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ABSTRACT : Exsolution intergrowth of ilmenite and hematite was studied by the Rietveld refinement
method. According to the analysis on these two structural analog minerals, it was found that
octahedron (M2) of Ti in ilmenite is in the least deformation, then that (M1) of Fe in ilmenite is
deformed next, and octaheron deformation of Fe in hematite is between M1 and M2. High pressure
compression experiment was performed up to 5.8 GPa, where two minerals’ XRD peaks merged
completely. Ilmenite shows normal compression behavior, whereas hematite shrinks in very small
amount. This kind of abnormal behavior might be due to the differential response to the applied
pressure corresponding to the different compressibilities of the minerals each other.
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7| L E 0| E(akimotoite)7} A-E-IY Z7fA W
A" ol Hadd 2 Fxa{AA O gL
A77F #9H 3 tH(Tomioka and Fujino, 1999;
Ming et al., 2006). 284 ThZ o2 AFEWE
Bol BXE 7oz oiEe 3o] ol7|RE|
E 722 Joldte AR 484 Qlong ¥
BHA O FRHAEE FRUE SF = WE
Holthel] 24 5 e AYFE F9 shirt =
F itk =3 FeTiOs-Ejgbd ddo] WE o] =Y
Hog AT AL MAT 4 gt o)L
A AFuURel 4HA e BTAEE 9o FeTios
gk o] 4302 A3 AU A
&L So] B 9L E & YUt o7 REo
ES 2o A2e AT LAY go| I
T3t EjgrEd o] tigk A TR A7(Wechsler
and Prewitt, 1984) I AHAo] A7} o] Fo HTk(ito
and Matsui, 1979; Syono et al., 1980; Kim, 2002,
Ming et al., 2006). ¥+ A E+& BN &
of g A7t FHE olF4h old W Liu
(1975)= MgTiOs7} 9F 40 mol%8! ElghE A el oj
g 123 dHe] d3As HE2AoER A
Holdh & nHr) H& w9t 2AA AE
2 2" e Aol A5 g wEdn
A7l HAH2 gHebgdo] AquRe] By
BB EA7MEA g N2AE 855,
I £E7FE olF1 Y FHANRY F
3& Wele d ok B =Ee 34
TAH e, s g224E
SEAAIY AR YEYEH
HEste 2+ FEY F2EHE AYPsE Ao
E s Aeda 1yt 43S AAEH

Heloly] A weiso] ¢u, A= I %
o] Y E 4ZEH 1 thHammond, 1952). £ 4
Tol AHEE AlEE stofolgtm A Ae 9 A

29%

Eg 8ol 2FF 02 Li Chung Ming 57} A
Tt FA o FPAEEL HerEAg AHA
oln, FHH, ox Fo] nF X}F Yot 33}
BX2S JXA-8100 (JEOL)S o]-&3o] Hxdu]i
A(EPMAYS A&t AEAzE &4 3 4
A&n| Aol A B7AGEC] Qe ¢4 ElgEY
AN FEANEE AT o] AEE RTE
hEo] x-A AEA 2 IPAHS AYsHo
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X-A1 3| AEA e Z3ARE(Pohang Light Source,
PLS)¢} 8C2 HERlolA tF A& x-H 34
BA712 Algsianh. #HAE 15°~136°2 6 ©]
o, 2A0AL 0.005°20 & 4%/2F102 &3}
o F 24201709 dolHE FAHAT. FHAZ
& 9 30 rpme] HAEER 6 h 30 mint AA3}
Qok X-A wgE Si[l11] 948 FAE o] &3
1.5490 A (8.0042 keV)<| TS A3 4
&7 UsAEAN 2 (multiple detector system)
o2 749 AE77F FH2ERE TAA &3
sta] g2 AlZtel =S A oHE T
JE& ¢ e Aadolt, A FEYA E
AL 9a) 72+ pFEE oF 192608 5o =
sl e, o] 7oA WAsE oyA ¥ &4
Zte] #ole]| wE e HAA

