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Abotnct

From a combination of transposed temperature drop calorimetry and oxide melt solution
calorimetry on a 15 mg sample of MgSiO, (ilmenite), the enthalpy of the transition MgSiO,
(pyroxene-ilmenite) was found to be 17163*750 cal mol-r. Combining this value with
recent calorimetric data for a, f, and 7-MgrSiOn and SiO, (stishovite), one obtains thermody-
amic parameters which are used to calculate the phase diagram. The direct transition px+ il
is metastable except possibly above 1700 K. The transition y+st+2 il has a definitely
negative dPldT and the transition f + st- 2 il may also have a negative dPldT. Three triple
points (px, y + st, P * st), (il, fl + st,y + st) and (il, px, p * st) are predicted. Upon heatingat
973 K lor an hour, MgSiO3 (il) decomposes to a mixture of phases, including glass and
perhaps an intermediate phase of unknown structure.

Introduction
Formation of dense post-spinel phases (ilmenite, per-

ovskite, or stishovite plus rocksalt) of ferromagnesian sili-
cates represents an importarit set of reactions determining
the mineralogy of the lower mantel. Because such reactions
occur at pressures near and above 20 GPa, their direct
study necessitates the use of shock waves, diamond anvil
pressure cells, or multianvil high pressure devices. Each of
these methods involves considerable problems in pressure
and temperature calibratipns and in the attainment of equi-
librium, resulting in substantial uncertainties in the experi-
mental location of P-T-X boundaries and, at times,
serious discrepancies among the work of different investi-
gators. Independent thermodynamic characteization of the
high pressure phases is therefore desirable but is made diffr-
cult by the very small amounts of samples which can be
prepared at high P and T and quenched to ambient con-
ditions for further study. This paper reports a calorimetric
determination of the enthalpy of the reaction MgSiO.
(pyroxene)+ MgSiO, (ilmenite) based on a combination of
transposed temperature drop calorimetry and oxide melt
solution calorimetry on a sample of MgSiO. (ilmenite)
weighing about 15 mg. Combination of this datum with
recently obtained data for P- and y-Mg2SiOo and SiO,
(stishovite) (Akaogi et al., 1984; Akaogi and Navrotsky,
1984) permits the calculation of P-T relations involving
these phases, the results of which are relatively consistent
with the available high pressure data.

1 Present address: Institute for the Study ofthe Earth's Interior,
Okayama University, Misasa, Japan.

2 Present address: Dept. of Geological and Geophysical Sci-
ences, Princeton University, Princeton, NJ 08544.

Synthesis end characterization of MgSiO3 (llmenite)
and MgSiO3 (opx)

The MgSiO, (opx) crystals grown in a flux of
MoO.-LirOr-VrO, were kindly offered by M. Ozima of the In-
stitute for Solid State Physics, University of Tokyo. The colorless
transparent crystals had euhedral rod-shapes with a typical size of
100 x 150 x 300 pm. Microprobe analysis and lattice pararheters
for the crystals confirmed that the composition was very close to
stoichiometry (Takei et al., 1984). The MgSiOr (opx) sample was
used for calorimetric study and served as the starting material for
the ilmenite synthesis.

The MgSiO, ilmenite samples, synthesized in two slightly differ-
ent procedures, were combined (totally 15.52 mg) and used for the
caloiimetric study. The synthesis was performed employing a uni-
axial split-sphere apparatus (Ito and Yamada, 19E2). The MgSiOt
(opx) crystals were put into a cylindrical tantalum heater with fine
NaCl powder. The sample was subjected to 23 GPa and 1823 K
for 40 min. After recovery to ambient conditions, the run product
was rinsed with water to remove the attached NaCl. The particles
were found to keep the original shapes of the orthoenstdtite crys-
tals. The particles in the central portion of the heater became
opaque, whereas those in the end portions remained transparent.
Micro X-ray diffraction of the opaque particles demonstrated
complete conversion to ilmenite. Most of the MgSiOr ilmcnite
sample (-90%) in the present study was obtained in this manner
in several runs. The remainder was synthesized as follows. Finely
pulverized MgSiO, (opx) was put into the tantalum heater with-
out NaCl and converted to the ilmenite phase at 23 GPa and 1823
K. The MgSiO, ilmenite thus obtained was a loosely cemented
ag1tegate of platy crystals of 50-100 pm in size.

