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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 1is
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 °C, assuming the volume

reduction of actual contaminated soil. The constituent mineral of the

v



weathered soils does not necessarily reflect the mineral and chemical
compositions of the host rock. The sum of SiO2, Al203, and Fe2Os 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 °C, the considerable weight loss and
phase change was observed. The minerals produced after heating at 1550 °C
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 Fe2Os 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 i1s 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



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 °C. 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 Bqgkg! decreased to the clearance level (100 Bqkg™)

or less. The results is obtained in the project 'Consignment work on

vi



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. 1-4 Photos of heat treatment facility in Fukushima prefecture.

a:Komiya, Iitate, b: Warabidaira, Iitate.
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550 CMEZ DRAEHT, B AV A MImEahn b e —7 ™kl 7 U A b
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BN 72 DB FRD B DM, 1550 CHEEZ IXHIRIC A~ ki LT
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72, —J7, MgO &8 &IZEVYEIZ LY 6.18wt% /5 0.05wt %~K & <8 L
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TRy E LT, SiO2 2% T6wt% % i, fillic AloOs & FeoOs & & te, IRy
LT MgO ZbTNZEATWD, 7AW VEETHEBLIOT AR HHEe
JBITF#E TIEL, NagO & 1.4wt%, K0 % 3wt fR2E 5 74, Ca0 & 0.3wt% & o
MZEARLTWD, BaOWEIIDE LRSS ICE £, O EEMAELY &
LT, A, A, KOZEOMOHY - HRINOERLSID, DD, ZD
BER bl 2 50 2 L3 L <. 2 0RURIC X Db FHR A b A HEE T
L2 EIFNEETH D,

WL, A%, B, BTN, AA72A4 b BAVFA R
THER SN TWD, XRD NZ — 2 OEHTRED HIX, AN Z 0 (Fig. 2-1g),
A 22 FR DS 9 13, EEMESIM O, BERICMAEAN &R, TD
BEER e b, SI A ETH D, BUBIZHEV, £V SiO: B A #A B L .
TAAYERBTEBIOT VA Y BB THED NasO 5L K0 & H &M
BN L7235 v 7 DAL L & B 2 Hivd, 350°CMEMVE D IR A
X, AL RATHY, 550°CHIEE OFE Tl Ak, BA. ERM LM T
ot 1650 CMEKDOREHL, 7 U A MRT A~ Ao TR S i, FEMME
WMEDIFELRD 5N D, XRD RZ — L OEHFRENSIZ, 7 U A RRT A b,
FAFENRZN,

e X D3t D2 ek, 350°C, 550°CHEMVZ IZfa Iz 2k L, 1550°C
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IERITIK B~ L B L L7z (Fig. 2-2), BT & B 720K 6% D B Bl RS

7~ (Table 2-1),

2.3.8 V)L FEREIELE (No. 8)

FERSy L LT, Si02 Y 65wt% % (56, ffilZ AloOs FesOs, Mg O % &ie, il
& LT TiO: Z T NIZEHEATWD, TABVEEILEBLIRT ALY +
&R LFE TIE, CaO B XU Nax0 % 1wt%, KoO % 3wt feEEH 9 5, Fi
e by & LT, S0s % 3wt%a &7, Mt L7zl Tl KMETH
2Tz, BEE O v haE, o EHERDS - Jes & £ 4L, K 0.02-0.002 mm ([
B RIC L DER) OV N THRSNS Z & L0, M OMAE D
ENRZRTHD, TOD, ZOREENILFHRERLZ LITEHL, 20
R K DAL b 2 #EE T 5 Z L ITREETH 5,

OV NERAE T BRI, ARA T Z A N AF VA b AT,
Ba. ARG, ~~ & A FTHEEEND, XRD NF — U OEFTREN HIX, A
g B, BRI SV (Fig. 2-1h), 350°CHNEVE DN, FERER £
M, AV T A b ~vHA b AR, BRATHERISND, 550 CIEVE DR
BHX. ERERS I, A9, BA, ~~ A TSI, B4 Y 74 MR
BT 58 —27MHEL T\, 1550 CMBAZOREHL, A5, 7 U A AT A
RO S, FEREWE OFENRD bl b,

% OB OO X, 350°CE TOMETIHIFIFE(LA 72 <, 550CT
RRKRANDELS 72D, 1650 CITMES 5 &K~ —24& L7z (Fig. 2-2), JN#EL

EH WK 8% DEEHER L= (Table 2-1),
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2.3.9 55RALIE (No.9)

