 
 Amount of  

Bentonite 
(g) 

Amount of 
CsCl solution 

(l) 

CsCl concentration of 
solution (mg/l) 

Cs Adsorbed ClayDACE� 200 1 1270 
Cs Adsorbed ClayDACE8 500 2 635 

 
 
 
 
 
 
 
 

Table 4-2 Chemical composition of clay and Cs adsorbed clay. 

 
 
 
 
 
 
  

Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Cl Cs CaO/SiO2 Cl/Cs 
wt.% mg/kg mole ratio 

Clay(Bentonite) 70.8 15.1 2.9 4.0 2.3 2.2 3.5 0.22 F F 0.06 F 

Cs Adsorbed 
ClayDACE� 64.9 11.3 2.3 4.0 1.5 1.8 3.1 0.13 79 6080 0.07 0.05 

Cs Adsorbed 
ClayDACE8 66.5 12.2 2.5 3.9 1.7 2.0 3.8 0.15 175 2400 0.06 0.27 
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Table 4-3 Radioactive Cs concentration and chemical composition of actual Cs contaminated soil. 

 

 
 

 

 

  

Sample 

Radioactive Cs 

concentration(Bqkg-1) 
Chemical composition (wt.%) 

Cs134 Cs137 total SiO2 Al2O3 Fe2O3 CaO Na2O K2O SO3 

Actual Cs Contaminated Soil

� 
1,600 4,200 5,800 41.3 26 13.1 2.5 3.37  1.5 1.5 

Actual Cs Contaminated Soil

� 
8,900 23,400 23,400 37 22.6 16.6 6.5 8.76  1.6 2.0 

Actual Cs Contaminated Soil

� 
6,700 17,900 24,600 40.2 25.2 13.7 3.1 4.18  1.6 1.4 
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Table 4-4 Test results with actual Cs contaminated soil. 

* Ratio of quantity of products after heat treatment / actual Cs contaminated soil. 

 
 

 

�  Sample 
Condition of mixed soil Temperature 

Radioactive Cs concentration 
 after heat treatment Quantity of the 

products*  CaO/SiO2 Cl/K Cs134 Cs137 Total 
mole ratio  mole ratio � Bqkg-1 - 

Actual Cs Contaminated Soil� 1.87 1.0 1300 20 60 80 1.14 
Actual Cs Contaminated Soil� 1.87 1.0 1300 90 230 310 1.16 

Actual Cs Contaminated Soil� 
1.87 1.0 1300 40 140 180 1.16 
1.87 1.0 1350 70 510 580 1.16 
2.07 1.0 1350 20 30 50 1.62 
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Fig. 4-1 Relationship between temperature and Cs volatilized rate. 
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Fig. 4-2 Appearance of sample after heat treatment. 

 

  



79 

 

� 5�� � �� 

 

ĪǙĘ'-�ȇĳ'Ų�"ŋĳ½ÇCșŚ�Ŧ�ů�"Ã¬,ŲþŨ,Ô�

ùǓ~+ǡ�?"9�½Ç,șŚ�Ŧò,ŲþŨ,ũùCăď�?�(CƀŻ

+�2ƚ�= 4ƚ6'+Ɛ�"ƋƗCƿ�jǐ+Ɛ�þĲCô"� 

�2ƚ� 

� 2ƚ'-�ËǸ+źŲ�"ŋĳ½Ç,ŘÚeǡī�,Ěō,g%(�&Ŏƀ�

@&�?�Ŧ�ů+Ü�&�Ɩ�,ãÀCŅī(�? 11Ɩ,Ȗ�½Ç�<0Ȅ

įcf^,ǎ 12 ƖC 1550�,�Ŧĭx'Şƾ��ô=@"ŲþŨ,ǼŨÓŻ

�<0�ÓŻũùC-�9&ƠƪŻ+ǔƥ+ķǏ�"�!,ƩĲ<>��Ŧ�ů

+<?ŘÚ;ǡī�,ƩĲ+<>Ų�"ŲþŨ,ũùǓ~eÔ�ùCƍǕ�?