Calorimetry

The Calvet-type twin microcalorimeter, operating at 973
K, has been described elsewhere (Navrotsky, 1977).
MgSiO3 (ilmenite) is of course metastable at ambient con-
ditions and the crucial question for high temperature calor-
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imetry is: how fast does it decompose at 973 K and atmo-
spheric pressure, and to what phase assemblage? A prelimi-
nary experiment consisted of heating a small grain of the
sample (-100 pm across) in a platinum sample holder for
one hour at 973 K and examining it by optical microscopy
which showed complete transformation to a material of
much lower index of refraction and lower (but still observ-
able) birefringence than the original ilmenite. There was
not enough of this sample for X-ray diffraction. Based on
this observation, the appropriate first calorimetric experi-
ment was chosen to be transposed temperature drop calor-
imetry, in which 15.52 mg of the ilmenite in a platinum
capsule was dropped from room temperature into the
calorimeter at 973 K and the heat efect measured. The
capsule was retrieved and weighed. A loss of 0.18 mg,
which may represent HrO or C in the original sample, was
observed. Because this weight loss was small and could not
be studied in detail, it was considered in the calculations
simply as a correction to the weight of sample. The capsule
was dropped a second time into the calorimeter. The differ-
ence between the first and second drops gives the enthalpy
of transformation at 298 K of MgSiO. from the ilmenite
structure to the phase assemblage, "X", formed at 973 K,
(see Table 1).

MgSiO. (il)+ MgSiO, ("X") (1)

AH:e8 : 11165 - 17441 : -6276 cal mol-l

The enthalpy ofthe second drop,17441 cal mol-1, is the
heat content, HTrs-HZge, of MgSiO. ("X"). This is slightly
lower than the value of Hirr-Hin" we measured by analo-
gous drop experiments (see Table 1) for MgSiO. (opx),
17610 cal mol-r. The latter value is in excellent agreement
with the HTrr-Higa of L7670 cal mol-l tabulated by
Robie et al. (1978) for MgSiO, (cpx).

The material from the drop experiments, which had been
in the calorimeter for a total of about 2 hours, was then
removed from the capsule. 13.26 mg was loaded into a
platinum solid-bottomed sample holder for solution calor-
imetry in molten 2PbO.BrO3, while the remainder was
used for characterization of phase assemblage "X", see
below. Solution calorimetry carried out by our usual pro-
cedures (Navrotsky, 1977; Akaogi et al., 1984), gave
LHwr,gtz: -2202 cal mol-l. The length of time the
sample was equilibrated in the calorimeter before dissolu-
tion was minimized to about 2 hours. Since the enthalpy of
solution of MgSiO, (opx) was measured to be 86851228
cal mol-r (see Table 2), in good agreement with previous
work (Charlu et al., 1975), we conclude that "X'represents
an assemblage intermediate in enthalpy between ilmenite
and pyroxene. Subsequent characterization of this material,
see below, supports that interpretation.

From the solution calorimetrv.

MgSiOr ("X'): MgSiOs (opx),

LHiT: -10887 cal mol-1

Combining the drop and solution calorimetry and neglect-
ing any heat capacity differences between MgSiO, (il) and

Table 1. Results of transposed temperature drop calorimetry on
MgSiO,

Phase we igh t  (mg) Hgz3-Hz9g (kca l  mo l - I )

i I meni te

"x"

opx

opx

opx

opx

15.52

1 5 . 3 4

40.88

2t. r3

40 .88

2 1 . 1 3

1 l i65a

u44tD

17681c

17439

1 7 8 1  I

17507

Inc ludes  cont r ibu t ion  f ron  t rans format ion  to  "X"
S e c o n d  d r o p  o n  c a p s u l e  i n i t i a l l y  c o n t a i n i n g  i l m e n i t e
Average (4  exp ts )  =  17510 i290