ERSY E LT, SiO2 28 Tiwt% % (5, iz AleOs, FesOs % Ede, Ry &
LTTiOz2 & MgO Z NI HFATWD, 7AWV ERELEBLOT VY +
A B THE TIE, Ca0 B LU NaxO [T T hICE A, KoO B4 RIT Awt% i
ERRF LR R IRk E A e, REEOEEIL. o8 MRS - REICE
i, FRCRRAER OMATIC LY HE SR E LIS A THY . MM TH
LRI OB EDENZERTH D, ZD7D, Z OERER I L A 15
L2 LT L, TORYRIC K DL FHREEHEET D 2 L IIRNETH 5,

B R bt BRI, A AV FA R AE, BA, 7R FA b
THEL S D, XRD /X% — > OEYTEREN S IX, Ak, RANEAFETH

(Fig. 2-11), 350°CHNEAE DFLFA G DEIL, INEGETORELD £ & K->
INTRNDS, BBOTCTHNEE DRkl XRD /8% — > Tlid, AU A MIIRBET 5
=7 BHR LTV, 1650 CMEME DFlEHE, 5T A . Z U A FNTA b
THERL S, IEREMEOFELRD BN,

INEGE OFEL D A D EALITEIROHE WK A5, 350C £ TOMBMTON%R
ta~ZE b L, 550 CINEME £ CROZEITR b, 1550°C FE TOMNEC#
WREND, R WDIKEa~E 2L LTz (Fig. 2-2), MEUT & & 720 6% D

HEHHER S V7= (Table 2-1),

2.3.10 AkEREILLE (No.10)
TRy & LT, Si, Al, Fe 251, Bl & LT TiO: # 1.4wt%. MnO %

0.5wt%., MgO % 0.7wt% e A L CW\5, T V&RITEBLOT v H ) 55
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&R tFE TlE, Nax0 % 0.5wt%., CaO % 1.1wt%., KoO % 2wt%fe/E54H L ¢
W5, BEER R APCE (JLs 1) OfLFRAUL., T ORI TH LD IV A b
DHERTHENETH D Z L0, AIKAEN CaCOs & 50%LL L& e iR A & %
SNTWDHZ ERENL, ZORILIC X AIEFEHRZ L EHEET D DOIXNEET
5,

AIRE AL T, BRI, AATZA N, AV TFA R, XTHA
M, A%, ~vH A NTHERSILD, XRD XF — 2 ORFTHREDN B IE, A5,
X7 A BELAFAE L EIR T ABE TIZ AV 4 F23% 0 (Fig. 2-1j)
350°CINEE OFREHT, ERK M, B4 U F A b, STV b [, A~
~Z A FTHRSIL, AAT7 24 MIRBT 58 —27 8 HKL Tz, 550°C
B OFREHEL, AV A MURBET 28— 28K L, EREE LY, ¥

THA b, A, ~NvHA NTHERSLD, XRD NF — L OEFTHRENS |

Sy

RERE T35, A9 2, 1550°CINEME DFEHT, 5T A h. Z U R FRTA
N CHERL S I, FEREME DFAENE TR bivd, XRD /N F — » OEIr5RE
NBIE. AT A RBEN,

B X BBt O ZE kL, FIROK A S 350°C £ TOMETHRD T
WA~ E B L, 550 CTRORHE DR A~ L LTz, 1550 CINEVE Dk
FHIERMIZITWR A E 2 L7z (Fig. 2-2) . MBUZ & 3 7220 18% O B B

FEN7= (Table 2-1),

2.3. 11 FEikamie & (No. 11)

TAsr & LT S8iL Al Fe #5Te, RlAks & LT MO & 2wt%mte, 7V
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NV E&RITHERBIOT V) HHEEITTE TIE Cal & 2wt%, K20 Z 3wt%,
Naz0 % 0.8Wt%feEEHH T 5. REE DEIKE L, Wb 5K REATH
0. 0 RITRACE B ARG S & S, KUK -8B A - DEEEE S & 2T D,
aE, B, BER, B4, 474 b HTRAEWE, TRV FA b
YRFA NEOM LI %5 A TND, EOEENIRL TR Z S D 2 & 138
L, ZORYKIZ X Db A2 HEET 2 Z L IZHETH D,

BECE UL HEIE, A A Z A N, BAVFA b, AK, BA, ~~vF A b
THERK S35 XRD /34— OEIFTRE D H 1T, A%, BA 3%  (Fig. 2-1k) .
350°CHNEME DFREHE, ERKE LI, ARX 7 XA b, AV FA b Ak, K
i, ~v XA NTHERR S D, INEET OFEHZ 1T RERE C X 72y T2 EE /RS 18
WO ENE L TV D, 550 CHNEVE DI A DI, 350°CHNEE D
T ERERTH o T, 1550 CMEGE DFEHE, 7 U A MXT A b A5 THERK
S, EREVEOHFENRD DD, XRD ¥ — U OEIFTFRENHIX, 7V
A RN TA FBE,

