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The thermal expansion of diopside to 800'C and a refinement of the crystal structure
at 700"c
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Abstract

The crystal structure of diopside from Twin Lakes, California, has been refined to a

weighted residual of 4.2 percent from intensity data collected at 700'C. The results of this

stuJy are virtually identiCal with those of Cameron, Sueno, Prewitt, and Papike (1973) at the

,un1i t.-p"ruture. In addition, strain ellipsoids describing the thermal expansion for this

material have been calculated from the unit-cell parameters determined at nine different

temperatures. The values given by Cameron et al. (1973) and Deganello (1973) for other

dioisides have been used in similar calculations. These results clearly show that the minimum

expansion direction is along the shortest Ca-O bond distance rather than parallel to the

tetrahedral chain. The direction of maximum expansion is parallel to the b axis'

Introduction

There are many recent studies of crystal structures
at elevated temperatures; however, there has been
very little comparison of the results obtained in the
various laboratories using different data collection
techniques and crystal heater designs. This study was
undertaken to provide such a comparison of the re-
sulting structure refinement, to check the operating
procedures of the Geophysical Laboratory computer-
controlled, high-temperature diffractometer system
(Finger, Hadidiacos, and Ohashi, 1973' Finger,
1973), and to evaluate the strain tensor method
(Ohashi and Burnham, 1973; Ohashi and Finger,
1973) in presenting thermal expansion data.

Diopside was chosen as the subject of this study
because the results of several studies are available for
comparison. The structure at room temperature was
solved by Warren and Bragg (1928) and was sub-
sequently refined by Clark, Appleman, and Papike
(1968, 1969). The structure has been refined at several
elevated temperatures by Cameron et al. (1973, here-
after referred to as CSPP). This study attempts to
verify their results at 700'C. In addition to the high-
temperature unit-cell data presented by CSPP, Dega-
nello (1973) has measured the unit cell of diopside at
elevated structures using a powder diffraction tech-
nique, and Nolan and Edgar ( 1963) reported the unit-
cell parameters for a synthetic diopside; consequently
there are abundant results with which to evaluate the
strain tensor method.

Data collection

Unit cell

An analyzed sample of diopside from Twin Lakes,

California (collected and described by Chesterman,

1942), was kindly provided by Dr. H. S. Yoder, Jr.

The results of gravimetric and spectrometric analyses

by E. Martinec and N. H. Suhr (Yoder, personal

communication) and an electron microprobe analysis
(R. H. McCallister, personal communication) are

listed in Table l. A crystal with the approximate

dimensions 0.06 X 0. l l  X 0.30 mm was mounted in

an arbitrary orientation on a fused sil ica capil lary

using finely ground zirconia and Zircoa Bond 6 as a

high-temperature adhesive. After the cement was

cured at 200'C for several hours, the crystal was

mounted on the four-circle diffractometer' and the

orientation and approximate unit cell of the crystal

were determined. After a preliminary refinement of

the unit-cell parameters, twelve relatively intense re-

flections with 20 > 45" for MoKat radiation were

selected and used in the final refinement. The opti-

mum diffractometer angles for each of these reflec-

tions were automatically determined using the center-

ing procedure of Busing (1970), and the refined

orientation matrix and unit-cell parameters were de-

termined using the method of Gabe, Alexander, and

Goodman (1970), which is similar to that of Tichy

(  1970).
The temperature of the furnace used in this study
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sio2

A 1203

T io2t

CrZO3

FeOlt t

0 . 0 0

0 . 0 1

0 .07

n . d . f t

0 . 00

0 . 0 9

1.  99***

0 .  0 0

V 2 0 5 i  0 . 0 0  n .  d .

Tesr-B l. Chemical analysis and mineral formula for diopside
from Twin Lakes, California

Oxide tJt. 7.* Wt. 7J* Cations/6 Oxygens

employed, the scan range being calculated from the
equation L,20 : 2.0 + 0.7 tan d (degrees). The back-
ground counting time and scan rate were adjusted to
achieve a constant value for the ratio of the intensity
to its standard deviation. In this method. an initial
estimate of the intensity is made from short counts at
the peak and background positions. The optimum
peak and background counting times may then be
calculated (Finger et al., 1973) to minimize the time
of data collection without reducing the precision of
the results. In the intensity collection, a pair stand-
ard reflections was remeasured every 2 hours. There
was no significant drift over the 54-hour period re-
quired for data collection.

The integrated intensities were corrected for the
Lorentz-polarization and absorption (p; 18.8
cm-r) effects using a program modified from Burn-
ham ( 1966). This program also calculates the geomet-
ric factor used in the secondary extinction correction
of Zachariasen (1968). The mass absorption coeffi-
cients used in the calculation of p, were taken from
Cromer and Liberman (1970).

