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Assrracr

Two new compounds have been synthesized metastably in the system MgO-A1:OrSiOz'

one has a structure similar to that of osumilite and other related phases such as the synthet-

and a silica modification with or without protoenstatite.

INrnolucrroN

There are eleven known principal compounds in the system MgO-

Alzos-Sior, neglecting their polymorphs of identical composition stable

under difierent conditions. These compounds are shown as open circles in

Fig. 1 and may be classified as follows:

1. Oxides:
MgO periclase

AIzO: corundum and other modifications

SiOz cristobalite and other modifications

2. Binary compounds:
X{gO'AlzO: spinel
2MgO'SiOz forsterite

MgO'SiOz enstatite and other modifications

ALOT SiOT sillimanite and other modifications

SAlzOr.2SiOz mul l i te

3. 
'fernary 

compounds:
2MgO' 2AbO:' SSiOz cordierite

4MgO' SAlzOa' 2SiO2 saPPhirine

3MgO'AlzO:'3SiOz PYroPe

connected by the tie l ines shown in Fig' 1.

In addition to these stable phases there are metastable ones, i.e' phases

which form and disappear again at constant pressure and tempefature.
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METASTABLE OSUMILITE- AND PETALITE-TVPE PHASES 9I

As early as 1918 Rankin and Merwin described an "unstable or p-form of
the ternary compound Mg2AlaSi5Ols," which was Iater called'(7"r-cordierite"
by Karkhanavala and Hummel (1953), who attributed a B-spodumene
structure to this phase. Recent studies by Schreyer and Schairer (1961A)
indicate that this phase actually has a quartz-type structure, and that it
belongs to a series of metastable solid solutions covering at least 60/6 oI
the range of the join SiOr-MgAIrOa (spinel). On the basis of these results
the term metastable quartz solid solutions or quartzu" was used in de-
scribing this series of compounds. The term "metastable" seems to be
preferable to "unstable," because there is no evidence that these phases
have no range of stability at any temperature and pressure. It is conceiv-
able, for instance, that quartz solid solutions are stable at some very high

rvrgu spiner Ar"o.

Weight  per cent

Frc. 1. Crystalline compounds in the ternary system MgO-AhOrSiOz. The tie lines
connect phases which were found to be stable in the laboratory at subsolidus temperatures
between 800" and 1300" c. at 1 atmosphere. solid dots indicate compositions studied;
those accompanied by Nos. 1-4 have yielded the new metastable compounds. crosses
indicate compositions of theoretical compounds. "e" is the composition of the binary
eutectic MgSiOrSiOz as reported by Bowen and Andersen (1914) .
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pressure and temperature outside the stability range of coesite. Meta-

stable quartz solid solutions are obtained by devitrifying glasses of com-

positions within the system MgO-AIrOa-SiOz at relatively low subsolidus

temperatures between 800o and 1250". Depending on the composition of

these glasses, as many as three other crystalline phases may coexist

metastably with the quartz solid solution. Among these early products of

crystallization two crystalline phases were found which had not been

known previously in the system Mgo-Alzoa-Sioz' The first phase is

structurally akin to the recently discovered natural mineral osumilite

(Miyashiro, 1956); the second phase shows similarities in the r-ray pat-

tern to the mineral petalite, LiAlSi4O10.

It is the purpose of this paper to describe the mode of formation and

some of the physical properties of these two new compounds. However, it

must be emphasized that the data to be reported can represent only a

preliminary characterization, the main diffi.culty being that none of the

phases could be synthesized entirely alone but they were found only in

intimate intergrowth with other crystalline products with or without

residual glass. They were not found in coexistence with stable liquid.

