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Abstract

Crystal structure parameters have been determined for acmite, NaFe'+Si20. (at _400°C,
600°C, 800°C), diopside, CaMgSLO. (at _400°C, 700°C, 850°C, lOOO°C), hedenbergite,
CaFe'+Si20. (at _24°C, 400°C, 600°C, 800°C, 900°C, lOOO°C), jadeite, NaAISi20. (at _24°C,
400°C, 600°C, 800°C), spodumene, LiAISLO. (at _300°C, 460°C, 760°C) and ureyite,
NaCrSi,O. (at _400°C, 600°C). Refinements in space group C2/c using anisotropic tempera-
ture factors and over 640 reflections for each set of data resulted in unweighted R-factors
ranging from 0.022 to 0.078.

The increase in mean Si-O bond lengths with increasing temperature is not statistically sig-
nificant, but the mean M-O distances for both the 6- and 8-coordinated sites in the six
pyroxenes exhibit relatively large increases. The mean thermal expansion coefficients for the
various bonds increase in the following order: Si'+-O < Cr3+-O < Fe"+-O < AP+-O < Fe2+-O

< Na+-O < Mg'+-O < Ca2+-O < Li+-O. This series is essentially a function of decreasing
bond strength, although the position of Mg2+_O may indicate an exception to this trend. The

pyroxene structures accommodate the differential mean M-O expansions through (1) exten-
sion of the silicate tetrahedral chains, (2) distortion of the silicate tetrahedra, and (3) an
increase in out-of-plane tilting of silicate tetrahedra. In all six minerals thermal expansion is
accomplished principally by expansion of the non-tetrahedral polyhedra with concomitant
expansion of the voids between the cation polyhedra, and rotation of the fairly rigid tetrahedra
about the bridging oxygen atoms. The rate of increase of the equivalent isotropic temperature
factor for a cation is generally proportional to the coordination number of that cation.

Introduction

Although the basic structure of clinopyroxenes
was determined almost 45 years ago (Warren and
Bragg, 1928), the structural details are still being
investigated. Within the last 10 years many excellent
refinements of structures using intensity data col-
lected at room temperature have become available
(e.g., for end-member compositions: Christensen and
Hazell, 1967; Freed and Peacor, 1967; Clark, Apple-
man, and Papike, 1969), and the results have been
extensively used by workers interested in phenomena
such as phase transitions, exsolution, solid solution
and intracrystalline equilibria that take place above
room temperature. Since the extrapolation of room-
temperature structural data to higher temperatures is
uncertain, it is important to examine the structures
of pyroxenes while the crystals are held at high tem-
peratures. This type of structural data provides
information on the high-temperature phenomena

mentioned above and, in addition, should provide
valuable insight into the mechanisms of anisotropic
thermal expansion. Published refinements of pyrox-
ene structures using intensity data collected at high
temperatures include those of Smyth (1971; proto-
enstatite), Smyth and Burnham (1972; clinohypers-
thene) , and Brown, Prewitt, Papike, and Sueno
(1972; pigeoni te ) .

In this study we have examined the structures of
six C2/c pyroxenes (spodumene,1 LiA1Si20a; jadeite,
NaAISi20a; acmite, NaFe3+Si20a; ureyite, NaCrSi20a;
diopside, CaMgSi20a; and hedenbergite CaFe2+SbOa)
at a series of temperatures ranging from room tem-
perature up to 1000°C (Table A-I). 2 End-member

1 May actually be C2.
2 Table numbers preceded by the letter "A" are located in

the Appendix at the end of the paper. The absence of a
prefix indicates that the table can be located in the text of
the paper.
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pyroxenes were selected in order to study thermal
expansion of each cation uniquely and to avoid ef-
fects of mixed site populations. The upper tempera-
ture limits for the series of intensity collections for
individual minerals were determined by pyroxene sta-
bilities and furnace capabilities. The new room-tem-
perature refinements presented herein for jadeite and
hedenbergite are in close agreement with those pre-
viously published by Prewitt and Burnham (1966;
jadeite) and Veblen and Burnham (1969; heden-
bergite). Room-temperature refinements of spodu-
mene, acmite, ureyite, and diopside of Clark et al
(1969) were used for comparison with our high-
temperature data. We will specifically consider the
variation with increasing temperature of cell param-
eters, interatomic distances, polyhedral volumes, and
thermal parameters and then, on the basis of these
results, attempt to explain some mechanisms of ther-
mal expansion in pyroxenes.

Experimental Data

Chemical and Crystallographic Data

Except for hedenbergite, all of the crystals used
in the structural studies presented herein were ob-
tained from samples previously used by Prewitt and
Burnham (1966; jadeite) and Clark et al (1969;
spodumene, acmite, diopside, and ureyite) in their
room-temperature refinements. Jadeite, spodumene,
acmite, and diopside are natural specimens but they
closely approximate end-member pyroxene composi-
tions (for chemical data see Prewitt and Burnham,
1966, and Clark et aI, 1969). The ureyite was syn-
thesized by L. Fuchs from a melt of NaCr3+Si20a
plus 10 wt percent Na2Si03 in air at 1000°C for 2
days. The hedenbergite was synthesized by D. H.
Lindsley at approximately 980°C and 20 kbars for
8 hours.

The pyroxene specimens were oriented parallel to
c* on Suprasil quartz glass fibers with a high-tempera-
ture cement composed of solid A1203 combined with
a liquid binder. To prevent oxidation of the Fe2+ in
hedenbergite, the crystal was placed in an evacuated
silica capillary following the procedure described by
Brown, Sueno, and Prewitt (1973). Except in the
initial stages of our high-temperature study (i.e.,
during the diopside data collection), one crystal was
used to collect the complete series of intensities at
various temperatures for each pyroxene. In most
instances data collection began within 8 hours after
the desired temperatures had been obtained. The

temperature uncertainty depends on the crystal tem-
perature and is approximately ::!:20°C (Brown et al,
1973) .

X-Ray Diffraction Data

Using data collected on the Picker diffractometer,
unit cell parameters were determined by measure-
ment of 2B values of 15 to 20 reflections, principally
of the type hkl. Refinement of these 2B values in the
PODEX2program written by A. W. Sleight3 yielded
the cell parameters listed in Table A-2. No correc-
tions for systematic errors were included in the re-
finements.

Between 800 and 950 independent intensities were
collected at each temperature (Table A-I) using a
PDP 15/35-controlled Picker diffractometer. Diffrac-
tometer settings were calculated using the GSETpro-
gram coded by C. T. Prewitt. To maintain uniformity,
we attempted to collect the same set of reflections
within 2B= 10°_65° for each structure. The Picker
diffractometer was operated in an w - 2Bmode using
a graphite monochromater and MoKa radiation. The
scan range was varied from 2 ° to 2.5 0, being in-

creased at higher temperature because of peak broad-
ening. Five-second background counts were taken
on both sides of each peak. A standard reflection
060 was monitored throughout each data collection.
It was repeated every 20 reflections and its structure
factor usually varied by less than one standard de-
viation. No absorption corrections were made for
any of the pyroxenes due to their small size

« 0.1
mm in cross section) and small linear absorption co-
efficients for Mo radiation.4

Both isotropic and anisotropic refinements were
calculated for each set of intensity data in space
group C2/c5 using neutral atom scattering factors4
(Doyle and Turner, 1968), unit weights4 and the
RFINE program written by L. W. Finger. Starting
parameters for hedenbergite were those of diopside,
whereas previously published room-temperature pa-
rameters were used for the remaining five pyroxenes.

3 Central Research Department, E. I. duPont de Nemours
and Company, Wilmington, Delaware.

· Our experience has shown that the use of absorption
corrections and different weighting schemes and scattering
factor curves for these minerals has very little effect on final
results of the refinements, providing that significant syste-
matic errors resulting from improper experimental tech-
niques are not present in the data.

5 No reflections violating C2/c space group symmetry
were observed in precession photographs of any of the
crystals, including spodumene.
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FIG. 1. The C2/c pyroxene structure projected down a*.
Nomenclature is consistent with that of Burnham et al
(1967).

Observed structure factors and the /3i/S from the
final cvcle of each anisotropic refinement may be
ordered as NAPS document #02120." Final posi-
tional and thermal parameters determined from the
anisotropic refinements are given in the Appendix
(Table A-3). R-factors for these anisotropic refine-
ments of the 22 new sets of data range from 0.025
to 0.078 (Table A-I). The high values of the R-
factors for ureyite are not the result of experimental
difficulties during collection of the intensity data, but
are due to the relatively poor quality of the crystal
used. Selected interatomic distances, angles, thermal
ellipsoids and their associated errors, calculated using
the ERRORprogram of L. W. Finger, are listed in the
Appendix (Table A-4: Si-O interatomic distances;
Table A-5: tetrahedral O~O distances; Table A-6:
tetrahedral angles; Table A-7: M(1)-O interatomic
distances; Table A-8: octahedral 0-0 distances; Ta-
ble A-9: octahedral angles; Table A-IO: M(2)-0
interatomic distances; Table A-II: magnitudes and
orientations of thermal ellipsoids). Although thermal
corrections for interatomic distances may be advis-
able, we have not made such corrections because of
uncertainty in selecting a model which adequately
describes the thermal motion effect on bond distances
in the pyroxene structure. Except for plots involving
/3, the slopes of all lines in the figures were deter-
mined with a linear least-squares computer program.

6 Microfiche Publications, 305 East 46th Street, New York,
N.Y. 10017. Please remit in advance $1.50 for microfiche or
$40.10 for photocopies (264 pages). Please check the most
recent issue of this journal for the current address and prices.

Thermal Expansion Terminology

The mean thermal expansion coefficient

X T - X24
(){x =

X24' T - 24 '

is used throughout this study to characterize thermal
expansions of selected parameters. The terms X24
and X T are the values of the parameter at 24°C
[room temperature] and at some higher temperature
T. The quantity ax represents a percentage increase
per degree (actually percent X 1O-2/degree) over
the temperature range studied, and algebraically it is
equivalent to the rate of increase with temperature
divided by the room temperature value of the param-
eter. In actual practice each <a was calculated by di-
viding the slope obtained from least-squares analysis,

X T - X24

T - 24 '

by the value of the parameter at room temperature.
We have occasionally used rate of increase rather
than ax, the mean thermal expansion coefficient,
when describing some of the data displays since the
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FIG. 2. Variation of a unit cell parameter with increasing
temperature for six clinopyroxenes. Abbreviations: HD =
hedenbergite, DI = diopside, AC= acmite, DR = ureyite,
JD = jadeite, SP = spodumene. Error bars represent ::t1
standard deviation.
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FIG. 3. Variation of b unit cell parameter with increasing
temperature for six clinopyroxenes. (Abbreviations are the
same as those in Figure 2.) Error bars represent ::t 1
standard deviation.

rate of increase (i.e., the slope) IS directly observ-
able on these plots.

The Pyroxene Structure

Figure 1 shows a projection of the C2/c pyroxene
structure along a*. The M ( 1) site, which is octa-
hedrally coordinated, is occupied by Al (spodumene
and jadeite), Fe+ (acmite), Cr3+ (ureyite), Mg
(diopside) or Fe2+ (hedenbergite). The larger M (2)
site is either 6- or 8-coordinated and is occupied by
Ca (diopside and hedenbergite), Na (jadeite, acmite,
and ureyite) or Li (spodumene). There is only one
type of tetrahedral site, and it is completely occupied
by silicon in all six pyroxenes examined. There are
three crystal10graphically non-equivalent oxygen
atoms, 0(1), 0(2) and 0(3). 0(3) is referred to
as a bridging oxygen in that it is bonded to two
silicon atoms, whereas 0(1) and 0(2) are both
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FIG. 4. Variation of c unit cell parameter with increasing
temperature for six clinopyroxenes. (Abbreviations are the
same as those in Figure 2.) Error bars represent ::t 1
standard deviation.

non-bridging oxygens. The 0(3 )-0(3 )-0(3)
angle is used as a measure of the extension of the
silicate chain. For further details of the clinopy-
roxene structure, the reader is referred to the paper
by Clark et al ( 1969). The nomenclature used
throughout this paper is consistent with that pro-
posed by Burnham, Clark, Papike, and Prewitt
(1967).

Unit Cell Parameters

The variations in unit cell parameters as a func-
tion of temperature (Figs. 2-6) are linear with the
exception of the f3 angles in diopside and heden-
bergite. Examination of the mean thermal expan-
sion coefficients of the cell parameters (Table 1)
reveals that ab >aa > O<cfor all pyroxenes except
spodumene. Expansions along dIOO (= a*) (Fig. 7)
are of interest because this is the direction perpen-
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FIG. 5. Variation of 13with increasing temperature for six
c1inopyroxenes. (Abbreviations are the same as those in
Figure 2.) Error bars represent ::t 1 standard devation.



* 0.380 ** 0.850 0.727 0.585 0.779 0.724aa

ad100
0.600 0.817 0.804 0.691 0.606 0.483

ab 1.11 1.00 1.20 0.946 2.05 , .76
a 0.475 0.631 0.450 0.390 0.646 0.597

c

a 2.22 2.47 2.47 2.04 3.33 2.98
v

a *H 2.03 2.07 2.30 1.61 2.91 2.46v-p

a ****
2.83 3.09 2.78 2.79 3.97 3.45p
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FIG. 6. Variation of unit cell volume with increasing tem-
perature for six c1inopyroxenes. (Abbreviations are the
same as those in Figure 2.) Error bars represent :t 1
standard deviation.

dicular to the octahedral layers and, as such, should
be a better parameter with which to compare the
expansions along b. The mean thermal expansion
coefficients in this direction are also less than those
in the b directions and they are quite similar to c in
both diopside and hedenbergite. Both the rate of
increase and the mean thermal expansion for the b
cell parameters are significantly greater for the two

TABLE 1. Mean Thermal Expansion Coefficients (OC-1 X
105) of Unit Cell Parameters*

Spodumene Jadeite Acmite Ureyite Diopside Hedenbergite

(24-760oC) (24-800oC) (24-800oC) (24_600oC) (24-1000oC) (24-1000oC)

*Mean thermal expansion coefficients a are computed

. , Xr-X24from the equat10n aX = X24
.

---=r:24"'
where the

slope of the regression equation ;s used for the

XrX24
term T:24' See text of paper.

HFor 0.380, read 0.380 x 10-5 c-'.
***v-p is the volume of space between the cation polyhedra.

****
p ;s the polyhedral volume determined by summing the
volumes of all polyhedra within a unit cell.
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FIG. 7. Variation of dWJ with increasing temperature for
six clinopyroxenes. (Abbreviations are the same as those in
Figure 2.) Error bars represent :t: 1 standard deviation.

calcic pyroxenes (Figure 3 and Table ,1). With in-
creasing temperature, the /3 angle in the sodic py-
roxenes and spodumene either decreases or remains
approximately constant whereas in the calcic pyrox-
enes it increases non-linearly. Mean thermal expan-
sion coefficients (Table 1) and plots of the change
in unit cell volumes (Fig. 6) as a function of
temperature both indicate that diopside and heden-
bergite exhibit higher rates of thermal expansion
than either spodumene or the sodic pyroxenes.