B L BB O OZE b, 550°C £ TOMETITEEE TIE2< . 1550C
ETOMBATHENMEO~ELL L (Fig. 2-2), MU E L7200 10% D E&E

HWER S - (Table 2-1),

2.3.12F®FA—L (No.12)
R — 3, TOER LAKIIE L DR _IRHEBD ORIFETH D, +
Ry & LT Siv Al Fe 25 ¢e, ks & LT TiO2 & MgO % 1-2wt% & o3

PIZEATND, TRV BBILHERBLIOT ALY HHE&RETHETIL, CaO &
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1.5wt%. NaO & K20 % 0.2-0.3wt%fEE & H T 5,

B — A3, ER LY, A%, A THRSN 5, XRD ~F— 2 0DlE
ProfE D HI%, BN Z W (Fig. 2-11), 350°CMEE OFEHE, B AV T b
%, BACHREN S, 550°CIE% ORENT, ik s B ofiksh, v 4
UFA MIRBT 2 E—7 EK LTV, 1550 CHINEVE OFREHT, 57 A K,
7 U ABRNRTA FTHERRSIL, FEREWEOFIENE RO N D,

A X BB O A OZEIFIAE TIE72R <. 350C £ TOMBTHNA B~
L, 550 CTHW K, 1550 CTIKE~E 2k L7z (Fig. 2-2), MEAC
EHIRWK) 2T% O E RS SV BV L 2 EELABED & H KE W (Table

2-1),

2.4 EE
2.4.1 FHERIELEDIYMZER - LEHFE

FFEE L TR OI RIS L OB RIRE A AT L. T ORER A E 2 TZ
N H OBULELE L OBEALERIZ X 2 A OF 7R LML SRR 2 K5t
L7c, BUkIE, Sa00mpa & < OFE - HiR T T, ZERERY. Wb
DD IR Chi L84, BRIk E) =/EV HI1ECTH 5, &
R ORI KX oW EVR/ER &0 RRK « HUFKFEA AL LT, &a -
P E D SNTACFRIBRTEIZB N T, £ DL D2 b & 1 5 (b JEv L
ERICRELSABEINTVWD, ZhOHOBGIERNICEZ 2 2 L7 <, 12IEH
FRICHETT LT D, EaEImT, Fri b B ERIC K 0 | & OfER ot 23

JKERBE T T & VLB U DFE R LW EREIZ W TLE W E Chl 359
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B, KEBEE) ICEE L T, EEEmIE. Wb b EERSIC LY
Z OALFHRL - FERAEE OB WA IR LT, BLEEOREN R > TEY |
B AT A - AR > EBRE - RABE o> ARORSTE(CAEE
[k L CIRPIEE AT 5 10,

Mt L7z 12 oYL IV T, s B b B3 LS o 4TI A ER
HENDZ LI ZORUERINCFTE LR, DALAA, A, BXUAN
AT, ZORYLIBRIZIBNT, FEEZ KR EZR T, FTIA b, F—
S A NEOKBILIY, BLO~NZ A b v T ~~ A NEORBRLIEWIZEE
T5, BARIEI WAV FTA4 FRXTH A M~ EETLH, ZH0BRIE
AMFFRIZB T DBV A 5 & AIKEZ R &L T2 RE BT W THER SN D
FVFA RRFTHA b Lls, Zila, LA 8, BBECE, YV Ma. A
KA. BEIKCE 2 R & DL BB W TRO Lo~~~ F A FORERIZT
JELRW, 6T, RABEMMERE. ke, a. v Ma. BE, B
R E TR LB LOER e —2MCEEN L, ZBE, Xila, BEL
A BERCE L RIRE R & T A R HRICE v ok, BEOR(LD
ETRELWEDEEZOND, BRER - AERNFOEREITELIZ LV ER:-
N=IF2T1 MEERBIEY, XN—IF 271 MELRT, AAT XA MNMEZ
BET D, AFFRIZBNTH, ERE LWL, R, Pska. B
A5, WiE. IV NE. B, AlKE. BIKE 2B &9 2 Bk 1k LU
HWoe— AR, AAZHZA ML, Bs, BV A A, e, 2L ha,
IR BEIKE 2 R & T 2 UL HERICB W TRO b, A D AA, A,

A, ERR, ROEZ, S OICE(LIBRENETT D L A Y L
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HT 25, AFRICENTEH, BERe—ALSOREITIX, DAY M HRD
biviz,

ARWFSE TR L7z BUE HE bR R & L CLS102, AleOs, FeaOs DFNIL,
ka6 KO L MaZ R & 32 BUb BT oR) 88wt% 6, L a B LY
BV A BEZRMET LRI T ETOR 96wt%E TELT D Z ENBDHINLD,
L, RESICE EN D EEID ORI RINS K D AR &4 HER L EICE
LlebThsD, LML, BT LHRMThHDEA DM Z KR LT

