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Abstract

Single-crystal X-ray intensity data have been obtained from a crystal of ferrohypersthene,

M&* Feo* Ctuos SiO", at 2O", 175',280', 50O', 700', and 850'C. Refinements of the

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

at each temperature. Precession photographs indicate that the space group remains Pbca np to

1000.. The thermal expansions of three cell edges are nearly equal and form smooth curves

concave upwards. The changes in the structure with increasing temperature are largely due to

the great difference between the expansion rates of T-O and M-O bonds. The silicon-oxygen
(T-O) distances show a zero or slightly negative expansion while the Ml- and M2-oxygen

distances show expansions of approximately 0.25 percent per hundred degrees C. The difference

in expansion rates causes the kinked silicate chains to straighten out, increasing the coordination

of M2 from six to seven. The resulting coordination polyhedron of M2 at 850'C is significantly

larger than that of M2 in high clinopyroxene of the same composition.

Introduction

Orthopyroxene is a mineral of great mineralogic
and geophysical interest and importance. It is a
major constituent of mafic igneous and metamorphic
rocks and has been postulated as a major constituent
of the earth's upper mantle. A knowledge of the
structure at high temperature will permit calculation
and understanding of optical absorption spectra, as
well as answer many questions about the high tem-
perature crystal chemistry of silicates in general and
pyroxenes in particular.

In the pyroxene quadrilateral (MgSiOg-FeSiOB-
FeCaSizOo-MgCaSi,zOo), the orthopyroxene struc-
ture (space group Pbca) occurs naturally for com-
positions ranging from pure MgSiOg to Mge.12
Fe6.6s SiO3 with generally less than three mole
percent CaSiO3. The structure is stable at zO"C
over geologic time and in the composition range
Fsr,o to Fsse has been observed to invert reconstruc-
tively to a monoclinic form above 950oC. The
monoclinic form occurs with space goup P2r/c at
20'C and undergoes a displacive inversion to space
group C2/c on heating (Smyth, 1969; Prewitt,
Papike, and Ross, 1,970).In the C2/c structure (as
determined by Brown et al, 7972; Smyth and Burn-

'Present address: Lunar Science Institute. 3303 Nasa
Road 1, Houston, Texas 77058.

ham, 1972; and Ohashi, 1972), the two silicate
chains, which are crystallographically distinct in
orthopyroxene and primitive clinopyroxene, become
symmetrically related by C-centering. Because the
topology of the two chains in orthopyroxene is dif-
ferent, a similar displacive increase in symmetry
with temperature is not possible in that structure.
That is, the highest topologic symmetry (as defined
by Smith, 1970) of orthopyroxene is Pbca. Preces-
sion photographs taken of orthopyroxene at 950"C
confirm the space group, but they also show strong
changes in the intensities of several reflections with
increasing temperature, indicating significant changes
of atomic positions. A detailed study of the structure
of an orthopyroxene as a function of temperature
was undertaken to comPare its behavior with that
of a primitive clinopyroxene of the same composi-
tion (Smyth and Burnham, 1972) and also to pro-
vide insight into the high temperature crystal chem-
istry of silicates in general.

Experimental

The clinopyroxene studied by Smyth and Burn-
ham (1972) was formed by transformation frorn a
natural orthopyroxene of approximate composition
Fs7sEns6. For direct comparison, the same ortho-
pyroxene was used for the current study. Improved
single-crystal mounting and heating methods have
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recently been developed and described in detail
(Smyth, 1972). The heating device was used on a
Picker automated diftractometer and allowed tem-
peratures up to 1000'C to be maintained i 10o for
a period of time long enough to make over 1000
measurements of integrated intensities of X-ray re-
flections.

A roughly prismatic single cleavage fragment
(approx. 0.25 x 0.40 x 0.75 mm) which was free
of visible inclusions and exsolution lamellae was
selected for study. The crystal was mounted in an
evacuated silica-glass capillary which had been
flushed out with IL gas. Using Nb-filtered Mo radia-
tion and 20 scans, 1849 non-equivalent integrated
intensities were measured at room temperature. This
represents all symmetry-independent reflections with
a 20 of less than 70o. The crystal was then heated
to 175 i 10'C for 12 hours before intensity mea-
surement began again. Within 36 hours 947 non-
equivalent intensities were remeasured, representing
all symmetry-independent reflections with 20 less than
50o. Similar procedures were employed at 280"
and 500'C. Details of the intensity measurements
are presented in Table 1.

Virgo and Hafner (1969) report that Mg and Fe
begin to disorder in the MI and M2 sites at about
500oC, and that at that temperature, equilibrium is
reached after about 50 hours. In order to check the
establishment of equilibrium with respect to the Mg,
Fe distribution, the crystal was quenched after the
500"C data were collected, and a new set of data
was taken at room temperature.

