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ABSTRACT

The phase relations at high pressure and high temperature for the-Fg®; join were de-
termined using several different experimental methods. Through a series of multi-anvil experiments,
a phase boundary with a negative slope was observed between MFi@nite structure) and a
high pressure phase with the MgTilD(lithium niobate structure) after quenching. The enthalpy of
transformation of MgTi@I to MgTiO;ll was determined through transposed-temperature-drop calo-
rimetry to be 28.7& 1.45 kJ/mol. The enthalpy of transformation from ilmenite to lithium niobate
structure was also determined for three intermediate compositions on the;- Mg, join,
FeyMQgosTiOs, F&sMgosTiOs and FggMg,,TiOs, and confirmed for FeTiQand was found to be a
linear function of composition. These experiments represent one of the first successful calorimetric
measurements on small samples (1 to 3 mg) synthesized at high pressures (15 to 21 GPa). X-ray
analysis during compression of Jg&g,sTiO; Il in a diamond cell confirmed a room temperature
transition at 28 GPa to F#Mg,sTiO; Il (a GdFeQ-type perovskite structure), similar to the transi-
tions previously observed in FeTi@nd MnTiQ. The FgsMg,sTiO; sample was heated to 802 at
21 GPa, and it was observed that the stable high temperature, high pressure phase is perovskite,
Fe,sMgosTiO; Il. The above data combined confirm the stability of a continuous perovskite solid
solution at high pressure and temperature for the ReMigTiO; join.

INTRODUCTION 21 GPa and 120TC, and phases with the lithium niobate struc-

Under ambient conditions, both FeTi@nd MgTiQ are ture were also synthesized for intermediate compositions be-
stable in the ilmenite structurB3), and complete solid solu- tWeen FeTiQ and MgTiQ (Linton et al. 1997). These
tion occurs between them (e.g., Wood et al. 1991). Syono etBfgnesium-iron titanates with lithium niobate §tructur§s may
(1980) described a phase transition at high pressures in Fe /6 metastable quench phases from perovskites. This study
from the ilmenite structure (FeTi®) to a hexagonal structure SNOWs through calorimetry and X-ray diffraction during com-
seen in multi-anvil quench experiments and later determinBESSion of MgTiQ-FeTiO, with the lithium niobate structure
to be the lithium niobate structure (FeTiQ (Leinenweber et N @ diamond anvil cell (DAC) that these compounds are stable
al. 1995; Ko and Prewitt 1988). At 16 GPa FejfiiQhis lithium in perovskite-type structurgs at high pressure. This is the first
niobate structure transforms to an orthorhombic perovskfggample of a complete solid solution between iron and mag-
polymorph (FeTiQ Il) (Leinenweber et al. 1991). During Nesium in the perovskite structure.
quenching this perovskite (FeTj@I) reverted to the lithium
niobate structure (Leinenweber et al. 1991). Thermodynamic ]
calculations, based on the obsen®d diagram and on the Synthesis
measured enthalpy of II-to-1 transition, indicated the stable The geikielite (MgTiQ1) starting material was synthesized
FeTiO; phase at high pressure has the perovskite structure wiiitem stoichiometric quantities of MgO and Ti@Qround to-
the lithium niobate polymorph is a metastable quench phagether under ethanol for one hour. Both MgO and, Tiére
(Mehta et al. 1994). dried prior to weighing in Pt crucibles at 1400 and 1160

A new high-pressure MgTigphase with the lithium niobate respectively, for ~24 hours. The mixture was first heated at
structure R3c) (MgTiO; II) was recovered after synthesis atl200 °C for 48 hours and then reground and heated for 24
hours at 1450C. The temperature was reduced to 80&nd
the sample removed and cooled in a desiccator. X-ray diffrac-
*Current address: Basic Energy Sciences Synchrotron Radigh patterns of the product showed only geikielite peaks.
tion Center and Materials Science Division, Argonne National MgTiO;-FeTiG;, ilmenite solid solutions were synthesized
Laboratory, 9700 S. Cass Avenue, Argonne, lllinois 60438om mixtures of predried E®; and TiQ plus MgTiQ.. The
U.S.A. E-mail: linton@anl.gov mixture was ground in an agate mortar for 1 hour, then heated

EXPERIMENTAL METHODS
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in a platinum crucible at 120TC. The oxygen fugacity was FeSiO,, Mg,SiO,, and CaGeg(Bertka and Fei 1996).

controlled at 16°°atm by a flow of CO and COTo limitiron After the runs, samples were embedded in epoxy and pol-

loss to the platinum, two lots for each composition were sished. Major element mineral analyzes were acquired using a

quentially reacted in the same crucible and the first batdBEOL JXM 8900 microprobe. The acceleration voltage was 15

was thrown away. The purity of the products was confirmed & and the beam current was 20 nA. The locations for analysis

XRD, microprobe and Méssbauer analyses. and imaging were obtained in a backscattered electron mode.
Samples of MgTiQ Fe , MgesTiOs FesMgesTiO;  X-ray patterns were obtained on a Scintag XDS-2000 powder

