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Abstract

Single crystal X-ray intensity data have been obtained from a crystal of clinohypersthene'
MgonFeou"Caoo,uSiO" at 2A",2W', 40A",600', 70O", 760' and 825'C. Refinements of the

crystal structure using three dimensional data and anisotropic thermal models have been made at

each temperature. Clinohypersthene undergoes a first-order transition from space grottp PL/c

to C2/t at 725' + 10'C. Cell dimensions indicate a discontinuous change in the length of the

axis of greatest thermal expansion at the transition. The h { k odd, diffractions remain sharp

and observable up to the temperature of transition and exhibit a discontinuous drop to zero

intensity at the transition. The high clinopyroxene refinements appear to represent a real struc-

furo rather than an average of the two primitive silicate chain configurations. There are slight

tendencies for clinohypersthene to exhibit more ordering of Mg and Fe on Ml and M2 and for

Fe-Mg exchange to begin at higher temperatures and to have a slightly higher AG of exchange

than does orthopyroxene.

Introduction
In the pyroxene quadrilateral, the low-Ca clino-

pyroxene structure (space Eroup Pzrfc) occurs with
compositions ranging from pure enstatite (MgSiOg)
to about Enl2Fsss and may contain up to 15 mole
percent wollastonite (CaSiOs). The structure has
been shown to be distinctly difterent from the high-
Ca clinopyroxenes, augite, diopside, and hedenbergite
(space Bro:up C2/c, Morimoto, 1956; Morimoto,
Appleman, and Evans, 1960). In the P21fc struc-
ture, the M23 site is 6-coordinated, while in the
CZ/c high Ca structure it is 8-coordinated, so that
the P2y/c structure more closely resembles ortho-
pyroxene in the first coordination of cations and
density of symmetry elements, than it does the high
Ca clinopyroxenes. The P21/c structure has :been

shown to undergo a reversible, non-quenchable,
displacive transition to space group C2/c in the
temperature range from 700o to 1050'C, depending
upon composition. This transition was predicted by
Morimoto and Tokonami ( 1969 ) and Smith ( 1969 ) ,
and verified experimentally by high temperature
single crystal X-ray studies by Smyth (1969) and
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oNomenclature of Burnham et al (1967) used throughout.

Prewitt, Papike, and Ross (1970). The structure of
the high temperature form has been determined by
Smyth and Burnham (1972) for the composition
EnarFsozWor.s, ord by Brown et ql (1972a) for
the composition EnesFsaoWos. The coordination of
M2 within this structure difters distinctly both from
that of the low temperature form and from the augite
structure. The general nature of the high temperature
structure is now well understood. However, the
nature of the transition is not well understood and
there remain some unanswered questions of petro-

logic significance.
Perhaps the most significant question about this

P21/c to 'CZ/c transition is its order. A first-order
transition might give rise to a two-phase field of finite

width in temperature-composition space which could
result in rocks containing two low-Ca clinopyroxenes
of difterent compositions. From structure determina-
tions, it is known that the coordination of M2 to

bridging oxygens changes, but it is not known

whether this transition is first order, as is the clino-

to-proto t_ransition (Smyth, 1974), or of higter order

as the pt to l1 transition in anorthite (Foit and

Peacor, 1973). This question can best be answered
by a close monitoring of the h + k odd intensities
as the crystal undergoes the transition. Related to

the order of the transition is the question of whether

the high temperature structure represents a real

configuration or merely a disordered average of the
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two chains of the primitive structure similar to 11
anorthite reported by Foit and Peacor (1973). This
would be best answered by full anisotropic refine-
ment of the high temperature form .

For many natural pigeonites, particularly Ca-rich
pigeonites of volcanic origin, the h * k odd dif-
fractions are diffuse relative to the h * k even.
Selective diffuseness of subsymmetry diffractions has
generally been attributed to the small size of domains
over which the short-range order of the low-sym-
metry cell is maintained. If the domain size is a
function only of the amount of time allowed for
nucleation and growth of domains in the solid state,
the diffuseness may be a useful indicator of cooling
rates (Brown, Papike, and Prewitt, 1972b). How-
ever, the very low Ca sample which Smyth and
Burnham (1972) quenched to 20qC from 900'C
in a few seconds showed no diffuseness of the h + k
odd diffractions. It may be that the domain size in
the natural volcanic specimens is controlled by very
flne scale Ca-rich lamellae rather than by cooling
rate, thus making the diffuseness of the h -f k odd
diftractions more a function of Ca-content than of
cooling rate. Precise measurement of the shapes of
the diffraction maxima after crossing the C2/c to
P2yfc transition at various cooling rates should
clarify the effects of cooling rate on the selective
diffuseness of the h + k odd diffractions. Brown
et al (I972a) and Prewitt, Brown, and Papike
(197I) report a hysteresis effect of the P to C transi-
tion temperature and a gradual decrease in the tem-
perature of the transition after prolonged heating,
but Smyth and Burnham (1,972) report no hysteresis
in the P to C inversion in their low Ca clinopyroxene.
Further detailed study may help to explain this
phenomenon.

The orthopyroxene structure has been studied in

Tenre 1. Details of Intensity Measurements and
Structure Refinements

TEwEuruRE (cy  +  ro 'c ; 2 0 0  4 0 0  6 0 0  7 0 0  7 6 0  8 2 5

I

Ilo
Nb

3 6 / t 6
L O
9 0

1 4 8 1
0 3 7

detail at a series of temperatures (Smyth, 1973,
at En31Fs67Wo1 5 and Sueno, Cameron, and Prewitt,
L973, at Fs'oo). A similarly detailed study of a low
Ca clinopyroxene for comparison should reveal much
about the relative stabilities of these two closely re-
lated structures as well as about Fe-Mg ordering on
the MI and, M2 sites in the high temperature clino-
pyroxenes.

Experimental

A clinopyroxene formed by inversion from natural
orthopyroxene was used for this study in order to
permit direct comparison between orthopyroxene and
clinopyroxene structures at temperature, and also
to be free of the effects of large amounts of Ca
(i.e., augite exsolution). The clinopyroxene crystals
were prepared by heating a natural metamorphic
orthopyroxene at 990'C for three days in an evac-
uated silica-glass capsule. The clinopyroxene thus
formed was found to be identical in composition to
the original orthopyroxene by microprobe analyses
(cations per six oxygens): Si, 1.997; Ti, 0.002;
Al, 0.005; Mg, 0.636; Fe, 1.327; and Ca, 0.032.
This material is that used for the determination of
the high and low clinohypersthene structures (Smyth
and Burnham, 7972), and for the high temperature
structure of orthopyroxene (Smyth, 1973).