Polyhedral Expansions

Silicate Tetrahedra

Mean Si-O bond lengths do not increase sig-
nificantly with temperature in any of the six pyrox-
enes. All remain within two standard deviations of
those at room temperature (Table A-4 ). The largest
increase observed was that in ureyite, 1.624 A at
24°C to 1.629 A at 600°C (an increase of 0.3
percent), whereas there was essentially no change



TABLE 2. Polyhedral Volumes

Temperature Volume (~3) of Volume (~3) of Volume (~3) of
Mineral (Oe) tetrahedron M( 1) octahedron M(2) polyhedron

Spodumene 24 2.158 9.240 10.750
300 2.162 9.320 10.846
460 2.163 9.372 10.909
760 2.165 9.457 11.023

Jadeite 24 2.183 9.373 24.581
400 2.183 9.467 24.900
600 2.186 9.528 25.088
800 2.188 9.561 25.301

Acmite 24 2.201 1a.869 26.295
400 2.205 10.922 26.536
600 2.209 11.001 26.774
800 2.209 11.047 26.984

Ureylte 24 2.188 10.508 25.361
400 2.196 10.602 25.699
600 2.206 10.604 25.871

Diopside 24 2.221 11.848 25.760
400 2.229 12.047 26.193
700 2.228 12.206 26.576
850 2.229 12.244 ,6.686

1000 2.237 12.353 26.870

Hedenbergi te 24 2.224 12.808 26.102
400 2.224 12.946 26.468
600 2.227 12.993 26.702
800 2.225 13.092 26.886
900 2.226 13.132 27.056

1000 2.226 13.172 27.221

Spodumene Jadeite Acmite Ureyite Diopside Hedenbergite

Ct24-760oC * 1J.24-BOOoC Cl.24-800oC Cl.24-600oC Ct24_1000oC Ct24_1000oC

S; 1i con tetrahedra

,i-O(l )
0.379 ** 0.074 0.179 1.31 0.015 1.16

-0(1) -n.180 0.141 1.14 -0.010 -0.158

-0(3Cl )
0.157 0.064 0.447 -0.851 0.362 0.038

-0(3C2) 0.178 0.267 0.059 0.481 0.180 0.144

mean Si-Q 0.160 0.156 0.182 0.529 0.099 0.026

tet. vol. 0.432 0.300 0.509 1.37 0.057 0.098
""

M(1} octahedron
M(l I-O(lAl 1,(lBl) 1. 79 1. 79 1.67 1.33 2.08 1.94

-0(lA2),(lB2) 0.427 0.541 0.271 0.352 0.418 -0.198

-0(2Cl 1,(2Dl) 0.887 0.411 0.483 0.035 1.83 1.46

mean M(l)-0 1.06 0.947 0.781 0.633 1.44 1.05
M(l) vol. 3.21 2.65 2.16 1.69 4.25 2.91

M(2) polyhedron

M(2)-0(lA1),(l81 )
2.58 1.67 1.98 1.63 1.71 1.49

-0(2C2),(202) 0.457 1.35 1. 19 0.791 0.795 0.878

-0(3C1),(301) 2.81 0.854 1.14 0.913 0.958 0.415

-0(3C2), (302) -1.74 1.32 0.793 1.66 3.00 3.47

mean M(2)-O 1. 97 1.28 1.28 1.26 1.64 1.61
M(2) vol. 3.46 3.74 3.38 3.50 4.42 4.29

*Mean thenna 1 expans; on coeffi ci ents C1are computed

from the equation C1X=
~Xr-X24

24 T-24 . whe.re the

slope of the regression equation ;s used for the

term
Xr-X24

See text of paper.
TI4

**For 0.379, read 0.379 x lO-5C 1.
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in hedenbergite from 24°C to 1000°C. Relative to
bridging and non-bridging oxygens, a tendency may
exist for the mean Si-O (br) lengths to increase at
a slightly higher rate than the Si-O (nbr), but the
changes are well within experimental errors.

As expected from the small changes in mean
Si-O lengths, the volumes of the tetrahedra increase
little with temperature for the six pyroxenes (Table
2) . Mean thermal expansion coefficients for the
mean Si-O distances a~d the tetrahedral volumes
are listed in Table 3. The change in the shape of
the tetrahedra with increasing temperature can be
described by comparing the O~i-O tetrahedral
angles and the 0-0 distances of the room-tempera-
ture structure with those of the higher temperature
structures for each mineral. In general, the tetra-
hedral angles 0(1)-Si-0(3C2) and O(1)-Si-
0(3Cl) decrease in all six'pyroxenes with increasing
temperature, whereas 0(l)-Si-0(2) and 0(3Cl)-
Si-O (3C2) increase with the exception of diopside
where 0(1)-Si-0(2) is identical at room tempera-
ture and at 1000°C (Table A-6). The two remain-
ing tetrahedral angles, 0(2)-Si-0(3Cl) and
0(2) -Si-O (3C2), decrease in the sodic pyroxenes
and increase in the calcic pyroxenes.

Because individual Si-O distances remain statis-
tically identical with increasing temperature, it is
important to examine the tetrahedral angles for
trends which may help in understanding the nature

599

of bonding within the tetrahedra. Brown and Gibbs
(1970, Fig. 5, p. 595) have shown that in silicates
which contain both bridging and non-bridging
oxygens, the mean Si-O(br) distance depends in
part upon the Si-O-Si angle, the shortest bonds
usually being associated with the widest angles. This
relation is valid for the room-temperature pyroxene
structures [for the sodie pyroxenes, Si-03-Si """'
139° and Si-O(br) - 1.64A and for the calcic
pyroxenes Si-03-Si - 136° and Si-O(br)
1.68A], but not for the individual minerals within
the sadie or calcic groups, possibly because the
Si-O~Si angles in the group may not be statistically
different (range is - 0.5°). With increasing tem-
perature, the Si-O-Si angle increases (a maximum
of about 1.4° in both diopside and hedenbergite),
and based on the conclusion of Brown and Gibbs
(1970), we would expect the Si-O(br) bonds to
decrease slightly. Examination of Table A-4 shows
that the Si-O(br) bonds do not appear to decrease
in any of the pyroxenes.

M( 1) Octahedra

Mean M-O distances (Fig. 8) and volume of the
M ( 1) octahedron (Fig. 9) both increase linearly

TABLE3. Mean Thermal Expansion Coefficients (OC' X
105) for Individual, Mean M-O Distances and Polyhedral

Volumes*
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FIG. 8. Variation of mean M(1 )-0 interatomic distances
with increasing temperature for six clinopyroxenes. (Abbre-
viations are the same as those' in Figure 2,) Error bars
represent ::t:I standard deviation.

with increasing temperature. The increase in mean
M (1 ) -0 bonds is almost an order of magnitude
larger than that of the mean Si-O bonds and appar-
ently reflects the lower strength of the M-O bond
relative to the Si-O bonds. Ranking of the mean
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FIG. 9. Variation of octahedral volume with increasing
temperature for six clinopyroxenes. (Abbreviations are the
same as those in Figure 2.)

-,

thermal expansion coefficients (Table 3) of mean
M-O bond lengths results in the following sequence
Mg-O > Fe2+-O > AI-O > Fe3+-O > Cr3+-O.

If we examine the changes in individual M (1 )-0
bond lengths (Table A-7) with increasing tempera-
ture, we find that the M(1)-O(1Al), (1Bl) bond
has the highest mean thermal expansion coefficient
in all six pyroxenes and the M(1)-O(IA2),(1B2)
bond, which lies in a plane almost perpendicular to
the b axis, has the lowest in four of the six pyroxenes.
The changes in octahedral 0-0 distances (Table
A-8) are very similar for the two calcic and three
sodie pyroxenes. The main difference observed is a
decrease in O(2Cl)-O(2Dl) in the sodic pyrox-
enes and aJl. increase of this same distal1€e iw the
calcic ones. The O-M(1)-O angles (Table A-9)
change on the order of a few degrees, usually less,
with increasing temperature.

M(2) Polyhedra

The M(2) sites in both the calcic and sodie
pyroxenes are 8-coordinated, whereas the Li in
spodumene is 6-coordinated. Mean M(2)-0 inter-
atomic distances (Fig. 10) and polyhedral volumes
(Fig. 11) increase linearly with increasing tempera-
ture. The magnitude of the changes in mean
M(2)-O distances is approximately the same as
that of the mean M(1 )-0 distances, i.e., both are
an order of magnitude larger than that of the silicate
tetrahedra. The mean thermal expansion coefficients

2.56
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FIG. 10. Variation of mean M(2)-0 interatomic distances
with increasing temperature for six clinopyroxenes. (Abbre-
viations are the same as those in Figure 2.) Error bars
represent ::t:I standard deviation.
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Fro. 11. Variation of M (2) polyhedral volume with in-
creasing temperature for five c1inopyroxenes. The volume
of the M(2) polyhedron in spodumene is shown in Fig-
ure 9. (Abbreviations are the same as those in Figure 2.)

for the mean M(2)-O bonds (Table 3) are nearly
identical for Na in the three sodic pyroxenes and
for Ca in the two calcic pyroxenes. However,
aM(2) volume varies somewhat from mineral to mineral
within each series, probably as a result of the slightly
different distortions. It is of interest to note that
a_an M(2)-O for Na in acmite, jadeite, and ureyite is
less than that for Ca in diopside and hedenbergite.

Of the eight oxygens coordinating the M(2) sites
in the sodic and calcic pyroxenes, four are shared
with the M ( 1) octahedra and four with the silicate
tetrahedral chains. The coordination polyhedra of
these two pyroxene groups have different configura-
tions at room temperature. The sodic pyroxene (Fig.
12a) have six short bonds (2.3-2.4A) and two con-
siderably longer (2. 7-2.8A), whereas the calcic
pyroxenes (Fig. 12b) have four short bonds
(- 2.35A) and four longer ones (2.55A-2.7A).
In spodumene where the Li in the M(2) is 6-coordi-
nated, all bonds are short (2.1-2.5A); the two next
closest oxygens lie at a distance of 3.144A and are
well beyond the first neighbor cordination sphere.
The M(2)-O(3C2),(3D2) interatomic distance is
always the largest in the pyroxenes and it is these
two oxygens which move in or out of M (2) coordi-
nation sphere when coordination number of the
M(2) site changes.

Since the movements of the 0 (3) oxygens are
intimately interconnected with the straightening of
the tetrahedral chains, the changes that occur in the
M(2) coordination polyhedra with increasing tem-
perature are complex. In spodumene the M(2)-
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O(3C2),(3D2) interatomic distance decreases sig-
nificantly at higher temperatures (3.144A at 24°C
to 3.103A at 760°C) although the O(3C2) and
O(3D2) oxygens are still too distant to be con-
sidered as coordinating the lithium. This same inter-
atomic distance increases considerably in both
diopside (2.717A to 2.797A) and hedenbergite
(2.720A to 2.812A) over the lOOO°C interval
studied, thus indicating that the Ca in M(2) in both
pyroxenes is becoming more nearly 6-coordinated.
This result has important consequences in solid
solution of the calcium-rich and calcium-poor pyrox-
enes where M(2) is generally 6-coordinated. The
increase in the M(2)-O(3C2),(3D2) distances in
the sodic pyroxenes is almost an order of magnitude
smaller than that in the calcic pyroxenes. The large
increase in the M(2)-O(3C2),(3D2) bond in the
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FIG. 12. (a) Variation in individual M(2)-O interatomic
distances with increasing temperature in jadeite. (b) Varia-
tion in individual M(2)-O interatomic distances with in-
creasing temperature in hedenbergite. Error bars represent
:!: 3 standard deviations in both figures.
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Thermal Parameterscalcic proxenes results from a higher rate of tetra-
hedral chain straightening (Fig. 13) which in turn
is due, at least in part, to the high rate of expansion
of Fe2+ and Mg in the M ( 1) sites. This effect is
reflected in the increase in /3 angle for the calcic
pyroxenes.

The relative movements of the M (2) cations with
increasing temperature has been determined from
the ratio of the M(2)-O(IAl),(IBl) distance to
the M(2)-O(3Cl),(3Dl) distance. With the ex-
ception of ureyite, the Ca and Na atoms move away
from the octahedral strip.
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FIG. 13. Variation of the tetrahedral chain angle, 0(3)-
0(3)-0(3), with increasing temperature for the six cIino-
pyroxenes of this study and the A and B chains in pigeonite
(Brown et af., 1972). (Abbreviations are the same as those
in Figure 2.) Error bars represent ::t:1 standard deviation.

Isotropic Temperature Factors

In general, equivalent isotropic temperature fac-
tors, calculated using L. W. Finger's ERRORprogram
and results from the anisotropic refinements, in-
crease at the highest rate for 8-coordinated cations
(Fig. 14) but at the lowest for 4-coordinated cations
(Fig. 15). An exception is 6-coordinated Li in M(2)
in spodumene, for which the rate of increase was the
highest observed. Because of the linear trend de-
termined for B(N) for the Li atom, it does not

1000

TEMPERATURE 't

FIG. 14. Variation with increasing temperature of the
equivalent isotropic temperature factors of 6- and 8-coordi-
nated cations in six clinopyroxenes. (Abbreviations are the
same as those in Figure 2.)



1.4

CRYSTAL CHEMISTRY OF SIX PYROXENES 603

DI
1.2

TEMPERATURE °c

FIG. 15. Variation with increasing temperature of the

equivalent isotropic temperature factors of 4-coordinated

siliconatoms in six c1inopyroxenes. (Abbreviations are the

same as those in Figure 2.)

seem that a significant amount of Li could have been
lost during the heating experiments. In general, the
rate of increase in the isotropic temperature factors
of the cations increases with increasing coordination
number (hence increased M-O distances), decreas-
ing charge on the cation (less electrostatic attrac-
tion), and increasing electro-positivity.

It is of interest to examine the relationship be-
tween mean bond length expansions and rate of
increase of the isotropic temperature factors, since
bond length expansions could reflect increased ampli-
tude of vibration of the atoms. We have plotted
dB/dT vs amean jjf-O rather than aB VS amean jjf-O (Fig.
16) and our reasoning for this follows. The majority
of the room-temperature structures were done by
other workers, and although the refinements are
quite good, we have found in our work that the
isotropic temperature factors are extremely sensitive
to data collection and refinement procedures. The
positive trend in Figure 16 suggests that, in general,
a positive correlation exists between bond length
expansions and the increase in isotropic tempera-
ture factors, although in detail a direct correlation
does not appear to exist. This is consistent with the
observation that the isotropic temperature factor of
silicon increases significantly with increasing tem-
perature whereas the mean bond length appears to
show little or no increase. This rate of increase,
dB/dT, was determined-to be as follows: Cr,0.769;
Si, 0.993; AI, 1.083; Fes+, 1.196; Fez+, 1.535; Mg,
1.619; Ca, 2.301; Na, 2.982; Li, 4.114 (all times
lO-SAZ;oC). These figures reveal that (dB/dThIg

> (dB/dThe'+ > (dB/dThe'+ and that CrS+ has
the lowest rate of increase with increasing tempera-
ture when compared to all atoms. Differences in
dB/dT for the same atoms-for example, Al in
spodumene and jadeite (Fig. 14 )-may result in
part from varying configurations of the sites in dif-
ferent structures and in part from different atomic
species in M(2)-for example, Li in spodumene but
N a in jadeite-with which M (1) shares edges.