DOAE

ngk

APl A x-4 HHHPE PLS 5A (high flux
x-ray scattering, HFXS) WelRloA oju]A &
o] E(image plate, IP)9} vle-# E}Q] ThololE2
A 7]7](Mao-Bell type diamond anvil cell, MB-
DAC)E ol83te A2 Agsigirt. 5A Wt
Qe A& (wigglerydA7F AYsol o Hot
745 WAMY(synchrotron radiation, SR)& ©]§
& 4 Qlthel s AEE, 2002). MB-DACE
pojolE = o] zbzh Hakg T ~E, AU ¥
g dlever arm)O. 2 T Fo} o, A7 2
§= A 45°2 1HFo] UthXu ef al., 1986).
2 B4 x-A 31" (angular dispersive x-ray dif-
fraction method)S A83tH o, x-He e
0.61992 X (20 keV)ATh. DAC U5l A& A
B89 P Afo]9) Aelye E2AE LaBs (lanthanum
hexaboride)®] A& ©]&3dt4 317.935 mmE
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e ol g3tH o, HolHRE F¥E FAlirradia-
o)A S W D= FA9E ERr|E 243
TS Mao et al. (1986)°] P(GPa)=1904/7.665 [1
(A A A o) 1] AR ALEBHATE o7 P
=9, 1= aolth, Az okollA qtEAE
AL AFPAEHE fAG7] A8 Mg o
go Bujnjgo) 4:19 3L Foain

a1 2 E9
NzEM
HE2RS L Ti0,-FeO-Fe,0:8 34 RBA G =2

3
(rutile)?} $-2Eho] E(wiistite) ] F7H o)
AL A E-E o] F31 Yth(Putnis, 1992). & 3
AAEY xWe Z4e] F43ES ny 9o
o, A EerEdI} AdHE Sgow
3t7] g2 o} Aupdt WM 7Hssit g
Y, A2, AL §EAR A A
of &3l Y RrHFER & +
THKlein and Hurlbut, 2002). ¥4
Hed Ao A AAdMo| rygoz
W, B AR A$c Ao ggon
(exsolution)¥| o} WERIL 9T}

9 1 AAE A 93k BSE (back scat-
tered electron) ©]w]xjojt}. 40M 2 EtfEtsl S 73
G, gAML o7t o] T8 Mo} AARRS FA
e FAMe gledART e BRog MY
Z(lineatiom) B el o] HHAH & BAHIY 1a). ©]
Ak 725 50002 Sujstd HEE oo
Aol AFA o] thA] gebd o] 459 uA|
 FE22AE oRY e AL BEY & A

(L8 1b). ©1Z& McEnroe et al. (2007)2] 9+
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Aol YAF I A

SN G T x-M PR AN edAle
ICDD PDF 75-1211 (Wechsler and Prewitt, 1984)
7 HHEA L2 PDF 86-0550 (Maslen er al., 1994)
o At YASFATHIY 2). IH 20 vehd
Hed e 23 sdgde F 80 12
FAACIEE A9 FdstAl dERdH, | 714
(d-spacing)?t HA| Ad= 7t AHST glo A
2 A g Bl BerdAe gy s
T WA og AFAe ws) o 28] AR ET}

Fig. 1. Back scattered electron images of the ex-
soluted ilmenite and hematite by EPMA. Dark-grey
color is for (il)ilmenite and light-grey color for
(he)hematite. Black spots are carbon lumps. (a) mag-
nified in 40 times, (b) magnified in 500 times.
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PEEA

