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Modulated microstructure in synthetic majorite
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Ansrucr

Transmission electron microscopy on Mg end-member majorite crystals synthesized at
22 GPa and above 2350 "C reveals a modulated microstructure, characterized by mutually
intersecting linear contrasts parallel to the tetragonal {101} planes, with a typical wave-
length of the modulation between 150 and 300 A. Streaking perpendicular to the {l0l}
planes is observed in electron diffraction patterns. The modulated microstructure coarsens
with decreasing synthesis and quench temperature and, by 2050'C, is completely replaced
by twin domains related by reflection operations across the tetragonal {101} planes.

These observations suggest that the structural modulation is due to a phase transfor-
mation in majorite from cubic (space group la3d) to tetragonal (14'/a) near 2350 'C,

probably through ordering of the t6rMg and t5rsi atoms. The observed microstructure is a
result of partial inversion during quenching from above 2350"C and reflects a transitional
state in which the cubic structure is perturbed by a number of intersecting wave systems
of strain modulation. Majorite specimens found in meteorites reportedly have cubic sym-
metry, whereas most of those synthesized in the laboratory are tetragonal; this discrepancy
may be reconciled by the phase transformation.

INrnooucrrox

At pressures between 16 and 23 GPa and temperatures
above 1600 "C, MgSiO. crystallizes as a garnet phase,
known as majorite [ytgrrst(MgSi)t6rsi3t4ror2]. We shall refer
to it as Mg end-member majorite to distinguish it from
the more general majorite, Mg.(Fe,A1,Si)2Si3O,2. Major-
ite garnet is considered to be a major constituent of the
transition zone of the Earth's mantle (Ringwood, 1967;
Liu, 1977; Akaogi and Akimoto, 1977; Ito and Taka-
hashi, 1987; Gasparik, 1990); its physical properties
therefore have great geophysical importance for this re-
gion of the Earth (Jeanloz, l98l;' Hatch and Ghose, 1989;
McMillan et al., 1989; Hofmeister and Chopelas, l99l).

Results of single-crystal X-ray diffraction (Angel et al.,
1989) indicate that Mg end-member majorite synthesized
at 18 GPa and 1800 oC and recovered at ambient con-
ditions exhibits tetragonal symmetry (space group 14,/a),
with Mg and Si atoms preferentially occupying the octa-
hedrally coordinated Ocl(Mg3) and Oc2(Sil) sites, re-
spectively (Table I and Fig. l). Most of the powder X-ray
studies on synthetic Mg-Fe-rich majorite crystals with Fe
contents defined by x [Fe,.,/(Mg + Fe)t"J up to -0.24 are
consistent with this space group (Kato and Kumazawa,
1985; Kato, 1986; Sawamoto, 1987; Matsubara et al.,
1990; Ohtani et al., 1991). However, some of the Fe-
enriched majorite crystals (x > 0.2) synthesized by Kato
(1986) reportedly have cubic symmetry. No cubic-struc-
tured Mg end-member majorite has been reported, al-
though results from single-crystal X-ray diffraction (An-
gel et al., 1989) and polycrystalline "Si MAS NMR
spectroscopy (Phillips et al., 1992) indicate a certain de-

gree of disorder of Mg and Si on the two sites in the
tetragonal crystals. On the other hand, natural Mg-Fe-
rich majorite with x > 0.2 found in meteorites reportedly
has cubic symmetry, with space grorry la3d (Binns et al.,
1967; Mason et al., 1968; Jeanloz, 198 l; McMillan et al.,
1989), in which the I6rMg and t6lSi atoms are randomly
distributed (Table l).

On the basis of group theoretical arguments, Hatch and
Ghose (1989) suggested that the tetragonal structure of
Mg end-member majorite can be derived from the cubic
structure through ordering of the t6lMg and t6lsi atoms.
They further proposed that the cubic phase may be stable
at high temperatures and that the tetragonal majorite is
a quench product. Their suggestion is largely based on
the observed twinning in majorite reported by Angel et
al. (1989), who pointed out, however, that such an or-
dering process is unlikely to be completed within the few
seconds it lakes to quench an experiment.

The question ofwhether a disordered cubic phase ex-
ists in Mg end-member majorite may have significant
geophysical importance, because order-disorder transfor-
mations are commonly associated with changes in phys-
ical and thermodynamic properties (e.g., Salje, 1990). One
particular signature of such phase transitions is the mi-
crostructure. The ordering processes in minerals and al-
loys are generally sluggish and therefore often result in a
modulated texture in the quenched crystals characteristic
of partial inversion (McConnell, 1965, 1971,1975;Tan-
ner et al., 1982). Such information is particularly valu-
able for majorite, which is stable only at high pressures
and temperatures, making direct measurements difficult.