"9,ÂŝTfQ,ǶǆùCƐ�"� 

�3ƚ� 

� 3ƚ'-�ƒäƄ�,ĔÝùŨǢ,ñȒCƻ��©�"¿Á+/A��è�?

ƸåȀƯã,Ȗ�Ũ(]M) +Ŏƀ��!,�ŦƂÉ�(��Ŧò,PNG^,

Ĉ�,ǔƥ*ķǏCƿ$"�6"�ƒäƄ�,Ȗ�½Ç+Ŗ¬Ũ(�&Ò¾�?

Šâš,Ĉ�CķǏ�?"9+�Ȅįcf^C�ŦŞƾ� "Ã¬,PNG^

,Ĉ�+%�&:ņǦķǏ�"�!,ƩĲ�Ȗ�ƸåȀƯã�<0Ȅįcf^C

1550��Ŧò+-�PNG^-\aRJOƉ,șÛí*ĺǫ,Ƙȉ+ȁ�ǧ9

=@�!,Ş�-Ą�=@?ªƵùCƐ�"�ĪƩĲ�=ô=@"�Ŧò,Ųþ

Ũ,ũù+Ȅ�?Ƈǈ-�sò,ŋĳ½Ç,�Ŧ�ů+��?ŘÚĚō,ĥǱ

ĭx,ƍƙ�sò,ȇĳ�=lȃǟƼěǑ¥0ƝůÀ��Ã2,ĭx,ŌÖ+

Ȋ�&,Ƕǆ*ÂƎTfQ(*?� 

�4ƚ� 

4 ƚ'-�×ŋĳ½ÇCŴ�"ĔÝùPNG^,Đźȇ¤+Ȅ�?ķǏCƿ

��ĔÝùPNG^'ŋĳ�@"½ÇC�Ƣ+Ŧ�ů�"Ã¬+-�ĔÝùPN

G^-Đź ��½Çl+łŷ�?�(Cġ=�+�"�6"�1300�'½Ç

�Şƾ�*�<�+ CaO/SiO2Cǘė���=+ÄƤŜCàǸŗ��?�(+<

>�ĐźŬCÌê+®i� ?�(�ªƵ(*>�½Çl+ĔÝùPNG^�Ė



80 

 

h Bqkg-1°6@?Ã¬':J`E_dOb[aț100Bqkg-1 ȜvjCǰþ'�

?�(Cġ=�+�"� 

 

