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Abstract

Single-crystal X-ray intensity data have been collected with a manual diffractometer utiliz-
ing flat-cone geometry for Ni-olivine, NirSiOn, (25o, 300., 600o, and 900.C), monticell i te,
Ca , .ooMgo . r rFeo .o rS iOa ,  (25 " ,  335 " ,  615 . ,  and  j 95 "C) ,  and  g laucoch ro i t e ,
CaorrMno rrMgo.roZnoo5sio4, (25o, 300', 600", and 800"C). Weighted refinements with an-
isotropic temperature factors resulted in residual (R) factors ranging from 0.026 to 0.048.
Examination of these data, together with pubtished data from high-temperature refinements
of forsterite, hortonolite, and fayalite, indicates that the olivine structure expands primarily as
a result of bond-length expansions in M(l) and M(2) octahedra. Mean Mg-o distances
exhibit the greatest thermal expansions while the mean M-O distances in Fe-containing
olivines generally exhibit the smallest expansions. The M(2) cation position in all six olivines
is temperature-dependent. With increasing temperature, the cation is displaced in a direction
away from the triangle of shared edges. The magnitude of this displacement, measured relative
to the centroid of coordinating oxygens, is greatest for non-transition metal cations (Mg,*,
Ca2+ ) .

Introduction

Since the original determination of the crystal
structure of olivine by Bragg and Brown (1926),
structure refinements have been carried out on a vari-
ety of olivine-type mineralsl at both room and ele-
vated temperatures. Of the more recent investigations
at room temperature, Brown (1970) refined the struc-
tures of several olivines ranging in composition from
NirSiO4 to ^y-CarSiOo, while other refinements in-
clude those of Wenk and Raymond (1973) (Fao,,
Fa ro ,  F? ro ,  Fa r r ) ;  Ghose  and  Wan  ( I 974 )
(Co, ,oMgoroSiOn);  Brown and Prewi t t  (1973) (Fa, , ,
Farr); ftajamaniet al. (1975) (Ni,.orMgo.rrSiOn). Crys-

I ln this study, the term olivine-type refers not only to the
forsterite (MgrSiOo)-fayalite (FerSiO4) group but to all silicates
isostructural with forsterite/fayalite. NirSiOr and "y-CarSiO. repre-
sent end members in this group of minerals with respect to the size
of the octahedral cations. Ni,+ and Ca2+ are, respectively, the
smallest and largest cations that have been found to date to fully
occupy the octahedral sites.
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tal-structure refinements of data collected at high
temperature have been limited to compositions rang-
ing from forsterite to fayalite, e.g. Brown and Prewitt
(1973) (Fa'o); Smyth and Hazen (1973) (Fo,oo and
Mgo.rrFe,.,oMno.,uSiOn); Smyth (1975) (Faroo); and
Hazen (1976) (Fo,oo).

In the present investigation, the crystal structures
of Ni-olivine (NirSiOn), monticell i te (Ca, ooMgo.sa
Feo orSiOn), and glaucochroite (Cao.rrMne.67Mge.1eZ[o.os
SiOo) have been refined with data collected at temper-
atures ranging from 25o to 900oC. These new high-
temperature data are examined together with data
from the refinements of fbrsterite (Smyth and Hazen,
1973), hortonolite (Brown and Prewitt, 1973), and
fayalite (Smyth, 1975) in order to characterize the
temperature dependence of the olivine-type structure.
In a subsequent paper, three-dimensional strain
theory wil l be used to examine the thermal expansion
of the polyhedra within these structures (Lager and
Meagher,  1975).
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Oxide

Table I  Chemical  analyses for  mont icel l i te and glaucochroi te mounted on the capil lary, was then inserted into a
larger capil lary of approximately 0.3 mm in diameter
which was flushed with hydrogen gas, evacuated with

a vacuum pumP, and sealed under vacuum using an

oxyacetylene mi ni-torch.
The furnace used in this study was modified from

the design of Foit and Peacor (1967). The furnace,
which requires flat-cone geometry, has been adapted
to a Weissenberg camera for space-group and cell-

dimension work and to a manually-operated Supper-
Weissenberg diffractometer for three-dimensional
single-crystal intensity data collection. The diffrac-
tometer is used with Zr-fi l tered Mo-radiation and a
pulse-height discriminator. The furnace temperature
was calibrated with a Pt/Pt-l3Eo Rh thermocouple
which was centered in the furnace in place of the

sample before each high-temperature run. The esti-
mated accuracy of the temperature, based on the

thermocouple measurements and the melting points

of  Zn (419"C) and KBr (730'C),  is  t  l5 'C.

The unit-cell parameters for each olivine at high

temperature were determined from a least-squares
refinement of f i lm data collected with a large-diame-

ter cassette built for the standard Weissenberg cam-

era (Meagher, 1975).In addition to the O-level Weis-

senberg photographs used for cell-dimension work,

upper-level f latcone photographs were also recorded
at each temperature. These photographs were

Table 2 Residual- factors and number of  observat ions for

ref inements of  Ni-o l jv ine,  mont icel l i te,  and glaucochroi te

l l i *o l .  i v ine

Number  o f

0bse rva t  ions

t / e i g h t  Z  0 x 1 d c s

t{ont icel l iLe C l a u c o c h r o i t e

l.fgo
s i o
Cao2
1.1n0
ZnO
Fe0

Tot al

Ug

Mn
Zn
Fe

2 3 . 6 1 ( 2 0 ) *
37 .28(26)
) 5 . 3 7  ( 2 4 )

3 . 2 2  ( r 8 )

9 9 . 4 8

Number of Atoms
Per 4 oxygens

0 . 9 3 6
o . 9 9 2
1 , 0 0 3

o . o 7 I

2 . 2 7  ( 2 0 )
3  3 .4 f )  (  20)
?-9  .99  (22)
f1 .29  (24)
2 . 3 5 ( 3 s )

t 0 1 . 3 0

0 . 1 0 3
1 . 0 0 0
o . 9 7 9
0 . 8 6 6
0 . 0 5 2

* The nunbers in parentheses 1n this and subsequenE Eables are
e s t i n a t e d  s t a n d a r d  d e v i a t i o n s  a n d  r e f e r  t o  r h e  l a s t  d e c i m a l
p l a c e  c i t e d .

Experimental details

Specimen description and data collection

With the exception of monticell i te, the crystals
used in this study were the same as those examined by
Brown (1970). The monticell i te crystal from Crest-
more, California, was kindly donated for study by the
Department of Geological Sciences at the University
of  Br i t ish Columbia.

The chemistry of the synthetic crystal of Ni-olivine
has been reported as pure NirSiOo (Brown, 1970).
The natural crystals of monticell i te and glaucochroite
were chemically analyzed on a Anl-Seple electron
microprobe. The data were reduced using the empiri-
cal correction factors determined by Bence and Albee
(1968). Compositions reported represent the average
of approximately l5 crystals. The mean chemical
analyses and the estimated standard deviations of the
mean values are presented in Table l.

Equidimensional crystals approximately 0.05-0. l0
mm in diameter were oriented parallel to either c or a
in tapered fused-sil ica capil laries which were then
cemented to a platinum wire attached to the go-
niometer. In the case of glaucochroite, heating exper-
iments prior to data collection indicated probable
alteration. As a result, the crystal was mounted di-
rectly on a tapered sil ica capil lary, using a high-
temperature cement composed of Sauereisen binder
no. 29 and powdered kaowool f i l ler. ' The crystal, *  R  =  r l r o t . i - l F . o r " l / 1 . i F , , 6 * i

, r *  Rw = 1rw( lFu6" l - l r ' "ur" l ;2 / r " i .oo*?l

I.l *

25"
300 "
600  "
900  "

l\lon t i cei 1i te

? .5 "
-135 .
625"
795 "

G l ; l ucoch ro i t e

25"
300 "
600 "
800 "

0 . 0 3 7  0 . 0 4 5
0  , 012  0 .  0+  l t
i )  . 02  r '  0 . 0  36
0 . 0 2 7  0 " 0 1 6

0 . 0 1 0  0 . 0 1 9
0 .02  5  0  . 41 "1
0 " 0 ? 8  0 . t 1 2 6
n , . o 2 9  0 , 0 1 2

0 . 0 i 4  c " 0 : 5
0 . 0 7 4  0 . 0 ? 6
0 . 0 3 3  0 . 0 1 3
0 . 0 2 8  0 . 0 2 9

?28 ,
2 2 6
231
z i o

221
'128

2 2 6
220

! J t

230
213
201

'? Babcock and Wilcox Refractories, Burlington, Ontario
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Table 4 Posit ional parameters and isotropic temperature factors lor the atoms in Ni-ol ivine, monticel l i te, and glaucochroite

Acom Parameter  25"C

Ni-01ivine

3 0 0 ' c  6 0 0 . c  9 0 0 " c AEon Parameter 25'C

G l a u c o c h r o i c e

300 'c  600 'c  800.c

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

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

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

0 0
0 . 0
0 . 0
0 . 3 4 ( 2 )
0 . 0 6 6

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

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

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

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

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

x  0 , 0  0 . 0  0 . 0  0 . 0
y  0 . 0  0  0  0 . 0  0 . 0

M ( 1 )  z  0 . 0  0 0  0 . 0  0 . 0
B  0  5 4 ( 3 )  1 . 1 6 ( 3 )  1 . 9 s ( 4 )  2 - 5 r ( 4 )

< u >  0 . 0 8 3  0 . 1 2 1  A  I 5 7  0 . 1 7 8

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

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

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

x  0 . 9 8 0 3 ( 5 )
y  0  2 7 8 0 ( 1 )

I I ( 2 )  z  0 . 2 5
B  0 . 4 7 ( 4 )