Fe, gMg,.2TiOs, and FeTiQin the lithium niobate structure werediffractometer with a solid-state detector equipped with a Ge

synthesized from ilmenites of the same composition in a multirystal using CKa radiation.

anvil press at the Geophysical Laboratory at 21 GPa and 1300 ) )

°C, 19 GPa and 130T, 20 GPa and 130TC, 15 GPa and Diamond-anvil cell experiments

1300°C, and 15 GPa and 130Q, respectively. Experiment  Polychromatic (white) wiggler synchrotron x-radiation from

durations ranged from 3 to 24 hours. Each entire sample w&asay beam line X17c at the National Synchrotron Light Source

removed from its capsule onto a quartz low-background plateBrookhaven National Laboratory was used for energy dis-

and X-rayed. A small quantity of sample was reserved for npersive X-ray diffraction experiments. Samples were contained

croprobe analysis (no cation inhomogeneities were found iy a rhenium gasket between two gem-quality diamonds which

fully reacted material). applied pressure on the samples. The cells were heated by a
) Mo-wire resistance heater situated inside the cylinder of the
Calorimetry cell around the diamond anvils and by a separate platinum wire

Transposed temperature drop calorimetry was performegbistance heater surrounding the cylinder segment of the cell.
using a miniaturized “ultra-sensitive” Calvet-type calorimeteFhis combination of heaters allowed the whole sample to be
optimized for use with very small samples (Topor and Navrotskgated uniformly up to ~800-90G; for details see Fei (1996).
1992; Navrotsky 1997). The 2 to 2.5 mg pressed pellets Pfessure was determined by including small pieces of gold foil
MgTiO; I, FeTiO; I, M@TiO; Il, and FeTiQ Il were dropped and referring to th®-V-T equation of state of gold by Ander-
from room temperature (2Z) to a calorimeter temperature ofson et al. (1989). Because no pressure medium was used and
801°C. Fe bearing samples were dropped under a flow of #ine pressure gradient across the cell could be as great as 10
gon, which had been purified by a commercial oxygen gettéPa, spectra were taken including both gold and sample peaks.
down to 10 ppb @ Phase Il samples were dropped, calorimefemperature was measured with a Pt-Pt13%Rh thermocouple
ric signal was measured for forty minutes, and the samples weiith its contact on the gasket near the sample.
rapidly withdrawn from the calorimeter to room temperature.

This was done to avoid any slow further transformation of t&&man spectra

samples which might be undetected in the calorimetric signal. Raman spectra of MgTisamples were excited using the
The samples were then repelletized, weighed, and dropfdt nm line from an Arion argon laser, and recorded with an
again. Occasionally, when the sample was broken into too md$&G Model 4000 CCD with acquisition times up to 20 min-
small pieces on the first drop, it was impossible to collect enougtes. Spectra were collected from polished samples embedded

sample (>0.5 mg) to form a pellet for a second drop. in epoxy using a petrographic microscope attached to the mi-
_ o cro-Raman system (6&53nagnification) to determine whether
High-pressure phase equilibrium the samples had transformed from MgJiQo MgTiO; Il in

The high pressure and temperature experiments were cphase equilibrium studies.
ducted in a Walker-type multi-anvil press at the Geophysical
Laboratory of the Carnegie Institution of Washington. Two types
of assemblies were used; for 5 to 9 GPa experiments (synth&éorimetry
of FeTiG; I1), we used a 18 mm edge length cast MgO octahe- Transposed temperature drop measurements were made for
dron with a graphite heater and gold or iron capsules. For 1BeTiO;-MgTiO;solid solutions in both the ilmenite and lithium
15 GPa experiments, a MgO octahedral pressure medium witbbate structures. The heat effect for each ilmenite listed in
10 mm edge lengths was used, with 0.5-1 mm in diameterTgble 1 is simply the heat content of the sample, because il-
1-2 mm in length gold capsules separated by a MgO sleewenite is stable at the calorimeter temperature oP80Dur
from a Re foil heater with a thermal gradient of less thatC50 values are ~4% lower than the heat contents of Mgait@
over the length of the capsule. Temperature was measured with
W5%Re-W26%Re (Type C) thermocouples. Eight tungsten i ) ) .

. . . TABLE 1. Heat content of FeTiO5-MgTiOs | (ilmenite structure)
carbide cubes with a corner truncation of 11 mm for lower pres
sures or 5 mm for higher pressures applied a compressive fi¢g\/2 Heat content* (kJ/mol)

