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Color Change Measurements of a Scoria and Simulation Heating Experiments
by Spectro-colorimetry

Yuta Yamanor®**, Satoru NakasHiMa™ ** Satoshi Oxumura™ **

and Shingo TAKEUCHT**

In order to study quantitatively color changes of basaltic scoria erupted at Takatsukayama, North-east Izu,
Japan, the scoria colors were measured by spectro-colorimetry and described in the international standard color
space (CIE L*a*b*). The color values [a* (red) and b* (yellow) values] of Takatsukayama scoria cone
increase from margin to center, indicating their color change from black to red. The bulk chemical compositions
of scoria, including total Fe content, remain almost unchanged despite the color variations. On the other hand,
the FeO (Fe’") contents determined by the phenanthroline method have a good linear relation with a* values
(red) of scoria. Under the optical microscope, the red parts are not found in the black scoria, whereas the red
scoria have red parts in the groundmass and the olivine phenocryst. For dull red scoria, the red parts are
observed only in the groundmass. These indicate that red parts appear first in the groundmass and then in the
olivine phenocryst. Visible and Raman microspectroscopy indicated the presence of hematite in these red parts.

A series of heating experiments of the black scoria under an atmospheric condition at 500-1150°C were
conducted to simulate the color changes of Takatsukayama scoria. The heated scoria showed the increases in a*
and b* values (i.e. red coloring). The FeO (Fe*") contents of the heated scoria had similar linear correlation
with a* values (red) as for natural ones. The presence of hematite was also found by visible and Raman
microspectroscopy.

These results imply that the increases in a* and b* values (red coloring) of Takatsukayama scoria can be
explained by the high temperature oxidation of Fe?*, resulting in the formation of hematite first in the groundmass
and then in the olivine phenocryst. Since the direction of the red coloring is oblique to the depositional sequences
of the cone, the high temperature oxidation process might have occurred after the scoria deposition from the center
of a heat source to the outer parts.

Key words: color, scoria, spectro-colorimetry, oxidation, hematite
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KD & KO B & ORIRIC > W TiRET L 7e.
LrL, ooy, KiEHotoE= ki
SNTWVEbDD, KILEHYOEELOEIEIC >V T
il STV,

—, KILEHEY O o JFHA> 2 Lo it o\ T
WL O DOWEN D % (Tait et al, 1998; Paulick and
Franz, 1997; Polacci et al., 2001). Tait et al. (1998) (&,
B &S AR TR 2 B O TG O BRI & Rt
L, BOOKREALDEKIIZF ¥/ = 7 ~< 1 b DAk
KB6DTHB I E%E/RLT. Paulick and Franz (1997)
id, 3k DBRILYI DML DK & & MO ZERS i &
B REHEE - Bl L OO TmOEWITHBN &
% T & AR L7, Polaccier al. (2001) (3, $EWIFE « &
D KUADY A XL, HE - IKBEVLHSBRODE
DEVCHENH B LA R LI, LLENS, Th
5OWLTE, KR O I3 EERIC LeRE, &
#HshTwgun,

A TR, AERIEEIC X > TRILEEY O BEE
BINCHIE « £HI 2 & &b, (LN« HbFmFk
EHOWTEOFEIPE NS Ltk -, KILMEH
YO OZEEE RT3, CCTRES, BEOWE
IZ& - CREALFBOEHYIARES W TCWERa ) 7
AL, KMEHY % il cilE L, CIE L*
a*b* Krr AV citEmbds s, T LT, BEaho
HRichrisz2a ) 7OOOEEBHRST 520, 23
)T ONBFEERETTS. IS, BOE{LOIFEK EHEE
SN B RAREEL & TRt o gk b FiE i i H
L, LA « e Er i O T Lo FRRYE %
HRzHET, 2a)7ENHTcORTY 7 OEELDOIFH
Kz Weitd 5.

2. & #

AWML TIE, 132 JTERNCIER L e ZREE O SiF 1L
23y 7 OND e fth, 1995) ZHFEWRE L. &%
PRI AE L, HOE R B SRR
% 70 (420 & 2 Bk Lld—>T&H % (Hamuro, 1985).
RO E LTHO R TO DI, IEDRES DY)
DI S LfEOJLES RSN TE D, 23 1) 7 TN
DILHFOWHZ R 2 2 &N TE S, £OHRHEOHKEH
Y, HERERE 7S & oRd#RiE, /D - fil (1995) 1B W THF
FINTWB (Fig. 1). /Dli« filh (1995) itk b &, =23
) 7 ENEOHERERG L, BRI TN E Y 7
Rk ol > T, FEHOBHEE T RILED 4
N - T, [EBAMARI L TW A (Fig. 1). 3512, &
SAMPIERO 2 3 ) 73R BEY, Tofucidisis L o
5N bbb ENDE, ZTOFANKEDOELTH S &

&« B R - 1TSS

: Side view

West East

Reddish, coarser scoria

Welded spatter

Tulf ring Anquﬂ; unconformity Black, finef scoria ~

6. scoria cozle '-... 4,

(76)

outcrop surface
Bird-eye view

Fig. 1. Sketch of an outcrop of a scoria cone of
Takatsukayama Volcano from Koyama et al
(1995) with locations (Pointl to 6) for color
measurement and sampling in this study.
Numbers in parentheses are distances (m)
between these locations by trigonometrical

Based on duplicate measure-

ment of distance between Pointl and Point2, the

measurements.

errors are =5m.

HEShTWA,

KT, CoOEKILORED SREIZELS 5 R
) 7To@IEH L 2 LT, SR B O
CTHPERG AN ZER7S 6 > DHE (Pointl~6) %3#5E
L, BahoREANEE(T 223 ) 7 OB OHAIE &
FEHRELA T - 72, /ML« fth (1995) 12 & 2 BEEAD FHHK
EAHIIZ L B 6 >DHlIE (Pointl~6) DALERER%E
Fig. 112789, Fig. 1 NOFEIAN O F T =MMIE I
& - THIE L 7% Point fSOFEEE (m) TdH 5. Point2 %
2MEIZMAET 2 Sick oM EEAE T2 &,

ZDBEERZESmIEETH 3.
3. A P

3-1 XaYT7OBAERE

AW T, KILEEY O @A R s cllE L,
Z OfERAE CIE L*a*b* RRTRET 5 (HhiE, 1994
a; 1994b). CIE L*a* b* X0 %13, ERBEHERES
(CIE) 731976 FEICYIARD B ERBSHEOFESL LT
HEBE L - 22T dH B (Wyszecki and Stiles, 1982). CIE
L*a*b* RORIE—EOBESM T CREBEE PR
THEERLTHED, BEELLOBERFOEVITK
AoRBOECEREL, Rl - TEMNCEOE LT
% T EMTE %S, CIE L*a*b* (072 % Fig. 2 1</Rd. L*
B3 0~100 D%z &, BAEAR T, a* HIZ+ 259k, —
WER%E, b*HIF 258, —BEEEL, ENThoEn
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REVIFEROVELEL S, 51T, AT, CIE L*
a*b* ROARDEME LT, BEMATIT 10°6E, St
Des (BRIDOKEL) Z8A L.

