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Heat Treatments of the Contaminated Soils for Volume Reduction and
Mineralogical and Chemical Characteristics of the Products

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 °C, assuming the volume reduction of actual contaminated soil. The constituent mineral of
the weathered soils does not necessarily reflect the mineral and chemical compositions of the host
rock. The sum of Si0,, Al,Os, and Fe,0, 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
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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 Fe,0; 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 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 lidate 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 solil, 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-' decreased to the clearance
level (100 Bgkg™) or less. The results is obtained in the project ‘Consignment work on 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. 1-2 Photos of temporary storage area in Fuku-
shima 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 Photos of heat treatment facility in Fuku-
shima prefecture.
a: Komiya, litate, b: Warabidaira, litate.
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AL, 755 N7 OSEFN - AL & BET L
72, WA L 2 ERRH. R o TR %
ZR LR B REICE T 5720, o T3
(Rt =7F 4, — BB, 2101-511. GSS 30)
NORE L QTR B E 5 5 11 Mo b TIE S L O3
W —20F 12 F2 BRI 720

2. HBEHE

BINU 72 12 3BHE. 2 2 o308k % BV O L 7274
INFEWE & L7z (Table 2-1). HIFEWE 10.00g 121%. Cs
W5 R3O TRM 7 & OYEB ORI S 3 AT & FftE
TV F VYR ERKEH =y & b —.SSA-S #) 12 AR,
BERN (2—v ¥ 27 2 fkai&t, EF8S-1500) 12
XD MELELL 72, NELELA . 350TC. 550T. 1550C
DEMTIT V. ENZENERD S PE DM F T 3 KfH
M THE L, FFEDWRET 1R L 2%, 6 B
2R E TR L 72,

WIS D5V 7 fLEFRIE . TR OV F — 5B s
XMoprEeiE (HARE FHRRAH, JSX-3220) 12X 045

Brizze EMERIZI T VI = 2 v 2 HwT, 7L
AL OMET 270 7y bEE Wz, MEGETZO
AE DI A G D EIL, KR XRD AT E (K&
#1777, RADX) \Z& V@ L7ze £/, MEGT%D
HEREZHN T2 & & B2 MBLBLIC X 5B o6
A2 b % Rdk L 7o

3. R

B TEEC, NV 2R, BT (350T .,
550C. 1550C TOEMILE) DOFEK XRD 5HI2 & %
S D) EAE T, INBSLEC X 2 B o iR ZE.
Bt O EREAL R OO A IOV TR T 5. %
JAAL L3 D NV 7 AL, Table 2-2 127R”$ o — 8
DOFEALTHITR L CTld, RO 7o R OB LM
Wb R L7 B2, %30 XRD 78 ¥ — » % Fig. 2-1 12,
FAFNCE TN D0 & ZDffEm%E XRD /8% — D
FTREE D S R ERBIICE L 72 H D% Table 2-3 127K
F o Table 2-1 I MBJLEIC X 2 EEZEAL, Fig. 2-2 12
12 350C. 550C B & O 1550C TOMBLHIC X % il
DEALE IR T o

(1) RlBERAELE (No.1)

FER G E LT, Siv Al Fe # &k, MG E LTH
BOT, TVWH)EBITEBIOCT VA HHESET
FEEALTVD, COTHEORETH HEHERN %I
o (JA-3) OfLFEMK KRS % &0 AL X ) ALO;,
BLUFe,0; AR 2 BHICHIML TWD 2 LR L
Ty SIO, BARPKELWA LTS Z &, MgO »3i2
OOLENEWZE, EHITAA)EEILEBLOT VA
VEHERTHEDRECHBI LT D Z LRI TS
%o

LG RALTE, ZER LI, 24 A b
XA RTATAL PTRERENTWS (Fig. 2-1a).
XRD /8% — v ORIFTHREED S 1%, iRy A Bl L L.
ERRELEEY. A ) T4 M, BEEORILEOM
RN 70 EEREEY) T B R, A, BEEAEUL
WX DAL TS IR, NV 2 OALFRIRELE b7
JELTWZv, 350CIMEEDREHE. A+ 1) F A4 T,
AT YA MTHEE S, XRD %% — > ORIPTRED 5
A F ) F A MAE v, 550C BB OREHE, A4
FA MIFEEINEE =725 L. 7 A MNT A b
RAIIA PDOY— 7 3R TE B, RLBEAR
DIRETOMBGARHIIERTHRICKR E B ¥ — 7 2R3
PIEHR LT b L9 Th Do 1550C ETE D REHT.
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Table 2-1 Starting materials, sampling localities and weight loss of weathered rocks by heating un-

der the condition of 1550 C .

Saﬁfle Starting material Locality Welgzr‘};t)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, 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

JVAXAMNTA M, AT b, AYITA PTHEREINT
Who MDY 7 75w 2 R, JEEVEWE DM
EZRAIEIERD bRV, FilkA S 350T., 550C T
MEFL OFEL O @I, 154 1ISHB LA < % 2 A
R 65N B A, 1550 C AR ITE IR, Bk L

THWIKENEELT S (Fig 2-2)0 MBUTE B0
20% O FE i AR S 7z (Table 2-1)

(2) TRAEBILLE (No.2)

FER S E LTy Siv Al Fe 2 6& A, RIS & LT
TiO, BL OK,0 % Iwt % 2 EEH T 5o BN LXK
A (B-1) OfbFMK & KT % &, JAkIC X ) ALO,
B LU Fe,0, DEH D 2 HARFEITHML TnB I &I
xt LT Si0, A% 6wt % FEEE A LT3 2 &, MgO 78
FEALERDOEN RV L, S 512 Na,0 DEAEAITK
ELWHLTVBEZE, ClORIFEAERD LN W
EERPLTWDZ EDUEMINTH 5,

TRERE LS, A A FA b ATE AT S A b
THE I T (Fig. 2-1b)o BEEr DX R O MR
L FERBEEWTH LA L AA, FHEA. HAA2UEAL

WCEDHEELTWA SR, TV A)RT VA HHEER
TCEOWEEIEA LT BNV 7 DALFRIRZE L E b F
JG LT, 350C A O SR A G bEid. sk
W OREDOZNE XBIDH A, 550T EktE ok
DXRD /8% — ¥ Tlid, A+ VF A MIREESN D E—
7R LTz, 1550CMEEOREHZ, 2514 M
7Y AMNTA P THERSNS,

e ORE OO TIE, 350T IEABZIE R E 0
L BH5, 550CMEBRICEOMTIIHE < 2D, 1550T
BRI IBAFNZ VW VIR~ E 2L L Tw 7z (Fig.
2-2)0 MEITE S BV 17% O ERIEAFER S N7z
(Table 2-1) .

