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ABSTRACT

High-temperature crystal-structure analysis of MnSiO, pyroxmangite indicates that ex-
pansion of the structure takes place by expansion of the M cation—containing polyhedra
and of the void space between the polyhedra, with concomitant rotation of the relatively
rigid tetrahedra about the bridging oxygens. Pyroxmangite displays a limited “inverse
relationship™ with respect to thermal expansion, compression, and chemical substitution,
whereby structural changes resulting from the substitution of a larger cation for a smaller
one are somewhat similar to those resulting from an increase in temperature or a decrease
in pressure. The primary difference between the structural results of thermal expansion
and chemical substitution is that increasing temperature causes long M—O bonds to expand
faster than short bonds, whereas substituting larger cations into these sites causes shorter
bonds to lengthen faster. All structural responses mirror those observed in pyroxenes.

Examination of the trends in structural parameters with temperature or compositional
variation reveals no developing instabilities in the structure as observed limits are ap-
proached, which, coupled with thermodynamic information for these phases, indicates
that there are no strong driving forces for phase transformations in the pyroxenoid system.
Nevertheless, while no abrupt transformation to rhodonite takes place as temperature
increases, a small amount of peak splitting is observed, suggesting incipient growth of
rhodonite along (001) planes of the pyroxmangite. Such coherent growth has been con-

firmed by recent TEM studies of minerals in the pyroxene-pyroxenoid family.

INTRODUCTION

The pyroxenes and pyroxenoids are a closely related
group of single-chain silicates that together constitute a
polysomatic series. Each member is constructed of “layer
modules” of the two end-member structures—wollaston-
ite (W) and clinopyroxene (P). Although it has long been
known that there are composition, temperature, and pres-
sure limits to the stability fields of each of the members
of the series, the influence of structure on these limits has
not been examined until recently, particularly for low-Ca
compositions.

In the preceding paper (Pinckney and Burnham, 1988),
we have examined the structural changes in pyroxman-
gite (WPP) and rhodonite (WP) as a function of compo-
sitional variation in order to construct a rationale based
on crystal structure to explain why one pyroxenoid phase
is stabilized relative to another. Since the density of py-
roxenoids increases with the number of P modules per
unit cell (Akimoto and Syono, 1972), smaller cations,
high pressure, and low temperature favor structures with
large numbers of P modules.

The dependence of structure type on temperature is
observed throughout the series of pyroxenes and pyrox-
enoids. The clinopyroxenes johannsenite (CaMnSi,Oq;
Morimoto et al., 1966), hedenbergite (CaFeSi,O,; Rut-
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stein, 1971), and possibly diopside (CaMgSi,O,; Pinck-
ney and Burnham, 1981) transform to the bustamite
structure at high temperatures and low pressures. Rho-
donite also transforms to the bustamite structure (origi-
nally thought to be the wollastonite structure) as temper-
ature increases (Dent Glasser and Glasser, 1961).

Compositions close to MnSiO, exist naturally in both
the pyroxmangite and rhodonite structures, and the pure
phase has been synthesized with the clinopyroxene and
garnet structures at high pressure (Akimoto and Syono,
1972). The pyroxmangite-rhodonite transformation for
this composition has been studied by several workers,
among them Momoi (1974) and Maresch and Mottana
(1976). Pyroxmangite is the high-pressure, low-tempera-
ture polymorph with respect to rhodonite. The exact lo-
cation of the equilibrium curve, however, is unknown; in
fact, the determination of the stable phase at ambient
conditions remains in question.

It is useful to be able to correlate such phase transitions
with actual changes in the crystal structure as temperature
or pressure increases. Nevertheless, there exists no infor-
mation on the high-temperature or high-pressure crystal
structures of these phases. An in situ, high-temperature
study of the crystal structure of pyroxmangite therefore
has been carried out in order to examine in detail the
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structure expansion, to search for any developing struc-
tural mismatches, to investigate possible mechanisms for
a pyroxmangite-rhodonite inversion, and possibly to ob-
serve this transformation. Preliminary results from this
study were reported by Pinckney et al. (1981).

EXPERIMENTAL METHODS

The pyroxmangite samples used in this study are from a meta-
morphosed manganese ore deposit at the Ajiro mine, Honshu,
Japan, and were supplied by Gordon E. Brown, Jr., of Stanford
University. Electron-microprobe analyses of a number of sepa-
rated crystals yield a composition of (Mny o, Mg, ,Cagq:)Si0;,
with no observed inhomogeneities or inclusions.

High temperature

A clear crystal 0.17 x 0.12 x 0.085 mm was mounted in an
evacuated silica-glass capillary. Intensity measurements were
carried out with Nb-filtered MoK« radiation on the automated
four-circle diffractometer at the Geophysical Laboratory of the
Carnegie Institution of Washington (Finger et al., 1973). A ra-
diative-type heater was employed, consisting of a Pt-resistance
heating assembly mounted directly onto the x-circle of the dif-
fractometer. A sensing thermocouple near the crystal was used
as input to a computer-operated controller.

Intensity data were collected at 24, 200, 400, and 600 °C. The
crystal was allowed to equilibrate at each temperature for at least
1 h before any measurements were made. Cell parameters were
measured at 100 °C intervals as well as before and after mea-
surement of each data set. Data collection was underway at 8§00
°C when the furnace leads short-circuited; data collection was
then terminated.

Corrections were made for Lorentz and polarization effects
and for crystal absorption (u, = 36.5 cm—'). Diffractions having
an intensity less than 2¢, were rejected from the subsequent
structural analysis. Least-squares refinement was initiated with
the computer program RFINE (Finger and Prince, 1975), using
the atomic coordinates and site occupancies determined in a
previous room-temperature refinement of another crystal of the
same material that yielded results essentially equal to those re-
ported herein. These site occupancies are recorded in Pinckney
and Burnham (1988) and were not varied in these refinements.
Atomic scattering factors for Mn2+, Mg?*, Si**, and O>~ and
anomalous dispersion corrections were taken from Cromer and
Mann (1968) and Cromer (1965), respectively.