S 3 ) 7 [0 Pointl~6 (Fig. 1) I2B\T, #&
BHRITOZ 3 ) 7T OWmAEEBRS TV, £/422a )7
SR ERE U EBRE I B - CHIEETT> 2. LU
iZ, BB LUFERETOZ ) 7OERESE ik
& BRI AR
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AL, MROBEVETFZ ) THEREYI» 55D, K
WP 2 7 1) 7 20 SRR B B HICH 10em DIF O 2
) THIME EN S, Pointl ~6 DFEFHD EKH & HJ 10 cm
FESETRay 7N R N ve—THOT, HHLizza
) T EOREEMER & B 2l EsT (MINOLTA
CM2002) %W T AT (5~10 7D HIEL 7. 5
HMEEFT O ERNER FERE 8 mm TH 5. HEDER
3, MEEERTHERIEL T 5, AIELZEHEKE
DILBRES IS Hd TTHE Lz, £z, sk
OEERS LT 2 IEMIEERRET 2HEE VT
SR AT - 7o, AR ORERE 1, AfkRER
M@ % 10 B RIFE T 30 mIHGE L 72354, AE*, [=
(AL**+ Aa*2+ Ab*2)%5] $30.03 LI FCTh 5.

312 HFERLERIUT7OEAESE

23 ) TEHATOEMIED 721, % Point TEEFAD
FHAEFOTH SR 3 ) 7 EAEEAICERILL 72, FREL
fzZ2a) 7odhs, BHE2~3cmEEDOZ ) 7AEH
100g 1275 % & 5 IEEEED 2. K, BiA A vk, =%
= VR THIFE RIS Lk, ~F o v i) 3
VTR L, KLz a ) 72 11I0C DA — 7
VT A8 R S, ~F v ERELE. ZLT B

100 white

L*(brightness) +b*
(yellow)

\ +ar
/ (red)

—b*
(blue)

0 black

Fig. 2. L*a*b* color space (CIE 1976) used in this

study for quantitative description of scoria
The L* value is the psychometric
brightness and corresponds to black (L*=0)
and white (L*=100), and the a* and b* values
are psychometric chromaticness.

colors.

Plus value of
a* corresponds to red color, minus one to green.
Plus b* value corresponds to yellow color,
minus one to blue.

Rk E, Kt Eit o GIER 8 mm %) X
DHEREVBEHEBH 5 ZAEVIZANT, H7RAE VDR
A 5 Gl BT CHRIE 21T - 7e.

Fio, 23 THIMHEICOEMIED 2D 1T, Pointl~6
MoBLZES~10ecm BEDOR Y TEHAREL 2. £h
5x2 23 ) 7O AEES LD IEAh v ¥ —TUIW
L, Uil % 220 &H> 5 2400 & Ofit KBS % B W T
MERIFEE U fz. WFEES NcWrim o hl 2 5 X 5 1CHy
45° OET4D0EIND, ThZNOll EOWEER
% 5Smm kg cotlEst 2RV CREE T - 7.
Wit o ERIER ML, DIFO XS SHEEX, Y TET. 4
SOihDH B, 1 >ofhE XifitE LT, XlicEE S
ZYHET S, S50, Xihe YHOREZE (0, 0) &
45, REHEROBEI, BHRF—YERVTIT-
fo. BEIZR 7 — VOMNEREER 1 m EETH 5. Wk
Wik AR T 1, 8 mm Ol EsT OB RhHIERN %
AR BBOO L ERWVIREEE 2D, KERN A L
il (F) AWNSL B, 22T, L EAMIESAM LD
b/NE L Ta o ey, T OHPESERIHOBZE L, T O]
TER L O & uCilA SR & L 7e.

32 R3YTIMEERAE

B oitulcbi 2EF 02 2 ) 7OmoE LA E
He s, 23 7oEFER%TT- 7. Point6 T
BL B3y 7a2kiEs L, F05g%03KA 5
2B v, < v 7U4A (KDF S70) THIELL 72,
g, 500, 700, 900, 1000, 1150°C T 10 437> 5 24 B
fifT - 7. Table 1 ICHIBGERRS 2R, FEAFHXE
KKZATH D, v 7IVIFORERZEE, oot L
HFTOROPAORESZBS 2 &, RALI0CIEET
b5, —ERETERFRIMA L 2Bk 2 =y 7 viED
SH L, FRTHSSE . B oEHIIEIIZ
KRR & Al o AR CBllE 1T - 72,

33 bFEH - HEEHFE

KA ) 7 8 X ONNEGERAE R D AL JHIK %
a2, 23y 7o, dot X OB
X 2 2B EFHEROME, 7 =F v ha ) vikick ik
Elho 2 igkoER, PO« 5~ votatick 0]
WAL Z <7 b v ES 2y 27 bVORIEET -
7.

331 R3AUTEHEHREZE

Pointl~6 TR L 7cKARZX 2 ) 7 O#iR, BLU
Point5 TEHL 728 L Z 5~10ecm O 2 a3 ) 728D
T ¥ <y 7T S500°C, 20 FRGMEL 222y 7
DR AER L7z, 22 7nEGERo 7tk & L
i, KEEIEEZ oNDMREZ 3 ) 7HEREH O -
ftl, 1995) M Sk biE < Kl O DEEN R BV &5
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Z 51 % Point6 TERELL 72 B2 a3 ) 7 (Fig. 1) 25
Ucd s, LirL, Pointe TR I 7 AL T 5~10
cm DR 3 ) 7 EZEHBERINT 5  EBREE - 77
¥, Point5 TEHREL/H@2a ) 7 2HW 2, EHEWE
T3, WHEBIC X2 500K EDIEL T 5 dICZER%E
g THID T STV, FEEK L 7R 2 b5 AR <l
% L7z, Pointl & Point6 TERHLL 72 KX 3 ) 7 if
IZ>W\WTld, EPMA (JEOL JXA-8800) iC 4 O KHFE T
BAERE L, LHR~< vy EVIREERT- .

332 ERLFHERAEAE

BRHL 7c 2 3 ) 7 & INBGERRA ) O 2B Lk
%, TRIFE < 58 (1991) O EICED &, d0% X St
& (RIGAKU Symaltics 3550) Tl L7z, JI5E L 725k
Fl& Table 1 1Z/R9.

