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The crystal structures of high (C2/c) and low (P21/c) monoclinic polymorphs of a natural ferrohypersthene 
(Mgoa Feo. 7 SiO 3) have been analysed from single-crystal intensity data obtained at 900 ° and 25°C respectively. The 
C-centered structure appears to be well ordered with nearly straight silicate chains and a six-coordinated M2 site. At 
900°C, the space group is C2/c and the cell dimensions are: a = 9.869(3)A; b = 9.059(3)A; c = 5.334(2)A; 13 = 
109.91(2) °. At room temperature, the space group is P21/c, and the cell dimensions are: a = 9.696(3); b = 8.994(3); 
c = 5.228(3); 13 = 108.60(2) °. 

1. Introduction 

The complex petrographic relationships and crys- 
tallization histories displayed by pyroxenes whose 
compositions lie in the diopside-hedenbergite-en- 
statite-ferrosilite quadrilateral are due in significant 
measure to the crystal-chemical behavior of  calcium. 
Those pyroxenes in which Ca predominates in the 
M2 site exhibit the symmetry of  space group C2/c; 
the Ca is eight-coordinated by oxygen, all silicate 
chains are crystallographically equivalent and are rela- 
tively straight ( 0 3 - 0 3 ' - 0 3 "  angle = 166.4 ° in diopside, 
164.5 ° in hedenbergite) [ 1,2 ]. In contrast, pyroxenes 
containing little or no Ca have M2 sites occupied 
primarily by Mg or Fe, both of which prefer six- 
rather than eight-coordination by oxygen. Reduced 
coordination of M2 is achieved in pigeonite, clinoen- 
statite, and clinoferrosilite by contorting half the sili- 
cate chains to configurations with 0 3 - 0 3 ' - 0 3 "  angles 
close to 145 ° [3, 4]; all silicate chains are no longer 
crystallographically equivalent, and the space group 
becomes P21/c. The orthorhombic pyroxenes - ortho- 
enstatite, bronzite, hypersthene, eulite, orthoferro- 
silite - differ from P21/c only in their stacking se- 
quence along the a axis; the Pbca orthorhombic stack- 
ing sequence appears stable when the Ca content is 
less about 5 mole percent CaSiO 3 [5 ]. Structural 

studies of  orthoenstatite and orthoferrosilite have 
shown that individual coordination polyhedra in 
these phases are almost identical to those in their re- 
spective P21/c monoclinic polymorphs [3, 6]. 

Based on an observed diffuseness of  reflections of  
the type h + k = 2n + 1 of  some pigeonites, Morimoto 
and Tokonami [7] postulated that pigeonites have in- 
verted from a high temperature structure of  symmetry 
C2/c. Concurrently, Smith [8] re-indexed the high 
temperature powder data of  Perrotta and Stephenson 
[9] on the basis of  a monoclinic structure of  sym- 
metry C2/c. Soon after the Smith and the Morimoto 
and Tokonami hypotheses appeared in the literature, 
Smyth [10] demonstrated by means of  high-tempera- 
ture single-crystal X-ray diffraction experiments that 
a transformation from P21/c to C2/c symmetry takes 
place rapidly and reversibly between 700 ° and 800°(2 
in clinopyroxene (originally formed by inversion from 
orthopyroxene) of  composition Mg0. 3 Fe0. 7 SiO 3. Pre- 
witt et al. [11 ] observed a similar transformation in 
natural pigeonite (Ca0.04Mg0.18Fe0.78SiO3) at ap- 
proximately 670°C, also by high temperature single- 
crystal X-ray methods. These experiments bore out 
the prediction that low-Ca primitive monoclinic pyr- 
oxenes would become C-centered at high tempera- 
tures, but did not address the question of  why. 

As part of  a detailed high temperature crystallo- 
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graphic study of  some pyroxenes, we felt it important 
to investigate the structure of  this high temperature 
phase. We report here results of  a preliminary struc- 
ture analysis of  nearly Ca-free high clinopyroxene 
carried out with X-ray intensity data obtained at ap- 
proximately 900°C. Our results show that above the 
transition temperature, the M2 site remains six-coor- 
dinated and that the silicate chain becomes almost 
fully extended. This change in structure appears to be 
dominated by a large expansion of  the M 1 and M2 co- 
ordination polyhedra coupled with a zero or slightly 
negative expansion of  the silicate polyhedra. 