RESULTS

on the octahedra. Samples were fully pressurized at a ratt%ﬂggfﬁgsomoa gg:gg i i:ggg;
2-5 GPa/hour then heated at 20 td80min. At the end of the FeosMgosTiOs 91.22 + 0.63(6)
run, samples were thermally quenched by cutting off power’i@nsi'\"gozT'o3 92.06 + 1.11(6)

the f then slowly d ized. Th libran 2 92.56 + 0.50(6)
e furnace, ten siowly cepressunzea. € pressure call Notes: Error represents two standard deviations of the mean. The val-

tion at high temperature (e.g., 1200) was established by ues in parentheses is number of experiments for each composition.
determining transitions for well-known reactions in Bi, $i0 * (Hzsx — Hiora).
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FeTiO, of Robie and Hemingway (1995). This difference apPhase stability

pears to be systematic and is possibly due to a problem in ourajthough the high-pressure experiments are not reversals,
calibration, but it should not significantly affect our results fofhey provide an upper limit for the phase boundary (Fig. 2).
the enthalpy of transition. The heat effect for the lithiumpe reactions occur quickly (some experiments forming
niobates contains the heat content and the heat of transforgag- high pressure phase were under 0.5 h). The boundary of
tion from lithium niobate to ilmenite structure. The completg,e transition, calculated by a least squares fit to all the
transformation with no amorphization of the sample was &fata, isP(GPa) = —0.008(J(K) + 33(4). The slope of this
tained by rapidly removing samples from the calorimeter aftghndary is very similar to that found for pure FeTIRIGPa)

forty minutes at 801C and confirmed through optical exami-= _q 01(3y(K) + 25(4) (Mehta et al. 1994; Syono et al. 1980).
nation and X-ray diffraction of end-member compositiofne FeTiq |-l transition occurs 8-10 GPa lower than that of

samples. The agreement of the second transposed temperq\y}gﬁOSat comparable temperatures.
drop measurement with the heat content of an ilmenite of the

same composition is consistent with complete transformati®aman spectra

of the lithium niobate to ilmenite structures (Table 2). To cal- The Raman spectrum of MgTi@ (Fig. 3) is similar to the
culate the enthalpy of transition (Table 3, Fig. 1) for each colgsectrum of the lithium niobate polymorph of MnTi@o et
position, the difference was calculated between the transpogqe_dlggg)' and also that of its ilmenite polymorph, but the
temperature drop measurement of the lithium niobate and ¥)gTio, 11 spectrum exhibits more bands due to its lower sym-
average he.at content for ilmenite (although the dlﬁerenge t?ﬁetry. The higher frequency bands also occur at lower ener-
tween the first and second drop could also be used to giveggss for the lithium niobate form, which can be associated with

sults that agree within error). There is some scatter, but a linggjher entropy for the lithium niobate structure (Ko et al. 1989;
trend between the two end-members is evident. The presgpifrer 1985).

enthalpy of transition (- II) for pure FeTiQ, —14.52 (2.16)

kJd/mol, is within error of the —13.5(1.2) kJ/mol obtained biiamond anvil-cell experiments

Mehta et al. (1994), who used much larger pellets (10-30 mg). g Ti0, with the lithium niobate structure recovered from
multi-anvil experiments was compressed in a DAC without a
pressure medium. During compression of M@ sTiO; Il, a
phase transformation was observed at room temperature and
30 GPa. Based on comparison to the X-ray peaks of the new
phase of FeTiQlll (Leinenweber et al. 1991) and MnTj @I

TABLE 2. Transposed-temperature-drop calorimetric measurements
on FeTiO;-MgTiOs Il (lithium niobate structure)

Vs F”S;g;‘t’iontem” Masssecg’;‘;tdcrgstem* (Ross et al. 1989), the new phase was indexed as an orthor-
(mg)  heat of transition  (mg) (kd/mol) hombic perovskite (GdFeQype, space groupbnn). The
(kJ/mol)
MgTiOs 1.098 60.52 0.992 87.27
1.719 59.06 1.536 88.73
Feo,MgosTiO;  0.862 69.00 -8
FeosMgosTiO; 1.756 69.78 1.499 92.23 -10
1.375 66.90 1.267 88.11 12
0.889 71.11 8
FepsMgosTiO;  1.239 78.88 0665  89.92 24
0.996 72.45 0.712 86.41 16 :
1.458 79.73 2.137t 91.50 ~ N
0.958 71.03 2.137% 91.50 ko) .
;Es -18 4 .
FeTiO; 2.481 80.09 2.345% 91.62 < 20 4 0 >
1.419 77.56 2.345% 91.62 2 - o ~ © e}
1.445 76.44 1.315 89.09 = 2 ey
* (HZQSK - H1074K)' |_|CJ ~ N
T Pellet made from combination of two reacted MgTiO; pellets. oA ~
24 0 N
-26 S
~.
-28 \\i
TaBLE 3. Reaction enthalpy for | to Il transition 30 |
AH of transformation (kJ/mol) No. of expts.
MgTiO, -28.78 + 1.45 2 -32 I I I I
Feo2MgosTiOs -20.63 1 0.0 0.2 0.4 0.6 0.8 1.0
FeosMgosTiO; -21.96 + 2.15 3 ) _
FeosMgo.TiOs -16.54 + 4.42 4 Mole Fraction MgTiO,
FeTiO; -14.52 £+ 2.16 3

Notes: Calculated using the average difference between the lithium
niobate heat content and the average ilmenite heat content of the same

composition. Errors are two standard deviations from the mean.

dotted line connects the end-members.