(3) fEmAEBALLE (No.3)

T E LT, Sl AL Fez &t Bl ELT
TiO, % 0.7wt%. 7NV AV EBRITHEBI T VA ) 1
A& ILFE L LT, Ca0 % 1.5wt%. Na,0 % 2.7wt %.
K,0 % 29wt % &4 LT\ 5%, BHA T 2 EEHER 2 fEiw
o (JG-2) OfbFHE L KT 5 L. JAkIC X Y ALO,
GRS 10wt % FEEERIIN L. Fe,0, &4 AT 7 REFRNELC
BIML Tw 2% SIi0, & 2% 15wt % A L T
.7 VAN ERILEBLIOT VA ) LHEEILE TR,
Na,0 A EN 2 HRERI L TwDE L, KO &A=
A6 HFE IR L TwWDH Z Lz LT, CaO 2345 T
BILTWa 2 L MTH 5,

fEha BALT38IE, AL, Ba. ZERLaw. 24
U A FTHER SR TWD, XRD /8% — > O i i#

S5l AENFLLHEALET S (Fig. 2-1c). LR o
BEAOT AR A APRARERERSICOEI NS
bOT, T OB 7 LRI ) B, fHRA.
AR, Ak, BERTH L, BALIED XRD /85 —
VIRBDENTAF ) F A MIMAIE % 2 RAERSEY T
HY. BT B ORECAEIRGET L L
EHFEL T\, 350C A O S A A b1
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No.2 Heathered basalt
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7 Kaolinite

A Mica Clay Mineral
2 Mulite
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y 550°C

} 350°C

| Untreated

70

£ Emectite

Intensity a.u.

¢ 28CuKa
No.4 Weathered diorite

O Cristobalite

* Feldspar

[ Hematite

% Hommblende

% Koolinite

A Mica Clay Mingral
® Quarlz

1550°C

550°C

350°C

Untreated

Intensity a.n.
L]
4
L]

A * ® 046 @
T 4 ey B il ® o

© 20CuKa

No.6 Weathered serpentine

£ Cristabalite

O Hematita

7 Kaclinite

& Magnetite
Mulite
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1550°C

W 550°C

350°C

Untreated

Fig. 2-1 X-ray powder diffraction patterns of starting materials and heat-treated samples at 350, 500 and 1550 C. (a) Weath-
ered 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 (1) Kanto loam. Symbols for the identified minerals are shown in each figures.
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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
Weathe}red Andesite* Weathered Basalt* JB-1 Weathered Granite* Weqthered Diorite* JG-1 Weathered Gabbro*
Andesite JA-3 Basalt Granite JG-2 Diorite Gabbro JGb-2
Si0, 45.42 62.27 46.53 52.37 61.35 76.83 54.47 72.3 48.61 46.47
TiO, 1.59 0.7 1.06 1.32 0.72 0.044 0.89 0.26 1.13 0.56
AlLO, 35.67 15.56 31.97 14.53 22.86 12.47 25.20 14.24 32.08 23.48
Fe,0, 15.50 6.6 17.28 8.99 7.30 0.97 8.41 2.18 15.97 6.69
MnO 0.57 0.104 0.50 0.153 0.14 0.016 0.28 0.063 0.31 0.13
MgO 0.00 3.72 0.42 7.71 0.00 0.037 2.45 0.74 0.05 6.18
Ca0 0.26 6.24 0.06 9.25 1.53 0.7 3.84 2.2 0.05 14.1
Na,0 0.03 3.19 0.48 2.77 2.74 3.54 2.07 3.38 0.15 0.92
K,0 0.36 141 1.29 1.43 2.93 4.71 1.68 3.98 1.00 0.059
P,05 0.59 0.116 0.33 0.255 0.43 0.002 0.71 0.099 0.38 0.017
SO, 0.00 - 0.08 0.00 - 0.00 0.25
CO, - - - - - - - -
Total 100.00 99.91 100.00 98.78 100.00 99.32 100.00 99.44 100.00 98.61
No.6 No.7 No.8 No.9 No.10 No.11 No.12
Weathe1jed Serpentine” Weathered Weathered Weathered Weathered Limestone* Weathered Kanto
Serpentine Sandstone Siltstone Shale Limestone JLs-1 Tuff loam
Si0, 39.97 39.5 75.57 64.65 70.85 46.18 0.12 67.85 42.30
TiO, 0.90 0.01 0.88 0.97 0.65 1.40 0.002 0.26 1.73
AlO, 18.76 0.24 13.62 18.17 17.61 30.57 0.0207 18.84 32.70
Fe,0,4 36.99 8.14 3.87 5.85 5.50 16.55 0.0168 4.56 18.64
MnO 0.72 0.11 0.10 0.12 0.30 0.49 0.00209 0.17 0.52
MgO 0.73 51.64 0.74 141 0.57 0.67 0.606 1.93 1.46
Ca0 0.24 0.13 0.32 1.09 0.05 1.15 55.09 1.89 1.46
Na,0 0.09 0.15 1.42 1.18 0.13 0.55 0.00194 0.82 0.24
K,0 1.15 0.01 2.88 3.23 3.82 2.05 0.00297 3.20 0.29
P05 0.28 0.04 0.60 0.51 0.53 0.36 0.0295 0.49 0.56
SO; 0.16 - 0.00 2.81 0.00 0.02 0.00 0.11
CO, - - - - - 43.58 - -
Total 100.00 99.96 100.00 100.00 100.00 100.00 99.47 100.00 100.00
% AIST >
# RITE ™

BT OFEL D E N & XD 07 DS, 550C #hfE o
HAEDOXRD 8% — Tk, A+ ) FA4 MEE SIS
=7 2SHR LTz, 1550 C I o, Ak,
ZYAMNTA MTHEREN, XRD XY — VDN y 7
75y FREALTWEZER S, FRNEWE oM
HOWMIMAH TR 5z, XRD /87 — ¥ ORI 3R B
MHIEZ VA MNTA IDBELHFET 5o

et OB O OZ LI, 350C £ TOMETIKE
P HEHWIERANEZL L. 550C. 1550C & mzkhsik A
T RIS &b, 1550C 1B E LK h
Mo X ) et~ Zb L7z (Fig 2-2), MEICE b4
Wiy 4% OFE KRR S 7z (Table 2-1),

(4) FFEREIELE (No4)
TR E LT Siv Al Fe. Mg x&d, BRI & L

T TiO, # 0.9wt%. 7V AV ERITCEBI T VA Y+
¥a&lEwFE e LT, Ca0 % 3.8wt%. Na,0 % 2.1wt %,
K,O % L6wt%FEE & A L TWwb, CaO SrA Ik, AW
FECHA L7 B Tl b mWEEZ R L7z, A TH D
R 2 PIfE (JG-1) O bk & s % &, ik
& D ALO; A DY 10wt % AR L. Fe,0, &4 &
A4 RERREE RN L T B 25, Si0, & A AT 18wt % F2
BERALTW5, TVAY)SBRITEB LT VA 18
SIEITFE TIE, fERE & FARIC Na,0 B LU K,0 & &
Y3~ 12 BECHP LTSI LI LT, CaO 78
L7 fEREIEIML Tw 5,

PIkk e AL 138, ERRE L SE, A Y F A4 b A
A7 54 b ARA, A RATHEHEINTWS,
XRD /8% — v O RHTHREED H1d. ¥, BAH»E A
35, Bk A Biiodm iz, 74 574 b23%n
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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

1550

550

350
Untreated

(a)Weathered andesite

O O O
A A

O O
>

(b)Weathered basalt 1550
550
350

Untreated

O
O

(OO

1550
550 O
350 O
Untreated O

(c)Weathered granite

OO0OO00|00O0

(d)Weathered diorite 1550
550 @]
350 O
Untreated @]