The results of this refinement are listed in Table 1. The final
weighted residuals, R,, ranged from 4.3 to 5.5%. An average of
seven cycles of least-squares refinement were completed for each
temperature. All diffractions were weighted by 1/42, where o, is
the estimated standard deviation of the observation based on
counting statistics (Burnham et al., 1971).

Final atomic positional parameters and equivalent isotropic
temperature factors for pyroxmangite at 24, 200, 400, and 600
°C are given in Tables 2 and 3. Selected interatomic distances
and polyhedral volumes and distortions are listed in Tables 4
and 5. In the absence of a good model describing the effect of
thermal vibration on these bond distances, the Si—O distances
are not corrected for thermal motion and therefore appear to
shorten slightly as temperature increases. For the M-O dis-
tances, a correction for noncorrelated motion, intermediate be-
tween correlated parallel and antiparallel motion, was computed
by the least-squares refinement program RFINE using equations
cited by Busing and Levy (1964). Mean M-O bond distances
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TaBLE 1. Data collection and refinement conditions for pyrox-
mangite

24°C 200°C 400°C 600°C
sin /A max 0.65 0.60 0.60 0.60
Number of measurements 3760 2867 2900 2900
Number observed (/ > 20) 2609 1969 1960 1818
Weighted R 0.047 0.055 0.043 0.046
Unweighted A 0.054 0.069 0.057 0.066

have been calculated using the individually corrected M-O dis-
tances and are included in Table 4.

High pressure

The cell parameters of pyroxmangite were also measured at
20 kbar, although no structure refinement was carried out. A
small crystal of pyroxmangite was mounted in a diamond-anvil
X-ray cell (Merrill and Bassett, 1974) as modified by Hazen and
Finger (1977). A ruby chip was included in the mount for pres-
sure calibration, and a 4:1 mixture of methanol: ethanol was
employed as the hydrostatic pressure medium. Pressure calibra-
tion before and after cell-parameter measurements indicated that
the pressure remained constant throughout the data collection.

REsuLTS

The structure of pyroxmangite has been described else-
where (e.g., Ohashi and Finger, 1975). We employ the
C-centered unit cell (C1, Z = 28), with the tetrahedral
chain parallel to the ¢ axis and nearly closest-packed oxy-
gen layers parallel to (100).

Cell-parameter data are listed in Table 6. Axial lengths
a, b, and c increase linearly with temperature. Figure 1
illustrates the variation of cell parameters with normal-
ized unit-cell volume V/V,, where V, is the cell volume
at room temperature and pressure. This plot incorporates
all the high-temperature data as well as the measurement
taken at 20 kbar. Despite the complexity of the pyrox-
mangite structure, the high-pressure cell edges and the
angle v fall on the plot defined by the high-temperature
data, which indicates that pyroxmangite displays an “in-
verse relationship” between thermal expansion and bulk
compression of the kind described by Hazen and Prewitt
(1977). This is because the only cation—oxygen bonds in
this structure to exhibit significant expansion or compres-
sion are the Mn-O bonds; the Si—O bond lengths change
very little with temperature and, by analogy with pyrox-
enes (e.g., Levien and Prewitt, 1981), very little with pres-
sure.

The linear thermal expansion and bulk compression
coeflicients of the cell edges are given in Table 7. The
relative expansions of the edges, b > a > ¢, as well as
their relative compressions, b > ¢ > g, are the same as
that of C2/c pyroxenes and reflect the basic correspon-
dence of the pyroxmangite and pyroxene structures.

The magnitudes and orientations of the unit-cell strain
ellipsoids for thermal expansion and bulk compression
are given in Table 8. Although an increase in temperature
and the substitution of larger cations for smaller have the
same general effects on a structure (the cell volume ex-
pands, the tetrahedral chain straightens, and so on), the
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TABLE 2. Ajiro pryoxmangite atom coordinates at several temperatures