MgSiO3 ("X"), we get

MgSiOr (oPx): I\49516. 1i1r,

LH': l7l63cal mol-r 
(3)

The error in this value is hard tojudge because only one
sample was run, but, since the calorimetric experiments
appeared perfectly normal, we can probably assume that
the usual statistical uncertainty observed in calorimetery
holds here. This would suggest a standard deviation of
about * 750 cal mol- I for the AII of reaction (3).

The neglect of a heat capacity correction for reaction (1),

I?18<c, (.'x) - ce (il) dT, can be justified as follows. wa-
tanabe (1982) measured the heat capacity of MgSiO. (il)
from 350 to 5fi) K by differential scanning calorimetry.
Above 500 K the ilmenite presumably began to decompose
but in the measured range it had a heat capacity about I
cal K-r mol-r less than that of MgSiO. (cpx). If that
difference holds to higher temperature, and assuming that
the heat capacities of MgSiO, (opx) and MgSiO. (cpx) are
very similar, then Hnrt-Hrnr of MgSiO. ('X") would be
intermediate between those of MgSiO3 (il) and MgSiO.
(opx), the entire spread of Hnrr-Hrn values being less
than 700 cal mol- 1.

It is interesting that the enthalpy of solution of MgSiO,
("X") is similar to (actually about 900 cal mol- I more exo-
thermic than) that of MgSiO. (glass). We show below that
the assemblage "X" may contain sigaificant amounts of

Table 2. Results of solution calorimetry of MgSiO.

AHso l ,  973(kca ' l  no l -1 )

b
c

(2)

"x "

orthoenstati te

orthoenstati te

91  ass

- 2 2 0 2  ( 1  e x p t . ,  1 3 . 2 6  m 9 )

8685 i  228 (9  exp ts . )

8 7 8 0  i  1 3 0  ( C h a r l u  e t  a l . ,  1 9 7 5 )

-1311 r  56  (Herv ig  and Navro tsky ,  in
preparati on )
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glass which would be supported by the above observation.

Phase equilibria at MgSiO, stoichiometry
The reaction

MgrSiOo (?) + SiO, (stishovite) : 2MgSiOs (ilmenite) (4)

occurs at approximately 19.5 GPa and 1373 K (E. Ito,
unpublished data). The enthalpy of this transition, using
our new calorimetric data for MgSiO. (il) (this work),
MgrSiOn (y) (Akaogi et al., 1984) and SiO, (stishovite)
(Akaogi and Navrotsky, 1984), is 10456 cal mol-r. Neglect-
ing compressibility and thermal expansion (since these are
unknown for MgSiO, (il) and poorly known for MgrSiOn
(y), we get

LG" : LH" - TAS. : -PLV" (5)

Thus if one knows A.El' and LV" for a reaction, and one
point on the P, T boundary, AS" and the entire P, T
boundary can be calculated.

Three sets of such calculated thermochemical parame-
ters, marked A, B, C, are shown in Table 3. Each represents
an internally consistent data set based on somewhat differ-

ent assumptions and input data. Ito and Matsui (1984,
unpublished) have new accurate powder refinements of well
crystallized f- and y-MgrSiOo giving molar volumes of
40.58 and 39.48 cc mol- 1, respectively, compared to earlier
"best" values of 40.54 and 39.65 cc mol-r (Jeanloz and
Thompson, 1983). Calculation A and C use these new
values, calculation B, the old ones. All calculations use
molar volumes of MgSiO, (px) MgSiO3 (il) and SiO, (st) of
31.29,26.35 and 14.01 cc mol-1, respectively (Jeanloz and
Thompson, 1983, Ito and Matsui, 1977), ignore the very
small differences in measured thermochemical properties
between MgSiO. ortho and clinopyroxene, and neglect the
effects of compressibility and thermal expansion, to keep
all calculations at the same level of approximation. This
approximation probably introduces uncertainties of 0.1-l
GPa in most cases, which are small compared to uncer-
tainties in pressure calibration in the 15-25 GPa range.
The uncertainty is largest for the reaction with the smallest
AII" and AZ', namely MgrSiOn (F-l) and MgrSiOo (y)
+ SiO, (st)- 214t5;6. (il), see below. Calculation A uses