[ONoNe)
> > >

> > >
>

(e)Weathered gabbro 1550
550
350

Untreated

O 0O

> > >

O O

[OXe]

O

1550

550

350
Untreated

(f)Weathered serpentine

(OOl
O

1550

550

350
Untreated

(g)Weathered sandstone

1550

550

350
Untreated

(h)Weathered siltstone

[ONeoNe)
OO0OO0OO0Ol0OO0O0OO0O|00O0

OO0O0

[ONeNe)

@]

>
> >

(i)Weathered shale 1550
550 O
350 O

Untreated O

00O

O 00

O O
@)

1550
550 O
350 O
Untreated O

(j)Weathered limestone

» > O

>

[eNe)
o »»
[OReN

(k)Weathered tuff 1550 O
550
350

Untreated

O 0O
O

» O

o »
O 0O
00O

1550

550

350
Untreated O

(DKanto loam

o 0O
O 0O

>

O : abundant, /A : medium, A : present

(Fig. 2-1d) o B Z OB G132 VD W 2 MR A NS
GEEND . TOWMEI 7 RS A T B A
H)EA. ARAERERTH Y., WA R
B3 5Eh) BAWYLRL READVZ COMRHE &
NTWwb, fels & FBRICEAL T8I D547 3 %,
350 C B O S A G bEId, MEEToRE o Zh
EXFIDO s, 550C ME TR DAL D XRD /87 —
YT A ) FA S EERPR TS O iR EE MK
LTz, 1550CHEZOHENE, 7 VA MNTA M E
AT AL PTHERE N, XRD XY =2 DNy 2 75
YEPREALTWDZE0 S, IEREWE O R OR
mAayFEEhs,

W TOMIZH VKA TRREITATHZ %, 350T
FTOMBETHIEMICR Y, 550C T TOMEATIZLY
VRN E LT 5o 1550C A TIRIEVIKANEZE
L L7 (Fig. 2-2)o M E D W # 8% o i I A
AEN7z (Table 2-1),

(5) ML 1 EE{tLE (No.5)

FHsrE LT, Siv Al Fe # &, R4 & LT TiO,
ZIwt% & d, TNAYE/ILHERB LT VA ) LHE
JBICEE A = Tl Na,0 % 0.15wt%. CaO % 0.05wt%.
KO % Iwt%BESH L TW5b, B Th HIEHER 2 B
L A% (JGb-2) Db L IiKk§ 5 &, Bz L)



FItEHE BRI O AL 2 E L 2 BB D8R - AL 15

ALO, A2 Owt % FEEEHIM L. Fe,0, & A A% 2 5ol
WML TW 525810, A RIERE 2L L Tw v,
—J7. MgO &/ B IZEALIZ XV 6.18wt% 2> 5 0.05wt %
ANKRELWL LTS, TVH)EBITEBLIOT VA
) EFERICEOZEE TIX. CaO EH = 14 wt% 2> 5
0.05wt%~NEREHALTED . Na,O EHED 1/6 2
JEIZRA L Twb, —. KO &AREIE. 0.06wt% 75
Iwt % FREEICHIIM L T 5,

BEV A HEAL T, ER RS, ) A b,
FTHA M, AAZ I A M A, AN F A DTHK S
nCTwb (Fig.2-1e)o XRD /3% — ¥ ORIFTHHEEH 5 1%,
F¥E, HFV)FA M FTHA DL LHEET S, BEA
DOREHEN 22 BE L A 2 O WA 72 FERERLSE T B 5 RHR
Ay BA. ARA. TVA) BA. BEMSSEALICED
HELTWDEIZ, SV 7oL E D FIHLTWi
Vo 350CMEE O REHE, ZRE LS. A4 A
M, A%, AT A MTRE SN, FT7HA VBLUA
A7 F A4 MIREEIND E— 27 255 % LTz, 550T
IEFE ORFHZ, 350C MR O S AL A G b & & B
THM A FA MIRETHE— 7 HHEL Tz,
1550 C It o kL. 254 by Z U XA MNTA MT
RS 1, FRSNEIWE OB R AETEILRRD B v,

I X 2 o D2 bhv i b B IR, 350T
WCINMET % L IR~ L L, 550C F TOMEATL Y
B Wi~ B b L7z 1550 CMEBZIZIK & K&
2L L7z (Fig. 2-2)0 MNERIZ E & 2\ 16% O H ik
DHEFR E 7z (Table 2-1),

(6) MEHCEEILLE (No.6)

TR E LT, Siv Al Fe® & RIS & LT
Mg. Ti. Mn, 7V A ) EBEITCEBICTT VA LFHE
BILHEE DT PIEA TV S, MR IEHCE L. e
i DALAFAE EERERSEY L L, 2 OREER 1L
FRE L, Si0, - 40wt %. MgO : 52wt %. Fe,0,: 8wt %
BETH b, WHEOBEALIZHEV, ALO, & Fe,0, D&
AEAKIEICHI L. MgO A2VKIEIZHRA L Tw 5 25,
Sio, GEAHRBIIKRELSEAL TRV, TAVA ) &/IC
FBLOT VA PEEEILEOP TIE KO SAHED,
0.01wt% 5 5 1wt % 2L Tw 5,

MERCAEAL T, A ) F A b RTE AT S A b,
XA A NTHEREINTWS, XRD 785 — > @ a#i
BRIEN DX, A, A Y FA IHELAFEL (Fig.
2-1f) o BHE ORERCE O WA 20 EERERLSLY T H % i
WA PASAAREALIZE DIELELTWAS S, Ny

7 DALEEFR E D FE LT, 350C., 550 ks
DFEPRAA DL INEGHT OFEL D 2 & FWT 2 A5,
TR A MUFET D E— 7 HHEL Tz, 1550T
mEtEoRE, 254 b, ZUVAXAMNTAL b, AT
A M S L, IEREME O LB b b . XRD
RY — Y ONITFREDBIE, ZUVAMNTAL b, A5
[\FAE AN

MEIZ X 2B o o2 iE,. 350C. 550TC F Toml
ATIEENIERD SNT, 1550CMEZ IR RIS
T ~NEZE L L 72 (Fig. 2-2)0 MEIZE D W 17%
DO EmPAHERE S L7z (Table 2-1)

(7) HAEBLLE (No.7)

FHE LT, Si0, 25 76wt % % 7, i ALO, &
Fe,0, Z & tro B & LTMgO b TFNICHEATY
BT VA EBILHEB L7 VA ) LHERITTHETIE,
Na,O # 1.4wt%. K,0 % 3wt%FEE & A, Ca0 b 0.3wt%
EDLTDPICEA LTS, BEADORE I EHERSE IS
FEN, TOTRERRSEmE LT, A%k, BA. LUE
DD - ER PO END . D72, FORHE
M2 b B A5 Z L L <. ZoJadkic X 21k
MR ZELZHEET S L IZHEETH 5,