24°C 200 °C 400°C
X ¥ z X ¥ z X ¥ z
M1 ~0.0014(2) 0.0415@2)  0.1050(1)  —0.0014(3) 0.0411(3)  0.10522)  -0.0013(2) 0.0401(2)  0.1052(1)
M2 —0.0017(2) 0.1695(2)  0.3124(1)  -0.0015(3) 1.1695@3)  0.31292)  —0.0018(2) 0.1693(2)  0.3132(1)
M3 0.0016(2) 0.0686(2)  0.6057(1) 0.0022(3) 0.0694(3)  0.6059(2) 0.0021(2) 0.0709(2)  0.6063(1)
M4 0.0144(2) 0.1766(2)  0.8064(1) 0.0154(3) 0.1776(3)  0.8067(2) 0.0159(2) 0.1782(2)  0.8069(1)
M5 0.0040(2) 0.2698(2)  0.5098(1) 0.0040(3) 0.2698(3)  0.5099(2) 0.0042(2) 0.2695(2)  0.5095(1)
M6 0.0618(2) 0.2634(2)  0.0177(1) 0.0628(3) 0.2642(3)  0.0186(2) 0.0626(3) 0.2647(2)  0.0190(1)
M7 —0.0089(2) 0.3693(2)  0.2087(1)  —0.0097(3) 0.3696(3)  0.2094(2)  —0.0103(2) 0.3687(2)  0.2095(1)
Sit 0.2024(4) 0.4433(4)  0.9350(2) 0.2034(5) 0.4438(5)  0.9354(4) 0.2037(4) 0.4438(3)  0.9360(2)
si2 0.2109(4) 0.3322(4)  0.7517(2) 0.2117(6) 0.3334(6)  0.7524(4) 0.2119(4) 0.3338(3)  0.7522(2)
si3 0.2124(4) 0.5318(4)  0.6627(2) 0.2126(6) 0.5328(6)  0.6629(4) 0.2129(4) 0.5327(4)  0.6625(2)
Si4 0.2071(4) 0.4258(4)  0.4697(2) 0.2069(6) 0.4261(6)  0.4701(4) 0.2073(4) 0.4252(4)  0.4696(2)
si5 0.2096(4) 0.6318(4)  0.3805(2) 0.2108(6) 0.6308(6)  0.3805(4) 0.2099(4) 0.6307(4)  0.3801(2)
Si6 0.2080(4) 0.5296(4)  0.1895(2) 0.2077(6) 0.5289(6)  0.1901(4) 0.2072(4) 0.5289(4)  0.1897(2)
si7 0.2036(4) 0.7101(4)  0.0895(2) 0.2036(6) 0.7091(6)  0.0895(4) 0.2035(4) 0.7088(3)  0.0895(2)
OA1 0.1298(9) 0.07099)  0.0288(6) 0.1298(14) 0.0723(14)  0.0302(9) 0.1308(9) 0.0716(8)  0.0299(5)
0A2 0.1194(9) 0.1877(9)  0.2267(6) 0.1198(14) 0.1877(14)  0.2276(9) 0.1198(9) 0.1863(8)  0.2272(5)
OA3 0.1186(9) 0.9632(9)  0.3105(6) 0.1194(13) 0.9634(13)  0.3111(8) 0.1191(9) 0.9620(9)  0.3112(5)
OA4 01232(9)  0.0908(9)  0.5206(6) 0.1254(14) 0.0925(14)  0.5214(9) 0.1250(9) 0.0914(9)  0.5212(5)
OA5 0.1208(9) 0.8706(9)  0.6051(6) 0.1218(14) 0.8727(14)  0.6063(9) 0.1225(9) 0.8719(9)  0.6052(5)
0A6 0.1246(9) 0.9864(9)  0.8061(6) 0.1266(13) 0.9888(13)  0.8072(8) 0.1265(9) 0.9887(9)  0.8073(5)
OA7 0.1308(9) 0.7794(9)  0.8969(6) 0.1318(14) 0.7827(13)  0.8981(9) 0.1336(9) 0.7804(8)  0.8958(5)
0AB8 0.0984(9) 0.8418(9)  0.0943(6) 0.0091(12) 0.8406(12)  0.0945(8) 0.0991(8) 0.8394(8)  0.0940(5)
OB1 0.1300(9) 0.3123(9)  0.9293(6) 0.1322(14) 0.3096(14)  0.9288(9) 0.1320(8) 0.3135(8)  0.9316(5)
0B2 0.1255(9) 0.1977(9)  0.7239(6) 0.1258(14) 0.1968(14)  0.7222(9) 0.1255(9) 0.2009(8)  0.7236(5)
0B3 0.1236(9) 0.6625(9)  0.7132(6) 0.1248(14) 0.6603(14)  0.7107(9) 0.1238(9) 0.6634(8)  0.7114(5)
0oB4 0.1220(9) 0.2883(9)  0.4275(6) 0.1215(14) 0.2907(14)  0.4267(9) 0.1218(9) 0.2898(8)  0.4281(5)
0B5 0.1284(9) 0.7745(9)  0.4216(6) 0.1293(14) 0.7709(14)  0.4217(9) 0.1274(9) 0.7718(8)  0.4212(5)
0oB6 0.1210(9) 0.3967(9)  0.1340(6) 0.1225(14) 0.3974(14)  0.1341(9) 0.1214(9) 0.3969(9)  0.1357(6)
oc1 0.1666(8) 0.4496(8)  0.8403(5) 0.1699(13) 0.4474(13)  0.8388(8) 0.1706(8) 0.4487(8)  0.8410(5)
oc2 0.1625(8) 0.4013(8)  0.6791(5) 0.1640(12) 0.4025(12)  0.6816(8) 0.1642(8) 0.4046(8)  0.6809(5)
0c3 0.1610(9) 0.4997(9)  0.5619(6) 0.1626(13) 0.5001(12)  0.5637(8) 0.1630(8) 0.4977(8)  0.5616(5)
oc4 0.1518(9) 0.5315(9)  0.4190(6) 0.1531(13) 0.5313(12)  0.4184(8) 0.1533(8) 05301(8)  0.4191(5)
0Cs 0.1544(9) 0.5677(9)  0.2780(6) 0.1550(13) 05672(12)  0.2783(8) 0.1557(9) 0.5676(9)  0.2790(6)
0oCs6 0.1569(9) 0.6595(9)  0.1581(6) 0.1562(13) 0.6617(12)  0.1610(8) 0.1568(8) 0.6570(8)  0.1581(5)
oc7 0.1431(9) 0.5919(9)  0.9975(6) 0.1459(13) 05920(12)  0.9965(8) 0.1454(8) 0.5912(8)  0.9976(5)

detailed effects can be quite different. For example, the
orientation of the strain ellipsoid caused by thermal ex-
pansion resembles only vaguely that caused by the ad-
dition of larger cations to pyroxmangite (Pinckney and
Burnham, 1988). The difference in orientation is due to
the dissimilar nature of Mn-O bond expansion caused by
temperature and by cation substitution: as the occupancy
of a large cation in a polyhedron increases, short M-O
bonds expand more than long bonds, whereas with in-
creasing temperature, long bonds generally expand faster
than short ones. This effect has also been observed in
pyroxenes by Ohashi and Burnham (1973).

Overall, the directions of maximum and minimum
thermal expansion are quite similar to those exhibited by
diopside (Finger and Ohashi, 1976). The smallest amount
of expansion (,) is only approximately along ¢, the chain
direction; it appears that the response of the metal-oxy-
gen bonds plays at least as important a role in the struc-
ture expansion as does the “rigid” behavior of the silicate
chains.

Silicate chain

The tetrahedral chain responds in essentially the same
way to expansion of the octahedral bands regardless of
whether that expansion is due to increased temperature

or to the substitution of larger cations. Individual tetra-
hedra remain essentially the same size over this temper-
ature range, although their distortion decreases slightly,
and there are no significant changes in Si-Si distances.
The tetrahedral chain angles “straighten” by up to 3°,
although the average change is less than 1° (Table 9). It
is interesting, however, to note that several of the chain
angles, notably OC1-OC2-OC3, OC7-OC1-0OC2, and to
a lesser extent OC6-OC7-OCI1, adjust so as to approach
more closely their rhodonite equivalents OC1-OC2-OC3
(154.6°, OC5-0OC1-OC2 (154.1%, and OC4-OC5-0OC1
(160.0°), respectively, as determined by Narita et al.
(1977).