The rates of increase of the oxygen isotropic
temperature factors lie roughly between those of the
6- and 8-coordinated cations, and their rate of in-
crease can also be correlated with coordination
number. With the exception of spodumene, the rate
of increase for the 3-coordinated 0(2) oxygen is
greater than that for the 4-coordinated O( 1) and
0(3) oxygens. Although both O( 1) and 0(3) are
coordinated by four cations in a very distorted tetra-
hedral arrangement, the four cations coordinating
0(1) are closer (--' 2.4A) than those cordinating
0(3) (two> 2.58A). Consequently, B(AZ) for the
apical O( 1) oxygen has a lower rate of increase
with temperature.
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angle to a angle to b angle to c
Na (jadeite) 160° 90° 52°
Na (acmite) 159 90 52
Na (ureyite) 154 90 47
Ca (diopside) 155 90 49
Ca (hedenbergite) 158 90 53
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Thermal Ellipsoids

Since the M(1) and M(2) cations in the C2/c
pyroxenes lie on a two-fold rotation axis, the orienta-
tions of their thermal ellipsoids are constrained to
certain crystallographic directions. Symmetry re-
quires that one of the three principal axes of the
ellipsoid must lie parallel to the 2-fold axis (which
is parallel to the b crystallographic axis) and the
two remaining ellipsoid axes are therefore con-
strained to a plane at right angles to this direction.
The pyroxenes included in this study are all highly
ordered end members and, with the possible excep-
tion of Li in spodumene, we have assumed that posi-
tional disorder is at a minimum and that the rms
displacements observed are mainly the result of
thermal motion.

The thermal ellipsoids of atoms occupying the
M(1) site are not highly anisotropic and the orienta-
tion of the longest ellipsoid axes varies considerably
from structure to structure. The Al atom in spodu-
mene has an almost spherical vibration surface,
whereas the Al in jadeite, Fe3+ in acmite, and Fe2+
atoms in hedenbergite are slightly triaxial. With in-
creasing temperature, these ellipsoids maintain
roughly the same shape but their rms amplitudes of
vibration increase in all directions. The thermal
ellipsoid of the Cr atom in ureyite becomes more
prolate at high temperatures and that of the Mg atom
in diopside changes from prolate to oblate. The
atoms occupying the M(2) site have vibration el-
lipsoids which are highly anisotropic (Table A-ll).
The Na and Ca atoms can be described as having
prolate triaxial ellipsoids; that is, the three axes are
unequal, but two are similar in length and the third
is much longer. The vibration ellipsoid of the Li
atom in spodumene is almost spherical at room
temperature, but becomes more oblate at high tem-
peratures. Ellipsoids characterizing pure thermal
motion are prolate with the long axis perpendicular
to b, whereas structures in which positional disorder
is also a factor have oblate ellipsoids whose short
axis is perpendicular to b. The lengthening of the
ellipsoid axis parallel to b in the latter instance is
the result of different cations occupying slightly dif-
ferent positions along the b axis. This effect has been
pointed out by Takeda (1972) and is discussed for
amphiboles by Sueno et al (1973). With increasing
temperature, the lengths of the 3 ellipsoid axes in-
crease, the long axis at a slightly higher rate in most
of the minerals. The orientation of the M(2) ellip-

soids appears to be strongly controlled by configura-
tion of the site. The orientation of the long axis of
the vibration ellipsoids is very similar for all the
pyroxenes and changes very little with increasing
temperature. To emphasize the similarity in orienta-
tion, the angular relationships of the long axes with
the crystallographic axes as 400°C are listed below:

T.he shortest axis of the ellipsoid is usually perpen-
dicular to the plane containing the long ellipsoid
axis and the b crystallographic axis. The short axis
of the oblate spheroid of Li is oriented similarly.

The silicon and oxygen atoms occupy general posi-
tions in the pyroxene structure and thus neither the
orientation nor the shape of their vibration ellipsoids
are constrained in any manner.7 The silicon atoms
have triaxial vibration ellipsoids which are not mark-
edly anisotropic and whose orientation varies from
structure to structure. In general, the oxygen thermal
ellipsoids are triaxial with the longest axis lying ap-
proximately perpendicular to the associated Si-O
bond. For example, the long axes of the 0(1) and
0(2) vibration ellipsoids are oriented at high angles
to the Si-O(1) and Si-0(2) bonds, respectively, and
the 0 (3) oxygens, each of which are bonded to two
silicon atoms, have vibration ellipsoids whose long
axis is also at high angles to the Si-O-Si plane.

Discussion

Differential Polyhedral Expansion

One of the most important aspects of thermal
expansion in pyroxenes is the concept of differential
polyhedral expansion, since it may be possible to
correlate the relative sequence of rates of expansion
or mean thermal expansion coefficients (Table 4) with

1 It must be emphasized that the shapes and orientations
of the thermal ellipsoids listed in Table A-II were calcu-
lated for atoms occupying the positions listed in Table A-3.
Application of this data to atoms outside the asymmetric
unit is correct only after the appropriate symmetry trans-
formations have been applied.
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TABLE4. Mean Thermal Expansion Coefficients (OC-1 X
10") and Rate of Increase of Mean M-O Distances

(ArC X 10"),

Bond
Coordi nati on

Number C).mean M-O
d (M-O) /dT

Si -0

aFar 0.192, read 0.192 x 10-5 C-1.

bFor 0.312, read 0.312 x 10-5 ~/oC.

relative bond strengths of the various M-O bonds. In
general, the smaller values of both £xmean M-O and
d(M-O)jdT are associated with (1) decreased co-
ordination number of the cations, (2) more highly
charged cations, and (3) more electronegative cations.
The correlation with coordination number can be
understood in terms of the inverse relationship
between bond strength and interatomic distance
(Badger, 1935). The type of bond is also important
since mean thermal expansion coefficients for com-
pounds such as alkali ha,lides are much higher than
those for compounds such as diamond where the
type of bonding is significantly different. The relation
with cation charge is consistent with spectral data
which show that the frequencies for the symmetric
modes of vibration decrease with decreasing charge
on the cation. Spectra for various polyhedra important
in silicate structures have been calculated by Alekhina
and Akhmanova (1971) using the structure offorsterite
as a model. Frequencies determined for the totally
symmetric stretch of groups with Ti43m) symmetry
(Si04) and Oh(4jm32jm) symmetry (Mg2+06, Fe2+06,
Fe3+06, AI3+06, Cr3+06) have been substituted in
the equation k = 41121r2~C2,where II is frequency,

~ is reduced mass, and c is the velocity of light. The
resulting force constants show an inverse relation-
ship with £XmeanM-O values (Fig. 17).

It has been generally stated that thermal stability,
as characterized by melting temperature or tempera-
ture of dissociation, will be controlled in part by the

605

weakest bonds (Urisov, 1967). Experimental studies
of Fe2+-Mg silicate systems reveal that Fe-bearing
silicates usually have lower thermal stabilities than
their Mg-analogues, thus indicating that Fe2+-O bonds
may be weaker. In this study, however, the mean
Mg-O bond in diopside exhibits both a higher rate
of increase and a higher mean thermal expansion co-
efficient than the mean Fe2+-O bond in hedenbergite.
Our expansion data for diopside (aw ,= 3.33xlQ-5
0C-1) and hedenbergite (av = 2.98xlQ-5 0C-1) are
also consistent with expansion data in other Fe and
Mg end member silicates and oxides (B. Skinner, in
Clark, 1966). For example,

£Xv = 2.64 X 1O-5C-1for fayalite
£Xv = 3.86 X 1O-5C-1 for forsterite at lOOO°C

£Xv = 2.38 X 1O-5C-1for almandite (Fe2+AI)
£Xv = 2.51 X 1O-5C-1 for pyrope (Mg2+AI) at 800°C

£Xv == 3.50 X 1O-5C-1 for FeO

£Xv = 3.75 X 1O-5C-1 for MgO at 600°C

Mechanisms of Thermal Expansion

An obvious problem that arises as a result of the
differential mean M-O expansions is how the silicate
chains and octahedral layers accommodate these ex-
pansions with increasing temperature. Mechanisms
for accomplishing this include: (1) extension of the
silicate tetrahedral chains, (2) distortion of the sili-

20 40 60 80 100 120 140 160

amean M-Q x 10+5

FIG. 17. Relationship between force constants and mean
thermal expansion coefficients of mean M-O interatomic
distances. See text of paper for explanation.
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cate tetrahedra, and (3) an increase in out-of-plane
tilting, that is, tilting the tetrahedra as a result of
movement of the 0(2) atom farther from the be
plane which contains the 0 (3) atoms.8 Extension of
the tetrahedral chains in the e direction (Fig. 13)
involves a rotation of 2-3 degrees; and over the tem-
perature ranges investigated, the increase is linear.
The tetrahedral chains in spodumene, which exhibit
S-rotations (Papike et ai, 1973), also straighten
with increasing temperature. The relatively small
changes in the 03-0J-03 angles of the pyroxenes
included in this study contrasts strongly with those
that occur in pigeonite over comparable temperature
intervals (Brown et at, 1972). Structural accommo-
dation is also aided by small increases in the out-of-
plane tilting (_0.50 for diopside and ureyite) and
by slight distortions involving an increase in the
0(3C1)-0(3C2) interatomic distances. Change in
distortion of the silicate tetrahedra appears to be a
relatively minor mechanism in thermal expansion in
pyroxenes because the tetrahedral angle variance,
which gives a quantitative measure of distortion
(Robinson, Gibbs, and Ribbe, 1971), varies con-
siderably more from one pyroxene to another than
it does for each pyroxene with increasing tempera-
ture (Table 5).

The volume of the space between the cation poly-
hedra, determined by subtracting the volumes of all
polyhedra in a unit cell from the cell volume, in-
creases linearly with temperature in all six pyroxenes
(Fig. 18). At room temperature the polyhedra in
the sodic and calcic pyroxenes account for 38-39
percent of the cell volume but with increasing tem-
perature, expansion of the polyhedra account for
43-50 percent of the increase in cell volumes. In
spodumene they occupy 25 percent of the cell vol-
ume at room temperature, but at high temperatures
they account for 32 percent of the increase in cell
volume. Thus, it appears that the polyhedra expand
partially at the expense of the interpolyhedral space
(Table 1).

In summary, the phenomena of thermal expansion
in pyroxenes can be attributed to expansion of the
cation-containing polyhedra with concomitant ex-
pansion of the voids between the cation polyhedra
(Table 1), and rotation of the fairly rigid tetrahedra.
Isotropic temperature factors of the oxygen atoms
and the increase in the Si-O-Si angles provide sup-

B A study investigating the relative importance of these
three mechanisms is in progress.

TABLE 5. Tetrahedral Angle Variance for Silicate
Tetrahedra in Six Clinopyroxenes

2 *cre(tet)

22.89
24.24
24.09
24.58

15.79
16.78
18.22

24.97
24.63
24.72
25.05
24.74
24.56

* 2
6 2- "

(e - 109.47°)/5.cre(tet) - ;=1 -i

porting evidence that the bridging oxygens act as
pivotal points during thermal expansion.

Cell Parameters

With the exception of spodumene, mean thermal
expansion coefficients for the cell parameters (Table
1) decrease in the orderab > aa > ac. The appar-
ently anomalous behavior of the a axis in spodumene
has been discussed in a previous section and its mean
thermal expansion coefficient is comparable with that
of the dwo directions in the other five pyroxenes.
The low rate of increase for e may be related to a
"clamping" or "restraining" effect of the relatively
inert tetrahedral chains. The high rate of expansion
for the b direction relative to the a can be explained
by a consideration of "paths" through the structure
in these directions. Along the b direction a path
through the structure can be defined which involves
only 6- and 8-coordinated sites which show a rela-
tively large thermal expansion rate. In the a direc-
tion, however, the "path" traverses both octahedral
and tetrahedral layers, and since expansion of the
silicate tetrahedra is negligible, a relatively lower
thermal expansion is exhibited. Comparison of mean
thermal expansion coefficients of individual bonds
also shows that bonds in M (1) and M (2) polyhedra
increase at a higher rate in the b direction than in
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the a or c directions. In all six pyroxenes, the M ( 1)-
O(lA2),(1B2) bonds which have large bond-length
components in both the a and c directions and al-
most none in the b direction, exhibit low mean ther-
mal expansion coefficients.

Examination of the individual plots of each cell
parameter shows that the relative expansions in the
a, dlOO and c directions in the six pyroxenes cannot
be simply eXplained by a consideration of the mean
thermal expansion coefficients given in Table 4, and
additional factors, such as distortion, must be taken
into account. Mean thermal expansion coefficients
for the b cell dimension do expand largely as pre-
dicted from a consideration of <¥meanM-O. The larger
values of the mean thermal expansion coefficients
for the b direction in the two calcic pyroxenes may
be a result of the combination of the relatively large
<¥mean M-O values of the Ca-O, Mg-O, and Fe2+-O
bonds.
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FIG. 18. Variation, with increasing temperature, of the
volume of the space between the cation polyhedra in the
unit cells of six clinopyroxenes. The volume is determined
by subtracting the volumes of all polyhedra in a unit cell
from the unit cell volume.' (Abbreviations are the same
as those in Figure 2.)
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As has been noted in previous sections, the /3
angle of each of the six pyroxenes behaves uniquely
with increasing temperature. In the sodic pyroxenes,
it decreases or remains approximately the same,
whereas in the calcic pyroxenes, it increases non-
linearly. The calcic pyroxenes with smaller f3 angles
and more kinked tetrahedral chains have shorter
M(2)-0(3C2),(3D2) distances (-2.7A) than in
the sodic pyroxenes (-2.8A). As a result, with in-
creasing temperature and concomitant straightening
of the tetrahedral chains, the calcic pyroxenes can
accommodate an increase in the /3 angle and still
maintain the 8-fold coordination. The sodic pyrox-
enes would not be able to maintain 8-fold coordina-
tion, if both 0(3 )-0(3 )-0(3) and f3 increased,
and thus the f3 angles either decrease (acmite and
ureyite) or remain constant (jadeite). The M(2)-
0(3C2),(3D2) bond in jadeite is significantly
shorter than that in either acmite or ureyite, but not
as short as those in diopside and hedenbergite; there-
fore with increasing temperature {and increasing
0(3)-0(3)-0(3) angle] the 8-fold coordination
can be maintained with little change in the f3 angle.