WaEfb 18I, Ak, BA. ZMT8EM. AX2
YA M AF)FA PTHEE SN TWS, XRD /788 —
YO S, AEDNL W (Fig 2-1g). WEY
BALRAD A ™ 3, FEMRS O K, BAChR S
fhE &R, TOBREER LA, SIBETH 5,
JEALIZHE N, XD Si0, A EVSEBRL, TV SR
NEBLTT7T VA LFEEEICHED Na,0 B L T K,0
EHBDPHIML 7230 7 OAbFREE L E ZE 2 b b,
350 C B Z DM A ELEIX, AXLEATHY.
550 C M ORETId, Ak, BA. ZRA 8w T
BHo7z0 1550CIMEZDORENE, 7V A MNTAL M A
PO S, EHEMEOHEAEDED S5 N5, XRD
NG — Y ONITFRIEDPBIE. 7V A MNTA b, LGRS
%,

MEAC X 2B o o2 iE, 350C. 550C M ic
flc 2 L L, 1550C NIk~ L 2 L L 72 (Fig.
2-2) o MBI & B W) 6% O FHE AL S 1172 (Table
2-1),

(8) YW bEEIELE (No.8)
FER G E LT S0, 65wt % = 5 D, A 12 ALO,.
Fe,0,, MgO % & e, R & LT TiO, # b T NI
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ATWVD, TIWA)EBITHEB LT V) LHEE T
F T, Ca0 B L U'Na,0 & 1wt%. K,0 % 3wt % £
CHT . FEBM R LFRrE LT, SO & 3 wt% & &
By Bt L7z ClIRKMETH o 720 BEEO TV T
wlk SRR - REICE T RE 0.02-0.002mm
(EBE PRI 2%EH) OVV M THKIhEZ L
0. MM oOMAGDLEDR LK TH D, TD2D,
ZOREHER LB A5 S L I3 L <. Foavbic
LA L T 5 2 L IEWEETH 5

YOV MERAL L, ERR LY. A X7 54 b,
HAVFA M RE BA. ARA. AT A P TRIK
ENb, XRD 78% — ¥ ORATHRED H1d. AT EA.
ERRRE A% W (Fig. 2-1h) o 350°C &k o ik,
ERERE LS, AU F A b ATFA N AR BA
THERL S N0 550C M#h R O EHE, ZREKG L8,
A, BA. A~ A4 MTRER S, A4 )+ A4 Ma
B 5 Y — 2725k LT, 1550C i o REHZ.
A¥, 7V AMNT A PTHR S JEEWE O
MRDHND,

et o oo iz, 350C T TOMETIZIZ
1FZAL257% <, 550C TRRFMmATML 2 ). 1550T I
ey 5 LR~ —2Z L7 (Fig. 2-2) MBI & D 7%
Wiy 8% D FIKAERL S 7z (Table 2-1) 0

(9) BEAEBEALLE (No.9)

FH L LT, Si0, 28 71wt % % 15 o, 12 ALO,.
Fe,0, % &iro RIS & LT TiO, & MgO b hIldE
ATWD, TWAHYSRITHRB LT VA LHERIC
FTld. Ca0 BL P Na,O iZbFhITEAR, KO FH =
(& Awt % BREE L AT L 2B Cld i KiR 2 & BE
DHEFAE 8BRS - BEICE T FRISHRER
DAL ) HBERATE L 2B ATH Y WY T
DML OMAEDENLITH L, TDI2D. &
DOREHE LR Z 155 2 L3 L <. ZoEbIC X
AN HET 5 Z L IEHNETH 5,

HRRAbREE, ERE . A A A b A,
Ef,. 74224 FTHEENS, XRD 3% — D
PREHL» S 13, Ak, BRAMWES {AHFET S (Fig 2-10),
350 CMEE D SEH A A bEIE. MG ORE O Z N1
EXBID %A, 550 C B TE O R ELD XRD 785 —
YT AF VA MRET A Y =7 ANHL L Twiz,
1550 CMEA#Z OREHE, 294 b 2V A MNT A T
B S, FENEMEOFIED RO LN S,

I E O FE O B D AT T T O B VIK A 5,

350C £ TOMBA TR R EAZIL L, 550CH#EZ L T
OZAEE S v, 1550C F TOMMBTHV R
5. Rk~ B L7z (Fig 2-2). MU E b
2\ 6% O ERIRAFEE S L7z (Table 2-1) 0

(10) AKkEE{ELE (No.10)

TG L& LT Siv Al Fe % &, Bl L LT
TiO, # 1.4wt%. MnO % 0.5wt%. MgO % 0.7wt% & FH
LTWh, TWH)ERITEBLITT VA TESRE
JC #% T, Na,0 % 0.5wt %, CaO % Llwt %. K,0 %
2wt% LS H LT\ 5o BEMZAIKE (JLs-1) o1t
FHRIKIE. OB TH B H VAt OREKITHEDS
ETHAHI LR, AIKAMD CaCO,y & 50% UL b5 T3t fl
HEERINTVLI LR ENL, TORILIZ X 2L
MR ELZ T H2DIIREEETH %,

AIERAL T BRI, AX 754 M A
TV FA M FTHA b, A ATY A PTREK ST
%o XRD /XY — Y ORITREN S, Ak, F7HA
LA L. IR ABRIETIX. 243 ) F A4 A
%\ (Fig. 2-1j) o 350C MNETZOFEHZ. SRR T8,
HEVFAMFTHA MAEATY A NTHER S L,
AA7 A4 MIUFETHE =27 WL LT, 550T
mEEoOREHZ, # 4 ) F 4 MIRET 5 E— 27 2%
L. EREH RS, 794 b A%, A< ¥ A o
K E N Do XRD 785 — > O RIFTHREE A & E R+ 851,
FHEDL v 1550C MMEEOREHE, 254 b, 7 A
FNT A MTHER S L, FEEW R ORI TR 5
N%o XRD /8% — ¥ OEFTRED H13. A T4 b2E v,

MBI X BBt B Z ki, FioIk 5 350T
FTOMEATHED THVEENEZLL, 550C TR
HEORMNEZELL 720 1550 MEE O BN 7 IS
WK E R L7 (Fig. 2-2). MBI E DRV 18%
O E P AFERL S L7z (Table 2-1),

(11) BERIELE (No.11)

FHAE LT, Siv AL Fe &t RIS & LT
MgO % 2wt% & teo 7NV AV EB/ILEB LTV A Y
+THEIEcE TIE, Ca0 7 2wt%. K,0 % 3wt%. Na,0
% 08wtBREAHT 5, BEORIKGE. whWwb i
B2 KBATH ) O8I B ARSI & &
. KINK - B4 - S E b L LT 5, k. KA
BER, O, X994 b A AEWE, EVEYD
FA N - FRFA NEOR T EZATY S, O/
WAL E L 2 3L, FEILIZ X 51E
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FHEE L ZHEE T 5 2 LIZHEETH %,

B RCHEEL L, AX 284 M AFYFA M A
¥, Bfi. A3 ¥ A FTHEENS, XRD ¥y — > D
EHTRE 2 5. A, BAE v (Fig 2-1k). 350C
ML OREHE, ERR LY. A A2 54 b A%
FA b A B, AT YA NTHER SIS INER
DRPNIIHER T & o 2 ERR L8 ORI D%
{EL T w5, 550C HNEE DS A G b, 350CHI
BIEDOZNEMBTH - 72, 1550CMETEOREHZ, ~
VA RNTA M RETHER S JEMEWE DAL