2. Experimental crystallography 

To isolate the effects of  temperature from those of  
varying calcium content the sample for this study was 
selected to be as free of  Ca as possible. The sample of  
clinopyroxene was produced by heating a natural 
metamorphic orthopyroxene in an evacuated silica 
glass ampule for 24 hr at 1000°C. The orthopyroxene 
was chemically analysed by Dr. David Virgo (sample 
B1-9  [12]). The inverted sample was examined opti- 
cally and by X-ray powder diffraction and showed no 
evidence of  any phases other than ortho- and low clino- 
pyroxene, the sample being about 80% inverted. The 
reaction appeared to proceed by the reconstructive 
mechanism described by Smyth [10], with the clino- 
pyroxene crystals having no topotaxial relation to the 
original orthopyroxene. Because most of  the original 
crystals had completely inverted, and there was no 

evidence of additional phases, it was assumed that the 
pyroxene composition had not changed significantly. 
Any major errors in chemistry would have shown up 
as unreasonable temperature factors in the X-ray re- 
finement of  the room temperature monoclinic struc- 
ture. 

A single crystal twinned on (100) and about 0.20 
mm in greatest dimension was selected for this study. 
Optical examination showed the crystal to be clear 
and free of  visible inclusions or exsolution lamellae. 
Long-exposure precession photographs showed no 
evidence of  exsolution. A complete set of  intensity 
data (20 < 90 °) was measured at room temperature 
using Mo Ks  radiation and a Picker FACS-1 compu- 
ter-controlled diffractometer. In all, 3122 reflections 
were measured yielding 1481 integrated intensities 
greater than twice the statistical error in counting. Af- 
ter Lorenz, polarization and absorption corrections 
were made on the data, the structure was refined 
using the full-matrix least-squares program RFINE 
(L.W. Finger). The final R weighted on counting sta- 
tistics was 0.037. The results of the refinement of the 
room temperature structure are presented in table 1. 

After the room-temperature data collection was 
completed, the crystal was remounted in an evacuated 
silica-glass capillary. A 40/~ diameter thermocouple 
was placed around the outside of  the capillary about 
150/~ from the center of  the crystal. The crystal was 
placed on the diffractometer and heated to 
900 ° _+ 50°C using a small oxyhydrogen flame. Simi- 
lar mounting and heating methods were employed 
extensively in exploratory studies on the precession 

Table 1 
Structure parameters of low clinopyronene *. Equivalent isotopic B's reported here only. Anisotropic temperature factors available 

on request. 

Atom Mg occupancy x y z B 

M1 0.497(4) 0.2507(1) 0.6538(1) 0.2263(2) 0.24(3) 
M2 0.103(4) 0.2569(1) 0.0154(1 ) 0.2230(1) 0.54(2) 
SiA 0.0439(1) 0.3396(1) 0.2894(2) 0.25(3) 
SiB 0.5524(1) 0.8355(2) 0.2377(2) 0.23(3) 
01A 0.8680(4) 0.3378(4) 0.1812(5) 0.39(8) 
01B 0.3762(4) 0.8363(4) 0.1332(5) 0.48(8) 
02A 0.1235(4) 0.4976(4) 0.3354(5) 0.46(9) 
02B 0.6312(4) 0.9838(4) 0.3822(5) 0.59(9) 
03A 0.1039(4) 0.2706(4) 0.5929(5) 0.49(9) 
03B 0.6054(4) 0.7007(4) 0.4723(5) 0.39(8) 

* Values in parentheses are one standard deviation; for 0.2507(1) read 0.2507 -+ 0.0001. 
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camera. While no oxidation of  the sample took place 
below 1150°C, precise measurement of  the tempera- 
ture was not possible. The high temperature equip- 
ment in no way hindered the motion of  the Picker 
four-circle goniostat. 

At high temperature, the crystal underwent con- 
tinual slight changes of  orientation which made auto- 
matic intensity measurement impracticable. The data 
collection program was modified to permit manual 
centering of each reflection. In this manner, the in- 
tegrated intensities of  the strongest 200 reflections in 
the room temperature data were measured. A reflec- 
tion was considered to have an observed intensity if 
its value was greater than twice the standard deviation 
of the observation, based on counting statistics. This 
procedure yielded 144 'observed' intensities. All class 
b reflections examined, including the 20 strongest 
from the room temperature data, were found to be 
'unobserved'. Cell dimensions of  the high temperature 
structure were refined by least squares fitting to the 
20 values obtained by hand centering each reflection. 
The intensity data were corrected for Lorenz, polari- 
zation, and absorption effects, but absorption of  the 
10/J wall of the capillary was neglected. 