333 2EBOEERE

7 = F ¥ ko) i (Fritz and Popp, 1985) 2 H W\ C,

Table 1. Experimental conditions and analyzed
samples by XRF and the phenanthroline
method (marked by circles).

tempearture  duration XRF Phen‘an-
Sample ¢C) (hour) analysis throline
method
Point1 Not heated " (@] @)
Point2 Not heated (@] O
Point3 Not heated O O
Point4 Not heated (@] O
Point5 Not heated (e} o]
Point6 Not heated (@] o]
Point6 2 500 2 o)
4
6 O
8
10
12
14
16 (@]
18
20
22
24 (@] O
Point6? 700 1 o)
3
6
9 O
12
15
18 @]
21
24 O O
Point6? 900 1 0]
2 (@]
3
4
5 (o] O
Point6? 1000 10 min. (o)
50 min.
100 min. O
150 min.
200 min. O o

""Not heated" means unheated samples.
2 Heating experiments were conducted for the scoria of Point6.

f& « B

W NS

& Point TERHL L 72 2 2 V) 7 & INBAGEERAE R o 2 gk
GERBAHELL (Table ). 7 =4 > bo Y vikid,
7+ v o) v likEiES LTRGBS ZHEEET
L, 2fi#ks 7 =9 v F o) vEEKICHIET 2 512nm
OWSEE A Eilick - THEST 2 i TH 5. 1.10-
7=+ v ey LK ERREE AR L sk s, A
Gkl 7 o (KB CER L icaieiRGT 52 81
£oT, 2Mlifk s 7= F v b o) UESAEERS B,
@3 (HITACHI U-2800) TlllRE L 72 T OiRAAK T
@ 512nm QWD 5, #REHZH WA O Fe?t
GEEAEREL, B L cEaRRoEED Sk
Fe*' HEARH L. RERER D 70 OIS G
EHE JA-2, JB-2, JB-3 2\, #EitEs ko251 b
2FHHAY1E Imai er al. (1995) 124 - 72,
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AERHE

AR Ok O(LFIEREA T NS fcvic, RERZa )7
ENNBTEERHE R D R ER O RIEDEI R < 7 b oL &
TRYRANRY MV, BAMEATH - 7= votEhick - T
HIRE Lo EI W BARATH » 5 = vomkEtiE, ok
FEEMEE (4 ) ¥ /¥ 2 BX50) 1259988 (Acton Research
SP306) & CCD #iti%% (Andor DV420-OE) Z#H A&
HbDTHS (Fig. 3). AN <7 b VHIED

Optical microscope Spectrometer
(OLYMPUS BX50) (Acton Research SP306 )
| Fiber |
CCD detector
(Andor DV420-OE)

Ar laser
for Raman spectra

L}

|
!
I
|
< —
;
Halogen light
for visible spectra
Fig. 3. Schematic configuration of the visible and
Raman microspectorometer.

composed of an optical microscope (OLYMPUS
BX50), a dispersive spectrometer with 3 grating

]

Grating
(150 lines/mm ; for visible spectra
1200 lines/mm ; for Raman spectra)

This instrument is

monochromators (Acton Research SP306) and a
CCD detector (Andor DV420-OE). The dotted
gray arrow is the light pathway for measuring
visible absorption spectra under the microscope
by using 150lines/mm grating (400~800 nm).
The gray arrows are the light pathway for
measuring Raman spectra with 514.5nm Ar
laser excitation by using 1200lines/mm grating
(100~2100cm ™).
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Bz, oy v sy FtED O BEMEE N ok A EiE Y
L% T 7 A N=THHENEAL, 150 K/mm O[EHr
B2V, CCD #ihigs chathd 2. HIER R
400nm~800nm T, HEHIERK05Smm ThHb. v
TrLYRRRATA KH T ADADBEENE L, Tk
M- EREE 1R - 10[a]& Lc, s v X I3AEHR
PHICIG U T 105 & 100 {2 Wiz, #il7 > 4 v —oD
BA 100 um DT, =N FNOME AT 10 um
B lum REB D, S<v A7 FVABEDKRIZ, 514.5
nm D7 IVIT YL —HF— (BES0mW) THifEL /2. &8
SRS « RESEERE 10D » 1[EI& L7z, 4968813 1,200
A/mm OEHEFEHV, < v v 7 b OHIEHPH
BELZ100~2,100cm ' TH v, HEOEREIZF 2cm ™!

Thb, YL v Xid 100 5% A7 GRERREUIR 1
um %),
4. & R

41 R3IYT7DE

EIFILZ 3 7 EEEE T D% Point O TG A,
a*-b*-L* [X]& L T Fig. 4 2779, Point6 7> 5 Pointl 1T
7> - T L*fE (F), a*f# OF), b*E () &, LWih
b 2AINH 5. b E, 23 ) 7 O/
S LN O IR LS ERIITR S i,

2 3 TIMAO RERE R A Fig. 51TRd. sl
T X BHIER, AIRE S Sk AR A RE B LTiT
W, AEELE Z O 10 [AlORERS RO TH 5. L,

= point1
® point2
26 A point3
2 X point4
+  point5
22 X pointé
—
g 12
=
2
*
|

b* (yellow)

a (r:d) B0

Fig. 4. Colors of scoria measured at the outcrop in
Fig. 1 plotted in an a*-b*-L* diagram. Since
AE*,,[ = (AL**+ Aa*?+ Ab*?)"°] is smaller than

The L*,

a* and b* values increase from point6 to pointl.

0.03, the errors are within symbol sizes.

a*, b* [HOMEHERZE 1L, ThENmAE3, £0.5 131
o) FEETH 5. Point6 /> 5 Pointl IZ[]h> > T L* {1
505 S IFIF—ETH B, a* & b [EIFHEINd 3 I
Wb 5.

