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STABILITY AND STRUCTURAL RELATION~ OF (Mg, Fe) METASILICATES 

TH. ERNST and R. SCHWAB 

Mineralogisches Institut, Unil.:ersitiit Erlangen-Niirnberg, Erlangen, West GermallY 

The polymorphism of MgSi0 3 and MgSiO J-FeSiO 3 

solid solutions, which are widespread in nature, has 
been the subject of numerous investigations which have 
obtained very contradictory results as to the number 
of m~difications , their fields of stability and their struc
tures (fig. I). 

As we now know, these diverse findings can be ex
plained mainly on two facts , namely the use of starting 
materials of different origin and chemical composi tion. 
and the difficulties in identifying the polymorphs on 
the basis of their similar X-ray powder patterns. 

Following HARALDSEN (1930) we shall interpret as 
protoenstatite the phase which is formed when talc is 
calcined , particularly the technical product which con
tains excess silica and some iron. To find out the stabi
lity relations it seemed necessary to use pure MgSiO 3, 

a compound which can be synthetized from the re
spective oxides MgO and Si02 in a ratio one to one. 
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1140 ·C 
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Enstatil~ Protoenstatite 
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On heating, the primary products are olivine and cristo
balite, which transform slowly to the metasilicate at 
temperatures between 1450 and 1550 0c. It is necessary 
to grind the material several times. Subsequent anneal
ing at abo'ut 1000 °C will give pure MgSiO J in which 
olivine or cristobalite can no longer be detected by 
X-ray or optical methods. The material synthetized in 
this way is monoclinic and corresponds both optically 
and in its X-ray pattern to clinoenstatite (MOR[~[OTO, 
et 01., 1960). On heating, cIinoenstatite can be trans
formed to protoenstatite at 1260 ± 10 °C, and the pro
toenstatite remains unchanged up to the point of in
congruent melting at 1555 0c. The powder patterns 
within this region are identical with those of proto
enstatite formed from talc. Thus it is clear that the term 
protoenstatite is correct for the high-temperature mod
ification of MgSi0 3 • 
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Fig. 1. Polymorphism of MgSiOJ according to BOWEN and SCHAIRER (1935), LINDEMANN (1960), FOSTER (1951) and SARVER 
and HUMMEL (1962). Modificalions regarded as stable are underlined . The starting materials are given in parentheses. 
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Fig. 2. X-ray powder patterns of low-c1inoenstatite, high-clino
enstatite (1145 ¢C) and protoenstatie (from talc) (CuK. radiation). 

peratures above 1260 °C, can be quenched only par
tially, and commonly transforms spontaneously to cli
noenstatite at room temperature. This contrasts with 
the behaviour of protoenstatites formed from talc, 
which are stabilized by excess silica. 

We may remember now that protoenstatite is formed 
reversibly at 1260 ± 10 0c. A detailed investigation, 
however, reveals that this phase transformation does 
not originate from unchanged clinoenstatite but from 
a transitional phase which comes into existence at 

1080 ± 10 0c. Clinoenstatite, henceforth more exactly 
called low-clinoenstatite, transforms at 1080 °C to a 
phase whose X-ray powder pattern is very similar to I 
that of protoenstatite, but also exhibits some analogies ) 
to the diagram of low-clinoenstatite, as fig. 2 demon- \ 
strates. Nevertheless, there exist some characteristic dif- • ., 
ferences which make an unequivocal identification pos
sible: for example, the transitional phase has an addi
tional reflection at d = 3.06 A (T = 1145 0q, which 
never appears in protoenstatite (SMITH, 1959). Moreover i 
there are some differences also at higher diffraction 

angles, like splitting of reflections and differences in in- li~ 
tensities, which will not be discussed further; in general 
the X-ray powder patterns point to a close structural 

! 
i 
I 

relationship between the three phases. i 
The interpretation that there might exist a really poly- \ 

morphic phase between 1080 and 1260 °C and that the t 

diagrams may not be interpreted as a result of order- f 
disorder transitions or of the metastable coexistence of 
two or more phases, is supported by thermal analyses. ~ 
Besides normal DTA-methods we applied the "dyna- t 
mical differential-calorimetry" from Schwiete (D OK) 
and found that the transitions could be fixed surprisingly 
well in this way. In order to get distinct heat effects it ( 
was necessary to take pure and well crystallized samples f 

which had been stored for several months. In this con- I' 
nection it is important to point out that the poly
morphic behaviour of the substances is influenced by l 
their chemical composition and thermal history. I 

The field of the transitional phase is separated by' 
reversible and discontinuous heat effects from the fields 
of low-clinoenstatite and protoenstatite. The phase 
therefore has to be regarded as another high-tempera
ture polymorph of MgSi0 3 • For the present it will be 
called high-clinoenstatite, mainly because of its physico
chemical behaviour. Unlike protoenstatite, high-clino
enstatite is not quenchable, and we are not yet able to 
stabilize it in any way. We believe that some previous 
investigators may have detected this phase, too, but 
unfortunately did not carryon their studies (BROWN 
and S~t1TH , 1963) or perhaps may have regarded it as 
protoenstatite or as low-clinoenstatite (PEROITA and 
STEPHENSON, 1965; LINDEMANN, 1960). Commonly 
high-clinoenstatite can easily be taken as protoensta
tite. especially if the identification is confined to lower 
diffraction angles and to the stronger reflections. 