Structure refinement was carried out successfully 
in space group C2/c using the full-matrix least-squares 
program RFINE (L.W. Finger). The structure parame- 
ters of  diopside given by Clark et al. [I]  were used as 
initial values. Seven cycles of  least squares refinement 
reduced the unweighted R-value (~IIF o I-[FcII/ZIFo[) 
for all observed reflections from 0.46 to 0.09. In each 
cycle, atomic coordinates and isotopic temperature 
factors were refined. In addition the Fe, Mg occupancy 
ratios of  the M 1 and M2 sites were refined with the 

total Fe/(Fe + Mg) ratio constrained to that given by 
Virgo and Hafner. Throughout refinement, the data 
were assigned weights related to estimated standard 
deviations based on counting statistics; the final 
weighted R-value was 0.08. Isotropic temperature 
factors and atomic coordinates are listed in table 2. 

3. Discussion 

The cat ion-oxygen distances for the room tem- 
perature and high temperature monoclinic structures 
are presented together in table 3. It was noted that 
the high temperature structure somewhat resembles 
that of spodumene in cell dimensions and M2 coordi- 
nation. Some spodumene-type structures are known 
to deviate slightly from C2/c symmetry and have true 
C2 symmetry [1 ]. We have observed no reflections 
violating the c-glide in high temperature precession 
photographs of  this material. 

It was also noted that, for the room temperature 
structure, the average M 1-oxygen distances are in 
complete agreement with the diagram of Burnham et 
al. ([13], fig. 3) for orthopyroxene. The average of 
six M2-oxygen distances is only slightly lower than 
that expected from the diagram, possibly because of 
the lower calcium content of this material. Virgo and 
Hafner report no calcium, however their analysis 
totals only about 98.5 weight per cent. Emission spec- 
trograph results indicate as much as one weight per- 
cent CaO, corresponding to about 0.04 Ca atoms per 
M2 site. We are currently undertaking precise deter- 

Table 2 
Structure parameters of high clinohypersthene *. 

Atom Mg occupancy x y z B 

MI 0.49(4) 0 0.904(2) 1/4 2.6(5) 
M2 0.11(4) 0 0.268(2) 1/4 4.8(5) 
Si 0.295(1) 0.084(2) 0.267(2) 1.7(2) 
01 0.129(4) 0.098(5) 0.151 (4) 3.8(7) 
02 0.377(3) 0.240(4) 0.352(4) 2.7(7) 
03 0.345(4) 0.006(2) 0.046(5) 3.2(7) 

* Values in parentheses are one standard deviation; for 0.904(2) read 0.904 _+ 0.002. 
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Table 3 
Cation-oxygen distances in high and low clinopyroxene. 

Rm. temp. 900°C 
Low clinopyroxene High clinopyroxene 

Si tetrahedra 

Si A-01 A 
-02 A 
-03 A 
-03 A' 

Average of 4 
03 A' 03 A-03 A" 

Si B -01  B 
-02 B 
-03 B 
-03 B' 

Average of 4 
03 B'-03 B-03 B" 

1.616(2) A 
1.597 (2) 
1.629(2) 
1.658(2) 
1.625 

164.1 ° 

1.618(2) A 
1.602(2) 
1.684(2) 
1.658(2) 
1.641 

142.5 ° 

1.55(3) A 
1.61(3) 
1.59(3) 
1.62(3) 
1.593 

175.5 ° 

M1 octahedron 

M1-01 A 
-01 A' 
-01 B 
-01 B' 
-02 A 
-02 B 

Average of 6 

M2 polyhedron 

M2-01 A 
-01 B 
-02 A 
-02 B 
-03 A 
-03 B 
-03 B' 

Average of 6 

2.074(3) A 
2.155(3) 
2.187(3) 
2.089(3) 
2.065(3) 
2.094(3) 
2.111 

2.156(3) A 
2.121(3) 
2.029(3) 
2.002(3) 
2.393(4) 
2.543(4) 

(3.079(4)) 
2.207 

2.08(4) A 
2.33(4) 
2.33(4) 
2,08(4) 
2.10(4) 
2.10(4) 
2.17 

2.17(6) A 
2.17(6) 
2.06(5) 
2.06(5) 
2.65(5) 

(3.27(5)) 
2.65(5) 
2.29 

mination of the structure above and below the P to 
C transition, and when completed, the crystal will be 
carefully analysed on the electron microprobe. 