a point on the p+ 7 boundary (16.8 GPa, 1273 K), (Suito,
19711 and on the 2px+ p + st boundary (15.2 GPa, 1273

Table 3. Thermochemical data for reactions relevant to MgSiO, transitions

AS'Data  Set Ai1"

Mqs i04  (B )  +  r 4s2S i04 (1 )

2 t " l s s i 03 (px )  =  1492S i04 (p )  +  S i0Z (s t )

zMgS i03 (px ) '  t ' l gZS i0q ( r  )+  S i02 (s t )

t l c zs i o+ (v )  +  s i 02 (s t )  =  2Mgs i0g ( i t )

t l s2s j 04 ( f f )  +  S i0Z (s t )  =  2M9S i03 ( i l )

l 4 cS i03 (px )  '  Mgs i0g (  i l  )

16304
16304
16 304

222404
222404
222404

A
B
c

A
B
c

A
B
c

A
B
c

A
B
c

A
B
c

2 387 0a
2 38704
23E 7  0a

104564
104564

t 456r

I 20864
I  2C864
9086k

I  7  1 6 3 4
I  7  1 6 3 4
I  5663J

-2.23b.
- 1 . 5 0 o
-2 .23D

- s . 6 3 9
-5  . 20u
- 5 . 6 3 e

- /  . d o -
- 6  . 700
-1 . i \6d

+4 .909
! ,  ? 1 h

+ 2 . 1 L K

+ 2 . 6 7 9
+2.57 ' !
+ 0  . 4 8 K

- 1 . 4 8 , ]
- 1  r 7 l
- 2 . 5 8 K

-  I . 1 0 :
- 0 . 8 9 u
- t . I o c

-1  .99c
- i l  .03d
-  7  . 9 9 c

- 9 . 0 9 c
-a . se !
- 9  . 0 9 s

-o . zg9 ' l
- o  . g o o ' l
- t - t  .79c ' r

- 1 . 8 9 ' " -
-  r  . 8 5 o ' I
-  L i ] 9c ' r

- 4 .94  I
- 4 .e4 I
-4 .94 r

a .  C a l c u l a t e d  f r o m  c a l o r i m e t r i c  d a t g ,  ! h i s  w o r k ,  A k a o g i  e t  a l . ,  1 9 8 4 ,
t l a v r o t s k y  e t  a l , ,  1 9 7 9 ,  c a l  m o 1 - r K - r .

b .  C a l c $ l a t g d  f r o m  6 H " ,  A V ' ,  a n d  P = 1 6 . 8  G P a  a t  1 2 7 3  K ,  S u i t o ,  1 9 7 7 ,  c d l
m o l - r  K - r .

c .  U s i n g  n e w  v o l u m e  d a t a  f o r  I  a n d  y  o f  I t o  a n d  i 4 a t s u i ,  ( u n p u b l i s h e d ) ,  c c
m o l  

- r .

d .  C a l c u l a t e d  a s  i n  A k a o g i  e t  a l , ,  1 9 8 4 ;  N a v r o t s k y  e t  a l . ,  1 9 7 9 ,  V o l u m e
of  B  and y  as  in  Jean loz  and ]hompson,  1983.  aS"  va lues  f rom ent ropy
c h a n g e s  t a b u l a t e d  i n  A k a o g i  e t  a l . , 1 9 8 4  f o r  a - p - y  r e l a t i o n s  i n  N a v r o t s k y
e t  a l , ,  1 9 7 9 ,  f o r  c  +  Z p x  +  q ,  a n d  i n  A k a o g i  a n d  N a v r o t s k y ,  1 9 8 4
f o r  o  +  s t ,

e .  A S "  c a l c u l a t e d  f r o m  A H " ,  A V ' ,  a n d  o b s e r v a t i o n  t h a t  z p x  +  B  +  s t  o c c u r s
a t  1 5 . 2  G P a  a n d  1 2 7 3  K ,  E .  I t o  ( r e c e n t  u n p u b l i s h e d  d a t a ) .

