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Crystal structure of ilmenite (FeTiO3) at high temperature
and at high pressure
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Abstract

The structures of two single crystals of synthetic ilmenite were refined using X-ray
intensity data collected at 24, 400, 600, 800, and 1050°C (! atm) and 0.001, 25.4, 34.6, and
46.1 kbar (room temperature). Thermal expansion of the unit cell was nearly isotropic,
whereas compression was relatively anisotropic, with c/a decreasing linearly with increas-
ing pressure. The isothermal bulk modulus and its pressure derivative determined from cell
volume data are K, = 1.70(7) Mbar, K}, = 8(4), or K, = 1.77(3) if K, is assumed to be 4(1).
Mean Fe-0 and Ti-O distances increased linearly with temperature and decreased linearly
with pressure, (Fe-0) being about twice as expandable and compressible as (Ti-O). The
responses of the two octahedral sites to temperature and pressure were quite different from - ..

~one another, however. The longer of the tv/o independent Fe-O bonds was more
expandable and less compressible than the shorter one, whereas the opposite was true for
the Ti site. The Ti atom was displaced toward the centroid of its coordination polyhedron at
high temperature, but the Fe atom moved further wway from its centroid position. Cation
shifts were much smaller with pressure than with temperature. These results indicate that
the reponses of the ilmenite structure to temperature and pressure are not inverse in
character. The cation sites remained fully ordered at all temperatures and pressures
studied.

useful to determine the effects of elevated temperature
and pressure upon the crystal structure of ilmenite.

The ilmenite structure was determined by Barth and
Posnjak (1934). Shirane et al. (1959) determined the
magnetic structure at low temperature using neutron
diffraction, and the structure of lunar ilmenite was studied
by Raymond and Wenk (1971). Numerous other investi-
gations have elucidated the magnetic properties of ilmen-
ites and hematite-ilmenite solutions (e.g., Ishikawa,
1958, 1962; Shirane and Ruby, 1962; Shirane et al., 1962;
Thorpe et al., 1977) and have suggested the possibility of
an order—disorder transformation at high temperatures as
is observed for intermediate compositions. Burton (1980)
studied such a transformation in an intermediate hema-
tite-ilmenite by single-crystal X-ray diffraction.

Recently, high-pressure structure refinements have
been reported for several materials with the closely
related corundum structure (Finger and Hazen, 1980).
Compression of ilmenite has also previously been studied
by X-ray diffraction (Liu et al., 1974) and Mdssbauer
spectroscopy (Vaughan and Drickamer, 1967) on poly-
crystalline specimens. A number of other studies have
considered the elasticity, crystal-chemical systematics,
and high-pressure phase transformations in other com-
pounds possessing the ilmenite sfructure (Liebermann,

Introduction

Ilmenite (FeTiO;) occurs as ‘an accessory mineral in a
wide variety of igneous and metamorphic rocks (Hag-
gerty, 1976; El Goresy, 1976a,b; Rumble, 1976). One of
its most valuable characteristics for petrogenetic studies
has been the use of compositions of coexisting hematite—
ilmenite and magnetite-ulvdspinel solid solutions as an
indicator of temperature and oxygen fugacity at the time
of last equilibration (Lindslcy, 1963; Buddington and
Lindsley, 1964). More recently, other geothermometers
have been based upon coexisting ilmenite and olivine or
pyroxene (Andersen and Lindsley, 1979; Bishop, 1980)
and have ucilized solution models to extend the experi-
mental calibrations. The ilmenite structure may also be an
importani one for metasilicates undergoing high-pressure

. transformations in the Earth’s mantle (e.g., Ringwood,
1969; Liu, 1977a). In order to improve thermochemical
models, understand crystal-chemical partitioning behav-

¢ ior, and characterize the pressure-temperature systemat-
ics of compounds with the ilmenite structure, it would be

! Present address: Hughes Research Laboratories, 3011 Ma-
libu Canyon Road, Malibu, California 90265.
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Meagher, E. P. and Lager, G. A. (1979) Polyhedral thermal
1973) A expansion in the TiO; polymorphs: refinement of the crystal

ITmenite at room temperature after heating.
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8 3520 3480 -5 6 L -4 7 L 15 1402 1344 3 1240 1304
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768 757
694 741
339 317
-5 4 L
2994 3010
2068 2065
785 808
-5 5 L
1498 1510
284 211