(Table 2-2), AU &2 RAF &3 2 JE L 1 TiX, MgO 7% 0.73wt% &K<,
Fes03 2% 36.99wt% & MMl Z 7k LTo, A JKE & B4 & 92 Bk H5 Tk, Ca0
M 1.15wt% &K<, AleOs 23 30.5Twt%3s £ OF FeaOs 23 16.55wt% & 1Hi\ Ml %
AL, AKRAEDORILIZ L DB L& L TOREZ R Lz, R, INEGLELZ 1
I AL« BITIRE A BRI S5 Fe (2B L Tl Lia, ZiE. BEL A
. WERCE. AKCEE M E TR HEB L UOER e —AZB W T, &EH
Ramlic, T, B BEN RS 2 Bk & T 28 L00, BRLiiy. Kz
(LS DAERLTZVT ClEZe <. PEKPERROBKE (HH)) ORKHEFRED X 9
(2. BOBET TA U7 AR OR S E T T, BB A L7z v EedE

R L T A 1D,

2.4.2 MBALEZROFEMOIEYFEN - LFRIEE
BRI A G D AL A2 A9 D A MR L LD R 2 BULEL K
O RAALELIC BT 2 EIZ & O TH 7R < 0 FFIZ 1200°CE B 2 5 mi~D

RO 2T — A NAE LTS 6.12.13), BT 2 v 7 ZA5BICB W T,
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Hififgib, B—3mb L<IT 2~3 Bk TORFHIZR SN TEY, Kt
BFOSEFICBN TS, ML ORIER L OBERED 72 DITE T (iR D
1200CREEE £ T) DMTONTNDHIEITTHDH 39 , —HORLHMTIL, £D
W5 K emE P IC B T Ky 1%, |IR~300°C Tl - it s s, &6
(2 500 C~750C THi H3i T > OH 23S 5, FlxIX, EEV T A |
X 7T00CHHE, A Y U HEHIE 600°CHT, 7“4 77 4 T A ME 700°CHHTT
ORBERENEO 5N D, OB TIX, FrB O IR KHIE 217312 E
WIRZAT D & BALBUSAEE Z 5, ABFEICBW T, =iE b 5560CE TD
INEVLER |- 10 & FE R L SR TR a B L, BVLERIC L0 BB ER b S
T2 LD, OH OBLEERIE. K L8 oI mEAL - FRESic L v B
HANCHES T 5, B O OMBERNICRET 2 ETMRIC LD L, IA Y
P TIE, AX DA A EFRLERET, 12000C~1300CTLT A b, 7V
A MNRNTAL IRERSND, EVEY R A FTIE, 11000CE TIEA BRI,
1200CRETI YA MNTA b, a—T 4T 4 FOAERDTDH Y, £72, Fe
EEDRE LI TR, ~~Z A b v RE A MBAEKT D, 5T, 1500C
VLETIE, #EmEn E o@isll)s CTEMBLE N R o b,

O X DT IS OBV L B— DOFM A P E OIREE £ THIEV L
TEOELEBZFZmT HLOMILEALETH Y, B TH DI R & B
72k LR ORI O AL HE O ZEE) & O ERENTIT X 0 B R
MMBELEZ B NS, Lol 1550°C TOHNELER S O£ w2 B3 2 ARif
FOFERICEBNTEH, MIBHETHDL LT A ME, ZBlua, XA, LA 5,

WERCE . Boa. AMKE. BEKE R &5 b £ KO 1 — A DAL P
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REHCBW TR b, £727 U A MART A BT, L, Zibs, ERA.
Pk, BEL A &, fEhea, WE. SV NE. BE, AIKE. BIKAEZ R &
T 5 JE L TR OB R v — AOMMEGEHIFE O vz, —FH T, A%, 1
fdE. . L ME BIRCE & R & 97 2 Bk T O BRI BV TR
DAVTZS, ZAVUTERL - AESIC KD b D0 HIBEWE OFRAFA IO W
SHBOMETEZVLE LT D, Fefithl LTI, ~~ & A M, Zilixa, DI,

RERCE & R & 3 2 UL O RLBEEEHIRE O DL 5 25, BVLEIZ 1 5 Ak
23, 1650°C D 1 BpHPREFICH L TERMEM D OREHIABROMETH D, £/,
Fe Z# &t B L D% < 13 1550 CMARIIZIKGN b F KRG E R LT,
ZOBRIE, WMIBMBUC XV SRR E TSN D EE X BND,