2 Point ® 2 2 ) 7 MmO HIERE & duly [(X, Y)=
0,0)] » 5 OfiEEE OBIfR %A Fig. 6 IZ7R”9". Point6 2> 5
Pointl IZ[A]4> > TREATD L*, a*, b* @309 2 M@Ha]) 03
H5B. £1z, Points, 6 TlER ) THIAKTHEL, Kl
o DFEEEC K 59 L, a*, b*EIZ R 2 ) TWIRINTIE
F—EDEAEE S, Point2, 3, 4 TR THIOXHA
W VEBAMIZEFRL, L, a*, b* AR < 12 A%
b, Pointl TR 3 ) THAENIRLS, Kb SO
BEC X S5 L, a*, b*EIF R T ) THIHINTIRIE—ED
EEED. T8bH, BLZL S5~10em FEDO R a1 THOD
i, Point6, 5 TlI2{AMICHE L, Point4, 3, 2 TldH
fih S RE LT L, Pointl TIRREALMSHFLE T
FE->TWW5,

42 R3Y 7INEEER

AWFLTIT » 7o S IMAGREE T O FBRERY) (23 ) 7
R ol orEZE L% Fig. 712Rd. @RIE IR
HIE & okt 2 RE S B LTV, MIEEIRZ O
5[EOREDFIETH 5. L E (1), a*fl GR), b*
il (3 OfEHERZE, N ZE&EAKE0.5 £0.2, 0.4
(lo) FRET, Fig. 7 DRIESD ¥ v RVITINE 2TEET
H 5. 1150°C TOMEFERRTIE, 23V 7 OBHAS AL
LTLZEW, fhoEEconEdbk s ilkto RimkEd
H5 B2, MERITHOEA -, EZ 3 ) 7EED
L*{E13, BRI LT 500°C & 700°C Tl nfEh)

20 1 e
2
15 1 +1 * point1
= * point2
% i3 + point3
210 3 .
= 4 | x point4
o | .
5 |45 |+ point5
6 \|_x point6é
0 1 ‘:
0 5 10 15 20
a* (red)
Fig. 5. Colors of scoria powders sampled from the

outcrop in Fig. 1 plotted in an a*-b* diagram.
The L* values are 50*5 for all the samples.
The error bars represent a standard deviation
(lo). The a* and b* values tend to increase
from point6 to pointl.
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pointl point2 point3
_ 35 35
L*(white)
-:i\ k) ’%& 30 T : / 30
—
25 | 25 25
. . ‘ . zn ) o . ) J
T 15 15 .
a*(red)
RS —— | 10 10
5 - 5 [ §S§ 5 T f;f/
N A . . - ‘
b*(yellow) " o 1
e e 87 8
5 \':_} 5 ¢
2 2t %J
30 20 0 o 10 20 30 20 10 1o 10 20 30 30 20 1070 10 20 30 40
Distance from center (mm) Distance from center (mm) Distance from center (mm)
point4 pointd point6
f 35 35 . 35
L*
30 30 30
s 20 L S - 20 1 L J 1 ZU 1
a* b n b
10 7 0 T 10
5 5 5 r
i - B
; = £ 5 — . 5 .
b* 1 11 11
8 r 8 - 8
57 5 - 5 F
i a—— é 2 2 r
| . ‘\Eﬂh_——é:
s = ‘ . - SN :
20 0 o 10 20 30 30 20 10 1 10 200 30 20 10 170 10 20

Distance from center (mm)

Distance from center (mm)

Fig. 6. Spatical variations in colors of scoria sections.

0.03, the errors are within symbol sizes.

increase from the interior to the scoria surface.

Distance from center (mm)

Since AE*,[= (AL*?+ Aa**+ Ab**)**] is smaller than
They

The L*, a* and b* values increase from point6 to pointl.



SEIIEEIC & B 2 3 ) 7 @ LITE & B TEER 323

IZdH 375, 900°C & 1000°C TIIPRB/MERNICH 5. T2
2L, EORETORAMBE/LTER L, F/, a* & b*
HREOEZETMEE LT, HIEWED a* & b*{HIC
BEmLTws, $bb, 23) 7ML D a*
&b EBEINT 5 OREbd %) FEDErD SNt &
BEOGLZUENEZ R THWE &, a*BHIZEDRETLY]
WO TaBITENL, ok 3 9riciEind
LERIAH 5. b* fEIF, a* & 3ITEEESIEMER % 7~
9. FEERAERYI OHIEMED a* -b* X% Fig. 8 IT/RT. &
IREEEHICEARIS b LY FERL, b* & a*fEolt (L
T b*/a* LHEd) F—ERETEOMEAIERL, SR
FENESL B,

43 bFH - HEEMAE

431 R3AUTEHEHREZE

& Point DRIKZ 3 1) 7 O R O BEMEHE T

55
L * *
50 Le t‘+‘+.+"‘+’ hd
T . e
= AA
E4 ’**xx A * 500°C
* +700°C
0 4.900°C
% 1000°C
* before heating
35 L Il T T T
15 1 A
xXAXAXA
4 +
N
= 10 " + + *
= +
* +
«©
5 r o & o &
* * *
. * * *
L
0
20
aart + + + b
¥
15 LA+ * .
= .
< L
£10 .
*
=
5 &
0
0 5 10 15 20

Heating time (hours)

Fig. 7. Temporal changes in the L* a* and b*
values for the heated scoria powders (starting
powder from Point6). The errors are standard
deviations (lo) and are within symbol sizes.
All the a* and b* values increase with the
heating time.

I3, =B - th (1985), Hamuro (1985) ICHRE SN T3S
£, AR I1mm DA v 5 VB X THERA 300 um D
BEADOWEIED St AR 10um~1 mm
BEoSmE25, HiX lem, &S 2mm O HERER
AEEER L, ToFBEERE» S, X3 7 OEHR
% 2,600~3,000kg/m* & 453 &, FEHINBFEE L
#40~50% TdH 5. WEMEE N COEFBIEICBV TS,
LRSI OFIB 3N T H - 2. Pointl & Point6 T
L 722 2 ) 7 o alEl o SO 1B L #kicBId 5
JLH#E~ v 7% Fig. 91T, SR 3 ) 7 OLHEEEY
3 10um O 7 v 5 v, NG, $k5 7 BRI
REAOT, ZOLESMORICHhTNICH Z 203 5,
Pointl TEREL L7223 ) 7 TWRA VS5 v HOBEEEIN
H OB TRIC B W CElEE TRk DIREE S S 0
WD 515 (Fig. 92). T d Point6 TEELL /<
Z2a) 7TiRELNED -2 (Fig. 9b).

