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AssrRAcr

In the MnSiOrMgSiOa join a pyroxmangite.rhodonite peritectic exists on the
liquidus at a composition of approximately (Mno.ozMgs.ss)Sioa at 1350oC * 5oC in
air. Unit-cell dimensions are given for the continuous solid-solutions of pyroxmangite
at compositional range (Mns.6eMgs.ro)SiOs-(Mno.rsMgs.es)SiOa and for rhodonite
at compositional range (Mno. ooMgo. ro)SiOa-MgSiOa.

Single crystals of pyroxmangite, (Mno.soMgo.so)Sios and rhodonite, (Mno.ro
Mgo.zo)SiOa were grown to a maximum sizo of 5mm X 3mm N 2mm by slow cooling
of the melts. At 1200'C in air, the join MnSiOs-MgSiOa consists of four phases,
0.4., triclinic rhodonite, at MnSiOs-(Mno.rsMgo.rs)SiO3; triclinic pyroxmangite,
at (Mno.soMgo.ro(SiOs-(Mno.zsMgo.zr)SiOa; clinopyroxene, at (Mno.zoMgo.so)
SiOg-(Mno.roMgo ss)SiOa and orthorhombic protoenstatite, at (Mno.roMgo.eo)-
MgSiOa. The phase transformation at fixed P and T for (Mn, Mg)SiOa appears to
be controlled by the mean cationic radii for the variable Mn and Mg contents. A
narrow but distinct rhodonite-pyroxmangite coexistence region is found below the
solidus around (Mno. aoMgo. ro)SiOa-(Mno. ssMgo. rr)SiO.

INrnooucrroN

A discontinuous solid-solution (rhodonite-pyroxene2) in the join
MnSiO3-MgSiO3 under atmospheric pressure, with a break in the
liquidus profile at approximately 50 mol percent MgSiOe and 1330"C,
was first noted by Lebedew (1911). The phase equilibrium study by
Glasser and Osborn (1960) using a controlled atmosphere (Hz 20 per-
cent and COz 80 percent) along this join defined an unbroken
rhodonite solid-solution series. It extended from the MnSiOa end mem-
ber (incongruent M.P. 1291'C) to compositions containing a maxi-
mum of 94.5 wt percent of MgSiO3 at 1454"C. These authors, however,
noted that the X-ray powder diffraction pattern of 10 MnSiOg.90
MgSiOa wt percent appeared significantly different from that of
rhodonite, but they presented no crystallographic data.

In the present study quenching and slow cooling carried out in the
air at temperatures ranging from 1200oC to 1520'C reveals a pyrox-
mangite-rhodonite peritectic at 1350"C =L 5oC at approximately
(Mno.azMgo.B3)SiOs as found by Lebedew (1911) at (Mne.64Mgo.Eo)SiO3.

' Mineralogical Contribution No. 486.
'Since pyroxmangite was not estatrlished as a valid species until 1913 (Ford

and Bradley), Lebedew described the MgSiO"-rich phase as orthorhombic py-
roxene, but this was no doubt pyroxmangite.
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A tentative phase diagram along this join, the result of the crystal
growth attempts for both rhodonite and pyroxmangite, and a crystal
chemical discussion on the formation of pyroxenoids are given in this
paper.

ExppntunNrer, Mnrnon

Starting materials used for this study were mixtures of the analyzed C. P'
grade reagents of silicic acid, manganese carbonate, and magnesium hydroxide.
These were thoroughly ground with a small amount of ethyl alcohol in an agate
mortar. The charges were placed in a platinum container and were heated in a
pre-heated silicon carbide furnace. Temperatures were controlled within 5'C by a
proportional controller using a Pt-Rhs percent thermocouple. The products were
quenched to room temperature, except in the case of single crystal growth

experiments (Table 1) in which the crystals were slowly cooled to room tempera-
ture in order to avoid thermal shock. For the synthesis runs approaching two
phase boundaries at temperatures oonsiderably below (>50"C) solidus, at least
two grindings and repeated heating were necessary to reach equilibrium. Mixtures
of crystalline rhodonites and pyroxmangites with the different Mn/Mg ratio
obtained by the slow cooling experiments (Ta:ble 1) were used as starting
materials for the experiments in establishing subsolidus equilibrium between
rhodonite and pyroxmangite at 1250'C. The reaction between the rhodonites and
the pyromangites having the di-fferbnt chemical compositions took place within
100 hours to reach equilibrium. The samples were thoroughly ground every 24
hours. The deta.iled results of quenching experiments zumma,rized in Table [I]
have been deposited with the National Auxiliary Publication Service'.

