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Effects of temperature and pressure on the crystal structure of ferromagnesian olivine

Rossnr M. HnzrNr

Department of Geological Sciences, Haruard Uniuersity
C amb ridge, M as s achus e tts 0 2 I 3 8

Abstract

Crystal structures of fayalite at - I 96o and 23"C, and at pressures of 3 | and 42 kbar, have
been refined from three-dimensional X-ray diffraction data. Fayalite component polyhedra
respond to temperature and pressure in a manner similar to that of forsterite: octahedra
possess thermal expansivit ies and compressibil i t ies comparable to those of bulk fayalite,
whereas SiOn tetrahedra vary little with changes in temperature and pressure. In fayalite, all
Fe-O bonds expand at similar rates, unlike forsterite in which short Mg-O bond distances
vary significantly less with temperature and pressure than long bonds.

Crystal-structure dimensions of forsterite, intermediate Mg-Fe olivine, and fayalite pro-
jected to their respective melting points are identical. Shared-edge misfit between'expanding
octahedra and rigid tetrahedra may account, in part, for olivine instabil ity at its melting point.
Mantle olivine from a depth of 100 km is predicted to have a structure which is similar to that
of forsterite at I atm and 600'C. An equation oi state for ferromagnesian olivines is:

v : (290 + 0.t7xF" + 0.006r + 0.000006r,)[ - p/(1350 - 0.16D] A3,

where V is the unit-cell volume, XFe the octahedral mole fraction of iron, Zthe temperature in
oC, and P the pressure in kbar.

Introduction

A previous study (Hazen, 1976a) presented infor-
mation on the variation of the crystal structure of
magnesian olivine (forsterite) with temperature and
pressure. This report gives similar data, including
atomic coordinates and thermal vibration parame-
ters, for the ferrous iron olivine, fayalite. The princi-
pal objective of this study is to define systematic
variations in the crystal structure of ferromagnesian
olivines with changes in temperature, pressure, and
Fe/Mg ratio. These systematic variations will then be
used to predict the structure and stability ofolivine as
a function of temperature, pressure, and composi-
tion.

Experimental

Specimen description

Dr. T. Usselman (Smyth and Usselman, 1974) has
synthesized crystals of fayalite (FerSiOo), and has

I Present address: Geophysical Laboratory, 2801
N.W , Washington, D.C. 20008

kindly provided specimens of this material for study.
Indices of refraction in white light are a : 1.828,0 :
1.869, and 7 :  1.880 (al l  +0.002),  which agree with
those determined by Heinriques (1957). Crystals are
transparent with a brownish-green color, and are op-
tically free of fractures. An irregular crystal 200 X
250 X 250 pm was selected, mounted, and examined
by X-ray photography. Fayalite was confirmed to
have diffraction symmetry consistent with space
group Pbnm.

Data collection at 23" qnd -l96oC

Procedures for data collection from single crystals
at room temperature and liquid-nitrogen temperature
are as described by Hazen (1976b). Cell dimensions
determined from four-circle diffractometer orienta-
tion data are given in Table l. An independent deter-
mination by Smyth (1975) gave nearly identical re-
sults. I 137 symmetrically independent diffraction
intensities were measured at room temperature
(23"C), and these data were corrected for absorption
effects using a linear absorption coefficient of 99.2

Upton Street,
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N o .  o f  N o .  o f  N o ,  o f

M e a s u r e m e n t s  o b s e r v e d  R e i e c t e d t

Fayal i  te

2 3  1  a t m  S t a n d a r d  m o u n t  4 . a L A \ 2 1  I O . 4 7 O ( 4 \
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2 3  3 1  k b  4 . 8 0 2  ( 8 )  1 0 . 2 6  ( 3 )

6 .  0 s 6  (  2 )  3 0 7 .  O  (  3 )
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6 . 0 4 9 ( 6 )  2 9 6 . 4 ( 4 )
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7 . 0 +  1 0 , 9 +
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4 - /  L 3 . 7 ' ,
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599 272
965 254
979 246
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6 0 0  '  4 . 8 2 2 ( 5 )  1 0 . 4 6 ( 1 )  6 . 1 0 1 ( 6 )
9 O o  '  4 . 8 3 8 { s )  1 0 . 4 9 ( 1 )  6 . 1 3 6 ( 6 )

3 0 1 .  I  (  5 )

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

1 1 r  l

6 8 1

r '14

9 0 3

5 1 6
100

' ?  l F o b s  -  l F " 6 1 " l l  >  3 . 0

I  P a r e n t h e s i z e d  f l g u r e s  r e f e r  E o  t h e  e s d  o f  l e a s t  u n i t 6  c i t e d .