TZEM S Fullprof (v2009) AZEo}(Rie-
tveld, 1969; Rodriguez-Carvajal, 2001)E ©]-&3}
Sach 28R 9E El¥-E 42 Harrison ef al. (2000)
o] Aslel HHM 2 Rozenberg et al. (2002)8] ¢
TFANE o]g3dth. FUTES EHEMo]l R3
(148), AHA o] R3c(167)010 B SubgA ot}
(Harrison et al., 2000; Harrison and Redfern, 2001).
3 A A4k Tompson-Cox-Hastings pseudo-Voigt
S-S AE-SF tHFinger er al., 1994). A9
X Z(full-width half maximum, FWHM) A4HS
A% U, V, W (instrumental resolution function,
IRF)E 0.0000030, 0.0000050, 0.0000110& ©} &
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Fig. 2. X-ray diffraction patterns for Rietveld refinement of the exsoluted ilmenite and hematite using Fullprof
suite. Starting models used for ilmenite and hematite were Harrison ef al. (2000} and Rozenberg ef al. (2002),
respectively. Vertical bars are Bragg reflection, which upper ones are for ilmenite and lower ones for hematite.

3} 21 (Fullprof man-wl p21), °]A-& PLS 8C2
T8 F x-A IHEAIY IRt gz
HEME Fx443} 45 O 7144 (background)
< WA 4Asa, 22 @ 2AY(scale factor),
@ DX AAEF(@ b, ¢, 2, £, ), ® FEFA
(preferred orientation), © H]t)7 4(asymmetry pa-
rameters) €A E AT T © 24 ¥ (shape), @
& 5% (isotropic disdhotgkctment)S 118} .0
o opAgto 2 @ YAE E(atomic coordinates)E
Al4ks} 3 tHRodriguez-Carvajal, 2001). AAE 3
AiE 9 R-factors@EL AT 4 U= Bl
£01.& Y7 WHE Atk 19 2& JEY
E 7224 Jddgdelt. 48 FAue gl
Aol B A fAjola e HHMe 93
olty, NERZRE &A% 34 (observed)d} A4k
H 3A-M(calculated)?] 2}o]Fh(residuals)e] =F-
A & ALstH AAHOE ALkE gho] & %1_
A& & 4 AUtk R-factorsBS R,=11.5%, R,
=15.4%, Rop=9.69%, Rz=7.00%/5.25% (ilmenite/
hematite), S (goodness of fit) = 1.6, ,2/2 =2.540]t}
(D). e384 9] Add ATE a=15.08287(2)
A, c=14.0511(1) A°lx, AFL V=31438203)
Alolth. AAAE o= 504378(4) &, ¢=13.7757(2)

A 1.1. AH L V=303.499(5) A’elth.
% 2v Y EYWE Fxdd o dAA g9

Table 1. Experimental details of the PLS 8C2 and
final parameters for structure refinements of the
exsoluted ilmenite and hematite (Young, 1993)

Ilmenite Hematite

High resolution X-ray

Equipment diffractometer at the
PLS 8C2 beamline
Radiation/Monochromator Synchrotron/Si[111]

(8.0042 keV=1.5490 A)

Fullprof suite v2009

Rietveld software (Rodriguez-Carvajal, 2001)

Space group R3 R3c
Step size/step time 0.005°26/4 sec
26 scan range 15°~136°
No. of steps 24201

R, (%) 11.5

Rup (%0) 154

Reyp (V) 9.69

Ry (%) 7.00 525
S (GofF) 1.6

D-W 1.9613

A F& goltt. Bled e Fest Ti o]&L2 6¢
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Table 2. Atomic positions of ilmenite and hematite
determined by Rietveld structure refinement

Table 3. Interatomic bond distances and angles of
the ilmenite and hematite

Atom Site X y z k
Iimenite
Fe 6c 0 0 0.3556(2) 0.338(2)

Ti  6¢ 0 0 0.1461(2) 0.362(3)

O 18f 0.3250(7) -0.7100(7) 0.2440(5)
Hematite

Fe 12¢ 0 0 0.35524(8) 0.683(5)