L

11
17

—

OBS CALC
-5 6 L
895 851
1622 1411
692 700
-5 7 L
1463 1403
1252 1259
-4 -3 L
322 282
-4 2 L
1880 1947
1828 1886
1832 1879
-4 3 L
991 1000
535 496
788 770
-4 41
261 234
1807 1861
714 684
-4 5 L
1015 979
1021 1019
1303 1300
-4 6 L
874 905
178*% 161
-4 7 1L
199% 204
786 754
-4 8 L
421 434
-3 -5 1
1081 1050
3 -4 L
4734 4702
7591 7563

L

17

13

11
14

ITmenite at room

0BS
-3 -2

297
-3 -1

210%

2920

799
1045

995
882
1951

1034
2059
514

2631
893
1391

411
353
1214

180%*
752

1677
-2 -5
4909
-2 -4
3351
4931
250
5661
-2 -3

9668

CALC

21t

290

2901
581
846

1014

944
935
1946

1042
2104
503

2687
887
1382

353
340
1209

282
770

1686

4896

3330
4903

161
5662

L

16

11
17

13
19

[No 8]

11
17

~

O W

o N

temperature and pressure.

OBS

-2 =2
9238

687
5041

1839
1140
653

565 .
2639

406

1254
1138

-1 -6

1362
3122

=1 =5

8064
5722

-1 -4

8114
1670

CALC

L

3090

9176
588
4999

1816
1096
609

553
2738
297
472

4840
2937
1169

251
1086
218

1314
1978
1059

1229
1158

1343
3075

8076
5706

8096
1670

L OBS

&~ oo

-1 -3
3374
5770
7476

-1 -2

CALC

L

3316
5821
7507

L

413298 13328
10 9703 9602
16 4568 4549

21

—

13
19

15
21

11
17

—

13
19

-1 -1
154%
-1 1
821
2800
144%
494
-1 2
5163
3270

2580
328

2166

L
238
L

839
2786
129
504

L

4947
3358
2579

238

2124
461
923

1109
1472
290
236

1166
1207
1461

1270
299

260
490

4426

L O0BS
0-6 L

8752
4024

12 642

8773
4006

644

O

0-5 L

2 1269
8 3200
14 7320

1256
3183
7392

4 8517
10 9562
16 2710

8440
9526
2683

6 5375
12 2191
18 6602

5390
2178
6529

2 3228
8 6315
14 9667
20 5251

3318
6374
9774
5105

0-1 L

413197 13246
1012577 12370
16 4065 4055
22 1869 1826

0 0 L

0 0
3 955
6 4537
9 1721
12 3634
15 2601
18 7989
21 644

100
1031
5068
1689
3626
2619
7855

662

5 431
11 1838
17 566

445
1862
525

1 3200
7 648
13 1052
19 1277

3018

658
1123
1259

CALC

L O0BS CALC
0 3 L
3 1118 1138
9 864 802
15 1838 1865
0 4 L
5 132*% 176
11 907 936
17 370 336
0 5 L
1 1970 1986
7 809 790
13 1158 1151
0 6 L
3 550 515
9 187* 138
1 -7 L
2 3432 3415
8 4658 4691
1 -6 L
4 7014 7037
10 6946 6925
1 -5 1L
0 9247 9183
6 7112 7178
12 397 353
1 -4 L
2 5585 5580
8 7094 7222
14 6633 6758
1 -3 L

411624 11713
1011069 11067
16 3276 3267

1 -2 L

012500 12811
612371 12197
12 907 927
18 5706 5716

2 6869 6676
8 8733 8765




ITmenite at 25.4 kbar.