A crystal of this clinohypersthene was mounted
in an evacuated silica-glass capillary and oriented
on a Picker F.tcs-l automated X-ray diffractometer.
The crystal was heated to 200' i-F looc using a
heating stage similar to that described by Smyth
(1972), and allowed to equilibrate for 12 hours
before intensity measurement began. All symmetry-
independent intensities of ?d less than 50o were
measured, then the crystal temperature was increased
to 400'C. After re-equilibrating fot 72 hours, the
same set of intensities was re-measured. Because of
a faulty seal in the capillary, the first crystal began
to oxidize when heated to 600'C; therefore a second
crystal was mounted and heated to 600oC for 24
hours, and an equivalent set of intensities was mea-
sured. This crystal was then used for data collections
at 700", 760", and 825"C in a similar manner'
except that the intensities with indices h * k odd
were not systematically measured at 76A" and 825"C
as they were found to be extinct. Details of intensity
measurements at each temperature are presented
in Table 1. After the data collection at 825oC' the
crystal was cooled to 20"C and showed no signs of
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T^q,nlp 2. Unit Cell Parameters at Various Temperatures
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oxidation. A final set of data (20 < 50o) was col-
lected at 20'C for comparison.

Cell dimensions of the crystal were determined by
careful manual centering of ten strong diffractions
and subsequent least-squares refinement of the cell
parameters from these data at the following tem-
peratures : 20", 200", 400", 500 o, 6Wo, 7 W", 7 20",
7 30", 7 40", 7 60", and 825 " C ( Table 2) . The shapes
and intensities of the eight strongest diffractions with
h + k odd and four representative diffractions with

h + k even were measured at each of the above tem-
peratures. The intensities of the peaks in each group
were averaged and are plotted as a function of tem-
perature in Figure 1. The shapes of a typical peak
of each itype at several different temperatures are
plotted in Figure 2.

As shown in Figure 1, the intensities of the h -f k
odd diffractions went abruptly to zero at 7250 t

lOoC and no intensity from any of these diffractions
was observed at 730" I 10oC and above. Figure 2
shows that the peaks remained sharp right up to the
transition. The diffraction phenomena near the tran-
sition temperature were reexamined after data col-

z).s c'2 cj.s tb la's la t7'5

ze 2e

FIc. 2. Nested 2t scans of representative /z f k odd and

even intensities at several temperatures' There is no ap-
parent difference in the sharpness of the two peaks. The

102 peak at 725'C is broken indicating that the crystal

crossed the transition P2,/c to CZ/c several times during

the 2d scan. Similar behavior was observed in other lr f &

odd diftractions aI 725"C.
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Frc. 1. Plot of the mean of representative h + ft odd
and even diffractions as a function of temperature. The
h + k even diffraction monitored are 062, 404, 28i, and
662_. The h ! k odd dif fract ions are 102,304,231,052,
702,233,235, 304, and 704.
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lection at 825"C warj terminated. No change in the
inversion temperritule (725" -+ 1O'C) was ob-
served after the crystal had been held above the
transition for approximately 72 hours. The transi-
tion temperature was crossed at different cooling
rates: first by a rapid quench to 20'C from 825"C
in less than one second, and second at a cooling rate
of approximately one degree per minute. At no time
was any diffuseness observed of the h * ft odd rel-
ative to the h + ft even diffractions.

Structure Refinements

All sets of integrated intensities were corrected for
Lorcntz and polarization effects. Each intgnsity mea-
surement was also corrected for absorption differ-
ences using numerical integration techniques (Burn-
ham, 1966). Based on a linear absorption coefficient
of 54.7 cm-1, the transmission factors varied from
0.33 to 0.47 tor the first crystal and 0.26 to 0.38 for
the second. All refinements of the structure models
were done with a slightly modified version of the full-
matrix least-square refinement program RrINB
(Finger, 1969). All observations were weighted ac-
cording tow = I/.p'wherc or is the standard devia-
tion of the intensity measurement basEd on counting
statistics as described by Burnham et al (197L). All
observations below the minimum obserVable level
(3o) were rejected from the normal equations matrix
during refinement of the model. Atomic scattering
factors used are those for fully ionized cations and
O-1 given by Cromer and Mann (1968) as derived
from Hartree-Fock wave functions neglecting rela-
tivistic effects. In addition, both real and imaginary
anomalous dispersion terms (Internstional Tables

for X-ray Crystallography,YoL 3, p.215) were in-
cluded in the final cycles of refinement at each tem-
perature. Throughout all refinements, the chemistry
was constrained to the totals given in the chemical
analyses. All Ca was fixed in M2; and Mg and Fe
were allowed to partition between Ml and M2.

The initial structure model used for refinement
of the low clinohypersthene, P2y/c, structures at
200", 400o, 600o, and 700'C was that given by
Smyth ald Burnham (1972). Four cycles of refine-
ment, using isotropic thermal parameters, were per-
formed for each temperature successively, using the
results of the next lower temperature as a starting
model. After four additional cycles of least squares
refinement with anisotropic thermal parametefs at
each temperature, each structure had reached con-
vergence. A similar procedure was followed for the

high temperature, C2f c structures at760" and 825"
using the high clinohypersthene structure determined
by Smyth and Burnham (1,972) at 950oC. Four
cycles of refinement of the structure at 2O"C after
heating were performed using isotropic thermal pa-
rameters and the room temperature structure as an
initial model. The structure was found to be identical
to the initial model within the limits of error.

Final weighted R factbrs for each refinement are
presented in Table 1. Final fractional atomic co-
ordinates, equivalent isotropic temperature factors,
and Fe, Mg, and Ca occdpancies of Ml and M2 for
refinements at each teniperature are presented in
Table 3.