FIGURE 1. Enthalpy of the Il to | transitions for FeTidgTiO,
for individual calorimetric experiments from five compositions. Dash-
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MgTio, Il
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FIGURE 2. Phase diagram for MgTi® - MgTiO; 1l samples 10 20 30 40 50 60 70

recovered after quench. Filled triangles = Mgdli@nfilled squares =
formation of MgTiQ Il; the dotted line is our calculated phase

boundary:P(GPa) = —0.008(2XK) + 33(4). FIGURE 4. Energy-dispersive X-ray diffraction pattern of
(FeysMgo5) TiO; Il as pressure increases during compression in a DAC
at room temperature with no pressure medium. At over 28 GPa the
region between ~22 and ~24 E/keV can no longer be fit as just two
peaks; a new peak is appearing between the original peaks.

Energy (keV)

volume of the perovskite is 46.43 fer formula unit at 30
GPa. The most noticeable indication of a phase transition, the
appearance of the 112 perovskite peak between the 104 and
110 peaks of the lithium niobate structure, occurs at around 28
GPa at room temperature (Fig. 4).

Upon heating the MgFe, sTiO; sample to 802C, the trans-
formation became more complete and a single phase perovskite
was formed (Figh). The volume of the perovskite at 8@2and
21 GPa is 46.94(11)%ber formula unit (Table 4). After heating,
the sample was quenched at pressure from 802 taC3q0ickly
(=30 s), by turning off the small heater inside the cylinder of
the DAC, and from 300C to room temperature more slowly
(greater than one hour for complete cooling) by turning off the
large heater external to the cylinder. After complete cooling,
the cell was gradually decompressed. During the thermal
quenching a two phase mixture of perovskite and ilmenite was
formed, the perovskite in this mixture persisted through de-
compression down to ~8.3 GPa (Fig. 6). Microprobe analysis
of the recovered sample from the diamond cell showed segre-
gation into Fe and Mg rich areas. The average compositions

‘ ‘ ‘ were Mg z2f € .418) 10.98020s @aNA M@ 51020 €0.512¢20) 10.9920f 3
1000 800 600 400 200

MgTiO, II

Intensity (arbitrary scale)

wave number (cm™) Phase diagram

From the thermodynamic data determined through calorim-
etry (Table 5) and some estimated values of physical param-
FIGURE 3.Raman spectra of MgTiQ and MgTiQ, Il, taken from  eters (Table 6), the phase relations in the FeM@TiO; system
polished crystals at ambient pressure. can be calculated. The estimated values are tested by compari-
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21 GPa
24.9 GPa
650 °C 45GPa
. 25.5GPa T
§ 500 °C 3
>
2 & 8.3 GPa
8 27.9 GPa 3
g 425°C 8
& 2 11.4 GPa
= g
g 28.5GPa 2
= 300°C - 14.6 GPa
28.8 GPa
200°C 16.0 GPa
30.2 GPa 21.0 GPa
30°C
I I I I
‘ ‘ ‘ ‘ 10 20 30 40 50 60
20 30 40 50 60
Energy (keV) Energy (keV)

FIGURE 5. Energy-dispersive X-ray diffraction pattern of FIGURE 6. Energy-dispersive diffraction spectrum of
(Fe&ysMgo 5 TiO; Il as temperature increases and pressure decreasef@ sMg,s)TiOs Il as pressure decreases at room temperature in the
the diamond cell. Above 21 GPa and 8@the (FgsMg,5)TiOs 1l has  DAC. Two phases a perovskite and an ilmenite are distinguishable down
completely transformed to a GdFgtpe orthorhombic perovskite to ~8.3 GPa.

[(FeosMgo o) TiOs I11].

TABLE 4. X-ray diffraction data for MgTiO;* at 802 °C and 21 GPa  TABLE 5. Thermochemical data used in phase equilibrium calcula-

h K I d(obs) (A) d(calc) (A) d(diff) il tions
0 0 2 3.611 3.614 ~0.003 3 Transition AH % (kd/mol)  S° (J/K-mol)
0 2 0 2.608 2.603 0.005 76 FeTiOs(l) — FeTiOu(ll) 145 + 2.2* 49+ 3.1
1 1 2 2553 2.551 0.002 92 MgTiO4(l) — MgTiO(Il) 28.8 + 1.0t 40+ 26
2 0 0 2.492 2.495 -0.003 6 FeTiOs(l) — FeTiOu(lll) 27.1 + 4.0% 8.9 + 3.1°
1 0 3 2.173 2.170 0.003 19 MgTiOs(l) — MgTiOs(lll) 33.1 + 5.1§ 5.5 + 2.6¢
1 1 3 2.007 2.003 0.004 15 FeTiOs(Il) —» FeTiOs(lll) 12.3 £ 5.9%% 40+ 4
1 2 2 1.943 1.945 -0.003 3 MgTiOs(ll) - MgTiOs(I1) 44 +61t8§ 152
0 0 4 1.805 1.807 —0.002 100 * Calorimetry (Mehta et al. 1994).
1 2 3 1.666 1.667 -0.002 3 T Calorimetry, this study.
1 3 0 1.646 1.640 0.006 12 1 High pressure-temperature phase equilibrium, (Syono et al. 1980).
1 3 1 1.599 1.599 0.001 15 § High pressure-temperature phase equilibrium, this study.
0 3 2 1.560 1.564 -0.004 3
(2) (2) 3 i:jgi i:igg 8:881 12 TABLE 6. Physical properties used in phase equilibrium calculations
g ; ‘21 i‘z‘gg 1‘2‘% —gggi g Compound Structure V% (cm3/mol) K (GPa)
’ ’ ’ MgTiO; ilmenite  30.87* 169#
1 1 6 1.143 1.143 0.000 6 Ferio, imenite 3170t 1773)t
Notes: a = 4.9852(69) A, b = 5.2104(43) A, ¢ = 7.2305(48) A, MgTiO, lithium niobate 30.71F 172
V= 187.75(45) A2 FeTiO; lithium niobate 31.408  182(7)**
* GdFeO,-type perovskite structure. MgTiO; perovskite 29.31|| 225||