AOHND, XRD /X7 — Y OEATFRED H1X, 7 1) A
AR AT AR

mE X 2 o2 iz, 550C £ TOMEATIE
BT <, 1550C E COMBATHEWEO~NEZLL
72 (Fig. 2-2)0 MBI L b 2\ 10% O & PR ATE R S
7z (Table 2-1),

(12) BA®EO—L4 (No.12)

IR T — 2%, 2O LKL R 2 0 R — ik HE
BYoORMTH D, EHSE LT, Si. AlL Fe 25T,
Jm\kLTﬂQaMgMHam%th# HAT
Whe TWANERITHB LT VA Y THEEITHET
iE. CaO0 % 1.5wt%. Na,0 & K,0 % 0.2-0.3wt % #2 1% &
HT %

BT — A%, ZREELEY. HE, RATHR S
%o XRD /8% — ¥ OETREDN H1d, AELIZ W (Fig.
2-11)o 350C L ORENE. AF Y F A4 b LK, E
ATHIKEN S, 550C IMEEOHENT, AEELREAT
s, 40 A4 MRET =2 R LT
720 1550CMETEOREHT, 254 M. Z Y XA MNTA
TR S N, FEREME DTS E THRDO b5,

MEZ X 2 B OB OZELIEHE TIE% <, 350C
FTOMBTHNEBANEZL L, 550C THWIKH,
1550C TIkfa~ &2 b L7z (Fig. 2-2), MEIZE b v
FI27% OEEBAHER S, MNP X 2 EE2L B K
H K&V (Table 2-1),

4. B

(1) EBELLEOLMZN - (L2

KTl EAL T DS 0 B X ORI 2 e Ly
TOFREREWEZTENL OBLIE X OERALHIC X
BB O EN B & OMbAr e 2 e L7z, BYb
. ARSI  OFIE - W T, BELE
D @ B TIRAB CR L8R FRAL Y KR L 55

#4075 (2019)

AEDVISIEHCTH %0 GHREYOBIEIC X 2 W R
JFALER & MK - KRS Z ke LT, SR - 85
ME S ENTALFWEREIZB VT, ZTOLHHBEOZEL
PELFIEALERICR & (S Tw b, Thb
ORGIIEINEZ 52 &, IZIZFEFFICETLTWY
o WEAIWNE. FRALFWEALERIIC X D Z O
TCEAKEREE T CHBL L B L. 2 o8 L VBEC
BWCRELRYE R, B, Kws) 2
BELTWL, EEEWIX. bW ELRINIC L ) Z
DAL - A OV 2 KL LT, AL E O
EDRE > TBY. A DAL B - APRA — EREE-
Bk — AP0 RS)CRALZ-E I L btk A5
%%,

Mead L7z 12 o Jifb 1 IcB v dh, 2t
BUNOETICAEREETNS 2 L1Z 2 OIILRINIC T
BLZRV, DALAA. A, BLXUANAIER, €0
LERIZB VT, IEREE KRB 2T, 794 .
=54 MEOKBILEY., BIUOAITA M, A
<A MNEOEALIEW I IEE S b BAKIE. A A
FPRETHA MNEEET S, INHOHGIE, AW
B ARV A AL AIREZ M L3 2 AL TEIC BV
THEREEND ALY F A4 bRFTH A b, Zla,. TR
e BEL A B EERUE. YOV NAE. AIRE. BUKE TR
MET LA THEIZBNTRDONLIAT Y [ b OFFHR
WCHIE LR, S50, RAKERE. Pk, 5.
TV NE. B, BIKEEZ M & 2L 1S X O
WO —AZEFNED ZIE, XA, LA A,
MaE IR EZ M ET AL HBICE TR vDlR
BEHEORALDHETHFZE L VW ELbN b, BER: -
HESOERBFILIC L YV ER - N—=IF25 1 b
REBHY., N—IF254 MEERT, AAZZ A b
SIEET B0 ARICBWTYH, 2RI
BRI PIREA. BELAA. BE. YOV N HE
FIKE B % BEb &3 2 b3 L OB e — A
RSN, A X7 74 ME, DIk, BEL A A .
TV NED RIKE. BIKE R L T2 E bR B
TROOLND, DALAA, A, ANA. ZE E
AT S SR LBRREAEITT 2 & h 4 ) V&
BT Do AFRICBVTEH, RO — 2SN 0RET
E. A VML RO SN,

RIFE CTHET L 7z i b L o b2 4 & L <
SiO, ALOs Fe,0, OFIZ, PIAREB LTV Maa Bk
ME3 5L IETOR 88wt% 2> 5. KA B L U
VA B &M E 3 2 B LT TOR 96wt % F TEALT



FItEHE BRI O AL 2 E L 2 BB D8R - AL 19

LIENRBDOOLNL, Tk, BEEICEHEENLESHEY
DEALRINC & 2 % &4 TIEPL RIZEL2DTH
%o LU &3 LM TH LA A OILEFEHK % S
LT\ (Table 2-2) 0 MERUE & BERF & 3 2 AL 135
Tix. MgO %% 0.73wt % & K . Fe,0; %% 36.99wt % & &
WEZ IR L7z filke & bbr &3 2 AL 138 Tid, Ca0
A% 115wt % & K <. ALO, A% 30.57wt % B & U Fe,0, 7°
16.55wt% & mWVEZ IR L. AIKE O ELIC & % 5 T
ELTOR#AER L. FC, MBI LS B - %
TOIRTE 2 WIRE I SCM$ % Fe IS L T, ZIla. Lk
ey BV A a BRCE. RIRE R M E T 5 L TIES
SR —AIZBWT, MaAREER L, i
AL AR & ok & 3 2 RS, BRLSid. KR
ALSE DAL 720 TldZe < EIRBEH RO R E (3%
W) ORKHERED & 912, BIOBGFTTH L72dbkoH 1
S SEASEIT N T, FEEPIRA LT REE 2 R LT
W5,

(2) INENIBHEORBOILPFE - LAV

B L A B b, AR % A5 5 A EAE T
B MY 72 BALBE T O RILEIC B 2 i 1E & b
TAH %<, FI21200C %8 2 2 B~ # o LR
BT = HRRLT0S P, €5 3y 7 A5HICE
W, HAERALY. Bl b L2 ~ 3Rk
TOMEIZZSNTELY BRSSP FICBVTY,
WL OFES & OBIEED 720 BT (FiD 5
1200CHEZ £ T) 2MThbRTWBEZEFTHS B, —
R T TR EOWAEKRLREE T E T g K
Tx. Fil~300C TR - BEES 5, & 512500C
~ 750C TR T8 o OH i3 %0, BIZIX. £
EYOFA ME700CHIE. H A1) ¥ 81 600C HHE,
N4 a7 454 M 700C T O BLEEHREE 270 S
%o COMMBERPATIZ, FRBOFHRMME 217D 128k
WMBZEATH & BALBBARE E B0 ARFRICBVTDH,
i 5 550C F TOMEMLIINC X b 2558 m AL 13855 1&
REf AR L, BB L) BRI S 7z 2 & h%5
7%, OH OBi#ERIE. Wi Lam oI EAL - K SHL
XD R ZHICEET 5, W08 o mszEic B
FTHEATMRICE D E, AF ) YHWTE, AFAFY
Yo ZAE R ERT, 12000~ 1300CTL T4 b, ¥
YAMNT A MBERSINE, EVEY)EF A FTIE
1100C £ TIE A E RV, 1200CHETZ ) A FNT A
b I—=F4 54 FOEENTSY, $72. Fe 28
R TIZ, AT A bR YA MR T B,