Discussion

The Order ol the Transition

The change in cell parameters with temperature
(Table 2) indicates that the transition occurs at a
discrete temperature. Cell volumes are plotted as a
function of temperature in Figure 3. Plotting of the
cell edges versus temperatuie is an inadequate means
of describing the thermal expansion of a monoclinic
crystal (Ohashi and Burnham, 1973). Using the
method described by Ohashi (1973), the axial lengths
and orientations of the thermal expansion ellipsoids
were calculated between 2O"C and the various tem-
peratures at which cell edges were measured. Axis
lengths versus temperature are plotted in Figure 4.
In a monoclinic crystal (second setting), one of the
axes of the.thermal expansion ellipsoid is constrained
by symmetry to be colinear with the b crystallo-
graphic axis, but the other two axes are free to lie
anywhere in the a-c plane. Because both a and c
show positive expansion and B (obtuse) increases
with increasing temperature, the axis of greatest ex-
pansion in this plane must lie in the acute B angle
(inset, Fig. 3). There app€ars to be a discontinuity
in cell dimensions between 72O" and 76OoC, par
ticularly along the direction of greatest thermal ex-
pansion. Although the thermal expansion data are
not conclusive proof of a first-order transition, they
do indicate that the transition occurs at a discrete
temperature and are consistent with either a first- or
second-order transition.

Figures I and 2 yield an insight into the nature of
the P-to-C transition. The h * k odd diffractions re-
main sharp and observable right up to the tempera-
ture of the trartsition, decreasing gradually in in-
tensity with respect to the h + k even diffractions.
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Tlsr.B 3. Occupancies, Fractional Coordinates, and Isotropic Temperature Factors for Clinohypersthene at Several Temperatures
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Ftc. 3. Cell volumes of ortho and clinohypersthene as a
function of temperature. The slopes are nearly parallel and
coincident up to 700'C, when the slope of the curve for
clinohypersthene becomes steeper and discontinuous at the
transition to C2/c. Above the transition, the curve for the
monoclinic form has the lower slope and the two curves
appear to cross somewhere between 850. and 900"C.

The profile of 102 at 725"C was taken as close as
possible to the temperature of the inversion, and
appears to be broken. Similar behavior for 304 and
702 is interpreted as resulting from the crystal having
crossed the transition several times as the peak was
being scanned. Temperature fluctuations during the
scan are estimated to have been less than 2oC. There
was no evidence whatever of. the h * fr odd diffrac-
tion at 730"C. The apparently vertical sides of the
breaks in the h f ft odd scans at the transition indi-
cate that the transition is first-order, and that there is
a discontinuous isothermal change taking place in the
structure.

The structures on either side of the transition re-
veal further evidence of a discrete isothermal change
occurring at the transition. Figure 5 is a plot of the
chain axis angle (O3-O3-O3) for clinopyroxene and
orthopyroxene, and shows the straightening of the
silicate chains in response to the differential expan-
sion of the polyhedra in both the orthopyroxene and
clinopyroxene structures. Figure 5 also demonstrates
the topologic difference between the two structures,
namely the differing sense of rotation of the A-type
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Fro. 4. Plot of the principal axes of the thermal expansion
ellipsoids calculated between 20.C and each of the tem-
peratures at which cell dimensions were measured, on tho
basis of percent expansion. The inset shows the approximate
orientation of the major and minor axes in the a-c plane.
The length of the major axis, located between 30. and
40" from c in the acute p angle, indicates a discontinuity
at the transition from P2,/c to CZ/c at 725.C.

Ftc. 5. Chain axis angles for ortho- and clinohypersthene
as a function of temperature. S-rotation is denoted by an
axis angle greater than 180" as in the A-chain of clinohy-
perstbene. At the transition from P2t/c to C2/c Ihe A-chain
rotates through 180" to become O-rotated in the C2/c
structure.
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silicate chains.a As the temperature is increased, the
.S-rotated ,4 chains in the P21/c pyroxene gradually
straighten, reaching 190' at 700oC, but at 725"C
this angle flips through 180' to 172" in the high
temperature C2f c structure. This figure shows that
the transition occurs at a discrete temperature rather
than gradually.

Prewitt et al (1971) report that it is difficult to
assign a discrete temperature to the highJow transi-
tion in lunar calcic pigeonites because of the hys-
teresis effects in the Fe-rich samples, and because the
intensities of the h + k odd diffractions decreased
gradually with increasing temperature. It may be that
the non-uniform distribution of Ca due to zoning and
augite exsolution in the natural specimens are causing
the transition to occur over a range of temrperatures.
fn contrast, the Ca-content of the current specimen is
considerably lower, and is expected to be of uni-
form distribution, which may account for the differ-
ences observed in the nature of the transition. As was
discussed in the introduction, selective diffuseness of
subsymmetry diffractions has been generally at-
tributed to the small size of domains over which
short-range order of the low symmetry cell is main-
tained. If a reaction on cooling to a lower symmetry
cell is of the first order, then the time allowed for
nucleation and growth of the subsymmetry domains
will be small at all cooling rates, and it is more
likely that other factors such as crystal defects or
exsolution lamellae may exert more control on the
domain size than the cooling rate will. This hy-
pothesis is consistent with the observation that no
selective diffuseness of the h * k odd diffractions was
observed at any temperature up to 725'C or after
cooling across the transition at different rates. Brown
et al (1972a) observed increased difiuseness of the
h + k odd diffraction after quenching Mull pigeonite
(Ense Fs52 Woe) from 960'C (30"C above the tran-
sition temperature for this composition), and ob-
served that the P-C transition occurred at progres-
sively lower temperatures after prolonged heating.
Such a hysteresis effect may be due primarily to
homogenization of submicroscopic Ca-rich lamellae
with heating. Theoretically one would expect a first-
order transition of this nature to result in a two phase

" In low clinohypersthene, the A chains are nearly straight,
but slightly S-rotated, while the B chains are more strongly
kinked with an O-rotation. For a definition of J- and O-rota-
tions, see Thompson (1970) and Papike and Ross (1970;
F ie .  1 ) .

field of finite width in temperature-composition space'
Holever, diffusion rates may be too slow to realize

the two-phase field experimentally or in nature with-

out encountering the reconstructive inversion to

orthopyroxene.

Topology

In observing the effects of temperature on clino-

hypersthene, it is very useful to compare the struc-

ture refinements with those of orthohypersthene, in

which no analogous transition takes place, so that

the efiects of topology and temperature can be sepa-

rated. At 2OoC, the orthopyroxene structure is very

similar to that of low clinopyroxene, and the various

cations in the two structures have nearly identical

first-neighbor coordinations. Looking at the struc-

tures of each as a set of layers in the b-c plane, the

tetrahedra labeled B (Sin, Oln, O2n, O3n, nomen-

clature of Burnham et al, 1967) form a layer of

silicate chains, and the entire layers are nearly identi-

cal in the two structures. Likewise the M-cation

layers on either side of the B-silicate layer will almost

perfectly superimpose in c* projection. The topologic

difierence between the two structures arises in the

layers of tetrahedralabeled,4 (Sia, Oln,O2t', O3e).