Mean thermal expansion coefficients for the unit
cell volumes increase in the same sequence as the
O'mean M-O values of the M (1) and M (2) sites (Table
3). This is as expected since the amean M-O values

merely represent the average increase in M-O dis-
tances in all directions in the pyroxene structure.

Implications with Respect to Solid Solution Between
Pigeonite and Augite

It is now known that significant differences exist
between the M (2) sites in high-calcium and low-cal-
cium pyroxenes and between the analogous M (4 )
sites in high-calcium and low-calcium amphiboles.
It has also been concluded that these differences are
largely responsible for the limited miscibility between
the high-calcium and low-calcium varieties of these
mineral groups (Papike, Ross, and Clark, 1969;
Takeda, 1972). Takeda (1972) has discussed the
changes that take place in quenched solid-solutions
of low-calcium and high-calcium pyroxenes. He
showed that when (Mg,Fe2+) atoms are added to
calcium-rich pyroxenes, the M(2)-0(3) bonds in-
crease whereas the M (2 )-0 (1) ,0(2) bonds de-
crease. In addition, he demonstrated that when
calcium is added to (Fe,Mg) pyroxenes, the M(2)-
0(1), M(2)-0(2) and M(2)-0(3) bonds all in-
crease. This increase in M (2) -0 (3) bonds from
either side of the solid-solution series leads to a



Pigeonite*
Average,

6** (~)d i ops i de+hedenbergi te

240C 9600C 240C 10000C 24°C
High
Temperature

M2-01 2.154 2.176 2.358 2.394 +0.204 +0.218
M2-02 2.053 2.081 2.347 2.366 +0.294 +0.285
M2-03 2.866 2.914 2.655 2.708 -0.211 -0.206

Distance (a) Bond Distance (a)

Pigeonite

24°C (p2,1c) 960°C (c2/c)

2.16B M2-01 2.176
2.140 M2-~1 2.176
2.071 M2-02 2.081
2.035 M2-02 2.081
2.460 M2-03 2.656
2.663 M2-03 3.173
3.407 M2-03 3.173
2.935 M2-03 2.656

Diopside (c2/c) Hedenberqite (c2/c)

24°C lOOOoC 24°C lOOOoC

2.360 2.399 2.355 2.388
2.353 2.370 2.341 2.363
2.561 2.586 2.627 2.639
2.712 2.797 2.720 2.812
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highly unsymmetric and unstable distribution of oxy-
gens around the M(2) cation. Thus, these observa-
tions are consistent with a large miscibility gap be-
tween high-calcium and low-calcium pyroxenes at
low temperatures. However, we do know that con-
siderable solid solution between these end-mem-
ber types occurs at high temperatures. It is therefore,
necessary to compare the high-temperature calcic
and (Fe2+,Mg)-pyroxene structures. We now have
the data to begin these comparisons with the high-
temperature pigeonite data (Brown et at, 1972) and
high-temperature diopside and hedenbergite data (re-
ported here). Tables 6 and 7 show a comparison of
the M (2) sites of pigeonite, diopside, and heden-
bergite at room, as well as high, temperature. These
tables show about equal differences between the
pigeonite M(2)-0 distances and the averaged diop-
side, hedenbergite M(2)-0 distances at both room
temperature and high temperature. Therefore, the
increased solid solution between these phases at high
temperature cannot be eXplained by the fact that the
sites become more similar through the increase of
M-O distances, as has been previously suggested.
What then is the reason for the significant increase
in solid solution between pigeonite and augite with
temperature? The answer appears to be in the co-
ordination of the M (2) cations in pigeonite at high
temperature in space group C2/c compared to that
at low temperature in space group P21/ c. In the
transition from low to high pigeonite (Brown et at,
1972 ), the B tetrahedral chain undergoes significant
extension and becomes equivalent to the A tetra-
hedral chain at the transition temperature. This chain
straightening also causes a significant change in the
primary coordination of the M (2) cation. During
the transition, one 0(3) atom moves out and a dif-
ferent one moves into the coordination sphere of the

TABLE 6. Comparisons of M(2)-O Disiances (A) in
Pigeonite and (Diopside + Hedenbergite) at Room and

High Temperature

* Pi geoni te data from 8rown et a1 (1972).

**
--

6 is the difference between the average diopside +
hedenber9ite M(2)-0 distances and comparable distances
in pigeonite.

TABLE 7. Comparison of Pigeoniie, Diopside, and
Hedenbergite M(2)-O Distances at Room and High

Temperature

Bond

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

M2-0(lAl),(lBl)
M2-0(2C2), (2D2)
M2-0(3C1) ,(3D1)
M2-0(3C2),(3D2)

* Oata and nomenclaturefromBrown~ ~ (1972).

M(2) cation. Thus, although essentially six-coordi-
nated in both room and high temperature, the nature
of this six-coordinated M (2) site changes signifi-
cantly. These comparisons are discussed in detail by
Brown et at (1972) and Papike et at (1973). An
important aspect is that the M (2) site in the high-
temperature pigeonite structure (when the tetra-
hedral chains are relatively extended) can be readily
transformed into an eight-coordinated site similar to
that of diopside and hedenbergite by simple tetra-
hedral chain displacement. When Ca replaces (Mg,
Fe2+) in pigeonite at high temperature, the tetra-
hedral chains displace relative to each other so that
two additional oxygens are brought into the coordi-
nation sphere. This is documented below.

Pigeonite (960°C) Hedenbergite, Diopside (IOOO°C)
M(2)-0(1) 2.176 (A) 2.394 (A)
M(2)-0(2) 2.081 2.366
M(2)-0(3) 2.656 2.612
M(2)-0(3) 3.173 2.804

Thus, with this tetrahedral chain displacement going
from pigeonite to (diopside, hedenbergite) at high
temperature, the M(2)-0(1) and M(2)-0(2)
bonds become longer while the M (2) -0 (3) and
M(2)-0(3) bonds become shorter. This chain dis-
placement is reflected in a rather large change in the
f3 angle from 109.4° in pigeonite to 105.6° in diop-
side, hedenbergite. Therefore, it appears that as pi-
geonite is raised to higher temperatures, its M (2) site
and tetrahedral chain configuration change in such a
manner that calcium can be accepted more readily
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into solid solution. In addition, it is interesting to
note that diopside and hedenbergite are not passive
in this regard but also change so that (Fe2+,Mg) can
be accepted into solid solution. This is indicated in
that their M(2) sites are becoming more six-coordi-
nated, as discussed above and indicated in Figure
12b. In conclusion, it is apparent that to understand
the true atomistic model for solid solution between
pigeonite and augite, data for the high-temperature
structures is an absolute necessity.

Conclusions

1. With increasing temperature, the increase in mean
Si-O interatomic distances of the six pyroxenes
included in this study are not statistically sig-
nificant. The largest change observed was that
in ureyite, 1.624A at 24°C to 1.629A at 600°C.

2. Mean M-O distances and polyhedral volumes
of both M(1) and M(2) sites increase regularly
with increasing temperature. Rates of expansion
for both sites are an order of magnitude greater
than that of the tetrahedral sites.

3. Mean thermal expansion coefficients for mean
M-O bonds increase in the following order:
Si-O < Cr-O < Fe3+-O < AI-O < Fe2+-O <
Na-O < Mg-O < Ca-O < Li-O. It may be
possible to correlate this sequence with relative
bond strengths.

4. As a result of differential thermal expansion of
the mean M-O bonds, there is a structural mis-
fit between the tetrahedral chains and the octa-
hedral layers. Accommodation is accomplished
by extension of the silicate tetrahedral chains,
distortion of the tetrahedra, and out-of-plane
tilting.

5. Rotation of the tetrahedra in the silicate chains
in the C2/c pyroxenes is on the order of a few
degrees over the temperature intervals investi-
gated.

6. Thermal expansion in pyroxenes can be attrib-
uted to expansion of the cation-containing poly-
hedra with concomitant expansion of the voids
between the cation polyhedra, and rotation of
the fairly rigid tetrahedra about the bridging
oxygen atoms.

7. Except for /3, the unit cell parameters of the six
end-member pyroxenes included in this study in-
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crease linearly over the temperature intervals in-
vestigated.

8. Mean thermal expansion coefficients for the cell
parameters generally decrease in the order

""b>
Cla> Cle.The greater expansion in the b direc-
tion can be explained by consideration of "paths"
through the structure since a path parallel to a
must traverse the fairly inert tetrahedral layer
whereas a traverse parallel to b does not. Ex-
pansion in the c direction may be restrained by
the relatively inert tetrahedral chains.

9. Mean thermal expansion coefficients are, in gen-
eral, higher for the cell parameters of the calcic
pyroxenes and are probably the result of the
relatively high 'Clrnean M-O values of the Ca-O,
Mg-O and Fe2+-O bonds.

10. In general, the equivalent isotropic temperature
factors of the 4-coordinated cations increase at
the lowest rate, whereas those of the 8-coordi-
nated cations increase the fastest. The rate of
increase in B(A2), Cr < Si < Al < Fe3+ <
Fe2+ < Mg < Ca < Na < Li, generally agrees
with the rate of increase in mean M-O inter-
atomic distances.

11. Oxygen isotropic temperature factors lie be-
tween those for the 6- and 8-coordinated cation
sites. With one exception, their rate of increase
is greater for the 3-coordinated 0(2) oxygen
than for the 4-coordinated 0(1) and 0(3) oxy-
gens.

12. The thermal ellipsoids of atoms occupying the
M(2) sites are the most anisotropic atoms in
the structures. The vibration ellipsoids for Ca
and Na can be described as prolate triaxial
ellipsoids whereas that for Li approximates an
oblate spheroid. The orientation of the long axis
of the ellipsoids is almost identical from pyroxene
to pyroxene and, with increasing temperature,
the orientations change very little. The main
change with temperature is an increase in the
size of the ellipsoids.
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TABLE A-3. Final Positional Parameters and Equivalent Isotropic Temperature Factors (,\2) for Six Clinopyroxenes

Spodumene

240Ca 300°C 460°C 760°C

0.1099(2f 0.1101 (1) 0.1104(1) 0.1105(1)
0.0823(2) 0.0819(1) 0.0815(2) 0.0810(2)
0.1402(3) 0.1397(2) 0.1394(3) 0.1383(3)
0.24(2) 0.67(2) 0.83(2) 1.21(2)

0.3646(2) 0.3649(1) 0.3650(2) 0.3652(2)
0.2673(2) 0.2662(1) 0.2656(2) 0.2644(2)
0.3009(3) 0.3012(3) 0.3014(3) 0.3018(3)
0.44(2) 1.06(2) 1.32(2) 1.88(2)

0.3565(2) 0.3565(1) 0.3565(2) 0.3562(2)
0.9871(2) 0.9886(2) 0.9896(2) 0.9911(2)
0.0578(3) 0.0546(2) 0.0526(3) 0.0495(3)
0.41(2) 1.05(2) 1.33(2) 1.86(3)

0.2941(1) 0.2943(0) 0.2943(1) 0.2943(1)
0.0935(1) 0.0932(0) 0.0931(1) 0.0928(1)
0.2560(1) 0.2547(1) 0.2537(1) 0.2522(1)
0.15(1) 0.53(1) 0.63(1) 0.95(1)

0.0 0.0 0.0 0.0
0.9066(1) 0.9059(1) 0.9054(1) 0.9044(1)
0.2500 0.2500 0.2500 0.2500
0.17(1) 0.57(1) 0.71(1) 1.07(1)

Jade; te

24°C 400°C 600°C 800°C

0.1092(2) 0.1096(2) 0.1097(2) 0.1098(2)
0.0760(2) 0.0756(2) 0.0756(2) 0.0751 (3)
0.1285(3) 0.1279(3) 0.1278(3) 0.1274(4)
0.45(2) 0.80(2) 1.01 (3) 1.23(4)

0.3611 (2) 0.3612(2) 0.3613(2) 0.3614(3)
0.2633(2) 0.2622(2) 0.2615(2) 0.2611 (3)
0.2932(3) 0.2918(3) 0.2903(4) 0.2894(5)
0.61 (2) 1.07(3) 1.42(3) 1.70(4)

0.3537(2) 0.3530(2) 0.3527(2) 0.3520(3)
0.0072(2) 0.0069(2) 0.0065(2) 0.0062(3)
0.0060(3) 0.0057(3) 0.0057(4) 0.0048(4)
0.55(2) 1.00(3) 1.27(3) 1.52(4)

0.2906(1) 0.2904(1) 0.2903(1) 0.2902(1)
0.0933(1) 0.0931(1) 0.0928(1) 0.0926(1)
0.2277(1) 0.2270(1) 0.2264(1) 0.2258(2)
0.34(1) 0.62(1) 0.79(2) 0.95(2)

0.0 0.0 0.0 0.0
0.9058(1) 0.9050(1) 0.9043(1) 0.9039(2)
0.2500 0.2500 0.2500 0.2500
0.37(1) 0.70(2) 0.90(2) .1.12(2)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.2752(9) 0.2758(7) 0.2750(9) 0.2769(10) 0.3005(2) 0.3006(2) 0.3007(2) 0.3008(3)
0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
1.1(1) 2.19(8) 2.83(11) 4.13(14) 1.00(2) 1.93(3) 2.48(4) 3.06(5)

Acmi te

240Ca
400°C 600°C 800°C

0.1141 (2) 0.1141 (2) 0.1142(2) 0.1146(2)
0.0784(2) 0.0778(2) 0.0775(2) 0.0771 (2)
0.1380(4) 0.1368(3) 0.1364(4) 0.1356(4)
0.39(2) 0.93(3) 1.20(3) 1.48(3)

0.3582(2) 0.3586(2) 0.3587(2) 0.3588(2)
0.2558(2) 0.2545(2) 0.2537(2) 0.2532(2)
0.3001 (4) 0.2989(4) 0.2975(4) 0.2967(5)
0.53(3) 1.32(3) 1.71 (3) 2.03(4)

0.3518(2) 0.3514(2) 0.3511 (2) 0.3507(2)
0.0079(2) 0.0076(2) 0.0074(2) 0.0070(3)
0.0118(4) 0.0112(4) 0.0098(4) 0.0093(4)
0.52(3) 1.15(3) 1.50(3) 1.82(3)

0.2905(1) 0.2904(1) 0.2902(1) 0.2902(1)
0.0894(1) 0.0891(1) 0.0889(1) 0.0888(1)
0.2351(1) 0.2338(1) 0.2332(1) 0.2327(1)
0.29(1) 0.69(1) 0.91(1) 1.12(1)

0.0 0.0 0.0 0.0
0.8989(1) 0.8979(1) 0.8974(1) 0.8969(1)
0.2500 0.2500 0.2500 0.2500
0.37(1) 0.78(1) 1.04(1) 1.30(1)