The 46 compositions studied in the course of an experimental investiga-

tion of the ternary compound cordierite (Schreyer and Schairer, 1961B)

are shown as solid dots in Fig. 1. Numbers 1-4 refer to those compositions

that yielded the new metastable compounds to be described. The per-

centages of oxides t": 

:n"t" 

four compositions are given in Table 1.

fnn OsuururE-TYPE Pnasp

A phase with an osumilite-type structure was obtained by crystallizing

glass of composition No. 1 at 1000" for 10 days and then at 1250o for 4

days. It was also obtained from glass of composition No. 2 altet crystal-

Iization at 1050o for 6 days, and in traces from glass of composition No. 3

after only 20 hours at 1000". It may be of significance that adjacent com-

positions along the line SiO2-spinel containing more or less SiOz than

compositions Nos. 1-3 did not yield the osumilite-type phase although

crystallized under identical conditions. The phase was always associated

with a metastable quartzu" (usually a very siliceous member), cordierite,

and small amounts of high-cristobalite. The assemblages obtained after

difierent periods of crystallization are summarized in Table 1. It can be

seen from this compilation that the best conditions for the formation of

the osumilite-type phase from this rather narrow range of compositions

lies between 1050o and 1250". At lower temperatures, with the exception

of composition No. 3, the phase did not forml at higher temperatures it

broke down to yield the more stable phases for these bulk compositions,

i.e., cordierite and cristobalite. It is believed that the phase would also
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T,q,srt 1. Sussotrous Cnvsru,r,rzarroN PRoDUcrs ol Vlnrous Gr,assns
rr rse Svsrnu MeO-AlrOrSiOz

1

2

Composition of glass in
weight per ceDt

Heat treatment of glass Phases as determined optically and by r-ray

2 6 . 5 1  6 3 . 0 0 1050" 6 days

6 daysfl
15 days J

24.40  65 .95

1 7 . 5 0  6 2 . 0 0

28.66  60 .00

10000 3 days

10000 10 days{
12500 4 da1's J

10000 10 <fays*l
12s0o +  days* f
1300" 3 days ,l

1000" 20 hours

10000 38 hours

10000 13 days{
12500 1 tlay J

Much quartzss, residual glass,

Much osumilite-type phase, much cordierite,
moderate amount quartzss, little cristobalite.

Much cordierite, much cristobalite, moderate
4 r [ v u u L  q u 4 r r . 8 s

Much osmilite-type phase, much cordierite,
moderate amount quartzss, trace cristobalite.

Much cordierite, much cristobalite.

Much quartzgs, trace osumilite-type phase,

trace cordierite, much residual glass.

Much quartzss, modcrate mount cordierite,

trace osumilite-type phase, little residual glass,

Much cordierite, trace osumilite-type phase,

trace cristobalite.

Much cordierite, moderate amount cristo-

balite

All glass.

I\{oderate amount petalite-type phase,

moderate amount quartzs, little pyroxene,
residual g1ass.

Much petalite-type phase, much cordierite,
moderate amounts quartzss and pyroxene.

Much petalite-type phase, much cordierite,
moderate amounts quartzss and pyroxene.

Much cordierite, much pyroxene, much cris-
tobalite.

1000" 13 days +
1250" 1 day f
1400' 4 days

8500 1 day

9000 140 min.

1-5 days

5 davs-Fl
r a a v  /

9000
10000

900"
10000
12500

r  oays+ l
1  day  f f
l d a y  )

break down after longer heat treatment at the temperature of its forma-
tion, although this has not been demonstrated. The fact that all three co-
existing phases (Schreyer and Schairer t96IL, B) as well as the glass used
as starting material lie on the join SiOz-MgAl2O4 indicates that the new
phase must also have a composition along this line. It appears from the
crystalline assemblages obtained from composition No. 1 after different
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Tl'r;-n 2. X-Rlv Dere ol rga Nnw Mnresrasr,e CoupouNos rN tsr
Svsrau MgO-AIzOrSiO2 (Corlnn Ka R.mrarron)

Note: The data are incomplete because some of the reflections are hidden by
stronger lines of other coexisting crystalline phases.

Osumilite-type phase obtained by crystal-
Iizing glass of composition No. 1 at 1000'
for 10 days and then at 1250'for 4 days

Petalite-type phase. Data compiled from

several crystalline materials of

composition No. 4

1 (est im.)