While an a* projection of one A-chain from the clino

structure will nearly superimpose on an ortho A-

chain, the entire b-c layer of chains will not, because

the symmetry element relating adjacent chains within

a given A-layer is different in the two different struc-

tures. In the orthorhombic structure, adiacent A-

chains are related by a b-glide plane normal to a

bisecting the layers of ,4-chains, while in the P21/c

monoclinic structure, adjacent ,4-chains are related

by a 21axis parallel to b and lying in the plane of

the chains. "the 21 axis results in the -4 chains of

clino having the opposite rotation sense (Thompson,

1970; Papike et aI, 1973) from those of ortho, so

that the low clino ,4 chains have an S-rotation, and

those of ortho an O-rotation. The topologic difier-

ence allows the monoclinic P2y/c structure to be

capable of a displacive increase in symmetry to

C2/c; however, the orthorhombic structure is not

because Pbca is not a subgroup of a higher-symmetry

space group. As the temperature is increased, the

divalent cation bonds to oxygen expand, while the

stronger Si-O bonds do not; but because of the

topologic difference between the two structures, this

differential expansion affects the structures in quite

different ways. This becomes clear as we examine

the behavior of each of the cation polyhedra. Cation-
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oxygen distances and the chain axis angles (O3-
O3-O3 ) at each temperature are presented in Table
4.

Difierential Expansion ol Cation-Oxygen Bonds

A plot of the percent expansion of the mean
cation-oxygen distances in the various coordination
polyhedra (Fig. 6) clearly shows the differential in
thermal expansion between Si-O bonds and the other

cation-oxygen bonds in the structure. This difter-
ential, which has been noted in previous high tem-
perature structural studies on pyroxenes (Smyth,
1971; Sueno, Cameron, and Prewitt, 1973; Cameron
et aI, 1973; Smyth and Burnham, 1972; elc), is due
to the fact that the stretching modes of the stronger
Si-O bonds are not excited below about 700"C,
whereas the stretch of the weaker M-O bonds is
excited at much lower temperatures. The oxygens,

Taet,p 4. Cation-Oxygen Distances and Chain Axis Angles
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composition, they have different thermal histories,
and Fe-Mg distribution equilibrium is not established
in orthopyroxene below about 500'C (Virgo and
Hafner, 1.969, 1970). The orthopyroxene had not
previously been heated, while the clinopyroxene had
been quenched from 900oC, so that below 500'C the
clinopyroxene had more of the larger Fez* cations in
Ml than the orthopyroxene. Above 500'C, the
equilibrium Fe-Mg distribution should have been at-
tained before intensity measurement commenced, at
least in orthopyroxene (Virgo and Hafner, 1969) '
The most important feature of Figure 8 is, however,
the apparent jump in the mean Ml-O distances as
the monoclinic structure goes from P21/c to C2/c.
Even though Table 3 indicates a slightly smaller Fe
content of. Ml in clinopyroxene than Smyth (1973)
found in orthopyroxene of the same composition at
a corresponding temperature, the Ml' site of high
clinopyroxene appears to be slightly larger than that
of orthopyroxene.

The M2 Polyhedron

The mean M2-O distances in ortho- and clino-
pyroxene, plotted at several temperatures (Fig. 8),
clearly show the effects of the Pzr/c to C2/c transi-
tion. In both P21/c and C2/c, the M2 cation is co-
ordinated by six oxygens; however at the transition,
one O3s atom leaves the coordination polyhedron,
and another enters. The differences in mean M24

2 , 1 4

o loo 200 300 zloo 500 600 700 aoo 900
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Frc. 7. Mean Ml4 distances for ortho- and clinohyper-
sthene at several temPeratures.

F

z
$  roos
E
ul
c

roo.o

99.5

9A-O

- - 
o rcio zoo soo +oo soo 600 ?oo soo 9oo

T E M P E R A T U R E  ( " C )

Frc. 6. Percent expansion of the mean cation-oxygen
distances for Ml, M2, and Si. This figure illustrates the
major difference in thermal expansion between M cations
and Si.

as their bonding to the M cations decreases with in-
creasing temp€rature, increase their bonding to Si so
that the Si-O distances show a slight decrease up to
about 700'C, above which the Si-O distances begin
to increase with increasing temperature. It is this
prominent differential in expansion between the units
of the structures which is the driving force for the
major structural changes with temp€ratures, and
which brings about the inversion to the high tem-
perature form.

The MI Octahedron

In light of the zero to slightly negative thermal
expansion of the Si-O bonds, it is the thermal ex-
pansion of the M-O bonds which gives rise to the
structural changes with temperatures. The mean
MI-O bond lengths in orthopyroxene and clino-
pyroxene at various temperatures are plotted in Fig-
ure 7. The differences in M1,-O bond lengths be-
tween the two structures below 500"C most likely
reflect the differing Mg and Fe contents of the site.
Although the two crystals studed have the same
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the AGB determined by Mtissbauer spectroscopy of
heated natural pigeonites (Hafner, Virgo, and War-
b,urton, 1971; Schiirmann and Hafner, 1'972), and to
a lesser extent, on an X-ray determination by Brown
et al (1972a). These experiments are summarized in
Table 5. These anthors obtained values of AGn for
Fe-Mg exchange between Ml and M2 in pigeonites
fuon 4.I to 4.9 kcal/mole in the range 50Oo to
1000'C. This is a slightly larger value than was ob-
tained for orthopyroxene in the same temperature
range, indicating that the clinopyroxenes tend to be
more ordered. Dowty et al (1972) raise the possi-
bility of a bias in the Mtjssbauer data on clino-
pyroxenes, particularly high-Ca clinopyroxenes,
which would tend to give anomalously large amounts
of Fe in M2, thereby indicating a higher degree of
order. Further. Mtissbauer determinations are so few
that it is impossible to estimate the effects on AGn
of ,Ca content, total Fe/Fe * Mg ratio for the crystal,
or the P to C transition.