B G U < ITERELELZ LY | 2o I TEEE S — KT
DHID, AFFEIZEBN TS, 1550 CTOMBKLIRIZ X0 | ZlA, Xk,
BEL A 5, BERCAE. AKEZ R L35 B 1R L OB 7 — AlC RV CE
ERBEBRPIRDOONIZ, R —LAIBIT2EERBN > & HFE L, KB
a.ZRE R LVA G AR ET 5 HES 2RSS, 2RO DR E LT
KT oG &, ibgk (1D OBRICITKFET 22 L B8BEx b5, 7272 L
ARG 2 R & 2 BUb TR O3, bR FF OB S BREICAND
WENH D,

1550 COMBIR AR S NTZIMT, 2T A M, Z VAR TA b, ~vH
A M THSTEB 7 VAT MITAATORE EEN S AR L TWDH—T5,
LTA R~ Z A MIARK L TWDEfL T8 & AR L T2y EqE R0 fF

FEL TV, bz, L7740 FBIOSN~ZA FOAERKEZBRFIT 57
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D, K TEIIBWT,1550CIMBNC LD LT A b, ~~HF A MOARROA
HFAFRD BT 5B OFE. B L O R IEE 38208 &, Si02/Al:0s
HEEI, FeO3 5 HEL Table2-4 I2F & 7=, & Z TR L7ZERFEREIL, ML

SN T VA E LT

WI=(2* Na20/0.35+Mg0/0.9+2*K20/0.25+Ca0/0.7)*100

ok W JE Ak T8 (Wlwet) & JFs (Wlord) & @ b % {b 5 8l (b F5 £
Wiwet/Wlori & L TRz,

1550 CHNEIZ I T D LT A b &R THIHEIZHB T 2 RADMFEEZ T 5
ELEEEEER —AZRE, 1550 CITIMA LRI AT A FRARKL TV D
DL, MEFTOREHZEADZEN TR WESETH D, FolbFREYLTEEIC
BWTIE, 30LLFTATA MAAEKLTEY, 60 LLETIZAT A MIERKL
TV ey, £ LT Si09/AlOs DEEIICOWT R TAD &, BEED 4.02 5k
X, ATAMDPERLTVWADIL 213 LT THLIDIZXH L, LT A MDVERK
LTWRnDix 2.16 LLETH o7z, FEKIC FerO3 DEFAEIZHOWTRTHD
&L EHEDBL0 ZFRE, AT A FBERLTWDDIL 15.50 LL ETH D DIT%S
L., &A74 FPAEKLTWRWDIE 841 LT ThoTe, ZTOLIITLTA b
AT 55T, HEO(EFREURIEED 30 LU TIZ/2 5 X 9 2 E k23 FH 2 i
ATWD HETHY | BmBEEIC X DD ERE < Si02/AlOs D & F i/
<. FesOs DEBEIIRENWHDTHoTc, LTA NOWEITT A BEE DO

HTEA /T AMBETH Y BEIROBELZA L TWDL, RAEFT 7 brA
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BRMECH Y STMAREEEZA L TW5D, AEOFERTIE 1550°C TOMRES
FEIE 3 Bl CTh D2 &, ZOX I RERMTIIL-20 & Lg%
BETLH7 7 ST ABBENOA ) A BEIZENT 5 TORFMMBRED o7
ZEBRHERIEND,  FEUEAET T OBV R X A RN EL R D
DI, BUCIZ Ko TARR SN D Tk i E W E IC OH 3% < FET D
Zlickp RN D,

ZOEHIZEUEDEA TWD EETIE, ®RICBWTAT A FRERKT D
N, ATA NOERNIZIZT A IVRLT AN VERAFTUNEENDLTA
DAFEL72NWDT, Cs MWATA FOEENICIVIAEND Z LITIFTE A ER
W, ZO%EIE, HEAERLE L CTAERT D FIKIC Cs BERFET D Z LT
WHDEEZOBND, — T, BAPTEPICEEATWLIHAIZIE, ®IRICT
WL T 7 ZE ST BRIS, B A A DA EL TW et A T Cs WA D AR
Mbdbd, Zhvdzx Cs 2 EmTelG LR A2 ERMAHE T 2BRITIE, B2 dH E Y
EATHWRWEETIZ Cs OGMBLTLE 9 ES WDRWAREELH D,

AN HA MIELTIE, [ To& 0 & LHEBEIFRO bR, ZiE &
FERUE TlE FesOs OB AR Z VY, L LNFEICBWTIE, bFEV E(EL
TE LT Fe:0s DIE LK, EUL LT WA A E L EA TS0,
1550 COMBUZ T~ Z A EPAERLIZATREE S B 2 DL b,