2512, 1500C L ETid, fitgaZhZh ol maizis
CCTHERMBIEPR 6N %,

C DX IR R O BJLERIL, Hi— D8 %
FEDIIE T T L TZOLELED 2 #EmT 5 b Od
ELALTHY, HAITH O NIRER L B R 8
DHLAE D EAL IO ZALET) & O ik X
DR AR SN E L E 2 SN b, LA L, 1550CTO
IMBSLIEE O LRI T 5 RO RICBWTH,
A TH S 574 NI RIlE, ZRE. BV A 5
WA HA. AKE. BIKEE R &3 2 ik s
JUBHR T — 2 DI BWTHEO Nz, T2
DA RNT A M Zils, Zia B, PIRYE.
BEL A S, WehUs. W, YV NE. HiA AIKRE. B
IR % Bb &3 5 b 138 B X OB 1 — 2 o MLEE R
IR b M7ze —H Ty DS fhle. a. v b
B B &5 B AL 3O BEEREHZ B TRE
DHNTA, THUIER - BRI K200, WEY
HOBRAAAEDPOHIBIE SR OBE 2 LEE T S, Fe
WL LTk, A& A a5 RIA. Bk, eRcs
2R LT 5 EAL T O RBIEENI RS S5 A%, L
I X BERB A 1550C O 1 R RFRIH L TR AF
POMFIISHOBETH b, $72. Fe e dr—
JEAL B3ED % < 1 1550 C MBI Kt & FHIk %
RL7. ToBGE. mRMEC XY Sl ET s
VAVADAT SR A>F (W3

BULE D L < IERVLELIC X ). ZoMEiTmz
TERZLD MR O LN D, AFFEICBVTD,
1550C COMMBMIIZ XV | Lils, XA, BEL A 7
MERCE . AR EE R L $ AR b LB X OB O — A
WCBWTHFELHEBATED 57z, BHET— 2128
LEEFWAAD - L DFELL WRA, ZRhE BL A4S
BRI LT A TN N ‘ﬁﬂ:h%@ﬁ@th
Witsmosfs, gk () oRITIKET L L
BEZOND, 12720, AKX E%ﬂﬁ&?éﬂﬂi@@
WAIZid, ZBUREFOBERD BEICAN S LD
%

1550C DMEAMBICAER SN 8EWIE. 254 . 2
AMNTGAL M ARITAL NTHoTD, 7 AMNTA
MITRTOFALTEN SER LTS —F, AT b
EAT T A MIAEE LTV AR LT & AR L Tunewn
BULTEEDSHFIE L Tnize TN X, A5 4 PBIUA
XIA POEBSGEEERET 5720, £ 1EIZBWT,
1550 CMEIC L B2 554 by AR T A bOAEKO A,
FRFL D+ BU B B OFFE B L 0L RALTR L,
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iR B i, Si0y/ALO; H i I, Fe,0, & A &t % Table 2-4
2 w7z, T TORLIAALIERIE. BhIhedw
e LT

WI= (2% Na,0/0.35+Mg0/0.9+2%K,0/0.25+Ca0/0.7) ¥100

ko ®, A LT (Wiwet) & E % (Wlori) & DMt
A bJAALIREE Wiwet/Wlori & L TR 72,

1550 CNEIC BT 554 b ERUBTIEIZE T
BRAOHAEEZRE TS L, HALMRT -2 %2 RE,
1550 CITMEA L72B3IC A T 4 MR L TR 201,
B ORBICRAVPEIN TV RWEATH D, 72
L AALIREEIC B W T, 30 L FTA T A MOVERL
TBY, 60N ETIEATA MIEKL TRV, ZL
T Si0/ALO; DERILIZOVWTHRTHAS &, HED 4.02
BRE ATA PAERLTVEDIE213UTTH 5
DL, 294 PPEEL TR VWDIZ 216 LET
H o720 [IFRIC Fe,0; DEHREIOWTHTALE, H
FHD550 &, AT 4 FAVEK LT A DL 15.50 P
ETH201 L. AT 4 F2VERL TR0l 8.41
DTFTHotze TOEHITLTA MHEERT 55,
T L EALIRRE A 30 LTI 7 2 & 9 2 WAL 2SHH 24
HEATWS TIETH Y, IREGKR I X 2 WD <
Si0/ALO; D Ew HIZ/H S L\ Fe,0; DEFITKE WD
DThHolze KT FOEZT A REOHHETIEA /
FABETH ) HEIROMEZH LTV 5, RAIT
J M AMRETH Y 3ICHHREEZH L TWb, &
I DB TIE 1550C TORFFREHIZ3RHTH L Z L
Mo, ZOX)BREREETIIL-o2) & LG E AT
577 N ABENSA ) A BEICEILT 5 F TOR

FARYD holzl EXRHEI S NS, F72Ubh TS
DIERBGE R L 2 WD HESIFL R L0k, BALIZX -
THR SNSRI W Z OH 2:03% { AR-1E
THILICLBEHMENS,

DX ITELLAHEA TV S TIETIE, BICBWT
ATAIBERT BN ATA FORENIZIET VA
RTNH) EBB/A T I HBEENLTA FPDPHIEL RO
Ty Cs AT A POWEENICIYATND Z LidizE
ALV, ZOREE, TEE BB L TAERT 5 F
JKIZCs BBRAFT A L idhvwdboeEZ oMb, —h,
FEAPTEPICEEFN TV LA, SIS THERL
T AEENTZBT, B A+ Y DFFEL T 7294 M
Cs BABWHEMNEDL H S, Thwz Cs A Eteihfe g%
BRLE T 5B, BUb2 D F D ATV W T
X Cs DHFRIHBLTLL ) FL il db H %,

ARZ A4 MIBELTIEE Eo&x D& LMHBEEDS
NRVps, ZIE & R Tl Fe,0; DEA RIS .
Lo LBREEICBWTid, & F Ak L TH 53 Fe,0,
DIRED LA, FALL R T WAL EZL {EATYS
720, 1550C DM TAY & A FOSER L7 REM: D
Zzbhb,

INE TOHMOEY 2N L 72T, SRTE
TELRFEHERT 5 2 EE SN TWAED, St
WaHW2EHBRTIE. KT SR CHwhas
NTWTH, L OEWIIAER SN &) KR
bl —HTEEAZBUB L -FpITIhFETERL, £
72 HER DO BILIIZ S B B9 T 1200C T THMWHE
THY. ThhSirbi s ERORRYEEZE T O B
B BIRBERE OB 2 PR 5121345 TH 5,

Table 2-4 Abundance of mullite and hematite in the samples heated at 1550 C , and the abundance of feld-
spar, the chemical weathering index, ,Si0,/Al,0, ratio and Fe,O, contents in the untreated samples.
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B E % & Eo5 e 3B O WA M ALALBIZ BT
B ARl & SIS R e 2 R 5 BT,
AWFTETHRE D N7k A e G ARIRO B L B3RO R D
S FIVEACDIEET — 5 IZEETH L EE R HN 5,

I CsE&ERILIERENRREDEMLEICLS
ERR D DOFFE

1. [FUBIC

PRy BRI L O BILEIC X B AR EMLIZ BT Bk
WHE Cs i /i, S S b o= et % i3
% ETIE. Bk e B AREO T OMEE DS
LIRS BT — 5 OEMPEZETH 5, TD72D,
I#EIZBWWT, 12 MO T2 1550°C D S&MET
B, AR X 0 SN ERY OSENB X UL
ROREMEZ MGT L7z IR TORGHERZBRT S L. i
B Cs & TG R TR O BULEE %2 g L 72556
BN OBF N OB 22 L 2T 72 1ific 05

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 meta-
morphic rocks.