Results of the current study of cation-ordering are
presented in Table 5 along with similar results for
pigeonites of Schiirmann and Hafner (1972) and
Brown et ql (1972a), and for orthopyroxene of
Smyth (1973), Schiirmann and Hafner (1972), and
Virgo and Hafner (1969). The results for the cur-
rent study agree very well with those for 12021
pigeonite, but less well with those for 14053 pigeonite
and Mull pigeonite. All clinopyroxenes observed in-

Tesre 5. Distribution Coefficients and Mg-Fe Exchange
Energies of Low Ca Pyroxenes

AGo

ko xcaUiole Reference

2 2 4

2 2 2

2 2 0

2 t e

o tcio 
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Fra. 8. Mean M2-O distances for ortho- and clinohy-
persthene at several temperatures. The solid triangles in-
dicate the mean distance to the six oxygens which coordinate
M2 in the C2/c structve while the open triangles indicate
the mean distance to the six oxygens which coordinate M2
in the P2r/c structure. The vertical dotted line indicates
the transition temperature (725'C).

distances between low clino- and orthopyroxene re-

flect the fact that the M2 site in clino contained more

Mg and less Fe than in orthopyroxene below 500'C.
At 725"C, there is an apparent discontinuous change
in the coordination of M2 as one M2-O3 bond is

broken and another formed. It is important to note
that the M2 site of high clinopyroxene is slightly
smaller than that of orthopyroxene at corresponding
temperatures, and that this difference is not in the
sense which one would expect from the relative Mg
contents of the two sites.

Cation Ordering

The degree of Mg-Fe ordering has been used to
estimate cooling rates of many lunar and terrestrial
pigeonites (Finger et aI, 1972; Hafner and Virgo,
1970; Hafner, Virgo, and Warburton, l97l; Schiir-
mann and Hafner, 1972; Ghose, Ng, and Walter,
1972; Ghose and Wan, 1973; Gay, Bancroft, and
Bown, 1970; Schiirmann, Anderson, and Hafner,
1971; Brown and Wechsler, 1973; Dowty, Ross, and
Cuttitta, 1972). These studies have been based upon
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dicate slightly more ordering (i.e.,larger AGn) than
do orthopyroxenes at corresponding temperatures, in
agreement with the conclusions of Browt et al
(1972a) and Schiirmann and Hafner (1972). How-
ever, the current study further shows that the differ-
ence is not entirely due to the additional Ca in clino-
pyroxene creating alarger energy differential between
the two sites. This is clear because the ortho and
clino that have the same composition also show a
slight difference in aGn. The close agreement be-
tween the current study (Wo1.s) and the 12027
pigeonite (Wor) may indicate that Ca has little effect
on AGB; however, the large AGB observed by Brown
et al (1972a) for Mull pigeonite (Wor) may indicate
that Ca has a considerable effect. The results of the
current study also confirm the conclusion of Schiir-
mann and Hafner (1972) that no great variation in
,AGB occurs across the P21/c to C21c inversion. How-
ever, we may be seeing the beginning of a decrease
in AGB with increasing temperature at 825"C. Cer-
tainly this may be expected because in the C2/c
form, the Ml and M2 sites are more similar in size
than they are in the orthorhombic form at an equi-
valent temperature (Figs. 7, and 8). Further study
of ordering in pigeonites at elevated temperatures is
needed to substantiate such a trend.
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Thermal Pararneters

Figure 9 is a plot of the equivalent isotropic tem-
perature factors (B) for MI and M2 and the mean
B for Si and for the oxygens. The magritudes and
orientations of the principal axes of the thermal
vibration ellipsoids are presented in Table 6. Because
the anisotropic temperature factors of the oxygens in
the P21/c structure at 700"C were not positive-
definite (did not define an ellipse), and the equiva-
lent isotropic temperature factors showed somewhat
erratic behavior near the transition, an attempt was
made to refine the 700"C structure in space group
C2/c. This attempt yielded a large R of 0.18 and
very large isotropic temperature factors for Si and
O. Likewise, an attempt was also made to refine the
76A"C structure in space grotp P21/c, which resulted
in coordinates of the atoms of the A and. B chains
which were not significanfly different from their posi-
tions in the C2/c structure. These experimental re-
finements further strengthen the conclusions of
Brown et al (1972a) and Ohashi (1973) that the
C2/c stracture is real and does not represent the dy-
namic average of the two chain configurations of a
P21/c structure. Further, they indicate that the
P21/c structure is also real, and that a first-order
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transition takes place between 'the two at about

725"C.

Conclusions

The most important conclusion of this study is
that the transition from P21/c to C2/c in clino-
pyroxenes is of the first order. This conclusion is
based upon three independent lines of evidence. First,
the h * ft odd diffractions remain sharp and observa-
ble right up to the inversion temperature and abruptly
disappear at 725"C. Second, the cell dimensions
appear to undergo a discontinuous change at the
inversion temperature. Third, structure refinements
30oC on either side of the transformation result in
structures which are drastically different. Further,
the high temperature structure in space group CZ/c
appears to be a real structure, that is, the single

SMYTH

silicate chain does not appear to be a time or space
average of the two chains of a disordered primitive
structure.

Because the transition is first order, it appears that
the relative diffuseness of the h * k odd diffractions
observed in some higher Ca pigeonites is likely to
be more a function of Ca content than cooling rate.
Structure refinements of high clinopyroxene indicate
that the M'1. site is slightly larger, and M2 slightly
smaller, than in orthopyroxene at the same tempera-
ture. Despite the slightly greater similarity in the two
sites of high clino, there is a sligltt tendency for the
high clinopyroxenes to exhibit more ordering of Mg
and Fe on MI and M2, and for Fe-Mg exchange to
begin at higher temperatures and have a higher aG
of exchange than in orthopyroxene. Comparison of
the cation ordering measurements with those of pre-
vious studies indicates that the P21/c to C2/A fiansi-

Tasln 6. Amplitudes and Orientations of Principal Axes of Thermal Vibration Ellipsoids

Tenp. Axis

R l 4 S  A n D l .  A n s l e  o f  r .  w i t h  a x i s

r . ( A )  a  b  c

RMS Anp1.  Ang le  o f  r I  w i lh  ax ls

r .  ( A )

Rl4S Amp1. Angle of r .  with axts

. . ( i )  a  t  9

2 o o  c

200"c

4oo"c

6oo"c

7000C

5 9  ( 4 )
1 3 6 ( 5 )

6 3  ( 5 )