Table 2 1245 Point O KAk 2 2 ) 7 O 50 O
B Lz a) 7o BiE s el & RO
BoilEiEE & 5. Pointl TEILL 72 &k <,
& L &N H D&M IR & FF B LSl Ak s #
Vo v habE EREAENE S L, Point2 T, &
L BN H T IR AR b b ok A v
S VvARERORE AR BB OGENMBERS N
Point3 & Pointd Tld, 2ENEREA ¥ 5 v OB
Ot & BEaENBI%E S /e, Point5 & Point6
T, Wt v s v AR EROAEOADBIES L

20
o
+
L + A
15 A X
6 ¢ -
2 4
10 e
* o,
o +700°C
5 e A 900°C
% 1000°C
® before heatin
0 L |
0 5 10 15 20
a* (red)
Fig. 8. Variations in colors of heated scoria in an

a*-b* diagram. The errors are standard de-
viations (1) and are within symbol sizes. The
ratio of b* to a* (b*/a*) is dependent on the
heating temperature.
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(b-1) Po

ST

10pm 15pm

Fig. 9. Back scattered electron images of red and black natural scoria and X-ray (Fe) intensity maps. (a) Red
scoria sampled at Pointl: (1) low magnification, (2) high magnification, (3) X-ray (Fe) intensity map at the
same high magnification as in (2). (b) Black scoria sampled at Point6: (1) low magnification, (2) high
magnification, (3) X-ray (Fe) intensity map at the same high magnification as in (2). Ol, Pl, Cpx and Fe-Ti
represent olivine, plagioclase, clinopyroxene and Fe-Ti oxide, respectively.
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fo. VL 72z 2 ) 7 o EKENC B W T Point2 T
B L 7ok E R OB & AR OGO A EDE T
H - 7z,

432 EELFHEEAIE

HOE X FROHTIT & 2kl o &5 L% Table 3 1<
RY. £ Point O KRS & OEERAERY) O &5 L2
i 3EESZ(LRE» s hi v, W 0ERSE
HREFEFICHEHL, WO Si0, 28k (Fe,0:1
B, TiO, &F &I 2l L* i (F), a* 5 GR),
b* il (#) DZML%E Fig. 10 1IRd. 223 ) 7Rk
SiO,, 48k (Fe,0:#:%D), TiO, DEHEIZ L*, a*, b*
BRI IBIEFLTH 5.

433 2EHDEEE

9, EEE O RDI T F v b)) viEICK S
2 kS E RO ER % Fig. 11 (a) IZ/R7. 512nm O
JEEE & REREARA TR O Fe?" & F & (ppm) [HICHE
MR H D, oBRERIKLEFRO Fe™ ERICH
WA EMTEBIEAERLTVA,

Table 2. Description of colors of phenocrysts and
groundmass for the sample thin sections under
an optical microscope.

phenocryst groundmass
Sample  plagioclase olivine
red part " pale green part  red part black part
Point 1 o? [¢) [9) [¢)
Point 2 O (o] O ] (]
Point 3 (o] (o] [e) [e)
Point 4 (o] [e] (o] [e)
Point 5 (@) (e} o)
Point 6 @) (e} [e]
Heated scoria 0] 6] o] 6] o]
" Red parts in crack or rim.
2 "O" means presence.
Table 3.

MEEE, H@mEhic & 3 5120m OWOEEE, ML D
BH Lz 3 ) 7 EHARIA R O Fet ORE, 23
) 7REIRO FeO G H R (Fe* A% FeO EHE % i
5D, MIOfEA Table 4 1ZR9. £, 23 ) 7OREAL
WEHL, REOEETH S a* @ GR) & FeO (Fe*')
GERLOBGEER 2 I, HEHO FeO (Fe2') @
HE% SHIEE a* L ORR%E Fig. 11 (b) IZRT. &
gz 30 7 oL L L TV 2 R TB-3
D FeO SHROMTEFER & Imai ef al. (1995) 1Tk 3
FeO &HRD#% FeO SHRDEXE L T2 &, £0.36%
THb. a*lHBEINT 212 >NTEHEH D FeO (Fe?™)
SHEESIZIZERCEDT 2. 5T, RGO a*
LR D FeO (Fe?') & E ORGR (BERRIIE)
&, EBREBIO N 3EYULTVWS, LiL, a* il
K15 DR bIRVR 3 ) TEHETIE, [E L a* BTkt
L TRAGELD FeO (Fe?™) GBEEMERERMO TN
L HEFRE.

434 FERBINART bV s STURRT ML

KRR S IMBERRARI D v 5 v it &k
(Table 2) 1TOWVWTC, BAMEE N CRIFDEBIN R <27 by
WEZTT-72. H v 5 v AREES TR 10 (oYL
VR %, AR TR 100 oL v XER Wz, K
RV & EVEBRAES I O H v 5 v GEHEIREE, Rk
AL ER IS, KRGV & MEGEER A BRI O G AR
i, 3 &k ORERER o R AR o MR 75 ARSI
A~ b V% Fig. 12109, RAREIOH v 5 v A
SRR (Fig. 12 (a) (3)) TlAITEAESY (400 nm fF
D) ISR AN 5 LIS S, HIL - 7RI A3,
—7%, IBERERYO A v 5 v ARG (Fig. 12
(a) (2)) T, HEEM (400~550nm) IZKIHEHH S

Chemical compositions of natural and heated scoria powder samples.

Natural samples

Experimental products Error

500°C"

Point1 Point2 Point3 Point4 Point5 Point6 24 hours Zzohooﬁ's Sgggucr:s 110%02_“25 (%)
Sio, 49.76 49.72 49.97 50.17 50.34 49.70 50.39 50.23 50.15 50.06 0.59
TiO, 0.99 0.99 0.99 1.00 1.00 0.98 0.99 0.99 0.99 0.99 42
AlL,O, 18.51 18.62 18.62 18.68 18.72 18.40 18.72 18.65 18.57 18.61 1.3
Total Fe,O; 10.90 10.91 10.94 10.96 11.03 10.91 11.03 11.02 10.99 10.99 1.7
MnO 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 5.0
MgO 5.99 6.31 6.34 6.53 6.50 6.36 6.48 6.47 6.48 6.44 1.9
Ca0o 10.27 10.20 10.38 10.38 10.43 10.31 10.42 10.42 10.40 10.41 1.0
Na,O 2.62 2.65 2.61 2.53 2.56 2.41 247 2.54 242 2.51 38
K,O 0.48 0.47 0.48 0.47 0.48 0.47 0.48 0.47 047 0.47 2.8
P,0s 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 5.7
Total 99.86 100.24 100.69 101.07 10142 99.91 101.35 101.13 _ 100.84  100.84

" Temperature and heating time of experiments
2 A standard deviation (1o)
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N5, REAKOA v 5 v OMERES (Fig. 12 (a)
(1) IZBVTHHEEEIRITV S ODEHEM  (400~550
nm) IZFFOIRIER R SN 5, KRR O ARG
(Fig. 12 (b) (3)) T3, AIFDLASRICE VIR A H
ons. —Fh, KRB OLEIREDS (Fig. 12 (b) (1))
EIMBGEER LR O AR EES (Fig. 12 (b) (2)) T3,
TR EM (400~550nm) IINEAR OGNS, ThbD
AN Z =7 s vk D, v S v EHEE GROR
BB VT, REERTEEREM (400~550nm) DU
SR S L fe.