< ! >  0  ' O 7  2

x  0 . 4 1 6 1 ( s )
y  0 . 0 8 6 8 ( 2 )

S i  z  0 . 2 5
B  0 . 3 9 ( 5 )

< f >  0 .  0 7 0

x  o  7 4 6 6 ( 7 4 )
y  0 . 0 8 4 3 ( s )

0  ( 1 )  z  0 . 2 5
B  0 . 6 1 ( 1 2 )

< r >  0 .  0 8 8

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

0  2 7 5 4 ( 8 )  0 . 2 7 7 0 ( 1 0 )  0 . 2 7 1 8 ( 9 )  0 . 2 7 8 7 ( 8 )
0 . 1 6 3 3 ( 4 )  0 . 1 6 3 2 ( 5 )  0 . 1 6 3 0 ( 4 )  0  1 6 3 1 ( 4 )
0 . 0 3 1 0 ( 1 0 )  0 . 0 3 2 4 ( 1 2 )  0 . 0 3 2 8 ( 1 1 )  O . 0 3 3 3 ( 9 )
0 . s 0 ( 6 )  1 . 0 0 ( 8 )  L . 3 6 ( 7 )  |  7 4 ( 6 )
0 . 0 8 0  0 . 1 1 1  0 . 1 3 1  0  1 4 8

x  0 . 2 3 0 5  ( 1 4 )  4 . 2 2 t 1  ( I 4 )  0 . 2 3 7 2 ( 2 A )  0 . 2 3 1 1 ( 1 9 )
y  0 . 4 5 2 8 ( 5 )  0 . 4 5 4 2 ( 5 )  0  4 5 5 s ( 6 )  0 . 4 5 4 9 ( 6 )

0 ( 2 )  z  0 . 2 5  A . 2 5  0  2 5  0  2 5
B  0  6 0 ( 6 )  A . 9 2 ( r 2 )  1 . 8 0 ( 1 8 )  2  2 a ( r 8 )

< u >  0  .  0 8 7  0 .  1 0 8  0 .  1 - 5 1  0  . 7 6 7

x  0  2 B 1 B ( 9 )
y  0 . 1 5 2 7 ( 3 )

0 ( 3 )  z  0 . 0 4 9 3 ( 6 )
B  0 . 5 8 ( 9 )

< ! >  0 .  0 8 6

2 5 " C

M o n t i c e l l i t e

1 3 5 ' C  6 1 5 ' C  7 9 5 " C

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

0 . 9 1 6 4 ( 2 )  0 . 9 7 5 9 ( 3 )  0 . 9 7 5 3 O )
0 . 2 7 1 4 ( 7 )  0 . 2 7 8 1 ( 1 )  0 . 2 7 8 9 ( 1 )
o . 2 5  0 . 2 5  0 . 2 t
0  8 8 ( 2 )  1 . 4 4 ( 3 )  1 . 9 3 ( l )
0 . 1 0 6  0 . 1 3 5  0  1 5 6

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

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

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

o . 2 7 3 8 ( 6 )  0 . 2 7 3 1 ( 6 )  0  2 1 2 9 ( 7 )
0 . 7 4 7 3 ( 3 )  0 . r 4 7 6 ( 3 )  O . 1 4 7 9 ( 3 )
0 . 0 4 7 2 ( 6 )  a 0 4 7 2 ( 7 )  0 0 4 7 7 ( 8 )
1 . 0 2 ( 5 )  1 6 3 ( 6 )  2 1 2 ( 6 )
0 . 1 1 4  0 I 4 4  0 1 6 4

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

Approximately  250 symmetry non-equivalent  re-
f lect ions of  s in d < 0.5 were col lected wi th a manual
Weissenberg sc int r l la t ion-counter  d i f f ractometer  for
Ni-o l iv ine (25" ,  300",  600o,  and 900.) ,  mont ice l l i te
(25 ' ,  335o ,  615o ,  and  795" ) ,  and  g laucoch ro i t e  (25 . ,
300' ,  600",  and 800") .  For  each crysta l ,  data were
recollected at room temperature after heating to de-
termine i f  any permanent  changes had occurred as a
result of the heating cycle. Each reffection was scan-
ned and traced on a strip-chart recorder. Relative
intensi t ies were determined using an in tegrat ion p lan-
imeter  and reduced to jF"ml  us ing a program which
corrects for Lorentz and polarization effects. Exami-
nation of transmission factors and sets of symmetry-
equivalent reflections for each crystal indicated negli-
g ib le d i f ferent ia l  absorpt ion.  The smal l  number of
observable reffections reflects both the small size of
the crystals and the geometric restrictions imposed by
the design of the furnace and diffractometer. The
lat ter  factor  imposed an upper l imi t  on the value of
the p angle, which resulted in the loss of reflections of
the type I  :6  for  Ni -o l iv ine and mont ice l l i te  and f t  :
5 for glaucochroite.

Refinements

Full matrix least-squares refinements were calcu-
lated for each data set using a modified version of
ORn-s (Busing et  a l . ,  1962) and the neutra l  atomic

0 . 0
0 . 0
0 0
0 .  2 9  ( 1 )
0  . 0 6 1

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

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

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

o  2 4 6 6 ( B )
o . 4 4 9 t - ( 4 )
4 . 2 5
0 . 5 4 ( 7 )
0 . 0 8 3

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

0 ( l )

^ T s o t r o p i c  e q u i v a l e n t s  o f  l h e  a n i s o l r o p i c  t e n p e r a t u r e  f a c t o r s
( H a m i l t o n , 1 9 5 9 )

checked for systematic absences and found to be
consistent with space group Pbnm in all cases. With
the exception of glaucochroite, the same crystal was
used for cell parameters and intensity collection.
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Table 5. Anisotropic temperature factor coeff icients (X104) for Ni-ol ivine, monticel l i te, and glaucochroite

Ni-01ivine G l a u c o c h r o i t e

A r o m  i j  o f  $ -  .  2 5 ' c  3 0 0 " C  6 0 0 ' C  8 0 0 ' C
a t

M(1)  11  37  (8 )  771 (1 )  r99  (9 )  246(70)
22 15  (1 )  27  ( r )  46  (1 )  60  (1 )

3 3  3 1 ( 2 )  5 9 ( 2 )  9 4 ( 3 )  1 2 7 ( 4 )
1 2  - 3 ( 2 )  - 5 ( 2 )  - 1 2  ( 3 )  - r 4 ( 4 )

1 3  - 7  ( 4 )  - 2 5 ( 4 )  - 2 9 ( 5 )  - 4 6 ( 6 )

2 3  - 3  ( 1 )  - s  ( 1 )  - 1 0  ( 2 )  - 1 1  ( 2 )

M(2)  11  3e(11)  111(9)  r75(L2)  239(74)
2 2  1 0  ( 1 )  1 6  ( 1 )  2 1  ( 7 )  3 4  ( 1 )

3 3  2 o ( 3 )  4 o ( 3 )  8 1 ( 4 )  9 6 ( 4 )
7 2  - 7 ( 2 )  - 2 ( 2 )  6  ( 3 )  - o ( 4 )

s i  1 1  2 3  ( r 4 )  9 3  ( 1 3 )  1 4 8  ( 1 8 )  1 6 6  ( 1 9 )

2 2  9  ( 1 )  1 7  ( 2 )  2 7  ( 2 )  3 5  ( 2 )

3 3  3 o ( 5 )  3 t ( 4 )  6 4 ( 6 )  1 0 r ( 7 )
L 2  - s ( 3 )  - 3 ( 3 )  - 6 ( 4 )  - r 2 ( 5 )

0 ( 1 )  1 1  3 6 ( 3 3 )  1 2 8 ( 3 5 )  1 4 6 ( 4 4 )  2 3 9 ( 4 9 )
2 2  1 6 ( 4 )  2 8 ( 5 )  3 9 ( 7 )  5 6 ( 7 )
3 .1  a r ( r2 )  71  (13)  123 (18)  106 (18)

1 2  - 7 ( 1 1 )  4 ( 1 1 )  1 2 ( 1 5 )  2 3 ( 1 7 )

o(2)  11  52  57  (31)  223( t16)  237(46)
2 2  8  ( 3 )  2 2 ( 4 )  3 1  ( 6 )  3 4  ( 6 )

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

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

A t o n  i i  o f  8 . .  2 5 " C
1 l

600"c

M  ( 1 ) I I
2 2
3 3
T 2
1 3
2 3

11
2 2
3 3
T 2

1 1
2 2
3 3
7 2

1 1
2 2
3 3
7 2

1 1
2 2
3 3
L 2

1 1
2 2
3 3
L 2
1 3
2 3

s 5 ( 5 )  7 6 ( 6 )
6  (1 )  19  (1 )

2 0  ( 9 )  3 4  ( 9 )
- o  ( 1 1 )  - 2 ( 2 )
- 2 ( 2 )  - 5  ( 3 )
-3  (1 )  -s (2 )

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

32(5) 43(6)
- r ( r )  - 1 ( 2 )

s I  (8 )  36  (10)
2  ( 1 )  r 2 ( 2 )

2 5  ( 8 )  5 1  ( 1 1 )
I  ( 3 )  1  ( 3 )

26(17)  79  (25)
11 (s  )  22  (6 )
65(23)  104 (32)
-3  (8 )  7 ( r2 )

85  (20)  93(26)
3 ( 4 )  1 o ( 5 )

1 4 ( 2 4 )  1 r 8  ( 3 6 )
7  ( 7 )  r 7  ( e )

7 3 ( 1 4 )  9 8 ( 1 8 )
1 2  ( 3 )  3 5  ( 4 )
25  (76)  47  (27)
- 2 ( 5 )  - 8 ( 7 )
10  (11)  -4  ( r4 )