+  I s o c r o p i c  t e m p e r a t u r e  f a c L o r s  o n l y .

cm-r, for MoKa radiation. The transmission varied
from 36 to 62 percent, and 568 reflections were ob-
served (I > 2o); all space-group extinct reflections
were absent. Convergence of the least-squares refine-
ment was achieved at a weighted R : 4.9 percent,
though the unweighted R was 8.3 percent, probably
due to the lack of extinction correction. Refinement
condit ions are recorded in Table 1, and atom.para-
meters and anisotropic temperature factors are listed
in Tables 2 and 3 respectively. A similar refinement on
the same material was completed by Smyth (1975),
who kindly provided his prepublished data; Smyth's
parameters of fayalite at 23"C are in close agreement
with those of this study.

The fayalite crystal was remounted on a copper
pin, and unit-cell and atomic parameters were deter-
mined at liquid-nitrogen temperature. Additional
data on fayalite cell parameters from 300' to 900'C
have been provided by Smyth (1975). Previously pub-
lished preliminary data on the high-temperature crys-
tal structures of a manganoan hortonolite from
Franklin, New Jersey (Smyth andHazen,l973; com-
position Mgo rrFel.roMno ,uSiOn) are here presented in
revised form.

Data collection at 3l and 42 kbar

High-pressure X-ray diffraction techniques are sim-
ilar to those of Hazen and Burnham (1974, 1975).
High-pressure diffraction data have been corrected
for diamond pressure-cell absorption as well as speci-
men absorption (Hazen, 1975b).

A fayalite crystal plate with good (010) cleavage,
approximately 250 X 200 X 80 pm, was selected for

preliminary high-pressure study. Since the high X-ray
absorption by both the fayalite and the diamond
pressure cell might introduce severe errors in ob-
served structufe factors, a reference refinement was
made from room-pressure data measured on this
crystal mounted within the diamond cell to test the
effectiveness of our absorption correction pro-
cedures. Unit-cell parameters at23oC and I atm were
measured and agreed well with previous determina-
tions. The average difference between the I I refined
positional variables of the two room 7n and P refine-
ments is 0.004 fractional units.

Unfortunately this crystal was crushed as the dia-
mond cell was tightened, and a second thin rectangu-
lar plate 240 x 180 X 40 pm was mounted, room-
pressure cell parameters were confirmed, and the
pressure cell was tightened again. Cell dimensions of
a :  4 .801 +  0 .004,  b :  10 .22  +  0 .01  andc :  6 .049 +
0.006 A were measured, giving a volume compression
of 3.3 percent. Compression studies on olivine by
Adams (1931) and Olinger and Halleck (1974) in-
dicate the pressure of data collection to be approxi-
mately 42 + 4 kbar. Only 258 of 965 nonequivalent
reflections were observed, and transmission factors
varied from l4 to 36 percent. These data converged to
a weighted R of 7.0 percent (unweighted 10.97o). As
in forsterite high-pressure data collection (Hazen,
1976a), low peak-to-noise ratios resulted in many
unobserved reflections, as well as low precision for
the observed reflections.

Due to peak broadening and consequent loss of
diffraction intensity, a higher-pressure data collection
was not attempted. However, the pressure cell was
loosened slightly and a second high-pressure data
collection was made. Unit-cell parameters (Table I )
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Teslr 3. Olivine anisotropic temperature factor coefficients

289

hor tono l i te

300 ' c23"c23.c

i j  o f
B

tllll,It -3t

M ( r )

M ( 2 )

o (2 )

1 1
2 2
33
L2
13
2 3

I 1
2 2
33
L2

1 1
2 2
33
12

1 1
2 2
33
L2

1 1
22
33
L2

1 1
22
33
L2
1 3
2 3

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

- 0  
" 2  ( 3 )  -  r . 3  ( 6 )

- 0 . 2 ( r )  - 0 . 3 ( 2 )

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

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

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

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

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

- 0 . 2  ( 5 )  0 . 5 ( 1 . 0 )
1 . 1 ( 1 . 1 )  2 . s ( 1 . 0 )

- 0  . 3  ( 5 )  - o  . 4  ( 7 )