In this paper, we report transmission electron micros-
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Trale 1. Atomic positions for tetragonal (l4,la) and possible cubic (/a3d) Mg end-member maiorite, Mgotsr(Mgsi)t6rsi3{4ro1,

Cubic (/agd). Tetragonal (l4,ls)*:.

Sitet Position Symmetry Coordinates Symmetry Coordinates

16(f)
8(e)
8(d)
8(c)
4(b)
4(a)

16(D
16(f)
16(f)
16(D
1 6(f)
1 6{D
1 6(f)

222

3

4

D

Oc

T

oxg

Mg

Mg, Si

Si

o

24(c)

16(a)

24(d)

96(h)

V B , 0 , V 4

0 , 0 , 0

V e , 0 , { q

x , y , z

Mg1
M92
Mg3
si1
si2
si3
si4
o1
02
o3
o4
o5
o6

,l

2
1
1
4
4

-VB, -O, -V4+
0,V4, -5h
0,0 ,  rz
0 , 0 , 0
O , V 4 , %
0, Va,7/a

-Va, -0,  -Va
Xt, ft, Zt

4' fz' zz
xs' fs' 4
Xq' fq' Zt
Xs, fs, 2s
xs ,  fa ,4

* From Prewitt and Sleight (1969).
-- After Angel et al (1989).
t D: dodecahedral; Oc: octahedral; T: tetrahedral; Oxg: oxygen.
+ The - indicates approximate positions.

copy (TEM) observations on Mg end-member majorite
synthesized at various temperatures up to 2500 "C. We
have observed a modulated microstructure in crystals
quenched from 7" > 2350-2400 .rC, consistent with a cu-
bic-tetragonal transformation; electron diffraction data
also suggest coexistence ofthe cubic and tetragonal struc-
tures in these high-temperature specimens. On the basis
ofthese observations, we conclude that a disordered, cu-
bic phase may exist for Mg end-member majorite at T >
2350'C and P:  22 GPa.

ExpnnrttrNTAr, TEcHNTeuES

Well-sintered polycrystalline specimens containing
crystals of Mg end-member majorite were synthesized at
about 22 GPa and 2050-2500 qC in a 2000-ton Uniaxial
split-sphere apparatus (IJSSA-2000) during a study of
phase relations in the MgSiO, system (Gasparik, 1990).
The synthesis conditions, starting materials, and major
phases present in each experimental product are sum-
marized in Table 2 (see Gasparik, 1990, for experimental
details). Among the three experiments, no. 907 lasted for
6 h and contained an equal molar mixture of PbO and
PbFr, which were melted during the experiment. Electron
microprobe analyses of the sample indicate no detectable
Pb and F in the majorite crystals, suggesting that the flux
did not affect thermodynamic stability of the sample. The
other two samples were produced at much higher tem-
peratures, and melting was observed near the hot spot,
as indicated by a characteristic quench texture (Gasparik,
1990). Note that the melts have an average composition
of En*Fooo (in weight percent), in contact with the ma-
jorite. Gasparik (1990) estimated that melting tempera-
ture for Mg end-member majorite is about 2600 .C at
22.5 GPa.

Previous studies have demonstrated that in the cell as-
sembly used for synthesis experiments, there is a strong
axial temperature gradient, with a temperature difference
of about 200'C between the hot spot and cold end (e.g.,

Gasparik, 1989, 1990). This is advantageous in the pres-
ent study, because variations in microstructure may be
seen within a single specimen. In the two specimens that
contained melts, maximum temperatures in the unmelted
portions were estimated to be about 50-100 oC lower
than the hot-spot temperatures listed in Table 2.

Standard 30-pm thin sections were made along the ax-
ial direction of the specimens, parallel to the thermal gra-
dient. Optical microscopy on specimen no.9ll showed
that there is a well-defined boundary between the melts
(represented by a quench texture) and the solid phases
(large majorite crystals). The unmelted portions of the
specimens were then Ar-ion milled at 5 kV and 0.5 mA,
and the thin foils were C coated. TEM observations were
performed using a Jeol 200 CX electron microscope op-
erating at 200 keV.