0.0 0.0 0.0 0.0
0.2999(2) 0.3000(2) 0.3001 (3) 0.3002(3)
0.2500 0.2500 0.2500 0.2500
0.98(3) 2.24(3) 2.99(4) 3.58(5)

aOata from Clark et a1 (1969).

bErrors ; n parent;;;s~ are one. standard devi at; on.
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TABLE A-3, Continued
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0(1)

Atom Parameter 240ea

Ureyi te

4000e 4000e

Diopside

7000e 8500e 10000e

Hedenberg;te

4000e 6000e 8000e 9000e 10000e

0(2)

0(3)

5i

1i(1)

y

z
B

0.1140(3) 0.1139(4) 0.1140(4)
0.0791(3) 0.0794(4) 0.0782(4)
0.1374(5) 0.1369(8) 0.1362(7)
0.42(4) 1.04(6) 0.94(6)

0.3599(3) 0.3607(4) 0.3611 (5)
0.2583(3) 0.2571(5) 0.2573(5)
0.3037(6) 0.3012(9) 0.3025(9)
0.55(4) 1.32(7) 1.44(7)

0.3531 (3) 0.3521 (4) 0.3519(4)
0.0105(3) 0.0099(5) 0.0094(5)
0.0066(6) 0.0062(9) 0.0074(8)
0.53(3) 1.26(6) 1.29(6)

0.2921(1) 0.2920(1) 0.2921(2)
0.0918(1) 0.0918(2) 0.0912(2)
0.2333(2) 0.2328(3) 0.2324(3)
0.36(2) 0.77(3) 0.83(3)

0.1156(1) 0.1160(2) 0.1164(2) 0.1161(2) 0.1164(2)
0.0873(1) 0.0868(2) 0.0864(2) 0.0863(2) 0.0864(2)
0.1422(2) 0.1424(4) 0.1423(4) 0.1418(3) 0.1423(4)
0.33(2) 1.05(3) 1.52(3) 1.65(2) 1.95(3)

0.3611 (1) 0.3611 (2) 0.3604(2) 0.3607(2) 0.3607(3)
0.2500(1) 0.2486(2) 0.2477(2) 0.2468(2) 0.2464(3)
0.3180(3) 0.3163(4) 0.3149(4) 0.3144(3) 0.3143(5)
0.46(2) 1.39(3) 1.96(4) 2.23(3) 2.62(4)

0.3505(1) 0.3501 (2) 0.3495(2) 0.3492(2) 0.3487(2)
0.0176(1) 0.0165(2) 0.0157(2) 0.0151(2) 0.0146(3)
0.9953(2) 0.9961(4) 0.9971(4) 0.9976(3)-0.0024(4)
0.39(2) 1.22(3) 1.71 (3) 1.86(3) 2.14(4)

0.2862(1) 0.2862(1) 0.2861 (1) 0.2861 (1) 0.2859(1)
0.0933(1) 0.0929(1) 0.0925(1) 0.0925(1) 0.0924(1)
0.2293(1) 0.2294(1) 0.2294(1) 0.2293(1) 0.2292(1)
0.228(7) 0.80(1) 1.12(2) 1.18(1) 1.37(1)

0.1197(1) 0.1195(2) 0.1194(1) 0.1195(2) 0.1193(2) 0.1196(3)
0.0904(2) 0.0898(2) 0.0894(2) 0.0892(2) 0.0889(3) 0.0890(3)
0.1525(3) 0.1519(3) 0.1514(3) 0.1517(4) 0.1506(4) 0.1502(5)
0.58(2) 1.08(2) 1.39(3) 1.69(3) 1.91(3) 2.02(4)

0.3627(2) 0.3619(2) 0.3620(2) 0.3618(3) 0.3617(3

!

0.3617(3)
0.2461 (2) 0.2449(2) 0.2444(2) 0.2436(2) 0.2429(3 0.2428(3)
0.3228(3) 0.3211 (4) 0.3200(4) 0.3193(5) 0.3188(5 0.3173(6)
0.77(2) 1.46(3) 1.84(3) 2.30(4) 2.49(4) 2.76(6)

0.3502(1) 0.3497(2) 0.3494(2) 0.3490(2) 0.J486(2) 0.3484(3)
0.0198(2) 0.0180(2) 0.0172(2) 0.0164(3) 0.0162(2) 0.0160(3)
0.9932(3) 0.9949(3) 0.9969(3) 0.9976(4) 0.9973(4) 0.9976(5)
0.65(2) 1.20(3) 1.52(3) 1.86(3) 2.03(4) 2.22(5)

0.2878(1) 0.2875(1) 0.2875(1) 0.2872(1) 0.2872(1) 0.2871 (1)
0.0924(1) 0.0921(1) 0.0918(1) 0.0916(1) 0.915(1) 0.0915(1)
0.2326(1) 0.2329(1) 0.2329(1) 0.2324(1) 0.2327(1) 0.2327(2)
0.39(1) 0.75(1) 0.96(1) 1.17(1) 1.29(2) 1.41(2)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.9076(1) 0.9072(1) 0.9066(1) 0.9082(1) 0.9072(1) 0.9069(2) 0.9066(1) 0.9063(2) 0.9075(0) 0.9064(1) 0.9057(1) 0.9054(1) 0.9051(1) 0.9049(1)
0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
0.42(1) 0.81(3) 0.84(3) ci.26(1) 0.96(2) 1.40(2) 1.57(2) 1.89(2) 0.44(1) 0.93(1) 1.25(1) 1.54(1) 1.74(2) 1.96(2)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.3008(3) 0.3001(4) 0.3010(4) 0.3015(1) 0.3008(1) 0.3005(1) 0.3003(1) 0.3001(1) 0.3003(1) 0.2993(1) 0.2990(1) 0.2989(1) 0.2987(1) 0.2984(1)
0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
0.77(4) 1.91(7) 2.44(8) 0.514(7) 1.41(2) 2.14(2) 2.37(2) 2.83(2) 0.66(1) 1.40(1) 1.86(1) 2.31(2) 2.63(2) 2.87(3)

TABLE A-4. Si-O Interatomic Distances (A) in Six Clinopyroxenes

Atoms 800°C 600°C 800°C

1.633(2) 1.632(2)

1.598(2) 1.598(2)

1.641 (2) 1.642(2)

1.647(2) 1.647(2)

5i-0(1)

-0(2)

-0(3Cl )

-0(3C2 )

Atoms

5;-0(1)

-0(2)

-0(3C1 )

-0(3C2)

5podumene

240Ca 300°C 460°C 760°C

1.638(2)b 1.641(1) 1.640(1) 1.643(1)

1.586(2) 1.585(1) 1.584(2) 1.584(1)

1.622(2) 1.624(1) 1.624(2) 1.624(1)

1.626(2) 1.626(1) 1.627(2) 1.628(1)

mean 1. 618 1.619

Jadei te

600°C

Acm i te

1.637(2) 1.636(2) 1.637(2) 1.638(2)

1.594(2) 1.593(2) 1.594(2) 1.596(3)

1.629(2) 1.629(2) 1.629(2) 1.630(2)

1.639(2) 1.642(2) 1.643(2) 1.642(2)

1.619 1.620 1.625 1.625 1.626

1.629(2) 1.631 (2)

1.598(2) 1.598(2)

1.637(2) 1.635(2)

1.646(2) 1.649(2)

1.627 1.628 1.630 1.630

Ureyi te

240Ca 4000C 600°C

Diopside

700°C 10000C

1.628

Hedenbergi te

400°C 900° C 10000C

1.626(4) 1.635(4) 1.638(4)

1.586(3) 1.586(4) 1.598(4)

1.640(4) 1.639(4) 1.631 (5)

1.645(4) 1.646(5) 1.650(5)

mean 1.624 1.629

850°C

1.602(2) 1.601 (2) 1.600(2) 1.603(2) 1.602(2)

1.585(1) 1.586(2) 1.586(2) 1.583(2) 1.586(2)

1.664(2) 1.671 (2) 1.670(2) 1.670(2) 1.671 (2)

1.687(2) 1.687(2) 1.688(2) 1.689(2) 1.690(2)

1.635 1.636 1.636 1.636 1.637

600°C 800° C

1.627

1.601(1) 1.602(2) 1.603(2) 1.603(2) 1.605(2) 1.603(3)

1.585(2) 1.582(2) 1.584(2) 1.583(2) 1.582(2) 1.582(3)

1.666(2) 1.671 (2) 1.666(2) 1.665(2) 1.668(2) 1.669(3)

1.686(2) 1.684(2) 1.688(2) 1.689(2) 1.687(2) 1.687(3)

1.635 1.636 1.6351.635 1.635 1 .635

aData from Clark et a1 (1969).

bErrors in parenthes;;- are one standard deviation.
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TABLE A-5. 0-0 Interatomic Distances (A) in Silicate Tetrahedra of Six Clinopyroxenes

Atoms

0(1)-0(2)

-0(3Cl )

-0(3C2)

0(2)-0(3C1)

-O( 3C2)

0(3Cl )-0(3C2)

mean

A toms

5podumene Jade ite

460° C 760°C 400°C 600°C

2.742(2)b2.747(2) 2.747(2) 2.752(2)

2.635(2) 2.640(2) 2.639(2) 2.640(2)

2.651(3) 2.651(2) 2.650(2) 2.651(2)

2.658(2) 2.655(2) 2.653(2) 2.650(2)

2.535(2) 2.535(2) 2.536(2) 2.537(2)

2.616(1) 2.619(1) 2.620(1) 2.622(1)

2.778(2) 2.780(2) 2.782(3) 2.786(3)

2.637(2) 2.634(2) 2.635(2) 2.634(2)

2.639(2) 2.638(2) 2.639(2) 2.635(3)

2.646(2) 2.644(2) 2.642(2) 2.645(3)

2.579(2) 2.581(2) 2.582(3) 2.582(3)

2.614(1) 2.619(1) 2.622(1) 2.627(1)

2.640 2.641 2.642 2.649 2.649 2.6502.641

Ureyi te

240C a
400°C

Diopside

700°C600°C 850°C 1000DC

0(1)-0(2) 2.736(5) 2.749(5) 2.764(6)

-0(3Cl) 2.644(5) 2.647(5) 2.641 (6)

-0(3C2) 2.636(7) 2.642(6) 2.646(5)

0(2)-0(3Cl) 2.657(4) 2.652(6) 2.660(6)

-0(3C2) 2.583(4) 2.586(6) 2.590(6)

0(3Cl )-0(3C2) 2.643(5) 2.643(1) 2.645(1)

2.735(2) 2.736(3) 2.732(3) 2.737(2) 2.738(5)

2.678(2) 2.683(3) 2.679(3) 2.680(2) 2.679(5)

2.695(3) 2.689(3) 2.686(3) 2.689(2) 2.686(5)

2.658(2) 2.664(2) 2.667(3) 2.666(2) 2.672(5)

2.570(2) 2.575(2) 2.578(3) 2.574(2) 2.575(5)

2.644(3) 2.650(1) 2.652(1) 2.654(1) 2.656(1)

mean 2.650 2.653 2.668

800°C

Acmi te

240Ca 400°C- 600°C 800°C

2.658 2.663 2.666 2.666 2.667

2.742(3) 2.750(2) 2.753(3) 2.756(3)

2.650(3) 2.647(2) 2.652(3) 2.647(3)

2.654(3) 2.657(2) 2.657(3) 2.655(3)

2.651(3) 2.649(3) 2.651(3) 2.653(3)

2.585(3) 2.583(3) 2.583(3) 2.582(3)

2.651(1) 2.652(1) 2.657(1) 2.659(1)

2.652 2.659 2.6592.656 2.656

Hedenbergi te

400°C 800DC 10000C600°C 900°C

2.722(2) 2.720(2) 2.724(3) 2.723(3) 2.726(3) 2.723(4)

2.687(2) 2.692(2) 2.688(2) 2.689(3) 2.687(3) 2.685(4)

2.696(2) 2.693(2) 2.695(2) 2.692(3) 2.692(3) 2.692(4)

2.658(2) 2.663(2) 2.661(3) 2.663(3) 2.663(3) 2.661(4)

2.574(2) 2.570(3) 2.574(3) 2.570(3) 2.570(3) 2.575(4)

2.647(1) 2.649(1) 2.651(1) 2.651(1) 2.653(1) 2.654(1)

2.664 2.665 2.665 2.6652.6652.666

aData from Clark et a1 (1969).

bErrors in parenth;s~ are one standard deviation.

TABLE A-6. Interatomic Angles (0) in Tetrahedral Chains of Six Clinopyroxenes

An91 es

0(1)-5i-0(2)

0(1 )-5i -0(3Cl)
D(l )-5i-0(3C2)

0(2)-5i-0(3Cl)

0(2)-Si-0(3C2)

0(3C1)-5i-0(3C2)

mean

03C2-03Cl-03C2

5i -03-5i

Angles

0(1 )-5i -0(2)

0(1 )-Si-0(3Cl)

0(1 )-Si-0(3C2)

0(2)-Si-0(3C1)

0(2)-Si-0(3C2)

0(3Cl )-5i-0(3C2)

mean

03C2-03Cl-03C2

5i -03-5i

Spodumene

240Ca 3DOoC 4600C 7600C

116.5(1)b 116.7(1) 116.8(1) 117.0(1)

107.9(1) 107.9(1) 107.9(1) 107.8(1)

lD8.6(1) 108.5(6) 108.4(1) 108.3(1)

111.9(1) 111.7(1) 111.6(1) 111.4(1)

lD4.2(1) 104.3(1) 104.3(1) 104.4(1)

107.3(1) lD7.4(1) 107.4(1) 107.5(1)

Jade; te Acmi te

240Ca 4000C 600DC 800°C24°C 400°C 600°C 8000C

118.6(1) 118.9(1) 118.9(1) 119.0(1)

107.7(1) 107.6(1) 107.6(1) 107.4(1)

lD7.4(1) 107.2(1) lD7.2(1) 106.9(1)

110.4(8) 110.3(1) 110.2(1) 110.2(1)

105.9(1) lD5.8(1) 105.8(1) 105.8(1)

106.3(1) 106.4(1) 106.5(1) 106.8(1)

109.4 109.4 109.4 lD9.4

aOata from Clark et al (1969).

bErrors in parenth;s~ are 1 standard deviation.