O 18e 0 0.3027(9) 025

k: site occupancy

(0, 0, 0.3556), (0, 0, 0.1461)°l, O= 18£(0.3250,
-0.7100, 0.2405)l 913} 2] H -G-8 MI1(FeOs)
o] 0.348(2), M2(TiO6)7} 0.362(3)°]t}. 2AA 9
Fet 12¢ (0, 0, 0.35524) A2lell, O 18e(0, 0.3027,
0.25)o A5t A &2 0.683(5)0t}. Bl
Ao Ay Ze AEE ¥ Cu x-AYE A8
o A FAdolHE BEA A} ox 18f
(0.289, -0.034, 0.2478)°l YR8t gt} F B4
= Pl xR aH y-AE g 2ov) e
v, 53 y-gt-& -0.71003 -0.034% tha & o]
£ BT E &9 3l 0.0242()9tE BhA =
ol7F 9tk olgAl Foj7t U ol o] & x-
Aol g2 old| o3 of7|® A4k AYE A}
oldl 9% AFAE AdHTh & WAMEL Si[l11]
S o] &3 GAM T 242017(15°~136%2 4 )<
Holel g, SAGMeZA7} 238 Cu x-AYo
2 5,50170(10°~120°2 6)2] Hlo|HE Ztzt &
ato] EAlel| o] g3tgint.

E 3 AL Age Aol Hera A
Fel-Fel, Fel-Til %ol23te) ATl 3.0080(4) A,
Fel-Fe2, Fel-Ti2¢] Az|& 2.940(2) Aot} &
A49] Fe-Fe ko] 2112 AglE 2.897(1) A, 2.9732(2)
Aolth R A 9] FeOy(M1) ZHA Y Fe-01 Z
A E 2.248 Ax3, 2,103 Ax30]x, A
O1-Fel-O1¢ 75.2(2)° x 3, 87.5(2)° x 3, 92.6(2)°
x 3, 160.8(3)° x 3, 101.8(2)° x 30|t}. TiOs(M2) &
HA Y Ti-01 A¥ARE 2077 Ax3, 1.822 Ax
30]aL, A%Z 01-Ti2-01 80.4(2)° x 3, 94.2(2)° x
3, 163.0(2)° x 3, 82.6(2)° x 3, 101.8(3)° x 3°]t}.
AN FWEA FeOs? Fe-01 2FAFHE 2.11 A
x3, 1.91 Ax30]1, A%Z O-Fe-O 78.1(2)° x

Distance (A) Angle (°)

[Imenite

Fel-Fel, Til: 3.0080(4)
Fel-Fe2, Ti2: 2.940(2)

O1-Fel-O1: 75.2(2)x3,

cation-cation

5(2)%3
Fel-Ol: 2.248(3)<3, 87.5(2)3,

Fels 2.103(3)x3 92.6(2)x3,
' 101.8(2)3,

160.8(3)%3

Ti2-Fel, Til: 2.940(2)
Ti2-Fe2, Ti2: 2.9828(4)

O1-Ti2-O1: 80.4(2)x3,

cation-cation

. 82.6(2)%3,
Tiog  OF ]252727(33):33’ : 942(2)3,
82203) 101.8(3)x3,
163.0(2)%3
Hematite
i i Fe-Fe: 2.897(1),
cation-caton 29732(2)
Fe0: 21123, OFeOr TBIONS,
2.112(1)%2 86.0(1)~3,
FeOs : ’ 90.6(1)x3,
1.951(3),
L9812 102.5(2)%3,
: 162.1(3)%3

3, 162.1(3)° x 3, 90.6(1)° x 3, 86.0(1)° x 3, 102.5(2)° x
30ty FHAEY A MI=12.92 A’, M2=
9.75 A’, A24=11.82 A’°|THCrystalmaker v2.5).
o|gA Aite ¥z o] 4A=E HY HEHAMF
AHA G o]FE AAE BF AL ol
o AdFes Ay ATt A% ¢Ae EHe
AA 9 FeZ FAOE 3 Ml THA>TIiE F4
o7 3 M2 ZEAo|x, AEA A vnd) B
o Ml >AFA e WA >M20 $=A o)t A
Ao gehbdAo M2 AV AEAA ) 2t
e FEHE BHoFEy,