ȇĳ'Ų�"ÌǸ,ŋĳ½Çƛ-�lȃǟƼěǑ+ǭđ�@�gģŻ+�Ɲ�

@&�30 ìv�+ƄÊ'ĥƧ���@?�(+*$&�?�lȃǟƼěǑ+đ

��@?ơ 2200 h m3țpś�ȜC�=+ƄÊ+ƔǑ�?�(-Ĺ9&ȍ��

ǗȔ'�>�ĠĨ+ǋŌ��*�Ì�*ǗȔ'�?�gĚ�30 ìò,đ�Cǈ

Ċ�"Ã¬+-��ŘĨ�ơ 30ì, 137Cs��ŘĨ�ơ 2ì, 134Cs( 134Cs

-ëþ 27 ì'ï�,ơ 4 �, 1 ,şí+*$&�?),ƶŤŘǂ+<>��Ĕ

ÝùPNG^şí- 2015ì 11Ħ+-şí,ơ 1/3+*>�ƩĲ(�&ÌǴ�

,½Ç,ĔÝùPNG^şí- 8,000 Bqkg-1vj+*?(ĎÖ�@&�?�30 

ìò,şíȑ�=Ƴ�"Ã¬�ŘÚ��ůC ��ĥƧ����=+-ƝůŪý

'ÊǴǃ.�;¿jœǩȅŀC�%%�Ų�ŴC�?�(:ǉǷ+�?3�(

ćĒ:�?�����lȃǟƼěǑ,¿ļƴC°8¿Á{ň(,ơĬ-�ƄÊƔ

Ǒ'�>�!,ªƵùCș9?"9+:șí*ŘÚ�Ăǀ�÷ǆkªĿ'�?�

6"�ĔÝùPNG^°8½Ç2,ŘÚ�Ăǀ,ǱŴ-�¿Á{ň(,ơĬCĲ

"�((:+�lȃǟƼǑ'�Ɲ�?÷ǆ��?½ÇǸ�/�&-ĥƧ��ǸC

Řà� ?�(�'�?ªƵù��>�ǾĨŻ*ǉţ�=Ĺ9&Ƕǆ*¨>ƨ

7(*?� 

2011ì<>ŰÅƃ,ȇĳĂǀ×ǒqĸ 2, 3)�Ƭƭ�&�>�!,ò 2015ì+

-ŰÅƃ+	lȃǟƼȇ¤½Çƛ,ŘÚe�Ų�ŴĂǀȂźÿŸķǏy
4)�Ǒ

Ʋ�@�ŘÚe�Ų�Ŵ,ĂǀȂź+Ȅ�?ķǏCȂÏ�"��@6'ķǏe×

ǒ�Ǭ9=@&�"ŘÚ�Ăǀ(�&-�Ƕǹáŋĳ½Ç�ů'ŐŴ�@&�

"½Çŏőō 5-7);óĮ,îĵŨ�ů;ŋĳ½Ç�ůƛ'ŐŴ�@&�"ťþ 8, 

9)�Şƾ 10)*),�Ŧ�ůō�ǵCŴ�&ĔÝùPNG^CĆ��?�Ó�ůō

11)*)(Ʀt�"�½Çŏőō-Ô~'ĂǀŻ+:ƍƙ�@&�?�Ŋŵ½Ç

*),Ɵ½��Ë�½Ç2,ǱŴ-ȍ��(��ǗȔ��?��Ŧ�ůō-Ɵ

½Ǣ½Ç+:ǱŴªƵ'�?��LOU�½Çŏőō(ņǦ�&ș~'�?�6

"�ŘÚ,Ǯƕ,l'àǸ'�?�ĔÝùPNG^�şư�@"ȗš�źŲ�

?*)�Ɩ�,Ěō+-ǾĀ(ƈĀ�Ò¾�?� 
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ĪƋƗ'ƅƀ�"Ŧ�ů-�ÌǸ+źŲ�"îĵŨ,�ů�����Ų�Ŵ+

-÷ǆkªĿ'�?(Ƴ�&�?�Ŧ�ů-Ë�,½ÇQFZ+ǱŴ�ªƵ'

�>�ȇĳŬ: 90Ȟ99.9Ț(Ȑé+ș����ŘÚŬț1Ȟ10ȚƕíȜ'-Ĺ9

&�Ŭ�<��J`E_dOb[aț100Bqkg-1ȜvjCǰþ�?�(�'�?