Crystal structure refinement

The observed structure factors, with weights calcu-
lated from counting statistics, and the refined param-
eters of CSPP were used as input to the least-squares
program RnlNn (Finger and Prince, 1975). Neutral
scattering factors of Cromer and Mann (1968) and
the anomalous scattering coefficients of Cromer and
Liberman (1970) were used with an assumed compo-
sition of CaMgSirO.. The composition of the mate-
rial, as determined by the electron microprobe, de-
viates by less than I mole percent from the ideal

Tnslr 2. Results of unit-cell determination at various
temperatures for diopside from Twin Lakes, California

3 r a ! , A " ,  
i  p,  aegrees v,  i3

0 . 0 0

0 .  09 0 . 0 0

N iO i  0 .00  n .d .

MnO 0 .005  0 .00

MCO 18 .77  r8 .8

cao 25.70 26,0

1 .  00

1 . 0 0

L720

Na2O

K2o

H20+

Hzo-

z )

BeOt

CuOt

0 .00

0 . 0 2

0 .00

0 . 0 0

0 .00

0 . 0 6

n .  d .

0 . 0 2

n .  d .

n .  d .

0 .  0 0

< 0 . 0 0 5  n . d .

4 . 0 1  n .  d .

Z r O 2  < 0 . 0 3  n . d .

1 0 0 . 0 1  1 0 0 . 8 4 .  00

*Ana lys t :  E .  Mar t inec ,  Pennsy lvan ia  S ta le  Un ivers i ty .
* *E lec t ron  n ic roprobe ana lys is  by  R.  H.  McCal l i s te r ,

ceophys ical Laboratory.
* * *Chemica l  fomula  ca lcu la ted  f rm the  e lec t ron  mic ro-

probe ana lys is .
l spec t rocheEica l  de teminat lon  by  N.  H.  Suhr ,

Pennsy lvan ia  S ta te  Un ivers l ty .
t ' l n .d . ,  no t  de termined.

t t tTo ta l  i ron  as  FeO.

can be changed under program control. This facil i ty
was used to measure the unit-cell parameters of the
crystal at l00o intervals from l00o to 800.C. The
crystal was heated in air without apparent damage.
The refined unit-cell parameters are l isted in Table 2,
and the results are discussed below.

Intensity collection

After the measurement of the unit-cell data de-
scribed above, the crystal was again heated in air to
700oC, and the in tegrated in tensi t ies for  a l l
reflections with sin 0/x > 0.705 were measured using
Nb-fi ltered Mo radiation. A 0-20 scan technique was

*The number  ln  paren theses  represents  the  es t imated
s tandard  dev la t ion  o f  the  f ina l  d ig i t  p resented .  Th is  no ta-
t ion  w i l l  be  used lh roughout  th ls  paper .

tThe errors in the tenperatures are not well known but
are  approx imate ly  +20"C fo r  ame tmpera tures .

24
I00t
200
300
400

500
600
700
800

9 .7s3 (4 ) *  8 .922 (3 )  s , 249<2 )
9 , 7  s 6 ( 4 )  8 . 9 3 6  ( 3 )  s . 2 s 2 ( L )
9 .758 (7 )  8 .94e (7 )  5 .2s3<3 )
9 . 7 7 0 ( 7 )  8 . e 5 4 ( 7 )  5 . 2 s 8 ( 3 )
e .774 (5 )  8 .979 (4 )  s . 264< r )

9 .784 (3 )  8 .997 (2 )  5 ,267 (1 )
9 . 7 e 5 < 3 )  9 . 0 1 s ( 2 )  5 . 2 7 2 ( L )
9 .804 (s )  9 .030 (3 )  5 .275 (2 )
e .810 (6 )  e .054 (6 )  5 .277<3 )

105 .9s (3 )  439 . r ( 2 )
Lo5 .e9 (2 )  440 .2 (3 )
10s .88 (s )  44 r . 3 ( s )
105 .94 (5 )  442 .3 (5 '
r 05 .89 (3 )  444 .3 (3 )

t05.94(2) 44s.8(2)
ros .96 (2 )  447 .5 (2 )
ros .e8 (3 )  449 ,o (3 )
106 .02 (s )  4s0 .6 (5 )
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formula. The structure was initially converged with
isotropic temperature factors, which were converted
to anisotropic for the final refinement. The atomic
positions, anisotropic vibration tensor coefficients, a
scale factor, and the isotropic extinction factor
(Zachariasen, 1968) were varied. The results of this
refinement are listed in Table 3, and the observed and
calculated structure factors are available.t Table 4
gives the final values for the atomic positions, the
anisotropic temperature factor coefficients, and the
equivalent isotropic temperature factors (Hamilton,
l9s9).