3 . r ( 2 )  7  . 9 ( 4 )  1 2 . 4 ( 4 )
1 , 5 ( r )  3 . 3 ( 1 )  4 . 9 ( r )
2 " 8 ( 1 )  5 . e ( 2 )  8 . 4 ( 2 )
0 . r ( 1 )  - 0 " 0 ( 2 )  0 . 1 ( r )

- o . 7 ( 2 )  - 1 . 1 ( 3 )  - r . 8 ( 3 )

0 . 5 ( 1 )  - r . 2 ( 1 )  - 1 . 7 ( r )

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

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

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

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

0  ( 3 ) s .  r  ( r )
i .  s  ( 4 )
3 , 6  ( 4 )
o , 6  ( 2 )
o ,2  ( 4 )
0  . 5  ( 2 )

8 . 8 ( 1 . 0 )  L 4 . 4 ( r " o )
3  . 2  ( 2 )  4  , 3  ( 2 )
6  " 3  ( 7 )  8 . 3  ( 7 )
0 . 8  ( 4 )  1 , 4  ( 4 )
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tParenthes ized f i .gures  re fe r  to  the  esd

F 1 3  =  3 2 3  =  0 .  P  =  I  a t m  f o r  a 1 l  d a t a .

o f  l e a s t  u n i t s  c i t e d .

suggested a pressure of approximately 3l t 4 kbar.
Only 286 of 979 collected reflections were observed,
and refinement of these data converged at a weighted
R : 5.6 percent (unweighted : 8.7Vo).

Results

Thermal expansion, bond distances, and bond angles

Linear and volume thermal expansion of several
ferromagnesian olivines are plotted in Figures I and
2. All four olivines graphed, from forsterite to faya-
lite, have approximately parallel expansion curves for
cel l  edges and volumes f rom -196' to 1000"C.  Thus
Mg/Fe ratio appears to have litt le effect on the bulk
and linear thermal expansivit ies of ferromagnesian
olivines.

Fayalite and hortonolite bond distances and angles

are given in Tables 4 and 5. Sil icon-oxygen bond
distances show no change within experimental error
with temperature or pressure, whereas (Fe,Mg)O6
octahedra show significant expansion and compres-
sion. Because of l imited amount and quality of high-
pressure data, detailed analysis of individual bonds
and angles of the high-pressure refinements has not
proved profitable.

Hazen (1976a) noted that expansion rates of indi-
vidual Mg-O bonds in forsterite varied, with the
shortest bonds expanding at = 2 X 10-5 A/K versus
5 X l0-5 A/K for the longest bonds. However, faya-
lite Fe-O octahedral distances show litt le variation in
expansion;  a l l  Fe-O bonds expand at  =3 X l0-b A/K
excep t  f o r  t he  two  sho r tes t  M(2 ) -O  bonds

lM(2)-O(2) and M(2)-O(3") expand at =4 and 0.5 X
l0 5 A/K respectivelyl. This difference in Mg-O and
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daia from Hazen (1976a). Dashed portions of lines represent
extrapolat ions f rom known data to the mel t ing point ,  assuming
a quadrat ic  equat ion in I  for  l inear thermal  expansions.

Fe-O expansion behavior in olivines may be the re-
sult of greater covalency of the iron-oxygen bond.

Temperature factors
Anisotropic temperature factors and correspond-

ing magnitudes and orientations of thermal ellipsoids
for fayalite and hortonolite at several temperatures
appear in Tables 3 and 6 respectively. No major
changes in cation vibration orientation is observed
with changing composition or with temperature. An-
isotropic temperature factors have not been calculated
for the pressure-cell fayalite data refinements.

C o o rdinati on p ol yhed ra I D o lume s and p oly he d ral
distortions

Polyhedral volumes for M(l), M(2), and Si have
been calculated from fayalite structural data for con-
ditions from - 196' to 900'C (including data of
Smyth, 1975), and for hortonolite polyhedra at23o,

300o, and 600oC, and these volumes are given in
Table 7. As in forsterite (Hazen, 1976a) and a pre'
vious refinement of hortonolite (Fo.' Faar) by Brown
and Prewitt (1973)" both ferro-olivine octahedra
show significant thermal expansion, whereas there is
little change in Si tetrahedral volume over the tem-
perature interval studied.