1  (6 )  13(7)

104 (5 )
2 9  ( r )
5 6  ( 1 1 )
- 5  ( 2 )
- 7  ( 3 )
- 8  ( 1 )

1 2 5  ( s )
2 2 ( 1 )
7 r ( s )
\ ( 2 )

5 4  ( 9 )
1 6  ( 2 )
66  (10  )

8  ( 3 )

r 0 8 ( 2 2 )
3 s  ( 5 )
7 9 (28)
- 1  ( 1 0 )

L 7 1 ( 2 4 )
1 8  ( s )
65  (26)
2 5  ( 9 )

1 4 8  ( 1 6 )
3 s  ( 4 )
9 1  ( 1 9 )

5  ( 6 )
-9  (13)

5  ( 6 )

r s7  ( 8 )
33(2)
67 (LL)

-12  (3 )
- 2 8 ( 6 )

1  ( 3 )

1 7 s  ( 6 )
2 4  ( r )
8 8  ( 6 )

1  ( 2 )

8 3 ( 7 )
2 2  ( t )
8 3 ( 8 )
- 2 ( 2 )

8 8  ( 1 8 )
4 9  ( 5 )

163(23)
- 6 ( 7  )

149 (20)
23(4)

772 (2O)
1 1  ( 7 )

1 7 5  ( 1 3 )
3 3 ( 2 )
96(72)

2 ( s )
-1  (10)
1 1 ( s )

1 3 3 ( 4 )
3 9  ( 1 )

100 (6 )
- 4  ( 2 )

- 1 2  ( 3 )
- e  ( 1 )

762(5)
2 9  < 7 )

1 2 0  ( s  )
r ( 1 )

1 6  ( 1 )
2 4  ( 7 )
9 1  ( 8 )
- 0 ( 2 )

1 0 s  ( 1 9 )
4 8  ( s )

744 (24)
-s  (8 )

204(21)
2 2  ( 4 )

1 3 3  ( 2 s )
27(1)

1 8 1  ( 1 5 )
4 8 ( 3 )

110 (16)
- 1  ( 6 )

- 1 8  ( 1 1 )
1 1  ( 6 )

795"C

1 6 6  ( 8 )
47(2)

1 3 0 ( 1 7 )
- 1 s  ( 3 )
- 4 2  ( t )

- 3 ( 3 )

275 (7 )
3 2  ( 1 )

1 3 0  ( 1 0 )
1  ( 2 )

1 0 7 ( 7 )
2 9  ( L )

1 0 8  ( 1 1 )
- 3  ( 3 )

r3 t  (2 r )
6 1 ( s )

2 1 8  ( 2 8 )
-0  (8 )

rA l  (20)
3 0  ( 4 )

r 6 2 ( 2 3 )
1 ( 7  )

232(r4)
3 8  ( 3 )

1 3 5  ( 1 4 )
9  ( s )

- 5  ( 1 1 )
1 6  ( 5 )

o B 1 3  =  B z 3  =  0  f o r  M ( 2 ) ,  s i ,  o ( 1 ) ,  a n d  0 ( 2 ) .

scat ter ing curves of  Doyle and Turner  (1968).  Star t -
ing positional and thermal parameters, isotropic tem-
perature factors and scale factors were calculated
util izing unit weights. Upon convergence, the iso-
tropic temperature factors were converted to the an-

isotropic  form and the ref inement  was cont inued wi th

a modi f ied vers ion of  the Cruickshank weight ing

scheme (Cruickshank,  1965).
In the ref lnement  of  Ni -o l iv ine,  large negat ive d i f -

ferences lF"* l  
-  

lF"" ' "1 for  the in tense low-angle

reflections were noted. An extinction correction was

then appl ied to the data by min imiz ing the funct ion
) w, [F,,. '  - S . F".i/0 )- a. I,)12, where 1, are the uncor-
iected in tensi t ies.  a the ext inct ion coemcient ,  S the

scale factor, and )tr the weights.
Ref inements of  each o l iv ine at  room temperature

with anisotropic temperature factors resulted in a few

non-positive definite temperature factors. In the case

of  Ni -o l iv ine,  a s t rong corre lat ion was noted between
a scale factor and the anisotropic temperature factor

coefficient, 0.a, of M(l). When this scale factor was

held constant during the final refinement, p', refined

to a posi t ive value.  The parameter  B* for  M(1)  in

mont ice l l i te  and 0rr  for  O(2)  in  g laucochroi te were

locked ar  22 X l0-a and 52 X l0 a respect ive ly ,

fo l lowing ref inements to negat ive values.  The posi -

tional parameters obtained in refinements which re-

sul ted in  non-posi t ive B's  were ident ica l  to  those ob-

tained in refinements in which scale factors or

temperature factors had been locked.
The final weighted (R,) and unweighted residuals

(R) for the anisotropic refinements and the number of

observations used in each refinement are presented in

Mont icel l i te

2 s " c  a 3 5 " c  6 1 5 ' c

M  ( 2 )

o ( 2 )

1 1
2 2
3 3
L 2
1 3
2 3

11
2 2
3 3
T 2

1I
2 2
3 3
T 2

11
2 2
3 3
7 2

ll-
2 2
3 3
I 2

I1
2 2
3 3
L 2
1 3
2 3

2 4 ( 7 )  9 2 ( 1 )
6  ( 1 )  1 7  ( 1 )

2 2  3 1  ( 9 )
- 3  ( 2 )  - 5  ( 2 )
- 7 ( s )  - 2 3 ( s )
- 1  ( 2 )  - \ ( 2 )

5 8  ( 6 )  1 1 7  ( s )
9  (1 )  l s  (1 )

1 1  ( s )  4 9  ( 6 )
7 ( 2 )  3 ( 2 )

2 4 ( 7 )  4 1 ( 6 )
7  ( 1 )  1 4  ( r )

1 8 ( 7 )  4 6 ( 7 )
- 2 ( 2 )  2 ( 2 )

2 6 ( 1 6 )  3 2 ( 1 5 )
2o(4)  32(4)

9  (19)  112 ( r9 )
- 5  ( 6 )  - 8 ( 6 )

21  ( r7 )  117 (18)
4  (3 )  14  (3 )

7L(20)  7s  (18)
6  ( 6 )  1 o ( 5 )

44(12) 95 (1r)
L 6 ( 2 )  2 4 ( 2 )
29  ( I r )  60  (10)
8 ( 4 )  - o ( 4 )

-8  (e )  14  (8 )
2 ( 4 )  1 0  ( 4 )
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Table 6.  Magni tudes and or ientat ions of  the pr incipal  axes of  the thermal  v ibrat ion el l ipsoids for  the atoms in Ni-o l iv ine,  mont icel l i te,
and glaucochroite

Ol iv ine
1  o f

t i r .  ( A )

0 (1 )

Angle (")  of

la +b

rl  wtth

+c

0 ( 2 )

Angle ( ' )  of

+a +b

r with
1

+c

A n g l e  ( " )  o f

+a +b

t l  w i th

tcr i  (A) r .  ( A )

M o n t  i c e l l i t e

G l a u c o c h r o i  t e

76 (33)
166 (38)
90

1 0 0 ( 7 3 )
170 (73)
90

87 (24)
90

3 ( 2 4 )

8 5  ( e )
1 7 s  ( 9 )
90

9 0
9 8  ( e )
8 ( 9 )

83  (s )
1 7 3  ( 5 )
90

86 (s )
r7  6  (5 )

9 0

9 0 ( 5 )
r 8 0 ( 5 )

90

7  3 ( 2 s )
9 0
1,1  (2s)

90
67 (68)
2 3  ( 6 8  )

7r2(26)
rs8(26)
90

90
r22(19)
32 (r9)

Ni-Of iv lne 0 . 0 5 3 ( 1 9 )  1 4 ( 3 8 )
0 . 0 7 s ( 1 6 )  7 6 ( 3 8 )
0 .  106 (19)  90

0 . 0 e s ( r 5 )  1 0 ( 7 3 )
0 .106 (1s)  100 (73)
0 .135 (21)  90

0 . 1 1 1 ( 1 2 )  3 ( 2 4 )
0 .  119 (21)  90
o.  r3s  (11)  93(24)

0 .  1 r0  (10)  s  (9 )
0 .  159 (8 )  85  (9 )
0 .  161 (14)  90

o.o44 (44)  90
0 . 0 s 3 ( 1 8 )  1 7 2 ( 9 )
0 . 1 1 2 ( 1 0 )  9 8 ( 9 )

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

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

0 . 1 2 8 ( 1 0 )  0 ( s )
o .1 -97  (9 )  90  (s )
0 .2 r4(74)  90

0 062(32)  77  (2s)
0 .  094 (14)  90
0 . 1 0 2 ( 1 4 )  1 0 7 ( 2 5 )

0 . 1 2 4  ( 1 1 )  9 0
0 . 1 2 4 ( 1 6 )  1 s 7 ( 6 8 )
0  r34( r2 )  67  (68)

0 . r 2 9 ( 2 0 )  2 2 ( 2 6 )
4 .162(74)  L r2  (26)
0 . 1 6 3 ( 1 2 )  9 0

0 151 (13)  90
0 . 1 6 0  ( 1 7 )  3 2 ( r 9 )
0 . 2 0 0 ( 1 4 )  s 8 ( 1 9 )

0 .033 (34)  101 (11)
0 .048 (44)  90
0 . 1 0 0 ( 1 1 )  1 1 ( 1 1 )

0 .052 (2s)  1 r8  (12)
0 .114 (13)  1s2  ( r2 )
o .1  45  (22)  90

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

0 . 1 0 0 ( 1 0 )  1 1 1 ( 7 )
0  15s  (14)  90
0 . 1 6 0 ( 8 )  2 1 ( 6 )

