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MgSiO3 (ilmenite-type): single crystal X-ray diffraction study
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Abstract

A structure refinement of MgSiO3 with the ilmenite-type structure has been carried out
with single crystal X-ray diffraction techniques. Magnesium and silicon atoms are
completely ordered in the structure. The magnesium silicates with higher transition
pressures have smaller MgO6 and larger SiO6 octahedra than those with lower transition
pressures, resulting in more compact arrangements of oxygen atoms in the higher-pressure
phases. Cation-oxygen distances of ilmenite-type structures systematically change de-
pending on the ionic radii of cations, and this relation is followed for Mg-o and Si-o
distances of ilmenite-type MgSiO3. The degree of distortion of cation octahedra in the
ilmenite-type structures is independent of the kinds of cations but the shifts of cations from
the centers of octahedra systematically change as a function of ionic radius.

Introduction

A "hexagonal" modification of MgSiO3 was first
synthesized by Kawai et al. (1974) at ultra-high-
pressure. Detailed investigations by Ito and Matsui
(1974) revealed that it is trigonal (space group R3.)
with the ilmenite-type structure.

In a series of high-pressure phase transformations
in MgSiOr, it has been established that the ilmen-
ite-type structure is stabilized in the pressure
range approximately from 210 to 250 kbar at l l00' C
(Ito and Yamada, 1981), suggesting that the ilmen-
ite structure with octahedrally coordinated Si is
one of the important constituents of the deep man-
tle. It has also been observed that the solid solution
of Fe for Mg in the ilmenite-type phase is limited to
only l0 mole percent (Ito and Yamada, 1981),
whereas that of 2Al for Mg plus Si is more exten-
sive, resulting in the pyrope composition of
3MgSiO3.Al2O3 (Liu, 1977). ln this context, the
details of the structure of ilmenite-type MgSiO3 are
basic to an understanding of the stability of silicate
ilmenite and to mantle mineralogy.

There are only a few structure determinations for
high-pressure compounds in which Si atoms are
octahedrally coordinatedi e.g., SiO2 stishovite
0003-004x/82/0708-0788$02.09 78E

(Baur and Khan, 1971, and Sinclair and Ringwood,
1978) and perovskite-type MgSiO3 fito and Matsui,
1978, and Yagi et al., 1978); all of these studies
except that of Sinclair and Ringwood (1978) were
performed by powder X-ray diffraction. Structure
analysis of ilmenite-type MgSiO3 is thus basic to an
understanding of the SiO6 octahedral configuration.
In the case of ilmenite-type structures, however,
single crystal analysis is indispensable because
many crystallographically non-equivalent reflec-
tions with the same Bragg angles are superposed in
the powder diffraction pattern. In the present study
the crystal structure of ilmenite-type MgSiO3 was
therefore refined by single-crystal X-ray diffraction
techniques.

Experimental

The specimen used in this work was synthesized
at approximately 220 kbar pressure and 1550'C
with the run time of 20 minutes, using a uniaxial
split-sphere-type high-pressure apparatus (Kaw ai e t
al., 1973) with synthetic clinoenstatite as starting
material. The single crystal specimen which was
used in the crystal structure analysis is platy in
shape parallel to (001), approximately 40 trrm in
thickness and 90 g,m in diameter. It is transparent
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and colorless, and shows uniaxial positive optical
properties.

X-ray photographs indicate that only reflections
with -h + k + I : 3n-+l are absent, as consistent
with the space group R3 or R3 . Cell dimensions are
a : 4.7284(4) and c : 13.5591(16)A (tto and Matsui,
1977).

MoKa radiation monochromatized by pyrolytic
graphite was used for intensity measurements. The
intensities of 1984 reflections including crystallo-
graphically equivalent reflections within the range 0
< 2e < 100' were obtained by employing the 2L0
scan technique on a four-circle diffractometer
(nrceru enc-3). All the observed reflections were
processed to yield 619 unique reflections, of which
253 had high standard deviations (l,F"l < 3onrt(F"))
or zero intensity, where on*t (Fo) is the standard
deviation of each reflection obtained from counting
statistics. Conventional polarization and Lorentz
corrections were carried out in the process of the
data collection. No absorption corrections were
applied because of the small value of pr(<0.1).