Unit-cell dimensions were measured using X-ray powder diffraction (CuK*t

with Si standard) and refined with a least square computer program written by
Dr. Daniel Appleman of the U.S. Geological Survey. Indexing of the diffraction
peaks was facilitated using both the existing data of Lindsley and Bumha'rn
(1970), Momoi (1969), and Chao et al. (1970) and the intensity data observed
on the precession single crystal photographs. These were taken at three axes for
the natural pyroxmangite from Taguchi, Japan (Momoi, 1964) and two syn-
thetic pyroxmangite crystals grown from melts having the compositions of
(Mno *Mgo *)SiO" and (Mno.-M&.*)SiOr.

Rpsur,rs AND DrscussroN

Unit-cell Data

The unit-cell dimensions for the eight pyroxrna,ngites syn-
thesized in air within the solid-solution range Mno.roMgo.eosiO'-
Mns.6sMgo.aeSiO3, and the five pyroxmangites synthesized hydro-
thermally within the solid-solution range Mno.ooMgo.ao-MnSiOr are
listed in Table [II] together with the data for MnSiOa II (pyroxmangite)

'To obtain a copy of this material, order NAPS Document Number 01770
from National Auxilia,ry Publications Service of the A.S.IS., c/o CCM Informa-
tion Corporation, 866 Third Avenue, New York, New York 10022; remittinc $2'00
for microfiche or $5.00 for photocopies, in advance, payable to CCMIC-NAPS'
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T a b l e  1 .  R e s u l t s  o f  s l o w  c o o l l n g  o f  n e 1 t s .

Met t
Conpos l t lon  Tenpera ture  range (oC)  Coo l lng  ra te  p roduc ts

mel t  soak lng  end oC per  hour
(nourJ

(Ms R^Mn 
" " )s lo -  

15oo 3  1 t5o  3  i rn t  pyroxnangt te' 
. crystals 3xzx}mm.

( M g . 7 g M n . 3 9 ) s i o 3  1 4 9 0  5  r 2 o o  3  A g g r e g a t e s  o f  s n a l l
py roxnang l te  c rys ta l .s .

(Mg.69Mn.4g)s io ,  1470 5  rzoo 3  r , lgh t  b rown pyroxman-
g l t e  c r y s t a l s  1 x 1 x 0 . 2 m .

(Mg.5gMn,59)s1o3 L45o 5  1180 3  Large 1 lshb brown
pyroxnang l te  c rys ta ls
5x3x2m wi th  sna l l
rhodon i te .