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

0 . 0 8 8 ( 1 1 )  1 1 4 ( 1 2 )
0 .123 (9 )  156 (12)
0 . 1 2 s ( 1 5 )  9 0

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

0 . 1 3 3 ( 9 )  r 0 ( 7 7 )
0 . r 3 8 ( 9 )  1 0 0 ( 7 7 )
0 .  185 (13)  90

0 . 0 s 3 ( 2 5 )  1 2 8 ( 1 3 )
0 .o92( r4)  t  42( r3 )
0  106(11)  90

0 . 0 8 2 ( 2 3 )  8 ( 1 9 )
0 . 1 1 9  ( 1 0 )  9 0
0.  119 (11)  82  (19)

0  .140 (12)  94  (2s)
0 . 1 4 6 ( 1 1 )  9 0
0 . 1 6 6 ( 1 7 )  4 ( 2 5 )

0 . 1 3 8  ( 1 4 )  6 3  ( 1 7 )
0 777 (1s) 21 (1,7)
0 . 1 8 3 ( 1 1 )  9 0

1 1  ( 1 1 )  9 0
9 0  1 8 0
7 9  ( 1 1 )  9 0

2 8 ( t 2 )  9 0
1 1 8  ( 1 2 )  9 0

9 0 0

2 6 ( 1 )  9 0
90 180
6 4 ( 7 )  9 0

21(6) 90
9 0  1 8 0
6 9  ( 6 )  9 0

4 r ( 2 8 )  9 0
1 3 1  ( 2 8 )  9 0

9 0 0

2 4 ( r 2 )  9 0
rr4 (72) 90

9 0 0

32(15) 90
r 2 2 ( 7 s )  9 0

9 0 0

1-00(71) 90
1 1 a ( 7 7 )  9 0

9 0 0

3 8  ( 1 3 )  9 0
1 2 8  ( 1 3 )  9 0

9 0 0

9 8  ( 1 9 )  9 0
9 0  1 8 0

I  ( 1 9 )  9 0

4 ( 2 5 )  9 0
9 0  1 8 0
8 6 ( 2 5 )  9 0

2 7  ( 7 7 )  9 0
117 (77) 90
9 0 0

0 . 0 6 r ( 2 1 )  -  r 0 8 ( 1 9 )
0 . 0 8 0  ( 1 0 )  9 6  ( 3 1 )
0 .  0 9 3  ( 8 )  1 9  ( 1 9 )

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

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

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

0 os9 (13) 36(20)
0 . 0 8 2 ( 1 2 )  6 2 ( 2 5 )
0 . 1 0 4  ( 7 )  6 9  ( r 2 )

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

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

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

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

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

o . 1 2 9  ( 7 )  6 5  ( 2 6 )

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

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

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

99(28) 73(20)

1 0 9  ( 1 2 )  7 9  ( r 2 )
103 (r5 )  94 (26)

2 3  ( 1 0 )  7 1  ( 1 0 )

6 3  ( 2 0 )  1 3 s  ( 3 1 )
92 (68) r29 (37 )
2 7  ( 7 9 )  7 0 ( 5 4 )

1 0 8  ( 1 1 )  3 6  ( 1 4  )
1 1 s ( 1 8 )  6 9 ( r 1 )

3 2  ( 1 5 )  6 2 ( 1 2 )

1 1 0  ( 1 0 )  6 2  ( 2 5 )
9 6 ( 2 0 )  1 5 1 ( 2 5 )
2 1  ( 1 0 )  8 6  ( 1 9 )

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

4 0 ( 1 2 )  5 2 ( 1 0 )

4 8 ( 1 1 )  1 3 7 ( 1 2 )
1 0 ( 2 3 )  8 1 ( 1 9 )
4 2 ( t r )  4 9 ( r 2 )

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

107 (29) 77 (21)
7 7  ( 4 4 )  8 9  ( 9 0 )
2 2 ( 2 8 )  7 3 ( 2 7 )

82(24) 29 (53)
' t t 4 ( 2 9 )  

6 1 ( s 4 )
2 6 ( 2 7 )  8 5  ( 1 6 )

3 2 ( 1 2 )  1 2 1 ( 1 0 )
83(26) 89(21)
s 9  ( 1 1 )  3 r  ( 1 0 )

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

90
90
0

90
90
0

90
180
90

90
90
0

0
90
90

90
90
0

90
90
0

9 0
90
0

90
180

90

0
90
9 0

90
90
0

0
9 0
9 0

2
3

Table 2. The observed and calculated structure am-
plitudes are compared in Table 3.3 The final posi-
tional parameters and isotropic equivalents of the
anisotropic temperature factors are given in Table 4,
the anisotropic temperature-factor coemcients in
Table 5, and the resulting magnitude and orientation
of the principal axes of the thermal vibration ell ip-
soids are presented in Table 6. Positional parameters
obtained from refinements of data collected before
and after heating are statistically identical and are
within 2o of those reported by Brown (1970).

The interatomic distances and angles and their esti-
mated standard deviations were calculated with the
program Onpnr (Busing et ql., 1964) and are tabu-
lated in Tables 7 and 8. The interatomic distances are

3 To receive a copy of  Table 3,  order document number AM-78-
064 from the Business Office, Mineralogical Society of America,
Sui te 1000 lower level ,  1909 K Srreet  NW, Washington,  DC 20006.
Please remit $l 00 in advance for the microfiche.

uncorrected for thermal motion and represent dis-
tances between mean atomic positions.

The thermal expansion of selected parameters in
this study has been represented by a l inear thermal
expansion coemcient defined as

( l )

where /2u and lr arc the lengths of selected parameters
at 25oC and at some higher temperature Z. In this
study, the quantity (1, - l"u)/(T - 25) is the slope
determined from a simple l inear regression of / versus
Z. Although some of the trends may not be l inear,
deviations from linearity are small enough to warrant
simplif ication by this technique for comparative pur-
poses.

Olivine structure
A drawing of a portion of the olivine structure

projected on (100) is given in Figure l. The pre-

-  -  I  ( l r - l r u )

Q - 2 '
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Table 6.  cont inued

1  o f

T ' C  r l rr(A)

M  ( 1 )

Angle ( ' )  of  r i  wi th

+a +b +c

M ( 2 )

A n g l e  ( ' )  o f

+a +b

S I

An g1e

r .  (A)  +a

( ' )  o f  r .  w i t h

+b +cr, (A)

r witb
1

+c

N1-0f1vlne

Monricel l i re

Glaucochro i te

9 0
180
90

0
90
90

9 0
180

90

90
90
0

0
90
9 0

9 0
180

9 0

90
180
90

9 0
9 0
0

0
90
90

0
90
9 0

90
180

9 0

0
90
90

600 I
2
3

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

0 ,074(9)  7s(1r )  68(8)  21(L2)
0 .093(4)  162(11)  94(16)  72(1r )
0 . 1 0 2 ( 3 )  1 0 0 ( 1 4 )  2 2 ( 7 )  r 1 o ( 1 0 )

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

0 . 0 8 7  ( 6 )  9 0  9 0
0 . 0 8 9 ( 4 )  9 9 ( 1 4 )  1 7 1 ( 1 4 )
o . o e 8 ( 4 )  9 ( r 4 )  e e ( 1 4 )

0 . 0 3 0 ( 1 2 )  e 3 ( 8 )  3 ( 8 )
0 .064(11)  90  90
o . 0 7 6  ( 6 )  3  ( 8 )  8 7  ( 8 )

0 .062 (9 )  6  (18)  96  (18)
0 .080 (6 )  96  (18)  174 (18)
0 .096 ( r0 )  90  90

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

90
180
90

90
90
0

90
90
0

90
9 0
0

90
r80
9 0

90
90
0

90
9 0

0

9 0
9 0
0

90
9 0
0

0
90
9 0

0
90
9 0

9A
180
9 0

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

o . r t 7 ( 2 )  3 8 ( 7 )  7 1 ( 3 )  5 8 ( 6 )
0 . 1 3 4 ( 3 )  s 2 ( 1 )  1 1 6 ( 8 )  1 3 1 ( 4 )
o .  1sr  (2 )  89  (4 )  33  (6 )  123(6)

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

0 . 0 6 6 ( 1 1 )  6 0 ( 7 )  8 1 ( 6 )  3 1 ( 8 )
0 .  102 (4 )  107 (13)  153 (12)  70  (8 )
0 . 1 1 6  ( 4 )  1 4 s  ( 7 )  6 s  ( 1 3 )  6 6  ( 9 )

0 . 1 0 6 ( 7 )  s 7 ( 8 )  8 1 ( 6 )  3 5 ( 9 )
0 .  136 (4 )  121 (10)  135 (8 )  6 r  (8 )
0 . 1 5 6  ( 4 )  r 3 1  ( 6 )  4 6  ( 8 )  7 2 ( 7 )

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

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

0 . 0 9 4 ( 4 )  s 3 ( 3 )  7 s ( 3 )  4 1 ( 3 )
o 132 (3) 52(44) 739 (62) 103(43)
0 . 1 3 4 ( 3 )  5 9 ( 4 9 )  s 3 ( 6 4 )  1 2 8 ( 1 9 )

0 . 1 2 s ( 4 )  5 8 ( 3 )  7 0 ( 3 )  3 9 ( 3 )
0 . 1 6 6 ( 4 )  3 9 ( 8 )  7 e ( L 3 )  r 2 7 ( 4 )
o  .771 (3 )  110 (11)  23(7)  99  (8 )