FeTiO, perovskite 30.15]| 23611

Notes: dK/dP assumed to be 4. Thermal expansion was assumed equal

son to the phase Stabhty data for the end-members. to that of FeTiOzilm, 27.9 x 10-° /K [Wechsler and Prewitt (1984)].
* Wechsler and Von Dreele (1989).

For t_he MgTiQ end-membgr, thermodynamic data WET \wechsler and Prewitt (1984).
constrained by the phase stablity and the enthalpy of transitiorinton et al. (1997).
from MgTiO; | to MgTiO; 11, both from this study. It was first $ Leinenweber et al. (1995).
’ estjmated, see text.
necessary to establish whether the phase boundary, determingghermann (1976).
through multi-anvil experiments, represented a MgTli@o ** Mehta et al. (1994).

MgTiOs Il transition or a MgTiQ | to MgTiO, Il transition 1T Leinenweber etal. (1991).
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with MgTiO; Il formed metastably during the quench. If we b
assume that the molar volume change is not a strong functin{;gTioa(il - pv)—TAS,agTioa(il N pv)+ I Avh;’gma(il - pv)dP
of temperature or pressure for the MgTI@ MgTiO; Il tran- tam
sition [Mehta et al. (1994) showed th¥¥ is independent of DXfgrio, 0 Y. 2 _

) o . RTIn - W, ( X2 +W ( XE, =0
pressure for FeTig), then we can simplify the equation for the EX&QT.O, G( FeT'O’) GW( FeT'O’)
free energy of a phase change to:

AG(P,T)= AHO— TAS + PAV® and
At the phase boundary, whek& = 0:

®)

P
AH FeTIO (I - pV) TA%TiOJ(” - pV)"'lJ AVFOeTiOB(iI - pV)dP

DAS._DAHO DX O oy v -
DAVST Oav O @ +RT|nBﬁH_WG(X%“Q) W (Mo ) =0 (6)

For MgTiO; | — MQTiO; I, AHyy, . 1, = 28.78+ 1.45 kJ/mol ) . .
(this study)AVE, ., = —0.16 crifmol (Linton et al. 1997), and These two equations were solved for different valu&s0i)

we calculate th@ = 0 K intercept of the transition to baH/ andWG(py) using Newton's methpd, with start!ng values fqr

AV) = 179+ 1 GPa. This value can be compared toTthed K compoglt!on from thg exact solut|oqs of Equation 3. assuming

intercept from the equation of the phase boundary obtainecﬁﬁa| mixing, o obtaln.the phase d'ag.“?‘m at 802Fig. 7).

this studyP(GPa) = —0.008(2)K) + 33(4) (GPa). Clearly the eal mixing best predicts the compositions of the two phases

179+ 1 GPa calculated is much higher than the:38 GPa in the recovered sample from the DAC, although that experi-

observed, and the phase boundary from multi-anvil experimemgr_“. does not necessarily define an equilibrium pair of com-

is not the MgTiQ| to MgTiO; Il boundary; rather, analogously positions at anf> andT.

to FeTiQ, (Mehta et al. 1994), it is most likely the MgTiQto

MgTiOs Il boundary with MgTiQ Il as a quench product.

The phase diagram of the FeTilgTiOs join at pressure Petrological implications

can be calculated by simultaneously solving the following equa- The high-pressure phase diagram of the FeM@TiO; join

tions; can be applied to ultra-high pressure metamorphic rocks and
kimberlites. Dobrzhinetskaya et al. (1996) found ilmenite inclu-

DISCUSSION

AH&gnoz(” - F)V)_TA$/)|gTio3 (” - pV)

DaM 26
+ ; VG0 (I - pv)dP+RTInCcHire. g (3)
lati ngO3 24 - ——-.'___',
BHEro, (il  pv) = TASEro, (il - pv) 22 7 perovskite
@
+ J AV, (il - pv)dP+RTInDa‘EeT'°3 =0 g 20
lam €TiO; E)/
| o B
whereSis entropy ana is activity. We model the activity by &
assuming the ideal casg= 1, where the activity;, simply
equals the mole fractiork;, or another approach employs 16 iImenite
nonideal mixing models. The MgTigeTiG; join for the il-
menite structure has been described by a symmetrical regularq4 _|
mixing model, Rny; = Wg(1-Xa;)?, whereWs = 4300 J/mol,
based on partitioning of Mg and Fe between coexisting ilmeni-
tes and olivines (Andersen et al. 199Using the method of 12 ‘ ‘ ‘ ‘