¶g,Ěō(�$&:ǮǍ'-*���=+�źŲ�?ő�Ũ-ƊƏŪ:��-

O_K'�>��Ų�Ŵ�;��ðŪ'�?(��ũõ��?�gĚ��Ǩ,(

�>Ŧ�ůCŴ�"ŘÚ+-Ì�*ǗȔ��?(�@?�!@-�	LOU,ư

Ř��ő�Ũ,�Ŵ�,ƍ���ŴǪ+ø�"½ĩīę(�&,´Ǣƍ�'�?�

LOU,ưŘ-��@6':Ɩ�,Ǌţ�=ǛǙ��@&�"�!,g%-�½

Çŏőț��;�ƣȜ(,ƨ7¬B '�?�Ŧ�ůěǑ+îĵŨCą��?Ȋ�

XbINYaLdSVWRJCƁčą��?�(CúÖ�&�=��ą��+

-�ħľŨ;ǻƜ;Ɖī*)C���ů�?÷ǆ��?�6"�¦ø�Ǭ�(,

Ŗ¬�ůCƿ��(�=��ůæƕ,l+��ƛ�Ò¾�?����ůC×ě�

?�(+<>�Ɗ;Ə*)�ņǦŻĔÝùPNG^,ŋĳşí,z�ǡī-��

���ƣ,7'�Ųǡī2*?�(�=�Ŧ�ůC×ě�?ƫÜǸCzŘ�?�

(�'�?��ůǸCŘ=��(-�LOU,ưŘCÌ��ç«�?ǆ¸'�?�

ő�Ũ,�Ŵ�+%�&-�J`E_dOb[aț100Bqkg-1ȜCj·?"9�

½ĩĺǫŨ,Ǆǧī�ǯǣƛž½ī�LdJ`fUŴȘī*),�Ŵ#�'*��

lȃǇ½ī�*),ŴǪ�ķǏ�@&�?�ŴǪ,ķǏ:Ƕǆ'�?gĚ�ȏǆ

�*�(�Ų�Ŵ-Ǭ6*��sòpÖ�@?½ĩæqC°9"ÞĮpś:÷

ǆ'�?� 
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�� 

ĪƋƗ,ƅā�=Õþ+B"$&ħŽ*�ćß(�ǍCȓ�"�ŒǯÌÓ�

ŰÅ¿ǢÓƋƗØ |ƽ�ĕċ+ö�=üǚ,ûCǁ�?�ĪƋƗǬ9�">�

ćß(��ǍCȓ�"»ƙƋƗȂźōr ŨǢeīęƋƗľĺ âŵǅn�È��

ƺƓÓÌÓ  ľƝůÓǴ �ŵŭǳĕċ�»ƙƋƗȂźōrĝĪ£Ñ�ƋƗȂ

źľĺ ŨǢƓÓƋƗPdQf Ɔİń�È+ŕ�üǚŶ�i�?� 

ųĸĂǀƮ¬ƋƗĀ ¿¼ǡŜŰÅƋƗǴǿ� ¿¼�ÓƋƗKafZ ǺĩŁ

µ�È�ĶĪ³o�È+-ħŽ*�ćß(�ǍCȓ�"�gƷǝ¹ōr Ȏ�l

ÍƋƗĀ ¿ŮæÓƋƗĀ Ľâ�²�È�řǲ�Ǡ�È+-�ıǘĴ,ƋƗC

Ǭ9?+�">ËÌ*ǞūCȓ�"�ŨǢeīęƋƗľĺ� MANA�ǌÐīę

KafZ HGVdĢÎŇ+-ƹǖǁǐ�ƹĘǆğCǬ9?+�">�ćß(�

�ǍCȓ�"�ĪƋƗē�&ȓ�"vi,Ě�+ŕű*ǚûCǁ�?� 

ƋƗŲŐC�+Ǯ��ē�&�@"ŰÅ¿ǢÓØ,żĻ+¢��ƑŶi�?� 

ĥò+ÌÓ'Ó1ľyC�@"ÙĜ+ö�=üǚ�6�� 
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� ½Ç�ť¡šƛ,Ŧ�ů-�ŞƾŪý6'ǰ�?�¯�'�ȕ'��ťþō(

Şƾō+Ì��@?��=+ťþō-�1300�vi,șŚ'ť�º9?Ěō;�

1100�ƕí,zŚ'45½Ç,ùŪCł�Ěōƛ��?���@:ŗ��C�

�&�Ŧ�?��@=,āō-��ŦŚí�ŗ���Ź*?����@,āō'