ZIVE TORMOEY A IME L 72 ERTIX. MR CTRERLED D AERT D Z
ERWESNTWDD, AROEEEZAWEZRBR T, BEEHLEDRT
TN EENTNTH, L OEMTERSNRNE VI ERBE LT,

— M LA B U7X E T, EEROBLEIC TS 3 4 8
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TIE 1200CETHREH TH Y . ZhdBIThi % EEEOBRYLFEIE D EL
BUCE T DIBEIRE DX 2 BT 5 I3+ Ch D, B EWE % & iei5
Ge B OBASLHEMGALEIZ 31T D IRMECBE. S OIS O % M % T
WD BT, ARWGE T STk & Zeds AR O B B O INEVE O FR

HECDIERET —ZITHETHLH L EZ BN D,

2.5 ZE2EDSIAXH

D PEXBEINRASMERMMBMEREHRE ¥ — (2014 HH S v

https://gbank.gsj.jp/geonavi/

2) JUHERES, RAVE . HaMiE, AR, SEE IHH#HAQ0L5) 5 57
[BUKS TR R R E B4R, 64-65,

3) Mackenzie,M.R.C. (1970) Differential Thermal Analysis. Vol. I. Academic
Press, London and New York, 775pp.

4) AAKEZEGE (2009 ¥t > R7 v 7 (GE =), Bl HK, =
B, 990 H,

5) Levin, E.M., Robbins, C.R. and McMurdie, H.F. (Eds.) (1964) Phase
Diagrams for Ceramists, American Ceramic Society, Columbus, Ohio 601pp.
6) A[ME— - mEPESE - i — - xR - AN - TiEmiE (2014) K
TR B2, T1-73,

N EXEHEINKREMAETHEKBEEEDE T — X X — X
https://gbank.gsj.jp/geostandards/ (& H 2016/07/30),

8) MMERER BEpE EHAMTATZEBH A (2005) 7w 7T A7 TR PR E E
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b - AR HATBH S s &, 96pp.
9) T A A (1991) ¥ B Ak R O R R WD S JE 2
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Table 2-1

weathered rocks by heating under the condition of 1550 C.

Starting materials, sampling localities and weight loss of

SE;I? le Starting material Locality IZ\;?E%’Z;
No.l  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, Ono-shi, Fukui 8.30
No.5  Weathered gabbro Kohyama, Susa-cho, Hagi-shi, Ymaguchi 15.94
No.6  Weathered serpentinite ~ Tkahama-cho, Oi-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
Weathered Andesite® Weathered Basalt® Weathered Granite® Weathered Diorite® Weathered Gabbro® Weathered —Serpentine®  Weathered Weathered Weathered Weathered Limestone® Weathered Kanto
Andesite JA-3 Basalt JB-1 Granite JG-2 Diorite JG-1 Gabbro JGb—2  Serpentine Sandstone  Siltstone Shale Limestone JLs—1 Tuff loam
SiO, 45.42 62.27 46.53 52.37 61.35 76.83 54.47 723 48.61 46.47 39.97 39.5 75.57 64.65 70.85 46.18 0.12 67.85 42.30
TiO, 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
ALO; 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
Fe.0; 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 0.037 245 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 22 0.05 14.1 0.24 0.13 0.32 1.09 0.05 1.15 55.09 1.89 1.46
Na,O 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
KO0 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
P,Os 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
SO; 0.00 - 0.08 - 0.00 - 0.00 - 0.25 - 0.16 - 0.00 2.81 0.00 0.02 - 0.00 0.11
CO; - - - - - - - - - - - - - - - - 43.58 - -
Total 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
SAIST 7
#RITE ¥

38



Table 2-3 Mineral assemblage of untreated samples and heat-treated

samples at 350, 550 and 1550 C.

Sample Temperature(°C)| Feldspar Quartz Hornbrende Mica Clay Minerals  Kaolinite Gibbsite Ma g netite  Hematite Cristbalite Mullite
(a)Weathered andesite 1550 O ©] O
550) A A
350 O A
Untreated| ] O A O
(b)Weathered basalt 1550 ©] O
550) O A A A
350 @] O AN
Untreated| O O O
(c)Weathered granite 1550 O ©]
550) @] O A
350 O O A A
Untreated| ] ] A A
(d)Weathered diorite 1550 O ©]
550) O O A A
350 @] @] A A A A
Untreated| O O A A A A
(e)Weathered gabbro 1550 O O
550) @] A A
350 @] A O A
Untreated| O A A O O A
(f)Weathered serpentine 1550 A O A O
550) O A O
350 @] O O
Untreated| O O A O
(g)Weathered sandstone 1550) O o
550) O O A
350 @] @]
Untreated| O O A A A
(h)Weathered siltstone 1550 O O
550 O O O A
350 @] @] @] A A
Untreated| O O A ] A A A
(i)Weathered shale 1550 A O
550 O O O O
350] (@] O O o O
Untreated| O O O O O
(j)Weathered limestone 1550 A @]
550 O O A A
350 @] AN O A O
Untreated| O A A O O O
(k)Weathered tuff 1550 (@] O
550 (@] O O A C O
350] (0] O A o @]
Untreated| O O O O O
()Kanto loam 1550 O O
550 O O
350 O O A
Untreated| O O A

O : abundant, A : medium, A : present
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Table 2-4 Abundance of mullite and hematite in the samples heated at
1550 C, and the abundance of feldspar, the chemical weathering

index, ,S102/Al20s ratio and Fe2Os contents in the untreated samples.