f .  V o l u m e  o f  M g S i 0 1 ( i 1 )  f r o m  l t o  a n d  l , t a t s u i .  1 9 7 7 .
9 .  C a l c u l a t e d  f r o m - l H ' ,  A V " ,  a n d  o b s e r v a t i o n  ( I t o  a n d  M a t s u i ,  u n p u b l i s h e d ,

t h a t  y  +  a t  +  2  i ]  o c c u r s  a t  1 9 . 5  G P a  a n d  1 3 7 3  K .
h .  U s i n g  v a l u e s  i n  ( g )  a n d  p  )  y  v a l u e s  a b o v e .
i .  C o n s i s t e n t  v { i t h  v a l u e s  a b o v e .
J .  L o h r e r  l i m i t  o n  c a l o r i m e t r i c  A H '  ( t w o  s t a n d a r d  d e v i a t i o n s ) .
k .  C o n s i s t e n t  w i t h  A H ' ( p x  +  i l )  =  1 5 6 6 3  c a l ,  a n d  a l l  o t h e r  d a t a  a s  i n  d a t a  s e t  A .
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K), (E. Ito, unpublished data) to calculate AS' from A-EI'
allLd LV' (Eq. 5). Calculation B uses the thermochemical
data for the a-p-y MgrSiOn transitions derived by Akaogi
et al. (1984). Calculation C uses the same data set as calcu-
lation A except that the enthalpy of the transition MgSiO.
(px-il) is decreased by 1500 cal mol-1 (two estimated
standard deviations of the calorimetric data). These three
calculations give some insight into the effect of uncer-
tainties in the data on the calculated phase relations.

The calculated phase relations corresponding to data
sets A, B, and C are shown in Figure 1A,, B, C. They show
several common features. (a) The direct transition of
MgSiO. (px) to MgSiO, (il) is metastable at remperatures
of 1000-1700 K. The single phase field (px) is separated
from the single phase field (il) by one of two phase fields
(? + s0 or (p + st). The thermochemical data suggest a
triple point (px, il, p + st) to occur near 16-17 GPa and a
temperature between about 1700 and 1900 K. At higher
temperatures pyroxene could transform to ilmenite directly
(unless melting occurred first). (b) A triple point (p + st,
y + st, px) is suggested to occur near l(XX) K and 14 GPa.
Its exact location is sensitive to the precision position of
the p-y boundary. (c) Another triple point (f + st, 1 + st, il)
is suggested near 1400 K and 18 GPa. The triple points of
course are related and can not be moved independently of
each other in P-T space by varying the thermodynamic
parameters. (d) The boundary 7 * st+ il appears to have a
strongly negative P-T slope, corresponding to the large
position LS" (2.7 to 4.9 cal K- 1 mol- 1) shown in Table 3.
The boundary f + st- il also appears to have a somewhat

negative slope. It is these negative slopes which lead to the
predicted (px, il, f + s0 triple point mentioned above.
Other phase boundaries have positive P-T slopes, with the
p-7 boundary being the steepest (and probably most uncer-
tain). We believe that the topology of the phase relations is
constrained by the thermochemical data although the exact
location of the triple points is subject to relatively large
error limits.