At 700oC, Virgo and Hafner report that Mg-Fe
distribution equilibrium should be easily reached
within 24 hours. The crystal was heated to 700' and
allowed to equilibrate for 24 hours before the sixth

TesrE 1. Details of Intensity Measurements and Refinements

Tmpera ture  ( 'C  +  l0 'C) 175 280 500 700 850

Crystal #

Rad ia t ion

Fi I ter

Take-o f f  ang le  ( ' )

K V / M

20 scan speed ( ' /n in , )

t ' laximum 2e (')

Number of measurflents

Nunb€r of observed reflections

Final weighted R

l l

l,loK l'loK

Nb Nb

3 . 0  3 , 0

36/16 36116

1 . 0  2 . 0

70 50

1849 947

t2't7 650

0.046 0 .049

1

l'1oK

Nb

3 . 0

36116

2 . 0

50

95I

IiIOK

Nb

3 , 0

36/16

2 . 0

50

967

506

0.086

li10K l.loK

Nb t{b

3 , 0  3 . 0

36116 36/16

2 . 0  2 . 0

50 50

960 965

641 623 602

0.049 0 .057 0 .056

set of X-ray intensity measurements was begun. All
symmetry-independent intensities with 20 less than
50o were measured, and the crystal was then heated
to 850oC and allowed to equilibrate for 24 hours.
During the intensity measurements at 850"C, the
capillary was accidentally ruptured and the crystal
oxidized. A new crystal was mounted and heated to
850'C and allowed to equilibrate for 24 hours. A
similar sphere of X-ray intensities was measured
at 850oC using the second crystal.

Before and after each data collection. cell dimen-
sions were calculated from precise centering of three
reflections on the Picker automated diffractometer.
The three reflections were chosen to represent an
approximately orthogonal set of reciprocal lattice
vectors, each with a 20 greater than 40o. The aver-
age of the two measurements at each temperature
is presented in Table 2. The non-systematic error in
each measurement was estimated from the repeat-
ability of such determinations. Figure 1 is a plot of
the normaliz.ed cell dimensions as a functio,n of

Trsr,p 2. Cell Dimensions at Various Temperatures

Back Reflection l. leissenberg Dl ffractometer

20
Tsnperature ("C110"C) 20 (after heating

to 900'c)

!. (f)
b (A)

c. (A)

v ti3l

' t 8 . 363 (5 ) l

8.  e90 (3 )
5.23214)

863.7 (5 )

18 .377  (  5  )
8.9e6 (3 )
s.233 (6 )

865 .1  ( s )

18.337 18.364 18.371 18.429 18.483 18.546
8.971 8.988 9.000 9.028 9.053 9.081
5.232 5.238 5.242 5.260 5.280 5.298

860.7 864.9 866.7 875.  I  883.5 892.3

Parenthes ized f igures  represent  the  es t imated  s tandard  dev ia t ion  (esd)  in  tems o f  leas t  un i ts  fo r  the  va lue
to  the i r  imed ia te  le f t ,  thus '18 .363(5)  ind ica tes  an  esd  o f  0 .005. -Th is  no ta t ion  fo r  esd  is  used cons is tan t lv
th rcughout  th is  rc rk .
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Frc. 1. Normalized linear thermal expansion of the three
crystallographic axes of Bl-9 orthopyroxene.

temperature. It can be seen from the figure that all

curves are smooth and concave upwards, and that

all crystallographic directions have nearly equal per-

centage thermal expansion coefficients. While the
relative values of these parameters are fairly reliable,

there is some systematic error in cell dimensions due
largely to absorption effects. Precision back-reflec-
tion Weissenberg photographs at 20oC were taken

using filtered Cu radiation of two crystals, one un-
heated and one heated at 900"C for 24 hours.
Thirty-five lattice spacings in the range 1IO" < 20

< 165' were measured for each crystal. Cell dimen-

sions were refined along with correction terms for

absorption, film shrinkage, and camera eccentricity
using the least-squares program LCLSQ (Burnham,

1966). Cell dimensions with standard errors from

these refinements are presented in Table 2 along
with dimensions obtained directlv from the diffrac-
tometer.

Refinements

All sets of integrated intensities were corrected for
Lorentz and polarization effects. Each intensity

measurement was also corrected for absorption dif-
ferences using numerical integration techniques
(Burnham, 1966). Based on a linear absorption
coefficient of 54.7 cm-1, the transmission factors

varied from 0.33 to 0.51 for the first crystal and
0.22 to 0.46 for the second. All refinements of the

structure models were done with a version of the

full-matrix least-squares refinement program RFINE
(Finger, 1969) modified for handling disk files on

IsNa 360 and 370 computers. A1l observations were

weighted according to ro : Lf op' where or is the

standard deviation based on counting statistics as

described by Burnham et al (197I). All observa-

tions below the minimum observable level (2o)

were rejected from the normal equations matrix

during refinement of the model. Atomic scattering

factors used are those given by Crorner and Mann
(1968) for half ionized atoms as derived from

Hartree-Fock wave functions neglecting relativistic

effects. In addition, both real and imaginary anoma-

lous dispersion terms (International Tables for X-ray

Crystallography, Yol. 3, p. 21'5) were included in

the final two cycles of refinement at each tempera-

ture. Throughout initial refinements, the chemistry

was constrained to that given by Virgo and Hafner
(1e6e) .