Regardless of the calcium content, this work clear- 
ly shows that the M2 site retains six-coordination in 
the high, C-centered structure. As can be seen from a 
comparison of figs. 1 and 2, the M2 coordination po- 
lyhedron does not involve the same six oxygens at 
high temperature as it does at room temperature. It 
can be seen that the M2 cation is coordinated to 03 
atoms labeled (x) and 0 ' )  in the primitive structure 
and (y) and (z) in the C-centered structure. The high 

temperature coordination polyhedron shares two 
equivalent 0 2 - 0 3  edges with silicate tetrahedra, 
whereas the low temperature coordination polyhedron 
shares only one edge. As expected, the shared edge is 
the shortest oxygen-oxygen distance in the tetra- 
hedron. 

The interatomic distances reported in table 3 are 
the distances between the mean atomic positions. At 
present there is no generally agreed upon method to 
correct these distances for riding effects in a rigid 
structure such as this. Assuming a strong riding inter- 
action as in the case of molecular crystals, the correc- 
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Fig. 1. Projection down a* of the room temperature structure. The M2 site is coordinated to 03 atoms labeled (x) and (y). The 
M2 polyhedron shares only one 02-03 edge with an adjoining silicate tetrahedron. 

tion to the bond distances would be less than the 
standard deviation of the distances in the high tem- 
perature refinement. 

Morimoto and Tokonami suggested that the C- 
centered configuration may be a disordered arrange- 
ment of two different types of silicate chain which 
would appear as an averaged chain in the X-ray re- 
finement. While this hypothesis would help explain 
the apparent decrease in Si-01 and Si-03 bond dis- 
tances, it cannot be conclusively supported by this 
study. It seems more likely that the C-centered struc- 
ture represents a real configuration. Subsequent pre- 
cise refinements of the structure of orthopyroxene 
(in preparation) also show a slight decrease in silicon- 
oxygen bond distances with temperature without the 
possibility of being a space average. A possible expla- 
nation would be that the lower frequency stretching 

vibrations of the Ml-oxygen and M2-oxygen bonds 
become fully excited at a lower temperature than the 
higher frequency stretching vibrations of the silicon- 
oxygen bonds. This would result in a loosening of the 
former and tightening of the latter bonds. The silicon- 
oxygen chain then accommodates the greater expan- 
sion of the M1 and M2 sites by straightening, rather 
than simple expansion. 

These structure analyses were undertaken to deter- 
mine the previously unknown cation coordination in 
a structural modification of an important rock-form- 
ing mineral. They have demonstrated that the M2 site 
is six-coordinated, unlike C2/c diopside. They have 
also shown that the M1 and M2 coordination poly- 
hedra expand greatly, whereas the silicon tetrahedra 
has a zero or slightly negative expansion. Both of 
these results are of great importance to the study of 
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Fig. 2. Projection down a* of the high temperature structure. The M2 site is coordinated to 03 atoms labeled (y) and (z) rather 
than (x) and (y) as in fig. 1. The M2 polyhedron now shares two equivalent 02-03 edges with adjoining silicate tetrahedra. 

the crystal chemistry of pyroxenes. The great differ- 
ence between this C-centered structure and that of 
calcium-rich clinopyroxenes suggests that the solvus 
between pigeonite and augite extends above the tem- 
perature of the primitive to C-centered transition. The 
low thermal expansion of the s i l icon-oxygen bonds 
relative to i r o n -  and magnesium-oxygen bonds is a 
result of general significance to the study of high tem- 
perature crystal chemistry of silicates. 

This paper is a preliminary report of a detailed 
study of the structure of pyroxenes at high tempera- 
tures. We have recently completed a study of the 
structure of orthopyroxene at a series of temperature 
up to 700°C, and are currently studying the structure 
reported here in much greater detail. We plan to do a 

precise refinement of the structure immediately above 
and below the transition temperature in order to de- 
termine, among other things, the thermodynamic or- 
der of the transition. 
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