From - 196o to 900"C the net change in fayalite
unit-cell volume is l0 As. Contributing to this volume
increase ,are 0.4 As from each M(l) and 0.5 As from
each M(2), giving a net polyhedral volume increase of
3.6,{3. Thus more than 60Vo of fayalite's thermal ex-
pansion is due to the expansion of unoccupied oc-
tahedral and tetrahedral sites in the close-packed ar-
ray. Similar behavior is observed for forsterite and
intermediate Fe-Mg olivines.

Bond-angle strain, bortd-angle variance, and mean
polyhedral quadratic elongation (as defined by Rob-
inson e/ al., l97l) for fayalite and hortonolite at
several temperatures are given in Table 7. Bond-angle
strains and bond-angle variances for both M(l) and
M(2) octahedra increase with temperature, and are
greater for higher iron content. However, SiOn dis-
tortions decrease slightly with increasing temper-
ature, as well as with increasing iron content. For all
three olivines considered, octahedral bond-angle
strains and variances have significantly greater dis-
tortion indices than do SiOn tetrahedra. These obser-
vations are consistent with previous polyhedral dis-
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Test-r 4. Olivine bond distances
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s i - o ( 1 )
s i - o ( 2 )
s i - o  (  3 )
mean  S i - o

o ( 1 ) - o ( 2 )
o ( r ) - o ( 3 )
o ( 2 ) - o ( 3 ) +
o ( 3 ) - o ( 3 ) +
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+ E d g e  s h a r e d  b e t w e e n  a n  o c t a h e d r o d  a n d  t e t r a h e d r o n .

l P a r e n t h e s i z e d  f i g u r e s  r e f e r  t o  t h e  e s d  o f  l e a s t  f i g u r e s  c i t e d ,

E d g e  s h a r e d  b e t a e e n  t w o  o c t a h e d r a ,

tortion calculations for olivines by Birle et al. (1968),
Brown (1970), and Brown and Prewitt (1973).

Discussion

Crystal melting-a structurally controlled phenome-
non?

Meliing phenomena have traditionally been dis-
cussed in terms of thermodynamic equilibrium (e.g.
Broecker and Oversby,1971, Chapter l0), and pre-
dictions of melting are usually based on thermody-
namic calculations (e.9. Bradley, 1962). Less empha-
sis has been placed in the mineralogical literature on
the structural origins of melting (however, see Ubb-

elohde, 1965). While any treatment of crystal melting
must account for properties of both solid and liquid
phases, it is intuitively interesting to examine crystal
structures near their melting points for structural
weaknesses which might flacilitate breakdown to a
melt.

Data of the present study allows extrapolation of
ferromagnesian olivine structures to their melting
points. Unit-cell edges are plotted versus temperature
in Figure l, and are extrapolated to melting for for-
sterite, two intermediate olivines, and fayalite. Ex-
trapolations are based on least-squares fit ofcell-edge
thermal expansion data to a.quadratic equation. All
olivines plotted have similar cell constants of c :
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Test-r 5 Olivine bond aneles
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4.89, b: 10.6, and c = 6.19 A at melt ing, result ing in
a cell volume of 319 A3 (Fig. 2). Other olivine struc-
tural parameters may be extrapolated in a similar
way. For example, fayalite at melting has mean
M(l)- and M(z)-O bond distances of 2.19 and 2.22
A. In these and other structure parameters the melt-
ing-point projected values ofthe different olivines are
similar; it thus appears that the ferromagnesian oli-
vine solidus represents an isostructural line. It seems
possible that the melting of olivine is in part struc-
turally controlled, perhaps due to misfit of expanding
octahedra with rigid tetrahedra, and that the "sol-
idus structure" represents a critical structural limit
for the ferromagnesian olivines.

The existence of a solidus/liquidus melting rela-
tionship is easily explained using this model. An in-
termediate olivine is heated and expands up to a
limiting structure at which the octahedra are at their
maximum possible size with respect to the rigid SiOn
tetrahedra. As the temperature is raised further, an
iron-rich liquid is "expelled" to reduce the effective
octahedral volume and maintain the limitins struc-
ture.

rical constraints of both structures must be consid-
ered. Olivine and spinel are both closed-packed
oxides with 6-coordinated (Mg,Fe) and 4-coordi-
nated Si. Kamb (1968) noted that a significant differ-
ence in polyhedral packing of these two structures is
the number and type of shared edges; the greater
number of shared edges in spinel allows the close
approach of more octahedral cations in that struc-
ture. Thus spinel is the denser of the two forms.
Kamb used  the  ra t i o  o f  mean  oc tahed ra l
metal-oxygen bond length (dg) to mean tetrahedral
bond length (da) to predict the relative stabil it ies of
olivine versus spinel polymorphs. In general, for
compounds of the form B;+AO4, tf (dB)/(d^) > l.19
then the olivine structure is stable, whereas if
(d")/(d^) < l l9 then spinel is the stable form.2 For-
sterite and fayalite at room T and P have ratios of
1.30 and 1.33 respectively, suggesting that the olivine
structure should indeed be stable. However, as pres-
sure is increased, the octahedra compress while tetra-
hedra remain unchanged. In this way (ds)/(da) is
lowered, and eventually a transition to the spinel
form will occur.

