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In order to examine the phase relations of enstatite at high temperatures,high temperature X-ray powder
 

diffraction experiments were performed with low clinoenstatite MgSiO as starting materials.It was
 

observed that upon heating low clinoenstatite transformed into protoenstatite at around 1100℃and protoen-
statite persisted up to the melting point,indicating that protoenstatite is the high temperature stable phase

 
for MgSiO up to the melting point.Two extra peaks(d＝3.074-3.079Å and 3.323-3.331Å at 1200°C)
which could not be indexed as low clinoenstatite or protoenstatite,appeared along with protoenstatite at

 
around 1150°C,but they disappeared at temperatures above 1400°C.These extra peaks did not reappear

 
on cooling of protoenstatite.This indicates that these extra peaks originate from high temperature

 
clinoenstatite metastably transformed from low clinoenstatite and that high temperature clinoenstatite has no

 
stability field above and below that of protoenstatite.

Introduction

 

Polymorphism of enstatite MgSiO has been extensively
 

studied by many investigators.Five different structure
 

forms have been known;orthoenstatite(OEn)with space
 

group Pbca,protoenstatite(PEn)with Pbcn,low
 

clinoenstatite(CEn)with P2/c,high temperature
 

clinoenstatite(high-T CEn)with C2/c and high pres-
sure clinoenstatite(high-P CEn)with C2/c.The sta-
ble phase of enstatite at ambient pressure and tempera-

ture is generally thought to be CEn,and OEn becoming
 

stable above 600°C.PEn appears to be stable from
1000°C to the incongruent melting point 1557°C as

 
indicated by Kushiro(1972)and Smyth(1974).With

 
increasing pressure,high-P CEn becomes stable above
6 GPa at room temperature(Angel et al.,1992).

The controversy is about the appearance and stabil-

ity of high-T CEn.High-T CEn indexed with a triclinic
 

cell was first reported to appear during the CEn-PEn
 

inversion by Perrotta and Stephenson(1965),and then

 

its diffraction patterns were reindexed by Smith(1969)

with a monoclinic cell belonging to space group C2/c.
The subsequent studies showed much controversy.

Sadanaga and Okamura(1971),Shimobayashi and
 

Kitamura(1991)and Iishi and Kitayama(1995)report-

ed the appearance of high-T CEn at high temperatures
 

above 1000°C.Smyth(1969)reported that orthopy-
roxene with a composition(MgFe)SiO was also

 
transformed into the high temperature form with C2/c at

 
1050°C.Further,Shimobayashi and Kitamura(1993)
observed high-T CEn above 1200°C using MgSiO
OEn as a starting material by high temperature transmis-

sion electron microscopy(HTTEM).However,high-T
 

CEn was not observed in the transition between CEn
 

and PEn by Sarver and Hummel(1962)and Smyth

(1974),nor in the transition between OEn and PEn by
 

Sadanaga et al.(1969),Murakami et al.(1982),Boysen et
 

al.(1991)and Yang and Ghose(1995).

Several reports concerning the occurrence of other
 

intermediate structures also made the problem compli-

cated.Ernst and Schwab(1970)reported a new high
 

temperature phase between CEn and PEn,very similar
 

to PEn and stable between 1080-1260°C with a charac-
teristic peak of d＝3.06Å at 1145°C.Murakami et al.
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(1982)observed that with increasing temperature the
 

OEn-PEn inversion is preceded by the occurrence of an
 

intermediate structure in which the silicate chains are
 

stretched like those of PEn but the structural scheme of
 

OEn is preserved.Schrader et al.(1990)gave a similar
 

explanation for the intermediate structure they observed.

Yang and Ghose(1995)also reported some precursor
 

phenomena in the OEn-PEn transition in which weak
 

satellite reflections of uncertain origin appeared at the
 

lower angle side of a few reflections.High-T CEn and
 

these intermediate structures seem to have some features
 

in common that appear during the OEn/CEn-PEn
 

transition.