Discussion of refined structure

Thermal ellipsoids

The functional dependence of the structure factors
on the thermal parameters is similar to that of many
other factors, such as absorption and extinction. In
addition any crystal imperfections that tend to de-
localize the atoms will affect the temperature factors'
For these reasons, the comparison of thermal ellip-
soids from one structure refinement to another is not
generally attempted. If such a comparison is at-
tempted, the agreement of the ellipsoid sizes may be
checked by inspectin g the rms amplitude; the orienta-
tions, however, are not so easily compared. One
means of making this comparison is to compute the
angle required to rotate one ellipsoid into the other.
lf Vr is a 3 X 3 matrix with columns equal to the
direction cosines of the principal axes relative to an
arbitrary orthogonal coordinate system for one ther-

'To receive a copy of this material,  order document AM-76-014
from the Business Office, Mineralogical Society of America, 1909
K Street, N.W., Washington, D. C. 20006. Please remit in advance
$1.00 for the microfiche.

T,rnlr 3. Intensity data collection information for diopside
from Twin Lakes, California' at 700'C

Space group
C r y s t a l  s i z e
N o .  o f  r e f l e c t i o n s
No.  o f  observed re f lec t ions*
Wtd .  I ,  a l l  da ta**

R ,  a l l  d a t a t
f r ta .  t ,  observed re f lec t ions

! ,  observed re f lecE ions
Ext inc t ion  coef  f  i c ien t

C 2 l  c
i . o 3  x  o . r r  x  o . 3 o  m
t z )
558
4.9"A

4.T / "

1 . 3 ( 1 )  x  t 0 - ' c m

*The reflections with an intensity less than twice
the  s tandard  dev ia t ion  (162)  and lhose w i th  AF >  6(5)  a re
not  inc luded u i th  the  observed re f lec t ions .

t  t l / 2
* ' ,r^rrd. !  = 1:w1 lrol- lF"l)-/XwIo-l

t n  =  r l  l r o l  -  l r " l  I  t r l r " l

mal ellipsoid, and V2 is a similar vector for a second
ellipsoid, the rotation operation is described by a
matrix A satisfYing,T::'^1, "

o r  ( l )
A :  VrVz- t

The angle of rotation (6) and direction cosines of the
axis of rotation (c', cr, cs) are given in standard
mathematical reference texts (for example, Korn and
Korn, 1961, p. alD) as follows:

c o s 6 :  t @ , , ' * a " 2 ! a , * - l \

c , : t ( a p - a r ) f s i n ,  
e )

cz : t(ars - a31)/sin 6

cs : L(az, - at)fsin 6

with a1y equal to the yth element of A. A Blslc

Tls1-r 4. Final positions and anistropic temperature factors* for diopside from Twin Lakes, California' at 700"C

P23?nP33!"qo Frr ?zzzA t o m

M11
M2
s i

0  0 .9067  (3 )
o  0 .3003 (2 )

0 .2864 (1 )  o .0923 (2 )

r / 4
r l 4

o . 2 2 9 9  ( 3 )

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

1 .  s0 (4 )  4e (3 )
2 .26 (4 )  82 (2 )
1 . 1 s ( 3 )  3 2 ( 1 )

1 .  53 (6)  39 (4)
2 . 0 2 ( 7 )  7 0 ( s )
1 .6s (5 )  42 (4 )

147 (ro)  0
208(8) 0
137  (6 )  - 3 (2 )

l s s (14 )  - I 1 (4 )
223(18) -24(4)
163 (15 )  3 (4 )

28(4) 0
7 < 4 )  o

27  <2 )  - 4 (3 )

2s (6 )  - 3 (7 )
4L(7) -30(7)
31(6) -28<7)

40  (3 )
43(2)
30 (2 )

5 1 ( s )
4L (4 )
s8(s)

0 1  0 . 1 1 6 7 ( 3 )  0 . 0 8 i 2 ( 4 )
02  0 .3617  (4 )  0 .2460<4 )
03  0 .3493 (3 )  0 .0155 (4 )

*The an isor rop ic  tempera ture  fac to rs  p ,  here  g iven x105,  a re  o f  the  fo rn  exp f -E  
I  

h :h tP l t i '

* *The equ iva len t  i so t rop ic  tempera ture  fac to r ,  Beo,  i s  conputed  accord lng  to  the  fo rmula t ions  o f  Han i l ton  (1959) '

nomenc la ture
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program (available upon request) for calculation of
these parameters has been written.