L O0BS CALC L 0BS CALC L O0BS CALC L OBS CALC L O0BS CALC L 0BS CALC L O0BS CALC

-6 3 L -1 -4 1 0 6 L 1 6 L 2 4 1 31 L 4 -1 L l
18 4744 4812 0 8906 8742 =9 225% 243 -8 3005 2993 =11 378*% 194 =16 2192 2247 -16 3728 3710
-6 3761 3875 -5 1007 934 =5 909 949 =13 594 392 =13 1154 917
-6 4 1 -1 5 1L =3 578*% 186 -1010770 10464 =10 8941 8738
0 8376 8455 1 7 1 2 51
14 6483 5152 -6 7168 7036 3 2 1L 4 0 1
17 1246 13035 -3 2802 2886 0 7 1L -9 504% 217 -9 1276 1215
) =14 7543 7542 =17 371% 247
=5 -1 L -1 6 L =7 820 451 2 -8 L 3-9 L =11 1064 1110 -14 6551 6307
-4 4291 4160 -8 3932 3937 =11 953 913
14 6789 5179 =7 527*% 625 -1 368* 98 -2 1033 1032 -3 255% 133 -8 6565 6536
17 %52 533 -4 6852 6891 3 3 1
=1 1465 1479 1 -8 L 2 -7 L 3-8 1 . 4 1 L
-5 2 L =15 1296 1108
-1 7 L 0 5616 5487 -6 5030 5105 =7 1366 1424 =12 1203 966 -18 3236 3246
1632 393 =3 1244 1082 -4 5698 5826 =15 1572 1562
=5 634 528 1-7 1 0 6574 6418 -1 1600 1624 3 4 L =12 1252 1492
5 3 % -2 3352 3288 3 385*% 559 =9 1189 1172
-1 311*% 219 3-7 1L =13 754 804
10 7372 7220 -1 8 L 5 530*% 528 2 -6 L 4 2 1
-8 3958 3899 4 -8 L
=5 % L =3 505% 573 1 -6 L -7 1895 1903 =5 211% 271 =16 3626 3695
-4 8260 8298 =2 2257 2249 -9 426% 126 =13 1039 1143
1797 217 0-7 L =5 1344 1336 -1 1370 1324 =6 4555 4564 =10 5649 5743
17 619% 401 -2 1914 1870 3-6 L
7 661% 451 2 -5 L 4 -7 L 4 3L
b7, 1 -5 1L =9 292% 172
0~-6 1 =5 229% 215 =6 4213 4208 =10 7489 7382 ~14 4793 4922
7775 688 -6 7518 7629 =3 329% 1358 =7 447% 688
3 620 186 =3 1272 1189 2 -3 L =4 4419 4491 5-8 L
=3 -1 L 0 8999 9010 3-5 1L
0-5 1L -413424 13283 4 -6 1 =11 416% 120
13 361* 392 1-3 L =10 7863 7798
-1 1834 1911 2 -2 L -4 9528 9426 -14 5473 5517 5-7 L
-3 6 L =5 2289 2238 -8 4911 4807
0-3 1L -8 6263 6370 3-4 1L =12 473% 143
010455 10212 1-2 1 4 -5 1
=3 1115 1135 2 0L =14 7132 7367 5 -6 L
“2 -6 L 012892 12945 =15 1232 1392
0 0 L =13 941 997 3-3 1L =12 1597 1645 -16 3581 3499
10 4668 4641 1 0L -1010949 10892 -6 7892 7849 =13 804 842
0 0 100 . =7 643 641 =15 1942 1909 -10 5544 5482
=2 =5. =2 6667 6701 =12 2194 2143 b -4 1
01 L 2 1 L 5-5 L
6 4860 4753 1 3 L | 3-2 1L -16 2376 2493
' 413261 13614 -14 8373 8650 =13 708 776 =17 665 401
-2 5 L -1 868 863 -11 1876 2105 -2 4669 4693 -13 782 762 =10 9513 9445 ~14 7228 7299
-411588 11719 =11 577% 217
~410029 9808 0 3 L 1 4 L 2 2 L 5 : 4 -3 L -8 3083 3102
-1 L
-2 6 L =3 859 943 -9 1022 980 =15 1136 1155 =17 795 722 5 -4 L
016469 16477 -3 1007 1003 =12 845 764 -14 8730 8862 =14 6567 6636
=2 1303 1365 . =9 2902 2966 -5 1053 1061 =11 443% 437 -18 4321 4340
0 4 L 1 5 L =15 717 792
-2 7 L 2 3 1L 3 0L 4 -2 L -12  456% 481
=7 1759 1787 =7 1438 1399 =9 2011 2081
-3 711 559 -4 8017 7898 -13 1281 1323 -15 1827 1827 -15 1828 2000
0 5 L -1 704 915 -7 873 964 -12 2098 2181 =12 2113 2179 5-3 L
-2 8 L -9 1838 1843
=5 1497 1493 : -16 3629 3613
=1 341% 322 -2 1232 1197

L O0BS CALC L OBS CALC L OBS CALC L OBS CALC L O0BS CALC L OBS CALC L O0BS  CALC
5-2 L 5 0L 6 -5 L
-17 868 728 -19 1565 1569 -16 2254 2287
-14 7718 7870 -16 3054 2976 =13 842 615
-11  462* 393 -13 1085 1037
6 -3 L
5-1 L 5 1 L
=15 1045 1037
-18 4217 4165 -17 .359* 533
=15 443% 774 6 -2 L
=12 794 715 6 -6 L

-19 368*% 522
-1 771 1nen W e



K ©CBS

nN

N WO [e) O8] (S, V)