116.4(1) 116.8(1) 116.9(1) 117.1(1)

108.5(1) 108.3(1) 108.2(1) 107.9(1)

lD8.3(1) 108.2(1) 108.2(1) 108.1(1)

11D.l(l) 110.1(1) 109.9(1) 110.0(1)

105.6(1) 105.4(1) 105.5(1) 105.4(1)

107.7(1) 107.8(1) 107.8(1) 107.9(1)

109.4 lD9.4 109.4 109.4109.4 109.4 109.4 109.4

170.5(2) 171.6(1) 172.3(2) 173.4(2)

139.0(1) 139.3(1) 139.5(1) 139.7(1)

174.6(1) 174.8(2) 175.1(2) 175.3(2)

139.1(1) 139.4(1) 139.5(1) 139.8(2)

174.0(2) 174.2(2) 174.4(2) 174.7(2)

139.4(2) 139.5(1) 139.6(1) 139.8(1)

Hedenbergi te

240C 400°C 6000C 800°C 900°C 10000C

117.4(1) 117.3(1) 117.4(1) 117.4(1) 117.5(1) 117.6(2)

110.6(1) 110.6(1) 110.6(1) 110.7(1) 110.3(1) 110.3(2)

110.2(1) 110.0(1) 109.9(1) lD9.7(1) 109.7(1) 109.7(2)

109.7(1) 109.9(1) 109.9(1) 110.1(1) 110.1(1) 109.9(2)

103.7(1) 103.7(1) 103.7(1) 103.5(1) 103.7(1) 103.9(2)

104.3(1) 104.3(1) 104.4(1) 104.5(1) 104.5(1) 104.5(1)

lD9.3 109.3 109.3 109.4 109.3 109.3

Ureyi te

240Ca 4000C 6000C

Oiopside

240Ca 4000C 70DoC 8500C 1000DC

164.5(1) 165.8(2) 166.4(2) 167.1(2) 167.2(2) 167.3(3)

136.0(1) 136.4(1) 136.8(1) 137.1(1) 137.3(2) 137.4(2)

116.8(2) 117.2(2) 117.4(2)

108.1(2) 107.9(2) 107.8(2)

107.4(2) 107.3(2) 107.1(2)

110.9(2) 110.6(2) 110.9(2)

106.1(2) 106.3(2) 105.8(2)

107.1(2) 107.1(2) 107.4(2)

109.4 109.4 109.4

118.3(1) 118.3(1) 118.1 (1) 118.4(1) 118.3(1)

110.1(1) 110.1(1) 110.0(1) lD9.9(1) lD9.9(1)

110.0(1) 109.7(1) 109.5(1) 109.5(1) 109.4(1)

lD9.8(1) 109.8(1) 110.0(1) 110.D(1) 110.2(1)

103.5(1) 103.7(1) 103.9(1) 103.7(1) 103.6(1)

104.2(1) 104.2(1) 104.3(1) 104.4(1) 104.4(1)

109.3 109.3 109.3 109.3 109.3

172.1 (2) 172.5(4) 172.8(4)

139.7(2) 14D.2(3) 140.3(3)

166.4(1) 167.1(2) 167.7(2) 168.2(2) 168.5(2)

135.93(9)136.3(1) 136.8(1) 137.0(1) 137.3(1)
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TABLE A-7. M(1}-O Interatomic Distances (A) in Six Clinopyroxenes

Atoms

~(1)-0(lA1),(lB1)

-0(lA2),(lB2)

-0(2e1), (201)

mean

Atoms

~(1)-0(lA1),(lB1)

-0(lA2), (lB2)

-0(2e1), (201)

mean

Spodumene
ti(l) = A1

240ea 3000e 4600e 7600e

1.997(2)b 2.005(1) 2.012(1) 2.023(1)

1.943(2) 1.946(1) 1.948(1) 1.949(1)

1.818(2) 1.823(1) 1.825(2) 1.830(2)

Jadeite
11(1) = A1

240e 4000e 6000e 8000e

Acm; te
3+11(1) = Fe

240ea 4000e 6000e 8000e

2.109(2) 2.120(2) 2.129(2) 2.136(2)

2.029(2) 2.029(2) 2.032(2) 2.033(2)

1.936(2) 1. 937(2) 1. 941 (2) 1. 943(2)

2.025 2.029 2.034 2.037

Hedenber9i te
11(1) = Fe2+

240e 4000e 6000e 8000e 9000e 10000e

2.163(1) 2.178(2) 2.187(2) 2.193(2) 2.198(2) 2.206(3)

2.140(1) 2.137(2) 2.135(2) 2.138(2) 2.133(2) 2.133(3)

2.087(1) 2.100(2) 2.102(2) 2.110(2) 2.116(2) 2.116(3)

2.1302.1382.141 2.1472.1492.152

1. 919 1.925 1.928 1. 934

1.995(2) 2.008(2) 2.017(2) 2.022(2)

1.940(1) 1.943(2) 1.946(2) 1.948(2)

1.852(2) 1.857(2) 1.857(2) 1.858(3)

1. 929 1. 936 1. 940 1. 943

Ureyi te
ti(l) = er

240ea 4000e 6000e

Oiopside
ti(1) = M9

240ea 4000e 7000e 8500e 10000e

2.115(1) 2.135(2) 2.147(2) 2.150(2) 2.160(2)

2.065(3) 2.067(2) 2.070(2) 2.069(2) 2.075(2)

2.050(1) 2.063(2) 2.076(2) 2.081(2) 2.086(3)

2.077 2.088 2.098 2.100 2.107

TABLE A-B. 0-0 Interatomic Distances (A) in the M(1) Octahedra of Six Clinopyroxenes

Spodumene

240ea 3000C 4600C 7600C

2.694(4)b 2.705(2) 2.714(3) 2.727(3)

2.787(4) 2.786(2) 2.787(3) 2.791 (3)

2.661(2) 2.675(2) 2.683(2) 2.698(2)

2.951(2) 2.953(1) 2.954(1) 2.955(1)

2.705(2) 2.714(2) 2.719(2) 2.727(2)

2.697(2) 2.708(2) 2.716(2) 2.729(2)

2.504(3) 2.507(2) 2.510(3) 2.512(2)

2.710 2.717 2.722 2.730

Jadeite

24°C 400°C 6000c 800°C

2.724(3) 2.742(3) 2.751(3) 2.760(4)

2.787(3) 2.788(4) 2.782(4) 2.782(5)

2.710(2) 2.727(2) 2.741(3) 2.746(3)

2.918(1) 2.921(1) 2.926(2) 2.928(2)

2.682(2) 2.685(2) 2.684(3) 2.687(3)

2.820(2) 2.838(2) 2.849(3) 2.858(3)

2.462(3) 2.469(3) 2.476(3) 2.475(4)

2.725 2.734 2.740 2.744

2.039(3) 2.052(4) 2.054(4)

2.009(6) 2.012(4) 2.013(4)

1.947(3) 1.949(4) 1.947(4)

1. 998 2.004 2.005

aOata from Clark et al (1969).

bErrors in parenth;s;; are one standard deviation.

Atoms

Acmite

240Ca 400°C 600°C 8000C

01A1-0l Bl

02C1-0201

(2)01Al-J2Cl

(2)01Al-01A2

(2)01A2-02C1

(2)01A2-0201

(2)01A1-01B2

mean

Atoms

01A1-0l81

02C1-0201
(2)01A1-02C1

(2) OlA 1- Q1A2

(2)01A2-02Cl

(2)01A2-0201

(2)01A1-01B2

mean

Ureyite

240Ca 400°C 600°C

Oiopside

240Ca 400°C lOOoC 850°C 10000C

2.781(3).2.799(4) 2.814(4) 2.815(3) 2.821(4)

2.981(3) 2.984(4) 2.998(4) 2.992(4) 2.996(5)

3.013(2) 3.049(3) 3.070(3) 3.085(2) 3.099(3)

3.051(3) 3.060(2) 3.064(2) 3.068(2) 3.074(2)

2.878(3) 2.892(3) 2.900(3) 2.905(2) 2.912(3)

2.979(3) 2.999(3) 3.021(3) 3.026(2) 3.036(3)

2.813(3) 2.821(4) 2.829(4) 2.826(3) 2.839(4)

2.936 2.952 2 .965 2.969 2.978

2.798(4) 2.809(3) 2.821(4) 2.835(4)

2.941(4) 2.932(4) 2.931(4) 2.929(5)

2.860{3) 2.877(3) 2.891(3) 2.899(3)

2.985(2) 2.984(2) 2.988(2) 2.988(2)

2.819(3) 2.820(3) 2.822(3) 2.822(3)

2.964(3) 2.979(3) 2.992(3) 3.004(3)

2.639(4) 2.638(3) 2.642(4) 2.644(4)

2.856 2.861 2.869 2.873

Hedenber9ite

400°C 600°C 800°C 900°C 10000C

2.775(6) 2.785(8) 2.795(7)

2.897(7) 2.880(8) 2.883(9)

2.815(5) 2.841(6) 2.835(6)

2.975(5) 2.981(4) 2.975(4)

2.797(5) 2.789(6) 2.798(6)

2.904(6) 2.921(6) 2.925(6)

2.617(7) 2.631(8) 2.624(7)

2.824 2.833 2.833

2.798(3) 2.808(3) 2.816(3) 2.819(4) 2.826(4) 2.837(5)

2.990(3) 3.008(4) 3.005(4) 3.011(5) 3.012(5) 3.009(7)

3.113(2) 3.137(2) 3.150(3) 3.165(3) 3.178(3) 3.186(4)

3.088(2) 3.093(2) 3.095(2) 3.098(2) 3.099(2) 3.103(3)

2.940(2) 2.951(2) 2.953(3) 2.961(3) 2.963(3) 2.957(4)

3.057(2) 3.074(2) 3.081 (3) 3.093(3) 3.099(3) 3.105(4)

2.976(3) 2.970(3) 2.968(4) 2.971(4) 2.965(4) 2.971(5)

3.012 3.022 3.026 3.034 3.037 3.041

aOata from Clark et al (1969).

bErrors in parent~~ are one standard deviation.



TABLE A-It. Magnitudes and Orientations ofthe Principal Axes of Thermal Ellipsoids in Six Clinopyroxenes

Si ~(1) to1.(2)

rms rms rms
Angle (0) of r; with

Pyroxene
°c

Ell; psoi d amp1 ~tude An91e (0) of r; with amp1 ~tude Angle (0) of ri with amp1

*

tude
ax; ~, r

i1 r. b r. b r. b <:
0.034(3)b

1 1
Spodumene 24a 36(8) 55(6) 99(14) 0.041 (4) 80(22) 90 30(22) 0.11(1) 17(27) 90 93(27)

0.042(2) 77(14) 96(12) 171(14 ) 0.048(3) 10(22) 90 120(22) O.12( 1) 90 180 90
0.051 (2) 57(7) 144(6) 89(11 j 0.051 (3) 90 a 90 0.13(1) 107(27) 90 3

300 0.074(1) 79( 12) 79( 6) 33( 13) 0.081 (2) 88( 16) 90 22(16 ) 0.159(7) 77(20) 90 33(20)
0.077(1 ) 27(6) 68(4) 122( 13) 0.085(2) 178( 16) 90 68( 16) 0.166(8) 90 180 90
O.093( 1) 66(3) 155(3) 93(2) 0.038(2) 90 a 90 0.175(7) 167(21 ) 90 57(21 )

460 0.082(1 ) 143(12) 101(6) 37( 14) 0.092(2) 142(34 ) 90 32(34 ) 0.182(9) 75(35) 90 35(35)
a .085( 1) 119(13) 110(4) 126( 14) 0.094(2) 130(34) 90 120(34) 0.192(9) 90 180 90
0.100(1) 69(3) 157(3) 87(3) O.097(2) 90 a 90 0.194(9) 163(34) 90 53(34)

760 0.100(1) 55(5) 67(2) 62( 6) 0.112(1 ) 63(10) 90 46(10) 0.206(9) 70(9) 90 40(9)
0.106(1) 46(5) 77(3) 151(6) 0.118(1) 26(10) 90 135( 10) 0.222(10) 90 180 90
0.122( 1) 65(2) 153(2) 90(2) 0.119(1) 90 0 90 0.255(10) 160(9) 90 50(9)

Jadei te 24 0.049(2) 88(3) 86(4) 20(3) 0.055(3) 90(4) 90 18(4) 0.089(3) 75(2) 90 32(2)
0.068(2) 75(7) 16(7) 99(5) 0.068(3) 90 180 90 0.097(3) 90 180 90
0.078(2) 16(17) 106(7) 108(3) 0.080(2) 0(5) 90 108(4) 0.144(2) 165(2) 90 58(2)

400 0.078(2) 79(4) 73( 5) 33( 5) 0.081 (2) 80(4) 90 28(4) 0.125(3) 70( 1) 90 38( 1)
0.089(2) 59(6) 39(6) 119(6) 0.096(2) 90 180 90 0.130(3) 90 180 90
0.099(1 ) 34(5) 124(5) 104(4) 0.104(2) 170(4) 90 62(4) 0.202(2) 160( 1) 90 52( 1)

600 0.089(2) 73(4) 71(4) 40(4) 0.095(2) 72(4) 90 36(4) 0.133(3) 70(1 ) 90 37( 1)
0.102(1) 49(9) 52(9) 128(5) 0.108(2) 90 180 90 0.150(3) 90 180 90
0.108(1 ) 46(9) 136(8) 99(6) 0.116(2) 162(4) 90 54(4) 0.232(3) 160( 1) 90 53( 1)

800 0.093(2) 87(3) 81(4) 23(4) 0.100(3) 82(3) 90 26(3) 0.148(4~ 75(1 ) 90 33( 1)
0.112(2) 58(7) 34(7) 109(4) 0.120(3) 90 180 90 0.165(4 90 180 90
0.121 (2) 33(7) 123(7) 102(3) 0.134(2) 172(3) 90 64(3) 0.259(4) 165(1) 90 57( 1)
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TABLE A-9. Interatomic Angles (0) in M(1) Octahedra in Six Clinopyroxenes
.---

AtOOlS

01A2,OlB2

(2)01A1,0201

01Al,OlBl

02Cl,0201

(2)01Al,02C1

(2)01Al,OlA2

(2)01Al,0lB2

(2)01A2,02Cl

(2)01A2,0201

Atoms

01A2,OlB2

(2)01A 1,0201

01Al,OlB1

02Cl,0201

(2)01Al,02Cl

(2)01Al,OlA2

(2)01Al,OlB2

(2)01A2,02Cl

(2)01A2,0201

Spodumene

240Ca 300°C 460°C 760°C

174.5(1 )b 174.0(1) 173.5(1) 172.8(1)

167.8(1) 168.0(1) 168.0(1) 168.0(1)

84.8(1) 84.9(1) 84.8(1) 84.8(1)

100.0(1) 99.7(1) 99.6(1) 99.4(1)

88.3(1) 88.5(1) 88.6(1) 88.7(1)

97.0(1) 96.7(1) 96.5(1) 96.1(1)

78.9(1) 78.8(1) 78.7(1) 78.5(1)

92.0(1) 92.1(1) 92.2(1) 92.3(1)

91.6(1) 91.8(1) 92.0(1) 92.4(1)

Jadeite

24°C 400°C 600°C 800°C

Acmite

240Ca 400°C 600°C 800°C

170.8(1) 170.1(1) 169.8(1) 169.3(2)

166.2(1) 166.1 (1) 166.0(1) 165.9(1)

86.1(1) 86.1(1) 86.0(1) 86.1(1)

97.6(1) 97.3(1) 97.0(1) 96.9(2)

89.5(1) 89.7(1) 89.9(1) 90.0(1)