Octahedral band

All Mn-O bonds expand more than Si-O bonds, and
generally long Mn-O bonds expand faster than short ones.
The mean thermal expansion coefficients for mean M-O
distances and polyhedral volumes for the temperature
range 24-600 °C are listed in Table 10. The M3 and M4
cation polyhedra undergo the most expansion over this
temperature range, while the M1 octahedron expands the
least; M1 is the site most constrained by surrounding cat-
ions and by the silicate chain stretched across it. The
distortion parameters of the inner octahedra (Table 5),
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TaBLE 2—Continued

600 °C
X y z
~0.0015(3) 0.0391(3) 0.1050(2)
—0.0016(3) 0.1693(3) 0.3135(2)
0.0020(3) 0.0720(3) 0.6064(2)
0.0164(3) 0.1792(3) 0.0872(2)
0.0042(3) 0.2694(3) 0.5094(2)
0.0631(3) 0.2654(3) 0.0197(2)
~0.0108(3) 0.3686(3) 0.2101(2)
0.0247(4) 0.4438(4) 0.9362(3)
0.2124(5) 0.3353(4) 0.7527(3)
0.2139(5) 0.5337(5) 0.6628(3)
0.2072(5) 0.4252(5) 0.4692(3)
0.2104(5) 0.6300(5) 0.3803(3)
0.2071(5) 0.5281(5) 0.1898(3)
0.2027(4) 0.7083(4) 0.0895(3)
0.1304(10) 0.0720(10) 0.0301(6)
0.1198(10) 0.1856(10) 0.2279(8)
0.1198(10) 0.9623(10) 0.3125(8)
0.1268(11) 0.0927(11) 0.5221(7)
0.1235(11) 0.8720(11) 0.6052(7)
0.1268(10) 0.9897(10) 0.8076(6)
0.1331(10) 0.7811(10) 0.8952(6)
0.0981(10) 0.8377(10) 0.0941(6)
0.1327(10) 0.3150(10) 0.9326(7)
0.1258(10) 0.2025(10) 0.7241(7)
0.1245(10) 0.6630(10) 0.7115(7)
0.1213(11) 0.2903(11) 0.4281(7)
0.1275(11) 0.7698(11) 0.4209(7)
0.1198(10) 0.3967(10) 0.1365(7)
0.1714(9) 0.4486(9) 0.8419(8)
0.1649(10) 0.4060(10) 0.6822(6)
0.1646(10) 0.4962(10) 0.5611(7)
0.1546(5) 0.5300(10) 0.4193(6)
0.1564(10) 0.5677(10) 0.2793(6)
0.1570(10) 0.6574(10) 0.1581(6)
0.1489(10) 0.5913(10) 0.9977(6)

with six regular M-O bonds, remain essentially constant
over this temperature range. The M2 octahedron shows
no signs of taking on the rhodonite-like characteristics
described by Pinckney and Burnham (1988), wherein the
rhodonite M2 octahedron is observed to be consistently
larger and more distorted than the equivalent M2 octa-
hedron in pyroxmangite of the same composition.

Thermal parameters

As temperature increases, equivalent isotropic temper-
ature factors (Table 3) increase at the lowest rate for Si
atoms and, not unexpectedly, at the highest rate for the
irregularly coordinated M5, M6, and M7 cations. The
ellipsoids for both the M and Si cations possess their
longest rms displacements approximately perpendicular
to the b axis, and the bridging oxygens have their longest
axes perpendicular to their associated Si—O bonds, that
is, perpendicular to ¢ as well as to b.

DiscussioN

Comparison of chemical substitution and
temperature effects

Increasing temperature has a less pronounced effect on
the pyroxmangite structure than does cation substitution
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TaBLE 3. Equivalent isotropic temperature factors of pyroxman-
gite at four temperatures (A%

24°C 200 °C 400 °C 600 °C
M1 0.6(1) 1.2(2) 1.5(1) 2.0(1)
M2 0.5(1) 1.1(2) 1.5(1) 2.0(1)
M3 0.6(1) 1.02) 1.4(1) 1.9(1)
M4 0.6(1) 1.1(2) 1.6(1) 2.1(1)
M5 0.9(1) 1.5@2) 2.0(1) 2.7(1)
M6 0.9(1) 1.7(2) 2.2(1) 2.8(1)
M7 0.9(1) 1.5(2) 2.1(1) 2.8(1)
Sit 0.6(1) 0.9(2) 1.2(2) 1.42)
Si2 0.5(1) 0.8(3) 1.002) 1.3(2)
Sia 0.5(1) 0.9(3) 1.1@) 1.4(2)
Si4 0.5(1) 0.7(3) 1.1(2) 1.4(2)
Si5 0.5(1) 0.5(3) 1.02) 1.3(2)
Si6 0.5(1) 0.7(3) 1.12) 1.22)
si7 0.5(1) 0.7(2) 1.12) 1.2(2)
OA1 0.7(4) 1.3(7) 1.5(4) 1.8(6)
0A2 0.6(4) 1.0(7) 1.2(4) 1.3(5)
0A3 0.7(4) 0.7(7) 1.3(4) 1.6(6)
OA4 0.6(4) 1.2(7) 1.5(5) 2.1(6)
0A5 0.6(4) 0.7(7) 1.4(4) 1.7(6)
OA6 0.6(4) 1.1(7) 1.5(4) 1.8(6)
OA7 0.6(4) 1.4(7) 1.3(5) 1.6(6)
0A8 0.6(3) 1.0(6) 1.4(4) 1.8(5)
0B1 0.8(4) 1.6(8) 1.6(4) 2.1(6)
0B2 0.8(4) 1.1(7) 1.4(5) 1.8(6)
0B3 0.6(4) 1.1(7) 1.5(5) 2.0(6)
oB4 0.7(4) 1.2(7) 1.6(5) 2.2(6)
0B5 0.7(4) 1.1(7) 1.6(5) 2.1(6)
0B6 0.7(4) 0.8(7) 1.6(5) 1.8(6)
oct 0.6(3) 1.3(6) 1.3(4) 1.7(5)
oc2 0.6(3) 1.2(6) 1.6(4) 2.1(6)
oc3 0.7(3) 1.3(7) 1.7(4) 2.3(6)
oc4 0.8(4) 1.2(6) 1.8(5) 2.2(6)
ocs 0.8(3) 1.0(6) 2.0(5) 2.4(6)
ocs 0.6(3) 0.9(6) 1.4(4) 1.8(6)
oc7 0.6(3) 1.3(7) 1.4(5) 1.9(6)