~N B =N

-8 X

1385
1592

391%*

880
1320

914

CALC
-1

1372
1608

683

1309
1152

98
190
240

376

163
389
498

276
849
1262
937

K OBS

1
O O W

1
wow

-5 K

455%
1008
1144

781

CALC
=3

546
978
1153
758

1473
1907
631

2939
2811

376
916
327

499
972
1152

758
-4

7006

K O0BS

-1

0 839

K

CALC
-1

856

0 K-35

5 1357

-6 613
6 529

*

1445
0
100
3

163
498

1 K -4

213783 13983

5 8111
1

0 6819

X

2 X

-5 376
4 965

2
310042
2

1 4970

*

X

X

8048
-2

6997

K OBS CALC
2 K 0

-114168 13936
2 K 3

-7 637 546

3 K -4

-211941 12222
4 4640 4659

3 K -2

-1 2966

3 K -1

4 407* 190
3 K O

=317711 17735
6 5771 5562

3 K 3
3 651 499
3 K 4
210179 10060
b K -4

2 8449 8461

I»]mem’te at 34.6 kbar.

K' OBS CALC
4 X -3

4 392%

-8 877
=5 1206
1 1875
4 1611

1037
1269
1953

1552

-4 9315
-1 8987

9240
8991

1440
1026

-4 1409
-1 1044

N

K 0BS  CALC
6 K -4

6411
4265

-2 6402
1 4348

6 K -2

1355
1443
1249

1082

-7 1289
-4 1533
-1 1223

2 1124

6 X 0

=-310473 10555
0 8763 8706

6 K 2-
-8 597* 823
7 K -4

6087
6346

-4 6032
-1 6464

3316

3690
2659

-6 3208
-3 3703
0 2674

2 1064 1107

-5
-2

=5
-2

-7
-4
-1

8 K

427%
875

804
985

5466
5878
5033

476%

9 K

381%

5792

683
823

631
1068

5632
5892
5057

5565




OBS

552%
H -9

712

5979
5031

549%
H -8

818

250
287

553
874
550

139
14
98

CALC

689

159

5853
5025

615

681

5617

2289
1360

6542
6839
5557

95

562

1905

3168
3217

H O0BS
H -6
2 6l2*
H -6

0 8671

CALC

-1
1180
0

8716

310479 10566

9 5560

-1 1266
5 1237
8 517%

9 389%
H -5

1 9096
4 8856

H -5

-3 583%*

7 6040

5569
4

5564

1218
1257
681

395

9192
8961

571

6044

H O0BS CALC

H -4 -2
6 1542 1436
H -3 -4
510065 10065
H -3 -2

1 4805 4692
7 3642 3606

H -3 -1
-4 540% 338
H=-3 0
317600 17756
H -2 -4
6 6448 6465
H -2 -2

-1 2927 2925
8 926 810

H-2 0

114129 13936

H -1 4

7 6309 6285
R0 -4

5 8737 8712
H 0 -2

1 6754 6907

7 2548 2630
H 0 0

0 0 100

6 340%

"Values given are 1
Structure factor a
asterisk are considered below
and were excluded from structu

ITmenite at 46.1 kbar.
H O0BS CALC H OBS
H 1 -6 H 3
4 7864 7788 -8 1109
H 1 -5 H 3
2 2124 2253 -7 737
H 1 -4 H 4
-314175 13972 1 7890
6 4351 4317
H 4
H 1 -3
2 951
7 401% 538
H 4
H 1 -1
3 4668
0 957 929
H 4
H 2 -4
-5 1180
4 8451 8412 1 968
4 782
H 2 -2
H 4
6 1193 1030
5 1561
H 3 -6
H 4
3 4118 4210
-6 1236
H 3 -5 3 319*
-5 342% 260 H 5
-2 888 89
4 378% 227 -4 7570
-1 6965
H 3 -4 2 4887
-112176 12300 H 5
2 9675 9648
5 6080 5930 -6 1358
-3 2140
H 3 -3 0 1299
3 721
-3.1136 1150 -
0 985 984 H 5
3 323*% 416

178 1 8021

CALC

7400
7169
4888

1363
2069
1457

571

8030

H

-7
-4
-1

-8
-5

=5
-2

-7
-4
-1

-4
-1

OBS
H 5

1262
2815
2940
1281

1654
1857
870

4113
3719

912
1373
773

470%
302%
522%
527%

CALC
-3

1208
2850
2969
1355

1585
1858
804

4195
3871

939
1309
837

497
499
153
264

283
968
1507

1387

153

00 times the ob
mpTitudes.

H O0BS

H 7

0 4152

-5
-2

-7
-4
-1

-5
-2

H 7

779
819
341%

817
794
395%

served and calcula
Those marked with an
the minimum observab]
re refinements "

CALC

te:




