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Assrnecr

Stability relations of MnSiOe have been studied over the temperature ra.nge
780 to 1400"C at pressures up to 130 kbar with the aid of the tetrahedral press
and the Bridgman anvil with internal heating system. Four polymorphs have
been identified and designated as I to IV in the order of increasing pressure.
The atmospheric-pressure phase, MnSiO" I with a rhodonite structure trans-
formed to MnSiOs II with a pyroxmangite structure. An equilibrium phase
boundary between I and II was determined as P(kbar) - 10 + 0.026 

"('C).MnSiOa II pyroxmangite transformed to MnSiOrr III with a monoclinic pyroxene
structure on the boundary curve represented approximately as P(kbar) = 19 *
0.057 ?("C). MnSiOa III clinopyroxene further transformed to MnSiOs IV with a
distorted garnet structure at, pressures a.bove 125 kbar. The density increase in the
course of the high-pressure transformations was calculated at zero pressurc as 0.5Vo
for the I-II, as l.\Vo for the II-III, and, as l3.lVo for the III-IV transformation.

INTnonucrroN

The known crystal structures of pyroxenes and pyroxenoids may
be characterized in terms of approximate closest packing of oxygen
atoms, with Si filling tetrahedral interstices and larger cations, e. g.
Ca, Mn, Fe, Zn, Co, Mg, occupying octahedral sites (Liebau, 1962;
Prewitt and Peacor, 1964; Syono et aL,1971). Although in all these
structures the SiO+ coordination tetrahedra each shaxe two vertices
to forrn continuous single chains, an essential difference between
pyroxenes and various pyroxenoids is the length of the rcpeat unit
along the silicate chains: in pyroxenes the chain repeats after every
two tetrahedra; in wollastonite (CaSiOs) and bustamite (CaMnSizOo)
after every three (Buerger and Prewitt, 1961; Peacor and Buerger,
f9ffi) ; in rhodonite (Mn+CaSisOrr) after every five (Peacor and
Niizeki, 1963); in pyroxmangite ([Mn, Fe, Ca, Mg]SiOs) and pyrox-
ferroite (Cas.15Fee.s5SiOg) after every seven (Liebau, 1959; Lindsley
and Burham, 1970) ; and in ferrosilite III after nine (Burnham, 1966) '

The atmospheric-pressure phase of MnSiOs is known to have a
rhodonite structure, one of the pyroxenoid structures (Glasser, 1958;
Liebau et al.,1958). Ringwood and Major (1967) made a reconnais-
sance study on the high-pressure transformations of MnSiOs using
MnSiOa glass and natural and synthetic rhodonite as starting ma-

l Present address: Research Institute for fron, Steel, and Other Metals,
Tohoko University, Sendai 980, Japan.
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terials. They found an unidentified polymorph of MnSiO3 at pressures
between 30 and 60 kbar and observed the transformation to a pyroxene
type polymorph at, pressures between 60 and 90 kbar. At pressures
above 120 kbar they reported the synthesis of a high-pressure phase
of MnSiOg which apparently had the garnet structure.

It is the purpose of the present paper to investigate the detailed
stability relations in MnSiOs at high pressures and high temperatures,
which lead to a better understanding of the crystal chemical relations
between pyroxenoids and pyroxenes. It is also intended to identify
the crystal structure of Ringwood and Major's unknown phase and
to reflne the cell data on the pyroxene and garnet phase of MnSiO3,
since we can prepare better crystals of these phases.

Exppnrrrnxrel Pnocnounn

The atmospheric-pressure phase of MnSiOa was prepared by mixing intimately

MnO and SiOr in the required proportions, pressing the mlxture into a tablet, and

firing at I22O"c for more than 10 hours under a controlled atmosphere. The control

of the partial pressure of oxygen was made by the mixed gas tecbnique using COrHz
system with mixing ratio of CO2 to H2, Pco,/Ps, of 3/1. Structure analysis carried

out by Tokonami and Morimoto using single crystals grown at the above condition
revealed that the MnSiOs thus obtained had a rhodonite structure with triclinic sym-

metry. cell data were determined by means of a four-circle single crystal difrractom-

e t e . a s a : 7 . 6 1 6 ( 3 ) , E , , b : 1 1 . 8 5 1  ( 5 )  i . , c  : 6 . 7 0 7  ( 2 )  - 8 ,  o  : 9 2 " 3 3 ' ( 6 ) ,  A  :

94"21'(6'), z : 105"40'(6'), cell volume y : 580.0 AB, number of formula unit per

cell(Z) : 10 and calculated density (D,) : 3.75 g/cm3.

High-pressure and high-temperature experiments were made with the aid .of
a tetrahedral press up to 100 kbar and 1400"C, using specimens prepared as

described above as starting materials. Three different sizes of cemented tungsten

carbide anvils with 25 mm, 15 mm, a,nd 9 mm edge length were used, depending

upon maximum pressure desired. Powder samples of the starting materials were

directly embedded in the tubular graphite furnace which was placed diagonally

with the axis of the cylinder between opposite edges of the baked pyrophyllite

tetrahedron. The pressure values in the runs were calibrated at room tempera-

ture on the basis of the pressure scale recommended at the Symposium on the

Accurate Characterization of the IIigh-Pressure Environment, u. s. National

Bureau of Standa.rds, October, 1968: Bi I-II,25-5 kbar; Tl II-[I' 36.7 kbar; Ba

I-II, 55 kbar; Bi III-V,7z kbar; Sn I-II, 100 kbar- The run temperatures were

measured in the central part of the samples with a Pt/Pt-I} percent Rh

thermocouple. No correction was made for the effect of pressure on tlr'e e'm'f '

of the thermocouple, since this effect is not quantitatively known for this

thermocouple in the range of temperatuhes and pressures employed.

In the runs for pres,sures exceeding 110 kbar, a Bridgman anvil type of

high-pressure apparatus with internal heating system (Nishikawa and Akimoto,

1971) was used. The Bridgman anvils used in the present study a,re 26 mm in

diameter at, the truncated face. Pressure values in the Bridgman anvil were

calibrated at room temperature against Drickamer's revised pressure scale
(Drickamer,1970). Ba II-III and Pb I-II transition pressures were tentatively

l a



78 AKIMOTO AND SYONO

fixed as 120 and 130 kbar respectively. The validity of this method of preszure
calibration for high-temperature use was guaranteed through the study of the
coesite-stishovite phase transformation (Nishikawa and Akimoto, 1971).

Phase relations of MnSiO" at high-pressures and high-temperatures were
determined by means of the usual quenching method. After pressure was ap-
plied to the samples, the temperature was brought to the desired vatrue and
held for the desired interval of time. Then the sample was quenched by switch-
ing off the power to the furnace under the working pressure. After releasing
the pressure slowly, the phases present in the central part of the quenched
samples were examined by the X-ray difiraction technique. Unit cell dimensions
of some high-pressure phases of MnSiO" were determined by a leasGsquares
refinement of the powder data which were collected by X-ray diffractometer
with scanning speed of 0.5'(20) per minute.2d angles were calibrated witn pure
silicon standard. CuKa, radiation was used throuehout.

Rpsur,rs aND DrscussroN

Equilibrium data at various pressure-temperature-time conditions
ate summarized in Table 1. Diagrams showing the phases present and
their stability fi.eld are given in Figure 1. MnSiO3 I with the rhodonite
structure became unstable beyond about 30-43 kbar and transformed
to a high-pressure polymorph of MnSiO3 II. Structure analysis carded
out by Tokonami and Morimoto using a single crystal grown at 24
kbar and 1320'C revealed that MnSiO3 II was assigned to be a pyrox-
mangite structure with triclinic symmetry. Cell data determined by
them are a = 6.721(2) L, b : 7.603(3) A, c = lZ.4Eb(6) A, o =
113'10'(6'), F : 82"16'(6'), y = 94o08'(6'), cell volume 7 = 808.0
A', number of formula unit per cell (Z) = 14, and calculated. density
(D,) : 3.77 g/cmg. A more comprehensive report on the structure
of MnSiOg II will be published elsewhere. The X-ray powder dif-
fraction pattern of MnSiOs II includes all the strong reflections re-
ported by Ringwood and Major (1967) on their samples synthesized
at pressures between 30 and 60 kbar and 700oC. This suggests that
the new phase reported by Ringwood and Major is successfully
identified as pyroxmangite. Experimental runs using MnSiOs II as
starting material proved that the transformation between MnSiOg I
and II was completely reversible. An equilibrium phase boundary
was determined as P (kbar) : 10 * 0.026 f ("C).

MnSiOa II transformed to MnSiO3 III above about 70-g5 kbar.
This transformation is accompanied by the remarkable color change
from light pink of MnSiOs II to light lilac of MnSiOa III. The X-ray
diffraction lines of MnSiOg III could all be indexed on the basis of
a monoclinic pyroxene strueture. The unit cell parameters and both
the observed and calculated d-spacings are listed in Table 2. Structure
analysis by Tokonami and Morimoto using a single erystal grown at
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100 kbar and 1200oC Lor 25 minutes established that Mn$iOs III
was assigned to be the monoclinic pyroxene structure with space group

of P 2r/c. Reverse reactions using MnSiOs III as starting material
yielded a successful result. The MnSiOs II-III transformation curve
was tentatively fitted by the linear relation P(kbar) : 19,* 0'057
?("C). Ringwood and Major (1967) also reported the synthesis of
MnSiOe pyroxene in the similar pressure range to the present study.
Although they presumed an orthopyroxene for MnSiOs III, only a
clinopyroxene form was found to be stable in a relatively wide region
in the pressure-temperature diagram.

In the run using the Bridgman anvil type of high-pressure appara-
tus, it was found that MnSiOg III furiher transformed to another

Tabte L Resufts of runs on the high-pres5ure and high-tenperature

phase transfomations in Mnsio?
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R u n  n o . f ,  P r e s s u r e ,  k b a r  T e n p e r a t u r e ,  o c  T l m e ,  m i n Phases present

1 9
2 2
2 a
2 T
3 I
2 9
2 5
26*
2 0

2 7 *
3 0
2 4
1 3
1 8 * *
I 2

2
9
3

I
5

1 7 * *
1 0
1 1

1 6 * *
I 4

7

3 4

3 7
? q

? q

7 4
7 6

7 9
8 2
a 2
8 8
8 8
9 1
9 8

1 0 0
1 0 0
115
r ! 7
1 1 9
1 1 9

L25
130

103 0
8 3 0
9 7 0

1 0 4 0
1 1 0  0
1 3 0 0

8 8 0
1 1 9  0
1 0 4 0
1  L 0 0
1 3 0 0
1 4 0 0
1 2 0 0
1 3 0 0

8 6 0
9 4 0
9 0 0

1240
1320

8 5 0
1 0 3 0
L230
r270
1 1 7  0

9 5 0
1 2  0 0
1 0 9 0
1 3 2 0
I290
1 0 0  0
1 1 4 0
1 2 0 0

920
8 0 0
7 8 0

r 0 0 0
8 0 0

r 0 0 0
8 0 0

7 0
1 0 0

6 0'75

6 0
4 0
7 0
6 0
1 5

2 5
3 0

2 5'70

8 5

3 0
15

3 0
3 0
2 0
5 0
4 5

4 0
3 0
2 0
21,
3 0

6 3
1 0 0

2 0
5 0
8 0
4 0
9 5

!hodonite
rhodonite
rhodonite
rhodonite
rhodonite
rhodonite
pyroruanglte
pyronangite + rhodonite
pyroxmangite
pyroman9rte
rhodonite
rhodonite
pyromang i te
pyromangite
pyromangite
pyromangite + cLinoPYroxen€
^ r  i  6 ^ ^ r ' r ^ v o n a

+ trace Pyroxnangrte
pyro)mngrte
pyronanglte
^ 1  i  - ^ n ! ' v ^ v a n a

pyroxmangite
pyromanglte
pyroxnangate
pyromangite
cl inopyroxene
pyroxmangite
cl inopyroxene
pyromangite
cl inopyroxene
cl inopyroxene
cl inopyroxene
cl inopyroxene
cl inopyroxene
cl inopyroxene
cl inopyroxene
^ 1  i  n ^ h v r ^ v a h a

garnet + cl inoPyroxene
garnet

9arneE
+ trace cl- inoPyroxene

* start ing nater ial  :  14nsio3 I t  pyromangite

** start l -ng mater ial  :  MnSiO3 I I I  c l inopyroxene

# unless otheff ise stated'  start ing Rter ials are Mnsiol  r  rhodonrte'
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P r e s s u r e ,  k b o r
(l)  rhodonite (I I)  pyroxmongite (t l t)  cl inopyroxene (TV) gornet- l ike

Ftc. l. Synthesis diagra.m for the high-pressure and high-temperature rralm-
formations of Mnsios. starting materials are Mnsios r, rhodonite, except for
reverse reaction runs indicated by squares.

high-pressure phase MnSiO3 IV at around l2b kbar. Complete trans-
formation was attained at 126 kbar and at 1000"C. MnSiOe IV
showed the powder X-ray diffraction pattern similar to garnet. presenr
results are quite consistent with the preliminary report by Ringwood
and Major (1967). Considerable splitting of diffraction lines of garnet
was observed in the X-ray powder pattern of MnSiO3 IV. This sug-
gests that MnSiOg IV is analogous to the CaGeOa and CdGeOg garner-
like phase, of which structure was first suggested by Ringwood and
Major (1967) and analysed in detail by prewitt and Sleight (1969).
In Table 3 both observed and calculated d-spacings of MnSiOB IV
are given on the basis of the tetragonal unit cell which was estab-
lished by Prewitt and Sleight (I9G9) for CdGeOa and CaGeOs with
garnet-like structure. rt is seen that the reflections of the powder
X-ray diffraction pattern can be successfully indexed on the basis
of this unit cell. The unit eell dimensions of the tetragonar rattice
are determined to be a = 11.76g(3) A, c = 11.624(8) A and celr vor-
ume 7 = 1610(1) A'. As was suggested by Ringwood and Major
(1967) the tetragonal distorsion of MnSiOg IV is most probably due
to the ordering of Mn2' and sia. ions into distinct crystallographic
sites: Mn2* ions occupy the dodecahedral and octahedral sites, and
Sia* ions the octahedral and tetrahedral sites.
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Pewder data for clinopyroxene MnSio.

4obs dcalc rntenFity
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T 4 b l e  2 .

t rE . l

1 1 0

2 0 0

1 1 I

2 2 0

2 2 L

3 1 0

1 3 1

0 0 2

2 2 L

L L 2

J J  I -

2 2 2

1 5 0

4 2 i

5 3 1

6 0 0

6 . 5 6 3  A

4 , 5 8 1

3 . 6 2 5

3 . 2 8 0

3 . 0 7 5

2 . 9 5 7 2

2 , 6 3 t 5

2 . 5 L 5 9

2 . 5 0 8 1

2 . L 9 4 3

2 . L 8 7 7

2 . 1 5 0 8

2 . 0 6 6 6
1  q q q ?

1 . 8 4 5 1

1 . 8 1 3  |

1 . 8 0 1 4

L .7 6]-5

r . 6 5 5 6

1 . 5 6 1 5

1 .  5 1 9 6

4 . 4 8 2 0

6 . 5 5 7  A  3 0

4 . 6 8 5  5 0

3 . 6 2 7  I 0

3 . 2 7 8  7 0

3 . 0 7 1  7 0

2 . 9 5 6 7  1 0 0

2 . 6 3 L 2  4 0

2 . 5 1 6 2  3 0

2 . 5 0 7 4  4 0

2 . L 9 4 r  4 0

2 . L 8 7 2  5 0

2  . 1 5 0 8  1 0

2 . 0 6 6 8  2 0
- L 0

-  r u

1 . 8 1 3 6  3 0

1 . 8 0 1 5  3 0

r . '7  6 l -5  10

1 . 6 5 s 7  3 0

I . 3 O I O  J U

- 1 0

- f v

l v l .onoc l in ic  t  I  -  9 .864(2)  A

b  =  e . I 7 e ( 2 )  A

g  =  5 . 2 9 8 ( 1 )  A

B  =  7 L o 4 7 t  ( L t l

Y = 455.6 (2) A3

z  =  g t  p c a l c =

Note : InterpLanar d-spacings werd deterrnined

cl irect ly from dif fract ion chart using cu Kdr

radiat ion. fntensity was estimated from dif fract ion chart.

3 , 8 2  g / c m 3
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Using cell dimensions of high-pressure polymorphs of MnSiO3,
the density increase in the course of the high-pressure transforma-
tions of MnSiOe was calculated at zero-pressure as 0.5 percent for
the I-II transformation, as 1.3 percent for the II-JII transformation,
and as 13.1 percent, for the III-IV transformation. The total density
increase from the rhodonite to garnet-like structure amounts Lo I5.2
percent. The small density change in the transformation of MnSiOg
I-II-III, and the large density change in the transformation of
III-IV can be explained by the fact that the former is accompanied
by no change in the primary coordination number of cations, whereas
the latter is accompanied by a parbial increase in the coordination
number both in Mn'z. (6 + 8) and in Sia* (4 + 6), on account of the
formation of the distorted garnet.