over the observed range; nonetheless, a number of struc-
tural parameters show strikingly similar responses to these
variables. The relative cell-edge expansion for both in-
creased temperature and the substitution of a larger cat-
ion is identical: b > a > c¢. The variation of cell edges
with normalized unit-cell volume is plotted in Figure 2
for pyroxmangites of various compositions as well as for
the Ajiro pyroxmangite at high temperatures and pres-
sure. The linearity of the composite plots is quite re-
markable considering the wide composition range and
the different orientations of the strain ellipsoid caused by
increasing temperature and by substituting a larger cat-
ion.

Another striking parallel between temperature and
compositional variation lies in the correlation between
the average sizes of the M1 cation octahedra on the in-
side of the octahedral band and those of the outer M2j
polyhedra (Pinckney and Burnham, 1988). Figure 3 is a
plot of the average bond lengths of the M2j polyhedra as
a function of those of their corresponding M1i octahedra
for pyroxmangites and rhodonites of various composi-
tions, including Ca-rich pyroxferroite, as well as for py-
roxmangite at high temperature. The coincidence of these
curves confirms that the M1j octahedra do indeed con-
strain the ultimate size of the M2/ polyhedra and may



PINCKNEY AND BURNHAM: HIGH-TEMPERATURE STRUCTURE OF PYROXMANGITE 813
TABLE 4. Selected interatomic distances for Ajiro pyroxmangite (A)

24°C 200 °C 400°C 600 °C 24°C 200 °C 400 °C 600 °C
MI_OA1  2.1558(3)  2147(2) 2161  2.160(2) M7_OA2  22374(5)  2.246(2)  2250(1)  2.258(1)

_OA1  23211(5)  2.341(3)  2.339(3)  2.335(3) _OA7  21344(5)  2169@3)  2.141(2)  2.139(2)

_OA2  226285)  2274(3)  2.267(2)  2.278(2) _0B3  20789(3) 20982  2.0852)  2.075(2)

_OA6  22757(3)  2280(2)  2.273(2)  2.272(2) _0B6  2116238)  2142@2)  2.120(2)  2.109(2)

_OA7  211422(5)  2127(2)  2.155(1)  2.152(1) —0C1 25809(5)  2597(2)  2615(1)  2.630(2)

_OA8  2.1639(5)  24174@2)  2.174(1)  2.179(1) _OC5  25293(6)  2533(2)  2550(2)  2558(2)
Mean 22203(5)  2224(2)  2.228()  2.229(2) _0C2  209574(7)  2.927@3)  2.922(2)  2.903(3)
(Corr.) 2236 2.246 2.250 Mean(7) 23764(5)  2387(2)  2.383(2)  2.382(2)

Corr.) 2.401 2.403 2.407
M2-0A2  21702(3)  2.165(2)  21722)  2.164(2) (

_OA6  22831(6)  2.318@3)  2.318(2)  2.331(3) :‘éi?pga) eZIRel e S L)

_OA3  2.3207(5)  2.332(2)  2341(1)  2.345(2) ' ' : :

_OA5  22156(3)  2221(2)  2217(2)  2.223(9)

_OB3  21402(5)  2152(2)  2.128(1)  2.137(1) Si1-OA1 16210¢4)  1.6092)  1.595(1)  1.590(1)

_OB4  21071(5)  2.009(3)  2110Q@)  2.105(3) _oB1 158503  1.603(1)  1.582(1)  1.576(1)
Mean 22077(5)  2213@2) 22142 22172 —oct 16370(3)  1658(2)  1.635@)  1.622(2)
(Corr.) 2225 2232 2239 _0C7  16547(4)  1638(1)  1639(1)  1.636(1)
M3-OA3  2.1988(3)  2.202(2)  2.194(2)  2.183(2) B 162443  1627)  1.613(1)  1.606(1)

B PR i 5.b0 S Si2-0A2  16128(4)  1.6022)  1.599(1)  1.594(1)

_OA5  22552(5)  2.2502)  2267(1)  2.280(1) ‘832 ! 'gﬁgggg f g?gg; ! g;gﬁ; L gzm

o 3333353 3132533 3883%?% Pyl 001 167723)  1.633(2)  1.664@2)  1.662(2)
Mean 22132(5)  2.220Q)  2.219(2) 22227&2; Mean 1.63043)  1.613(2)  1.619(1)  1.614(1)
(Cort} 2435 22230 Gend Si3-0A3 16049¢4)  1504(2)  1.595(1)  1.578(1)
M4_OA3  22417(5)  2.263@3) 22632  2.289(3) _OB3  15959(4)  1555(1)  1.588(1)  1580(1)

= ER R B E 3 mn e i

_OB1  22162(5)  2.198@3)  2.235(2)  2.245(3) Mean 162043 16042  16131) 16111

_OB2  20669(3)  2.086(2)  2076(2)  2.076(2)

—OC6  22550(6)  2.229(2)  2.267(1)  2.264(2) Si4-OA4  1.6134(4)  1597(2)  1595(1)  1.580(1)
Mean 20088(5)  2207(2)  2.220(2)  2.223(2) _OB4  15941(4)  15791)  1579(1)  1.577(1)
(Corr.) 2.218 2237 2.246 _OC4  1.6426(3)  1.6481)  1631(1)  1.620(1)