The initial structure model used in the roorn
temperature refinement was that given by Burnham
et aI (1971) for an orthopyroxene of approximate
composition FsarEnrzWos. Four cycles of least
squares refinement of atomic coordinates and iso-
tropic temperature factors reduced the R value from
0.167 to 0.060. Two additional cycles of refinement
of atomic coordinates, anisotropic temperature fac-
tors, and Mg, Fe distribution over Ml and M2, in-
cluding anomalous dispersion terms, gave a further
reduction of the weighted R to 0.046. The atomic
coordinates at equivalent isotropic temperature fac-
tors obtained from this final cycle were then used
as the initial model for refinement of the structure
at I75?C. Two cycles of least squares refinement
with isotropic temperature factors, followed by two

Tesrn 3. Chemical Composition Determined by Electron
tt"..t*

O x i d e  l J e i g h t  P e r c e n t  C a t i o n
R a t i o s  b a s e d
o n  5  o x y g e n s

TOSEPH R. SMYTH

M 9 o

F e 0

C a 0

I i 0 2

A t ^ 0 ^

s i  0 2

T o t a  l

1 0 . 5 ' l

3 9 . 1 0

0 . 7 3

0 . 0 7

0 . ' l 0

4 9 . 1 9

9 9 . 7 0

M g

F e

C a

0 . 6 3 6

1  . 3 2 7

0 . 0 3 2

0 . 0 0 2

0 . 0 0 5

1 . 9 9 7

3 . 9 9 9

T i

A 1

s i

a P
8

o a
trc
A b
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Taglr 4. Occupancies, Fractional Coordinates, and Isotropic Temperature Factors for Orthopyroxene at Several Temperatures

20"c 175.C 280"C 500"c 700.c 850.c
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20"
(after 5001

Flg ftc.
Fe  occ .

X
Y
z
B

ilg occ,
Fe occ.
Ca 0cc.

X
Y
z
B

X

z

) t A

0 . 5 7 4 ( 3 )
0 .42s(3)

0 .37s46 (  s  )
0 .65459(9)
0 . 8 7 6 5 2 ( 1 8 )

0 . s 4 ( 3 )

0 . 0 6 2 ( 3 )
0 .906 (3  ) ,
0 . 0 3 2 ( F )  |

o .37779(4)
0 .48398(6)
0 . 3 6 9 4 3 ( r  3 )

0 .6 r  ( 2 )

0.27182(61
0 .33967 (13 )
0.051 88 (22 )
0 .50 (4  )
0.47391 (6)
0.335600 3 )
0.79182(22)
0 .47  (41

0.  r  838(2 )
0.3376(2)
0.044r (6)
0 .52 (e )
0.3i l  3 (2 )
0 .499 r  ( 3 )
0.0s70(5)
o .72 (91
0.3023 (2)
0.2347 (3)

-0 .  r i 90 (6 )
0 .6e (e )
0.5623(21
0 .336 r  ( 3 )
0 . i 9 ro ( s )
0 .54  (9 )
0.4340( 2 )
0.4842 (3 )
0.6965(6)
0.68 (9 )
0.4475(2)
0.2034 (3 )
0.5880(6 )
0 .64 ( r  0  )

0.  s96 (4  )
0 .403 (4  )
0 . 3 7 5 4 ( l  )
0 . 6 5 4 3 ( 2 )
0 .8783 (3  )
0 . 7 9 ( 5 )

o.o ig (c )
0 .e29(4)
0 . 0 3 2 ( F )

0 . 3 7 7 7  ( t )
0 .4844( l  )
0 .37 rs (2 )
' r . i l  ( 4 )

0.27' ,1e( l  )
0.3399 (2 )
0.0s31 (4)
0.84 (7 )
0.4740( l  )
0.3356 (3 )
0 .7e17 (4 )
0 .8s (  7  )

0.  r834 (3)
0 .33 i4 (6 )
0.0454(9)
0 .86 (  l  7  )
0 . 3 1 r  4  ( 3  )
0.4e80(6)
0.061 6 (9 )
r . 03 (18 )
0.302s(3)
0.2353(6)

-0.r8070 t  )
r . 3 6 ( r 8 )
0 .5623 (3 )
0.3363{6 )
0.7879 (  I  0)
0 .95 ( i 7 )
0 .434 r  ( 3 )
0.4847 (6 )
0.6e94 (1 0)
0 .ee (18 )
0.4477 (3)
0.2043(s)
0.5858(r  I  )
1 . 1 6 ( 2 0 )

0.5s4(4 )
0.406 (4 )
0 .37s3 (1  )
0.6s40(2)
0.879e(4 )
r . 0 r  ( 6 )

o.o, iz(q )
0 .92s (4 )

0 .3776 ( r  )
0.4848( l  )
0 . 3738 (2 )
1 . 3 9 ( 4 )

0 .2720 (1 )
0 .3394 (3 )
0 .0s42 (4 )
r . 0 0 ( 7 )
0.474r ( l  )
0.3358( 3 )
0.7 907 (4)
r . 02 (7 )