TEM onsrnvATroNs

Figure 2A is a selected-area electron diffraction (SAED)
pattern taken from specimen no. 907 (2050'C); it is taken
from the entire area shown in Figure 3A' (with a slightly
different orientation). Nearly periodic domains are pres-
ent in Figure 34' and the corresponding SAED patterns
for domains a and b are shown in Figure 2B and 2C,
respectively. Space group 14r/arequires the following dif-
fraction conditions: [001] zone: h, k:2n for frk0, [00]
zone: k + I : 2n for Jkl, where n is an integer. Thus
Figure 28 is interpreted as along the [00] zone axis with
spots ofthe 0k0, 001 andOkl types and Figure 2C along
the [001] zone axis with diffraction spots of the /l00, 0k0,
and hko types. These two orientations can be generated
by a (l0l) reflection operation. Superposition ofpatterns
a and b results in the intensity difference in the diffraction
spots in Figure 24. In sample no. 907 (quenched from
2050 'C), these {l0l} twins are lamellar twins with
boundaries parallel to the {101} planes (Fig. 3A).

Also present are merohedral {110} twins; their exis-
tence can only be seen by selecting diffraction conditions
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Tlele 2. Synthesis conditions for Mg end-member majorite in

this stucly

S t a r t i n g P T f M a j o r
Expt. material* (GPa) ('C)-' (h) phases

907 B 21.9 2050 6 0

911 0 22.4 2430 0.5

maiorite
ilmenite
quench liquid
maiorite
perovskite
mod. spinel
quench liquid
maiorite
perovskite

" B : 1 mole MgO, 1.1 mole SiO', 0.05 mole PbO' 0.05 mole PbF,; D
: EnooFouo (wt%); E : En,oo (Fo : forsterite; En : enstatite).

.. ft-ot-spot temperature. A temperature difference of up to 200 rc exists
in the specimen.

be seen that a coarse twin domain structure develops as
quench temperature decreases, and the twins observed in
Figure 5D (lowest temperature in specimen no. 91 l) are
quite similar to those seen in specimen no. 907 (2050 "C)'
where no modulated contrast is observed. Superimposed
on the coarse twin domains is the modulated structwe in
the specimen at 2430 oC, which becomes less visible in
crystals near the low-temperature end of the specimen.

DrscussroN

Domain formation in ordered alloys and minerals is
commonly related to symmetry changes during order-dis-
order phase transitions (e.g., Van Tendeloo and Ame-
linckx, 1974; McConnell, 1971, 1988). Here we are in-
terested in those transformations involving point:group

symmetry changes. Group-theoretical analyses predict that
such an order-disorder transformation produces micro-
domains in the ordered phase because of a symmetry loss,
when the point group (H) of the ordered daughter phase

is a subgroup of the disordered parent phase (G). Crys-
tallographic orientations of the domains of the ordered
phase are related by the symmetry elements that are ab-
sent in the ordered phase but present in the disordered
one. These symmetry elements form a separate group
(variant-generating group, V), which has no common el-
ements with H other than the identity element' The num-
ber (r) of independent domain orientations (called ori-
entation variants) is given by n : (order of G)/(order of
H), and these orientation relations are uniquely defined
for a given G and H pair (Amelinckx and Van Landyut,
1976). These results have been verified by numerous ex-
perimental data on systems with order-disorder rela-

tions.
The cubic space group la3d (point group m3m) is the

supergroup of space group 14,/a of the tetragonal phase
(point group 4/m) fy'an Tendeloo and Amelincl'r', 1974).
The variant-generating group between the two phases can
be either 32 or 3m. However, point group 4/m is also a
subgroup of another tetragonal point group, 4/mmm,
which itself is a subgroup of m3m. The variant-generat-
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Fig. 1. A portion of the unit cell of tetragonal Mg end-mem-
ber majorite projected along one of the a axes. Eightfold-coor-
dinated Mgl and Mg2 cations are represented by the circles;
smaller octahedra are SilOu, with Si located at the center ofthe
octahedra (site Oc2 in Table 1), and larger ones are Mg3Ou, with
Mg at the centers (site Ocl in Table 1).

goo, with h + k. The 240 reflection, in particular, has a
substantially different structure factor than that for 420
(Angel et al., 1989). The { I l0} twins can be seen in Figure
38, which is a dark field (DD image taken under the
diffraction condition g : 420. They are observed in all
of the specim€ns we have examined, regardless of the
quench temperature.