Meanwhile,Gasparik(1990)predicted from the
 

thermodynamic calculation that there is a narrow stabil-

ity field for high-T CEn above PEn and below the
 

melting point.With the molecular dynamic simulation
 

Matsui and Price(1992)proposed a high temperature
 

orthorhombic phase of MgSiO with space group Bmcm
 

also stable between PEn and the melting point.How-

ever,Smyth(1974)did observe neither high-T CEn
(C2/c)phase nor high temperature orthorhombic phase
(Bmcm)in the high temperature single crystal X-ray

 
study up to the melting point.

All of the above arguments indicate that the phase
 

relations of enstatite polymorphs,particularly of high-T
 

CEn at high temperature are still not clarified yet.The
 

present study intends to elucidate the high temperature
 

phase relations of enstatite by high temperature in situ
 

X-ray diffraction experiments up to the melting point.

Experimental procedures

 

Starting materials

 

The starting materials used for this study were synthetic
 

MgSiO CEn obtained by heating a 1:1 mole ratio
 

mixture of MgO and SiO.In preliminary heating
 

syntheses at 1300-1500℃,the quenched samples showed
 

mixed X-ray peaks of CEn and PEn.However,the
 

quenched samples heated at 1550°C for three days,
showed pure CEn peaks.

High temperature X-ray diffraction experiments
 

A high temperature X-ray powder diffractometer(Mac
 

Science Co.Ltd.)was used to examine the phase rela-

tions of enstatite at high temperature up to the melting
 

point.The reason to use powdered CEn crystals as
 

starting materials is that the transition rate of powdered
 

crystals is faster than that of a single crystal and CEn
 

transforms faster than OEn.The powdered samples of

 

CEn were placed onto a Pt holder which was inserted in
 

a Pt-heater placed in the X-ray goniometer.Tempera-
ture was monitored by inserting a PR6-30 thermocouple

 
into the hole at the side of the holder.The uncertainty

 
of the measured temperature is considered to be within

 
10°C.

Four series of high temperature X-ray diffraction
 

experiments with different heating processes were
 

carried out;run 1:25-1300°C,run 2:25-1450°C,run
 

3:25-1520°C and run 4:25-1550°C.To show the
 

whole heating process,the sequence of heating steps of
 

the second run is presented in Table 1 as an example,

and the whole heating processes of these four runs are
 

illustrated in Figure 1.In all series of runs,the heating
 

and cooling rates of 10°C/min or 15°C/min were adopt-
ed and X-ray diffraction data were collected mostly at

 
intervals of 50°C or 100°C except for some selected

 
temperature ranges where the data were collected at

 
intervals of 10 or 20°C.Temperatures of the furnace

 
were kept constant for 30 or 60 minutes before the X-ray

 
data were collected.X-ray diffraction intensities were

 
measured with a 2θscanning rate of 1°/min over the 2θ
range of 10-70°for run 1 and run 2,and of 12-47°for

 
run 3 and run 4,respectively.Ni-filtered CuKαradia-
tion was generated from a rotating anode with the

 
excitation condition of 40 kV and 300 mA.Lattice

 
parameters of CEn and PEn were obtained by the least-
squares fitting by the Wilson&Pike method using 18-
40 peaks.
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Table 1.Sequence of heating steps of the second run

The changing rate means that temperature was changed with
 

this rate from this step to the next.