0 .1832 (3 )
0 .3376 (6 )
0 .0476 ( r0 )
r . 0 l  ( r 8 )
0 .3 r  r 6 (3 )
0 .4e67 (5 )
0.0634 (1 0 )
r . 3 2 ( r 9 )
0.3024 (3 )
0 .236 i ( 6 )

-0.  r  805 (r  2)
r . 5 3 ( l  e )
0 . s624 (3 )
0.3366(6)
0 .7867 ( r0 )
1 . r 6 ( r 9 )
0.4342(3)
0.484s (6 )
0 .6997 ( r0 )
l  .07 (20)
0.4477 (31
0.20se(s)
0 .5831  ( r 2 )
I  l E f t l  \

u . 3 / 0 ( c l
0 .423  (  s  )
0.37s2(1 )
0.6532(2)
0 .884 r  ( 4 )
r . 4 6 ( 7 )
n  n E o l q )

o.goe(5  )
0 . 0 3 2 ( F )

0 . 3 7 7 2 ( t  )
0 .48s0 (2 )
0 . 3 7 7 7  ( 3 )

r . ee (s )
0 . 2 7 1 9 ( l  )
0 .3392(3)
0 .0572 (5  )
1 . 3 4 ( 7 )

0 .4745(21
0 . 3 3 6 2 ( 3 )
0 .7874(5 \
' r . 3 3 ( 7 )

0 .  1841 (4  )
0 .3377 (7 ' )
0 .0s22(12)

r . 2 9 ( r e )
0.3 ' t  20(4)
0.4952(7 |
0 .0684 ( r  2 )
r . 87 (20 )
0.30r 9 (4)
0.2374(8)

-0 . r 778 ( r4 )
2  2 2 ( 1 1 \

0 .s627 (3 )
0.3384 (7 )
0.7ss9( ' t  2)
r  s q l r o l

0.4345(4)
0.483 r  (7 )
0 .703 r  ( 12 )
r . 60 (20 )
0.448r (4)
0.2112(7)
0 . s i 57 ( r4 )
r . 99 (21  )

u . r r a I f ,
0 .488(  5  )
0 .3746 (6  )
0.6520(2)
0 .88 ie  (5  )
r . 8 8 ( 7 )

o.  r  24(s )
0.844 (  5)
0 .032 (F )
0.3769(r  )
0.4860( 2 )
0 .3832 (4 )
2 . 7 1  ( 7 1

0 .2723 (2 \
0.338e(4 )
0.0604(5)
r . 64 (8 )
0.474s(2)
0.336s(4)
0.7833(6)
r . 74 (8 )

0 .1841  (4 )
0 .3377 (9 )
0.0578(r  2)
r  .84 (21 )
0 .3124 (4 )
0.4e45(9)
0 .0730 (14 )
2.36(22')
0.3007 (4 )
0.2380(9 )-0.1765( ' , I7 )
2.83(241
0 .56 r7  (4 )
0.3400(9)
0 .78 r0 ( r  3 )
1.96(22\
0.434s(4)
0.4843(9)
0.7045(r  4 )
2.34(23)
0.4494(4 )
0 .2 r  s2 ( s )
0 . s672 (16 )
2  6 1  l 2 a l

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

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

2 .67  (18 l .

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

0 . 3 7 6 7 ( 5 )
0 .4856(6)
0 .390s( r  2 )
t  E E l r T \

0.2720(9)
0.3389( ' , |3)
0.0644 (',t 6 )
2 . 4 r  ( r e )
0.47s0(e)
0 .3372 (13 )
0 .7784 (17 )
2 .4 r  ( r 9 )

0. ss3 (5 )
0.447 (  5 )
0 .37s6 (  l  )
0.6546 (2 )
0 .8760 (3 )
u .  o o  ( 0 ,

0 .083  ( s )
0 .885 (5 )
0 .032 (F )
0 .3778 ( r  )
0.4841 ( i  )
0 . 369 i  ( 2 )
0 .66 (4 )

0 . 2 7 1 7  ( r )
0.3400(2)
0 .05 r0 (4 )
u .  o o  I 0 . ,

0 .4738 ( r  )
0.3356(2)
0 .7s22 (4 )
0.60 (6 )

0 . r 84 r (18 )  0 .184 t (2 )
0.3374(30) 0.3381 (s)
0 .0550 (42 )  0 .041e (e )
4 . r  7  ( s8 )  0 .53 (1  5 )
0 .3 r26 (15 )  0 .3 l l t  ( 3 )
0.49s0(2s) 0.4988(6)
0 .0773 (39 )  0 .0s80 (9 )
3 .13 (51  )  0 .95 (16 )
0.2987(171 0.3024(3)
0.2394(221 0.2338(6)