The principal components of the thermal ell ipsoids
of this study from program BoNonN (Finger and
Prince, 1975) are presented in Table 5 with the rms
amplitudes of the results of CSpp at 700.C and the
angle d required to rotate one ell ipsoid into the other.
When the rms amplitudes of the two studies are com-
pared, only the largest values for Ml and 02 and the
intermediate one for M2 differ by as much as two
standard deviations. The agreement is remarkable,
particularly when the differences in starting material,
data collection, and corrections employed are consid-
ered. The uncertainties in the rotation angles have
not been calculated but are probably of the order of
20 to 30'; thus the ell ipsoid for Ml from this study
clearly differs significantly from that of CSpp. The
results of this study indicate a triaxial ell ipsoid with
the shortest axis parallel to b, whereas CSpp obtained
an ell ipsoid that was essentially an oblate spheroid
with the unique axis having angles of 42",90o, and
64' with a, b, and, c, respectively.

Bond functions

The interatomic distances and angles for this study
from program BoNoe,N are presented in Table 6.
Figure I may be used to aid in the interpretation of
this table. As discussed by Busing and Levy (1964),
the mean separation of two atoms must be corrected

Tlsr-B 5. Principal axes oflhermal ellipsoids for diopside at

Teels 6. Selected interatomic distances and angles for diopside
at  700oC

I n t e r a t o m i c  D i s t a n c e s ,  A

AEoms
u  o l r e c  t e d _

f o r  P a r a 1 1 e l ,  C o l r e c E e d  f o r

U n c o r r e c t e d  H i g h l y  N o n c o t r e l a t e d

C o t r e l a t e d  M o C i o n

M o t i o n

Oxygen-
C a t l o n -
0xygen
A n g I e ,
Degrees

Mr o .L29(5)  0 .128<2)
0 . 1 3 s ( s )  0 . 1 3 s ( 2 )
0 .  r49(4)  o . r37  (2 )

y i2  0 .133(3)  0 .  r39(1)
0 . 1 s 6 ( 3 )  0 .  r 4 3 ( 1 )
0 .  2 0 8 ( 3 )  0 . 2 0 3 ( 1 )

90
1 6 e ( 1 6 )
r01  (  16)

90
r44 (3 )
54  (3 )

3 3 ( 2 0 )  1 0 0 ( 1 3 )
1 2 1 ( 2 r )  r 2 5 ( 7 )
79(6)  144(6)

02c2-o3D1 (2x)
A2C3-O3D2 (2x)
o3c1-o3c2 (2x)
o3c1-03Dr
03c1-o3D2 (2x)
03c2-o3D2

1 , 6 2 2
1 . 6 I 0
1 . 6 9 0
r . 7  0 a
1 . 6 5 8

2 . 1 4 9  r r 8 . 4 ( 2 )
2 .690 rO9.9(2)
2 . 7 0 3  1 0 9 . 8 ( 2 )
2 . 6 7 7  1 0 9 . 9 ( 2 )
2 ,s83 103.4(2)
2 . 6 6 a  r 0 4 . 6  (  r )
2 . 6 7 8

AnsIe  O3-o3-o3 167.9(3)
s i - 0 3 - s i  r 3 7 . 1 ( 2 )

2 .O87
2 . L 0 5

2 . 8 4 0  8 1 . 8 ( 2 )
3 . 0 8 4  9 3 . 2 ( 1 )
3 .  1 0 8  9 3 .  7  ( 1 )
2 . a s 5  8 4 . 4 ( 1 )
2 . 9 2 0  8 8 . 9 ( 1 )
3 . 0 3 2  9 3 . 3 ( 2 )
2 . 9 9 9  9 1 . 6 ( 2 )
2 .9a6

2 . 4 0 6

2 . 5 9 8

2.544

2 . 8 4 0
3,  200
3 , O 3 2
4 . 2 9 1
3 . 7  0 5

4 . 6 2 5
5 . r o 4
4.640
2 . 5 8 3
4 . r 9 3

4 , 5 9 6
3.446
2 . 6 6 8
3 . 4 0 1
2 . 9 7 a
4 . 4 6 2

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

1 1 9 .  r ( r )
e 1 . 0 ( 1 )

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

1 0 8 .  e ( 1 )

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

1 0 6 . 5 ( 2 )

S i  Eet rahedron

s i - 0 t c 1 t
s i -02c1
s i -03c1
s i -o3c2

M e  a n

o lc l -o2c1
0tc  1  -o3c  1
01c  1-03c  2
02c1-03c1
o2c I -03c  2
03c r- o3c 2

Mean

M l  o c t a h e d r o n

1 4 1 - o 1 A 1 , B 1
M l - 0 1 A 2 ,  B 2
M 1 - O 2 C 1 ,  D 1

Me an

o1A 1 -0181

O l A i - o I A 2  ( 2 x )
o 1 A 1 - 0 2 c 1  ( 2 x )
o 1 A 1 - o l B 2  ( 2 x )
0 l A 2 - o 2 C I  ( 2 x )
o 1 A 2 - o 2 D 1  ( 2 x )
o 2 c l - o 2 D I