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

0 .108(2)  96(9)
0 . 1 1 3 ( 4 )  9 0
0 . 1 2 0 ( 2 )  6 ( e )

0 . r 2 4 ( 2 )  9 6 ( 6 )
0  .  737 (2 )  17  4  (6 )
0 . 1 4 7 ( 3 )  9 0

0.047 ( r2 )  90
0.073(4)  76(16)
0 . 0 8 3  ( 4 )  1 4  ( 1 6 )

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

0 . 1 2 2 ( 2 )  1 0 7  ( 4 )
o  r 3 6 ( s )  9 0
0 146 (3 )  17  G)

0 .  140 (2 )  108 (5 )
0 . 1 , 6 2 ( 2 )  1 6 2 ( 5 )
0 .  1 6 s  ( 1 )  9 0

0 .  0 6 6  ( 4 )  9 0
0.068(9)  172(20)
0 . 0 8 r  ( 4 )  9 8  ( 2 0 )

0 . 0 9 3 ( 3 )  9 0
0 . 1 0 0 ( 3 )  9 8 ( 1 0 )
0 . 1 1 7 ( s )  8 ( 1 0 )

0  .729 (4 )  108 (10)
0 . 1 3 3 ( 3 )  9 0
0 . 1 4 9 ( 5 )  1 8 ( 1 0 )

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

0  (8 )  90  (8 )
90  (8 )  180 (8 )
9 0  9 0

5  ( e )
9 0
8 4  ( 9 )

6 ( 6 )
9 6  ( 6 )

9 0

9 0
1 6 6  ( 1 6 )

7 6 (16)

1 0  ( 5 )
9 0
8 0 ( 5 )

7 7  ( 4 )
9 0
7 3 ( 4 )

1 8  ( 5 )
1 0 8  ( 5 )

9 0

9 0
e 8  ( 2 0 )

8  ( 2 0 )

9 0
7 7  2 ( r O )

9 8 ( 1 0 )

1 8  ( 1 0 )
9 0
7 2 (ro)

90
1 7  9  ( 8 )

9 1  ( 8 )

0 . 0 9 3  ( 5 )
0 . 1 1 3 ( 3 )
0 . 1 2 8  ( 5 )

o .  o5o (8 )  27(79)  69  (19)
0 . 0 6 1 ( 1 2 )  9 0  9 0
0.066 (6 )  111 (19)  21  (19)

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

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

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

0 . 0 4 7 ( 7 7 )  2 2 ( r 3 )  6 8 ( 1 3 )
0 . 0 7 9 ( 6 )  6 8 ( 1 3 )  1 5 8 ( 1 3 )
o .  o8o (6 )  90  90

0 . 0 9 0 ( 5 )  9 0  9 0
0.101(6)  127(32)  t -43(32)
0 .110 (6 )  r43(32)  s3(32)

0 . 1 1 8  ( s )  9 0  9 0
o.L26(6)  r27  (24)  143(24)
0 .140 (6 )  L43(24)  53(24)

0 . 1 3 5 ( 7 )  3 7 ( 1 3 )  s 3 ( 1 3 )
0 .  r 4 8  ( s )  9 0  9 0
o rs8  (s )  !21  (73)  37  (13)

dominant structural feature is the zigzag chain of
M(l) and M(2) oclahedra parallel to c. M(l) octa-
hedra, which possess I symmetry, share six oxygen-
oxygen edges with adjacent polyhedra: two edges are
shared with M(l) octahedra, two with M(2) octa-
hedra, and two with Si tetrahedra. M(2) octahedra
possess m symmetry and share a triangle of edges:
two edges are shared with M(l) octahedra and one is
shared with a Si tetrahedron. Si tetrahedra, one of
which is shown in Figure l, l ink octahedral chains in
adjacent layers along a.

For the olivines considered in this study, M(l) and
M(2) octahedra have been assigned the following
cation occupancies respectively: hortonolite-
Mgo.ruFeo.rru, Mgo.rouFso ,eu (Brown and Prewitt,
1973); monticell i te-Mgo.rsFeo.oz, C&r.ooi glauco-
chroite-Mno ,uMgo.roZno ou, Ca".rrMno o, (Brown,
1970). The reader is referred to Birle et al. (1968) and
Brown (1970) for a more detailed discussion of the

crystal structures and phase relations in the olivine
group of minerals.

Polyhedral expansions

Si tetrahedra

The mean Si-O distances in the three olivines re-

fined in this study remain relatively constant with

heating. The largest change with temperature is ob-

served in glaucochroite (Table 7) where the mean

distance decreases from 1.640 to 1.629 A over the

temperature range 25" - 800oC. This decrease in the

Si-O distance may not be realistic, however, since

corrections have not been made for the increased

thermal motion at high temperatures. The mean dis-

tances in forsterite, hortonolite, and fayalite show a

similar response with temperature.
The mean oxygen-oxygen distance in the Ni-oli-

vine tetrahedron remains essentially constant with
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Table 7. Interatomic distances (A) in Ni-ol ivine, monticel l i te, and glaucochroite
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Tet rahedron Tet rahedron

t l l  s i - 0 ( 1 )
[1 ]  s i -o (2)
I 2  l  S i - 0 ( 3 )

25"C

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

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

1. Ni-o1ivine

3 0 0 ' c  6 0 0 ' c

2 . 1 1 0  2

2 . 9 7 0

Mont ice l l i te

6 1 5 ' C  7 9 5 " C25"C

1 .  6 3 8

2 . 6 6 5 2 . 6 6 6

2 . 0 6 7  ( s )
2 . 0 7 r  ( 5 )
2 . r 2 3  ( s )

2 . 0 8 7

2 . 9 3 0  2 . 9 4 2

s  i -o  (1 )
s i -0  (2 )
s i -o  (3 )

<s i -o>

o ( 1 ) - o ( 2 )
0 ( 1 ) - 0 ( 3 )
0 ( 2 ) - 0 ( 3 ) 1
o  (3 )  -o  (3 )  1

<o-o>

Octahedron

M  ( 1 )  - o  ( 1 )
M ( 1 ) - 0 ( 2 )
M ( 1 ) - 0 ( 3 )

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

2 . 6 6 8

2 . O 8 9 ( 4 ' )
2  . 0 8 8  ( 4 )
2 . 7 4 2 ( 4 )

o ( 1 ) - o ( 2 )
o ( 1 ) - o ( 3 )
o ( 2 ) - o ( 3 ) f
o ( 3 ) - o ( 3 ) r

<o-o>

)  0ctahedron

l { ( 1 )  - o  ( 1 )
M ( 1 )  - o  ( 2  )
M  ( 1 )  - 0  ( 3 )

2  7 6 8 ( 6 )
2 . 7  4 4 ( 5 )
2 . 5 s 6 ( 6 )
2 676(9)

2 . r 2 9

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

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

2 . 6 5 5

2.230 (4 )
2 .  100 (3 )
2 .744(4)

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

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

2 . 6 6 4  2 . 6 5 6

2.1 ,86(3)  2  .204(3)
2 .  0 8 9  ( 3 )  2  .  0 9 0  ( 3 )
2 . 1 1 3 ( 3 )  2 . 1 3 1 ( 3 )

o ( 1 ) - o ( 3 ) r J
0 ( 1 ) - 0 ( 3  '  )
o ( 1 ) - 0 ( 2 ) r f
o ( 1 ) - o ( 2  '  )
0 ( 2 ) - o ( 3  '  )
0 ( 2 ) - 0 ( 3 ) r

M ( 2 ) - o ( 1 )
M ( 2 ) - o ( 2 )
M ( 2 ) - 0 ( 3 )
M ( 2 ) - o ( 3 " )

<M (2 )  -o>

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

3  . 0 0 9  ( 6 )
2  8 s 0 ( 6 )
3 . 1 8 4  ( 6 )
2 .9 r3(7)
2 .  s 8 8  ( 1 1 )
3 . 0 0 2  ( 5 )
3 .  3 8 3  ( 1 1 )

0 ( 1 ) - o ( 3 ) i 1
o ( 1 ) - o ( 3 ' |  )
o ( 1 ) - o ( 2 )
o ( 1 ) - o ( 2 ' )
o ( 2 ) - 0 ( 3 i )
o ( 2 ) - o ( 3 ) r

2 . 8 0 6 ( s )  2 . 8 2 4 ( 8 )  2 . 8 3 s ( 7 )
3 . O 9 2 ( 6 )  3 . 0 9 6 ( 8 )  3 . 1 1 0 ( 7 )
2 .838(1)  2 .849(L0)  2 .870(9)
2 . 9 9 2 ( 6 )  3 . 0 0 1 ( 8 )  3 . 0 1 2 ( 7 )
3  . 2 9 7  ( 7  )  3  . 3 2 2  ( 8 )  3  , 3 4 7  ( 7  )
2 . s 5 6 ( 6 )  2 . 5 6 0 ( 8 )  2 . 5 6 0 ( 7 )

2 . 9 5 6

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

3 . 0 1 8 3 . 0 3 1

2 . 3 6 8 2 , 3 8 5  2 . 3 9 3

z : 9 i 9 ( 5 )  2  9 8 s ( s )  3 . 0 0 2 ( 6 )
3 . 1 s 0 ( 5 )  3 . 1 7 0 ( 6 )  3 . 1 8 2 ( 6 )
2 .842(6)  2 .859(1)  2 ,869(7)
3 . 2 1 9 ( s )  3 . 2 3 s ( s )  3 . 2 4 5 ( 6 )
3 . 3 5 9 ( s )  3 . 3 7 6 ( 5 )  3 . 3 8 9 ( 6 )
2 . 5 5 6  ( 5 )  2  . 5 5 9  ( 6 )  2  . 5 5 4  ( v  t