-0.r724(40) -0.1793( l ' , l  )
3 . i l  ( 5 r  )  0 . 9s (16 )
o . s62 r  ( r 8 )  0 . s52 r  ( 3 )
0 .34 r0 (29 )  0 .3354 (6 )
0.7746(421 0.7s24(et
4 . r 4 ( s6 )  0 .75 ( l s )
0.4348(rs)  0.434r (3)
0.4844(25) 0.4838(6)
0 .7 r33 (39 )  0 .698 r  ( e )
3.08 (  s3 )  0.68 (r  6 )
0.4s04(17) 0.4478(3)
0.2228(24t 0.2037(s)
0.5529(41 )  0.5889( i l  )
3 . 4e (s5 )  0 .96 (17 )

S i B  X
Y
z
I

0 lA  X
Y
z

X
Y
7

B

x
Y
z
B

x
Y
z

x
Y
7

B

X
Y
7

B

I Ftxed

cycles with anisrotropic temperature factors and
anomalous dispersion terms, yielded a final R of
0.049. The structure at each successive temperature
was refined from the previous structure in a similar
manner. The refinement of the structure at room
temperature yielded a negative occupancy of Mg in
M2, indicating a possible error in the chemical com-
position. Several crystals of sample B1-9 were
analyzed on an electron microprobe with the aid of
Dr. David Walker. The results of this analysis, pre-
sented in Table 3, indicate a significant amount of
Ca which was not reported in the analysis by Virgo
and Hafner. All structures were re-refined on the
basis of the new analysis and yielded more reason-
able positive occupancies of Mg in M2.

Final weighted R factors for each refinement are

presented in Table 1. The set of intensity data taken
at roorn temperature after cooling from 500oC was
also used for a least-squares refinement using the
original room temperature structure as an initial
model. Fractional atomic coordinates, isotropic tem-
perature factors, and Fe, Mg, and Ca occupancies
of Ml and. M2 for refinements at each temperature
are presented in Table 4. Observed and calculated
structure factors for the final cycle of refinement at
each temperature are available in Table 5.'

'3To obtain a copy of Table 5, order NAPS Document No.
O2l25,by remitting in advance $1.50 for microfiche or $5.00
for photocopies, payable to Microfiche Publications, 305 East
46th Street, New York, N. Y. 10017. Please check the most
recent issue of this journal for the current address and
prrces,



Discussion

The room temperature structure refinement pro-
vides some valuable additional information about
the crystal chemistry of orthopyroxenes. As opposed
to the suggestion by Morimoto and Koto ( 1969),
the average M|-O distances do appear to vary
linearly with the Fe occupancy of the Ml site. Fig-
ure 2 is a plot of the mean M-O distances versus Fe
occupancy for several modern refinements of ortho-
pyroxene structures low in Al. The average MI.-O
distance for aluminous orthopyroxene (Takeda,
1972) plots below the line in Figure 2. Interestingly,
the average Ml-O distance for primitive clinopyrox-
ene of the same composition (Smyth and Burnham,
1972) also plots on this line.

The M2-O distances show no such nice linearity
for several reasons. First, the Ca-content of M2 is
quite variable and, even in small quantities, has a
significant eftect on the M2-O distances. Second,
the bond strengths of the various oxygens surround-
ing M2 are much more variable than those about
Ml as demonstrated by the variability in distances.
Third, there are no modern refinements of an ortho-
pyroxene with an Mg occupancy of. M2 in the 10 to
80 percent range.

te P6nt F. h Slt. FG

Frc. 2. Variation of mean M-O bond distance with Fe
occupancy of Ml and, M2 sites in orthopyroxenes at room
temperature. Symbols: M, enstatite (Morimoto & Koto,
1969); G, bypersthene (Ghose, 1965); R, ferrohypersthene
unheated; H, ferrohypersthene, heated to 500" 48 hours; C,
clinohypersthene (Smyth and Burnham, 1972); B, eulite
(Burnham, et al, l97l); O, orthoferrosilite (Burnham, per-
sonal communication); open figures, Ml; solid, M2.

3" 
ro 20 30 

l3n *.*" t 3t 
7o !o 

Fg

Frc. 3. Variation of the mean bridging and non-bridging
Si-O distances with bulk composition of orthopyroxene.
Open circles are mean Sir-O distances, solid are mean
Sin-O distances. References and identification are the same
as those for Figure 2.

Morimoto and Koto (1969) suggest that the Si-O
distances vary linearly with the Fe/Fe * Mg ratio
of the whole crystal. As can be seen in Figure 3, the
initial room temperature structure refinement
strongly supports the conclusion for the bridging
oxygens. However, the linear relationship does not
appear to be quite as good for the non-bridging
oxygens. The refinement done at 20oC after cooling
from 500o shows a slight general decrease in Si-O
distances of about 2o ovar the initial refinement. It
may be that the linear relationship is most applicable
for highly ordered orthopyroxenes or that thermal
history has some other effect on Si-O distances.
More refinements of heated orthopyroxenes are
needed before any firm conclusion can be drawn
concerning the effects of thermal history.