The refinement of the structure

The refinement of the structure was initiated with
the idealized atomic coordinates of ilmenite,
FeTiO3 (Shirane et al., 1959b). The space group of
ilmenite, R3 , was assumed, and it was subsequently
confirmed to be correct by the present structure
analysis. The scattering factor curves of Mg, Si and
O used for calculations are those of neutral atoms
(International Tables for X-ray Crystallography,
VoI.IV (1974)). The 366 reflections with lF"l> 3or*r
(F") were used in the structure refinement with
weights ll&kt (F").

There are two schemes to index reflections which
are mutually related by the relation (h'lk'll') : (1101
ot0l001) (hlkll).

The Mg and Si atoms correspond to Fe and Ti
atoms of the ilmenite structure, respectively, in one
of two indexing schemes. In this case idealized
atomic coordinates result in (0 0 1/3) for Mg, (0 0 l/6)
for Si and (ll3 0 ll4) for oxygen atoms. In another
indexing scheme, Mg and Si correspond to Ti and
Fe for ilmenite structure, however, this is inconve-
nient to compare MgSiOr ilmenite with other com-
pounds of ilrnenite-type structure. Therefore, re-
finements were carried out for each of the two
schemes of indexing, using former Mg and Si ar-
rangement.

The value of the weighted R-value approximately
0.45 for the initial atomic parameters for both cases,

was reduced to 0.038 (R for unit weight; 0.049) for
one of the two indexing schemes after approximate-
ly ten cycles of refinement of atomic coordinates
and anisotropic temperature factors. The refine-
ment did not converge for the second indexing
scheme. In order to determine the degree of cation
order, refinement of the site occupancies (starting
from 0.5Mg + 0.5Si for both cation sites) was
carried out and a difference-Fourier synthesis was
computed. The results of both procedures indicate
that the Mg and Si atoms are completely ordered
within experimental error.

The final atomic coordinates and anisotropic tem-
perature factors are given in Tables I and2, respec-
tively, and interatomic distances and angles are
shown in Table 3. Observed and calculated struc-
ture factors are listed in Table 41. All computations
for the least-squares refinement of the structure,
interatomic distances and angles, and drawing of
the crystal structure were carried out by using
RFINE 2 (Finger, 1969), urvrneoree (Finger, 1968,
University of Minnesota Program for Computing
Bond Angles and Distances, and Thermal Ellipsoids
with Error Analysis) and onrr'p-Il (Johnson, 1971)'
respectively, at the Crystallographic Research Cen-
ter, Institute of Protein Research, Osaka University
(ACOS-700 computer).

Description and discussion of the structure

The structure is obtained by substituting Mg for
Fe and Si for Ti in the ilmenite structure. The Mg
and Si atoms are completely ordered. Figure I
shows a perspective view of the structure. The
arrangement of oxygen atoms is based on a distort-
ed hexagonal closest packing having a wide range of
O-O distances (2.331 to 3.076A). In particular, the

Table L Refined atomic coordinates for ilmenite-type MgSiOr

y z e^^/X'

s i 0 0

oxy  0 .3214 (5 )  0 ' 036 I (4 )  
-

o . 3 s 9 7 0 ( 1 2 )  0 . 5 9

0 . 1 s 7 6 8  ( 1 0 )  O . 4 2

o . 2 4 O ' l ' 7  ( I ! l  0 . 4 8

B^-: EquivaLent isotropic xempetatute fTctors conputed
'a 

according to the reiation Beq = 
iEE 6ij@i'aj).

Estimated standard errots refer to &e tZit aiqit.

I To obtain a copy of this table, order Document AM-82-206
from the Mineralogical Society of America' Business Office,
2000 Florida Avenue, NW, Washington, DC 20009' Please remit

$1.00 in advance for the microfiche.
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Table 2. Ilmenite-type MgSiO3; anisotropic temperature factors
(x 104)

R- 1 1 Brz Bg Bn B13 Bn

Mq I0O (6)

s i  6 3  ( 5 )

Bt t

R-1r

s . 9 ( 8 ) ,  ( L / 2 ) g r !  o  o

s .7  (5 )  ( t /2 )  Br7  0  0

o x y  6 8 ( 1 0 )  6 0 ( 1 0 )  8 . o ( 8 )  3 4 ( s )  - r ( 2 )  l ( 2 )

Coef t id ients jn tie expressjon ex p [ - ( g j ]h2 
+B 

2 ik2 
+B 

3 39,2 
+ 28 1 Zhl<+ 29 1 jh!,

*2B2fL) l '
Estimated starfraral efrcrs refer ta fha les+ didir

edge shared O-O distance between two SiO6 octa-
hedra is the shortest, and it is shorter even than the
O-O distance of the shared face between MgO6 and
SiO6 octahedra. The mean value of Si-O distances,
1.7994, is about 0.1 to 0.154 larger than those of
SiOa tetrahedra of B- and pMg2SiOa.