3 . 0 4 0

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

3 , 3 2 9

M ( 2 )  O c t a h e d r o n M(2)  oc tahedron

l r l  u ( 2 ) - o ( 1 )
[ 1 ]  M ( 2 ) - o ( 2 )
[ 2 ]  M ( 2 ) - o ( 3 )
t 2 t  M ( 2 ) - 0 ( 3 " )

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

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

o ( 1 ) - o ( 3 '  ' )  2 . 9 6 9 ( 7 )
o ( 1 ) - o ( 3 ) r r  2 . 8 0 6 ( s )
o(2) -o (3)  3 .146(6)
o ( 2 ) - o 1 3 t  '  t ;  2 . 8 9 s ( 7 )
0 ( 3 ) - o ( 3 ' ) r  2 . 5 9 0 ( 1 1 )
0 ( 3 ) - 0 ( 3 " )  2 . e 6 6 ( s )
0 ( 3 " ) - o ( 3 " ' )  3 . 3 2 3 ( L L )

2 . 9 5 6

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

o ( 1 ) - o ( 3 '  ' )  3 . 6 0 7 ( 6 )
o ( 1 ) - o ( 3 ) r +  2 . 9 6 1 ( 5 )
o ( 2 ) - o ( 3 )  3 . 6 0 e ( 6 )
o ( 2 ) - o ( 3 " ' )  3 . 1 4 8 ( s )
o ( 3 ) - o ( 3 ' ) +  2 . 6 1 6 ( e )
o ( 3 ) - o ( 3 , , )  3 . 3 8 1 ( 5 )
o ( 3 '  |  ) - o ( 3 !  |  '  )  3 . 7 6 7  ( 9 )

3 .  3 1 6

*The numbers in brackets
t0-O edge shared between

ItO-0 edge shared be! i leen

refet to the nult ip l ic i ty of the bond.
aD octahedron and tetrahedron.
tvo octahedra.

increasing temperature (Table 7). In monticell i te and
glaucochroite there is a small decrease, which primar-
i ly reflects a decrease in the length of the unshared
edges O( l ) -O(2)  and O( l ) -O(3) .  These t rends are
similar to these observed in forsterite and hortonolite
over similar temperature ranges.

M( l )and M(2)octahedra

The mean interatomic distances in the M(l) and
M(2) octahedra (Table 7) for six olivines are plotted
versus temperature in Figures 2 and 3 respectively.
The thermal expansion coefficients of the mean
M(l)-O distances (Table 9) can be ranked as follows:
Mg-O (forsterite)a - Mg-O (monticell i te) - Mn-O

a Although the forsterite data are best fitted by a second-degree
polynomial ,  a s imple l inear regression has been used for  com-
parat lve purposes.

- Ni-O ) Fe-O - (Mg,Fe)-O. The thermal-expan-
sion coefficients for the mean M(2)-O distances are
more closely grouped, with hortonolite possessing the
smaller value and forsterite the larger. In general,
mean Mg-O distances seem to exhibit the greatest
thermal expansions, whereas the mean distances in
the Fe-containing olivines exhibit the smallest expan-
sions. This is in agreement with the results of the
pyroxene high-temperature studies (Camercn et al.,
t973).

Thermal expansions ofthe oxygen-oxygen edges in
the octahedra generally decrease in the order un-
shared ) shared with octahedra )) shared with tet-
rahedra. In both M(l) and M(2), O-M-O angles
opposite edges shared with Si tetrahedra show signifi-
cant decreases with temperature. Concomitant in-
creases occur in the angles associated with the oppo-
site unshared edges.
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[ 2 ]  o ( 1 ) - 0 ( 3 " )  3 . 5 2 2 ( 6 )  3 . s 3 2 ( 6 )
[ 2 ]  o ( 1 ) - 0 ( 3 ) + +  3 . 0 3 2 ( 8 )  3 . 0 4 8 ( 8 )
t 2 l  o ( 2 ) - o ( 3 )  3 . 6 0 0 ( 6 )  3 . 6 1 e ( 6 )
t 2 l  o ( 2 ) - o ( 3 '  '  ' i )  3 . 1 6 s ( 7 )  3 . 1 6 9 ( 7 )
t 1 l  o ( 3 ) - o ( 3 '  ) +  2 . 6 0 4 ( 7 )  2 , 6 0 2 ( 8 )
[ 2 ]  o ( 3 ) - o ( 3 " )  3 . 3 4 0 ( s )  3 . 3 4 5 ( 5 )
t 1 l  o ( 3 , , ) - o ( 3 ,  | , )  3 . 8 8 4 ( 7 )  3 . 9 0 2 ( 8 )

Table 8 Interatomic angles (o )  in Ni-o l iv ine,  mont icel l i te,  and
glaucochroi te

2 5 ' C

Ni-0l iv ine

3 0 0 ' c  6 0 0 ' c

Tet rahedron

* [ 1 ]  o ( 1 ) - s r - o ( 2 )
t 2 l  o ( 1 ) - s i - o ( 3 )
[ 2 ]  o ( 2 ) - s i - o ( 3 ) +
[ 1 ]  o ( 3 ) - s i - o ( 3 ' ) r

M ( 1 )  o c t a h e d r o n

[ 2 ]  o ( 1 ) - M ( 1 ) - 0 ( 3 ) + +
[ 2 ]  o ( 1 ) - r { ( 1 ) - 0 ( 3 ' )
[ 2 ]  o ( 1 ) - M ( 1 ) - 0 ( 2 ) r i
[ 2 ]  o ( 1 ) - M ( 1 ) - o ( 2 i )
[ 2 ]  o ( 2 ) - M ( 1 ) - o ( 3 ' )
t 2 l  o ( 2 ) - M ( 1 ) - o ( 3 ) i

M ( 2 )  O c t a h e d r o n

t 2 l  o ( 1 ) - M ( 2 ) - o ( 3 '  ' )

[ 2 ]  o ( 1 ) - M ( 2 ) - o ( 3 ) i f
[ 2 ]  o ( 2 ) - M ( 2 ) - o ( 3 )
[ 2 ]  o ( 2 ) - M ( 2 ) - o ( 3 " ' )
[ 1 ]  0 ( 3 ) - M ( 2 ) - o ( 3 ' , ) f
t 2 l  o ( 3 ) - M ( 2 ) - o ( 3 " )
[ 1 ]  o ( 3 '  t ) - M ( 2 ) - o ( 3 "  !  )

25"C

Mont ice l l lEe

3 3 5 ' C  6 1 5 ' C 7 9 5 ' C

Tet rahedron

[ 1 ]  o ( 1 ) - s i - o ( 2 )
[ 2 ]  o ( 1 ) - s i - o ( 3 )
[ 2 ]  0 ( 2 ) - s i - o ( 3 ) +
l r l  o ( 3 ) - s i - o ( 3 ' | )  i

M ( 1 )  o c t a h e d r o n

[ 2 ]  o ( 1 ) - M ( 1 ) - o ( 3 ) r r
[ 2 ]  o ( r ) - M ( 1 ) - o ( 3 ' )
[ 2 ]  o ( 1 ) - M ( r ) - o ( 2 ) r  r
t 2 l  o ( 1 ) - M ( 1 ) - o ( 2 ' )
t 2 l  o ( 2 ) - 1 { ( 1 ) - o ( 3 ' )
[ 2 ]  o ( 2 ) - M ( 1 ) - 0 ( 3 ) f

M f 2 \  n . r r h a i r ^ n

Table 7.  Cont inued,

25"C

I I I  G laucochro i te

300"c  600 'c  900"c

Tet rahedron

i r l  s i - o ( 1 )
[ 1 ]  s i - o ( 2 )
t2 l  s i -o (3)

<s i -0>

[ 1 ]  o ( 1 ) - o ( 2 )
[ 2 ]  o ( 1 ) - o ( 3 )
1 2 1  o ( 2 ) - 0 ( 3 ) f
[ 1 ]  o ( 3 ) - o ( 3 ) +

<o-0>

M(1)  OcEahedron

t 2 l  M ( r ) - 0 ( 1 )
t 2 l  M ( 1 ) - 0 ( 2 )
[ 2 ]  M ( 1 ) - o ( 3 )

<u(1) -o>

[ 2 ]  0 ( 1 ) - o ( 3 ) r r
[ 2 ]  0 ( 1 ) - o ( 3 ' )
[ 2 ]  0 ( 1 ) - o ( 2 )
t 2 l  o ( 1 ) - o ( 2 !  )
[ 2 ]  0 ( 2 ) - o ( 3 '  )
t 2 l  o ( 2 ) - o ( 3 ) r

<o-o>

M(2)  oc tahedron

t r l  M ( 2 ) - 0 ( 1 )
[1 ]  r .1 (2) -o (2)
t 2 l  u ( 2 ) - 0 ( 3 )
[ 2 ]  M ( 2 ) - 0 ( 3 '  '  )

<M (2 ) -o>

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

1 . 6 4 0  1 . 6 3 3

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

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

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

2 . 3 8 6 2 . 3 9 4

r 1 4 . 4 8  ( 3 4 )  1 1 3 . 6 9  ( 4 3 )

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

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

1 0 4 . 4 3 ( 2 7 )  r 0 4 . 7 7 ( 2 4 )
7 5 . 5 1 ( 2 r )  7 5  2 3 ( 2 4 )

9 1 .  r 2  ( 1 3 )  9 1 .  1 6  ( 1 7 )

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

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

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

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

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

14.82(21,) 74.63(79)

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

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

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

2 . 6 5 9  2 . 6 5 2

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

2 . 2 2 6  2 , 2 3 8

3 . 0 6 1  ( 1 0 )  3 . 0 9 5  ( 1 1 )