Sample No. Mullite Hematite Feldspar Chemical weathering index SiO2/Al:03  Fe20s(wt%)
No.1 Weathered andesite O O X 8.1 1.27 15.50
No.2 Weathered basalt O X 27.7 1.46 17.28
No.3 Weathered granite X X O 70.0 2.68 7.30
No.4 Weathered diorite X @) O 60.7 2.16 841
No.5 Weathered gabbro O X X 27.6 1.52 15.97
No.6 Weathered serpentinite O O X 18.6 2.13 36.99
No.7 Weathered sandstone X X (O I 5.55 3.87
No.8 Weathered siltstone X X o e 3.56 5.85
No.9 Weathered shale O X o e 4.02 5.50
No.10 Weathered limestone @] X X 27.7 1.51 16.55
No.11 Weathered tuff X X (O 3.60 4.56
No.12 Kanto loam O X O 1.29 18.64

Q: Present; X: None
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Intensity a.u.

° 26CuKa

No.1l Weathered andesite
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° 20CuKa
No.3 Weathered granite

A Mica Clay Mineral
Mulite

1550°C
550°C
350°C

Untreated

@ Cristobalite

* Feldspar

V7 Kaolinite

A Mica Clay Mineral
® Quartz

1550°C
550°C
350°C

Untreated

g
Z 0,
Z | 1550°C
3
550°C
350°C
y Untreated
0 10 20 30 40 50 60 70
° 20CuKa

No.5 Weathered gabbro

Fig. 2-1 X-ray powder diffraction patterns of starting materials and heat-
treated samples at 350, 500 and 1550 °C. (a) Weathered andesite, (b)
Weathered basalt , (c) Weathered granite, (d) Weathered diorite, (e)

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

Intensity a.u.

Intensity a.u.

Intensity a.u.

10 20 30 10 50

° 26CuKa
No.2 Weathered basalt

60

A Mica Clay Mineral
O Mulite

® Quartz

1550°C

y 550°C

350°C

Untreated

70

° 26CuKa
No.4 Weathered diorite

60

y 350°C

y Untreated

No.6 Weathered serpentine

1identified minerals are shown in each figures.
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:. <&
- Z
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0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
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A
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No.9 Weathered shale No.10 Weathered limestone
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Mulite (o] 00log o © o9 o ® Quartz
o Qu A ""‘"L] “le“w 1550°C
= 1550°C = P
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°
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No.11 Weathered tuff No.12 Kanto loam

Fig. 2-1 (Continued) (g) Weathered sandstone, (h) Weathered siltstone,
(i) Weathered shale, (j) Weathered limestone (k) Weathered tuff and (1)

Kanto loam. Symbols for the identified minerals are shown in each figures.
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No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10 No.11
Weathered  Weathered  Weathered Weathered  Weathered  Weathered  Weathered  Weathered Weathered Weathered Weathered No.12
andesite basalt granite diorite gabbro serpentinite ~ sandstone siltstone shale limestone Kanto loam

Fig. 2-2 Changes in color tone of samples at room temperature, and after the heat-treatment at 350, 550 and 1550 C.

Room
temperature
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Table. 3-1 Chemical compositions of starting material after the

classification (wt%).

2000>d 500>d  250>d
125>d
>500 >250 >125
Si0z  67.31 59.65 55.66 54.21
TiO2 0.77 0.64 0.58 0.59
AlO3 12.26 17.01  20.40  25.02
Fe203 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
Na:0 1.97 3.19 3.48 2.99
K0 2.24 1.71 1.37 1.76
P:05 0.51 0.41 0.36 0.72
100.00 100.00 100.00 100.00
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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 um