Results

 

Variations of the X-ray diffraction profiles of the four
 

runs with increasing and decreasing temperature are
 

illustrated in Figures 2 and 3,respectively.Figure 2a
 

shows the variation of the X-ray diffraction peaks with
 

increasing temperature for the first run.The peaks of
 

CEn at 1000,1050 and 1100℃were indexed by compar-
ing the observed peaks with simulated ones using the

 
structure data by Pannhorst and Mainz(1984).Simi-

larly,the peaks of PEn at and above 1100°C were
 

indexed by the same way.The necessary structure data
 

to obtain the simulated pattern was furnished from Yang
 

and Ghose(1995).The observed and calculated d-
values of CEn at 1000°C and of PEn at 1150°C in the

 
first run are summarized in Table 2.In the first run up

 
to 1300°C,PEn peaks began to appear among those of

 
CEn at 1100°C upon heating,and CEn disappeared at

 
1150°C (Fig.2a).At 1100°C an extra peak (d＝
3.073Å)appeared and further at 1150°C another extra

 
peak(d＝3.332Å)was recognized.They could not be

 
indexed as PEn or CEn,and they persisted up to the

 
highest setting temperature 1300°C.

In the second run up to 1450°C,only CEn peaks
 

were observed up to 1100°C.But they were replaced by
 

PEn peaks at 1200°C(Fig.2b).Among the PEn peaks
 

two extra peaks which are the same with those found in
 

the first run were also recognized at 1200°C,and they
 

survived up to the highest temperature 1450°C.With

 

decreasing temperature in the first and second runs(Fig.

3a,b),the two extra peaks disappeared at 1000°C in the
 

first run and almost disappeared in the second run,while
 

PEn peaks were recognized at 1000°C in the second run
 

and even at 600°C in the first run.
In the third run up to 1520°C and the fourth run up

 
to 1550°C,very near to the melting point,PEn and two

 
extra peaks appeared between 1100°C and 1200°C(Fig.
2c,d).But these extra peaks disappeared above 1400°C

 
in the third run and 1500°C in the fourth run,respective-
ly,and above those temperatures PEn was the only

 
existing phase.In the cooling processes of PEn,there

 
was no reappearance of the two extra peaks,and PEn

 
peaks still survived below 1000°C in the same way as in

 
the first and second runs(Fig.3c,d).

The lattice parameters of CEn and PEn in the cases
 

of increasing and decreasing temperatures in the second
 

run are listed in Table 3 and the variations of lattice
 

parameters with temperature are illustrated in Figure 4.

Discussion

 

Origin of the two extra peaks

 

It is clear from the present study that CEn inverts into
 

PEn above around 1100°C with increasing temperature
 

and PEn persists up to the melting point,while the two
 

extra peaks appear along with PEn at around 1150°C
 

but disappear above 1400-1500°C.The problem will
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Figure 1. Whole heating processes of the four series of high temperature X-ray experiments.All the symbols mean that diffraction
 

data were collected at those points.



Figure 2. High temperature X-ray powder diffraction patterns of MgSiO enstatite for the processes of increasing temperature in
(a)the first run,(b)the second run,(c)the third run,and(d)the fourth run.C,the characteritic peak(-221)of CEn;P,the

 
characteristic peaks(211)and(221)of PEn;＊,the extra peaks which can not be indexed as CEn or PEn.
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Figure 2.Continued
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Figure 3. High temperature X-ray powder diffraction patterns of MgSiO enstatite for the processes of decreasing temperature in(a)
the first run,(b)the second run,(c)the third run,and(d)the fourth run.C,the characteristic peak(-221)of CEn;P,the

 
characteristic peaks(211)and(221)of PEn;＊,the extra peaks which can not be indexed as CEn or PEn.
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Figure 3.Continued
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be the origin of these two extra peaks which appeared
 

along with PEn with increasing temperature in all runs.

The constant appearance of these two extra peaks
 

implies that they are controlled by the intrinsic structure
 

basis upon heating.

The smaller d values of the two extra peaks at
 

1200°C are 3.075,3.074,3.079 and 3.079Å for the first,
second,third and fourth runs,respectively,and the larger

 
ones are 3.331,3.323,3.327 and 3.328Å for respective

 
runs.The smaller d values correspond to d＝3.06Å

(1145°C)of the characteristic peak of the new high
 

temperature phase reported by Ernst and Schwab(1970).