The series of refinements at elevated temperatures
yields much insight into the high temperature be-
havior of silicates in general and the structure of
orthopyroxene in particular. Table 6 contains the
distances between the centroids of vibration of the
various cations and their nearest neighbor oxygens
obtained directly from the final cycle of refinement
at each temperature. In addition to the disordering

IOSEPH R, SMYTH

1.6t0

I 1640

r.$0

1.6:10

1.610

r.@0

1.590

:" os
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TAsLt 6. Selected Interatomic Distances (Uncorrected) and Angles

641

280" 20"
After 500"C

s iA  -  0 lA
- 024
- 03A
- 03A',

Average of 4

03A-03A-03A Angle

s iB  -  0 lB
- 028
- 038
- 038',

Average of 4

038-038-038 Angle

Average Sridging
Average l{on-Bridging
Average Al'l

M',l - 0lA
-  0 lA '
- 024
-  018
-  0 l s '
- 028

Average of 5

M2 -  0 lA
-  0 rB
- 024
- 028
- 03A
- 038
- 038'

Ave!"age of Flrst 4
Average of  Fl rst  6
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of Fe and Mg over the M-sites, we can see in Table
6 three major effects of temp€rature on the bond
distances and angles. These effects are: one, the
large expansion of the M-O distances; two, the zero
or slightly negative expansion of the T-O distances;
and three, the straightening of the silicate chains
caused by the great difference in the expansions of
the M-O and 7-O distances. The very significant
difierence between the M-O and f-O distances is
clearly demonstrated in Figure 4 and the chain
angles versus temperature are plotted in Figure 5.

Refinement of the structural coordinates from X-
ray intensity data gives the positions of the centroids
of the ellipsoid describing the thermal motion of each
atom. In order to calculate the time-averaged mean
separation between atom centers which will be some-
what larger than the distances in Table 6, it is nec-
essary to have a rigorous dynamic description of the
crystal, which is not currently possible. We can,
however, make a fair estimate of the true inter-
atomic distances. Busing and Levy (1964) present
four models for correcting the centroid distances for

thermal motion, which are incorporated into the re-
finement and errors programs (nrrNe and neorea,
L. W. Finger, 1969). The corrections become sig-
nificant as the amplitude of thermal vibration ex-
ceeds 0.10A. Two of the models place lower and
upper bounds on the correction terms by assuming,
respectively, highly correlated parallel and anti-
parallel displacements of the atoms from the cen-
troids. Within these limits are two, more realistic,
correction models. The first of these considers the
vector of separation between the atoms to be inde-
pendent of the position of one of the atoms. This is
the riding correction and is most applicable to
strongly bonded atoms such as those in molecular
crystals in which groups of atoms vibrate as a rigid
body. The second is the non-correlated correction
which assumes that the atoms vibrate cornpletely
independently of one another. This model results in
a larger correction term than the riding model and
is most applicable to weakly bonded atoms. In a
complex silicate, neither model is rigorously appli-
cable, but the true mean separation of atom centers
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straighten. Looking in detail at the behavior of the
various coordination polyhedra, we can see some of
the consequences of these principles.

The Mt site is occupied by a divalent cation, Mg
or Fe. It is surrounded by six oxygens (two O1A,
two O1B, one O2A, and one O2B) forming a
nearly regular octahedron although the point sym-
metry of the site is 1. Each of the six-bonds to oxy-
gens may be assigned a Pauling bond strength of
0.33. It can be seen from Table 6 of bond lengths
that each bond shows a roughly equal positive ex-
pansion increasing by about two percent at 850'
over its room temperature value. When the distances
are corrected for thermal motion, the expansions are
even larger. The curve of the averaged bond dis-
tances versus temperature (Figure 4) is concave up-
wards. The bonds showing the least expansion are
those to O2A and O2B, the undersaturated oxygens,
the strongest bonds in the coordination polyhedron.

The M2 site, occupied by divalent cations, Mg
and Fe, but also in this case by Ca, is an irregular
site which changes coordination number with in-
creasing temperature. The coordination of the Mz
site has generally been considered to be six-fold,

Frc. 5. Variation of O3-O3-O3 chain-axis angle of A

and B chains in orthopyroxene with temperature. Solid

circles represent B-chain; open, A-chain.

soo'
100 200 3txt 4{xt 500 600 7ll0 800 900

TmpGrutuE oc

Frc. 4. Variation of the mean separation of the centroids
of thermal motion with temperature for M and T cations
and their surrounding oxygens. Distances are plotted as a
percent of their initial value at20'C.

should lie somewhere between the riding and non-
correlated corrections. The riding correction should
be more applicable to the strong silicon-oxygen
bonds whereas the non-correlated correction should
be more applicable to the M-O bonds. Bond dis-
tances in Table 7 arc conected for riding motion
while those of Table 8 are corrected assuming non-
correlated thermal motion.