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

2 . s 7 4 ( 7 )  2 . 5 8 3 ( 7 )

2.2s1 (5 )  2  .259 (5 )
2  .760 (4 )  2 .169 (s )
2 . 2 1  8  ( 4 )  2 . 2 2 9  ( 4 )

2 . 2 1 0  2 . 2 7 9

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

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

LI5.45(24) L15 10(23)
r 1 4 . 9 6 ( r 6 )  i , r 4 . 4 7  ( 7 4 )
1 0 1 .  3 8  ( 1 7 )  1 0 2  .  3 9  ( 1 5 )
a 0 6 . 0 4 ( 2 9 )  1 0 5 . 8 9 ( 2 6 )

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

1 o 5 .  o s  ( 1 6 )  1 0 5  . 4 6  ( 1 4 )
7 4 . 9 5 ( L 6 \  1  4 . 5 4 ( r 4 )

775.54(27) r15.29(29)
1 , 7 4  4 9 ( 7 1 t  1 r 4 . 4 3 ( 1 8 )
r 0 2 . 3 6 ( r 7 )  7 0 2 . 4 2 ( 7 8 )
1 0 6 .  1 1  ( 3 1 )  7 0 6  . 2 9  ( 3 3 )

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

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

2 , 3 6 6

3.  544 (8 )  3  .  ss6  (8 )
3 . 0 6 1  ( 1 0 )  3 . 0 9 5  ( 1 1 )
3 . 6 2 9  ( 8 )  3 . 6 3 0  ( 8 )
3 . 2 7 2 ( 9 )  3 . 2 1 s ( r 0 )
2 .  5 8 8  ( 1 1 )  2 .  s 8 3  ( 1 1 )
3 . 3 4 6  ( 6 )  3 .  3 5 7  ( 6 )
3 . 9 4 4 ( L r )  3 . 9 6 0 ( 1 2 )

< 0 - 0 >  3 . 3 1 7 3 .  3 2 8 3 . 3 5 4

Fig. l. A drawing of a portion of the olivine structure projected

on (100). Bold-face lines indicate oxygen-oxygen edges which are

shared between adjacent polyhedra. The M(l) cation labelled is

located at  x :  050,1,  :  0.50,  and z :  0.50.

2 5 ' C

Glaucochro i  Ee

300 'c  600"c

1 1 4 . 7 1 ( 3 5 )  1 1 3 . 9 4 ( 3 6 )
1 r 4 . 3 0 ( 2 1 )  r l 4  2 r ( 2 2 )
ra3.28(22) lO3 65(22)
r o 5  .  6 6  ( 3 0 )  1 0 6  . 0 1  ( 3 1 )

8 5 . 4 6 ( 1 8 )  8 s  s 6 ( 1 9 )
9 4 . 5 4 ( 1 8 )  9 4 . 4 4 ( 1 , 9 )
8 4 . 2 3  ( 1 8 )  8 4  3 7  ( t - 9 )

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

7  2 . 2 8  ( r 7 )  7  L . 6 6  ( r 7  )

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

8 6 . 6 8  ( 1 3 )  8 6  . 7 o  ( 1 3 )

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

I1,4.77(27) 1L5.42(22)

*The numbers  in  b rackets  re fe r  !o  Ehe nu l t iP l l c i t y  o f  the  ang le '

tAng le  oppos i te  O-O edge shared be tween an  oc lahedron and Eet rahedron '

L+Ang le  oppos i te  O-O edge shared be lueen tvo  oc tahedra '

I 2 l o ( r ) - M ( 2 ) - o ( 3 " )  9 7 . 9 8 ( L 2 )
[ 2 ]  o ( 1 ) - M ( 2 ) - o ( 3 ) + +  7 4 . 3 6 ( 1 1 )
[ 2 ]  o ( 2 ) - M ( 2 ) - - o ( 3 )  9 9 . 4 2 ( r 3 >
t 2 l  o ( 2 ) - M ( 2 ) - o ( 3 i  ' i  ' | )  8 6 . 2 0 ( 1 1 )
f 1 l  o ( 3 ) - M ( 2 ) - o ( 3 ' ) f  6 s . 6 0 ( 2 o )
t 2 l  o ( 3 ) - M ( 2 ) - o ( 3 " )  9 1 . 8 2 ( 9 )
[ 1 ]  o ( 3 " ) - M ( 2 ) - 0 ( 3 "  ' )  1 1 0 . s 3 ( 1 9 )

e 7 . 6 7  ( 1 1 , )  9 7  . 3 9 ( 1 , 2 )  e 7 . 0 7  ( L 2 )

7 4 . 5 5 ( 1 1 )  7 4 . 4 9 ( 7 3 )  7 4 . 5 2 ( t - 3 )
9 9  .  2 5  ( 1 1 )  9 9 . 4 1  ( r 3 )  9 9  . 5 0  ( 1 3 )

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

r r 1 . 7 7 ( a t \  a a 2 . \ 2 ( 2 1 )  r r 2 . 6 6 ( 2 2 )

TeErahedron

[ 1 ]  o ( 1 ) - s i - o ( 2 )
t 2 l  o ( 1 ) - s i - o ( 3 )
[ 2 ]  o ( 2 ) - s i - o ( 3 ) +

[ 1 ]  o ( 3 ) - s i - o ( 3 ' ) r

M(1) Octahedron

t 2 l  o ( 1 ) - M ( 1 ) - o ( 3 ) + t
[ 2 ]  o ( 1 ) - M ( 1 ) - 0 ( 3 ' )
l 2 l  o ( 1 ) - M ( 1 ) - o ( 2 ) f t
[ 2 ]  o ( 1 ) - M ( 1 ) - o ( 2 ' )
[ 2 ]  o ( 2 ) - M ( 1 ) - o ( 3 ' )
I 2 l  o ( 2 ) - M ( 1 ) - o ( 3 ) r

M ( 2 )  O c t a h e d r o n

t 2 l  o ( 1 ) - M ( 2 ) - o ( 3 " )
[ 2 ]  o ( 1 ) - M ( 2 ) - o ( 3 ) t +
[ 2 ]  o ( 2 ) - M ( 2 ) - o ( 3 )
[ 2 ]  o ( 2 ) - M ( 2 ) - o ( 3 " ' )
[ 1 ]  o ( 3 ) - H ( 2 ) - o ( 3 ' ) i
t 2 l  o ( 3 ) - M ( 2 ) - o ( 3 ' i )

[ 1 ]  o ( 3 " ) - M ( 2 ) - o ( 3 " ' )

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

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

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

9 4 . 7 9 ( \ 1 )  9 4  4 1  ( 1 8 )
7 1 . O 7  ( 2 O )  7 7 . 4 6 ( 2 r )
9 9  . 5 7  ( 2 3 )  e 9  . 4 4  ( 2 4 )

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

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



LAGER AND MEAGHER,' STRUCTURAL STUDY OF OLIVINES J I J

A
o
(\l

=
V

s
A
o
=
v

200 ,100 600 800 t000

T.C

Fig 2 Plot of the mean M(l)-O distances versus temperature
for  Ni-o l iv ine (Ni) ,  forster i te (Fo),  hortonol i te (Ho),  fayal i te (Fa),
mont icel l i te (Mo),  and glaucochroi te (Gl  ) .  Error  bars refer  to one
est imated standard deviat ion.

M (2) cation displ acement

With increasing temperature, the M(2) cation is
displaced from the centroid of the octahedron in a
direction away from the triangle of shared edges (Fig.
I ). Cation displacements with temperature have also

T.C
Fig. 3. Plot of the mean M(2)-O distances versus temperature

for  s ix o l iv ines.  Unless otherwise stated,  the abbreviat ions in th is
and subsequent f igures are the same as those in Fig.  2.

been noted inthe M(2) polyhedron in pyroxenes and
the M(4) pofyhedron in amphiboles (Camercn et al.,
1973; Sueno et al., 1973). In this study, the rate of
change of displacement with temperature decreases in
the order  Mo -  Fo -  Gl  > Ni  > Fa -  Ho (Fig.  4
and Table l0) .

Tab le9 .  L i nea r t he rma l  expans ioncoe f f i c i en t s ( "C  1X  l f f ) o fmeanM-Od i s tancesandun i t - ce l l  pa rame te rs i ns i xo l i v i nes

r -"'4-z=vi^"

l-'-t'

0I iv ine <M(1 ) -o> <l.r(2 ) -0>

NL-0Iivine
Fors te r i te
I lo r tono l i  te
Faya l i te
Mont i  ce1  1 i  te
Glaucochro l te

r . 5  4  ( 2 )  *
I .93(24)*x
r . 1 7  ( 2 )
1 . 2 6 ( 1 3 )
1 . 7 4 ( s )
1 .  s4  (20)

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

1 . 1 u ( 5 )
0 . 8 7 ( 1 1 ) * *
0 .  6 1  ( 1 )
0 . 9 9 ( s )
1 . o r ( 8 )
0 . 8 i ( 1 1 )

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

1 . 1 1  ( 3 )
1 . 3 3 ( 2 ) * *
0 . 9  7  ( r 0 )
1 .  1 9  ( 9 )
t . 1 3 ( 4 )
1 . 4 s ( 8 )

*  The va lue  o f  r '  fo r  the  reeress ions
**  Data  f l t  to  s imp le  l inear  equat lon

r anged  f r om 0 .95  t o  0 .99 .
for  comparat ive purposes.
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Fig. 5 Plot of the room temperature displacement of the M(2)

cation from the centroid of the octahedron versus M(2) calion

radius for seven olivine st.ructures. The abbreviation Ca refers to 7-
CarSiOn (Brown, 1970).  Cat ion radi i  are f rom Shannon and Pre-

w i t t  ( 1969 )

This, coupled with an increased M(2)-O distance,
results in a shift of the M(2) cation away from the

shared edge and the centroid of coordinating oxy-
gens.