However,our results are different from theirs in that
 

there was no reappearance of the two extra peaks in the
 

cooling process of PEn as shown in the third and fourth
 

runs.These features suggest that these two extra peaks
 

belong to a metastable phase.

High-T CEn reported by Smith(1969)has the
 

strongest peak of d＝3.06Å and the strong peak of d＝
3.34Åat 1100°C which do not overlap with the peaks of

These are not equal to the d values calculated from the observed 2θvalues by the Bragg equation because systematic errors were used
 

in the least-squares refinements.
Refined cell parameters are a＝9.7311(24)Å,b＝8.9453(18)Å,c＝5.2405(14)Å,β＝108.98(16)°.
Refined cell parameters are a＝9.3104(15)Å,b＝8.8900(19)Å,c＝5.3573(9)Å.
The two extra peaks.

Table 2.X-ray diffraction data of low clinoenstatite(CEn)and protoenstatite(PEn)in the first run
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PEn.We can interpret that these strong peaks corre-

spond to our two extra peaks.Although the d-spac-
ings(3.323-3.331Å)of the lower 2θpeak of our two

 
extra peaks at 1200°C are slightly smaller than that

 
expected from 3.34Åat 1100°C by Smith(1969),this may

 
be due to the fact that this peak is overlapped with the

 
neighbouring higher 2θpeak in our study(Figs.2 and

 
3)and is slightly shifted toward the higher 2θside.
Therefore,it will be reasonable to deduce that these two

 
extra peaks originate from the small amount of metasta-

ble high-T CEn coexisting with PEn.As shown by the
 

distinct discontinuous change of the cell volume in the
 

CEn-PEn transition in Figure 4,the CEn-PEn transi-
tion is the first order and the structure difference between

 
CEn and PEn seems larger than that between CEn and

 
high-T CEn.Therefore,the CEn-PEn transition will

 
be slower than the CEn-high-T CEn transition.Because

 
of this,the small amount of CEn still survived above the

 
CEn-PEn transition temperature,and they inverted to

 
high-T CEn instead of PEn above the metastable transi-
tion temperature between CEn and high-T CEn,result-
ing in the coexistence of the large amount of PEn and

 
the small amount of high-T CEn.Survival of high-T

 
CEn for the wide temperature range above the metasta-

ble transition temperature,as observed in Figures 2 and
 

3,may indicate that once metastable high-T CEn is
 

formed,it does not easily transform into stable PEn.

Stability field of high-T CEn above PEn?

In the fourth run up to 1550°C in our study we did not
 

observe any other peak except those of PEn from 1500°C
 

to the melting point,indicating PEn is the only existing
 

phase.The abrupt change of peak intensities of PEn at
 

temperatures from 1540°C to 1550°C and the intensity
 

reduction of the PEn peaks at 1550°C with time prob-
ably imply that temperature is very close to the melting

 
point and the sample was affected by the precursory

 
effect before melting.Therefore,we may say that there

 
is no stability field for high-T CEn above that of PEn,
because there is very little possibility that the transition

 
from PEn to high-T CEn(probably the first order)
needs much more time than that of the fourth run(3

 
hours at 1550°C),or that PEn transforms into high-T

 
CEn in the very narrow interval of 1550°C-1557°C.
This is consistent with the report by Smyth(1974)that

 
he did not observe high-T CEn above the stability field

 
of PEn till the incongruent melting point.

Stability relations of enstatite polymorphs

 

The schematic diagram of the Gibbs free energies of
 

enstatite polymorphs can be estimated from the data of
 

appearances and disappearances of enstatite polymorphs
 

with increasing and decreasing temperature in the pres-

Table 3.Refined cell parameters for low clinoenstatite(CEn)and protoenstatite(PEn)at room and high temperatures in the
 

second run

Temperature in the cooling process.
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ent study,and the results of previous studies,as illus-

trated in Figure 5.Based on this free energy diagram,

the transition behaviors of enstatite polymorphs with the
 

variation of temperature in our high temperature X-ray
 

diffraction experiments are explained as follows.