Mean

M2 polyhedron

M 2 - o l A 1 ,  B 1
1 4 2 - o 2 c 2 , D 2
t{2-03c 1, D1
t 4 2 - o 3 c 2 , D 2

Mean

r . 6 0 0 ( 3 )
r , 5 7 9 ( 4 )
1 . 6 6 6 ( 3 )
1 .687 (4 )
1 .  6 3 3

2.7  3r (5 )
2 . 6 7  3 ( 4 )
2 .689 (s )
2 . 6 5 1  ( s )
2 .563(s )
2 .652(1 . )
2 . 6 6 1

1 .  6 0 0
r . 5 8 1
r , 6 6 7
1 . 6 8 7
r . 6 3 4

2 . 7 3 1
2 . 6 7 3
2 . 6 A 9
2 . 6 5 8
2 . 5 6 3
2 , 6 5 2
2 . 6 6 1

A t m  r c  a m p l i t u d e ,  i

Thts Cameron et
S t u d y  a t  ( 1 9 7 3 )

A n g l e  ( ' )  w i t h R o t a t i o n
A n g 1 e ,  6 ' r( ' )

oIA l -o lB1
o1A r-o2c2
oIA t-0 2D 2
o141-03c 1
o1A1 -03c2

olA 1-03D1
o1A1-o3D2
o2c2-o2D2
o2c2-o3cl"
o2c2-o3c2

2. r57 (4)
2 , 0 6 9  < 4 )
2 . 0 8 1 ( 4 )
2 . I 0 2

2.825(6)
3  . o 1  2 ( 3 )
3 , 0 e 2 ( s )
2 . 8 4 0 ( 6 )
2 .90s(5)
3 . 0 r 7  ( s )
2 . 9 8 3  ( 7  )
2 . 9 7  2

2 . 3 8 7  ( 3 )
2 .352(4)
2 . 5 7 e ( 4 )
2 , 7  7  9  ( 4 )
2 , 5 2 4

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

4 .617 (5 )
s . 0 9 6  ( 5 )
4 . 6 3 0 ( 8 )
2 , s 6 3 ( 5 )
4 .  1 8 3 ( s )

4 . 5 8 8 ( s )
3 .434(5)
2 .652( r )
3 . 3 8 9 ( 6 )
2 .962(6)
4 .452(7)

2 . 1 5 1
2.069
2.O82
2. lo3

2.825
3 . 0 7 2
3.  093
2.840
2 . 9 0 5
3 .  0 1 7
2 , 9 4 3

2.3a7

2.  580
2 . 7 1 9

2.a25
3 .  1 8 6
3.017
4  . 2 8 2
3 . 6 9 5

5 , 0 9 6
4.630
2.563
4 .  1 8 3

4 . 5 8 8
3 , 4 3 4

3 . 3 8 9

4 . 4 5 2

( 2x)
(2x)
(2x)
(2x)

(2x)
(2x)

(z* )
(2x)90

6 3 ( 1 6 )
1 5 3 ( r 6 )

90
110(3)
160(3)

0
90
90

0
90
90

4 l01

0 . r09 (3 )  0 . r 04 (1 )  s7 ( re )
0 .115 (3 )  0 .121 ( r )  3e (19 )
0 .136 (3 )  0 .131 (1 )  109 (s )

* A n g l e  r e q u i r e d  L o  r o t a t e  t h e
e l l . l p s o i d  o f  C a h e r o n  e l l  a 1  ( 1 9 7 3 ) .
c a  I c u l a t i o n .

0 .  1 1 8 ( 8 )  0 . 1 1 2 ( 3 )  3 3 ( 9 )  s 7  < 9 )  1 0 4 ( 1 4 )
0 . r4 r (7 )  0 .149(3)  97(18)  79( r9 )  14(14)
0 .1ss(7)  0 . l s2(3)  s8(9)  r44( r0 )  86(22)

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

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

*CorrecElon6 to intetatmic dlsEances afEer Busing and Levy
( 1 9 5 4 ) .  S e e  t e x t  f o r  d i s c u s s i o n  o f  m o d e l s .

f A t m  n o E a t i o n  b a 6 e d  o n  B u r n h a m  e t  a I .  ( 1 9 6 7 ) .