1% 3L (a) HEFEAT (b) AP F x| H
g3 HFdA 2% BHA (octahedron)E T3
o} glow HeraMe 1:15 FXEZ ABABE
MR o2 AT AE FeOsl T, BE TiOsY]
FiAt gty Ade] Tz AR 7
22 7MA® 39 ARE [110]94 72 AA)
E Basr] Y8 SHFAE S Yo 7)<l
Fejoltt, BebE s AHXNTZE A [001] H



Fig. 3. (a) Timenite (R3) and (b) hematite (R3¢) structures showing rhombohedra system.

gqM B A¢ 67 38 FYES /1A o] L3 B Table 4. Variations of lattice parameters and volume
A7 S(edge)yS T3t T A Wl ofo]e-el with pressures

o) A 1A) 1 ok ol AL of , , %
o3 BUA7Y W) PoT b PGPy alh) ¢ V@A) VW

62t FPTFEE o] %7 o} 64 FPTxE imenite

HA45) QAME BEA7E 18008 Wi = 00 50799 140364 313.678  1.0000

Zro} 7HA 5 THaok anl, oju 62+ B9 10 50773 14035 313326 0.9989

7HEElE MY A Feloln). [0017d A Eekd 12 50755 140344  313.090  0.9981

A ofole9) 7tE Wi¥¥EHE ABVBAVABV..... 15 50689  14.0321 312225  0.9954
Bxsha, A-AHL AAVAAV.. FH| & ez 21 50671 14032 312001  0.9947

i35
BEIg o714 AE Fe, BE Ti, Ve W%

=

=)

dolth, QA om HEaAe Fei a7} Holm 28 50562 140236 310474 09898
A9 Fox 3/} A2 AN Aoz ooy 38 5.0292  14.0697 308.177  0.9825
ATHAZ A 237, 1996). A4 2371996 45 50214 140517  306.829  0.9782
o] ¥ankgo] Aol ElgraAe] Mi(Fe O), 49 50211 140087 305854  0.9751
M2(Ti"0g) ZHA A M2E Fe’'7} dgrn 5.8 5.02 13.9233  303.856  0.9687
£ A8, AdAate] 1A ME Fe' 7t Ml Hematite

M2 270 YRR ZA s M2ol i 930 00 50409 137622 302.846  1.0000

2 Agete AR AFHAL ngAds HA
Mo o] 18 A4S Fe' Ti"E Fe''7h A8
& 3 = o)A M2 Reldl) B $EHog

1.0 5.0403  13.7556  302.629 0.9993
12 5.0401 13.7539  302.567 0.9991

H= o2 ATHAL. B de HEdL o 1.5 504 137515 302503 0.9989
A2 M19] k7} 101.5%, M27} 108.6%01THE 2). 21 30397 13.7498 302429 0.9986
28 50396 137489 302397  0.9985

DOHAIS 38 50397 137406 302227  0.9980
45 50322 137622 301.802  0.9966

I3 4% 49 2 gAdueiolg, Aeaketz 4.9 50296  13.7674 301604  0.9959
Aol Bgd e daA (012), (104), (110), 58 50273 137705 301396 09952

(006), (113), (021), (202), (024), (116), (018)°]
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Fig. 4. A series of XRD pattern with increasing pressures. Asterisks are for hematite peaks.