The calculated phase diagram may be compared to ex-
perimental data. The p - y boundary is in reasonable
agreement with that found by Suito (1977) which is some-
what different from that of Kawada (1977) as discussed in
our previous paper (Agaogi et al., 1984). Liu (1976) ob-
served, in a laser-heated diamond cell at 1273-1673 K, that
MgSiO. clinoenstatite began to decompose to B-MgrSiOo
plus stishovite at about 17.5 GPa (where some ilmenite was
also claimed to be present), and that at 19.0 GPa
p-MgrSiOn, stishovite, and clinoenstatite were observed in
roughly equal amounts. Given the problems with equili-
bration and pressure gradients in a laser heated cell and
the difhculty of determining or controlling the temperature,
Liu's results are consistent with our calculations. At 22
GPa, Liu observed y-MgrSiOo, stishovite, and ilmenite.
Our calculations suggest that ilmenite should be the stable
phase under those conditions and that Liu's samples may
not have been totally transformed.

Recently, E. Ito (1984, unpublished) has performed syn-
thesis experiments on this system, using a uniaxial split
sphere apparatus. The results are shown in Figure 1D. Two
possible sets ofphase boundaries are sketched in. The solid

l 9

P(GPa)
l 7

t 5

r3

2 l

l9

P(GPa)
17

l 5

l 3

a i l
N  t r+s t
Z  p + s t
o p x

1400 lS(xt

T(K)
l(xx) 14fl) lEoo

T (K)

Fig. 1. Calculated MgSiO. phase relations. Fig. 1A, B, C represents calculations based on thermochemical data sets A, B, C in Table
3, respectively. Fig. lD shows the experimental synthesis data ofE. Ito (1984, unpublished). See text for discussion ofboundaries.

- ' / -
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lines represent boundaries consistent with the f-y bound-
ary we calculated in Figure 1A, which is consistent with
Suito's (1977) data. The dashed lines show a B-y boundary
consistent with lto's synthesis data but having a slope
much shallower than found in previous studies. The two
points which suggest the shallower slope are annotated
with question marks.

A comparison of Ito's experimental data and our calcu-
lations show them to be generally consistent with respect
to overall topology. The only significant discrepancy is the
following. Although Ito suggests a slightly negative dPldT
for the transition y*st+il, the calculations suggest a
much more strongly negative slope. Thereforo the experi-
mental data would suggest that the triple point (px, il,
F + st), if it exists at all, would lie at much higher temper-
atures than the calculations imply. Thus, although both
high pressure synthesis and calorimetry suggest that ilmen-
ite is a phase ofrelative high entropy, the exact value ofthe
positive AS" of its formation from low pressure phase as-
semblages is in doubt.

This discrepancy may have several sources. In the experi-
mental high pressure runs, problems of pressure and tem-
perature calibration may both change absolute values of P
and T and distort P-T slopes. Additionally, short synthesis
runs may not represent complete equilibrium, especially
when they involve both p- and y-MgrSiOn. In the calcula-
tions, the neglect of thermal expansion and compressibility
may introduce substantial uncertainty in the relatively
small volume charge (- -1 cc mol-l) of the transition
7 * st+2 il. Beeause thermal expansion and compress-
ibility affect the volume in opposite directions, their effects
partially compensate each other, but the net effect on the
calculated phase boundary depends on actual numerical
values and can not be predicted, even as to sign. Accurate
measurements of these parameters, especially for MgSiO.
(il) are needed. In view ofall these uncertainties. we consid-
er the general agreement between thermochemical calcula-
tion and high pressure experiment to be very encouraging.
Given the uncertainties in both the high pressure work and
the thermochemical calculations, we can not say whether
the experimental or the calculated phase relations are likely
to be quantitatively closer to the "real" phase diagram.