for the effects of thermal vibration. Unfortunately, a
model for the interactions between the two atoms
must be assumed before this correction can be made.
The interatomic forces in a pyroxene are rather com-
plicated for the construction of such a model; how-
e v e r ,  B u s i n g  a n d  L e v y  h a v e  p r o v i d e d  t h e
formulations for four interaction schemes. Two of

e l l i p s o l d  o f  t h i s  s E u d y  i n r o  t h e
See text for the detal ls of  the
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their models are derived from application of in-

equalit ies that place bounds on the magnitude of the

correction. The lower l imit corresponds to highly

correlated parallel motion and the upper l imit de-

scribes highly correlated antiparallel motion. In a

third model it is assumed that one atom "rides" on

another, The thermal correction to the vector of sepa-
ration is therefore dependent only on the motion of

the first atom. The fourth model is valid for

completely uncorrelated motion of the two atoms.

Smyth (1973) argues that the correction to the dis-

tances in  a pyroxene should l ie  between the

noncorrelated model for weak interactions and the

riding model lor strong bonds. This conclusion
should be amended since the riding model assumes a

uni-directional interaction. If applicable to the

strongest bonds of this structure, namely Si-O, the

silicon atoms would have to be totally unaffected by

the thermal motion of the oxygens; this is clearly not

the case. Accordingly, the proper correction model

for sil icates should l ie between the model for highly

correlated parallel motion and that for non-corre-
lated interactions. The uncorrected interatomic dis-

tances and angles and the corrected values using the

two models described above are presented in Table 6.
When the bond distances obtained in this study are

compared with the results of Clark et al. (1968, 1969)

at room temperature and the results of CSPP at

700'C, the following observations may be made:

l. The tetrahedral chains are relatively unaffected

by the heating. The mean Si-O distance is 1.635 A at

room temperature and 1.633 A at 700'C, an in-

significant change, This result agrees with previous

high-temperature studies. The correction for thermal

motion wil l tend to increase the interatomic dis-

tances; since these are very strong bonds, however,

the effects wil l be minimal. The chain configuration is

also affected very little by the heating. From room

temperature to 700oC, the O3-O3-O3 angle changes
only from 166.4" to 167.9" and the Si-O3-Si angle
goes f rom 135.9 '  to  137.1o.  These ef fects are much

smaller than those from pigeonite (Brown, Prewitt,

Papike, and Sueno, 1972).
2. The Ml octahedron and the M2 polyhedron

expand significantly upon heating; however, this

expansion is clearly not isotropic. In the Ml octa-

hedron, the three crystallographically unique bonds

increase by 0.004, 0.031, and 0.042 A.The M2 poly-

hedron shows a similar anisotropy, the bond dis-

tances changing by -0.001,  0.018,  0.027,  and 0.062
A. ttre significance of the irregular bond expansion is

discussed below. The two studies at 700'C agree well,

the largest discrepancy being equal to 0.014 + 0.005

A. tne mean values of the bond distances for the M-

site cations differ by only one standard deviation'

Thermal expansion of dioPside

When a crystal undergoes thermal expansion, a

spherical volume element at the original temperature

will in general be deformed into an ell ipsoid. The

proper interpretation of this expansion may be given

only if the principal values and axes of this ell ipsoid

are known. For crystals with orthorhombic and

higher symmetries, the orientation of the ell ipsoid is

completely constrained and the principal values may

be  compu ted  by  i nspec t i on  o f  t he  un i t - ce l l

parameters. However, for tricl inic crystals there are

no constraints, and for monoclinic crystals the direc-

tion of only one axis is required by the geometry. In

such cases a calculation similar to that performed by

the computer program SrRelN (Ohashi and Burn-

ham,1973 Ohashi and Finger, 1973) must be under-

taken to ascertain the principal components of the

expansion ell ipsoid. A similar calculation for the

monoclinic system has been described by Bouvast

and Weigel  (1970).
Program Srr.a.IN has been used to calculate the

ell ipsoid components and associated errors for the

diopside unit-cell data of this study, Deganello
(1973), and CSPP. The results are presented in Table

7. An ell ipsoid was computed for each temperature

interval l isted. Although the large standard devia-

tions of these quantit ies make it impossible to resolve

fine details of the expansion, the following general

observations may be made:
1. Within the resolution of the available data, the

linear and volume expansion coefficients are inde-

pendent of temperature for the range studied. This

result is in agreement with the temperature variation

of the unit-cell volume, as shown in Figure 2' A least-

squares computer program was used to determine the

coefficients for polynomials to fourth order in the

temperature using only the data from Table 2. Apply-

ing standard tests, the l inear result shown in the

diagram gave the most significant f it to the data.