x 10
S 60 f
=
3 5 | " s ooo mom g SiO)
£ L
<§ 40
.‘g 30 -
5 207 Fe,0,
g 10 . * o O O * 0 o X
8 TiO,
0 A A 1 1 A A
42 44 46 48 50 52 54
L* (white)
% 70
S L
£ e -+
_é 50 re= omn o= " Sio,
540
€4 |
S
g B Fe,0,
Lo ¢ Lo 4 L 4
g 10 TiO,
© 0 A A A AL
0 5 10 15 20
a* (red)
§ 70
£ 60 —_—
2 5 r B o al = ommow
E (o“ 0 SIOZ
o
2730
S
g 2 Fe,0,
2 10 f L3 <& © * 06 0% @
8 TiO,
0 A A A /A A
0 5 10 15 20
b* (yellow)

Fig. 10. Relationship between the L*, a* and b*
values and the SiO,, total Fe (as Fe,0;) and
TiO, contents in the bulk rock. The solid
symbols represent the results of heated scoria
and the open symbols represent the results of
natural scoria. The bars represent maximum

The bulk chemical

compositions of scoria remain almost unchanged

despite the color variations.

standard deviations (1o).

15 « LA

I« TEL

FRCDRARGR EMBATFEERES) D 7~ 5 v A BERTR
B (Fig. 12 (a) (1), (2)), ikl (Fig. 12 (2) (3)),
AEAROE (Fig. 12 (b) (1), (2)), B & CEMES (Fig. 12
() 3) DOFEUEFIcBY %5~ 27 bl Fig.
131CR9. £/, Bonksvry vy 7 bOE—7 OALE
(cm™) & Z DJFE% Table 5 1TRd. £HD O 13445

&

14  Fe” (ppm)
12 [ =56X AbS512 +0.10 2
10
08 |
06 [
04 | ¢
02
00 * : : :
0 2 4 6 8 10

Fe?* concentration in solution (ppm)

Absorbance (512nm)

18
15 & - ° patural scor!a
— + heated scoria
— 12 1 —
h o] ———
(<] ———
E 9 +
*EU —
6 -
——
——
3 i - ——
—
0 1 1 1 1 1 1

0 1 2 3 4 5 6 17
FeO content (wt%)

Fig. 11. (a) Absorbance at 512nm (Abss;,) as a

function of Fe’" concentration (ppm) for
solutions of standard rock samples determined
by the phenanthroline method (Fritz and Popp,
1985). The regression line gives the relation:
Fe*' (ppm) = 5.6 X Abss;; + 0.10. (b)
Relationship between a* and FeO
contents (wt%) in the scoria powders. The

values

circle symbols represent the results of natural
scoria. The cross symbols represent the results
The error bars of FeO
content (wt%) are based on these for the
standard rock JB-3.

values

of heated scoria.

The error bars of a*
represent standard deviations (10).
Both the natural scoria and heated scoria show
the similar linear relation between a* values

(red) and FeO contents.
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Table 4. Iron contents and color values: Absorbance at 512nm, Fe’” and FeO contents, and L*, a*
and b* values of natural and heated scoria powders.
Sample Temperature Duration Absorbance Fe®*concentration FeO content L* a* b*
(°C) (hour) (512nm) (ppm) (Wt%) (white) (red) (yellow)
Point 1 Not heated " 0.246 1.48 1.86 % 4553 £ 0.65° 14.97 + 056 14.69 + 0.58
Point2  Not heated 0.385 2.26 277 52.02 * 2.96 973 + 025 1645 + 1.06
Point3  Not heated 0.509 295 4.94 50.06 + 1.19 395 + 013 1045 +0.95
Point4  Not heated 0.653 3.76 593 4761 + 0.84 213 +0.13 732 + 041
Point 5  Not heated 0.787 4.51 6.19 48.31 + 0.59 1.05 + 0.26 483 + 0.63
Point6 Not heated 0.849 4.85 6.13 46.87 + 145 0.97 + 0.08 490 + 0.44
Point 6 500 2 0.658 3.78 4.39 49.10 + 0.51 3.12 + 0.06 997 + 021
6 0.622 3.58 4.86 4841 + 0.15 391 £ 002 1158 = 0.08
16 0.651 3.75 4.88 4969 * 0.21 468 + 0.04 13.09 + 0.04
24 0.584 3.37 4.37 50.72 £ 0.15 485 + 0.03 1284 + 0.06
Point 6 700 1 0.436 2.54 4.00 4891 + 0.17 6.72 + 0.07 13.22 + 0.12
9 0.330 1.95 2.30 49.21 + 0.14 975 £ 005 1598 =+ 0.09
18 0.259 1.55 2.14 4954 + 0.10 10.66 + 0.08 16.94 + 0.13
24 0.262 1.57 1.93 4948 +0.19 11.03 + 011 16.74 + 0.25
Point 6 900 1 0.160 1.00 1.27 4597 + 026 1161 + 017 1557 + 0.34
2 0.111 0.72 0.99 4535 + 044 1327 + 018 1741 + 0.38
5 0.104 0.68 0.83 4555 + 0.15 1477 + 003 17.89 + 0.08
Point 6 1000 10 min. 0.205 1.25 1.45 46.20 + 030 1066 + 0.08 1434 + 0.14
100 min. 0.091 0.61 0.74 4483 + 044 1420 + 012 1575 + 0.18
200 min. 0.081 0.55 0.79 4401 + 050 1434 + 0.18 1522 + 0.26
""Not heated" means unheated samples.
2 A standard deviation (1c)
3 The uncertainty is 0.36% (see text).
FE&, TR4WRAMOSiHEVWIRAIEZERT. S<vv 7 BHoORELMENECL D ELBEER L. 22T,

b DJifE (L, Hart et al. (1976), Kolesov and Tanskaya
(1996), de Faria et al. (1997), Sharma et al. (1997) IZ X -
te. hy s vAREBTRY Y S VAN S < vy
7 bW, AETEAS RIS < v v 7 PR
Shic, i, KRR EMBAGERESION v 5 6
B EAROVWFRICBVL TS, JREE (400~550nm
AR D & % 9 4 75 Fig. 12 (1), (2)) 5= ¥
27 kb (Fig. 13 (1), (2)) Tld Fe, 05 GREKIE) 12 &
352y hpsEga N, —H, v ARGk
O S L OHEREE (Fig. 12 3) DIV ARY
kL (Fig. 13 (3)) Tld Fe, 05 GREKSE) 1tk b5 < v v
ZALNES -3 (RN