Microstructure of the majorite specimens that are
quenched from I > 2400 oC contrasts sharply with that
of specimen no. 907. Figure 4A shows a typical micro-
structure for crystals quenched from 2500'C (specimen
no. 926). A modulated ("tweed") microstructure is pres-
ent throughout the specimen, with contrast modulations
approximately in the {101} planes, and the wavelength
of the modulation about 150-300 A. Elongation of the
spots along the reciprocal (101)* directions is observed
in the SAED patterns taken from these crystals (indicated
by double arrows in Fig. 4B). No coarse {l0l} twin do-
mains are observed in specimen no.926, although SAED
patterns reveal intensity differences similar to those shown
in Figure 24, suggesting the presence of {101} twinning
relations.

The modulated microstructure is also dominant in the
specimen quenched from 2430 "C (specimen no. 91 l; Fig.
5A). In this case, we are able to observe microstructural
variations from the hot spot toward the cold end over a
distance of -0.5 mm, corresponding to a temperature
decrease of 100-150 "C. Figure 5A-5D are electron mi-
crographs in the order of decreasing temperature. It can
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Fig. 2. (A) Selected area electron ditrraction pattern of specimen no. 907; the corresponding image is shown in Fig. 3A. Note
the intensity difference among diffraction spots. (B) and (C) SAED patterns of domains a and b, respectively, in Fig. 3A. Center
spots circled. B is along the [001] and C along the [00] zone axes; the two domains thus have a (l0l) reflection twinning relation.

ing group between 4/mmm and 4/m can be either a two-
fold rotation perpendicular to, or a mirror plane contain-
ing, the fourfold axis. Thus, two types of twinning are
expected from this symmetry consideration. The first is

related to the symmetry change from m3m Io 4/mmm
(V group: 3); this is threefold rotation twinning about the
cubic body diagonal (111), which may be more conve-
niently described as pseudomerohedral twinning with



Fig. 3. Electron micrographs showing the morphologies of
the {l0l} and {110} twins in Mg end-member majorite. (A)
Bright field (BF) image of pseudomerohedral {l0l} twin do-
mains observed in low-temperature specimen no. 907. All the
domain boundaries are parallel to the {101} planes. (B) Dark-
field (DF) image of merohedral (l 10) twin domains observed in
specimen no.926. The irregular, curved twin boundary is indi-
cated by the arrow. Ditrraction condition g: 420. Same scale
for both A and B.

mirror operations across {101}, since the threefold rota-
tion results in switching between the tetragonal c axis and
one ofthe equivalent c axes. The other is related to the
symmetry change from 4/mmmto 4/m (V-group 2 or m);
this is merohedral twinning with reflection operations
across the { I l0} planes, which are the mirror planes for
the m3mand4/mmmpoint symmetries. Indeed, we have
observed both twinning relations in the tetragonal Mg
end-member majorite (also see Angel et al., 1989).

The structural modulations in majorite occur in direc-
tions parallel to the I4l{ l0l } twin planes. This observation
is best explained by the existence of a phase transfor-
mation in which degeneration of the symmetry from la3d
Io l4r/a results in such a tweed pattern, which may be
described by orthogonal transverse wave perturbations
parallel to the {l0l} planes (McConnell, 1965, 1988).

I  1 6 9

Fig. 4. Modulated microstructure observed in no. 926 (hot-
spot temperature 2530 'C). (A) BF image showing a typical mod-
ulated microstructure, with modulations approximately parallel
to the { 101i planes. @) SAED pattern taken from such a crystal.
Note streaking in diffraction spots along the (101)* direction
(double arrows).

However, the presence of such modulated microstructure
does not necessarily indicate that these crystals have un-
dergone a phase transformation. For example, the tweed
microstructure could be produced within the tetragonal
stability field in the very first stage of crystal growth (be-
cause the diference in free energy between enstatite and
tetragonal majorite is far greater than that between the
tetragonal and cubic majorite) and may not represent the
equilibrium state. One example is cordierite (Putnis,

WANG ET AL.: SYNTHETIC MAJORITE MICROSTRUCTURE
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Fig. 5. A series of dark-field electron micrographs taken from specimen no. 9ll (hot-spot temperature 2430 t). A-D arc
presented in terms of decreasing quench temperature, illustrating the strain modulation as a function of quench temperature. Also
notice the weak modulated contrast superimposed on coarse { 101} twins in C and D. The diffraction conditions are marked on the
figures.