2.The calculation of the standard axial expansion

coefficients does not yield sufficient information to

explain the dilation mechanisms and may lead to

erroneous conclusions. For example, the c axis exhib-

its the smallest coefficient of axial expansion, suggest-

ing that the tetrahedral chains are constraining the

expansion. In fact, the principal axis of minimum

expansion is not in this direction but is rotated ap-

proximately 40o from c toward a.The coefficient of
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TesLe 7. Principal Thermal Expansion Coefficients for Diooside

Pr inc ipa l  L inear
Themal  Expans lon  .
C o e f f i c i e n t s  X  1 0 - o

per  degree

e3

Temperature
Range, R e  f e  r -

encer

Volume
Expana ion

C o e f f i c i e n t s  x  l 0 - o
per  degree

Or ien ta t ions#

€ 1€3e2
" l

24-t00
I00- 200
200-300
300-400
400-500

500-600
600-7 00
700-800

24-400
400-700

700-850
850- I000

25-325t
325-625
625-825

Weighted
mean t f

20 .6 (63 )
l s . 7  ( s6 )
1 6 .  r ( 8 6 )
27 ,9 (9O)
20.  0 (  s0)

2 0 . 0 ( 3 1 )
i 6 .6 (40 )
26 .6 (74 )
2 3 . 9 ( 1 5 )
1 8 . 6 ( s )

1 s . 5 (  1 0 )
22 .8 ( ro )
L 7  . 2 ( 5 )
17  .  8  ( l s )
27.1(23)

r8.5(22)

e . 6 ( 5 3 )
1 2 . 6 ( s 5 )
4 . s ( e 0 )

L4.e (76)
r 1 . 8 ( 4 9 )

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

1 3 . 6 ( 2 0 )
8 .  2  ( s )

7 . 6 ( r 8 )
1 1 . 6 ( 3 0 )
e . 2 ( 8 )

1 0 . 6  (  1 3 )
r 1 . s ( 1 4 )

8 . e ( 1 4 )

- 0 . 6 ( 7 6 )
r . 9 ( s 1 )

- 2 , 3  < 1 0 )
3 . 1 ( 7 e )
L .6<46)

7 . 8 ( 3 8 )
4 .4(4e)
0 . 1 ( 7 6 )

-L.4 (25)
3 . 1 ( e )

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

3 .7  ( 20 )

30( r2)
30(  r0 )
18  (  1s)
46(r4)
33 (8)

40 (6 )
3 r ( e )
34 (  13)
36 (4)
3 0 ( 1 )

28  (2 )
41  ( s )
3 r ( 1 )
3 1 ( 2 )
3e <4)

3 1 (  3 )

b
b

4 e ( 1 8 )
b
b

b
b
b
b
b

b
b
b
b
b

Ls3(27) 63(21)
r27 (2o) 37 (20)

b  - 4 1 ( 1 8 )
33(26) 123(26)

1 2 9 ( 1 9 )  3 9 ( r 9 )

130(37) 40(37)
120 (40 )  30 (40 )
134(40) 44(40)
r43 (7 )  s3 (7)
1 2 1 ( 5 )  3 r ( 5 )

8 ( 1 7 )  9 8 ( 1 7 )
84(22) -6(22)

138 (6 )  48 (6 )
142 (6 )  s2 (6 )

8 ( 1 7 )  9 8 ( 1 7 )

* R e f e r e n c e s :  ( 1 )  T h i s  s t u d y ,  ( 2 )  C a n e r o n  e t  a l .  ( 1 9 7 3 ) ,

*xOne o f  the  pr inc lpa l  axes  is  cons t ra ined to  be  para l le l
u red  f rm c  toward  4  in  (010) .

fThe va lue  o f  b  a t  room tempera ture  was taken ae  g .924 i

f fwe igh ted  mean =  X(x  ' -  2 ,  - -  Z

i  i ' " * l  ) ' L e x l  '

( 3 )  D e g a n e l l o  ( 1 9 7 3 ) .

to  b .  The ang les  fo r  the  o ther  p r inc ipa l  axes  are  meas-

( D e g a n e 1 l o ,  p e r s ,  c o m . ) .

expansion for this direction is roughly one-half the
value parallel to c and may be zero since its value is
less than twice its standard deviation. Although the
tetrahedral chains are undergoing very limited

Frc. l. A coordination diagram for diopside at 700"C projected
approximately paral lel to [16,6,11J. The thermal el l ipsoids are
scaled to represent 50 percent probability. The atom nomenclature
is from Burnham et al. (1967), and the computer program Onrtr-
l l  (Johnson, 1965, 1970) was used in the preparation of the dia_
gram.

changes during the heating, they do not directly con-
strain the direction of minimal dilation. On the con-
trary, this direction corresponds very closely to the
direction of the M2-O2C2, (D2) bonds as shown by
Figure 3, a projection of the M2 polyhedron parallel
to D. These are the bond lengths that apparently
shrink as the crystal is heated from room temperature
to 700'C. This agrees with the results of Ohashi and
Burnham (1973) who found that the shortest M2-O
bond distance corresponds closely to the minimum
expansion direction for thermal changes; however,
this direction undergoes the greatest change ifthe size
of the M2 cation is changed.