Table 5. Comparison of the bulk moduli of hematite
structural analogs

Phase K, (GPa) Ko’ Reference

ilmenite 1773 4  Wechsler and Prewitt (1984)
ilmenite 168+3 S=1 Liu and Liu (1986)
ilmenite 210+3 4  This study
hematite 225 4  Finger and Hazen (1980)
hematite 199+6 4  Willburn and Bassett (1978)
hematite 228+15 4 Bassett and Takahashi (1974)
hematite 178+4 4  Sato-Sorensen (1983)
hematite 1241+5 4 This study

corundum 253+ 1 5 0.4 Richet ef al. (1938)
4 Sato and Akimoto (1979)
4  Finger and Hazen (1978)

corundum 2262

corundum 257+6

HRAENY, FAXNS FAdI (012), (104),
(110) (006), (113), (202), (024), (116), (018)°]

21-5]0—11;}_ J_ol-/\lbﬂoﬂ,q AL&)\}-O]—oﬂk]g}r 7Lo]
Eedy (1047 F W*JBE HEEY 230
Boll A A detdeel 22 Tajd e sldAd
S A7) oJgr) il VA E4%E F BB
(phase)®] 3|Mv| Ay 9y 3PuAE Aejstne

gatA FREYA et 53] ol S
T Ao oz gdua il AH oy
A nUAEE 581 GPaZkA AHE HolEw
%6}915} ojHT ojfr TINE T AL, AR

/4% A e ElghE o] HEMRT T
Al &S] ol & AXgdEe] W
oﬂ A hEHol ElgdMy Fdnart H
g du a9 £HHY 581 GPa ©]4olA
o] B7lsstA #rt. o] EAE 343 8l
g =2 4 Bilss HAe 21004 Ade
s S, I9ARY NS, A, 1
7], AZ7)) ol¥d =& Fdprle €A
ol A d-gkol oF 2.01 3¢ sAv =7}
HaE U JEAET HA FURs
o] gAvlze EAE ] Y8 =
ol A Adsto ot whisted #as)
2340 gadA e o 14 GPa ol ¢
Hom wEA7O|EA WAl LINDOYT O
o] Ko and Prewitt, 1988; Ross et al.,
1989). et B A¥9 581 GPaZbA ¢ ¢HEw
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O
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E AT R AXNSRS 249 IY 59 B
&t
A2 e E(bulk modulus)S HlgH A4
(Murnaghan equation of state), P=Ko/Ko'[(Vo/
VELD1E o) gsta] A 4Hsk% ThMurnaghan, 1951;
Xu et al., 1994). 714 P& ¢Eold, K& A&
HAE, K& AHGREY dHol & wEFo]
o AskE AHSAdELS Elgbdo] 210+ 3 GPa,
Aol 124142 GPaclt}. & 594 AAEAE
of AgdTol & EerdMe o 168~177
GPa, A 44-& 178~228 GPa, #3& 226~257
GPa9 W99 e Zteth B 79 g
AHREYEK)Ol Ta 52 g Hol: o
Ao SR 24T AE B4R a8 B
Utk EPMAC oJgt Elgbdde] sPEFAE FeTiO;s
87.1 wt%, MgTiO; 12.9 wt%o°]™, Fe7} Mgol 9
3 X&H As AF YA dF¥FE e
At olHg EAI = Lo H$ Mg @
A8} E2HEho] E(forsterite)7} Fe THAE<l
o] ¢e}o] E(fayalite)dl] HI3) £ AAHAHEL
oja gtk A9 A4 Kirol 1,241 GPaZ 4
A& 298t HEAAY golth AFEAL F o
d B4 EA8A geth McMillan (2002)9)
of&tH Mg =2 AN ES Hol: AL MoN
487 GPaclth. o|gA H@Xo| nAFAY

&

WA wgsel gAe FEPe) e AAYol 4
gHog gshse] g e 43 4
g¥lol WARHoE e e ANVHES B
o= Aoz Badh & o ~1 GPakAY AY
gaolq AB7 34 §EE BA B Aol
o olAe 439 AN Hobd A H2H
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