_0C3  16380(3)  1.652(2) 16282  1.617(2)
Mo On  ioeen o  baasay  oiaou) Mean 162208)  16192)  1608(1)  1.599(1)
== o giggg o ggg; "z’?g?g; g'gfgg; Si5-0A5 16084(4)  1588(2)  1.590(1)  1.574(1)

Bed Dome ae ban S _0B5  15951(4)  1578(1)  1589(1)  1.580(1)

_OC4  251346)  2525(2)  2533(2)  2.542(2) ‘882 ; 'gggfgg ! gggg; ! g;zg; ; 'glgg;

$OCa  28hiu6)  2i0() 283K 20600 Mean 16239(3)  16102)  1612(1)  1.604(1)
Mean(7)  23915(5)  2.404(3) 23982  2.402(2)

(Corr) 2.417 2.417 2.427 .

el oTREEl  Dalkdl  GovhE st Si6-OA6  1.60204)  1.589(2)  1.594(1)  1.593(1)
S E AR m
M6-OA1  2.1209(5)  2.116(1)  2126(1)  2.123(1) -0C5 16292(3)  1621(2)  1.6322)  1.629(2)

_OA8  22135(5)  2.232(3) 22282  2.231(3) Mean 16147(3)  1607(2)  1.606(1)  1.608(1)

_OB1  20526@3)  20622)  2043(2)  2.044(2)

_OB6  1.9872(4)  1978(2)  19882)  1.981(2) S7-OA7  1.5845@) 15732  1557(1)  1.567(1)

_OC7  2.3840(6)  2.404(2)  2404(1)  2.418(2) _OA8  1.6065(4)  1.601(1)  1594(1)  1.585(1)

_OA7  2.8067(5)  2.815(3)  2.845(2)  2.848(2) _0C7  1.6503(4)  1.6502)  16412)  1.633(2)
Mean(6)  2.2608(5)  2.268(2)  2272(2)  2.2742) —OC6  1.64202)  16722)  1652(1)  1.641(1)
(Corr.) 2.285 2.294 2.302 Mean 16211(3)  16242)  1611(1)  1.606(1)
Mean(5)  2.1516(5)  2.159(2)  2.158@2)  2.160()

(Corr.) 2177 2.181 2.190

aptly be considered the major building blocks of the py-
roxene-pyroxenoid structures.

Close examination of the changes produced in the py-
roxmangite and rhodonite structures by chemical substi-
tution and in pyroxmangite by increasing temperature,
while revealing several minor structural mismatches,
yields no significant evidence of developing structural
instabilities that might limit the stability fields of these
minerals. Cell parameters, polyhedral volumes and dis-
tortions, and individual bond lengths and angles all change
smoothly with temperature. There is no greatly increased

misfit between the octahedral bands and tetrahedral
chains, for example, analogous to the misfit between oc-
tahedral and tetrahedral sheets that is thought to lead to
stability limits in the micas (Hazen and Wones, 1978).
There appears, therefore, to be no strong driving force of
structural origin toward a pyroxmangite-rhodonite phase
transformation, which may explain the experimental
problems in achieving equilibrium and the widespread
persistence of metastable phases observed in both exper-
imental and natural environments (e.g., Abrecht and Pe-
ters, 1980; Aikawa, 1984).
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TABLE 5. Ajiro pyroxmangite: Tetrahedral and octahedral vol-
umes and distortions

PINCKNEY AND BURNHAM: HIGH-TEMPERATURE STRUCTURE OF PYROXMANGITE

TaBLE 7. Linear thermal expansion and bulk compression coef-
ficients for cell edges in pyroxmangite

24 °C 200 °C 400 °C 600 °C
Tetrahedral
Sil v 2.19 2.20 217 2.16
A 1.0040 1.0049 1.0034 1.0032
a? 14.50 18.55 12.20 11.66
Si2 v 2.22 2.15 2.17 2.19
A 1.0037 1.0034 1.0039 1.0035
a2 15.49 14.28 16.72 15.06
5i3 v 217 2.1 2.16 217
A 1.0040 1.0049 1.0040 1.0049
a2 17.09 19.84 17.60 21.32
Si4 v 217 217 214 212
A 1.0054 1.0042 1.0055 1.0054
a2 22.66 17.54 23.28 2274
Si5 v 2.18 212 2.15 213
A 1.0079 1.0096 1.0082 1.0081
a2 33.51 40.84 34.95 34.54
Si6 v 212 2.09 2.1 2.13
b 1.0122 1.0117 1.0114 1.0120
a? 49.66 46.25 45.91 48.56
Si7 v 215 2.16 2.14 2.13
A 1.0121 1.0123 1.0110 1.0111
a2 54.88 54.39 50.01 49.99
Octahedral
M1 v 14.21 14.30 14.53 14.64
A 1.020 1.020 1.019 1.020
a? 60.88 58.84 59.09 59.98
Mz v 14.03 14.16 14.33 14.49
A 1.016 1.016 1.016 1.016
a? 53.53 48.16 51.31 50.10
M3 14 14,14 14.35 14.47 14.73
A 1.015 1.014 1.015 1.015
o2 45.58 40.44 43.14 40.28
M4 v 13.41 13.44 13.78 13.90
A 1.049 1.046 1.048 1.049
a? 168.20 158.57 163.97 165.69
M5 u6) 12,22 12.45 12.46 12.60
A 1.228 1.224 1.224 1.221
a? 457.28 446.27 446.52 440.82
U7) 18.38 18.68 18.77 19.02
M6 we) 12.72 13.82 14.06 14.14
A 1.097 1.099 1.099 1.102
a? 248.32 252.96 252.42 258.17
U5) 7.37 7.51 7.52 7.58
M7 w6) 14.40 14.91 14,90 15.00
A 1.066 1.065 1.069 1.072
a? 185.58 181.77 188.38 191.63
V7) 18.00 18.37 18.52 18.62

Note: Polyhedral volumes and distortions were calculated using the com-
puter program voLCAL, written by L. W. Finger. The distortion parameters
of mean quadratic elongation and angle variance are defined by Robinson
et al. (1971).