Davies and Navrotsky (1983), which correlates the interaction 0.0 0.2 0.4 0.6 0.8 1.0
parameter with the volume mismatch of the two end-members, Mole Fraction MgTiO,

we estimated symmetrit/; values as 2278 J/mol, 2163 J/mol,

and 1824 J/mol, respectively, for Mg-Fe mixing in the ilmenite, FIGURE 7. Calculated phase diagram for the FeM@yTiO, join

perqu’klte’ and “thlum niobate structures. With these nomd%?%O@C. The two phase loops for the ilmenite to perovskite transition

mixing models, Equations 3 and 4 become: were calculated using/s(il) = 4300 J/mol andNg(pv) = 4300 J/mol
(dotted curve)Wg(il) = 2278 J/mol andV;(pv) = 2163 J/mol (dashed
curve). The solid curve represents ideal mixing.
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sions with unique structures in olivine from ultra-high-pressul&hereas Mehta et al. (1994) concluded FgTiiQvas the stable
rocks from the Alpe Arami peridotite; garnet-orthopyroxenegshase at high pressure and temperature, Ko et al. (1989) sug-
clinopyroxene equilibration in these rocks indicates pressumgssted that MnTi@Il, which was stable under high-tempera-
from 4 to 5 GPa and temperatures from 900 to P@Mow- ture and high-pressure conditions and that M@TiiQvas only
ever, the volume of exsolved chromite and FgTiOolivines stable under high-pressure, low-temperature conditions. Here,
was greater than could be explained by any documented sutf3éisMg,sTiO; sample show, BeMg,sTiOs Il is the stable
tution of C#* and TPF* into the olivine structure, and phase at high temperature and high pressure. Reexamining the
Dobrzhinetskaya et al. (1996) postulated that the inclusions MATiO; data with the assumption, based our observations of
flect an even higher pressure precursor phase, suchtlesFeTiQ-MgTiOs;join, that the | to Ill transition must have a
(Mgo & 1)-SiO, in theB-phase, which accommodates a highguositiveAS leads us to the conclusion that MnTilD is also
substitution of trivalent cations. This implies that these rockise stable high-temperature and high-pressure phase in this
reached pressures above 14 GPa, high enough to stabilize isystem. Our new understanding of the energetics of I-1I-1ll tran-
rich (Fe,Mg)TiQlll . The topotaxially oriented (Fe,Mg)Ti®od- sitions in FeTi@MgTiO; may also allow predictions to be made
shaped precipitates in olivine have orthorhombic crystal structufes other titanates.
with lattice parameterst = 0.470 nmp = 1.028 nm¢ = 0.574 Figure 8 shows the relationship between “A” cation size
nm. Dobrzhinetskaya et al. (1996) propose that during @lift and the energetic barrier to forming a perovskite. The “A” cat-
phase transformed to olivine from which crystallographicallpn radius of Ca is 1.00 A, and CaTiid stable as a perovskite
oriented (Fe,Mg)TiQIll exsolved [(Fe,Mg)TiQI exsolves from at room temperature and pressure. BaTi&s “A” cation radii
olivine with no preferred orientation]. The observed orthorhongreater than 1 A, is stable at room temperature and pressure as
bic crystals would then be metastable decomposition structueggerovskite, and has a high temperature hexagonal polymorph
from (Fe,Mg)TiQ Il (not an ilmenite structure). ThH %¢(hex - pv) of this transi-
(Fe,M@)TiG; Il was not observed, possibly due to topotaxialon does not fall on the line for ilmenite-perovskite transitions.
constraints and/or slower cooling rates which might avoid this The AH° of transition between Il and | increases linearly
metastable phase. For the set of reactions to occurveth Mg content (Fig. 9). SimilarhAH? - , can be shown to
Dobrzhinetskaya et al. (1996) propose, the transformation frdma a linear function of “A” cation radius (in sixfold coordina-
B-phase to olivine must occur before the transformation tén). This relationship holds even when other titanates, such
(Fe,Mg)TiG; Il to ilmenite (1). Using the phase boundary ofas MnTiQ, (Ko et al. 1989), are included. The titanate “A” cat-
Syono et al. (1980) for pure FeTiGhis is a certainty, but from ion radius also depends linearly on the 0 K pressure of transi-
our study it becomes plain that which transformation occuti®n from ilmenite to perovskite (Fig. 10), except that
first during uplift is very much a function of the MgT@on- CdTiOs,with an “A” cation radius of 0.95 A, falls off the trend
tent of the (Fe,Mg)TiQlIl, which Dobrzhinetskaya et al. (1996) at negativeAH®. CdTiGO; is the only one of the four titanates
were not able to accurately determine. Whether or not the
(Fe,MQg)TiG; structures of the Alpe Arami are remnants of the
(Fe,MQg)TiG; lll phase, they are a good example of the petro-