1980). When synthesized from glass at temperatwes be-
low the hexagonal stability field, with increasing heating
time, crystals evolve from hexagonal to modulated and
finally to the stable orthorhombic structure with a high
density of twins.

It is reasonable to assume that experiment no. 907 has
reached equilibrium afier 6 h at 2050 "C in the presence
of flux (see Gasparik, 1990). The other two specimens,
however, were synthesized with much shorter durations,
but at much higher temperatures. Opticat microscopy
shows a clear boundary between majorite and quenched
crystals in no. 9ll (Gasparik, 1990). This observation
and the fact that the coexisting quench liquid had a com-
position quite distinct from that of the adjacent majorite
crystals suggest that the sample was quenched near the
liquidus and was at least near equilibrium.

The microstructure variations in specimen no. 9l I are
quite similar to those observed in the cordierite described
by Putnis (1980). However, in our case, the heating time
is the same (30 min), but temperatures are different. Fig-
ure 5 is the key to understanding the cause of the micro-
structure: twins are observed in low-temperature regions,
whereas tweeds exist in high-temperature portions of the

sample. If the entire sample were in the tetragonal sta-
bility field, then twins would coarsen at a higher rate in
higher temperature portions (similar to the long heating
experiments in cordierite, when temperature is held con-
stant); this is the opposite of what we observed. On the
other hand, if the sample were entirely in the cubic sta-
bility field, then either tweed or the twinned microstruc-
ture would be dominant throughout the specimen after
quench, depending on the rate of the ordering during
quenching. Thus, we conclude that the microstructural
variation observed in specimen no. 911 reflects near-
equilibrium condition. Therefore, the tweed microstruc-
ture is due to the cubic-tetragonal (Ia3d-14,/a) phase
transformation, as a result of partial inversion during
quench from above -2350'C. Crystals transform to the
14,/a structure by ordering of the Mg and Si atoms in the
octahedral sites when the temperature decreases (Table
l). An intermediate phase, 14,/acd (point group 4/mmm),
probably also exists but is not required in our interpre-
tation of the observations. The boundary between the
tweed and twins most probably corresponds to the phase
boundary, whose temperature is estimated to be roughly
2300-2350 "C at 22 GPa.
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TreLe 3. Reported crystal systems of majorite (Mg,Fe)3r8r[(Mg,Fe)Si]torsiat4ro12

I  l 7 l

Reoorted
x* crystal system Source

Characterization
techniques References

-o.2

-0.25

-0.22

0.18-0.40

0.0-0 .18

0.0

0 0-0.19

0.0-0.24

cubic

cubic

cubic

cubic

noncubic

tetragonal

tetragonal

tetragonal

meteorite
Tenham
meteorite
Coorara
meteorite
Catherwood
synthetic
20 GPa,
1 900-21 00 .c

synthetic
20 GPa
1900-2200 rc
synthetic'| 8-23 GPa
1 800-21 00 ec
synthetic
20 GPa, 2000'C
synthetic
18 GPa, 1800rc

XRD
TEM
XRD

1
2
3

4

o

XRD, lR, NMR, Raman
TEM
XRD, Optical

Optical

XRD

XRD

XRD

9

1 0

Note. ' referen@s are asfol lows:1 :  Binnset  a l .  (1967);  2:  Pr iceetal . (1979);  3:  Masonet a l .  (1968);  4:  Jeanloz(1981);  5:  Madon and Poir ier
( 1980 ) ;  6 :McM i l l ane ta l . ( 1989 ) ;  7 :Ka to (1986 ) ;  8 :Sawamo to (1987 ) ;  9 :Ma tsuba rae ta l . ( 1990 ) ;  10 :Oh tan i  e ta l  ( 1991 ) .

'The x: Fe,'(Mg + Fe),",.

Although Hatch and Ghose (1989) reached the same
conclusion, that a disordered cubic majorite may exist,
their arguments were based on the presence ofthe pseu-
domerohedral twins observed by Angel et al. (1989). We
demonstrate here that { l0 I } twins are mainly primary in
origin in all of our samples quenched from above 2050
"C. The majorite crystals studied by Angel et al. (1989)
were synthesized at the much lower temperature of 1800
oC and are therefore most likely gowth twins as well.

There is another piece of evidence that supports the
existence of a disordered phase for Mg end-member ma-
jorite. Gasparik (1992) showed that along the enstatite-
pyrope join, the garnet composition exhibits a strong
temperature dependence, which can be best explained by
increasing disorder of Mg, Si, and Al in the octahedral
sites of the garnet structure. McMillan et al. (1989) stud-
ied cation disorder in garnets along this enstatite-pyrope
join and confrrmed that all of the intermediate garnets
are disordered. All ofthese observations point to the pos-
sibility of disorder in Mg end-member majorite.