3. The direction of the maximum thermal expan-
sion is paral lel  to b. An examinat ion of the
distortions of the polyhedra about the M sites will be
required to explain this result since the edge-sharing
prevents expansion from M-site polyhedral tilting
(Megaw, l97l) .  One explanat ion is that di lat ion in
this direction does not require any expansion of the
tetrahedral chain. If the bond distances and angles
of Table 6 are compared with similar quantities for
the results at room temperature, it may be seen that
the O-M2-O angles increase when both oxygens
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o Comeron el ol. (19731

o C lork  e /a / .  (1969)
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435
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TEMPERATURE, 'C
0

FIc. 2. Variation of unit-cell volume with temperature for diop-

side. The error bars represent + I standard deviation. A least-

squares technique with the data from this study only was used to

calculate the coemcients of the line. The results of Nolan and

Edgar (1963) at room temperature would plot at the same position

as those of Deganello (1973).

are shared with the Ml octahedral strip and decrease
when the oxygens are shared with the tetrahedral
chain. For example the Olll-M2-OlBl angle in-
creases by 0.4' whereas the O3C|-M2-O3C2 angle
decreases by 3.7'. Because the O3CI-O3C2 dis-
tance is essentially unchanged (0.008 A;, this rel-
atively large change in the angle must be attributed
to a motion of these oxygens away from M2' As
noted earlier, the tetrahedral chain lengths and an-
gles are essentially unchanged during the expan-
sion, causing them to be displaced parallel to b as
a unit. This displacement forces a change in the
02 position, which results in a 2'0" change in the

O2C2-M2-O2D2 angle. There are concomitant
changes in the Ml octahedron. The bond angles that
show the greatest changes are those involving 02.
For example,theO2C|-Ml-OlA I angle increases by
1.0o, whereas the O2Cl-Ml-O2Dl angle decreases
by 1.7'. This latter change is again the result of the
mot ion  o f  O2 essent ia l l y  para l le l  to  D ( the

O2C\-OZDI distance is unaffected). The major ef-
fects of the expansion seem to be a lengthening of the
M2-O3 bonds with a translation of the tetrahedral
chains. In turn, this forces a readjustment of the
Ml-O2 configuration. It is interesting to note that
these changes in the Ml octahedron do not cause a
major change in the distortion of the polyhedron'
The quadratic elongation changes only from 1.0052
at room temperature to 1.0058 at 700oC, and the
range of the bond angle variance is 17.4 to 18.5.

These parameters have been proposed by Robinson,

Gibbs, and Ribbe (1971) as sensit ive to the

distortion. The M2 polyhedron becomes more dis-

torted with increasing temperature because the

M2-O3 bonds, which are the longest, increase more

than the others.
Although there are significant changes between

the structure of diopside at room temperature and

that at 700oC, there is no evidence of any major

structural changes that would lead to the melting of

the structure. When the observed changes are extra-
polated to the melting point (1391.5'C), the resulting

bond distances are normal. It is reasonable to assume
that the mechanism of expansion may change as the
melting point is approached'

Conclusions

The principal conclusions of this study are:
l. The details of the expansion for monoclinic or

triclinic material may be misinterpreted unless the
principal strain components are calculated.

2. The direction of minimum expansion is more

FIc. 3. A coordination diagram for the M2 polyhedron of diop-

side at 700"C with the bond distances shown. The projection is

parallel to b. The computer program Onrep-II was used in the

preparation of this diagram. The sizes of the circles marking the

atom positions do not represent thermal vibration but are intended

to indlcate the vertical position which is given as a percentage of

the 6 axis by the numbers associated with the atom' The correla-

tion betwee; the directions of the shortest M2-O bonds and the

minimum expansion is also indicated.
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highly correlated with the shortest M2-O distance
than with the direction of the chain of silica
tetrahedra in spite of the relatively small changes
undergone by this chain.

3. The results of the two studies of the crystal
structure of diopside at high temperature are essen_
tially identical even though very different techniques
were used to perform the analyses. I f  smal l
differences are observed in the results of future com-
parative high-temperature studies, more confidence
may be placed in the interpretation that these repre-
sent real differences in the structures.
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