A ¥ AERE - AERERRE O RALY (=4) olngk
HZAL O FEM 2 B & . INEGR D Cs DT % BR$ 5
VERHBEZEZOND, T2 T, AETIIWEEIZA
A B )AL PIRE A 1B L. ZomBuaR O
A L O WP AT 2 R R XORRII T, S X RO
B L EDS-SEM % H W TiTo 720 F#IS. HZEWHEO
MR X BB OMEL TEDORITBLI V7 Vv
TEME < T 4 v 2 EY E OEIRIMBGAR O LY O
i, B LU Cs iR A S8 72 LAE R ks o sin
BOEMBRICBIT 5 Cs DFEBITOWTHE Lz, 72,
WERNOELTEICREW & LIRS 5 KILK D%
B A ME T 57212, BT — A 2B R S ¢ 7c A
D Cs DEEFYIZOWT D HEMRE L 72,

2. BBEHE

FEBRIAE, AR U EAT AR NS BT 00 /N B WY /N A
7 ¥ FIZBWTERILL 72 AL AL i PIRk S 2 V72 (Fig.
3-1)o TOREFIE. [HEK Navi] * 12X 2 &, Hh5
HTANARERERARE L SNTwb, RNL 7
AP EEEE, ¥R T VA2 XD 2000 wm>d>500 wm.
500 um>d>250 um, 250 um>d>125 um, 125 um>d 2
L. EWE L L7 (Table 3-1),

HMFEWHE 30.00 g # FA EEHMET VI F VYR (K
K&t =vH b—. SSAS#) [T ANh, Bk ELL
(Z—u ¥ A7 Atk &4t EF88-1500) 12 X b i
B 720 BB, A5 1550 °C £ T 3 KA1
SR L. TREMRFE L 720 2otk BRSO LR~

Table. 3-1 Chemical compositions of starting mate-
rial after the classification (wt%).

2000>d 500>d 250>d

>500 >250 >125 125>d
Si0, 67.31 59.65 55.66 54.21
TiO, 0.77 0.64 0.58 0.59
ALO, 12.26 17.01 20.40 25.02
Fe,0, 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
Ca0 4.79 7.40 8.45 7.20
Na,0 1.97 3.19 348 2.99
K,0 2.24 171 1.37 1.76
P,0, 0.51 0.41 0.36 0.72

100.00 100.00 100.00 100.00
Unit of “d” is um
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DEBEMRDL 720, KPR REL TR 3T
itk B X OT6 BER F 7213 90 BRI A TR CTREIR
T 550 3 S TMBGHE A HHI Lz, E512, —#F
B (250 um>d>125 um DM 45) IZOWTIE, A F Y
LA HCTE~PMgy (7o vy 788) A
iy (=74 v 78 AL 72k, ko
BTV, HESEY DML A G D E OGS INEA LIS
5.2 B8R Mat Lz,

IMBAZEAL L Cs OBBY % HFET 272012, 25.00 g D
HZEWE & 5.00 g O CsOH ZiRA S e 723 FHIx L T
Rl E FMDO S TMEIE 2 i L7z 720 KIKD
FEHMETT 5720, BRe—2A (RAst=F75, —
e HHEA, 2101-511. GSS30) # MW, Ltk [tk
DFEMIZTCOH 2 & F WhaE L EOHE DAY
DEW ST L 72,

TNEL - WEIBORENE, ERET VI F Ly R ek
2. FAYEY FHZEM LS00 v ¥ =2 THECY)
WL, —3fiE A 2 7 3ek% TR #RICLUF OIS
THN L7zo INBEWE B X OBLELE 0 R o g1y
HEbEiE, MR X BB E RSt 77,
RADX) 12X D E L7ze 2NV Zbd, = %L
F—rHONEOL X AT E (AR FHRASHE, JSX-
3220) 12X Do L7z SURMERGIE P RRRGUR &2
Ty ZUVARIC X W F 230 RE 7Y 7 v N %
Wi, MR OREHEZ. X 512 SEM-EDS (H AE1#

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.

Kaxth, B JSM-5600LV) 12 & ) ZDJEHE & ALK
A Rz,

3. R

(1) 2 RETHEOKRLIEH R

JHEZ % O AL PIRYE . BL o7V 1 1ck
D Gk U 7= 56 WE DO ALAERLL % Table 3-1 12783, &
RO RALTER PR B L OB T V412X
Gk L7z 3 o XRD /8 ¥ — ~ % Fig. 3-2 & U Fig.
3-3 1R T o XRD AT bR, EALAE R PIfR S o 1 5k
WHM X Mg, Fe- RNV Y7LV R, BHEA (77 —%
4 M), AETH 5D, XRD 285 — Y OWED S X, 5k
L7- W E O IR RIS 2B, 53N H
EORIIWPT B0 BEARPTEV TV Y FORED
PRI T 2RI R AL IR CE e o 72 —
Jiv RAEAEOALFMBAC B L Tld, Az RO 2N
LTy Si0, 2867 wt% 2 & 54 wt %~ & 4 L 72, Ca0
B L Tid. 2000 wm>d>500 um D M550 4.8 wt% FEEE
PH. ENLLTOFEREDW S TD 7 wt% (28 L
720 ALO; (3. ZOREZALIIIS UT, 12 wt%RED S
25 wtB FREIZHM L Tw5, 2 b oz i, XRD 4%
M OIEHBCE Lo BRARDPILV Y TL Y FO®
DZEAL, EHICIFIEMNEWEORDOEMNIIE LTS E
EZibhab,

2000pum>d>500um

|
i

[ ) e ] [ ]

K.___ - t loo “ A B —jo L L] m n
f o ] 2 500um>d>250um

M .rl?ﬁ??ﬂl! 1T j% A_... Ju.?no.. T !:
o o | 250pum>d>125um

2 A :%0% 00& S 2c> um .
p I o} 125um>d

s i d 2 %, "
20 40 60

20, CuKa

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

JEEZ 2 0 JRALAE i P Ak & 1550°C TRLEL L 7214, K
HTREW LSE, 6 Wi F 7213 90 WE[ TR L 7235
HGOEBEW O XRD /8% — % Fig. 3-4 IZR ¥, KT
A L2 aiE, wHENCHE ) FRER E 2 ) A PN
TA MO =7 PO LNz, 6 KEETHIRLZ2HE1C
by FARCIEEWEE 7 ) A MNT A4 FOY— 27 )58
oz, —J 0 RHTHRIEL %A1 BHEA
(77 =4 b)) BERGTH- 7