A simple ionic bonding model can help to explain
the major effects of temperature on this structure.
Expansion of the cation-oxygen bond length with
increasing temperature appears to vary inversely
with the ionic strength of the bond. Weaker bonds
have lower frequencies of thermal vibration, hence
lower energies of excitation, and therefore are the
first to be excited with increasing temperature. The
decreased bond strength to oxygen of the M-cations
is balanced by an increased bond strength to silicon,
hence the net decrease in the separation of the silicon
and oxygen centroids of motion. An increase in the
M-O distances coupled with a decrease in the T-O
distances forces the kinked chains of tetrahedra to
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Tesre 7. Selected Interatomic Distances Corrected for
Riding Motion

AT(}its 700" 850'

however a better terminology would be four-plus-
two. Four of the bonds (those to O1A, O1B, O2A,
and O2B) are much shorter than those to the bridg-
ing oxygens of the silicate chains (O3A and O3B).
Due to straightening of the chain at high tempera-
ture, the coordination becomes four-plus-three, with
the same four short bonds but with an extra O3B
coming into the coordination sphere so that there are
now three long bonds. The average of the four short
bonds remains nearly constant with increasing tem-
perature while the average of all seven distances
shows a strong positive expansion nearly equal to
that of the mean Ml-O distances.

We are now faced with the question of choosing
an applicable model to correct the interatomic dis-
tances for thermal motion. Certainly the riding
model will not be applicable to both the M-O and
T-O distances because the oxygens cannot ride both
cations simultaneously. Because the 7-O bonds are
much stronger than the M-O bonds and the former

g8L
0 oo mo *'".S*.*'" * mo mo 9oo

Ftc. 6. Percentage variation with temperature of mean
interatomic separation between cations and surrounding
oxygens, Squares mean M|-O distances; diamonds, M24;
and triangles, Si-O, Open figures are corrected for riding
motion; solid figures are corrected for noncorrelated thermal
motion. All values are plotted as a percent of their value
at2O'C,
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Frc. 7. Variation with temperature of isotropic tempera-
ture factors B for Ml, M2, the mean Si, and mean O.
Circles, Ml; squares, M2;triangles, Si; diamonds, O.

change little with increasing temperature, it is rea-
sonable to expect that the thermal motions of the
oxygens will be much more strongly correlated with

Si than with the M cations. While the true mean
atomic separations should lie somewhere between
the two corrected values, those of the T-O bonds
will be closer to the riding values, while those of the
M-O bonds will be closer to those corrected for
non-correlated thermal motion.

In marked contrast to the M-O distances. the
silicon-oxygen (f-O) bonds show a continual de-
crease in the separation of the centroids of motion
with increasing temperature. The average of the
eight tetrahedral separations decreases by about 6o
at 850'C. When a riding correction is applied to
these distances, it can be seen that the average mean
interatomic distance decreases by about 2o. In look-
ing at the individual distances, it should be noted
that the shortest bonds, those to the undersaturated
02 atoms in both tetrahedra, show the greatest de-
crease. What is most important, however, is the great
difference between the rates of expansion of the T-O
distances and the M-O distances. It is this difference,
a 2 to 3 percent increase in the M-O distances versus
a near zero increase in the Z-O distances, which
causes the chains to straighten and the M2 coordina-
tion to increase from six to seven. This difference is
clearly shown in Figure 6.

The temperature factors in Table 3 are equivalent

-200

Trnls 9. Amplitudes and Orientations of Major Axes of Thermal Ellipsoids
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isotropic B's calculated from the anisotropic tem-
perature factors for all atoms except O1A, O2A,
O2B, O3A and O3B at 850"C. The latter B's were
taken from the final cycle of isotropic refinement
because the anisotropic temperature factors for these
atoms were not positive-definite. Isotropic tempera-
ture factors for Ml, M2, the mean for Si, and the
mean for the six oxygens are plotted versus tem-
perature in Figure 7. The temperature factors of
Ml and M2 form smooth, concave-upwards curves
with those of M2 being, in general, the largest of the
structure. The relatively smaller magnitudes of the
Si temperature factors may be attributed to the re-
strictions of strong, non-expanding bonds. The mean
B for the six oxygens forrns a curve similar in shape
and somewhat steeper than that for Si. The simi-
larity in shape may be due to correlated thermal
motion between silicon and oxygen.

The magnitudes and orientations of the thermal
ellipsoid major axes are presented in Table 9. The
ellipsoids at 2O"C are essentially the same as those
obtained by Burnham et al (1971) for an ortho-
pyroxene of approximate composition Fss6. These
authors conclude that "the shape of the thermal
ellipsoid is governed by the configuration of the co
ordinating atoms and that the shortest axis, X, is
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oriented parallel to the direction of the bond to the
closest neighboring atom, or the longest axis, Z, is
nonnal to that direction." This conclusion is further
strengthened by the data obtained in the present
work at room temperature and above.

This conclusion is clearly demonstrated in Figure
8 in which the orientations of the bonds surrounding
MI and M2 are plotted on stereo nets whose axes
correspond to the principal axes of the thermal ellip-
soid. In the Ml octahedron, the shortest distance
between antipodal oxygens (OlA'-OlB) remains
roughly parallel to the short axis of the ellipsoid, X,
at all temperatures. The observed thermal vibration
of M2 is much more anisotropic than Ml because
of the greater variability of bond lengths around the
former. Because of the greater anisotropy of. M2,
the correlation between bond length and the shape
of the thermal ellipsoid is even more pronounced
than in Ml. T\e two shortest bonds around M2,
those to O2A and O2B, arc antipodal and remain
parallel to the shortest axis of the thermal ellipsoid
up to 850'C. At 850o, the ellipsoid undergoes a
slight rotation about X so that the long axis, Z, is
directed more nearly toward O3B, which has come
into the coordination sphere on heating.