(Mc .45Mn .55 )s i 03  15oo

(Mg .43Mn .57 )S1o ,  15oo

(Mg .4eMn .6s )s l o3  1450

(Mc .35Mn .55 )s10 ,  14oo

( i " l c . 34Mn .66 )s103  14oo

(Ms. 
321'{n,68)s io3 ] . t {00

(Me .3Orv rn .7O)s l o3  I q2o

(Ms .25 i v1n ,?5 )s103  l q2o

(Mc .2sMn .gq )S io ,  1440

. (Me .1s l { n ,99 )s l o3  14oo  1  12oo

867

3  1180

2  1 1 8 0

6  1180

3  13oo

3  13oo

3  13oo

6  I 18o

5  1180

F  r 1 9 ^

3 Mass ive  pyroxmang l te
n txed w i th  a  smal l
amount  o f  rhodon l te . .

5  Mass lve  n lx tu re  o f
pyroxmanglte and
rhodon i te  w i th  pyrox-
nanglte fringe and
rhodon l te  done,

6  Mass ive  mlx tu re  o f
pyroxmangite and
rhodon i te  w l th  dones
of  pure  rhodon l te .

25  Mass lve  rhc idon l te  and
,  pyroxmang i te .

20  Mass ive  rhodon i te  and
pyroxnang l te .

20  MassLve rhodon lEe

3 Mass lve  rhodon l te .

3  Rhodon l te  and
c r l s t o b a l l t e ,

10  Crys ta ls  o f  rhodon l te
!x4x2m wl th  opaque
lnc fus lon .

I0  Crys ta ls  o f  rhodon l te
and sna l l  t r ldyml te .

5  Mass lve  rhodon l te  and
t r l d y m l t e .

(r.hsi03

0 , 5 5  M n O  +
0 . 4 5  S i o z

I  ? q n 1  1 2 4 0

1300  6  12oO 2 Rhodon i te  c rys ta ls  and
manganese ox ldes .
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dry high-pressure (Akimoto and Syono, 1972);the data are also plotted

graphically in Figure 4'
" 

iables trrl u"a trfrlhave been deposited with the National Auxiliary

Publication Service'.
The changes observed for the unit-cell dimensions of the pyroxmangrte

series (Figs. 2 and 3) are almost linear functions of Mn and Mg con-

tents. Yei there is some evidence for lack of linearity. The observed

small gap at the composition Mns.66Mgo.+oSiog between the two series

of pyroxmaogites synihesized one in the air (teft) and the other 'nder

*ui". p""..*:" (rigilt) may not be significant enough to discuss unless

more information on the vapor phase activities and the precise com-

positional data are obtained.
The unit-cell dimensions of the rhodonites series (Fig. 4) are more

nearly linear with composition than those of the pyroxmangite series.

Phase Stud,y

The tentative phase diagram for the join MnSiOa-MgSiO' in air

between 12000c and 15200c is constructed using the results of the

p r e s e n t s t u d y ( T a b l e l a n d T a b l e [ 1 ] ) . T h e s e d i s t i n c t l y s h o w t h e
rhodonite-pyroxmangite peritectic at 1350"C + 5oC at approximately

(Mno.urMgo.a3)Sior. The region above 1520oC is excluded because

of tn" complexity expected irom the results of the detailed study by

Glasser uod O.bo* (fgOO) at temperatures above 1520oC and com-

positions between MgSiOa and (Mgs.snMno.ro)SiOs' On the whole'

ihe results of Glasser a=nd Osborn (1960) and those of the present work

agree well except for the peritectic, although the latter experiments

w-ere carried ooi io air; the diagram presented here does not represent

u t"u" binary system, since a small amount of higher valency ionic

manganese 1.".... oxygen)-other than divalent manganese-is

presJnt, particularly in' compositions over MnSiOa 60 mol percent'

The amount of Mnro, in ihe bulk sample of (Mno''oMgo'go)sioa'

mainly due to the admixed unidentified manganese oxides, was found

to be 0.2 wt percent, and the amount increases progressively up to

1.5 wt percent at the MnSiOg composition' However, the compositions

having^Mg contents higher than 40 mol percent are virtualiy free from

uoy uppr".iable amouit of Mnroa, especially in the silicate crystals.

The a-ount of higher valency ma,nganese in rhodonite' MnSiO'

quenched at over rioo"c in air is in fact, negligible (Muan, 1959).

In.any case, the phase diagram of this join may require complete

restudy under controlled partial pressure of oxygen Po,'

'See footnote on Page 865.
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A significant diffgrence in the composition for the peritectic point.
between Lebedew (1911) and the present study, is most rikely due to
the considerable difrerence of po" in the two experiments. The po,
in a carbon crucible at high-temperature (used by Lebedew) is con-
siderably lower than that for treating in a platinum container in air.

There is a narrow but distinct two-phase region for rhodonite and
pyroxmangite at the solidus composition around (Mn6.srMge.48)Sios.
rn the subsolidus, this two-phase region shifts towara u"si6l side as
temperature lowers. At r2b0oc, equilibrium was reached. at the com-
position around (Mn.srMg.ar) sioa. The fact is consistent with the
results of the hydrothermal (Momoi, 196g and present study) and. the
dry high-pressure (Akimoto and syono, r9z2) synthesis of rirodonite-
pyroxmangite dimorph with composition MnSiOa.