TABLE 6. Ajiro pyroxmangite cell parameters

A. a of cell edges (« = 1/AY/AT); T= 24 to 800 °C
a,=7.6 x 10°°C"
a,=13.8 x 10-8°C
a,=6.7 x 1078 °C

B. 8 of cell edges (8 = 1/%AAP); P = 1 bar to 20 kbar
B,=—2.9 x 1077 bar™’
B8,= —3.9 x 107 bar™!
8.= —3.8 x 107 bar!

Controls on pyroxmangite-rhodonite phase equilibria

In a calorimetric study of synthetic pyroxmangite and
rhodonite of MnSiQO, composition, Navrotsky and Coons
(1976) demonstrated that the two structures are remark-
ably alike in their thermodynamic properties, suggesting
that the effects of surface energies, coherent intergrowths,
and possible stacking defects would significantly affect the
observed equilibria between these minerals. They further
predicted that the close similarity between pyroxene and
pyroxenoid structures could verge on continuous grada-
tion between idealized end-member structures through
incorporation of such lattice defects.

Throughout the high-temperature data collection de-
scribed herein, the Ajiro pyroxmangite retained its struc-
ture even though by 800 °C it was almost undoubtedly
well within the rhodonite stability field. During data col-
lection, however, we noticed on the chart recorder the
appearance of a small amount of peak splitting at tem-
peratures of 400 °C and above. This splitting could be
explained by incipient growth of rhodonite along the (001)
plane, which is the plane shared by the W and P modules
and is essentially identical in pyroxmangite and rhodo-
nite. On comparing the data from all temperatures, a small
amount of peak splitting was observed also at 24 °C,
which, given the above interpretation, would indicate that
there were small regions of rhodonite (one less P module)
in the material at room temperature as well, although no
conclusive evidence of streaking was observed on the 24
°C precession photographs.

Aikawa (1979, 1984) studied the orientation relation-
ship of finely intergrown fibers of pyroxmangite and rho-
donite caused by the experimental thermal transforma-
tion (at 1080 and 1100 °C) of pyroxmangite to rhodonite
and determined that the crystal morphology is preserved

20 kbar 24°C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C

a(d) 9.655(4) 9.712(2) 9.715(10) 9.719(9) 9.739(5) 9.740(8) 0.754(7) 0.760(6) 9.769(6)
b (A) 10.453(4) 10.536(2) 10.549(6) 10.561(5) 10.585(4) 10.586(5) 10.617(6) 10.630(5) 10.649(6)
c () 17.304(9) 17.438(3) 17.424(21) 17.448(22) 17.482(18) 17.481(21) 17.506(20) 17.525(16) 17.529(20)
a?) 112.20(3) 112.15(1) 112.05(6) 112.08(6) 112.02(5) 111.97(6) 111.99(6) 111.93(5) 111.91(5)
B8 103.10(4) 102.88(1) 102.83(9) 102.78(9) 102.66(7) 102.63(9) 102.56(9) 102.54(7) 102.43(8)
v 82.92(3) 82.95(2) 82.94(6) 82.93(5) 82.97(4) 82.98(5) 82.97(5) 82.99(5) 83.02(5)
Vear (B) 1573.4(11)  1609.8(5) 1612.2(26) 1616.9(24) 1628.4(18) 1629.4(23) 1639.0(23) 1644.7(19) 1650.4(22)




PINCKNEY AND BURNHAM: HIGH-TEMPERATURE STRUCTURE OF PYROXMANGITE

815

PYROXMANGITE MnSiOg3

9.78 T T = T —1=—1 — T T T T 1
- a(l) -+ at®) -112.8
9.74} 4k -
i 4L {nz.4
9.70} Ak :
- 4k 4112.0
9.661 _Is ]
— j
10.7F u
- b(A) - 103.0
< i § 5
W - -
o 10.6f . S
-] S 102.8 &
= B I o
S - 3
v 10.51 4 S,
= = 102.6 &
=] - - =
s S T | 102.4
c(A) R 83.2
i7.5F 3
I 1
% s $-83.0
17.4 4
i T ds2.8
17.3F i
1 L 1 1 1 1 C ] 1 | 1 ] 1 ]
0.98 .00 LO2 098 1.00 102

v/ Vo

Fig. 1. Pyroxmangite unit-cell parameters versus V/V,. High-temperature and high-pressure data are included.

and that c¥ is parallel to ¢¥, which means that the (001)
plane is shared by the two phases. The nature of the ori-
entation is identical to that observed in natural inter-
growths of the two minerals.

Recent studies of these minerals employing high-reso-
TaBLE 8. Principal strain components of expansion and
compression due to temperature and pressure

Orientation angle (°) with
+b

Principal linear thermal-
expansion coefficients

+a +c

A. Principal thermal expansion coefficients; T = 24 to 800 °C

& 17(1) x 1078 °C~" 70(7) 45(10) 73(7)
P 12(1) x 1070 °C 56(7)  130(11) 59(5)
& 3(1) x 10-¢°C 139(5)  108(3) 37(5)

Volume-expansion coefficient: 32.4(2) x 107 °C~*

lution transmission electron microscopy (HRTEM) by Alario
Franco et al. (1980), Ried and Korekawa (1980), Czank
and Liebau (1980), Veblen (1982, 1985), and Ried (1984)
show that the phenomenon of coherent intergrowths in
this system is widespread. In addition to conventional
stacking faults along [100], which are common in wollas-
tonite (e.g., Wenk, 1969) and have been noted in pyrox-
mangite as twinning (Diehl and Berdesinski, 1970) and
as streaking along a* (Chao et al., 1970), the HRTEM stud-
ies have shown that faults parallel to (001) are also com-
mon in pyroxenoids. These chain-periodicity faults (CPFs)
consist of strips of one pyroxenoid, often only one unit
cell wide, which are occasionally inserted parallel to the