At room temperature, the thermal vibration of the

Teslr 9. Continued
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X . zoo"c
M2 c sso'c

Ftc. 8A, B. Stereographic (Wulff net) projection of the
directions of the oxygens from the Ml or M2 sites they
coordinate in relation to the principal axes of the apparent
thermal vibration ellipsoids of Ml and M2 at various tem-
peratures. X, Y, and Z indicate the principal axes of the
ellipsoid; Z being the longest axis, and X the shortest.
Underlined atom name indicates lower hemisphere plot;
others are in upper hemisphere.

silicons is not strongly anisotropic although at 20"C
there is a tendency for the long axes to be oriented
toward the bridging oxygens. Above 700oC, the el-
lipsoids become prolate with long axes roughly
parallel to the b-crystallographic axis. Such an ori-
entation is consistent with strong libration of the
silicate chain in the b.c plane.

All oxygens show a tendency to lengthen their
ellipsoids in the b direction more than other direc-
tions, becoming prolate with long axes near b or
oblate with their short axes near c. This change is
also consistent with libration of the silicate chain
and correlated motion of silicon and oxygen. As
mentioned previously, the anisotropic temperature
factors of OlA, O2A, O2B, O3A, and O3B are not
positive definite at 850oC. There are several possible
causes. It may be that there were insufficient data at
850o for anisotropic refinement of weak scatterers
such as oxygen or some source of systematic error
in the data. It may be that correlated thermal mo-
tion results in a large amplitude libration of the chain
which cannot be described on the basis of a harmonic
oscillator. It may be that non-correlated thermal mo-
tion of oxygens, tightly bound by non-expanding
bonds to silicon in one direction and loosely bound
by lengthened bonds to the M-cations in another
direction, cannot be described as a harmonic oscil-
lator. The true cause may be determined by better
future refinements of pyroxenes at elevated tempera-
tures.

The data on the Mg, Fe distribution in Ml. and
M2 provide a useful comparison with the work of
Virgo and Hafner (1969, l97O). Although direct
comparison may not be possible because these au-
thors report no Ca in their sample of B1-9, the
current X-ray refinement shows slightly more Fe in
Ml at 850" than would be expected from the
Mcissbauer studies. However, on the whole, agree-
ment with Virgo and Hafner is quite good. As ex-
pected from Miissbauer studies, no disordering took
place below 500'C. At 500'C equilibrium was not
attained in the 24 hour heating period before data
collection began, and the room temperature data
taken after the 500' data indicate greater disorder
of Fe and Mg than those taken at 500oC. The aG
for the Mg-Fe exchange reaction was calculated
from the equilibrium constant (Mueller, 1969) and
is presented in Table 10. The constant values of aG
for the 850o, 750o, and 2O"C post 500'C refine-
ments indicate equilibrium was probably nearly at-
tained for these refinements. This value of aG

x
M 1
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Ref i nflent'*?:ll'u""
t42

l'19 Fe c a l l  | (
AG

(Kca l  /mo le)

T.rsre 10. Ml, M2 Occupancies, K and aG for Mg, Fe
Exchange

difference between the relative expansion rates of
the M-O and Z-O bonds which is the primary cause
of chain straightening and is the major effect of tem-
peratures on these structures.
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agrees within the standard error with those obtained
by Virgo and Hafner within this temperature range.

Conclusions

It is instructive to compare the behavior of ortho-
pyroxene with that of clinopyroxene (Smyth and
Burnham, 1972) at elevated temperatures. In primi-
tive clinopyroxene, the A-chains are S-rotated and
the B-chains are O-rotated, while in orthopyroxene,
both chains are O-rotated (Thompson, 1970). With
increasing temperature, the primitive monoclinic
structure gains symmetry by straightening the chains
so that they become crystallographically equivalent.
The straightening A-chains rotate through 180o
(03-03-03 angle) becoming O-rotated and equiva-
lent to the straightened B-chains. In orthopyroxene
no such displacive change to gain symmetry is pos-
sible, and straightening of the silicate chains pro-
ceeds much more slowly than in clinopyroxene.
Straightening of the B-chains in orthopyroxene causes
the coordination of M2 to increase from six to seven,
while in clino the coordination of M2 goes from six
to seven and back to six again with a small six-
coordinated M2 site at 950'C. The inability of
orthopyroxene to achieve a small six-coordinated M2
site and the increase in symmetry at high tempera-
ture contribute to orthopyroxene's instability relative
to the C-centered monoclinic structure above 950'C.
Above 950oC, orthopyroxene undergoes a recon-
structive inversion to high clinopyroxene (Smyth,
1969). In both ortho- and clinopyroxene, it is the
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