When CEn is heated from room temperature,OEn
 

becomes stable at temperature above A in Figure 5.By
 

the sluggish transition from CEn to OEn,however,CEn
 

does not transform into OEn.Even at B,CEn does not
 

instantly transform into PEn because the CEn-PEn
 

transition is the first order and sluggish,although it is
 

not so sluggish as the CEn-OEn one.After some
 

overheating beyond B,most of CEn transforms to PEn
 

and the remaining small amount of CEn transforms
 

metastably into high-T CEn above C because of the fast
 

CEn-high-T CEn transition.The coexistence of a
 

large amount of PEn and a small amount of metastable
 

high-T CEn can be explained by these different rates of

 

Figure 4. Variations of cell parameters of CEn and PEn with temperature in the second run.Triangle and square symbols represent
 

CEn and PEn,respectively.Symbols with gray line mean the process of increasing temperature and symbols with solid line mean
 

the process of decreasing temperature.Standard deviations are smaller than the symbols.

Figure 5. Estimated Gibbs free energy diagram for the enstatite
 

polymorphs.
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both transformations.With further temperature
 

increase,the small amount of high-T CEn eventually
 

transforms into PEn.

When a mixture of PEn and metastable high-T
 

CEn is cooled as for the first and second runs,high-T
 

CEn inverts into CEn below temperature C.Mean-

while PEn becomes unstable below point D,but does
 

not transform into OEn because of the sluggish transi-

tion rate of PEn into OEn.PEn inverts to CEn after
 

some undercooling beyond B,although some part
 

remains as PEn to room temperature depending on the
 

cooling rate.Therefore,on cooling high-T CEn dis-
appears first and then PEn disappears as observed in the

 
first and second runs.When the single phase of PEn is

 
cooled as for the third and fourth runs,PEn passes

 
through point D and transforms to CEn after some

 
undercooling beyond B.It should be remarked that in

 
this case there is no chance for high-T CEn to appear

 
because the free energy of high-T CEn is always higher

 
than that of PEn.In this way,the observed appear-

ances and disappearances of enstatite polymorphs in all
 

the runs are successfully explained.

From this diagram,transition behaviors of enstatite
 

polymorphs using OEn as a starting material are also
 

predicted.When OEn is used as a starting material,

metastable appearance of high-T CEn with increasing
 

temperature will also be possible above E.In this case,

high-T CEn will appear at higher temperatures than in
 

the case where CEn is used as a starting material,as
 

observed by Shimobayashi and Kitamura (1993),

because of the relative positions of C and E on the free
 

energy-temperature curve of high-T CEn.
However,it must be remembered that the actual

 
appearance or disappearance of high-T CEn depends

 
on the kinetic factors such as rate of temperature rise or

 
duration of stay at a particular temperature.This will

 
be the cause of the variations in the appearance of high-
T CEn observed in the previous studies.

Concluding remarks

 

High temperature in situ X-ray diffraction studies of
 

enstatite MgSiO up to the melting point elucidated the
 

following points hitherto controverted.

1.Upon heating,CEn transformed into PEn at around
 

1100°C with a discontinuous change of molar volume,
and PEn persisted up to the melting point.

2.Two extra diffraction peaks which could not be
 

indexed as CEn or PEn appeared along with PEn at
 

around 1150°C but disappeared above 1400-1500°C with
 

further temperature rise.These peaks did not reappear
 

on cooling of PEn.From these behaviors coupled with

 

d-spacings of these peaks,they are thought to be
 

originated from high-T CEn metastably transformed
 

from CEn.

3.PEn is the high temperature stable phase up to the
 

melting point,and there seems no stability field for
 

high-T CEn above and below that of PEn.
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