7  . l l
5 . 5 4
5 0 1
J . l z

3 . 5 9
3 2 0
2 . 9 2
2 . 7 6 5
I  1 1

t2 45
16 00
17 70
2 3 . 9 1
24 8 l
27  .87
30.62
32 .38
33 .10

7  . 2 0
4 . 6 5
4 0 8
3 . 7 9
3 6 9
3 5 8
2 . 9 9
2 . 7 8
2 . 5 5
2 . 4 7
2 . 3 9
2 . 0 6
1 9 5
1 . 9 3
1 9 0

12 .30
19 .  10
21 80
23 .50 +
24 .10
24 85
29.90
32 20
35.20
36 .40+
5 l  l u

44 00+
46. 50
47 -OO
47 -7s

8
< 1

8
20

100
25
8
6

l 1
8
8
J t

6
8

l . )

25
55
30
30

100
40
40
I J

heat treatments (Table 1) that the breakdown of the osumilite-type phase
at higher temperatures leads to the formation of more cordierite and
cristobalite, whereas the amount of quartz"" remains constant. The con-
clusion seems justif ied, therefore, that the unknown phase has a composi-
tion between that of cordierite and cristobalite.

Despite the presence of three other crystall ine phases the new com-
pound is characterizedby at least nine distinct peaks in the powder r-ray
diffraction pattern. These peaks are compiled in Table 2 and are also
marked "O" in Fig. 28. No differences in the r-ray properties were ob-
served among the osumilite-type phases crystallized from the three
compositions (Nos. 1-3) at different temperatures. All the unmarked
peaks shown in pattern B can be accounted for as being due to cordierite,
quartzss, and high-cristobalite. It is apparent from Fig.2, A and B, that
all of the "O" peaks can be matched with corresponding peaks in the
osumilite pattern. In a number of cases, however, the osumilite l ines in
pattern B are covered by stronger lines of the other coexisting phases.
Furthermore there are minor differences in positions as well as intensities
of l ines. The pattern of osumilite is in turn very similar to that of a com-



METASTABLE OSUMILITE- AND PETALITE-TYPE PHASES 95

r o  2 0  3 0  4 0  5 0

D e g r e e s  2 O  ( C u  K ' )

I'rc. 2. Powder *-ray difiraction patterns between 5' and 50' 20 for copper Ka radiation
of :

A. Natural osumilite, Japan. The sample available at the Geophysical Laboratory was
a gift from Dr. Kenzo Yagi, and is presumably from Sakkabira, from where the
mineral was first identified by Miyashiro (1956).

B. Devitrification product of composition No. 1 after heating at 1000" for 10 days
and 1250" for 4 days. Peaks marked "0" cannot be attributed to the phases cordier-
ite, quartz"" and cristobalite present in the crystailine aggregate, but are caused by
the unknown osumilite-type compound.

C. Synthetic NarO.sMgO.l2SiOz (Schairer, Yoder, and Keene, unpublished data);
the pattern was provided by Dr. H. S. Yoder, Jr., of the Geophysical Laboratory.

l
I

Osumi l i t e
I
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pound KzO'5MgO.12SiOz (Roedder,  1951),  and even more so to that  of

the sodium analogue NazO.5MgO.12SiO, (Schairer, Yoder and Keene,

unpublished data). By permission of the Iatter authors the latter pattern

is given as Fig. 2C. Except for differences of the relative intensities,
especially at low angles 20,patterns A and C are identical, and the peaks
((O" of pattern B show unmistakable similarit ies to both of them. On the

basis of Miyashiro's (1956) indexing of natural osumilite the cell edges

of the new metastable osumilite-type compound were calculated from the

*-ray datagiven in Table 2 as a:!0.I2 A,, c:I436 A.
According to Miyashiro (1956) osumilite is isostructural with milarite

KCa2(Be,AI,Si)r. (Si,Be)trOro' i H2O, and most recently Tennyson (1960)

has pointed out that the mineral armenite BaCarAla(AlrSieOBo)'2H2O,
found in the Armen Mine at Kdnigsberg, Norway (Neumann, 1941),
probably also belongs to this structural type.

There are thus at least five crystalline compounds of drastically differ-
ent bulk compositions which nevertheless are presumably isostructural.
The problem of relating these bulk compositions to each other by con-
ceivable Iattice substitutions is treated schematically in Table 3. On the
basis of the milarite-osumilite relations and the structural data given by
Miyashiro (1956) a basic formula for osumilite-type phases is suggested'
The mineral armenite can easily be fitted into this scheme as already
shown by Neumann (1941) in his comparison with milarite; however,
there seems to be more HzO+ than available structural sites.