95.7(1) 95.4(1) 95.2(1) 95.0(1)

77.5(1) 77.3(1) 77.3(1) 77.1(1)

90.0(1) 89.9(1) 89.8(1) 89.B(1)

96.1(1) 96.6(1) 97.0(1) 97.3(1)

168.7(1) 167.9(1) 167.5(1) 167.0(1)

167.3(1) 167.3(1) 167.2(1) 167.2(1)

83.1(1) 83.0(1) 83.0(1) 83.1(1)

98.9(1) 98.4(1) 98.1(1) 97.9(1)

89.9(1) 90.2(1) 90.4(1) 90.4(1)

92.3(1) 91.9(1) 91.B(1) 91.5(1)

79.2(1) 78.9(1) 78.8(1) 78.7(1)

90.6(1) 90.6(1) 90.5(1) 90.5(1)

96.7(1) 97.3(1) 97.7(1) 98.1(1)

Ureyi te

240Ca 400°C 600°C

173.4(2) 173.3(2) 172.4(2)

169.2(1) 169.1(2) 169.2(2)

85.8(2) 85.5(2) 85.8(2)

96.1(2) 95.3(3) 95.5(3)

89.8(2) 90.5(2) 90.2(2)

94.6(1) 94.4(2) 94.0(2)

80.6(1) 80.7(2) 80.4(2)

89.8(2) 89.5(2) 89.9(2)

94.4(2) 95.0(2) 95.2(2)

Oi opside

240Ca 400°C 700°C 850°C lDOOoC

177.8(1) 177.1(1) 176.7(1) 176.5(1) 176.4(1)

171.3(1) 171.3(1) 171.3(1) 171.3(1) 171.3(1)

82.2(1) 81.9(1) 81.9(1) 81.8(1) B1.6(l)

93.3(1) 92.6(1) 92.4(1) 91.9(1) 91.8(2)

92.6(1) 93.1(1) 93.3(1) 93.6(1) 93.8(1)

93.8(1) 93.5(1) 93.2(1) 93.1(1) 93.1(1)

84.6(1) 84.3(1) 84.3(1) 84.1(1) 84.2(1)

88.8(1) 88.9(1) 88.8(1) 88.8(1) 88.8(1)

92.8(1) 93.1(1) 93.6(1) 93.6(1) 93.7(1)

Hedenbergi te

24°C 400°C 600°C 800°C 900°C lDOOoC

179.0(1) 178.1(1) 177.6(1) 177.4(1) 177.1(1) 177.0(1)

173.0(1) 172.7 172.6(1) 172.6(1) 172.6(1) 172.5(1)

80.6(1) 80.3(1) 80.2(1) 80.0(1) 80.0(1) 80.0(1)

91.5(1) 91.5(1) 91.3(1) 91.0(1) 90.8(2) 90.6(2)

94.1(1) 94.3(1) 94.5(1) 94.7(1) 94.9(1) 94.9(1)

91.7(1) 91.6(1) 91.5(1) 91.4(1) 91.4(1) 91.3(1)

87.5(1) 87.0(1) 86.7(1) 86.6(1) 86.4(1) 86.4(1)

88.1(1) 88.3(1) 88.4(1) 88.4(1) 88.4(1) 88.2(1)

92.6(1) 93.0(1) 93.3(1) 93.5(1) 93.6(1) 93.9(1)

aOata from Clark et al (1969).

bErrors in parent;s~ are one standard deviation.



TABLE A-ll, Continued

0(1) 0(2) 0(3)

rms rms
Angle (0) of r; with

rms
Angle (0)

Pyroxene Ell ipso; d amp 1

*

tude Angle (0) of r. with amplfude amp 1

*

tude of r; with

°c axi~, r i
1

1 r. a b r. b c r. b

0.042(6)b
1 1

Spodumene 24a 1 61(14) 86(12) 49(15) 0.045(6) 132(6) 138(6) 76( 5) 0.043(6) 96( 12) 68( 5) 26( 5)
2 0.057(5) 40(23) 64(29) 134(18) 0.079(8) 52(8) 125(8 ) 136(12) 0.061 (5) 161(6) 76( 6) 83(12)
3 0.064(4) 115(25) 27(29) 73(22) 0.092 (3) 66(9) 111(8) 50( 12) 0.101 (3) 108(4) 153( 4) 66(3)

300 0.079(3) 38(11 ) 87(5) 72(11) 0.083(3) 56(3) 35(2) 96(3) 0.084(3) 100(8) 66( 2) 25(2)
0.089(2) 55( 11) 72(6) 155( 10) 0.120(2) 51(4) 110( 4) 150(5) o. e99 (2) 165(6) 84(4) 84(7)
0.106(2) 103(5) 18(6) 74(6) 0.138(2) 58(4) 117(3) 61(5) 0.152(2) 101(2) 155(2) 65( 1)

460 0.086(3) 18(7) 81(4) 95(8) 0.089 (3) 52(2) 38(2) 99(3) 0.090(3) 112( 5) 65( 1) 25(2)
0.101 (3) 77(8) 77(8) 166(8) 0.134(3) 54( 4) 114(3) 149( 5) 0.114(3) 155( 5) 89(3) 95( 5)
0.117(3) 102(4) 16(7) 76(8) 0.156(2) 58(4) 118(3) 61(5) 0.172(2) 102(2) 155( 1) E5( 1)

760 0.100(3) 28(4) 85(3) 82(4) 0.109(3) 56( 2) 35(2) 94( 2) 0.110(3) 104( 5) 65( 1) 25( 1)
0.123(2) 65(5) 71(4) 160(4) 0.164(2) 49(4) 110(3) 148(6) 0.129(2) 161(4) 85(3) 88(5)
0.145(2) 103(3) 20(4) 71(4) 0.180(2) 59( 5) 117(3) 59f 6) 0.204(2) 102( 1) 154( 1) 65( 1)

Jade; te 24 1 0.063(4) 68(11 ) 93(9) 40( 11) 0.073(4) 73( 5) 32( 13) 70( 15) 0.058(5) 92(5 ) 78( 5) 20( 5)
2 0.078(4) 22( 12) 91(32) 130(11) 0.084(4) 83(8) 64(15) 153(13) 0.091(3) 150(34) 61(33) 82( 11)
3 0.083(4) 88(30) 3( 11) 88(22) 0.104(3) 162( 5) 72(6) 72(7) 0.096(3) 120(34) 149(31) 72(7)

400 0.088(4) 52( 12) 87(9) 56(13) 0.086(4) 66(3) 31(4) 80(5) 0.081 (4) 96( 5) 65(3) 28( 3)
0.099(3) 48(13) 60(10) 136(13) 0.117(3) 95( 6) 68(5) 149(6) 0.113(3) 168( 6) 83( 5) 82( 5)
0.113(3) 115(9) 31(10) 67(9) 0.140(3) 156(3) 69(4) 61(6) 0.137 (3) 100(6) 154(3) 64(3)

600 0.094(4) 33(6) 88(5) 75(6) 0.101(4) 64(3) 28(3) 88(4) o .094( 4) 97( 5) 64(3) 27(3)
0.116(3) 64(8) 57(14) 145(13) 0.138(3) 91(7) 79(5) 159(7) 0.124(3) 166( 5) 81(4) 84( 5)
0.126(3) 108(8) 33(14) 59(14) 0.157(3) 154(3) 64(3) 69(8) 0.156(3) 103( 4) 153(3) 63(2)

800 0.107(4) 68(9) 96(6) 40(9) 0.112(5) 68(3) 25( 4) 86(5) 0.100(5) 104(4) 68(3) 23(3)
0.125(4) 30(10) 67(10) 124(10) 0.146(4) 91(6) 78(5) 158(6) 0.141 (4) 156(6) 77(6) 93( 5)
0.141 (4) 109(10) 24( 10) 71(7) 0.175( 4) 158(3) 69(3) 68(6) 0.167(4) 109(7) 154( 4) 68(3)

aData from Clark et a1 (1969).
bErrors in parenthe"s;; are one standard deviation.

CRYSTAL CHEMISTRY OF SIX PYROXENES 6t5

TABLEA-tO. M(2)-O Interatomic Distances (A) in Six Clinopyroxenes

Atoms

Spodumene
~(2) = Li

240ca 300°C 460°C 760°C

2.105(6)b 2.119(5) 2.122(6) 2.146(7)

2.278(2) 2.281(2) 2.281(2) 2.286(2)

2.251(6) 2.268(5) 2.286(6) 2.296(7)

3.144(5) 3.129(4) 3.124(5) 3.103(6)

2.211 2.223 2.230 2.243

Jadeite
):1(2) = Na

24°C 400°C 600°C 800°C

2.356(2) 2.370(2) 2.377(2) 2.387(3)

2.412(2) 2.421(2) 2.430(2) 2.437(3)

2.366(2) 2.374(2) 2.377(2) 2.382(3)

2.740(2) 2.753(2) 2.761(2) 2.768(3)

Acmite
ti(2) = Na

240C a 4000C 600°C BOOoC

~(2)-0( lA1), (lB1)

-0(2C2),(202)

-0(3Cl),(301)

-0(3C2), (302)

mean of 6

mean of 8

2.398(3) 2.413(2) 2.424(3) 2.435(3)

2.415(2) 2.422(2) 2.431(2) 2.437(2)

2.430(3) 2.438(2) 2.446(3) 2.451(3)

2.831(3) 2.838(2) 2.842(2) 2.849(3)

2.469 2.480 2.486 2.494 2.518 2.528 2.536 2.543

Atoms

Ureyi te
):1,(2) = Na

240Ca 400°C 600°C

2.378(4) 2.381(5) 2.403(5)

2.389(7) 2.400(5) 2.399(4)

2.424(4) 2.440(5) 2.435(5)

2.764(4) 2.783(5) 2.790(5)

0; ops i de
ti(2) = Ca

240Ca 400°C 700°C 850°C lOOOoC

2.360(1) 2.377(2) 2.391(2) 2.394(2) 2.399(2)

2.353(3) 2.357(2) 2.366(2) 2.368(2) 2.370(3)

2.561(2) 2.571(2) 2.578(2) 2.580(2) 2.586(3)

2.717(1) 2.749(2) 2.773(2) 2.784(2) 2.797(2)

Hedenbera; te
):1,(2) = Ca

24°C 400°C 600°C 800°C 900°C lOOOoC

2.355(1) 2.364(2) 2.373(2) 2.379(2) 2.386(2) 2.388(3)

2.341(1) 2.348(2) 2.352(2) 2.355(2) 2.357(3) 2.363(3)

2.627(2) 2.628(2) 2.628(2) 2.629(2) 2.636(3) 2.639(3)

2.720(1) 2.756(2) 2.778(2) 2.794(2) 2.803(2) 2.812(3)

~(2)-0(lA1). (181)

-0(2C2),(202)

-0(3C1),(301)

-0(3C2),(302)

mean of 6

mean of 8 2.489 2.501 2.507 2.498 2.514 2.527 2.532 2.538 2.511 2.524 2.533 2.539 2.546 2.551

aOata from Clark et a1 (1969).

bErrors in parent;s~ are one standard deviation.
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TABLE A-H, Continued

Si !:1(1) !:1(2)
rms rms rms

Pyroxene
°c

Ell ipsoid amp1

*

tude Angle (0) of r; with amp1 ~tude Angle (0) of ri with amp1 ~tude Angle (0) of r i withax;
~'

r i r. a b c r. a b c r. b c
24a

1 1 1
Acmite 0.040(3) 36(3) 77(10) 73(3) 0.054 (2) 38(2) gO 69(2) 0.086(5) gO 0 900.054(3) 99(8) 13(10) 97(5) 0.058(2) 90 180 90 0.086(5) 118(3) 90 134(3)

0.081 (2) 125(3) 87(4) 18(3) 0.088 128(2) 90 21(2) 0.149(3) 152(3) 90 44(3)

400 0.082~2) 23(6) 75(2) 89(7) 0.091(1) 35(5) 90 73(5) 0.133(3 ) 69(2) 90 38(2)
0.091 1) 72(7) 89(4) 178(5) 0.101 (1) 55( 5) 90 163( 5) 0.151 (3) 90 180 90
0.107(1) 76(3) 165(2) 91(4) 0.106(1 ) 90 0 90 0.212(3) 159(2) 90 52(2)

600 0.098(1 ) 55(21 ) 75(3) 55(22) 0.107(1) 55(7) 90 52(7) 0.148(3) 70( 1) 90 38(1)
0.101 (1) 37(21 ) 85(6) 144(22) 0.114(1) 35(7) 90 142(7) 0.174(3) 90 180 900.122(1) 77(3) 164(2) 85(3) 0.122(1 ) gO 0 90 0.248 (3) 160(1 ) 90 52( 1)

800 0.106(1) 29(5) 73(2) 84(6) 0.118(1) 43(3) gO 65(3) 0.169(3) 70(1 ) 90 37( 1)
0.116(1) 67(6) 91(3) 174( 5) 0.131 (1) 47(3) 90 155(3) 0.185(3) 90 180 900.134(1) 74(2) 163(2) 88(3) 0.135( 1) gO 0 90 0.271 (3) 160(1 ) 90 53( 1)

Ureyite 24a 0.043(5) 89(4) 83(6) 20(4) 0.054(3) 91(3) 90 16(3) 0.057(8) 75(3) 90 33(3)
0.071 (3) 78( 13) 14(12) 100(7) 0.075(2) 90 180 90 0.080(6) 90 180 90
0.081 (3) 12(13) 102(13) 107(5) 0.086(2) 1(3) 90 106(3) 0.140(5) 165(3) 90 57(3)

400 0.078(4) 40(17) 50(17) 103(5) 0.087(3) 90 0 90 0.114(7) 90 0 900.087(4) 50(17) 140(17) 103(5) 0.087 (3) 180(3) 90 72(3) 0.139(6) 116( 4) 90 137(4)0.125(3) 89(3) 92(3) 18(3) 0.126(2) 90(3) gO 18(3) 0.201 (6) 154( 4) 90 47( 4)

600 0.087(4) 158(11) 111(12) 67(6) 0.091 (3) 90 0 90 0.129(7) 90 0 90
0.101 (4) 71(12) 157(12) 108(9~ 0.098(3) 180(6) 90 73(5) 0.152(6) 114(3) 90 139(3)
0.117(3) 79(5) 99(8) 30(7 0.119(3) 90(5) 90 17(5) 0.230(6) 156(3) 90 49(3)

Oiopside 24a 1 0.049(2) 27(17) 72(20) 85(9) 0.052(3) 56( 10) 90 49(10) 0.066(1 ) 66(1 ) 90 39( 1)
2 0.053 (2) 67(20) 155(17) 106~11) 0.055(3) 90 180 90 0.068(1 ) 90 180 90
3 0.059(1 ) 105(8) 107(11) 17 11) 0.065(2) 146(10) 90 41(10) 0.103(1 ) 156( 1) 90 50( 1)