It is of interest to compare the volumes of polyhe-
dra in the structures of high-pressure magnesium
silicates. The MgO6 octahedra are more com-
pressed and SiOa tetrahedra more expanded in
higher pressure phases than lower pressure ones so
as to minimize the variation of O-O distances in the
structures. This has been discussed for the struc-
tures of polymorphs of Co2SiOa (Morimoto et al.,
1974) and Mg2SiOa (Horiuchi and Sawamoto, l98l).
The volume change of SiO6 octahedra, which are
observed in the structures of SiP2O7 (AIII modifica-
tion, Bissert and Liebau, 1970), SiO2 (stishovite,
Baur and Khan, 1971, and Sinclair and Ringwood,
1978), MgSiOr (ilmenite-type; present work: per-
ovskite-type; Ito and Matsui, 1978, and yagi et al.,
1978) shows the same tendency as that of SiOa
tetrahedra in Co2SiOa and Mg2SiOa. That is, SiO6
octahedra are expanded in higher pressure phases

Table 3. Crystal data, and interatomic distances and ansles of
ilmenite-type MgSiO3

c e l l  c o n s t a n t s  
1 " *  

=  a . ? 2 8 a ( a )  i  n 5 ,  z  =  6

;:il =';;:::l'i3' "".1" = i;ill,'fri
SiO6 octahedron distanceE O_M_O angLes

s i - o  I . 8 3 0 ( 2 )  t 3 l  o - o  2 . 3 3 I ( 4 )  t 3 l e c i  8 0 . g ( r ) o

..., #gga'r 3:l33l3i [3i';; 3g:][ii
^.un j* { iqt t l  e5.4(r)

ilqo. octahetlron'"...i ffiLr3l " "i,iliiii liilll ii,iiii"
..u, +*;+!1J-t31 

"' ror.2(r)

Ssthted atadard eEors are glven j, 
lErerseses ard aefer to tbe

.last declrel place.

eN i Edge slared betreD trc EO6 octaheta.
f N i Face aJ).!€d pl tl ilO5 @tahaitrcn .
trutnbers lD sguale bracl6;s are nu-ltlp-llcjtg factols.
C. f l  @stahts ,  NX.  by  l to  a  Mtsu l (1972) .

a ' h = 8 1 9 9 i \  -
Fig. 1 A perspective view of the structure of ilmenite-type

MgSiOr drawn using the program onrer (Johnson, l97l).

relative to lower pressure ones. The mean values of
cation-oxygen and oxygen-oxygen distances of
MgOo, SiOa and SiO6 in the structures of the above
compounds and in the Mg2SiO4 polymorphs are
listed in Table 5, and the octahedral volumes of
MgO6 and SiO6 are plotted in Figure 2 against the
phase transition pressures for a temperature of
approximately 1000" C. The results of refinements
of stishovite by Baur and Khan (1971) and Sinclair
and Ringwood (1978) are identical. The interatomic
distances and octahedral volumes for pMg2SiOa
were approximately estimated from those of y -
(Mgs.5Feq s)2SiO4 (Sawamoto et al., 1981) and 1
Fe2SiOa (Yagi et al., 1974) by the relation x, :
2xy1n - .rF, where ;y signifies the value of a
parameter such as interatomic distance, volume of
the polyhedron etc. for 1-Mg2SiO+, and ryp &ttd rp,
those for F(Mgs.5Fes.5)zSiO4 and 7 : Fe2SiOa,
respectively. The octahedral volumes of MgO6 are
remarkably smaller in the phases with higher transi-
tion pressures. On the other hand, those of SiO6
increase with increasing pressure of phase transi-
tion. It is noteworthy that the volumes change

o)
lf)
tr)
rt

l l

o
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Table 5. Comparison of the mean Si-O, Mg-O and O-O
distances of the cation polyhedra of high-pressure phases of SiO2