Starting from the basic formula (Table 3) the alkali-magnesium-sili-
cates (1:5:t2) are arrived at by fi l l ing both the 12-coordinated positions
and the water positions within the double rings, i.e. all the available posi-

tions inside the ring channels, with alkalies and all the 4- and 6-coordi-
nated positions with Mg.

The main difficulty in relating the new compound synthesized in the
system MgO-AIzOrSiOr to the basic formula is the complete lack of
alkalies or other large ions like Ca2+ olBa2+. Let us assume then that all
the possible alkali positions are vacant. Thus, by substituting 4AI for

2Na*3Mg*S i  i n  1 :5 :12 ,  a  compos i t i on  2MgO '2L l2Os '  11S iOz  Q :2 : l l )
is obtained, which is practically identical to one of the 46 compositions in-
vestigated (Fig. 1). This composition, however, had not yielded the
osumilite-type phase at any temperature. It is assumed next, therefore,
that some of the Mg may occupy positions inside the channel as Ca does
in osumilite. By this operation, which corresponds to a substitution
Mg f  2A I  f o r  2S i  i n  2 :2 :11 ,  t he  f o rmu las  l : I : 3 ,  4 :4 :7  ,  and  1  :  1  :  a  (F ig .  1 )
are obtained, thus filling respectively one-half, all, or one-quarter of the
available sites. Only the last of these formulas falls within the composi-
tional range, from which the new phase was crystallized; in fact, this
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formula almost coincides with composition No. 2, which had yielded
the highest amount of the new compound at the lowest temperature. It
might thus be concluded from this line of evidence that the new meta-
stable osumilite-type compound of the system MgO-Al2O3-SiOr has a
composition approaching the formula MgAlsSirOrz or MgO' AlzOs. 4SiOz.
This would also be in agreement with the previous statement that the un-
known composition is likely to lie between cordierite and cristobalite. The
assumption that some of the positions within the channels of the osumi-
Iite-type phase are vacant or only partly occupied is in agreement with
Miyashiro's (1956) predictions that in osumilite the water content may
not be essential and the quantity of (K,Na,Ca) may vary to some extent.

Optically the new osumilite-type compound is characterized in the
synthetic products by a feathery arrangement of very thin needles and
prisms of straight extinction and negative elongation. Their intergrowth
with other phases as well as their thinness made exact optical determina-
tions impossible. However, it can be stated with confidence that the
phase has a mean refractive index of about 1.535 and a birefringence
similar to or lower than that of quartz. Osumilite according to Miyashiro
(1956) is  uniax ia l  posi t ive wi th e:1.549-1.551,  c , r :1 .545-1.547,  e-a
:0.004. Milarite (Larsen and Berman , 1934) is uniaxial negative only at
h igh temperatures (e:1.529,  a:1.532,  e -or :0.003) ,  whereas at  ord i -
nary temperature it is biaxial negative with small 2V. Armenite (Neu-
mann, 1941) is also biaxial negative with refractive indices slightly higher
than those of osumilite. Single crystals of osumilite are usually elongated
parallel to the c-axis, but may also be tabular on {0001} (Miyashiro,
1956). If the elongation of the needles of the new osumilite-type com-
pound follows the one or the other of these two directions, the optical
character would respectively be either negative or positive. Although no
clear decision between these alternatives can be ofiered, it seems more
likely that the elongation parallels c and the crystals are optically nega-
tive like milarite and armenite. The fact that osumilite and also KzO
.5MgO.12SiO, (Roedder, 1951) are positive indicates optical relations
among osumilite-type solid solutions similar to those of the gehlenite-
akermanite series or of the metastable quartz solid solutions (Schreyer
and Schairer, 1961A). Sensibly isotropic phases or others with very low
birefringence like certain milarites (Koenigsberger and Mtiller, 1921)
may be expected. The fact that biaxial crystals appear in this group of
supposedly isostructural hexagonal minerals points to the possibility that
for certain compositions under appropriate conditions ordering of the lat-
tice with concomitant lowering of the symmetry may occur. An order-
disorder relationship of this kind is now well known for the cordierite lat-
tice, to which the osumilite lattice is related (six-fold single rings in cor-
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T,q.nr,n 4. Frcrrvn DeNsrrms, Rnlnncrrve lNorces, emo K V.q,r,urs o' Co*crrvenr,n
Osuuri,rrr-Typr pnasps rm rrrn Svsrnu MgO_AlrOrSiOz