logical importance of the high and T phase relations of the MgTiO,
FeTiO,-MgTiO; join. 35
Two other (Fe,Mg)Ti@phases exist in the natural olivines
that Dobrzhinetskaya et al. (1996) conjecture are intermedi- 30 -| | )
ates between the orthorhombic (Fe,Mg)Jédd (Fe,Mg)TiIQ  ~ N FeTio
I. One of these intermediates has reported lattice parametersgof o5 _| N
a[]0.470 nmp (10.5014 nm¢ [10.574 nm. This phase has an2 AN MnTiO,
even smaller unit cell volume than the §Mgg)sTiO; Il ob- 2 20 - N
served in our DAC studies. The persistence of perovskite dur- AN
ing the slow cooling of the diamond cell from 3@ to room i_i 15 \\
temperature indicates that at low temperatures perovskite magy N
persist metastably to pressures below the ilmenite-perovskie
transition. If the olivine were exerting a confining pressure on 10+ e \% CdTiO,
the (Fe,Mg)TiQ phase, it might be worthwhile to reexamine N
the TEM data of Dobrzhinetskaya et al. (1996) keeping inmind 5 o
the possibility of metastable perovskite structures. \\
0 T T T T T T

Systematics of ilmenite-lithium niobate-perovskite phase
transitions

Previous X-ray diffraction of MnTigand FeTiQin a DAC
showed that the lithuim niobate structure (Il) phase transformed

¢ kite (Il at high but taint FIGURE 8.AHg(ilm - pv) vs. the “A” cation ionic radius in sixfold
o a perovskite (Ill) at high pressure, but some uncertainty IE:%'ordination of the titanates from this study, plus CdT{akayama-

mained as to which structure was stable at high temperatyfe o machi and Navrotsky 1988) and MnTi(Xo et al. 1989). The
and high pressure (Ross et al. 1989; Leinenweber et al. 1994 is a pest fit with @Hes = O intercept of 1.02 0.04 A.

070 075 080 08 09 09 100 105
‘A’ cation radius (A)
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35 the upper limit of “A” cation radius for compounds with a
lithium niobate quench phase is ~086.15. We can predict
on this basis that NiTiQ(Ni ionic radius = 0.70) and CoTiO

% § MaTiO (Co ionic radius = 0.735) will have high-pressure perovskite
—_ 9h1%, polymorphs that will quench to lithium niobate structures on
E 25 | release of pressure. This correlation, if it holds for minerals
3 % other than titanates, could be used as a useful indicator of the
E 20 4 stability of lithium niobate type minerals. This result also indi-
2 cates that Fe is not acting differently from Mg due to its elec-
é 15 | tronic structure, as had previously been suggested by Reynard
= and Guyot (1994); the size of the “A” cation governs stability.
8 Different A>B*O; oxides with perovskite structure types
5 10 are compared using a Goldschmidt diagram, Figure 11

; (Ringwood 1970). Because this type of diagram is typically
5 used to designate fields for structures such as garnet, pyrox-
ene, and ilmenite where the “A” and “B” cations are in sixfold
coordination, the “A” and “B” cation ionic radir{ andrg)
0 ‘ ‘ ‘ plotted are with a sixfold coordination with values taken from
0.70 0.75 0.80 0.85 0.90  Shannon and Prewitt (1969). The tolerance factors:

'A' cation radius (A)

FIGURE 9.AHg(ilm - Ibn) vs. the “A” cation ionic radius in sixfold

coordination of the titanates from this study, plus MrT(iKo et al. . . . .
1989). Line is best fit line with AH %= 0 intercept of 0.8% 0.05 A. shown are a measure of the size mismatch for sixfold coordi-

nation. Tolerance factors are approximately five (more or less,
depending on the A cation) less than the Goldschmidt toler-

t=(ra+ro)/ [2(rs +ro)]*?

35 - ance factors for perovskites, which are calculated with the “A”
" MgTiO,
30
= 100 / ®casio, 7 Caced,® catio
S 25+ FeTiO, / Q& °/ ‘753 A
% ¥ / / /o
£ 54 0.95 / ° ° °
o X S/ Gdceo, cdTio, cdsno,
o 4/// ) /7
k) _ : .
o 15 _ <o / &/ -
@ e @ MnTiO, 2 / Z/ s /
2 / / L/
& 10 : 8 / / Z/ o,/
5 085/ / e / &7
g / Mnvo z/
54 _O / Y3
< / [ J ”,‘D )
0.80 | / Mngeba MnTiO,  MnSnO,
0 I I I \ / s /
/ /- /
0.70 0.75 0.80 0.85 0.90 0.95 ; 0y
/ ZnGe0, Fero,
'A’ cation radius (A) 075/ /SO
/' MgSiO, MgGeO, Kgrio,
FIGURE 10.The “A” cation ionic radius in sixfold coordination vs. ® T U 1 T
the 0 K pressure of transition from ilmenite to perovskite from phase 0.4 05 0.6 0.7
equilibria studies: MgTi@from this study, FeTigfrom Syono et al. - )
(1980), MnTiQ from Ko et al. (1989). The dotted line is a best it with B' cation radius (A)

aP=0intercept at 0.88 0.04 A.
FIGURE 11. Goldschmidt diagram, based on Leinenweber et al.