and magnesium silicates

SiO. dd Mgo. I sio- and ligo and

B-ue2sioi) y-Me2sioi) stishovite lasiol)
rpe

HgSio"
l )  |  

'

r . 6 5 1 1 . 6 7 0
2 -125

I . 7 7 5 t . ? 9 9
2 . 5 4 L

r . 7 9
2 . 5 3

L . 7 9

2 . 5 3

-o

-o

2.069
2 . O 9 4
2 . O 9 0

2 . 9 2 5
2 . 9 4 2
2 . 9 5 4

2 . 0 6 2

2 . 9 1 0

2 . O 7 7

2 . 4 9 2 2 . 1 r

2  . 2 0

2 . 7 0

k f ,
Horluchi

sawsnoto

Beur
xfian

Pres€nt Yagi

e t  a l , .

rlo
uatsui

.s@iren rith . -natk; single cr9stal, othets ; pviler s Fcinen
Ihe o-o for perovskixe-tg€ Mgsio-;the avetage of !7 Wlghdra! edges-

approximately linearly versus phase transition pres-
sures with slopes of about -5.7 x l0-3 and + 1.3 x
10-3A3/kbar for MgOo and SiO6 octahedra, respec-
tively. Their slopes are shown with dotted lines in

Figure 2. Furthermore, the slope for MgO6 is in
very good agreement with the curve VlVo: [l +
2.85 x 10-3P(kbar)1-O'ztr obtained by in situ X-ray
diffraction measurements of MgO in a diamond
high-pressure cell at 25' C by Mao and Bell (1979).

This curve is shown with a solid line in Figure 2.
The mean value of O-O distances of SiO"6 octahe-

dra of ilmenite-type MgSiOr is about 0.2A smaller
than those of SiO4 tetrahedra of ft and 7-Mg2SiOa.
That for the Mg-octahedron is also smaller than
those of ft and pMg2SiOa. This is also analogous
to the structural relation between perovskite-type
MgSiO3 and ft and pMg2SiOa. Thus, the oxygen
packing is more compact in the ilmenite- and per-
ovskite-type structures of MgSiO3 than in the struc-
tures of ft and 1Mg2SiOa.

Idealized and averaged cation-oxygen distances
of MO6 octahedra in the several well-established
ilmenite-type structures are shown against cation
radii in Figure 3. The idealized cation--oxygen dis-

Fig. 2. Octahedral volumes of MgO6 and SiO6 in the structures
of several magnesium silicates, MgO and SiP2O7 plotted against
the transition pressure of each phase. l. SiP2O7 (Bissert &
Liebau, 1969):2. stishovite (Baur & Khan,.l97l); 3. ilmenite-
type MgSiOr (present work), 4. perovskite-type MgSiOr (Ito &
Matsui, 1978, and Y agi et al., 1978); 5. MgO (Mao & Bell, 1979);
6. MgzSiOa (Hazen, 1976); 7. P-MgzSiOo (Horiuchi &
Sawamoto, l98l); 8. fMgzSiOr (see text). The phase transition
pressures were obtained from Ito and Yamada (1981) for both
ilmenite- and perovskite-types of MgSiOg, and Suito (1977) for
p- and 7-Mg2SiOa.

d(i)

/.
si!*

. 5 . 6 7 8
oJ* rh Nd hs.+'r.\nr.

Fig. 3. Idealized and averaged cation-oxygen distances of

MO6 octahedra plotted against the M cation radius in several
ilmenite-type structures. 1. MgSiOr (present work); 2. MgGeO3
(Kirfet e, at., 1978);3. MnGeO3 (Hirano et al., 1980);4. NiTiO3
(Shirane et al., 1959a);5. MnTiO:; 6. FeTiOr (Shirane er a/.,

1959b).
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tance, di, wzs obtained from the relation di : rp1 r
16 which is shown by the solid line in Figure 3 (ry is
the ionic radius of the cation and rs is the ionic
radius of O2-, while the averaged cation-oxygen
distance, do, was estimated from the relation do :
3\/6iN where v is the volume of the MO6 octahe-
dron. Radii are those of Shannon and Prewitt
(1969). The plots of do versus r2a change linearly
with a slope similar to that of the solid line for the
relation di - du * rp. The systematic difference of
about 0.05A between di and d" might be attributed
to (1) over-estimation of the radius of 02-, 1.404,
or (2) shortening of interatomic distances due to a
covalent component of the bonding.