The oliuine I spinel transformation

High-pressure solid-phase equilibria require the
characterization of two crystalline solids, and geomet-

2 ln fact ,  the cr i t ical  rat io of  l . l9  may vary depending on A.  In
si l icates Kamb's data suggests that  a s l ight ly  h igher value of  I  .21 is
perhaps more realistic.
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M antle oliuine structure-a prediction

Conditions in the upper mantle at a depth of 100
km have been projected to be approximately 1000'C
and 30 kbar, and olivine compositions of approxi-
mately ForoFa,o are suggested by known Mg/Fe ra-
tios in mantle-derived nodules (Wyllie, 1971). Be-

tween 23o and 1000'C, forsterite expands by 3.8
percent. At l000oC, forsterite's bulk modulus is ap-
proximately l l90 kbar (Kr"" :  1350 kbar,  Hazen,
1976a; dK/dT: 0.16 kbar/"C, Graham and Barsch,
1969). A 30 kbar increase in pressure at 1000'C will
cause an approximate 2.5 percent decrease in volume.
Thus, the net volume change is approximately * 1.3
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' f P a r e n t h e s i z e d  
f i g u r e s  r e f e r  t o  t h e  e s d  o f  L e a s t  u n i t s  c i t e d .
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Tnsls 7. Olivine polvhedral volumes and distort ions
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percent. In particular, an olivine of composition
ForoFalo with room-temperature lattice parameters of
a :  4 .76 ,  b  :  10 .21 ,  c  :  5 .99  A ,  and  vo lume  :  291
A3, would have approximate unit-cell dimensions of c
:  4.775,  b :  10.27,  c  :  6 .02 A and volume of  295 Al
at 1000"C and 30 kbar. These lattice constants are
almost identical to those of a pure forsterite at about
600"C and I  atm, as descr ibed in Hazen (1976a). l f
the assumption is made that the SiOn tetrahedron
does not change size or shape, and with the observa-
tion that occupied octahedral sites and voids com-
press or expand at approximately the same rate, the
structure of 100 km mantle olivine may be projected
to be similar to that of 600.C forsterite. While struc-
tural details undoubtedly differ to some extent, the
basic size and shape of these two olivines, and in fact
any two ferromagnesian olivines with the same unit-

cell volumes, are predicted to be similar. It is gener-
ally accepted that mantle mineral assemblages are
significantly denser than crustal rocks. It is therefore
interesting that mantle olivine is projected to be less
dense than olivine at room temperature and pressure.

Ferromagnesian oliuine equation of state

The above prediction of mantle olivine's structure
at 100 km il lustrates the method of calculation of a
structure at any given P, Z, and Mg/Fe ratio. At
room temperature and pressure, the unit-cell volume
is V : 290 + 17 XF. A3, where Xp" is the mole fraction
of octahedral Fe (from Fig.2). The effect of temper-
ature on unit-cell volume is approximately AV =
0.0062 + 0.000006f'? Ae, where I is in oC (calculated
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from data in Fig. 2). The bulk modulus of ferromag-
nesian olivines is approximately K: 1350 kbar (see
e.g. Hazen,1976a) and dK/dT = 0.16 kbar/'C; thus
the effect of pressure on ferromagnesian unit-cell vol-
ume is given by:

-AV :  (V , . r .P) / ( r350 -  0 .162)  A3,

where P is in kbar and T is in oC. Combining the
several expressions above, the equation of state for
ferro-magnesian olivine is predicted to be:

v : (290 + tTxFe + 0.0067 + 0.000006r)
\ t  -  lP / (1350 -  0 .162) l l  A3 .

It has been assumed that 6q/6X, dK/X, and 6K/6P
are approxim ately zero. Since olivine volume changes
correspond to structural changes in a regular way, the
equation of state also defines the structure of ferro-
magnesian olivines as a function of temperature,
pressure, and composition.
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