. . . . . (1991), plots the “B” cation radius in sixfold coordination vs. the “A”
(CdTiO,, FeTiQ, MgTiOs;, and MnTiQ) which can be synthe- cation radius also in sixfold coordination of selected AB@npounds.

S'Ze(_j at atr.nosphe.rlc pres;ure in the p?rOVSk'te structure, gfifly circles are perovskite forming compounds with no lithium
CdTiG;, unlike FeTiQ, MgTiO,, and MnTiQ, does not have a pighate quench phase. Open squares have lithium niobate quench
lithium niobate quench phase. structure. Dashed lines are tolerance factors. Dotted line is the our

The similar intercepts for thieH %4(ilm — Ib) and O K pres- calculated upper tolerance limit for compounds to have lithium niobate
sure of transition plots (Figs. 8—10) suggest that for titanat@gench structure (see text).
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cation in eightf0|d coordination, as it would be in perovskite. ilmenite to the LiNb@structure. Physics and Chemistry of Minerals, 15, 355—
. . . . 4. 362,
The ideal cubic perovskite structure would have a GOIdSChmlgwt, J., Brown, N.E., Navrotsky, A., Prewitt, C.T., and Gasparik, T. (1989) Phase

tolerance factor equal to one. However, for ilmenites and lithium equilibrium and calorimetric study of the transition of MnJim the il-

niobates, where the “A” cation is in sixfold coordination, plot- menite to the lithium niobate structure and implications for the stability field of
. ' W nm . . T perovskite. Physics and Chemistry of Minerals, 16, 727-733.
ting a tolerance factor based on the “A” cation radii from SIXeinenweber, K., Utsumi, W., Tsuchida, Y., Yagi, T., and Kurita, K. (1991) Un-

fold coordination is more convenient. The upper limit for “A”  quenchable high-pressure perovskite polymorphs of Ma&n®DFeTiQ Phys-
: ; : : : i : ics and Chemistry of Minerals 18, 244-250.
cation radius for a titanate which will form a lithium niobate ., =" Navrotsky, A., Fei, Y., and Parise, J.B. (1995) High-
quench product corresponds to a tolerance factor o#007%1 pressure perovskites on the join CaFR2TiO,. Physics and Chemistry of
A (with “A” in an sixfold coordination). This value agrees well = Minerals, 22, 251-258.

with the behavior of other ABGompounds plotted (Fig. 11). Lleblirt?r?:rr;, 1R2C5—(ig76) Elasticity of ilmenites. Physics of Earth and Planetary

These results can also be compared to the argumentsirtn, J.A., Fei, Y., and Navrotsky, A. (1997) Complete Fe-Mg solid solution in

Funamori et al. (1997) for the existence of a Li ench lithium niobate and perovskite structures in titanates at high pressures and tem-
( ) Nin@ peratures. American Mineralogist, 82, 639-642.

phase of natural garnet with a composition betweesSMO:>  wventa, A., Leinenweber, K., and Navrotsky, A. (1994) Calorimetric study of high
and MgAI,Si;0,,. Funamori et al. (1997) calculate tolerance pressure polymorphism in Fe i he stability of the perovskite phase. Phys-

: : f wpn ; ; ics and Chemistry of Minerals, 21, 207-212.
factors for MgSi.O,, and MgAI;SikO,, using “A” cations in Navrotsky, A. (1997) Progress and new directions in high temperature calorimetry

sixfold coordination. They claim thievalues they calculate, revisited. Physics and Chemistry of Minerals, 24, 222-241.
0.83 and 0.80 respectively, are below the expedotatliest > Reynard, B. and Guyot, F. (1994) High-temperature properties of geikielite (MgTiO

f : ilmenite) from high temperature high-pressure Raman spectroscopy—some
0.85, for samples quenching to rhombohedral perovskites, butimplicationsfor MgSi@ilmenite. Physics and Chemistry of Minerals, 21, 441—

they are just above our limit for lithium niobate quench prod- 4so.
ucts. A sample with a composition betweenmg)lz and Ringwooq, A.E. (1970) Phase transformatiolns and the constitution of the mantle.
. . . . s Physics of the Earth and Planetary Interiors, 3, 109-155.
Mg:Al;Si;O,, might have too high a tolerance to yield a lithiungkghie, R.A. and Hemingway, B.S. (1995) Thermodynamic properties of minerals
niobate quench product; however, as they predict, with increas-and related substances elit 298-|15 Kand1 ﬁ%lPGmalS) pressure and at higher
R eali ; P ; temperatures. U.S. Geological Survey Bulletin, 2131.
ing Al ?Omem the likelihood of quenching to lithium mObatq?obie, ISA Hemingway, B.S?and Fishe{ J.R. (1978) Thermodynamic properties
would increase. of minerals and related substances at 298.15 K and 1 B&g4€als) pressure
and at higher temperatures. U.S. Geological Survey Bulletin, 1452.
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