(An application of the law of Gladstone and Dale)

Theoretical formula*

2MgO. 2AlzOa' l1SiOz
MgO.AhOa.4SiOz
MgO.AlzOr.3SiO:
4MgO.4AbOa'7SiOz

Molecular weight
on the basis of

30 oxygens

Computed
density d

Computed mean
refractive index

n : d . K - l I

1  . 5 1 3
1 . 5 1 9
1 . 5 2 6
1 . 5 3 9

945.28
955.  25
967 .32
989.46

2.468
2.494
2 . 5 2 5
2 . 5 8 3

o.20791
0.20813
0.20837
0.20875

* For derivation see Table 3.
t Computed from

, F r  P z
n  :  P r - - l - p o _ - + e f a .- 1 0 0 ' - ' 1 0 0 ' - - - ' '

forKa126 the valueO.2 14as given by Larsen and Berman (1934) for feldspars, feldspathoids,
etc. was used.

dierite versus six-fold double-rings in osumilite, Miyashiro, 1956).
The knowledge of the approximate mean refractive index of the new

osumilite-type compound enables us to check its proposed composition by
means of the Gladstone-Dale relation between index of refraition, den-
sity, and chemical composition of a crystailine compound as described by
Larsen and Berman (1934). The results of these calculations are compiled
in Table 4. First the molar volume of the unknown phase was calculated
from the cell edges a and. c as 383.06 cmr. Division of the molecular
weights of the four theoretical osumilite formulas by this molar volume
leads directly to the fictive densities d, which through a simple relation-
ship with the specific refractive energies K yierd the fictive refractive in-
dices n of the four conceivable osumilite-type phases. rt can be seen that
the closest agreement between fictive and measured (1.535) refractive in-
dices exists for the formula 4MgO.4AlzO3.ZSiO2 (4:4:I), which is based
on the assumption that all structural vacancies are occupied by Mgr*.
This formula, however, is in contrast to the probable 1 : 1 : + comiosition
of the unknown compound as deduced from the phase assemblages (see
before). No explanation for this discrepancy can be offered at fresent.
The deviation of the computed refractive index for the 1: 1 :4 lormula
(1.519) from the measured value seems too rarge for a compound consist-
ing only of three oxides. rt should also be noted that for the ternary com-
pound cordierite (2Mgo.2Alro,.5sio2) computed and measured iefrac-
tive indices agree within +0.002. The exact composition of the new
metastable osumilite-type phase, therefore, is yet unknown. According to
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the phase assemblages in the bulk compositions from which it crystal-

ones proposed in Table 3 may lead to rather extensive binary or even

ternaiy iung". of solid solutions in these systems, some of which may

well have a true range of stability.

TnB PnrarrrE-TYPE Pnasa

A metastable phase with distinctly different physical properties was ob-

tained from glasi of composition No.   (Fig. 1) at relatively low devitrifi-

cation temperatures. The other compositions immediately adjacent to

No. 4 have not been crystallized at similar temperatures, but it is likely

that they would also yield this phase. The conditions under which the un-

known phase formed, persisted, and finally disappeared in composition

No. 4 are summarized in Table 1. This indicates an optimum temperature

of formation of about 900'-1000o C. Like the osumilite-type phase this

compound could not be obtained entirely alone, but was found only in

assoiiation with other products (Table 1). On account of the Iocation of

composition No. 4 within the phase triangle cordierite-MgSiO3-SiOz no

definite conclusions concerning the chemical composition of the unknown

possible coexisting phases and thus cannot be recognized. AII the peaks

which could not be attributed to any of the two coexisting phases in the

material crystallized, at 900o for 140 minutes are marked "P" iI Fig' 38.