We have not yet discussed the stability of the rhombic 
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Fig. 3. Schematic P-T diagram of MgSi03 • 

enstatite, which is commonly regarded as the stable 
low-temperature polymorph of MgSi0 3 • The synthesis 
of pure rhombic MgSi0 3 is not possible at I atm. 
Therefore it is necessary to apply either hydrothermal 
conditions or high pressures. The synthesis of the pure 
rhombic enstatite described in this study, was perform
ed at 25 kb and 1300 °C, starting with low-clino-

, enstatite. 
If large quantities are needed, it is more convenient 

to synthetize the rhombic phase at 1 atm at about 
960 °C with LiF or LiOH as a flux. These fluxes cause 
a marked lowering of the transition temperatures 
and an increase of the transformation enthalpies. 

I 
The calorimetric investigations revealed that the 

rhombic enstatite forms the phase of higher enthalpy 
and entropy with respect to low-clinoenstatite. Low-
cl inoenstatite should be stable below 600 ec, which is 

I in good agreement with the transformation temperature . 
of 630 °C, extrapolated by BOYD and ENGLAND (1965) 

from high pressure experiments. Because enstatite is the 
less dense phase (as the lattice constants and the optical 
constants in table 1 demonstrate), high pressures will 
lead to an extension of the field of low-clinoenstatite 
to higher temperatures at the expense of the field of 
the orthopyroxene. 

However, the latter will extend its field of stability 

Pure synthetic enstatite: 

optics : 
n. = 1.647 
"/1 = 1.649 
ny = 1.657 (R. Schwab) 

lattice constants: 
ao = 18.103 A 
bo = 8.807 A 
Co = 5.202 A 
~ V = 416.97 A3 

(R. SCHWAB) 

TABLE I 

Pure synthetic low-c1inoenstatite: 

n. = 1.650 
nil = 1.653 
n, = 1.660 (R. Schwab) 

ao = 9.604 A 
bo = 8.815 A 

A P = 71.650 

Co =5.170 
IV = 415.47 A3 (PEROTTA and 

STEPHENSON, 1965) 

-
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Fig. 4. The transition entbalpies for pure MgSi03 • All data are referred to the enthalpy of the a-p-quartz transition (= 86 cal/mole) 
according to MAJUMDAR et al. (1964). 

against the fields of the high-volume phases high-clino
enstatite and protoenstatite which finally will vanish. 
These relations are presented schematicaIly in fig. 3. 
Fig. 4 gives the transition enthalpies for pure MgSi0 3 • 

The presence of ferrous iron affects the stability of 
MgSi0 3 in the same way as increasing pressure, causing 
a marked increase in thermal stability of the rhombic 
enstatite rela tive to the high-temperature phases high
clinoenstatite and protoenstatite. At a content of 
25 mole % of FeSi0 3 the orthopyroxene melts without 
any previous polymorphic transition (SCHWAB, (967). 
However, there are some indications from the measured 
transformation enthalpies, that the field of the rhom bic 
enstatite might also be extended against the field of 
10w-c1inoenstatite to lower temperatures. This assump
tion is supported by the high pressure experiments of 
AKIMOTO et al. (1965) in pure FeSi0 3 • 

The synthesis of orthopyroxenes at I atm is easily 
achieved in the system MgSi0 3-FeSi0 3 if it is per
formed under partial pressures of oxygen which pre
serve all iron in the bivalent state. It is also possible 
(as in LiF-containing systems) to demonstrate the re
versibility of the transition from high-clinoenstatite to 

enstatite: slow cooling will lead to enstatite in an exo
thermal transformation, rapid cooling or quenching 
will lead to 10w-c1inoenstatite in an exothermal, but at 
first metastable reaction (fig. 3). 

Conclusions 

Contrary to previous results the existence has to be 
assumed of at least one more high-temperature modi
fication of MgSi0 3 . This polymorph is not identical 
with the high-cIinoenstatite described by PEROTTA and 
STEPHENSON (1965) especially in Ca-containing prod
ucts. 

Moreover there is the very important result, that 
Fe2+ will influence the polymorphism of MgSi0 3 in 
the same sense as pressure in the high temperature 
region. It is remarkable that the maximum stability of 
the rhombic phase exists at 1 atm at a content of about 
25 mole% FeSi03 in the system MgSi03-FeSi03 • 

The structure determination of the high-c1inoensta
tite modification described here will probably be still 
more difficult than with protoenstatite, where it is possi

ble to synthetize stabilized single crystals out of talc 
(LINDEMANN, 1951). Because high-cIinoenstatite has its 
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position in between the fields of protoenstatite and low
c1inoenstatite on one hand and protoenstatite and en
statite on the other hand. it would be very informative 
to have an exact knowledge about the structures of the 
respective end members. Tn the case of the rhombic 
enstatite exact and concordant structure analyses are 
available (WARREN and MODELL, 1930; LINDE~IANN, 
1961), but there is a controversy on the structures of 
10w-c1inoenstatite and protoenstatite between MORI
MOTO et al. (1960) and SMITH (1959) on one side and 
LINDEMANN (1960) on the other side. Thus a new 
structural investigation of the polymorphs of MgSi03 

seems to be necessary. These investigations have been 
started. 
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