ﬁm

S. Bl

5-1 SXRUZR3U7OEDEEHTEM

EFILZ 3 ) 7 oA ERMICHIE L 72F55E,  Point6
75 Pointl IZ[A 7> - C, FRIATOHIE S L 2= 2
) THHCORIETHE, 23 Y 7O LHE (1), a*fl
GR), b*E (&) 2l 4, WLz )7
FHAE T ORITE T a* & b* [l 2 @A A3 - 7c.
E5IT, BLES5~10ecm ZD 2 3 ) THTRE, FiHbh oS
NENCIE 2 > TL*, a*, b*EMED L TVL &b
Mmooz,

KWL TE, [FE—HS TR L 70k ol @y, &

FPRESNCHEMOEVICOVWTHERT 5. Skl
BrEIC L ORIE L7l (Rfic L* fE) &, Nagao and
Nakashima (1991; 1992) (T & 0 FEORIE LK RITHK
FEaIEpHIONTOWS, BIHTORIE, 23V 7
RCTOflE, 2= 7l cORIE L KT 5 &, &
SHCOHPEE 2 3 ) 7 T OBIE T, Point6 > 5
Pointl N & a* & b* & & bl L EbEML 7. —4
MHATORIETIR L*EILS0E5 L 3IF—TOETdH -
fo. £o7T, ThSDUELFEITBVWTEZL SN BEEM
DEWV GUE O RAERER LRI G D HIEFL & Bk
MOEEDEY, oI EAHBoEVE) 23, Fi
L* [EICEET 3HN M D bt BRI TOHRIE & X
2 ) 7B T OHIEDBED L* fEld, B0 v icEE
THT 5.

L LSS, METIRL EAIZE—EDE %
Point6 7> & Pointl IZ[A]2> > T a* & b* {EEMML TH
D, Toa* Lb*HOEIER T ) T ORENEEA(L
GREfb) ZRLTCVWBE EFZ 6N 5. AL TORBEHAT
®ﬂﬁ&%WT@ME@%¥TM,@ﬁ@m@b%ﬁ%

bOD, a* & b* HOZELHAIZIZIFEH L Wi, FEE
TORE iﬁﬂ@ﬁﬁk@ﬁéoﬁth ZI3ERTH
5.

52 fEAICKBZRaUTOEEL
Hoza) 72KRGHPTNEGT 22 &Ick > T, a*fd
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GFR) & b*{E GE) 2N L 72 (Fig. 7, Fig. 8). /MLy« fih
(1995) Tld, BWEATIESD 2 2 ) 7 3HR< BEG, Foh
WCRIBHELTOURESbH D, T IHKEDHELTH S
EHEEL TV B, AR OMAFERIC KD, /Nl - fil
(1995) IKBLWTREBSNIEFRILR 2 ) 7OIRBES
% &V FREALDBIR N, EREINICHE» D S, Fic,
1,150°C TOMEFEERIC B W TIAEEIED Sntc T &,
RS T O IEFE D SR MMB T T & 5 T & AR
LTWA.

REKZ 3 ) 7R TOGMERLS (Table 4, Fig. 5) &
INEGEERAE R O BllERE R (Fig. 8) & 2T 5 &,
% Point D Z 31 7D a* & b*{HlF, Point6 TERHLL 72
a* E b HOKWVWEBZ 3 ) ToEuck > TE LM
231 7Da* s bHMETIFITHET 2HLTE S, flA
1Z, Pointd D& 1) 7D a* & b*fEHIE, Point6 D Z 1)
7 %% 500°C T 2 & b bW L /B
SN 5 EFHENZBAOBICHIRNT 5. [A#kIC, Point

(a) Olivine phenocryst

15
1 f
8 1t (2) red
5
2 f
=] + 1) red
205 (
5 v
x (3) pale green
0 . . .
400 500 600 700 800
Wavelength (nm)
(b) Groundmass
15
(3) black
Q
g . M
S
s 1 f
2 05 /(2) red
(1) red
0
400 500 600 700 800
Wavelength (nm)
Fig. 12. Typical visible spectra for the scoria thin
section. (a) Olivine phenocryst: (1) red part

of natural scoria, (2) red part of heated
product, (3) pale green part of natural scoria.
(b) Groundmass: (1) red part of natural scoria,
(2) red part of heated products, (3) black part
Absorption bands (400~550

nm) in the red parts of natural scoria (1) and

of natural scoria.

heated products (2) are similar to those of
hematite (@-Fe,0s3) (Nagano et al., 1999; 2002).

15 « LA

& - MNEE

3D 3 Y 7134 500~700°C THY 8 BEILIA, Point2 @D
23 Y 71349 700°C THI 9~12 B, Z L T Pointl ® %
2 ) 714 1000°C VL EA» o 1150°C i TH 1~2 BEEN
B BIcE O S E PRI ABROBEICHIEL T
5. £-T, BFLza) TomOE{L3EGBRa) T
DOEIRMNET X % a* & b* [Eo¥IN GRrEfl) 2k ->7T
AT A C ENTRET B 5.

AWFETlE, RE[LDEE - BEROHEE DBRIC, =3
) TEMADIIAERRFERAH T WAY, XD IERMIC
RERZ 3 ) 7 HROAR LR « Kl 2 HEE 3 51214,
O RGOV R 3 ) THAE O 72 ER A R

(a) Olivine phenocryst

\]/ Hematite

(1) red

Intensity

i Olivine
M (3) pale green
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Wavenumber (cm™")

(b) Groundmass
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(1) red

Intensity
S >{<—
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<« <~
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(3) black
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Fig. 13. Typical Raman spectra for the scoria thin

section. (a) Olivine phenocryst: (1) red part

of natural scoria, (2) red part of heated
product, (3) pale green part of natural scoria.
(b) Groundmass: (1) red part of natural scoria,
(2) red part of heated product, (3) black part
of natural scoria. Assignments of Raman
bands are after Hart et al. (1976), Kolesov and
Tanskaya (1996), de Faria et al. (1997) and
Sharma et al. (1997). Solid arrows in (a) (1),
(a) (2), (b) (1) and (b) (2) indicate Raman
bands (a-Fe,05). Dotted
arrows in (a) indicate Raman bands due to
olivine and those in (b) indicate Raman bands

due to hematite

due to glasses. Raman spectra in the red parts
of natural scoria (1) and heated product (2)

have Raman bands due to hematite (a-Fe,0s5).
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THOMED D B, & SITIEEEIC X > T b*/a* NEKQ
2 JEIN O i 0 B s M B RG E T b 5.