The fact that MgSiO, (il) has a higher entropy than the
corresponding low pressure assemblage (y + st) probably
reflects the change in bonding and silicon coordination (4-
fold to 6-fold). The changes are reflected in the vibrational
spectrum of MgSiO, ilmenite (Ross and McMillan, 1984)
which shows the absence of high frequency tetrahedral
Si-O stretching modes and the con@ntration of modes at
lower frequencies compared to vibrations of tetrahedral
silicates. This leads to higher vibrational entropies as de-
scribed qualitatively by Navrotsky (1980). We are presently
applying to MgSiO. (il) the lattice vibrational models de-
veloped by Kieffer (1979a, b, c, 1980) and used by Akaogi
et al. (1984) for the c-p-7 MgrSiOo transitions. These cal-
culations (N. Ross, in progress) support the conclusion that
the transition 1r * st+ 2 il has a positive AS', but exact
numerical values are sensitive to parameters (dispersion of

low frequency modes, compressibility and thermal ex-
pansion needed to convert C, to Cr) which are poorly
known.

Ilmenite decomposition ̂ t 973 K and I atm

A fragment approximately 100 microns on a side of
MgSiO, ilmenite contaminated with Ta from the furna@
element was heated for I hour at973 K in the calorimeter.
The Ta apparently oxidized completely to a white fluffy
powder while the grain of ilmenite remained intact. It was
broken in an agate mortar and mounted in oil of index of
refraction 1.700. The grains had a lower index ofrefraction
than the liquid indicating that a transformation from il-
menite (n > 1.7) had occurred. Individual fragments were
mostly polycrystalline with a yellowish tinge and very low
birefringence. Individual particles within a fragment often
appeared isotropic. Another sample of annealed ilmenite,
phase assemblage "X" from the drop calorimetric experi-
ment, showed n > 1.6 and extremely low birefringence.
Two colored grains were polycrystalline and appeared
similar to the initial test fragment. Thus, there is evidence
for some inhomogeneity, including minor, yellowish, low
birefringent material and more abundant, colorless materi-
al with extremely low birefringence. Both materials have
1.7 > n > 1.6. For comparison, orthoenstatite has n - 1.61
and enstatite glass has n < 1.6.

Two small portions were separated from the 973 K drop
calorimetric decomposition product of MgSiO3 ilmenite
for analysis by X-ray diffraction. One was yellowish in
color, one colorless, as described above. Powder patterns
for both samples were recorded with a Guinier focusing
camera using CuKc, radiation.

Table 4 reports approximate (IO.OS1 20 values and cor-
responding d spacings for sample A (white) and sample B
(yellowish) along with previously reported d spacings for
MgSiO3 ilmenite (Ito and Matsui, 1977).The film recorded
sharp diffraction lines but even after 30 hours of exposure
all lines were very faint, suggesting that part of the sample
may have been amorphous. Both samples revealed similar
diffraction patterns. However, one strong line present in B
(d : 2.247 A) was not observed in A. Other weaker lines
present in B may not have been observed in A due to the
overall faintness of pattern A compared to B.

All but one of the strong diffraction lines which could be
assigned to MgSiO. ilmenite are seen in both samples, but
the absence of the ilmenite 003 reflection indicates that
ilmenite as such is no longer present, although a distorted
or disordered structure related to ilmenite is a strong possi-
bility. Attempts to index all the lines seen in the pattern
using a hexagonal or C-centered orthorhombic unit cell
proved unsuccessful. The pattern is definitely not that of
any known MgSiO, pyroxene polymorph.

Raman spectroscopy was carried out with an Instru-
ments S.A. U-1000 micro-Raman system using the 488 or
514 nm lines of a Coherent Innova 90-4 Ar* laser. The
original ilmenite and the Ta-contaminated large grain
heated for t hour at 973 K gave similar spectra. Various
small grains of the calorimetric run product (assemblage
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Table 4. X-Ray powder data for phas{s) "X" and MgSiO,
ilmenite

l l gs i03  i lnen i te
phase{  s )  "X"

Sample A
phase(  s )  "X"
Sample  B

measurement of two crystallographic axes of 17.2 and, 7 .84,
similar to lattice spacing of orthopyroxene. The error of
these measurements is l0-l5o/o. Lattice imaging indicated a
major repeat distance to be -8.2A, which is not a spacing
in pyroxene. Some superlattice development was also ap-
parent. This material was found to be a magnesium silicate
with a Mg/Si ratio near unity but with some apparent
variation in both bulk composition and impurity levels.
Crystalline SiO, was also seen. It exhibited four-fold sym-
metry in one orientation which suggests that it may have
been cristobalite or stishovite.