ô=@?ő�Ũ:�Ų�ŴªƵ'�>�90Țvi,PNG^ȇ¤�ŬCħ�&

�?� 

 

n ���"ŗ��C���·ǥŢ' 1ģȃvi 1000
1300�ƕí+�ŦC�

?�('�½Çƛ,PNG^±ƅMFU,ƩĤĺǫCÉ�� ?�(+<>�

PNG^C½Çĺǫ�=�Ȍ� �PNG^CÄ�Ũ(�&ŉ�ȇ¤�?�

şưŨ(�&.��DțȗšȜ�źŲ��ő�Ũ(�&LdJ`fUŴȘī�

ǣſī�ž½īƛ+�Ŵ'�?ƊƏ�ô=@?� 

Ø zŚÁȝ1000
1100�ƕí'Ŧ�ůCƿ��PNG^ȇ¤Ŭ-ơ 90
98Ț

'�>�ô=@?ő�Ũ-�ů�(­ƕí,ƞí�è,ƊƏ'�?� 

Ø șŚÁȝ1300�ƕí'Ŧ�ůCƿ��PNG^ȇ¤Ŭ- 99.9Ț'�>�ô

=@?ő�Ũ-��Ŵ,ŴǪ+ø�"ƞíé Ǣ+}>��?�(�'�?� 

 

n ���ȝŗ��C���ŞƾŢ'½Ç�Şƾ�? 1400�vi'Ė�'�Ŧ

��½ÇĺþǼŨ,ƩĤĺǫCƌÆ�?((:+�Şƾ�Ĩ,ŃȈ'�½Ç

ĺǫ�=�Ȍ� CsCÄ�Ũ(�&ŉ�ȇ¤�?�şưŨ(�&-.��

DțȗšȜ�źŲ��ő�Ũ(�&-O_K�ô=@?�½Ç�ť¡šCÜ

ǜ(�"ŞƾōvÊ+�ǹáCÜǜ(�"Şƾō:�?�ǹáCÜǜ(�"

Şƾ,Ã¬��ŦŚí� 1600�ƕíțǽī,Ã¬Ȝ'�>�ǹá+uƅ�

"PNG^CJ`E_dOb[a6'ȇ¤'�?� 

 

6"�ªŧù,ȇĳîĵŨCť¡���&�?wǑť¡Ţ;iǐ,Ŧ�ů+

<$&źŲ�"ť¡šC�=+ŘÚ�?�(:ªƵ'�?� 
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n ��� ��!���	�
� 

ȗš,ŏő�ů-�gƷŻ+ȗš+uƅ�&�?ĔÝùPNG^�Ŋ+Ş�

;��ũùCǤ6��ĔÝùPNG^CŊ+Ş�e�Ȍ�?Ěō'�>�ŊŞŔ

l,PNG^-±ƅ�ƛ'·§�?�ș�Ŭ'ĔÝùPNG^,�Ȍ�ªƵ'

�?gĚ�ČŊ�ů;±ƅ�,ÔÖùǓ~�ĔÝùPNG^',Ăǀ×ǒ,×Ʊ

�ȆÖŻƛ,ǗȔ��?� 

n ��� �����!��	�
� 

ť¡š,Ŧ�ů-�½Ç,Ŧ�ů­Ļ+÷ǆ+ø�&¦ø�Ǭ�Cŗ��"

i'�Ŧ��ť¡šl,ĔÝùPNG^CgĞĐź� �Ȍ�"ò��¡eĉȋ

�?Ěō'�?�mšeȗš+<=�ǱŴ'��ș�Ŭ'ĔÝùPNG^,�Ȍ

�ªƵ'�?gĚ�ŏő�ů+ņ3&LOU�ș��(��ůÜǜŨ+<$&-

ƂïǸ,¦ø�Ǭ��÷ǆ(*?�(�ĔÝùPNG^',×ǒ×Ʊ�ȆÖŻ

ƛ,ǗȔ��?� 