2000>d>500 500>d>250 250>d>125 125>d
Upper  Bottom Upper  Bottom Upper Bottom Upper  Bottom
S10, 60.60 72.90 65.55 o175 67.13 50.43 61.57 53.49
TiO, 0.96 0.64 0.51 0.85 0.47 0.72 0.55 0.66
Al,O4 13.06 8.93 12.93 19.12 12.39 20.74 18.34 23.49
Fe,0; 9.79 6.56 7.03 10.86 6.77 10.33 5.94 7.49
MnO 0.23 0.18 0.21 0.36 0.20 0.37 0.23 0.33
MgO 3.06 1.64 2.10 2.42 1.18 1.69 0.68 0.80
CaO 6.69 4.70 6.07 9.05 5.39 9.78 5.94 195
Na,O 2.68 1.87 3.40 3.45 4.08 4.18 3.97 3.48
K,O 2.51 2.14 1.89 1.81 1.96 1.45 2.08 1.66
P,0s 0.42 0.44 0.32 0.34 0.42 0.31 0.70 0.64
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table. 3-3 Chemical compositions of heat-treated products from felsic and
mafic parts of magnetically sepatrated starting material (250pm>d>125um).

Unit of “d” is pm

Un-sepatated 1550°C
250>d>125 250>d>125 250>d>125
Felsic Mafic
Si0, 55.66 63.57 28.68
TiO; 0.58 0.23 1.59
ALO; 20.40 21.09 19.33
Fe,04 7.61 0.98 22.49
MnO 0.23 0.04 0.79
MgO 1.85 0.00 12.62
CaO 8.45 7.01 13.31
Na,O 3.48 5.39 0.00
K,O 1.37 1.39 0.99
P,0s 0.36 0.31 0.20
100.00 100.00 100.00

54



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.
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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.
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20, CuKa

Fig. 3-4 X-ray powder diffraction patterns of products heat-treated at
1550 °C from air-dried starting material (weathered granodiolite). a;
Product quenched into water; b: Product cooled in 6 hours; ¢: 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 “C 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 (250um>d>125um). 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 °C
and cooled in 90 hours from felsic and mafic parts of magnetically sepatrated
starting material (250um>d>125um). Solid circle: Cristobalite; Solid square:

Quartz; Open square: Magnetite; Double circle: Clinopyroxene.
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30 pm

Fig. 3-8 SEM- and BEI-images and the chemical mapping for Si, Fe and
Si-Fe of the product treated products at 1550 °C and cooled in 6 hours from

mafic parts of magnetically separated starting material (250pm>d>125um).
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Fig. 3-9 X-ray powder diffraction patterns of products heat-treated at
1550 °C 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 ‘C 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.
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188 1um

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

Sy

hours from the classified starting material (250um>d>125um) 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 “C and cooled in 90 hours from the
classified starting material (250um>d>125um) with CsOH.
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1 2

SiO 43.83 41.26
ALO; 16.02 13.89
Fex03 1.31 21.28
MgO 0.24 4.34
CaO 0.03 9.03
NaxO 1.46 6.79
K20 1.42 0.00
Cs:0 35.68 3.41

99.99 ~  100.00

Fig. 3-13 SEM image and analytical results by EDS of products heat-treated
at 1550 ‘C and cooled in 90 hours from the classified starting material
(250um>d>125um) 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 ‘C 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 °C 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 Amount of CsCl concentration of
Bentonite CsCl solution solution (mg/1)
(g) Q)
Cs Adsorbed Clay (AC) @ 200 1 1270
Cs Adsorbed Clay (AC) @ 500 2 635

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

Si02  AlOs Fea0s3 CaO MgO Na:0 KsO SOs Cl Cs CaO/Si02  Cl/Cs

Sample wt.% mg/kg mole ratio
Clay(Bentonite) 70.8  15.1 29 40 2.3 2.9 35 022 — - 0.06 -
Cs Adsorbed
Clay (AC) @ 64.9 113 2.3 4.0 1.5 1.8 3.1 013 79 6080 0.07 0.05
Cs Adsorbed
Clay (AC) @ 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™)

Chemical composition (wt.%)

Csl134 Cs137 total Si02 Al203 Fe203 CaO Na20 K20 SOs
Actual Cs Contaminated Soil
o 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.

Radioactive Cs concentration

Condition of mixed soil Temperature after heat treatment Quantity of*the
Sample Ca0/Si0; __ CUK Cs134 Cs137 Total products
mole ratio mole ratio C Bqgkg! -
Actual Cs Contaminated Soil(D 1.87 1.0 1300 20 60 80 1.14
Actual Cs Contaminated Soil@ 1.87 1.0 1300 90 230 310 1.16
1.87 1.0 1300 40 140 180 1.16
Actual Cs Contaminated Soil® 1.87 1.0 1350 70 510 580 1.16
2.07 1.0 1350 20 30 50 1.62

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

Cs volatilized rate(%)

4-1 Relationship between temperature and Cs volatilized rate.
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Sample3 1200°C

Sample6 1300°C

Fig. 4-2 Appearance of sample after heat treatment.
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