A small subsolidus region for crinopyroxene was also found near
the Mg side (Fig. 1) at the temperatures r200o-l300oc and the com-
position Mno.2oMgo.3osio, of this diagram. This clinopyroxene belongs
9 the isomorphous- series extending through (tMoo.uoltgo.uo)Sio,
(hvdrothermal) to the end member- tMnsiol-rir 1-nigh-i.".r.rr"
clinopyroxene) synthesized by Akimoto and Syono (LgZi).
. No-critical attempt was made to establish tle subsolidus equilibrium
boundaries between two pyroxenes and pyroxmangite. The two_phase
areas given shaded in the left hand side of this diagram (Fig. r) are
synthesis boundaries.

Sirlgle Crystal Growth

- Single crystals of (Mn, Mg)SiO3 (over Mg5s mol percent) pyroxman_
gite have been obtained by slow cooling of clear melt for-some of the
compositions within the join MnSiOg-MgSiO3. The largest crystal
measuresS X 3 X 2mmat (Mn6.6sMg6.6o)Sior. Mediumsize 1S X2|.
2 mm) crystals were obtained for (Mn6.rsMg6.8o)Sios. Only small
crystals were grown of (Mns.3sMgo.7o)SiO3 urrd (Moo.noMgo.uo;Sior.
All the crystals are light amber in coror. The coror int*.in.!"p"ogr"r-
sively with increasing amount of manganese in the crystals. Tire color
turns to pink by heating at 1250oc for several hours, hue to reduction
of the trace amount of higher valency manganese in the crystals.

Single crystals of rhodonite were grown to 5 X 4 X Z mm for the
composition (Mns.s6Mg6.ro)Sio3 by fairly rapid cooling (in air at
lOoO/hour) of melt. Small crystals of (Mro. noMgolo)biO, and
(Mno.7sMg6.so)Sio3 were also obtained. The crystals are dark red in
color, and always contain some opaque dots which probabry are haus-
mannite MnsOo; the MnzOa content of the bulk crystalline-aggregates
for (Mnq.srMgo.ro)Sio3 was found to be 0.5 wt percent. These rhodonites
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also turn to bright pink by heating in a reducing atmosphere' as men-

given by Muan (1959).

Crystal ChemistrY

silicon tetrahedra.
single silicate chains that repeat after every nine silicon tetrahedra

were Jound by Burnham (1966) in ferrosilite III, a new pyroxenoid'
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FeSiOg (Lindsley, Davis and MacGregor, 1g64). The fact led Lindsley
and Burnham (1970) to believe that, Ca2* is not essential for the 7
repeats of structure formation of pyroxferroite. They predicted that
Ca-free pyroxmangite may be stable on the FeSiO3-MnSiO3 join
particularly at Mn-rich compositions.

Latest results of the crystal structure study of lunar pyroxferroite,
Ca6.1.Fe6.srMn6.q2Mg6.s2Si3.o6 @urnham, 1g71) showed that Ca is
distributed over three different sites (M6, M6, and M) of pyroxmangite
type structure, not restricted in a single Mz site.

The results of the present study now show solid solutions of pyroxman-
gite over the compositional range (Mno. soMgo. u0)Sior-(Mno.,oMgo. no)
SiOs and rhodonite over the compositional range (Mn6.66Mg6.n5)Sios-
MnSiO3, both in air (Fig. l), along the join MnSiOa-MgSiOs. The
isomorphous pyroxmangite series extends all the way to MnSiOa under
hydrothermal conditions (Figs. 2 and 3). The study made by Riboud

l 5  0 0

t 4 0 0
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Frc. 1. Phase diagram for the join MnSiOrMgSiG at temperaturm between
1200"C and 1520"C in air. Py - pyroxmangite, Rh - rhodonite, Tri - tri-
dymite, Clpx - clinopyroxene, Pr - protoenstatite and L - liquid. Shaded
area : two-phase coexisting region. Unidentified manganese oxides observed
microscopically at the composition MnSiO" over 60 mol/o are not included.
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-*-Y)--