A certain degree of disorder has been independently
observed in Mg end-member majorite synthesized at
temperatures even below 2000 'C. Phillips et al. (1992)
investigated cation ordering in majorite using "Si MAS
NMR spectroscopy and found that crystals synthesized
at 17.7 GPa and 2000'C were mostly ordered, with - 12
(+3)o/o disorder on the Ocl and Oc2 sites. Angel et al.
(1989) performed single-crystal X-ray diffraction on a Mg
end-member majorite sample synthesized at 1800'C and
found it to be 20 (+6f/o disordered. In this latter case, a
much smaller tetragonal distortion was observed, as in-
dicated by the ratio of a/c (Angel et al., 1989), suggesting
that the tetragonal distortion of the unit cell decreases
with increasing degree of disorder. These results further
suggest that the disorder in Mg end-member majorite may
increase gadually within a rather wide temperature range

until it eventually becomes completely disordered. Thus
we observed a superposition of a coarse twin-domain
structure and a modulated microstructure in Figure 5C
and 5D.

SuNrNr,lnv AND TMPLICATIoNS

We may now try to synthesize all of the available ob-
servations on Mg-Fe-rich majorite in terms of an la3d-
14,/atransformation (Table 3, Fig. 6). The crystal struc-
ture of these garnets depends on tsmperature as well as
the Fe content, with temperatures of transition from te-
tragonal to cubic symmetry decreasing with increasing Fe

content. Thus Kato (1986) observed cubic Mg,-"Fe'SiO'
garnet with x > 0.2 at T > 2000 "C. We caution here,
however, that Kato's observations were largely based on
optical microscopy; a more thorough study is needed for

the Fe-enriched majorite. High-temperature majorite
crystals (T > 2400 'C) should also be studied more close-
ly with spectroscopic techniques (e'g., NMR, IR, and Ra-
man).

Disordored cubic majorite could be produced by shock
events at temperatures exceeding the transition point or
as a metastable product during the transformations from
a low-pressure pyroxene-like structure to majorite. Te-
tragonal majorite might also exist in meteorites with ap-
propriate thermal histories. Earlier structure determina-
tions of majorite from meteorites may not have been
accurate enough to resolve the tetragonal distortion; it
would be very interesting to examine systematically the
microstructure of these majorite crystals produced by
shock events.

With the high transformation temperature (-2350 ",C)
for the cubic Mg end-member majorite, the stable garnet
phase in the transition zone (- 1500 'C and 13-22 GPa)
should be tetragonal and should be at least partially or-
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Fig. 6. T-X dragram compiled from available data on syn-
thetic Mg-Fe silicate majorite. Xdefined as Fe,.,/(Mg + Fe),", in
the crystal. Solid symbols represent reportedly cubic majorite,
open symbols tetragonal. Dashed curve with question mark is
the speculative phase boundary between cubic and tetragonal
majorite. Melting occurs above 2600 .C for x: 0.0. Circles from
present study, diamonds from Kato (1986), triangles from Ohta-
ni et al. (1991), and squares from Matsubara et al. (1990).

dered. However, since the transformation may occur
gradually within a wide temperature range, physical prop-
erties of the tetragonal majorite may change significantly
over the temperature range in the transition zone. The
excess specific heat arising from the disorder is important
to describe correctly the phase boundary between the ma-
jorite and ilmenite phases in the MgSiO. system (e.g.,
Figs. 2 and 3 of Gaspaik, 1992). On the other hand, the
transformation from la3d to l4r/a, being improper fer-
roelastic, could result in a decrease in selected elastic con-
stants below the transition (Hatch and Ghose. 1989). A
particularly interesting possibility is the behavior of cr-
c,r, which is affected by the Ir+ mode during the order-
disorder transition (see Hatch and Ghose, 1989). Tanner
et al. (1982) have shown that for a large number of alloys,
the tetragonal-cubic (order-disorder) transitions are char-
acterized by an anomalous decrease in (tetragonal) crr-cn
and a modulated texture when the transition temperature
is approached from below, resulting in martensitic be-
havior. The c,,-c,, mode could be sensitive to tempera-
ture far below I"; thus more studies are needed to un-
derstand the behavior of tetragonal majorite below the
transformation.
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