The weaker lines are very difiuse and may actually consist of more than

one reflection, so that only approximate values for d and 20 could be de-

termined.

not be decided which might be the closer relationship'

The main similarity between the two patterns A and C in Fig' 3 is also

the peak triplet around 24" 20. However, there are dissimilarities regard-
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Frc. 3. Powder *-ray diffraction patterns between 5o and 50o 2d for copper Ka radiation

A. Natural petalite, Londonderry, Western Australia. Sample provided by Dr. B. J.
Skinner of the U. S. Geological Survey.

B. Devitrification product of composition No. 4 after heating at 900o c. for 1rl0
minutes. Peaks marked 'tp" canrot be attributed to the phases quartz"" and
enstatite, which are present in the crystalline aggregate, but belong to the unknown
petalite-type compound. The asterisk marks a peak whose intensiiy is only in part
due to the unknown phase p.

C. Synthetic LirO.2SiOr. Sample provided by Drs. B. J. Skinner and D. B. Stewart
of the U. S. Geological Survey.
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This might indicate the possibil i ty ol a solid solution between these two

* After completion of the manuscript a papel by Friedrich Liebau (untersuchungen an

Schichtsilikaten des Formeltyps A-(Sirot". I. Die Kristallstruktur der Zimmertemperatur-

form des LirSizO s: Acta Crysi.) 14, 389-395, 1961) appeared in which a very close structural

relationship between LizSizOs and LiAlSiaOro is demonstrated on the basis of single-crystal

r-ray studies.
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Sio2-spinel but more towards the Mgo-Sioz side of the ternary diagram.
The simplest compound on the join MgSio3-Sio2 has a theoreticar for-

mula MgSi2O6 or MgO.2SiO, (Fig. 1). This compound ,,Mg-disil icate"
is simply the Mg-analogue of Li-disilicate or may also be arrived. at by a
substitution of 2Mg for Li*Al in petalite. A phase "Mg-disil icate,,, how-
ever, has not been reported in the literature. rts composition would melt
to cristobalite and liquid at the temperature of the binary eutectic
MgSiOrSiO 2, t543" + 2o C. (Bowen and Andersen, 1914),* and only two
immiscible liquids would coexist between 1695o and some very high tem-
perature (Greig, 1927).rt is not impossible that the unknown metastable
phase has this composition. The fact, however, that grass of the composi-
tion"e" (Fig. 1) upon crystallizationat 8000 C. did not yield the unknown
phase but only a pyroxene structurally close to clinoenstatite, makes it
rather unlikely that the unknown petalite-type phase is a binary com-
pound along the join MgSiOa-SiO2. Jt is more likely that its true composi_
tion lies somewhere in the ternary compositional range between the
theoret ica l  formulas MgSi2o6,  1:1:8 and 1:1:3.  I t  can be said wi th cer-
tainty that the formation of the petalite-type phase requires bulk com-
positions with excess normative Sio2 in addition to Mgsio3. The phase
has never been obtained from any of the compositions arong the lines
MgSiO3-cordierite or cordierite-SiO, (Fig. 1).

under the microscope the new compound seems to form round lumps
most intimately intergrown with the other devitrification products as
well as residual glass. For this reason it was impossible to determine its
optical properties. It appears that the phase has a mean refractive index
in the vicinity of 1.580 and rather Iow birefringence. rn comparison the
optical properties of the Li phases are as follows:

Petalite: Biaxial positive; a:1.504, 0:1.510, t: l.516
birefringence 1 - a : 0.O12 (Winchell, 1951).

Li-d isilicate : Biaxial positive ; a : 1.547,F : 1.550, y : 1.558 (Kracek, I 930)

behavior that the temperature of the binary eutectic Mgsiorsioz is slightly higher than
reported by Bowen and Andersen (1914) and may be given as 1ss3'+5'c. This value
was obtained with a Pt-Pt90Rh10 thermocouple calibrated with pure pd with the melting
point 1549.5" c. rt should be noted that a rnelt of the composirion,,e,'can be quenched
as a glass only if small charges are dropped instantaneously into mercury. rf larger amounts
of liquid contained in a Pt crucible are cooled more slowly in a water bath, crystallization
to protoenstatite takes place, whereas the normative Sio2 remains in a state which is
amorphous to r-rays but can be detected readily under the microscope as round globules
of a very low refractive index (SiOr glass?).
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