, n l , o r ' o  

3 0  4 0  

" : ,  
" :  

7 0  8 0  ' "  

" : " r : " ,

Frc. 2. Unit-cell edges and volumes of synthetic pyroxmangites, (Mn,Mg)SiO*.

small open circles - pyroxmangites synthesized in air at high temperature.

open ellipses - pyroxmangites slmthesized hydrothermally. Large open circles =

pyroxmangites synthesized at high-pressure and high-temperature (Akimoto

and Syono,1972).

and Muan (1962) under COr/Hz : 1:1, 1 atm' showed that rhodonite

solid-solution extends to (Mno.szFeo.c)SiOa wt percent, but no pyrox-

mangite phase was observed by them in one atm experiments in the
join MnSiOr-FeSiO3. It is known that the original specimen of pyrox-

mangite described by Ford and Bradley from Iva, South Carolina,
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5 o  6 o

Mol ol"

873

when Mnsioa is subjected to high pressure, the Mn2*/sf* ionic radius ratio is
expected to become smaller since the larger Mn,* ions tend to contract more
than the small sin* ions. rlence, it may be reasonable to presume that high pres-
sure phase of Mnsiog is turned into the pyroxenoid and pyroxene (rhodonite-
pyroxmangite-clinopyroxene) corresponding to the smaller average size of the
octahedral cations.

The results of the present study have demonstrated analogous trans-

D(

9 5 "

9 4 "

9 3 "

9 2 "

|  74 "

7  1 3 '

r

MeSi03

1 0 0

/vtn S iO3
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94"30

|  1 8 5

|  1 .80

|  1 .75

| 1.70

b

5 5  6 0  7 0  8 0

M g S i O 3  u o t  7

9 0  i o o
M n 5 i 0 3

Frc' 4' unit-cell dimensions of synthetic rhodonites' (Mn' Mg)sio"' Black

circles : rhodonites synthesized in air at high-temperature' Open circles =

rhodonite synthesized hydrothermally.

formations by progressively replacing octahedral Mn2* (0'83A)1 by

smaller Mgr. (o.zzA) ' at fixed temperatures under atmospheric pres-

sure. These lesults thus confirm that the most impoltant controlling

factor for these phase transformations is average cation size at given

'Ionic radii by R. D. Shannon and C' T. pt"pi11 (1969)'
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P and 7. In addition, the presence of wide ranging solid-solution series
for pyroxmangites and rhodonites in the join MnSiQ-MgSiO3 sug-
gests that Mgz* ions must be distributed over several sites in the struc-
ture of rhodonite and pyroxmangite; they cannot be restricted to a
single site.

The garnet-like tetragonal phase with G-eoordinated Sia* obtained
by Akimoto and Syono (1972) under ultra-high pressure has not, been
synthesized under the conditions used for the present study. This sug-
gests, as would be expected, that Sia. does not occupy G-coordinated
sites under low pressure conditions.

Primary crystallization of rhodonite in rhyolite was found at
Kesebol, Sweden (Geijer, 1961), but most naturally occuring rhodon-
ites and pyroxmangites have been found in contact metamorphic,
metasomatic or pegmatitic rocks in which the crystallizalion tempera-
tures of these minerals are much lower than those used in this study,
and H2O vapor is always present. Similar crystallization of manganese
metasilicates under atmospheric conditions was found in various slags.
No serious attempt was made to correlate the results of the experi-
ments in air to any of the natural occurrences. Nevertheless, this
study demonstrates that under the proper conditions of pressure,
temperature and composition, rhodonite and pyroxmangite can coexist
in equilibrium. Although these conditions are undoubtedly rare in
nature, this assemblage when found could represent an approach to
equilibrium. Such an example of intimate intergrowth of rhodonite and
pyroxmangite has been described by Burrell (1942) in specimens from
Broken Hill, New South Wales, Australia.
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