53 RAEK SMBERERYOELRLEE
EFILR 3 ) 7 O Point OHIfAfE (Table 4, Fig.
5)  EHOE XEOTIC & 3 25 L ES R (Table 3,
Fig. 10) &2 d 5 &, (bl I3 —EIc b
b O FHIEMEITRES 2 HPbr 5. i, ERESR
TLHEDEFe, IOGHEICHEHL COERLENRS
nisn, —7%, KRR EFERERD O ax @ OF) &
7 xF v hol) ViEiTk b FeO (Fe?') & & (Fig. 11)
R 2 &, a*flid FeO (Fe*') & ORI WAER
NRONG, Bt X ok, 28EERITNT
DZANTIBOWTEIEETHDDT, FeO (Fe*M) &
HEDZALIZ Fe*' /total Fe DZAL & 12IFHEIERERICH
5. k-7, 23V 7ok b (FEiax B (&
Fe" Ok (Fe'—Fe) ICk2bDEEZONS.
KERZ ) 7 EMEL e 23 ) THO A v 5 v B,
I, BEEINEH MRS A RO b D EFF s
Wb D&, HEEIT ARG & REEAEE s N
(Table 2). £ ~T, 22 7oOROILIZY v T v HHE
ELEH S OFREANENEEZ 5N S,

KRB L OEBRAEEDO 4 v 5 v AR R G &
AR OBEMTTHE Z ~ 2 by (Fig. 12 (1), (2)) I

Table 5.

Id, 400~550 nm O W BFFEAET 5. T ORI 1F
Nagano et al. (1999; 2002) THE SN TV 5 Fe,0; GR
PRSE) DOREIEIIN 2 <7 kv (550 nm 7 & i E M~
DB SFEPL TV, Fkkc, BEMS <~
227 kU (Fig. 13 (1), (2)) I2BWVTH, Fe,05 (Frfk
PR IS 5 < v = B a e, INBVERY)
D Fe; 0; (REKIE) D5 < v E—=27 2B 0T, MENKTF
LE—ZENKREL L >TVB DI, Fe,05 GRELSL) @
B DEWDIERE OB VLANIENTVWE EEZ D
N5 (Turrell, 1996). L#hi->T, Hv o v AMEEA
HAREIHLOEOIFIN L Fe,0; GREASE) DR EFZ
ohd. h v vADPBLENE I LIk > TFe 05
GREEIE) DEERk &N 5 T & 13, McKernan and Carter
(1989) DFER LFIFIFITH 5. F 72, Pointl TEHELL 72
FREZRa ) THOH VI HICBVWTE, BEEhEH
DITHEEROBVIONEE SN TEY (Fig. 9a), &
v 5 VATETICHOEAIC Fe,0s GREEL) AR S
NTWBEEZOND. AHEBFICB VL TEBNI 72D
PSS CHER T X 18 p - 1208, AHEEMIOH v 5 v A
BURNER, $kF 4 v O S8EEYIR 7 5 R O#ko
BLEFIT X D Fe,05 ORELIL) AR SN TVWE EEZ
5N 5.

PibE&xy, 2ayr7oa*fli OR) & b*{l () ok

Results of Raman spectroscopy for natural and heated scoria thin sections.

Raman frequency (cm')

olivine phenocryst

groundmass

pale green parts red parts red parts
of natural scoria of natural scoria of heated product
(Fig. 13(a)(3))  (Fig. 13(a)(1)) _ (Fig. 13(a)(2))

black parts

(Fig. 13(b)(3))

red parts red parts assignment

of natural scoria of natural scoria of heated product
(Fig. 13(b)(1))

(Fig. 13(b)(2))

220 220
280 280
400
400 400
420 400 400
490 470
500
540 540 530
560
580 590 600
590 600
650
780
820 820 820
850 850 850
920 920 890
960 950 960
1000
1300 1300

220 Hematite Dy’ crystal space  Aqq
280 Hematite Dy’ crystal space  Eg
380 400 Hematite Dy® crystal space  E,
380 400 Glass T-0-T?
Hematite Dy’ crystal space  Eg
Olivine Sio” bending
Hematite Dy’ crystal space Ay
520 Glass T-O-T
Olivine Si0> bending
Glass T-O-T
Olivine Si0> bending
Hematite Dy’ crystal space  E,
660 Glass T-O-T
Glass T-O-T
Olivine Si0” streching
Olivine Si0> streching
Olivine Sio2 streching
940 920 Glass T-O-T
Olivine Si0Z streching
Glass T-O-T
1300 1300 Hematite two magnon scattering

) The assignments are after Hart et al. (1976), Kolesov and Tanskaya (1996), de Faria et al. (1997) and Sharma et al. (1997).
2 O represents a bridging oxygen and T indicates tetrahedrally coordinated Si or Al.
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GRtefb) ORI, et FHlkZbetibhd, 1y 5
VARERB X ARG O Fe T 8 Fe N & EERIb L,
Fe,0; GREESD) DA T 2720 Th 2 EE2 605,

54 FFRUZR3U7EDKRE(ERE

FIKA a2 ) 7 DR EE OB & AHEOHEZ  (Table
2) »5, Point6 7> 5 Pointl ~D R 3 ) 7 DFREALICE
WTiE, LA PREMNL, 2WTH v T Al
ARl TWS, X-T, 23 ) 7HOFT O
Fe*" ~ofg{bid, I AEPO Fe" ofbrics
D, RICH VS v ABEF D FT OBl 5 &%
Zonb, MAEBRERYOHER T, » s v ak
e ARMOES LI bREHNBIE SN, N,
AHIFZE DIEGEE: (500°C, 20 BB Tl Ak H v 5 v
Gl T Fe*™ O LAHEIT LT L& - 7o alfigtdsid 5.

AWRZE T O EREEF T, /ML - il (1995) TR
ShTwad ki, SFLR ) 7 oGRS, KE
S L CHRMCEWT WS (Fig.l). £4UcxfL,  a*
Ml R & ol GE) OZ(UERIKEAET, HEEE
EERLZELTVWS, L-T, YRS TIE, 2370
i a* & b* EHAMKL (B, HEFRICEENZT X2
FRILIT & - T a* & b s GRtafk) L, ARz
VTMWTEREZZOND.

55 SERIBEEORERRE

AT, ARl DB E T 3BIETO
GHEE 2 2 ) TERATOBMEERITY, SFhz a3y
7 OO A TERINTR L., T OFR, BIEETONE
FER D O R O AR BRI 5 OB Lo A 2 D s T & Avr]
FECH B ER LT, F12, BF Lz ) 7o ERN
ERER L T DAL O BTG R E WL 5 T Lick
D, 231 T OFROLORE « B2 — VxRS C
EIAIRETH B T AR L. AT, RAREE &
IMAERBRARYIOMATOEELE L 2 3 ) 7 OsRkEfk
DOUEFE « B2 r — V2 JHfE-> T a0, Sk b KR
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