Systematic change in a certain repeat unit of the crystal structure is
often found in the pressure-induced phase transformations without
any change in the coordination number of constituent atoms. A typi-
cal example is seen in the olivine-spinel transformation, in which the
stacking unit of oxygen layer changes from hexagonal close-packed
type to a cubic close-packed one. It is also found in the high-pressure
transformations of the hexa,gonal perovskite-like compounds of ABX;
that the repetition of the stacking of. AXs layers occurs along the
hexagonal c-axis (or cubic [ll1] axis) after every second, ninth,
fourth, sixth, and third layer with increasing pressure (Syono et al.,
1969). The pyroxenoid-pyroxene transformation established in the
present study is likely to add one more ca,se to the list of examples
of the high-pressure transformation where the mode of stacking
changes regularly. The detailed structure analyses for MnSiOs I, II,
and III, which are now being carried out by Morimoto and Toko-
nami, confirm that the repetition of silicate chains occurs after every
five tetrahedra in the rhodonite form, after every seven tetrahedra
in the pyroxmangite form and after every two tetrahedra in the clino-
pyroxene form of MnS,iOa (Morimoto, private communication, 1gZ1).

The structures of ionic compounds are Iargely governed by the
radius ratios of constituent ions. It is well known that the number
of repeats in the chain pattern of pyroxenoids and pyroxene incrdases
with decreasing average size of the octahedral cation. There is a Side-
step after an infinite repetition of two tetrahedra unit in the pyroj<ene
structure. When MnSiO3 is subjected to high-pressure, the Mn2JSia*
ionic radius ratio is expected to become smaller since the Iarger Mn2*
ions tend to contract relatively more than the small Siat ions. Hbnce
it may be reasonable to presume that the high-pressure phas0 of
MnSiOa is turned into the pyroxenoid and pyroxene corresponiling
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Tab le  3 . Powder data for garnet-like MnSiO3

h k L -carc Intensi ty

1.0
< 1 0

< 1 0

< 1 0

6 0

3 0

1 0 0

1 0 0

5 0

1 0
? n

t5

< L 0

z v

1 0

] U

1 0

1 0

2 0

2 0
2 0

3 0
3 0
3 0

Te t ragonaL ,  q  =  11 .769 (3 )  A

c  =  1 1  . 6 2 4  ( 3 )  A

V = i -510 (1)  A3

z  =  32 ,  pca l c  =  4 .32  g /em)

Note 3 InterPlanar 4-spacings were determined directly from

dif f ractJ.on chart  using cu Kdr radiat ion.  Intensi ty was est imated

from diffraction chart.
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2 I t  4 . 8 0 0 A 4 , 7 9 5 A

3 2 I  3 . 1 4 1  3 . 1 4 3
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2  1 "  3  3 . 1 1 8  3 . 1 2 0

4 0 0  2 . 9 4 2 5  2 . 9 4 2 2

0 0 4  2 . 9 0 6 0  2 . 9 0 6 0

4 2 0  2 . 6 3 3 . 5  2 . 6 3 1 6

4  0  2  2 . 6 2 5 5  2 . 6 2 5 0

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

2 2 4  2 . 3 8 3 4  2 . 3 9 2 4
-  2 . 3 0 6 3

5 2 r  2 . 1 4 9 3  2 . 1 4 7 8

s ! 2  2 . 1 4 5 4  2 . L 4 5 L

2 1 5  2 . r 2 6 L  2 . L 2 6 6

-  1 . 8 9 0 8  -

4 4 4  1 . 6 9 1 1  1 . 6 9 1 5

6 4 0  1 . 6 3 1 8  ! . 6 3 2 0

6  0  4  r . 6 2 5 5  t . 6 2 5 8

4 0 6  1 . 5 1 8 1  L . 6 1 8 0

6 4 2  I . 5 7 I 2  l - . 5 7 1 3

6 2 4  I . 5 6 7 3  ! . 5 6 7 L

4 2 6  1 . 5 6 0 4  1 . 5 6 0 r
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to the smaller average size of the octahedral cation. These considera-
tions may explain the rhodonite-pyroxmangite-clinopyroxene trans-
formation of MnSiOs found in this study.
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