53k L 72 H 55 % 1550°C THRLER L 7=, 6 e[ C R
L7235 A LY o XRD /8% — » % Fig. 3-5 12" $
%% At 2000 wm>d>500 pm O [ 4% WLEL L 72
EHCIE, IR 2 ) A M NT A4 N AR L FEEVE S
DEAEZE RO 2. FREDOWY. ThbbhlahHE
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Fig. 3-4 X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550C 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 prod-
ucts from the classified starting material,
which are heated at 1550C and cooled in
6 hours. Solid circle: Cristobalite; Solid
square: Quartz.
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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
Si0, 60.60 72.90 65.55 51.75 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
AlLO, 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
Ca0 6.69 4.70 6.07 9.05 5.39 9.78 5.94 7.95
Ng,0 2.68 1.87 3.40 3.45 4.08 4.18 3.97 3.48
K,0 2.51 2.14 1.89 1.81 1.96 1.45 2.08 1.66
P,0; 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
T
A : i ” viafic ]j‘ilT[‘
A | M |lmjhﬂﬁb..gi NE“
ML St
S, N—— :Hﬂwb - J?&T Felsm..part Felsic part
o Sl Botbarns Hom o w o -
20 40 60 20 40 60
20, CuKao 20, CuKa

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.

(4) Cs ZiRA S E-ALTEENRE DS RMBBEE
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Fig. 3-7 X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550C and cooled
in 90 hours from felsic and mafic parts of
magnetically sepatrated starting material
(250um>d>125um). Solid circle: Cristo-
balite; Solid square: Quartz; Open square:
Magnetite; Double circle: Clinopyroxene.
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Table. 3-3 Chemical compositions of heat-treated
products from felsic and mafic parts of
magnetically sepatrated starting material
(250um>d>125um). Unit of “d” is um

Un-sepantaed 1550 €
250>d>125 250>d?125 250>d.>125
Felsic Mafic
SiO, 55.66 63.57 28.68
TiO, 0.58 0.23 1.59
ALO, 20.40 21.09 19.33
Fe,0, 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,0 1.37 1.39 0.99
P,0; 0.36 0.31 0.20
100.00 100.00 100.00

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
(250um>d>125um).

FE A EAARO B EPAEO 51 s (Fig. 3-13). K
HHIWCEN DRIV Yy 7 AT E RGN TZ2 RS W
(Fig. 3-11), L~ v ¥ ¥ /i ibfs}w7x6mt‘q—‘é
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Fig. 3-9 X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550 C from air-dried
startimg material (weathered granodiolite)
with CsOH. a; Product quenched into wa-
ter; b: Product cooled in 6 hours; c: Product
cooled in 90 hours. Solid star: Pollucite;
Open circle: Plagioclase: Open square: Mag-
netite.

Without CsOH |

Wﬁl JWM%MM

'W’ With CsOH
"c' ﬂ Um fo* A (I o %o o *
26, CuKa

Fig. 3-10 X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550 C and cooled in
90 hours from the classified starting mate-
rial (250um>d>125um) with and without
CsOH. Solid star: Pollucite; Open circle:
Plagioclase: Open square: Magnetite.

Wy 7 ZAABES I, Al L O DS ClE TCs + Si+ Al
+ K + Ca) & [Fe + Mg + NaJ & O A HLEITHE
ENb, CsOH Z—wEmifine &, Sild&THRV Yy 7 A
HICBAT L7z $720 HEMGE Zha ) T T
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Fig. 3-11 SEM images of products heat-treated at 1550 C and cooled in 90 hours
from the classified starting material (250um>d>125um) with CsOH.

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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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 prod-
ucts 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 prod-
ucts 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
Bentonite (g)

Cs Adsorbed Clay (AC) @
Cs Adsorbed Clay (AC) @

200
500

Amount of CsCl CsCl concentration
solution (1) of solution (mg/1)
1 1270
2 635

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

Sample Si0, ALO, Fe,0, CaO MgO Na,0 K, 0 SO, ClI Cs Ca0/Si0, Cl/Cs

wt. % mg/kg mole ratio

Clay (Bentonite) 708 151 29 40 23 22 35 022 - - 0.06 -
Cs Adsorbed Clay (AC) @® 649 113 23 40 15 1.8 31 013 79 6080 0.07 0.05
Cs Adsorbed Clay (AC) @ 665 122 25 39 1.7 20 38 015 175 2400 0.06 0.27
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(2) EFL+ES AV AHNIPHBRER
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Table 4-3 Radioactive Cs concentration and chemical composition of actual Cs contaminated soil.

Radioactive Cs concentration

Sample (Bgkg™)
Csl34  Csl137 total Si0, ALO; Fe,0; CaO0 Na,0O K0 SO,
Actual Cs Contaminated Soil (D 1,600 4,200 5,800 41.3 26 13.1 2.5 3.37 15 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 14

Chemical composition (wt.%)
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Fig. 4-1 Relationship between temperature and Cs volatil-

ized rate.
Fig. 4-2 Appearance of sample after heat treatment.
Table 4-4 Test results with actual Cs contaminated soil.
Condition of mixed soil Radioactive Cs concentration Quantity of the
Sample . Temperature after heat treatment products®
Ca0/sio, CIUK Csl34 Cs137 Total
mole ratio mole ratio Bakg™ -
Actual Cs Contaminated Soil (D 1.87 1.0 1300 20 60 80 1.14
Actual Cs Contaminated Soil 2) 1.87 1.0 1300 90 230 310 1.16
1.87 1.0 1300 40 140 180 1.16
Actual Cs Contaminated Soil (3) 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.
Bk (1000 ~ 1100C) 12 X % Cs OFfFEHIL 89 ~ 98% V &R

TH o7z BHTE (1400C) Tl 94.5% AV KHSE =R
Ty WINLEH G IELE LZGE BT, 7
V77 ALR)VEHBEL S5 100Bgkg! & Fll5 2 &
FHE L 2 RE Cs TR S 7z g & B B
WUER L 7236, MO Cs i3 figse 37, HadicRe+
%01300C THIEEAERL L 22\ X 9 12 Cao/Si0, & #EE L.
EHICHEHECELVERINT A2 LX), HFEEL KIE
I R S5 2 EAHEE 2 ) I Cs A8
B Begkg! G ENALATL 2T IV ALNWUT
ERTE 5,

AT BR¥eTE Ui g 2w AL Bt L
725 O ORI E 5 5720, TEO R
AR EE M OREZ IR 2 2 L2 HIIZ, TI25
V& TIOR LR 24T W PRSI R 2 1572,

I Cld. ZEICHA L7HRTIEOWE - B Lok
FEO—2L LTHEH SN Tw 2 InEus# o LT, Mz
DERZHH LT 2 11 ORI LS X OB T — 24
DFEF 12 Fi % 1550C OINEGTHEm L, 5 N7 Ek
YOG F 1B X O % 13 U TR R
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