TaBLE 9. Tetrahedral chain angles in pryoxmangite at several

o i Orientation angle (°) with temperatures
Principal linear compression
coefficients +a +b +c Chain

B. Principal bulk compression coefficients; P = 1 bar to 20 kbar angte 250 20050 4007 699 ¢
& —4.9(3) x 1077 bar™* 65(5) 83(11) 45(7) 0C1-2-3 148.137(8) 148.90(4) 150.21(3) 151.21(4)
[ —4.0(2) x 1077 bar™ 95(6) 12(7) 111(9) 0C2-3-4 165.110(4) 165.13(2) 166.44(1) 167.39(2)
[ —2.5(2) x 1077 bar™" 25(5) 80(6) 128(5) 0C3-4-5 177.388(1) 177.38(1) 177.24(1) 177.37(1)
Volume-compression coefficient: —11.4(4) x 1077 bar™' 0C4-5-6 167.736(3) 166.89(2) 168.53(1) 168.56(1)
0C5-6-7 144,951(9) 144.17(4) 145.98(4) 145.96(4)
Note: Estimated standard deviations (x10-¢ or 10-7 as appropriate) are 0C6-7-1 161.422(5) 161.38(3) 160.95(2) 160.94(3)
given in parentheses. 0C7-1-2 157.771(6) 156.82(3) 156.59(3) 156.14(3)
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Fig. 2. Pyroxmangite unit-cell edges versus V/V,. This plot
includes pyroxmangites of other compositions (listed in Pinck-
ney and Burnham, 1988) as well as the data from Fig. 1. The
symbol CWB-P represents the Ca-rich pyroxferroite described
by Burnham (1971). The slopes of the lines have been deter-
mined by a linear least-squares regression analysis of the data,
excluding the pyroxferroite data for the c-axis plot.

(001) plane into the parent matrix of a different pyrox-
enoid structure. Insertion of a pyroxmangite strip into
rhodonite, for example, is equivalent to adding one py-
roxene-layer module along (001). Unlike conventional
stacking faults, which extend only partway across the
crystal and result in considerable strain contrast across
the fault, these CPFs extend completely across the crystal
and produce no evident strain at the coherent boundary.

Czank and Liebau (1980) noted that the most common
CPFs observed in the HRTEM studies are those involving
one more or one less pyroxene module, particularly one
more; that is, if the periodicity of the host phase is n, the
most common CPF periodicity is » + 2. CPF periodici-
ties of nine tetrahedra or greater are also commonly ob-
served. Moreover, in experimental studies of this system,
it has been noted that pyroxenoids with longer periodic-
ities tend to crystallize metastably before transforming to
the stable pyroxenoid phase (e.g., Momoi, 1974; Abrecht
and Peter, 1980). These observations, as well as structural
considerations discussed by Pinckney and Burnham
(1988) suggest that the interfacial strain energy between

PINCKNEY AND BURNHAM: HIGH-TEMPERATURE STRUCTURE OF PYROXMANGITE

A) ®0 Pxmns
2.32F 44 High-T Pxmn
X Rhods
230+ ® CWB-P
2.28f
I wal
x
2.26 F
M2j ol g
222+ e
| L ]
2.20F
218
L ]
214 216 218 220 222 224 (A)
M1i

Fig. 3. Variation of M2 with M1 for all pyroxmangites and
rhodonites considered in this and a separate study (Pinckney and
Burnham, 1988). (The term M1 represents the grand mean
M1i=O bond length, where the M1i octahedra comprise M1
through M3 in pyroxmangite and M1 and M2 in rhodonite.
Similarly, M2j represents the grand mean M2j-O bond length.)
The lower curve considers all M sites of pyroxmangite as six-
coordinated except for M6 of CWB-P pyroxferroite, which is
taken as five-coordinated. The upper curve considers M5 and
M7 as seven-coordinated.

two P modules, or PP, is less than that of WP, and that
the strain energy for WW must be relatively high, as such
a combination is never seen as a CPF. From this and
from all of our observations thus far, we may conclude
that the higher the chain periodicity », the smaller the
differences—structural, chemical, and thermodynamic—
between the structures with periodicities # and n + 2 and
the more likely that CPFs will be formed.

Given the widespread occurrence of such intergrowths,

TaBLE 10. Mean thermal-expansion coefficients for mean M-O
distances and polyhedral volumes: 24 to 600 °C

oo @y’
M1 0.601 x 105°C" 5.69 x 10~ °C
M2 0.634 x 105 °C 5.72 x 10~ °C'
M3 1.107 x 10-5°C-! 714 x 10-5°C
M4 1.294 x 10-5°C~' 7.27 x 10-5°C~'
M5 (7) 0.543 x 10-5°C 5.68 x 10-5 °C'
6) 0.173 x 105 °C! 5.41 x 10-5°C-
M8 (6) 0.972 x 10-5°C~" 5.69 x 1075 °C
&) 0.557 x 105°C" 4.46 x 10-5 °C-1
M7 (7) 0.252 x 10-5°C~" 5.70 x 10 °C-'
(6) 1.184 x 10-5°C 6.28 x 10-5°C-

* The mean thermal-expansion coefficients o35 and «, are computed
from the equations oy = (1/(M=0).4.c): AM-0)/AT and a, = (1/Viuee)- AV/
AT, where the slope of a linear regression equation applied to the data is
used for the terms A(M—O)/AT and AV/AT.
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not only of the (001) chain-periodicity faults, but also of
the (100) stacking faults and (010) chain-multiplicity faults
seen in pyroxenes, pyroxenoids, and biopyriboles, the im-
plications for mineralogy and petrology are profound.
Since pyroxenes are used extensively as geothermometers
and geobarometers to interpret geologic histories, it is
important to realize that their coherent intergrowths with
other biopyriboles and pyroxenoids could have signifi-
cant effects on their thermochemical properties and hence
on their utility as petrologic indicators. It is likely that
metastable intergrowths are much more common in the
pyroxenoid-pyroxene system than is currently believed,
and, in fact, quite possible that structurally pure phases
occur only rarely in this system.
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