2 ( 7 ' )
9 0  ( 8 )
8 8 ( 7 )

8 0  ( 1 3  )
6 5  ( 8 )

76(12)
1 5 0 ( r 2 )

64<9)

5 8  ( 1 0 )
1 4 6  ( r s )

80 (14)

1 0 2 ( s )
1 1 9  ( 1 9 )

3 2  ( 2 0 )

1 1 1 (  2  0 )
1 5 9  ( 2 0 )

8 7  ( 1 E )

3 2 ( 1 6 '
1 2 r  ( 1 8 )

8 3  ( 1 6 )

1 0 0 ( 1 8 )
r29 (17)
4 r  (  1 6 )

M 1

0 . 0 4 4 ( 1 )  7 6 4 ( 7 )  8 2 ( 6 )
0 . 0 5 3 ( 1 )  9 2 ( 6 )  3 7 ( 7 )
0 . 0 6 6 ( 1 )  7 4 ( 7 )  5 4 ( 7 )

0 . 0 6 1 ( 2 )  r 3 8 ( 7 )  9 6 ( 7 )
o . o 9 9 ( 2 )  r 3 0 ( 7 )  6 9 ( 8 )
o . r 2 2 ( 2 )  8 1 ( 8 )  2 2 ( 8 )

0 . 0 8 6 ( 2 )  5 3 ( 7 )  1 4 2 ( 1 )
0 . 1 0 8 ( 2 )  5 7 ( 8 )  7 s ( 8 )
0 . 7 4 7 ( 2 )  5 4 ( 8 )  s s ( 7 )

o . o 9 s ( 6 )  s 1 ( 1 4 )  3 9 ( 1 4 )
0 . 1 4 7 ( 6 )  9 6 ( 1 4 )  8 2 ( 1 5 )
0 . 1 9 8 ( 6 )  1 4 0 ( 1 5 )  5 2 ( 1 6 )

0 . 0 9 8 ( 5 )  r 2 3 ( 1 4 )  1 4 4 ( 1 s )
0 . 1 4 0 ( 6 )  1 1 2 ( 1 4 )  9 0 ( 1 4 )
o . 1 7 4 ( 6 )  1 3 9  ( 1 6 )  5 4  ( 1 s )

5 8 ( 7 )  0 . 0 7 2 ( 1 )
r 2 3 ( 7 '  0 . 0 8 4 ( 1 )
5 0 ( 6 )  0 . 0 9 2 ( 1 )

. 3 1 ( 8 )  0 . 0 9 8 ( 2 )
1 1 6 ( 7 )  o .  r 1 s ( 2 )
7 5 ( 8 )  0 . 1 3 0 ( 2 )

9 2 ( 8 )  o , r 2 3 ( 2 )
159(7 ' )  0 .129(2)
6 9 ( 7 )  0 . 1 s 5 ( 2 )

9 9 ( r 5 )  0 . 1 4 0 ( s )
1 s 3 ( 1 5 )  0 . 1 5 2 ( s )
6 s ( r 5 )  0 . 1 9 8 ( s )

6 8 ( 1 s )  0 . o 9 9 ( 5 )
1 3 9  ( 1 s )  0 . 1 8 6 ( 5 )
5 8 ( 1 5 )  0 . 2 U ( s )

N2

s4(4)  108(4)
64(5)  r31  (s )

1 3 3 ( s )  1 3 3 ( 5 )

i 1 0 ( 7 )  9 2 ( 8 )
140(e)  s4(7)
5 7  ( 8 )  3 6 ( 8 )

82(14> 89(14)
1 1 s ( 1 2 )  2 s ( r 4 )
1 5 3 ( 8 )  l r 5 ( 7 )

67  (9 )  34  (13)
8 9 ( 1 0 )  6 5 ( 1 5 )

1 5 7 ( 8 )  6 9 ( 8 )

69(10)  130(9)
42( r4 ' , )  104(13)
56 (13 ) 43(r4)

si  (A)

0. 039 (2) 7 (4'  94(5)
0 . 0 6 2 ( 2 '  9 0 ( 4 )  7 4 9 ( 2 0 )
0 . 0 6 s ( 2 )  9 7 ( 5 )  1 2 1 ( 2 1 )

0 . 0 8 2 ( 4 )  2 8 ( 2 0 )  6 3 ( 1 8 )
0 . 0 8 7 ( 4 )  8 8 ( 2 1 )  1 0 3 ( 1 9 )
0 . 1 1 2 ( 4 )  6 2 ( i s )  r 4 9 < r 7 )

0 . 0 8 7 ( 4 )  1 4 0 ( 1 6 )  9 3 ( 1 5 )
0 , 1 0 6 ( 4 )  r 2 9 ( L 7 )  8 1 ( 1 6 )
o . L 2 3 ( 4 )  8 6 ( 1 6 )  1 0 ( 1 7 )

0 . 0 5 3 ( 6 )  5 6 ( 1 8 )  3 4 ( 1 7 )
0 . 1 2 3 ( 6 )  1 1 7 ( 1 9 )  7 r ( 1 5 )
0 . 1 4 4 ( 6 )  1 3 4 ( 1 8 )  6 3 ( r 7 )

76ooc 1
2
3

850"c  I
2

2oo c

2oooc

4ooo c

6oooc

Tooo c

0 . 1 3 6 ( 5 )
0 . 1 s 9 ( s )
0 . 1 7 r ( 5 )

0 . 1 3 r ( 5 )
0 . 1 6 s ( s )
0 .  177 (5 )

0 . 1 3 5  ( s )
0 . 1 3 8 ( 5 )
0 ,162 (s )

0 . 1 2 5 ( s )
0 , 1 3 5 ( s )
0 .161 (5 )

1 7 ( \ 2 \  9 0 ( ' * )  3 3 ( 1 2 )  , 0 , 1 s 9 ( 5 )
90( : t )  180(* )  90(* )  0 .187(s )

167(13)  90(* )  57  (L2)  o .2 r4<5)

es(12)  90(* ' )  15(11)  0 .154(s )
90(* )  180(* )  90(* )  0 .18 I (s )
5(12)  90(* )  105(12)  0 .219(5)

82(15) 90(*) 28(14)
90(* )  180(* )  90(* )

r72<rs l  90(* )  62(13)

86(L2) 9o(*) 24(12)
90(* )  180(* )  90(* )

176(11)  90(* )  66(11)