400 0.089(2) 46(7) 54(8) 77(3) 0.103(3) 63(6) 90 43(6) 0.109(2) 90 0 90
0.097 (2) 123(7) 36(8) 94(4) 0.105(3) 90 180 90 0.115(2) 115( 1) 90 139( 1)
O.113( 1) 118(3) 94(4) 13(3) 0.121 (2) 153(6) 90 47(6) 0.169(1) 155( 1) 90 49(1 )

TABLE A-H, Continued

Si !:1(1) !:1(2)

rms rms rms
An9le (0) of ri withPyroxene

"c
Ell i psoid amp1

*

tude Angle (0) of ri with amp1*tude An91e (0) of r i with amp1 ~tude
ax;

~'
r i r. b c r. a b r. b

1 1 1
Oi opside 700 0.104(1 ) 22(3) 69(3) 98(2) 0.128(2) 42(13~ 90 64(13) 0.139(1) 90 0 90

0.121 (1) 68(3) 155(4) 108(6) 0.135(2) 49( 13 90 155(13) 0.143(1) 114(1 ) 90 140(1 )

0.131 (1) 92(3) 104(5) 19(5) 0.137(2) 90 0 90 0.203(1) 156(1 ) 90 50(1 )

850 0.117(1) 22(21) 69(10) 99(37) 0.128(2) 81(4) 90 25(4) 0.143( 1) 72(1 ) 90 34(1)
0.118( 1) 76(29) 103(12) 166(15) 0.147(2) 90 180 90 0.147(1) 90 180 90
0.131 (1) 72(3) 154(3) 78(3) 0.147(2) 173( 10) 90 67( 10) 0.218(1) 162(1 ) 90 56(1 )

1000 0.122(1) 22(5) 74(3) 91 (5) 0.141 (2) 71(5) 90 29(5) 0.154(1) 71 (1) 90 35( 1)
0.132(1 ) 71 (5) 108(6) 162(6) 0.160(2) 90 180 90 0.162(1) 90 180 90
0.141 (1) 80(3) 156(5) 72(6) 0.161 (2) 168(5) 90 62(5) 0.240(1) 161(1 ) 90 55(1 )

Hedenbergi te 24 1 0.065(2) 102( 11) 50(8) 40(8) 0.070(1 ) 90 0 90 0.079( 1) 69(2) 90 35( 2)
2 0.071 (2) 168(15) 101(21) 80(21) 0.075(1 ) 120(12) 90 135( 12) 0.084(1 ) 90 180 90
3 0.073(2) 84( 33) 137 (13) 52(11 ) 0.078(1 ) 150(12) 90 45(12) 0.108(1) 159(2) 90 55(2)

400 0.093(1 ) 86(24) 68(13) 29(25) 0.103(1 ) 63(3) 90 42(3) 0.110(1) 68(1) 90 37( 1)
0.095(1 ) 152(9) 114(13) 63 (27) 0.108(1) 90 180 90 0.119(1 ) 90 180 90
0.102(1 ) 62(8) 146(7) 80(7) 0.115(1 ) 153(3) 90 48(3) 0.164(1) 158(1 ) 90 53(1 )

600 0.104(1 ) 98(10) 80(6) 12(9) 0.117(1) 75(2) 90 30(2) O. 126( 1) 71 (1) 90 34(1 )

0.109(1) 157(7) 112(6) 80(10) 0.127( 1) 90 180 90 0.136(1) 90 180 90
0.117(1) 69(6) 155(6) 83(4) 0.133(1 ) 165(2) 90 60(2) 0.190(1) 161 (8) 90 56(1 )

800 0.113(1) 49(7) 64(3) 65(8) 0.129(1 ) 71 (2) 90 34(2) 0.140(1 ) 70( 1) 90 35(1 )

0.121 (1) 51 (7) 83(6) 155(8) 0.140(1) 90 180 90 0.150(1) 90 180 90
0.130(1 ) 66(4) 153(3) 85(5) 0.149(1 ) 161 (2) 90 56(2) 0.213(1 ) 160(1) 90 55(1)

900 0.121 (1 ~83(10) 7815) 26(11 ) 0.134(1 ) 72(2) 90 33(2) 0.150(1 ) 70(1) 90 35( 1)
0.126(1 23(6) 70 6) 115(11) 0.152(1 ) 90 180 90 0.158(1) 90 180 90
0.137(1) 68(5) 156(5) 87(4) 0.158(1 ) 162(2) 90 57(2) 0.228(1 ) 160(1) 90 55(1)

1000 0.124(2) 99(9) 74(4) 18(5) 0.145(1 ) 73(2) 90 32(2) 0.153(2) 70(1 ) 90 35( 1)
0.132(2) 169(7) 99(6) 81(8) 0.160(1 ) 90 180 90 0.168(2) 90 180 90
0.144(2) 84(6) 101 (4) 75(4) 0.167(1 ) 163(2) 90 58(2) 0.240(2) 160( 1) 90 55(1 )
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TABLE A-ll, Continued

0(1 ) O( 2) 0(3)

rms
Angle (0) of ri with

rms
Angle (0) of ri with

rms
Angle (0) of ri with

Pyroxene Uc
Ell i psoid amp1 ~tude ampl~tude :mpl ~tude

axi~, r;
r

1
b c r. b r. b

24
a 1 1

Acmite 0.041 (8) 37 (5) 82( 11) 71 (5) 0.045(8) 61 (6) 30(7) 89(4) 0.064(6) 41 (16) 87(19) 67 (15)
0.069(5) 90( 10) 12(10) 102(9) 0.081(5) 132(7) 61 (7) 109(8) 0.074\5) 63(20) 140(8) 125( 13)
0.092(4) 127( 5) 80(9) 22(6) 0.107 (4) 124(7 ) 81 (5) 19(8) 0.101 (4) 118(6) 130(7) 44(7)

400 0.084(4) 24(7) 82(4) 85(9) 0.097 (4) 49(3) 41 (3) 95(3) 0.101 (4) 6(243) 92(140)102(306)
0.103(3) 72(9) 70( 5) 160(5) 0.141 (3) 59(36) 109( 33) 156( 53) 0.102( 4) 83(251)115(5) 154(92)
0.132(3) 105(4) 22(5) 70( 5) 0.144(3) 56(34) 125(22) 66( 54) 0.152(3) 94(3) 155(3) 66(3)

600 0.102(4) 25( 10) 88(4) 83(10) 0.110(4) 55(3) 36(3 ) 94( 3) 0.110(4) 88( 13) 71 (3) 27 (9)
0.117(3) 66( 10) 77(5) 165(7 ) 0.159(3) 73( 14) 95( 10) 175( 9) 0.122(3) 170(3) 81 (3) 74( 6)
0.148(3) 98(4) 13( 5) 77(5) 0.167( 3) 40(8) 125( 3) 88(18) 0.173(3) 99(3) 159(2) 69( 2)

800 0.108(4) 23( 5) 83(3) 85( 5) 0.117(4) 54( 2) 37(2) 92(3) 0.126( 4) 95( 18) 68(3) 25(8)
0.135(3) 71 (6) 71 (5) 161 (5) 0.177(3) 59(40) 103(31) 160( 54) 0.135(3) 173( 13) 87(7) 80(16)
0.163(3) 103(3) 20( 5) 71 (5) 0.179(3 ) 51(37) 124(15) 70( 55) 0.187 (3) 95(3) 158( 2) 68( 2)

a
0.047(10) 92(10) 101(11) 19(8) 0.062(9) 72(10) 48( 22) 57 (24) 0.047(10) 92(8) 70(7) 26(7)Ureyite 24
0.079(7) 133(32) 135(31) 87( 15) 0.076(7) 75( 13) 51 (22) 141 (23) 0.088(6) 164( 22) 76(20) 80(13)
0.088(6) 137 (32) 47 (31) 71 (9) 0.106(6) 156(8) 66(8) 73(9) 0.1 02( 6) 106(22) 155( 13) 67 (7)

400 0.087 (9) 161(14) 108(14) 70(6) 0.071(11) 65( 6) 29( 6) 84(4) 0.105(8) 143( 16) 54( 15) 67 (8)
0.112(7 ) 72(14) 162(14) 97 (12) 0.130(7) 25(6) 115(6) 107 (8) 0.126(7) 127 (16) 139( 17) 93( lb,
0.140(7) 86(7) 90( 11) 22(7) 0.168(7) 94(7 ) 103( 5) 19(8) 0.144(7) 91 (12) 107( 14) 23(9)

600 o. 072 ( 11) 162( 9) 102(8) 60(7) 0.080(11) 62( 6) 28( 6) 94( 5) 0.108(9) 116(81) 47 (31) 47( 10)
0.118(7) 108(9) 56(29) 130(23) 0.144(8) 31 (8) 116(7) 121( 15) 0.113(8) 154(80) 106(58) 94 ( 57)

0.128(7) 92( 12) 37(28) 55(24 ) 0.165(7) 78( 13) 101 (8) 31( 15) 0.157(7) 94(8) 132(6) 43(6)

a
0.051 (4) 30( 9) 98(9) 77(8) O. 050( 4) 62(3) 87 (5) O. 058( 4) 113(27) 33(8)Diopside 24 30( 4) 59( 6)
0.069(3) 65(14 ) 45(35) 132(34 ) 0.079(3) 103(7 ) 72(6) 146(8) 0.064(3) 156(26) 96( 15) 98( 23)
0.073(3) 105(17) 46(35) 44( 34) 0.094(3) 149( 5) 67 (4) 56(8) 0.085 (3) 97 (6) 148( 5) 59(5)

400 0.096(4) 23( 6) 92( 7) 83(6) 0.099(4) 68( 3) 28(4) 81 (4) 0.110(4) 147 (45) 63(29) 58( 25)
0.119(4) 80(9) 21(16) 110(16) 0.137 (4) 89(8) 73( 5) 157 (8) 0.113(4) 123(45) 124(25) 118(28)
0.129(3) 111 (6) 69(16) 22( 15) 0.155(3) 158(3) 69( 4) 69(8) 0.146(3) 96( 4) 134(5) 45( 5)

TABLE A-ll, Continued

0(1 ) 0(2) 0(3)

rms rms
Angle (0) of r i with

rms
Angle (0) of ri with

Pyroxene
°c

Ell i psoi d amp1atude Angle (0) of r i
with amp1 ~tude amp1 ~tude

ax; ~, r
i1 r. b b b

1

Diopside 700 0.112(3) 7( 4) 88(4) 99(4) 0.119(4) 63(2) 29(2) 87 (3) 0.121 (3) 138(9) 67 (5) 43( 5)
0.149(3) 84(4) 76( 40) 163(33) O. 165( 3) 88(7) 79( 5) 162(8) 0.139(3) 132(9) 115(5) 113(7)
0.152(3) 93(6) 14(41) 76(41) 0.182(3) 153(2) 63(3) 73(8) 0.176(3) 90(3) 145(3 ) 56(3)

850 0.121 (3) 15(4 ) 90( 3) 91 (4) 0.127 (3) 64(2) 29(2) 85( 3) 0.120(3) 11O(5) 64( 2) 27 (2)

0.146(2) 75(5) 79(6) 169(6) 0.166(3) 85(3) 79(3 ) 164(3) 0.145(3) 159( 4) 94(3) 95( 4)
0.164(2) 93(3) 11 (6) 79(6) 0.203(2) 154(2) 64(2) 75( 4) 0.188(2) 96(2) 153( 2) 63(2)

1000 0.132(3) 19(5) 89(3) 87( 5) 0.139(3) 65(2) 33(2) 78(3) 0.129( 3) 119(5) 63(2) 32(3)
0.160(3) 71 (5) 84(8) 173(8) 0.186(3) 83(5) 72( 4) 160(5) 0.156(3) 150( 5) 97 (4) 103(5)
0.176(3) 93(4) 6(8) 84(8) 0.213(3) 154(2) 64(3) 74(5) O. 200( 3) 98(3) 152(2) 62(2)

Hedenber9i te 24 0.073(4) 25(10) 100(7) 82(12) 0.080(4) 64(4) 32(5) 79(8) 0.076(4) 112( 16) 62(6) 30( 5)

0.086(3~ 70(12) 102(13) 167 (13) 0.099(3) 80(8) 75(8) 165(8) 0.086(4) 158( 16) 105( 10) 92( 14)
0.097 (3 104(7) 164(11 ) 79(13) 0.115(3) 28( 5) 118(5) 101 (8) 0.108(3) 86(6) 148( 5) 60(5)

400 0.100(3) 21 (6) 100(5) 86(7) 0.103(3) 67(3) 27(3) 83(4) 0.098(4) 108(8) 61 (3) 30(3)
0.121 (3) 71 (7) 91( 18) 176(7) 0.141 (3) 81 (8) 80(5) 168(7) 0.116(3) 160(8) 92(5) 95(7)
0.128(3) 81 (7) 10(5) 90(16) 0.157 (3) 25( 4) 115( 3) 100(8) 0.150(3) 97(4) 151 (3) 61 (3)

600 0.114(3) 24(7) 93( 4) 81 (7) 0.116(3) 66(2) 29(3) 80(4) 0.108(3) 107 (5) 64(2) 26(2)
0.132(3) 66(7) 76(8) 163(8) 0.155(3) 81 (5) 76(4) 165( 4) 0.136(3) 163(5) 96( 4) 91 (5)

0.149(3) 94(5) 14(7) 76(8) 0.181(3) 25(3) 115(2) 101 (5) 0.167(3) 92(4) 153( 2) 64( 2)

800 0.119(3) 20(5) 97(3) 86(5) 0.130( 4) 64(2) 29(2) 85(3) 0.118(4) 102(6) 64(2) 26(2)
0.146(3) 71 (5) 85(6) 173(6) 0.177(3) 85(6) 78( 4) 164(7) 0.144(3) 167( 5) 90(4) 88( 5)
0.169(3) 86(3) 8( 4) 84(6) 0.198(3) 153(3) 63(3) 75(8) 0.190(5) 96(3) 154(2) 64(2)

900 0.131 (3) 13(5) 85(3) 93( 6) 0.141 (4) 66(2) 27(3) 85( 4) 0.118(4) 110( 4) 59(2) 32(2)
0.157(3) 78(6) 87(8) 176(7) 0.177(3) 91( 5) 77(4) 159(5) 0.155(3) 159(4) 97(3) 95( 4)
0.175(3) 95( 4) 5(5) 87 (8) 0.209(3) 156(2) 67(2) 70(5) 0.198(3) 95(3) 148(2) 58(2)

1000 0.133f4
)

29~8) 89(3~ 76(8~ 0.146(5) 63(3) 33(3~ 81(5) 0.130( 5) 98(6) 62( 2)
29f3~

0.154 4) 61 8) 88(5 166(8 0.188(4) 86(6) 73( 5 160(6) O. 158( 4) 172(6) 91(4) 83 6
0.188(4) 92( 4) 2(5) 88(5) 0.219(4) 153(3) 63(3) 72(6) 0.206(4) 93(4) 152(2) 62(2)
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