Thermal parameters

For a given sttucture, the rate of increase in B is
greater for the M cations than Si cations (Table 4).

Tab le  10 .  Magn i t ude (A )  and  ra teo f  i nc rease (A / "C  x  l 0 ' ) o f  t he

displacement of the M(2) ca.tion.with increasing temperature for

stx o l tv lnes

0I  i v ine Dis placemen t Ol iv ine  D isp lacenent

A

0 . 2 6 4
o . 2 6 7
0 . 2 6 9

T " C

Fig. 4. Plot of the displacement of the M(2) cation from the

centroid of the octahedron versus temperature for six olivines.

Figure 5 indicates that in the room-temperature

structures the magnitude of displacement increases

with increasing cation radius. The room-temperature
position of the cation in the M(4) site in amphibole

and the M(2) site in pyroxene is also related to the

radius of the cation (Papike et al., 1969; Takeda,

1972). The displacement at room temperature as a

function of M(2) cation radius may be explained
qualitatively as resulting from the asymmetric distri-

bution of sharqd edges about the M(2) octahedron.

For example, increasing the effective radius of the

M(2) cation from Ni2+ (0.70 A; Shannon and Prewitt,

1969) in NirSiOn to Ca2+ (1.00 A) in Ca,SiOr results

in an insignificant increase in the shared edge O(3)-

O(3'), whereas the opposite unshared edge O(3")-

O(3" ' )  increases f rom 3.304 to 4.1 l6 A (Brown,  1970).

l l i -Ol lv lne A

2 5 '  0 . 2 0 6
300 '  o .2 r2
600 "  o .2 r7
9 0 0 "  0 . 2 2 2

H o r t o n o l  1 t  e

3 7  5 "
7 ro "

0 . 8 1  ( 1 8 )

F a y a I i  t e

20 '  0 .293
300 '  0 .295
700" 0.299
9 0 0 '  0 . 3 0 1

o . 9 s ( 1 9 )

G l a u c o c h  r o i t e

25" 0.  304
300 '  0 .  312
6 0 0 "  0 . 3 1 6
8 0 0 "  0 . 3 2 1

2 . r4  ( 3 r )

da/dr

F o r s t e r l t e

25"
350  "
675"

1000'

d A/dr

Mont icel l i te

25"
J J f

6 1 5 '
1  95"

dA/dr

1 . 7 9 ( 1 3 )

o . 2 4 4
o . 2 5 L
0 . 2 5 8
o . 2 6 8

2 .  44  ( r 9 )

0 .  304
0 . 3 1 3
0  . 3 r7
o . 3 2 3

2 . 3 s  ( 2 3 )

x The

1 9 7 0 )

Co

GI

11"i13:"x";.! ir ' l :  
ott ') cation in v-ca'sio4 (Brown'
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600 8O0 l0O0

T 'C
Fig. 6. Plot of the 4 cell edge versus temperature for six olivines.

The anisotropic thermal vibration ell ipsoids for
M(l), M(2), and Si atoms in Ni-olivine, monticell i te,
and glaucochroite are generally triaxial. With heat-
ing, they increase in size but maintain approximately
the same shape. Brown and Prewitt (1973) suggested
that the shape of the thermal ell ipsoid for Ihe M(2)
cation in hortonolite at high temperatures was, in
part, relatgd to the effects of positional disorder. As
discussed in the previous section, the temperature
dependence of the cation position in the M(2) octahe-
dron varies from structure to structure. For example,
the Mg'z+ cation (forsterite) exhibits a much larger
rate of displacement with temperature than the Fe'+
cation (fayalite). Because the displacement is primar-
i ly along fb, one would expect the Mg2+ and Fe2+
cations in hortonolite to occupy increasingly different
mean positions along b with increasing temperature
relative to their positions at room temperature. This
wil l tend to increase the magnitude of the apparent
thermal ell ipsoid parallel to b. Brown and Prewitt
(1973) noted a decrease in the anisotropy ofthe ther-
mal ell ipsoid for M(2) as a function of temperature,
which was primarily due to an increase in the magni-
tude of the ell ipsoid axis parallel to b. The effects of
positional disorder on the shapes of the thermal ell ip-

b (A)

T " C
Fig. 7. Plot of the b cell edge versus temperature for six olivines.

t-'t-"'--t-'"

-r'/ ,-''
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T " C

Fig. 8. Plot ofthe c cell edge versus temperature for six olivines

soids in pyroxenes and amphiboles have been dis-
cussed by Cameron et al. (1973).

The thermal ell ipsoids for the oxygen atoms in all
structures are triaxial and do not vary appreciably in
orientation with increasing temperature. In general,
the shortest axes ofthe ell ipsoids are oriented parallel
to the associated Si-O bond.

Unit cell expansions

With the possible exception of forsterite, unit-cell
parameters exhibit a simple l inear relationship with
temperature (Figs. 6, 7, and 8; Table l l). A com-
parison of l inear thermal expansion coemcients
(Table 9) indicates the following relationships: (1) a,
- do - a" for Ni-olivine, (2) a" increases relative to
a6 in the (Mg,Fe) olivines with increasing Fe content,
and (3) at" ) tx6, ao for the Ca-olivines.

M( I ) octahedra and Si tetrahedra share two O(2)-
O(3) edges oriented with their largest vector com-
ponent parallel to b. Because the length ofthese edges
remains essentially constant with temperature, the
smal lest  expansion in  M( l )  is  para l le l  to  b.  As a
result, b cell-edge expansion in olivines is controlled
primarif y by expansions in M(2) octahedra. The rela-
tionship of polyhedral expansion to a and c cell-edge
expansion is more diff icult to rationalize.

Structural control of olivine melting

Hazen (1977) has observed that structural parame-
ters (i.e. unit-cell edges and mean M-O distanges) of
forsterite, hortonolite, and fayalite are very similar at
the melting point of each olivine. On this basis, he has
suggested that the breakdown of olivine to a melt
may be related to the structural misfit between octa-

Table I  L Uni t -cel l  d imensions (A) and volumes (As) for  Ni-o l iv ine,  mont icel l i te,  and glaucochroi te

v( i3)c ( A )b  (A)a(A)T " C0Ilvine

I'li-Olivine

Mont lce l l i te

4 . 7 2 6 ( r )
4 .7  44 (L )
4 . 7 6 0  ( 3 )
4 . 7 7 5  ( L >

4 . 8 2 s  ( 1 )
4 .  834  (  1 )
4 .848 (2 )
4 . 8 s 7 ( 3 )

4 .  9 1 3  (  1 )
4  . e24  ( r )
4 . 9 3 7  ( 2 )
4 .e53 (2 )

1 0 . 1 1 8 ( 2 )
1 0 . 1 5 1 ( 2 )
ro.L79 (4)
Lo .2L6 (2 )

1 1 . 1 1 1 ( 1 )
rL.L47 (2)
1 1 . 1 7 6  ( 6 )
1 1 . 1 9 9  ( 6 )

1 1 . 1 5 r  ( 2 )
11 .  178  (2  )
L r . 212  (4 )
rL .237  (5 )

s . 9 1 3 ( 1 )
5 .913 (z )
s . 9 5 1  ( 3 )
5 . 9 7 1 ( 3 )

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

6 .488  ( r )
6 . s 0 4  ( 6 )
6 . s 3 2  ( 8 )
6 .  s4  3  ( 10 )

2 8 2 . 8 (  1 )
28s .7  ( r )
2 8 8 . 3 ( 3 )
2 9 r , 3 ( 2 )

342 .2  ( r )
34s  .4  (L )
348.7  (4 )
3 5 r . 1 ( 4 )

3 s s . 4  ( 1  )
3s8 .0  (3 )
36r . .6  (s  )
364 .2  (6 )

25
300
600
900

2 5
300
600
800

25
335
615
795

Glaucochro i te



hedra and tetrahedra. Octahedra expand with heating
to a crit ical l imit governed by the size of the smaller,
rigid tetrahedra. Beyond this l imit, structural weak-
nesses develop as a result of shared-edge misfit and
melting occurs. Because the dimensions of the tetra-
hedra remain .essentially constant as a function of
both composition (Brown, 1970) and temperature,
the sizes of the octahedra at melting are predicted to
be the same in all olivines.

Linear extrapolation of unit-cell expansion data to
the melting points of NirSiOn and CorSiOn (Pistorius,
1963) results in cell volumes of 299 A3 and 310 A3,
respectively, which are significantly less than that
calculated for Mg-Fe olivines (-319 A3). The ap-
proximate volumes of M(l) and M(2) octahedra in
NirSiO,  at  mel t ing are 12.3 A3 (M( l ) -O) = 2.13 A)
and 12.7 A3 ((M(2)-O) : 2.15 A), respectively (com-
pared to volumes of  -13 A3 and -14 As for  Mg-Fe
olivines). Apparently other factors, in addition to
shared-edge misfit, account for the instabil ity of
Nirsio4.

The approximate volumes of M( I ) and M(2) octa-
hedra in monticell i te and glaucochroite at melting are
13.2 A3 and 17.4 A3 and 14.2 AB and 17.2 A3, respec-
tively. In view of the size of the larger M(2) octahe-
dron, it is interesting to note the similarity between
the extrapolated volume of M(1) in monticell i te and
the Mg-Fe olivines at melting. This similarity may be
coincidental and, in any case, is not consistent with
the M(l) octahedral volume in NizSiOn at melting. A
proper evaluation of these relations is precluded by
current understanding of the nature of chemical
bonding in  o l iv ines.
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