60(25)  30(28)  104(28)
58(24) 112(25) r54<23',)
47( t5 )  110(14)  68(14)

rr5(22) 81(23) Lo(22)
rr8Q2) rs2(24) 8s(21)
39(14)  117(15)  82(15)

sr (B)

o .o3e(2)  21(4)
0 , 0 5 s ( 2 )  1 s ( 6 )
0 ,067 (2 )  109(5)

0 .063(4)  41(16)
0 .087(4)  '13(L7)

o . r22(4)  54(12)

o ,o9o(4)  128(20)
0,097(4) 93(2r)
0 .138(4)  3E( r4)

0 .071(6)  126(18)
o .a42(6)  r35( r9 )
0 .195(6)  112(18)

0,106(6) 144(27'
0.116(6) 712(25)
0 .253(6)  63(18)

8r (6 )  86(5)
60(6)  108(s )

1 0 8 ( 6 )  1 8 ( 7 )

49(16) 104(17)
110(18)  160( r8)
133 (13) 76 (13)

tz3(22) 42(24)
734(28) 732(24)
u8(13)  83(15)

64(L8) 33(20)
83(17)  115( rE)

r53(19) 70(17)

9l(24) 35(23)
139(21) 771(27)
130(17)  55(16)

* Fixed bq sgmtry consf,rai nts of space group C2/c.
* '  Tent r re ta tu te  fac to t  o f  th is  a ton  is  no t  tns i t i ve- i le f in i te .



H I GH-TEM PERATU RE CLIN O HY PERST HEN E

Tlst,n 6, Continued

1081

RMS Amp1. Angle of r .  with axis

T e m p .  A x l s  . ,  ( i )  a  b  c

R M S  A n p l .  A n e l e  o f  r -  w i t h  a x i s
i

r . ( i )  a  b

R M S  A n p I .  A n g l e  o f  r ,  w i t h  a x i s

c  r . ( i )  a  b  c

2ooc

200"c

4ooo c

600"c

7 O C ^ c

l60oC

825nc

0 . 0 3 8 ( s )  2 2 ( 1 4 )  7 s ( 1 5 )
0 . 0 7 6 ( 6 )  8 7 ( 1 8 )  5 1 ( 2 5 )
0 . 0 8 9 ( 6 )  r r 2 ( 1 7 )  4 3 ( 2 7 )

0 .0e6( r0)  87(20)  120(22)
0 . r 2 3 ( r 2 )  1 6 0 ( 2 8 )  1 0 9 ( 2 8 )
0 . 1 4 0 ( 1 1 )  1 1 0 ( 3 0 )  3 7 ( 3 3 )

0 . 0 8 0 ( 1 1 )  8 0 ( 2 1 )  1 3 0 ( 2 1 )
0 .114( r2)  63(24)  r28(23)
0 . 1 s 3 ( 1 2 )  3 0 ( 2 3 )  6 3 ( 2 5 )

o . o 4 o ( 1 8 )  1 2 s ( 3 1 )  1 3 3 ( 1 )
0 . 1 4 3 ( 1 8 )  8 9 ( 3 2 )  r 2 4 ( ' )

l . _ r r o , r t ,  
3 s ( 3 1 )  1 1 8 ( 3 0 )

0 . 1 3 5 ( 1 s )  9 1 ( 3 6 )  9 2 ( 3 2 )
0 . 1 5 6 ( r 7 )  1 3 1 ( 3 4 )  1 3 9 ( 3 4 )
0 . 1 8 1 ( 1 9 )  1 3 9 ( 3 2 )  5 0 ( 3 0 )

0 . 1 4 0 ( 1 5 )  8 9 ( 3 2 )  8 ( 2 8 )
0 . 1 5 4 ( 1 6 )  7 1 ( l )  8 3 ( 3 i )
0 . 1 5 8 ( 1 6 )  1 9 ( - )  9 3 ( 3 3 )

0 1  ( B )

02 (A)

92(14)  0 .029(7)  r43(15)  126( r4)
L 3 9 ( 2 9 )  0 . 0 8 8 ( 6 )  6 r ( 1 6 )  1 3 5 ( 2 r )
4 e ( 2 8 )  0 . 0 9 6 ( 6 )  7 0 ( 1 8 )  1 1 3 ( 2 0 )
37 (2 r )  0 .074 (  11)  r6s  (20)  89  (22)
79(23)  0 .1 r2(L2)  97(30)  1s7(31)
5 s  ( 2 1 )  o . r 2 2 ( r 2 )  7 7  ( 2 e )  r 1 3 ( 2 9 )

50 (23  )  0 .059 (12)  ro7  (22)  29(2o)
r3e(21) 0.142(L3) 24(28) 68(23)
9 6 ( 2 4 )  0 . 1 5 6 ( 1 2 )  7 3 ( 3 0 )  1 0 8 ( 2 3 )

52( i )  0 .053(17)  r10(2e)  34(32)
r 4 2 (  )  0 . 1 3 e ( ] 8 )  1 5 3 ( 3 0 )  9 9 ( 3 4 )

87(29)  0 . *227( ) '8 )  106(31)  123(30)

2 0 ( 3 8 )  0 . l l s  ( 1 6 )  8 1 ( 2 9 )  1 6 ( 3 0 )
7 e ( 3 1 )  0 . 1 7 1 ( 1 7 )  3 s ( 2 8 )  8 9 ( 3 2 )
7 4 ( 3 4 )  0 . 2 3 5 ( 1 8 )  s 6 ( 2 8 )  1 0 6 ( 3 1 )

8 3 ( 3 1 )  0 .  r 3 4 ( 1  5 )  1 0 4 ( 2 8 )  4 3 ( 2 9 )
1 7 3 ( ' )  0 . r 7 7 ( 1 5 )  4 7 ( 2 9 \  5 3 ( 2 7 )
9 1 ( - )  0 . 2 2 8 ( 7 7 )  4 7 ( 2 7 )  1 1 0 ( 2 6 )

03 (A)

7 2 ( 1 4 )  0 . 0 4 9 ( 7 )  1 4 1 ( 1 s )  r 1 3 ( 1 7 )  4 s ( 1 8 )
1 3 0 ( 1 9 )  0 . o 7 9 ( 7 )  1 2 3 ( 1 8 )  8 8 ( 2 0 )  1 2 8 ( 2 7 )
4 5 ( 2 2 )  0 . 1 0 1 ( 7 )  1 0 8 ( 1 8 )  2 3 ( 1 9 )  7 7 ( 2 o )