Crystalline material was found to occur as either single
crystals or aggregates of smaller randomly oriented crys-
tallites. The single crystals were relatively resistent to beam
damage, but the aggregates quickly became amorphous
under the electron beam even at 77 K.

The amorphous material ranged in composition from
pure SiO, glass, to a magnesium silicate with variable
Mg/Si ratio. No glass, however, was found corresponding
in composition to the MgSiO3 cfystalline material. In gen-
eral the EDAX data suggest that MgSiO, ilmenite tends to
decompose to crystals and glass of variable Mg/Si ratio,
with the glass tending to be silica-rich.

We conclude that phase assemblage "X" is definitely a
mixture. Its major constituents are a crystalline phase
which may be, but is by no means proven to be, a disor-
dered ilmenite-related material, and glass of somewhat
variable composition.

The isocompositional decomposition of MgSiO, ilmen-
ite to glass or to pyroxene obviously would involve a large
volume increase and a change of Si coordination from oc-
tahedral to tetrahedral. One can speculate that such a tran-
sition could occur by keeping the topology of the hexag-
orial oxygen sublattice relatively intact and disordering the
cations, not just over the octahedral sites filled in the il-
menite and corundum structures. but onto tetrahedral sites
as well. The disordering process may lead to local inter-
mediate states and possible superstructures (of which the
new phase(s) suspected in assemblage "X" may be exam-
ples) before a very disordered amorphous state is reached.
This transformation may originate at defects, impurities,
surfaces, and grain boundaries. Because ofthe large volume
increase, the initial grains may break up into many micro-
crystalline domains which gradually become amorphous.
As time progresses, diffusion may allow the formation of
phases of different composition, e.g., MgrSiOnand SiOr.

Because transformation of high pressure phases to glass
has been observed in shock and static high pressure experi-
ments and may occur during meteor impact, understanding
their mechanisms is interesting. A detailed TTT (time-
temperature-transformation) study of the decomposition of
MgSiO, ilmenite, with characterization by all the methods
used above, is needed to quantify these preliminary obser-
vations.

Conclusions

Calorimetric study of a 15 mg sample of MgSiO. (il) has
provided thermochemical data which enable approximate
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"X") showed different spectra, confirming the multiphase
nature of this material. No portion of assemblage "X' gave
a spectrum similar to that of the initial ilmenite. The larger
(10-100 pm), yellowish aggregates showed spectra sug-
gestive of the presence of MgrSiOn (forsterite), SiO2
(coesite) and glass near MgSiO. in composition. The
smaller (5-10 pm) transparent grains gave spectra which
could not be readily assigrred and which may belong to a
new phase.

Further characterization of MgSiO, ("X") was carried
out on a Phillips 400 HRTEM equipped with an EDAX
energy dispersive X-ray spectrometer. Sample "A" pre-
viously characterized by X-ray diffraction was cleaned and
mounted on a holely carbon film deposited on a copper
grid. The sample was then placed in the microscope and
cooled to 77 K in order to minimize beam damage. Subse-
quent work was carried out with a field emission filament
at 100 and 120 kV. Nevertheless some beam damage and
charging effects were seen.

Both amorphous and crystalline materials were seen
both as separate grains and intimately intergrown. All par-
ticles appeared to be cleavage fragments; no clear devel-
opment of crystal faces was seen.

Microdiffraction indicated two crystalline phases. One
was pseudohexagonal with real symmetry orthorhombic.
The limited diflraction information obtained allowed
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calculation of high pressure phase relations. Accurate cal-
culations are hampered by the lack of thermal expansion
and compressibility data. Useful information on the trans-
formation of ilmenite back to lower pressure metastable
and stable assemblages upon heating at one atmosphere
can also be obtained using less than 2 mg of sample.
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