The mean octahedral quadratic elongation param-
eters (Robinson et al., l97l), (\qsr>oo and
(Lss1)ye, were calculated for the above com-
pounds with ilmenite-type structures in order to
estimate the degree of distortion of the octahedra
and shift of cations from the centers of octahedra.
Their values were plotted against the ionic radii of
cations (Fig. a). The value (tr661)s6 given by

(N1rtr,)2t12

is a measure of only the degree of distortion of an
octahedron, whereas, the value of <Leqr>Mo giv-
en by

is a measure of the shift of a cation from the center
of an octahedron and of the distortion of an octahe-
dron. Values of /L"o and /6s represent the M-O and
O-O distances in the real structure, respectively,
while, /uo /oo are those of M-O and O-O,
respectively, for an octahedron with Oh symmetry
whose volume is equal to that of the distorted
octahedron. In Figure 4, solid and open circles
indicate the values of (\egr>Me and (Iegr)oo,
respectively. The values of (},661>eo are indepen-
dent of the cation radii. However, those of
()t'e61)y6 systematically increase with the in-
crease of cation radius. These results indicate that
the degree of distortion of octahedra is almost
uniform for all cations in ilmenite-type structures,
while the shifts of cations from the center of octahe-
dra are greater for larger cations.

The distances between two oxygen layers parallel
to (001), which were discussed as "octahedron
heights" by Kirfel et al. (1978), are 2.010 and

< 1 >

Fig. 4. The mean octahedral quadratic elongation parameters,
(\o.,)oo; open circles and (}\o.s)sq; solid circles, plotted
against ionic radii in the several ilmenite-type structures as
shown in Figure 3.

2.5104 for the heights of the Si- and Mg-octahedra,
respectively. The octahedron height of the Mg-
octahedra of ilmenite-type MgSiO3 is fairly large in
comparison with that of MgGeO3 (Kiefel et al.,
1978), whereas, that of Si-octahedra of ilmenite-
type MgSiO3 is the smallest value for cation--octa-
hedra of ilmenite-type structures reported so far,
and is slightly smaller than the value estimated for
SiO6 by Kirfel et al.

The difference between mean O-O distances of
MgO6 and SiO6 octahedra is quite large in ilmenite-
type MgSiO3. However, that of two vacant !06
octahedra, which are adjacent to both sides offace-
shared O3-Mg-O3-Si-O3 octahedra, is small and
intermediate to mean O-O distances of MgO6 and
SiO6 octahedra. Thus, the two vacant flO6 octahe-
dra. function as a buffer between expanded MgOo
and compressed SiO6 octahedra.

Acknowledgments
The authors would like to thank Professors Masayasu Toko-

nami, Fumikazu Kanamaru and Kichiro Koto for their helpful

t 2

t
z-

i :  I

6

L (HJtffi)izt6
i :  I

r(A )r  r  t t  t  t
Ge4. Ti4. H iz. MS?. t+2. Mn2,



discussions regarding this work. Prof€ssor Donald R. Peacor and
Dr. Robert M. Hazen contributed immensely with critical read-
ings of the manuscript.

References
Baur, W. H., and Khan, A. A. (1971) Rutile-type compounds.

IV. SiO2, GeO2 and a comparison with other rutile-type
structures. Acta Crystallographica, 827, 2133-2139.

Bissert, G., and Liebau, F. (1969) Die Kristallstruktur von
monoklinem Siliziumphosphat SiP2O7 AIII: Eine Phase mit
[SiO6]-Oktaedern. Acta Crystallographica, 826, 233 -240.

Finger, L. W. (1969) Determination of cation distribution by
least-squares refinement of single-crystal X-ray data. Carnegie
Institution Year Book, 67, 216-217.

Hazen, R. M. (1976) Effects of temperature and pressure on the
crystal structure of forsterite. American Mineralogist, 61,
1280-1293.

Hirano, M., Tokonami, M., and Morimoto, N. (1980) Crystal-
chemistry of MnGeO3 polymorphs. Journal of the Mineralogi-
cal Society ofJapan, 14, Special Issue #3, 158-164.

Horiuchi, H., and Sawamoto, H. (1981) p-Mg2SiOa: Single-
crystal X-ray ditrraction study. American Mineralogist, 66,
568-575.