56(24)  0 .078(13)  22(21)  73(23)  95(24)
r08(26)  0 .107(14)  69(21)  123(24)  146(22)
40(2s)  o . r44(72)  e4Qr)  r42(2o)  s7  (22)

6 2 ( 2 r )  0 . 0 9 4 ( 1 2 )  r 2 2 ( 3 7 )  4 1 ( 3 0 )  s 8 ( 2 s )
r r7  (29)  0 .116(14)  148(32)  L2o(2e)  84(24)
40(27)  0 .152(14)  86(24)  115(23)  33(22)

5 8 ( 3 3 )  0 . 1 0 2 ( 1 8 )  2 3 ( 3 2 )  7 s ( 3 4 )  e 2 ( 3 6 )
9 6 ( 3 0 )  0 . 1 3 5 ( 1 8 )  6 8 ( 3 0 )  L 1 2 ( 3 5 )  r 5 1 ( 3 4 )
33 (29)  o .220(20)  83  (29  )  153 (30)  67  (32)

0 . 0 8 s ( 1 9 )  1 3 4 ( 3 4 )  1 2 8 ( 3 5 )  s 4 ( 3 3 )
0 . 1 2 2 ( 2 2 )  s 6 ( 3 6 )  1 4 2 ( 3 8 )  1 1 s ( 3 3 )
0 .2o3(22)  62(29)  88(30)  47  (32)

80(28)  0 .146(18)  l se(29)  7e(33)  53(29)
r 4 s ( 2 9 )  0 . 1 7 1 ( r 9 )  1 0 9 ( 3 0 )  9 7 ( 3 2 )  1 4 0 ( 2 9 )
5 7 ( 3 1 )  0 . 3 0 6 ( 2 3 )  9 8 ( 2 9 )  1 6 7 ( 3 r )  7 7 ( 3 O )

47(28)  0 .113(16)  173(29)  78(30)  21(28)
129(29)  0 .169(17)  137(30)  102(31)  171(29)
69(28)  O.279(L9)  89(28 \  163(30)  74(29)

03 (B)

2 o o  c

2000 c

4000c

6 o o o c

i000 c

0 .054(6)  66(23)  25(22)
0 .070(6)  r41(22)  74(20)
o . o 9 7 ( 6 )  1 1 8 ( 1 8 )  7 1 ( 1 9 )

0 .072(11)  97(2r )  82(25)
o.112(L2) r37 (24) r33 (23)
0 .137( i1 )  48(26)  136(27)

0 ,070(13)  45(28)  44(30)
0 . 0 9 0 ( 1 2 )  8 0 ( 3 2 )  e 3 ( 3 r )
0 .  16r  (12)  45(28)  734(27)

0 .  r i 0 ( 1 8 )  2 8 ( 3 7 )  r r 6 ( 3 1 )
0 . 1 5 4 ( 1 9 )  r 0 6 ( 3 2 )  1 4 0 ( 3 3 )
0 .188( r7)  r12(32)  1 r8(34)
**

to4  (17)  0 ,068 (6 )
r 0 6 ( 1 9 )  0 . 0 8 5 ( 7 )
2 2 ( 1 . 7 )  0 . 1 0 3 ( 6 )

1 4 ( 2 r )  0 . 0 6 3 ( 1 1 )
76(24)  0 .  135 ( r1 )
93(25)  0 .  17r  (12)

9 8 ( 3 4 )  0 . 0 9 5 ( 1 2 )
1 7 0 ( 3 3 )  0 . 1 4 1 ( 1 3 )
9 5 < 2 8 )  0 . 1 e 7 ( 1 3 )

9 8  ( 3 7  )  0 . 0 8 0  ( 1 9  )
1 1 8 ( 3 s )  0 .  r 4 4 ( r 8 )
29(33)  O.2Ls(2o)

1 1 4 ( 1 6 )  6 6 ( r 7 )
6 9  ( 1 6 )  2 7  ( t  s )
3 3 ( 1 7 )  1 0 1 ( 1 7 )

r43(24) 1lO(25)
100(25) L37(26)
55(23) r32(24)

rrs(27) 1,77 (28)
L47 (28) 97 (30)
110(28)  28(26)

12 1  (30)  r45(29)
50(34)  r23(34)
s5  (34)  98  (37)

2 5  ( 1 8 )  o . 0 4 4 ( 7 )
r r2  ( r7 )  0  .o72 (7  )
7 8  ( 1 8 )  0 . 0 8 9  ( 6 )

43(28)  0 .049 (12)
729(27)  0 .080(12)

7 s ( 2 5 )  0 . 1 r 7 ( 1 3 )

2 9 ( 2 7 )  0 . 0 7 4 ( 1 3 )
1 0 3 ( 2 9 )  0 . 1 0 7 ( 1 4 )

65(27)  0 .187 (15)

6 7 ( 3 4 )  0 . 0 6 9 ( 1 9 )
1 3 6 ( 3 3 )  0 . r 7 7 ( 2 7 )
ss  (35)  0 .234<23)

0 .  068 (19  )
o .  132 (20)
0.244(26)

1 3 7 ( 1 8 )  r l s ( 1 7 )  4 2 ( 1 6 )
1 1 9 ( 1 9 )  1 0 4 ( 1 9 )  1 3 0 ( 1 9 )
16r (22)  r50(20)  100(18)

72(24)  72(27)  4 r (25)
35(23) 61 (28) r31 (24)
6r (25)  150(21)  e2(26)

125(31)  66(32)  31(30)
8 4 ( 2 9 )  2 6 ( 3 0 )  1 1 5 ( 2 9 )
36(24)  81  (25)  74(26)

145(34) 70(36) 46(34)
1 0 8 ( 3 8 )  6 6 ( 3 s )  r 3 6 ( 3 3 )
61(37)  32(32)  86(37)

1 s 0 ( 3 4 )  6 2 ( 3 7 )  6 3 ( 3 8 )
1 1 4 ( 3 5 )  1 1 5 ( 3 8 )  1 3 0 ( 4 1 )
108 (37)  141 (37)  s2(4o)

+ 0r lentat lon of thls axis ls essent ial ly indetemlnate as expected when crosg sect ion of themal el l ipsoid is nearly circular.

tion has only a rninor efiect upon AGs, while the
effect of Ca content on AGE may be significant.
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