Ito, E., and Matsui, Y. (1974) High-pressure synthesis of ZnSiOr
ilmenite. Physics of the Earth and the Planetary Interiors, 9,
344-352.

Ito, E., and Matsui, Y. (1977) Silicates ilmenites and the post-
spinel transformations. In M. H. Manghnani and S. Akimoto,
Eds. High-Pressure Research: Applications in Geophysics, p.
193206. Academic Press, New York.

Ito, E., and Matsui, Y. (1978) Synthesis and crystal-chemical
characterization of MgSiO3 perovskite. Earth and Planetary
Science Letters. 38. 443-450.

Ito, E., and Yamada, H. (1981) Stability relations of silicate
spinels, ilmenites, and perovskites. In S. Akimoto and M. H.
Manghnani, Eds. High-Pressure Research in Geophysics,
Center for Academic Publications Japan, Tokyo, in press.

Johnson, C. K. (1971) oRTEr-II: A Fortran thermal-ellipsoid
plot program for crystal structure illustrations. Oak Ridge
National Laboratory Report oRNL-3794, second revision.

Kawai, N., Tachimori, M., and lto, E. (1974) A high pressure
hexagonal form of MgSiOr, Proceedings of the Japan Acade-
my, 50, 378-380.

Kirfel, A., Hinze,E., and Will, G. (1978) The rhombohedral high
pressure phase of MgGeO3 (ilmenite): Synthesis and single

HORIUCHI ET AL,: MgSiOI STRUCTURE 793

crystal structure analysis. Zeitschrift ftir Kristallographie, I 48,
305-3 17.

Liu,L. (1977) The system enstatite-pyrope at high pressures and
temperatures and the mineralogy of the earth's mantle. Earth
and Planetary Science Letters, 36,237-245.

Mao, H. K., and Bell, P. M. (1979) Equations of state of MgO
and Fe under static pressure conditions. Journal ofGeophysi-
cal Research, 84, 4533-4536.

Morimoto, N., Tokonarni, M., Watanabe, M., and Koto, K.
(1974) Crystal structures of three polymorphs of Co2SiOa.
American Mineralogist, 59, 47 5-485.

Robinson, K., Gibbs, G. V., and Ribbe, P. H. (1971) Quadratic
elongation: A quantitative measure of distortion in coordina-
tion polyhedra. Science, 172, 567-570.

Sawamoto, H., Horiuchi, H., Tokonami, M., and Kumazawa,
M. (1981) Single crystal growth of beta and gamma
-(Mg,Fe)zSiO+ and their crystallographic and optical proper-
ties. (abstr.) U.S.-Japan Seminar on High-Pressure Research:
Applications in Geophysics Program with Abstracts, 68.

Shannon, R. D., and Prewitt, C. T. (1969) Effective lonic Radii
in Oxides and Fluorides. Acta Crystallographica, 825,925-
946.

Shirane, G., Pickart, S. J. and Ishikawa, Y. (1959a) Neutron
ditrraction study of antiferromagnetic MnTiO3 and NiTiO3.
Joumal of Physical Society of Japan, 14, 1352-1360.

Shirane, G., Pickart, S. J., Nathans, R. and Ishikawa, Y. (1959b)

Neutron diffraction study of antiferromagnetic FeTiO3 and its
solid solutions with a-Fe2O3. Journal of Physics and Chemis-
try of Solids, 10, 35-43.

Sinclair, W. and Ringwood, A. E. (1978) Single crystal analysis
of the structure of stishovite. Nature, 272, 7 l4-:1 15.

Suito, K. (1977) Phase relations of pure MgzSiO+ up to 200
kilobars. In M. H. Manghnani and S. Akimoto, Eds., High-
Pressure Research: Applications in Geophysics, p. 255-266.
Academic Press, New York.

Yagi, T., Mao, Ho-K., and Bell, P. M. (1978) Structure and
crystal chemistry of perovskite-type MgSiO3. Physics and
Chemistry of Minerals, 3,97-110.

Yagi, T., Marumo, F., and Akimoto, S. (1974) Crystal structures
of spinel polymorphs of Fe2SiOa and NizSiOa. American
Mineralogist, 59, 486-490.

Manuscript received, October 12, 1981 ;
acceptedfor publication, February 24, 1982.


